Multiple files are bound together in this PDF Package.

Adobe recommends using Adobe Reader or Adobe Acrobat version 8 or later to work with
documents contained within a PDF Package. By updating to the latest version, you'll enjoy
the following benefits:

- Efficient, integrated PDF viewing
- Easy printing

« Quick searches

Don’t have the latest version of Adobe Reader?

Click here to download the latest version of Adobe Reader

If you already have Adobe Reader 8,
click a file in this PDF Package to view it.



http://www.adobe.com/products/acrobat/readstep2.html


CONCEPTS

Helical Complexes and Beyond

Alan Williams*

Abstract: Helical complexes have been much studied as W
examples of self-assembled supramolecular units. Their
structural features are analysed in terms of the metal ion,
the binding site on the ligand and the bridging group link-
ing these sites. Understanding these elements allows the
controlled assembly of multicomponent systems. Prelimi-
nary results show the complexes to have high stability,
arising from the inertness of the self-assembled species.

Keywords: helical structures - self-assembly * supramolecu-

lar chemistry

Why have helical complexes been the object of such attention
over the past ten years? The notion of helicity in coordination
chemistry is almost as old as the subject itself, dating back to the
recognition by Alfred Werner that the 1,2-diaminoethane (en)
ligands in [Co(en),]* * could twist either clockwise (A) or anti-
clockwise (4) around the C, symmetry axis of the complex.
However, it is reasonable to associate the beginning of current
interest in helical complexes with a paper by Lehn in 1987 in
which the oligobidentate ligands 1 and 2 were shown to form
double helical complexes, which were dubbed “helicates™, with
respectively two and three Cu! ions. These complexes showed
two features which have characterised the study of helical com-
plexes ever since: a polynuclear structure, in which ligand
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strands twist around the metal-metal axis, and a remarkable
facility of synthesis—simple mixing of ligands and metal ions in
the stoichiometric ratio leading to rapid and complete forma-
tion of complexes. The formation of a helicate is thus a proto-
typical self-assembly reaction,' and it is this that has prompted
their study. Here we summarise some of the most important
results on the structures and properties of these complexes.
We will consider complexes in which the helical axis is defined
by two or more metal ions, and the ligands form the strands of
the helix, twisting around the axis and held in place by complex-
ation to the metal ions. Many polynuclear helical complexes,
both double®! and triple,[*! had been reported in the litera-

ture before 1987, although helical axis

their helical nature was often !

not commented upon. The Pl ligand
~ binding site

principles of the construction
of helicates are shown in
Figure 1. The three basic ele- (
ments of the structure are the ( <
metal ion, the binding site on >R
the ligand and the bridge that
joins binding sites, coordinat-
ing different metals. The
metal ion will in general have
a more or less strongly pre-
ferred coordination geometry, defined by a coordination num-
ber and a geometrical disposition: tetrahedral for Cu', octahe-
dral for low-spin Fe", coordination number of § or 9 for the
larger lanthanides, and so on. The coordination preference of
the metal is the first element of structural control. The binding
site of the ligand is the second element and is characterised by
a denticity, that is, the number of atoms that bind to the metal:
2 (didentate) for bipy or catechols, 3 (tridentate) for terpy, etc.
Clearly it is necessary for the total number of atoms bound to
the metal to satisfy its coordination preference: thus a tetrahe-
dral ion as used by Lehn'*? will require two didentate sites, and
therefore two strands, while an octahedral metal will require
three didentate sites, giving a triple helix,’® or two tridentate
sites, giving a double helix.[®! Similarly, the coordination re-
quirements of a lanthanide may be satisfied by three tridentate
sites, giving a coordination number of nine.l”! The final struc-
tural element is the bridge: it must be flexible enough to allow
the ligand as a whole to wrap around the helical axis, but suffi-
ciently rigid to prevent the second binding site from twisting
round to coordinate to the first metal, and to ensure that the
helical chirality of one metal 1s transferred to its neighbour.

metal ion .@\)

bridge

ligand strand

Figure 1. The different structural el-
ements of a helical complex. Only one
ligand strand is shown,
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Its size will determine the separation between the metals, and
thus their interactions and the pitch of the helix. Figure 2 shows
three crystal structures of helicates illustrating these principles.

Figure 2. Selected helical complexes showing different metal coordination num-
bers. Upper left: a double helix with two tetrahedral Cu' ions [3c]; upper right: a
triple helix with octahedral Co" in [Co,(3);]* " [14]; lower lefi: a triple helix with
9-coordinate Eu™ [Eu,(5);]°* [7]; lower right: a heteronuclear triple helix with Fe'"
in an octahedral site and La™ in a 9-coordinate site (C. Piguet and G. Bernardinelli,
private communication).

The metal ions used are generally labile. This property
allows rapid and reversible formation of coordinate bonds,
and the position of thermodynamic stability can thus be
reached through a trajectory over the potential energy hypersur-
face, even though this may entail the formation of many chem-
ical bonds (12 for [Cuy(2),)*" and [Co,(3);]**, 18 for
[Eu,(5),]°"). The three structural elements given above may be
varied by the chemist to control which product or structure is
formed.

Contrel through the metal ion: The polypyridyls such as 6
have been extensively investigated by Constable!®! and Potts.[)
Ligand 6 shows very nicely the effect of metal ion coordina-
tion preference, since it may act as a hexadentate, a bis(triden-
tate) or a tris(didentate) ligand. With the large Eu™™ ion the
ligand wraps around to occupy six coordination sites, giving
essentially a mononuclear single helix;"® with octahedral
metal ions such as CdY, Fe" and Mn" it gives a dinuclear
double helix, and with Cu' and Ag' a trinuclear double helix [
Ligands 3 and 4, on the other hand, may only act as as
bis(didentate) ligands; with tetrahedral Cu', 4 forms a dinuclear
double helix M,L,, but the octahedral Co!! ion requires three
didentate ligands, and thus forms a helix M,L; with three
strands. A metal such as Zn" with no strong stereochemical
preferences forms both M, L, and M,L, depending on the stoi-
chiometry 1

16 —— © VCH Verlagsgesellschaft mbH, D-69451 Weinheim, 1997

N N~
N N;

Binding site of the ligand: The vast majority of ligands used to
form helical complexes possess either didentate or tridentate
binding sites. Monodentate links normally allow torsion about
the M-L bond axis and thus do not give a sufficiently rigid
helix. Heterocyclic nitrogen ligands such as pyridyls, phenan-
throlines and benzimidazoles predominate, but catechols and
hydroxamic acids have also been used. An interesting example
of using the ligand site to select the metal ion has been given by
Shanzer!'?! with the ligand 7. With Fe'' the bipyridyl site is

H o]
\
H (o]
/ /
N N N

favoured, but upon oxidation the metal ion displaces itself to the
hydroxamate site for which Fe™ has a much greater affinity.
More subtle effects may be obtained by suitable substitution of
the ligands. The dipyridyl ligands 1 and 2 are substituted at the
6,6" positions; this would lead to steric intcractions between
ligands if three ligands bind to an octahedral metal, but not if
two ligands bind to a tetrahedral metal. Substitution at the 5,5
sites does not lead to such repulsion, and so mixing 2 and 8 with
tetrahedral Cu' and octahedral Ni" results in exclusive complex-
ation of Cu' by 2 and of Ni" by 8.1 *I More subtle effects are seen
if only one side of the didentate site is substituted. Ligands 3 and
4 form triple helical complexes with octahedral Co" and Fe";
with 3 the complex of Co™ may be readily oxidised to Co™, but
not with 4 where the steric repulsion of the methyl groups pre-

0947-6539/97{0301-0016 $ 15.00+ .25/0 Chem. Eur. J. 1997, 3, No. |





Helical Complexes

vents the contraction of the coordination
sphere required on oxidation.['* With iron(1)
the complex with 3 is low spin, while that with
4 is high spin.[**]

The bridging unit: The choice of the bridging
unit is certainly crucial for the construction of
the helix, but little systematic investigation has
been carried out so far. Most data is available
for the catechol and related helicates with vary-
ing bridging units (ligands 9—13); these ligands

HN_ O
o OH
-
NN oH oH
OH OH ©
HNT o
HNT o
HN OH OH
R,
’ o)
o)
LY OoH
H o) N O OH
OH @
oH
e OH OH
¥
o OH 12
10 HNT Yo
? )\
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all form triple helicates with octahedral metals, and show vary-
ing pitch and metal—metal distance as the bridge is varied.!*®!
When the bridge is too flexible, a meso helicate, where the metal
ions have opposing chirality, may be formed.['®? The complex
[Fe,(9),]1°~ “* is much more twisted than the other complexes,
but this may also be associated with the use of a 3d°® metal ion
rather than the spheri-
cal d® or d'® species
@ O Q @ used in the other stud-
N
Ol

bridge O ies. The most spectacu-
N lar effect of the bridg-
ing unit recorded to
@ @ date concerns  the
double helical complex
oH " oH

[Cu,(14),]>" used as a
precursor for the syn-
thesis of a molecular knot by Dietrich-Bucheker and Sauvage.
The initial work used a flexible -(CH,),- bridge and gave a very
low yield of 3% for the knot after cyclisation.['”? Replacement
of this bridge by a more rigid 1,3-phenylene unit strongly fa-
voured the formation of the double helical precursor over the
alternate side-by-side structure, and increased the overall yield
of the synthesis to 30 %.18!

Multicomponent systems: The next step in developing self-as-
sembly reactions is to increase the number of components, and

we may divide the systems into heteronuclear, where one ligand

Chem. Eur. J. 1997, 3, No. 1
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and two different metals are used, and heteroleptic, where one
metal is used with two ligands. Pentadentate ligands such as
15~17 are particularly adapted to heteronuclear complexes,
since they generally behave as didentate and tridentate species—
this is indeed structurally defined in the segmental
ligands 16 and 17, and further control may be intro-
duced by modifying the substitution of the didentate
group. Quinquepyridyl (15) reacts with tetrahedral
Ag' and octahedral Co" to give [CoAg-
(15),> 7,111 while 16 binds Ag' and Fe to give
[FeAg(16),1°*, 129 both double helical species. In 17
the methyl substituent of the didentate site no longer
hinders octahedral coordination, and a triple helx
with an octahedral ion (Fe" or Zn") in a trisdidentate
site and a lanthanide in a tris tridentate site is
formed.[?!) This system has been investigated in some
detail by Piguet, and modification of the tridentate
site has very recently led to the preparation of very stable lu-
minescent lanthanide complexes.!?2! The basis of the selectivity
in these systems is matching the number of coordination sites of
the metal ions to the number offered by the ligand strands. It is
important to note, however, that, although the heteronuclear
species represent minima on the energy surfaces, a homonuclear
species will be formed in the absence of one or other metal; it is
only when the correct stoichiometry is obeyed that the assembly
of the heteronuclear species occurs in high yield.

Heteroleptic systems have been less studied, although Lehn
has published some interesting results. Thus, a mixture of bis-,
tris-, tetrakis- and petakisdidentate ligands (BPn, n=2-35;
18) in the presence of Cu!
leads to a mixture of
double helical complexes
[Cu,L,1"* in which both
ligands are identical—no
mixed ligand species are
observed.['®  Although,

OH

n=1-8P2
i - n=2-BP3
in tc?rm§ of m.lmber of co 18 a4
ordination sites, a com- n=4-BP§

plex such as [Cu,(BP4)-

(BP2),]** satisfies the matching principle, it is readily seen that
it is entropically less favourable than two homoleptic systems
[Cu,(BP4),]** + 2[Cu,(BP2),]** (Figurc 3). For this reason
attempts to prolong helices by the Vernier principle!?’ have
been unsuccessful. Tn a system such as Co + 15 there is an in-
commensurability between the six-coordinate metal ion and the
pentadentate ligand. The Vernier principle would predict the for-
mation of [Co,(15)¢]'°™, but this is not observed (Figure 4). Sta-
ble species may be obtained by adding simple ligands or solvent
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Figure 3. Entropy considerations favouriag the maximum number of particles ren-
der mixed ligand species unstable.

Figure 4. The incommensurability between pentadentale ligands and octahedral
metals may be resolved in different ways: a) the Vernter type extension, disfavoured
on entropy grounds; b) and ¢} completing the coordination sphere with monoden-
tate or bidentate ligands; d) replacing onc octahedral metal by a tetrahedral metal.

molecules to satisfy the metal ion coordination as in [Co,-
(18),(n-0,CCH )13 1231 by adopting a heteronuclear structure
as in [CoAg(15),]’ * mentioned above or, in the case of copper,
by undergoing an oxidation state change, Cu' species showing
lower coordination numbers than Cu". The mixed valence spe-
cies [Cu,(15),]** with four-coordinate Cu' and six-coordinate
Cu" obeys the matching principle.!?¥) Copper(i) frequently
shows a coordination number of 5, and this may be satisfied by
assembly of a heteroleptic helix with one tridentate strand, and
the other didentate, as recently reported for a trinuclear com-
plex by Lehn.[23

An astonishing example of a three-component system was
reported very recently:[2%) reaction of 8 with FeCl, yields the
complex [Fe.(8)sCl]°* in which the iron atoms form the apices
of a pentagon with the ligand strands twisting around the edges,
and the chloride ion firmly bound at the centre. This cyclic,
toroidal triple helix contrasts with the classical linear triple helix
[Ni,(8),]°",12" and suggests the role of the chloride ion to be
crucial. Not surprisingly, given the Ltopological complexity of
the complex, the synthesis requires a night’s reflux at 170 °C to
proceed to completion.

The properties of helical complexes have received much less at-
tention than their structure and synthesis. The most obvious
property, their chirality, has been hittle studied, mainly because
the syntheses usually start with achiral ligands and consequently
the helicate is formed as a racemic mixture of plus (P) and minus
(M) enantiomers. Lehn et al. observed a spontaneous partial
resolution of a trinuclear triple helical complex of nickel(1),
[Ni,(8),]°".127 but the only complete resolution that has been
reported to date was achieved by oxidation of [Co,(3);]* " to the
cobalt(nr) complex [Co,(3),]°" to ensure kinetic inertness, fol-
lowed by resolution by crystallisation.!?®! The circular dichro-

18§ ———— i VCH Verlagsgesellschaft mbH, D-69451 Weinheim, 1997

ism and optical rotation of the complex correspond to roughly
twice that of enantiomerically pure [Co(bpy),}**; this shows
that there is little interaction between the two metal centres.
Chiral ligands have been used to induce helices of one particular
chirality.[t6a- 2%

The thermodynamic data available suggest that, provided the
formation of the helix does not produce any particular strain in
the ligands, the polynuclear species are very stable. Thus forma-
tion of [Co,(3),]** is essentially quantitative in acetonitrile so-
lution even at concentrations as low as 10> m.['# [t appears, on
the basis of the limited data available,** 1739 that the forma-
tion pathway involves initial complexation around one metal
ion, followed by complexation of the second metal in the preor-
ganised site [Eq. (1)]. Since the formation reactions are generally

M 4L — [ML] — [M,L] (0

observed to be rapid (with the interesting exception of the higher
nuclearity copper(I) systems!*3)), high stability requires very
slow dissociation. This is indeed observed in the very low rates
of racemisation observed for enantiomerically pure [Co,-
(3),]** 34 and partially resolved nickel triple helix.!*”! Electron
transfer has been studied, and the systems may be classed ac-
cording to whether the redox reaction entails no change in ste-
reochemical preferences (Co".1'# Fe! and Ru"'*2)) or not. The
Cu'/Cu" couple is the most studied example of the latter catego-
ry, and usually a major structural rearrangement occurs upon
electron transfer.[® 8- %1 Energy transfer between metal sites has
been observed in heteronuclear lanthanide comples, and in the
quenching of europium luminescence in [FeEu(17),]°* 12233
This brief survey has concentrated on concepts, and practical
aspects such as the characterization of the helicates have not
been discussed, although advances such as the application of
electrospray mass spectrometry have been of vital importance.
Two applications of helical complexes have appeared: templat-
ing precursors to topologically complex molccules such as
knots!* 7T and doubly interlaced catenanes,’** and combining a
weakly binding lanthanide ion with a strongly binding transi-
tion metal to give a stable heteronuclear complex. More general-
ly, the study of polynuclear helical complexes has encouraged
coordination chemists to think of metal ions not merely in terms
of the metal centre or its immediately bound atoms, but as
structure-generating units. In this context, the helicates are
closely related to other fields such as molecular boxes formed by
coordination reactions,**! extended coordination polymers!®®!
and the general construction of large molecular architectures by
coordination reactions.”*” Many of the lessons learnt from heli-
cate self-assembly will be of value in other fields. Finally. we
should not forget the aesthetic pleasure offered by these com-
plex structures when viewed by modern computer graphics

packages!
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Ab Initio Models for the Nitroaldol (Henry) Reaction

Begofia Lecea, Ana Arrieta, Ifiaki Morao, and Fernando P. Cossio*

Abstract: Ab initio calculations (up to MP4SDQ/6-31+ G*//MP2(FU)/6-31 + G* +

AZPVE) on several model nitroaldo! (Henry) reactions have been performed. It is found

Keywords

that the free nitronate anions react with aldehydes via transition states in which the nitro

and carbonyl dipoles are antiperiplanar to each other. This kind of reaction yields anti
(erythro) nitroalcohols as major products. The Henry reaction between lithium ni- tion -
tronates and aldehydes is predicted to occur via cyclic transition structures yielding syn

ab initio calculations + Henry reac-

nitroaldol reactions -

nitroalcohols as major products. The stereocontrol in these model reactions is low. The
factors affecting the stereoselectivity in the reaction between dilithiated nitronates and

aldehydes are also discussed.

Introduction

The nitroaldol reaction between a nitroalkane and a carbonyl
compound to yield a nitroalcohol was discovered in 1895 by
Henry.!"1 Since then, this reaction has become a classical method
for the chemical synthesis of carbon—carbon bonds, and has
been used in the synthesis of diverse naturally occurring or bio-
logically interesting products.’! In addition, the versatility of
the nitro group provides a facile entry to a wide range of func-
tional groups starting from the nitroalcohol products.!® In view
of its significance, the scope and usefulness of the nitroaldol
reaction has been extensively reviewed,™! although the develop-
ment of this reaction is less advanced than that achieved for the
aldol reaction. In particular, the stereochemical problem of this
reaction is still challenging in many cases.

The Henry reaction between a primary nitroalkane and an
aldehyde can yield the corresponding anti (erythro) and syn
(threo) isomers (Scheme 1). Seebach and co-workers!>! have de-
veloped complementary protocols that allow either syn or anii
diastereomers to be formed preferentially. Thus, silyl nitronates
generally!® yield anti nitroalcohols. In contrast, double depro-
tonation of nitroalkanes or nitroalcohols with lithium bases
followed by reprotonation preferentially yields the correspond-
ing syn diastereomers; if the reprotonation is carried out with
a-silytoxy lithium nitronates the anti nitroalcohol is again the
major product. On the other hand, several groups have reported

[*] Prof. F. P. Cossio, Prof. A. Arrieta, I. Morao
Kimika Fakultatea, Euskal Herriko Unibertsitatea
P. K. 1072, 20080 San Scbastian-Donostia (Spain)
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e-mail: gopcomof@ sq.chu.es
Prof. B. Lecea
Farmazi Fakultatea, Euskal Herriko Unibertsitatea
P. K. 450, 01080 Vitoria-Gasteiz (Spain)
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mechanisms

I /?H\/ r
J\ - R? R?
AT T R ho, R Y ' RYJ\I/
NO, NO,

ant syn

[l 1

R? R?
H——NO, O,N—1—H
H—+—OH H——OH

R1 R1

erythro threo

Scheme 1. Possible diastereomers formed by the Henry reaction between a primary
nitroalkane and an aldehyde (only one enantiomer is drawn).

preferential anti stereocontrol in the Henry reaction using neu-
tral alumina'™ or tetrabutylammonium fluoride'® (TBAF) as
reagent or catalyst, respectively. Finally, it is noteworthy that
syn stereocontrol has been reported for the Henry reaction cat-
alyzed by lanthanum-lithium complexes.[®]

In spite of its significance, the Henry reaction has not, to the
best of our knowledge, been explored by means of high-level
computational tools. We present herein an ab initio SCF-MO
study on the Henry reaction, in the hope that the models thus
developed could be useful in the design of new versions of this
reaction.

Computational Methods

All the calculations reported in this work were performed with GAUS-
SIAN92 [10] or GAUSSIAN 94 [11] packages. Given the presence of species
bearing significant negative charge along the reaction coordinates under
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study, we used the 6-31 4+ G* basis set [12]. Electron correlation was partially
taken into account by using the Maller —Plessct method [13]. Both full core
(FU) and frozen core (FC) approximations were used [14]. However, both
approaches yielded similar results for the relative energies corresponding to
the stationary points included in our study. Therefore, unless otherwise stat-
ed, the MP2 data correspond to the frozen core approach. In some cases
density-functional theory (DFT) was used [15], in order to introduce electron
correlation during the gcometry optimization of relatively large structures.
Approximate DFT calculations were carried out by using a hybrid three-
paramcter functional developed by Becke [16]. which combines the Becke’s
gradient-corrected exchange functional and the Lee - Yang--Parr and Vosko—
Wilk—Nusair correlation functionals [17] with part of the exact Hartree—
Fock exchange energy. This hybrid functional will be denoted as B3LYP.
Zero-point vibrational cnergies (ZPVE) were computed at either HF/6-
314+ G* or MP2/6-31+G* and scaled with the 0.89 and 0.96 correction
factors, respectively [18]. The B3LYP results were not scaled. Stationary
points were characterized by frequency calculations [19]. All reactants, reac-
tion intermediates and products have positive defined Hessian matrices. All
transition structures (TSs) show only one negative eigenvalue in their diago-
nalized force constant matrices, and their associated eigenvectors were con-
firmed to correspond to motion along the reaction coordinate under consid-
eration. For several reactions intrinsic reaction coordinate [20] (IRC)
calculations were performed to connect previously computed transition struc-
tures with reaction intermediates and products. No symmetry constraints
were imposed during the optimizations. Atomic charges [21] and bond indices
[22] were calculated by the natural bonding analysis (NBA) method [23]. All
calculations involving the atoms-in-molecules theory developed by Bader [24]
were performed with the AIMPAC package [25].

Results and Discussion

As model systems we studied the interaction between nitronates
derived from nitromethane or nitroethane and simple alde-
hydes, such as formaldehyde and acetaldehyde. These reactions
are shown in Scheme 2. The energetics and the geometries of the
different reaction pathways associated with reactions 1-5 are
collected in Tables 1-6 and in Figures 28, respectively. The
definition of the relative energies discussed in this section is
indicated in Figure 1. In the following subsections we shall
present and discuss separately the results obtained for each of
these reactions.

Nitromethane Nitronate plus Formaldehyde (Reaction 1): The
relevant differences in energy corresponding to this reaction are
given in Table 1, and the fully optimized stationary points are
depicted in Figure 2. Nitromethane nitronate (1a) is predicted

Abstract in Basque: Nitroaldol ( Henry ) erreakzioaren eredu des-
berdinen ab initio kalkuluak (MP4SDQ/6-31+G*//MP2(FU)/
6-31+G*+AZPVE teoria-mailaraino) egin dira. Nitronato
anioi askeek aldehidoekin erreakzionatzen dutela ikusi da, nitro
eta karbonil dipoloak elkarrekiko antiperiplanar leudekeen rrants-
iziozko egoeren bitartez. Erreakzio mota honek anti (erithro)
nitroalkoholak ematen ditu produktu nagusi. Litio nitronato eta
aldehidoen arteko Henry erreakzioa trantsiziozko egitura ziki-
ikoen bitartez gertatzen dela aurresaten da, produktu nagusi
syn nitroalkoholak emanez. Erreakzio hauetan estereokontrola
baxua da. Bilitiodun nitronato eta aldehidoen arteko erreakzioaren
estereoselektibitatean eragina duten faktoreak ere eztabaidatzen
dira.
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Reaction 1
CH,=NO,” + CH,0 —— TOCH.CH:NO, ——  HOGH,CH=NO,"
1a 2a 3a 4a
Reaction 2
o
H
= Me
CHgCH=NO;~ + CHaCHO —— Me +  Me” :
H £
NO, NO,
1b 2b 3b(syn) 3b(anti)
Reaction 3
CH,=NO,Li + 2a —_ CH,(OLi)CH,NO,
1c 3¢
Reaction 4
CHy=NO,Li - 2H,0 + 2a ——» CH,{OLi)CH,NO; + 2H,0
1d 3d
Reaction 5
[CHNO,2 2Li* + 2a ————» CHy(OLi)CH=NO,Li
1e 3e
Scheme 2. The five Henry reactions studied in this work.
1+2
0.00
AEFXH
3
AE=E(INT)-[E(1)+E(2)]
AAE
AE,=E(TS)-E(INT)
—
AEn=E(3)-[E(1)+E(2)] 4

AAE,,=E(4)-E(3)

Figure 1. Definition of the relative energies used in the present work. Structures
1-4 are defined in Scheme 2. The same substitution patterns apply to intermediates
INT and saddle points TS.

to be a planar C, -symmetric anion at both HF/6-31 + G* and
MP2(FU)/6-31 4+ G* levels of theory, in agreement with the data
reported by Wiberg.[2“) Interaction of 1a with formaldehyde 2a
leads without any activation barrier to the complex INTa
(Figure 2). This complex also has C,, symmetry and lies
13.47 kcalmol ™! below the reactants at the MP4SDQ/6-
31+ G*//MP2(FU)/6-31 + G* + AZPVE level. The saddle point
TS a associated with the C—C bond forming step has C, symme-
try, with a O6-C5-C2-N1 dihedral angle w of ca. 180° at both
HF/6-314+ G* and MP2(FU)/6-31 + G* levels. TSa and INTa
were confirmed to be associated with the same process by means
of an IRC analysis starting from TS a.l?”! The geometry of this
saddle point involves an antiperiplanar relative orientation be-
tween the nitronate and carbonyl dipoles. The C2—C5 distance
is 2.292 A at the latter level, a value similar to those calculated
for both sequential and pericyclic reactions involving formation
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Table 1. Differences in energy {a,bf (kcalmol™ ’) corresponding to reaction 1. Scheme 2 (nitromethane nitronate + formaldehyde).
HF6-31+G* MP2(FU);6-31 4+ G*// MP2(FU);/6-31 + G* MP3/6-31 + G*j/ MP4SDQ/6-31+ G*;/
HF6-31 + G* MP2(FU)/6-31 + G* MP2(FU)/6-31 + G*

AE, —13.16 —13.37 —13.06 - 7.79 —1347

AE, +15.66 + 2.99 + 2.28 + 717 + 6.88

AE,, —~ 5.05 —14.51 —~15.83 — 4.56 —12.22

AAE,,, —10.96 —10.52 — 9.04 —14.90 —10.57

{a} See Figure 1 for the definition of energy differences. [b] Zero-point vibrational energies are included.

6 1.236

‘1.249 Q
1107 X8

1152 . 106.4
2056/ 5.938
2.292 d

1.364

TSa 3a

1.412

4a

Figure 2. Fully optimized stationary points located in the reaction between ni-
tromethane nitronate and formaldehyde, computed at the HF/6-31+G* and
MP2(FU)/6-31 + G* (bold numbers) level. In this. and the remaining figures show-
ing ball-and-stick representations, unless otherwise stated, atoms are represented by
increased shading in the following order: H. C. N, and O. Bond lengths and angles
are given in A and deg, respectively.

of C—C bonds.*®2°! The C2-C5 bond index is 0.417, and the
NBA reveals that the formaldehyde moiety bears a net charge
of —0.34 at the expense of the nitronate. These results are com-
patible with a nearly ““halfway”, although slightly early transi-
tion structure. It is also interesting to note that the angle (C2-
C5-06) of attack over the sp? carbon of the aldehyde (&) is
115.27 at the MP2(FU)/6-31+G* level. The analogous angle
associated with the nitronate o (C5-C2-N1) is found to be
93.8" at the same level. The former value is in the range of the
angles of attack associated with the Biirgi—Dunitz trajecto-
ry.[3% We have not been able to locate TSs with a gauche rela-
tionship between the alkoxide oxygen and the nitro group. This
result is not surprising, since a strong Coulombic repulsion be-
tween the two groups is to be expected for these hypothetical
saddle points. At our highest level of theory, the Henry reaction
between nitromethane nitronate and formaldehyde in the gas

o]
[ 8]
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phase has an activation barrier from the complex INTa of
6.88 kcalmol ~!. This value lies between the HF/6-31 + G* and
the MP2(FU)/6-31 4+ G* results.

The reaction product 3a is calculated to be 12.22 kcalmol ™!
more stable than the reactants Ia and 2a at our highest level of
theory (see Table 1). It is interesting to note that our calcula-
tions yield AE,,, values that are comparable to those obtained
for AE,. Indeed, the C-C bond forming step is slightly en-
dothermic at the MP4SDQ/6-31 + G*//MP2(FU)/6-31 + G*
level. As a consequence, although the reaction as a whole is
exothermic, the step corresponding to the formation of the C—C
bond is reversible, and it is likely that this effect would be more
pronounced in solution. We have also found, however, that the
nitroalkoxide 3a can isomerize to the hydroxynitronate 4a (Fig-
ure 2). The latter is ca. 11 kcalmol ! more stable than 3a (see
the AAE,, values in Table 1}, and has a pseudocyclic structure,
because of strong hydrogen bonding between the H7 and O3
atoms. In fact, the shape of 4a is rather similar to that of 2-ni-
troethanol, although the intramolecular hydrogen bond is obvi-
ously weaker in the latter (Figure 3a). Therefore, 4a can act as
an energy trap and shifts the equilibrium toward the nitroaldol
products. In addition, this nitronate is thought to be involved in

b) (©)
anti (erythro) syn (threo)
+2.35 HF/6-31+G" 0.00
+2.65 MP2/6-31+G* 0.00
+2.46 MP3/6-31+G~ 0.00
+2.42 MP4SDQ/6-31+G* 0.00

Figure 3. Fully HF/6-31 + G* and MP2(FU)/6-31 + G* (bold numbers) optimized
structures of a) 2-nitroethanol, b) anri-3-nitro-2-butanol. and ¢) syn-3-nitro-2-bu-
tanol. Distances are given in A. Relative energies (kealmol ™ '), computed at several
theoretical levels on HF/6-31 + G* geometries, are also included.
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Table 2. Differences in energy [a.b] (kcalmol™ ') corresponding 1o reaction 2, Scheme 2 (nitroethane nitronate plus acetaldehyde).

HF/6-31 +G* MP2/6-31 + G*/; MP3/6-31 + G*/f MPASDQ/6-31 + G*//
HF/6-31+G* HF/6-31 4+ G* HF/6-31 4+ G*
AE, —12.81 —14.26 ~ 635 — 553
AL (syn) +20.80 (0.00) [c] + 4.42(0.00) [c] +11.86 (0.00) [c] +10.97 (0.00) [¢]
AE,(anti) +20.87 (—0.26) [c] + 4.59 (—0.16) [c] +11.96 (—0.23) [c] +11.08 (—0.22) [c]
AE, (svn) + 1.68 (0.00) [c] —12.31 (0.00) [c] 4+ 0.62 (0.00) [c] — 0,19 (0.00) []
AE,(anti) + 0.34 (—1.50) [c] —13.51 (—1.36) [¢] ~ 0.64(—1.42) [ — 145 (—1.42) [q]

[4] See Figure 1 for the definition of energy differences. [b] Zero-point vibrational energies, scaled by 0.89 and computed at the HF/6-31 + G* level, arc included. [¢] Relative
free energies (computed at 298.14 K with HF/6-31 + G* thermochemical data) with respect 1o the formation of the syn adduct.

polyalkylation reactions,”! although substituted nitronates
such as 4a are expected to be less reactive than 1a itself (vide
infra).

Nitroethane Nitronate plus Acetaldehyde (Reaction 2): The next
step in our study was to explore the Henry reaction between
monosubstituted nitronates and simple alkyl aldehydes. We
chose acetaldehyde 2b and the nitronate 1b derived from ni-
troethane as model substrates. The geometries of the stationary
points located for this reaction are reported in Figure 4, and the
corresponding relative energies are given in Table 2.

The complex associated with the reaction coordinate is INTb.
The complexation energy AE, for INTb is only — 5.53 kcalmol !
at our highest level of theory (Table 2), a value significantly
lower than that computed for the parent reaction. The saddle

w(N2-C3-C4-05)=167.9 ®(N2-C3-C4-05)=183.1

TSb(anti} TSh(syn)

1.543

3b(anti) 3b(syn)

Figure 4. Fully optimized (HF/6-31 + G* level) geometries of stationary points cor-
responding to reaction 2 (Scheme 2). Bond lengths and angles are given in A and
deg. respectively. Dihedral angles are given in absolute value.

Chem. Eur. J. 1997, 3, No. | © VCH Verlugsgesellschaft mbH, D-69451 Weinheim, 1997

points associated with the formation of the C3--C4 bond are
TS b(anti) and TSb(syn), leading to the corresponding ervthro
and threo nitroaldols, respectively. It is found that 1b is less
nucleophilic than la, and that the activation energies from
INTbD are ca. 11 kcalmol ™! at the MP4SDQ/6-31 + G*//HF /6-
314 G* level, a value ca. 4 kcalmol ™! higher than that obtained
for the parent reaction. However, the shape of saddle points
TSb is very similar to that of TSa (Figure 1). In particular, the
relative orientation of the dipoles associated with the carbonyl
and nitro groups remains virtually antiparallel. Quite surpris-
ingly, the energy of TSb(anti) is calculated to be slightly higher
than that of TSb(syn),*Talthough the relative energies are very
close to each other. However, inclusion of vibrational enthalpy
and total entropy corrections leads to a difference in free energy
(298.14 K) of 0.22 kcalmol ~! at the MP4SDQ/6-31 + G*//HF/
6-314+G*+AZPVE + AH ;, + AS level, where TS b(anti) is the
saddle point of lowest energy. This result is in agreement, from
the point of view of stereocontrol, with the observation that the
counterion of the nitronate usually only plays a marginal or
negligible role in Henry reactions.[* 3-8% The higher energy of
the syn TS probably arises from the gauche relationship between
the alkyl (or aryl) substituents, since the alkoxy and nitro groups
should be antiperiplanar to each other. The TSs associated with
these reactions would then have the general geometry shown in
Scheme 3. The stereocontrol in these Henry reactions is expect-

8- 0~

O\N/O O\N/O
anti-«— H\/%\/ R E\%fH — syn
N
R T H RZ T H
O ¢]
&' &
Scheme 3. Possible gcometries of transition states associated with the reactions of
monosubstituted nitronates with aldehydes.

ed to depend upon the size of substituents R' and R2. It is also
noteworthy that the geometry of these transition states closely
resembles the structure of the hapten developed by Schultz et
al.l*?) for an antibody-catalyzed retro-Henry reaction.

The geomctries of the products 3b(anti) and 3b(syn) arc de-
picted in Figure 4. As expected, the shape of these nitroalkox-
ides is similar to that of 3a. Since the gauche interactions be-
tween the methy! groups in 3b(syn) are higher than in TSb(syn),
the difference in energy between the two diastereomers of 3b is
more pronounced than in the saddle points TSb. This difference
in free energy is computed to be 1.42 kcalmol = at our highest
level of theory, with the anti alkoxide being more stable. How-
ever, the corresponding neutral syn nitroalcohol is found to be
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Table 3. Differences in encrgy [a,b] (kcalmol ™ ') corresponding to reaction 3, Scheme 2 (nitromethane lithium nitronate plus formaldehyde).

HF/6-31 + G* MP2/6-31+G*//

MP2/6-31 + G*

MP3/6-31 +G*); MPASDQ/6-31 + G*/;

HE/6-31 + G* MP2/6-31 + G* MP2/6-31 + G*
AE, ~16.70 —17.83 —17.61 —17.93 —17.64
AF, +28.96 +16.82 +11.14 +20.81 +19.93
AE,, — 574 —15.17 ~16.28 ~10.35 —11.31

[a] See Figure 1 for the definition of energy differences. [b] Zero-point vibrational energies, scaled by 0.89 and computed at the HF/6-31 + G* level, are included.

ca. 2.5 kcalmol ™! more stable than its anti isomer, because of

the presence of intramolecular hydrogen bonds, which stabilize
pseudocyclic structures for these compounds (Figure 3b,c).

Finally, it is worth mentioning that our calculations suggest
that the reaction between nitronate 1b and acetaldehyde (2b) is
approximately thermoneutral, the value of AE_ being only
—1.45 kcalmol ™! for the anti nitroalkoxide at our highest level
of theory. We can therefore conclude that the Henry reaction
between substituted nitroalkanes and carbonyl compounds is
more difficult than the parent reaction from both kinetic and
thermodynamic standpoints. This result is in agreement with the
difficulties observed in Henry reactions between highly substi-
tuted carbonyl compounds and/or nitronates.*!

Nitromethane Lithium Nitronate plus Formaldehyde (Reac-
tion 3): This model reaction was selected to explore the effect of
a metallic center along the reaction coordinate. The geometries
of the stationary points located are collected in Figure 5, and the
associated relative energies are reported in Table 3.

7 TS (1.269)

3¢

Figure 5. Fully HF/6-31+ G*, MP2(FC)/6-31 + G* (bold numbers), and B3LYP/
6-31 + G* (numbers in parentheses) optimized geometrics of stationary points cor-
responding to reaction 3 (sec Scheme 2). Distances are given in A.
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We first optimized the structure of nitromethane lithium ni-
tronate at both HF/6-31 4+ G* and MP2/6-31 + G* levels. Ac-
cording to our results, monomeric 1¢ is predicted to have C,,
symmetry. The general features of this stationary point are in
agreement with X-ray data available for a recently described
symmetric potassium nitronate.”*3! Boche et al. have reported
the crystal structure of the polymeric aggregate [a-nitrobenzyl-
lithium —ethanol],,**! as a model for lithium nitronate/protic
solvent interaction. This complex has an infinite ribbonlike
structure including Li-O-N-O-Li-O six-membered rings. In our
study, however, we considered only the reaction with monomer-
ic lithium species. Previous computational studies!?®:*31 suggest
that models based upon monomeric enolates account reason-
ably well for the main features of the reaction between enolates
and electrophilic double bonds. The reaction profiles associated
with oligomeric structures will be the subject of further work.
Our calculations on 1c¢ indicate that the interaction between the
lithium atom and the oxygen atoms of the nitro group is electro-
static in nature. Thus, the energy density [H(r )] at the critical
points of the Li—-O bond yields a positive value, namely.
Hir)) = + 0.014 au, which is indicative of an ionic bond.t3% 37!
Moreover, the presence of the lithium cation has a significant
effect on the nitronate counterion.”® Thus, our calculations on
1¢ at the MP2/6-31+ G* level yield a C=N bond length of
1.312 A, whereas in 1a this value is 1.348 A. A complementary
increase in the N-O bond lengths is observed from 1a to Ic.
The NBA charge at the C atom in 1¢ is —0.190, whereas in 1a
it is —0.471. The oxygen atoms of the nitronate moiety in le
and 1a have NBA charges of —0.795 and —0.707, respectively.
These results indicate that the Coulombic interaction between
the nitronate and the lithivm cation promotes a higher localiza-
tion of the charge at the oxygen atoms, and the carbon atom of
the nitronate is therefore less nucleophilic. Schleyer et al. have
observed a similar effect in acetaldehyde enolates.'*%!

We also located a complex INTc, formed from the inter-
action between 1lc¢ and formaldehyde. This complex lies
17.64 kcalmol ~ ! below the reactants at our highest level of the-
ory (Table 3). Compilexes of this type have been reported in the
reaction between enolates and electrophiles, 2% 49
cases crystallographic structural data arve available.[* 1 Tt is note-
worthy that our calculations at both the HF/6-31+G* and
MP2/6-31 + G* levels on INTc¢ yield a structure in which
formaldehyde interacts with 1¢ through a lone pair instead of
through the dipole (Figure 5). This result contrasts with those of
other calculations on lithium complexation with aldehydes, in
which linear structures are predicted.[?8- 40421

The transition structure associated with this reaction is TS¢
(Figure 5). At the HF/6-31 + G* level, this saddle point shows a
sofa conformation, the Li6, O1, C2, C4, and OS5 atoms being
nearly coplanar. It is noteworthy that the lithium atom is only

and in some

0947-6539/97/0301-0024 § 15.00 4+ .25:0 Chem. Eur. J. 1997, 3. No. {





Nitroaldol Reaction

20-28

Table 4. Relative energies [a,b] (kcalmol ") of the transition structures depicted in Figure 6.

TS Isomer HF/6-31 +G* MP2/6-31 + G*// MP3/6-31 +G*// MP4SDQ/6-31 +G*j/  BILYP/6-31+G*
HF/6-31 +G* HF/6-31 + G* HEF/6-31 + G*

TSee syn 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 [0.00]

TSea anti 0.27 (0.23) 0.43 (0.46) 0.28 (0.25) 0.32 (0.28) 0.17[0.39]

TSue anti 0.97 (1.22) 0.03 (0.28) 0.33 (0.58) 0.23 (0.48) 0.65 [1.33]

TSaa sen 0.88 (1.02) 0.08 (0.23) 0.25 (0.40) 0.14 (0.28) 1.44 [1.88]

{a] Numbers in parentheses correspond to differences in free energy computed at 298.14 K with HF/6-31+G* thermochemical data. [b] Numbers in square brackets
correspond to differences in free energy computed at 298.14 K with B3LYP/6-31+ G* thermochemical data.

coordinated to one oxygen of the nitro group (O1 in Figure 5).
This saddle point is similar to those reported for aldol reactions
involving lithium enolates.?8 4%-43] The bond index between
C3 and C4 is 0.307 at the HF/6-31 + G* level, a value lower
than those found for TS a and TSb. However, the shape of TS¢
is quite different at the MP2/6-31 +G* and B3LYP/6-31 + G*
levels, as can be seen by inspection of Figure 5. This saddle point
exhibits a distorted chairlike geometry, in which lithium is coor-
dinated to the three oxygen atoms. In particular, the bond
lengths 1i6-0O1 and Li6-07 are quite similar to each other,
and the absolute values of the dihedral angles between the N2,
C3,C4, and O5 atoms are 27.5 and 21.7° at the MP2/6-31 + G*
and B3LYP/6-31 + G* levels, respectively. The activation ener-
gies from INTc and from the separate reactants are 19.93 and
2.29 kcalmol !, respectively (MP4SDQ/6-31+ G*//MP2/6-
31+ G*+ AZPVE data, Table 3). These values are significantly
higher than those obtained for the Henry reaction involving the
free nitronate (vide supra). It is to be expected that this lower
reactivity of 1¢ would be less significant in a solvated system.
This particular aspect will be discussed below.

Finally, we characterized the reaction product 3¢, in which
the chief geometric features of TSc at HF/6-31+G* level,
namely, sofa conformation and bicoordination of lithium, are
preserved at both HF/6-31 + G* and MP2/6-31 + G* levels. The
reaction 1¢ +2a — 3¢ is predicted to be exothermic, the AE,,,
values being comparable to those computed for reaction 1 (see
Tables 1 and 3). These values are lower than those reported for
lithium-mediated aldol reactions.[**

We also computed the transition structures associated with
the Henry reaction between the lithium nitronate of nitroethane
and acetaldehyde. Given the size of these systems and the con-
vergence of the MP2/6-31 - G* and B3LYP/6-31 +G* results
obtained for TS¢, the geometry optimizations were performed
only at the HF/6-31 + G* and B3LYP/6-31 + G* levels. The re-
sulting structures of these saddle points are reported in Figure 6,
and their relative energies are collected in Table 4. In contrast to
the results obtained for TSc¢, the geometrical features of these
latter saddle points are quite similar at both HF and B3LYP
levels. In particular, the lithium atom is strongly coordinated to
only one oxygen of the nitro group even at the B3LYP level. This
is because the tricoordinated structure of TSe¢ at the MP2 or
B3LYP levels (Figure 5) induces a partial eclipsing between the
methylene protons at C2 and C 3. In the case of the TSs included
in Figure 6, the presence of the bulkier methyl groups favors
sofa geometries in order to minimize the Pitzer strain. There-
fore, the tricoordinated geometry of TSc¢ seems to be particular
to the simplest case, that is, to the 1¢ +2a — 3¢ process. Ac-
cording to our calculations, the TS of lowest energy is associated
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TSee TSea

TSae TSaa

Figure 6. Fully HF/6-31 4+ G* and B3LYP/6-31+ G* (in parentheses) optimized
geometries of transition structures associated with the C -C bond forming step in
the reaction between nitroethane lithium nitronate and acetaldehyde. Distances are
given in A.

with the syn diastereomer, although the stereocontrol in this
model reaction is quite low. It seems likely that increasing the
bulk of the susbtituents of the reactants or that of the ligands
bound to the metal would result in a higher stereocontrol in
favor of the syn nitroaldols.

Solvated Nitromethane Lithium Nitronate plus Formaldehyde
(Reaction 4): We selected this model reaction in order to explore
the solvation effects on the metal-assisted Henry reaction. We
found two solvated complexes for lithium nitronate 1¢. The first
one, denoted as INTd in Figure 7, has two water molecules (as
models for an ether solvent) interacting with the lithium atom.
The energy density at the critical points associated with the
Li—O pairs reveals that this interaction is again electrostatic in
nature. According to the computed NBA charges for INTd at
the HF/6-31 + G* level, the two water molecules have a bulk
charge of +0.036. Coordination of the two water molecules
results in a lowering of the charge at lithium, and a concomitant
increase in that at the carbon atom of the nitronate, which
enhances its nucleophilicity. The charge on this carbon atom
is —0.221, a value between the corresponding values in 1a and
lc. We also located another solvated intermediate, labeled
INT’d in Figure 7. This intermediate also exhibits a distorted
tetrahedral environment for the lithium atom, but incorporates
only one water molecule. Given the higher basicity of sp*-hy-
bridized with respect to the more electronegative sp*-hybri-
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INTd INT'd

2.116

Tsd 1q

Figure 7. Fully HF/6-31+G* optimized geomctries of stationary points corre-
sponding to reaction 4 (see Scheme 2). Bond distances and angles are given in A and
deg.. respectively.

dized oxygen atoms, it was expected that the INT'd + H,O
ensemble would be less stable than INTd + 2a. This was indeed
found to be the case, and our complexation energies are lower
for the former intermediate than those found for the latter
(Table 5). For example, INT’d +H,O is predicted to be
1.19 kcalmol ™! higher in energy than INTd +2a at the
MP4SDQ/6-31+ G*//HF/6-31 + G*+ AZPVE level. Interest-
ingly, our calculated value for AE, is —33.75 kcalmol !
(MP4SDQ/6-31 + G*//HF/6-31 + G* + AZPVE results, Table 5),
a value similar to the enthalpy of solvation associated with
related ion—molecule clusters.*>]

Table 5. Differences in energy [a,b] (kcalmol ™ ') corresponding to reaction 4.

HF/6-31+G* MP2/6-314+G*// MP3/6-314+G*// MP4SDQ/6-31 + G*//

HF/6-31+G*  HF/6-31+G*  HF/6-31+G*
AE. ~-2880[c]  —34.51]c —34.02 [c} —33.75[c]
AE. —2826[d]  —33.14[d] —32.87 [d] —32.56 [d]
AE, +11.14 ~ 602 + 162 + 145
AE,, ~3439 —51.87 —46.58 —46.66

[a] See Figure 1 for the definition of encrgy differences. [b] Zero-point vibrational
energies, scaled by 0.89 and computed at the HF/6-31 + G* level, are included.
[c] Complexation energy computed as AE, = E(INTd)—{[E(1¢)+2 E(H,0)].
[d] Complexation energy computed as AFE, = EQONT'd)—[E(1c)+ E2a) +
L(H,0)].

The transition structure TSd associated with this reaction is
predicted to have a chair conformation even at the HF/6-
31+ G* level, with the lithium atom coordinated to two water
molecules, to the oxygen atom of 2a, and to one oxygen atom
of the nitronate moiety. The C4-C35 bond order at the HF/6-
31+ G* level is calculated to be of 0.374. Given the electrostatic
tetracoordination of lithium and the higher nucleophilicty of
INTd, the activation barrier is lower than that found for the
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preceding reaction. The calculated value of AE, is of only
+1.45 kcalmol ™! at our highest level of theory (Table 5).

The O-lithiated product of this reaction is 3d (Figure 7) in
which the lithium atom has the same coordination pattern pre-
viously found for TSd. Again, the conformation of this reaction
product is calculated to be sofalike. The reaction energy of 3d
with respect to the nonsolvated nitronate le and 2a is
—46.66 kcalmol ™! at our highest level of theory. However, if
we consider the solvated nitronate INTd and 2a, this value is
only —12.91 kcalmol ™! and is thus comparable to that ob-
tained in aldol reactions with presumably tetracoordinated lithi-
um enolates. 44!

In summary, we can conclude that the Henry reaction be-
tween monometalated nitronates and carbonyl compounds
takes place via chairlike transition states, in which the lithium
atom is in a tetrahedral environment. If solvation is considered,
the activation barriers are expected to be lower than those ob-
tained for the Henry reaction involving the free nitronates. Un-
der these conditions, stereocontrol does not appear to be very
high, since important factors present in the aldol reaction
(namely, bulky susbtituents in esters and ketones, (E)/(Z) iso-
merism in enolates) cannot operate here. In any case, it is expect-
ed that inclusion of bulky ligands in the coordination sphere of
a metal might result in higher stereocontrol in favor of syn-ni-
troalcohols, in agreement with the results reported by Shibasaki
et al.l’T The reaction would then proceed via a saddle point in
which the substituents of the reactants occupy equatorial posi-
tions (vide supra). The general model is represented in
Scheme 4.

eq.
3y
Rl _~O0—ML,

A ——
R? %N/O

HO\ ML,
?q, \y— (ML)

syn-nitroalcohols

Scheme 4. Increase in syn selectivity by means of metals coordinated to bulky
ligands L.

Nitromethane Lithium Lithionitronate plus Formaldehyde (Reac-
tion 5): This reaction was selected to model the well-known
Seebach methodology involving the reaction between doubly
deprotonated nitroalkanes and carbonyl compounds. The sta-
tionary points located at the HF/6-31 + G* level are depicted in
Figure &, and the corresponding relative energies are reported in
Table 6.

Table 6. Diffcrences in cnergy [a,b] (kcalmol ') corresponding to reaction 5
(nitromethane lithium lithionitronate plus formaldehyde).

HF/6-31 4+ G* MP2/6-31 +G*// MP3/6-31 +G*// MP4SDQ/6-31+ G*//

HF/6-31+G*  HF/6-31+G* HF/6-31+G*
AE,  —1642 —17.75 —18.07 ~17.80
AE.  —15.02 —15.76 {c] —16.18 {c] ~15.95 [c}
AE,  + 559[d]  + 2.18[d] + 3.60 [d] + 3.46(d]
AE,, —40.23 —44.80 ~45.36 —43.35
AAE,, +22.62[]  +19.64 [¢] +21.51 [e] +20.95 [¢}

[a] See Figure 1 for the definition of energy differences. [b] Zero-point vibrational
energies, scaled by 0.89 and computed at the HF/6-31 + G* level, are included.
[c] Complexation energy computed from INT’e (see Figure 8). [d] Computed as
AE, = E(TSe)— E(INT’e) (see text). [e] Computed as AAE,,, = E(3’e) — E(3e) (see
Figure 8).
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Figure 8. Fully HF/6-31 + G* optimized geomectries of stationary points corre-
sponding to reaction 5 (see Scheme 2). Bond distances are given in A.

Nitromethane lithium lithionitronate (1e) is predicted to have
a planar C,-symmetric structure at the HF/6-31 4+ G* level (cf.
Figure 8). The Li 3 atom is bound to both the C2 and O 4 atoms.
The analysis of the gradient of the electron density in the result-
ing cyclic structure reveals that there is a (3, +1) ring point
corresponding to the N 1-C2-Li 3-O4 system. Similarly, there is
another (3, +1) ring point between the OS5, N1, O4, and Li6
atoms. The NBA analysis also reveals that the C2-Li3 bond is
less electrostatic than the Li—O bonds, since for the former
H(r)) = + 0.006 au. The NBA charges for the Li3 and Li6
atoms are +0.911 and +0.946, respectively. In addition, the
charge on the C2 atom is —0.448, a value much higher than that
found for nitromethane lithium nitronate (1¢). This results in a
highly nucleophilic nitronate species.

There is a local minimum in the HF/6-31 + G* energy hyper-
surface of this reaction, labeled INTe in Figure 8, in which the
formaldehyde molecule is bound to the Li6 atom. The geomet-
rical features of this complex are similar to those found for
INTc, with an almost linear arrangement between the two lithi-
um-—oxygen pairs. We also found another intermediate, denoted
as INT’e in Figure 8. In this complex, the formaldchyde mole-
cule interacts with the Li3 atom. This intermediate is calculated
to be less stable than INTe at all levels of theory. For example,
at our highest level, INT’e lies 1.85 kcalmol~! above INTe
(Table 6). This result can be explained by taking into account
the slightly lower charge on Li3 than on Li6 (vide supra); con-
sequently, the Coulombic interaction between 1e and 2a is not
so well stabilized in INT"e.

The transition structure TSe, leading to formation of the
C8-C2 bond, is also depicted in Figure 8. The shape of this TS,
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which has C, symmetry, is closely related to that of INT’e. In
addition, the IRC analysis for TSe connects this saddle point
with INT’e and not with INTe.l?” The bond index between the
C2 and C8 atoms is 0.282 at the HF/6-31 + G* level. In this TS,
the Li3 atom is still bound to C2, at a distance of 2.275 A. The
angle of attack at the aldehyde, that is, the C2-C8-O7 bond
angle, is 109.4°, a normal value for addition reactions at car-
bonyl compounds. TSe is only 3.46 kcalmol ™! above INT’e at
our highest level of theory. This is a much smaller value than
that obtained for the reaction between 2a and the unsolvated
nitromethane lithium nitronate (1¢) (cf. reaction 3), and can be
explained in terms of the higher nucleophilicity of 1e. This result
is in agreement with the reported experimental evidence, since it
has been found that doubly deprotoned nitronates are able to
react with carbonyl compounds of relatively low electrophilicity
such as ketones.[®)

We located two reaction products from the interaction be-
tween le and 2a. The first one is labeled 3e in Figure 8 and has
two dicoordinated lithium atoms. In particular, the Li3 atom is
bound to O7 and O4, thus forming a six-membered ring. The
other complexed product, 3’e, also has a plane of symmetry, but
its geometry involves an antiparaliel arrangement between the
alkoxide and nitronate dipoles. In this latter complex, the Li3
atom is bound only to O7. As a consequence, its energy is
significantly higher at all the levels of theory included in our
study (see the AAE,_ values in Table 6). The IRC analysis re-
veals that the reaction product corresponding to TSe is 3e. No
TS connecting INT’e or INTe with 3e could be located.l?”
Therefore, if substituted species of type 3, such as those repre-
sented in Scheme 5, are protonated by /k attack, stereoselective

0O—ML, R'

, fH
Hom, \o Y L wo—s o
R* — 7\ - — - 7\
N Mie NE N MLy,
R? e} R? \o/
3 3
‘H* (/k-attack) ‘ H* (utattack)

antrnitroaicohol
(t-product)

syn-nitroalcohol
(Fproduct)

Scheme 5. Possible alternative protonation pathways for alkoxide nitronates 3 and
3 to yield anti and syn-nitroalcohols, respectively.

formation of the corresponding anti-nitroalcohol would be ex-
pected. This s the case when mixed silyl—-lithium derivatives are
used (M = Li, M’ = Si; Scheme 5). However, in the case of
dilithiated complexes (M = M’ = Li), Seebach et al. observed
stercoselective formation of the corresponding syn-nitroalco-
hols.[*! These authors also noted that appropriate cosolvents
such as hexamethylphosphoramide (HMPA) are required to ob-
tain good stereocontrol. This highly coordinating additive could
shift the equilibrium from 3 to 3 (L' = HMPA, Scheme 5) thus
favoring the formation of the syn-nitroalcohol through u/ proto-
nation of 3. Another possibility is that these complexes are pref-
erentially protonated at oxygen (M = H, Scheme 5). In this case,
the syn-nitroalcohol should be favored owing to imtramolecular
hydrogen bonding (cf. Figure 3). For silicon derivatives (M’ = Si)
the anti-nitroalcohol would be the more stable stereoisomer.
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Conclusions

From the ab initio calculations reported in this paper, the fol-
lowing conclusions can be drawn:

D

2)

(98]
~—

The Henry reaction between anionic nitronates and alde-
hydes takes place via antiperiplanar transition states, in
which the carbonyl and nitro dipoles are antiparallel to one
another. This leads to the preferential formation of anti ni-
troalcohols. Substitution at both the nitronate and the car-
bony! compound increases the activation barrier and the
reversibility of the reaction.

The reaction between monometalated nitronates and car-
bonyl compounds takes place via cyclic transition structures
having chairlike conformation. The favored product in this
case is the syn-diastereomer, although effective stereocontrol
is difficult. Solvation of the metal is important in order to
increase the nucleophilicity of the nitronate.

The reaction with dimetalated nitronates has much lower
activation barriers, and Henry reactions with less elec-
trophilic carbonyl compounds, such as ketones, are thus pos-
sible. The anti or syn nitroalcohols should be formed prefer-
entially depending on whether the cyclic or open metalated
adducts are protonated.

Acknowledgements. The present work was supported by the Universidad del

Pa
an

is Vasco/Euskal Herriko Unibertsitatea (Project UPV 170.215-EA156/94)
d by the Gobierno Vasco/Eusko Jaurlaritza (Project GV 170.215-0119/94).

We thank Professor J. M. Ugalde for helpful discussions and suggestions
during the preparation of this work.

1

Received: June 17, 1996 [F 393]

1 L. Henry, C. R. Hebd. Stances, Acad. Sci. 1895, 120, 1265.

[2] See for example: a) S. Hanessian, I Kloss, Terrahedron Letr. 1985, 26, 1261;

16
{7
¥

b) A. G. M. Barrett, C. Robyr. C. D. Spilling, J. Org. Chem. 1989, 54, 1233
¢} S. Brandinge, B. Lindqvist, Acta Chem. Scandinavica B 1985, 39, 589; d) H.
Sasai, W.-S. Kim, T. Suzuki, M. Shibasaki, Tetrahedron Letr. 1994, 35, 6123,
e) V. Wehner, V. Jager, Angew. Chem. Int. Ed. Engl 1990, 29, 1169; f) M.
Adamezyk, R. E. Reddy, Terrahedron Letr. 1995, 36, 9121; g) R. Ballini, G.
Bosica, J. Org. Chem. 1994, 59, 5466, and references therein; h) P. Magnus, P.
Pye, J Chem. Soc. Chem. Commun. 1995, 1933; i) R. Ballini, G. Bosica, G.

Rafaiani, Helv. Chim. Acta 1995, 78, 879 J) R. Ballini, E. Marcantoni, M.

Petrini, Lichigs Ann. 1995, 1381; k) W.-C. Chou, C. Fotsch, C.-H. Wong, /.

Org. Chem. 1995, 60,2916; 1) Z. ). Witczak, Y. Li, Tetrahedron Leti. 1995, 36,

2595; m) R. Ballini, G. Bosica, Synthesis 1994, 723; n) T. Kolter, G. van

Echten-Deckert, K. Sandhoff, Tetrahedron 1994, 50, 13425; o) R. Chinchilla,

C. Najera, P. Sanchez-Agulls. Tetrahedron: Asymmetry 1994, 3, 1393; p) H.

Sasai. T. Suzuki, N. Itoh, M. Shibasaki, Appl. Organometallic Chem. 1995, 9,

421

a) D. Seebach, E. W. Colvin, F. Lehr, T. Weller, Chimia 1979, 33, 1; b) G.

Rosini, R. Ballini, Synthesis 1988, 833; ¢) R. Tamura, A. Kamimura, N. Ono,

Synthesis 1991, 423, Q) Nitro Compounds, Recent Advances in Synthesis and

Chemistry (Eds.: H. Fever, A. T. Nielsen), VCH, Weinheim, 1990.

G. Rosini in Comprehensive Organic Synthesis, Vol. 2 (Ed. B. M. Trost), Perg-

amon, New York, 1991, pp. 321 -340, and refs [5—19] included therein.

1 a) D. Seebach, F. Lehr, Angew. Chem. Int. Ed. Engl. 1976, 15, 505; b) E. W,
Colvin, D. Seebach, J Chem. Soc. Chem. Commun. 1978, 689; c) D. Seebach,
A. K. Beck, F. Lehr, T. Weller, E. Colvin, Angew. Chen. Int. Ed. Engl. 1981, 20,
397.

] R. E. Marti, |. Heinzer, D. Seebach, Liebigs Ann. 1995, 1193.

1 G. Rosini, R. Ballini, P. Sorrenti, Synrhesis 1983, 1014,

) a) R. Fernandez, C. Gasch, A. Gomez-Sanchez, I E. Vilchez, A. L. Castro.
M. ). Didnez, M. D. Estrada. S. Pérez-Garrido, Carbohydr. Res. 1993, 247,
239:. b) S. Hanessian, P. V. Devasthale, Tetrahedron Lett. 1996, 37, 987.

[9} H. Sasai, T. Tokunaga, S. Watanabc, T. Suzuki, N. Itoh, M. Shibasaki, J. Org.

Chem. 1995, 60, 7388. For a previous paper on lanthanum-catalyzed asymmet-
ric Henry reaction, see ref. [2] therein.

[10] Gaussian 92, Revision C, M. Frisch, G. W. Trucks, M. Head-Gordon,

28

P. M. W. Gill, M. W, Wong, J. B. Foresman, B. G. Johnson, H. B. Schlegel,
M. A.Robb, E. S. Replogle, R. Gomperts, I L. Andres. K. Raghavachari, J. S.

& VCH Verlagsgesellschaft mbH, D-69451 Weinheim, 1997

111

(12

(13

4
[15

[16
[17

Binkley, C. Gonzalez, R. L. Martin, D. J. Fox, D. J. Defrees, J. Baker, J. J. P.
Stewart, I A. Pople, Gaussian, Inc., Pittsburgh PA, 1992,

] Gaussian 94, Revision B.2, M. J. Frisch, G. W. Trucks, H. B. Schlegel, P. M. W.

Gill, B. G. Johnson, M. A. Robb, I. R. Cheeseman, T. Keith, G. A. Petersson,

J. A. Montgomery, K. Raghavachari, M. A. Al-Laham, V. G. Zakrzewski, I. V.

Ortiz, J. B. Foresman, C. Y. Peng, P. Y. Ayala, W. Chen, M. W. Wong, J. L.

Andres, E. S. Replogle, R. Gomperts, R. L. Martin, D. J. Fox, J. S. Binkley,

D. I Defrees, J. Baker, J. P. Stewart, M. Head-Gordon, C. Gonzalez, and J. A.

Pople, Gaussian, [nc., Pittsburgh PA, 1995,

W. I Hehre, L. Radom, P.v. R. Schleyer, J. A. Pople, 4b Initio Molecular

Orbital Theory, Wiley, New York, 1986, pp. 86—87, and references therein.

] a) 1. S. Binkley, J. A. Pople, Jnt. J. Quantum Chem. 1975, 9,229, b) J. A. Pople,
1. 8. Binkley, R. Seeger, Int. J. Quantum Chem. Symp. 1976, 10, 1.

] H. Hofmann, E. Hénsele, T. Clark, J. Comput. Chem. 1990, {1, 1147.

] a) R. G. Parr, W, Yang, Density-Functional Theory of Atoms and Molecules,
Oxford, New York, 1989: b) L. . Bartolotti, K. Flurchick in Reviews in Com-
putational Chemistry, Vol. 7 (Eds.: K. B. Lipkowitz, D. B. Boyd), VCH, New
York, 1996, pp. 187-216.

] A.D. Becke, . Chem. Phys. 1993, 98, 5648,

1 a) A. D. Becke, Phys. Rev. 4 1988, 38, 3098 b) C. Lee, W. Yang, R. G. Parr,
Phys. Rev. B 1980, 37, 785; ¢) S. H. Vosko, L. Wilk, M. Nusair, Can. J. Phys.
1980, 58, 1200.

[18] J. A. Pople, B. Schlegel, R. Krishnan, D. J. De Frees, J. S. Binkley, H. Frisch,

R. Whiteside, R. F. Hout, Jr., W. J. Hehre, Int. J. Quantum Chem. Symp. 1981,
15, 269.

[19] J. W. Mclver, A. K. Komornicki, J Am. Chem. Soc. 1972, 94, 2625.
20} a) K. Fukui, Acc. Chem. Res. 1981, 14, 363; b) C. Gonzalez, H. B. Schlegel,

[21
[22
(23

[24] R. F. W. Bader, Aroms in Molecules

25
126
[27
[28
129

J. Chem. Phys. 1989, 90, 2154; ¢) C. Gonzalez, H. B. Schlegel, J. Phys. Chem.
1990, 94, 5523.

] K. B. Wiberg, P. R. Rabien, J. Comput. Chem. 1993, 14, 1504.

] K. B. Wiberg, Tetrahedron 1968, 24, 1083.

} a) A. E. Reed, R. B. Weinstock, F. Weinhold, J. Chem. Phys. 1985, §3, 735;
b) A.E. Reed, L. A. Curtiss, F. Weinhold, Chemn. Rev. 1988, 88.899;¢) A. E.
Reed, P. von R. Schleyer, J. Am. Chem. Soc. 1990, 112, 1434.

A Quantum Theory, Clarendon Press,

Oxford, 1990.
] F. W. Biegler-Konig, R. F. W. Bader, T. Tang, J. Comput. Chem. 1982, 3, 317.
1 K. B. Wiberg, H. Castejon, J. Org. Chem. 1995, 60, 6327.
1 We are grateful to one of the referees for suggesting this computation.
] Y. Li, M. N. Paddon-Row, K. N. Houk, J. Org. Chem. 1990, 55, 481.
] K. N. Houk, Y. Li, I. D. Evanseck, Angew. Chem. Int. Ed. Engl. 1992, 31, 682.

{30] a) H.B. Biirgi, J-M. Lehn, G. Wipff, J Am. Chem. Soc. 1974, 96, 1956,

31
32
(33

[34

b) H. B. Birgi, J. D. Dunitz, J.-M. Lehn, Tetrahedron 1974, 30, 1563.

] In contrast, TSh(anti) is predicted to be 1.36 kcalmol ™! more stable than
TSh(syn) at the HF/3-21G(*) level.

1 M. E. Flanagan, J. R. Jacobsen, E. Swcet, P. G. Schultz, J Am. Chem. Soc.
1996, 118, 6078.

] H. Bock. R. Dienelt, H. Schédel, Z. Havias, Terrahedron Lett. 1995, 36,
7855.

] G. Klebe, K. H. Bdhn, M. Marsch, G. Boche, Angew. Chem., Int. Ed. Engl.
1987, 26, 78.

(35] a) F. Bernardi, A. Bongini, G. Cainelli, M. A. Rabb, G. S. Valli, J. Org. Chem.

[36
137

(38
(39
40

[41
[42

[43
[44

[4s

46

1993, 58, 750; b) M. 1. S. Dewar, K. Merz, J Am. Chem. Soc. 1987, 109,
6553.

} D. Cremer, E. Craka, Croar. Chim. Acta 1984, 57, 1259,

1 For a recent example on the application of the H(r,) criterion in ion—molecule
clusters see X. Lopez, J. M. Ugalde, F. P. Cossio, J. Am. Chem. Soc. 1996, 118,
2718.

] For an excellent review in the gegenion effects on alkali orgametallic com-
pounds, see C. Lambert, P. von R. Schleyer, Angew. Chem. Int. Ed. Engl. 1994,
33,1129,

] C. Lambert, Y.-D. Wu, P. von R. Schieyer, J. Chem. Soc. Chem. Commun. 1993,
255.

1 R. Leung-Toung, T. T. Tidwell, J. Am. Chem. Soc. 1990, /12, 1042.
] P. G. Williard, G. B. Carpenter, J Am. Chem. Soc. 1986, 108, 462.
] a) J. E. Del Bene, M.J. Frisch, K. Raghavachari, J. A. Pople, P.vonR.
Scheleyer, J. Phys. Chem. 1983, 87, 73; b) S. Shambayati, S. L. Schreiber in
Comprehensive Organic Synthesis, Vol. 5 (Eds.: B. M. Trost, I. Fleming), Perg-
amon, Oxford, 1991; pp. 283-324.
Y. Li, M. N. Paddon-Row, K. N. Houk, J. Am. Chem. Soc. 1988, 110. 3684.
For example, Arnett et al. reported the calorimetric determination of the reac-
tion enthalphy associated with the aldeol reaction between the lithium enolate
of pinacolone and pinaldelhyde. Their value for AH,,, is —30.2 kcalmol ™' in
hexane and — 19.0 kealmol ~' in DME (two oxygen atoms available for coor-
dination). See: D, Seebach, Angew. Chem. Int. Ed. Engl. 1988, 27, 1624, and
ref. [164] therein.

] For example, the experimental enthalpy for the process Li(H,0); + 2H,0 —
Li(H,0); is AH> = — 37.1 kcalmol ™!, See, R. G. Keesee, A. W, Castleman,
Jr., J. Phys. Chem. Ref. Data 1986, 15, 1011.

] a) M. Eyer, D. Seebach, J. Am. Chem. Soc. 1985, 107, 3601, b) D. Seebach,
A. K. Beck, T. Mukhopadhyay, E. Thomas. Helv. Ciim. Acta 1982, 65, 1101.

0947-6539/97/0301-0028 § 15.00+ .25/0 Chem. Eur. J. 1997, 3, No. /






FULL PAPER

Acid—Base Properties of Adenosine 5’-O-Thiomonophosphate

in Aqueous Solution**

Bin Song, Roland K. O. Sigel, and Helmut Sigel*

Abstract: The acidity constants of H,-
(AMPS)* were determined by potentio-
metric pH titrations in aqueous solution
at 25°C and 7= 0.1m (NaNO,). Titra-
tions with a combined single-junction
glass electrode were hampered in the pres-
ence of AMPS by a “‘poisoning” effect;

stants for the various sites calculated. It
is concluded that the thiophosphate-
protonated species (AMPS-H)™ domi-
nates at about 75% occurrence, while the
form (H- AMPS)~, with the proton at the
N1 site of the adenine residue, occurs at
about 25%. Semiempirical AM1 and

PM3 calculations including water as a
solvent locate the proton in (AMPS-H)~
mainly on the terminal oxygen atoms
rather than the sulfur. The acid—base
properties of H,(AMPS)* are consider-
ably more complicated than those of the
parent nucleotide, H,(AMP)*; for the

the problem could be avoided by use of
two separated electrodes. The values of
the acidity constants  pKf awps =
3.7240.03 and pKfames = 4.83£0.02
are relatively close to each other; the
buffer regions of the two equilibria over-
lap, and therefore a micro acidity con-
stant scheme was developed and the con-

acidity

ed isomers
tions

1. Introduction

Nucleotides participate in cellular metabolism as substrates or
products in diverse biosynthetic pathways. The central role of
nucleotides in living organisms!'! has led to their being widely
studied,' and so-called nucleoside phosphorothioates™ or
thionucleotides, in which an oxygen atom in the phosphate
residue is replaced by sulfur, are nowadays widely employed as
probes in all kinds of biological studies.’* ® Considering that
most reactions in which nucleotides participate are also depen-
dent on metal ions,[”? it is rather surprising to find that the
acid —base!* 8 °1 and metal-ion-binding properties!* 1°- 111 of
thionucleotides have hardly been investigated. This contrasts
with the situation for nucleotides themselves, for which much
information concerning their metal-ion-binding properties has
already been accumulated (see for example refs. [2,12,13]).

[*] Prof. Dr. H. Sigel, Prof. Dr. B. Song. Dipl.-Chem. R. K. O. Sigel

Tnstitut fiir Anorganische Chemie, Universitat Basel

Spitalstr. 51, CH-4056 Basel {Switzerland}

Fax: Int. code +(61)267-1017

e-mail: sigel@ubaclu.unibas.ch

Abbreviations: Ado, adenosine; AMP2~, adenosinc 5'-monophosphate;
AMPS? ", adenosine 5'-O-thiomonophosphate, also known as adenosine 5'-O-
monophosphorothioate or adenosine 5'-[a-thiojmonophosphate; ATP*~,
adenosine 5'-triphosphate; ATPyS* ~, adenosine 5-O-[y-thio]triphosphate; En,
ethylenediamine (=1,2-diaminoethane); RibMP2~, D-ribosc S-monophos-
phate. Species which are named in the text without a charge either do not carry
one or represent the species in general (i.e., independent of their degree of
protonation); which of the two applies is always clear from the context.

*
X
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latter the two (intrinsic) acidity constants
are well separated and consequently prac-
tically all protons have left the N1 site
before deprotonation at the monoproto-
nated phosphate group occurs. Finally, an
estimate for the acidity constants of
H,(ATPyS)?~ is given.

protonat-

The first nucleoside phosphorothioate was synthesized in
1966,131 and adenosine 5'-O-thiomonophosphate (AMPS, Fig-
ure 1),1'* the thionucleotide in the focus of the present study,

shortly thereafter;™*! an improved synthesis was recently pub-
lished.11®
NH2
NN
N/ H
3

OH OH

Figure 1. Structure of adenosine §'-O-thiomonophosphate (AMPS?7) in its anti
conformation [14].

AMPS attracted our attention because no values quantifying
the acid—base properties of the adenine residue exist, and the
available literature values for the release of a proton from the
monoprotonated thiophosphate group are relatively far apart,
atpK, = 4.9 and 5.3;8in fact, these values are actually micro
acidity constants (see Section 2.1). Furthermore, and more im-
portant, the values given are already in the vicinity of the acidity
constant for the deprotonation of the H*(N1) site of twofold
protonated adenosine 5'-monophosphate, H,(AMP)*, pK, =
3.84.1'1 Hence, considering that the latter nucleotide is the par-
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ent compound of AMPS, it occurred to us that the release of the
two protons from H,(AMPS)* might occur in overlapping pH
ranges and that therefore a detailed study was warranted. Such
knowledge is relevant for both the general use of AMPS in
biological studies!!® and for an understanding of its metal-ion-
binding properties.l'? 11! By potentiometric pH titrations we
have now determined the macro acidity constants of
H,(AMPS)* and evaluated these for the micro acidity constants
of the various individual acidic sites.

2. Results and Discussion

The experimental conditions for the aqueous AMPS solutions
(JAMPS] = 0.23mM) used throughout this study were such that
the well-known self-stacking of purine derivatives!**) was cer-
tainly negligible.[?%)

2.1. Acidity constants of H,(AMPS)*: The AMP?~ analogue
AMPS?~ shown in Figure 1 is a tribasic species; it may bind two
protons at the thiophosphate group and one at the N 1 site of the
adenine residue. The first proton from monoesterified deriva-
tives of phosphoric acid is released in water with pK, ~1;1?!Ifor
H,(AMP)", pK,~0.4 was estimated.'*"! Hence, one may as-
sume (also in accord with results obtained for H,PO, and
H,PO,S2}) that the corresponding value for H,(AMPS)™ is
even lower; in any case, to be on the safe side, we conclude only
that pK, < 1.5 for Hy(AMPS)™ and indeed, during our experi-
ments (pH 3.5-7.0) we never observed any indication of the
formation of an H,(AMPS)"* species. The deprotonation steps
that could be observed were for H,(AMPS)*, and these are
expressed in the equilibria (1a) and (2b). The corresponding

H,(AMPS)* == H(AMPS)™ +H" (1a)
K ames) = [H(AMPS) " J[H " J/[H,(AMPS)*] (1b)
H(AMPS)™ — AMPS?*~ +H* (2a)
Kiiames, = [(AMPS)* "J[H " /[H(AMPS) "] {2b)

acidity constants [Egs. {1b, 2b)], measured in aqueous solution
by potentiometric pH titrations (7 = 0.1M, NaNO,; 25°C), are
listed in Table 11231 together with some pertinent literature val-
ues for H,(AMP)* (cf. ref. [17]) and monoprotonated p-ribose
5-monophosphate (RibMP2 )12 as well as adenosine.[!*]
Comparison of the various acidity constants listed in Table 1
shows that the pK, of 3.72 is evidently largely caused by the

Table 1. Negative logarithms of the acidity constants [Eqgs. {1.2)] of the twofold
protonated H,(AMP)* and H,(AMPS)* species (see Figure 1) as well as of the
related monoprotonated adenosine and n-ribose S-monophoesphate species deter-
mined by potentiometric pH titrations in water at 25 'C and 7 = 0.1 M (NaNQ,) [a].

Acid pK, for the sites Ref.
(N1H™ -P(O),(X)H™ [b]
H{udenosing)* 3.61+0.03 - [14b}
H(RibMP)~ - 6244001 (24]
H,(AMP)* 3.84+0.02 6.21+0.01 [17a]
H,(AMPS)* 3724003 4.8340.02 this work

|a] So-called practical (or mixed) constants [23] are listed ; see Section 4.2, The error
limits given are three times the standard error of the mean value or the sum of the
probable systematic errors, whichever is larger. [b] X = O for RibMP?~ and
AMP?™; X =S for AMPS?~.
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deprotonation of the H"(N1) site of the adenine residue of
H,(AMPS)*, whereas the second deprotonation step, with a
pK, of 4.83, has largely to be attributed, in agreement with
earlier work,!® ®! to the deprotonation of the monoprotonated
thiophosphate group. The two values given in the literature for
this deprotonation step were determined by NMR shift mea-
surements in aqueous solution containing 20 % D,0O: pk, = 5.3
(18°C; I undefined)™® and pk, = 4.9 (30°C; I undefined).t”’
Considering that this NMR method actually measures micro
acidity constants, k, and that the experimental conditions differ,
these two values are in fair agreement with the present macro-
constant, pKjf aves, = 4.83.

Itis interesting to note that replacement of one of the oxygens
of the phosphate group of AMP by a sulfur atom reduces its
basicity by approximately 1.4 log units. This observation is in
agreement with the conclusion of Jaffe and Cohn!® that the pK,
values of thiophosphates ... are at least 1 pH unit below the
pK, of the parent compounds”.

2.2. Micro acidity constants scheme for H,(AMPS)*: The
macro acidity constants for H,(AMPS)* listed in Table 1 are
separated only by about 1.1 log units; this means that equi-
libria (1a) and (2a) actually overlap somewhat. To be able to
quantify correctly the intrinsic basicities (or acidities) of the
proton-binding sites, we calculated the necessary microcon-
stants. This evaluation (Figure 2) was carried out in analogy to
a similar problem discussed previously in ref. [17a].

(AMPSHY + H

: AMPS
Pk i AMbaH Pk aMPSH
=3.8410.02 =471+£0.04

pKP}-Ilz(AMPS) + pKl]{J(AMPS)
=(3.72£0.03) + (4.83+0.02)
=8.55+0.04

(H-AMPS-H)* (AMPS)? + 2H*

Pk AMPS 1 Pkt Ames
=434+0.14 =421+0.15
(H-AMPS) + H*
Kilamps) = KiranioH + ki AMPeH (3a)
1 1 1
H = 7AMpPs . * (3b)
Kiamps)  kamibom kyMRgps

MPS-H kAMPS

H H -
Kiyamps) © Kiyamps) = KHAMPSH © KAMPSH

(3e)

klg-AMI’S . kAMI’S
AMPSH H-AMPS
Figure 2. Equilibrium scheme defining the micro acidity constants (k) and showing
their interrelation with the macro acidity constants (K) and the connection between
(AMPS-H) ™ and (H-AMPS) and the other species present. In (AMPS - H)™ the
proton is bound to the thiophosphate group, and in (H-AMPS)™ itis at N1 of the
adenine residue (Figure 1); (H-AMPS-H)*, also often written as H,(AMPS)*.
carries a proton at N 1 and another at the thiophosphate group. The arrows indicate
the direction for which the acidity constants are defined. Use of the value measured
for Hy(AMP)*, pKjlame = 3.8410.02 (see Table 1), for the microconstant
phMesH permits calculation of the other microconstants from Equations (3a).
(3b), and (3¢). The error limits of the various constants were calculated according
to the error propagation after Gauss; the limits correspond to three times the
standard error (see Table 1). For further dctails see Section 2.2.
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Figure 2 summarizes the equilibrium scheme for H,-
(AMPS)? defining the microconstants (k) and giving their inter-
relation with the macro acidity constants (K). There are three
independent equations, (32a), (3b), and (3¢) (Figure 2), but four
unknown microconstants.!’7* 251 However, by assuming that
the monoprotonated thiophosphate and phosphate groups of
H,(AMPS)* and H,(AMP)?, respectively, have the same effect
on the deprotonation of the H*(N1) site of the adenine
residue, one may conclude that pk{iMheeen = PKh amps) =
3.8440.02.1172) Consequently, the other three microconstants
can now be calculated. The corresponding results are given on
the arrows in Figure 2.

These microconstants now permit the estimation of the
ratio R of the monoprotonated species (H-AMPS)™ and
(AMPS-H)~ (Figure 2), which carry the proton at N1 or at the
thiophosphate group, respectively [Eq. (4)]. The values for the

R= [(AMPS-H)™] _ KAMPSH _ 10~ 3-84+0.02
[(H-AMPS)™] kg.'ﬁ{‘f‘fssﬂ 10 4334014

76 3(44 23
—1()0-50£0.14 _ =22
=10 316 24 1<1’ 1>

“4)

ratio given in parenthesis are the upper and lower limits, respec-
tively, calculated from the error propagation. Overall it is evi-
dent that the species (AMPS-H)™ is dominant at about 75%
occurrence, while (H- AMPS)™ forms only at about 25%. Cer-
tainly, this result is an estimate, but still it proves 1) that both
tautomeric forms of H{AMPS) ™ occur stmultaneously in appre-
ciable amounts and ii) that the (AMPS-H)~ species dominates
and therefore largely determines pKf \vps), @s already indicated
in Section 2.1.

2.3. Some considerations on the acid—base properties of the thio-
phosphate group: That one proton in H,(AMPS)* is bound at
the N 1 site of the adenine residue and the other at the thiophos-
phate group follows clearly from the acidity constants listed in
Table 1. However, while protonation of the adenine residue at
N1 is unequivocal, the site of protonation at the thiophosphate
group is less clear (see also Section 2.4). Considering that the
phosphorus in a phosphate monoester has a tetrahedral struc-
ture,?®1 the three terminal oxygens in the phosphate residue
(Figure 3) have identical properties; that is, each of them in the
dianion carries two thirds of a charge

o 2—  unit. If one of these three oxygens is re-

| —I placed by a sulfur atom, assuming that
R\Q/PV”O ? proton does n.ot bind at all to the sul-
0 ur atom one might expect a decrease of
the pK, value by 0.18 pK units (because
in ROPOZ~ the proton finds three possi-
bilities to bind, and in ROPO,S*~, un-
der the assumption made, only two). On
the other hand one might argue that owing to the lower elec-
tronegativity of sulfur compared with oxygen, the charge densi-
ty at the remaining two terminal oxygens increases. If this were
the case then the basicity, that is, the affinity for protons, of
these two oxygens should increase. Consequently, considering
that these two aspects operate in opposite directions, one might
expect that the value for pK¥l ,yes, would be about the same as
for pKjaup O, if the second of the two effects is somewhat

Figure 3. Tetrahedral
structure of a phosphate
residue.
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larger, a higher basicity for AMPS2~ might even be expected.
However, exactly the opposite is observed; the acidity of the
monoprotonated thiophosphate group in (AMPS-H) ™ is Jower
than that of the monoprotonated phosphate residue in
H(AMP)~ by about 1.5 pK, units [expression (5)]. Indeed, this

ApK, = pK!T(AMP) “pk‘imss.u =(6.21£0.01) —(4.71£0.04)
=1.504+0.04

ApK, value agrees well with observations made by Jaffe and
Cohn®™ in water containing 20% D,O, who found pK, = 6.7
for H,PO, and pK, = 5.4 for H,PO,S™ (ApK, =1.3), as well as
with the results of Mikitie and Konttinen!?”! for the same two
acids in aqueous solution at 7 = 0.1 M (KCl) and 25 °C, namely
PKi o, = 6.76 and pKl o5 = 5.38, and hence ApK, =1.38.

Why is ROPOZ~ more basic than ROPQ,S?~ ? Is it because
the proton is partially sulfur-bound to the latter species, or is it
because the proton in ROPO,H ™ is chelated by hydrogen bonds
in a six-membered ring including a water molecule to one of the
other two (negatively charged) terminal oxygens and that this
inhibits the release of the proton? Clearly, replacement of one of
the two oxygens by a sulfur would destabilize such a hydrogen-
bonded chelate and thus facilitate the release of the proton from
a -OP(0,S)H ™~ group. Frey and Sammons™® explained the ob-
servations described—the relative strengths of analogous sulfur
and oxyacids—quite generally, with the assumption that “in
aqueous solution a negative charge localized on sulfur is less
unstable than one localized on oxygen .. . because the larger size
and polarizability of sulfur relative to oxygen ... (allow) the
charge density in a thiolate anion to be less than that in an
oxyanion”.

2.4. Whereis the proton in (AMPS-H) ™ located? Regarding this
question, the review by Frey and Sammons[?8} summarizing the
experimental evidence concerning the bond order and charge
localization in nucleoside phosphorothioate anions, as well as of
some related work,'??!is helpful. For AMPS? "~ it was concluded
that the P—S bond is a single bond with a negative charge
localized on sulfur and that the two terminal P—O bonds ap-
proach bond orders of 1.5, so each oxygen carries half a charge
unit'[ZS. 29a]

That the negative charge density is high on the sulfur atom
was also concluded for thiophosphate by Katchalski et al. from
changes in the absorption spectrum; these authors considered
tautomeric equilibria but made no final suggestion regarding
the location of the proton.3°V It is thus interesting that Hidaka
et al. concluded that two PO,S*~ ions coordinate to [trans-Co-
(En),]*" through the S atoms.'**3 On the other hand, Frey and
Sammons?# placed the proton in HPO,S%™ at an oxygen in
accord with the infrared and Raman spectroscopic studies of
Steger and Martin,*? whose P—S stretching frequencies'32% of
HPO,S?~ and PO,S>~ are consistent with single bonds,!*?"!
and who found no sign of an S-H group in HPQ,S? 128321

With the above-mentioned situation in mind, semiempirical
calculations were carried out for thioacetic acid and monopro-
tonated methylthiophosphate, which is the most simple model
for (AMPS-H)™ (Figure1). We included thioacetic acid
(pK, = 3.33)133 in the calculations because i) practically the
same ApK, value (1.42) is observed compared with acetic acid
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(pK, = 4.75)33 as given in Section 2.3 for the phosphoric/thio-
phosphoric acids and also because ii) it has been unequivocally
shown by Raman and infrared spectroscopy!®#! that the right-
hand side of the tautomeric equilibrium CH,C(S)OH == CH,-
C(O)SH is heavily favored at room temperature, that is, “the
acid is substantially completely in the thiol rather than the
thione form”;***! this also applies to related acids!®*3! like
monothioformic acid.®*¥ Indeed, calculations based on the
PM 3 method of Stewart,’**! including water as a solvent by
applying the SM 3 procedure of Cramer and Truhlar,[37! yielded
a reaction enthalpy at standard conditions of —32 kJmol !
for the tautomeric equilibrium CH,C(S)OH == CH,C(O)SH.
A corresponding result of —20 kI mol ! was obtained with the
AM 1 calculation technique of Dewar et al.1*®! considering the
presence of water with the SM 2 method 13?1 It is satisfying to see
that both semiempirical calculation procedures, despite the dif-
ference in the actual values, favor the CH,C(O)SH tautomer at
25°C, in accord with the experimental observations described.
This gives one the confidence to apply the same two calculation
techniques to the tautomeric equilibrium CH,OP(S)(O)-
OH ™ =CH,0P(0),SH™; the results are 380337 and
53 kJmol 1,138 3% meaning that the proton is now preferably
oxygen-bound, which is in agreement with the suggestion of
Frey and Sammons for HPO,S?~ and H,PO,S™.12#

To conclude, the reliability of such semiempirical calculations
should not be overestimated, but they appear to indicate the
correct trend. In other words, they confirm the experimental
observation that CH,C(O)SH is quite stable and consequently
they suggest also that CH;OP(O),SH™ is the less stable tau-
tomer, meaning that at 25 °C CH,OP(S)(O)OH ™ either strongly
dominates or at least exists to a large fraction in the
CH,OP(SY(O)OH ™ = CH,0P(0O},SH"™ equilibrium. Hence, it
appears that in (AMPS-H)~ the proton is mainly oxygen-
bound, although it is still possible that a minor fraction of the
sulfur-bound tautomer also occurs.

3. Conclusions

From an acid—base point of view AMPS is clearly a more com-
plicated molecule than its parent nucleotide AMP. The two pK,
values for H,(AMP)* are separated by about 2.4 pK, units (sce
Table 1); this means that practically all protons have left the N 1
site (compare with pKfjage, = 3.611*")) before deprotonation at
the still monoprotonated phosphate group (compare with
PR rinmpy = 6.24P%) proceeds (see Figure 4, upper part). This s
very different for H,(AMPS)*; here the two deprotonation re-
actions overlap, and consequently at about pH 4.28, where the
H(AMPS) ™ species reaches its maximum concentration (see the
lower part of Figure 4), approximately 25% of the protons are
at the N1 site and 75% at the thiophosphate group;#® in the
latter the protons appear to be mainly on oxygen atoms (as
discussed in Section 2.4).

As for H,(ATPyS)?~ (a thio analogue of ATP, which is also
widely employed as a probe in biological studies, e.g.,
refs. [S4,64,18a,18¢,41]), a similar rigorous evaluation of its
acid—base properties still needs to be made. Based on the avail-
able acidity constants for H,(AMP)* (Table 1) and H,(ATP)?~
(cf. ref. [42]) and the differences observed between H,(AMP)?*
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H(AMP)*

2_
HAMPY AMP

HAMPS)”

3 4 5 6

pH
Figure 4. Effect of pH on the concentration of the species present in a diluted
aqueous solution of AMP (top) or AMPS (bottom) at 25°C; 7 = 0.1 M, NaNO,. The
results are plotted as the percentage of the total AMP or AMPS present. The
calculations are based on the acidity constants listed in Table 1.
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and H,(AMPS)* (scc Tuable 1) one may estimate values for
H,(ATPyS)* ™ : pKY, avpys) = 3.88 and pKflagp,s = 5.09 (25°C;
I =0.1M); the estimated error limits are +0.1 pK unit. The
estimated pKjjarps value for H(ATPyS)®~ is lower by
ApK, =1.4 than that measured for H(ATP)*~ (pK}f.\1p, =
6.47);12 this difference is identical with the one obtained by
Jaffe and Cohn'® in their *'P NMR shift experiments for the
same species. [t is evident that in this case also some overlap in
the pH ranges of the two deprotonation reactions occurs, a
situation which could be analyzed analogously to the treatment
presented here for H,(AMPS)*.

4. Experimental Section

4.1. Materials: Two different lots of the dilithium salt of AMPS?~ were
obtained from Sigma, St. Louis, MO, and a further sample of the dilithium
salt came from Serva Feinbiochemica, Heidelberg (Germany). Throughout
the studies no differences between the three samples could be detected. The
curve fits carried out in connection with the determination of the pK, values
of H,(AMPS)* proved the absence of any impurity with acid-base proper-
ties. In fact, the very high purity of the commmercial AMPS was confirmed by
a referee, who ran a *'P NMR spectrum of a sample from Sigma: we are most
grateful to the referee for this action. The aqueous stock solution of AMPS2~
was freshly prepared daily, and the pH was adjusted to about 7.5.
Potassium hydrogenphthalate, HNO,, NaOH (Titrisol), and sodium nitrate
(all pro analysi) were from Merck, Darmstadt (Germany). All solutions were
prepared with bidistilled CO,-free water. The titer of the NaOH used for the
titrations was established with potassium hydrogenphthalatc.

4.2. Potentiometric pH titrations: The pH titrations were carried out with a
Metrohm E 536 potentiograph, E 655 dosimat, and 6.0202.100 (JC) combined
single-junction macro glass electrodes or separated electrodes (a 6.0133.100
Metrohm pH measuring electrode with a 6.0726.100 Ag/AgCl reference clec-
trode). The buffer solutions (pH 4.64, 7.00. 9.00: based on the NBS scale, now
U. S. National Institute of Standards and Technology (NIST)) used for cali-
bration were also from Mctrohm AG. Herisau (Switzerland). Direct pH-me-
ter readings were used in the calculations of the acidity constants; these
constants are so-called practical, mixed. or Brensted constants {23a]. Their
negative logarithms given for aqueous solutions at / = 0.1m (NaNO,) and
25°C may be converted into the corresponding concentration constants by
subtracting 0.02 from the listed pK, values [23a]; this conversion term con-
tains both the junction potential of the glass electrode and the hydrogen-ion
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activity [23,43]. Tt should be emphasized that the ionic product of water (K,,)
and the conversion term mentioned do not enter into the calculations because
the differences in NaOH consumption between pairs of solutions, i.e. with
and without ligand [23], were used in the evaluations (see also below).

At the beginning our potentiometric pH titrations were seriously hampered
by the use of the above-mentioned combined glass clectrodes: as soon as the
ligand AMPS was added to the titration vessel, “poisoning™ of the electrode
could be observed; this means that during the titration the plotted pH vs.
volume of NaOH curve became unsteady (in this connection see also
ref. [44]). The problem increased every time a solution containing the ligand
was fitrated. An improvement in the titration curves of the solutions with the
ligand could be achieved firstly by rigorous exclusion of dioxygen from the
titration vessel right from the beginning and addition of the neccssary HNO,
only shortly before starting the titration, and secondly by washing the clec-
trode after each ligand titration for 45 s in S0mm HNO,;, flushing it with
water, and then leaving it for 10 min in 3m KCl solution to rccover. Finally
we found that the problem could be avoided and that excellent titration
curves could be obtained with the two separated electrodes mentioned, a
pH-measuring electrode in combination with a reference electrode, but still
carrying out the treatments described above. The results listed in Section 2 are
the averages obtained from all experiments.

4.3. Determination of the acidity constants of H,(AMPS)*: Thc acidity con-
stants Kj} svps) and Kijawes) of H,(AMPS)* were determined by titrating
50 mL of aqueous 0.56mM HNO, and NaNO, (/= 0.1m; 25°C) in the
presence and absence of 0.23mm AMPS?™ under N, with 1 mL of 0.03m
NaOH, and by means of the difference in NaOH consumption between two
such titrations for the calculations.

The acidity constants were calculated with an IBM-compatible PC (with an
80486 processor) connected to a Hewlett-Packard 7475 A plotter and a Broth-
er M 1509 printer, with a curve-fit procedure that used a Newton—Gauss
nonlinear least-squares program within the pH range of about 3.7 to 7, which
corresponds to a neutralization degree of about 50% for the equilibrium
H,(AMPS)*/H(AMPS) ™ and to one of more than 99 % for the equilibrium
H(AMPS) /AMPS?". The results given in Table 1 are the averages of 27 and
34 independent pairs of titrations for pK}j  sues) and pKE awps): respectively.
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Molecular Recognition by Hydrogen Bonding in Polyelectrolyte Multilayers

André Laschewsky,* Erik Wischerhoff, Steffen Denzinger, Helmut Ringsdorf,
Arnaud Delcorte, and Patrick Bertrand

Abstract: Functional polyanions were
prepared by copolymerization of sulfo-
propyl acrylate and sulfopropyl meth-
acrylate with monomers bearing tri-
aminopyrimidine or barbituric acid func-
tionalities, respectively. Functionalized
polyelectrolyte multilayers were assem-

that are complementary to the functional
groups incorporated. Thus, multilayers
containing triaminopyrimidine moieties
selectively bind barbituric acid, and vice

Keywords
hydrogen bonds * molecular recogni-

versa, when exposed to solutions of the
1:1 complex of barbituric acid and tri-
aminopyrimidine. The molecular recogni-
tion process was monitored by UV/Vis
spectroscopy, time-of-flight secondary
ion mass spectroscopy (ToF-SIMS), and
photoelectron spectroscopy (XPS). Re-

bled from these copolymers by stepwise
alternating adsorption with poly(choline tion
methacrylate). These multilayers are suit-
ed for molecular recognition of substrates

Introduction

Molecular recognition is an important prerequisite for various
processes in Nature, such as enzyme catalysis and binding to
membrane receptors.[!] One of the most prominent examples of
this is base pairing in DNA, which is fundamental to life.?! In
the past years great efforts have been made to understand
molecular recognition in natural and in synthetic systems.!*! The
majority of systems are based on hydrogen bonding, which are
more difficult to examine in aqueous systems. So far, experi-
ments have preferentially been carried out in aprotic organic
solvents, although aqueous systems are closer to the natural
systems. Whereas most experiments are performed in solution,
there are examples of molecular recognition phenomena at in-
terfaces, too. In particular, the fixation of receptor units to solid
substrates allows molecular recognition to be exploited in a
number of applications. Recently, Langmuir—Blodgett multi-
layers and self-assembled monolayers (SAMs) have been em-
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markably, after successful recognition
and binding of the complementary sub-
strates to the mutilayers, the stepwise lay-
ering could be continued.

ployed in this way.!*! Both of these techniques are useful, but
have several disadvantages: for Langmuir—Blodgett films, the
sample geometry is limited to flat surfaces and their preparation
reguires complicated equipment; chemical self-assembly is usu-
ally a slow process and is prone to defects, since chemical reac-
tions with quantitative yield are required if defect-free layers are
to be formed.

Alternatives to these thin-layer techniques are being searched
for. It has been known for a few years that thin, defined multi-
layers can also be built up by alternating adsorption of opposite-
ly charged polyelectrolytes.* =71 This method can overcome
some of the typical Langmuir—-Blodgett and SAM problems:
there are no limits concerning the surface geometry or size, and
no complicated equipment is required. Also, the deposition pro-
cess 1s relatively fast compared to chemical self-assembly. Owing
to the polymeric character of the components used for the as-
sembly, problems with defects are minimized.

Recently it was shown that polyelectrolytes with functional
groups can be incorporated into multilayer assemblies, which
can be modified by chemical reaction on the surface.’® In anal-
ogy, molecular recognition reactions on the outermost layer of
an appropriately functionalized polyelectrolyte multilayer
should be feasible.

With this aim in mind, we prepared polyanions bearing tri-
aminopyrimidine (TAP) or barbituric acid groups, as the molec-
ular recognition process in the system TAP/barbituric acid is
well known. These systems are based on multiple H-bonding,
which gives rise to selective and strong interactions, analogous
to the pairing of nucleobases.

0947-6339;97/0301-0034 § 15.004+ .25/0 Chem. Eur. J 1997, 3. No. !





Experimental Procedure

Materials (see Scheme 1): The water for all experiments was deionized and
purified by an Elgastat Maxima from Elga (resistance 18.2 MQ). Triaminopy-
ridine was purchased from Fluka, and barbituric acid and branched
polyethylenimine (1) were purchased from Aldrich. 3-Sulfopropyl acrylate
and 3-sulfopropyl methacrylate were gifts from Raschig (Germany). The
sodium salt of 2-acrylamido-2-methylpropanesulfonic acid (AMPS) was a
gift from Lubrizol (UK), which was polymerized to give polymer 2 according
to ref. [9]. Poly(choline methacrylate) (3) was prepared by analogy to
ref. [10]. Copolymer 4 was synthesized by radical copolymerization of a
functionalized monomer containing barbituric acid with equimolar amounts
of potassium 3-sulfopropyl acrylate in the presence of 1 mol% of azobi-
sisobutyronitrile as thermal initiator, and 5 by a similar procedure using
monomers containing 2,4,6-triaminopyrimidine groups and potassium 3-sul-
fopropyl methacrylate. The synthesis of the comonomers bearing a TAP or
a barbituric acid functionality will be described elsewhere {11]. The copoly-
merizations were carried out for 5 d at 80 °C in dimethyl sulfoxide (DMSO).
The polymers were purified by several precipitation steps. A tenfold excess of
toluene was used as precipitation agent. The polymer precipitated, while the
monomers stayed in solution. The absence of low molar mass species after
precipitation was checked by TLC. The copolymer compositions of the result-
ing statistical copolymers are given in Scheme 1 and were determined by
elemental analysis of sulfur and nitrogen. The samples for elemental analysis
were recovcred after ca. 5% conversion; the results obtained therefore
provide evidence for a statistical copolymerization. Owing to the ionic nature
of the polymers, the usual methods for determining molar masses fail. In
"HNMR groups no end groups are visible; therefore, the DP (degree of
polymerization) should at least exceed 10.

Preparation of the Polyelectrolyte Multilayers: The polyions 1-3 were dis-
solved in water at a concentration of 0.02 mol of repeating unit per liter.
Copolymers 4 and 5 were dissolved in a mixture of 90 vol% of water and
10 vol% of DMSO (p.a.). As supports for the muitilayer assemblies, quariz
plates and silicon wafers were used, which were cleaned and pretreated as
described in ref. [12]. An initial pair of buffer layers, namely, 1 and 2, were
deposited onto all supports prior to deposition of the various polyelectrolytes.
Multilayers were assembled by successively dipping the supports in a solution
of polycation 3 for 20 min and then in the polyanion solution for 20 min,
except in the case of polyanion 4, where the adsorption time had to be
prolonged to 50 min. Before changing the polyelectrolyte solutions, the sup-
ports were dipped into three beakers with pure water for 1 min each, to
remove excess adhering solution.

Recognition experiments: For the recognition experiments, multilayer assem-
blies with polymer 4 on top and assemblies with polymer § on top were dipped
into the same 2 x 10~ % mol L 7! solution of a 1:1 complex of TAP and barbi-
turic acid.

Methods: The UV/Vis spectra of the multilayer assemblies on quartz were
recorded with a SLM-AMINCO DW-2000 spectrophotometer in the double-
beam mode. A cleaned quartz plate served as reference. Silicon wafers cov-
ered with multilayer assemblies were analyzed by ToF-SIMS (Charles Evans)
with a 5 kHz pulsed Ga* beam (15 keV, 400 pA) and by XPS (SSI-X-Probe:
SSX-100/206 trom Fisons, equipped with an aluminum anode and a quartz
monochromator).

Results and Discussion

The polymers shown in Scheme 1 were used for the assembly
process. The copolymerizations were nearly ideally statitical:
with equimolar monomer feeds, copolymer compositions (de-
termined by elemental analysis of sulfur and nitrogen) with only
a slight excess of ionic units were obtained.

UYV/Vis Spectroscopic Studies of the Multilayers:
Multilayers containing TAP groups: Alternating multilayers

could be succesfully prepared from polycation 3 and polyanion

Chem. Eur. J. 1997, 3, No. 1
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Scheme 1. Chemical formulae of the polymers employed in this study.

4. As the times needed for adsorption of a sufficiently thick
polyelectrolyte layer depends sensitively on the chemical struc-
ture of the polyion to be adsorbed, the kinetics of the adsorption
of 4 on a layer of 3 was investigated by UV/Vis spectroscopy
before performing further experiments.

Figure 1 shows the increase in absorbance as a function of
adsorption time for one layer of polyion 4 on a surface covered
with polycation 3. Saturation is reached after about 90 min.
However, the adsorption need not be driven to saturation in
multilayer assembly. After approximately 50 min, sufficient
polymer is adsorbed to enable the deposition of the next layer of
3. As the adsorption of polycation 3 requires 20 min, one com-
plete deposition cycle lasts 70 min, which is relatively fast com-
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0.01 |

0.005 |-
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Fig. 1. Growth in the absorbance of a layer of polyanion 4 as a function of adsorp-
tion time
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pared to the typical times of several hours to one day needed per
layer of chemically assembled multilayers.

To study molecular recognition, three double layers of poly-
cation 3 and polyanion 4 were deposited on a quartz substrate.
Then, the multilayer with the TAP-functionalized polymer 4 on
top was exposed to a solution of the 1:1 complex of barbituric
acid and TAP. The multilayer deposition and the binding of
barbituric acid were followed by UV/Vis spectroscopy.

Figure 2 shows the plot of the absorbance at 220 nm versus
the number of deposition cycles for multilayers of 3 and func-
tionalized 4. The absorbance increases linearly for the first three

0.04 T T T T T T

0.035 |- o 1
0.03 - . i
0.025 | ° i
0.02 O 4— after i
0.015 complexation ]

0.01 | E

absorbance at 220 nm

0.005 - -

number of deposition cycles

Fig. 2. Growth in the absorbance of a multilayer assembiy of 3 and 4 as a function
of the number of adsorption cycles.

layers; this demonstrates that reproducible deposition is taking
place. After deposition of the third double layer, exposure to the
barbituric acid/TAP complex causes an additional increase in
absorbance. This strongly suggests that barbituric acid is succes-
fully bound to the multilayer. Remarkably, further polyion lay-
ers can be deposited after the binding step, and the increase in
absorbance is again linear (Figure 2).

In Figure 3 , the full UV/Vis spectra of the multilayers are
shown after three deposition cycles of 3/4 (curve A), after three
deposition cycles plus complexation (curve B), and after three
further deposition cycles of 3/4 (curve C}. When the spectra are
compared for the sample before and after the complexation
step, the above discussed increase in absorbance is evident. In
addition, a hypsochromic shift in the maximum wavelength

0.04

0.035+
0.03+
0.0254

0.02+

absorbance

0.015+ C

0.014
B
A

0+ {
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0.0054
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Fig. 3. UV/Vis spectra of an assembly of 3 and 4: A) after three deposition cycles,
B) after three deposition cycles and complexation, C) assembly B after three more
deposition cycles.
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from 275 (curve A) to 265 nm (curve B) is observed. A similar
shift in 4, is also observed when 4 and barbituric acid are
mixed in solution. This behavior is analogous to the hyp-
sochromic shift upon helix formation of two complementary
DNA strands.[?! These results indicate the successful complexa-

tion and binding of barbituric acid to the multilayer.

Mulrilayers containing barbituric acid residues: Alternating mul-
tilayers could be succesfully prepared from polycation 3 and
polyanion 5, too. The adsorption kinetics are somewhat faster
than for polyanion 4 (Figure 4). The equilibrium state 1s reached

0.16

014 | ° i
012 - ° -
01 L . -
008 L ° N
0.06 | b _
0.04 | #

002 | ® i

absorbance at 275 nm

0 10 20 30 40 50
t [min]

Fig. 4. Growth in the absorbance of a layer of polyanion 5 as a function of the
adsorption time.

after approximately 1 h. Again, a sufficient amount of polyan-
ion to allow the deposition of a further layer of polycation 3 is
bound after shorter periods. As 20 min proved to be sufficient,
the adsorption time for a complete deposition cycle for one
double layer is reduced to 40 min.

In Figure 5, the absorbance of a multilayer assembly of 3 and
5 is plotted versus the number of deposition cycles. Here, the

0.16
o)
0_ -
g 14 .
w 012 - after
N 01 - complexation
o 0.08 |- .
2 *
g 0.06 |- o
g 004 - M
.
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Fig. 5. Growth in the absorbance of a multilayer assembly of 3 and 5 as a function
of the number of adsorption cycles.

increase of absorbance versus the number of cycles is not linear
but parabolic. As such a phenomenon is frequently encountered
for polyelectrolytes carrying hydrophobic groups.!**! this be-
havior may be due to the long hydrophobic spacer groups sepa-
rating the barbituric acid from the polymer backbone in 5. Nev-
ertheless, the fact that the absorbance increases after each step
demonstrates that the multilayer system is growing.
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To study the molecular recognition process by UV/Vis spec-
troscopy, the same type of experiments were performed for the
multilayer system 3/5 as described above for the system 3/4: four
double layers of polycation 3 and polyanion 5 bearing barbituric
acid residues were deposited on quartz; the multilayer with the
functional polymer 5 on top was then exposed to a solution of
the 1:1 complex of barbituric acid and TAP. Since polyanion 5
bears barbituric acid functionalities, the partner for molecular
recognition is now TAP.

After four double layers had been deposited, the exposure of
polyanion 5 to the solution of the TAP/babituric acid complex
caused an increase in the absorbance. This result strongly sug-
gests that TAP is being bound. As for the system 3/4, the multi-
layer build-up could be continued after the binding step, and the
absorbance grew in a nonlinear fashion like for the first four
double layers. Also, a second exposure of the multilayer assem-
bly to the solution of the TAP—babituric acid complex after the
eighth deposition cycle again induced an increase in the ab-
sorbance (Figures 5 and 6).

0.2
015 |

0.1

\ \

200 250 300 350 400 450 500
wavelength [nm]

absorbance

Fig. 6. UV/Vis spectra of an asscmbly of 3 and 5: A) after three deposition cycles,
B) after threc deposition cycles and complexation, C) assembly B after three more
deposition cycles, and D) after a second complexation step on assembty C.

The multilayer spectra before (curves A and C) and after
(curves B and D) exposure to TAP are shown in Figure 6. In
addition to the increase in absorbance after complexation, indi-
cating the binding of additional material, a hypsochromic shift
in 2., from 277 (curve A) to 265 nm (curve B) is observed. Like
the hypsochromic shift that occurs in the multilayer system 3/4
after exposure to the 1:1 barbituric acid—TAP solution, this
indicates the binding of TAP to the multilayer. A similar hyp-
sochromic shift is observed after the second exposure of the
multilayers to the barbituric acid - TAP solution. Since curve C
is already derived from a superposition of complexed and un-
complexed layers, the shift of A, from curve C to D is less
pronounced than that from curve A to B.

Studies of Molecular Recognition by Time-of-Flight Secondary
Ton Mass Spectroscopy (ToF-SIMS): The binding of babituric
acid to multilayers prepared with polyanion 4 was also studied
by ToF-SIMS. The binding is indicated in the negative ion spec-
tra by a significant increase of the CNO™ intensity (Table 1).
This signal can be attributed to a fragmentation of the bound
babituric acid. Whereas the intensity of the fragments sputtered

Chem. Eur. J. 1997, 3, No. 1
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Table 1. ToF-STMS results for the system 3/4/barbituric acid.

lon Mass (Da) 4 belore complexation  4/barbituric acid complex
% of total intensity % of total intensity

C H NO* 245 0.10+0.05 0.0046 +0.0007
CNO™ 42 0.20+0.002 0.36+0.03
SO; 80 0.72+0.03 0.75+0.02
CH,S0; 9% 0.1540.007 0.13+0.004
C,H.SO; 139 0.012+0.001 0.008+0.001

from the sulfur-containing side-chains varies weakly with com-
plexation, the signal related to the nitrogen-containing side-
chain of 4 (C,,H,;N,0") decreases drastically after complexa-
tion. This observation suggests a shielding of the TAP moiety in
polyanion 4, which points to a high complexation yield. Hence,
the ToF-SIMS analysis corroborates the UV/Vis studies of the
recognition process.

The binding of TAP to multilayers prepared with polyanion
5 is accompanied by an increase in the intensity of the small
nitrogen-containing ions at the surface (Table 2). The drastic

Table 2. ToF-SIMS results for the system 3/5/TAP.

Ton Mass (Da) 5 before complexation 5/TAP complex

% of total intensity % of total intensity
CH,N* 28 0.13+£0.02 0.95+0.2
C,H,N* 42 0.49 +0.1 75415
CsH,,N* 36 0.4340.06 0.7540.04
CH,,NO* 102 0.3410.03 0.61+0.03
C,H,0" 59 59+1.7 0.16+0.02
C,H,07 87 0.80+0.25 0.02 £ 0.000
C,H,0; 101 0.46+0.11 0.01 4 0.001

increase in the C,H,N™* intensity of more than one order of
magnitude cannot be explained by a change in the surface con-
centration of polycation 3, because the characteristic peak in-
tensities of 3 are increased only by less than a factor 2 (C,H ,N*
and C,H,,NO™). Therefore, this signal increase must be a di-
rect result of the complexation of the barbituric acid residues
with TAP. Indeed, a similar pattern with high intensities of the
CH,N" and C,H,N* peaks is characteristic for multilayer sam-
ples with polyanion 4 on top, in which TAP moieties are inher-
ently bound. The marked decay of the oxygen-containing peak
intensities after the complexation step is also consistent with a
partial screening of the polymer by the TAP molecules. As for
the system 3/4, the ToF-SIMS analysis of the system 3/5 corrob-
orates the UV/Vis studies of the recognition process.

Studies of Molecular Recognition by XPS: The binding of TAP
to the multilayer system 3/5 was analyzed by XPS, which shows
the increase of the nitrogen content with the complexation step:
3.2 atom % N are found before complexation and 4.2 after com-
plexation. Moreover, the deconvolution of the N 1 s peak shows
that the intensity of the component due to 3 (at 402.5¢V) in-
creases slightly after complexation (from 2.1 to 2.3 atom %),
which is consistent with the SIMS analysis, and that the main
relative increase (from 1.1 to 1.9 atom %) is observed for the
component corresponding to the phenyl-NH,, at 400.0 eV. This
component cannot be clearly separated from the pyridine-type
nitrogen or from the aliphatic-type nitrogen in the spectrum. On
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the other hand, the oxygen content decreases only slightly, in
agreement with the larger information depth and the lower sen-
sitivity to  the chemical environment of this technique
(24.5 atom % O before complexation and 24.0 after complexa-
tion).

Conclusions

Polyelectrolyte multilayers can be assembled from polycation 3
with the anionic copolymers 4 or § bearing functional moieties
for molecular recognition. Both UV/Vis spectroscopy and ToF-
SIMS show the successful binding of barbituric acid and TAP,
respectively, to the complementary complexation partner in the
multilayers. The binding of TAP to polyanion § can also be
monitored by XPS. The successful molecular recognition is re-
markable for these systems, as they are based on H-bonding and
the binding takes place in an aqucous environment. Also, it has
to be kept in mind that the low molar mass component is com-
plexed by its low molar mass partner in solution prior to its
transfer to the polymer-bound complexation sites. This demon-
strates the strength and the selectivity of the recognition in the
system TAP/barbituric acid.

At present it is not clear whether the recognition process takes
place only in the topmost layer, or whether the components may
penetrate into underlying layers and bind there to the functional
polyanions, too. This will require further experiments.

Remarkably, the complexation of the polyanion layer does
not hinder the deposition of further polyelectrolyte layers. As
the recognition process does not interfere with further layering,
the deposition of protective coating layers or of polymers with
other functionalities might be envisaged. Since polyelectrolyte

multilayer assembly 1s a facile and rapid process, it not only
offers a convenient method to study molecular recognition phe-
nomena, but also a possible approach to chemical sensors.
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Kinetic and Thermodynamic Study of the Mechanism of Reversible
Intermolecular Electron-Transfer Reactions Between Horse Heart
Cytochrome ¢ and a Series of Cobalt Imine Complexes

Martin Meier and Rudi van Eldik*

Abstract: The kinetics and thermodynam-
ics of the reversible outer-sphere electron-
transfer reactions between horse heart cy-
tochrome "™ and [Co(phen),]**/** and
[Co(bpy),]* /" were studied in detail, in
particular as a function of temperature

the ¥ parameter estimated from the
Marcus theory. For all the systems inves-
tigated, the differences in the activation
volumes are in good agreement with the
reaction volumes determined from spec-
trophotometric and electrochemical mea-

surements at elevated pressure, and from
the difference in the partial molar volumes
of the metal complexes. The activation
and reaction volumes of the bipyridine
system are significantly smaller than those
of the corresponding phenanthroline and

and pressure. It was possible to construct
a volume profile for both reactions from
the pressure data. The transition state was
found to be halfway between the reactant
and product states on a volume basis in all
studied systems. This is in agreement with

profile

Introduction

The interest in understanding the electron-transfer reactions
of redox proteins has increased significantly over the past
years.!! 731 Electron transfer takes place over long distances in
these reactions. Since cytochrome ¢ is one of the most thor-
oughly characterized electron-transfer proteins, there is signifi-
cant interest in investigating the reactions of this metalloprotein
from different viewpoints.[*~ ¢! Currently, we are interested in
outer-sphere electron-transfer reactions between cytochrome ¢
and small, inorganic complexes with a low driving force. This
permits us to analyse the kinetics of these processes in both
directions. We are interested in the associated activation
parameters (AH *, AS™, AV *) for such processes, and in partic-
ular, their pressure dependence. The application of high-pres-
sure techniques in mechanistic studies of outer-sphere electron-
transfer systems reveals further information on the intimate
mechanism of these processes. The activation volumes thus ob-
tained can be combined with the overall reaction volume, ob-
tained from partial molar volume measurements, or electro-
chemical and spectrophotometric measurements as a function
of pressure, to construct a volume profile for the overall process.
Such a volume profile presents a detailed description of the

{*1 R. van Eldik. M. Meier
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Egerlandstrasse 1, 91058 Erlangen (Germany)
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terpyridine systems. A detailed mechanis-
tic analysis is presented. The results show
that the different kinetic and thermody-
namic techniques employed complement
one another.

cytochrome ¢
volume

chemical process in terms of volume changes along the reaction
coordinate.l’ ~*!

We have previously reported! - '!1 3 detailed volume profile
analysis for the electron-transfer reactions between cyto-
chrome ¢ and a series of pentaamminepyridineruthenium com-
plexes. In these studies we clearly showed that the main volume
changes that occur during the redox reaction are caused by
electrostriction effects on the metal-ammine complex, whereas
cytochrome c¢ itself showed only a small volume change during
the redox process. This was further demonstrated by electro-
chemical measurements as a function of pressure.’? from
which it followed that the reduction of ferricytochrome ¢ is
accompanied by a small volume collapse of —5+1 cm?*mol ™!,
The kinetic experiments!1% 1 indicated that the position of the
transition state showed no significant trend in the low driving
force range from —0.011 to —0.112 eV. The transition state was
always located halfway between the reactant and the product
states on a volume basis. This position was also unaffected by
substituents on the pyridine ligand."**! From the Marcus theory,
the 2* parameter, which represents the location of the transition
state relative to reactants and products along the reaction coor-
dinate (0<A¥ < 1)1 "3 can be calculated. A¥ could be esti-
mated for low driving force systems using reorganisation ener-
gies published previously.!'*! The calculated values of i* for
these systems were very close to 0.5 and in good agreement with
experimental data. These were the first studies in which it was
possible to compare the theoretical 1* value with experimental
results in terms of activation and reaction volume data.[10 111
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It was suggested that the electron-transfer pathway in these
reactions proceeds from the ruthenium centre by way of the
pyridine ring to the exposed heme edge.!**! We concluded from
our datal'"! that the exposed heme edge is accessible, since no
steric requirements for the different pyridine systems were ob-
served. However, it was found that the electronic transmission
coefficient was up to 10 times larger for complexes with pyri-
dine ligands, since these can effectively penetrate the heme
groove.!!!]

We have now studied the reactions of [Co(bpy),) and
[Co(phen),]**/2* (bpy = 2,2-bipyridine, phen =1,10-phenan-
throline) with cytochrome ¢™™ as a function of temperature
and pressure in both directions of electron transfer. The corre-
sponding reaction between cytochrome ¢ and [Co(terpy),]3 T2+
(terpy = 2,2":6",2"-terpyridine) was studied previously.!*®) The
advantage of the cobalt complexes compared to the ruthenium
complexes is their higher stability in aqueous solution. The
ruthenium complexes used in the earlier studies!*® ! are sensi-
tive to oxygen and light, and the Ru™ complexes tend to dispro-
portionate at pH 7. Furthermore, coordinated pyridine can be
displaced if chloride or other potential ligands are present.!t
Another advantage of the cobalt complexes is the availability of
X-ray data for all the complexes, which enables more quantita-
tive calculations than in the case of the ruthenium complexes. In
addition, these complexes can be isolated in both oxidation
states so that partial molar volume measurements can be per-
formed. Electrostriction effects (which control solvent reorgani-
zation) are predicted to be significantly different for the selected
complexes than for the pentaammineruthenium complexes
studied previously.''® 11 The driving force for the reactions
studied varies from 0.003 eV for the oxidation of the protein
by [Co(terpy),]*" to —0.085eV for the oxidation by
[Co(phen),}* .17 Therefore, the redox process can be studied
in both directions.

The activation volumes for the reaction of [Co(phen),
with cytochrome "™ werc reported in an earlier study to
be +8.5and —11.5 cm®mol ™! for the oxidation and the reduc-
tion of the protein, respectively.l' ! An overall reaction volume
of 20 cm®*mol ! for the oxidation of the protein was report-
ed.1!”! Since it is known that the volume contribution from
cytochrome ¢ during this reaction is very small,l*?! the reaction
volume of +20 cm*mol ™’ should be assigned to the reduction
of the [Co(phen),]** complex.

However, this value differs significantly from the data report-
ed for the [Co(terpy),]* * complex.!' " Therefore we repeated the
kinetic measurements and also performed density measure-
ments, as well as spectrophotometric and electrochemical mea-
surements as a function of pressure, to obtain the overall reac-
tion volume. On the basis of our results we can propose a
detailed mechanism and clarify the apparent discrepancy.

3+/2+

]3+

Results and Discussion

General comments: The redox reactions of cytochrome ¢ with
several metal complexes have been studied extensive-
ly [#-3:18:191 The main topic of interest was the oxidation of the
protein, because the relatively high driving force of these reac-

tions results in an unfavourable equilibrium situation for the

40 —— ¢ VCH Verlagsgesellschaft mbIl, D-69451 Weinheim, 1997

investigation of the reverse reaction, reduction of the protein. In
our studics we selected systems with a relatively small driving
force (AG” <0.12 eV), that is, an equilibrium constant (X) rela-
tively close to unity, which enabled us to follow the electron-
transfer process in both directions.

In earlier studies!'®'") we demonstrated that the second-
order rate constants for the reaction of a series of complexes of
the type [Ru(NH;);X]**/** with cytochrome ¢! can be corre-
lated with the overall equilibrium constant. Thus, it is possible
to follow these reactions almost independently from each other,
even if there is an unfavourable equilibrium situation for the
reduction of the protein. The reaction scheme for such a re-
versible process involving the investigated cobalt complexes is
given in Equation (1), where &, and k, are the second-order rate

eyt M +[Col,] " \_:4(!:‘ eyt M +[ColL,]** 8
constants for the forward and back reactions, respectively. The
following abbreviations are used: L = phen (1,10-phenanthro-
line) and bpy (2,2'-bipyridine). The driving force for these reac-
tions is —0.028 and —0.085eV for the reduction of [Co-
(bpy);]** and [Co(phen),]**, respectively. This means that we
are, in terms of the Marcus theory, working in the low driving
force regime. The driving force was caiculated from the differ-
ence in the redox potentials of cytochrome ¢ and the cobalt
complex determined for the medium used in this study.

Kinetic Results: The forward and reverse reactions for both
systems were studied as a function of temperature (20 10 40°C)
and pressure (0.1 to 150 MPa for the bpy and 0.1 to 100 MPa for
the phen system) using stopped-flow techniques. The kinetic
data are reported as Supplementary Material. The second-order
rate constants and activation parameters are reported in
Table 1. Figure 1 shows the plots of k,, versus concentration of
the complex for both the forward and back reactions (top and
bottom, respectively). For the oxidation of the protein there is
a very small intercept (Figure 1, top) whereas for the reduction
(Figure 1, bottom) there is a larger intercept due to the influence
of the reverse reaction. The second-order rate constants were
determined from the slope of the &, versus complex concentra-
tion plots.

Under the selected conditions we obtained values of 582 +13
and 169+ 5M~ 's~ ! for k; and k, respectively, for the reaction of
cylochrome ¢*™ with [Co(bpy),]® "/** (at 25°C and 0.1 M ionic
strength). For the corresponding reaction of the protein with
[Co(phen),]>*/2*, we obtained the rate constants 3750 + 40 and
217+ 5m " 's™! for k; and k,, respectively. The reactions were
found to be independent of pH in the range 6.5 to 7.5.

For the oxidation and reduction of the protein by
[Co(bpy),)* 73 *, the following activation parameters were ob-
tained: AH* =28+ 1 klmol 1, AS* = —107+5JK " 'mol "
and AH¥ =499+0.7kJmol™ ', AS* = —28+2JK 'mol !,
respectively. For the corresponding reactions of the protein with
[Co(phen),)**2* we found: AH™ =14+ 1kJmol™?, AS* =
—136+4JK 'mol ! and AH* =44+3kJmol ', AST =
— 2849 JK"'mol ™!, respectively (Table 1).

The oxidation of the protein (forward reaction) is significant-
ly decelerated, whereas the reverse reaction is significantly accel-
erated by increasing pressure. Under the conditions used, acti-
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Table 1. Summary of rate and activation parameters for the electron-transfer reaction between cytochrome ¢ and ruthenium or cobalt complexes: cyt e complex®* =

cyt e 4 complex?*.
Reaction kv isTl[a]  AH*, kImol™! AS* JK !'mol™' AV* cm®mol™! AV,cm’mol™! —AG, eV Kg[b] Kpp[b] K [b]
[Ruaspyl®* +cyt o [c] 48620+ 1161 28+1 — 6445 +17.4+1.5 33.441.9 fe] 0.045 5.8 6.4+2.1 46+0.4
[Ruaspy]** +cyt " [d] 5960 33.4 — 585
[Rua,py?* +eyt &l 10517+494 3344 — 59413 177408 351+ 1.0[f]
[Co(bpy)s** +cyt 582413 499+40.7 2842 12,5409 21.840.7 [e] 0028 30 33404 34403
[Co(bpy)sJ? * +eyt M 169+5 2841 10745 —126+1.5 251417 [f]

275+ 1.4 [g]
[Co(phen),P** +cyt 3753439 4413 ~ 2849 17.0+0.9 37.9+2.0 [¢] 0.085 32 20 +3 17.340.6
[Cophen);)?* +eyt 21745 1441 13614 162410 3424171

354420 (g
[Cotterpy),]** +cyt 14274 36 40+1 — 4714 18.4+1.2 3 13 —0.003 09 07402  09+0.1
[Co(terpy),]** +cytc™ 1704+ 46 14+1 —136+4 —18.04+1.4 36 +2]f}

36.3+2.0 [g]

[a] Reaction conditions: T =25°C, p=0.1M, [eytc] =1x 107" M, [Tris] = 0.05m, [LICIO,J/{LING,] = 0.05m, pH =7.1, 4 = 550 nm. [b] Equilibrium constant for the
oxidation of cytochrome (Kj calculated from the redox potential, K;p, from spectroscopic measurements, Ky from kinetic measurements). [c] Ref. [11].[d] pH = 5.3, acetate,
u = 0.1m, ref. [15]. |e] Reaction volume determined spectrophotometrically for the oxidation of cytochrome ¢. [f] Reaction volume determined kinetically for the oxidation
of cytochrome c. [g] Reaction volume determined electrochemically, assuming cytochrome contribution is 0.

3 10,6
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2~ 10
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2 =
&
e 05}
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[CoLg3*], mM Prassure, MPa

Fig. 2. Plot of Ink versus pressure for the reaction cytc" +[Co(phen),]’* =

0.14 cyt M +[Co(phen),]**. For experimental conditions see Figure 1.
#| =bpy #L=phen
012 Py P
0.1 volumes of +12.5+0.9 and —12.6 + 1.5 cm®mol ™!, respective-
ly, were obtained.
%, 0.08
Thermodynamic Results: The equilibrium constant for these
0,06 y
processes can be calculated from the overall driving force, and
0,04 they are 3.0 and 32 for the oxidation of cytochrome ¢ by
0.02 [Co(bpy),]** and [Co(phen),P*, respectively.*® %! In addi-
tion, spectroscopic measurements were performed to estimate
1 1 1 i vy . . .
00 01 0.2 0.3 0.4 0.5 the equilibrium constants for these reactions. For both reactions

we observed an increase in absorbance as a function of the
cobalt complex concentration at 550 nm on mixing cyto-
chrome ™ and cobalt(i) solutions. The difference in ab-
sorbance before and after mixing the solutions in a tandem
cuvette can be used to estimate the overall equilibrium con-
stant.!*® 111 This gave equilibrium constants of 3.3+0.4 and
2043 for the reaction of the protein with [Co(bpy),]** and

[CoLg?*].mM

Fig. 1. Concentration dependence of k,,, for the oxidation (top) and reduction
(bottom) of cyt ¢ by [Co(bpy),}***?* and [Co(phen),]**/2*. Experimental con-
ditions: [cyt ¢ =1.0 x 10~ 5™, pH = 7.2, ionic strength = 0.1M, {Tris] = 0.05M,
[LINO;] = 0.05M, 4 = 550 nm, 7 = 25.0°C.

vation volumes of +17.04-0.9 and —16.2+ 1.0 cm® mol ! were
found for the forward and reverse reactions, respectively, of the
phen complex in Equation (1). These values were obtained from
plots of In k versus pressure. A typical example is given in Fig-
ure 2 for the reaction of the phen complex with cytochrome c.
For the corresponding reactions of the bpy complex, activation

Chem. Eur. J. 1997, 3, No. {
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[Co(phen),]* ™, respectively. These values are in good agreement
with the equilibrium constants obtained from the kinetic data
(K = ki/k,), viz. 3.4+ 0.3 and 17.3 0.6, respectively.

In order to confirm the activation volumes mentioned above,
the overall reaction volume was determined from the pressure
dependence of the equilibrium constant up to 150 MPa. In these
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systems it is possible to adjust the concentrations in such a way
that the UV/Vis spectrum showed characteristic spectral
changes as a function of pressure (a typical example for the
reaction of cytochrome ¢™" with [Co(phen),]**/2" is given in
Figure 3). Comparison of the observed changes with the spectra

0,25

0.2

Absorbance
hod
&

o
=

0,05

O i | 1 i 1 e
450 470 490 510 530 550 570 690

Wavalength , nm

Fig. 3. UV/Vis spectra of an equilibrium mixture of cyt ¢ and [Co(phen),;]**/*
as a function of pressure. A = 5 MPa, B = 50 MPa, C = 100 MPa, D =150 MPa.
Experimental  conditions:  [eyt ™) = 0.7x107%M,  [Co" ™) = 2.0x 10 *m,
pH =72, 1onic strength = 0.1 M, [Tris] = 0.05m, T = 25.0"C.

of the reduced and oxidized protein, indicate that the equilibri-
um is shifted towards cytochrome ¢ under pressure. The UV/
Vis spectra of ferri- and ferrocytochrome ¢ show no spectral
changes as a function of pressure in the range 0- 150 MPa. This
is in agreement with earlier observations.?%? From the observed
absorbance change as a function of pressure, the equilibrium
constant can be calculated at each pressure. From the corre-
sponding plot of In K versus pressure the reaction volume can be
determined from the slope ( = — AV/RT) (Figure 4). The spec-
troscopically determined reaction volumes are +21.8+0.7 and
+37.94+2.0cm*mol !, for L = bpy and phen, respectively.

3 [

2 (—
~
=

[}
1 —
o 1. 1 1
0 50 100 150 200

Pressure, MPa

Fig. 4. Plot of In K versus pressure for the reaction cyt ¢ +{Co(phen),]** =
cyt ™" +[Co(phen),]**. For experimental conditions see Figure 3.

We also performed density measurements and determined
the partial molar volumes of the cobalt complexes. By correct-
ing for the volume contribution of the water molecules and
anions present in the complexes, the volume of the cation could
be calculated. The partial molar volumes of the anions were

42— (2 VCH Verlagsgesellschaft mbH, D-69451 Weinheim, /997

taken from the literaturel?'! on the basis of V(H™) =
— 4.5 cm®mol ™. The partial molar volumes of the complexes
and cations are reported in Table 2. From these the expected
volume contribution of the cobalt complexes during the redox
reaction can be calculated to be 24.2+2.4, 31.7+2.2 and
37.9+28cm®*mol™! for the reduction of [Co(bpy),]**,
[Co(phen),]** and [Co(terpy),]**, respectively.

Table 2. Partial molar volume data determined from density measurements.

Compound V, em®*mol ™! [a] V. ion cm3mol ™1 [b]
[Co(bpy)sI(C10,), 4611412 363.9+1.2
[Co(bpy),{CIO,)5-2 H,0 5215421 339.742.1
[Co(terpy);]Br,-H,0 437.041.9 360.7+ 1.9
[Cotterpy),}(ClO,),-H,O 487.5+2.1 3228121
[Co(phen),XC10,), H,O 484.1+1.2 368.941.2
{Co(phen),J(CIO,),-2H,0 5191418 3372418

[a] Average value from at least 5measurements. [b] The following volumecs
were used: M(CIO;) =489 cm*mol™!; V(Br™) =292cm*mol"!; V(1) =
22.3cm*mol ™! V(H,0) =18 ent*mol ™! (M(H") = — 4.5 cm®mol ™ Y).

In addition, we determined the redox potentials of these com-
plexes as a function of pressure using differential pulse voltam-
metry.l'? Typical voltammograms as a function of pressure for
the [Co(bpy),]* "/** system are given in Figure 5. The corre-
sponding plot of E versus pressure is given in Figure 6. All plots

0.2

0,18

0.05

LNALEL It A S B e Sy B S s s B T s

o
0.1 0.2 0,3 0.4 0.5
E versus NHE, V

o

Fig. 5. Differential pulse voitammograms for the [Co(bpy);]>*#* system recorded
as a function of pressure. A =10 MPa, B = 20 MPa, C = 50 MPa, D =70 MPa,
E =110 MPa, F =150 MPa.
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Fig. 6. Plot of E versus pressure for the [Co(bpy),]* ™" system.
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were linear within the limits of experimental error. The reaction
volume can be calculated from the slope of such plots (Supple-
mentary Material). From these measurements we obtained re-
action volumes of 18.5+1.4, 26.4+2.0 and 27.3+2 cm®mol !
for the reduction of [Co(bpy),]**, [Co(phen),]** and [Co(ter-
py),1**, respectively. We used a Ag/AgCl (sat’d KC1) reference
electrode, which has previously been shown to contribute
~ — 9cm®mol ™! to the overall reaction volume, so that the
above values must be corrected.!'? 22! This results in values of
27.5+1.4, 35.4+2.0 and 36.3+2cm®>mol ™! for the reduction
of [Co(bpy);]* *, [Co(phen),]** and [Co(terpy),}* ¥, respective-
ly. These values are in good agreement with those obtained from
the partial molar volume data quoted above (see Table 3).

Table 3. Reaction volumes (in cm®mol ") for the oxidation of cyt ¢!, determined
in differcnt ways, in the overall reaction [CoL]** +cyt ¢! = [CoL)?* +cyt ™.

System AVlal AVip [b) AVeuy [€]  AVE[d) average

[Co(bpy),]>*/2+ 251+1.7 218107 242424 275414 246123
[Co(phen),*T2* 342417 379420 317422 354+2.0 348+26
[Cofterpy),]**2*  36.0+2.0 33.0+3.0 379428 363+20 358+20

[a] Kinetically determined value for the overall reaction between the cobalt complex
and cytochrome ¢ (AV = AV{F — AV{). [b] Spectrophotometrically determined
value for the overall reaction between the cobalt complex and cytochrome c.
{c] Difference in the partial molar volumes of the cobalt complex cations, neglecting
the volume change on the protein (see Discussion). [d] Electrochemically deter-
mined value for the reduction of the cobalt complex cations, neglecting the volume
change on the protein and corrected for the contribution from the reference elec-
trode (see Discussion).

Mechanistic interpretation: For the investigated systems it was
possible to correlate the equilibrium constants obtained from
driving force and spectral measurements with those from kinetic
experiments (K = k/k,). This indicates that a good correlation
between the kinetics and thermodynamics of these systems exists
(compare data summarized in Table 1).

The activation parameters for the redox processes in both
directions of reaction (1) showed the same systematic trends as
observed in our earlier study of the reaction of cytochrome ¢
with the pentaamminepyridineruthenium complexes.!'® '} All
activation entropies are significantly negative. However, the re-
duction of the protein is accompanied by a more negative acti-
vation entropy than that for the oxidation reaction. As shown
earlier by Sutin,'**! in order to compare these values with other
systems it is necessary to correct the entropies for the net reac-
tion by using the correction term AS /2. The corrected entropies
are typical for an outer-sphere process between a metalloprotein
and a metal complex. Due to a relatively large error in the
absolute entropy value, which stems from the long extrapola-
tion to the intercept (1/7~0), we can only conclude that the
negative activation entropy points to a highly structured transi-
tion state. This is different in the case of the activation and
reaction volume data, since these are calculated from the slope
of the plot of In & or In K versus pressure, respectively.

The volumes of activation clearly indicate that electrostric-
tion effects play an important role in these processes. In all cases
we observed a negative activation entropy for the oxidation of
the protein, as mentioned above; however, the activation vol-
ume was positive (see Table 1). For the reverse step, both the
activation entropy and the activation volume were negative. The
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activation volumes for the forward and back reactions can be
combined to give the reaction volume for the overall process
(AV = AV} — AVY). For both systems we observed a good
agreement between the reaction volume determined from spec-
tral measurements as a function of pressure, and that calculated
from the kinetic data.

A comparison of these volume data with the reaction volumes
for the electrochemical reduction of the cobalt complexes and
the difference in the partial molar volumes (Tables 1 and 3)
clearly shows that the main volume changes observed in the
redox reaction between the metal complexes and cytochrome ¢
occur on the metal centre. The contribution arising from the
oxidation/reduction of cytochrome ¢ is so small that it can prac-
tically be ignored in the overall reaction volume.! 2 This means,
in terms of volume changes along the reaction coordinate, that
the reaction volume for the oxidation of the protein is positive
due to a decrease in solvent electrostriction and an increase in
intrinsic volume during the reduction of the cobalt complex.
Using the available volume data, it is possible to construct a
volume profile which illustrates the volume changes during this
redox process along the reaction coordinate. Figure 7 shows a
typical volume profile for the reaction of cytochrome ¢ with
[Co(phen);]**/?*. The transition state is located exactly
halfway between the reactant and product states on a volume
basis, in agreement with the predicted 4 ¥ value from the Marcus
theory for a system with a low driving force.

s
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Fig. 7. Volume profile for the overall reaction cytc!" +[Co(phen),]** =
cyt " +[Co(phen),]**.

We observed a volume increase for the forward step in reac-
tion (1). This was caused by the reduction of Co™ to Co", which
is accompanied by a decrease in solvent electrostriction. In the
case of the ruthenium complexes, the volume changes could be
attributed to solvation effects only, since the change in the metal
to ligand bond length during the redox process is very small (ca.
0.01 A)and can be neglected.’>*! For the cobalt complexes, how-
ever, this contribution cannot be neglected. The phen and bpy
complexes show a metal to ligand bond length change during
the redox reactions of 0.2 A for all bonds, whereas the terpy
complex showed different metal to ligand bond length changes,
probably due to the high-spin/low-spin equilibrium of the
[Co(terpy),]** complex. The average bond length change dur-
ing the reaction is also 0.2 A in this case.['! It is interesting that
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the ruthenium complexes show almost the same reaction volume
during the redox process.! ! 12 Nevertheless, these two types of
complex do behave differently due to the basic difference in the
selected ligands. We conclude that the main volume changes in
the case of the cobalt complexes arise from a combination of
intrisic as well as solvation effects.

For the [Co(bpy),]>/** complexes we observe smaller vol-
ume effects compared with the phen and terpy complexes. This
difference could be caused by the more flexible bpy ligand, since
both pyridine rings are connected by a single C—C bond, which
allows partial rotation of the pyridine rings and a twisted con-
formation in the metal complex in solution. These conforma-
tional changes are not possible to such an extent in the case of
the phen and terpy ligands. From a comparison of the partial
molar volumes of the terpy and bpy complexes, it follows that
the Co" complexes exhibit almost the same volume. However,
the Co™ complex of bpy is significantly larger than the phen
complex, which indicates that the electrostriction in the bpy
complex is smaller. This difference can be attributed to elec-
trostriction effects only, since the changes in the metal to ligand
bond length are almost the same for all cobalt complexes. In the
twisted conformation of the bpy complex, the solvent molecuies
are presumably shielded more from the Co™ centre and so result
in a larger partial molar volume for this complex.

The reported volume profiles (see AV* and AV data in
Table 1) for the series of cobalt complexes studied to date are all
very symmetric in terms of the volume changes associated with
the forward and reverse reactions. The nature of the chelate
ligands (bpy, terpy, phen) does not seem to have a marked
influence on the efficiency of the electron-transfer process. We
conclude that chelate penetration into the groove of the heme is
very similar in all three complexes.

Comparison with literature data: The rate constant found in the
present study for the oxidation of the protein by [Co(phen),]**
is larger by a factor of about 2.5 than that reported by Gray et
al. (1500m~ts™ 1 at 25°C, 0.1 M ionic strength).[?>! In contrast
to our investigations, they performed the measurements in a
chloride medium using phosphate or tris buffer. They reported
that the reaction is somewhat slower in phosphate than in tris
buffer, which is in agreement with our observations. It is known
that phosphate and chloride bind to cytochrome ¢ and can re-
sult in a smaller net charge on the reactants,[2¢ 27 which may
affect the rate accordingly. In order to check this difference in
rate constants, we performed measurements in a chloride medi-
um and were able to reproduce their data. This is in agreement
with our results reported previously for the cytochrome ¢!/
[Co(terpy),)> "/ system, where the rate constants for the reac-
tion in both directions were about two times lower in a chloride
than in a nitrate medium.! 7! This clearly shows that reactions
involving cytochrome ¢ and positively charged metal complexes
are not only dependent on the ionic strength but also on the
medium. The rate constant is affected by the salt used to adjust
the ionic strength and the type of buffer employed.

From a comparison of the corresponding activation parame-
ters for this reaction studied in different media, it follows that
the salt sclected to adjust the ionic strength and the type of
buffer employed affect the rate constants but not the activation
parameters (AH ©, AS ™) to a significant extent. A similar find-
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ing was reported by Swaddle et al.”® for the activation volume
for the self-exchange reaction of [Co(phen),]**/3* in nitrate and
chloride media. We therefore intended to perform the measure-
ments in a lithium perchlorate medium in order to minimize the
effect of binding of the anion to ferrocytochrome ¢. Unfortu-
nately, this was not possible because the solubility of the cobalt
complexes in a perchlorate medium was too low, and we there-
fore used a nitrate medium. The activation parameters for the
oxidation of the protein by [Co(phen),]3* determined in nitrate
medium/tris buffer are in excellent agreement with the values
reported by Gray and coworkers for a chloride medium at the
same ionic strength.!?>]

A comparison of our activation parameters for the cyto-
chrome ¢"™/[Co(phen),]**/2* with the values reported in the
earlier study by Heremans et al. indicates some significant dif-
ferences.!'” Heremans et al. reported values of +8.5 and
—11.5cm’*mol ™! for the oxidation and the reduction of the
protein, respectively. A comparison of these results with our
data indicates that both sets of data show the same trend, a
transition state approximately halfway between the reactant
and product states. We found a value of —16.2+1.0 for the
reduction of the protein, and a value of +17.0+0.5 cm3®mol ™"
for the oxidation. Therefore, the results only differ in the abso-
lute size of the volume effect. Heremans et al. performed their
measurements in a Na,SO, medium (ionic strength 0.2m).117
There is expected to be a stronger binding of the sulfate anion
to the +6.5/ 4+ 7.5 charged protein and/or the +2/ + 3 charged
cobalt complex than in the case of the nitrate ion. This can affect
the net charge of the reactants and result in a smaller activation
volume. From electrochemical measurements it is known that
the volume contribution arising from cytochrome ¢ strongly
depends on the salt used to adjust the ionic strength.''?- 21 [f the
electrochemical measurements are performed in a perchlorate
medium, the oxidation of the protein is accompanied by a small
volume increase of 5 ¢cm®mol ™. In a chloride medium the vol-
ume change is much larger than first reported by Sligar et al.[2”!
and later confirmed by our own work.[*?) Thus a direct compari-
son is restricted to results from experiments performed in the
same medium.

From the results reported in this and in an earlier paper!! ! it
is reasonable to assume that the reduction of the cobalt-
phenanthroline complex is accompanied by a volume increase
of ca. 34 cm®*mol ~!. In order to resolve the apparent discrepan-
cy with Heremans’ data,"*” we performed spectroscopic mea-
surements as a function of pressure in a suifate medium. The
absorbance changes as a function of pressure in a sulfate/tris
medium (ionic strength 0.2m) could be used to calculate a reac-
tion volume of 22.240.8 cm®*mol~! for the oxidation of the
protein by the cobalt—phenanthroline complex. This value is in
good agreement with the value of 20 cm®mol ™! reported by
Heremans et al.l'”) indicating that the difference in the data
must arise from the different salts used to adjust the ionic
strength.

Very recently, after completion of this work, Tregloan et
al.B®% reported a detailed analysis of the intrinsic and elec-
trostriction volume effects associated with the reduction of a
series of metal complexes observed with high-pressure cyclic
voltammetry. They found that, in the case of the [Co-
(phen);]**/2* and [Co(bpy),;]**/** systems, about two-thirds
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of the overall reduction volume was associated with changes in
electrostriction, whereas one-third was associated with intrinsic
volume changes. These conclusions are in good agreement with
arguments presented in this report.

Theoretical calculations: The reactions of cytochrome ¢ with in-
organic metal complexes are known to be of the outer-sphere
type.[3-321 The mechanism outlined in reaction (2) includes the
precursor formation step (K,) due to weak electrostatic interac-
tion between the reactants that depends on the charge and the
size of the reactants. This step is followed by the rate-determin-
ing electron-transfer step (k) to form the successor complex,
which dissociates in the final step (K,).

eyt & +[CoL P === feyt "-CoL3"] K,  (a)
[eyt " CoL3*] — [eyt ¢™-CoL3*) kgr (2b)
leyt ¢™-Col2 '] === cyt M +[CoL,]** K, (2¢)
ke = kK [CoL3TI/{1 + K [CoL3™ 1} 3)
Kyos = kex K [COL3 ] 4

The pseudo-first-order rate constant is given by Equation (3),
which reduces to Equation (4) at low complex concentration
andjor low K, values. This means that the second-order rate
constant, determined from the slope of a linear plot of &,
versus the cobalt complex concentration (see Figure 1), is equal
to the product of the precursor equilibrium constant (K,) and
the electron-transfer rate constant (kgy).

If the precursor formation constant (K,) is large, its value
can be determined from the saturation observed in the Kinetic
plot mentioned. For the system [Fe(CN)¢]*™/*" Jeyto-
chrome ¢, a K, value of 285M ™! was determined from NMR
experiments.m'?) This value is in very good agreement with the
value estimated from the Fuoss equation,'?*!indicating that this
theoretical approach can be used for this type of reaction. In
systems where the reactants have a positive charge, for example
cytochrome "™ and [Co(phen),J* */2*, the K, value is expected
to be small and can only be estimated using the Fuoss equation
[Eq. (5)]. In Equations(5) and (6), w;; is the electrostatic

K, = 4/3nN,03},exp(—w,,/RT) (&)

wy = 5,200 Ny 4 e o (1 + ko) (6)
work required to bring reactants and products together, z;, and
z; are the charges of the reacting ions, e, is the electronic charge,
&, the permittivity of vacuum, ¢ the bulk dielectric constant, o,
the contact distance of the ions (a;; = r, +r;} and x the recipro-
cal Debye—Hiickel length. For agueous solutions at 25°C,
e=78.5 and x = 3.29 u®> nm ™', with the ionic strength p in
M 134351

In order to calculate the precursor formation constant, rate
constant and activation volume for the redox reactions between
cytochrome ¢ and the metal complexes under the experimen-
tal conditions selected in this study, the following values were
used: for [Co(phen),)>***: E =0.358 V,B® radii: 5.27/
5.11 AB7 For [Co(bpy).> /3" : Ef, = 0.301 V.39 radii: 5.24/
5.13 A7 For cytochrome ¢"M: ES, = 0.273 VL% 381 radii
16.6 A9 charges +7.5/ + 6.5.B9
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Using Equations (5) and (6) we obtained values for the pre-
cursor formation constant K, of 3.6M ™! and for the successor
dissociation constant K, of 0.17M at 25°C and ionic strength
0.1 M. With this K, value it is obvious why 1 + K,[CoL;]~ 1, the
assumption made in Equation (4). Furthermore, with these val-
ues it is possible to estimate the rate constant for the electron-
transfer step within the precursor and successor complexes. For
the reactions of the bpy complex, we calculated a kg value of
162 (forward reaction) and 29 s~ ! (reverse reaction), and 1043
and 37 s~ ! for the corresponding reactions of the phen complex,
respectively.

The Marcus—Hush—Stranks—Swaddle relationships,[#® =47
can be used to calculate the activation volume for these reac-
tions. Earlier studies!*® 1! on the pentaamminepyridineruthe-
nium complexes showed that the calculated value for both pro-
cesses were too negative. We reported that for this type of
reaction, the coulombic and Debye—Hiickel terms compensate
each other and only the contributions from solvent reorganisa-
tion AVg, and the 2¥AV term determine the calculated value.
Since the main volume changes occur on the metal complex and
not on cytochrome ¢,!* the real A¥g, value was expected to be
smaller than the calculated one. For both reactions the calculat-
ed activation volumes are too negative (bpy: AV*(k) =
8.8 cmimol ™', AV*¥(k,) = —152cm>mol ™ }; phen: AV*(k,)
=148 cm3®mol !, AVF(k,) = — 21.1 ecm?mol ') and indicate
an early transition state for this kind of process. This is not in
agreement with the ¥ value from the Marcus theory and from
the experimental results, since the value should be 0.5 for a low
driving force system. If the volume changes on cytochrome ¢ are
neglected, we can correct the AVg, term to be only 24% (ratio
of the radii of cytochrome ¢ and the cobalt complexes) of
the calculated value (AVE = —1.1cm3mol™!). Using this
correction, the experimental value is in excellent agreement
with the theoretical value (bpy: AV *(k,).,,, = 12.3 cm*mol ™',
AVF (k) = —11.7cm®>mol 71, phen: AV F(k,) =18.3
cm®mol™ !, AV*(k).... = —17.7 cm®*mol 1), indicating that
our assumption is correct.

From our measurements, it follows that the contribution
from cytochrome ¢ is very small (<5cm?*mol™!) and can be
neglected in the calculations. Very similar volume effects were
obtained from kinetic, spectrophotometric, electrochemical and
density measurements. This proves that the different methods
complement one another and indicates an excellent agreement
between the thermodynamic and kinetic parameters for these
reactions.

Experimental Section

Materials: Horse heart cytochrome ¢ (Sigma) solutions werc prepared ac-
cording to a standard procedure as described previously [10]. The concentra-
tion of these solutions was determined from the extinction coefficients
(¢ =27600M tem™ ! for ferrocytochromec and &=9100M 'em™' at
550 nm for ferricytochrome ¢) {48]. All cobalt complexes were prepared and
purified according to methods reported in the literature [49-52]. The chem-
ical analyses, redox potentials and UV/Vis spectra were in good agreement
with those reported in the literaturc [49 - 52]. All solutions were prepared with
deionized, argon-saturated Millipore water. In this study we used 0.05m Tris
buffer (Sigma), pH 7.3, and 0.05m LiNO, (Fluka) as reaction medium. All
chemicals used were of analytical grade and were used without further purifi-
cation. All solutions were kept under argon to avoid complications caused by
dissolved oxygen. The solutions were transferred into the instruments using
gas-tight Hamilton syringes.
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Measurements: Hewlett Packard HP 8452 and Cary1 (Varian) spectrophoto-
meters were used for recording UV/Vis spectra at ambient and elevated
pressure, respectively. The latter instrument was equipped with a high-pres-
sure cell which enabled us to record spectra as a function of pressure up to
150 MPa [53]. The reactions were followed by monitoring the absorbance at
550 nm. The kinetic experiments were performed on a Durrum D110
stopped-flow and on a home-made high-pressure stopped-flow system [54).
Al instruments were kept at constant temperature (within +0.1°C). The
data were recorded on an IBM-compatible computer using Biologic software.
The subsequent calculations were performed using Olis Kinfit Programs
(Bogart, Georgia). Differential pulse voltammetry (DPV) as well as cyclic
voltammetry (CV) were performed on a EG & G PAR 263 system. For all
DPV measurements the scan rate was 5mVs '. For the measurcments at
elevated pressure, we constructed a high-pressure cell according to informa-
tion given in the literature [55]. For all DPV measurements a gold wire
working electrode, a Pt wire counter clectrode and a Ag/AgCt (sat’d. KCl)
reference clectrode were used {12]. All measurements were performed at
250+0.1°C.

The partial molar volumes were determined [rom density measurements using
an Anton Paar (Graz, Austria) precision densitometer. The temperature of
this instrument was held constant at 25.000+ 0.001 “C by a circulation bath,
controlled by a Hewlett Packard precision thermometer.
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Interaction of Acetonitrile with Olefins and Alcohols in Zeolite H-ZSM-5:
In Situ Solid-State NMR Characterization of the Reaction Products

Alexander G. Stepanov* and Mikhail V. Luzgin

Dedicated 1o the memory of Professor K. I. Zamaraev

Abstract: The reaction products and in-
termediates from the interaction of ace-
tonitrile with olefins (oct-1-ene) or alco-
hols (tert-butyl alcohol) in zeolite
H-ZSM-5 at 296 K have been character-
1zed with 13C and !N solid-state NMR.
It has been shown that coadsorption of

represents a persistent species inside a zeo-
lite under anhydrous conditions. Upon
admittance of water to the pores of the
zeolite, the N-alkylnitrilium cation slowly
converts into N-alkylamide in accordance
with the classic Ritter reaction. In the case
of acetonitrile and alcohol, just after

coadsorption both the intermediate N-
alkylnitrilium cation and the final N-alkyl-
amide are identified simultaneously; the
former slowly disappears over a few days.
Thus, 1) it has been shown that the Ritter
reaction can occur not only in liquid
acidic media but also on a solid acid cata-

acetonitrile and olefin on H-ZSM-5 gives
rise to the intermediate N-alkylnitrilium
cation, which is formed by trapping by the
acetonitrile molecule of an unstable alkyl-
carbenium ion originating from the ad-

alcohols -

Keywords
nitriles
troscopy * olefins * zeolites

lyst, zeolite H-ZSM-5; 2) N-alkylnitrili-
um cations have been detected and char-
acterized with solid-state  NMR as
persistent intermediates in the Ritter reac-
tion for the first time while the reaction

+ NMR spec-

sorbed olefin. The N-alkytnitrilium cation proceeds.
Introduction CH. _R CH
Ch cH
iy .
Acetonitrile has been reported to be unreactive O\S_/O\AI/O CHCN o\s_/o O\N N
. . ‘g . 1 i _ Al «-N=C-
towards catalytic conversion on acidic zeolites at § vd o § °7 1 ?
room temperature.!!! However, when coadsorbed H o ; 0
. . . 1
with an olefin on zeolite H-ZSM-5, its IR spec- o_ _ o Way/
. . . ~.. ~
trum exhibits the vibrational band of v(C=N) at O/SI}) A+ RCHCH, R
¥ = 2370 cm~1*! which is strongly shifted from e 0 Py 2\ RCHCH, CHy-C=N*CHCH,
acetonitrile adsorbed on .zeol{te-brldged OH 0. 0. O cmen O O _O
groups, the stretch of which is located near C{S‘\o O/Al\o === O/Sl\o o/Al\o
2300 cm ™ L.12:3 Medin et al.!’! assigned this new )

band at ¥ = 2370 cm ™! to the acetonitrile mole-
cule complexed to a Lewis acid site (structure
1 in Scheme 1), resulting from the cleavage of
the Al-O bond in the bridged alkoxy group
Si-O(CH,CHR)-Al (R = C,H,,,,, n>1) to give a trigonal
environment around the Al atom (Scheme 1). However, later,
Bystrov et al. observed a 4 cm ™! isotopic shift for the nitrile CN
group, if deuterated propene was used for coadsorption, and
interpreted the appearance of the band at ¥ = 2370 cm ! as a
sequence of coordination of the CH;CN base to the alkylcarbe-

*] Dr. A, G. Stepanov, M. V. Luzgin
Laboratory for the Study of the Mechanisms of Catalytic Reactions
Boreskov Institute of Catalysis
Siberian Branch of the Russian Academy of Sciences
Prospekt Akademika Lavrentieva 5. Novosibirsk 630090 (Russia)
Fax: Int. code +(3832)35-5756
e-mail: a.g.stepanov(@catalysis.nsk.su
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Scheme 1. Possible pathways for the interaction of olefin and acetonitrile with bridged OH groups
of acidic zeolite, from refs. [2,4,5].

nium ion CH;CH "R generated from an olefin and acting as a
very strong Lewis acid (Scheme 1).: 3! Thus, formation of the
N-alkylnitrilium cations CH,C=N*-R! (R! = CH,CHR) in-
side a zeolite was suggested™ ™ ® (structure 2 in Scheme 1). Un-
fortunately, infrared studies show the v(C=N) stretching fre-
quencies of the N-alkylnitrilium cations to be raised relative to
those of the parent nitriles for ¥ =70-100 cm ™~ 1,78 similar to
nitrile—Lewis acid complexes.!® "*'} Therefore, the IR data
alone is not sufficient to distinguish between structures 1 and 2.

The aim of the present paper is to characterize more thor-
oughly with solid-state NMR the species formed upon CH;CN
and olefin (alcohol) coadsorption on acidic zeolite. We hoped
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that we would be able to clarify the nature of the species formed
after olefin and CH,CN coadsorption and thus to verify
whether N-alkylnitrilium cations 2 do indeed persist inside zeo-
lite H-ZSM-5 or whether coadsorption of an olefin and CH,CN
leads to cleavage of the Al-O bond and simultaneous formation
of both stable alkoxy species and CH,CN coordination to an
aluminum atom (structure 1).

Results

1. NMR spectrum of acetonitrile adsorbed on H-ZSM-5: Ad-
sorption of acetonitrile (CH,CN, 3) on H-ZSM-5 has already
been studied extensively with NMR "1 In addition to the data
reported in ref. [1] we have found that adsorbed [1-1*C]CH,CN
undergoes cross-polarization, and informative '*C CP/MAS
NMR spectra for adsorbed acetonitrile can be obtained (Fig-
ure 1). However, no essential differences have been observed
between the '3C CP/MAS NMR spectrum and that recorded
without CP (not shown). which merely differed in signal-to-
noise ratio. Furthermore, we have found that !*C CP/MAS
NMR spectra (both with and without CP) arc dependent on the
acetonitrile (3) loading. If the amount of 3 is less than or equal
to the amount of Brdnsted acid sites (bridged Si—-OH-Al
groups), then the CN group of 3 exhibits the signal at § =116
with numerous spinning sidebands (Figure 1 A). When the ace-
tonitrile loading exceeds the amount of bridged OH groups,
the CN group exhibits a more narrow spinning-sideband-free
lineshape with the same chemical shift (Figure 1 B).

In the former case the observed '*C CP/MAS NMR spectrum
is fixed on the timescale of the sample spinning, that is, isotropic
molecular reorientation of adsorbed acetonitrile proceeds with

=116

*

=116

B

——

) T
300 250

200 150 100 -50

0=-159

T 7
0 -100

-200 -300 -400 -500

"_—'5

Fig. 1. NMR spectra of acetonitrile adsorbed on H-ZSM-5 zeolite at 296 K. A and
B) '3C CP/MAS NMR spectra of [1-'*CJCH,CN (82% '*C enrichment); C) *N
MAS and D) **N CP/MAS NMR spectra of [*NJCH,CN (95% **N enrichment).
Amount of adsorbed acetonitrile: A: 290 umotg™?, B: 500 umolg™', C and D:
310 pmolg™'. Spinning rate was A: 5610 Hz, B: 5050 Hz, C and D: 3300 Hz. Aster-
isks (*) in the spectra denote spinning sidebands,

Abstract in Russian:

Annoramns: Meronod SIMP BRicOKOTO pa3spemeHus B
TBepZioM Tele Ha sapax 13C u 5N oxapaKTepH30BaHBI
MHTEpPMEAMATHI M TPOJYKTHl PEAKIMH aLleTOHNTPWIA C
oneduHaMu (Ha IpHMepe OKTeHa-1) MM crompraMmM
(mpem-0yTadon) Ha ueomdre H-ZSM-5 mpm 296 K.
ITokazaHo, 9T0 MpH COBMECTHOM aacopOmm aneTo-
HHUTPHIA ¥ OofMeMHA Ha LIEONMT NPOHCXOIMT obpaszo-
BaAwe N-aTKUITHWIPWILHOIO KaTHOHA IIOCPEACTBOM
B3aRMOECTBIA MONEKYIBI allcTOHUTPHIA ¢ HeyCToi-
YMBBIM AIKWIBHBIM KapGCHMEBBIM HMOHOM, 06pasyro-
IIMNCA B [IeOJIMTe U3 MONEeKYIbI onedmHa. B oTcyTernne
Bofl N-aTKMITHATPRIbHBIA KaTHOH CYIICCIBYeT BHYT-
pu kananos neomura H-ZSM-5 B BHAe ycTroHauBOH
gactuupl. [To Mepe NPOHMKHOBEHMA BOABI B NOPHI
[EONTa NPOMCXOAMT MeUIcHHOe NpeBpamcHne N-
aNKAMHUTPAIIEHOTO KaTHoHAa B N-aIkiiaMHx B

TMONHOM COOTBETCTBMH C KIACCHYECKMM MEXaHM3MOM
peaxupm Purrepa. B ciygae aneroHMTpHEa M clIApTa B
cniekTpax SIMP, samicanmHeIX cpasy Hoche ajcopOiym
PCarcHTOB, OJHOBPEMCEHHO HabmoAaloTca IIpoMexy-
TOYHbI N-aIXATHHMTPAILHEIA KAaTWOH M KOHETHBIA
npoaykT - N-ankunamuna. B mocnepcreun, SIMP cur-
Haxp!l oT N-alIKMIHMTPHIBGHOI'O KATHOHA MENICHHO (B
TedeHyie HeCKONbKO Hed) Hcdesaror. Taxum oGpazoM,
noka3zaHo, 91o (1) peakums Putrepa MoXxeT GBITH OCy-
IECTEICHA He TOJBKO C MCIOIbL30BAHHEM PacTBOPOB
KHACIOT, HO ¥ HAa TBEPAOM KHCIOTHOM KaTalM3aTope -
neomare H-ZSM-5; (2) Buepebie, MeTonoM SIMP BhI-
COKOI'O pa3spelicHHA B TBEPAOM Telle OGHApyXeHM M
oXapaKTepH30BaHbl N-alKAIHMTPHIbHEICE KATHOHBI B
KadecTBe YCTOMYMBBIX MHTEPMEAMATOB peakmym Par-

Tepa.
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characteristic time ¢,> 1072 s. The reason for this rigidity of the
adsorbed CH;CN molecules may be a strong interaction with
Si-OH-AI groups. Adsorbed on a Brénsted acid site, acetoni-
trile does not seem to undergo any fast restricted local motions
that could average out a large chemical shift anisotropy of the
CN group (Ad =300 ppm).

In the second case the observed line shape shows that motion-
al behavior averages out the orientational dependence of the
'3C chemical shift. As suggested in ref. [1], this motion may
represent an exchange between free acetonitrile and that bound
to Si—OH-Al groups. Uncomplexed acetonitrile reorients
isotropically inside the zeolite framework, and acetonitrile
bound to bridged OH groups may only slowly reorient locally
with a characteristic time exceeding 1073 s.

The >N MAS NMR spectrum of ['*’NJCH,CN on H-ZSM-5
(Figure 1C) coincides with that reported in ref. [1]. As is the
case with [1-13CJCH,CN on H-ZSM-5, "N nuclei in
[**NJCH,CN adsorbed on the zeolite undergo cross-polariza-
tion, and thus we have been able to record 1SN CP/MAS NMR
spectra (Figures 1 C,D). Note, however, that the !N CP/MAS
NMR spectrum shows a weak signal with low signal-to-noise
ratio that provides evidence for low polarization of »*N nuclei
by surrounding protons (zeolite OH groups and CH, groups of
acetonitrile) in the adsorbed acetonitrile, compared with '3C
nuclei in the CN group of this molecule.

2. Preliminary attribution of NMR signals in coadsorbed olefin
and acetonitrile: Both 3C and >N NMR spectra of 3 on H-
ZSM-5 exhibit new features when 3 is coadsorbed with olefin
(Figures 2 A and 3 A), which are not detected in the absence of
olefin (Figure 1). New features also appear in the *C MAS
NMR spectra of coadsorbed olefin. New signals occur (Fig-
ure 2C), different from the signals observed earlier for olefins
adsorbed on zeolites (see for example refs. [12—-15]). In fact, the
new '3C and >N signals that appeared after olefin coadsorp-
tion, originating from the acetonitrite CN group, can be made
to stand out further by recording the spectra with cross-polar-
ization. Therefore, in order to emphasize the new features in 13C
and *>N NMR spectra of 3 coadsorbed with olefin, we present
in this paper only **C and >N CP/MAS NMR spectra. More-
over, to stress particularly the specific changes in the spectra of
3 or olefin, reactants with selective 1*C or **N isotope labels
were used in our NMR experiments.

Coadsorption of [1-'3CJacetonitrile and oct-1-ene: One would
expect that the most intense signal in the spectrum recorded
after coadsorption of [1-13CJCH,CN and unlabeled olefin (Fig-
ure 2 A) would arise from the '*C-labeled CN group of acetoni-
trile. The observed intense signal at § = 108.8 is shifted upfield
by Ad =7 ppm with respect to that from [1-13C]JCH,CN on the
bridged OH group (Figure 1 A). Small signals from unlabeled
oct-1-ene (4) and the unlabeled CH, group of [1-'*CJCH,CN
are identified in the spectrum of Figure 2A at § =14.2-33.3 and
0.82, respectively.

The appearance of the signal at § =108.8 cannot be interpret-
ed unambiguously. On the one hand, the signal at 6 =108.8 is in
the vicinity of the **C chemical shifts for protonated acetonitrile
(CH,CN™H, 5) in superacids (5 =108-108.5 in magic acid,
FSO,H/SbF,!* 7). However, in ref. [1] CH,CN " H was report-
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Fig. 2. '3C CP/MAS NMR spectra for the products formed after coadsorption of
acetonitrile and oct-1-enc on zeolite H-ZSM-5 at 296 K: A and B) coadsorption of
[1-*C]JCH,CN (80% '*C enrichment) and unlabeled oct-1-ene; C and
D) coadsorption of unlabeled CH,CN and [1-'3Cloct-1-ene (82% !3C enrich-
ment); before (A and C) and two days after (B and D) exposure of the zeolite sample
to atmospheric moisture. Approximately 300 umolg ! of each of the reactants were
coadsorbed. Spinning rate was A: 3355 Hz, B: 5505 Hz, C: 3325 Hz, D: 3336 Hz.
Asterisks in the spectra denote spinning sidebands.

ed not to be persistent in H-ZSM-5. On the other hand, there are
no reported '3C NMR data either on the !3C chemical shifts for
acetonitrile coordinated to Lewis acids or on 3C chemical shifts
for the -C=N"- fragment in the N-alkylnitrilium cation 2. Thus,
on the basis of the analysis of a position of the signal at
¢ =108.8, which appeared upon coadsorption of 3 with oct-1-
ene, we cannot make out whether this signal belongs to 3on a
Lewis acid site or corresponds to a positively charged -C=N"-
fragment of N-alkylnitrilium cation 2.

Coadsorption of acetonitrile and [ 1-*3C Joct-1-ene: It has already
been shown that in [1-1*Cloct-1-ene adsorbed on H-ZSM-5, the
selective ' 3C label scrambles over the hydrocarbon skeleton and
the signals from the olefinic YC=C{ double bond are not detect-
ed.['37 151 Figure 2C shows 1*C CP/MAS NMR spectrum for
coadsorbed '3C-labeled oct-1-ene and unlabeled CH,CN. As
expected, the most intense signals at § =14-34 belong to the
paraffinic CH, and CH, groups of the olefin; the !3C label
penetrates to these groups from the terminal olefinic =CH,
group of oct-1-ene.[**] The weak signals of unlabeled 3 are not
detected in this spectrum.

A new feature that was not identified in the adsorbed 4 with-
out coadsorbed acetonitrile!’ #! is detected in Figure 2C. Several
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lines are clearly visible between § =76 and 80. At least three
signals are distinguished at § = 80.1, 77.7, and 76.8; the last
signal can be seen as a right-hand shoulder to the signal at
3 =77.7. The position of these lines is in the region of the 1*C
chemical shifts typical for carbon bound to oxygen in alcohols
(6 = 50-8011°N) or alkoxides formed in zeolites (J = 50—
90!15-17-20}  Therefore, at first glance the presence of these
signals in the spectrum speaks in favor of formation of the
fragment Si—O- R in the structure 1 with three different alkyl
fragments R' in accordance with the number of lines at 6 =76
80. At the same time, in the casc of formation of cation 2, the
carbon atom attached to nitrogen in the {ragment -C-N*=
may also exhibit a signal at the same region of the spectrum. For
example, *3C chemical shifts of carbon bound to nitrogen in
amines may be above 6 = 502! and in N-alkylamides are in the
range of § = 50—70.122! Thus, on the basis of this spectrum we
again can not determine whether the structures 1 or 2 are
formed.

Coadsorption of [*>N Jacetonitrile and oct-1-en¢: The '*N CP/
MAS NMR spectrum of [*>NJCH,CN on H-ZSM-5 with coad-
sorbed 4 exhibits three signals (Figure 3 A). The chemical shift

0=-208

*® *
%k
CH3-(":-NH-R1
CH;-(I'IJ-NHZ
NHy/NH,"
(B)
* N
I ' T T § T — 1 ¥ L] 1
0 -100 =200 -300 -400 -500

———

Fig. 3. '*N CP/MAS NMR spectra [or the products formed after coadsorption of

[°NJCH,CN (95% '°N carichment) and oct-1-cne on zeolite H-ZSM-5 at 296 K
A) before exposure of the zeolite sample to atmospheric moisture; B) two days
after exposure of the zeolite sample to atmospheric moisture. Approximately
300 pmol g~ ! of each of the reactants was adsorbed. Spinning rate was A: 3205 Hz,
B: 5595 Hz. Asterisks in the spectra denote spinning sidebands.

of one of the signals, namely that at d = — 159, corresponds to
3 on bridged OH groups (see Figure 1 C and ref. [1]). The sig-
nals at 6 = — 208 and —217 appear in this spectrum in parallel
with the signals at 6 =76-80 in !3C CP/MAS spectrum (see
Figure 2 C), and therefore their appearance should be related to
the formation of the structures 1 or 2. To assign the signals at
&= — 208 and —217 as well as at § =76-80 and 108.8 in '*C
NMR 10 the structures 1 or 2 it would be reasonable to compare
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13C and N (**N) chemical shifts observed for the species
formed after coadsorption of 3 and 4 on H-ZSM-5 with the
chemical shifts of N-alkylnitrilium cations and acetonitrile com-
plexes with Lewis acids. N-alkylnitrilium cations were reported
to be persistent species in superacidic solutions.[”! Acetonitrile
also is well known to form stable complexes with Lewis
acids.®®* 7' In order to determine whether these new signals,
differing from those of both acetonitrile and olefin, belong to
the structures 1 or 2, we further prepared N-alkylnitrilium
cations and CH,CN complexes with Lewis acids (see experi-
mental section) and characterized them with NMR.

3. 13C and "*N (*5N) NMR characteristics of acetonitrile com-
plexes with Lewis acids: **C and *N (**N) NMR spectra of
acetonitrile (3) adsorbed on solid AICl, and 3 in SbF,/SO, solu-
tion are shown in Figure 4. As seen from Figure 4 A, the CN
group of 3 complexed to AICI, (CH,CN" AICl,, 6) exhibits the
signal at 8 =125 in '3C CP/MAS NMR and at § = — 200 in
1SN MAS NMR (Figure 4 B).

A 1:5 mixture of 3 and SbF; in liquid SO, shows three signals
in the '*C NMR spectrum (Figure 4C): an intense signal at
d =119.3 and two smaller ones at ¢ =121.9 and 123.1. All three

L T T T T
250 200 150 100 50 0 -50  -100
&=-200

I T T 1 ) L 1 T L LI
0 -100 -200 -300 -400 -500
6=119.3
CH,;CN'H
w ©
T
110 109 1
| D R R | ) ¥ T L B T L L L) T
120 100 80 60 40 20 0
5=-204
CH,CN'H
)

Y -

T T T T T T T T
-120 -160 -200 -240 -280
Fig. 4. NMR spectra for the products of the interaction of acetonitrile with Lewis
acids. A) 13C CP/MAS NMR of [1-'3CJCH,CN (350 umolg ™ ') and B) SN MAS
NMR spectra of [1*NJCH,CN (350 umol g~ ) adsorbed on solid AICI, at 296 K;
spinning rate was A: 5580 Hz, B: 5395 Hz: asterisks in the spectra denote spinning
sidebands. C) '*C and D) '“N high-resolution NMR spectra of acetonitrile with
broad-band proton decoupling (CH,CN:[1-"3CJCH,CN (80% '*C enrichment)
=1:1) in SbF,/SO, (acetonitrile: SbF, =1:5) solution at —40"C. The splitting of
the signal at 109.5 in spectrum C and at — 238 in spectrum D arises from the scalar
J coupling between '*C and '*N nuclei in protonated acetonitrile.
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signals belong to CH,CN complexes with SbF,; the intense
signal should presumably be assigned to the CH,CN-SbF, com-
plex (7) and the two smaller signals may be attributed to
CH,CN in cis- and rrans-[(CH ;CN),SbF,] *[SbF,]~ complexes,
which could be formed by analogy with [SbF,(OH,),)]*[SbF,]~
complexes in the H,0/SbF,/SO, system.!?3) The *N NMR
spectrum of CH;CN/SbF,/SO, system exhibits only one broad
signal at & = — 204 (Figure 4D), corresponding to the three
signals in the '*C NMR spectrum (Figure 4C).

It should be noted that NMR spectra of a mixture of 3 and
SbF; in SO, also gives a small signal from 5, with the shifts for
the CN group at § =109.6 (**C NMR) and 6 = — 238 (**N
NMR)"! (Figures 4C and 4D). Acetonitrile (3) in SbF,/SO,
solution may be protonated by the traces of HF which are al-
ways present in SbF,12* or by acidic [SbF,(OH,),)]*[SbF,]~
complex,?3! which may also be present in the initial SbF,
as admixture. [SbF,(OH,),)]"[SbF,]~ may presumably be
formed by the interaction of atmospheric moisture with SbF,
during the preparation of the complex. NMR characteristics
of acetonitrile complexes with the studied Lewis acids are given
in Table 1.

4. 13C and '*N NMR characteristics of N-alkylnitrilium cations
in SbF;/SO, solution: Despite the fact that N-alkyhitrilium
cations as nitrilium salts with BF, and SbCl{ counterions have
been known since 1956,125! they have not previousty been char-
acterized with '3C and **N (!N) NMR; }*C NMR character-
istics of these cations would certainly assist in the discrimination
between structures 1 and 2 in zeolite.

Figure 5 shows '3C and "N NMR spectra of SO, solution
containing a mixture of tBuCl, [1-*3CJCH,CN, and SbF; in the
ratio 1:1:5. The small '*C NMR signals at 6 = 48 and 334
represent well-known characteristics of the rert-butyl cation 8
(Figure 5A).1%%1 The intense signals between § =120 and 108
arise from the 13C-labeled acetonitrile CN group. The signals at
6 =119 and 109.5 (Figure 5A) are assigned to complexes 7 and
5,71 respectively (see also Figure 4C). The appearance of the
latter signal in this spectrum seems to be due to the same reason
as for SbE,/SO, solution containing only acetonitrile (vide
supra) (Figure 4 A). The small signals in the spectrum of Fig-
ure SA at 6 = 27.98, 65.45, 108.20 should be attributed to the
N-tert-butylacetonitrilium cation (9). The N-iso-propylacetoni-
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Fig. 5. '*C NMR (A) and '*N NMR (B) high-resolution spectra with broad-band
proton decoupling of a mixture of acetonitiile, rerr-butyl chloride, and SbF, ([1-
B3CJCH,CN (80% '3C enrichment): /BuCl:SbF; =1:1:5) in SO, solution
at —40°C. The splitting of the signals at 108.2 and 109.5 in spectrum A and at —214
and ~238 in spectrum B arises from the scalar J coupling between '*C and "*N
nuclei in N-tert-butylacetonitrilium cation and protonated acetonitrile, respectively.
The small signal at 3 = 98 presumably arises from the fluorinated methyl group in
the protonated acetonitrile or N-rerr-butylacetonitrilium cation, formed in solution
as admixture.

trilium cation (10) exhibits the same *3C chemical shift for the
CN group (complete assignment of the signals for the two
cations and reactants is given in Table 1).

It is significant that 1*C NMR signals of the CN group in
both protonated acetonitrile and N-alkylnitrilium cations are
located near é =108 —109 and shifted upfield with respect to the
CN group in free acetonitrile and acetonitrile complexed to
Lewis acids (see Figures 4 and 5 and Table 1). The proximity of
the '3C chemical shifts of the CN group in both 5 and 2 and
large values of scalar J couplings, 'J(**N-13C), which are
around 40 Hz and are more than three times greater than
LJ(**N-13C) in liquid CH,CN (see Table 1), certainly indicate

Table 1. NMR characteristics (13C, *N (**N) chemical shifts, 5) of alkyl chlorides, acetonitrile, cationic species, and complexes formed from alkyl chlorides and acetonitrite

in SbF,;SO, solution and on solid AICl;.

Compound CH; 3C=N C=1*N (CH,),C (CH,),CH Ref.
CH, C CH;, CH
CH,CN (3) [a) 0.3 117.7 —136.4 ("*N) [28.29]
CH,CN™H (5) [c] 107.8 —2374 7]
2.45 109.5 —238 this work
CH,CN-AICY, (6) 6.8 125 —200 (*°N) this work
CH,CN-SbF; (7) [b] 2.64 119.3 —204 this work
(CH;),C™ (8) 46.3 3328 [26.39]
48.5 334.8 this work
CH,CN*C(CH,), (9) [d] 3.03 108.2 -2 27.98 65.45 this work
CH,CNTCH{CH,), (10) [¢] 2.92 108.2 —222 20.5 53.7 this work
(CH,),CCI (19) 33.45 65.15 27
(CH,),CHCI (20) 26.85 53.75 271

[a] YJ(13C - *C(CH,)) = 56.5 Hz, 'J('3C~ 1*N) = 12.5 Hz (ref. [30]). [b] J(1*C - 3C(CH;)) = 55.2 Hz. [¢] 'J(13C - 14N) = 43.5 Hz, LJ(13C - 3C(CH,) =76.3 Hz, ("N -
TH{NH)) = 97.3 Hz, 2J("*C-'H(CH,)) = 9.8 Hz, 2J(**C—H(NH)) = 43.5 Hz. [d] }J("3C- 1*N) = 40.8 Hz. 'J(**C - 3C(CH,)) = 60.0 Hz. 2/(**C - 'H(CH,)) =10.6 Hz.

[e] LJ(I3C-1*N) = 42.7 Hz.

Chem. Eur. J. 1997, 3, No. {
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that both the shifts and J couplings are affected by positive
charge on the nitrogen atom.

It is of interest also to note that carbon atoms in the alkyl
fragment attached to the nitrogen in the two N-alkylnitrilium
cations studied exhibit *>C chemical shifts very close to those for
carbons in the corresponding parent alkyl chlorides,!*™ whereas
methyl groups in alkyl fragments are shifted downfield relative
to the same methyl groups in alkyl chlorides (see Table 1).

14N NMR spectra of SbF;/SO, solutions of the two prepared
N-alkylnitrilium cations show three signals. Two of them are
absolutely identical: at 4 = — 238 from 5 and at ¢ = — 204
from complex 7. The third signal in each of the solutions belongs
to cations 9 (6 = — 214) or 10 (6 = — 222) (see Figure 5B and
Table 1).

Thus we have obtained '3C and '*N NMR characteristics of
CH,CN complexes with Lewis acids and N-alkylnitrilium
cations; now we shall use them for final identification of the
products formed from the interaction of CH;CN and olefins on
zeolite H-ZSM-5.

5. Attribution of the NMR signals observed for acetonitrile and
oct-1-ene coadsorbed on H-ZSM-5: As has been shown above,
13C chemical shifts for CH,CN complexed to the Lewis acid
ranged from 6 =119 to 125, that is, they are in the region of the
chemical shifts for liquid (free and uncomplexed) acetonitrile
(6 =118128:2%ly and for 3 adsorbed on bridged OH groups
(8 =116-11911) . At the same time, the '*C chemical shift for
the CN group in N-alkylnitrilium cations (2) is 6 =108.2 (see
Table 1), that is, explicitly different from both 3 on bridged OH
groups and 3 complexed to the Lewis acid, and very close to the
shift of the signal observed for CN group in 3 coadsorbed with
olefin on zeolite (Figure 2A). This means that if the structure 1
were formed, that is, if coordination of 3 to a strong Lewis acid
site in the zeolite took place (Scheme 1, pathway 1), then we
would observe an additional signal in the vicinity of 6 =119
besides the signal from 3 on the bridged OH group, and
we would not observe any signal at =108, which is
identified for 3 coadsorbed with olefin. Thus we conclude
that the '3C chemical shift at § =108 is indicative of the
formation of N-alkylnitrilium cation (structure 2) in ac-
cordance with pathway 2 in Scheme 1.

The N (!*N) chemical shifts turned out to be less
informative for distinguishing between structures 1 and

2. Indeed, besides the signal of 3 on bridged OH groups at
8 = —159, the observed signals at 6 = — 208 and —217 for
coadsorbed 3 and oct-1-ene are located in the vicinity of the
signals for 3 on Lewis acids at —200 and —204. Simultaneously,
N-alkylnitrilium cations exhibit signals with the same chemical
shift range, namely, at § = — 214 and —222. These experimen-
tal facts do not allow us to use *N (**N) chemical shifts for
discriminating reliably between structures 1 and 2.

We conclude that the species formed after acetonitrile and
olefin coadsorption on H-ZSM-5 are N-alkylnitrilium cations
(structure 2). In the case of coadsorbed 4, several cations are
formed. They are characterized by a common signal at § = 108.8
(CN groups; Figure 2 A) and by three signals from the -C=N"* -
R! fragment at § = 7680, corresponding to the three different
alkyl fragments R! (Figure 2C). Three signals at § =76-80 in
13C NMR correspond to the two signals at § = — 208 and
—217 in >N NMR (Figure 3A). (Complete assignment of
NMR chemical shifts for the species formed in H-ZSM-5 are
given in Table 2.)

6. Interaction of NV-alkylnitrilium cations with water: A transfor-
mation of the formed adsorbed species when they come into
contact with water is in good agreement with the expected reac-
tion of the cations 2 with water to produce N-alkylacetamides
(11, vide infra) .®! Simultaneously, 3 that has not reacted with
olefin to form cation 2 and has remained adsorbed on H-ZSM-5
may undergo hydrolysis to give acetamide (12), acetic acid (13),
and ammonia (14).1"-%-31) Indeed, if atmospheric moisture is
admitted to the zeolite sample with coadsorbed acetonitrile and
oct-1-ene, new lines with NMR characteristics different from
those for N-alkylnitrilium ions 2 and unreacted acetonitrile ap-
pear both in 13C and *>N spectra (Figures 2 A,B, 3 A,B; see also
Table 2). The observed changes in NMR spectra can be ratio-
nalized in terms of the transformations of the cation 2 and
acetonitrile as depicted in Schemes 2 and 3.

When '3C-labeled acetonitrile, [1-1*CJCH,CN, was used for
coadsorption (Figure 2 B), the signal at § =177 from the carbon

S
Il
CHy-C=N'Rl + 0 =—= [CH-C-N-RI] + O <== CH-CNHRI + O
2 O OH Si Al 1 si Al
Al

Scheme 2. Transformation of N-alkylnitrilium cation through interaction with water in
H-ZSM-3.

Table 2. NMR chemical shifts (*3C, '*N chemical shifts, &) for the species formed on adsorption of acetonitrile, oct-1-ene. or rert-BuOH, or coadsorption of acetonitrile with

oct-t-ene or tert-BuOH on H-ZSM-5 at 296 K.

Compound CH, 13C=N (CH,),C CHR-CH,
B3C=0 CH, C CH

CH,CN"-CHR -CH; (2) 108.8 —208 76.8:77.7:80.1
—217

CH,CN (3) 0.82 116 159

Oct-1-ene (4) [a] 14.3(CH,); 24.9,30-33(CH.,)

CH,CN*C(CH,); (9) 108.0 —212 69.6

CH,-CO-NH-CHR- CH, (11) 177 —220 53.8-70.0

CH,- CO-NH, (12) 177 —250

CH,-CO-OH (13) 182

NH,/NHJ (14) ~358

terr-BuOH (15) [b] 29.7 81.8

CH,-CO-NH-C(CH,}, (16) 24.8 1771 ~217 275 59.5

fa] Ref.[14]. [b] Refs. [15, 18].
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o) 0
HO V4 H; V4
CHy-C=N === CHs-C B0 cn;-c( + NH;
3 12 N 13 OH 14

Scheme 3. Transformation of acetonitrile through interaction with water in H-
ZSM-5.

atom of the -(C=0)—N- fragment of compounds 11 and 12122
becomes clearly distinguishable from the signals of both 2 and
3at o =108.8 and 116, respectively. The signal from acetic acid
13 is seen at d =182 as a left-hand shoulder to the signal at
6 =171.

In the case of moisture admittance to the sample with coad-
sorbed [1-!3Cloct-1-ene and unlabeled 3, five new lines between
¢ = 53.8-70.0, different from the signals of 2 in this region of
the 1*C NMR spectrum (a weak signal from 2 is seen at 3 =79),
are identified in Figure 2D. Five signals at § = 53.8—70.0 be-
long to the carbon adjacent to nitrogen in the fragment -NH—
R! of 11; five signals indicate the formation of the five different
N-alkylacetamides 11 with various R!. The small signals at
6 =177 and 182 from the unlabeled CH,—(C=0)- fragment of
11, 12, and 13 are also seen in the spectrum in Figure 2D.

SN NMR provides further evidence for the transformations
of 2 and 3 under their interaction with atmospheric moisture
according to Schemes 3 and 4. Figure 3B shows the "N CP/
MAS NMR spectrum of coadsorbed [**N]JCH,CN and unla-
beled oct-1-ene. There are three new signals: the signals at
8 = — 250 and —358 belong to acetamide (12)"** and NH,/
NH 3% (14), respectively. The position of the third signal at
§ = — 220 is close to that from nitrogen in the cations 2 (see
Figure 3 A). However, taking into account that under the condi-
tions used this system contains a mixture of compounds 2, 3,
1114 (see Figures 2B.D, 3 B) the signal at 6 = — 220 should be
attributed to a superposition of the signals from both 2 and 11.

7. Interaction of acetonitrile with zert-butyl alcohol coadsorbed
on H-ZSM-5: If alcohol and acetonitrile were coadsorbed on
zeolite, then similar transformations (like those in the case of 3
and olefin 4) can be followed with NMR. Figures 6 and 7 depict
the '*C and '*N CP/MAS NMR spectra of tert-butyl alcohol 15
and 3 coadsorbed on H-ZSM-5. Analysis of the signals observed
in these spectra leads us to a conclusion about the formation of
the N-tert-butylacetonitrilium cation (9) and N-tert-butyl-
acetamide (16) according to Scheme 4.

If [2-3*C)rBuOH and unlabeled CH,;CN are coadsorbed on
zeolite, then two intense signals from the **C-labeled carbons
at 6 =69.6 and 59.5 are identified, besides the signal from
the '3C-labeled C—OH group of the unreacted aicohol at

CH. H CH:
{2 | 2 CH5CN
CHC-OH + O === CH;—(-CHs + B0 <=

CHz Si Al o
7N
15 Si Al

CH 0 cH H

CH,CN D i [ |
== CHy-C=N- (é:—‘CH3 * H0 ——= CHy=C-NH-C-CH + O
9 0 CH; 16 CH; S Al
s Al

Scheme 4. Interaction of acetonitrile with ftert-butyl alcohol coadsorbed on
H-ZSM-5.
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d = 82015 181 and a weak signal from unlabeled methyl groups at
0 =28.4 from the [2-'*C]tBuOH and/or a reaction product
(Figure 6 A). Storage of the zeolite sample with these coad-
sorbed reactants at 296 K for a few days or heating the sample
at 373 K for 30 min resulted in the complete disappearance of
the signal at § = 69.6 (Figure 6 B); only the signal at § = 59.5

CH, 5=59.5
o] e
CH;— C=N*2'¢ —ch,
] 5-69.6
CH,
(CH,),COH o284

(A) * %

P e 5289
X =59.5
CH;— C— 195’?—275 :
CH;
0=27.8
®) * i
CH;
o=177.1 1080 694
CH;—C=N*— CI ~CH;
5=108.0 CH;
9=59.5 5=28.4

0=69.6
*

L L ! T 1 T
300 250 200 150 100 50 0 -50

-

Fig. 6. '3C CP/MAS NMR spectra for the products formed after coadsorption of
tert-butyl alcohol and acetonitrile on H-ZSM-5 zeolite at 296 K: A and
B) coadsorption of the [2-*3CJtBuOH (82% '*C enrichment) and unlabeled
CH,CN; C and D} coadsorption of [2-**C}iBuOH (10% '*C enrichment) and
[1-"*C)CH,CN (82% '3C cnrichment). A and C: 4 h after coadsorption. B and D:
4 d after coadsorption. 320 umol g~ ! of the alcohol and 320 umol g ™! of acetonitrile
were adsorbed. Spinning rate was A: 3300 Hz, B: 3500 Hz, C: 5500 Hz,
D: 3800 Hz. Asterisks in the spectra denote spinning sidebands.

remained in the spectrum, along with a weak signal at o = 27.5.
In the spectrum with coadsorbed [1-**CJCH,CN (82% '3*C en-
richment) and {2-13C)tBuOH (10% '3C enrichment), intense
signals at 6 =108.0 and 177.1 are clearly observed from the
13C-labeled carbon atoms originating from the acetonitrile reuc-
tant (Figure 6 C). The signals at ¢ = 69.6 and 59.5, which are
now of smaller intensity compared with these signals in Fig-
ure 6 A, are also visible. In this spectrum the signals from unre-
acted alcohol and acetonitrile are seen at & = 8411381 and 116,
respectively. Long standing of the zeolite sample containing
these specifically !3C-labeled coadsorbates at 296 K results in
the disappearance of the signal at ¢ =108.0. Finally, an intense
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signal at & =177.1 remains in the spectrum besides the signals of
smaller intensity at § = 59.5 and 27.5.

Based on the analysis of the behavior of different signals in
the NMR spectra with time for coadsorbed 15 and 3, we con-
clude that the group of signals at § = 27.5, 59.5, and 177.1
should be assigned to the final reaction product and the signals
at & = 69.6 and 108.0 that disappear with time to the intermedi-
ate in this reaction. According to their chemical shifts the signals
from the former group belong to N-zerr-butylacetamide 16 (see
Table 2). Indeed, 3C chemical shifts observed for 16 are in good
agreement with those reported in solution (16 exhibits the fol-
lowing '*C chemical shifts in solution: é = 23.6 (CH,), 28.55
(CH,, tert-butyl group), 49.9 (quaternary carbon), 169.0
(C=0)[22Yy_ 13C chemical shifts for the signals disappearing
with time agree well with 13C NMR characteristics for the
cation 91n solution (see Table 1). Therefore, these signals should
be attributed to N-ert-butylacetonitrilium cation 9 (Table 2). it
should be noted here that some of the carbons in organic mole-
cules adsorbed in zeolite, especially those strongly interacting
with bridged OH groups, often exhibit additional chemical
shifts'**! (e.g., a C— OH group in adsorbed tBuOH shifts down-
field by a further AS =13 ppm!!'3- 180 Therefore, it is no won-
der that the '*C chemical shifts in some of the carbons in ad-
sorbed 9 and 16 are shifted with respect to these shifts in
solutions of Aé = 5-10 ppm.

Comparison of the >N CP/MAS NMR spectrum of the final
N-tert-butylacetamide 16 (Figure 7A) with the spectrum
recorded after keeping of coadsorbed ['*N]JCH,CN and 15 for
4 hours (Figure 7B) leads us to conclude that the signal {rom
N-tert-butylacetonitrilium cation (9) is located at 6~ — 212. 1t
is seen as a left shoulder to the signal at § = — 217 from N-tert-
butylacetamide (16). The signal at § = — 159 belongs to unre-
acted {**NJCH,CN. The '*C and 3N chemical shifts observed
for the adsorbed intermediate 9 and the product 16 are given

0=-217

0, CH
CHy-C-Rf-C-CH,
H,

1 1 1 LS L
-200 -250 -300 -350 -400

-

) ¥ T T
0 -50  -100 -150

Fig. 7. **N CP/MAS NMR spectra for the products formed after coadsorption of
rert-butyl alcohol and [**Nlacetonitrile (95% ' *N enrichment) on zeolite H-ZSM-5
at 296 K= A) 4 h after coadsorption; B) 4 d after coadsorption. 300 pmolg™" of
both alcohol and acetonitrile were adsorbed. Spinning rate was A: 5000 Hz,
B: 5400 Hz. Asterisks in the spectra denote spinning sidebands.
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above the corresponding atoms of the molecules 9 and 16 de-
picted in Figures 6 and 7 (see also Table 2).

In this series of experiments the reaction was carried out in
a sealed NMR tube and atmospheric moisture was excluded
from the zeolite sample. Under these conditions the amount of
water evolved from the reaction (Schemec 4) seems not to be
sufficient to hydrolyse acetonitrile according to Scheme 3. This
appears to be the reason that the signals from acetamide (12).
acetic acid (13), and ammonia (14) are not 1dentified in Fig-
ures 6 and 7.

Discussion

It follows from our experimental data that, upon coadsorption
of acetonitrile and olefin on zeolite H-ZSM-5, the cleavage of
the Al-O bond in the bridged Si—OH- Al group, proposed in
Scheme 1, to form simultaneously a strong Lewis acid center
with an acetonitrile molecule coordinated to it and an alkoxy
group!?! (structure 1) does not occur. Interaction of acetonitrile
with olefin results in the formation of N-alkylnitrilium cations
2 (Scheme 1). In the presence of water cation 2 transforms
further to N-alkylamides.

It has been known since 1948 that interaction of olefins (alco-
hols) with alkylnitriles in acidic media produces N-alkylamides
(the Ritter reaction).’>* Therefore, the observed transformation
of acetonitrile and olefin (alcohol) on H-ZSM-5 is in good ac-
cordance with the classic Ritter reaction.[® 31

It is generally accepted that the Ritter reaction proceeds via
intermediate N-alkylnitritum cations.!® 3 However, up till
now nobody has reliably identified the suggested intermediate
cation spectroscopically in acidic solution during the reaction.
In this respect, the key intermediate in the Ritter reaction has
often been depicted as the species 17, that is, one covalently
bonded to sulfuric acid by an oxygen atom, rather than the free
ion 2.8 In the zeolite the species 18, analogous to 17 in acidic

CH3 ?H;;
CHS_lc=N_ (!:'—CHB CH;—(I: :N_CI —CH;
O CH:
I ’ A\ b
SOsH Si Al
17 18

solution, should be expected as intermediate. However, if the
species 18 were formed, the '3C chemical shift for the carbon
atom attached to the oxygen in the fragment -C(O)=N- would
be at § =150-160,71 rather than at § =108-109, which is
actually observed in the spectra. Thus, our data are in favor of
the earlier suggestions!* *’ on the cationic nature of the interme-
diate formed upon acetonitrile and olefin coadsorption on
acidic zeolites.

The reaction on the zeolite possesses some peculiarities. In the
absence of water inside zeolite pores it is stopped at the stage of
the formation of N-alkylnitrilium cations (2). Only if water is
present in the zeolite or water is formed in situ, for example, if
the alcohol is involved in the reaction, the cation 2 further trans-
forms into the typical product of the Ritter reaction, N-alkyl-
amides.
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N-alkyitrilium cation 2 is not a mobile species inside zeolite
H-ZSM-5: numerous spinning sidebands from the CN group in
adsorbed cation 2 (see, ¢.g., Figure 2 A) provide evidence that it
is strongly bound to the adsorption site, a negatively charged
oxygen atom in the zeolite framework, similar to other stable
cations in zeolites—cyclopentenyl,l* 3 1%-36) indanyl,®71 and
cyclic carboxonium ions.!*® In superacidic solutions or in the
solid state, cations 2 exist as stable species with SbF ., SbCl,
and BF; negatively charged counterions.!”- 23] Moreover, they
can be further stabilized by additional solvation with Lewis
acids SbF;, SbCl;, or BF; by coordination of a halogen atom to
the cationic center.!2%- 39

The effect of stabilization of positively charged carbocationic
species by solvation that occurs in superacidic solution®? is
absent inside a zeolite. Therefore, one might expect that without
this stabilizing effect formation of alkoxy-type species 18
as intermediates with covalent C-O bonds would be more prob-
able, these being more stable than carbenium ions 4041
Nevertheless, as we have mentioned above, the cation 2, rather
than alkoxy species 18, actually occurs as intermediate in
the Ritter reaction. This fact requires further studies and, in
particular, quantum-chemical estimation of the energy of stabi-
lization of both cation 2 and species 18 with covalent C-0O
bonds.

It follows from the observation of the cation 2 rather
than species 11 that for cation 2 as well as for cyclic
cations[!3:13:36 =38 the negatively charged oxygen of the zeolite
framework in particular, and the zeolite framework as a whole,
can play both the role of counterion and that of additionally
solvating and stabilizing molecules, like SbF, in superacidic
solutions.!®!

Unlike N-alkylnitrilium cation 2, alkylcarbenium ions
CH,CH™R are not stabilized inside H-ZSM-5 zeolite and they
have never been observed spectroscopically as persistent inter-
mediates in hydrocarbon conversion on zeolites. However, spec-
troscopic data provide evidence for formation of alkylcarbeni-
um ions as active transient intermediates,[t3 715,17 34,38,42-44]
rather than alkoxy species!!% 17729431 in Jow-temperature
hydrocarbon and alcohol conversion on zeolites. Alkoxy
species are also often considered to be active intermediates on
zeolites,I!7-40-41:43.451 degpite the fact that they represent
rather stable species!!” 294941 and can be thought of as
the reaction products.[!> 844 QOne can assume that alkyl-
carbenium ions are not registered spectroscopically inside zeo-
lites because zeolites do not possess sufficient solvating ability
to stabilize these alkyl cations as occurs in the presence of
strong Lewis acids in superacidic solutions, where the alkyl-
carbenium ions are solvated completely, for example with
SbF,.3!

In the case of formation of alkylcarbenium ions in zeolite in
the presence of coadsorbed acetonitrile, the transient alkylcar-
benium ion formed is stabilized by coordination of acetonitrile.
In this respect, a molecule of acetonitrile serves as a trap for
alkylcarbenium ions. Thus we conclude that formation of N-
alkylnitrilium cations 2 persistent in the zeolite is further evi-
dence in favor of the formation of transient alkylcarbenium ions
as key reaction intermediates, rather than stable alkoxy species
under low-temperature hydrocarbon and alcohol conversion on
acidic zeolites.

Chem. Eur. J. 1997. 3, No. 1
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Conclusion

The following conclusions have been drawn from the NMR
data for acetonitrile and oct-1-ene or rerz-butyl alcohol coad-
sorbed on H-ZSM-5:

1) The Ritter reaction is observed between coadsorbed acetoni-
trile and alcohol on H-ZSM-5 to form N-alkylamides at
296 K. Thus this reaction can occur not only in liquid acidic
media but also on a solid acid catalyst, zeolite H-ZSM-5.

2) Interaction of acetonitrile and olefin on H-ZSM-5 under
anhydrous conditions gives rise to N-alkylnitrilium cations.
Their interaction with water results in the formation of the
final N-alkylamides.

3) N-alkylnitrilium cations represent persistent intermediates in
the Ritter reaction on H-ZSM-5; they have been detected
with 12C CP/MAS NMR for the first time during the reac-
tion.

4) The data obtained are evidence for the formation of interme-
diate alkylcarbenium ions from olefins and alcohols upon
their adsorption on acidic zeolite. Acetonitrile serves as a
trap for alkylcarbenium ions, converting transient alkylcar-
benium ions into persistent N-alkylnitrilium cations. The sta-
bilization of alkylcarbenium ions inside H-ZSM-5 zeolite oc-
curs by coordination of acetonitrile to form N-alkylnitrilium
ions, which have been detected with solid-state NMR.

Experimental Section

Sample preparation for selid-state NMR experiments: Approximately 0.1 g of
zeolite H-ZSM-5 (Si/Al = 49, concentration of acidic Si-OH~AI groups
2300 pmolg™ ') was loaded into a glass tube and activated by heating at
450°C for 2 h in air and for 4 h under vacuum (1073 Pa). Then we froze out
equal amounts (=300 pmolg™ ') of olefin (alcohol) and acetonitrile onto
H-ZSM-5 under vacuum at the temperature of liquid nitrogen. After sealing
off the tube containing the zeolite sample from the vacuum system, the sample
was slowly warmed to room temperature and kept at 296 K for a few hours
before the reaction products were analyzed. Analysis of the products was
made directly inside the zeolite sample with *3C and **N CP/MAS NMR in
a scaled glass tube inserted into a 7 mm zirconia rotor.

Preparation of acetonitrile complexes with Lewis acids:

CH,CN-AICI; complex (6): Anhydrous, highly dispersed AICI; powder
(0.1 g) was loaded into a glass tube in a drybox. The tubc was then sealed onto
a high vacuum system and evacuated for 4 h at 100 °C under vacuum (1073
Pa). After the sample had been cooled to room temperature it was cxposed
to acetonitrile vapor (2.0x10°Pa, calibrated volume of 84mlL, i.e.
270 umol) containing a mixture of [1-'*CJCH,;CN (80% *3C isotopc enrich-
ment) and [* NJCH,CN (95 % '$Nisotope enrichment) (1:1). The vapor was
completely consumed by the AICI, powder within 10 minutes at 296 K. The
tube with acetonitrile adsorbed on AICl; was sealed off from the vacuum
system and then placed into the zirconia rotor for recording of '*C and '*N
solid state NMR spectra of acetonitrile complexed to AICI;.

CH,CN-SbFy complex (7): 2.8 mmol of CH;CN (or [1-'*C]CH,CN) in
I mL of liquid SO, was added to the solution of SbF; (14 mmol) in SO,
(2mL) at —40°C while being stirred. The resulting solution, containing a
mixture of CH,;CN and SbF; (1:5), was stored at temperature of —20°C for
2 d before 1*C and '*N high-resolution NMR spectra were recorded.

Preparation of V-alkylnitrilium cations: Two N-alkylnitrilium cations (N-tert-
butylacetonitrilium cation 9 and N-iso-propylacetonitrilium cation 10) werc
synthesized according to the procedure of Olah and Kiovsky [7] by consecu-
tive addition under vacuum of alky! chloride (tBuCl 19 or iPrCl 20) and
CH,CN (3) (or [1-"*C]CH,CN) to the solution of SbF, (14 mmol) in SO,
(3 mL) while this was stirred at —60°C. In the resulting solution, the ratio
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3:19(20): SbF, was 1:1:5. The solutions with the formed cations were stored
at —20°C for 2 d before the cations were characterized with '*C and "N
NMR.

Solid-state NMR measurements: **C and '*N NMR spectra with cross-polar-
ization {CP) and magic angle spinning (MAS) [46,47] were acquired on a
Bruker MSL-400 NMR spectrometer operating at 100.613 (1*C) and 40.547
(*N) MHz at 296 K. The following conditions were used for CP experi-
ments: the proton high-power decoupling field was 12 G (4.9 ps 90" 'H pulse)
for both 13C and '>N CP NMR, contact time was 3 ms for *3C and 5 ms for
'SN CP experiments at Hartmann— Hahn matching conditions 51 kHy. delay
between scans was 3s. One-pulse excitation '°N solid-state MAS NMR
spectra were acquired with 457 flip angle pulse of 2.5 us duration and repeti-
tion time 10s. Number of scans for both '*C and '°N solid-statc NMR
ranged from 800 to 16000, spinning rate was 3.3 5.5 kHz. Chemical shifts
were measured with respect 1o TMS for '*C nuclei and relatively to NO, ion
for *N nuclei as external references.

High-resolution NMR measurcments: '3C and '*N high-resolution NMR
measurements were performed on a Bruker MSL-400 NMR spectromcter at
100.613 (*3C) and 28.914 (**N)MHz in sulfur dioxide solution at —20
1o —40 "C. The 45 flip angle pulse of 67 ps duration (*3C, N} and repe-
tition time between pulses of 8 s (**C) and 1 s (**N) were used for spectra
acquisition. Chemical shifts were measured with respect to external refer-
ences: TMS for *4C nuclei and CH,CN for "*N nuclei; the shift of CH,CN
was taken as 0 = - 136.4 [29] relative to the NO; ion. NMR measurements
were carried out with and without broadband proton decoupling. The latter
procedure was uscd to identify and measure 'J(!3C-'H) and ‘J(**N 'H)
couplings to help us in assignment of NMR signals.
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Novel Inorganic Cage Structures Based on AsS Ligands and
Cyclopentadienylruthenium Groups

Henri Brunner, Bernhard Nuber, Ludwig Poll, Gaby Roidl, and Joachim Wachter*

Abstract: The reaction of [Cp{¥Ru,-
(CO),] fa: Cp™ = Cp* (n°-CsMey); b:
Cp™ = Cp* (#°-C,Me, Et)] with S-real-
gar in boiling n-decane gives [Cp5¥'Ru,-
As,S,] (1a,b) in good yields along with
some [Cp$'Ru,As,S,} (2a,b). According
to X-ray diffraction analyses of 1b and
2a, their structures belong to two differ-

1b has a cage structure in which the
Cp{'Ru, unit is inserted into the As,S,
cradle, 2a has a sandwich structure in
which two coplanar #*-As,S ligands and

Keywords
clusters ruthenium
complexes - arsenic sulfides

sandwich

the Cp* ligands are oriented parallel to
one another. Analysis of the As—S con-
nectivity in the core of 1b reveals a struc-
tural relationship to the extremely rare
form of arsenic sulfide As,S,(11), and not
to the metastable high-temperature form
B-As,S, used in the synthesis. At lower
temperatures (60, 115°C) formation of

ent types of inorganic clusters. Whereas

Introduction

Transition metal complexes with mixed As/S ligands are of par-
ticular interest because of their stoichiometric and structural
diversity.["! A useful source for such ligands is the mineral real-
gar As,S,'?! and its metastable high-temperature form §-
As,S, 1 The products isolated thus far from the reactions of
realgar with reactive transition metal complexes have contained
ligands that are smaller than the original cage molecule em-
ployed. This has led to the assumption that fragmentation reac-
tions play a decisive role in the reaction pathways.-# Only
recently it has been shown that small fragments or ligands (e.g.,
As, S, and AsS) can recombine to form larger
(As,S,) or even three-dimensional (As,S, AsS;)
structural units.[* ¢

Insertion of realgar into the metal—metal bond
of [Cp¥),Fe,(CO),] under mild conditions gives
complexes containing small As—S rings.|® Their +
nature seem to be directly affected by the ho- As,Sy
molytic cleavage of the Fe~Fe bond.[” Since
a systematic investigation within one group of
transition metals has not yet been carried out, we
now wish to report on the reaction of As,S, with
related complexes of Ru, namely, [Cp3Ru,(CO),]
(Cp* = n*-C;Meg, a) and [Cp; Ru,(CO),]

n=3,4).
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Cp™,Ruy(CO)

CO-containing products is observed.

{Cp™ = #°-C.Me,Et, b). The influence of other sources for As—
S ligands (e.g., As,S; or As,S;) on the nature of the products
will also be reported.

Results and Discussion

Preparation of [Cpi*'Ru,As,S,] (1a,b) and {Cpi*'Ru,As,S,|
(2a,b): Reaction of [Cp{Ru,(CO),] with one equivalent of -
As,S, P! in boiling n-decane gave the red-orange compounds
la,b in moderate (Cp ™) to good (Cp*) yields along with minor
amounts of 2a,b (Scheme ta).

decane, 175°C, 24h

© VCH Verlagsgesellschaft mbH, D-69451 Weinheim, 1997

Cp;RU,AS,Sy + Cp™Ru2AS4S, (a)
1 2
toluene, 110°C, 10d N
oG Cp*2RupAS8,8, + Cp*3Ru3(CO)ASs;Ss )]
1 4

toluene, 60°C, 35d . "
CpoRuy(COYAS,Ss + * [Cp Ru(CONJASS," (0

3

Cp™ =CpX

Scheme 1. Reaction of [CpiRu(CO)} (Cp™ = C;Me; (Cp*) or CsMe,Et (Cp™)) with As,S,

Reaction of [CpiFRu,(CO),] with As,S, under analogous
conditions gave similar results, although there was a slight sul-
fur deficiency in the inorganic starting material compared
to As,S,. Complex 1la also formed in the reaction of
[Cp¥Ru,(CO),] with As,S, (Table 1).

The mass spectra of the products allowed the assignment of
the compositions as [Cp*'Ru,As,S,] for 1a,b and [CpS*'Ru,-
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Table 1. Yields [%] of the reaction of [Cp§*'Ru,(CO),] with As,S, (n = 3. 4) and
As,S; (decanc. reflux)

Products As,S, As4S, As,S,
[CpiRu,As,S,] (1a) 62 4 19
[Cpy Ru,As,S,] (1b) 23 54

[CpfRu,As,S,) (22) 6 9 fa]
[Cp; Ru,As,S:] (2b) 5 7 _

{a] Not observed.

As,S,] for 2a,b, which were confirmed by elemental analyses
(1a,b, 2b) and X-ray crystallographic studies (1b, 2a). Isolation
of analytically and spectroscopically pure 2a,b was hampered
by the difficult separation from the starting material
[Cp ¥ Ru,(CO),], because of very similar adsorption properties
of the two compounds on SiO,. Surprisingly, the v(CO) IR
absorptions of [Cpi¥Ru,(CO),] in the isolated mixture are
significantly lower than the CO frequencies of pure trans-
[Cp*Ru,(CO),]™! (Table 2a).

Table 2. Spectroscopic data of 1-4 and [Cp%Ru,(CO),].
a) IR data (KBr,cm™1).

HCO) WCO)
trans-{CpERu,(COY,] 1935, 1750 3 1945
2a-{Cp#Ru(COY,] 1920, 1745 4 1938

b) "HNMR data (CDCl,. i-TMS, 250 MHz) [a].

S(CH,CH.,) [b] S(CH,) S(CH,CH,) [b]

1a 1.76 (s. 15H). 1.78 (s. 15H)

th 1.05 (m. 6H) 1.73 (s. 3H), 1.74 (s. 3H), 2.16 (m. 4H)
1.752 (s, 3H). 1.756 (s, 3H),
1.76 (s, 3H), 1.77 (5, 3H),
1.78 (s. 3H). 1.83 (s, 3H)

2a 1.54 (s, 30H)

2b 1.18 (1, 6H) 1.9 (s, 12H). 2.01 (s, 12 H) 229 (q, 4H)

3 1.07 (1. 6H) 175 (s, 6H). 1.77 (s, 6 H), 223 (q, 4H)
1.80 (s, 6H). 1.82 (s, 6 H)

4 105 (m, 9OH) [c]  1.64 (s, 3H), 1.69 (s, 3H). 2.19 (m. 6 H) {d]

1.73 (s, 3H), 1.75 {s, 3H).
1.77 (s 3H). 1.78 (s, 3H).
1.79 (s, 3H). 1.82 (5. 3H).
[.83 (s, 6H). 1.84 (s, 3H).
1.85 (s, 3H)

la] Bruker WM 250 instrument (24°C). [b] *J(H- H)=7.5 Hz. [c] Three super-
posed triplets. {d} Three superposed quartets.

The 'HNMR spectra of the dinuclear complexes 1a,b
(Table 2b) are characteristic of nonequivalent metal centers.
The existence of eight ring methyl resonances in the spectrum of
1b is in agreement with the asymmetric environment of each
metal, which follows from the X-ray structure analysis (Fig-
ure 1, Table 3). In contrast the spectra for 2a,b do not contain
as many resonances.

Cage (1b) and sandwich (2a) structure: The crystal structure of
Lb consists of a Ru,As,S, cage, which is shielded on one side by
the sterically demanding CMe,Et ligands (Figure 1). The

58— C VCH Verlagsgesclischaft mhbH, D-69451 Weinheim. 1997

Fig. 1. Structure of [Cp; Ru,As,8,] (1b) in the crystal (Schakal plot).

Table 3. Selected bond lengths [A] and angles {7] for |Cp5 Ru,As,S,] (Ib).

Rul-Ru2 2.856(3) As1-82 2.181(7)
Rul-As2 2.397(3) As1-S4 2.311(6)
Rul-As4 2.428(4) As2-S3 2.313(6)
Rut -S4 2.281(6) As3-Asd 2.413(4)
Ru2 -As2 2.421(3) As3-St 2.330(6)
Ru2-S1 2.363(0) As3-S3 2.188(7)
Ru2--S4 2.323(6) Asd-S2 2.282(8)
Ast St 2.325(6)

Ru2-Rul-As2 54.0(1) Rul-As2-S3 113.8(2)
Ru2-Rul-As4 100.8(1) Ru2-As2-83 106.9(2)
As2-Rul-As4 91.6(1) As4-As3-S1 94.7(2)
Ru2-Rui-54 52.3(2) As4-As3-53 95.7(2)
As2-Rul-84 106.0(2) S51-As3-S3 96.1(3)
Asd4-Ru1-S4 94.9(2) Ru1-As4-As3 109.2(1)
Fui-Ru2-As2 53.3(1) Rut-As4-§2 108.5(2)
Rui-Ru2-St 93.9(2) As3-As4-S2 87.2(2)
As2-Ru2-81 94.4(2) Ru2-S1-Ast 92.9¢2)
ul-Ru2-54 51.0(2) Ru2-51-As3 113.4(2)
As2-Ru2-S4 103.9(2) As1-S1-As3 102.1(2)
S$1-Ru2-S4 84.2(2) As1-52-As4 101.6(3)
$1-As1-82 101.2(3) As2-83-As3 102.8(3)
51-As1-S4 85.3(2) Rui-S4-Ru2 76.7(2)
$2-As1-S4 99.2(3) Rul-S4-Asi 113.7(2)
Rul-As2-Ru2 72.7(1) Ru2-§4-As 1 94.3(2)

structure may formally be derived from that of realgar(u)!®! by
insertion of two Cp ™ Ru fragments into the As2—~As4 and As2-
S4 bonds (Figure 2). This means that 1b is only the second
complex with an As,S, framework, after [Cp*(CO)Co(y?-

Fig. 2. Comparison of the structures of $-As,S, [3] (top left) and As,S,(11) (9] (top
right) with the core of [Cp; Ru,As,S,] (1b, bottom) in Schakal views.

0947-6539/97;0301-0058 § 15.00 + .25/0 Chem. Eur. J 1997. 3. No. 1
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As,S)] .19 The latter was obtained in traces from the reaction
of [{Cp*(CO)Co},] with B-As,S,. Compared to the As—As dis-
tance (2.519(6) A) in the Co complex the distance As3—As4d
(2.413(4) A) in 1b is remarkably short (Table 3). It is also short-
er than the As—As distances in a-As,S, (2.566 (1) A),*! f-As,S,
(2.593(6) A).1¥ and As,S,(1) (2.519(3) A).°1 The As-S dis-
tances vary between 2.181(7) and 2.330(6) A. In the valence
electron count the inorganic ligand serves as an eight-electron
donor. Together with the Ru—Ru bond (2.856(3) A) a closed
valence shell is achieved for each metal center.

Single crystals of “impure” [Cp3Ru,(CO),] turned out to be
a 1:1 mixture of trans-[Cp¥Ru,(CO),], which has already been
structurally characterized,'*!! and [Cp#Ru,As,S,] (2a). Inter-
estingly, crystallization of pure 2a alone did not result in crys-
tals of X-ray quality. Taking into account only the centers of
each molecule the unit cell is composed of two P lattices: the
origin of the [Cp¥Ru,(CO),] lattice is at 0,0,0, and that of 2a at
1/2,1/2,1/2 (Figure 3). There are no intermolecular contacts
that could explain the anomalous shift in the CO frequencies in
the IR spectrum of [Cp3iRu,(CQO),] (see above).

Fig. 3. View of the unit cell of [Cp3Ru,(CO),1-[CpiRu,As,S,] down the ¢ axis. At
the corners of the P lattice are [CpFRu,(CO),] molecules.

The bond parameters of trans-{CpiRu,(CO),] are identical
with those of the previously determined structure.['*! The core
of 2a consists of a Ru,As, octahedron in which two edges are
bridged by sulfur (Figure 4). The coplanar As,S ligands are
oriented parallel to the Cp* ligands, and a sandwich-like struc-
ture thus results. Obviously,
there is a structural relation-
ship between 2a and the
complex of type [CpiM,(u-
As,),], which has been syn-
thesized for M = Co.l'?
However, sulfur insertion in-
to the As—As bonds has not
yet been described.

Although a similar As,S
bridge has been claimed
for [Cp¥Mo,As,S,],1** com-
plexes with As,S ligands are

Fig. 4. Structure of [Cp¥Ru,As,S,]
(2a) in the crystal (Schakal plot).

Chem. Eur. J. 1997, 3, No. |
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still rare.[*3] Extrusion of As,S units from As,S, (7 = 3, 4) by
means of Co" salts in the presence of triphos yields the (cyclo-)-
As,S ligand."'*! The As—S distances in 2a (mean 2.26 A) are
comparable to those in As,S, 1> 31t is not yet clear whether the
order of the relatively close As—As distances (2.824(2) and
3.065(3) A) (Table 4) simply is a consequence of steric con-

Table 4. Selected bond lengths [A] and angles [*] for [Cp¥Ru,As,S,] (2a).

Rul-Rul’ 2.679(2) As1'—S1 2.274(4)
Rul-Ast’ 2.479(2) As2-S1 2.286(4)
Rul'~Ast 2.479(2) Asl - As2 2.824(2)
Rul’ As?Y 2.467(2) Asl---As? 3.065(4)
Rul'~As2 2.482(2) Asl' - As2 2.824(2)
Rul-Ru1-Asl 57.4(1) As!-Rul-Rut 57.3(1)
Rul-As1’-Rul 65.4(1) AsU-Rul-Ast 114.6(1)
Rul-As1-As2 55.0(1) As2-Rul-As2 114.4(1)
Rul-As2-S1’ 98.2(1) Rul-As2-S1’ 96.9(1)
$1-As1"-Rul 98.2(1) Asl-As2-S1' 51.5(1)
Rul-As2-Ast 55.3(1) As1-S1-As2 76.5(1)
Rut-Ast’-Si 97.2(1)

straints imposed by the bridging ligands or whether it expresses
some bonding interactions between all the As atoms. The latter
cannot be excluded, because As—As bond lengths can vary
widely, from 2.225(1)A in [{Cp*(CO),Mn},As,]'™ to
2.593(6) A in f-As,S,.** The Ru—Ru distance decreases from
2.856(3) A in 1b to 2.752(1) A in trans-{Cp¥Ru,(CO),] and
2.679(2) A in 2a.

Ru-mediated skeletal isomerization of realgar or recombination of
fragments? As has already been discussed above, the structure of
1b may be derived from As,S,(11) (Figure 2). However, this
form of arsenic sulfide is not available on a preparative scale.[®!
The material employed consists mainly of -As,S, along with
small quantities of other unidentified AsS phases as determined
by X-ray powder diffraction. A phase transformation between
As,S,(11) and the metastable high-temperature form f-As,S, is
not known.3

The formation of 1b starting from S-As,S, formally requires
breaking of the As1-As2, As2-S4, and As4-S4 bonds and
formation of the As1-S4 bond (Figure 2). These steps would
lead to a slightly different As—S connectivity between the inor-
ganic core of 1b and the starting material. In addition the inser-
tion of both Cp*Ru fragments into the cradle would also re-
quire a severe distortion of its skeletal conformation.

As an alternative pathway to the Ru-mediated skeletal iso-
merization one might imagine that the inorganic cluster is
formed by recombination of small fragments, provided a rapid
fragmentation of realgar takes place.

In order to detect possible intermediates the reaction temper-
ature was lowered. Therefore, reaction of [Cp; Ru,(CO),] (em-
ployed because of the better solubility of its products) with
As,S, in toluene at 60°C was monitored by IR spectroscopy.
After 14 d there was evidence that several products bearing the
17-electron Cp *Ru(CO), unit had been formed, but chromato-
graphic separation into distinct products was impossible. After
35 d enrichment was observed of a red complex 3in up to 15%
yield (Scheme 1¢). The composition [Cp, Ru,(CO),As,S,;] was
assigned by means of C,H analyses and mass spectrometry. The
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IR spectrum exhibits only one absorption in the range of a
terminal CO ligand (¥(CO) =1945 cm ™ !); this may indicate the
presence of two equivalent Ru centers. The '"H NMR spectrum
of 3 reveals four signals for the ring methyls (Table 2). A pos-
sible structure that is consistent with spectroscopic data can be
derived from the f-As,S, cage by
substitution of two As atoms by
two Ru centers (Figure 5).
Reaction of [Cp; Ru,(CO),]

S
/ N\
As As

PN

S\/ \/ with As,S, in toluene at 110°C
gave two red products after 10d,

Cp"//Ru RU\\CO which were identified (C,H analy-
c cp* ses, mass spectra) as 1b (14%

0 yield) and [Cp; Ru,(CO)As,S.] (4)
Fig. 5. Possible structure of 3. (Scheme 1b). The reaction did not
take place in the dark. The IR
spectrum of 4 exhibits one strong terminal v(CO) frequency at
1938 cm . The 'H NMR spectrum (Table 2) is rather complex;
it contains eleven singlets, which may indicate three inequivalent
Ru centers. The ethy! resonances overlap and form broad mul-
tiplets. Single crystals of 3 and 4 are not yet available. Because
various isomers are possible, the structurcs remain unclear.
The fact that 3 and 4 disappear at higher temperatures means
that they are likely intermediates in the formation of 1 and
probably 2. However, the direct conversion of 3 or 4 into | or
2 has not yet been attempted.

Conclusion

The reaction of [CpS¥Ru,(CO),] with equimolar amounts of
As,S, results in the formation of novel inorganic cage structures
based on AsS ligands and peripheral organometallic groups.
With increasing temperature, the content of CO ligands in the
products decreases and selectivity increases: in boiling n-decane
the formation of [Cpt*'Ru,As,S,] (1a,b) and [Cpi'Ru,As,S,]
(2a,b) is observed. From X-ray structure analysis of 1b one
might assume an isomerization of the f-As,S, cage into that of
As,S,(11), with concomittant insertion of CpRu fragments.
However, the fact that 1a,b are also formed from structurally
and stoichiometrically different As—S compounds (e.g., As,S;
and As,S;) provides evidence for reaction pathways in which
fragmentation into small units plays an important role. The
recombination of the latter into new inorganic clusters seems to
be typical for Ru chemistry; in the corresponding Fe system,
fragmentation into relatively small fragments (e.g., Fe,As,S,
and Fe,As,S,) is the only reaction to be observed.!® 141

Experimental Section

The general methods and instruments that were used have been described
elsewhere {10]. [CptPRu,(CO),] was prepared from Ru,(CO),, [17] and
C Mc,RH (R = Mg, Et) [10,18]. f-As,S, was prepared by fusing arsenic and
sulfur powder in a molar ratio of 1.03:1 under vacuum (3 d, 440 °C) [3]. It was
characterized by X-ray powder diffraction. Ficld desorption mass spectra
were obtained from toluene solutions on a Finnigan MAT 95 spectrometer.

Reaction of [CpiRu,(CO),|l with As,S, to give la and 2a: An orange

suspension of [Cp3Ru,(CO),] (220 mg, 0.377 mmol) and As,S, (161 mg.
0.377 mmol) in decanc (30 mL) was refluxed for 24 h. The mixture turned
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slightly to brown. After distillation of the soivent, the brown residue was
cxtracted with toluene (2 x 10 mL). The remaining residue was treated with
CH,CI, (40 mL) giving 190 mg (56 %) of crude 1a in the soluble fraction.
Crystals were obtained from toluene solutions at —20°C. [Cp%Ru,As,S,]
(la): C,,H;,As,Ru,S, (900.5): caled C 26.62, H 3.35; found C 26.07, H 4.27.
FI-MS: miz 902.0 (**2Ru).

The filtrate of the extraction was concentrated and then chromatographed on
silica gel (column 20 x 5 cm). With toluene/pentane (1:1) an orange band was
eluted containing 2a in 6% yield. A second, yellow band (starting material)
was not well scparated and a following red band contained small amounts of
la. Crystallization of the first band from toluene/pentane mixtures gave
crystalline [Cp3Ru,(CO),] along with single crystals of [Cp*Ru,As,S,](2a)
[Cp%Ru,(CO),] which were separated manually. C, H;,As,Ru,S,; (836.4):
FD-MS: mjz 837.7 (1%2Ru).

Reaction of [Cp; Ru,(CO),] with As,S,:

175°C: An orange suspension of [Cp; Ru,(CO),] (649 mg, 1.06 mmol) and
As,S, (454 mg, 1.06 mmol) in n-decane (50 mL) was refluxed for 18 h. After
distiltation of the solvent the dark orange residue was extracted with toluene
(2x10mL). The combined extracts were chromatographed on silica gel
(column 15 x 3 cm). With toluene/pentane (1:1) a red band containing 2b was
eluted followed by orange starting material. With toluene a red band contain-
ing 220 mg (23% vyield) of 1b was eluted. Recrystallization of 1b from
toluene/pentane gave dark brown prisms. 1b: C,,H;,As,Ru,S, (928.0) caled
C 28.46, H 3.69, S 13.81: found C 28.57, H 3.65, S 12.81. FD-MS: m/z 928.5
(*“*Ru). 2b: C,,H,,As,Ru,S, (864.4): FD-MS: m/z 865.7 (*"*Ru).

60°C: The same reaction mixture as in the previous experiment was stirred
at 60°C for 35d. After evaporation of the solvent, the dark orange residue
was extracted with toluene (3 x 10 mL). The combined extracts were chro-
matographed on silica gel (column 10 x 3 cm). With toluene, orange starting
material was recovered, and with toluene/ether (50:1) a red band eluted.
Repeated chromatography of the latter on SiO, (column 7 x 3 cm. tolucne)
gave [Cp; Ru,(CO),As,8,] (3) in 13% yield. C,,H,,As,0,Ru,S; (867.2):
caled C 3332, H 391: found C 33.25, H 395 FD-MS: m/z 867.2
(hJZRu)_

110°C: After 10 d in boiling toluene (stoichiometry and workup analogous to
the 175°C reaction) 1b was isolated in 14% yield. With tolucne/ether (10:1)
[Cp™ ;Ru,(CO)As,S,] (4) was eluted in 4% yield. C,;,H; As;ORu,S;
(1164.1): caled C 35.08, H 4.42; found C 34.92, H 4 40. FD-MS: m/z 1165.0
(center).

Table 5. Crystal structure data for complexes 1b and 2a [CpiRu,(CO),].

b 2a2-{CptRu,(CO),]

formula C,,Hi,As,Ru,S,

CyoH1pAS,RU,S; - €y H,04R Y,
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mol. mass 928.0 1421.04
cryst. size [mm] 0.08 x 0.45 x (.65 0.15x0.25%0.50
cryst. system orthorhombic triclinic
space group Pben (no. 60) PT (no. 2)
alA 19.70(1) 8.473(4)

b A 16.473(6) 11.679(5)
¢[A) 17.84(1) 12.714(8)
a [ 90 81.04(4)
Bl 90 82.25(4)

7 [ 90 74.00(3)
VIA] 5789.3 1189(1)

Z 8 1

Poatea lzEm 3] 213 1.99
radiation Moy, Moy,

s [mm~Y 5.84 4.14

scan mode ) w

26 (max) [*] 57.35 525

absorption corr. (¥ scans)
transmission {min;max)

5.0<20<43.0 (7 refl))
0.29/1.00

5.0<26<40.0 (7 refl.)
0.76/1.00

total reflections 7883 4855
observed refl. [7>2.5a(1)] 2475 3183
parameters refined 180 263

R 0.085 0.058

R, 0.064 0.048

resid. electron density [e/\’*‘] +2.00/—1.42 +0.94;—1.15
F(000) 3600 696
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X-ray structure determination of complexes 1b and 2a-[CpiRu,(CO),] [19]:
Crystal data were collected on a Syntex R 3 diffractometer at room tempera-
ture. Relevant crystal and data collection paramelers arc summarized in
Table 5. The structures were solved by using standard Patterson methods,
Jeast-squares refinement, and Fourier techniques. All calculations were per-
formed with the SHELXTL Plus program package [20].

Acknowledgement: We are grateful to Professor G. Huttner for support of the
X-ray crystallographic work.
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Synthesis, Structure, and Reactions of the First Rotational Isomers of Stable
Thiobenzaldehydes, 2,4,6-Tris[bis(trimethylsilyl)methyljthiobenzaldehydes

Nobuhiro Takeda, Norihiro Tokitoh, and Renji Okazaki*

Abstract: The first rotational isomers of
thiobenzaldehydes, TbtCH=S (2a and
2b; Tbt = 2,4,6-tris[bis(trimethylsilyl)me-
thyl]phenyl), were synthesized and isolat-
ed as stable crystalline compounds by the
desulfurization of the corresponding
overcrowded cyclic polysulfides TbtCHS,
(n = 5 or 8) with phosphine reagents. The
molecular structures of 2a and 2b in the

mations, which were essentially identical
with those in solution as revealed by
'H{'H} nuclear Overhauser effect (NOE)
experiments. The isomeric thiobenzalde-

Keywords
competition experiments * conforma-
tion determination * isomerizations *
rotamers * thioaldehydes

hydes 2a and 2b were found to undergo
thermal interconversion. A kinetic study
of this process gave reasonable kinetic
and thermodynamic parameters for con-
formational isomerizations of this type.
Interesting differences in reactivity among
the two isomers 2a,b and 2.4,6-tri-tert-
butylthiobenzaldehyde (1) were shown in
the reactions with hydrazine and m-

sold state, determined by X-ray crystallo-
graphic analysis, differed in their confor-

Introduction

Thiocarbonyl compounds are reactive sulfur analogues of car-
bonyl compounds and play a very important role in organic
chemistry. The chemistry of thiocarbonyl compounds has been
well established only in relatively recent years, because of the
instability associated with the low n-bond energy.!" Thioalde-
hydes are highly reactive and unstable species, because the hy-
drogen atom at the sp? carbon is neither electronically stabiliz-
ing nor sterically bulky, and they usually undergo rapid
oligomerization or polymerization.[*! For example, thioben-
zaldehyde is reported to be stable at 77 K, but decomposes
giving polymers at 110 K.’ Even thiopivaldehyde, bearing a
bulky fert-butyl group, cannot be isolated because of its high
tendency to polymerize, although it is relatively stable in solu-
tion. Transient thioaldehydes have been studied extensively,!
and various thioaldehydes have been isolated, stabilized by
mesomeric effects due to heteroatoms such as nitrogen. oxygen,
and sulfur'® or by coordination to transition metals.U"! Since
our first successful isolation of kinetically stabilized thioalde-
hyde, 2,4,6-tri-tert-butylthiobenzaldehyde (1),[%! the synthe-
ses’ and reactions!'® of some electronically unperturbed
stable thioaldehydes have been reported. However, in contrast
to the chemistry of thioketones, which has been studied by tak-
ing advantage of kinetic stabilization, the intrinsic nature of the

[*] Prof. Dr. R. Okazaki, Prof. Dr. N. Tokitoh, N. Takeda
Department of Chemistry, Graduate School of Science
The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113 (Japan)
Fax: Int. code +(3)5800-6899
c-mail: okazaki@ichem.s.u-tokyo.ac.jp
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chloroperoxybenzoic acid.

unique thioaldehyde functional group has not been fully dis-
closed because of the limited examples of stable thioaldehydes.

We have recently succeeded in synthesizing novel meta-
lanethiones containing Group 14 metals, such as Tbt(Tip)M =S
(M = Si, Ge, Sn; Tip = 2,4,6-triisopropylphenyl, Tbt = 24,6~
tris[bis(trimethylsilyl)methyljphenyl),!' ) through a desulfuriza-
tion of the cyclic tetrasulfides, Tht(Tip)MS,,*?! taking advan-
tage of the efficient steric protecting group Tbt.!!3! We became
interested in the synthesis of thiobenzaldehydes incorporating
the Tbt group, and recently reported, in a preliminary form, the
first isolation of rotational isomers of stable thiobenzaldehydes
TbtCHS, 2a and 2b.I'* As shown in Scheme 1, the two o-

Scheme 1. R = SiMe,.

bis(trimethylsilyl)methyl (disyl) groups of thiobenzaldehyde 2a
are symmetric with regard to the thioformyl group (denoted as
Thbt, in this paper), whereas those of its rotamer 2b are asym-
metric (denoted as Tbt, in this paper).

The early studies on rotational isomerism in substituted ben-
zenes due to hindered rotation about a bond between sp? (ben-
zene) and sp® (substituent) carbon atoms were mainly conduct-
ed on methoxyphenyl(zert-butyl)methanol (Ar(1Bu)RCOH) by
dynamic NMR spectroscopy.l!*! Lomas et al. reported the isola-
tion of two rotamers of o-tolyldi(terz-butyl)methanol and relat-
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ed compounds with very high rotational barriers.['® Crystallo-
graphic studies!* 7! and calculations!'®"! show that the hydroxyl
group of the CR*R*(OH) group lies close to the plane of the
benzene ring. The stereochemistry of systems bearing vicinal
isopropyl or dichloromethyl groups (CHR,; R = CH;, Cl) at-
tached to a benzene ring, such as hexaisopropylbenzene, has
been studied by NMR spectroscopy, crystallographic analysis,
and calculations.!'® The vicinal CHR, groups tend to assume a
gear-meshed conformation, in which a methine hydrogen tooth
is tucked into the notch created by the R groups of a neighbor-
ing CHR, group. A variety of studies on the reactivities of
rotamers have revealed that there are substantial differences in
the reactivities of some rotational isomers.[!]

In this paper we give a detailed account of the synthesis and
structure of the thiobenzaldehydes 2a and 2b and of the differ-
ences in reactivities observed for these two rotational isomers
and for another stable thiobenzaldehyde, 2.4,6-tri-tert-butyl-
thiobenzaldehyde (1).

Results and Discussion

Recently, we reported the synthesis of Tbt-substituted cyclic
polysulfides, TbtCHS, (3) and TbtCHS, (4).127 As in the case
of the synthesis of metalanethiones, Tbt(Tip)M=S (M = §i, Ge,
Sn),!' ! we chose the desulfurization of cyclic polysulfides as a
synthetic approach to thiobenzaldehydes.

Synthesis of Thiobenzaldehydes 2a and 2b: When Tbt-substitut-
ed octathionane 3 was treated with 7 equiv of triphenylphos-
phine in refluxing THF (Scheme 2), the reaction solution turned

ot/ ) (n-1)eq Php TPl Toty
A I A

HA_/ : H H
2a 2b
3:n=8 65% 17%
4:n=5 72% 17%

xcess HMPT
PSS T~ 23 eo%

THF, 78 °C
Scheme 2. Synthesis of stable thicaldehydes 2a and 2b.

blue. The mixture was separated by flash column chromatogra-
phy on silica gel at —20 °C under a nitrogen atmosphere to give
two isomeric thiobenzaldehydes, Tbt CHS (2 a) (purple crystals)
and Tbt, CHS (2b) (green crystals), in 65 and 17% yields, re-
spectively, resulting from the very high rotational barriers of the
o-disyl groups. Both isomers were found to be quite stable in the
solid state, even when exposed to air. Thiobenzaldehyde 2b is
stable at —10°C for several days in an ether solution left open
to air and is thus more stable than 2a. The desulfurization of
cyclic polysulfides by phosphorus reagents described above is a
novel synthetic approach to thiocarbonyl compounds.
Pentathiane 4 was also desulfurized with 4 equiv of triphenyl-
phosphine under similar reaction and separation conditions to
afford 2a and 2b in almost the same yields as obtained from 3
(Scheme 2). Treatment of 3 with an excess of hexamethyl phos-
phorous triamide (ca. 15 equiv) in THF at — 78 °C afforded only

Chem. Eur. J. 1997, 3, No. |
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2a (69%) as a desulfurized product. According to its X-ray
structural analysis, 3 contains Tbt,,[?°? and the formation of 2b
in the reactions with triphenylphosphine can therefore be inter-
preted in terms of the thermal isomerization of 2a under the
reaction conditions (i.e., in refluxing THF).

Crystal Structures of Thiobenzaldehydes 2a and 2b: Both 2a and
2b showed satisfactory spectral and analytical data characteris-
tic of thiobenzaldehydes {Table 1), and X-ray crystallographic
analyses gave definitive confirmation of their molecular ge-
ometries in the solid state (Figures 1 and 2). In 2a the methine

Fig. 1. ORTEP drawing of Tbt, CHS (2a) (thermal ellipsoids at the 30% probabil-
ity level for non-hydrogen atoms). Selected bond lengths (A) and angles (*): C 1-S1
1.588(11), C1-C21.469(13), C1-H1 0.946(11), S1-C1-C2 131.5(9), C2-C1-H !
114(1), S1-C1-H1 114(1).

Fig. 2. ORTEP drawing of Tbt,CHS 2b with thermal ellipsoid plot (30 % probabil-
ity for non-hydrogen atoms). Selected bond lengths (A) and angles (*): C1--S1
1.602(7), C1-C2 1.433(8), C1-H1 0.89(5), S1-C1-C2 137.6(6), C2-C1-H1
110(4), S1-C1-H1 112(4).

hydrogens of o-disyl groups both point towards the thioformyl
group, and the dihedral angle between the CH=S = plane and
benzene ring is 48.7°. In contrast, the o-disyl groups of 2b are
unsymmetrically oriented relative to the thioformyl group, and
the CH=S r plane is almost coplanar with the benzene ring
(dihedral angle is 10.6%); this suggests that some conjugation is
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occurring between the two m systems. The X-ray crystallograph-
ic analysis of 1 has shown that the dihedral angle between the
CH=S 7 plane and the benzene ring is 89.8°, which indicates
essentially no conjugation between the two © systems.[!%® The
differences in the C1-C2 bond lengths [1.469(13) A for 2a,
1.433(8) A for 2b, and 1.499(4) A for 11'°%)} can be interpreted
in terms of conjugation between the 1 systems, which gives some
double bond character to the C1-C2 bond. As shown in Fig-
ure 2, the thioformyl hydrogen of 2b lies between the two
trimethylsily! groups of the o-disyl group that is rotated relative
to that in Tbt,, and the sulfur atom of the thioformyl group is
directed toward the methine hydrogen of the other o-disyl
group, probably to avoid steric repulsion with the two
trimethylsilyl groups of the former o-disyl group. The thio-
formyl groups of 2a and 2b were found to have completely
trigonal planar geometries and short C—S bond lengths
[1.588(11) A for 2a and 1.602(7) A for 2b}, which are in good
agreement with the calculated C—S bond length for H,C=S
(1.599 A)21) and the C-S bond length for 1 (1.602(5) A).[10¢

Structure of Thiobenzaldehydes 2a and 2b in Solution: The 'H
and 13C NMR spectra of 2a and 2b show signals at low field
corresponding to the thioformyl group, and the UV/Vis speetra
of 2a and 2b exhibit absorption maxima at longer wavelength,
identified as n--n* transitions (Table 1). Comparing the spectral

Table 1. Spectral data and dihedral angles (&) of thiobenzaldehydes 2a, 2b, and 1.

'HNMR/$ BCNMR/$ UViVisinm "JoHz @/ [a)
o-methine H-C=S H-C=S§ n-n* H- (=8
2a 297 325 1205 2341 587 162.4 487
2b 172 554 1177 2298 604 156.9 10.6
1 13.02  250.4 564 171.8 89.4

[a] Dihedral angle between the CH=S = plane and the benzene ring observed by
X-ray crystallographic analysis.

data of thiobenzaldehydes 1, 2a, and 2b, we see that the thio-
formyl signals in the 'H and '*C NMR spectra shift to higher
fields, in the order 1 — 2a — 2b; the coupling constants between
the thioformyl *H and '3C atoms, 1.J(CH), become smaller, and
Jomax fOT the n—1* transition in the UV/Vis spectra are red-shift-
ed. These comparisons suggest that the conjugation between the
thioformyl group and the benzene ring increases in the order
1<2a<2b, insolution as well as in the solid state. It is notewor-
thy that the methine proton in one o-disy! group of 2b resonates
at a much lower field (6 = 5.54) than the other (6 =1.72). This
can be explained in terms of the strong anisotropic effect of the
C=S double bond, which is directed toward the low-field me-
thine hydrogen. as was observed in the solid state.

It is known that the C-R! bond in a CR'R?*R? group at-
tached to a benzene ring. where R! is the smallest substituent,
tends to lie close to the plane of the ring. MMP2 calculations
and dynamic NMR studies show that TbtBr is also most stable
in the conformation where the methine hydrogens of all the disyl
groups lie close to the plane of the benzene ring.!!*™ Therefore,
we determined the conformations of 2a and 2b by difference
'"H{'H} NOE experiments (Figure 3) by assuming the methine
hydrogens of the disyl groups in 2a and 2b to be in the plane of
the benzene ring.

64 ———— © VCH Verlagsgesellschaft mbH, D-69451 Weinheim, 1997

Fig. 3. Schematic representation of the observed NOEs: a) 2a (270 MHz, C,Dy.
20.0°Cy and b) 2b (270 MHz, CDCl;, 20.0°C) (R = SiMe,).

When the aromatic proton at § = 6.68 of 2a was irradiated,
the other aromatic proton at & = 6.56 was also irradiated, prob-
ably because the rotation of the p-disyl group was faster than the
timescale of the NOE experiment; the NOEs were observed at
the methyl protons of trimethylsilyl groups (5 = 0.11, 0.14) and
the methine proton of the p-disyl group (6 =1.52). Irradiation
of the thioformyl proton (6 =12.41) of 2a resulted in enhance-
ment at the methine protons of the o-disyl groups (6 = 3.10,
3.42). These difference NOEs observed for 2a strongly suggest
that the molecular structure in solution is essentially identical
with that in the solid state (i.e., Tbt, form), although the thio-
formyl group is considered to rotate freely, like the p-disyl
group.

Irradiation of the aromatic protons (6 = 6.40) in 2b (Fig-
ure 3) caused NOESs at the methine protons of the p-disyl group
(0 =1.46) and of one of the o-disyl groups (6 =1.72), and at the
methyl protons of p- and o-trimethylsilyl groups (6 = — 0.01,
0.07). Irradiation of the thioformyl proton (6 =11.77) only re-
sulted in enhancement at the methyl protons of o-trimethylsilyl
groups {(J = 0.05). The observed difference NOEs for 2b and
the absence of enhancement between the thioformyl proton and
the methine protons of the o-disyl groups in 2b strongly suggest
that, in solution as well as in the solid state, the Tbt group in 2b
is Tbt, and the sulfur atom of the thioformyl group points to-
ward the methine proton of the o-disyl group in the most stable
conformation.

In the difference NOE experiments at —60°C for 2a, en-
hancement was observed between the thioformyl proton and the
two methine protons of the o-disyl groups, and the two aromatic
protons could be distinguished by irradiation; this suggests that
there is restricted rotation of the p-disyl group on the timescale
of NOE experiments, although definite NOEs between the aro-
matic protons and the methine proton of the p-disyl group were
not observed. These results indicate that there is free rotation of
the thioformyl group in 2a even at —60 °C.

Thermolysis, Photolysis, and Oxidation with Molecular Oxygen
of Thiobenzaldehyde 2a: Heating of 2a at 165°C for 4 h caused
no decomposition although the equilibrium with 2b was ob-
served by '"H NMR spectroscopy. Additional heating at 170-
180 °C for 42 h resulted in a complex mixture containing ben-
zothiirane 5 (17 %) (Scheme 3). Photolysis of 2a gave 5 in good
yield (72%). A similar intramolecular cyclization has been re-
ported in the thermolysis and photolysis of 1.12°" The formation
of 5 can most likely be explained in terms of a radical mecha-
nism, as in the reactions of 1.119%
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Tot Me;Si S SiM
s - ivles
\C:S Aor hv Me;Si SiMes
/
H Me,Si~ SiMe,
2a 5
Tbt (o]
O, NN
2a TbiCHO + /C:S
H
6 40% 7 15%

Scheme 3. Thermolysis, photolysis. and oxidation of 2a.

Thiobenzaldehyde 2 a is fairly stable toward oxygen; no reac-
tion was observed by thin-layer chromatography even after oxy-
gen had been bubbled into an n-hexane solution of 2a at 0 °C for
1 h. Additional bubbling at room temperature for 26 h, how-
ever, led to the production of benzaldehyde 6 (40%) and (Z)-
sulfine 7 (15%).12%1 Tt has been reported that the reaction of
thiobenzophenone with oxygen gives the corresponding ketone
and sulfine.?¥

Kinetic Studies of Thermal Isomerization: As described above,
thermal interconversion between 2a and 2b was observed by
'H NMR spectroscopy. Measurements of the rate and equilibri-
um constants for isomerization (2a==2b, Scheme 4) at several
temperatures led to the kinetic and thermodynamic parameters
shown in Tables 2 and 3. The value of AH * is large enough for

Tbts\ K, Tbt,
/C:S " /C:S
H ke H
2a 2b
Scheme 4.

Table 2. Rate und equilibrium constants, and kinetic parameters [a] for 2a=>2b.

T/°C k, x10%s! K(2b/2a)
50.0 2.5340.03 0.271
60.0 67103 0.275
70.0 16.6+0.4 0.276
75.0 31+1 0.274
80.0 47.540.5 0.278

[a] AH* =21.5+04kcalmol™!; AS* = —13+1calmol 'K~

Table 3. Equilibrium constants and thermodynamic parameters [a] for 2a=>2b.

TC K(Zb/2a)

50.0 0.271

20.0 0.278

110.0 0.286

140.0 0.298

[a] AH® =0.27+0.02 kcalmol~'; AS® = —1.77+0.07 calmol 1K .

the two isomers to be isolated as stable and discrete thioben-
zaldehydes, and the AH® value indicates that 2a is thermody-
namically more stable than 2b, as a result of the less severe steric
congestion around the thioformyl group of 2a.
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When benzaldehyde 6a bearing Tbt, group was heated in
n-hexane at reflux for 3 h, the 'HNMR spectrum showed a
signal (6 =10.13) due to a formyl proton other than that of 6a
(6 =10.38) in a ratio of 1 (§ =10.13):5 (6 =10.38). As in the
case of thiobenzaldehyde 2b, the methine proton of one o-disyl
group was observed at a lower field (6 = 3.95) than that of the
other (6 =1.67), probably owing to the anisotropic effect of the
formyl group. This 'HNMR spectrum suggests the formation
of an isomeric benzaldehyde 6b having Tbt, group (Scheme 5),
although pure 6b was not isolated, owing to difficulties encoun-
tered in separating it from 6a.

Thts P Tht,
\CZO - cC—0
H/ K |_'/
Scheme 5. 6a 6b

Kinetic and thermodynamic parameters for isomerization
(6a — 6b) were also obtained as in the case of thiobenzaldehyde
2 (Tables 4 and 5). The kinetic parameters for benzaldehyde 6
were almost the same as those for thiobenzaldehyde 2; this
indicates that both isomerizations follow the same mechanism,
namely, the rotation of o-disyl groups.

Table 4. Rate and equilibrium constants, and kinetic parameters [a] for 6a=6b..

TC K, x 10557 K(6b/62a)
45.0 2.18+0.05 0.130
50.0 39402 0.140
55.0 6.440.1 0.135
60.0 10.5+0.3 0.140

[a] AH* =21.2404kcalmol™" AS* = —13+1 calmol 'K~ L.

Table 5. Equilibrium constants and thermodynamic parameters [a] for 6a—=6b.

T/°C K(6b/62)
50.0 0.140
80.0 0.156

110.0 0.177

140.0 0.193

[a] AH® =0.9610.03 kcalmol "'. AS® = — 0.9440.08 calmol "K',

Competitive Reactions of Thiobenzaldehydes 2a, 2b, and 1:
As described above, the structures of thiobenzaldehydes 2a and
2b differ mainly in the degree of congestion around the thio-
formyl group and in the dihedral angle between the CH=S =
plane and the benzene ring. Since the dihedral angle should
reflect the degree of conjugation between the thioformyl group
and the benzene ring, the reactivities of the two rotamers are
expected to differ. This was investigated by performing compet-
itive reactions for 2a and 2b, and another stable thiobenzalde-
hyde 1.

Thiobenzaldehydes 2a, 2b, and 1 each reacted with hydrazine
monohydrate in dichloromethane at 0°C to afford the corre-
sponding hydrazones 8a, 8b, and 9, respectively, in almost
quantitative vields (Scheme 6).
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R NHgHO R
=S “honboc T SN
) 0
H 2v2 H NH,
2a R = Tht, 8a 96%
2b R =Tht, 8b 93%
1 R=Mes* 9 97%

Scheme 6. Reactions of 2a, 2b, and 1 with hydrazine.

Competitive reaction of 2a and 2b (1:1 mixture) with ca.
0.8 equiv of hydrazine monohydrate at 0°C gave only 8a, re-
sulting from reaction of 2a, with complete recovery of 2b
(Scheme 7). Competitive reaction of 2band 1 (1:1 mixture) with

R . NpHyHO (0.8-1.0eq) P

= chchoc SN
H 2v H NH,

28 + 2b + 1 8a + 8 + 1
R=Tbty R=Tbt, R=Mes"* R=Tbt, R=Tbt, R=Mes”
1eq leq — 100% 0% —
- leq 1eq — 80% 20%

Scheme 7. Competitive reactions of 2a/2b and 2b/1 with hydrazine (Mes* = 2.4.6-
tri-rert-butylphenyl).

the same reagent at 0 'C afforded the corresponding hydrazones
8b and 9in a ratio of 4:1. These results show that the reactivity
of the thiobenzaldehydes toward hydrazine monohydrate in-
creases in the order 1<2b<2a, which probably reflects the
degree of congestion around the carbon atom of the thioformyl
group.

Treatment of thiobenzaldehydes 2a and 2b with m-chloro-
peroxybenzoic acid (mCPBA) in dichloromethane at — 78 °C re-
sulted in the rapid formation of the corresponding (£)-sulfines
10a22! and 10b,123 respectively, in almost quantitative yields
(Scheme 8). Since (Z)-sulfines are known to be thermodynami-

F‘\ mCPBA |:‘\
C=$S T AT Swen /C:S\
H/ CH2C|2, -78 °C H \
2a R=Tbt, 10a 88%
2b R=Tht, 10b 89%

Scheme 8. Oxidations of 2a and 2b with mCPBA.

cally more stable than (E)-sulfines,[?%! the formation of (£)-
sulfines 10a and 10b can be interpreted in terms of a kinetically
controlled process, that is, mCPBA attacks at the less hindered
side of the sulfur atom of the thioformyl group. It has been
reported that the reaction of 1 with mCPBA gives the corre-
sponding sulfine 11 almost quantitatively.[**®

Competitive reaction of 2a and 2b (1:1 mixture) with ca.
0.8 equiv of mCPBA at — 78 °C resulted in the production of the
corresponding sulfines 10a and 10b in a ratio of 1:4 (Scheme 9).
Competitive reaction of 2a and 1 (1:1 mixture) with the same
reagent at —78°C gave only 10a, formed from 2a, with com-
plete recovery of 1. These results show that the reactivity of
these thiobenzaldehydes toward mCPBA, which attacks the sul-
fur atom of the thioformyl group electrophilically, increases in
the order 1 <2a<2b. The lower reactivity of 1 is probably due
to the higher steric congestion around the thioformyl group in
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R mMCPBA (ca. 0.9 eq) R
e N
H CH,Clo, —78 VAR

2a + 2b + 1 10a + 10b + 11

R=Tbt; R=Tbt, R=Mes* R=Tbt; R=Tbt, R=Mes"
1eqg 1eq — 20% 80% —_—
1eq — leg 100% 0%

Scheme 9. Competitive reactions of 2a/2b and 2a/1 with mCPBA

1. The higher reactivity of 2b than 2a contrasts with its lower
reactivity towards hydrazine monohydrate, and is presumably
due to the higher electron density at the sulfur atom of 2b, as a
result of the conjugation of the thioformyl group with the ben-
zene ring bearing disyl substituents, which are known as highly
electron-donating groups.!?”?

Conclusion

We have succeeded in the isolation and stractural determina-
tions of two rotational isomers of thiobenzaldehydes, Tbt, CHS
(2a) and Tbt,CHS (2b). These rotational isomers undergo inter-
esting interconversions, which were studied kinetically. The
analogous rotamers having Tbt, and Tbt, groups were also char-
acterized for the corresponding benzaldehyde, hydrazone, and
sulfine (1.e., TotCH=X; X = O, NNH,, and SO, respectively).
Almost all other compounds containing the Tbt group (e.g.,
TbtBr,['3% 28] Thy(Tip)M=Y,'!! and Tbt(Tip)MY,; M = Si,
Ge, Sn; Y =S, Se)!'?! exist in the Tbt, conformation, as de-
duced from X-ray diffraction analysis or NMR spectroscopy.
Compounds with Tbt, groups had not previously been ob-
tained, except in the case of TbtH, which adopts the Tbt, con-
formation at —54°C (observed by 'H NMR spectroscopy) .13
These results suggest that the rotamer of Tbt, conformation can
only exist when the Tbt group is attached to a group as small as
hydrogen or to an sp? carbon bearing & hydrogen atom. The
comparison of the reactivities of the thiobenzaldehydes I, 2a,
and 2b revealed that 2a and 2b are more reactive than 1 and
that the rotational isomers 2a and 2b show interesting differ-
ences in reactivity. It is noteworthy that Tbt-substituted
thioaldehydes still have a high reactivity toward nucleophilic
and electrophilic reagents, such as hydrazine monohydrate and
mCPBA, in spite of the severe steric congestion, which prevents
them from dimerizing. The differences in reactivities between
the rotamers are probably caused by differences in the degree of
congestion around the thioformyl group and of conjugation
between the thioformyl group and the benzene ring. Similar
rotational isomerism involving Tbt, and Tbt, groups has recent-
ly been found for selenobenzaldehydes ThiCHSe.[**]

Experimental Procedure

General Procedure: All melting points are uncorrected. All solvents used in
reactions were purified by the methods reported below. THF was purified by
distillation from sodium dipheny! ketyl before use. All reactions were carried
out under an argon atmosphere. Preparative gel-permeation liquid chro-
matography (GPLC) was performed on an LC-908 (JAI gel 1H+2H
columns) or an LC-908-C 60 instrument (JAI gei 1H-40+2H-40 columns)
(Japan Analytical Industry) with chloroform as eluent. Preparative thin-layer
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chromatography (PTLC), wet column chromatography (WCC), and flash
column chromatography (FCC) were performed with Merck Kieselgel 60
PF254 (Art. No. 7747), Wakogel C-200, and Merck Silica Gel 60. respective-
ly. The 'H NMR (500 or 270 MHz) and *3C NMR (125 or 68 MHz) spectra
were measured in CDCly, C.Dy, or C1,CDCDCI, with a Bruker AM-500, a
JEOL«-500, or a JEOL EX-270 spectrometer with CHCl,, C¢Hg, or 1,1,2,2-
tetrachloroethane as internal standard. High-resolution mass spectral data
were obtained on a JEOL SX-102 mass spectrometer. The electronic spectra
were recorded on a JASCO Ubset-50 UV/Vis spectrometer. Infrared spectra
were obtained on a Horiba FT-200 spectrophotometer. Elemental analyses
were performed by the Microanalytical Laboratory of Department of Chem-
istry, Faculty of Science, The University of Tokyo.

Desulfurization of Octathionane 3 with Ph,P (7 equiv): To a THF suspen-
sion (80 mL) of 2.4,6-tris[bis(trimethylsilyl)methyl]phenyloctathionane (3)
(320 mg, 0.389 mmol) was added Ph,P (714 mg, 2.72 mmol) at ~78C. The
reaction mixture was gradually warmed and heated under reflux for 12 h.
After removal of the solvent under reduced pressure, n-hexane was added to
the reaction mixture and evaporated to remove remaining THFE. A small
amount of n-pentanc was added to the residue, and insoluble Ph,P=5S
(767 mg, 2.61 mmol, 96%) was filtered off. The filtrate was scparated by
low-temperature FCC (— 30 °C, n-pentane) to afford symmetric (sym)-2,4.6-
tris[bis(trimethylsilymethyljthiobenzaldehyde (2a) (151 mg, 0.253 mmol,
65%) and asymmetric (asym)-2,4,6-tris[bis(trimethylsilyl)methyl]thio-
benzaldehyde (2b) (38.3 mg, 0.0641 mmol, 16%). All these procedures, ex-
cept for the concentration of the chromatographed n-pentanc solution of 2b,
were performed under Ar or N, atmosphere. All solvents used in the separa-
tion had been distilled under a N, atmosphere. Thiobenzaldehydes 2a and 2b
thus isolated were handled below room temperature in order to protect them
from thermal interconversion.

2a: purple crystals: M.p. 172—-174°C (decomp.); *H NMR (500 MHz, CD-
Cly): 6 = 0.01 (s, 36 H), 0.08 (s, 18H), 1.45(s, 1 H). 2.97 (s, 1H), 3.25 (s, 1 H),
6.37 (s, 1H), 6.49 (s, 1H), 12.05 (s, 1H); *HNMR (500 MHz, C,Dy):
§=0.11(s,36H), 0.14 (s, 18 H), 1.52 (s, 1 H), 3.10 (s, 1 H), 3.42 (s, 1 H), 6.56
(s, 1H), 6.68 (s, 1 H), 12.41 (s. 1 H); '*C NMR (125 MHz, CDCL,): 6 = 0.4
(@), 0.8 (q). 24.5 (d), 24.7 (d}, 32.2 (d). 122.9 (d}, 127.7 (d), 138.5 (s}, 146.6
(s), 146.9 (s), 148.4 (s), 234.1 (d); *C NMR (68 MHz, CDCl,): 'J(C,H)
(CHS) =162.4 Hz; UV/Vis (n-hexanc): 4, (¢) = 587 nm (30); HRMS calcd
for C,gHSSig: 596.3032, found: 596.3012. C,,H,SSi,-5/2H,0: caled C
52.35, H 10.19, S 4.99; found C 52.48, H 9.94, S 5.80.

2b: green crystals; M.p. 135-145°C (decomp.); '"HNMR (270 MHz, CD-
Cly): 6 = — 0.01 (s, 18H), 0.05 (s, 18 H), 0.07 (s, 18 H), 1.46 (s, 1H), 1.72 (s,
1H), 5.54 (s. 1H), 6.40 (s, 1Hx2), 11.77 (s, 1H); *C NMR (68 MHz,
CDCly): 6 =0.5(q), 1.0(q).21.9(d), 32.4 (d), 33.9 (d), 126.8 (d), 129.8 (d),
135.7 (s), 150.3 (s), 151.2 (s}, 153.2 (s), 229.8 (d); '*C NMR (68 MHz,
CDCly): "XC,H) (CHS) =156.9 Hz; UV/Vis (n-hexane): A, (&) = 604 nm
(30); HRMS caled for C, Hg,SSiy: 596.3032, found 596.3027. C,gHg,-
SSi,-H,0: caled C 54.65, H 10.15, S 5.21; found C 54.39, H 9.88, S 5.98.

Desulfurization of Pentathiane 4 with Ph,P (4 equiv): To a THF suspension
(42 mL) of 2,4,6-tris[bis(trimethylsilyl)methyljphenylpentathiane (4) (125 mg,
0.173 mmol) was added Ph,P (182 mg, 0.695 mmol) at —78 “C. The reaction
mixture was gradually warmed and heated under reflux for 12 h. After re-
moval of the solvent under reduced pressure, n-hexane was added to the
reaction mixture and evaporated to remove the remaining THF. A small
amount of r-pentane was added to the residue, and insoluble Ph,P=S
(197 mg, 0.668 mmol, 96%) was filtered off. The filtrate was separated by
low-temperature FCC (— 30°C, n-pentane) to afford thiobenzaldehyde 2a
(73.9 mg, 0.124 mmol, 72%) and its rotamer 2b (17.1 mg, 0.0286 mmol,
17%). Precautions similar to those in the above experiments for 3 were taken
to avoid oxidation and thermal interconversion of 2a and 2b.

Desulfurization of Octathionane 3 with Hexamethyl Phosphorous Triamide
(excess): To a THF solution (5mlL) of hexamethyl phosphorous triamide
(0.37 mL, 1.73 mmol) was added dropwise a THF solution (25mL) of 3
(95.3 mg, 0.116 mmol) over 45 min at —78 °C, and the reaction mixture was
warmed to room temperature. After removal of the solvent under reduced
pressure, the residue was separated by low-temperature FCC (— 30°C, n-pen-
tane) to afford 2a (47.9 mg, 0.0802 mmol, 69%). The fraction eluted by
CH,CI, was chromatographed (GPLC) to give hexamethy! thiophosphoric
triamide (87.1 mg, 0.446 mmol, 55% from 3). All these procedures except for
GPLC were performed under Ar or N, atmosphere, and the solvent used in
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FCC was distilled under a N, atmosphere. Compound 2a thus isolated was
handled below room temperature in order to protect it from the thermal
interconversion to 2b.

Thermolysis of Thiobenzaldehyde 2a: In a Smm NMR tube was placed a
[Dy]toluenc sotution (1 mL) of 2a (63.2 mg, 0.106 mmol). After five freeze -
pump - thaw cycles, the tube was evacuated and sealed. When the solution
was heated at 145°C for 3 h and then at 165°C for 4 h, only 2a and 2b were
observed by 'H NMR spectroscopy. After additional heating at 170-180°C
for 42 h the solution turned yellow. After removal of the solvent, the residue
was separated by GPLC and PTLC (n-hexane) to afford 4.,6-bisfbis-
(trimethylsilyl)methyll-1,1-bis(trimethylsilyl)-2-benzothiolane (5) (10.4 mg,
0.0174 mmol, 17%). 5: white crystals; M.p. 140-141"C (decomp.);
'HNMR (500 MHz, Cl,CDCDCl,, 100°C): 6 =0.05 (s, 18H), 0.07 (s,
18H), 0.10 (s, 18 H), 1.387 (s, 1H), 1.393 (s, 1 H). 4.02 (s, 2H), 6.36 (s. L H),
6.40 (s, TH); '3C NMR (125 MHz, C1,CDCDCl,, 100°C): 4 = 0.6 (), 2.1
(q),2.2(q), 28.4(d), 31.8 (d), 39.7 (1), 42.9 (s), 121.4 (brd), 126.4 (brd), 135.1
(s), 141.6 (s), 143.4 (s), 148.1 (s); HRMS caled for C, H(SSig: 596.3032,
found 596.3037. C,,H¢SSi,-1/2H,0: caled C 55.46, H 10.14. $ 5.29: found
C 55.58, H 9.94, S 5.05.

Photolysis of Thiobenzaldehyde 2a: In a 5 mm NMR tube was placed a C, D,
solution (1 mL) of 22 (29.1 mg, 0.0487 mmol). After five freeze —pump —-thaw
cycles, the tube was evacuated and sealed. The blue solution was irradiated
(medium pressure Hg lamp, 100 W) at room temperature for 5 h. The result-
ing yellow solution was evaporated to dryness and purified by PTLC (n-hex-
ane) to afford benzothiolane § (20.9 mg, 0.0350 mmol, 72%).

Reaction of Thiobenzaldehyde 2a with Molecular Oxygen: Oxygen gas dried
through conc. H,SO, was bubbled into an n-hexane solution (5 mL) of 2a
(21.3 mg, 0.0357 mmot) at —20°C for 1 h. The reaction mixture was warmed
to room temperature and stirred for 26 h. After removal of the solvent under
reduced pressure, the residue was chromatographed (PTLC, n-hex-
anc:CH,Cl, = 2:1) to afford 2.4,6-tris[bis(trimcthylsilyl)methyl]benzal-
dehyde (6) (8.2 mg, 0.014 mmol, 40%) and (Z)-2.4,6-tris[bis(trimethylsi-
lyhmethyllthiobenzaldehyde-S-oxide (7) (3.2 mg. 0.0052 mmol, 15%). 7:
white crystals; M.p. 175-177°C (decomp.); '"HNMR (500 MHz, CDCl,):
3 =0.03(s,36H), 0.05 (s, 18 H), 1.37 (s, 1 H), 1.66 (s. 1 H), 1.76 (s, 1 H), 6.33
(s. tH), 6.48 (s, 1 H), 8.24 (s. 1H); '3C NMR (125 MHz, CDCl,): 5 = 0.5
(q). 0.7 (q). 28.0 (d x 2), 30.9 (d), 121.8 (d), 124.3 (s), 126.4 (d), 143.5 (s),
144.1 (s), 145.5 (s), 171.2 (d); IR (KBr): ¥ =1101, 1120cm ™' (C=8=0);
HRMS caled for C, Hg,OSSiy: 612.2981, found 612.2987. C, H,,0SSi,:
caled C 54.83, H 9.86, S 5.23; found C 54.26, H 9.55, S 5.78.

Equilibration Studies on Thiobenzaldehydes 2: In a Smm NMR tube was
placed a [Dg]tolucne solution of 2a (25 mmol L™1). After five freeze —pump—
thaw cycles, the tube was evacuated and sealed. The solution was heated at
each temperature on a thermostat (LAUDA K6), and the temperature was
monitored by a digital thermometer CT-500P (Custom Co.) with a calibra-
tion error of +0.1°C. At each temperature, the data showed that the isomer-
ization was a reversible, first-order reaction. The rate constants, k(2a — 2b)
and k(2b — 2a), werc calculated by use of Equations (1) and (2), where

Inf{([2a], - [2a],.)/([2a), — [22].)} = — {k(2a > 2b) +k(2D 220} (D)
K = k(2a —2b)/k(2b > 2a) = [2b],/[2a],, @)

[A], is the concentration of compound A at time r and K is the equilibrium
constant. The concentration [A] was determined by observation of thioformyl
signals in the 'H NMR spectra. The activation parameters, AH* and AS ™,
were calculated by using the Eyring equation. The thermodynamic parame-
ters, AH®° and AS°, were obtained from Equations (2) and (3), where

InK = — AH*iRT +AS*jR 3)

where R is the gas constant and T is the absolute temperature. The statistical
crrors were calculated by a standard method. The activation and thermody-
namic parameters for benzaldehyde 6 were obtained by the same method as
for thiobenzaldehyde 2.

Thermolysis of Benzaldehyde 6a: An n-hexane solution (10 mL) of (sym)-

2,4,6-tris[bis(trimethylsilylymethyljbenzaldchyde (6 a) (51.9 mg, 0.0893 mmol)
was refluxed for 3 h, and the solvent was removed under reduced pressure.
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The '"HNMR spectrum of the residue showed that benzaldehyde 6a and
(asym)-2,4.6-tris[bis(trimethylsilyl)methyl]benzaldehyde (6b) were produced
ina ratio of 5:1. Separation of 6a and 6b by PTLC (n-hexanc: CH,Cl, = 5:1)
was unsuccessful. 6b: '"HNMR (500 MHz, CDCl,): 6 = 0.00 (s, 18H). 0.03
(s. 18H), 0.04 (s, 18H), 1.40 (s, 1 H). 1.67 (s, 1 H), 3.95 (s, 1 H), 6.29 (s, 1 H),
6.36 (s. 1T9), 10.13 (s, 1 H).

Reaction of Thiobenzaldehyde 2 a with Hydrazine Monohydrate: To a2 CH,Cl,
solution (4 mL) of 2a (23.4 mg, 0.0392 mmol) was added an ethanol solution
of N,H, -H,0 (0.404m, 0.49 mL, 0.198 mmol) at 0°C. When the reaction
mixture was stirred for 5 min at the same temperature, the solution turned
colorless. After being stirred for further 30 min, the solution was washed with
water, and the water layer was extracted with CH,Cl,. The combined organic
layers were dried over MgSQO,. The solvent was removed under reduced
pressurc to give (sym)-2,4.6-tris[bis(trimethylsilyl)methyllbenzaldehyde hy-
drazone (8a) (22.4 mg, 0.0376 mmol, 96%). 8a: white crystals; M.p. 172—
176 °C (decomp.}; "THNMR (500 MHz, CDCl,): & = — 0.01 (s, 36 H), 0.04
(s. 18H), 1.33 (s, 1 H), 1.99 (s, 1 H), 2.10 (s, 1 H), 5.39 (brs, 2H, NH,), 6.28
(s, 1H), 6.41 (s, 1H). 7.71 (s, 1H); '*C NMR (125 MHz, CDCl,): § = 0.5
(q), 0.6 (q), 0.7 (q), 24.5 (d). 30.2 (d), 121.7 (d), 126.4 (d), 127.4 (s), 142.5
(sy, 143.08 (s). 143.15 (s), 145.0 (d. TbtHC=N). HRMS caled for
C,sHg,N,Sig: 594.3529, found 594.3567. C,,H,N,Si: caled C 56.49. H
10.50. N 4.71; found C 56.48, H 10.47, N 4.73.

Reaction of Thiobenzaldehyde 2b with Hydrazine Monohydrate: To a CH,Cl,
solution (3 mL} of 2b (14.4 mg, 0.0241 mmol) was added an cthanol solution
of N,H, H,0 (0.404m, 0.30 mL, 0.121 mmol) at 0°C. After the reaction
mixture had been stirred for 2 h at this temperature, the solution turned pale
yellow. The reaction mixture was washed with water, and the water layer was
extracted with CH,Cl,. The combined organic layers were dried over Mg-
SO,. The solvent was removed under reduced pressure to give (asym)-2,4,6-
tris{bis(trimethylsilyDmethyljbenzaldehyde  hydrazone (8b) (134 mg,
0.0225 mmol, 93%). 8b: white crystals; M.p. 170-173°C (decomp.);
"HNMR (270 MHz, CDCl,): 6 = — 0.02 (s, 18 H), 0.02 (s, 18H), 0.03 (s,
18H). 1.29 (s, 1H), 1.57 (s, 1 H}, 3.50 (s. 1H). 5.21 (s, 2H, NH,), 6.21 (s. 1 H),
6.35 (s. L H), 7.81 (s, 1 H); '*C NMR (68 MHz, CDCl,): § = 0.4 (q), 1.1 (q).
22.9(dx2),29.8 (d). 117.6 (d), 125.1 (5), 128.2 (d), 142.6 (s), 143.7 (s), 144.1
(s). 146.5 (d, TotHC=N); HRMS calcd for C,zH,N,Si,: 594.3529, found
594.3506. C,,H,,N,Si;-1/2H,0: caled C 55.65, H 10.51. N 4.64; found C
55.86, H 10.45, N 4.79.

Reaction of Thiobenzaldehyde 1 with Hydrazine Monohydrate: To a CH,Cl,
solution (5 mL) of 1 (48.3 mg, 0.166 mmol) was added an cthanol solution of
N,H,-H,0 (2.06 M, 0.40 mL, (.824 mmol} at 0°C, and the reaction mixture
was stirred for 3.5h at this tcmperature. The solvent and cxcess of
N,H,-H,0 were removed under reduced pressure to give 2,4,6-tri-tert-butyl-
benzaldehyde hydrazone (9) (46.4 mg, 0.161 mmol, 97%). The spectra of 9
were identical with those previously reported [10g].

Competitive Reaction of Thiobenzaldehydes 2a and 2b with Hydrazine Mono-
hydrate: To a CH,Cl, solution (3 mL) of 2a (15.8 mg, 0.0264 mmol) and 2b
(15.8 mg, 0.0264 mmol) was added an ethanol solution of N,H,-H,O
(0.204 M, 0.10 mL, §.0204 mmol} at 0”C. After the solution had been stirred
for 2 h at the same temperature, the solvent was evaporated at room temper-
aturc under argon. '"HNMR analysis (270 MHz, CDCl,) of the residue
showed that only (sym)-hydrazone 8a was produced without any formation
of (asym)-hydrazone 8b.

Competitive Reaction of Thiobenzaldehydes 2b and 1 with Hydrazine Monohy-
drate: To a CH,Cl, solution (3.5 mL) of 2b (23.4 mg, 0.0392 mmol) and 1
(11.4mg, 0.0392 mmol) was added an ethanol solution of N,H, -H,O
(0.404M, 0.10 mL., 0.0404 mmol) at 0 °C. The reaction mixture was stirred for
2 h, and the solvent was evaporated at room temperature under an Ar atmo-
sphere. '"HNMR analysis (270 MHz, CDCl,) of the residue showed that
hydrazones 8b and 9 were produced in a ratio of 4:1, which was calculated
from the intensity of the methine signals of RHCNNH,.

Reaction of Thiobenzaldehyde 2a with mCPBA: To a CH,CI, solution
(13 mL) of 2a (142 mg, 0.238 mmol) was added a CH,Cl, solution (8 mL) of
mCPBA (purity: min. 70%; 59.6 mg, >0.24 mmol) at — 78 °C, and then the
reaction mixture was warmed to room temperature. After removal of the
solvent under reduced pressure, the residue was separated by WCC (n-pen-
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tane:CH,Cl, =1:1) and GPLC to give (sym)-(E)-2,4,6-tris[bis(trimethylsi-
Iyl)methyljbenzaldehyde-S-oxide (10a) (129 mg, 0.210 mmol, 88 %) and ben-
zaldehyde 6a (11.3 mg, 0.0194 mmol, 8%). 10a: yellow crystals; M.p. 171~
173°C (decomp.); "H NMR (500 MHz, CDCl,): § = 0.02 (s, 36 H), 0.05 (s,
18H).1.38 (s. 1H), 1.81 (s, 1 H), 1.85 (s, 1 H), 6.38 (s, 1 H), 6.50 (s, 1 H), 9.81
(s, 1H); "*C NMR (125 MHz, CDCl,): 6 = 0.4 (q), 0.7 (q). 28.0(d), 28.3 (d),
31.2 (d), 121.5 (s), 122.1 (d), 126.9 (d), 144.2 (s), 144.5 (s), 146.2 (s). 184.9
(d); UV/jVis (n-hexane): A, (¢) = 365 nm (5200); IR (KBr): # =1103 cm ™!
(C=S=0); HRMS caled for C,;Hy,0SSis: 612.2981, found 612.2977.
C,gHo0S8i,-1/2H,0: caled C 54.04, H 9.88, 8 5.15; found C 54.01, H 9.68,
S 5.22.

Reaction of Thiobenzaldehyde 2b with mCPBA: To a CH,ClI, solution (3 mL)
of 2b (20.5 mg. 0.0343 mmol) was added a CH,CIl, solution (2.5 mL) of
mCPBA (purity: 80—85%; 11.4 mg, 0.053-0.056 mmol) at —78°C. After
having been stirred for 30 min, the reaction mixture was warmed to room
teraperature. The solvent was removed under reduced pressure, and the
residue was separated by WCC (n-hexane:CH,Cl, =1:1) to give (asym)-(£)-
2.4,6-tris[bis(trimethylsilylymethyl]benzaldehyde-S-oxide  (10b) (18.7 mg,
0.0305 mmol. 89%). 10b: yellow crystals; M.p. 168—171"C (decomp.):
'H NMR (270 MHz, CDCl,): § = 0.04 (s, 36 H), 0.11 (s, 18 H), 1.39 (s, 1 H),
1.54(s,1H). 1.70 (s, 1 H). 6.38 (s, 1 H), 6.41 (s, | H), 10.14 (s, 1 H); '*C NMR
(68 MHz, CDCl,. 0°C): 6 = 0.3 (q), 0.9 (q). 31.4 (d). 33.0 (d), 33.4 (d), 125.3
(). 126.7 (d), 127.4 (d), 145.5 (s), 147.2 (s). 147.9 (s), 188.8 (d): IR (KBr):
¥ =1081 cm ™! (C=S=0); HRMS calcd for C,,H,08Si,: 612.2981, found
612.3037. C,3H,08SSi;-H,0: caled € 53.27, H 6.90, S 5.08; found C 53.10,
H 9.64, S 4.72.

Competitive Reaction of Thiobenzaldehydes 2a and 2b with mCPBA: To a
CH,Cl, solution (3mL) of 2a (20.5mg, 0.0343 mmol) and 2b (20.5 mg,
0.0343 mmol) was added a CH,Cl, solution (1.5mL) of mCPBA (purity:
80-85%: 6.3 mg, 0.029-0.031 mmol) at —78°C. After having been stirred
for 15min at this temperature, the reaction mixture was warmed to room
temperature, and the solvent was evaporated at room temperature under an
Ar atmosphere. A small amount of n-hexane, which was distilled under a N,
atmosphere, was added to the mixture, and slightly soluble m-chlorobenzoic
acid was filtered off under an Ar atmosphere through a glass filter. The
solvent of the filtrate was evaporated at room temperature under an Ar
atmosphere. 'H NMR analysis (270 MHz, CDCl,) of the residue showed that
sulfines 10a and 10b were produced in a ratio of 1:4, which was calculated
from the intensity of the methine signals of RACSO.

Competitive Reaction of Thiobenzaldehydes 2a and 1 with mCPBA: To a
CH,Cl, solution (4mL) of Za (29.5 mg, 0.0494 mmol) and 1 (14.4 mg,
0.0496 mmol) was added a CH,Cl, solution (2 mL) of mCPBA (purity: 80—
85%; 9.0 mg, 0.042-0.044 mmol) at —78 °C. After having been stirred for
15 min at this temperature, the reaction mixture was warmed to room temper-
ature. After workup similar to the above competitive reaction, 'H NMR
analysis (270 MHz, CDCl,) showed the formation of only sulfine 10a with-
out that of sulfine 11.

Crystallographic Data for 2a and 2b: 2a: C,H,,SSi,. M, = 597.35, crystal

size (mm) 0.2x0.1x0.7, triclinic, space group Pl; a=13.230(6), b=

16.658(3), ¢=9.488(1)A; «=9330(1), =9950(2), y=102.92(2)";

V=200001)A% Z=2, p=0992gem >} p=268cm !, R=0058

(R, = 0.055). 2b: C, HSSi,, M, = 597.35, crystal size (mm) 0.2 x 0.1 x 0.8,

triclinic, space group PI. a=12.596(3), b =17.866(4), ¢ = 9.453(2) A:
a=91.25(2), p=108.14(2), »=102.38(2)"; V¥ =19658(9 A3, Zz=2,
p=1009gem™3 p=272cm™", R=0.057 (R, =0.056). The intcnsity
data for 2aand 2b (6 <20 <50.1° for 2a, 6 <26 <55.1° for 2b) were collected
on a RIGAKU AFCSR diffractometer with graphite-monochromated Moy,
radiation (2 = 0.71069 A). In 2a, the intensitics of three representative reflec-
tions, which were measured after every 150 reflections, declined by —7.10%.
A linear correction factor was applied to the data for 2a to account for this
phenomenon. The structurcs of 2a and 2b were solved by direct methods [30].
All calculations were performed using TEXSAN [31] crystallographic soft-
ware package of Molecular Structure Corporation. The non-hydrogen atoms
were refined anisotropically, and all the hydrogen atoms except for thio-
formyl hydrogen atom (H1) of 2b were located by calculation. The thio-
fermyl hydrogen (H1) of 2b was isotropically refined. The final cycle of
full-matrix least-squares refinement was based on 1622 [for 2a} and 2737 [for
2b] observed reflections (/> 3.006(7) for 2a and 2b) and 316 [for 2a] and 320
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[for 2b) variable parameters. Crystallographic data (excluding structure fac-
tors) for the structures reported in this paper have been deposited with the
Cambridge Crystallographic Data Center as supplementary publication no.
CCDC-1220-40. Copies of the data can be obtained free of charge on appli-
cation to The Director, CCDC, 12 Union Road, Cambridge CB21EZ. UK
(Fax: Int. code +(1223)336-033; c-mail: teched(a-chemerys.cam.ac.uk).
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Total Syntheses of the Slime Mold Alkaloid Arcyriacyanin A**

Michael Brenner, Guido Mayer, Andreas Terpin, and Wolfgang Steglich*

Abstract: Arcyriacyanin A (1) has been synthesized by three different routes. In the first
synthesis the bisbromomagnesium salt of 2,4’-biindole (5) was treated with dibromoma-

leimide (6) to yield arcyriacyanin A (1). The second approach used an intramolecular
Heck reaction for the cyclization of a 4-(triflyloxy)arcyriarubin 8 to N-methylarcyria-
cyanin A (2). Thirdly, compound 2 was obtained by a domino Heck reaction between

Keywords
alkaloids + Heck reactions *
cycles - indoles * total syntheses

3-bromo-4-[1-(tert-butoxycarbonyl)indol-3-yl}-1-methylmaleimide (9) and 4-bromoin-
dole (10). The N-methy! derivative 2 could be transformed into arcyriacyanin A (1) by

standard methods.

Introduction

Arcyriacyanin A (1) is a modified bisindoylmaleimide alkaloid
isolated from the yellowish sporangia of the slime mold Arcyria
obvelata ( = A. nutans, Myxomycetes).[!! Its structure can be
formally derived from arcyriarubin A (3) by connecting the two
indole units at C(2) and C(4). Arcyriacyanin A (1)1s isomeric to
arcyriaflavin A (4) for which several syntheses have been devel-

oped.’?! The unique structure of arcyriacyanin A (1) and its
structuaral relationship to several protein kinase C inhibitors{?®]
prompted us to study the synthesis of this compound.

Three strategies for the synthesis of arcyriacyanin A (1) can
be envisaged (Scheme 1). The application of our general method
for the synthesis of bisindolylmaleimides' should allow the
synthesis of 1in one step by reaction of the bisbromomagnesium
salt from 2,4-biindole (5) with 3,4-dibromomaleimide (6) (Syn-
thesis A). A second entry to the arcyriacyanin system involves
the formation of the C(2)—C(4’) bond from a suitably 4-substi-

[*] Prof. Dr. W. Steglich, Dr. M. Brenner, Dr. G. Mayer, Dipl.-Chem. A. Terpin
Institut fiir Organische Chemie der Universitét
Miinchen, Karlstrasse 23, 80333 Miinchen (Germany)
Fax: Int. code + (89) 590-2604 #
e-mail: wos@ org.chemie.uni-muenchen.de
[**] Pigments from Fungi, Part 67; Part 66: G. Mayer, G. Wille,W. Steglich, Terra-
hedron Leii. 1996, 26, 4483 -4486.
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Scheme 1. Strategies for the synthesis of 1 and 2.

tuted bisindolylmaleimide (e.g., 7 or 8, Synthesis B). Finally, a
one-pot formation of N-methylarcyriacyanin A (2) from the
protected 3-bromo-4-indolylmaleimide 9 and 4-bromoindole
(10) by a domino Heck reaction is considered (Synthesis C).

Results and Discussion

Synthesis A: The 2,4'-biindole (5) needed for this approach was
obtained by Stille coupling!®! of stannylindole (12)!*! with 1-to-
syl-4-bromoindole!®! (13) followed by removal of the N-protect-
ing groups from the coupling product 14 by alkaline hydrolysis
(Scheme 2). The stannyl derivative 12 was itself prepared from
1-(tert-butoxycarbonyl)indole (11)!¢! by metalation with lithi-
um diisopropylamide (LDA)!" and subsequent reaction with
chlorotrimethylstannane.t®! After conversion into its bisbromo-
magnesium salt, biindole 5 was treated with 3,4-dibromoma-
leimide!®! (6) in refluxing toluene to yield arcyriacyanin A (1),

0947-6539/97/0301-0070 § 15.00+ .25/0 Chem. Eur. J. 1997, 3, No. 1
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Scheme 2. a) 11a or 11b, LDA, THF, —78°C, 2 h, then Mc;SnCl, —78°C — RT,
NH,Cl, 46% (12a) or 76% (12b); b) 1-tosyl-4-bromoindole (13), toluene, 80°C,
Pd(PPh),, 20 h, 46 % (14 a) or 75% (14b); c) cthanol, 80 °C, 20 % NaOH, 3h, 50%
from 14a or 68% from 14b; d) THE RT, 2 equiv EtMgBr, then toluene, 110°C,
3,4-dibromomaleimide (6), 2 h, 41 %.

Aqueous workup and purification by gel chromatography af-
forded the alkaloid in 41 % yield. The synthetic product was
identical with natural arcyriacyanin A (1) in its IR, MS, *H and
13C NMR spectra, and by direct TLC comparison.

Synthesis B: In our second approach we tried to
mimic the possible biosynthesis of arcyriacyanin A
(1) through an intramolecular Heck reac-
tion.[1®11) As suitable candidate for this cycliza-
tion we originally considered the 4-bromoarcyri-
arubin derivative 7. Unfortunately, this com-
pound could not be prepared in the usual way
from the bromomagnesium salt of 4-bromoindole
(9) and bromo(indolyl)maleimide 10 due to reduc-
tive loss of the aromatic bromine atom. We there-
fore turned to the corresponding triflate!'?! 8
whose synthesis is part of Scheme 3.

The 4-(tetrahydropyranyloxy)indole (17) required for the
coupling step was prepared in analogy to the 6-substituted com-
pound.”®! Diazotation of 2-amino-6-nitrotoluene (15) produced
the corresponding phenol,'' 3 which was converted to the THP

Pd(OAc),

dppp

NH, OTHP OTHP
C[CHS ab @:CH3 cd .
— N e
NO, NO, ﬁ
15 16 17

18:R=THP 8
19R=-H <

Scheme 3. a) KNO,, aq. H,80,, then 100°C.80%;b) EtOAc, dihydropyran, cat.
HCL RT, 72 h, 82%; ¢) 3 equiv (MeO),NCH(OMe),, 3 equiv pyrrolidine, 110°C,
3 h; d) EtOAc, H,, Pd/C (10% C), 3.5 bar, RT, 3 h, 60%; ¢) THEF, 2 equv 17,
2 cquiv EtMgBr, 45°C, 30 min, then 1equiv 10, 65°C, 3h, 57%; f) MeOH,
Amberlite® 15, 65°C, 30 min, 83%; g) CH,CI,, 2 equiv PhN(SO,CF;),, 2 equiv
DMAP, 0°C —»RT, 4h, 92%: h) 0.12% Pd(OAc),, 0.14% dppp, excess NEt,,
DMF, 110°C, 18 h, 81 %.
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derivative 16.1'*1 Pyrrolidine-catalyzed reaction of 16 with
dimethylformamide dimethyl acetal generated an enaminc,
which was hydrogenated without any further purification to
yield the desired indole 17.1**) Coupling of the bromomagne-
sium salt of 17 with the Boc-protected bromo(indolyl)-
maleimide!3! 10 in THF afforded the bisindolylmaleimide 18 in
57 % yield. Cleavage of the THP protecting group with Amber-
lite® 15 in refluxing methanol!'® gave the hydroxy compound
19 in 83% yield. Conversion of 19 into its triflyl derivative 8
ensued with N-phenyltriflimide!* 7! and DMAP in 92% yield.

The Heck cyclization of 8 took place in DMF with catalytic
amounts of palladium(m) acetate and 1,3-bis(diphenylphosphi-
no)propane (dppp).l*® and a large excess of triethylamine. Af-
ter 18 h at 110°C the reaction mixture was worked up and
purified by gel chromatography to yield 81% of N-methyl-
arcyriacyanin A (2). Interestingly, the N-Boc protecting group
was lost under these conditions. The N-methyl derivative 2
could readily be converted to arcyriacyanin A (1) by alkaline
hydrolysis, acidic workup, and reaction of the resulting anhy-
dride 20 with hexamethyldisilazane.['*)

The Heck coupling proceeded with excellent yield despite the
unfavorable steric conditions for reductive syn elimination in
the primary cyclization intermediate 21 (Scheme 4). We propose

-TfOH

[~H]

21 22

Scheme 4. Mechanism of the last step in Scheme 3.

that this reaction occurs by a base-catalyzed fragmentation as
indicated by the arrows. The stable indolylmaleimide 2 is then
obtained from 22 by rearrangement and cleavage of the ure-
thane group.

Synthesis C: The key step in the third approach to arcyriacyan-
inA (1) is a domino Heck reaction between bromo(in-
dolyl)maleimide 10 and 4-bromoindole (9) (Scheme 5). The re-
action took place in acetonitrile under standard conditions. By
means of this simple procedure N-methylarcyriacyanin A (2)
was obtained in up to 33% yield after chromatographic
purification. Its structure was confirmed by detailed NMR
experiments [COSY, NOESY, DEPT, HETCOR, COLOCS
CJew =7 H2)].

oH
Ose N 20
A+ Br — a
N Br. NH >
i
Boc
10 9

Scheme 5. a) Pd(OAc),, PPh,, NEt,, CH,CN, 80°C. 3 h, 10 to 30%.
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Experimental Procedure

General technigues: Melting points (uncorrected) were determined on a Biichi
SMP 20 melting point apparatus or a Reichert Thermovar hot-stage micro-
scope. All nonagueous reactions were carried out under an argon atmosphere
with dry solvents under anhydrous conditions, unless otherwise noted. Te-
trahydrofuran (THF) was distilled from potassium/benzophenone, and
dichloromethane from Sicapent®. Other solvents were purchased at absolute
quality and stored over molecular sieves. All reactions were monitored by
thin-layer chromatography on silica gel 60F,5, plates, E. Merck, and the
spots were detected with UV light. Silica gel 60. E. Merck, particle size
0.040-0.063 mm, was used for flash chromatography and Sephadex* LH-20,
Pharmacia, for gel chromatography.

1-tert-Butoxycarbonyl-2-(trimethylstannyl)indole (12): nBulLi (8.2 mL of a
1.6M solution in hexancs, 13.1 mmol) was added dropwise to diisopropyl-
aminc (2mL, 14.1 mmol) in THF (20 mL) at —70 °C. and the mixture was
stirred for 1h. A solution of 1-(seri-butoxycarbonyl)indole (11b) (2.72 g,
12.5 mmol) in THE (10 mL) was then added slowly. whereby the temperature
was kept below —60°C. The solution was stirred for 2h at —707°C, then
warmed to —45°C, and finally cooled back to — 70 “C. A solution of chloro-
trimethylstannane (2.50 g, 12.5 mmol) in THF (10 mL) was added, and the
mixture was allowed to warm to room temperature overnight. Hydrotysis
with jcejwater (20 mL) and 20% aqueous citric acid (2 mL) yielded a solu-
tion, which was concentrated in vacuo and cxtracted with ethyl acetatc
(3 x 20 mL). The combined organic layers were dried (MgSO,) and evaporat-
ed. The residue was purified by chromatography on silica gel (clution with
petroleum ether, Rp =0.25; followed by petroleum ether/CH,Cl, = 5:1,
R, =0.67) to yield 12 as colorless crystals (3.28 g, 69%), M.p. 63°C;
'HNMR (90 MHz, CCl,): 6 =7.74-7.90 (m, 1 H), 7.32-7.47 (m, 1 H), 6.94—
7.22 (m, 2H). 6.63 (s, 1H), 1.65 (s, 9H), 0.27 (s. 9H); IR (KBr): ¥ = 2980
(CH). 1710 cm ™! (C=0); UV/VIS (McOH): 4., Uge) = 296 (3.58), 270
(4.21), 232 (4.37), 204 nm (4.18); C, H,3NO,Sn (380.05): caled C 50.57, H
6.10, N 3.69; found C 50.51, H 6.20, N 3.77.

1-tert-Butoxycarbonyl-1’-(4-toluenesulfonyl)-2.4"-biindole (14): A solution of
12 (1.37 g. 3.6 mmol), 4-bromo-1-(4-toluencesulfonylyindole 6] (13, 1.05 g,
3.0 mmol) and tetrakis(triphenylphosphane)palladium(o) (0.42 g, 0.36 mmol)
in toluene was heated at 807C for 20 h. Solvent evaporation followed by
chromatography on silica gel (clution with petrolcum ether/CH,Cl, 1:1,
R; = 0.67) gave the biindole as a colorless solid (1.10 g, 75%). M.p. 71“C;
'HNMR (200 MHz, CDCl,): 6 = 8.25 (dm, /= 8.0Hz. 1H). 8.01 (dt
J =8.0.1.0Hz 1H), 7.79 (dm, J = 84 Hz, 2H). 7.56 (d, / = 3.6 Hz, 1 H),
7.55(ddd, S =74.1.6,0.7Hz, {H). 7.19-7.45 (m. 6 H). 6.56 (d, J/ = 0.8 Hz,
1H), 6.54 (dd. J = 3.7. 0.7 Hz, 1H), 2.34 (s. 3H), 0.85 (s, 9H); IR (KBr):
¥ = 3140 (ar. CH), 2975 (afiph. CH). 1730 (C=0). 1595 (ar. CC), 1360
(SO,N), 1175em™! (SO,N); UV;VIS (MeOH): 4., (ge) = 288 (4.26),
224 nm (4.53); C,4H, N,0,S (486.59): caled C 69.12, H 5.39, N 5.76; found
C 69.26, H 5.45, N 5.65.

2,4’-Biindole (5): To a solution of 14 (1.10 g, 2.30 mmol) in ethanol (50 mL)
was added 20% aqueous NaOH (20 mL). The mixture was heated to 80 °C,
cooled to 26°C, and neutralized with 20% aqueous citric acid. Following
extraction with ethyl acctate (3 x 20 mL), the combined organic layers were
washed with water, dried (MgSO,), and concentrated in vacuo. Chromato-
graphy of the residue on silica gel (elution with petroleum cther/CH,Cl,
1:1, Ri: 0.34) gave 0.35g (68%) of 5 as colorless crysials, M.p. 197°C:
'"HNMR (400 MHz, [DJacetone/CDCl,): 6 =10.50 (brs, 1 H). 10.40 (brs,
1H), 7.92 (m. 1H), 7.60 (d, J = 8.0 Hz, 1 H). 7.39-7.49 (m. 3H), 7.19 (dd,
J = 8.0 Hz, 8.0 Hz, 1H), 7.10 (dd. J = 8.0, 8.0 Hz, 1H). 7.03 (dd. J = 8.0
8.0 Hz, 1H), 6.94-6.99 (m, 2H); IR (KBr): ¥ = 3430 (indole NH), 3380
(indole NH), 3040 (ar. CH). 1600 cm ’ (ar. CC); UV/VIS (MeOH): %,
(Jge) = 328 (4.38). 228 nm (4.43); HRMS (C, H,N,): caled 232.1000;
found 232.0992.

2-Methyl-3-nitro-1-(a-tetrahydropyranyloxy)benzene (16): To a solution of 2-
methyl-3-uitrophenol [13] (5.3 g, 34.6 mmol) in DMF (60 mL) was added
dibydropyran {(12.7mL, 138 mumol) and 37% hydrochloric acid (0.1 mL).
After 72 h the reaction mixture was poured into 2 % aqueous NaOH (25 mL).
The organic layer was washed with 2% aqueous NaOH (2 x 15 mL) and
water (2 x 25 mL). dried (MgS0,), and cvaporated. Chromatography of the
residue on silica gel (clution with petroleum etherfacetone 10:1, R, = 0.62)
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yielded 6.7 g (827%) of 16 as a colorless oil. 'HNMR (90 MHz, CDCl,):
$=7.50-7.03 (m, 3H), 541 (s, 1H). 400-3.43 (m. 2H). 2.36 (s, 3H),
2.01-1.43 (m, 6 H): IR (CHCI,): ¥ = 3030 (ar. CH), 2950 (aliph. CH), 1605
(ar. CC), 1525 (ar. NO,). 1350 (ar. NO,), 1255cm™" (ar. C-O-C);
C,,H (NO, (237.26): caled C 60.75, H 6.37, N 5.90; found C 61.06, H 6.44,
N 5.65.

4-(a-Tetrahydropyranyloxy)indole (17): To a stirred solution of 16 (7.5 ¢,
31.6 mmol) in DMF (60 mL) was added dimethylformamide dimethyt acetal
(12.6 mL, 94.8 mmol) and pyrrolidine (2.6 mL, 31.6 mmol). The mixture was
stirred at 110 °C for 22 h, cooled to 0°C, poured into water and extracted with
cther (4 x50 mL). The combined organic layers were washed with water,
dried (MgSO,), and evaporated. The residuc was taken up in ethyl acetate
(100 mL}), supplemented with 10% Pd on activated carbon (750 mg}, and
hydrogenated for 3h at 3.5 bar. The resulting solution was filtered over
Celite* and evaporated. Chromatography of the residue on silica gel (clution
with petroleum ether/acetone 10:1. Ry = 0.22; then CH,Cl,, R; = 0.56) gave
17 as a white solid (4.1 g, 60%), M.p. 128-131°C; "HNMR (90 MHz,
CDCly): 0 = 8.10 (brs, 1H, NH), 7.17-6.53 (in, 5H), 5.58 {m, L H). 413~
3.80 (m, 1H), 3.70- 3.40 (m, 1H), 2.20-1.40 (m, 6 H): IR (KBr): ¥ = 3280
(NH), 2950 (aliphat. CH), 1620 (ar. CC), 1510, 1345, 1245 (ar. C - OC). 1205.
1025 em 'y C3H, NO, (217.27): caled C 71.87, H 6.96, N 6.45; found C
71.57, H 7.19, N 6.46.

2-(1-tert-Butoxycarbonyl-1H-indol-3-y\)-3-[4-(x-tetrahydropyranylox y)- L H-

indol-3-yl}-1-methyl-2,5-dioxo-2,5-dibydropyrrole (18): To a Grignard solu-
tion fornied from Mg turnings (240 mg, 10 mmol) and ethyl bromide (0.9 mL.
12 mmol) in THF (20 mL) under argon was added 17 (2.20 g, 10.0 mmol)
dissolved in THF (100 mL). After 30 min of stirring at 45 °C, a solution of 10
(2.25 g, 5mmol) in THF (50 mL) was added dropwise. The reaction mixture
was refluxed for 3 h, cooled to 0C and quenched with ice/water (30 mL) and
20 % aqueous citric acid (5 mL). After temoval of the THF under reduced
pressure, the aqueous Jayer was extracted with ethyl acetate (3 x 30 mL). The
combined organic layers were washed with water (2 x25mL), dried (Mg-
SO,), and evaporated. Chromatography on silica gel (ciution with CH,Cl,.
R; = 0.22) gave 18 as an orange oil (1.55 g, 57%), which crystallized from
methanol: M.p. 185°C; 'HNMR (300 MHz. CDCly): 6 = 8.50 (brs, 1H,
NH), 8.16 (s, 1H), 8.12(d, J = 8.5 Hz, 1 H). 7.12 (ddd, J = 8.5, 8.4, 1.9 H7.
1H),7.07 (dd. J = 8.0, 8.0 Hz, 1 H), 6.88—6.58 (m, 5H). 5.54 and 5.47 (each
brs, together 1 H), 4.05-3.39 (m, 2H, OCH,), 3.17 (s. 3H, N--CH,). 1.85

1.55 (m, 6H). 1.70 (s, 9H. Boc); '*C NMR (75 MHz, CDCl,): § =171.90,
171.39, 150.01, 149.18, 137.99, 135.50, 133.41, 129.46, 129.22, 127.15. 125.13.
124.49,124.03, 122.69, 121.86, 117.40, 114.97, 110.25, 105.21, 104.87, 104.29.
95.81, 84.48, 61.58, 30.10, 28.12 (3C), 25.10. 24.15 (N-CH,). 18.38; IR
(KBr): # = 3360 (NH), 3120 (ar. CH). 2960 (aliph. CH), 1735 (C=0). 1690
(C=0), 1610 (ar. CC), 1540, 1450, 1385, 1370 (C(CH,)4). 1350 (C-0), 1300
(C-0). 1255 (C-0), 1235 (C-O). 1150 (C 0). 1110 (C-0). 1060,
1035 cm 1 UV/VIS (MeOH): 4, (Ige) = 448 (3.67), 378 (3.66), 292 (3.70).
222 nm (4.87); MS (FAB, m-NBA): m/z (%): 542 (13) [M+17], 541(19)
[M 7], 459 (19), 458 (66). 402 (43), 401 (51). 358 (45), 357 (61): HRMS
(Cy Hy N;O): caled 541.2213; found 541.2212.

2-(1-tert-Butoxycarbonyl-1 H-indol-3-yl)-3-[4-hydroxy-1 H-indol-3-yl}- 1-me-
thyl-2,5-dihydro-2,5-dioxopyrrole (19): To a solution of 18 (540 mg. f mmol)
in methanol (40 mL) was added Amberlite® 15 (150 mg). After refluxing for
30 min the dark red solution was cooled and filtered. The filtrate was concen-
trated in vacuo and the residue purified by chromatography on silica gel
(clution with petroleum ether/EtOAc 3:1, R, = 0.27) to yield 19 as a dark red
microcrystalline solid (0.48 g. 83%), M.p. 110°C: 'H NMR (300 MHz, CD-
Cly): 6 = 8.60 (brs, 1H, NH), 8.18 (s, 1H). 8.15(s. 1 H), 8.14 (d. J = 8.8 Hz.
[H). 717 (ddd, J =79,7.7. 1.2 Hz, 1H), 716 (dd, J =7.9. 7.9 Hz. 1 H), 6.95
(5. TH, OH), 6.95(d. / =7.0Hz, 1H), 6.82 (dd. J =79, 79 Hz. 1 H), 6.75
(ddd, J = 8.5. 7.6, 1.2 Hz, [ H), 649 (d. / = 8.0 Hz. 1 H), 3.16 (s. 3H, N
CH;). 1.68 (s, 9H, Boc): '3C NMR (75 MHz, CDCl,): 6 =176.29, 170.25.
150.59, 149.03, 138.47, 135.80, 131.14, 129.82, 129.53, 126.85. 125.40, 124.68,
124.51, 122.81, 122.21, 115.88. 115.19, 110.00, 109.86, 104.81. 103.96, 84.66,
28.10 (3C), 2446 (N-CH,); IR (KBr): ¥=3391 (NH and OH), 2970
(aliphat. CH), 2945, 1739 (C=0}), 1690 (C=0), 1453, 1371, 1152, 739 em ™ ';
UV/VIS (MeOH): 4, (1g&) = 475 (3.60), 381 (3.33), 340 (2.83). 291 (3.93),
219 nm (4.65); MS (FAB, m-NBA): m/z (%): 458 (15) [M +17}. 457 (19)
[M ¥}, 402 (8). 401 (10), 358 (10), 357 (12); HRMS (C,,H,,N,0;): caled
457.1634; found 457.1611.
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Arcyriacyanin A

2-(1-tert-Butoxycarbonyl-1 H-indol-3-yl)-3-[4-(x-trifluoromethanesulfonyl-
oxy)-1H-indol-3-yll-1-methyl-2,5-dihydro-2,5-dioxopyrrole (8): To a solution
of 19 (46 mg, 0.1 mmol) in dichloromethane (15mL) at 0°C were added
N-phenyltriflimide (71 mg, 0.2mmol) and 4-(dimethylamino)pyridine
(24 mg, 0.2 mmol). After the mixture had been stirred for 4 h at 20°C the
reaction was completed. The solvent was evaporated, and the residue purified
by chromatography on silica gel (elution with petroleum ether/EtOAc 2:1,
R, = 0.29). Yield 54 mg (92 %) of 8 as an orange solid, M.p. 130°C; "H NMR
(300 MHz, [D lacetone): 6 =11.26 (brs, 1H, NH), 8.18 (s, 1H), 8.13 (d,
J=84Hz 1H),7.69(d,J=29Hz 1H),7.61(d,J=77Hz 1H),7.21(dd,
J=8.1,8.1Hz 1H),7.17(ddd, J =7.8,7.6,1.1 Hz, 1H),6.94(d, J =7.9 Hz,
1H). 6.85 (d, J =7.4 Hz, 1H), 6.76 (ddd, J =7.6, 7.6, 1.1 Hz, 1H). 3.16 (s,
3H, N-CH,), 1.67 (s, 9H, Boc); '*C NMR (75 MHz, [Dglacetone):
6 =171.80, 171.50, 149.76, 142.99, 139.92, 136.07, 131.54, 130.97, 130.44,
130.15, 128.19, 12523, 123.43, 123.08, 122.69, 120.30, 119.39 (q,
J =1320.2 Hz, CF;), 115,62, 113.58 (2C), 111.36, 104.43, 85.22, 28.08 (3C,
Boc), 24.36 (N-CH,;); IR (KBr): ¥ = 3391 (NH), 2985 (aliphat. CH), 1743
(C=0), 1706 (C=0), 1545, 1452, 1420, 1388, 1372, 1354, 1214 (CF,),
1152 ecm ™! (SO,0R); UV/VIS (MeOH): 4 (Igs) = 522 (2.18), 425 (3.78),
386 (3.62), 332 (3.46), 284 (3.93), 221 nm (4.60); MS (70 eV, EI, 185°C): m/z
(%): 589 (3) [M 7], 533 (3), 489 (5), 356 (13), 340 (3), 339 (4). 299 (4), 271
(2); HRMS (C,,H,,F,N;0,8): caled 589.1131; found 589.1118;
C,,H,,F;N;0,8 +0.75 CH,OH: caled C 54 56, H 4.12, N 6.88; found C
54.95, H 4.58, N 6.97.

N-Methylarcyriacyanin A (2, 2-methyl-59-dihydropyrrolo[3,4";6.7]cyclo-
hepta[2,1-5;5.4,3-¢,d]diindole-1,3-dione):

Synthesis B: To a stirred solution of 8 (100 mg, 0.17 mmol) in DMF (30 mL)
was added palladium(i) acetate (12mg, 0.05 mmol, 29 mol%), 1,3-bis-
(diphenylphosphino)propane (14 mg, 0.03 mmol, 20 mol%), and triethyl-
aminc (2 mL, 14.4 mmol). After being heated to 110°C and maintained at
this temperature for 18 h, the dark blue solution was cooled and poured
into water. The aqueous solution was extracted with ethyl acetate (3 x 20 mL)
and the combined organic layers were washed with water (2 x25mL) and
brine (25 mL). After drying (MgSQ,) the solvent was evaporated and the
residue purified as described below. Yield 46 mg (81 %) of 2, dark blue green
solid.

Synthesis C: A solution of bromo(indolyl)maleimide 10 (405 mg. 1 mmol),
d4-bromoindole (9) (196 mg, 1 mmol), triphenylphosphane (120 mg,
0.46 mmol), palladium(u) acetate (100 mg, 0.41 mmol), and triethylamine
(2mL, 14.4 mmol) in acetonitrile (10 mL) was put in a 15 mL pressure tube
and heated at 150 °C for 2.5 h. The resulting dark brown solution was filtered
through Celite® and concentrated in vacuo. The product 2 could be separated
from by-products by gel chromatography (eluent: methanol/chloroform 1:1
or methanol/acetone 4:1). The blue zone with the highest retention time
yiclded 107 mg (33%) of 2 as a dark blue-green solid. The yields of several
experiments varied between 8 and 33 %.

2: M.p. 299-302.5°C; R, = 0.64 (petroleum ether/EtOAc =1:1); '"HNMR
(600 MHz, [DJDMSO): 6 =11.72 (brs, 1H, NH), 11.55 (brs, 1H, NH).
8.31 (d, J=9.0Hz, 1H), 7.80 (s, 1H), 7.31 (d, 7 =7.9 Hz, 1H), 7.10 (d,
J=68Hz,1H),7.07(dd,J =7.9,6.8 Hz, 1H),7.02(d, J =7.9 Hz, 1 H}), 6.97
(dd, J =79, 7.9 Hz, 1 H), 6.93 (dd, J= 6.8, 7.9 Hz, 1 H), 2.92 (s, 3H, N-
CH,); "*C NMR (150 MHz, [D4]DMSO): see Table 1. The assignment of the
'H and '3C resonances is given in Table 1. IR (KBr): ¥ = 3422 (NH), 1695
(C=0), 1684 (C=0), 1442, 1387, 738cm™'; UV/VIS (MeOH): /i__.
(Ige) = 630 (3.01), 366 (4.13), 290 (4.00) (sh), 246 (4.54), 226 nm (4.42); MS
(FAB, m-NBA): m/z (%): 340 (15) [M+17], 339 (34) [M*]; HRMS
(C,,H3N,0,): caled 339.1008; found 339.0996; C,,H, ;N;0,-0.5H,0: cal-
cd C 7241, H 4.05, N 12.06; found C 72.46, H 3.89, N 12.37.

5,9-Dihydro-furo|3’,4’;6,7]cycloheptal2,1-5;5,4,3-¢’ o' |diindole-1,3-dione (20):
A suspension of 2 (20 mg, 0.06 mmol) in 10% aqueous KOH (30 mL) was
refluxed for 20 min until a light brown, clear solution resulted. On filtration
of this solution into a mixture of ethyl acetate (20 mL) and 1.1m aqueous
KHSO, (80 mL) the organic layer turned green immediately. Concentration
of the dried (MgSO,) organic phase gave a crude product, which yielded
15mg (78%) of 20 as a blue-green solid on gel chromatography (eluent:
methanol/chloroform =1:1). 'HNMR (600 MHz, [D,lacetone/[D,)-
DMSO =9:1): § =11.78 (brs, 1H), 11.54 (brs, 1H), 8.35 (d, /=79 Hz,
1H), 7.80 (s, 1H), 7.38 (d, / = 8.4 Hz, 1 H), 7.23 (d, / =7.4 Hz, 1H), 7.11—
7.09 (m, 2H), 7.03 (dd, J =7.9, 6.8 Hz, 1 H), 6.97 (dd, J =7.9, 7.9 Hz, 1 H);
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Table 1. Assignment of the '3C and *H NMR signals for 2.
oC oC JH

CCB)  170.99 C@h) 13892 H4) 7.80
CRYC)  170.04 C(9a) 13785 N-H(5)  11.55
C(3a) 129.63 C(10) 111.49 H(6) 7.02
C(3b) 110.55 c(11) 12305 H(7) 6.93
Ci4) 122.76 c(12y 12092 H(3) 7.10
C(5a) 137.27 C(13) 12436 NH(O) 1172
C(5b) 130.44 C(13a) 126.60 H(10) 7.31
C(6) 11236 C(13b)  107.05 H(11) 7.07
C(7) 124.18 C(13¢) 126.60 H(12) 6.97
C(8) 114.03 N-CH, 23.80 H(13) 8.31
C(8a) 127.37 N-CH; 2.92

13C NMR (150 MHz, [Dlacetone/[DJDMSO =9:1): § =165.46, 165.44,
141.01, 138.92, 138.66, 131.46, 131.05, 129.40, 127.84, 127.36, 125.11, 124.77,
124.51, 124.05, 122.28, 115.59, 113.59, 112.46, 110.83, 106.76; IR (KBr):
¥ = 3345 (brs), 3181 (m), 3053 (w), 1806 (m), 1743 (s), 1732 (s). 1608 (w).
1587 (w), 1507 (w), 1473 (m), 1444 (s), 1420 (w), 1385 (m), 1263 (m), 1231
(w), 1169 (m), 1024 (m), 999 (m), 736 (s), 618 (w)cm ™ *; UV/VIS (McOH):
Amax (186) = 618 nm (2.986), 352 (3.944), 246 (4.167); HRMS (C, H,,N,0,):
caled 326.0692; found 326.0678.

Arcyriacyanin A (1):

Synthesis A: To a Grignard solution formed from Mg turnings (49 mg,
2 mmol) and bromoethane (0.15 mL, 2 mmol) in THF (1 mL) was added
dropwise a solution of 2,4-biindole (5) (232 mg, 1 mmol) in toluene (30 mL).
After the mixture had been stirred for 30 min at room temperature. 2,3-dibro-
momaleimide (6, 255 mg, 1 mmol) in toluene (20 mL) was added. The solu-
tion was refluxed for 2 h, hydrolyzed with ice/water and 20% aqueous citric
acid (2mL), and extracted with ethyl acetate (3 x 20 mL). The combined
extracts were dried (MgSO,), concentrated, and purified by repeated gel
chromatography (eluent: acetone) to give 0.13 g (41%) of 1 as a bluc-green
solid.

Synthesis B,C: A mixture of hexamethyldisilazane (0.64 mL, 0.3 mmol) and
dry methanol (10 uL) was added to the light brown solution of anhydride 20
(15 mg, 0.05 mmol) in DMF (5 mL). After having been stirred for 12 h, the
reaction mixture was hydrolyzed with 20% aqueous citric acid (10 mL) and
extracted with ethyl acetate (3 x 20 mL). The combined organic layers were
dried (MgSO,) and evaporated. The crude product was purified by gel chro-
matography to yield 10 mg (67 %) of 1.

1: M.p.>300°C; R, = 0.48 (CH,Cl,/acetone 20:1); 'HNMR (400 MHz,
[Dglacetone): 6 =10.95 (brs, 1H), 10.72 (brs, 1H), 9.58 (brs, 1 H), 8.46 (d.
J=285Hz 1H), 794 (d, /= 3Hz, 1H), 7.31 (d, /= § Hz, L H), 7.11-7.05
(m, 3H), 7.00 {dd, J =7.0, 7.0 Hz. 1 H), 6.93 (dd, J = 8.0, 8.0 Hz. 1 H); *C
NMR (100 MHz, [DgJacetone): § =172.46, 171.54, 139.75, 138.75, 138.31,
131.70, 131.54, 128.42, 128.01, 125.64, 125.03, 123.93, 123.75, 123.59, 121.74,
114.37, 112.86, 111.97, 111.83, 108.49; IR (KBr): ¥ = 3400 (NH). 3040 (ar.
CH), 1750 (C=0), 1685(C=0), 1600 cm ! (ar. CC). UV/VIS (MeOH): 4_,
(Ige) = 622 (3.13), 360 (4.20), 244 (4.59), 224 nm (4.53); MS (70eV, EI,
180°C): mjz (%): 325 (100), 254 (14), 253 (9), 163 (7), 127 (14). 43 (25):
HRMS (C,H, N;0,): caled 325.0851; found 325.0847.

The synthetic compounds proved to be identical to the natural product by
direct TLC comparison and based on the IR, NMR, and MS spectra.
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Synthesis and Reactivity of [(7°-Biphenylene)Mn(CO);]*

Conor A. Dullaghan, Gene B. Carpenter, and D. A. Sweigart™®

Abstract: Biphenylene readily coordinates
through one of the phenyl rings to form
[(#%-biphenylene)Mn(CO),]* (2*), the X-
ray structure of which is reported. The nu-
cleophiles H™, Me™, Me,CC(O)CH;,
and P(OEt), add to 2* at a bridgehead
carbon to afford high yields of cyclohexa-
dienyl complexes (3); the X-ray structure

ported. P(OMe), adds to 2% to give 3,
which then undergoes a spontaneous Ar-
buzov elimination to the dimethyl phos-

Keywords
Arbuzov reactions + biphenylene -
cyclohexadienyl complexes man-
ganese

phonate adduct. Nucleophilic additions
to 2% are unusual in that they occur at a
substituted (bridgehead) carbon. A kinet-
ic and thermodynamic study of the reac-
tion with P(OEt), shows that the bridge-
head carbons in 2% are orders of magni-
tude more electrophilic than are the arene
carbons in unstrained [(arene)Mn-

of the product of hydride addition is re-

Introduction

Biphenylene (1) is a thermally stable molecule that has been
known for more than half a century.l!! Although it can be
viewed as a substituted cyclobutadiene, the four-membered ring
in 1 possesses little diene character and essentially none of the
chemical reactivity normally associated with cyclobutadienes.
Compound 1 undergoes electrophilic
substitution predominately at C-2; the
@.@ four-membered ring is fairly robust, but
’ - can be cleaved thermally at high temper-
1 atures or by catalytic hydrogena-
tion.!*-# Organometallic complexes of 1
are known in which one or both of the phenyl rings are #°-bond-
ed to chromium® * or molybdenum.!®! It has been noted that
chromium biphenylene sandwich complexes are inert to associa-
tive ligand substitution, whereas analogous chromium naph-
thalene complexes are quite reactive.*! This marked contrast in
behavior was ascribed to a greater ease of ring slippage from
#° to n* with the naphthalene species. Other than this observa-
tion that biphenylene ligands are not readily displaced, there
have been no reports concerning the chemical reactivity of
biphenylene complexes. Herein we demonstrate that Mn(CO)3
is readily coordinated to biphenylene to afford the thermally
stable [(#%-biphenylene)Mn(CO),]™ (2*). The coordinated
phenyl ring in 27 is electrophilically activated and undergoes
facile nucleophilic addition reactions with H, P, and C donors
at a bridgehead carbon (C-11) to afford cyclohexadienyl com-
plexes 3.

[*] Prof. D. A. Sweigart, C. A. Dullaghan, Prof. G. B. Carpenter
Department of Chemistry, Brown University, Providence, R102812 (USA)
Fax: Int. code +(401)863-2594
e-mail: dwight-sweigart(brown.edu
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(CO),]" systems.

4 Nu 3
6 3 OHO 6
7 2 TR 7
1 8
3

Mn(CO)5" Mn(CO)4

Results and Discussion

The synthesis of [2]BF, was easily accomplished by a recently
developed method that is based on the naphthalene substitution
reaction in Equation (1).1! The key to this synthetic route is

biphenylene

[(naphthalene)Mn(CO),]BF, [(biphenylene)Mn(CO),1BF, (1)

the ease with which the naphthalene ligand can slip from #° to
n* bonding as the incoming biphenylene binds to the metal,
affording a pathway for subsequent loss of the naphthalene and
#%-bonding of the biphenylene to the metal. In contrast to the
behavior of manganese tricarbonyl complexes with naph-
thalene-type polyarene ligands, complex 2% was found to be
unreactive to arene displacement by the donor solvents MeCN
or Me,CO. This indicates that the biphenylene ligand does not
easily slip to n*-bonding. In accordance with this conclusion, the
clectrochemical reduction of 2+ in CH,Cl,/0.10M Bu,NPF; is
chemically irreversible at a scan rate of 0.50 Vs™! (£, =
—0.66 V relative to £,,, = 0.53 V for ferrocene). Manganese
arene complexes that readily slip to #*-bonding, such as [(naph-
thalene)Mn(CO),]%, are reduced in a chemically reversible two-
electron step to give relatively stable anionic complexes.!”*!
The molecular structure of 2% is shown in Figure 1. The
biphenylene part of the molecule is highly planar and the Mn-
CO linkages are arranged in an “endo’ conformation, meaning
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Fig. 1. Two views of 27. Selected bond lengths [A] C9-C10 1.497(6), C10-
C111.433(5), C11-C121.514(5), C12 C91.412(6). Mn—-C12.227(5), Mn-C2
2.156(4), Mn-C3 2.150(4), Mn-C4 2.234(4). Mn~-C11 2.197(4), Mn-C10
2.220(4).

that one of the Mn-CO vectors points towards the interior of
the biphenylene ligand, as shown in Figure 1 B. An analogous
endo conformation was found for [(biphenylene)Cr(CO);], and
rationalized on the basis of MO calculations.”' By way of com-
parison, [(naphthalene)Cr(CO),] and other polyarene chromi-
um tricarbonyl complexes have an “exo’ structurc, with none
of the Cr—CO groups pointing towards the interior of the
n-polyarene ligand.!”! An attempt was made to coordinate
a second Mn{CO); moiety to the uncomplexed phenyl ring
in 2%, but this proved to be unsuccessful, probably due to
unfavorable electrostatics and a concomitant reduction in
n-donor ability.

The reaction of 2 with nucleophilic reagents gave cyclohexa-
dienyl complexes as expected. However, these reactions proved
to be unusual in two ways. Normally, nucleophiles attack at an
unsubstituted carbon in [(arene)Mn(CO),]* complexes, often
with uselul regioselectivity.l’! In contrast, addition to 2* occurs
exclusively at a substituted (bridgchead) carbon. The nucleo-
philes H™, Me™, Me,CC(O)CH;, and P(OEt), all reacted
smoothly to give 3 in high yield. Reaction with P(OMe); also
gave 3, which was observed to undergo within minutes a sponta-
neous Arbuzov elimination to afford the dimethyl phosphonate
product (3, Nu = P(O)(OMe),). Analogous formation of di-
methyl phosphonate adducts from reactions with P(OMe), are
well known with other n-hydrocarbon complexes.''® The X-ray
structure of 3 (Nu = H) is shown in Figure 2. In this molecule
the dienyl carbons C1-C2-C3-C4-C10 are highly planar and
the fold angle of the C4-C10-C 11 plane about the dienyl plane
is 44.8". The most interesting structural change occurring upon
hydride addition to 2* resides in the four-carbon ring C9-C 12.
Bonds C10-C11 and C11-C4 lengthen by more than 0.10 A
and atom C11 is pulled up and away from the dienyl plane;
these changes are reflected in a significant decrease of 5° in the
C10-C11-C12 bond angle.

The structural changes just noted suggest that a bridgehead
carbon in 27 is attacked in preference to an unsubstituted posi-
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Fig. 2. X-ray structure of 3 (Nu = H). Selected bond lengths [A]: C9-C10
1.478(4), C10-C11 1.536(4), C11-C12 1.530(4). C12-C9 1.390(4). C11-C4
1.502(4). Mn-C1 2.163(3). Mn--C2 2.128(3}, Mn-C3 2.117(3), Mn-C4
2.216(3). Mn—C 10 2.274(3).

tion because of the relaxation of steric and clectronic constraints
inherent in the “cyclobutadiene™ ring in biphenylene. This ex-
planation also accounts for a second unusual aspect of nucleo-
philic addition to 2"—the bridgehead carbons have an unex-
pectedly high electrophilicity. In a qualitative sense, 2+ is judged
to be more electrophilic than any other known [(arene)-
Mn(CO),;]* complex. This follows from the observation that
coordinated biphenylene is the only arene that reacts with
P(OEt), to form a cyclohexadienyl complex. IR spectra of mix-
tures of 2% and P(OEt), allowed the equilibrium constant for
Equation (2) to be determined as K, = k,/k | = 500+ 50m ™"

ky
biphenyl Mn(CO),]” + P(OEt), ——
[(biphenylene)Mn(CO),]™ + P(OEt), o )
[(biphenylene - P(OEt);)Mn(CO),]*

at 25°C in acetonc. By comparison, K, for the addition of
P(nBu), to [(benzene)Mn(CO),]* at 25°C is only 290M ™!, even
though P(nBu), is a far stronger base than P(OEt),.['!! The
kinetics of the reaction in Equation (2) was followed under
pseudo first order conditions with P(OEt), in excess. The ob-
served rate constant was found to obey the predicted equation,
koo = kK [P(OEt),] +k_,, with &k, =23m 's™! and k_, =
0.0046 s~ ', which gives the same equilibrium constant found
with the static IR data.

It is interesting to inquire how much the electrophilicity of the
bridgehead carbons in 2% exceeds that of the “‘unstrained™ sub-
stituted arene carbons in, for example, [{ p-xylene)Mn(CO),]*
(47). It is not possible to determine this experimentally, because
nucleophiles attack only unsubstituted positions in manganese
complexes with simple arencs such as p-xylene. However, a com-
parison of the reactivity of the unsubstituted arene carbons in 47
to that of the bridgehead carbons in 2% is possible. In this way,
one can obtain a lower limit of the reactivity difference for
addition to the respective substituted carbons (it is a lower limit
because unsubstituted carbons are known to be more elec-
trophilic than substituted ones in unstrained arene complex-
¢s).['2 The comparison to be made is for P(OEt), addition to 27
and to 4, even though, for thermodynamic reasons, P(OEt),
does not add to 4*! The basis for this depends on the well
documented observation™2-'¥ that the relative nucleophilic re-
activity of P donors is independent of the electrophile for a wide
range of organometallic n-hydrocarbon complexcs as well as for
free carbocations. Thus, for example, it is known that P(OEt),
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is always less reactive than P(nBu), by a factor of 10*'. The rate
of addition of P(nBu), to 4" in acetone at 25°C is known " to

be 350m s~ !, from which one calculates that the rate of P(O-

Et), addition to 4", if it were to occur, would be 0.03M ™ 's~ '

This means that the bridgehead carbonsin 2™ are about 75 times
more clectrophilic than are the unsubstituted carbons in 4%
the differential would be even greater for the substituted car-
bons in 47,

Conclusion

The bridgehead carbon atoms in [(biphenylene)Mn(CO);]" are
cxtraordinarily electrophilic and readily undergo nucleophilic
addition reactions to afford high yields of stable cyclohcxadi-
enyl complexes.

Experimental Procedure

All reactions were carried out under an atmosphere of dry nitrogen with
standard Schlenk techniques, where applicable. Microanalyses were per-
formed by National Chemical Consulting, Tenafly, NJ. HPLC grade CH,Cl,
was purchased from Fisher Scientific and was stored under N, over 4A
molecular sieves. AgBF, and Mn,CO,, were purchased from Strem
Chemical Co. and stored in a nitrogen-filled glove bag between use. Mn-
(CO)(Br was prepared from Mn,CO , (14]. [(#°-naphthalene)Mn(CO),]BF,
was prepared as recently reported [6]. Activated neutral alumina (Brock-
mann I, ca. 150 mesh, 58 A) was deactivated by adding H,O to form a 10%,
w/w mixture. Electrochemical measurements were made as previously de-
seribed [15].

[(n®-Biphenylene)Mn(CO),|BF, ([2)BF,): Biphcnylene (0.068 g, 0.45 mmol)
was added to a solution of [(4%-naphthalene)Mn(CO),JBF, (0.152 ¢,
0.400 mmol) in CH,Cl, (ca. 15mL) under N,. The mixture was sealed in a
pressure bottle and heated to 70°C for 2 h. The reaction mixture was then
cooled to room temperature and concentrated in vacuo. The addition of Et,0
(ca. 40 mL) precipitated the product as a pale yellow powder, which was
collected by filtration, washed with Et,O and dried in vacuo. Yield 91%: IR
(CH,CL): ¥, fem ™ '] = 2077 (s), 2022 (s, br); '"HNMR (CD,Cl,): § =7.31
(m, H>®7#) 638 (m, H">>%). Anal (%) caled for C ;H;O;MnBFE,:
C 47.62, H 2.12; found C 47.39, H 2.21.

A crystal of [2]BF, suitable for X-ray diffraction was grown by slow diffusion
of degassed diethyt ether into an acetone solution at —20°C. The crystal
structure of [2]BF, was determined on a Siemens P4 diffractometer. Data
collection was at 25°C with Moy, radiation. No systematic decrease in the
intensities of three standard reflections was observed. Intensities were extract-
ed with profile fitting and a semiempirical absorption correction was applied.
For [2]BF, : monoclinic space group £2,/n, a = 9.2187(14), b =10.6735(10),
c=15344(2) A, B =102981(10)°, V=14T1.2(HA% Z=4, pu=
1.706 gem ™3, = 0.954 mm "', # range 2.34—30.00°, 232 variables refined
with 4283 independent reflections to R = 0.0614, wR2 = 0.1362, GOF =
0.868. The structure was determined by direct methods and refined on F? with
the programs in the SHELXTL PC version5 package. All hydrogen atoms
appeared in a difference map and each was placed in an ideal position, riding
on the atom to which it is bonded; each was refined with an isotropic temper-
ature factor 20 % greater than that of the ridden atom. The tetrafluoroborate
anion showed disorder and was modeled as two rigid tetrahedral groups, each
with one-half occupancy. The boron atoms were constrained to have equal
isotropic displacement parameters; the fluorine atoms were refined with an-
1sotropic displacements.

Crystallographic data (excluding structure factors) for the structures reported
in this paper {[2]BF, and 3 (Nu = H)} have been deposited with the Cam-
bridge Crystallographic Data Centrc as supplementary publication no.
CCDC-1220-38. Copies of the data can be obtained free of charge on appli-
cation to The Director, CCDC, 12 Union Road, Cambridge CB21EZ, UK
(Fax: Int. code +(1223)336-033; e-mail: teched(@'chemerys.cam.ac.uk).
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[(#°-Biphenylene- HYMn(CO),] (3, Nu = H): The cyclohexadienyl complex 3
with Nu = H was synthesized as follows. Complex [2]BF, (0.038 g, 0.1 mmol)
in CH,Cl, (S5mL) under N, was treated with [Bu,NJ[BH,CN] (0.040 g,
0.14 mmol), and the mixture was stirred at 0”C for 10 min and then at room
temperature for a further 10 min. The CH,Cl, was removed in vacuo, and the
residue taken up in Et,O and chromatographed through a neutral Al,O,
column with hexanes as the eluent. The product crystallized from a concen-
trated hexanes solution at —20°C. Yield 81%: IR (hexancs): ¥
[em™ '] = 2029 (s), 1954 (s), 1936 (s): '"H NMR (CD,Cl,): 6 =7.29 (m, H*7),
7.3 (m, H*®), 5.57 (t, J = 4.6 Hz, H?), 5.15 (d. J = 6.9 Hz, H'), 5.06 (t,
J = 69Hz H?%,4.09 (d, J = 6.9 Hz, H*), 3.95 (s, H'"); Anal (%) calcd for
C,sH,0,Mn: C 61.64, H 3.08; found C 61.59, H 3.16. Other nucleophilic
addition products (3) were prepared by roughly similar procedures to that
used for Nu = H, as briefly described below.

A crystal of 3 (Nu = H) suitable for X-ray diffraction was grown by slow
evaporation from a degassed pentane solution at room temperature. The
crystal structure was determined on a Siemens P4 diffractometer equipped
with a CCD area detector and controlled by SMART version 4 software.
Data collection was at 25 °C with Moy, radiation. Data reduction was carricd
out by SAINT version 4 software and included profile analysis. correction for
a 6.6 % intensity increase during data collection, and a laminar semiempirical
absorption correction. For 3: triclinic space group P1. a = 6.6090(2), h =
10.1280(2). ¢ =10.1570(2) A, « = 65.794 (1), ff = 82.272(2). 7 =79.741 (2)".
¥ =60877(2) A%, Z =2 pa=1594gem >, 1 =1.083mm"*, 0 range
2.20-23.27°, 172 variables refined with 1588 independent rcflections to
R =0.0386, wR2 = 0.1047, GOF =1.105. The structure was determined by
direct methods and refined on F? using the programs in the SHELXTL PC
version 5 package. All hydrogen atoms appeared in a difference map and cach
was placed in an ideal position, riding on the atom to which it is bonded; each
was refined with an isotropic temperature factor 20 % greater than that of the
ridden atom.

3 (Nu = Me): [2]BF, (0.038 g, 0.1 mmol) in CH,CI, (5§ mL) at —78°C was
treated with 1.5 equiv of MeLi (THF) or MeMgBr (THF). The mixture was
then warmed to room temperature over 30 min, and the solvent removed. The
residue was extracted with hexanes and chromatographed as above to afford
product in 72% yicld. IR (hexanes): ¥, [cm '] = 2020 (s), 1954 (s), 1937 (s):
'HNMR (CD,CL,): § =7.18 (m, H*7), 7.07 (m, H>%), 5.49 (t, J = 4.7 Hz,
H?), 517 (d, J = 4.7Hz, HY), 5.00 (1, J = 6.5 Hz, H%), 4.21 (d. J = 6.4 Hz.
H?), 1.14 (s, Me). Anal (%) caled for C, H,,0,Mn: € 62.76, H 3.62; found
C 63.06, H 3.83.

3 (Nu = CH,COCMe;): A solution of LiCH,COCMe, was prepared by
adding LDA to a THF solution of pinacolone at — 78 “C. To a stirred suspen-
sion of [2]BF, (0.076g, 0.2mmol) in Et,0 (10 mL) at —78°C, LiCH,-
COCMe, (1.5equiv) was added dropwise over 2 min. The mixture was
stirred for 4 min and then allowed to warm to room temperature. The
solvent was removed in vacuo, and the residue extracted with Et,0 (4 mL)
and chromatographed through ALO, with hexanes/Et,0 (2:1, v/v) as
the eluent. The product crystallized from a concentrated pentane solution
at —20°C. Yield 83%; IR (hexanes): ¥, [em™ '] = 2022 (s), 1956 (s),
1939 (s); '"HNMR (CD,CL,): =726 (m, H%7), 7.05 (m, H>%), 5.52
(t, J=55Hz H?, 5.16 (d, J = 4.7Hz, H'), 4.94 (1. J = 4.8 Hz, H°), 4.94
(d, J = 6.8 Hz, H*). 2.65 (d. J =18 Hz, CH,), 2.34 (d, J =18 Hz, CH,),
1.03 (s, Me).

3 (Nu = P(0)(OMe),): An excess of P(OMe), was added to [2]BF, (0.020 g,
0.053 mmol) in CH,Cl, (10 mL). An immediate color change from pale
yellow to a deep clear yellow was accompanied by a change in the IR
spectrum of the solution to ¥, = 2029 (s), 1960 (s, br)cm ™!, which then
changed over a period of a few minutes to 2018 (s), 1946 (s), 1935 (s)ecm ™.
When this change was complete, the solution was concentrated, and the
reaction mixture chromatographed through Al,O, with acetone as the eluent.
The product obtained was crystallized from pentane/Et,O (5:1, v/v)
at —20°C. Yield 92%; IR (CH,CL,): ¥, [cm '] = 2018 (s), 1946 (s), 1935
(s); 'HNMR (CD,Cl,): 6 =736 (m, H®7), 7.15 (m, H>®). 539 (,
J=350Hz, H?, 527 (m, H"?), 4.14 (d, J=6.7Hz, H*), 3.55 (dd,
J =10.5Hz, Me). Anal (%) caled for € ;H, ,O,PMn: C 51.02. H 3.53; found
C 50.88, H 3.55.

3 (Nu= P(OEt);): An excess of P(OEt); was added to [2]BF, (0.020 g,
0.053 mmol) in CH,Cl, (10 mL). This resulted in an immediate color change
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from a pale yellow to a deep yellow. After it had been stirred for 15 min, the
reaction was concentrated, Et,O (30 mL) was added, and the reaction mix-
ture was placed in a refrigerator. Deep yellow needlelike crystals of the BF
salt were obtained over a period of 3d. Yield 79%; IR (CH,Cl,): v
[em ') = 2029 (s), 1960 (s); '"HNMR (CD,Cl,): § =7.40 (m, H>%7-#), 573
(t.J=4.9Hz H?),5.55(d, J = 4.5 Hz, H), 5.47 (1, ./ = 6.5 Hz, H3}, 4.14 (d,
J = 6.6 Hz, H*. 4.25 (m, CH,). 1.35 (t, J = 6.8 Hz, Me).

Kinetic and Thermodynamic Studies: The kinetics of nucleophilic addition of
P(OE1), to {2]BF, was followed by the stopped-flow technique as described
previously [11]. The solvent was HPLC grade acetone, and the temperature
25°C. The reaction was monitored at 390 nm with [2]BF, present at
2.0x107*M and P(OEt), in pseudo first order excess at either 0.015 or
0.0075M. Standard plots of In(4 , — A) vs. time, highly linear throughout the
reaction, were used to determine k, values. The equilibrium constant for the
addition reaction was determined from static IR measurements in the v,
region, with the metal present at 0.0050M and P(OEt), at 0.0075 or 0.015m.
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An Analytical Study of the Redox Behavior of 1,10-Phenanthroline-5,6-dione,
Its Transition-Metal Complexes, and Its N-Monomethylated Derivative with
Regard to Their Efficiency as Mediators of NAD(P)* Regeneration

Gerhard Hilt, Tafeeda Jarbawi, William R. Heineman, and Eberhard Steckhan*

Abstract: The synthesis as well as the
chemical and electrochemical properties
of homoleptic and heteroleptic (trispyridyl-
methylamine as coligand) transition-
metal complexes (Ru and Co) of 1,10-
phenanthroline-5,6-dione (PD) and of its
N-monomethylated derivative (PDMe™)

insight into the complex electrochemistry
of the compounds described, which is
strongly influenced by a hydration pre-
equilibrium. The electrochemically active
quinone form of the transition-metal
complexes can be reduced to the hy-
droquinone state in acidic solution and to

their transition-metal-stabilized semi-
quinone states for neutral and basic solu-
tions, whereas PDMe™ is reduced to the
hydroquinone state in both acidic and
neutral solutions. The compounds can al-
so be reduced chemically, and are efficient
catalysts for the indirect oxidation of the

are described. In particular, their ability
to abstract hydride ions was studied. Elec-
trochemical investigations with cyclic
voltammetry, rotating disk electrode ex-
periments, and spectroelectrochemical
methods at different pH values gave an

catalysis

Introduction

Enzymatic oxidation reactions can be of great value in organic
synthesis.''] Nature has developed a large number of highly
selective oxidizing enzymes, among which monooxygenases like
enzymes dependent on cytochrome P-450,1?! dioxygenases like
the arene dioxygenases,®) and oxidases like glycerol 3-phos-
phate oxidase have found important applications in synthesis.
The most widely employed class of oxidizing enzymes, however,
are dehydrogenases like horse-liver alcohol dehydrogenase
(HLADH) .1 These dehydrogenases depend on NAD(P)™ as
the electron-accepting cofactor. Thus, for synthetic application
of these enzymes an efficient and mild system for cofactor regen-
eration is necessary.!'®! Apart from enzymatic cofactor re-
cycling systems, chemical and electrochcmical regeneration pro-
cedures have attracted great interest because of their greater
flexibility. Chemical regeneration systems usually consist of
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enzymatic cofactor NAD(P)H. For the in-
direct aerobic NAD(P)H oxidation, up to
900 turnovers per hour can be observed,
an achievement yet to be reached by other
catalyst systems.

o-quinoid mediators acting as hydride-ion abstracting agents
and oxygen as the final electron acceptor. Catalase is added to
destroy the hydrogen peroxide produced. Effective chemical re-
generation systems must meet the following requirements:
1) To obtain a high yield in a reasonable time the turnover
frequencies of the quinoid mediators must be as high as possible.
2) The mediators must be stable in both redox states within the
regenerating cycle over a long period of time. 3) They should be
easily soluble in the aqueous buffer systems necessary for enzy-
matic conversions. 4) They should react selectively only with
the reduced cofactor.

Electrochemical regeneration of the oxidized cofactors is pos-
sible either by direct anodic oxidation!”! or by redox catalysts,
also mainly applying o-quinoid systems as mediators. Alterna-
tive chemical systems described thus far are of limited use be-
cause they either react too slowly (flavine mononucleotide
(FMN):># 1.8 turnoversh™*; 4,7-phenanthroline-5,6-dione:!*
4-6 turnoversh™!) or are not chemically stable enough under
basic conditions,!!®! which are usually favorable for the enzy-
matic oxidations.

For the direct electrochemical regeneration electrode fouling
has been observed. Moreover, the anodic potential is too posi-
tive for selective oxidations!”! because of the electrochemically
irreversible process. To solve these problems for the efficient
chemical and electrochemical regeneration of NAD(P)™, the
1,10-phenanthroline-5,6-dione system is a good starting point.
However, the electron density within the o-quinoid structure
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should be diminished to accelerate the hydride O

transfer [rom NAD(P)H and (o lower the oxidation EN o

potential for the electrochemical regeneration to 2

about 0 V vs. Ag/AgClin order to exclude side reac- 2 P o o o
tions of the substrates at the electrode surface. At Q\l """"" 2";“ 4 X (CIO),

the same time, the solubility should be enhanced by "'N\/__!__<b : o — =
use of charged species, and the formation of insolu- N\ 7/ N\ /
ble precipitates by oligomerization of the reduced | N\éHB N(BF)
forms through hydrogen bonds should be avoided heterolepic omolentic® )
by blocking the nitrogen atoms. 1t was our strategy [M(TPA)(PD)2* - complexes [RUPDzJ2+ - c%mplex PDMe*

to solve all these problems by complexation of 1,10-
phenanthroline-5,6-dione (PD) with a transition-
metal ion!"Y or by alkylation of the nitrogens. We
have shown previously™ ! that homoleptic complexes of Co".
Ni", and Cu" with 1,10-phenanthroline-5,6-dione do indeed un-
dergo fast hydride transfers from NADH. However, the reduced
forms of the complexes still precipitate slowly owing to
oligomerization. In the case of Co, we could avoid the precip-
itation by using heteroleptic complexes in which four of the
coordination sites were blocked by onc N, N, N-tris{aminocthyl)-
amine (tren) or N,N,N,-tris(pyridylmethyl)amine (TPA) ligand.
In addition, the homoleptic tris-PD complex of Ru' showed an
extremely high stability even in the reduced form. Since these
complexes are promising mediators for the NAD(P) ' regenera-
tion, we investigated their role in the cofactor regeneration sys-
tems, identified the active species involved in the process, and
determined the number of active PD ligands in the above-men-
tioned tris-PD complexes. The following systems were studied
(Scheme 1): 1) 1,10-phenanthroline-5,6-dionc (PD) as the un-
complexed and unmodificd model; 2) 1-methyl-1,10-phenan-
throlinium-5,6-dione tetrafluoroborate (PDMe™), an alkylated

Abstract in German: Die Synthese sowie die chemischen und
elektrochemischen Eigenschaften homoleptischer und heterolepti-
scher { Tris( pyridvimethyl)amin als Coligand) Ubergangsmetall-
komplexe ( Ru und Co) von 1,10-Phenanthrolin-5,6-dion (PD)
und dessen N-monomethyliertes Derivat (PDMe™ ) werden
beschrieben. Insbesondere wurde deren Fahigkeit zur Abstraktion
von Hydridionen untersucht. Fiir die elektrochemischen Unter-
suchungen wurden die Cyclovoltammetrie, Mefiverfahren mit der
rotierenden Scheibenelektrode und die Spektroelek trochemie un-
ter Variation des pH-Wertes eingesetzt. Diese Studien gaben Auf-
schiuf iiber die komplexe Elektrochemie der beschriebenen Ver-
bindungen, die besonders durch ein vorgelagertes Hydratations-
gleichgewicht bestimmt wird. In saurem Medivm kann die elek-
troaktive Chinonform der Ubergangsmetallkomplexe bis zur Hy-
drochinonform reduziert werden (zwei Elektronen pro PD-Ein-
heit), wéihrend in neutralem und basischem Medium die Reduk-
tion auf der Stufe des iibergangsmetallstabilisierten Semi-
chinons stehen bleibt (ein Elektron pro PD-Einheit). Dagegen
wird PDMe™ unter ullen Bedingungen bis zur Stufe des Hydrochi-
nons reduziert. Die Verbindungen kéonnen auch chemisch reduziert
werden und sind wirksame Katalysatoren fiir die indirekte Oxida-
tion des Enzym-Cofaktors NAD(P)H. Fiir die indirekte aeroben
NAD( P)H Oxidation konnten bis zu 900 Cyclen pro Stunde fest-
gestellt werden, ein Wert, der von anderen Katalysatorsystemen
bisher nicht erreicht wurde.
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Scheme 1. Structures of the specics studied.

charged derivative of PD, as an alternative to the transition-
metal complexes; 3) cobalt(m) trisphenanthroline [Co™(phen),}* *
as a typical reversible one-electron model; 4) the homoleptic
complexes [Co"(PD);}** and [Ru™(PD),]>"; 5) the heteroleptic
complexes [CO"™(TPAYPD)]>* and [Ru'(TPA)(PD))>*. We fo-
cused our investigations on the determination of the reduction
and oxidation potentials, their pH dependence, and thc number
of transferred electrons and protons.

The electrochemical behavior of PD has already been studied
in water and in mixed aqueous media. Recently, Anson et al.
published a study in which the compound was investigated
mainly in acidic solutions.'*?! Because enzymatic oxidations
with NAD(P)*-dependent alcohol dehydrogenases require ba-
sic aqueous phosphate buffer solutions, we mainly investigated
the systems described above in the latter medium without any
cosolvent present.

Results

Cyclic voltammetric studies: The cyclic vollammograms of the
PD complexes and of PDMe" in the potential region be-
tween —0.4 and + 0.4 V are comparable to those of frece PD.
The homoleptic ruthenium complex (Figure 1) shows only one
redox pair for the noninteracting ligands, while the respective
homoleptic cobalt complex shows splitting of the waves, of
which two are distinguishable.

In the cyclic voltammograms, the reduction of complexed or
free PD occurs in all compounds in the potential region of —0.2

P R

500 400

) . sl | BN ST SR BT
300 200 100 0 100
potential [m\}

e Rt
200 300

Fig. 1. Cyclic voltammograms of [Ru{(PD),)(ClO,), at pH 2.5 (A) and pH 7.4 (B)
at a scan rate of 100mVs~™' vs. Ag/AgCl reference electrode (working electrode:
glassy carbon).
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to +0.3V vs. the Ag/AgCl reference clectrode in a phosphate
buffer. The shapes and potentials are strongly dependent on the
pH value of the solution. The voltammograms in general show
the behavior of a system with a preceding chemical reaction
(C,E,) under total (PDMe™) or intermediate (all other com-
pounds) kinetic control in the more acidic region (Figure 1,
curve A) and a more Nernstian behavior in the neutral and basic
region (Figure 1, curve B) with the exception of PD. Above pH
3.6, the reduced PD precipitates from the solution, thus prevent-
ing the observation of a reoxidation peak. The preceding chem-
ical equilibrium is especially noticeable in the case of PDMe™,
which between pH 2 and pH 6 shows a cyclic voltammogram of
purely kinetic control (Figure 2, curve A) and a Nernstian re-

60
50|
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30k
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10}
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cument [uA]

1.0
20f
30f
4.0
500 2166 300 200 100 0 -100
potential [mVj

Pl AFITINE U S S | PP S

1 N I
200 300 400

Fig. 2. Cyclic voltammograms of PDMe™ at pH 2.4 (A) and pH 9.0 (B) at a scan
rate of 20 mVs™ ! vs. Ag/AgCl reference electrode (working electrode: glassy car-
bon).

sponse at pH 9.0 (Figure 2B). As expected for C E, mecha-
nisms, starting from a cyclic voltammogram that indicates
strong kinetic control, the increase of the scan rate leads to a
more Nernstian (peak-shaped) behavior because the preequi-
librium becomes ““frozen”. The forward rate constant of the
preequilibrium is too small to deliver noticeable amounts of the
electroactive species within the time limits of the potential scan.
This is demonstrated for PDMe" in Figure 3. At higher pH
values in the neutral or basic regions the more Nernstian behav-
ior of the cyclic voltammograms at lower scan rates can be

prolel o 4
150
1Q0

50

Qo

-0

current [

-100

-150

P R T B S T T 1 Al 3 P G ]
A0 o X0 1w [¢] -0 -0
potential (m\]

Fig. 3. Cyclic voltammograms of PDMe * at pH 2.5 and scan rates of 100, 400, and
1000 mVs™! vs, Ag/AgCl reference electrode (working electrode: glassy carbon).
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explained by an increase in the forward rate constant of the
preequilibrium. In this situation, the preequilibrium is estab-
lished so fast that it falls into the time domain of the potential
scan. This is demonstrated in Figure 2B (see also simulated
voltammograms in Figure 9). Becausc Nernstian behavior dom-
inates in the neutral-to-basic region we report the peak potential
values for pH 7 (see Table 1).

Table 1. Reductive (E, o) and corresponding oxidative (E, ,,) peak potentials (V)
at pH 7.0 and formal potentials (£7°, V) in pH 2.5 and pH 7.0 or pH 8.0 phosphate

buffer.

Compound E, ol By o [a] (PH) £ [b] (pH)

PD —0.160/— (7.0) —

PDMe(BF,) —0.005 [c]/+0.010 (7.0) -

[Ru(PD),)(ClO,), —0.060/ +0.020 (7.0) +0.242 (2.2); — 0.055 (8.0)
[Co(TPA)(PD))(BF,), —0.150/0 (7.0) —0.040 (8.0)

[Ru(TPA)PD)I(CI), —0.110/ —0.040 (7.0) +0.217 (2.5)/~0.015 (7.0)

[a] Peak potentials from cyclic voltammograms at 20 to 100 mVs™! scan rates.
[b] Formal potentials taken from spectroelectrochemistry at OTTLE electrodes
[c] Half peak potential (for 20 mVs™1).

The cyclic voltammograms of the homoleptic cobalt complex
[Co(PD),](BF,), show splitting of the waves, of which two are
distinguishable. This indicates that the ligands are interacting
within the complex. The two redox pairs for the ligands could be
better resolved by means of differential pulse voltammetry giv-
ing redox potentials of E, = + 0.009 V and F, = — 0.086 V at
pH =7.0.

Because of the involvement of protons in the redox reaction,
all peak potentials are shifted to more negative potentials with
increasing pH. The amounts of these shifts were studicd between
pH 2 and pH 9. The reduction of the uncomplexed PD is chem-
ically irreversible above pH 3.6. This has been observed before
by Bruice et al.l'3! and can be explained by the formation of
precipitates of the reduced form owing to hydrogen-bond for-
mation between the hydroxy groups of the hydroquinone and
the nitrogen atoms. Therefore, the pH dependence of the peak
potentials of PD can only be determined for the reduction pro-
cess.

In the transition-metal complexes of PD as well as in the
N-methylated form PDMe™, the nitrogen atoms are blocked so
that the precipitation of the hydroquinone forms through hy-
drogen bonding between the hydroxy groups and the nitrogens
is prevented. Therefore, here the pH dependence of both reduc-
tion and oxidation potential can be observed even under neutral
or basic conditions. We found a linear correlation between the
anodic peak potential and the pH with stopes of approximate-
ly —52 mV per pH unit between pH 2 and pH 9 for all observed
compounds. The pH dependence of the cathodic peak potentials
of all compounds has three different regions (see Table 2). In the
first region between pH 2 and pH 4 to pH 4.5, linear correlations
between the peak potentials and the pH with slopes of around
90 mV per pH are observed. For [Co(PD),]>" reliable data
could not be obtained because the cyclic voltammograms are
poorly developed. In the second region betweeen pH 4.0 to pH.
4.5 and about pH 7. linear correlations between the peak poten-
tials and the pH with slopes of around 30 mV per pH unit are
obtained. Exceptions are PDMe™* and the heteroleptic complex-
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Table 2. pH dependence of cyclic voltamumetric peak potentials. Slopes for separate
regions are given in mV per pH unit, with the end point of the pH region in brackets;
the slope for the reoxidation is given for the whole region in mV.

Reduction Reoxidation
Compound Region 1 Region 2 Region 3 Whole pH region
PD —96 (4.0 —29(8.0) decomp. irreversible
PDMe(BE,) —-934.5) —-49(74) —-72(090) =30
[Ru(PD),J(ClO,), —85(4.2) -=30(62) -52(9.00) -5t
[Co(TPAXPD)XBF,), -—84(4.3) —62(9.0) —62(9.0) -—-52
[Ru(TPAXPD)KCY), 9042y —14{66) —52(11.0y --54

es with values of 50 mV. The third basic region between about
pH 7 to pH 9 shows slopes of around 50 mV per pH unit. A
typical example is given for [Ru(PD),]>" in Figure 4. Again
PDMe™ is an exception with a slope of 72mV. The cyclic
voltammogram of the uncomplexed PD is strongly influenced
by the decomposition of the substrate at these pH values. Mea-
surements in buffer systems above pH = 9.0 are not possible for
most of the complexes; only the heteroleptic ruthenium complex
[Ru(TPA)PD)]** was stable up to pH 11.

[Ru(PD),) in phosphate buffer

reaxidation
-63 mvipH

region1

potential [mV)
o

0 -85 mVIpH
1 region 2
-30 mvipH
BT region 3
-52 mv/pH
-A0 H
_E....l...1i.|...|i...|....|....|
2 3 4 5 6 7 8 9
pH

Fig. 4. pH dependence of the reductive and oxidative peak potentials of
[Ru(PD),](C1O,), measured by cyclic voltammetry at a scan rate of 100 mVs™! vs.
AgiAgCl reference electrode (working electrode: glassy carbon).

Rotating disk electrode measurements: Rotating disk electrode
measurements allow the determination of the number of trans-
ferred electrons and/or the diffusion coefficients, if the redox
process is a simple diffusion-controlled electron transfer. This
results in a linear Levich plot of the plateau current vs. the
square root of the rotation rate.l'*! If, however, the redox pro-
cess is perturbed by preceding or follow-up chemical and elec-
trochemical steps, nonlinear Levich plots are obtained. Preced-
ing chemical equilibria especially can very often easily be
detected by this experiment. This is of considerable importance
in the case of the compounds studied here, because Anson et
al.l'? have shown that protonation or complexation of PD by
metal ions leads to the partial formation of electrochemically
inactive hydrated PD (PD-H,0). In the case of PD, the hydra-
tion occurs only when a nitrogen is protonated in the region
below pH 5, thus lowering the electron density of the dione
system. Such a preequilibrium influences the plateau currents.
The Levich plot therefore deviates from linearity; the slope de-
creases and finally at high rotation rates the current becomes

82 ——— & VCH Verlugsgesellschaft mhH, D-69451 Weinheim, 1997

independent of the rotation rate.!'*! This preequilibrium should
also be expected in the case of the compounds studied here.

Like the proton in the case of the uncomplexed PD, not only
the transition-metal ions in the complexes but also the methyl
group in PDMe™ should strongly favor hydrate formation at
higher pH values as well. We therefore studied all the com-
pounds by rotating disk measurements at pH 2.2 or pH 2.5 and
pH 7.0 at rotation rates between 100 and 10000 rpm and com-
pared them with the stable and reversible system [Co(phen);]**.
For the cobalt trisphenanthroline model system, the Levich plot
was a straight line through the origin. At pH 2.2 or pH 2.5,
linear Levich plots were also observed for all other compounds
between 100 and 10000 rpm. The extrapolations of the lines,
however, cut the current axis at positive current values. At pH
7, the plots deviated from linearity: the slopes decreased with
increasing rotation rates in accordance with the model discussed
above. Again, the extrapolation of the curves to a rotation rate
of 0 rpm did not pass through the origin. Typical examples are
given for [Ru(PD),;]*" and PDMe™ in Figures 5 and 6. The
Levich plots for PDMe™ resembled the Levich plots of the other
compounds; however, the cathodic plateau currents were much
smaller than for [Ru(PD),]**.

The number of transferred electrons could not be determined
by this experiment because the amount of electroactive material
depends on the equilibrium between the hydrated and the non-
hydrated forms and is therefore unknown.

14 - —x—pH7.0
12} ——pH25

current [uA

o2 [rpm]'2

Fig. 5. Levich plots of the cathodic plateau currents of [Ru(PD),](ClO,),
(2.34x10"* molL~") at pH 2.5 and pH 7.0.

80 i /
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Fig. 6. Levich plots of the cathodic plateau currents of PDMe™ (5.02x
10" *mol L.~ ') at pH 2.5 and pH 7.0.
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Determination of the total number of electrons: From the voltam-
metric data only the ratio of transferred protons to electrons can
be obtained. The absolute number of electrons consumed in the
overall process can very casily be established by exhaustive con-
trolled potential electrolysis or spectroelectrochemical experi-
ments within an optically transparent thin-layer electrochemical
(OTTLE) cell''?} (see below).

Exhaustive controlled potential electrolysis: Using exhaustive
controlled potential electrolysis at potentials slightly more nega-
tive than the reduction peak potential, we measured the total
number of transferred electrons under acidic conditions at pH
2.2 and under neutral or slightly basic conditions at pH 7 or pH
8 (see Table 3). At pH 2.2 two electrons per phenanthroline-

Table 3. Number of transferred electrons during exhaustive controlled potential
electrolysis at different pH values.

Compound Number of electrons (pH)
PD 1.98 (2.2)/0.99 (8.0)
PDMe(BE,) 1.99 (2.2)/2.03 (7.0)
[Co(phen);l(BE, ), 0.99 (3.0)
[Co(PD),)(BE,), 5.99 (2.2)/2.96 (8.0}
[Ru(PD);}(ClO,), 5.89 (2.2)/2.91 (8.0)
[Co(TPAYPD)I(BF,), 1.96 (2.2)/0.91 (7.0)
[Ru(TPAXPD)(C]), 2.14 (2.2)/1.03 (7.0)

dione unit were transferred in all cases, giving a total number of
six electrons for the homoleptic complexes. At pH 7 or pH 8,
however, only one electron for each PD unit was transferred,
with the exception of PDMe ™, for which a two-electron transfer
occurred. During exhaustive electrolysis of PD, precipitates
formed as mentioned above. Therefore, the values for PD are of
questionable validity. Similarly, small amounts of precipitates
formed for [Co(PD),]** at pH 8.0.

Spectroelectrochemical study in an OTTLE cell: As shown by
Heineman et al.,[*®! spectroelectrochemical studies with an opti-
cally transparent thin-layer electrode can easily be used to deter-
mine the redox potentials and the number of transferred elec-
trons from a Nernst plot of the applied equilibrium potentials
versus the log[Ox]/[Red]. The ratio of the concentrations of
oxidized and reduced forms are obtained from the ratio of the
absorbance values for the oxidized and reduced forms at any
UV/vis wavelength other than the isosbestic points. In our case
absorption maxima at wavelengths around 250 nm (pH 2.2 and
pH 2.5) or 264 nm (pH 7.0) for the PD ligand were used. At the
same time, the UV/vis spectra obtained in this way can give
more information about the nature of the oxidized and reduced
forms of the compounds. All spectroelectrochemical measure-
ments show clear isosbestic points, indicating that one species is
transformed to only one other species. Typical spectroelectro-
chemical measurements at pH 2.2 and pH 7.0 are given for
[Ru(PD),]J** in Figures 7A and 7 B. The experiments failed for
PD and PDMe™ because the reduced form of PD precipitated
during the electrochemical conversion within the thin-layer cell
while the reduction of PDME above potentials of —80 mV vs.
Ag/AgCl produced a blue solution from which brownish-yellow
needles crystallized at the minigrid electrode, and further trans-
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Fig. 7. UV/vis spectral changes during the electrochemical reduction of
[Ru(PD);)(C10,}, at an OTTLE at pH 2.2 (A) and at pH 7.0 (B) for 350. 280. 260,
250, 240, 230,210, 150 mV (A) and 100. 50, 30, 10, - 10. —30, — 350, —70, —100 mV
(B) vs. AgiAgCl reference electrode. The arrows in the Figures indicate the direction
of the change of the spectra during stepwise reduction of the PD complexes.

formation became impossible. Also for the reduced form of the
[Co(PD);)** complex crystals were formed at pH 7.0 after a
period of time. All measurements yielded lincar Nernst plots
(Table 4).

Table 4. Slopes of the plots of the applied potentials versus log[Ox]/[Red] from
spectroelectrochemical measurements in the OTTLE cell.

Compound Slope at pH 2.5 Slope at pH 7.0
[Co(phen),}(BF.), : —60 (pH 8.0)
[Co(PD),I(BF,), —24 - 60
[Ru(PD},J(C10,), —29 (pH 2.2) —55
[Co(TPAXPDYBE,), - —58
[Ru{TPAY}PD)|(C), —31 —352

AtpH 2.5, the metal complexes gave a slope of the Nernst plot
of around 29 mV, indicating a transfer of two electrons per PD
unit. At pH 7.0 or 8.0, the slopes were all around 60 mV showing
a transfer of only one electron per PD unit. The results for the
metal complexes therefore agree very well with those of the
exhaustive controlled potential electrolyses.

Study of the chemical reduction of the PD transition-metal com-
plexes by NADH and NaBH,CN: As it is our aim to use the PD
transition-metal complexes and PDMe* as effective hydride-
ion abstracting agents towards the chemical aerobic or indirect
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electrochemical regeneration of NAD(P)* from NAD(P)H in
enzymatic syntheses, we studied the rate of the aerobic PD tran-
sition-metal complex and PDMe™-catalyzed generation of
NAD™' from NADH (Scheme 2). We found that our previously
reported values for some of the complexes'! ! could actually be
increased considerably by changing the pH from 6.0 to pH 8.0
(Table 5). This is advantageous because most of the enzymatic

NAD+ Mediatoryeq. O,

NADH Mediatorgy H,0,

Scheme 2. Reaction path for the aerobic NADH oxidation.

Table 5. Turnover frequencies (TNh " ') for the aerobic generation of NAD ' from
NADH with PD-based catalysts.

Compound TNh™! [a]. pH 6.0 TNh™'{a], pH 8.0
[Ru(PD);)(C10,), 55 900
[Ru(TPAYPD)I(C, 3 737
[Co(TPAYPD)(BE,), ) 96
PDMe(BE,) 33 96

[a] Turnover number for the PD catalyst per hour.

oxidations catalyzed by alcohol dehydrogenases are favored by
basic conditions. While at pH 6.0 the rate reaches 55 turnovers
of the PD-based catalyst per hour, the rate increases to up to
900 turnovers per hour at pH 8.0. The free PD alone is almost
totally ineffective and in addition the reduced form precipitates
from the solution. Therefore, we are presenting here the most
efficient catalysts for the NAD* regencration known up to now.
All the catalyst systems used here were totally stable during the
rcaction time. No precipitation occured.

The electrochemical reoxidation of the reduced mediator was
also possible, so that for preparative applications of the media-
tors in enzymatic systems the regeneration system O,/catalase
can be substituted by an anode. Within the test system NADH/
mediator/anode, smaller turnover numbers compared with the
aerobic reoxidation are observed (Table 6). This can be ex-

Table 6. Turnover frequencies (TNh™!) for the electrochemical generation of
NAD™" from NADH with PD-based catalysts.

TNh™ ! at pH:
Compound 6.0 7.0 79
[Ru(PD),J(CIO,), 30 35 39
[Ru(TPAYPD))(CI), 23 21 21
PDMe(BF,) 34 36 35
[Co(TPA)(PD))(BF.), 24 20 26

plained by the heterogeneity of the charge transfer, which is
limited by diffusion and the surface area of the anode. Under
electrochemical conditions too the mediators were totally
stable.

Within the context of this study, we wanted to investigate
whether the electrochemical reduction studied by spectroelec-
trochemistry was generating the same reduced species as the
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ones obtained by reaction with NADH. Because NADH and
NAD™" themselves absorb in the UV/vis region in which the
reduced PD systems can be observed, we used NaBH,CN, as-
suming that this reagent would also react as a hydride-ion trans-
fer agent.

The UV/vis spectra that we obtained during reduction with
NaBH,CN at pH 2.2 and at pH 7.0 (Figure 8 A,B) are indeed

A
5
2
0
@
00 1 i il L Loaaag) laaxy r '3 J
200 250 300 350 400 450 500 550 600 650 700
wawelength [nm]
I B
20 [} {
5
2
[
0.0
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Fig. 8. UV/vis spectral changes during the chemical reduction of [Ru(PD),]-

(ClO,), by NaBH,CN at pH 2.2 with 0, 2, and 4 min reaction time (A) and pH 7.0
with 0, 6, 12, 18, 24, 30, and 36 min reaction time (B).

identical to those which we obtained at the same pH values by
the spectroelectrochemical measurements (Figure 7A,B). The
total reduction by NaBH,;CN at pH 2.2 took place at a consid-
erably faster rate (4 min) as compared with the reduction at pH
7.0 (36 min). Some data for the UV/vis spectra are given in
Table 7. During the reduction at pH 7.0 one new intensive band
at 260—280 nm is generated, while at pH 2.5 two intensive bands
are growing between 240—300 nm.

Discussion

The interpretation of the Nernst—Clark plots of the cyclic
voltammetric peak potentials versus solution pH is complicated
by the fact that the electrochemical processes are governed by a
preceding equilibrium between the electrochemically active PD
compound and its electrochemically inactive hydrated form, as
has recently been described by Anson et al. (see Scheme 3).['¢!
The rate of the establishment of the equilibrium is obviously
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Table 7. UV/Vis maxima of the oxidized and reduced compounds at different pH values (sh = shoulder}.

Compound Oxidized form Reduced form

pH 7.0 pH 2.5 pH 7.0 pH 2.5
PD [a] - 254/315 - 254/295/350sh
{Co(phen);|(BE,), 200/226/275 - 205/220/272/280 -
[Co(PD),}(BF,), 197/253/300/309 195/252/302 197/254/290/340sh 213/260,295/350sh
[Co(TPAYPD)|(BE,), 199/2225sh/287/340 - 200/222 sh/282/340

[Ru(PD);}(CIO,), 2007250sh/296/431

[Ru(TPAYPD)I(C), 200/245/296/350

195/250sh/294/430

200/245/296/350

200/210sh/265
300 sh/382/489
200/249/264/296/352

207/250/273/295sh
352/455
2007249274292 sh/343

[a] Compare ref. [12]: electrolyses in 0.1m CF,SO;H.

influenced by the pH (see below); this results in more Nernstian
behavior of the cyclic voltammograms at higher pH values.
Therefore, changes in the pH influence the peak potentials not
only through the number of protons which are involved in the
electrochemical step but also to a certain extent by the pH influ-
ence on the rate constants of the preequilibrium. The reoxida-
tion peaks, however, are less influenced by the preequilibrium.

The peak potential shift of about 90 mV per pH unit between
pH 2.2 and pH 4.0-4.5 (region 1, Table 2) can normally be
explained by an uptake of two electrons and three protons dur-
ing the electrochemical experiment. For PD, this result is in
accordance with the recently published results of Anson et
al."*¥ assuming the formation of the N-protonated hy-
droquinone form under acidic conditions up to pH 4.0. The
slope of 29 mV per pH unit between pH 4.0 and pH 8.0 (re-
gion 2, Table 2) for PD can be explained by the uptake of two
electrons and one proton, thus forming the deprotonated hy-
droquinone form indicated in Scheme 3.

-H,0
ki
kb
+H0

Scheme 3. Electrochemical behavior of uncomplexed 1.10-phenanthroline-5,6-dione in phosphate buffers of differ-

ent pH.

In the acidic region 1, the behavior of the PD transition-metal
complexes can be explained quite similarly if one assumes only
a small influence of the preequilibrium on the peak potential
shift. Under this condition it can be concluded that the electro-
chemical reduction leads to a protonated hydroquinone transi-
tion-metal complex (two electrons, three protons). Because the
nitrogens are blocked by the transition metal the protonation
must occur at the oxygens, as indicated in Scheme 4. The slope
of about 52 mV per pH unit in region 3 for most of the PD
transition-metal complexes can either be explained by a two-
electron/two-proton or a one-electron/one-proton process. The
change from a two-electron/one-proton process at pH values up
to about 7.0 to a two-electron/two-proton process at more basic
pH does not seem to be logical. Therefore, we investigated the
number of transferred electrons independently from cyclic
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pH4.0-7.0 pH7.0-9.0
2e-/1H* 1e-/1H*

N ’

\An'+
Scheme 4. Electrochemical behavior of 1,10-phenanthroline-5,6-dione transition-
metal complexes in phosphate buffers of different pH.

voltammetry by exhaustive controlled potential electrolysis and
by spectroelectrochemical measurements. Both mcasurements
yielded the same total number of elec-
trons. Under acidic conditions at pH
2.2 or 2.5, two electrons for each PD
unit of the complex are transferred,
while at pH values above about 7.0
only one electron per PD unit is trans-
ferred, with the exception of PDMe™.
This could best be rationalized by a
stabilization of the semiquinone com-
plex by the transition-metal ion, lead-
ing to an increase of the coordinative
binding order of the metal under basic
conditions. In an acidic medium the
protonation of the semiquinone com-
plex at the carbonyt group would favor the further reduction to
the hydroquinone complex (Scheme 5). The stabilization of pro-
tonated semiquinones by metal ions has already been pro-
posed.l' ! Because such a stabilization is impossible in the casc
of PDMe™, two-electron processes are found for both acidic
and basic conditions.

The UV/vis spectra obtained by spectroelectrochemical re-
duction in an OTTLE cell and by chemical reduction with
NaBH;CN (shown in Figure 7 and Figure 8) are identical.
However, under acidic and basic conditions two different spe-
cies are formed, as already pointed out in the preceding discus-
sion. Under acidic conditions, the spectra can be attributed to
the hydroquinone complexes. However, it is not possible to
distinguish between hydroquinone/quinone dimers and semi-
quinone complexes in the spectra under basic conditions. Be-
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basic conditions

acidic conditions l H*

.
VA

Scheme 5. Possible one-electron/one-proton process under basic conditions and
two-electron/three-proton process under acidic conditions.

sides being hydride transfer agents, borohydrides can act as
effective single-electron reducing agents leading to semiquinone
metal complexes (Bock™ 7). Thus, our first assumption that the
borohydride would only react as a hydride-ion transfer agent
might not hold for basic conditions. The formation of the
semiquinone complexes can also be rationalized easily by the
comproportionation of the hydroquinones initially formed by
hydride-ion transfer and the starting quinone systems to gencr-
ate the semiquinone complexes {Scheme 6},

Scheme 6. Comproportionation of quinone and hydroquinone complexes to give the protonated

semiquinone complex.

OH

current [uA]
T

a4l .

L ..

A _'/
oF 7 - 4
-4 -

1 1 " 1 A 1 n 1 n i

600 400 200 0 - 200 - 400

potential [mV}

Fig. 9. Digital simulation of the cyclic voltammograms of PDMe™* at pH 2.5 (A)
and pH 9.0 (B). Applied mechanism: A +e=B; B+e=C; D=A with
A =PDMe"; B=PDMe" semiquinone; C = PDMe* hydrequinone; D = elec-
troinactive PDMe™ hydrate. For pH 24, £, = £, =250 mV and k; = 0.15s571,
Ky=01:forpH 9.0, K, =0and £, = 100 mV and k, = 25 s K. =0.1.The
« values were set to 0.5, the heterogeneous standard electron-transfer rate constant
was 1 x (0% ems™ " and all diffusion coefficients 1 x 107 % cm?s™ "
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The rotating disk electrode measurements together with the
cyclic voltammetric measurements clearly indicated the hydra-
tion preequilibrium of the PD complexes and of PDMe™. The
cyclic voltammograms became more Nernstian with increasing
scan rate and also with increasing pH. The Levich plots were
curved under basic conditions and gave straight lines that inter-
sected the current axis at positive values for acidic conditions.
These observations can only be brought into agreement under
the following assumptions. The equilibrium constants k./k,
(Scheme 4) must be between 1 and 0.005 and the forward rate
constant for the formation of the nonhydrated electroactive PD
complex must be very small under acidic conditions. A digital
simulation of the cyclic voltammograms (Figure9) with
DIGISIM software (DigiSim® 2.0, Bioanalytical Systems) for
PDMe"* at pH 2.5 gave as optimum values 0.1 +0.1 for the
equilibrium constant between the hydrated and the nonhydrat-
ed forms and 0.15+0.05 s~ * for the forward rate constant k, for
the dehydration step. The reduction takes place in one step
at +0.25 V. With increasing pH the forward rate constant is
increased; thus the preequilibrium is established faster and
therefore a more Nernstian (peak-shaped) behavior is observed.
Digital simulation of the reduction of PDMe™ at pH 9.0 result-
ed in the same equilibrium constant of 0.1 4 0.1 but a more than
hundredfold higher forward rate constant of about 25+557 1.
The reduction of the nonhydrated form takes place in two steps,
which are separated by 100mV (£, =00V, E, = — 0.1 V).
The simulated voltammograms in Figure 9 compare extremely
well with the measured cyclic voltammograms in
Figure 2. The results from the rotating disk elec-
trode may be interpreted in a similar way. At acidic
pH the very slow equilibrium is “frozen” by the

> rotation rate and leads to a straight line of the
== Levich plot above 100 rpm. At neutral or slightly
basic pH the equilibrium is reached faster and there-
fore a deviation from the straight line can be ob-
served.

Higher turnover frequencies of the PD catalyst systems dur-
ing the aerobic generation of NAD™ from NADH at pH 8.0 as
compared with pH 6.0 can be effected in two ways. First, the
faster preequilibrium between the hydrated and nonhydrated
PD complexes under basic conditions increases the turnover
frequency. Secondly, because of the lower formal redox poten-
tials of the catalysts under basic conditions the reoxidation of
the hydroquinone or semiquinone system by oxygen should pro-
ceed faster. It seems, however, to be contradictory that the re-
duction by NaBH,CN is slower under basic conditions. This
can be explained by the fact that the redox potentials under
basic conditions are strongly shifted to more negative values,
thus making the one-electron reduction by NaBH;CN less fa-
vorable. This, however, would only be effective if NaBH,CN
reacts as a single-electron-transfer reducing agent and not as a
hydride transfer agent.

Taking all our results into account, the efficient aerobic cata-
lytic generation of NAD* from NADH under basic conditions
employing the newly developed transition-metal complexes as
redox catalysts may be rationalized as shown in Scheme 7.
Hydride transfer from NADH to the PD transition-metal
complex leads to the hydroquinone stage. Comproportion
with the quinone results in the formation of two semiquinone
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Scheme 7. The aerobic catalytic generation of NAD™ from NADH under basic conditions employing the

newly developed transition-metal complexes as redox catalysts.

species, which are subsequently oxidized by oxygen, forming
hydrogen peroxide. Similarly, the oxidation can take place at
the anode.

Conclusion

The three phenanthrolinedione transition-metal complexes,
[Ru(PD),]**, Ru(TPA)PD))**, and Co(TPA)(PD)]?*, and the
N-methylated PD derivative PDMe™, which have been synthe-
sized and characterized, are very effective catalysts for the chem-
ical aerobic and indirect electrochemical anaerobic generation
and regeneration of NAD* from NADH. Thus, we have been
successful in fulfilling the four requirements for an effective
NAD™ regeneration system: the turnover frequencies of up to
900 cycles per hour for the catalysts, especially for the rutheni-
um systems, are by far the highest ever reached. All systems are
stable over the long term, especially the heteroleptic ruthenium
complex, which is even stable at pH 11. Because of their charge,
all systems are highly soluble in aqueous buffer solution. Their
redox potentials are around 0 V and therefore the systems are
very selective oxidizing reagents towards NADH. By careful
study of the electrochemical properties it could be demonstrated
that the redox behavior of the systems is quite different in acidic
and basic buffer solutions. While in acidic solution two electrons
are transferred to each PD ligand, under basic conditions only
one electron per PD unit is exchanged. As shown by spec-
troscopy and spectroelectrochemistry, chemical and electro-
chemical reductions lead to the same reduced species. In addi-
tion, the hydration preequilibrium of the PD systems, which
influences the reduction process, is also dependent on the pH of
the buffer solution. Thus, at higher pH the equilibrium is faster
than at lower pH. We are currently employing the mediators
very successfully as catalysts for the cofactor regeneration in
enzymatic syntheses that use alcohol dehydrogenases.!'®

Experimental Section

Instrumentation: The voltammetric investigations were carried out on BAS-
100 B/W Electrochemical Analyzer and RDE-1 systems, Bioanalytical Sys-
tems (West Lafayette, Indiana, U. S. A)). Potentials were measured against
the Ag/AgCl reference electrode BAS RE-5 (3m NaCl); glassy carbon work-
ing electrodes (3 mm diameter) as well as Sigraflex® carbon foil electrodes (6
or 25 cm?) were used for exhaustive controlled potential electrolysis experi-
ments. For spectroelectrochemical experiments we used an optically transpar-
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ent thin-layer electrode (OTTLE) system with a gold

minigrid working electrode (500 wires/inch) as described

by Heineman et al. [19]. UV/vis spectra were recorded
0, with a Cary 1 UV/visible spectrophotometer (Varian,
Palo Alto, California, U.S. A.) and IR spectra were
recorded on an FT-IR 1600 spectrometer (Perkin—
Elmer, Uberlingen, Germany). The NMR spectra were
obtained on Bruker AC200 or WH250 spectrometers.
FAB-MS spectra were obtained on Concept 1H (Krotos,
Manchester, UK) with m-nitrobenzylic alcohol as ma-
H,0; trix, whereas the ES-MS spectra were obtained on a HP-

2 59987 A (Hewlett Packard) with acetonitrile as matrix.

Chemicals: The buffer solutions were prepared by titra-
tion of 0.imM KH,PQ, with 0.1 K, HPO, or 0.im
H,PO, solutions and the pH was adjusted with the aid of
a pH537 pH meter with glass electrode E56 (WTW).
1,10-Phenanthroline-5,6-dione (PD) [20], trispyridyl-
methylamine (TPA) [21], and the complexes [Ru(Cl);(DMSO),] [22],
[Co(phen);}(BF,), (23], [Co(PD)4}(BF,), [24], and [Ru(PD),[CIO,), [25]
were synthesized according to described methods.
The pH-dependent studies of the redox potentials were carried out by dissolv-
ing the substrate in acidic phosphate buffer (0.1m) and titration under pH
control with 0.1M NaOH.

PDMe(BF,): 1,10-Phenanthroline-5,6-dione (200 mg, 0.95 mmol) was dis-
solved in dry dichloromethane (50 mL), and this solution was added drop-
wise to a suspension of (CH,);OBF, (1.5mmol, 215mg) in dry
dichloromethane (100 mL). The solution was stirred for 2 h, and the ppt was
filtered off and recrystallized from acetonitrile/dichloromethane, yielding
77% (228 mg, 0.73 mmot) of the desired compound. 'HNMR (250 MHz,
CD,CN): 6 =9.15(dd, 1H, J = 4.3; 2.3 Hz), 9.10{(dd, 1 H. J =7.6; 1.1 Hz),
9.02(dd, 1H, J=6.6;1.1 Hz), 8.59 (dd, 1H, J =7.0; 2.3 Hz), 8.18 (dd, 1 H,
J=7.6; 6.6 Hz), 787 (dd, 1H, J=7.0; 43 Hz), 492 (s, 3H); 13C NMR
(62.9 MHz, CD,CN): § =177.2, 176.1, 155.0, 154.4, 148.0, 145.3, 142.2,
138.2, 132.8, 131.0, 128.5, 128.2, 54.2; FAB-MS (#m-NBA), m/jz (%) [assign-
ment): 277.1 (44) [M +20 — BF,)]*, 243.0 (2) [M +H,0 — BE,]", 378.1 (16)
[M+m-NBA — BF,|*, 531.1 (1) [M+2m-NBA — BF,]*. The [M]* peak
was not detected; only the molecular ion in combination with the matrix
could be found; IR (KBr): 1727, 1708, 1571, 1060, 726cm™';
C,;HyN,0,BF, (312.03): caled C 50.04, H 2.91, N 8.98; found C 49.89, H
3.16, N, 8.84.

[Co(TPAYPD)(BF,),: CoCl,-6H,0 (476 mg, 2 mmol) was dissolved in
deaerated water (10 mL) and TPA (580 mg, 2 mmol) was added. The blue
solution was stirred for 1 h. To this solution of a paramagnetic trigonal
bipyramidal complex PD (420 mg, 2 mmol) was added. The dark green solu-
tion was stirred for 1 h and the complex was precipitated by adding aqueous
sodium tetrafluoroborate. The crude material was recrystallized from ace-
tone/ether to give 89% (1.33 g, 1.78 mmol) of the desired compound.
'HNMR: (CD,CN, 200 MHz) for [Co(TPA)CIICI: 6 = 132.8 (s, 3H). 108.9
(s, 6H), 57.5(s, 3H),47.8 (s, 3H), —2.0 (s, 3H); C,,H,,N,0,CoB,F;-H,0
(751.12): caled C 47.97, H 3.49, N 11.19, found C 47.81, H 3.31, N 10.91.

[Ru(TPAYPD)(CD),: [Ru(Cl)4,(DMSO),] (100 mg, 0.22mmol) and TPA
(66 mg, 0.22 mmol) were stirred for 1 h in methanol (5 mL). After the solu-
tion became reddish brown (quantitative transformation detected by 'H and
13C NMR), PD (1.5 equiv. 72 mg, 0.34 mmoi) was added. The solution was
refluxed for 6 h, then the solvent was removed and the residue was dissolved
in water. This solution was then washed with dichloromethane to remove the
uncomplexed ligand. The water was distilled off and the ppt was recrystallized
twice from acctone/ether to yield the complex in 66% yield (101 mg,
0.15 mmol). The substance is very hygroscopic and has to be stored in vacuo.
IR (KBr): 1698, 1605, 1560, 1425, 1293, 1015, 942, 813, 770, 722, 563 cm " *;
ES-MS (CH,CN}: m/z = 637.1 [Ru(TPAYPD)Cl}™; C;H, N,O,RuCl,-
10H,0 (852.69): caled C 42.26, H 5.20, N, 9.86, found: C 42.58, H 4.45. N
9.91.
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Organic Fluorine Hardly Ever Accepts Hydrogen Bonds

Jack D. Dunitz* and Robin Taylor*

Abstract: Statistical analysis of structural data and detailed inspection of individual

crystal structures culled from the Cambridge Structural Database and the Brookhaven
Protein Data Bank show that covalently bound fluorine (in contrast to anionic fluoride)
hardly ever acts as a hydrogen-bond acceptor. The weakness of covalently bound
fluorine as hydrogen-bond acceptor is backed by results of new molecular orbital
calculations on model systems using ab initio intermolecular perturbation theory

Keywords
ab initio calculations - Cambridge
structural database * fluorine com-
pounds + hydrogen bonds - protein

data bank

(IMPT), and is in accord with results of other physicochemical studies and with the
physical properties of fluorinated organic compounds. Factors influencing the strength

of hydrogen bonding in extended systems are discussed.

Introduction

From a survey of intermolecular interactions in crystal struc-
tures, Murray-Rust et al.l'! concluded that “the C-F bond is
capable of significant interactions with ... proton donors, al-
though these are generally weaker than the corresponding ones
involving C—O and C—N groups”. In particular, OH groups
were noted to be much better proton acceptors than C—F, so
that the latter can be expected to hydrogen-bond to water or
alcohols only in exceptional circumstances.!?! Nevertheless, H-
bonding involving fluorine as proton acceptor has been postu-
lated in inhibitor complexes of elastase,l®! even though, in such
environments, water molecules must be present as alternative
proton acceptors. The question has been taken up again by
Shimoni and Glusker.[*! From a more extensive study of inter-
molecular interactions in fluorine-containing organic com-
pounds they concluded that “in spite of the high electronegativity
of the fluorine atom [our italics], a C—F group competes unfa-
vorably with a C—O~, C-CH, or C=0 group to form a hydro-
gen bond to an O—-H, N-H, or C-H group”.

There is, of course, no question that fluoride ion (as distinct
from covalently bound F) acts as a very strong proton acceptor;
indeed, the H-bond energy of the bifluoride ion approaches
40 kcalmol ~!,I°! making it by far the strongest known H bond.
It was undoubtedly this special property of bifluoride ion that
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led to the emphasis on electronegativity in early accounts of
H bonding. Pauling’s statement in The Nature of the Chemical
Bond'® has probably been very influential in this respect:
“Only the most electronegative atoms should form hydrogen
bonds, and the strength of the bond should increase with in-
crease in the electronegativity of the two bonded atoms. Refer-
ring to the electronegativity scale, we might expect that fluorine,
oxygen, nitrogen and chlorine would possess this ability, to an
extent decreasing in that order. It is found empirically that flu-
orine forms very strong hydrogen bonds, oxygen weaker ones,
and nitrogen still weaker ones.” It is clear from the accompany-
ing discussion that Pauling was thinking about the bifluoride
anion, about HF, and about inorganic fluoride salts, but not
about covalently bound fluorine. Indeed, twenty years later, in
the 3rd edition of his book, he added the words: “Itis interesting
that in general fluorine atoms attached to carbon do not have
significant power to act as proton acceptors in the formation of
hydrogen bonds in the way that would be anticipated from the
large difference in electronegativity of fluorine and carbon.” %!
Relatively few fluorine-containing organic crystal structures
were known at that time, but it seems as if the few data available
led Pauling to doubt the H-bond acceptor ability of covalently
bonded fluorine, even though this appeared paradoxical be-
cause of the element’s high electronegativity.

Since Pauling’s work, the role of electronegativity has been
emphasized over and over again by innumerable authors, al-
though certainly not by all. In the case of the proton donor
group (X—Hin X—H - A), the relevance of electronegativity is
clear. The greater the electronegativity of X in an X—H bond,
the more the bonding electron pair is polarized towards X, the
greater is the effective positive charge on the hydrogen atom,
and hence the more easily the latter is removed, completely, as
in acid dissociation, or partially, as in a H bond. Thus, HF is a
stronger acid and a stronger H-bond donor than H,O, which in
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turn is stronger than NH,. However, the relevance of elec-
tronegativity to hydrogen bond accepror ability is less clear.
Electronegativity is a measure of the tendency to attract elec-
trons, not protons. Thus, covalently bonded fluorine is an ex-
tremely weak base and, as such, may be expected to be an
extremely weak proton acceptor. On the other hand, it is un-
deniable that the best H-bond acceptor atoms (oxygen and
nitrogen) are electronegative.

In view of these problems, we have undertaken a new survey
of hydrogen bonds involving covalently bound fluorine. We
have focused on three issues. First, how commonly does carbon-
bound fluorine accept hydrogen bonds, and under what circum-
stances? Secondly, what is the relevance (if any) of electronega-
tivity to hydrogen-bond acceptor ability? Thirdly, what factors
make a good hydrogen-bond acceptor? As our primary source
of data, we have used the Cambridge Structural Database
(CSD).I”! which contains the results of about 150000 small-
molecule crystal structure determinations. In view of the sug-
gested importance of fluorine as a hydrogen-bond acceptor in
protein—ligand complexes (e.g. of elastase).!¥! we have also ex-
amined crystal structures taken from the Brookhaven Protein
Data Bank (PDB),!®! despite their much lower precision. In
addition we have collated evidence from various published
physicochemical studies. Finally, we have made molecular or-
bital calculations on model systems using ab initio intermolecu-
lar perturbation theory (IMPT).®!

Methods

All calculations were performed on a Sun SPARCstation 5 or a Silicon
Graphics Indigo [2].

Searches for H-Bonds in Small-Molecule Crystal Structures: Searches for
H bonds were made with Version 5.09 of the CSD (April 1995), by using the
nonbonded search capabilitics of the program QUEST3D [10]. Only inter-
molecular contacts were considercd. All searches were confined to error-free
structures (according to the criteria of the CSD system) with crystallographic
R factors of less than 10%. Contacts were only accepted as H bonds if the
hydrogen-atom coordinates were in the CSD.

Our first step was to define suitable geometric criteria for a H bond. For this,
only organic structures were included (CSD bit screen 28 set to zero—mean-
ing no metals present-—and elements As, Se, Te also excluded). From data for
H bonds of the types O-H - O=C, N-H---0=C, O- H---N({Ar), and
N-H:- N(Ar) (O=C = any carbonyl group, N(Ar) = any aromatic nitro-
gen acceptor), histograms of H---O and H---N H-bond distances were
prepared with the VISTA package [10,11]. The results (Figure 1) show that
nearly all of the H bonds have H---O or H -~ N distances less than 2.2 A.
Since fluorine has a smaller van der Waals radius than cither oxygen or
nitrogen {12], it might seem reasonable to exclude C- F---H-X contacts
(X = O.N) as possible H bonds unless the F---H distance is also less than
22A. In fact, we used a less severe criterion, namely, F---H<2.3 A, with the
additional constraint that the F- - - H—X angle must exceed 90". We are aware
that even this relaxed distance criterion is liable to criticism. The sum of the
van der Waals radii of fluotine and hydrogen lies between 2.5--2.7 A, depend-
ing on which litcrature values are chosen [12,13]. Some authors [14] consider
that acceptor - - - hydrogen contacts much longer than the sum of van der
Waals radii may still be regarded as H bonds. However, any distance criteri-
on—indeed, any definition of hydrogen bonding - -is to some extent arbitrary.
In the present case, we wish to focus on cases in which covalently bonded
fluorine unequivocally acts as a H-bond acceptor. hence our choice of a
distance limit that is significantly shorter than the sum of van der Waals radii,
as found in the typical H bonds invelving O and N acceptors. With thesc
geometric constraints, several CSD searches were made to determine the
frequency with which H bonds to fluorine occur and to characterize individ-
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Fig. 1. Histograms of H--- O(N) H-bond distances in CSD crystal structures. Top
left: C=0---H- O:topright: C=0"---H-N; bottom left: N(Ar)--- H-O; bottom
right: N(Ar)--- H-N. Distances along horizontal axis in A.

ual examples. Short F---H- X contacts thus found were examined visually
with the programs SYBYL {15] (Version 6.1) and PLUTO [t0]. Visual inspec-
tion is always called for because a short contact is not, in itself, definitive
evidence for H bonding. Any observed crystal structure results from an equi-
librium between attractive and repulsive forces. It follows that some inter-
atomic distances less than --but not too much less than—the sum of van der
Waals radii may correspond to repulsive contacts, provided that compensato-
ry attractive contacts are present. This means that short H--- F contacts in
structures where other strong H bonds arc present are not necessarily to be
interpreted as H bonds. Only where no other strong intermolecular attrac-
tions are present can such an interpretation be made with confidence.

Searches for H Bonds in Protein—Ligand Crystal Structures: The protein-
search capabilities of QUEST3D were used to find all protein—ligand com-
plexes in the PDB (October 1994 release) containing the character string
“fluor™ in the compound-name ficld. Each hit was inspected visually with
SYBYL to confirm that the ligand contained at least one C-F bond. If so,
all F+-+X contacts of less than 3.5 A (X = any protein, cofactor or solvate
atorn) were identified, by using the SYBYL program. These were regarded as
possible H bonds and examined in more detail. Since hydrogen atoms are
almost never located in protein crystal structure determinations, the analysis
was necessarily based on X ---F rather than H - F distances.

IMPT Calculations: IMPT calculations were used to calculate intermolecular
interaction energies for various bimolecular model systems. The method of
Hayes and Stone [9] was used, as implemented in Version 4.2 of the program
CADPAC [16], with 6-31G* basis sets taken from the standard CADPAC
library. Interaction energies from IMPT are calculated as the sum of five
components. namely, electrostatic (classical Coulombic) energy (E.). ex-
change repulsion (E,,), polarization (£,,,), charge transfer (£}, and disper-
sion (£y,,). The first two terms are first order, the others second order. An
important feature of the CADPAC software is that E is frec of basis set

superposition crror [17].

Results

Overall Frequency Statistics: Initial CSD searches were aimed at
determining the overall frequency with which fluorine acts as a
hydrogen-bond acceptor. All crystallographically independent
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C-F bonds occurring in crystal structures with at least one
potential H-bond donor group (i.e. X—H, where X = O or N)
were found. Out of 5947 C—F bonds (in 1218 crystal structures),
only 37 (i.e. 0.6 %) are involved in possible C-F---H-X hy-
drogen bonds, according to our geometric criteria (see Meth-
ods). As discussed below, some of these are unlikely to be gen-
uine hydrogen bonds. Thus, it is extremely uncommon for C-F
groups to accept hydrogen bonds. For comparison, correspond-
ing figures for C=0 and N(Ar) groups are 42 and 32%,
respectively (Table 1). While these simple statistics are affected

Table 1. Numbers of short C-F---H-X,C=0---H-X, and N(Ar)--- H-X con-
tacts (X = O, N) in the CSD.

Grouping, Y Total no. of Total no. of short  Average no. of short
occurrences {a] contacts to H--X [b] contacts per grouping

C-bound F (C-F) 5947 37 0.01

carbonyl O (C=0) 42301 17718 0.42

N(AT) [c} 3354 1060 0.32

[a] Total number of occurrences of grouping Y in CSD crystal structures (count
confined to those structures in CSD containing at least one H-X group). {b] Total
number of short contacts in CSD between Y and H-X (see text for definition of
short contact). [c] For example, in pyridine; not quaternary.

by a multitude of factors apart from the intrinsic ability of C—F,
C=0, and N(Ar) groups to accept hydrogen bonds (e.g., the
donor:acceptor ratio in any given crystal structure), the differ-
ences in the percentages are so striking that there can be little
room for doubt: C—F groups are very weak hydrogen bond
acceptors compared with conventional acceptors such as car-
bonyl oxygen and aromatic nitrogen.

Hydrogen Bonds to Fluorine in Small-Molecule Crystal Struc-
tures: Each of the 37 short F---H contacts found above
(Table 2) was inspected visually. In several cases, the H atom
involved in the short contact is closer to a conventional (oxygen
or nitrogen) acceptor (e.g., AFSACO,'?! BUXGOQ,!!! PIN-
CUK 3 159 In these structures, the F---H contacts may
therefore be regarded as incidental, particularly if the O-H - - - F
or N-H - - F angle is far from linear (e.g., BUXGOQ!")). Some
of the short C-F---H-X contacts occur in organometallic
structures (e.g., ABDARU,M® BUXLOV23)), Although these
interactions may qualify as possible H bonds, the structures are
complicated by additional factors and are not good models for
the organic systems in which we are principally interested. We
therefore omit them from further study. A discussion of the
remaining contacts follows.

C-F--- H-O Hydrogen Bonds: There are only two structures in
our set where the existence of an O—-H---F hydrogen bond
seems beyond question. These are CEVGUF and KOVCAZ. In
CEVGUF (calcium bis[2-fluorobenzoate] dihydrate, space
group C2fc, Z = 4),?4 each water molecule is bonded to a
Ca?* ion and makes two H bonds, one to a carboxylate O
(O-H---0,1.77 A, angle 173°), the other to the ortho-F atom
(O-H---F,2.02 A, angle 170°; Figure 2). The F atom is part of
an anion and must therefore be unusually electron rich. More-
over, because the H,O molecule is coordinated to Ca?*, it
should be a stronger proton donor (acid) than a normal water
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Table 2. Short C- F---H-0 and C—F---H-N contacts in the CSD.

CSD refecode F [a] H [a} F---H[b] F--H-X[b] Ref
ABDARU F¥ H3-N 2147 154 {18}
AFSACO F2 H14-0 2143 150 [19]
AMMFAC F1 H4-N 2.29 141 [20]
BARZUP F31 H5-N 2.23 176 [21]
BUSSIR F9 H12-N 2.21 167 [22]
BUXGOQ F1 H210-N 2.21 121 [1]
BUXLOV F5 H302-0 2.26 157 23]
CEVGUF F1 H1-0O 2.02 170 {24}
CIJLOW F1 H3-0 1.75 95 [25]
DOLSEC F1 H42-N 2.19 130 [26]
FLCTRT F1 H7-0 227 118 [27]
FLESDL 10 F2 H25-0 2.09 151 [28]
FOHSOK F3 H1-0O 2.25 139 129]
FPBXZL F2 H1-N 2.24 154 [30]
HAJLAF Fé6 H4-O 2.27 141 [31}
HAJWUK Fg§ H16-0 2.28 138 [32]
HEBZOD F4 H4-N 2.28 127 {331
KETXAI F1 H9%-0O 2.06 165 [34]
KEYXOB F1 H26-N 2.10 143 [35]
KEYXUH Ft H26-N 2.28 158 [35]
KIKJAP F2 H1-N 2.29 139 {36}
KINWIN F1 H5-N 2.23 120 [37]
KOvCAZ F1 H1-0 2.02 152 [38]
KUMTER F1 H5-N 2.29 166 [39]
KUNGII F1 H1-N 212 164 {40]
LEPWOS F8 H3-0 2.29 122 41
PIBXUT F4 Hi-0O 2.24 158 [42}
PINCUK F5 Hi6-N 2.29 121 143]
PINCUK F23 H9-N 2.30 126 [43]
SETMAF F22 H6-N 217 123 [44}
SETMAF F24 H2-N 222 176 [44]
SEZTIA F2 H2-N 2.09 146 [45]
SUBXOC F1 H7-N 2.26 156 [46]
VELXUF F1 HE-N 2.30 172 {47}
VELYAM F1 H1-N 2.27 170 [47)
VOYWIP F1 H2-N 2.21 147 [48]
YAMSAG F4 H2-N 2.25 155 [49]

[a] Atoms numbered as in CSD. {b] Distances (A) and angles (°) computed from
normalized H-atom positions [11]; X = O, N.

+Ca

0 Ca

Fig. 2. C-F--- H-O interac-
tion in CEVGUF (calcium
bis[2-fluorobenzoate] dihy-
drate).

Fig. 3. C-F---H-O interaction in KOV-
CAZ (2-fluoro-1,1,2-triphenylethanol).

molecule. Thus, the conditions for H bonding to covalently
bound F are about as favorable as possible.

In KOVCAZ (2-fluoro-1,1,2-triphenylethanol, P2,/n, Z =
4,138 the molecules are linked into pairs across inversion cen-
ters by H bonds (O-H---F, 2.02 A, 152°; Figure 3). Brock and
Duncan ' have pointed out that, for steric reasons, monoalco-
hols cannot easily pack in extended periodic structures by O~
H---O interactions involving the usual symmetry operations
such as translations, glides, and twofold screw rotations. More-
over, dimer formation through O—-H --- O interaction leads to
one dangling H atom and one free O acceptor. The dimeric
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structure of KOVCAZ avoids this by forming two O-H - F
bonds instead of a single O-H---O one.

O-H - F interactions that may qualify as possible H bonds
occur in three other structures—PIBXUT, FLESDL10, and
FOHSOK. In PIBXUT (rrans-3,3.4,4-tetrafluoro-2,5-dihy-
droxy-2,5-bis[trifluoromethyljtetrahydrofuran, /42d, Z = 8),[*2
the molecules sit on dyad axes. Given the difficulty of attaining
good H-bonding arrangements for alcohols and the high ratio
of F to O in this molecule, it is not surprising that the closest
contacts made by the alcoholic H atoms are to fluorine (O-
H---F 2.24 A, 158°). We have here what one might describe as
a bona fide but forced O-H - - F hydrogen bond.

FLESDL10 (4-fluoro-estra-1,3,5[10]-triene-3,17f-diol hemi-
methanolate, P1, Z = 2)!2%)is a complicated structure with two
independent sets of molecules, each arranged in head-to-tail
chains and interconnected by H bonds through the methanol
OH groups. The authors state that in one set, the H atom at-
tached to O(17) is disordered over two possible positions. In the
minor site it makes a H bond to O(17) of the other set, in the
major one it makes a H bond to the F atom of the following
molecule in its own chain; “although the O-H---F distance
between O(17") and F’ ... (2.989 A) seems to be rather large for
this type of hydrogen bond, the difference synthesis clearly re-
veals the existence of the hydrogen bond.” We are not convinced
that ail the H atoms in this crystal structure have been correctly
placed. For example, the published H positions lead to several
intermolecular H---H distances of less than 2.10 A, which
seems unlikely. In summary, this is a possible, but not very
probable O-H - - F hydrogen bond.

FOHSOK (dimethylaminebis[trifluoromethyl]boronic acid,
P2,/n, Z = 4)1?°is a borammine derivative containing a very
polar N-B bond (several other borammines are mentioned in
the following discussion). The principal intermolecular interac-
tionisa N-H---Obond (H---O 1.93A, N-H---0O 172°) to
the boronic acid hydroxyl O, while the “acid” H makes a con-
tact with one of the six trifluoromethyl F atoms (O-H---F,
2.25 A, 139°) of another molecule—a possible, but not easily
classifiable hydrogen bond.

During our analysis we detected an error in the CSD. The
initial survey pointed to CIJLOW ([1S,2S-%-S]-1-2-carboxy-
ethyl-3,3-bis[trifluoromethylldiaziridine, P3,, Z =3)?% as a
structure with a close O—H -+ F interaction (1.75 A, 95°1), by
far the shortest in our collection. On the other hand, the car-
boxylic acid groups were not, apparently, engaged in H bonding.
These two unusual features raised the suspicion that the published
description of the structure might be incorrect. The molecules are
arranged in spirals around the threefold screw axis, and alter-
ation of the chiral space group from P 3, to enantiomorphic P3,
led to a far more plausible packing arrangement, with infinite
O=C-OH---O=C-OH---0=C-0OH--- spirals along the
threefold screw axis and with no short H---F distances. The
space group had been incorrectly reported in the original publi-
cation, and the error was not detected in the standard checks
when the structural data were introduced into the CSD.

C-F---H-N Hydrogen Bonds: Twelve structures in our set
contain interactions that may qualify as possible N-H---F
hydrogen bonds. Of these, the most convincing example is in
SUBXOC ([RS,SR]-ethyl a-3-phthalimidopropyl-x-chlorfluoro-
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Fig.4. C-F---H-N interaction in SUBXOC ([RS,SR]-ethyl x-3-phthalimi-
dopropyl-z-chlorfluoromethyl-N-methoxycarbonylglycinate) .

methyl-N-methoxycarbonylglycinate, PT, Z = 2; Figure 4).1*®
Here, the molecules are linked into pairs across inversion centers
by contacts between the amide H of one partner and the F of the
chlorofluoromethyl group of another, to form a 10-membered
ring (graph symbol®?) R2(10); N—H - - F, 2.26 A, 156°). It is of
interest that none of the potential O acceptors are involved; a
rare case where the N-H - --F interaction is preferred to N -

Three tris(trifluoromethyl)borammine complexes form an in-
teresting series (Figure 5). In YAMSAG (tris[trifluoromethyl]-
borammine, Prma, Z = 4, mirror-symmetric molecules),** the

Fig.5. C F---H-N YAMSAG  (tris[trifluoromethyl]-
borammine; top left), VELYAM (tris[trifluoromethyl]borethylammine; top right).
and VELXUF (tris[trifluoromethyl]bordiethylamine; bottom).

intcractions  in

two symmetry-related H atoms of the ammine moiety make
intermolecular N—H - - - F contacts of 2.25 A, 155°. The third H
(lying on the mirror plane) makes two such contacts (2.45 A,
136°). In VELYAM (tris[trifluoromethyllborethylammine, P2,/
¢, Z = 4)¥7 both H atoms of the ammine moiety make inter-
molecular N—H---F contacts (2.27 A, 170°; 2.33 A, 1667).
These distances are markedly less than the C—H - - - F distances
(>2.70 A). Finally, in VELXUF (tris[trifluoromethyl}bor-
diethylamine, Pnma, Z = 4, mirror-symmetric molecules),*”!
the shortest intermolecular N-H -+ F contact made by the
single ammine H atom is 2.30 A |, 172°, compared with the
shortest C—H---F distance of 2.72 A. While uncomplexed

0947-6539/97;0301-0092 3 15.00+ .25}0 Chem. Eur. J. 1997, 3, No. [





Organic Fluorine

89-98

amines are poor H-bond donors, one might expect from the
usual Lewis formulation of the borane complexes that the am-
mine H atoms would acquire enhanced acidity and the F atoms
of the trifluoromethyl groups enhanced basicity. Nevertheless,
the N-H---F contacts found in these three complexes, al-
though shorter than the C~H - - - F distances, barely qualify as
hydrogen bonds according to our distance criterion, certainly
not as strong ones.

Related to these borammine examples is the more complex
FPBXZL (B,B-bisf4-fluorophenyljboroxazolidine, P2,2,2,,
Z = 4).B9 Of the two protons of the disubstituted ammonium
group in the boroxazolidine ring, one is engaged in a clear-cut
intermolecular H bond to the ring O (N-H - -- O, 1.93 A, 1769
while the other makes contact with a fluorine (N-H:--F,
224 A, 154°).

In KUMTER (3-chloro-4-fluoroaniline at 120K, Pbhca,
Z = 8).1* each anilino H atom points towards a possible H-
bond acceptor: N—H4 -+ N, 2.29 A, 168°; N—-H5---F,2.29 A,
166°. The anilino N atom is markedly pyramidal, as expected
when the atom acts as H-bond acceptor. If the N-H--- N con-
tact is taken as a weak hydrogen bond, then so also must the
N-H--F one. Similar weak interactions occur in KEYXOB
(cisapride monohydrate) and KEYXUH (demethoxycisapride
ethanol solvate) **! In both structures there is a contact be-
tween the N—H of the terminal 3-chloro-4-aminophenyl group
of one molecule and the F of the 4-fluorophenyl group of its
neighbor (N-H - F, 2.10 A, 143°; 2.28 A, 158°).

In BARZUP (1,5,8-trioxa-2,2-bis[trifluoromethyl]-3-imido-
4-[1,1,1-trifluoro-2-[trifluoromethyljethoxy]-6,6,7,7-tetrakis[tri-
fluoromethyl]-4-phosphaspiro[3.4Joctane, P1, Z=2)?1 the
molecular periphery consists of eight CF, groups. The single
N-H group pointing outwards has almost no alternative but to
interact with a fluorine atom. The result is a weak but reason-
ably convincing H bond (N-H--- F, 2.23 A, 176°). In a similar
vein, the KUNGIJ (hexakis[2-fluorophenylamino]disiloxane,
P1, Z =1)*% molecule has six potential H-bond donors, but
the only good acceptor is the O sandwiched between the two Si
atoms. The only available acceptors are the F atoms. The mol-
ecules pair across inversion centers to give a 10-membered ring
arrangement (graph symbol®®?) R%(10); N-H---F 2.12A,
164°). 1t is interesting that three of the structures studied in this
analysis share the R3(10) hydrogen-bonding pattern.

SETMAF (2-trifluoroacetylamino-5,5-bis[trifluoromethyl]-
1,3,4-thiadiazolidine, P2,/c, Z =12)1** has a complicated
packing arrangement involving three independent sets of mole-
cules. One set forms dimers linked by centrosymmetrically relat-
ed N(amide)—H - - - N(ring) hydrogen bonds, the other two sets
form similar, but not symmetry related, dimers. In addition, the
closest contact made by the N—H group of each thiadiazolidine
ring is with a F atom of the trifluoroacetyl group of another
molecule (2.17 A, 123°;2.22 A, 176°:2.52 A, 117%). Especially
for this highly fluorinated molecule, these contacts can hardly
be taken as convincing H bonds, but the regular pattern sug-
gests that, even though the N—H - - - F interaction 1s weak, it 1s
better than the other possible interactions.

The amino group of the cytidine moiety in DOLSEC (5-
fluoroarabinocytosine, P2,2,2,, Z = 4)%1 makes two inter-
molecular contacts through its two H atoms, one to O 5" of the
sugar (N-H---O, 1.88 A, 170%), the other to the fluoro sub-
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stituent (N—H -+ F, 2.19 A, 130°). However, the corresponding
N---F distance, 2.94 A, is only slightly less than the N---F
distance involving N3 of the cytidine ring (3.06 A).

Ammonium Fluoroacetates: Several of the most convincing ex-
amples of X—H - -F bonding involve molecules where the F
atom can be associated with some anionic character. However,
X—H---F bonding is certainly not a general feature of such
structures. If it were so, we would expect to find N-H---F
bonding in the ammonium salts of mono-, di-, and trifluoro-
acetic acid ;2% 33 after all, the ammonium ion is a stronger acid
than the water molecule in CEVGUF or the OH group in KOV-
CAZ, and electron withdrawal by halogen atoms (especially F)
is commonly invoked to explain the acid-strengthening effect of
a-halogen substituents in aliphatic carboxylic acids.®# Never-
theless, the acid ammonium H-atoms in these three salts are
H-bonded exclusively to carboxylate O atoms (Table 3). Only in

Table 3. H bonds in crystal structures of ammonium fluoroacetates.

Structure [a] NH[b] H---X (A) [e] NH---X("[] X Ref.
NH; CF,C00~ H1 1.91 164 02 [53]
(AMTFAC) H2 1.86 173 o1

H3 1.92 166 01

H4 1.92 170 02
NH, CF,HCOO~ H?2 1.90 160 02 [20]
(AMDFAC) H3 1.80 174 01

H4 1.85 159 01

HS 1.83 172 02
NH; CFH,CO0~ H3 1.79 168 02 [20]
(AMMFAC) H4 2.03 143 02

H4 2.29 141 F1

HS 1.85 163 o1

H6 2.22 131 01

[a] CSD refcode in parentheses. [b] H atoms numbered as in CSD. [¢] Distances
and angles computed from normalized H-atom positions [11]: X = O,F.

the monofluoro salt is there a hint of a
bifurcated H bond involving carboxy-
late O and the syn-planar F atom, but
the latter is more than 0.25 A more dis-
tant from the H atom (Figure 6). It is
interesting that in the trifluoro salt,
with an excess of putative F acceptors,
there is no trace of H bonding to F. The
ammonium H atoms clearly prefer to
bond to O atoms rather than to F.1>!

Fig. 6. C-F---H N in-
teraction in AMMPFAC
(ammonium mono-
fluoroacetate}.

Possible Hydrogen Bonds to Fluorine in Protein—Ligand Com-
plexes: Fourteen protein—ligand complexes were found in
which the ligand contains at least one crystallographically locat-
ed carbon-bound fluorine atom (Table 4). Between them, they
contain 49 C—-F groupings. The environment of each F atom
was characterized as described in the Methods section and as-
signed to one of six categories: 1) makes no intermolecular
contacts (< 3.5 A) to any atom (4 examples); 2} makes contacts
only to carbon atoms (13 examples); 3) makes contacts only to
carbon atoms, or to oxygen or nitrogen atoms that cannot
be H-bond donors, such as carbonyl oxygen (3 examples);
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Table 4. Protein—ligand complexes containing carbon - fluorine bonds, taken from
the Protein Data Bank.

Table 5. Short contacts between fluorine atoms and possible H-bond donor atoms
in protein - ligand complexes.

PDB code Description Ref.
1 APV acid proteinase (penicillopepsin) (E. C.3.4.23.20) complexed 156)
with isovaleryl-Val-Val-hydrated difluorostatone-~N-methyi-
amide
1APW acid proteinase (penicillopepsin) (E. C.3.4.23.20) complexed [56]

with isovaleryl-Val-Val difluorostatine- N-methylamide

1BCD carbonic anhydrase IT (E. C.4.2.1.1) complexed with tri- [57]

fluoromethane sulphonamide

1ELA elastase (E. C.3.4.21.36) complexed with trifluoroacetyl-Lys- [58]
Pro-p-isopropylanilide

1ELB elastase (E. C.3.4.21.36) complexed with trifluoroacetyl-Lys- [58]
Leu-p-isopropylanilide

1ELC elastase (E. C.3.4.21.36) complexed with trifluoroacetyl- [58]
Phe-p-isopropylanilide

2EST elastase (E. C.3.4.21.11) complexed with trifluoroacetyl- [59]
Lys-Ala-p-trifluoromethylphenylanilide

4EST elastase (E. C.3.4.21.11) complexed with acetyl-Ala-Pro- {60]
Val-Val-difluoro-N-phenylethylucetamide

TEST elastase (E. C.3.4.21.11) complexed with trifluoroacetyl- [61]
Leu-Ala-p-trifluoromethylphenylanilide

6GCH gamma chymotrypsin (E. C.3.4.21.1) complexed with [62]
N-acetyl-Phe-trifluoromethyl ketone

7GCH gamma chymotrypsin (E. C.3.4.21.1) complexed with [62]
N-acetyl-Leu-Phe-trifluoromethyl ketone

4GPB glycogen phosphorylase B (E. C.2.4.1.1) (T state) complexed [63)
with 2-fluoro-2-deoxy-«-D-glucose-1-phosphate

1HLD alcohol dehydrogenase (E. C.1.1.1.1) (EE isozyme) [64]
complexed with nicotinamide adenine dinucleotide,
2.3,4,5,6-pentafluorobenzyl alcohol, p-bromobenzyl alcohol
and zinc

1RDS ribonuclease Ms (E. C.3.1.27.3) complexed with [65]

2'-deoxy-2'-fluoroguanylyl-(3',5")-cytidine

4) makes contacts to crystallographically observed water, but
to no other potential H-bond donors (7 examples); 5) makes a
contact to a potential H-bond donor on the protein, but geome-
try of contact is unfavorable (acute F --- H-X angle), and the
protein H-bond donor is clearly hydrogen-bonded to something
else (6 examples); 6) makes a possible H bond to a protein XH
group (16 examples).

Given that water positions in protein structures are generally
ill-determined, only the sixteen F atoms in category 6 (Table 5)
need be considered further. For none of these is there unequivo-
cal evidence of H bonding. This is hardly surprising because the
lack of experimental H-atom positions makes it difficult to
arrive at unambiguous in-
terpretations of H-bond-
ing patterns. However, in
two cases (4 EST, 6 GCH)
there is a good possibility
of X-H:--'F hydrogen
bonding.

In 4EST®% (Figure 7),
the inhibitor has reacted
with the catalytic serine of
the enzyme and is there-
fore anionic. One of the
inhibitor F atoms (F1)
forms a short (2.8 A) con-

# Serl95

Fig. 7. H bonds in active-site region of
4EST, the complex between elastase and
acetyl-Ala-Pro-Val-Val-difluoro-N-
phenylethylacetamide.
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PDB code F [a) Possible donor  F---X Remarks
atom, X (A) [b]
1APY F2 OD2(Asp213) 29 uncertain whether OD 2-
(Asp213) protonated
1 APW F2 OD2(Asp213) 3.0 uncertain whether OD 2-
(Asp213) protonated
1ELA F2 OG(Ser203) 3.0
F3 OG(Ser203) 29
N(Ser203) 3.1
1ELB F1 OG{Ser203) 32
NE2(His 60) 33
F3 OG({Ser203) 3.0
N(Gly201) 34
1ELC Fi1 OG(Ser203) 33
F3 OG(Ser203) 2.8
N(Gly201) 35
2EST F2 OG(Ser195) 33
F3 OG(Ser195) 33
4EST F1 NE2(His 57) 2.8
TEST F3 N(Ser195) 31
6GCH F11 NE2(His 57) 2.8
7GCH F11 NE2(His 57) 33
F13 N(Gly 193) 33

4GPB F2[c] OH(Tyr573) 3.0 O-H - F angle very small
{ca. 88")
uncertain whether OE 1-

(Glu672) protonated

OE 1(Glu672) 33

ND2(Asn284) 33

fa] Atom numbering as in PDB. [b] X = O, N. [¢] Inhibitor molecule GFP900.

tact to NE2(His 57) (estimated F--- H-N angle 129°). This N
atom also forms a 3.1 A contact to OG(Ser195) (O---H-N
approximately 136°). The N—H - - - F contact may therefore be
the stronger component of a bifurcated H bond. A very similar
situation is found in 6 GCH. %!

The remaining F atoms in category 6 (Table 3) are either not
H-bonded at all or are, at most, involved in H bonds with very
poor geometries or in weak components of bifurcated or trifur-
cated H bonds. This list includes several elastase complexes,
where the possibility of X—H -+ F hydrogen bonding has re-
ceived some attention in the literature.”®! A typical example is
represented by 1ELAP® (Figure 8). Here, two F atoms (F2,
F 3) of the inhibitor trifluoroacetyl group form short contacts
3.0, 2.9 A) to OG(Ser203). However, this O atom forms a
much shorter (2.8 A) contact to NE 2(His 60), which is undoubt-
edly a H bond, and, additionally, is in close contact with an
acetate ion. F3 also
forms a short (3.1A)
contact to the backbone
NH of Ser203, but there
is an even closer contact
(2.9 A) with the back-
bone carbonyl oxygen of
Cys199. The latter con-
tact cannot possibly be a
H bond. This shows that,
even in macromolecular
structures of nominal
1.8 A resolution, contact

Fig. 8. Hbonds in active-site region of
1ELA, the complex between elastase and tr-
fluoroacetyl-Lys-Pro-p-isopropylanilide.
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distances of 2.9 A or above are not conclusive evidence of H-
bond formation.

In summary, the evidence from the PDB is consistent with
that from the CSD: only rarely is fluorine seen to act as a
hydrogen bond acceptor and, when it does, it is usually in an
electron-rich environment.

Evidence from Physical Organic Chemistry: Water—octanol par-
tition coefficients'®®! (Table 6) indicate that fluoro and fluoro-
alkyl substituents are hydrophobic, not hydrophilic like typical
H-bond acceptors.[671

Table 6. Some water—octanol n constants {a].

Substituent n Substituent n

CF, 0.88 OMe -0.02
Me 0.56 NO, —0.28
F 0.14 CHO —0.65
H 0.00 S0,Me —1.63
fa} Ref. [66].

Abraham et al.l®® have developed spectroscopic methods for
measuring the equilibrinm constant of association (through hy-
drogen bonding) of an acid and a base in carbon tetrachloride
solution. They measured the association constants of a variety
of bases with a few standard acids. The measured constants were
then transformed into an index, %, which they regard as a
measure of hydrogen-bond acceptor ability—the bigger f5, the
better the base as an acceptor. Some representative Y values are
given in Table 7. They suggest that fluorobenzene is an extreme-

Table 7. Some measured values of the H-bond acceptor index S [a].

Molecule i Molecule B
alkanes 0.00 acetone 0.50
chlorobenzene 0.09 tetrahydrofuran 0.51
fluorobenzene 0.10 pyridine 0.62
benzene 0.14 diphenylsulfoxide 0.67
pitrobenzene 0.34

[a] Ref. [68].

ly weak hydrogen-bond acceptor, weaker, in fact, than benzene
itself. In agreement with this, and although gas-phase proton
affinities cannot be translated directly into molecular properties
in condensed phases, it is noteworthy that gas-phase protona-
tion of fluorobenzene yields predominantly the ring-protonated
isomer, the experimental proton affinity of the F atom being 40
to 50 kcalmol ™! less than that of the C atoms,!%”]

IMPT Calculations

Fluorobenzene - - - H,O, benzene--- H,0, and benzoquinone - --
H,0: One of the few examples of convincing H bonding to
fluorine occurs in the structure CEVGUF*4 (see above), where
a water molecule is H-bonded to the fluorine substituent of an
ortho-fluorobenzoate ion. IMPT calculations on ortho-fluoro-
benzoate - - - H,0 would be difficult to interpret because the ef-
fects of the proximal carboxylate and fluoro substituents could
not be separated. Calculations were therefore done on the bi-
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molecular complex fluorobenzene - - - H,O. The geometry was
taken from CEVGUF, the only change being the replacement of
the o-carboxylate group by a hydrogen atom in a standard posi-
tion (C—H =1.08 A). In particular, the dimensions of the C-
F---H,0 system were kept at the values observed in CEVGUF,
namely, F---H =204A, F---0=299A F---H-0 =170°,
C-F---H =122°, C-F---H-O torsion = — 36°, F---H-O-
H torsion = —75°.

For comparison, calculations were also done on the bimolec-
ular complexes benzene---H,O and benzoquinone---H,O.
The geometry of the first system was generated by replacing the
F atom of the fluorobenzene - - - H,O system by H, leaving all
other parameters unchanged. The geometry of benzoquinone
was taken from the low-temperature X-ray determination of
this compound.U’%! The benzoquinone molecule was placed in
the same orientation with respect to the water molecule as in the
fluorobenzene - - - H,O calculations. This was achieved by least-
squares superposition of the ring atoms of benzoquinone onto
those of the fluorobenzene, subject to the constraint that one of
the benzoquinone oxygens was coincident with the fluorine
atom of fluorobenzene.

Results are summarized in Table 8, which gives total interac-
tion energies and the individual perturbation terms from which

Table 8. Calculated interaction energies of fluorobenzene:---H,0O, benzene---
H,0, and benzoquinone - - - H,0

System ES ER PO fasy DI Total [a]
fluorobenzene---H,0 —3.67 239 —-0.35 -035 —1.03 -2.80
benzene - - H,0 011 076 -014 —-0.0% —0.58 0.06

benzoquinone ---H,0 —667 418 —064 063 -—141 516

[a} ES = first-order electrostatic interaction, ER = exchange repulsion, PO =
polarization, CT = charge transfer, DI = dispersion; total energy and all energy
components in kcalmol .

they are derived. The total energy of fluorobenzene - -- H,O is
attractive (— 2.8 kcalmol™!), whereas that of benzene - - - H,0O
is slightly repulsive (0.1 kcalmol ™ 1).7*! The difference is mainly
due to the first-order electrostatic term; the C—F grouping of
fluorobenzene has a favorable Coulombic interaction with
H,0. However, the total energy of fluorobenzene-:-H,O is
only about half as attractive as that of benzoquinone---H,0O
(— 5.2 kcalmol ™ 1), showing that the carbonyl O atom is a
much stronger hydrogen-bond acceptor. The difference is again
mainly due to the first-order electrostatic term, but polarization,
charge transfer, and dispersion all contribute too. Therefore, the
weakness of F as a H-bond acceptor, relative to a conventional
acceptor such as carbonyl O, seems to be due to a combination
of effects. The calculated partial charge on F in a normal C-F
bond is typically less than that on carbonyl O,!72! presumably
because both the o and the = components contribute to the
latter. As expected from the hard nature of fluorine, the polar-
ization contribution to a C—F---H-X hydrogen bond is
also relatively small. Finally, charge transfer makes only a
small contribution to the stability of C—F---H-X interac-
tions, presumably because fluorine lone pair orbitals are low in
energy.
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Effects of electron donating substituents: IMPT calculations
were done on the complexes H,O-:-4-fluorophenol and
H,0 - 4-fluoroaniline. Standard geometries were used for the
OH and NH, substituents. All other parameters (H-bond ge-
ometries, etc.) were unchanged from those used above. Results
are summarized in Table 9, which also gives the Hammett o,

Table 9. Calculated interaction energies of para-substituted fluorobenzenes with
H.0.

System ¢,[a] ES ER PO CcT DI Total [b]

fluorobenzene - - - H,O 0.00 —367 259 -035 —035 —-1.03 —-2.80
4-fluorophenol - - - H,0 —0.37 —-380 259 -035 —036 —1.03 —296
4-fluoroaniline---H,0 —-0.66 —4.09 259 -038 —039 —1.03 -329

[a] Hammett o, constant of atom or group para to fluorine. [b] ES = first-order
electrostatic  interaction, ER =exchange repulsion, PO = polarization,
CT = charge transfer, DI = dispersion; total cnergy and all energy components in
kealmol ™.

values of H, OH, and NH, .!%%! As expected, para substitution
increases the stability of the C—F - - - H-0O “hydrogen bond” by
0.2 (OH) and 0.5 kcalmol ™! (NH,), the effect being at least
qualitatively dependent on the substituent ¢, value and almost
entirely due to the first-order electrostatic term. The results are
thus consistent with our empirical observation that C—F group-
ings are more likely to accept H bonds when in an electron rich
environment.

Effects of donor -+ - acceptor distance: We investigated how the
energies of fluorobenzene---H,0 and benzoquinone---H,0
vary with donor - - - acceptor distance (i.e., F---H and O - H,
respectively). All other geometrical parameters (bond distances
and angles, C~F---H-0O and C=0---H-0O torsions, etc.)
were unchanged from those used in the earlier calculations.
Results are summarized in Table 10. The benzoquinone - - - H,O

Table 10. Variation with distance of interaction energies of fluorobenzene - -- H,O
and benzoquinone - - - H,0.

System r(A)[a] ES ER PO CT DI Total [b]
fluorobenzene---H,0  1.94 —4.39 389 —-046 —-049 —127 -—-273
fluorobenzene ---H,O 204  —3.67 259 —-0.35 —035 —1.03 —280
fluorobenzene - --H,O0 2.14  -311 172 —-027 -025 —084 —-2.75
benzoguinone---H,0 1.94  —-798 617 —083 —-086 —178 —528
benzoquinone ---H,O  2.04 —6.67 418 —0.64 —0.63 —141 -—516
benzoquinone ---H,0  2.14 —564 283 —050 -046 —114 —491

[a] H-bond distance, i.e., distance between water H atom and acceptor atom
iF---H for fluorobenzene --H,0 complexes, (C=)0O---H for benzo-
quinone - - - H,O complexes]. [b] ES = first-order electrostatic interaction, ER =
exchange repulsion, PO = polarization, CT = charge transfer, DI = dispersion; to-
tal energy and all energy components in kcal mol ™%

interaction energy becomes slightly more favorable when the
donor - - -acceptor distance is decreased by 0.1 A, but that of
fluorobenzene - - - H,0 remains practically unchanged. Thus,
not only is benzoquinone a much stronger acceptor than
fluorobenzene, it also forms shorter hydrogen bonds, despite
the fact that the van der Waals radius of O is larger than that
of Rt
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Conclusions

Statistical analyses of appropriate intermolecular contact dis-
tances in small-molecule crystal structures harvested from the
Cambridge Structural Database (CSD) show that C—F---H-
X distances less than 2.3 A are extremely uncommon (37 out of
5947 C-F bonds). Scrutiny of the few individual structures with
short O-H---F and N-H - F contact distances shows that
only two examples can be regarded as unequivocal hydrogen
bonds, one involving an F atom with considerable anionic char-
acter. A few other examples in this group can be regarded as
“possible” but very weak hydrogen bonds. Thus, the experimen-
tal evidence leaves no doubt that covalently bonded F hardly
ever acts as a H-bond acceptor and then only in exceptional
molecular and crystal environments.

This result is confirmed by analysis of X - F contacts in
protein—ligand crystal structures from the Protein Data Bank
(PDBj). In these structures, the H-atom positions are almost
never determined experimentally and must therefore be in-
ferred. Because of this limitation, unambiguous interpretations
of hydrogen-bonding patterns are impossible. Nevertheless, a
few examples of “possible” hydrogen bonding involving cova-
lently bound fluorine can be postulated. It is striking that, in all
of them, the F atom in question is part of a bound inhibitor
molecule with a formal negative charge.

The results of the structural data are largely confirmed by
quantum mechanical (IMPT) calculations on simple model sys-
tems and by physicochemical evidence. Although gas-phase
basicities cannot be correlated directly with H-bonding acceptor
abilities in condensed phases, it is noteworthy that fluoro-
benzene is protonated in the gas phase at a C atom and not on
the FI%1 (And one should not forget that fluorocarbons are
even more hydrophobic than hydrocarbons; a reason why fry-
ing pans are coated with Teflon.)

These conclusions confirm and extend the results of earlier,
more limited surveys.!!* Nevertheless, they seem to be at vari-
ance with what one might call the present canonical view of
hydrogen bonding. Thus, in a recent authoritative review, Bern-
stein et al.!”3! wrote that: “The notion of the physical basis of
the hydrogen bond has not changed since Pauling’s description
over half a century ago. It is an essentially electrostatic interac-
tion resulting in an attractive force between a hydrogen atom H
covalently bonded to a donor atom X and an electrongative
atom A. Also in concert with Pauling’s ideas, the strength of the
hydrogen bond depends on the relative electronegativity of the
X and A moieties.” This statement leads us to expect that when
A is fluorine, we should get strong hydrogen bonding with good
donor atoms X; after all, F is the most electronegative element.
Our survey has shown, however, that this expectation is not
fulfilled. Hydrogen bonds to F as acceptor are few and weak,
compared with the innumerable strong H bonds formed with O
as acceptor. What is wrong?

At least two factors seem important. If we take hydrogen
bonding as an intermediate stage in proton transfer, it is clear
that the proton affinities (base strengths) of the donor and ac-
ceptor atoms must be closely matched. In molecular orbital
terms, this means that the energies of the two orbitals that com-
pete for the proton (in a simplified three-center, four-electron
MO model) must not be too different. The binding energy of a
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2p electron of F is some 3 eV greater than than of O(2p) and
some 6 eV greater than that of N(2p).l74

The second factor is that the energies of the relevant orbitals
can be modified by the effect of electron delocalization within
molecules and of cooperativity in extended systems. With regard
to the former, fluorine only forms single bonds, so it cannot
attract electrons through the n system in the same way as, for
example, carbonyl oxygen or imine nitrogen. Thus, although F
is more electronegative than O or N, it is normally the latter
atoms that are assigned the larger, negative partial atomic
charges in quantum-mechanical calculations on organic mole-
cules.!”?! With regard to cooperativity effects, there are practi-
cally no examples where H,O acts only as H donor or only as H
acceptor. The H-donor and H-acceptor properties of H,O act
synergistically, and the same can be said for almost all good
H-bonding systems (carboxylic acids and amides, nucleic acid
bases, etc.).

In the lack of a better model and in spite of the negative
partial charge on covalently bound F, its extremely weak H-
bonding capability can be attributed to a combination of two
factors: its low proton affinity (Iow basicity, low-lying lone pair
orbitals, tightness of its electron shell) and its inability to modify
this by intramolecular electron delocalization or intermolecular
cooperative effects. At the same time, it has to be admitted that,
in spite of the vast amount of work on hydrogen bonding over
the years, the chemical factors influencing the strength of hydro-
gen bonds (especially factors influencing H-bonding acceptor
ability) are still not completely understood.!”?!
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Double Subroutine Self-Assembly; Spontaneous Generation of a

Nanocyclic Dodecanuclear Cu' Inorganic Architecture

Daniel P. Funeriu, Jean-Marie Lehn,* Gerhard Baum and Dieter Fenske

Abstract: The newly synthesised ligand 2
combines binding components known to
undergo specific and distinct self-assem-
bly processes with Cu' ions. It complexes
Cu! to form, in almost quantitative yield,
a large inorganic architecture 1 made up
from four ligand molecules and twelve
metal ions. The structure of 1 was ascer-
tained by X-ray radiocrystallography as

spray mass spectrometry. It consists of a
macrocycle of nanometric dimension with
an external diameter of 28 A; the central
cavity has a diameter of 11 A, which con-
tains four PF, anions as well as solvent

Keywords
bipyridines * copper compounds - self-
assembly + supramolecular chemistry

molecules. The spontaneous formation of
1 results from a seif-assembly process
based on a “program” combining two as-
sembly subroutines, each specific to one
of the ligand subunits. Self-assembly
through double or, more generally, multi-
ple subroutines can be used to generate a
wide variety of highly complex inorganic
supramolecular architectures by combi-

well as by NMR spectroscopy and electro-

Introduction

Defined self-assembled architectures are formed through a
“program’ that comprises 1) molecular recognition between
the individual components, 2) correct orientation of the initial-
Iy connected components so as to allow growth and
3) termination, yielding a finite structure. Their syntheses are
directed by the information stored in the structure of the precur-
sors that participate in the self-assembly process!’! and pro-
cessed through the algorithm defined by the interactions be-
tween the components. The spontaneous but directed genera-
tion of inorganic architectures has thus been achieved, based on
the steric information defined by ligand structure and on the
operational algorithm determined by the coordination geome-
try of metal ions. A variety of complex structures have been
obtained, such as double,? triple!® and circular™ heli-
cates,'> 591 and cylindrical cages!” # and grids.!!

A further logical step would be to explore how several pro-
grams that independently govern the formation of different
structures can be combined as subroutines of an overall pro-
gram. Specifically, it is of interest to investigate whether the
system behaves as a linear combination of subroutines with each
yielding its predetermined substructure or as a more complex
combination with the subroutines interfering and crossing over.

{*] Prof. Dr. J-M. Lehn, D, P. Funeriu
Laboratoire de Chimie Supramoléculaire
Institut Le Bel, Université Louis Pasteur CNRSURA 422
4, rue Blaise Pascal, F-67000 Strasbourg (France)
Fax: Int. code +(88)41-1020
e-mail: lehn@chimie.u-strasbg.fr
G. Baum, Prof. Dr. D. Fenske
Institut fiir Anorganische Chemie der Universitit Karlsruhe (Germany)
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nation of two or more assembly processes.

We present here such a case involving a two-subroutine self-
assembling system that yields the large hollow architecture 1
from four ligands 2 and twelve Cu' ions (see also Figure 1).

It has been established that the bisbipyridine ligand 3a com-
bines with Cu' ions to form a double-helical structure, the heli-
cate 4.2 On the other hand, the bispyridyl-pyridazine ligand
5al'? or 5b and Cu' ions have been shown to yield a square-
shaped species, 6.1'% Therefore, ligand 2, which combines both
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these structural elements, can be used to test how a mixed sys-
tem “‘remembers’ and expresses the behaviour of its individual
components.

Results and Discussion

Synthesis of ligand 2 and Cu' complexation: Ligand 2 was pro-
duced by treating diol 5d with NaH followed by 2 equiv of the
bisbipyridine monobromide 3b11V in THF at reflux (65-82%

Fig. 1. Crystal structure of complex L. Top: ball and stick representation; botton:
space-filling representation (sec also colour picture on cover): feft: front view; right:
side view.

yield; m.p. 221 °C). The diol 5d itself was obtained as shown in
Scheme 1.1'%1 The bromopyridine 7 was oxidised in 72 % vyield 1o
the corresponding carboxylic acid 8a with CrO,/H,SO, . Ester-
ification and reduction of the ester 8b with NaBH, /ethanol gave
the alcohol 9a (78 % yield), which was protected with dihy-
dropyran to afford 9b in 95% yield. Treatment of 9b with
nBuliin THF followed by #Bu,SnCl gave the stannylated pyri-
dine 10 in (52 % yield; distilled). Pd(PPh,),-catalysed coupling
of 10 with 3,6-dichloropyridazine in toluene afforded product
5¢ (25-35% yield). Deprotection gave diol 5d in 98% yield.

Abstract in French: Le nouveau ligand 2 combine des unités de
coordination connues pour donner liew d des processus
d’autoassemblage spécifiques et différents avec des ions Cu'. Il
complexe Cu' en formant spontanément et presque quantitative-
ment une architecture inorganique de grande taille 1 a partir de
quatre molécules de ligund et douze ions métalliques. La structure
I a été établie par diffraction des rayons X ainsi que par spec-
trométrie de RMN et de masse. Elle consiste en un macrocycle de
dimension nanométrique ayant un diameétre extérieur de 28 A et
une cavité centrate de 11 A de diamétre qui contient quatre anions
PF; ainsi que des molécules de solvant. La formation de 1 résulte
d’un processus d’autoassemblage suivant un programme fondé sur
la combinaison de deux sous-routines d’assemblage dont chacune
est spécifigue d'un des sous-unités du ligand. Un tel autoassem-
blage a double ou, plus généralement, multiple sous-routine ouvre
la voie a la génération d'une grande variété d'architectures
supramoléculaires inorganiques de haute complexité par combi-
naison de deux ou de plusieurs processus d’assemblage.

Abstract in Romanian: Nou sintetizatul ligand 2 combind
in structura sa doud parti distincte, cunoscute pentru
proprieté’tile complexante fa’ts de ionii Cuf(I). Ligandul 2
complexeazd cantitativ cationul Cu(Ir) dand na;tere unei
arhitecturi anorganice de mari dimensiuni 1, formata din
patru molecule de ligand §i doisprezece cationi metalici.
Structura 1 a fost stabilitd prin spectroscopie RMN,
spectrometrie de mas3d §i difracgia razelor X. Aceasta
structurd constd Intr-un macrociclu de dimensiuni
nanometrice de diametru exterior 28A, cavitatea centrald
avdnd 11A gi incorpordnd patru anioni PFg~ gi cdteva
molecule de solvent. Procesul de autoasamblare, In urma
cdruia rezultd nanociclul 1 este realizat prin “executarea”
unui program fondat pe combinarea a doud subrutine de
asamblare, fiecare subrutind fiind specifici unei subunitagi
a ligandului 2. Acest nou tip de autocasamblare, avand la
bazd “executarea” unul program molecular format din doud sau
mai multe subrutine, deschide calea realizirii unei

Varieté;i de arhitecturi supramoleculare de mare

complexitate.
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ROOC RO

8a R=H

9a R=H
7 8b R=Et

9b R=THP

5¢ R=THP
5d R=H

Scheme 1. Synthesis of the diol 5d.

The complex 1 was obtained by treating a suspension of 2 in
acetonitrile with 3 equiv of CW(CH,CN),X (X = ClO,, PF; or
BF, ) at reflux under argon for twelve hours. Alternatively, the
same complex was formed at room temperature over a two-
month period.

Spectral data for complex 1: The electrospray mass spectrum is
very informative (Figure 2). It displays a set of peaks that corre-
spond to the successive loss of five PF, ioms, from
[{Cuy,(2) HPF ) * to [{Cu,,(2),}(PF,),I18*; this shows unam-
biguously the stoichiometry of the complex as being four ligands
and twelve Cu’ ions.

100% J 975.10
B 814.99 |
) 1199.28
695.04 | |
] ' i \
7 ! ! 1535.82
{ i
N
| | |
| B |
| z | | 2097.86
B ! L \ ‘
oo b ww}‘l%. Aot JJLHN.,_M,M . ML___ AMMA.NLM
0% T T [ . 7 T T T

400 600 800 1000 1200 1400 1600 1800 2000 Dale

Fig. 2. Electrospray mass spectrum of the PFy salt of the complex 1. The peaks
correspond to the following compositions: 2097.86, {{Cu,,(2),}(PF,).}*; 1535.82,
[{C“xz(z)a}(st)x]4+ :1199.28, [{Cu,5(2),1(PFe),]°: 975.10, [{Cuy(2) H (P
814.99, [{Cup, (D, }(PFe)s]7" : 695.04, [{Cu,,(2),(PELI "

The electronic absorption spectrum (in acetonitrile) shows a
metal-to-ligand charge transfer (MLCT) band in the visible re-
gion at 2 =429 nm (¢ = 34000), as expected from literature
data for related complexes.t2- 19

The 'HNMR spectrum (500 MHz) (Figure3) shows a
marked upfield shift (more than 1 ppm) of the signals of the
methylene protons with respect to the uncomplexed ligand as
well as a more complicated pattern in this region (AB systems).
Such features are commonly observed for the formation of heli-
coidal complexes of oligobipyridine ligands.[**3! The aromatic
part consists of sixteen peaks, which were all assigned by means

Chem. Eur. J 1997, 3, No. 1
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of ROESY (Figure 4) and COSY NMR data (Figurc 5); this
data indicates that the symmetry of the ligand is conserved
during the complexation process.

Lo

90 85 80 75 70 65 B0 40 35 30
ppm

Fig. 3. "HNMR spectrum (500 MHz) of the PF; salt of the complex 1 in
CD,CN.
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Fig. 4. ROESY spectrum of the PE; salt of the complex 1 in CD,CN.
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Fig. 5. COSY NMR spectrum (500 MHz) of the PF, salt of the complex 1 in
CD,CN.

The data obtained in solution agree with the complex having
either structure A or B. The cruciform geometry A corresponds
to the linear combination of the processes governing the forma-
tion of complexes 4 and 6, whereas the intertwined geometry B
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implies a more complex operation of the two programs. These
two cases may also be considered respectively as the diagonal
and the off-diagonal clements of a matrix combination of the
subroutines.

Crystal structure of complex 1: Crystals of compound 1 were
grown by diffusion of benzene into a solution of the complex in
CH,NO, (2.5 mgmL ™). The X-ray crystal structure data indi-
cate that the compound consists of a large complex cation
[Cu,,(2),]'**, 1 (Figure 1) of toroidal shape, having an external
diameter of 28 A and a central cavity with an 11 A diameter into
which 4PF; anions are incorporated. In addition the structure
contains uncoordinated PF_ anions and solvent molecules,
some of which are also located within the central cavity. The
overall appearance of the structure is not “flat” but bowl-
shaped. This feature probably resuits, at least in part, {from the
position of attachment of the bisbipyridine subunits to the cen-
tral bispyridylpyridazine group in ligand 2.

The complex cation contains a macrocyclic array of twelve
Cu'ions.[*% One can distinguish two types of Cu' ions according
to their environment. Four of them are complexed by two 2,2'-
bipyridine units (bipy), while the eight others are bound to a
bipy and to a pyridine—pyridazine (pypz) unit. The distance be-
tween Cu(1) and Cu(2) (see structural formula of 1) is 3.621 A,
whereas the distance between Cu(2) and Cu(3) is 6.306 A. All
Cu' cations are in a distorted tetrahedral environment.

The ligand strands are wrapped around each other as sche-
matically represented by structure B, forming four linked
double helical sections with twelve crossing points. The duplexes
in B are, in their pairs and alternating around the ring, of oppo-
site (+) and (—) helicity so that the structure is an achiral, meso
form with two planes of symmetry cutting through the middle of
the pyridazine rings of the central components Sa. The structure
is unusual in that it combines four chiral double-helical elements
into an achiral object. Structure B can also be viewed as two
pairs of strings intertwined into a “‘perpendicular braid”. Ap-
propriate connection of the termini of the strands would yield a
knotted figure with 12 crossings, that is, a 12-knot.[!”!

The generation of structure B rather than A from ligand 2 and
Cu' ions could result from the appreciably weaker basicity and
binding affinity of pyridazine (pz) nitrogens compared to pyri-
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dine (py) nitrogens. The constitution of the Cu' sites of B
[B(NE*NP?), 4(N&)] may thus lead to stronger total binding than
that of A [4(NFYN?8%), 8(NEM], owing to the presence of four
comparatively disfavourable (N5YN%?) sites in the latter.

Conclusion

The self-asserably of the inorganic architecture 1 of type B has
a number of interesting features:

1) The crossover of two different assembly subroutines gener-
ates a novel structure representing a combination of those
generated independently by these processes.

2) Complex 1 is an inorganic macrocyclic architecture of nano-
metric size containing a large internal cavity, which allows
the inclusion of four PF_ aniouns; varying the size and the
charge of the guest anions might lead to a change in cavity
size and shape, as has been observed in the self-assembly of
circular helicates and along the lines of the “virtual combina-
torial library” concept.™

3) Such highly charged cationic entities should act as receptors
possessing strong association constants with anionic sub-
strates.

4) The formation pathway(s) of such a highly intertwined struc-
ture from its components (involving a multidimensional hy-
persurface with multiple intermediates, sequences and bifur-
cations) presents analogous problems to the complex process
of protein folding.

5) Modifications of the ligand 2 as well as the combination of
several different components should provide further insight
into multisubroutine self-assembly and yield a variety of ar-
chitectures of increasing complexity.

Experimental Procedure

General Methods: Unless specified, the solvents were technical grade. Dry
THF was obtained by distillation over Na and benzophenone. All commer-
cially available compounds were purchased from Aldrich, except DHP
(Fluka). Yields were calculated on isolated compounds, unoptimised unless
specified. NMR spectra were recorded on a Bruker 200 or 300 MHz spec-
trometer. TLC plates used were Macherey Nagel POLYGRAM®* ALOX
N/UV,;, and Macherey Nagel POLYGRAM® SIL N/UV,,,. Aluminium
oxide used for preparative chromatographic separations was “Aluminiom
oxide 90 standardised (activity 11-III) particle size 0.063-0.200 mm (70—
230 mesh ASTM)”" from Merck.

2-Bromo-6-pyridinecarboxylic acid (8a): Compound 7 (11 g; 64 mmol) was
dissolved in conc. H,S0, (70 mL), and CrO, (20.4 g; 204 mmol) was slowly
added under vigorous stirring. The temperature was kept under 75°C by
cooling in an ice—water bath when necessary. After the CrO; addition was
complete, the reaction mixture was stirred at room temperature overnight,
then poured over crushed ice (60 g). Filtration and washing of the solid with
cold water (3 x 15 mL) afforded 8a (9.3 g; 72%) as a pale yellow solid. M.p.
197°C; 'HNMR: (200 MHz, [DDMSO): §=28.1 (dd, *J=6.5Hz,
*J=15Hz, 1H), 7.90-7.70 (m, 2H); !*C NMR (50 MHz, [D,]DMSO):
0 =164.6, 149.2, 141.0, 140.6, 131 .4, 124.2; FAB™: 202.

Ethyl 2-bromo-6-pyridinecarboxylate (8b): Acid 8a (5 g; 24.7 mmol) was dis-
solved in ethanol (200 mL}, and conc. H,SO, (10 mL} was cautiously added.
The mixture was refluxed overnight and then cooled to 07C and neutralised
with aqueous sat. NaHCO;. The ethanol was evaporated under reduced
pressure, and the residual aqueous mixture extracted with CHCl,
(3x 100 mL). The organic layers were dried over MgSO,, filtered and evap-
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orated under reduced pressure to afford the ester 8b as a colourless oil
(5.23 g; 92%). R, = 0.54 (alox, CHCl,/hexane 1/1). '"HNMR (300 MHz,
CDCl,): 6 = 8.07(dd, *J = 6.5 Hz, *J =1.8 Hz, 1 H, H5), 7.72-7.64 (m, 2 H,
H3, H4), 4.47 (quadruplet, *J =7.1 Hz, 2H, CH,CH,), 1.42 (1, 3] =7.1 Hz,
3H, CH,CH,); '*C NMR (50 MHz, CDCl,): 6 =164, 149.2, 142.2, 139.2,
131.7, 124, 62.3, 14,4; FAB": 230.1.

2-Bromo-6-hydroxymethylpyridine (9a): The ester 8b (2.3 g; 10 mmol) was
dissolved in ethanol (50 mL), and NaBH, (3.5 g) was added. After 1h at
room temperature, TLC analysis (alumina, CHCI;) showed that all the start-
ing material had been consumed. The reaction mixture was carefully acidified
to pH 6 with 2m HCI, and the ethanol evaporated under reduced pressure.
The residual aqueous solution was extracted with CHCl; (3x 50 mL). The
organic phases were dried with MgSO, filtered and evaporated in vacuo to
afford the alcohol 9a as a colourless oil (1.7t g; 91%). R, = 0.23 (alox,
CHCI,), "THNMR (200 MHz, CDCl,): § =7.55 (t, 3/ =7.7Hz. 1H, H4),
7.38 (d, 3J =7.7Hz, 1H), 7.28 (d, *J =7.7 Hz, 1 H), 4.74 (s, 2H, CH,0H),
3.14 (b, 1H, CH,0H); "*C NMR (50 MHz, CDCl,): § =139.1,126.7, 119.3,
64.3; FAB*: 187.9.

(2-Bromo-6-pyridy})methyl 2-tetrahydropyranyl ether (9b): The alcohol 9a
(1.86 g; 9.9 mmol) in CHCl, (10 mL) was treated with dihydropyran (1.25 g;
14.8 mmol) and p-toluenesulfonic acid (PTSA; 60 mg) at reflux overnight.
The reaction mixture was partitioned twice between 10 % aqueous NaHCO,
and CHCI,. The organic layers were concentrated in vacuo to give an oily
residue (2.56 g; 95%). R; =0.53 (alox, CHCl /hexane 1/1), 'HNMR
(200 MHz, CDCL): 8 =7.55(t, *J =7.6 Hz, 1H, H4), 7.44 (dd, °J =7.6 Hz,
4J=05Hz, 1H), 7.36 (dd, 3/ =7.6Hz *J=05Hz, tH), 485 (d,
2] =142 Hz, 1H, CH,OTHP), 4.75 (1, *J = 32 Hz, 1 H, CH in THP ring),
4.60 (d, 2J =142 Hz, 1 H, CH,OTHP), 3.87 (m, 1H, OCH, in THP ring),
3.56 (m, 1H, OCH, in THP ring), 2--1.5 (m, other CH, protons {rom the
THP ring), '3C NMR (50 MHz, CDCl,): & =160.6, 141.34, 139, 126.6, 120,
98.6, 69.2, 62.4, 30.6, 25.5, 19.4; FAB*: 271.9.

2-Tetrahydropyranyl [2-{tri(n-butyl)stannyl}-6-pyridyljmethyl ether (10):
Compound 9b (2.26 g; 8.3 mmol) was dissolved in dry THF (10 mL) under
an Ar atmosphere and cooled to —75°C. nBuLi in hexane (1.6M, 6 mL) was
added dropwise, and the mixture turned a pale red. After 1h at —75°C,
#Bu,SnCl (3.55 g; 10.9 mmol) was added dropwise, and the reaction mixture
was allowed to reach room temperature overnight. The solvent was evaporat-
ed in vacuo, and the mixture obtained partitioned between H,O and CHCI;.
The organic layer was dried over MgSO,, filtered and cvaporated in vacuo.
The oily residue was distilled at 0.4 mmHg to afford a fraction boiling at
124 °C, which was identified as compound 10 (2.1 g; 52%). R; = 0.77 (alox,
CHCl,/hexane 1/1), 'THNMR (200 MHz, CDCl,): 6 =7.50 (t, *J = 6.9 Hz,
1H, H4), 745 (d, 3J =69 Hz, 1H), 727 (d, 3J = 6.9 Hz, 1H), 4.90 (d,
2J =13.5Hz, 1 H, CH,OTHP), 4.81 (t, 3J = 3.3 Hz, 1H, CH in THP ring),
4.66 (d, 2J =13.5 Hz, 1H, CH,OTHP), 3.95 (m, 1H, OCH, in THP ring),
3.58 (m, 1H, OCH, in THP ring), 2—1.5 (m, SnCH,CH,CH,CH, and other
CH, protons from the THP ring), 1.32 (sextuplet, *J=7.4Hz, 6H,
SnCH,CH,CH,CH,), 1.10 (t, *J =74 Hz, 6 H, SnCH,CH,CH,CH,), 0.87
(t, > =74 Hz, 9H, SnCH,CH,CH,CH,); '*C NMR (50 MHz, CDCl,):
§=1732, 1589, 1336 (s, and d due to ''°Sn-'3C coupling, C2,
2Js—c = 60 Hz), 130.8, 119.5, 98.4, 70.4, 62.2, 30.7, 29.1, 27.3 (s, and d due
to '*?Sn—'3C coupling, SnCH,, 2%, c = 80 Hz), 25.6,19.5,13.7, 10; FAB™:
482.

Di-2-tetrahydropyranyl ether of 3,6-di(6-hydroxymethyl-2-pyridyl)pyridazine
(5¢): 3,6-Dichloropyridazine (60 mg; 0.43 mmol) and tetrakis(triphenylphos-
phine)paliadium(o) (50 mg; 0.043 mmol) in dry toluenc (10 mL) were added
to the stannylpyridine 10 (0.5 g; 1.03 mmo!) under an Ar atmosphere. The
reaction mixture was refluxed overnight. Chromatographic workup (alumi-
na, CH,Cl,/hexane 1/1) afforded compound 5S¢ (3rd fraction) as an oil
(51 mg; 25.6%) that slowly solidified. The compound could be recrystallised
from hexane. M.p. 104°C. R; = 0.32 (alox, ethyl acetate/hexane 1/4),
THNMR (200 MHz, CDCL,): § = 8.68 (s, 2H, CH pyridazine), 8.64 (dd,
3J =7.5Hz, *J =0.5Hz, 2H), 7.90 (1, 3J =7.5Hz, *J = 0.5 Hz, 2H), 7.59
(dd, *J =7.5Hz, *J = 0.5 Hz, 2H), 4.99 (d, J =13.6 Hz, 2H, CH,0THP),
485 (t, 3J=23.5 2H, CH in THP ring), 476 (d, 2J=13.6 Hz, 2H,
CH,0THP), 3.96 (m, 2H, OCH, in THP ring}, 3.60 (m, 2H, OCH, in THP
ring), 2—1.5 (m, other CH, protons from the THP ring), }*C NMR (50 MHz,
CDCl,): § =158.4, 157.8, 152.3, 137.3, 124.8, 122.0, 119.7, 98.1, 69.5, 61.9,
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30.3,25.1,19.0; FAB* : 463.3 Analysis: caled for C,,H;oN,O, (462): C 67.5.
H 6.53, N 12.11; found C 67.66, H 6.61, N 12.05.

3,6-Di(6-hydroxymethyl-2-pyridyl)pyridazine {5d): Compound Sc (40 mg;
0.086 mmol) in methanol (10 mL) was treated with PTSA (5§ mg) at reflux
overnight. The solvent was evaporated in vacuo, and the oily residue parti-
tioned between CHCI, and water. The aqueous solution was washed with
CHCI; (3 x15mL). The combined organic layers were dried over MgSO,.
filtercd and concentrated in vacuo. After 15 h under 0.05 mmHg of pressure
the diol 5d was obtained (24,8 mg; 98%). The compound could be recrys-
tallised from ethanol. M.p. 186°C; R, = 0.33 (alox, CH,Cl, /methanol 95/5);
'HNMR (200 MHz, [DJDMSO): § = 8.66 (s, 2H, pyridazine CH), 8.51 (d,
3J=78Hz, 2H), 807 (t, 3J=7.8Hz, 2H, pyridinc H4), 7.66 (d,
2J=7.8Hz, 2H), 5.5 (t, *J = 5.6 Hz, 2H, OH), 4.71 (d, *J = 5.6 Hz, 4H,
CH,0OH); **C NMR (50 MHz, [D¢]DMS0): § =162.2, 157.7, 151.6, 138.3,
124.9,121.6, 119.2, 64.2; FAB™ : 294; Analysis: caled for C, ;H,,N,O, (294):
C 65.29, H 4.80, N 19.04; found C 65.02, H 4.75, N 19.31.

Bipyridine-pyridazine ligand 2: The diol 5d (101 mg; 0.34 mmol} was dis-
solved in dry THF (10 mL) under an Ar atmosphere. NaH (50% suspension
in oil, 50 mg) was added, and the mixture refluxed for 2 h. The monobromide
3b [11] (317 mg; 0.687 mmol) in dry THF (5 mL) was then added over a
period of 3 h, and the reaction mixture was refluxed for 48 h. The solvent was
evaporated, and the solid residue washed CHCl; (3 x 10 mL) and boiling
CHClI, (10 mL). The solid residue was extracted in a Soxhlet apparatus with
CHCI, to afford, after the evaporation of the solvent, a light brown solid
(258 mg; 72%), which was pure by TLC and NMR analysis. M.p.221°C:
R; = 0.2 (alox, CHCl,); 'HNMR (300 MHz, CDCl,): 6 =8.67 (d, */ =
7.8 Hz, 1H), 8.66 (s, 1H), 8.32 (m, 3H), 8.19 (d, °*J =7.8 Hz, 1H), 7.83
(t,3/ =78 Hz, 1H), 7.81 (t, *J =7.8 Hz, 3H), 7.67 (d, *J =7.8 Hz, 1H) 7.66
(t, 3% =78 Hz, 1H), 7.57 (d, *J =7.8 Hz, 2H), 7.55 d. */ =78 Hz, 1H),
715 (d, 37 =7.8 Hz, 1H), 4.93, 4.90 (s, s, 8H), 2.63 (s, 3H, CH,); FAB":
1055.

Complex 1: Typical complexation experiment: Ligand 2 (11.5mg;
0.0109 mmol) was suspended in acetonitrile (2mL) at room temperature.
Addition of 3 equiv of Cu! salt led to an instantaneous solubilisation and to
the appearance of a red colour. The solution was stirred under reflux
overnight. The solvent was evaporated under reduced pressure. and the solid
residue suspended in toluene, filtered and dried under reduced pressure
(10~ 2 mm Hg, overnight). Complex 1 was thus isolated as a red powder (97 %
yield). ES-MS, NMR and X-ray structural analyses were performed on this
sample without further purification.

X-ray structure of Cu,,[C, H,,N,,0,1-4C,H,-10CH,;NO,-2CH,OH-
7H,0: diffractometer and data collection: STOE-IPDS (—70°C), graphite-
monochromated Moy, radiation (1 = 0.71073 A), tetragonal, space group
P-42,¢ (no.114), a =31.050(3), ¢ =18.088(2) A, V=17439 A3, Z=2,
w=0.882mm™?, F000)=7912, p =1.487 Mgm 3, 20_,, = 48.26°. Struc-
ture solution and refinement: Primary structure solution by direct methods
(SHELXS-92) [14]. Anisotropic refinement for all non-hydrogen atoms of the
cationic complex molecule (SHELXL-93) [15]. 40475 measured reflections,
13282 independent [R(int) = 0.0800], 13281 of which were used for the refine-
ment of 943 parameters. The solvent structure shows multifold disorder:
therefore, atoms of the solvent molecules were refined isotropically using split
positions. The structure was refined against F2 (fuli-matrix least-squares).
R1 = 0.0952 {for 8721 reflections with F>46F) [R1 = 0.132 (all data)] and
wR2 = 0.2935 (all data), GooF on F? = S =1.068, max/min residual densi-
ty: +0.570/ — 0.659 ¢ A3, (Rl = X[|F,| — |Fl/SIFyl, wR2 = [Tw(F? —
F)YSwFY2, GooF = S = {T[w(F2 — F2)*/(n — p)}''2, where n = no. of
reflections and p = no. of parameters). Crystallographic data (excluding
structure factors) for the structure reported in this paper have been deposited
with the Cambridge Crystallographic Data Centre as supplementary publica-
tion no. CCDC-1220-44. Copies of the data can be obtained free of charge on
application to The Director, CCDC, 12 Union Road, Cambridge CB21EZ,
UK (Fax: Int. code +(1223)336-033; e-mail: teched@chemecrys.cam.ac.uk).
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Epoxidation and Oxygen Insertion into Alkane CH Bonds by Dioxirane
Do Not Involve Detectable Radical Pathways

Waldemar Adam,* Ruggero Curci,* Lucia D’Accolti, Anna Dinoi, Caterina Fusco,
Francesco Gasparrini, Ralph Kluge, Rodrigo Paredes, Manfred Schulz, Alexander K. Smerz,
L. Angela Veloza, Stephan Weinkotz, and Roland Winde

Abstract: The dimethyldioxirane oxida-
tion of a-methylstyrene, rrans-cyclo-
octene, and 1-vinyl-2,2-diphenylcyclo-
propane gave, under all reaction condi-
tions employed, the corresponding epox-
ides in high yields. No radical products

served. Even for these alkenes, which are
prone to radical reactions, the previously
established electrophilic concerted mech-
anism applies, rather than the recently

proposed radical mechanism. The selec-
tive hydroxylation of (—)-2-phenylbutane
by dimethyldioxirane gave only (—)-2-
phenylbutan-2-ol with complete retention
of configuration and no loss of optical
purity. Thus, a radical-chain oxidation is

from allylic oxidation, from trans/cis iso- dioxi Ke?*d ofd‘ , . also discounted in the oxygen insertion in-

. . ioxiranes * e : s+ inse s - C s

merization, or from cyclopropylcarbinyl : Lp?“ ations sinssrtions to hydrocarbon C-H bonds for dioxi-
oxenoids - radicals

rearrangement (radical clock) were ob-

Introduction

Dioxiranes,"!! especially the isolated dimethyldioxirane
(DMD)!?in acetone solution, are well-established as useful ox-
idants for a variety of oxyfunctionalizations of organic and
organometallic™® substrates. The epoxidation of olefins under
mild and neutral conditions is of particular interest in view of
the synthetic value of this transformation. Indeed, the conve-
nient dioxirane route has even provided access to highly sensi-
tive epoxides,'*! which could hitherto not be prepared. Intensive
studies have been directed to elucidate the reaction mechanism
of the DMD epoxidation, and the overwhelming experimental
evidence!" ?! and theoretical calculations!®! have pointed to a
concerted pathway. Thus, instead of the initially proposed di-
radical mechanism,*® a concerted pathway through the spiro
transition state was suggested (Scheme 1).
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Scheme 1. Concerted versus stepwise diradical epoxidation by dioxiranes.

Despite the convincing evidence for an electrophilic attack of
the dioxirane on the double bond,'! a radical mechanism was
most recently proposed by Minisci et al.l”! These authors ob-
served allylic oxidation to a significant extent in the reaction of
a-methylstyrene with DMD.

The efficient oxyfunctionalization of unactivated C—H bonds
of alkanes under extremely mild conditions is undoubtedly a
great achievement of dioxirane chemistry.!! For this remark-
able transformation, the high stereochemical selectivities as well
as kinetic evidence all point to an oxenoid mechanism for the
insertion.!!- 81 Nevertheless, Minisci et al. recently proposed that
a radical-chain mechanism also applies in this case;!! product
studies and the effect of radical traps were presented to support
this thesis.

These perplexing results demand rigorous experimental
scrutiny to establish their reproducibility, and, if reproducible,
the generality and scope of such complicated radical side reac-
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tions must be assessed. Therefore, we decided to reexamine the
above transformations by using reliable mechanistic probes for
radical pathways. Our present experimental results unequivo-
cally establish that the epoxidation and the CH oxidation by
DMD do not involve radical processes.

Results and Discussion

The stoichiometry and kinetics of the DMD epoxidation of
a-methylstyrene (1a) was first studied under a variety of condi-
tions. The strained frans-cyclooctene (1b)1*°7 was chosen as a
second substrate, since, if radical intermediates were formed, it
would be expected to undergo frans-to-cis isomerization on
epoxidation with DMD. The structurally related 1,1-diphenyi-
2-vinyleyclopropane (1¢)!'?) was also chosen as a probe for a
radical mechanism—should radicals be involved, the classical
cyclopropylcarbinyl rearrangement should be observed.!** The
results are summarized in Table 1.

Table 1. Epoxidation of substrates Ya—c with dimethyldioxirane.

-2 Y

1a ic

Entry SM Solvent 7/°C t/h Conv./% [a]
1 la acetone 20 1.0 96

2 1a acetone/N,; [b}] 20 0.6 88

3 ta acetone 56 0.3 85 [c]

4 la acetone —78 12 >95

5 1a CCl, [d] -20 9 =95

6 la acetone/CBrCl, [e] 0 12 >95

7 1b acetone 20 <01 >95

8 le acetone 20 1.0 >95

[a] Based on dioxirane initial concentration and determined by "H NMR and/or
GC/MS analysis of the crude reaction mixtures (error limit+5% of the stated
values); mass balances >90% and yields >95%. {b] Solvent and reaction solutions
were purged with dry nitrogen gas. [¢] Epoxide and 2-phenylpropane-1.2-diol were
obtained in a 90:10 ratio. [d] DMD was used as 0.08 M solution in CCl,, which was
also ca. 0.1 M in acetone; ref. [11]. [e] CBrCl, was employed as cosolvent in a 1:1
solvent mixture with acetone.

With DMD and a-methylstyrene at initial concentrations in
the range of ca. 10~ ?M, kinetic runs were performed in acetone
at 20.00+0.05°C by following the decay of the dioxirane con-
centration (iodometry)!!! with time. The reactions followed a
clean overall second-order rate law (first order in dioxirane and
alkene). Integrated second-order rate-law plots were found to
be linear to over 80 % reaction and afforded reproducible rate
constants, namely, k, =1.02+0.04M~ s~ . In separate experi-
ments, also under the conditions given above, the consumption
of a-methylstyrene with time was followed by GC analysis. A
value of k, = 0.97+0.04m " s~ ! was determined from second-
order rate plots. It is noteworthy that the complex kinetic be-
havior, which is characteristic for radical decomposition of the
dioxirane,"'*! was not observed. Even in N,-purged solvent!" at
20°C, a smooth decrease of dioxirane concentration with time
was recorded with a second-order constant k, =1.12+
0.06M " 's™ 1 which is equal, within experimental error, to the
value obtained when the reaction was carried out under air (see
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above). Clearly, under normal conditions, the a-methylstyrene
epoxidation is much faster than DMD radical decomposi-
tion!** and radical-chain processes do not compete.

Product studies also lead to the conclusion that a radical
pathway in the DMD oxidation of a-methylstyrene is unlikely.
In fact, the results reported by Minisci et al.l”! could not be
reproduced in our laboratories. Instead, the oxidation of -
methylstyrene (1a) gave exclusively the corresponding epoxide;
the reported!™ products 2-phenylpropanal (51%), 2-phenyl-
propenol (6%}, and 2-phenylpropenal (5 %) were not detected.
Moreover, deliberate attempts to induce the described radical
process!” ?!failed for the DMD epoxidation of a-methylstyrene.
For example, the oxidation was also performed in refluxing
acetone, that is, at the highest possible temperature (ca. 56°C)
for DMD (Table 1, entry 3), by using a high-efficiency con-
denser (— 30°C) in order to avoid dioxirane loss by evapora-
tion. Again, a-methylstyrene epoxide was the exclusive product
(>95% yield). Furthermore, no significant variation in the
product composition (>90% epoxide) could be detected by
performing the reaction at low temperature (—78 °C; Table 1,
entry 4), in CCl, as cosolvent (Table 1, entry 5), or by adding
CBrCl, (Table 1, entry 6), which should be the reagent of
choice!®® to propagate a radical pathway.

The oxidation of frans-cyclooctene (1b) was rapid and led
stereoselectively to the trans-epoxide!*?! (Table 1, entry 7); not
even traces of the thermodynamically more stable cis-epoxide
could be detected. A stepwise diradical pathway for the oxida-
tion of rrans-cyclooctene would imply a substantial diradical
lifetime (ca. nanoseconds), long enough for bond rotation.
Since the difference in strain energy is so pronounced for the
substrate 1b (9.8 kcalmol™!) as well as for the product
(4.2 kecalmol ~ Y10 srans/eis isomerization at the stage of the
diradical (Scheme 1, path ii) with loss of stereoselectivity would
have been expected. In a competition experiment, a 1:1 mixture
of trans- and cis-cyclooctene was treated with DMD (0.5 equiv):
only the trans-epoxide was observed. Quantitative relative rate
measurements established that k,,./k,; =100+ 14, a ratio
which is essentially the same as reported for mCPBA (k,,,/
k,, =112).1'% Unusually for the epoxidation of alkenes with
DMD B! the trans isomer is two orders of magnitude more
reactive than the corresponding cis isomer. The appreciable
strain energy of trans-cyclooctene is mainly responsible for its
high reactivity,!’® but the comparatively easy access—relative
to that in standard trans olefins—to the slightly pyramidalized
double bond of the fairly rigid trans-cyclooctene skeleton also
plays a significant role in reversing the cis/trans reactivity.

Mechanistically more relevant for our purposes is the fact
that, were a radical DMD epoxidation to apply (Scheme 1,
path ii), cycloadducts should be formed, since it is well estab-
lished that a diradical intermediate of this type would preferen-
tially cyclize rather than undergo fragmentation.™*! The cycliza-
tion would have essentially no activation energy, whereas
probably as much as 10-15 kcalmol ™" would be required for
the fragmentation, because a relatively strong CO bond is bro-
ken and a strained product (epoxide) formed.

The third probe for radical activity, alkene 1¢, is an ultrafast
radical clock by way of its cyclopropyl ring opening™*! (Table 1,
entry 8). The fact that the epoxide with an intact cyclopropane
ring was the exclusive product strongly corroborates a concert-
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ed mechanism for this oxygen transfer process. Based on the
precise chronometrics!'®! of model experiments on the (2,2-
diphenyl)cyclopropylmethyl radical (k,,,, = 5x 101! s™1), the
radical derived from addition of dioxirane to alkene 1¢ should
rearrange irreversibly at a rate of k>10''s™1 (Scheme 2).

Ph
Ph
QXOJ—QL

kreqre> 101 57!

Ph
’<ffph
kpoary 5= 5% 101 1

Scheme 2.

Therefore, the absence of any products derived from such cyclo-
propylcarbinyl rearrangement renders a radical pathway ex-
tremely unlikely. This agrees with the conclusion of the over-
whelming majority of reported DMD epoxidations.!* =
Despite abundant evidence such as kinetics, kinetic H/D iso-
tope effects, stereoselectivities, and theoretical work, Minisci et
al. have also invoked a radical mechanism for the oxygen inser-
tion into carbon—hydrogen bonds in the reaction with dioxi-
ranes with alkanes.”® Actually, based on early!!) and recent
data,!'* we have observed that, provided one avoids conditions
that trigger radical decomposition of the dioxirane, alkane oxi-
dation might proceed by rate-determining oxygen insertion into
the alkane CH to generate a caged radical pair, followed by fast
collapse (oxygen rebound)!'* to give hydroxylated products.
Using 2-cyclopropylpropane as a radical probe (in acetone, un-
der air), Ingold et al.'”! also rejected a hydroxylation mecha-
nism involving out-of-cage, free!'8! radicals, because of the ab-
sence of oxygenated products derived from cyclopropylcarbinyl
radical rearrangement; however, this radical clock is rather
slow (107-10% s 1) to compete effectively with the in-cage col-
lapse of the radical pair (oxygen rebound). One of the fastest
radical clocks (>10'2s71) is the racemization of radicals
derived from optically active substrates. Indeed, we previously
showed that hydroxylation of (R)-2-phenylbutane (2) to (S)-
2-hydroxy-2-phenylbutane (3) by methyl(trifluoromethyl)-
dioxirane (TFD) proceeds with 100% retention.!'?! Therefore,
it was essential to apply this ultrafast radical clock for CH
insertions by DMD. Instead of optical rotation measurements
(used for TFD!'?Y), the enantiomeric excess (% ee) was assessed
by separating the enantiomers of 2 and of 3 on a chiral GC
column, and also by 'H NMR spectrometry using shift reagents
for 3. As little as 5% racemization (an error readily encountered

when determining optical rotations) would be indicative of
caged radical pairs.!®!

Data for the DMD oxidation of optically active (R)-2 were
collected in independent experiments in two different laborato-
ries, performed on samples of (R)-3 of different optical purity
(Table 2). No loss of configuration at the stereogenic center was

Table 2. Enantioselective oxidation of (R)-2-phenylbutane by DMD.

CH;, ©
H CH, *el | HQ, CHs
; CHj fo) B
Ph™ SC,H, acetone Ph CoH;

(R)_2 yield > 90% (S)-3
Entry DMD/equiv [a] 7/°C t/h Conv./% [b] ee(2)/% [c] ee(3); %
1 7 8 60 58 70.9 71.0 [d]
2 10 25 40 85 61.6 62.2 [e]

fa] Relative to (R)-2; DMD added over 10 min. [b] Determined by GC [DB1
column, 30 m % 0.53 mm, 1.5mm id.; T prog.: 100°C (0.5 min), 100 to 280°C
(10°Cmin~ )] and/or *HNMR spectroscopy of the crude reaction mixture. [c] As
determined (£1%) by high-resolution chiral HRGC employing a Megadex-5
column (30% 2,3-dimethyl-6-pentyl-f-cyclodexirin, 0.20-0.25 mm film, 25 m x
0.25 mm i.d., FID detector, He c.g.) and peak fitting analysis (corr. coeff. 0.999),
standardized versus racemic alkane 2. [d] Determined {42%) by 'H NMR spec-
troscopy (500 or 400 MHz, CDCl,) using (+)-Eu(hfc);. [e] As determined by chiral
GC analysis [permethylated f-cyclodextrin, 30 mx0.25mm; T prog.: 50°C
(3.0 min), 50 to 95°C (5.0 °Cmin~1)].

observed within the experimental error (i.e., 100% retention!)
during the oxygen insertion by DMD into the benzylic CH bond
of the nonracemic substrate. Thus, if caged radical pairs are
formed after the slow step (kcy), their stereoretained collapse
(koy) must be faster than diffusion out of the cage (k4;,) as well
as twmbling or in-cage rotation (k,,, ), competitive processes!?®!
that should all lead to racemization (Scheme 3).

Increasing the temperature from 8 to 25 °C did not result in
any detectable change in the stereochemical outcome (Table 2).
Higher temperatures would be expected to increase out-of-cage
diffusional and in-cage rotational processes relative to recombi-
nation™! and, hence, loss of configuration. Thus, the optically
active radical probe unequivocally confirms that, at least on
a timescale of less than a ps, stereomemory is retained. We
cannot definitively conclude whether the stereoretained oxygen
rebounds or whether the oxenoid mechanism applies, but
free!*8) radicals or even in-cage rotationally randomizing radi-
cals are certainly not involved in the CH oxygen insertion by
DMD!

Me o Me L H kot = 10157 Me H
BN 1 . ES .
gl H 4 00 Frep. [ » —-‘-o---o] S l ).__-/Wo S, o= 7 5 ‘ ) o o
Ph e Ph >/ T . % /
e Me Ph Et o Et Ph Y
(R)-(-)-3  Me Me Me Me me Me
(S) radical pair (R) radical pair
. S
Keone. ko> 1011 s Y
, fast kg (R)+(S) radical pair
Me L s
W) —
Ph ‘(’Me (5)- radical chain ----- - (RS)-3 Scheme 3. DMD oxidation of optically
Me active (R)-2.
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Conclusion

In line with compelling literature data available so far, the re-
sults presented herein reinforce the view!™ that—provided care
is taken in handling dioxirane solutions to avoid conditions that
trigger dioxirane decomposition (e.g., trace metals or other con-
taminants, exposure to light, depletion of oxygen gas, etc. )1 *—
both dioxirane epoxidations and alkane hydroxylations do not
involve a radical mechanism. In the case of the DMD oxidation
of alkanes, a concerted oxenoid mechanism is kinetically hard
to distinguish from a stepwise process with intermediate fast-
collapsing caged radical pairs (oxygen rebound). We contend
that further mechanistic work is warranted in this fascinating
area to explore these mechanistic details.

Experimental Procedure

Equipment: Boiling points and melting points were not corrected. The
"HNMR spectra were recorded on a Bruker AC200 or AM 500 instrument.
The 'HNMR were referenced to the residual isotopic impurity CHCI,
(6 =7.26) of the solvent CDCl; and/or to TMS. Mass spectra were run
employing a Hewlett-Packard Model 5970 mass selective detector (EI, 70 eV)
connected to a Model 5890 gas chromatograph. The GC analyses were per-
formed on a Perkin-Elmer Modcl 3800 chromatograph, equipped with a
Epson Model FX 850 data station, by using a DB 1 column [30 m x 0.53 mm,
1.5mmi.d., 7 prog. 100 °C (0.5 min), 100 to 280 °C, 10 °Cmin "] or an SE30
capiflary column (30 m x 0.25 pm i.d.}. Optical rotations were measured by
employing a Perkin-Elmer Model 241 MC spectropolarimcter. Chiral high-
resotution gas—liquid chromatography (HRGC) was performed on a
Megadex-5 column (30%  2,3-dimethyl-6-pentyl-S-cyclodextrin.  0.20—
0.25 mm film, 25 m x 0.25 mm 1.d., FID detector, He c.g.) and a permethylat-
ed f-cyclodextrin column by using a Fisions Instruments HRGC Mega Sc-
ries 2 8560 with peak-fitting analysis (> = 0.999). Other equipment and ana-
lytical methods have been previously described [3,4.14].

Materials and Reagents: Commercial acetone, carbon tetrachloride, and bro-
motrichloromethane were purified by standard methods, stored over 5 A
molecular sieves at 4-8"C, and routincly redistilled prior to use. Curox triple
salt 2KHSO4-KHSO,-K,S0, (a gift from Peroxid-Chemie, Pullach, Ger-
many) was the source of potassium peroxymonosulfate employed in the
synthesis of the dioxiranes. Solntions of 0.08--0.16 M dimethyldioxirane in
acetonc were obtained by adopting procedures, equipment. and precautions
that have been already described in detail [2]. High-purity commercial
(Aldrich) a-methylstyrene (1a) was further purified by distillation. Starting
materials trans-cyclooctene (1b) (10}, and 1-vinyl-2,2-diphenylcyclopropane
(1¢) [12] were obtained by following known literature procedures; their phys-
ical constants and spectral characteristics were in agreement with those given.
Optically active (R)-(—)-2-phenylbutane [22,23] {(R)-2, b.p. 60--61°C/
20 Torr}, with ee values of 70.9% [HRGC, [z], = —17.4" (neat)] and 62.2%
[HRGC(], were obtained as previously reported [19].

General procedure for alkene epoxidations by dimethyldioxirane: The alkene
(200-500 mg) was dissolved in acetone (5-15mL) and 1.0-1.1equiv of
dimethyldioxirane (0.05--0.10M solution in acetone) was rapidly added at the
given temperature (Table 1). The reaction solution was monitored by GC or
GC/MS and stirred until the peroxide test (KI/starch paper) indicated that
the dioxirane had been consumed. The solvent was removed in vacuo (20 °C,
20100 Torr) to afford the known corresponding epoxides in high purity;
these possessed physical constants and "H NMR spectra in good agreement
with the reported oncs [24,10]. In the cpoxidation of 1a, the corresponding
epoxide was in some instances accompanied by nuinor amounts of its hydrol-
ysis product, namely, 2-phenylpropane-1,2-diol (GC/MS, "HNMR).

1-(2,2-diphenylcyclopropyl)-1,2-epoxyethane was obtained as a colorless oil of
an inseparable 50:50 diastereomeric mixture: "H NMR (200 MHz, CDCl,):
0 =1.40-1.66 (m, 3H), 2.35-2.58 (m, 1 H), 2.65-2.79 (m, 2H), 7.15--7.53
(m, 10H, Ar); "*C NMR (50 MHz, CDCl,): § =17.3 (). 18.7 (1}, 27.2 {d),
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27.6(d), 34.7 (s), 35.9(s), 47.4 (1), 47.6 (1), 52.8 (d), 53.3 (d), 126.1 (d), 126.1
(d), 126.9 (d). 126.9 (d), 127.2 (d), 127.6 (d), 128.4 2x d), 128.5 (d), 128.6
(d). 130.4 (d), 130.7, 141.1 (s), 141.2 (s), 145.8 (s). 146.0 (s); IR (CCl,):
¥ = 3060, 3040, 3010, 2980, 2950, 1585, 1480, 1430, 1410, 1305, 1250, 1120,
1070, 1025, 1000, 950, 810 ecm™'; C,,H, (O (236.3): caled C 86.41; H6.82: O
6.77; found C 86.13; H 7.24.

Hydroxylation of ( R)-(~ }-2-phenylbutane by diraethyldioxirane: To a solution
of {R)-(—)-2-phenylbutanc [(R)-2] with an ee value of 70.9% (188 mg,
1.40 mmol) in acetone (8 mL) at 8°C was added gradually (over 1 h) a ca.
sevenfold excess of a standardized cold solution of dimethyldioxirane
(0.091M, 106 mL, ca. 9.8 mmol). The reaction mixture was allowed to stir
under an atmosphere of air at the given temperature, the progress of the
reaction was monitored by GC and GC/MS analyses. After removal of the
solvent in vacuo, 'HNMR spectroscopy (500 MHz, CDCl,) with (+)-Eu-
(hfc), as chiral shift reagent showed that, in the crude reaction mixture, the
alcohol product was 71.0% optically pure. The identical reaction of 61.6 %
opticaily pure (R)-2 yielded the alcohol (5)-3 with an ee value of 62.2%, as
determined by chiral GC analysis (32 %) on a permethylated S-cyclodextrin
column. The physical constants and spectral data of (S/-( —)-2-phenylbutan-
2-0l [(8)-3] [25] isolated from the reaction mixture by column flash chro-
matography (silica gel, Et,O/petroleum ether 1:9) were in full agreement with
those reported [19].

Kinetic Measurements: Runs were performed by following the decay of the
dioxirane concentration (by iodometry) with time, according to the reported
procedure {1£,14]. All experiments were carried out under air (or under a N,
blanket) under second-order conditions, with the dioxirane and alkene initial
concentrations kept in the range (4d-6) x 10~ 2y, and differing by 8-20%. At
zero time, an aliquot (0.5-1.0 mL) of a thermostated dioxirane solution in
acetone was added to 10 -20 mL of a solution (also thermostated) of x-
methylstyrenc (1 a) in the same solvent; aliquots (20—50 uL) of the reaction
solution were withdrawn periodically and quenched with excess KI/EtOH.
The liberated I, concentration was determined by iodometry. In runs per-
formed by tollowing the decay of a-methylstyrenc substrate by GC, Freon
A112 was also present as an internal standard in the reaction mixtures. At
regular time intervals, aliquots (5—10 puL) were withdrawn and trcated with
0.1 mL of ca. 0.15m #Bu,S in CH,Cl,. The substratc concentration was
determined from a previously prepared calibration curve. Linear In[(¢ — x)
(b — x)] versus time plots were obtained to over 80% reaction, with
#2>0.999; from these data the k, (M~ s ') values were calenlated. In each
case, at least two independent runs were performed and the k, values aver-
aged (cstimated error < +6%).
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1’,5’-Anhydrohexitol Oligonucleotides:
Synthesis, Base Pairing and Recognition by
Regular Oligodeoxyribonucleotides and Oligoribonucleotides

Chris Hendrix, Helmut Rosemeyer, Ilse Verheggen, Frank Seela,
Arthur Van Aerschot and Piet Herdewijn*

Abstract: Oligonucleotides constructed of
1',5'-anhydrohexitol nucleoside building
blocks (hexitol nucleic acids, HNA) are
completely stable towards 3'-exonuclease
and form very stable self-complementary
duplexes as well as sequence-selective

been observed. These hybridisation char-
acteristics are highly dependent on the
base sequence and the experimental con-

Keywords
antisense systems + DNA recognition -
nucleic acids - oligonucleotides - RNA

ditions. When using a phosphate buffer
containing 0.1 NaCl, a homopurine
HNA dodecamer gives a AT, of +1.3°C/
base pair with DNA as complement and a
AT, of +3.0°C/base pair with RNA as
complement. These oligomers may there-

stable duplexes with the natural DNA and
RNA. Triple-helix formation has also

Introduction

New oligonucleotide constructs designed to hybridise strongly
with complementary DNA or RNA can be synthesised from
modified bases or an altered sugar—phosphate backbone.[!

The incorporation of modified bases into oligonucleotides
often leads to less stable duplexes, but some exceptions have
been found recently in the purine and in the pyrimidine series:
1) Oligonucleotides having  7-halogeno-7-deaza-2'-deoxy-
adenosine residues instead of 2'-deoxyadenosine exhibit signifi-
cantly increased duplex stability.”! 2) Similar results have been
obtained for oligonucleotides in which 2'-deoxyguanosine is re-
placed by 8-aza-2'-deoxyguanosine.’®! 3) Alkynyl derivatives of
regular and modified bases* and tricyclic 2'-deoxycytidine ana-
logues®! also show these favourable propertics.

In the case of the backbone-modified compounds, oligo(2'-
deoxyxylonucleotides), which represent an alternative DNA
with a configurationally altered sugar—phosphate backbone,
have been synthesised. They show a sequence-dependent duplex
stabilisation relative to the corresponding oligo(2'-deoxy-
ribonucleotides).”! However, the most important backbone-
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B-3000 Leuven
(Belgium)
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Institut fiic Chemie, Universitdt Osnabriick
Barbarastrasse 7, 49069 Osnabriick (Germany)
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fore be of considerable interest as anti-
sense constructs.

modified compounds incorporate altered internucleotide link-
ages, leading to stabilised duplexes, such as the thioformacetal
group 3'-S-CH,-O-CH,-4,!"" the methylene(methylimino)
backbone 3-CH,-N(CH,)-0-CH,-4"¥! the methylene amide
spacer 3'-CH,-CO-NH-CH,-4'®! and the N3’ - P 5 phospho-
ramidates.l'® Similar results have been found for other sugar
modifications (e.g. 2’-O-methylribonucleosides,!*!! carbocyclic
nucleosides,!'?! g-nucleosides!!3).

Plenty of information is available about the duplex stability of
oligonucleotides with single phosphate replacements or back-
bone structures with alternating phosphate— and nonphos-
phate—internucleotide linkages.'** However, completely back-
bone-modified oligonucleotides have rarely been synthesised.
This is due to the lack of methods available to oligomerize
such structures. Two important examples of nonphosphate
oligonucleotides with a completely modified backbone are the
morpholinocarbamate-linked oligonucleotides'’®! and the
polyamide-linked acyclic nucleic acids (peptide nucleic acids
or PNAs)."'¢ Structural alterations of this type that have
been integrated into oligonucleotides have been reviewed re-
cently.['”!

In principle, an increase in the 7, values as a result of the
incorporation of a modified nucleoside will not lead, per se, to
a promising antisense construct. Other factors such as RNase H
activation, selectivity of hybridisation, cellular uptake, nuclease
stability and metabolic behaviour are at least as important as
the hybridisation strength. However, it seems obvious that the
higher the stability of the duplex formed between natural RNA
and the antisense oligonucleotide, the greater the possibility of
physical blockage of the targeted mRNA being sufficient to
inhibit the translation process.
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A detailed study of oligonucleotides built up from monomeric
pyranose nucleosides has been undertaken by the group of A.
Eschenmoser' ® 2% and by ourselves.!** =231 While the former
laboratory is tnvestigating Nature’s selection of furanoses as
sugar building blocks for nucleic acids, we have been looking at
the problem from the point of view of medicinal chemistry. This
means that we have investigated which pyranose-like oligonu-
cleotide would be able to form stable duplexes with natural
furanose DNA. Theoretically, a pyranose oligonucleotide has a
free energy advantage over a furanose oligomer, because there
are less entropy changes during duplex formation."'® 24! How-
ever, the pyranose-like oligonucleotides studied thus far were
not able or were not sufficiently able to bind to complementary
strands of natural furanose DNA.1'®722! The pyranose-like
oligonucleotides that we have studied have been based on nu-
cleosides 1, 2 or 3 (Figure 1). Studies on pyranose DNA[!8I
revealed that the structure of oligomers composed of 1 is almost
linear; this was attributed to the size and rigidity of the pyranose
moiety. It has been shown that the base of the 1',5-anhydro-
hexitol nucleosides adopts an axial configuration that is very
similar to natural DNA or RNA, but different to oligonucle-
otides composed of 1.12%1 Therefore, we assume that the ide-
alised conformation of a 1’,5-anhydrohexitol oligonucleotide
should be linear in analogy with homo-DNA (Figure 1), in
which the bases adopt an equatorial conformation.!'®! Likewise,
the structures of 1',5-anhydrohexitol oligonucleotides and nat-
ural DNA show the same number of bonds between the repeat-
ing units. In the case of the 1',5-anhydrohexitol oligonucle-
otides, however, the two-atom linker between the base moiety
and the backbone structure mimics the front part of the fura-
nose ring (Figure 1). The phosphate internucleotide linkage was
selected because it should be flexible—it was previously demon-
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(3) 3,4-dideoxy- f-D-erythro-
hexopyranosyl nucleosides

Fig. . Structural formulae of some pyra-
nose nucleosides incorporated in oligonu-
cleotides and of pyranosyl, furanosyl and

oligomers hexitol nucleic acids.

strated that internucleotide linkages that are conformationally
too rigid give a drop in duplex stability.1*®! The assumed linear
conformation with the bases in axial position and the flexibility
of the phosphate junction, which allows conformations that are
different from the idealised linear one to be adopted, are fea-
tures promising stable duplexes of HNA and DNA or RNA.

Results and Discussion

Oligonucleotide Synthesis: The syntheses of A*, T* and G*,

1,5-anhydro-2-(adenin-9-yl)-2,3-dideoxy-p-arabino-hexitol A*
1,5-anhydro-2,3-dideoxy-2-{thymin-1-yl)-p-arabino-hexitol T*

1,5-anhydro-2,3-dideoxy-2-{guanin-9-y})-D-arabino-hexitol  G*

which were used to prepare the nucleotide building blocks4a—c,
have been described previously (Figure 2).12”! The adenine nu-
cleobase of the 4,6-benzylidene-protected nucleoside analogue
(Figure 3) was protected at the amino group with a benzoyl
moiety, and the guanine base was protected with an isobutyryl
group.?”! The benzylidene moiety of compounds Sb,c was re-
moved with 80 % acetic acid yielding 6b,c. The primary hydrox-
yl function of the 1',5-anhydrohexitol nucleosides 6a,b,c was
protected with a 4,4'-dimethoxytrityl group to afford 7ab,c.
Conversion to their phosphoramidites 4a,b,c afforded building
blocks suitable for incorporation into an oligonucleotide using
standard methods for DNA synthesis on a solid support.?®!
Supports with the 1’,5-anhydrohexitol nucleoside analogues
were prepared by succinylation of 7a,b giving 8a,b, which were
coupled to the amino function of long chain alkylamino con-
trolled pore glass (CPG).3%
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Fig. 2. Phosphoramidite building blocks used for the synthesis of the 1',5"-anhydro-
hexitol oligonucleotides.
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OCH,CH,CN

7 a,b,e: R=DMTr

8ab R'= ¢ CHCOOH
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(—CH,CHCONHmCPG
)

Fig. 3. Synthesis of the 1',5'-anhydrohexitol nucleoside building blocks for DNA
synthesis [a: B = thymin-1-yl, b: B = N°-benzoyladenin-9-yl, ¢: B = N2-isobu-
tyrylguanin-9-yl]. Yields: see Experimental Section. i) 80% HOAc; ii) di-
methoxytrityt chloride, pyridine; il N, N-di-isopropylethylamine, 2-cyano-N,N-di-
isopropylchlorophosphoramidite, CH,Cl,; iv) DMAP, succinic anhydride, pyri-
dine; v) preactivated LCAA-CPG, DMAP, Et;N, 1-(3-diethylaminopropyl)-3-
ethylcarbodiimide - HCI, pyridine.

Hybridisation Properties of the 1”,5-Anhydrohexitol Oligonucle-
otides: A summary of the synthesised oligonucleotides together
with their 7,, values is given in Table 1 and Table 2. The oligonu-
cleotides that showed cooperative melting could be evaluated
according to a bimolecular all-or-none mechanism.'3!- 3% Fit-
ting of a theoretical melting curve to the data resulted in the 7,
values as indicated in Table 1.
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Table 1. Melting points ("C) observed at 260 nm for oligonucleotides with a single
anhydrohexito! nucleoside (A*, T*) incorporated (measured at 4 um in 0.1m NaCl.
20mm KH,PO,, pH 7.5, 0.1mm EDTA).

(dT)X(dT),
(A Y(dA),
Y X: G C A T
A 20.0 17.9 18.5 340
A* 20.2 17.1 17.7 321
X Y G C T A
T 21.0 20.7 213 34.0
T* 15.1 15.2 18.3 287

From Table 1 it is clear that incorporation of A* into an
oligodeoxyadenylate gives nearly identical 7, values as the in-
sertion of a natural 2'-deoxyadenosine (A). It should also be
mentioned that one mismatch in an oligodeoxyadenylate—oligo-
thymidylate duplex has a large cffect on duplex stability. In
contrast, replacement of thymidine (T) by T* in an olig-
othymidylate gives a substantial decrease in melting tempera-
ture. Contrary to previous observations that a dA*-dG [dA¥:
9-(2.4-dideoxy-f-p-erythro-hexopyranosyl)adenine] “base pair”
mismatch is more stable than the dA* - T [dA*: 9-(2 4-dideoxy-
B-D-erythro-hexopyranosyl)adenine] base pair,!*3 there is no al-
teration in base pairing stability of the 1',5-anhydrohexitol nu-
cleosides in a oligodeoxyadenylate - oligothymidylate duplex.

The information that can be extracted from Table 2 is of more
interest. It summarises the stability of complexes formed be-
tween completely modified oligonucleotides and natural DNA,

Table 2. Melting points (°C) observed at 260 nm after mixing equimolar amounts
of oligonucleotides containing only anhydrohexitol nucleosides (A* T*) measured
in the following buffers: A: 1 M NaCl, 100 mm MgCl,, 60mm Na cacodylate, pH 7.0;
B: 0.1m NaCl, 10mm MgCl,, 10mm Na cacodylate, pH 7.0; C: 0.1 M NaCl, 0.1 mm
EDTA, 0.02m KH,PO,, pH 7.5; D: 10mm MgCl, added to buffer C. Concentration
of oligonucleotides: 4um of each single-strand oligomer (except for oligo-
(T#},; oligo(A*) 5. 1.2uM each).

T.{A) T.(B) T.(C) 7.(D)
oligo(T),,-oligo(dA),; 50 42 34 41
oligo(T), ;- oligo(A*),, 30 15 21 17
oligo(T*}, ;- oligo(dA), 5 45 {a} 60 45 [b] 39
58 56
71
oligo(T*), ;- oligo(A*),, 81 82 76 80
oligo(T*), ;- oligo(T*), 5 45 - - ND [¢]
oligo(A*),; - oligo(A*),, - - - ND

{a] The T,, measured is the 7, of (T*),5-(T*),5. [b] The T, measured at 284 nm
shows a transition at 45 °C, possibly indicating triple-helix formation. {¢] ND: not
determined.

determined in a series of buffers. When equimolar amounts of
oligo(T*),; and oligo(A*),; were mixed in a 60 mM sodium ca-
codylate buffer (pH 7, 1 M NaCl, 100 mm MgCl, ; buffer A), very
stable duplexes with a helix—coil transition temperature of 81 °C
and an hypochromicity of 19 % (at 1.2 uM single strand concen-
tration) were obtained. This tendency of pyranosyl-like oligonu-
cleotides to form stable complexes was demonstrated before
with homo-DNA."?% A transition temperature of 45°C and a
hypochromicity of 30 % was observed for the single-strand oligo-
(T*),;. This indicates the formation of hairpin structures or of
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an oligo(T¥),,-oligo(T*),, duplex. The formation of intra-
molecular base pairing has been demonstrated before with
oligo(a-thymidylate) sequences, but not with oligo(S-thymidyl-
ate).1*3 In order to confirm duplex formation, the 7, valucs at
different oligonucleotide concentrations in the aforementioned
high-salt buffer were determined. The plot of T, values versus
oligomer concentration demonstrates that the 7, values in-
crease linearly with increasing concentration (data not shown).
These results are indicative for the intermolecular complex for-
mation between oligo(T*), ; strands,*#! which is in contrast to
the results found for oligo(a-thymidylate). The 7,, values and
the hypochromicity observed by mixing equimolar amounts of
oligo(T*),, with oligodeoxyadenylate are identical with the
values observed for oligo(T*),, (Table 2, Figure 4 A). It is not
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Fig. 4. Melting curve of A) oligo(T*),,-oligo(dA),; and B) oligo(A*),;-oligo-
(T),5. both measured at 1M NaCl, 60mM cacodylate pH 7.0, 100mm MgCl,.

clear at this point whether the self-association of oligo(T*)
dominates the potential formation of oligo(T*),;-oligo-
deoxyadenylate complexes in 1M NaCl and 100mm MgCl,, so
that formation of the latter complex cannot be observed, or
whether both complexes have cxactly the same 7, and
hypochromicity.

As adenine—adenine pairing has been described in homo-
DNA,*%T we investigated the thermal behaviour of oligo(A*), ;.
However, we could not observe a cooperative melting behaviour
below 90 °C. Only a linear increase in absorption with increasing
temperature is observed, which might indicate the presence of
an ordered single-strand structure.

Chem. Euyr. J 1997, 3, No. 1
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By measuring the thermal stability of oligo(A*),,-oligo-
thymidylate mixtures (Figure 4 B), we could observe for the first
time the formation of complexes between a completely modified
pyranose-like oligonucleotide and natural DNA. The observed
melting point was found to be 30°C and the hypochromicity
26% at 4um concentration of each strand. The relatively high
hypochromicity indicates substantial base stacking. Apparent-
ly, the flexible oligothymidylate can adapt its conformation to
the structure of the more rigid oligo(A*),,. The second linear
transition in the melting curve (Figure 4 B) can be attributed to
the thermal behaviour of the single-strand oligo(A*), ; once the
duplex is melted. The single-strand oligo(A*), ;, most probably,
forms secondary structures, which disappear at higher tempera-
ture. The possibility of the first transition being due to triple-
helix formation, however, can not be totally excluded based on
these experimcnts. Nevertheless, a plot of T, versus In C shows
an increasc in the 7, as a function of the oligonucleotide concen-
tration (Figure 5). This experiment excludes the formation of
intramolecular hairpins and further sustains the hypothesis of
the formation of intermolecular oligo(A*),, - oligothymidylate
complexes.

40

Tm (°C)

15 —1 L 1 | I B 1 i
15 -145 -14 -135 13 -125 -12 -11.§ -1
In C (M)

Fig. 5. T,, (°C) versus In C (C in molarity) for the oligo(A*),,-oligo(T), , duplex in
1M NaCl, 60mm Na cacodylate pH 7.0, 100mm MgCl,.

The data derived from the melting curve experiments were
confirmed by CD measurements (Figure 6 A). The CD spectra
of oligo(T*),; and of an equimolar mixture of oligo(T*),; and
oligodeoxyadenylate are similar (always at 1M NaCl, 100 mMm
MgCl,), which confirms the above-mentioned observations. Its
similarity with the CD curve of oligonucleotide N3’ — P5’ phos-
phoramidates and with the A-form structure of ds RNA is strik-
ing.1®3! Temperature-dependent CD measurements also confirm
the T, of 44°C (45°C for UV T,, determination) for the homo-
duplexes of oligo(T*),; (Figure 7A). A similar curve is obtained
for the mixture of oligo(T*),, and oligodeoxyadenylate (Fig-
ure 7 B); this result once more provides proof for the aforemen-
tioned hypothesis that the observed 7;, corresponds to self-asso-
ciation of oligo(T*),,. The ellipticity of the positive Cotton
effect at 270 nm is temperature dependent and shifts to 277 nm
with a decrease in intensity; an inflection point is observed at
45°C. The very similar CD spectra of oligo(A*),; and of
oligo(A*), ;- oligothymidylate (Figure 6 A) sustain the hypothe-
sis that oligothymidylate can adapt its structure to that of the
rigid A* oligomer. The CD spectrum of oligo(A*),; is clearly
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Fig. 6. CD spectra of the monomeric and duplex forms of the modified oligo-
nucleotides, measured in: A) 1M NaCl, 60 mm cacodylate, pH 7.0, 100mm MgCl,
(recorded at 10°C); B) 0.1M NaCl, 10mM cacodylate, pH 7.0, 10mm MgCl,
(recorded at 30°C, except oligo(A*),; oligo(T};; and oligo(A*),;. which were
recorded at 10 °C). oligo(T*},,-oligo(A*}, 5, ; oligo(T*); oligo(dA),5, - -
oligo(A*),;-0ligo(T), 3, —— —; oligo(T*);;. — -——; oligo(A*) 5, - - - -.

different from the spectrum of single-strand oligodeoxyadeny-
late.1*®) The CD spectrum of the oligo(A¥),, -oligothymidylate
complex shows a negative Cotton effect at 244 nm, and a posi-
tive Cotton effect at 265 nm and does not change substantially
as a function of temperature. The temperature-dependent ellip-
ticities {6] of the B,, and B,, transition of oligo(A*),;-oligo-
thymidylate show a reversal point of the [8}(B,,) vs. T curve near
the melting point (Figure 8). Several other transitions are visi-
ble, which suggest that other transformations are taking place.
The technique, however, does not allow conclusions concerning
these secondary interactions. The CD spectrum of the oligo-
(T*),5-oligo(A¥*),, (Figure 6 A) duplex is different from the
spectrum of the natural oligodeoxythymidylate-oligodeoxy-
adenylate duplex.37-381 The T, value of 81 °C is confirmed by
the temperature-dependent CD measurements (Figure 7C).

It should be mentioned that the T, values given above were
determined at a salt concentration of 1M NaCl in the presence
of 100 mM MgCl, . High salt concentrations stabilise oligonucle-
otide duplexes by an entropically more favourable counterion
condensation.!*°! Because this salt concentration is higher than
under physiological conditions, 7,, measurements were repeated
in 0.1m NaCl (10mM MgCl,, 10mm Na cacodylate buffer,
pH 7), and the results are summarised in Table 2, column B. The
duplex composed of oligo(T*),;-oligo(A*),; has a similar T, to
that at high salt concentration. These data are confirmed by
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100 mm MgCl,.
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temperature-dependent CD measurements (data not shown).
As expected, the duplex between oligo(T), ; and oligo(A¥),, is
less stable at low salt concentrations. Single-strand oligo(T*),,
and single-strand oligo(A*),; do not show a tendency to self-as-
sociate at low salt concentrations; neither a UV melting point,
nor a CD melting point is observed. This result contrasts with
the self-assoctation of oligo(T*),, at high salt concentration. It
is known that, by changing salt concentration, structural transi-
tions occur in DNA, and this is here clearly the case here. The
formation of oligo(T*),; homoduplexes is favoured at high (1M
NaCl), but not at lower (0.1M NaCl) salt concentrations. The
absence of oligo(T*), ;- oligo(T*), ; duplex formation at low salt
concentration is incontrovertible proof for the existence of
oligo(T*),,-oligo(dA), ; complexes. The T, of this duplex, how-
ever, is higher (60 °C) than the T,, observed at high salt concen-
tration (45°C); this further confirms the proposal that the
association observed at high salt concentration are oligo-
(T*),5-oligo(T*),, interactions.

The CD spectra measured at 0.1mM NaCl (Figure 6B) arc
clearly different from those measured at 1M NaCl (Figure 6 A).
The CD spectra of oligo(A*),;, of oligo(A*),;-oligo(T),; and
of oligo(A*), ; oligo(T*),, are similar (Figure 6 B), showing a
negative Cotton effect around 245 nm and a positive Cotton
effect around 265 nm. These spectra are also similar to the CD
spectra of oligo(A*),, and oligo(A*),, oligothymidylate at
high salt concentration (Figure 6 A). At 0.1 M NaCl concentra-
tion, however, the CD spectra of the heterocomplex formed
between oligoadenylate and oligo(T*),, and of oligo(T*),,
alone are different from each other, while at 1.0M NaCl concen-
tration both spectra are similar; this again suggests the absence
of oligo(T*),5-oligo(dA),; duplex formation and the presence
of oligo(T*), - oligo(T*), , interactions at high salt concentra-
tion.

An intriguing phenomenon is the difference in results ob-
tained in 1M NaCl/100mm MgCl,/60mMm Na cacodylate buffer
and the 0.1 M NaCl/10mm MgCl,/10mm Na cacodylate buffer
for the oligo(T*),,-oligo(T*),; and oligo(T*),;-oligo(dA),,
mixtures. Therefore, experiments were repeated under different
conditions, initially in 0.1M NaCl/0.02M potassium phosphate
buffer with and without the addition of 10mmM MgCl, (sum-
marised in Table 2, columns C and D). The results obtained
with buffer C do not demonstrate essential differences in the
thermal behaviour of the different oligonucleotides, except for
oligo(T*), 5 oliga(dA) ;. Also here neither oligo(A*), ; nor oligo-
(T*),, show a tendency to form homoduplexes, although single-
strand oligo(A*),, and oligo(T*),, show an ordered structure.
This is demonstrated by the more or less linear increase in the
UV absorption with temperature, both for oligo(A*), ; and oligo-
(T*),;. An equimolar mixture of oligo(T*),, and oligodeoxy-
adenylate shows a melting temperature of 45°C with a
hypochromicity of 49% when measured at 284 nm, possibly
indicating triple-helix formation. The thermal behaviour of the
complex at 260 nm, however, shows a distorted curve[*° At
260 nm, the absorbance first decreases, showing a minimum at
46 °C (the melting point observed at 284 nm), and then increases
to a second transition at 58 °C (Figure 9A).

Deviations from normal melting curves have also been ob-
served with telomeric sequences, but the nature of this interac-
tion is not completely resolved.'*" Because triple-helix forma-
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Fig. 9. Melting curves of oligo(T*}, ;- oligo(d A}, ; measured at 260 and 284 am in
A) 0.1mNaCl, 0.02m KH,PO,,pH 7.5,0.1mM EDTA and B) the same buffer with
addition of 10mm MgCl,.

tion is demonstrated more easily in the presence of MgCl,, we
repeated the melting point experiments in buffer D (Table 2,
column D). T, values for oligo(T),, oligo(A*),, and oligo-
(T*)5-oligo(A*),, were similar to those previously observed
with the other buffers. However, it is remarkable that with
buffer D the same melting curves were obtained at 260 and
284 nm, whereas for the natural oligo(dA),;-oligo(T),, duplex
a transition was only visible at 260 nm and not at 284 nm. Un-
der these conditions the mixture of oligo(T*),, and oligo(dA),,
gave a melting curve at 260 nm with three distinct transitions
(Figure 9B), indicating duplex and triple-helix formation.
At 284 nm only one transition could be observed at 53°C,
presumably the melting point for the oligo(T*),,-oligo-
(dA),5-oligo(T*),, triplex. This leads to the conclusion that the
T, observed at 71 °C (260 nm) corresponds to the melting point
of the oligo(T*),; oligo(dA),; duplex. The smaller transition
observed at 39 °C cannot be explained, but might be assigned to
oligo(T*),,-oligo(T*), , interactions.

The melting temperatures of the oligo(T*), ;- oligo(dA),; du-
plex and of oligo(T*), ; were then determined in 1 M NaCl in the
absence of MgCl, (Table 3, buffers E and F). In both buffers
oligo(T*),, homoduplexes are formed as well as oligo-
(T*);-oligo(dA),; duplexes. The latter duplex could not be
observed in the buffer A (buffer F with 100mMm MgCl,), even
though in buffers E and F the T, of the oligo(T*) ;- oligo(dA), 5
duplex is considerably higher than the T, of the oligo(T*),,
homoduplexes. Apparently heteroduplex formation between
oligo(T*),, and oligodeoxyadenylate is prevented in the pres-
ence of MgCl, combined with a high salt concentration. Unfor-
tunately, addition of MgCl, to buffer E resulted in a precipita-
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Table 3. 7., ("C) observed for oligo(T*),, -oligo(dA),, and for oligo(T*),, in differ-
ent buffer media, measured at both 260 and 284 nm.

Buffer oligo(T*),;-oligo(dA), oligo(T*),,
(4 um each) (8 um)

A 1M NaCl, 60mm Na cacodylate  45.0 [a] 45.0
pH 7.0, 100mm MgCl,

E Im NaCl, 0.02m KH,PO, 64.8 48.0
pH 7.5, 0.1mmM EDTA

F 1M NaCl, 60mMm Na cacodylate  67.0 50.0
pH7.0

[a] Melting point observed is that of the oligo(T*), ;- oligo(T*),, duplex.

tion so that these experimental conditions could not be investi-
gated.

In order to be able to evaluate base pairing in completely
modified oligonucleotides, mixed sequences containing only an-
hydrohexitol nucleosides were synthesised. Fully modified ho-
mopurine sequences containing the adenine (A*) and guanine
(G*) nucleoside analogues were evaluated. Two hexamer se-
quences and a dodecamer (Table 4) were synthesised, and the

Table 4. Melting temperatures of fully modified hexamers and dodecamers deter-
mined in 0.1 M NaCl, 20mm KH,PO,, pH 7.5, 0.1 mmM EDTA. Duplexes were formed
with the complementary sequences 5-TCTCCT (for 7 and 8), $-TCTCTC (for 9
and 10) and 5-TCTCCTCTCCCT (for 11 and 12) (DNA complement); 5-TT-
r(UCUCCU)-TT (for 7 and 8), 5-TT-r(UCUCUC)-TT (for 9 and 10) and 5-
TT-r(UCUCCUCUCCCU)-TT (for 11 and 12) (RNA complement). The higher
salt concentration was necessary for the hexamers with DNA as the compiement,
since otherwise no duplex could be detected for 8 and 10,

Sequence (4 pM equimolar
mixture with complement)

T, (O I, (0
DNA compl. RNA compl.

7 6-A*G*GH*A*G*A* 31.2[a] 448
8 5-AGGAGA 10.0 [a] ND [b]
9 6-G*A*G*A*G*A* 14.7 [a] 98
10 5-GAGAGA 9.5 [a) ND [b}
1 6-A*G*G*G*A*G*A*G*G*A*G*A* 64.8 84.0
12 5-AGG GAG AGG AGA 49.0 476

[a] Determined at 1m NaCl. [b} ND: not determined due to the low melting tem-
perature.

scrambled sequences were chosen so as to avoid a possible self-
complementary recognition by A*—-G* base pairs. All these
fully modified sequences and their control sequences were pre-
pared on a 1,3-propanediol-containing support, which obviated
the need to prepare succinates of the modified nucleoside ana-
logues. The extra 3'-(3-hydroxypropyl)phosphodiester moiety
has no influence on melting temperatures, as was previously
shown for other comstructs in our laboratory.'*?! However,
phosphodiesterase activity with such oligomers is significantly
reduced.!*>- 43}

It was unlikely that all three possible purine pairs would exist,
but to be absolutely sure, we studied the thermal denaturation
profiles of the single-strand sequences as well. Only a linear
increase in UV absorbance was observed, corresponding to clas-
sical destacking of the bases of a single-strand oligonucleotide
upon heating.

Thermal denaturation of the hexamers with their DNA com-
plement was studied in 1M NaCl (containing 20mm KH,PO,,
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pH 7.5, and 0.1mMm EDTA). The most important phenomenon
is the clear formation of a duplex between the hexitol oligonu-
cleotides and their natural counterparts. Moreover, these modi-
fied duplexes are more stable than the control duplexes consist-
ing exclusively of natural nucleotides.

It is striking, however, that there is a large difference in melt-
ing temperature for sequences 7 (7, =31.2°C) and 9
(T, =14.7°C) (Table 4) with their antiparallel complementary
oligonucleotides. Although both modified oligonucleotides con-
tain 3G* and 3A* residues differing only in their sequence
order, the melting temperature for 7 is double that for 9. This
sequencedependent effect is only weakly reflected by the control
oligonucleotides 8 and 10.

Looking at the dodecamers (7,, determined at 0.1 M NaCl)
one again notices an increased stability of the fully modified
oligonucleotide 11 compared to its control sequence 12 with an
increase in melting temperature of 16 °C. The formation of com-
plexes between a completely modified hexitol-like oligonucle-
otide and natural oligonucleotides is remarkable, especially
given the increased stability compared to the natural Watson—
Crick duplexes.

As antisense oligonucleotides are primarily targeted against
RNA, we repeated 7, determination of the corresponding
RNA-HNA (hexitol nucleic acids) duplexes in 0.1 M NaCl. The
T,, of the hexameric and dodecameric RNA -HNA duplexes are
substantially higher than those of the DNA~-HNA duplexes
(Table 4). The increase in T}, for the dodecamer (in comparison
with the natural DNA-RNA duplex) is 36.4 °C, which means a
AT, of 3°C per base pair. It is striking that the sequence depen-
dency of the T, is lower for the RNA -HNA duplex than for the
DNA-HNA duplex.

For the fully modified mixed dodecamer 11 the influence of
one or two identical mismatches on the stability of a duplex
formed with its DNA complement was investigated and com-
pared with the results obtained for a DNA-DNA duplex con-
taining the same mismatches (Table 5). The melting behaviour
was examined in a buffer containing 0.1M NaCl, 20mM
KH,PO,, pH 7.5, 0.1 mM EDTA. The mismatches were located

Table 5. Influence of mismatches towards G* and A* on the melting temperature
(C, at 260 nm) of HNA -DNA duplexes determined in 0.1 M NaCl, 26mm KH,PO,,
pH 7.5, 0.1mm EDTA; concentration of each oligonucieotide, 4um.

HNA-~DNA
6-(AGGGAGAGG AGA)*
Y-TCCCTCTCCTCT-5

DNA-DNA
5-AGG GAGAGGAGA-¥
3-TCCCTCTCCTCT-5

xy Xy
xy rx xy »rx
X ¥ T, (°C) AT, (°O) T, °C) AT, (°C)
control 65.2 - 494 -
1xG 49.8 —15.4 37.0 ~12.4
I1xA 47.9 —-17.3 37.8 —11.6
1xT 55.0 —10.2 354 —14.0
2x G 327 —325 27.5 —219
2x A 28.5 —36.7 28.8 —20.6
2xT 46.8 —18.4 24.0 —254
1xG 449 —20.3 359 —13.5
IxA 543 —-10.9 38.0 —11.4
1xC 56.2 —-9.0 34.3 —-15.1
2xG 418 —234 355 —13.9
2x A 41.8 —234 24.4 —-250
2xC 48.4 —16.8 21.0 —284
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in the middle of the sequence. It can be seen from Table 5
that the discrimination of the HNA dodecamer towards the
different sequences is very high; this indicates that HNA has a
very strong potential for selective inhibition of a target in anti-
sense strategy.

Electrophoretic Behaviour and Enzymatic Stability: The forma-
tion of oligo(T*) ;- oligo(dA), , and oligo(A¥*), ;- oligo(T), 5 du-
plexes is supported by electrophoretic mobility data. Because of
difficulties with 2?P end-labelling of the 1',5-anhydrohexitol
nucleosides by means of T4 polynucleotide kinase, an elec-
trophoretic assay was performed using a titration experiment as
described by Cooney et al.’** The natural dA and T 13-mers
were 32P-labelled and then titrated with unlabelled oligo(A*),,
and oligo(T*), . The outcome of such a titration experiment is
shown in Figure 10, assayed on a 20 % nondenaturing polyacryl-

(dA)43 1 1 1 1 1 1 1 1 1
(T)13 0 056 1 2 0 5 10 50 100
T a.e
D - -~ - an

ss - o -

Fig. 10. Nondenaturing polyacrylamide gel electrophoresis of radiofubelled oligo-
(dA),, and different amounts of oligo(T*);; (S8S = single strand, D = duplex,
T = triplex).

amide gel.1*31 The single-strand oligo(dA),, is in lane 1. Upon
addition of an equimolar amount of oligo(T*),; a new band
with lower mobility was observed. This band corresponds to the
oligo(T*),,-oligo(dA),, duplex, which migrates more slowly
through the gel matrix. Binding of a second oligo(T*), , to form
an oligo(T*), ;- oligo(dA), ;-oligo(T*),, triplex was observed at
an oligo(T*),,:oligo(dA), ; ratio of 5:1. The presence of exclu-
sive triplexes was observed at a ratio of 50:1. Formation of the
duplex oligo(A*), ;- oligo(T), ; could not be detected by gel elec-
trophoresis; this might be due to the fact that this duplex is less
stable or that the oligo(A*),,-oligo(T),, duplex co-migrates
with the radiolabelled oligo(T),;. Co-migration was also ob-
served for the natural oligo(dA), ;- oligo(T), ; duplex, which was
nevertheless well separated from the radiolabelled oligo(dA), 5
(data not shown).

A major requirement that must be met by antisense oligonu-
cleotides is their stability towards enzymatic degradation under
assay conditions and in vivo. Natural oligonucleotides are un-
stable and need to be stabilised towards nucleases by chemical
modification or physical separation from the medium, for ex-
ample, by incorporation into liposomes. As it is known that
3’-exonuclease activity is the major cause of degradation of
oligonucleotides in serum,*®! it seemed suitable to study the
stability of our chemically modified oligonucleotides in the pres-
ence of snake venom phosphodiesterase (SVPDE, a 3’-exonu-
clease).

Chem. Eur. J. 1997, 3, No. {
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During digestion with SVPDE, the increase in absorbance
{(hyperchromicity) at 260 nm was followed.1??] Fitting of the
data obtained to an exponential curve resulted in the half-lives
indicated in the legend of Figure 11. While oligodeoxyadenylate

Abs 260 nm (normalized)

0_39 | Il 1 L I
0 20 40 60 80 100 120

Time {min}

Fig. 11. Digestion of oligonucleotides (T), 5, (T*),5, (T*),{T)o(T*),, (dA), 5, (A%);3
and  (A*),(dA)(A*), with snake venom phosphodiesterase. o = (T);.
tyy =4min; ¥ =(dA)5. ¢, =24min;  # = (T*),(T)e(T*),, 1,.,>120 min;
0 = (A*)(dA)o(A%)s, £, >120min; & = (T*)15, x = (A%),;;:(T%),, and (A¥%)},
were completely stable under reaction condifions.

is degraded very fast (¢,, = 24 min), oligo(A*),; is completely
stable towards SVPDE. No change in absorption could be de-
tected, not even after 24 hours. Substitution with two adenine
anhydrohexitol nucleosides (A*) at either end of an oligonucle-
otide, likewise provides constructs of high stability. These re-
sults were confirmed with oligonucleotides containing thymine
anhydrohexitol analogues (T*).

Conclusion

Hexitol nucleic acids (HNA) form very stable self-complemen-
tary duplexes as well as stable duplexes with their natural coun-
terparts. These hybridisation characteristics are dependent on
the base sequence and the experimental conditions. At high salt
concentration oligo(T*), ,-oligo(T*), ; duplexes are formed, but
not at low salt concentration. Triple-helix formation can be
observed with oligo(T*),; and oligo(dA),,, but this complex
formation is highly dependent on the experimental conditions.
CD experiments suggest a DNA-HNA duplex structure closely
resembling the A-form structure of dsRNA. A A7, of 3°C per
base pair has been observed for homopurine RNA-HNA du-
plexes. With regard to their structure, this can be explained by
the almost identical distance between the 3'- and 5'-phosphodi-
ester residues in the hexitol and in the deoxy-f-D-ribofuranosy!
oligonucleotides and by the axial position of the bases of the
hexitol nucleosides. A mixed HNA purine dodecamer displays
very strong and selective base pairing and discriminates clearly
between matched and mismatched sequences. Oligonucleotides
containing one or more 1’,5'-anhydrohexitol residues show high
phosphodiesterase stability towards degradation by snake ven-
om phosphodiesterase. Like PNA and xylose-DNA, this is an-
other example of a completely new backbone for the construc-
tion of oligonucleotide analogues making base pairs with their
natural antiparallel complementary sequence. Moreover, these
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oligonucleotides are highly soluble in aqueous medium, in con-
trast to nonionic oligomers. These observations may hold great
promise for the usc of hexitol oligonucleotides as antiscnse
drugs.

Experimental Procedure

Ultraviolet spectra were recorded with a Philips PU 8740 UV/Vis spectropho-
tometer. The 'H and '3C NMR spectra werc determined with a JEOL
FX90Q spectrometer with tetramethylsilane as internal standard for the
'H NMR spectra, and [D,JDMSO (§ = 39.6) or CDCI, (¢ =76.9) for the '*C
NMR spectra (s = singlet, d = doublet, dd = doublet of doublets, t = triplet,
brs = broad signal, m = multiplet). Chemical ionisation mass spectra
(CIMS) and liquid secondary ion mass spectra (LSIMS) were obtained using
Kratos Concept 'H mass spectrometer. Precoated Machery-Nagel Alugram™
Si1G/UV 254 plates were used for TLC, and the spots were examined with UV
light and sulfuric acid —anisaldehyde spray. Column chromatography was
performed on Janssen Chimica silica gel (0.060—0.200 nm). Anhydrous sol-
vents were obtained as follows: dichloromethane was stored over calcium
hydride, refluxed and distilled ; pyridine, triethylamine and N, N-diisopropyl-
ethylamine were refluxed overnight over potassium hydroxide and distilled.
n-Hexane and acetone, used in the purification of the phosphoramidites, were
purified by distillation.

1,5-Anhydro-2,3-dideoxy-2-(thymin-1-yl)-D-arabino-hexitol (6a): Alkylation
of N3-benzoylthymine with 1,5-anhydro-4.6-O-benzylidene-3-deoxy-p-gluci-
tol under Mitsunobu reaction conditions yielded 6a after deprotection, as
described previously [26]. '"HNMR ([D4]DMSO): d =1.77 (s, CH,), 1.6-2.5
(m, 2H, H-3', H-3"), 3.05-3.30 (m, 1 H, H-5), 3.4-4.1 (m, 4H) and 3.7-4.1
(m,2H, H-1", H-1", H-4', H-6¢', H-6"), 4.52 (m, 1 H, H-2"),4.65 (t,J = 5.7 Hz,
6-OH). 4.89 (d. J = 5 Hz, 4-OH), 7.88 (s. H-6). 11.25 (br, NH); }*C NMR
([D]DMSO): 6 =12.3 (CH;), 35.2(C-3'). 50.1 (C-2'), 60.3, 60.8 (C-4, C-6"),
66.9 (C-1"), 82.4 (C-5), 108.3 (C-5), 138.9 (C-6), 150.9 (C-2), 163.8 (C-4); UV
(MeOH): /.. (¢) = 272 nm (9500); CIMS (iC,H,,) m/jz: 257 [M +H]". 127
[B+2H]"; Elem. anal. (C;;H(N,0;): calculated C: 51.56, H: 6.29, N:
10.93; found C: 51.40, H: 6.24, N: 10.87.

1,5-Anhydro-2-(/N®-benzoyladenin-9-yl)-2,3-dideoxy-np-arabino-hexitol  (6b):
To a solution of 1.5-anhydro-4,6-O-benzylidene-2-(adenin-9-y1)-2,3-dideoxy-
D-arabino-hexitol [26] (2.3 g, 6.51 mmol) in dry pyridine (100 mL) was added
benzoyl chloride (0.9 mL, 7.8 mmol) at 0 “C. After having been stirred for 4 h
at room temperature, the mixture was cooled on anice bath and H,O (2 mL)
was added. After addition of concentrated NHj solution (1.5 mL, 33%) and
further stirring for 45 min at room temperature, the mixture was evaporated.
The residue was purified by column chromatography (CH,Cl,—MeOH,
98:2) affording 1.92 g (4.19 mmol) of 1,5-anhydro-4.6-0-benzylidene-2-
(N ®-benzoyladenin-9-yl)-2,3-dideoxy-p-arabino-hexitol as colourless foam
(64%). This was further treated with 80% acetic acid (100 mL) at 60 °C for
5h to remove the benzylidene moiety. Evaporation, coevaporation with
toluene and purification by column chromatography (CH,Cl,—MeOH, 95:5
to 90:10) alforded a colourless foam (1.10 g, 2.98 mmol, 71%). 'HNMR
(D JDMSO): 6 =1.94 (m, 1. H-3ax), 2.32 (m, 1H, H-3’eq), 3.21 (m. 1H,
H-5'). 3.42-3.76 (m. 3H, H-4, H-6', H-6"). 3.90 (dd, 2/ =13 Hz, 1 H. H-
1ax), 427 (dd, 2J =12.2 Hz, 1H, H-1'eq), 4.67 {t, J = 5.7 Hz, 1 H, 6-OH),
4.88--5.00 (m, 2H, H-2', 4-OH), 7.47--7.68 (m, 3H, aromatic H), 8.00-8.07
(m, 2H. aromatic H), 8.60 (s, 1H), 8.73 (s, 1H, H-2, H-8), 11.0 (brs, 1H,
NH); '*C NMR ([D,JDMSO): 8 = 35.8 (C-3'), 50.7 (C-2). 60.5, 60.7 (C-4',
C-6), 67.9 (C-1), 83.1 (C-5), 125.1 (C-5), 128.5 (0-C, m-C), 132.5 (p-C),
133.6 (Cx), 143.5 (C-8), 150.3 (C-4), 151.4 (C-2), 152.4 (C-6), 164.5 (C=0);
UV (MeOH): 4., () = 282 nm (20200); LSIMS (Thgly, NaOAc) m/z: 392
[M+Na]*, 370 [M +H]", 240 [B+2H]* ; Elem. anal. (C,4H,,N;0,): calcu-
lated C: 58.53, H: 5.18, N: 18.96; found C: 58.42, H: 498, N: 18.72.

1,5-Anhydro-2,3-dideoxy-2-(N?-isobutyrylguanin-9-yl)-n-arabino-hexitol (6 ¢):
Alkylation of NZ-isobutyryl-O°®-[2-( p-nitrophenyl)ethyl]guanine (1.85 g,
7.5mmol) with 1,5-anhydro-4,6-O-benzylidene-3-deoxy-D-glucitol  [26]
(1.18 g, 5 mmol) yielded, after removal of the p-nitrophenylethyl group with
DBU (1.5 mL, 10 mmol) in anhydrous pyridine for 16 h and purification by
flash column chromatography (CH,Cl, MeOH, 99:1 to 97:3), 1.35g of
crude 1,5-anhydro-4,6-O-benzylidene-2,3-dideoxy-2-(N 2-isobutyryl-0°-
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[2-{ p-nitrophenyl)ethyl}guanin-9-yl)-D-arabino-hexitol. Hydrolysis of the
benzylidene moiety with 80% HOAc (100 mL, Sh at 60°C) gave, after
column chromatography (CH,Cl,-MeOH, 90:10), compound 6¢ as a
colourless foam (610 mg, 1.74 mmol, 34% overall yield). 'HNMR
([Dx]DMSO): 6 =1.11 (d, J=6.7Hz, 6H, CH;), 1.93 (m, 1H, H-¥ax),
2.11-2.38 (m, 1H, H-3cq). 2.80 (m, 1H, CHMe,), 325 (m, 1H, H-5),
3.42-3.78 (m, 3H, H-4, H-¢', H-6"), 3.89 (dd, 2J =13 Hz, 1H, H-1), 4.21
(dd, *J =13 Hz, 1H, H-1"), 4.69 (t, J = 5.2 Hz, 1H, 6-OH), 4.81 (m, 1 H,
H-2),4.97(d,.J =5.1Hz, 1H, 4-0OH), 8.39 (s, L H, H-8), 10.41 (s, 1 H, NH);
HC NMR ([D4DMSO): § =19.4 (CH,) 34.5 (CHMe,), 35.8 (C-3), 50.5
(C-27, 60.5, 60.7 (C-4', C-6"), 67.9 (C-1"), 83.1 (C-5), 116.7 (C-5), 141.7
(C-R), 152.0 (C-4), 153.0 (C-2), 159.8 (C-6), 175.2 (C=0); UV (MeOH): 4,
273 nm; LSIMS (Thgly, NaOAc) mjz: 352 [M+H]"; Elem. anal
(C,sH,,N;O;): calculated C: 51.28, H: 6.02, N: 19.93; found C: 51.17, H:
5.97. N: 19.72.

1,5-Anhydro-2,3-dideoxy-6-O-dimethoxytrityl-2-(thymin-1-yl)-b-arabino-hex-
itol (7a): Dimethoxytrityl chloride (480 mg, 1.42 mmol) was added to 6a
(330 mg, 1.29 mmol) dissolved in anhydrous pyridine (20 mL). The mixture
was stirred overnight at room temperature, diluted with CH,Cl, (100 mL)
and washed twice with saturated aqueous NaHCO, solution (100 mL). The
organic layer was dried, evaporated, and coevaporated with toluene. The
resulting residue was purified by column chromatography (with a gradient of
0 to 3% MeOH in CHCI, containing 1% triethylamine) to yield the title
compound as a colourless foam (373 mg, 0.67 mmol, 52%). 'H NMR (CD-
Cly): 0 =1.60--2.50 (m, 2H, H-3', H-3"), 1.91 (s, 3H, CH,). 3.12-3.62 (m,
2H, H-5'. H-4),3.77 (s, 6H, 2 x OCH,), 3.65-4.17 (m, 4H, H-6’, H-6", H-1",
H-17),4.53 (s, 1H, H-2'), 488 (d, 1H, J = 5.1 Hz, 4-OH), 6.81 (d, J = 8.7,
4H, aromatic H), 7.09--7.53 (m, 9H, aromatic H), 8.09 (s, 1 H, H-6), 9.10
(brs, 1 H, NH); '3C NMR (CDCl,): § =12.5 (CH,), 35.5 (C-3"), 50.7 (C-2').
54.9 (OCH,), 62.4, 63.1 (C-4, C-6), 68.2 (C-1"), 81.1 (C-57), 86.0 (Ph,(),
110.0 (C-5), 138.4 (C-6), 151.0 (C-2), 163.8 (C-4) and 112.9, 126.6, 127.5,
127.8, 129.7, 135.6, 144.6, 158.3 (aromatic C); LSIMS (Thgly, NaOAc) mjz:
581 [M+Na]*, 127 [B+2H]"; Elem. anal. (C;,H,,N,0,): calculated C:
68.80, H: 6.13, N: 5.01; found C: 68.91, H: 6.07, N: 4.80.

1,5- Anhydro-2-(/V®-benzoyladenin-9-yl)-2,3-dideoxy-6-O-dimethoxytrityl-p-
arabino-hexitol (7b): A solution of the nucleoside 6b (370 mg, 1 mmol) and
of 4.4'-dimethoxytrityl chloride (400 mg, 1.2 mmol) in dry pyridine (25 mL)
was stirred at room temperature for 16 h. The mixture was diluted with
CH,Cl, (100 mL) and washed twice with saturated aqueous NaHCO, solu-
tion (100 mL). The organic layer was dried, evaporated and coevaporated
with toluene. The residue was purified by column chromatography (0 to 3%
of MeOH in CH,Cl, containing 0.2% of pyridine) to obtain a colourless
foam (400 mg, 0.6 mmol, 63%). "THNMR (CDCl,): § =1.75-2.45 (m, 2H,
H-3', H-3"), 3.18—4.22 (m, 12H, H-4', H-5, H-6', H-6", H-1", H-1"; s at 3.7§,
2x0CH,;), 4.88-5.00 (d and s, J = 5 Hz, 2H, H-2', 4-OH), 6.65-6.92 (m,
4H, aromatic H),7.23 (m, 9H, aromatic H), 7.45- 7.65 (m, 3H, aromatic H),
7.99-8.05 (m, 2H, aromatic H), 8.54 (s, 1 H), 8.76 (s, 1 H), (H-2, H-8), 9.12
(brs, 1H. NH); '3C NMR (CDCl,): § =357 (C-3), 50.6 (C-2), 55.1
(OCHy), 60.5, 60.7 (C-4, C-6'), 67.8 (C-1"), 83.1 (C-5'), 86.7 (Ph,C), 1229
(C-5), 128.7 (Bz), 132.5 (Bz), 133.8 (Bz), 143.6 (C-8), 149.4 (C-4), 152.2,
152.4 (C-2, C-6), 165.6 (C=0) and 113.1, 126.7, 127.8, 127.9, 129.8, 135.7,
135.9, 144.5, 158.5 (aromatic C, Tr); LSIMS (Thgly, NaOAc) m/z: 694
[M+Na]*, 240 [B+2H]"' Elem. anal. (C;4H,,N;O,): calculated C: 69.73,
H: 5.55, N: 10.43; found C: 69.91, H: 5.71, N: 10.22.

1,5-Anhydro-2,3-dideoxy-6-O-dimethoxytrityl-2-(V-isobutyrylguanin-9-yl)-
D-arabino-hexitol (7¢): A solution of the nucleoside 6¢ (580 mg. 1.65 mmol)
and dimethoxytrityl chloride (670 mg, 2.0 mmol) in anhydrous pyridine
(20 mL) was stirred at room temperature for 16 h. The mixture was diluted
with CH,Cl, (100 mL) and washed twice with a saturated aqueous NaHCO
solution (100 mL). The organic layer was dried, evaporated and coevaporat-
ed with toluene. The residue was purified by column chromatography with a
gradient of 0 to 3% MeOH in CH,Cl, containing 0.2% pyridine, to obtain
770 mg of compound 7¢ (1.18 mmol, 71%) as colourless foam. 'H NMR
(CDCL): 6 =114 (d. J =7 Hz, 6H. CH,), 1.93-2.41 (m, 2H, H-3', H-3"),
2,72 (m, LH, CHMe,), 3.15-3.60 (m, 2H, H-5, H-4'), 3.62-4.22 (m, 10H,
H-6', H-6", H-1", H-1"; s at 3.77, 2x OCH,). 4.79 (m, 1H, H-2), 4.95 (d,
J = 5Hz, 1H, 4-0H), 6.77 (m, 4H, aromatic H), 7.25 (m, 9H, aromatic H).
8.33 (s, L H, H-8),10.19 (brs, 1 H, NH); *C NMR (CDCl,): § =19.9 (CH,),
34.6 (Me,CH), 352 (C-3'), 50.4 (C-21, 55.1 (CH,0), 60.7. 61.1 (C-4', C-6'),
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68.0 (C-1'), 82.9 (C-5"), 86.5 (Ph,C), 139.8 (C-8), 151.0, 151.9 (C-2, C4),
158.8 (C-6), 176.5 (C=0) and 113.0, 126.7, 127.7, 129.7, 135.6, 135.8, 144.5,
158.5 (aromatic C); LSIMS (NBA) mjz: 654 [M+H]'; Elem. anal.
(C46H;34N,0,): calculated C: 66.14, H: 6.01, N: 10.71: found C: 66.32, H:
6.17, N: 10.47.

Synthesis of the Phosphoramidites 4a—¢: A mixture of the ¢’-O-protected
nucleoside (0.5 mmol), 3equiv of dry N N-diisopropylethylamine and
1.5equiv of 2-cyanoethyl-N,N-diisopropylchlorophosphoramidite in dry
CH,Cl, (2.5 mL) was stirred at room temperature for 3 h. After addition of
EtOH (0.5 mL) and further stirring for 25 min, the mixture was washed with
5% NaHCO, solution (15mL) and saturated NaCl solution, dried, and
evaporated. Flash column chromatography afforded the amidite as a white
foam, which was dissolved in a small amount of dry CH,Cl, and added
dropwise to cold (— 50 “C) n-hexane (100 mL). The precipitate was isolated,
washed with n-hexane, dried and used as such for DNA synthesis. Eluting
solvent and yicld after precipitation for the different amidites:

4a: n-hexane/ethyl acetate/Et;N (23:75:2); 62% yield.

LSIMS (NBA) m/z : 759 [M+H]".

4b: n-hexanejethyl acetate/Et,N {50:48:2); 65% yield.

LSIMS (NBA) m/z : 872 [M+H]™.

4c¢: n-hexane/acetone/Et;N {23:75:2); 56% yield.

LSIMS (NBA) m/z: 854 [M +H]".

1,5- Anhydro-2,3-dideoxy-6- O-dimethoxytrityl-4-O-succinyl-2-(thymin-1-yl)-
D-arabino-hexitol (8a): A mixture of 7a (80 mg, 0.14 mmol), DMAP (9 mg,
0.07 mmol) and succinic anhydride (43 mg, 0.14 mmol) in anhydrous pyridine
(5 mL) was stirred at room temperature for 24 h. As the reaction was incom-
plete an additional amount of succinic anhydride (43 mg) was added, and the
mixture stirred for a further 24 h. The solution was evaporated and coevap-
orated with toluene. The residue was dissolved in CH,Cl,, the organic layer
washed with saturated aqueous NaCl and water. dried and evaporated to give
colourless 8a (78 mg, 0.12 mmol. 86 %).

1,5-Anhydro-2-(N®-benzoyladenin-9-yl)-2,3-dideoxy-6-O-dimethoxytrityl-4-
O-succinyl-p-arabino-hexitol (8b): The same procedure as described for 8a
was used for the synthesis of 8b; 7b (260 mg, 0.39 mmol) afforded colourless
8b (256 mg, 0.33 mmol, 85%).

Attachment of 8a,b to Solid Supports (9a,b): A mixture of the succinates 8a,b
(80 umol), preactivated LCAA ~CPG (400 mg) [25], DMAP (5 mg, 40 umol),
Et,N (35pL) and 1-(3-dimethyl-aminopropyl)-3-ethylcarbodiimide -HCI
(153 mg, 800 umol) in anhydrous pyridine (4 mL) was first sonicated for
5 min and then shaken at room temperature for 16 h. After shaking, the CPG
solid support was filtered off and washed successively with pyridine,
methanol and CH,Cl, followed by drying under vacuum. The unreacted sites
on the surface of the support were capped with 1-methylimidazole (1.5 mL)
in THF (Applied Biosystems) and acetic anhydride—lutidine—THF (1.5 mL,
1:1:8, Applied Biosystems). After 4 h of shaking at room temperature, the
solid support was filtered off, washed with CH,Cl, and dried under vacuum.
Colorimetric dimethoxytrityl analysis indicated a loading of 18.5 umolg™"!
for 9a and 21.5 pmolg™" for 9b.

Solid-Phase Oligonucleotide Synthesis: Oligonucleotide synthesis was per-
formed in an ABI 381 A DNA synthesiser (Applied Biosystems) by using the
phosphoramidite approach. The classical synthesis protocol was used, except
for the concentration of the newly synthesised products, which was increased
from 0.1 to 0.13M. The oligomers were deprotected and cleaved from the solid
support by treatment with concentrated aqueous ammonia (55°C, 16 h).
After pre-purification on a NAP-10% column (Sephadex G25-DNA grade,
Pharmacia) with buffer A as eluent (see below), purification was achieved on
a Mono-Q® HR 10/10 anion exchange column (Pharmacia) with the follow-
ing gradient system [A =10mM NaOH, pH 12.0, 0.1M NaCl; B =10mm
NaOH, pH 12.0, 0.9M NaCl; gradient used depended on the oligo; flow rate
2 mLmin""]. The low pressure liquid chromatography system consisted of a
Merck-Hitachi L6200 A intelligent pump, a Mono Q®-HR 10/10 column
(Pharmacia), a Uvicord SI12138 UV detector (Pharmacia-LKB) and a
recorder. The product-containing fraction was desalted on a NAP-10*
column and lyophilised.

Melting Temperatures: Oligomers were dissolved in the following buffers:
A) 1M NaCl, 60mM Na cacodylate, pH 7.0, 100mm MgCl,; B) 0.1m NaCl,
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10mM Na cacodylate, pH 7.0, 10mm MgCl,; C) 0.1Mm NaCl, 0.02m potassi-
um phosphate pH 7.5, 0.1 mm EDTA; D) 10mmM MgCl, added to buffer C:
E) 1M NaCl, 0.02m KH,PO, pH 7.5, 0.1mmM EDTA; F) 1M NaCl, 60 mm Na
cacodylate pH 7.0. The concentration was dctermined by measuring the ab-
sorbance at 260 nm at 80 °C and assuming the 1',5-anhydrohexitol nucleoside
analogues to have the same extinction cocfficients in the denatured state as
the natural nucleosides. The following extinction coefficients were used: dA
and A*, ¢£=15000; dT and T*, & =28500; dG and G¥*. &=12500; dC,
¢ =7500; U, » =10000. The concentration in all experiments was ca. 4 uM for
each strand unless otherwise stated. Melting curves were determined with a
Uvikon 940 or with a Cary 1E (Varian, Melbourne) spectrophotometer.
Cuvettes were maintained at constant temperature by means of water circula-
tion through the cuvette holder or a thermoelectric temperature controller
(Varian, Melbourne). The temperature of the solution was measured with a
thermistor directly immersed in the cuvette. Temperature control and data
acquisition were done automatically with an 1BM-compatible computer. The
samples were heated and cooled at a rate of 0.2°Cmin~ !, and no difference
could be observed between heating and cooling melting curves. Melting tem-
peratures were evaluated by plotting the first derivative of the absorbance
versus temperature curve.

CD Experiments: CD spectra were measured with a Jasco 600 spectropolar-
imeter in thermostatically controlled 1 cm cuvettes connected with a Lauda
RCS6 Bath. The oligomers were dissolved and analysed in two different
buffers: A) 1m NaCl, 60mm Na cacodylate, pH 7.0, 100mM MgCl, and
B) 0.1m NaCl, 10mm Na cacodylate, pH 7.0, 10mm MgCl,, at a concentra-
tion of 3.2um of each strand.

Electrophoretic Experiments: Oligonucleotides were radiolabelled (32P) at the
S-end by means of polynucleotide kinase by standard procedures [45]. To

‘assay duplex/triplex formation, *2P-labelled (T),, and (dA),, were titrated

with unlabelled (A*),; and (T*),,. respectively, and incubated for 3 min at
80°Cin 0.1m NaCl, 0.02mM KH,PO,, pH 7.5, and 0.1 mm EDTA. The concen-
tration of the *?P-labelled (T),, and (dA), ; was held constant throughout at
0.1 uM. The concentration of the unlabelled modified oligonucleotides varied
from O (ratio 1:0) to 10uM (ratio 1:100). After 1 h at room temperature. the
samples were equilibrated in an ice bath for 4 h, and an equal volume of
loading dye mix (40% sucrose, 0.25% bromophenol blue) was added. The
samples were then loaded onto a preequilibrated (15 min at 4 “C) nondenatur-
ing 20% polyacrylamide gel (29:1 acrylamide: N.N'-methylenebisacryl-
amide). Electrophoresis was performed at 300 V for 1 h at 4 °C (Julabo F10
cryostat) with a TB elution buffer (5 x TB: 27 g Tris base and 13.75 g boric
acid in 500 mL H,O, pH 8). The gels were visualised by autoradiography.

Enzymatic Stability: A solution of 0.4 A, units of the oligonuclecotides in
1 mL of the following buffer (200 mm Tris. HCI, pH 8.6, 200 mm NaCl, 28 mum
MgCl,) was digested with 0.04 U of snake venom phosphodiesterase (Cro-
talus adamanteus venom, Pharmacia). During digestion the increase in ab-
sorbance at 260 nm was followed. The absorption versus time curve could be
fitted to an exponential curve from which the half-life could be gathered.
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The Unusual Properties of 5-Methyl-4,5,6,7-tetrahydro-1H-indazole

in the Solid State

Concepcion Foces-Foces,” Orm Hager, Nadine Jagerovic,

Maria Luisa Jimeno, and José Elguero

Abstract: The crystal structure of the title
compound was determined by X-ray anal-
ysis at 200 K. Three independent mole-
cules form a trimer joined by strong and
linear N—H - - - N hydrogen bonds. There
is another centrosymmetrically related
trimer in the unit cell. Both tautomers (1 H

der of the NH protons involved in the N-
H --N hydrogen bonds has been ob-

Keywords
crystal structure - NMR spectroscopy
proton transfer pyrazoles

tautomerism

served. Solid-state 1*C CPMAS NMR
was used to establish the dynamic nature
of the NH-proton disorder, the title com-
pound being the first example of proton
transfer in a tantomeric mixture of pyra-
zoles with an equilibrium constant other
than 1.

and 2H) are present in each trimer. Disor-

Introduction

Compound 1, although it should be named 5-methyl-4,5,6,7-
tetrahydro-1H-indazole, has to be considered structurally as a
tetramethylene-substituted pyrazole. The reason is that NH-
indazoles are always 1H tautomers,!* =3 while N H-pyrazoles of
this kind are mixtures of both tautomers la and 1b (Fig-
ure 1).!*) Tautomerism involving only annular nitrogen atoms,
that is, atoms pertaining to the ring, is called “annular tau-
tomerism” 1!

Compound 1 was prepared from 4-methylcyclohexanone in
two steps and was obtained in the racemic form with respect to
C(5) .13 Its crystallization is expected to yield a racemic com-
pound since spontaneous resolution is a relatively rare phe-
nomenon.!® Thus four entities are possible for this compound
(eight if one considers that owing to conformational flexibility
of the six-membered ring, the methyl group can be axial or
equatorial).

To understand why the structure of 1 in the solid state is
unusual we have to summarize the present knowledge of the
structure of NH-pyrazoles in this state, knowledge which is
mainly based on X-ray crystallography and CPMAS NMR
spectroscopy. Two kinds of NH-pyrazoles 2 have to be consid-
ered, depending on whether the substituents at positions 3 and
5 (R? and R°®) are identical (including the hydrogen as a sub-
stituent) or different. Compound 1 belongs to this latter group,

{*1 C. Foces-Foces, O. Hager
Departamento de Cristalografia, Instituto de Quimica-Fisica “*Rocasolano™
CSIC, Serrano, 119, E-28006 Madrid (Spain)
N. Jagerovic, M. L. Jimeno, J. Elguero
Instituto de Quimica Médica, CSIC
Juan de la Cierva 3, BE-28006 Madrid (Spain)
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Annular tautomerism
4 3 H
HaCqy S 3a ! HG
\ H e 2
| N2 == N—H
6 N : ~,
\ '
7 H ! g
| 5
la (R ; 1b ® g
! 3
: 2
H =
H:Cr, i HsGCy, 8
) \ ! 2 =S
l N Ee——— N-—H @)
1 / ' /
N : ==
\ :
H :
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Fig. 1. Isomers of compound 1.

the polymethylene chain CH,-CH(CH,)-CH,—CH, being a
special class of 4,5- (2a) and 3,4-disubstituted pyrazole 2b
(Scheme 1). We have summarized all the available information
in Table 1 (the geometry of these and other pyrazoles has been
discussed elsewhere) .[25!

Regarding annular tautomerism, the thermodynamic aspects
(position of the equilibrium) and the kinetic ones (proton trans-
fer) should be distinguished. The problem of determining and
discussing the equilibrium constant occurs only for the asym-
metric pyrazoles. In solution and in the gas phase, asymmetric
NH-pyrazoles exist as a mixture of tautomers 2a and 2b with
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Scheme 1.

Table 1. Structure of NH-pyrazoles in the solid state |a].

Asymmetric, R*#R?® Symmetric, R* = R®

Cyclic  3.R*= Me. R* = NO,. R® = H [7] 4, R? = R® = Ph, R* = Br [8]
dimers 5, R* =R’ =Ph, R* = NO, [9]
6, R* = R% = Bu', R* = H[10]
7.R* = R® = Bu', R* = NO, [9)
Cyelic 8. R®=I. R*=NO,, R® = Me [7] 9,R* = R’ = H, R* = NO, [9]
trimers 10, R* = Ph, R* = Br, RS = H [11] 11, R? = RS = Me. R* = H [12,13]
12. Campholc]pyrazole (14] 13. R* = R* =}, R* = Br [15]
14. R> = CO,Me, R* = CF,. R® = H[16]
Cyclic 15. R? = Ph(Mc), R® = Me(Ph), 16, R* = R® = Ph, R* = H [§]
tetramers R*=H{17-19]

Catamers 17, R® = N,. R* = Ph, R® = H [20} 18, R? = R% = R* = H [21-23]

19, R} = R’ = Me, R* = NO, [24]

[a] Reference numbers are given in square brackets.

equilibrium constants which depend on the nature of R* and R®
but are never very different from unity.f2¢ 27! [n the solid state,
on the other hand, there is only one tautomer present: com-
pounds 3, 8 (desmotropy), 10, 12 (the 2H tautomer probably
resulting from the Mills—Nixon effect),*! 14 and 17. The only
exception is 3(5)-phenyl-5(3)-methylpyrazole (15), a cyclic te-
tramer formed by two 3-phenyl-5-methyl and two 3-methyl-5-
phenyl tautomers.

As for the kinetic aspect of proton transfer along the inter-
molecular hydrogen bond, the necessary conditions for its ob-
servation are: i) the pyrazole must be symmetric; i) the structure
should be cyclic, that is, only the compounds 4, 5, 6,7, 9, 11, 13
and 16 present the required structural characteristics. Here
again the exception is compound 15, where a quadruple proton
transfer transforms a tetramer (2x2a +2 x 2b) into another
tetramer (2 x2b +2 x 2a) of the same energy, as in Scheme 2.

In summary, for asymmetric N H-pyrazoles one should expect
either only one tautomer (dimers, trimers, tetramers and
catamers) or both tautomers in a 1:1 ratio present in a cyclic,
even structure (n = 2 dimers or » = 4 tetramers).

Ph  Me Ph Me
= -
I \N'""H'N N-HIIIIIN/ \

N/ \N/ >~ /7 N
Mt : P me” N N7 pn
= 8= &

Me _N N_ _Ph Mer _N N. _Ph
Z \N-HIIIIIN/ / \NIIIIIH-N/ o
— \ \ _

Ph Me Ph Me
2x2a+2x2b 2x2b+2x2a

Scheme 2.
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Results and Discussion

X-ray crystallography: The main geometrical characteristics of
the molecular and crystal structure of compound 1 are reported
in Table 2. The three independent molecules of the title com-
pound form trimers in which the 1H tautomer, the molecules
labelled as A and B in Figure 2, and the 2H tautomer, the mol-
ecule labelled C, are present. The pyrazole rings of the three

Fig. 2. A perspective view of the trimer showing the numbering system. The dis-
placement ellipsoids are drawn at 30 % probability level. The disorder of the chiral
C(5) atom in molecule B is represented by thin lines. Dotted lines indicate hydrogen
bonds; only those hydrogens with the higher population values are retained.

independent molecules do not show significant differences (test-
ed by half normal probability plots).!*®! Their geometry closely
approximates the mean geometry (Table2) describing the
motlecular structure of structurally related compounds: 1 H- and
2H-pyrazole moieties fused to a six-membered aliphatic ring
system (CSD refs: BAKTUC, CAVPAQ, YAXYIF and
HXBIND, JEZGAW, LABHEB, respectively).!>?! The angles at
the nitrogen atoms are a sensitive indicator of the position of the
hydrogen atom,’®® the protonation being associated with an
increase in the N(1) and N(2) angles (1H or 24 tautomer, re-
spectively). In the present compound these angles, which some-
what resemble those of the corresponding tautomers 1a and 1b,
range from 107.3(3) to 109.3(2)° in fairly good agreement with
the disorder model found for the corresponding hydrogen
atoms, that is, two thirds of tautomer 1a and one third of tau-
tomer 1b. An interpolation of the N(1) and N(2) values for A,
B and C yields a population of 0.604-0.02 for 1a instead of the
result of 2/3 found for the proton disorder.

As far as the aliphatic rings are concerned, the Csp?—Csp?
and Csp*~Csp?® distances in molecule C are in agreement with
the reported values.[**! The differences between molecules A
and B could be a result of the presence of both enantiomers
within the trimer. Only the C(5) chiral atom, not the C(6) atom,
in molecule B (Figure 2), was split into two positions (see exper-
imental) which correspond to the S and R configurations (in one
trimer there are 0.33 R molecules and 2.67 S molecules, or vice
versa in the centrosymmetrically related trimer, 0.33 S and
2.67 R). Although the displacement parameters in A are higher
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Table 2. Selected geometrical parameters (A, ).
CSD results

A B/B’ [a] C 1H 2H
N(1)-N(2) 1.352(5) 1.348(4) 1.353(4) 1.355(7) 1.363(6)
N(2)-C(3) 1.324(4) 1.327(5) 1.334(4) 1.335(11) 1.351(8)
C(3)-C(31) 1.392(5) 1.387(5) 1.380(5) 1.407(13) 1.365(6)
C(31)-C(T1) 1.390 (4) 1.378(4) 1.390(4) 1.371(16) 1.397(6)
N(1)-C(71) 1.345(4) 1.348(5) 1.332(4) 1.349(8) 1.325¢(7)
C(31)-C(4) 1.468 (5) 1.487(6) 1.499(5)
C(4)-C(5)/C(5) 1.452(7) 1.559(7)/1.402(13) 1.526(5)
C(5)/C(5)-C(6) 1.384(6) 1.369(8)/1.516(14) 1.518(6)
C(5)/C(5)- C®) 1.517(6) 1.557(10)/1.535(14) 1.532(7)
C(6)-C(7) 1.459(5) 1.477(8) 1.521(5)
C(N-C(71) 1.451(6) 1.478(5) 1.496(5)
NQ@)-ND-C(71) 109.3(2) 108.6(3) 107.3(3) 112.2(8) 103.6(8)
N(1)-N(Q2)-C(3) 107.3(3) 107.5(3) 108.9(3) 104.7(11) 112.3(5)
N@2)-C(3)»-C(31) 110.7(3) 110.5(3) 109.3(3) 111.2(9) 106.8(2)
C(3)-C(3-C(71) 104.0(3) 104.1(3) 104.1(3) 104.9(4) 104.7(4)
N(1)-C(71)-C(31) 108.5(3) 109.1(3) 110.2(3) 107.0(6) 112.5(9)
C(31)-C4)-C(5)/C(5H-C(6) —25.3(6) —35.2(7)/29.1(12) —47.6(4)
C(4)-C(5)/C(5")-C(6)-C(T) 34.5(T) 45.5(9)/—25.6(13) 65.1(4)
C(5)/C(5)-C(6)-C(T)-C(T1) —~23.5(6) —29.5(8)/6.8(9) —45.4(4)
C(6)-C(T)-C(71)-C(31) 6.4(5) 6.6(6) 14.3(5)
C(7)-C(71)-C(31)-C(4) —0.0(5) —~1.6(6) —0.8(5)
C(71)-C(31)-C(4)-C(5)/C(5) 8.6(5) 14.5(5)/ —17.4(8) 17.5(4)
Cremer and Pople parameters
72 (A) 0.175(4) 0.235(6)/0.211(9) 0.377(3)
3 A ~0.146(4) —0.205(5)/0.109(7) —0.324(4)
02 () 129.8(8) 131.1(7y/62.0(11) 130.6(4)
#2 () —34.6(12) ~44.9(12)/102.7(14) —33.3(6)
Central ring of the trimer
NDA-NA - N(HDB-N(2)B 12.5(4) q2(A) 0.165(3)
NA - N(1HB-N(2)B- - N(22)C -4.9(3) q3(A) 0.006(3)
N(DB-N(@2)B:--N(2)C-N1)C -6.3(3) 2(7) 87.9(9)
N(2)B---N{2)C -N(DC- - N(DA 11.3(3) ¢2(°) 81.2(9)
N@C-N(DTC - - N(DA-N(DA —4.2(4)
N(DC- - N{(HA -N(DA - - N(1)B -7.7@3)
Hydrogen interactions X-H H---X XY X-H Y
N(DA-HMA - N(1)C 0.85(6) 2.02(6) 2.879(4) 175(7)
N(OB-H(1)B- - NQQ)A (0.93(8) 1.94(8) 2.866(4) 173(7)
NQ)C-HQ)C---N(2)B 0.83(-) 2.07¢-) 2.893(5) 168(-)
N@A-HQ)A---N(1)B 1.14(15) 1.78 (14) 2.866(4) 157011
N@2)B-H@2)B---N@2)C 1.09(15) 1.83(15) 2.893(5) 165¢11)
N(C-HMC - N(1)A 0.82(-) 2.07(-) 2.879(4) 164 ()

{2] A prime (') stands for the disordered positions in molecule B.

than those of molecule C, a disorder model for A could not be
established. The six-membered ring in molecules A and C
adopts a slightly distorted half-chair conformation (Table 2)
more puckered in C [Q, = 0.228 (5) vs. 0.498 (4) A],1** while the
conformations of the disordered molecules, B and B’, are inter-
mediate between half-chair and envelope conformations, with
total puckering amplitudes of 0.313(7) and 0.238(8) A, respec-
tively. The presence of disorder in B and probably to a lesser
extent in A affects their conformation, increasing their pucker-
ing.

The six nitrogen atoms of the independent trimer form a
pseudo six-membered ring, neglecting the hydrogen atoms,
which adopts a nearly ideal skew conformation (Table 2). The
molecules in a trimer are connected by rather strong and linear
hydrogen bonds, as compared with those reported for com-
pounds 8 and 14 (Tables 2 and 3). The largest N --- N distance
exists in compound 11 with methy! groups at C(3) and C(5) and
a planar central ring; the weighted average distance is
2.909 (1) A. Only van der Waals interactions are responsible for
the packing of the trimers (Figure 3).
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Table 3. Geometry of the independent hydrogen interactions in cyclic trimers of
NH pyrazoles A, 9. Compounds 9 and 11 present dynamic disorder.

Compound N---N N-H---N
8, R3=H, R*=NO,, RS = Me 2.875(7) 163(8)
2.872(9) 157¢7)
2.900(7) 162(10)
9, R3 =R’ =H, R* = NO, 2.858(4) 168 (6)
2.872(4) 159(8)
2.880(3) 167(6)
2.880(3) 177(9)
2.858(4) 172(9)
2.872(4) 167(7)
10, R?® = Ph, R* = Br, RS = H 2.851(7) 170(9)
2.869(7) 166(7)
2.931(8) 162(7)
1,R3=R*=Me, R°=H 2.978(6) 172()
12, Campholc]pyrazole 2911 4) 177(5)
2.931(3) 171(5)
2.933(3) 173(5)
2.936(3) 178(3)
2.914(3) 170(3)
2.910(3) 179(5)
14, R® = CO,Me, R* = CF,, R* = H 2.874(5) 168(5)
2.902(6) 168(4)
2.964(5) 163 (4)
0947-6539/97j0301-0123 § 15.00 +.25/0 —_— 123





FULL PAPER

C. Foces-Foces et al.

Fig. 3. Packing of the trimers (diagram along the ¢ axis).

THNMR spectroscopy: In order to obtain information about
the conformation of the six-membered ring in solution, we
recorded the spectrum of pyrazole 1in CDCl; at 500 MHz. We
also carried out semiempirical
AM 1 calculations* on the com-
pound to obtain the values of the
dihedral angles. The system formed
by the 11 protons [H(3)-H(4a)-
H(4b)-H(5)(CH,)~H(6a)~H(6b)-
1 H(7a)-H(7b)] is too complex to be
analyzed directly, so the analysis®*
was carried out on a series of 'H-decoupled spectra [H(3) decou-
pled and Me decoupled]; the assignment of the different protons
was sustained by 'H-'H two-dimensional spectroscopy. The
result of the analysis is reported in Table 4.

Table 4. 'HNMR chemical shifts (§) and coupling constants (Hz) of compound 1
in CDCl; at 499.88 MHz according to the iterative analysis {rms error 0.01 Hz).
Calculated vicinal coupling constants in Hz (H-C-C-H dihedral angles in degrees)
for AM 1 optimized geometries.

d J
H(4a) 2.090 H(7a) 2.628
H(4ce) 2.637 H(7¢) 2.751
H(5) 1.809 Me(5) 1.054
H(6a) 1.440 H(3) 7.265
H(6e) 1.881
*J vicinal coupling constants Me,, Me,,
SJH(4a),H(5)] 10.16 11.55 (166.17) 1.16 (78.78)
SJH(4e),H(5)] 5.05 5.28 (48.89) 5.83 (—38.19)
3JIH(5),H(62a)] 11.04 12.31 (177.05) 2.83 (—61.24)
SJH(S),H(6e)) 2.72 2.53 (—65.46) 3.55(55.83)
3/TH(6a) H(7a)] 11.15 12.42 (163.39) 1.19 (71.51)
3H(6a) H(7e)} 5.61 5.96 (45.47) 5.80 (—46.39)
3N H(6€),H(7a)] 5.94 5.80 (46.06) 5.76 (—45.50)
3JH(6e).H(7¢e)] 3.04 1.19 (—71.86) 12.42 (—163.42)

Other coupling constants

“JIH(4e), H(6e)(W) =132 Hz;

SJ[H(42),H(7e)] =0.84 Hz; SJ[H(4e),H(7a)] = 0.83 Hz;
*J[H(4¢),H(7e)] =0.00 Hz; */[H(4e),H(3)] = 0.82Hz;
3JIMe(5),H(5)] = 6.69 Hz.

5J(H(4a).H(7a)] =1.55 Hz;
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Semiempirical calculations with the AM 1 Hamiltonian for
the two conformations of the 5-methyl group, axial and equato-
rial, led to two local minima, the equatorial situation being more
stable by 1.5 kcalmol™*. The crystallographically observed
molecule C is very similar to the calculated one (methyl equato-
rial); for instance the H-C-C-H torsion angles show a linear
relationship [AM 1 (torsion angles) = 0.9§+0.01 mol; C (tor-
sion angles) » = 8, r* = 0.999]. The geometries of molecule A
and particularly molecule B differ more from those calculated
by AM 1, but this could partly be a consequence of the disorder.

If the vicinal H-C-C-H coupling constants of Table 4 are com-
pared with the couplings caiculated (by means of a Karplus
relationshipf®3) for the equatorial and axial conformations
(AM 1 minimized geometries) it appears that in solution 85 % of
Me,, and 15% of Me,, is present instead of the 100% of Me,
present in the crystal (note that the disorder in the crystal in-
volves C(5) and not the methyl group).

13C CPMAS NMR spectroscopy: Compound 1 presents the
following signals assigned in 'H-'*C 2D experiments at
125 MHz in CDCl; solution: & =22.02 [CH,4(5)], 25.06
[CH(5)], 29.44 [CH ,(4)], 30.40 [CH,(7)], 31.98 [CH,(6)], 115.66
[C(3a)], 132.26 {broad, C(3)], 143.68 [broad, C(7a)]. The
CPMAS NMR spectrum at 100 MHz is represented in Figure 4.
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Fig. 4. 13C CPMAS NMR spectrum of compound 1.

The highfield part originates with sp® carbons, 21.7 [CH,(5)],
22.9 [CH,4(5)], 29.5 and 30.8, CH(5), CH,(4) and CH,(7)] and
32.0 [CH,(6)], and the lowficld part to the three pyrazole sp?
carbons, 114.9 [C(3a)], 128.7 [C(3)] and 143.2 [C(7a)]. Two
points should be noted, the existence of two signals for the
5-methyl group, and the broadening of pyrazole carbons C(3)
and C(7a) compared with pyrazole C(4). The splitting of the
5-methyl group is not due to the presence of tautomers 1a and
2a (see later on) but to the crystallographic disorder of chiral
C(5) in the racemic compound (1/8 ratio).

From related pyrazoles™ it is possible to estimate the chemi-
cal shifts of aromatic carbons in both tautomers: 1a: 1333
C(3),114.9 C(3a) and 139.1 C(7a); 1b: 123.1 C(3), 114.9C(3a)
and 148.3 C(7a). The signals of C(3a) for both tautomers are
identical or very similar, but those of C(3) and C(7a) appear as
two broad signals centred at § = 128.7 and 143.2 instead of four
signals. The position corresponds to approximately 50% of 1a
and 50 % of 1b and the broadening (inciuding that of C(34)) can
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be simulated with a bandwidth of 30 Hz and a rate constant
k., =1800 s~ '. For the experimental temperature of 300 K, this
rate corresponds to AG, =13.1 kcalmol ™.

Conclusions

Tetrahydroindazole 1 presents a mixture of static and dynamic
disorder that only the combined use of crystallography and
NMR was able to resolve. The static disorder (narrow lines in
NMR) concerns C{5): of the two trimers present in the unit cell
one contains 1/9 .S enantiomer and 8/9 R enantiomer, while the
other contains 1/9 R enantiomer and 8/9 S enantiomer. Obvi-
ously the splitting of the C-methyl signals (Figure 4) is not di-
rectly due to the enantiomerism but rather to the presence of the
minor enantiomer in a trimer formed by the other predominant
enantiomer. The ratio in the 3C CPMAS NMR spectrum seems
larger than the crystallographic 1/8 ratio, indicating that may be
there is also disorder in another molecule of the trimer
(molecule A).

The dynamic disorder involves the NH protons, and in order
to discuss it we have represented the equilibrium of a trimer in
Figure 5. In crystallography there are two methods for estima-
tion of the populations of the two trimers: the direct method
based on the electron density of the NA protons (66 % of the left
trimer and 34 % of the right trimer) and the indirect method
based on the interpolation of the internal angles of the N atoms
(60% of the left trimer and 40% of the right trimer). Since both
methods give roughly the same populations, let us assume there
is a 60/40 ratio of trimers in equilibrium. To calculate the per-
centages of tautomers 1a and 1b, it suffices to calculate
0.6(2x1a) +0.4(1a) =1.6 of 1a, and 0.6(1b) +0.4(2x 1b) =
1.4, that is 53% 1a and 47% 1b (K; =1.14) (if the 66/34 ratio
is used, the results are 56% la, 44% 1b, K; =1.25).

In summary, the asymmetric NH-pyrazoles crystallize in
single tautomeric forms or in 1:1 mixtures of both tautomers,
with the exception of compound 1. This is the only pyrazole
which crystallizes as a trimer in which both tautomers are present
in amounts that are different but not very different (55:45)
owing to a fast proton exchange (on the NMR timescale). The
activation energy, 13.1 kcalmol ™!, is similar to that measured
accurately for 3,5-dimethylpyrazole, 13.47 kcalmol™! at
302 K31 More generally, the presence of two tautomers in a

S /:
=N~ ’

R = |
: N\
N

—-I---Z

Trimer: 2 x 2H (A+B)
+1x [H(C)

Angles at NH = 112.2¢
Angles at N = 104.2°

Trimer: 2 x 1H (A+B)
+1x2H (C)

Angles at NH=112.2°
Angles at N = 104.2°

Fig. 5. A schematic representation of the tautomers in tetrahydroindazole 1 (for simplicity the 5-Me group has been omitted).
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Table 5. Crystal analysis parameters at 200 K.

crystal data formula
crystal habit

crystal size (mm)
symmetry

unit cell determination
a (A)

b (A

c(A)

w7 ()
packing: V (A%), Z
Peatca (8Cm ™3), M, F(000)
pem™")

experimental data technique

radiation

scan width (%)

Ormax ()

no. of independent reflns
no. of observed reflns
standard refins

solution and refinement
solution

refinement

parameters:

number of variables
degrees of freedom
ratio of freedom

final shift/error

H atoms
weighting scheme

max. thermal value (A?)
final AF peaks (e A~%)
final R and Rw

CH; N,
colourless prism
0.63 x0.23 x 0.30
triclinic, PT
least-squares fit from 37 reflns (6 <45")
13.612(3)

9.618(2)

9.435(2)

96.31(2), 81.18(1), 104.97(3)
1176.1(5), 6

1.154, 136.19, 444

5.474

tfour-cirele diffractometer: Philips PW 1100,
bisecting geometry. Graphite oriented
monochromator: w/20 scans.

Detector apertures 1 x 17, 0.5 min/refln.

3995
2627 (20(1) criterion)
2 reflns every 90 minutes; no variation

direct methods: Sir92
least-squares on Fy, ., full matrix

401 fa)
2226
6.6
0.036

from difference synthesis
empirical as to give no trends in
{wA2F) vs. (|Fy,l> and (sin0ji>
U1 {C(6)mol- B) = 0.136(4)
~0.36/0.27

0.062, 0.069

[a] See experimental.
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single crystal is a very infrequent situation, and when this hap-
pens they are present in exactly equal proportions, compound 1
being the only exception to this observation. Of the eight possi-
bilities that compound 1 could present (see introduction) only
four are found in the crystal, since all the methyl groups are
equatorial: 26% 1a R, 26% 1a S, 22% 1b R and 22% 1b S.

Experimental Section

Equipment: *H and *>C NMR spectra in solution were acquired on a Varian
500 Unity spectrometer. The '*C CPMAS NMR spectrum was recorded on
a Bruker DSX-500 at 125.76 MHz
with the facilities of Bruker Ana-
lytische Messtechnik  (Karlsruhe,
Germany).

23 i 5-Methyl-4,5,6,7-tetrahydro-1H-in-
v

O ,l, 2/3 dazole (1) was prepared as described
,{1 H 1/3 in ref. [5]. Crystals suitable for X-ray

Moy N diffraction were obtained by slow
1/3 N
23 \Q@

cvaporation of an ethanol solution.
Average situation

M.p. 75°C.
observed in crystallography

Angles at NH = 108.6-109.3°
Angles at N = 107.3-107.5°

X-ray structure determination: The
most relevant details of data collec-
tion and the refinement procedure
are given in Table S. The crystal used
in data collection was enclosed in a
Lindemann capillary to prevent sub-
limation and was cooled to 200 K
with an Oxford Cryostream device;
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the stated temperature was measured continuously during data collection.
The structure was solved by means of the SIR 92 program [36]. The refine-
ment was carried out by full-matrix least-squares procedures on F,, . The
hydrogen atoms, the positions of which were obtained from difference Fouri-
er synthesis, were included in the refinement, although some of them were
kept fixed in the last cycles. The six-membered rings in molecule B appear to
be statistically disordered because of the presence of both S and R configura-
tions {occupancy factors of 0.66(2) and 0.34(2). respectively). In spite of the
high thermal factors displayed by the atoms C(5), C(6) in molecule A and
mainly by C(6) in molecule B, a disorder model for these atoms could not be
obtained (Figure 2). Besides, disorder of the protons at N(1) and N(2) is also
observed (0.65(4) and 0.35(4) population factors). Most of the calculations
were performed by the XTAL 3.2-system [37], PESOS [38] and PARST {39]
programmes. The atomic scattering factors were taken from ref. {40]. Crystal-
lographic 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-1220-39. Copies of the data can be
obtained free of charge on application to the Director, CCDC, 12 Union
Road, Cambridge CB21EZ, UK (Fax: Int. code +(1223)336-033; e-mail:
teched @ chemcrys.cam.ac.uk).
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Rhodium(1)-Assisted Stereoselective Coupling of an Alkyl, Aryl or Vinyl Group
with a Vinylidene Ligand: A Novel Synthetic Route to n-Allyl and
n-Butadienyl Rhodium Complexes

Helmut Werner,* Ralf Wiedemann, Paul Steinert, and Justin Wolf
Dedicated to Professor Wolfgang Beck on the occasion of his 65th birthday

Abstract: In the first part of this work, a
general method for the preparation of
aryl, methyl, vinyl and alkynyl(vinyl-
idene)rhodium(1) complexes trans-[Rh(R’)-
(=C=CHR)(PiPr,),] (8—14, 18-22) and
trans-[Rh(R)(=C=CMe,)(PiPr;),] (16,
17) from the corresponding chloro(vinyl-
idene) derivatives and Grignard reagents
is described. Whilst compounds 8 and
10-13 react with pyridine to give trans-
[Rh{(C=CR)(py)(PiPr3),] (23-25) by
elimination of R'H, treatment of 8-11,

methyl or fert-butylisocyanide leads
stercoselectively to the isocyaniderhodi-
um() compounds  trans-[Rh{n'~(Z)-
C(R)=CHPh}(CNR')(PiPr,),] (33-35).
Acid-induced cleavage of the rhodium-—
carbon ¢ bond of 27, 30, or 31 with
CH,CO,H gives trans-[Rh(n"'-0,CCH,)-
(CO)(PiPr5),] (38) and the corresponding
olefin or diene, respectively. In the ab-
sence of a Lewis base such as pyridine,

CO, or CNR’, compounds 18-20 rear-
range in benzene at 40—50 °C to afford the
isomeric m-allyl complexes [Rh(y3-1-
RC,H XPiPrs),] (40-42) almost quanti-
tatively. The vinyl(vinylidene) com-
pounds 11 and 12 also undergo an in-
tramolecular rearrangement that leads
to the #>-2.3,4-butadienyl- or to the
alkynyl(ethene)rhodium(1) isomers, de-
pending on the reaction conditions. In an
analogous manner to the n'-vinyl- and #'-
butadienyi{carbonyl) derivatives 27, 30,
and 31, the rw-allyl and n-butadienyl com-
plexes also react with acetic acid to give

. . . Keywords
16, and 18 with carbon monoxide yields ‘ w e
1 X . allyl complexes + butadienes + C-C
the square-planar %' -vinyl and #'-butadi- < ; Lo
. coupling rhodium vinylidene
enylrhodiumcarbonyl complexes trans-
complexes

[Rh{n'-(Z)-C(R")=CHR (CO)PiPr;),)
(27-32). The reaction of 8 or 18 with

Introduction

Recently we reported that the rhodium-mediated coupling of
two alkyne molecules can lead to the formation of either enynes
or butatrienes, provided that the reaction proceeds via an
alkynyl(vinylidene) complex as a common intermediate.!’! The
individual alkynyl(vinylidene)rhodium derivatives 3 are formed
by treating the #3-benzyl compound 1 with two equiv of the
alkyne; in the presence of CO, they react by the coupling of two
C, units to give the enynyl complexes 4 almost quantitatively
(Scheme 1).1*- 2

Since to the best of our knowledge examples of an intramolecu-
lar migration of a metal-bonded organic group to a vinylidene
ligand are very rare,l® we were interested to find out whether, in
analogy to compounds 2, the corresponding alkyl-, aryl-, and

[*] Prof. Dr. H. Werner, Dr. R. Wiedemann, P. Steinert, Dr. J. Wolf
Institut fiir Anorganische Chemie der Universitdt Wiirzburg
Am Hubland, D-97074 Wiirzburg (Germany)
Fax: Int. code +(931)888-4605
e-mail: anor097@rzbox.uni-wuerzburg.de
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[Rh(#>-0,CCH,)(PiPr,),] (47) and the re-
spective olefin.

R
L ///C L
/ co / R
0C—Rh—C <-———  RC=C—Rh=C=C
/T Neog A
L / L
H
4 3

Scheme 1. L = PiPr;.

vinyl(vinylidene)rhodium complexes could be prepared, and if
so, whether they also reacted by C~ C coupling to give substitut-
ed vinyl- and butadienylmetal derivatives. Of course, we had to
find a synthetic route other than that used for the preparation
of 3 and considered the chloro(vinylidene) compounds ¢rans-
[RhCl(=C=CHR)(PiPr,),]*! to be suitable starting materials.
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In this paper we describe the synthesis of square-planar alkyl-,
aryl-, and vinyl(vinylidene)rhodiom complexes frans-[Rh(R’)-
(=C=CHR)(PiPr,),], the routes to couple the two carbon
ligands in the presence or in the absence of a Lewis basc, and
the smooth and stereoselective generation of substituted olefins
and dienes by acid-induced cleavage of the newly formed Rh—
vinyl, Rh—allyl and Rh-butadienyl bonds. Moreover, we illus-
trate that some of the title complexes isomerize to give two
different types of products, depending on whether they react in
solution or in the solid phase, which cannot be interconverted
into each other. Part of the results have already been communi-
cated.®!

Results and Discussion
Reactions of the chloro(vinylidene)rhodium(t) complexes with

Grignard reagents: Compounds 5-7 (Scheme 2), which are un-
suitable starting materials for the synthesis of half-sandwich

L
R’CgH4MgBr / H
R s v
¢ R
8 -10
/L i CHz=CHMgBr H /L h
Cl—}?h=C=C //C——}?h=C=C\
L R H=C ( R
H
5-7
11-13
R
5 Ph
6 { tBu
H CMe,=CHMgBr H /" H
— LRh=c=¢
(R=Ph) Me=C_ L/ Ph
Me
14

Scheme 2. L = PiPr,.

type complexes [C;H;Rh(=C=CHR)}PiPr,)] because of the
slow rate of substitution of C1~ by C H; [®' react with aryl or
vinyl Grignard reagents in ether/THF to give the aryl- and
vinylrhodium(1) derivatives 8—14 in good to excellent yield. The
most characteristic feature of the spectroscopic data of 8—14 is
the low-field position of the resonance of the vinylidene o-car-
bon atom in the **C NMR spectra that appears at § = 290300
(in C¢D,) and shows a strong Rh—C coupling of about 47 Hz.
Since the *'P NMR spectra of 8—14 display only one signal
(doublet) with a chemical shift similar to that of the starting
materials §-7,1 there is no doubt that the two phosphine lig-
ands are trans disposed.

The dimethylvinylidene complex 15, which is accessible by an
unexpected route from [RhCI(PiPr,),],, Me,C=CHBr, and two
equivalents of Na,!”! behaves similarly to 5—7. On treatment
with PhMgBr or CH,=CHMgBr it affords the phenyl- and
vinylrhodium(1) compounds 16 and 17 (Scheme 3) in about 80 %
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L
PhMgBr / Me
I el
L/ Me
Sy "
Cl—Rh=C=C —
7 \
L Me
=
15 CH,=CHMgBr H\ / }we
—_— //C'—Rh=C=C\
H—-C L/ Me
p
17

Scheme 3. L = PiPr;.

yield. Whilst in the "H NMR spectra of 11-13, the signal of the
Rh-CH proton shows a complex pattern due to coupling to
rhodium, to the two phosphorus nuclei, and to the chemically
inequivalent vinylic CH, protons, the resonance of the Rh-CH
proton in the spectrum of 17 appears as a clean doublet of
doublet of doublet of triplets at 6 =7.90 (in C D).

In order to synthesize the methylrhodium(i) derivatives 18—
20 (Scheme 4), the procedure followed for the preparation of the

L
CHsMgl / B
= H;C——}?h=C=C\
L R
L H
/ ) 18 - 20
Cl—Rh==C=C —_—
/ \
L R
L
5-7 PhC=CMgBr / M
e PhCEC—-}?h=C=C\
L R
21,22

Scheme 4. L = PiPr;.

aryl and vinyl compounds 8—14 has to be modified. If the start-
ing materials 5~7 were reacted in benzene with a solution of
CH,Mgl in ether, a mixture of products was formed, which
could not be completely separated into the single components.
Therefore, the method of choice is to treat a sofid sample of
CH;Mgl, obtained after removing the solvent from a solution
of CH;Mgl in ether, with a solution of 5, 6, or 7 in toluene
at —30°C. Upon workup, deeply colored crystalline materials
of composition frans-[Rh(CH,}(=C=CHR})(PiPr,),] are ob-
tained in 80-90% yield. In contrast to the related com-
pounds 8-14, the methyl complexes 18~20 are only stable
as solids and slowly decompose in solution. For this reason,
only the '*C NMR spectrum of 18 could be measured at room
temperature. [n addition to the signals for the phosphine and
vinylidene carbon atoms, it shows a doublet of triplets at
& = —1.7, which is assigned to the metal-bonded CH, carbon
atom.

The alkynyl(vinylidene)rhodium(1) complexes 21 and 22, that
is, the analogues of compound 3, are also accessible by the
Grignard route. The advantage of this method over that shown
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i Scheme 1 is that derivatives can be obtained with different
groups R and R’ at the alkynyl and the vinylidene ligand. This
is illustrated by the preparation of 22. In addition, the formation
of 22 from 10 and PhC=CMgBr indicates that the C=CHBu
moiety is not involved in the replacement process, because oth-
erwise the trans-[Rh(C=CrBu)(=C=CHPh)(PiPr,),] isomer,
which we assume is thermodynamically favored, would be pro-
duced.

Reactions of the vinylidene complexes trans-[Rh(R")(=C=CHR)-
(PiPr,),] with Lewis bases: In our recent work on the reactivity
of the vinylidene derivatives frans-[Rh(C=CR)(=C=CHR)-
(PiPr;),].1* 8 we found that on treating these compounds with
pyridine the bis(alkynyl)hydridorhodium(i) complexes [Rh-
H(C=CR),(py)(PiPr,),] are formed. They are significantly
more stable than the related compounds [RhH(C=CR)Cl(py)-
(PiPr,),], which readily lose pyridine and regenerate the starting
materials trans-[RhCl(=C=CHR)(P:iPr,),].t* &%

The vinylidene complexes 8 and 10—13 described in this work
react with pyridine somewhat differently. Instead of the expect-
ed rhodium(im) species [RhH(R')(C=CR)(py)(PiPr;),], the
square-planar  compounds  rans-[Rh(C=CR)(py)(PiPr,),]
(23-25) are obtained. They have been identified by comparison
of their IR and NMR data with those of authentic samples,
which were prepared either by elimination of HCI from
[RhH(C=CR)Cl(py)(PiPr,),]'® or by ligand replacement from
trans-[Rh(C=CR)(C,H )P:Pr,),] and pyridine.k®!

If the reaction of 11 with pyridine in C¢Dy is studied in an
NMR tube, a weak signal is initially observed in the 'THNMR
spectrum at &~ — 17, which is tentatively assigned to the octa-
hedral intermediate 26 by comparison with the spectra of
[RhH(C=CR)(X)(py)(PiPr,),] (X =Cl, C=CPh, C=CiBu)
(Scheme 5). The high-field resonance disappears quite rapidly

Foop o +
[ 11
R—Rh=C=( _ . COn-ph—c=cr
¥ R L
8,10 - 13 23 - 25
PYexc , H -R'H
/
R' —RA—C=CR
/|
Lopy R
23| Ph
26 24 {tBu
251 H

Scheme 5. L = PiPr,.

and, together with the signals of 23-25, a singlet appears at
& = 5.28 which is characteristic of ethene. Following these ob-
servations, we assume that the different types of four-coordinate
vinylidenerhodium(t)  complexes  frans-[RhX(=C=CHR)-
(PiPr,),], where X is chloride, alkynyl, aryl, vinyl, or methyl,
behave quite similarly towards pyridine; and that the first step
of the reactions involves a 1,3-H migration from the vinylidene
B-carbon atom to the metal. Obviously, the stability of the
rhodium(mm) derivatives [RhH(C=CR)}X)(py)(PiPr,),] depends
considerably on the nature of the ligand X, whereby the ex-

Chem. Eur. J. 1997, 3, No. 1
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tremes are probably for X = C=CR (highest stability) and
CeH; or CH; (lowest stability).

The reactions of the aryl-, vinyl~, and methyl(vinylidene)
compounds 8—11, 16, and 18 with n-acceptor ligands follow a
different pathway. When a slow stream of carbon monoxide is
passed for ~10 sec through a solution of 8-11, 16 or 18 in
toluene at low temperature (— 30 to — 100 °C), a characteristic
change of color from violet to yellow occurs and, after recrystal-
lization from acetone, yellow crystalline solids of composition
27-32 (Scheme 6) are isolated in almost quantitative yield.

R

L %o-H
co Val a
——————  OC—Rh—C
(R"=Ph,p-Tot) L/
R R’ 27 - 29
27| Ph H R
28| Ph Me
29 1tBu H
Rh
SR co LEH
R*—Rh=C=( 0C—RR—C M
/ H (R"=CH=CH) L c=c
L / \
H H
8-11,18 30
Ph
L c~H
co y:
b OC—'Rh-—C\
(R"=CHj3) L CHs
31
M\e
/L /Me co L C—‘Me

Scheme 6. L = PiPr,.

Their IR spectra show a strong band at 1925-1945 cm ™!, which
is assigned to a C=O0 stretching frequency. Since in the
'"H NMR spectra of 27-31 the chemical shift of the signal of the
vinylic =CH proton is quite similar to that found for the enynyl
complexes trans-[Rh{C(C=CR)=CHR}(CO)(PiPr,),].!" #* we
assume that the Z isomers having the substituents R and R’ in
a trans orientation at the C=C bond were exclusively formed.
With regard to the structure of 32, it is interesting to note that
the 'THNMR spectrum (in C,D,) displays two distinct signals
for the =C(CH,), protons at 6 = 2.25 and 2.02. This indicates
that the methyl groups are stereochemically different. In con-
trast to compounds such as frans-[Rh(C H Y CO)PiPr,),] and
trans-[Rh(CH=CH,)(CO)(PiPr,), ['%! the methyl groups of the
triisopropylphosphine ligands in 32 are diastereotopic and give
rise to two doublets of virtual triplets at 6 =1.22 and 1.16. In
agreement with previous studies,!'* 3 we interprete this finding
by assuming a hindered rotation of the vinylic ligand around the
Rh—-C o bond, probably caused by the steric requirements of
the bulky phosphines and the substituents at the C=C bond.
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The reactions of 8 and 18 with methyl- or r-butylisocyanide
also proceed selectively to furnish the substituted isocyanide-
(vinyDrhodium(r) complexes 33—-35 (Scheme 7) in 70-80 % yield.
The yellow crystalline materials are thermally somewhat less
stable than the CO derivatives 27-31 and slowly decompose in
solution. Since the NMR spectroscopic data are in good agree-
ment with those of 27, 29, and 31, there is no doubt that the
groups R and C H, at the C=C bond are also trans disposed.

Ph
L L o-H
/ A CNR’ y
R—RAh=C=C —_—_—— R NC—/Rh—‘C
L/ \ph L R
8,18 33 - 35

Scheme 7. L = PiPr,.

The stereochemical arrangement of the vinylic rhodium(1)
compounds, at least for the carbonyl derivatives 27, 30, and 31,
has also been confirmed by cleavage reactions with acetic acid
in benzene. At room temperature, the E olefins 36, 37, and 39
are formed (Scheme 8) besides the acetato complex 3811 and

Rh 0
L C-H  CHscoH H R A
OC-—Rh—C/\/ —_— c=C_ + HsC 0—Rh—CO
L R Ph H L
27.31 R 36,37 38
36| Ph
37| Me
Ph
\ H H
L L£-H CH3COH u e
OC—RH—C ~ H —— . W o e 38
L C=C\ s H
AW Ph
30 39

Scheme 8. L = PiPr;.

identified by NMR spectroscopy.l!? Under the chosen reaction
conditions, there 1s no rearrangement of £ to Z isomers. In this
context it should be noted that on treatment of trans-[Rh{n-
(E)-C(CO,Me)=CHCO,Me}(CO)(PPh,),] with HCI, a stereo-
selective reaction also occurs which gives dimethylmalonate as
the sole olefinic product.!!™

The molecular structure of complex 30: In order to confirm the
configuration of the rhodium-butadienyl fragment, a single-
crystal X-ray structural analysis of 30 was performed. The
SCHAKAL drawing (Figure 1) reveals that the coordination
geometry around the rhodium center is square-planar with both
the phosphine ligands and the chloride and the butadienyl moi-
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Fig. 1. Molecular structure of 30. Principal bond fengths [A] and angles [*], with
estimated standard deviations in parentheses: Rh—P1 2.338(1), Rh-P2 2.340(1),
Rh--C12.088(5), Rh-C291.815(6), C1-C21.470(6),C2-C31299(7).C1-C4
1.356(6), C29-0 1.171(6); P1-Rh-P2 167.73(4), P1-Rh-C1 91.4(1), P2-Rh-C1
91.5(1), P1-Rh-C29 §8.8(2), P2-Rh-C29 89.1(2), C1-Rh-C29 175.7(2). Rh-CI-
C2 116.5(4), Rh-C1-C4 128.1(4), C1-C2-C3 127.0(6), C2-C1-C4 1154(5), C1-
C4-C5129.7(8), Rh-C29-0 175.2(5).

ety in a trans disposition. Whilst the Rh—P distances are almost
identical (see legend to Figure 1), the P-Rh-P unit 1s slightly
bent. This is probably due to steric hinderance between the
isopropyl and butadienyl groups. The Rh—-C1 distance of
2.088(5) A is somewhat longer than that in the octahedral buta-
dienylrhodium(iir) complex [Rh(#?-O,CCH, }C=CCO,Me)-
{C(CH=CHCO,Me)=CHCO,Me}(PiPr,),) (2.015(9) A)ii4
and corresponds to that found for Rh-C(C/H;) in
[C,Me,Rh(C H,)(PPh,)Br] (2.08(1) A)*% The C-C bond
lengths of the metalated C4 ligand lie between 1.299(7) Aa-
C3) and 1.470(6) A (C1-C2) and are analogous to those of
related n'-butadienylrhodium,™* -iridium,*®! and -ruthenium
complexes.!'®) The C4-C1-C2-C3 torsional angle is 46.95°
and thus similar to that determined recently for the cobalt
compound [Co{C(CH=CH,)=CH,}(NC,H,-4-Bu}(DMG),]
(54.5°).147

C-C coupling reactions of the vinylidene complexes trans-
[Rh(R")(=C=CHR)(PiPr,),] in the absence of Lewis bases: Fol-
lowing the observation that compounds such as 18—20 are not
stable in solution but do not decompose as solids stored under
argon, we discovered that a coupling of the two C-bonded lig-
ands is possible even without the presence of a supporting Lewis
base. If a solution of 18, 19, or 20 in benzene is stirred at room
temperature for 12 h, a change of color from deep blue or violet
to yellow or orange occurs and crystalline products of general
composition [Rh(13-CH,CHCHR)(PiPr,),] (40—42) are isolat-
ed in 70-80% yield. The parent derivative 42 is already known
and has been prepared either from [Rh(*-C,H)(#*-C.H )]
(generated in situ) and PiPr,, or more directly from
[RhCI(PiPr,),], and C,H,MgBr.l'8 The 'HNMR spectra of
the phenyl- and fert-butylallyl complexes surprisingly reveal
that in 40 the allylic unit is present in the syn'*°!and in 41 in the
anti configuration (see Scheme 9). Characteristic features are
the different H—-H coupling constants between the central allylic

0947-6539(97{0301-0130 § 15.00+ .25/0 Chem. Eur. J. 1997, 3. No. 1





n-Allyl/Butadieny) Rhodium Complexes 127137
L
[ 1\—Rh\ (CB_HG.) - /L
(R=Ph) P L wRh
Loy H 40 L
/—c—c' (CeHs) y L ! R—C
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N R //c—}anr- =¢ —
18 - 20 L H=C | R
e N-Rh_ 711,12 L
(R=tBuH) M L (solid /
L——  re=c—ga~|
R 41,42 phose) L/
3 lfsu 45,46

Scheme 9. L = PiPr,.

proton H2 and the terminal protons H1, H3 and H4 (for exact
assignment see Experimental Section) which are larger if H1,
H 3, or H4 is in an gnti rather than in a syn position. Moreover,
it is noteworthy that compound 41, even after stirring for 24 h
in benzene, does not rearrange to the syn isomer, which is sup-
posed to be thermodynamically more stable.

With regard to the mechanism of the isomerization of the
methyl(vinylidene) to the allyl complexes, in agreement with
earlier studies,’*® we assume there is initial formation of an
intermediate 14-electron species of composition A (Scheme 10),

PR
A £Fh
HyC— [Rh}=C=¢ ——  ®’R—=C A
Ph CH3
C//CHPh
‘;\ -——— [Rh}—i}
b - (Rh] l 1 CHy B
H

H

Scheme 10. [Rh] = Rh{PiPry),.

which is analogous to [Rh(n'-CH,Ph)(PiPr,),].1*3! This inter-
mediate then undergoes a f-H shift to give the four-coordinate
{(n%-allene)hydridorhodium derivative B.1**! The final product is
then generated by hydride transfer from the metal to the central
carbon atom of the allene unit. Support for the assumption that
a vinyl ligand such as in A can rearrange to a l-substituted
allyl group stems from previous work by Schwartz et al,
who observed that the iridium compound rrans-{Ir{(Z)-
C(CH,)=CHCH,}(CO)(PPh,),] reacts on warming in C,Dg to
give the allyl isomer [Tr(#3-syn-1-CH,C,H,(COXPPh,),] 1?3 In
the reaction of [CsHsMo(CH,C=CCH;)LL'|BF, (L=L"=
P(OMe),; L = CO, L’ = PEL,) with hydride donors, a o-vinyl
intermediate is also formed which rearranges to the correspond-
ing (13-1-methylallyl)molybdenum complex.[2*

The isomerization of the vinyl{vinylidene) compounds 11 and
12 in benzene proceeds more slowly and, after stirring for 3 h at
40-50°C, affords the #*-2,3,4-butadienyl derivatives 43 and 44
in 55-65% vyield (Scheme 11). The "TH NMR spectra (in C,D,)
of the orange, very air-sensitive solids display complex patterns
for the signals of protons H1—H4, which is due to Rh—H, P-H
and H-H couplings. The resonances of the syn protons H3
reveal considerably smaller P—-H coupling constants than those
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R
43,45} Ph
44,46 tBu

Scheme 11. L = PiPr,.

of the anti protons H4. This agrees with the spectroscopic data
of 40-42. In the '3C NMR spectra of 43 and 44, a significant
difference in the chemical shift (ca. 100 ppm) for the signals of
the carbon atoms C2 and C4 is observed (for assignment sce
Experimental Section). Therefore, we assume that the allylic
fragment of the butadienyl unit is unsymmetrically coordinated
to the metal center. This structural proposal is supported by the
3'P NMR spectra of 43 and 44, which display two separate
resonances (doublets of doublets) with significantly different
Rh-P coupling constants. The difference A(SP) is much larger
(32-36 ppm) than in the case of the allyl complexes 40 and 41
(5-8 ppm), for which an almost symmetrical type of bonding to
rhodium can be assumed. The conclusion that the butadienyl
derivatives are generated by an intramolecular route has been
confirmed by a crossover experiment: upon stirring a solution of
12 and 18 in C,D, for 1h at 50°C, only the corresponding
isomers 40 and 44 are formed.

Most remarkably, the vinyl(vinylidene) complexes 11 and 12
are not only labile in solution, but also in the solid state. If they
are stored under argon for 10— 14 days at room temperature, the
color changes from violet to brown without any sign of decom-
position. Both the *H and '*C NMR spectra of the brown
products confirm that the alkynyl(ethene)rhodium(i) deriva-
tives 45 and 46 (Scheme 11) were formed nearly quantitatively.
They had previously been prepared from 1 and HC=CR
(R = Ph, Bu) under an atmosphere of ethene.'® With regard to
the mechanism of the rearrangement of 11 and 12 to 45 and 46,
we assume that, in analogy to the formation of 23-25 from 8,
10-13 (see Scheme S), the initial step involves a 1,3-H shift
from the vinylidene f-carbon atom to the metal. The five-
coordinate intermediate C (Scheme 12) can then either regen-
erate the starting material 11, 12 or react by intramolecular
reductive coupling to give the ethene complexes 45 and 46,
respectively. In this context we note that a rearrangement of the
alkynyl(hydrido)rhodium(iir) compounds [RhH(C=CSiR,)-

H T L
11,12 —=—= y S FNTE=eR ———~ 45,46
\c\ L
H c
Scheme 12. L = PiPr,.
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CI(PiPr,),] (R = Mg, Ph) to the vinylidene complexes frans-
[RhCl(=C=CHSIR,;)(PiPr,),] has been observed to occur in the
solid state. This is a 1,3-H shift in the reverse direction from the
metal to the alkynyl f-carbon atom.[**

The y3-allyl and 53-butadienylrhodium(r) compounds also re-
act with acetic acid. It has already been mentioned (sce
Scheme 8) that on treatment of the 5'-vinyl complex 31 with
CH,CO,H, (E)-2-methylstyrene is formed. This olefin is also
obtained almost quantitatively upon acid-induced Rh-C bond
cleavage from 40 and acetic acid in benzene at room tempera-
ture (Scheme 13). The corresponding reaction of 44 with

Ph
L CH3COH H\c— y
ARAEN TN

P L Me H

L
H 40 37 47
H\ /H
L CHyCOH o==(
S
A-Rh —_ N B a7
N /C=C\
tBu—C H H
[ 44 48
H
tBu H
L CH3CO3H H ; H Y,
-rrRh: -_— /\C=C\ + /\C=C\ v 47
i L Me  H Me  Bu
tBu
41 49q (70) 49b (30)

Scheme 13, L = PiPr;.

CH,CO,H affords regioselectively the butadiene derivative
48125 The exclusive formation of the Z isomer supports the
assumption that in compound 44 (and probably also in 43) the
substituents at the non-coordinated double bond are cis disposed.

In contrast to 40, the related rert-butylallyl complex 41 unex-
pectedly reacts with acetic acid to give a mixture of the Eand Z
isomers 49a,b with the former as the major species. Since we
failed to detect an intermediate in this process by NMR spec-
troscopy, we can only speculate about the reason for the differ-
ent course of the reactions ot 40 and 41 with CH,CO,H. From
previous studies into the reactivity of [Rh(5*-2-MeC,H,)-
(PiPr;),} towards CF,CO,H we know that at low temperature
an oxidative addition occurs and the n-allyl(hydrido)-
rhodium(i)  complex  [RhH(n?*-2-MeC,H,)(n'-O,CCF,)-
(PiPr;),] is formed."#" 1f a structurally related species is gener-
ated on treatment of 40 or 41 with acetic acid as an intermediate,
it could rearrange to an isomeric o-allyl(hydrido) derivative,
which would give 47 and CH,CH=CHR by reductive elimina-
tion. Depending on whether steric or electronic effects deter-
mine the site of attack of the metal-bound proton on the allylic
ligand, the E or the Z olefin could be formed, as has been
observed in the reaction of 41 with CH,CO,H.

The rhodium-containing product of the reaction of 40, 41 or
44 with acetic acid is the chelate complex 47.1'#% which can be
reconverted to the starting material 5. This takes place in two
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O\ /L
+ HsC —<O/Rh\

steps, first by treatment of 47 with phenylacetylene, and second
by column chromatography of the rhodium(m) compound
[RhH(C=CPh)(#?-0,CCH,)}(PiPr,),]"?°! (generated in situ) on
ALO, in the presence of chloride ions. Therefore, a cyclic
process (Scheme 14) can be established, in which an olefin

L
/ 1 CHsMgl /L !
Cl—Rh=C=C HsC—Rh=C=C
/ } / )
t Ph k Ph
5 18
H o ph
“1)HC=CPh /c=c\
2)A|203/C|' Me H
oL, -t & L
Hye~<¢ Rh] AR
0 L CH3COH P t
47 H 40

Scheme 14. L = PiPr,.

RCH=CHR' is regio- and eventually stereoselectively formed
from a terminal alkyne HC=CR, a Grignard reagent R’"MgX,
acetic acid, and general assistance from rhodium(r). Most re-
cently, it was shown that not only olefins and butadienes, but
also vinylallenes can be prepared by an analogous route, provid-
cd that instead of § the related allenylidene complex trans-

[RhC{(=C=C=CPh,)PiPr,),) is used as the starting materi-
al.l27

Conclusion

The present investigations have shown that a stereoselective
coupling of an alkyl, aryl, or vinyl group with a vinylidene
unit can occur within the coordination sphere of rhodium(1).
This migratory insertion process may be considered as a coun-
terpart to the coupling of a hydrocarbyl moiety with a carbene
ligand, of which several examples are known.!?® The closest
analogy to the synthesis of compounds 27-35 which wc were
aware of is the reaction of the iridium(m) vinylidene
[IrCH ,(=C=CH,)I{n*-N(SiMe,CH,PPh,),}] with acetonitrile,
which affords the vinyl complex {Ir{C(CH,)=CH,}(NCCH,)I-
{n*-N(SiMe,CH,PPh,),!] in modest yield.[*¢! Recently, Proulx
and Bergman described a reaction of [(C;H;),Ta(=CH,)CH,]
and [Re(R)(CO),] (R = Me, Ph) that gave a dinuclear complex
containing alkenyl and oxotantalum groups bound to a rhenium
center.?®) They assumed that a methyl- or phenyl(vinyh-
dene)rhenium compound is involved as an intermediate, which,
by migratory insertion, would form the alkeny! ligand.

The most remarkable feature of this work, however, is the
coupling of the C-bonded ligands of the rhodium complexes 11,
12 and 18-20, which occurs without the presence of a support-
ing Lewis base. In order to explain the formation of a »'-buta-
dienyliridium(u1) compound stabilized by an agostic C-H-Ir
Interaction, Selnau and Merola postulated that a vinyl-to-
vinylidene migration takes place via an intermediate having the
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C-bonded ligands in adjacent positions.”*? Although in 11, 12,
and 18-20 the o-bonded alkyl, aryl, or vinyl group and the
vinylidene unit are definitely trans to each other, a migratory
Insertion can also occur which opens up a novel synthetic route
to m-allyl- and n-butadienylrhodium complexes. That this type
of intramolecular C—C coupling is not restricted to rhodium has
recently been shown by the preparation of the ruthenium
compound [C,H Ru{n*-2,3,4-CH,CHC=CHCO,Me}(PPh,)],
which is obtained from [C;H RuCl(=C=CHCO,Me)(PPh,)]
and Sn(CH=CH,), in the presence of CuCl in 70% yield.1*!

Experimental Section

All reactions were carried out under an atmosphere of argon by Schlenk tube
techniques. The starting material 15 was prepared as described in the litera-
ture [7]. NMR spectra were recorded at room temperature on Bruker AC200
and Bruker AMX400 instruments, IR spectra on a Perkin Elmer 1420 in-
frared spectrometer, and mass spectra on a Varian CH7MAT or on a Finni-
gan 90 MAT instrument. Melting points were measured by DTA. Abbrevia-
tions used: s, singlet; d, doublet; t, triplet; vt, virtual triplet; m, multiplet; br,
broadened signal.

Maodified procedure for the preparation of trans-|[RhCli(=C=CHPh)(PiPr,),}
(5): A solution of [RhCI(PiPr,),], (500 mg, 0.55 mmol) in pentanc (20 mL)
was treated at — 10 °C with phenylacetylene (240 pL, 1.10 mmol); this led to
a rapid change of color from red to yellow. After the solvent was removed in
vacuo, the residue was dissolved in NEt;/benzene (5 mL; 1:1), and the solu-
tion stirred for 20 h at room temperature. A smooth change of color from
yellow to dark blue occurred. The solvent was removed and the residue
dissolved in acetone (10 mL). After the solution had been stored for 12 h
at —78°C, dark blue crystals precipitated, which were separated from the
mother liquor, washed three times with 2 mL portions of acetone (— 20 °C)
and dried; yield 561 mg (92 %). The compound was characterized by *H and
'3C NMR spectroscopy [4a].

trans-[RhCl(=C=CHrBu)(PiPr,),| (6): A similar procedure was applied tor
the preparation of 6, from [RhCI(PiPr;),], (250 mg, 0.27 mmol) and
HC=CrBu (69 uL, 0.50 mmol) as starting materials. Dark bluc crystalline
solid; yicld 274 mg (93%). The compound was characterized by *H and 13C
NMR spectroscopy {4 b].

Modified procedure for the preparation of trans-[RhCi(=C=CH,)(PiPr;),|
(7: A slow stream of acetylene was passed through a solution of
[RhCI(PiPr,),], in pentane at —10°C until a change of color from red to
yellow had occurred. The solution was worked up as described for 5 to give
dark blue crystals; yield 223 mg (88 %). The compound was characterized by
'H and **C NMR spectroscopy [4a].

trans-[Rh(Ph)(=C=CHPh)(PiPr,),] (8): A solution of 5 (180 mg, 0.32 mmol)
in ether (3 mL) was treated at — 30 °C with a solution of C(H ;MgBr in ether
(0.33 mL, 1.0M). After the reaction mixture had been warmed to room tem-
perature, it was stirred for 1 h, and the solvent removed. The residuc was
extracted with pentane (30 mL), the extract concentrated to about 5 mL in
vacuo, and then the solution was stored for 15 h at — 78 °C. Violet crystals
precipitated, which were separated from the mother liquor, washed three
times with 2 mL portions of acetone (07C), and dried; yield 153 mg (79 %);
m.p. 110 °C (decomp.); IR (C H¢): ¥ =1585, 1560 (C=C)em™'; '"HNMR
(C¢Dg.200 MHz): 6 =7.50 (m, 4H, 0-C H), 7.14 (n, 6 H, m-, p-CH,), 2.28
(m, 6H, PCHCH,), 1.16 [dvt, N =13.1, J(H,H) =7.1 Hz, 36H, PCHCH,].
signal of =CHPh proton probably covered by signal of PCHCH;; 1°C NMR
(C¢Dy, 503MHz): 6 =1296.7 [dt, J(Rh,C)=470, J(P,C)=17.8 Hz,
Rh=C=CHR], 170.2 [dt, J(Rh,C)=30.0, J(P,C)=11.4Hz, Rh-ipso-
C.H, 1381 [t, J(P.C) = 2.5 Hz, C.H,], 129.0 (s, CcHy), 128.3,126.2, 125.5,
124.2, 121.8 (all s, CyH,), 117.7 [dt, JRh,C) =102, JP.C)= 5.1 Hz,
Rh=C=CHR], 25.8 (vt, N =19.1 Hz, PCHCH,), 20.2 (s, PCHCH,); 3'P
NMR (C Dy, 81.0 MHz): J = 40.4 [d, J(Rh,P) =146.2 Hz]; C,,H,,P,Rh
(602.6): caled C 63.78, H 8.86; found C 63.91, H 9.32.
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trans-[Rh(4-C (H ,Me)(=C=CHPh)(PiPr,),] (9): This was prepared as de-
scribed for 8. from 5 (228mg, 0.41 mmol) and a solution of (4-
C,H,Me)MgBrin ether (1.27 mL. 0.48 m). Violet microcrystalline solid; yield
176 mg (61%); m.p. 94-95°C (decomp.); IR (C.H,): ¥ =1590, 1565
({C=C)em™'; '"HNMR (C,Dy, 200 MHz): § =7.13 (m, 9H. C H, and
C¢Hs), 230 (m, 6H, PCHCH,). 2.27 (s, 3H, C ;H,CH,). 1.17 [dvi. N =13.2,
J(H,H) =73 Hz, 36 H, PCHCH,], signal of =CHPh proton probably cov-
ercd by signal of PCHCHj,; '*C NMR (C,D,. 50.3 MHz): J = 296.4 [dt,
J(Rh.C) = 47.0, J(P,C) =17.8 Hz, Rh=C=CHPh], 164.9 [dt, J(Rh.C) =
27.0, J(P,C) =123 Hz, Rh-ipso-C;H,CH,), 1378 [, J(P.C) =28 Hz,
C,HLR], 13041 (s, CoH,R), 128.8 [t, J(P,C) = 2.6 Hz. C H,R]. 128.4, 127.1,
125.4, 124.0 (all s, C,;H,R), 117.7 [dt, J(Rh.C) =10.2, J(P.C) = 5.1 Hz,
Rh=C=CHPh]. 25.7 (vt, N =17.8 Hz, PCHCH ), 21.3 (s, C,H,CH,). 20.2
(s. PCHCH,): *'P NMR (C,D,, 81.0 MHz): § =40.6 [d. J(Rh.P) =
145.6 Hz]; C,,H ,P,Rh (616.7): caled C 64.28, H 8.99; found C 63.93, H
9.36.

trans-| Ri(Ph)(=C=CHrBu)(PiPr,),| (10): To a solid sample of PhMgBr,
which was obtained after removing the solvent from a solution of PhMgBr in
ether (0.35 mL, 1.0M), a solution of 6 (150 mg, 0.28 mmol) in toluene (3 mL)
was slowly added at —30 °C. After the reaction mixture had been warmed to
room temperature, it was stirred for 1 h, and then the solvent was removed.
The residue was extracted with pentane (30 mL), the extract filtered, and the
filtratc was brought to dryness in vacuo. The residue was dissolved in acetone
(3 mL}, and the solution stored for 15 h at —78 “C. Violct crystals precipitat-
ed which were isolated as described for 8; yield 137 mg (85%); m.p. 73°C
(decomp.); IR (C Hg): #=1610, 1555 (C=C)em™'; 'HNMR (C,D,,
200 MHz): 6 =7.44 (m, 2H, 0-C H;), 7.16 (m., 2H, m-C,H,), 6.96 (m, 1H,
p-C.Hg), 2.44 (m, 6H, PCHCH,), 1.23 [dvt, N =13.0, J(H.,H) =7.1 Hz.
36H, PCHCH,], 1.12 [s, 9H, C(CH,),l, 0.59 [t, JP.H)=44Hz. 1H,
=CHR]; *C NMR (C¢D,, 503 MHz): § =291.1 [di, J(Rh,C) = 46.4.
J(P,C) =16.5Hz, Rh=C=CHR], 179.1 [dt, J(Rh,C)=30.0, J(P.C)=
12.1 Hz, Rh-ipso-C4H;), 138.3 [t, J(P,C) = 2.2 Hz, C,H,], 1259, 1214
(both s, C,Hy), 123.0 [dt, J(Rh.C) =10.2. J(P.C) = 5.1 Hz, Rh=C=CHR),
322 [s. C(CH,)), 27.10 [, JP.C)=19Hz. C(CH,,. 258 [dvt,
J(Rh,C) =13, N=19.1 Hz, PCHCH,], 203 (s, PCHCH,); *'P NMR
(C¢Dg. 81.0 MHz): 6 == 38.9 [d, J(Rh,P) =147.9 Hz]: C,,H,,P,Rh (582.6):
C 61.85, H 9.86; found C 61.94, H 10.02.

trans-IRi(CH=CH, }(=C=CHPh)(PiPr,),| (11): This was prepared as de-
scribed for 8, from 5 (200 mg, 0.36 mmol) and a solution of CH,=CHMgBr
in THF (0.38 mL, 1.0m). Violet microcrystalline solid; yield 160 mg (81 %):
m.p. 76 °C (decomp.); IR (C¢Hy): ¥ =1580 (C=C)cm ™ '; 'HNMR (CD,.
200 MHz): & =7.88 [m, in 'H{'P} ddd, J(Rh,H-

1) =1.2, J(H-1,H-2) =19.6, J(H-1,H-3) =14.2 Hz, H2

1H, H-1], 7.29 (m, 2H, o-CH,). 7.14 (m, 2H, m- \C~H3
CH,), 6.88 (m, 1H, p-C¢Hy), 6.29 [m, in 'H{3'P} [Rh]—C//
ddd, J(Rh,H-3) = 3.0, J(H-1,H-3) =14.2. J(H-2,H- \
3)=4.4Hz 1H, H-3], 530 [m, in 'H{*'P} ddd, H!
J(Rh,H-2) =1.3, J(H-1,H-2) =19.6, J(H-2,.H-3) =

44 Hz, 1H, H-2], 2.52 (m, 6H, PCHCH,), 2.02 {t, J(P,H) = 3.7 Hz, 1H,
=CHR], 1.27 [dvt, N =13.2, JJH.H) =7.1 Hz, 36H, PCHCH,}; *C NMR
(CeDg. 50.3MHz): 6 =300.6 [dt, J(Rh,C)=472, J(P.C)=169Hz.
Rh=C=CHR], 173.6 [dt, J(Rh,C)=126.5, J(P.,C)=13.6Hz. Rh-
CH=CH,],129.7,128.8,128.7,126.4 (all s, C.H ), 120.7 [t, J(P.H) = 3.6 Hz,
Rh-CH=CH,], 118.0 [dt, J(Rh,C) =104, J(P.C) = 5.5 Hz, Rh=C=CHR],
25.6 [dvt, J(Rh,C) =1.2, N = 20.1 Hz, PCHCH,]. 20.5 (s, PCHCH,): *'P
NMR (C Dy, 81.0 MH2): § = 438 [d, J(RK,P) =1453 Hz]: C,,H,,P,Rh
(552.6): caled C 60.86, H 9.30; found C 60.56. H 9.60.

trans-|Ri(CH=CH )(=C=CHtBu)(PiPr,),] (12): This was prepared as de-
scribed for 8, from 6 (135 mg, 0.25 mmol) in toluene (3 mL) and a solution
of CH,=CHMgBr in THF (0.40 mL, 1.0M). Violet microcrystalline solid;
yield 101 mg (76%); m.p. 63°C (decomp.); IR (CH,): #=1590
(C=C)em™"; THNMR (C¢Dg, 400 MHz): 6 =7.97 [m, in '"H{*'P} dd, J(H-
1,H-2) =19.7, J(H-1.H-3) =144 Hz, 1 H, H-1], 6.28 [m, in 'H{*'P} ddd.
J(Rh,H-3) =1.2, J(H-1,H-3) =14.4, J(H-2,H-3) = 4.2 Hz, 1 H, H-3], 5.30 [m.
in "H{*'P} ddd, J(Rh,H-2) =1.3, J(H-1,H-2) =19.7, J(H-2,H-3) = 4.2 Hz,
1H, H-2]. 2.71 (m, 6H. PCHCH,), 1.34 [dvi, N =129, J(H.H) =7.1 Hz,
36H, PCHCH,], 1.07 [s, 9H, C(CH,),]. 0.27 [t, J(P.H) = 3.9 Hz, tH.
=CHR], for assignment of H-1, H-2 and H-3 sce 11 ; '*C NMR (C,D,,
50.3 MHz): 6 = 297.7 {dt, J(Rh,C) = 46.4, J(P,C) =17.2 Hz, Rh=C=CHR],
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175.5 [dt. JRh.C) =26.7. J(P.C) =13.7Hz, Rh—-CH=CH,], 123.6 [dL,
J(Rh,C) =10.2, J(P.C) = 5.1 Hz, Rh=C=CHR]. 1198 [t, J(P.,C) = 3.5 Hz,
Rh-CH=CH,]. 323 [s, C(CH,),]. 313 [s. C(CH,),], 25.5 [dvt,
JRh.C)=19. N =19.1 Hz. PCHCH,}, 20.5 (s, PCHCH,); *P NMR
(CyD,. 81.0 MHz): 3 = 41.7 [d. J(Rh.P) = 147.3 Hz]; C, H,.P,Rh (532.6):
caled C 58.64, H 10.41; found C 58.46. H 10.51.

trans-|[Ri(CH=CH,}(=C=CH,)}(PiPr,),] (13): A solution of 7 (140 mg,
0.29 mmol) in benzene (5 mL) was treated with a solution of CH,=CHMgBr
in THF (0.5 mL, 1.0M) and stirred for 1 h at room temperature. After the
solvent had been removed. the residue was extracted with pentane (20 mL),
the extract then filtered, and the filtrate was brought to dryness in vacuo. The
residue was recrystallized from acetone (3 mL) to give, after the solution had
been stored for 12 hat —20°C, dark green crystals; yield 109 mg (79%); m.p.
83 'C (decomp.): IR (C Hy): 7 =1600 (C=C)em™'; 'HNMR (C/D,,
200 MHz): 8 =7.76 (m, 1 H. H-1), 6.20 (m, 1 H, H-3), 5.30 (m, 1 H, H-2). 2.68
(m. 6H, PCHCH,), 130 [dwi, N=13.1, JHH)=7.1Hz, 36H,
PCHCH,]. —0.01 (m, 2H, =CH,), for assignment of H-1, H-2 and H-3 see
11; '*C NMR (C,D,. 50.3 MHz): § = 303.9 [dt, J(Rh,C) = 45.8, J(P.C) =
16.5 Hz, Rh=C=CH,]. 176.5 [dt, J(Rh,C) = 25.4, J(P,C) =10.8 Hz, Rh—
CH=CH,]. 1208 [t, J(P.C) = 3.5 Hz, Rh—-CH=CH,], 94.9 [dt. J(Rh.C) =
11.4, J(P.C) = 5.1t Hz, Rh=C=CH,]. 25.0 [dvt, J(Rh,C) =1.3, N =19.7 Hz,
PCHCH,]. 20.4 (s. PCHCH;): *'P NMR (C,Dj, 81.0 MHz): 6 = 43.7 [d,
J(Rh,P) =147.0 Hz]; C,,H,P,Rh (476.5): calcd C 55.46, H 9.94; found C
55.66, H 10.29.

trans-|Ri(CH=CMe,)(=C=CHPh)(PiPr,),| (14): This was prepared as de-
scribed for 8, from 5 (100 mg. 0.18 mmol) and a solution of Me,C=CHMgBr
in THF (0.50 mL. 1.0M). Violet microcrystalline solid; yield 80 mg (77 %);
m.p. 81°C (decomp.): IR (C,H,): # =1580, 1560 (C=C)cm~'; 'H NMR
(CyDy. 200 MHz): 3 =7.29 (m, 2H, 0-C H;), 7.16 (m, 2H, m-C H;). 6.87
(m, 1H, p-C Hj), 6.13 (m, 1 H, Rh—-CH=CMe,). 2.35 (m, 6H, PCHCH,),
217 [dt, J(P,H)=4.2, J(RhH)=4.0Hz, 1H, =CHR], 2.04 [m. 6H,
=C(CH;),). 1.27 {dvt, N =13.1. J(H.H) = 6.9 Hz, 36H, PCHCH,)]; *C
NMR (C,D,. 50.3 MHz): 4 = 296.2 [dt, J(Rh.C) = 46.4, J(P.C) =17.2 Hz,
Rh=C=CHR]. 1528 [dt. J(Rh.C)=273, JP.C)=134Hz, Rh-
CH=CMe,]. 131.5 [t, J(P.H) = 3.8 Hz. Rh—~CH=CMe,], 128.8 (brs, ipso-
CoH,). 1284, 1253, 1238 (all s, C,Hy), 117.5 [dt, J(Rh.C) =102,
J(P.C)=57Hz, Rh=C=CHR]. 303 [m, =C(CH,),]. 26.0 [dwt,
J(Rh.C) =13, N =19.7Hz, PCHCH,]. 204 (s, PCHCH,): *'P NMR
(CyDg. 81.0 MHz): 6 = 43.1 [d. J(Rh.P) =146.0 Hz]; C,,H,,P,Rh (580.6):
caled C 62.06. H 9.55. Rh 17.79; found C 62.21, H 9.87, Rh 17.54.

trans-|Rh(Ph)(=C=CMe,)(PiPr,),| (16): A solution of 15 (85mg,
0.17 mmol) in toluene (2 mL) was treated at —30°C with a solution of
PhMgBr in ether (0.30 mL. 1.5M). After the reaction mixture had been
warmed to room temperature, it was stirred for 3 h, and the solvent removed.
The residue was extracted with pentane (30 mL), the extract was brought to
dryness in vacuo, and the residue recrystallized from acetone (2 mL). After
the solution had been stored for 15 h at — 78 "C, violet crystals precipitated;
yield 75mg (81%); m.p. 75 C (decomp.); IR (C Hg): ¥ =1660, 1550
(C=C)em™'; '"HNMR (C,D,. 200 MHz): 6 =7.46 (m, 2H. 0-C Hy). 7.19
(m, 2H, m-C Hy). 6.98 (m. 1H, p-C H). 2.24 (m, 6 H, PCHCH,), 1.83 [t,
J(P.H) =24 Hz, 6H, =C(CH;),]. 1.20 [dvt, N =129, J(H,H) =7.1 Hz,
36H. PCHCH,: '3C NMR (C,D,. 503MHz): &=12947 [dt,
J(Rh.C) = 44.5. J(P.C) =18.4Hz. Rh=C=CMe,), 172.8 [dt, J(Rh,C) =
28.0. J(P.C) =12.7 Hz. Rh—ipso-CH,]. 138.5 [t, J(P.C) =1.9 Hz, C,H,],
125.8. 121.3 (all s. C,Hy). 110.7 [dt. J(Rh,C) =10.2, J(P.C) = 5.7 Hz,
Rh=C=CMe,]. 25.4 [dvt. J(Rh.C) =1.3, N =19.1 Hz, PCHCHj,], 20.3 (s,
PCHCH;). 825 [t. J(P.C)=2.5Hz, =C(CH,),]; *'P NMR (C/D,.
81.0 MHz): 0 = 41.2 [d. J(Rh,P) =147.0 Hz]: C,4H,;P,Rh (554.6): caled C
60.64, H 9.63; found C 59.76, H 10.35.

trans-{Rh(CH=CH (=C=CMe,)(PiPr,),| (17): This was prepared as de-
scribed for 8, from 15 (120 mg. 0.23 mmol) in toluene (3 mL) and a solution
of CH,=CHMgBr in THF (5.5 mL. 1.0M). Dark green crystals; yield 94 mg
(80%): m.p. 75 'C (decomp.): IR (C H,): ¥ = 1665 (C=C)cm ~!; 'H NMR
(CD,. 400 MHz): 6 =7.90 [dddt, J(P.H-1) = 2.9, J(Rh,H-1) = 0.6, J(H-
LLH-2) =19.9, J(H-1.H-3) =14.8 Hz, 1 H. H-1]. 6.30 [m, in 'H{*'P} ddd.,
J(Rh.H-3) = 2.7, J(H-1,H-3) =14.8, J(H-2,H-3) = 4.7 Hz, 1H, H-3], 5.30
[m. in 'H{*'P} ddd, J(Rh.H-2)=14, JH-1,H-2)=199, JH-2.H-
3) =4.7Hz,1H, H-2],2.53(m, 6 H,PCHCH ), 1.76 [t J(P,H) = 2.4 Hz, 6 H.
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=C(CH,),], 1.31 [dvt, N =13.0, J(H,H) =7.2 Hz, 36 H, PCHCH,), for as-
signment of H-1, H-2 and H-3 see 11; '*C NMR (C¢Dg, 100.6 MHz):
6 =298.1 [dt, J(Rh,C) = 44.4, J(P,C) =18.3 Hz, Rh=C=CMe,], 176.6 [dt,
J(Rh,C) =264, J(P.C)=130Hz, Rh-CH=CH,], 1204 (brs, Rh-
CH=CH,). 110.6 [dt, J(Rh,C) =10.6, J(P.C) = 5.8 Hz, Rh=C=CMe,],
25.1 (vt, N =18.8 Hz, PCHCH,), 20.5 (s, PCHCH,), 7.4 [s, =C(CH,),]; *'P
NMR (C¢Dg, 162.0 MHz): = 44.4 [d, J(Rh,P) =147.6 Hz]; C,,H, P,Rh
(504.5): caled C 57.14, H 10.19; found C 57.63, H 9.75.

trans-|Rh(Me)(=C=CHPh)(PiPr,),| (18): To a solid sample of MeMgl,
which was obtained after removing the solvent from a solution of MeMgl in
ether (0.35 mL, 1.0M), a solution of 5 (180 mg, 0.32 mmol) in toluene (3 mL)
was slowly added at —30°C. The reaction mixture was stirred for 5 min
at —30°C, and the solvent removed. The residue was worked up as described
for 8. Violet microcrystalline solid; yield 151 mg (87%); m.p. 75°C (de-
comp.); IR (C4Hy): #=1590 (C=C)cm™'; '"HNMR (C,D, 200 MHz):
6=7.30 (m, 2H, 0-C¢H;), 7.14 (m, 2H, m-C,H,), 6.88 (m, 1H, p-C,H,),
2.28 (m, 6H, PCHCH,), 1.70 [t, J(P,H) = 3.7 Hz, 1H, =CHR], 1.26 [dvt,
N =13.0, JHH) = 6.9 Hz, 36H, PCHCH,], —0.08 [brt, J(P,H) = 5.8 Hz,
3H, Rh-CH;; '*C NMR (CcD¢, 503MHz): &=2949 [dt,
J(Rh,C) = 479, J(P,C) =16.8 Hz, Rh=C=CHR], 129.5, 128.3, 125.2, 123.9
@all s, CH;), 116.5 [dt, J(Rh,C) =10.7, J(P,C) = 4.5 Hz, Rh=C=CHR],
25.2 [dvt, J{Rh,C) =1.2, N =18.9 Hz, PCHCH},], 20.2 (s, PCHCH,), —1.7
[dt, J(Rh.C)=19.2, J(P,C)=11.6Hz, Rh-CH;]; *'P NMR (C/D,,
81.0 MHz): J = 45.8 [d, J(Rh,P) =146.8 Hz]; C,,H,,P,Rh (540.6): calcd C
59.99, H 9.51; found C 59.46, H 9.99.

trans-[Rh(Me)(=C=CH1Bu)(PiPr,),] (19): This was prepared as described
for 18, from solid MeMgl (0.35 mmot) and 6 (95 mg, 0.18 mmol) as starting
materials. Dark violet crystals; yield 74 mg (81 %); m.p. 82°C (decomp.); IR
(CeHg): ¥ =1640 (C=Cjcm™'; "HNMR (C¢D,, 200 MHz): § = 2.68 (m,
6H. PCHCH,;), 1.32 [dvt, N =12.8, J(H,H) =7.1 Hz, 36 H, PCHCH,], 1.07
[s. 9H, C(CH,),], —0.16 [brt, J(P.H) = 5.7 Hz, 3H, Rh~CH,], signal of
=CH1Bu covered by signal of Rh~CH,: *'P NMR (C,D,, 81.0 MHz):
é =445 [d, J(Rh,P) =148.1 Hz]; C,,H,,P,Rh (520.6): calcd C 57.68, H
10.65; found C 57.31, H 10.39.

trans-|Rh(Me)(=C=CH,)(PiPr,),] (20): This was prepared as described for
18, from solid MeMgl (0.35 mmol) and 7 (87 mg, 0.18 mmol) as starting
materials. Black microcrystalline solid; yield 66 mg (79%); m.p. 92°C (de-
comp.); IR (CcHg): ¥ =1605 (C=C)cm™!; 'HNMR (C¢Dg, 200 MHz):
=270 (m, 6H, PCHCH,;), 1.31 [dvt, N =13.0, J(H,H) =7.1 Hz, 36H.
PCHCH;], —029 (m, 5H, Rh-CH, and =CH,); *'P NMR (C/D,,
81.0 MHz): 6 = 45.9 [d, J(Rh,P) =148.2 Hz]; C,,H,,P,Rh (464.5): caled C
54.31. H 10.20; found C 53.81, H 9.79.

trans-[Ri(C=CPh)(=C=CHPh)(PiPr,),| (21): A solution of 5 (100 mg,
0.18 mmol) in ether (4 mL) was treated at —30°C with a solution of
PhC=CMgBr in THF (0.50 mL, 1.0M). After the reaction mixture had been
warmed to room temperature, it was stirred for 2 h and then worked up as
described for 10. Violet crystals; yield 87 mg (78%). The compound was
characterized by IR, 'H and '3C NMR spectroscopy [1,8b).

trans-[Ri(C=CPh)(=C=CHrBu)(PiPr,),] (22): This was prepared as de-
scribed for 21, from 6 (210 mg, 0.39 mmol) and a solution of PAC=CMgBr
in THF (0.80 mL, 1.0M). Green crystals; yield 186 mg (79%); m.p. 97°C
(decomp.); IR (C4Hg): ¥ = 2060 (C=C), 1660, 1630, 1590 (C=C)cm™*;
'"HNMR (C,D,, 200 MHz): 5 =7.38 (m, 2H, 0-C,H,), 7.11 (m, 2H, m-
CeHy), 6.91 (m, 1H, p-C¢H), 2.86 (m, 6H, PCHCH,), 1.39 [dvt, N =13.1,
J(HH) =69Hz, 36H, PCHCH,], 1.05 [s, 9H, C(CH,),], —0.06 It,
J(P,H) = 3.7Hz, 1 H, =CHR]; '*C NMR (C¢Dq, 50.3 MHz): 6 = 308.2 [dt,
J(Rh,C) = 49.0, J(P,C) =15.9 Hz, Rh=C=CHR], 136.2 [dt, J(Rh,C) = 9.5,
J(P.C)=1.9Hz, Rh-C=CR], 130.1, 128.3, 1250 (all s, C,H,), 121.2
[dt. J(Rh.C) =127, J(P.C) = 5.1 Hz, Rh=C=CHR], 323 [s, C(CH,),],
30.1 [s,C(CH;),], 25.4 [dvt, J(Rh,C) =1.3, N = 20.3 Hz, PCHCH,}], 20.7
(s, PCHCH,), signal of Rh—C=CR probably covered by signal of CoHg;
P NMR (C,Dy, 81.0MHz): §=465 [d, J(RhP)=136.4Hz|;
C;,H,,P,Rb (606.7): caled C 63.36, H 9.47, Rh 16.96; found C 62.94, H 9.42,
Rh 16.73.

Preparation of trans-|Rh(C=CR)(py)(PiPr,),] (23-25) from trans-[Rh(R’)-
(=C=CHR)(PiPr,),] (8. 10-13): A solution of 8, 10, 11, 12, or 13
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(0.10 mmol) in ether (2 mL) was treated with pyridine (100 L, 1.25 mmol)
and stirred for 30 min at room temperature. A change of color from violet to
orange occurred. The solvent was removed and the orange residue was iden-
tified by IR and NMR spectroscopy as 23-25 [6,8b]. Yield quantitative, In
addition to the proton signals of 23 a further singlet was observed at § = 5.28,
assigned to ethenc, if the reaction of 11 with pyridine was carried out in a
NMR tube (in CcDyg).

trans-|Rh{y'-(Z)-C(Ph)y=CHPh}(COXPiPr,),] (27): A stream of CO was
passed through a solution of 8 (115 mg, 0.19 mmol) in toluene (3 mL) for 10's
at —30°C. After the solution had been stirred for 2—3 min at —30°C, it was
warmed to room temperature, and the solvent removed. The residue was
dissolved in acetone (2mL), and the solution stored for 24 h at —30°C.
Yellow crystals precipitated, which were separated from the mother liquor,
washed three times with 2 mL portions of acetone (0°C), and dried; yield
112 mg (93 %); m.p. 106 °C (decomp.); MS (70 eV): m/z 630 (M *); IR (K Br):
v=1930 (C=0)em™'; '"HNMR (C,D,, 200 MHz): § = 8.57 (brs, 2H,
=CH-0-C4H,), 7.81 (m, 2H, o-CH,), 7.64 [dt, J(RhH)=2.0.
J(P,H) = 2.0 Hz. 1H, =CHR], 7.17 (m, 6H, m-, p-C,H, and m-, p-=CH-
CgHs), 2.25 (m, 6H, PCHCH,), 1.13 [dvt, N =13.8, J(H,H) = 6.9 Hz, 18H,
PCHCH,], 1.09 [dvt, N =13.8, J(H,H) = 6.9 Hz, 18H, PCHCH,]; *C NMR
(C¢Dg, 50.3 MHz): 6 =195.5 [dt, J(Rh,C) = 54.7, J(P,C) =159 Hz. Rh—
COJ, 181.4 [dt, J(Rh,C) = 29.4, J(P.C) =14.0 Hz, Rh-C(R)=CHR], 154.2
[t, J(P.C) =1.9 Hz, ipso-C H,], 144.6 [dt, J(Rh,C) =1.9, J(P.C) =1.3 Hz,
ipso-CgHg), 137.3]t, J(P,C) = 4.5 Hz, Rh—C(R)=CHR], 130.2,129.9, 127.7,
127.2, 125.0, 124.9 (all s, C,H,), 25.68 [dvt, J(Rh,C) =1.2, N=19.1 Hz,
PCHCH,], 20.47, 20.17 (both s, PCHCH,); *'P NMR (C.Dy, 81.0 MHz):
& =400 [d, J(Rh,P) =140.2 Hz]; C,;H,,0P,Rh (630.6): calcd C 62.85, H
8.47; found C 62.59, H 8.72.

trans-IRh{n'(Z)-C(4-C H ,Me)=CHPh}(CO)PiPr,),] (28): This was pre-
pared as described for 27, from 9 (120 mg, 0.19 mmol) and CO as starting
materials. Yellow microcrystalline solid; yield 114 mg (91%): m.p. 146°C
(decomp.); IR (KBr): ¥ =1930 (C=0)cm™'; 'HNMR (C,Dy,, 200 MHz):
8 =856 (brs, 2H, 0-C(Hy), 776 (m. 2H, o-C,H,CH;), 7.66 [dt,
J(RhH) =2.0, J(P,H) =19 Hz, 1 H, Rh-C(R)=CHR], 7.17 (m, 5H, m-,
p-CcHy and m-C H,Me), 2.25 (m, 6H, PCHCH,), 2.20 (s, 3H, C;H,CH,),
1.14 [dvt, N =13.7, J(H,H) =7.2 Hz, 18 H, PCHCH,}|, 1.10 [dvt, N =13.2,
JHH) =7.0 Hz, 18H, PCHCH,]; 3C NMR (C,Dy, 50.3 MH7): § =195.6
[dt, J(Rh,C) = 54.5, J(P,C) =15.9 Hz, Rh—CO]J, 181.2 [dt, J(Rh,C) = 29.1,
J(P.C) =140 Hz, Rh-C(R")=CHR], 1513 [t, JAP,C)=13Hz, ipso-
CsH,CH,]. 144.8 (brs, =CH~ipso-C H,), 136.7 [t, J(P,C) = 3.9 Hz, Rh -
C(R)=CHR], 134.2 (s, p-C;H,CH,;), 130.2, 129.8, 128.0, 127.7, 124.8 (all s,
o0-, m-, p-CcHy and o-, m-, C;H,CH;), 25.7 [dvt, J(Rh,C) =1.4, N =19.4 Hz,
PCHCH,], 20.6, 20.2 (both s, PCHCH,); 3'P NMR (C¢Ds, 81.0 MHz):
& =40.0 [d, J(Rh,P) =141.0 Hz]; C;,H,OP,Rh (644.7): caled C 63.35, H
8.60; found C 63.23, H 8.79.

trans-[Rh{n*-(Z)-C(Ph)=CHrBu}(CO)PiPr,),] (29): This was prepared as
described for 27, from 10 (80 mg, 0.14 mmol) and CO as starting materials.
Yellow microcrystatline solid; yield 76 mg (91%); m.p. 89°C (decomp.); IR
(KBr): ¥ =1930(C=0)cm ™ '; "H NMR (C¢Dg, 200 MH2): 6 =7.77 (m, 2H.
0-C¢Hy), 717 (m, 2H, m-CHy), 7.02 (m, 1H, p-CiHg), 6.63 [dt,
J(Rh,H) =18, J(P,H) = 2.0 Hz, 1 H, =CHR], 2.37 (m, 6 H, PCHCH,), 1.51
{s, 9H, C(CH,;),], 1.21 [dvt, N =13.0, JH.H) =7.1 Hz, 18 H, PCHCH,],
1.20 {dvt, N =13.3, H,H) = 6.9 Hz, 18H, PCHCH,]}; 1°C NMR (C(Ds,
50.3 MHz): 3 =195.6 {dt, J(Rh,C) = 54.3, J(P,C) =16.9 Hz, Rh—CO}, 162.6
[dt, J(RhC) =303, JP.C)=134Hz Rh- CR)=CHR], 1555 ft,
J(P.C) =1.2 Hz, ipso-C H,), 147.4 [t, J(P.C) = 3.9 Hz, Rh-C(R")=CHR],
130.6, 126.9, 124.2 (all s, C,Hy), 35.12 [dt, ARKW,C) =1.2, (P,C) =1.2 Hz,
C(CH,)5], 31.8 [t, J(P.C) =1.6 Hz. C(CH,),], 25.6 [dvt, J(Rh,C) =14,
N =18.5 Hz, PCHCH,], 20.6, 20.5 (both s, PCHCH,;); *'P NMR (C/D.
81.0 MHz): § = 38.4(d, /(Rh,P) =142.9 Hz]; C; H;,OP,Rh (610.7): caled C
60.97, H 9.41; found C 60.66, H 9.46.

trans-|Rh{n'-(Z)-C(CH=CH,)=CHPh}(CO)(PiPr,),] (30): This was pre-
pared as described for 27, from 11 (90 mg, 0.16 mmol) and CO as starting
materials. Yellow crystals; yield 87 mg (92%); m.p. 96°C (decomp.); IR
(KBr): 7 =1930 (C=0)em™!; 'THNMR (C,D,. 200 MHz): § = 8.51 (brs,
2H, 0-CgHs), 749 (m, 1H, H-1), 716 (m, 3H, m-, p-C;H,), 5.39 [dd,
J(H-2,H-3) = 16.7, J(H-3,H-4) = 3.1 Hz, 1H, H-3], 4.88 [dd, J(H-2,H-4) =
10.0, J(H-3,H-4) = 3.1 Hz, 1H, H-4], 2.27 (m, 6H, PCHCH,), 1.25 [dvt.
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127-137
N =137, JMHH)=71Hz, 18H, PCHCH,]. Ph
107 [dvt, N =130, JHH)=7.0Hz 18H, —
PCHCH,]. signal of H-2 probably covered by [Rh]-——C//
one of the resonances of the aromatic protons; \ H3
13 NMR (C,D,, 50.3MHz): 6=195.7 [dt. JC=c
JRh,C) =540, JP.C)=152Hz, Rh-CO, H2 Nyt

181.6 [dt, J(Rh,C)=28.2, J(P,C)=139Hz,

Rh--C(CH=CH,)], 152.7 [s, Rh—C(CH=CH,)), 144.6 (s. ipso-C¢H.). 136.5
ft. J(P,C) = 3.7 Hz, Rh--C(R)=CHPh], 130.1, 127.7. 1249 (all s, C HJ).
108.6 [s, Rh—C(CH=CH,)]. 26.1 (vt, N =19.5 Hz, PCHCH,). 20.9, 19.9
(both s, PCHCH,); *'P NMR (C,D,. 81.0MHz): =415 [d,
J(Rh.P) =140.9 Hz}; C, H,,OP,Rh (580.6): caled C 60.00, H 8.85: found C
60.04, H 9.15.

trans-|Rh{y"(Z)-C(Me)=CHPh}(CO)PiPr,),| (31): This was prepared as
described for 27, from 18 (95 mg, 0.18 mmol) and CO as starting materials.
Yellow crystals; yield 86 mg (87%): m.p. 148°C (decomp.); IR {KBr):
v =1925 (C=0)cm ' "THNMR (C.D,. 200 MHz): § = 8.50 (brs, 2H, o-
CeH$). 732 (m, 2H, m-C Hy), 7.22 (m, 1 H, =CHR). 7.04 (m. { H. p-C H,).
240 [s, 3H. Rh—C(CH,)], 2.18 (m, 6H, PCHCH;), 1.26 [dvt, N =138,
JHH) =7.1Hz. 18H, PCHCH,], 1.06 [dvt. N =13.0, JH.H)=7.1 Hz.
18H. PCHCHJ]: *C NMR (C,D,. S0.3MHz): §=1959 (dv
J(Rh,C) = 53.2, J(P,C)=15.3 Hz, Rh—CQ], 182.3 [dt, J(Rh.C)= 28.7,
J(P,C) =143 Hz, Rh—C(R"], 1453 (s, ipso-C H), 1356 [t. JPP,C) =
3.7Hz. Rh—-C(R)=CHR], 129.7, 127.7, 123.9 (all s, C H,), 33.4 [dt.
J(Rh,C) = 2.4, J(P,C)=24Hz, Rh~C(CH,)], 26.6 [dvt, J(Rh.C)=1.4,
N =19.4 Hz, PCHCH,]. 20.8, 19.8 (both s, PCHCH;): *'P NMR (C,D,.
81.0 MHz): 6 = 43.2[d, J(Rh.P) =145.3 Hz]. C, H,,OP,Rh (568.6): calecd C
59.15, H 9.04; found C 58.76, H 9.17.

trans-]Rh{y*-(Z)-C(Ph)=CMe, }(CO)(PiPr,),] (32): A stream of CO was
passed through a solution of 16 (55 mg, 0.10 mmol) in toluene (3 mL) for 10's
at —100°C. After the solution had been stirred for 5 min at —100°C, it was
worked up as described for 27. Yellow microcrystalline solid; yield 39 mg
(67%); m.p. 121 °C (decomp.); IR (KBr): ¥ =1930 (C=0) cm ™ '; 'HNMR
(CeDg. 200 MHz): 6 =7.46 (m, 2H, 0-CHy), 7.22 (m, 2H, m-C Hy). 6.97
(m, 1H, p-C H,), 230 (m, 6H. PCHCH,), 2.25 {t, J(P,H) =12 Hz. 3H,
=C(CH;)}. 2.02 {t, JP.H) =24 Hz, 3H, = C(CH,)}. 1.22 {dvt. N =13.0,
JHH) =7.1Hz, 18H, PCHCH,], 1.16 [dvt, N =133, J(HH) =7.1 Hz,
18H, PCHCH,]; *'P NMR (C D, 81.0 MHz): § =41.5 {d, J(Rh.P) =
144.0 Hz]; C,,H,OP,Rh (582.6): caled C 59.79, H 9.17; found C 38.89,
H 9.47.

trans-[Rh{y'-(Z)-C(Ph)=CHPh}{CNMe)(PiPr,),] (33): A solution of 8
(96 mg, 0.16 mmol) in toluene (S mL) was trcated at —30°C with CNMe
(8.9 puL. 0.16 mmol). After the solution had been stirred for 1 min, the solvent
was removed, the residue was dissolved in toluene/pentane (5 mL; 1:2), and
the solution stored for 7 d at —30°C. Yellow crystals precipitated which were
separated from the mother liquor, washed three times with 1 mL portions of
pentane (— 20°C) and dried; yield 89 mg (76%); m.p. 129-131°C (de-
comp.); IR (KBr): ¥=2080 (C=N)em™'; 'THNMR (C,D,. 200 MHz):
& =8.92[brs, 2H, Rh—C(=CHPh)-0-C, /], 8.00 (m, 2H, 0-C H,). 7.74 [dt,
J(Rh,H) = 2.1, J(P,H) = 2.0 Hz, 1H, =CHPh], 7.23 [m, 6H, =CH-m-p-
C¢Hs and C(=CHPh)-m-p-C H,], 2.22 (m, 6H, PCHCH,), 2.22 [d,
JRh,H) = 0.6 Hz, 3H, CNCH;]. 1.19 [dvt, N =13.2, J(H.H)=7.2Hz.
18H, PCHCH,], 1.16 [dvt, N =14.0, J(H,H) = 6.9 Hz, 18H, PCHCH,];
3'p NMR (C¢D,. 81.0MHz): §=3943 [d. J(RhP)=147.9 Hz];
C, H NP,Rh (643.7): caled C 63.44, H8.77, N 2.18: found C 63.06, H 9.09,
N 1.88.

trans-IRh{y'-(Z)-C(Ph)=CHPh}(CNsBu)(PiPr,),} (34): This was prepared as
described for 33, from 8 (105 mg, 0.17 mmol) and CN¢Bu (20 L. 0.17 mmol)
as starting materials. Upon recrystallization from acetone yellow crystals
were obtained; yield 85mg (71%); m.p. 84°C (decomp.). IR (KBr):
v = 2070, 2030 (C=N)em ™ !; THNMR (C.D,. 200 MHz): § = 9.06 (brs,
2H, =CH-0-C H,). 8.08 (m, 2H, o-C,Hy), 7.77 [dt, J(RhH) =19,
J(P,H) =2.0Hz, 1H, =CHR], 7.33 (m, 4H, m-C H,), 7.07 (m. 2H, p-
CgeHs), 2.27 (m, 6H, PCHCH,). 1.23 [dvt, N =13.5, J(H,H) =7.0 Hz, 18 H,
PCHCH;], 1.16 [dvt. N =134, J(H,H) = 6.8 Hz, 18H. PCHCH,], 1.02 [s,
9H, C(CH,),J; 2P NMR (C,D,, 81.0 MHz): §=38.9 [d, J(Rh,P) =
148.8 Hz]; C,,H4,NP,Rh (685.8): caled C 64.81, H 9.11, N 2.04; found C
65.03, H 9.36, N 2.03.

0947-6539/97/0301-0135 § 15.00+ .25/0 — 135





FULL PAPER

H. Werner et al.

trans-|Rh{n'-(Z)-C(Me)=CHPh}(CNtBu)(PiPr,),] (35): This was prepared
as described for 33, from I8 (102 mg. 0.19 mmol) and CNzBu (22 pL,
0.19 mmol) as starting materials. Yellow crystals; yield 98 mg (83%); m.p.
122°C (decomp.); IR (KBr): ¥ = 2080, 2050 (C=N)em ': 'HNMR (C,D,,
90 MHz, 357°C): 6 = 8.92(brs, 2H, 0-C Hy), 7.22 (m, 3H, m- p-C Hy), 2.62
[s, 3H, Rh-C(CHy)), 222 (m, 6H, PCHCH,), 139 (dvi. N =134,
J(HH) =70 Hz. 18H, PCHCH,). 1.14 [dvt, N =12.2, JH.H) = 6.4 Hz,
18H, PCHCH,], 1.03 [s. 9H, C(CH,),], signal of =CHR covered by signal
of CgHy protons; 'C NMR (C,Dy. 50.3MHz): d=188.7 [dt,
J(Rh,C) = 28.0, J(P.C) =14.0 Hz, Rh -C(R")=CHR]. 158.1 [dt, Rh,C) =
47.7, JP.C) =16.5Hz, Rh-CNrBu], 1468 (s, ipso-C ,Hg). 1342 [u.
J(P.C) = 3.8 Hz, Rh—C(R")=CHR], 129.9, 127.2, 122.8 (all 5, C;H,), 54.5
[brs, C(CH,);]. 354 [s, Rh—C(CH;)|. 299 [s. C(CH,),]. 264 (vt,
N =17.8 Hz, PCHCH,;), 21.2, 19.9 (both s, PCHCH,): *'P NMR (C/D,,
81.0 MHz): ¢ = 42.4 [d, J(Rh,P) =153.8 Hz|;: C,,H, ,NP,Rh (623.7): caled
C 61.63, H 9.70, N 2.25; found C 62.01, H 9.82, N 2.09.

Reaction of compounds 27, 30, and 31 with acetic acid: A solution of 27 (60 mg.
0.10 mmol) or 30 (75mg, 0.13 mmol) or 31 (65mg, 0.11 mmol) in C;D,
(1 mL) was treated with an equimolar amount of acetic acid at room temper-
ature. After the solution had been stirred for 4 h (27) or 11 h (30) or 5 h (31)
a quantitative conversion of the starting material to [Rh(#'-0,CMe)-
(CONPiPry),] (38)[11] and the corresponding olefin (£)-PhCH=CHPh (36)
or (E)-PhCH=CHMe (37) or (£)-PhCH=CH--CH=CH, (39) was obscrved.
The olefinic products were identified by 'H and '*C NMR spectroscopy [12].

(Rh(y*-syn-CH,CHCHPh)(PiPr;),] (40): A solution of 18 (50 mg,
0.08 mmol) in benzene (3 mL) was stirred for 12 h at room temperature. A
smooth change of color from violet to yellow was observed. The solvent was
removed in vacuo, the residue was dissolved in acetone (3 mL), and the
solution was stored for 10 h at —78°C. Orange crystals precipitated, which

were separated from the mother liquor, washed twice with 2 mL portions of

acetone (— 207C) and dricd; yield 37 mg (73 %). A modified procedure is as
follows: A solution of 5 (200 mg, 0.36 mmol) in cther (5 mL) was treated
at —30°C with a solution of MeMgI in ether (0.4 mL, 1.0M). After the
reaction mixture had been warmed to room temperature, it was stirred for
15 h. and then the solvent was removed. The residue was extracted with
pentane (15 mL) and the extract brought to dryness in vacuo. The residue was
dissolved in acetone (3 mL) and the solution worked up as described above;
vicld 168 mg (87%); m.p. 85°C (decomp.); 'HNMR (C.D,. 400 MHz):
6 =7.33 (m, 2H, 0-C,Hy), 7.15 (m, 2H. m-

l|42 C HJ), 698 (m, 1H, p-C,H,). 528 [ddd.

c2 JH-2,H-4) =12.2, J(H-1.H-2) =10.7, J(H-

H’\C,,/\\C/”h 2,H-3) = 6.7 Hz, 1 H, H-2], 3.40{dd, J(P-1.H-
7 i 1) =77, JH-1,H-2) =107 Hz, 1H, HA],
H4 R 342 [ddd, J(P-2H-3) =38, JP-1,H-3) =

Rh 22, JH-2H3) = 6.7 Hz, 1H, H-3], 218,
P1/ \pz 198 (both m, 6H, PCHCH,), 2.09 [dd, J(P-

2H4) =56, JH-2H-4)=122Hz, 1H,
H-4, 1.25 {dd, J(P.H) =12.6, J(H.H) =7.2 Hz, 9H, PCHCH,]. 1.16 [dd,
J(P,H) =12.5, J(HH) =72 Hz, Y9H, PCHCH,]. 1.15 [dd, J(P.H) =13.2.
J(H.H) =7.2 Hz, 9H, PCHCH,], 1.11 [dd, J(P.H) =13.3, J(H,H) =7.2 Hy.
9H, PCHCH,}; *C NMR (C,D,, 100.6 MHz): § =146.7 [d, J(P.C) =
3.0 Hz. ipso-CoH,]. 128.2, 126.7, 123.1 (all 5. C,Hy), 999 (m, C-2). 65.0
[ddd, J(Rh.C) = 27.6, J(P-1,C) = 6.9, J(P-2,C) = 2.7 Hz, C-1], 46.2 [ddd,
JRR,C) = 21.0, (P-2.C) = 9.4, JP-1,C) = 5.2 Hz, C-3], 28.8 [d, J(P,C) =
13.9Hz, PCHCH,], 27.5 [d, J(P.C)=13.1 Hz PCHCH,], 21.6 Id.
J(P.C) = 3.5 Hz, PCHCH,], 21.4 [d, J(P.C) = 2.5 Hz, PCHCH,], 20.6, 20.1
{both s, PCHCH ); 31P NMR (C,Dg, 162.0 MHz): 8 = 56.5 [dd, J(Rh,P) =
198.0. J(P.P) = 22.0 Hz, P-1], 46.2 [dd, J(Rh,P) = 189.5, J(P,P) = 22.0 Hz.
P-2]; C,,H,,P,Rh (540.6): caicd C 59.99, H 9.51; found C 59.71, H 9.07.

IRh(y*-anti-CH,CHCH#Bu)(PiPr,),] (41): This was prepared as described
for 40, from 19 (70 mg. 0.13 mmol) in benzene (3 mL). Orange crystals; yield
57 mg (82%). The modified procedure using 6 (185 mg. 0.34 mmol) and a
solution of MeMgl in ether (1.0M) as starting materials could also be applied;
yield 126 mg (71%); m.p. 84°C (decomp.); 'HNMR (C,D,, 400 MHz):
¢ = 4.86 [dddd, J(Rh,H-2) = 2.1, J(H-2,H-4) =12.6, J(H-1,H-2) = 8.2, J(H-
2,H-3) = 8.0 Hz, 1H, H-2], 3.86 [ddd, J(P-1,H-1) = 3.6, J(P-2,H-1) = 3.6,
J(H-1,H-2) =82 Hz, 1H, H-1], 2.74 [m, in 'H{'P}, brd, JH-2,H-
3) =8.0Hz, 1H, H-3), 2.28, 2.25 (both m, 6H. PCHCH,), 2.05 (brdd,
J(P-2,H-4) = 8.2, J(H-2H-4) = 12.6 Hz, 1 H. H-4), 1.29 [s, $H. C(CH,),],
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1.29.1.27 [both dd, J(P.H) =13.4, JOLH) = H2
7.2 Hz, 9H each, PCHCH,]. 1.17, 1.14 [both {,

dd. J(P.H) =13.6. J(H,E1) =7.3 Hz, 9H each,  H3, /Q\ _H!
PCHCH,]; 3C NMR (C,D,. 100.6 MH2): ¢3 l ¢

5 = 95.1 [ddd, J(Rh,C) = 5.7, J(P-1.C) =1.2, R4 tBu
J(P-2.C) =1.2 Hz, C-2].76.6 [ddd. J(Rh,C) = Rh

25.9, J(P-1.C) =10.6, J(P-2.C) = 4.4 Hz, C- P‘/ N p2

11, 45.0 [ddd, J(Rh,C) = 29.9, J(P-2,C) = 8.3.

JP-1.0)=52Hz, C-3], 352 {dd, J(P-

1,C) = 3.3, J(Rh,C) = 0.9 Hz, C(CH,),), 34.4 [d, J(P-1,C) =1.9, C(CH,),].
29.6 [brd. J(P,C)=120Hz, PCHCH,], 292 [brd, J(P.C)=12.6Hz,
PCHCH,]. 21.8 [d, J(P,C) = 32 Hz, PCHCH,]. 214 [d. J(P.C) = 3.2 Hz.
PCHCH,], 20.2, 19.9 (both s, PCHCH,); *'P NMR (C,D,. 162.0 MHz):
§=49.0 [dd, J(Rh.P)=206.7, J(P,P)=19.1Hz, P-1], 479 [dd.
JRh,P) = 211.8, J(P,P) =19.1 Hz, P-2]; C,,H,,P,Rh (520.6): caled C 57.68,
H 10.65; found C 57.36, H 10.97.

IRh(y*-C ,H)(PiPr,),] (42): This was prepared as described for 40, from 20
(75 mg, 0.16 mmol) in benzene (3 mL). Yellow solid: yield 55 mg (73%). The
modified procedure using 7 (175 mg, 0.36 mmol) and a solution of MeMegl
(1.0m) in ether could also be applied; yicld 121 mg (72%). The compound
was characterized by "H NMR spectroscopy [18b].

IRW(y*~trans-CH,CHC=CHPh)(PiPr,),] (43): A solution of 11 (65mg,
0.12 mmol) in benzene (3 mL} was stirred for 1 h at 45 °C. A smooth change
of color from violet to orange-yellow occurred. After the solution had been
cooled to room temperature, the solvent was removed, and the residue
worked up as described for 40. Orange crystals; yield 35 mg (55%). The
modified procedure described for the preparation of 40—-42 could also be
applied, using § (210 mg, 0.37 mmol) and a solution of CH,=CHMgBr in
THF (1.0m) as starting materials; yield 126 mg (61 %); m.p. 80 " C (decomp.):
‘HNMR (C,D,, 400 MHz): 6=

7.81 (m. 2H, 0-C,H;), 7.28 (m, 2H, H2

m-CoH,), 7.09 (m, 1H, p-C H;), 6.34 é; Ph
(m, TH, H-1), 471 (m, 1H, H2), H{ , ™,/
313 [ddd, JP-LH) =25, J(P- ¢ ==Cc\ .
2M) =25 KH-2H-3)=7.4Hz, H* H
tH, H-3], 2.41. 2.14 (both m. 6H, Rh

PCHCH,), 1.29 [dd. J(P,H) =12.9, pl/ \pz

J(HH)=72Hz, 9H, PCHCH,],

1.22 [dd, J(P.H)=12.0. JHH)=73Hz, 9H, PCHCH,], 1.16 [dd,
J(P.H)y =12.5, J(HH) =72 Hz, 9H, PCHCH,], 1.10 [dd, J(P,H) =12.6.
J(H,H) =7.1 Hz, 9H, PCHCH ], signal of H-4 covered by PCH signal at
§=214; '3C NMR (C.Dg, 100.6 MHz): 6 =171.2 (m, C-2). 140.1 [d.
J(P.C) = 5.0 Hz, ipso-CH;), 128.8,126.4, 124.7 (all s. C H,). 111.8 (s, C-1).
78.71d, J(Rh,C) = 3.9 Hz, C-3], 47.9 [ddd, J(Rh.C) = 25.1, J(P-2.C) = 59,
J(P-1.C) =49 Hz, C-4], 284 [d, J(P.C) =122 Hz, PCHCH,}. 27.6 [d.
JP.C) =15.1 Hz, PCHCH,], 214 [d, J(P.C) = 2.0 Hz, PCHCH,], 20.8 {d,
J(P.C) = 2.6 Hz, PCHCH}]. 20.6, 20.3 (both s, PCHCH,); *'P NMR(C,D,,
162.0 MHz): ¢ = 52.8 [dd, J(Rh,P) =197.0, J(P,P) = 21.9 Hz, P-1), 46.8 [dd.
J(Rh,P) =160.5, J(P.P) = 21.9 Hz, P-2): C, H,,P,Rh (552.6): caled C 60.86.
H 9.30; found C 60.49, H 9.00.

[Rh(y*-trans-CH,CHC=CHBu)(PiPr,),| (44): This was prcpared as de-
scribed for 43, cither trom 12 (55 mg, 0.10 mmol) or from 6 (240 mg,
0.45 mmol) and a solution of CH,=CHMgBr in THF (0.6 mL, 1.0M) as
starting materials. Orange microcrystalline solid; vield 34 mg (62 %) from 12
and 166 mg (69%) from 6: m.p. 79°C (decomp.); 'HNMR (C D,.
400 MHz): ¢ = 5.14 (m, 1H, H-1), 4.50 (m, {H, H-2). 2.98 {ddd, J(P-
1.H) = 2.6, S(P-2,H) = 2.6, J(H-2,H-3) = 8.0 Hz, 1 H, H-3], 2.37, 2.17 (both
m, 6H, PCHCH,), 1.93 [dd, J(P-2,H) = 6.7, J(H-2.H-4) =11.7Hz, t H, H-
4). 1.30 [s, 9H, C(CH;),). 1.29 [dd, J(P.H) =11.9, J(H.H) =74 Hz. 9H.
PCHCH,), 1.23 [dd, J(P.H) =11.7, JOH.H) =72 Hz, 9H, PCHCH,}. 1.18
[dd, J(P,H) =12.9, (H.H) =7.5 He, 9H, PCHCH,]. 1.13 [dd, J(P,H) =11.9,
J(H.H) =7.3Hz, 9H, PCHCH,]. for assignment of H-1-H-4 sec 43: '3C
NMR (C D, 100.6 MHz): 6 =161.0 [ddd, J(Rh.C) = 43.8. J(P-1.C) =18.3,
J(P-2,C) = 9.2 Hz, C-2],120.3 (s, C-1), 77.0 [d, J(Rh.C) = 4.0 Hz, C-3}.47.6
[ddd, J(Rh,C) = 26.4, J(P-2,C) = 6.9, J(P-1,C) = 5.7 Hz, C-4}, 34.2 [d, J(P-
1,C) = 5.6 Hz, C(CH,),]. 31.2 [s, C(CH,),], 28.2 [d, J(P.C) =119 Hz,
PCHCH;], 27.3 [d, J(P,C) =14.2 Hz, PCHCH,], 21.5 [d, J(P.C) = 3.8 Hz,
PCHCH;], 21.0 [d. J(P.C)=3.6Hz, PCHCH,], 20.6. 20.2 (both s.
PCHCH,); *'P NMR (C,D,, 162.0 MHz): ¢ = 52.2 [dd, J(Rh,P) =196.8,
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J(P.P) = 20.9 Hz, P-1], 48.0 [dd. J(Rh.P) =164.6, J(P,P) = 20.9 Hz, P-2]:
CyoH,.P,Rh (532.6): caled C 58.64. H 10.41; found C $8.21, H 10.01.

Preparation of trans-|[Rh(C=CR)(C,H )(PiPr,),| (45, 46) from 11, 12: A solid
sample of 11 (60 mg. 0.11 mmol) or 12 (75 mg, 0.14 mmol) was stored under
argon in the absence of light for 14 d at room tempcrature. A slow change of
color from violet to orange-brown occurred. The solid was dissolved in
acetone (2 mL) and after the solution had been stored for 10h at —78°C
orange crystals precipitated. They were separated from the mother liquor,
washed twice with 1 mL portions of acetone (— 20 “C) and dried; yield 49 mg
(81%) of 45 and 52 mg (69 %) of 46. Both compounds were characterized by
'H and '*C NMR spectroscopy [8].

Reaction of compounds 40, 41, and 44 with acetic acid: A solution of 40 (43 mg,
0.08 mmol) or 41 (42 mg, 0.08 mmol) or 44 (43 mg, 0.08 mmol) in C;Dy
(0.5 mL) was treated at 10°C with an equimolar amount of acetic acid. A
smooth change of color from orange to red occurred. After the solution had
been stored for 30 min at room temperature, a quantitative conversion of the
starting material to [Rh(n>-0,CMe)PiPr,),] (47) and the corresponding
olefin had taken place. The olefinic products (£-)PhCH=CHMe (37), (7)-
CH,=CHCH=CH:Bu (48) and (£)/(7)-MeCH=CH:/Bu (49a/49b, ratio
70:30) were identified by 'H and *C NMR spectroscopy [12,25]. For the
isolation of 47, the olefin and the solvent were removed in vacuo, the residue
dissolved in acetone (1 mL), and the solution stored at —78 “C for 12 h. Red
crystals precipitated, which were washed twice with 1 mL portions of acetone
{— 207°C) and dricd; yield 34 mg (89 %). Compound 47 was identified by 'H
and *!'P NMR spectroscopy [18b].

Preparation of 5 from 47: A solution of 47 (110 mg, 0.23 mmol) in benzene
(3 mL) was treated at 10°C with phenylacetylene (24 pL, 0.23 mmol) and
then stirred for 3 h at room temperaturc. The solution was chromatographed
on Al,O, (neutral, activity grade I11, height of column 8 cm. diameter 1.5 cm)
with hexane. During the chromatographic procedure, a characteristic change
of color from orange to blue took place on the column. The blue fraction was
brought to dryness in vacuo, and the residue was identified as 5 by 'H and
13C NMR spectroscopy [4a]: yield 123 mg (95%).

X-ray structural analysis of 30: Single crystals were grown from acetone
at —78°C. Crystal data (from 23 reflections, 10° <8< 14™): monoclinic.
space group P2,jn (no.14); «=10640(3) A, b =29070(3)A, c=
15.476(5) A, b =108.05(1)°, VV = 3142.3(9) A3, Z =4, Peatea =1.23 gem ™3,
dMoy,) = 6.5cm™", T =293 K: crystal sizc 0.13 x 0.23 x 0.30 mm; Enraf—
Nonius CAD4 diffractometer, Moy, radiation (0.70930 A), graphite
monochromator, zirconium filter (factor 16.4); w/26 scan, max. 20 = 48°;
4157 reflections measured, 3563 independent reflections, 2569 rcgarded as be-
ing observed [F,>30(F,)]; intensity data were corrccted for Lorentz and
polarization effects, empirical absorption correction (-scan method) was
applied, minimum transmission was 94.9%. The structure was solved by
direct methods (SHELXS-86); atomic coordinates and anisotropic thermal
parameters of the non-hydrogen atoms were refined by full-matrix least
squares (298 parameters, unit weights, Enraf—Nonius SDP) [31]. The posi-
tions of all hydrogen atoms were caleulated according to ideal geometry
(C—H distance 0.95 A) and were included in the structure factor calculation
in the last refinement cycle. R = 0.034, R, = 0.035; reflex/parameter ratio
8.62: residual electron density +0.37/ — 0.24 e A3 [32].
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The Importance of Magnetic Coupling through Atoms with
Large Spin Densities—Structure and Magnetic Properties of
meso-Tetrakis-(4’-tert-butylphenyl)porphinatomanganese(iin)
Hexacyanobutadienide, [Mn""TtBuPP]*|C,(CN)4] ~

Ken-ichi Sugiura, Atta M. Arif, Durrell K. Rittenberg, Jacques Schweizer, Lars Ohrstrom,
Arthur J. Epstein, and Joel S. Miller*

Abstract:  [Mn""T/BuPP]*[C,(CN), ]~
SPhMe [Mn™TBuPP = meso-tetrakis-
(4'-tert-butylphenyl)porphinatomangan-

ese(111)] has been prepared and structural-
ly and magnetically characterized. The
uniform, linear-chain (1-D) coordination
polymer comprises alternating cations
and antons. The bond lengths in planar
ion [C,(CN)]"~ are 1.377(10) (CC—-CC),
1.418(7) (C—CCC), 1414 (C—-CN),
1.457 (C—CNMn), 1.150 (C=N), and
1.134 A (C=NMn). The Mn—N—C an-
gle is 172.3(4)°, and the intrachain
Mn---Mn separation is 10.685 A. Each
[CL(CN) "~ unit is bonded to two Mn'!
atoms through the interior nitrogen atoms
in a trans-p,-N-0 manner with N—Mn
bond lengths of 2.353 A. The ¥ absorp-

(m)cm™!. Above 50 K the magnetic sus-
ceptibility of [Mn™T/BuPP]*[C,(CN),] ~
can be fitted to the Curie—Weiss expres-
sion, yoc1/(T — 0), with an effective 0
of —13 K. This is consistent with weak
antiferromagnetic coupling, which is in
contrast to the effective 8 of +67 K for
the uniform chain [Mn™OEP}*[C,-
(CN)¢]'~ [OEP = octaethylporphinato].
Here, the [C,(CN),]"~ units are bonded to
the Mn™ centers through endo CN nitro-
gen atoms in a similar trans-y, manner.

Keywords
clectron transfer + magnetic properties
+ metalloporphryins + polymers * spin
density

Density functional theory MO calcula-
tions reveal that the spin density of the
CN nitrogen atom bound to [Mn'"-
T/BuPP]" (0.019 p, A~3) is significantly
lower than that of the N atom bound to
[Mn™OEP]* (0.102 p, A~3). This is con-
sistent with the reduced spin coupling ob-
served for [Mn™T:BuPP]*[C,(CN),] ~
with respect to [Mn"OEP]*[C,(CN).]' ",
as evidenced by the lower 0 value. The
different orientations of the [C,(CN)] ™
units—almost perpendicular (84.727) for
[Mn™TBuPP]"[C,(CN),]'~ and substan-
tially tilted (32.1°) for [Mn"™OEP]*[C,-
(CN)y]'"—may also contribute to the
poorer overlap and weaker spin coupling.
Hence, binding between sites with large
spin densities is needed to stabilize strong

tions are at 2217 (w,br) and 2190

Introduction

The study of strong magnetic materials consisting of molecular
components is a growing area of contemporary interdisciplinary
materials chemistry research.!' ~#! Since the discovery of the
bulk magnetic properties of [MnTPP}"[TCNE]'~ (TPP =
meso-tetraphenylporphinato, TCNE = tetracyanoethylene) !
several new magnetic materials based on electron-transfer salts
of metallomacrocycles have been reported.”® %1 As described
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ferromagnetic coupling.

for [MnTPP]*[TCNE] ~, these magnets possess extended lin-
ear-chain (1-D) coordination polymer structures, which com-
prise alternating metallomacrocycle cations (D *) and cyanocar-
bon radical amions (A™7) (---DYA"D*A" ---). Strong
effective ferromagnetic coupling is observed for the uniform
chain  [Mn™OEP]*[C,(CN),]~ (OEP = octaethylporphin-
ato).[® This is evidenced by the magnitude of the positive Weiss
constant (0 = 67 K) obtained from a fit of the corrected molar
magnetic susceptibility, y, to the Curie—Weiss expression,
yoc(T — 0y~ ' In contrast, the dimerized chain [Mn"OEP]*-
[TCNEJ ™ has a low 6 value (6 = 2.5 K). Hence, uniform chain
structures of the type ---DYA""D*A'™ - - are sought for
achieving strong antiferromagnetic coupling.[!

Owing to the relative ease of modifying the porphyrin struc-
ture, we decided to study the effect of introducing bulky rerz-
butyl groups at the 4'-position of the phenyl rings of the proto-
type [MnTPPJ[TCNE] magnet. This should enhance the
one-dimensionality of the system by increasing the interchain
scparations. Since the exchange coupling J is inversely propor-
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Bu! Bu! tional to the separation r between

O Q spin sites (e.g., ¥ ", n> 6 for superex-

change pathways),[*! small increas-

es in the interchain separation should

have a dramatic effect on interchain

Q O J. This should lead to a reduction of

But" ™ mewpe BY the 3-D ordering temperature, T,.

The intrachain exchange coupling

has the largest affect on 6. Assuming that the McConnell virtual

charge transfer mechanism!*?! is operative, ¢ is dependent on

the separation of spin sites, the density of spin at each of the

adjacent sites, and the angular relationship of the adjacent

atom-centered orbitals. Herein we report the preparation and

structure of meso-tetrakis(4'-tert-butylphenyl)porphinatoman-

ganese() hexacyanobutadienide, [Mn™T¢BuPP]*[C,(CN),] ",

which possesses a uniform ---DTA" DA’ -+ chain, but un-
expectedly has weak antiferromagnetic coupling.

Experimental Section

Synthesis: All manipulations were carried out under an atmosphere of nitro-
gen with standard Schlenck techniques or in a Vacuum Atmospheres glove
box. Solvents used were predried and distilled from appropriate drying agents
[13a]. H,T:BuPP was prepared by the general literature method [13b,c] from
4'-tert-butylbenzaldehyde (Aldrich). [Mn™T:/BuPP][OAc] was prepared from
H,T/BuPP and Mn(OAc), [13d] and subsequently reduced to Mn"T/BuPP
[13d] with NaBH,, according to well-established methodologies (after we had
started this project, H,TtBuPP was reported [13¢]). Hexacyanobutadiene
was prepared as described in the literature [14].

IMn'™TBuPP]*[C,(CN)I ™ : Mn""T/BuPP (88.0 mg, 90.6 mmol) dissolved in
toluene (30 mL) was added to C,(CN)4 (18.7 mg, 91.6 mmol) dissolved in
toluene (110 mL) at room temperature. Crystals formed upon refrigeration of
the sample at —40 °C were collected by filtration (yield: 42.3 mg, 0.28 mmol,
30%). IR (Nujol): Ty = 2217 (w,br), 2190 (m) cm ™ '. Crystals immediately
isolated for X-ray studies contained S equiv of toluene solvate, which were
easily lost. The IR spectrum of the dried sample was identical to that of a
fresh, solvated sample. Elemental analysis for C,qHg MnN, (unsolvated
sample), caled (found): C 76.70 (76.57), H 5.52 (5.47), N 12.78 (12.70).

X-ray Structure Determination [20]: Crystals of the pentatoluene solvate suit-
able for single-crystal X-ray diffraction were obtained by refrigerating a
dilute toluene solution. Cell constants and an orientation matrix for data
collection were obtained by standard methods from 25 reflections at —80°C.
Systemnatic absences and subsequent least-squares refinement were used to
determine the space group. During data collection the intensities of several
representative reflections were measured as a check on crystal stability. There
was no loss of intensity during data collection. Equivalent reflections were
merged, and only those for which 7, > 26(f) were included in the refinement,
where ¢(F,)? is the standard deviation based on counting statistics. SHELEX-
93 was used for the refinement. Data were also corrected for Lorentz and
polarization factors. An empirical absorption correction of 1.99 cm ™! was
applied. Crystallographic details are summarized in Table 1. The hydrogen
ators were isotopically refined using the riding model, by which the H atoms
coordinates are reidealized before each refinement cycle and *‘ride” on the
atoms to which they are attached. The toluenes occupy five different sites.
Each is at half occupancy in the asymmetric unit and shows two orientation
disorders. The FLAT instructions in SHELXL-93 was used to apply geomet-
rical restraints. Owing to the high degree of disorder, only one toluene solvent
was refined isotropically; the rest were refined anisotropically. The compara-
tively large R1 and residual peak values are due to disordered solvent and a
methyl group.

Physical and Computation Methods: The 2300 K magnetic susceptibility was

determined on Quantum Design MPMS-21T SQUID and Quantum Design
PPMS-9ACYT AC/DC magnetometers. The diamagnetic correction

Chem. Eur. J 1997, 3, No. 1
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Table 1. Crystallographic details for [Mn™T/BuPP]*[C(CN).]' " -5 PhMe.

formula CiosHigaNjoMn
M, 1556.89
space group P2,/n (no. 15)

a, 16.137(4)

b A 10.685(3)

e A 26.221(7)

B deg 92.29(2)

V. A3 4518(2)

Z 2

Peaiegs €M~ 2 1.145

crystal dimensions, mm 0.44 x (0.42 x 0.38
radiation Moy,

absorption coefficient, cm ™! 1.99

T,°C —80

scan mode 0/20

26 max, deg 23.99

F(000) 1650

total data measured 7343

unique data with F2> 24 F? 7061

final no. of variables 470

weighting scheme [o?(F,)* + [0.1355P) +7.28P) "}
R1 [u] 0.084

wR2 [b] 0.021

largest residual, eA? 0.75 (Mn and N3)

SwrFy

4 ZIEL = E Iy — B |
b =g A[b][ } .

of —900 x 10" ®emumol™* was wused for [Mn™OEP]"[C,(CN)] .
DGAUSS was used for the density functional theory (DFT) calculations with
a double-{ split-valence and polarization basis set and a local approximation
(DZVP-LSD)[15,16a]. The [C,{CN)4]"~ geometry used for the computations
was that reported for [Mn™OEP]*[C,(CN),]'~ [6].

Results and Discussion

The structure determination reveals one half of an ordered
[Mn™T:BuPP]*[C,(CN),]'~ unit, where the cation and anion
each reside on a center of symmetry (Figure 1). Also present are
five molecules of toluene, which are disordered. The average
Mn"—N(ring) bond length is 2.006 A, and the remaining intra-
cation distances and angles are typical for Mn™ porphyrins. The
planar hexacyanobutadienide CC bond lengths are 1.377(10)
(CC=CC) and 1.418(7) A (C~CCC), consistent with the radi-
cal anion 4" The C—CN distances average 1.414 A, while the
C—CNMn bond length is 1.457 A. The C=N and C=NMn
distances average 1.150 and 1.134 A, respectively. These are
similar to those observed for the [MuOEP]* salt (Table 2).0¢

Fig. 1. ORTEP diagram of [Mn™T:BuPP]*[C,(CN),]' .
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Table 2. Selected bond lengths for [Mn™T(BuPP]*[C (CN) ]}~ and [Mn""OEP] "~
[CUCNYS™
N% f
\ 3 1
5"04\
C.

A

VA N

[MnOEP]* [MnT:BuPP]* IMnOEP)*  [MnTiBuPP]’
CS—CS  1366(12)  1377(10)  C2-C4  1.410(10) 1413(7)
C4-Cs  1432(11) 1418(7)  CI=N1  1.140(9) 1157(7)
C3-CS  1446(11) 1457(7)  C2=N2  L138(9)[Mn] 1.142(9)
C1-C4  1437(10)  1.415(8)  C3-N3  1.132(8) 1.134(6) [Mn}
The solid-state motif comprises 1-D ---DYA""DV A" -

chains [D = MnT/BuPP; A =C,(CN),}, in which the
[C.(CN) '~ units are trans-y,-interior-N-g-bound to Mn with
a N—Mn bond length of 2.353(4) A (Figure 2). The Mn—N—C

Fig. 2. Segmentofa 1-D ---D"A""D'A"" -+~
s-bonding of |C,(CN),]"~ to {Mn™T/BuPP]". For clarity. the toluene molecules of
solvation are not shown.

chain showing interior-trarns-u2-N-

angle is 172.3(4)°, and the dihedral angle between the mean
planes of [MnT¢BuPP}™ and [C,(CN).)~ is 84.72(14)°. The
Mn—N-—C angle is substantially larger than that reported for
the [MnOEP]"t¢) and [MnTPP]™®¥ 3! salts (124.0(6) and
148.1(4)°, respectively). The 10.685 A intrachain Mn---Mn
separation is 0.16 A shorter than that observed for the
[MnOEP]* salt.!® The important intra- and interchain
Mn - - - Mn separations for [MnTrBuPPJ[C(CN).]-5PhMe and
[MnOEP]C,(CN),] are listed in Table 3. The key differences

between the [C,(CN)4]"~ structures are 1) the mode of bond-
ing—through the interior N atoms for [MnTrBuPP]* as op-
posed to the endo N atoms for [MnOEP|*—and 2) the almost
perpendicular (84.72°) orientation for [MnT/BuPP]* in contrast
to the tilted one for [MnOEP]* (32.17).

The iy absorptions at 2217 (w, br) and 2190 (m) cm ™' (Nu-
jol) are in the range characteristic for [C,(CN),]" ;" ** ! how-
ever, they differ from isolated unbound [C,(CN),]"" (2185 (s)
and 2168 (mycm YHY'*®  and  endo-trans-u,-Mn-bound
[CCN) I~ (2193 (s) and 2150 (s) cm ~*).[I They are character-
istic for interior-N-trans-p,-Mn-bound [C,{CN),]"~. Since the
unit cell contains five equivalents of toluene, which are easily
Jost, the IR spectrum of the solvated solid was determined. The
¥en absorptions are identical to that of samples that have lost
substantial amounts of solvent; the gross structure is preserved.

The reciprocal of the corrected magnetic susceptibility (y~ 1)
and the magnetic moment (u) of [MnT/BuPP]{C,(CN),] be-
tween 2—300 K are shown in Figure 3. Above ca. 50 K the sus-

100 "
75

50

o
Moment, 4, g

T
n

25

Reciprocal Molar Magnetic
Susceptibility, ¥, molfemu

L T T T 1
0 50 100 150 200 250 300

Temperature, T, K

Fig. 3. Reciprocal molar magnetic susceptibility (7 ~') and magnctic moment (g as
a function ol temperature for polycrystalline [Mn"T/BuPP]*|C(CN), ] ~.

ceptibility can be fitted to the Curie-- Weiss expression, yoc 1/
(T — 0), with an effective 0 of —13 K. This is in contrast to the
0 values of 61 and 67 K reported for the uniformly chained
[MnTPP)[TCNE]™ 3! and [MnOEP][C,(CN),].! respectively.
Furthermore, it is less than the 0 values reported for nonuni-
formly chained [MnOEPJ[TCNE]! and B-[MnPc][TCNE]!
(2.5 and 12K, respectively; Pc = phthalocyanine). The ob-
served room-temperature effective moment [y =(8y7)!/?] of
4.91 i, is typical for this class of material.l* ¢ ° 1% No clear
evidence of long-range magnetic ordering is observed.

Table 3. Comparison of the intrachain and shortest interchain Mn---Mn and Mn---N distances [A]A and Mn—N-—C angles [deg] for [Mn"T/BuPP}*[C,-

(CN),] ™ and [MaOEP}"[C,(CN).] ™ [6].

Cation Mn- - Mn Mn:---Mn Mn---N Mn- N Interchain *Mn-N-C £ MnOEP-C,(CN),
intrachain [a} mterchain intrachain interchain separations
IMnOEP}™ 10.844 8.023 2.419 [b] 7.507 7.903 124 321
12.332 10.733 11.319
12.550 11.236 13.805
14.385
IMnT/BuPP}” 10.685 16.137 2.353 [b] 12.921 15.105 172.3 84.72
16.034 13.487 15.669
16.465 15.280 16.137
16.552 {b] 15.563

[a] # axis. [b] Two equivalent distances.
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Similar to many ferromagnetically coupled molecule-based
materials that contain [TCNE] 7,23 [C (CN)]'~ can also
form materials with effective ferromagnetic coupling.

[Ma™MOEP]*{C,(CN),]'~ has a uniform chain repeat distance of
10.844 A and exhibits a large positive 6 value of 67 K. Hence,
the negative 9 value for [Mn"TsBuPP]*[C,(CN)] ™ is unex-
pected as it is inconsistent with the presence of the uniform
DYTATTDTATT -

chain. In the [Mn™OEP]* salt, the
[C4(CN)(]"™ is bonded to Mn
through the endo N atoms,
namely, N 2 (see Table 2 for the
atom labeling). This is in con-
trast to the [Mn™T(BuPP]*
salt, in which the Mn atoms are
bonded to the N3 interior ni-
trogen atoms (Figure4). The
bonding of Mn to N 3 requires
that the intrachain Mn--- Mn
separation is shorter than for
Mn bonding to N2. This is
indeed observed, as the
Mn---Mn  separation in
[MnUT/BuPP]* salt is 0.16 A
shorter than in the
[Mn™OEP]* salt. Further-
more, this suggests that the
magnetic coupling would be enhanced for the [Mn"™T/BuPP]*
salt with respect to the [Mn™OEP] ™" salt if the Mn --- Mn dis-
tance is important. Owing to these anomalies, we thought that
the spin distribution on the Mn-bonded N atoms might be suf-
ficiently reduced to lower the .intrachain spin coupling. This
would be reflected in an attenuated 0 value.

As has been reported for [TCNE] ~,1*% absolute spin distri-
butions can be directly determined from single-crystal polarized
neutron diffraction, and the magnitude of spin distributions can
be determined from analysis of the EPR spectra. The EPR-de-
termined spin distribution for [C,(CN),]"~ was reported, but it
failed to include the spin distribution on C2 and N2 and provid-
ed an unreasonably high value of 1.475 p, A =3 for N1.17

From the detailed study of the spin distribution of [TC-
NEJ 1'% we have found that density functional theory (DFT)
MO calculations provide excellent agreement with experimental
observations. Hence, the DFT computation of spin distribu-
tions of the isolated [C,{CN)¢] ™ ion was undertaken (Table 4,
Figure 4). As observed for [TCNE] 7, the sp?-C and N atoms
have positive spin distributions, while the sp-C atoms have neg-
ative spin distributions; the magnitudes of the values are com-
parable. The EPR-derived spin distributions!! 1 for C1,C3,C4,
C5, and N3 are in agreement with the DFT results. However,
the value for N1 differs substantiaily.!® The key insight from
these results is that the N'3 spin density (0.019 uz A ~%) is more
than five times less than that for N2 and N1 (0.104+
0.002 pBA”). This is consistent with a reduced spin coupling
between Mn—N3 in [Mn"™T/BuPP]*[C,(CN),]"~ with respect
to Mn—N2 in [Mn™OQEP]*[C (CN),] ™ and a lower 0 value for
[Mn™T/BuPP)*[C,(CN) ", in accordance with the Mc-
Connell model.

The negative effective 0 value for [Mn"T/BuPP]*[C,-
(CN),]' ™ is characteristic for antiferromagnetic coupling and is

Spin Distribution

Fig. 4. Nlustration of the intcrior
N3 bonding arrangement observed
for antiferromagnetically coupled
[Mn"™TBuPP]*{C,(CN),J ~ and en-
do N2 bonding arrangement ob-
served for strongly ferromagnetically
coupled (Mn™OEP]* [C,(CN)J ™.

Chem. Eur. J. 1997, 3, No. {
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Table 4. Comparison of the experimental results with ab initio calculations (basis
sets in parentheses). Experimental population values are scaled to yield t iy per
[TCNET~ and [C.(CN},J "

[TCNE}- [C4CNY6]
[TCNE] ™ [CLCN)eI'™
Exp. NLDFT DFT EPR [17] DFT

(TZVP) (DZVP-LSD) (DZVP-LSD)
Ct 0.33 0.29 0.28 0.006 —0.026
c2 a) —0.027
C3 0.003 —0.005
C4 ~004  —004 —0.04 0.256 0.261
Cs 0.080 0.069
N1 0.13 0.5 0.14 1.475 0.102
N2 al 0.106
N3 0.023 0.019

[a] Not reported.

in contrast to the positive value for [Mn™OEP]*[C,(CN),]"".
Since this class of compound exhibits strong intrachain antifer-
romagnetic coupling, negative 6 values are expected from fitting
the susceptibility data taken at high temperature to the Curie-
Weiss expression. This is observed for [Mn™T:/BuPP] [C,-
(CN)q]" ™. For systems with greater antiferromagnetic coupling,
such as [Mn™OEP]*[C,(CN),] ~, data taken at higher tempera-
tures are necessary to observe a negative . When the antiferro-
magnetic coupling is sufficiently strong, ! <0 may not be evi-
dent. However, at lower temperatures a linear region in (T}
is present, which, when fitted to the Curie—Weiss expression,
leads to an effective #>0 as observed for [Mn"™OEP]*[C,-
(CN),]'~ and [MnTPP]*[TCNEY ~. This signifies net ferromag-
netic coupling in this temperature region. A similar region with
6> 0 is not observed for [Mn™T/BuPP]*[C,(CN),]'~ because it
is obscured by the rapid decrease in 7 below 20 K. We attribute
this rapid decrease to the effects of antiferromagnetic interchain
interactions suppressing the susceptibility.

Conclusion

Although both [Mn"™TBuPP]*[C,(CN),]'~ and [Mn"™QEP]*-
[C,(CN)]'~ form uniform, linear-chain structures ---D* A"~ -
DA - the former has the Mn atoms bound to the interior
CN nitrogen atoms and exhibits weak antiferromagnetic
(0 = —13 K) coupling, while the latter has the Mn bound to
endo CN nitrogen atoms and exhibits strong ferromagnetic
(0 = 67 K) coupling. The weak magnetic coupling is attributed
to the interior CN groups having a significantly lower spin den-
sity than the outer ones (Figure 4). In addition, the differing
orientation of {C,(CN),J ~—-almost perpendicular for [Mn'"-
TBuPP]"[C,(CN)I'~ (84.7°) and substantially tilted for
IMn'OEP)*[C,(CN),J’~ (32.1°y—may contribute to poorer
overlap and weaker spin coupling, especially with regard to the
overlap between the [C(CN),J ™ n* and the Mn¥ 4, SOMO
(d,;) orbitals. However, several related [TCNE] ~-containing
salts with comparable [TCNE]'™-MnN, dihedral angles
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(>83") have double-digit positive effective # values, and not
negative values.I'®! This suggests that orientational effects are
not as important as the spin distribution for this material.
Hence, in addition to a uniform chain structure.!'*’ binding be-
tween sites with large spin densities is needed to stabilize strong
ferromagnetic coupling. Further studies are in progress to ascer-
tain the relative importance of orientation and coupling to
atoms with large spin densities.
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Enantioselective Construction of Highly Functionalized Indoloquinolizines—
Congeners to Polycyclic Indole Alkaloids

Ralf Lock and Herbert Waldmann*

Abstract: Indolo[2,3-alquinolizines have
been prepared in enantiomerically pure

conversion of the generated vinylogous
amides into vinylogous imidoyl chlorides.

With this strategy various substituents
can be incorporated directly into the 1-po-

form by a very short and efficient synthet-
ic sequence consisting of a) formation of

sition of the heterocyclic framework of
complex indole alkaloids by the choice of

imines of tryptophan esters, b) their ‘ Keywords‘ ) an appropriate silyloxydiene, so that sub-
enantioselective reaction with substituted alkaloids - asymmetric Cf“aly""‘ sequent derivatization of the alkaloid pre-
silyloxydienes mediated by a chiral or asymmetric synthesis indoles cursor at this position is rendered unnec-

an achiral boron Lewis acid, and Mannich reactions

¢) subsequent ring closure initiated by

Introduction

Numerous polycyclic indole alkaloids, for example, of the ebur-
namine and vincamine type, and of the reserpine, yohimbine,
and corynantheidine type mediate a variety of physiological
effects and are advantageously employed for pharmaceutical
purposes. The stereoselective synthesis of these natural products
and analogues thereof with modified biological properties is,
therefore, of great interest in organic synthesis in general and in
natural product, heterocyclic, and medicinal chemistry in par-
ticular.!! =

The underlying heterocyclic framework that is common to
these alkaloids is the indolo[2,3-a]quinolizidine structure 2,
which, in the case of eburnamine (1), is turther functionalized at
C-1 (Scheme 1). A viable strategy for their synthesis would,
therefore, consist of a short and efficient construction of appro-
priately substituted enantiomerically pure indolo[2,3-a}-
quinolizidines and their subsequent elaboration to the desired
target compounds.!' = We have previously shown that this goal
can, in principle, be reached by the construction of enaminones
3, which are obtained from Schiff bases 4 derived from tryp-
tophan and electron-rich silyloxydienes such as 5 in one step,
and their cyclization to give indolo[2,3-a]quinolizidones, for in-
stance, the ketone ( +)-6.1> ¢! To gain access to, for example, the
eburnamine-type alkaloids from 6, a further substituent must be
introduced at C-1. As a result, the overall synthesis is consider-

[*] Prof. Dr. H. Waldmann, Dr. R. Lock
Institut fiir Organische Chemie der Universitit Karlsruhe
Richard-Willstdtter-Allee 2, D-76128 Karlsruhe (Germany)
Fax: Int. code +(721)608-4825
e-mail: waldmann@ ochhades.chemie.uni-karlsruhe.de
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essary.

ably lengthened and the question raised of how to introduce a
substituent into the sterically less accessible 1-position of the
tetracyclic ketone stereo- and regioselectively.

These problems could be solved elegantly if the required sub-
stituent R! would be incorporated from the beginning into the
enaminone 3 so that the appropriately substituted precursor 2
would be formed on cyclization of 3. Since C-1 of the indolo-
[2,3-a]quinolizidines 2 is derived from C-2 of the electron-rich
dienes 5, this strategy might be realized by the use of silyloxydi-
enes of the type 5 bearing the required additional substituents.[”)

We note that by means of the same strategy indole alkaloids
with substituents in the 3-position of the basic indolo[2,3-a]-
quinolizidine system (see 2; for example, alkaloids of the reser-
pine type, the yohimbine type, the corynantheidine type, and
oxindole alkaloids) should be accessible from dienes of type 5
bearing an appropriate substituent at C-4.

The purpose of this paper is to report in full detail on the
successful implementation of this concept by the highly stereose-
lective two-step synthesis of 1-substituted indoloquinolizines via
the intermediate generation of enaminones of type 3 from
imines 4 derived from tryptophan ester and a siloxydiene 5
carrying a substituent at C-2 (R! = Et), followed by ring closure
to the tetracyclic indole bases 2.18]

Results and Discussion

The ethyl-substituted silyloxydiene 13 was chosen as a candidate
to investigate whether the above-mentioned synthetic strategy
could be successfully realized. Compound 13 was synthesized
from 2-pentanone by first converting this ketone into the
trimethylsilylenol ether 8 according to House et al.[®! and subse-
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quent reaction with trimethylortho-
formate to give the acetal 10 accord-
ing to Noyori et al."*%! (Scheme 2). In
the course of this two-step sequence
the ether 9 and the respective acetal
11 were also formed. Whereas 8 and
9 could not be separated, 10 was
readily obtained pure by distillation.
After acid-catalyzed elimination of
methanol from 10 to produce the
enol ether 12, the desired electron-
rich diene 13 was obtained in useful
yield by enolization and O-silylation
of the ketone.

The silyloxydiene 13 was then sub-
jected to the Lewis acid mediated re-
action with imine 14" derived from
tryptophan methyl ester (Scheme 3).
002R The ensuing reaction proceeds by

\ Q attack of the silylenol ether moiety of

(-}-eburnamine

13 on the Schiff base to generate the
intermediate vinylogous esters 17,

o which subsequently undergo cycliza-

3 tion to the enaminones 18 and 19. In

U initial experiments catalysis of this

tandem Mannich—Michael process

by ZnCl, was investigated. Although

CO:CHy this Lewis acid had proven to be the
Q—\{\{\lt\ catalyst of choice in reactions em-
N . R? ploying the unsubstituted diene 16,

Y it failed to promote the reaction be-
HiCO—\ ¢ t\yeen the diege 13 and the imine 1.4
2 with preparatively useful results, in

R’ 5 OSi(CHa)s particular with undesirably low

stereoselectivity. The situation was
significantly improved by using
triphenyl borate at —78°C, as rec-
ommended by Yamamoto et al. for
related transformations.”*!! In the
presence of this Lewis acid the enami-
nones 18 and 19 were smoothly
(+)-6 formed in yields of up to 61% (for
two steps; ie., from tryptophan
methyl ester hydrochloride) and with
diastereomer ratios of up to 98:2
(Scheme 3; Table 1, entries4 and
7-10). The tandem process can be
carried out with imines derived from aromatic or aliphatic alde-
hydes (Table 1, cntries 4-10). The absolute configuration of the
newly formed stereocenters was determined by conversion of 18
to indoloquinolizines and subsequent analysis of their configu-
ration by means of NMR spectroscopic techniques (vide infra).
Variation of the amount of the Lewis acid from 0.1 to
2 equivalents did not result in any change in the stereoselectivi-
ty. However, the highest yields were obtained in the presence of
one equivalent of the boron catalyst. The use of a boric acid
phenyl ester as the reagent of choice opened up the possibility of
further enhancing the level of stereoselectivity by applying the
principle of double diastereoselection,’*?! that is, by using a

Scheme 1. Retrosynthetic
analysis of highly function-
alized tetracyclic indole al-
kaloids.
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0 DMF, A OSi(CHg)3 OSH{CHa)4
/\/u\ — V . N
7 65% 8 °
+ 8.9 = 4:1
MeSiCl cat. (HyCJSIOT!
CHCl, HC{OCHg)5
-78°C
80%
O o]
DO
H;CO™ ~OCH; H3CO™ ~OCH;
10 11
H+
8 OO
180°C 6%
OSi(CHg)3 Me;SiCl, NEt, o
I \ cat. ZnCl, I
HyCO benzene, 40°C H;CO
13 63% 12

Scheme 2. Syntheses of the ethyl-substituted siloxy diene 13.

R
OCH;4
2 Lewis acid
A\ N AN R
N </1 2 CH cl
H R i 22
OSi(CH3)4 HsCO

14: R= COZCHa
15:R=H, R'= Ph

16: R2=H
13: R?= ethyl

R

R2

R
+ N \
6]

o}
18

Schieme 3. Tandem Mannich -Michael reactions employing Schiff bases of tryp-
tophan methyl ester.

chiral catalyst. To this end, enantiomerically pure boric acid
binaphthy! esters 20 and 21 were prepared from boric acid
triphenyl ester and (R)- or (S)-binaphthol, as described by Ya-
mamoto et al.l'* A significant enhancement of the diastereomer
ratio from 93:7 to 96:4 was observed for the reaction of the
electron-rich diene 13 with the imine derived from benzaldehyde
and (S)-tryptophan methyl ester (14, R = CO,CH,, R! = Ph)
mediated by boric acid ester 20. In contrast, only a slight
enhancement (to 94:6) was recorded for the catalyst 21 derived
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Table 1. Results of the Mannich -Michael reactions employing the imines 14 and 15 and the diencs 13 and 16.
Entry 18,19 R R! R? 7°C Lewis Acid Yield/ % [a) 18:19 [a.b)
1 a CO,CH, phenyl H -78 B(OPh), 51 88:12
2 a CO,CH, phenyl H —40 20 34 95:5
3 a CO,CH, phenyl H —40 21 24 91:9
4 b CO,CH, phenyl ethyl —78 B(OPh), 61 93:7
5 b CO,CH, phenyl ethyl —40 20 [} 53 96:4
6 b CO,CH, phenyl ethy! —40 21 40 94:6
7 c CO,CH, 4-CI-C H, cethyl -78 B(OPh), 38 91:9
8 [ CO,CH, 4-NO,-C H, ethyl ~78 B(OPh), 35 94:6
9 e CO,CH, heptyl ethyl —78 B(OPh), 31 90:10
10 f CO,CH, 2-propy! cthyl —-78 B(OPh), 29 >98:2
11 g H phenyl cthyl — 60 20 [c) 62 63:37 [d]

[a] All yields refer to tryptophan methyl ester hydrochloride. [b] Determined by integration of the signals found in the NMR spectra for 6-H and a-H of the diastercomers
18. 19. {c] 0.5 equiv Lewis acid. [d] Determined by HPLC with a chiral column, see Experimental Scction.

from (S)-binaphthol (Table 1, entries 4-6). In the presence of
the binaphthol Lewis acids 20 and 21 the reaction was slower, so
the reaction temperature was raised to —40°C. In these trans-
formations, variation of the amount of the Lewis acid from 0.1
to 1.5 equivalents also failed to influence the stereoselectivity.
The highest yield, however, was obtained in the presence of
0.5 equivalents of 20.

The results recorded for the tandem Mannich—Michael reac-
tion of the imine 14 with the unsubstituted silyloxydiene 16 were
also significantly improved when boric acid esters were em-
ployed as Lewis acid catalysts. Thus, in the presence of ZnCl,
18a and 18b (R! = Ph) were obtained in a ratio of 70:30;
when boric acid triphenyl ester was used this ratio was increased
to 88:12 (Table 1, entry 1). When the chiral binaphthol catalyst
20 was employed, the diastereomer ratio was further raised to
95:5, whereas 21 yielded an isomer ratio of 91:9. To determine
the degree of stereoselectivity conferred by the chiral boron
Lewis acids and their intrinsic stereopreference, the reaction of
diene 13 with the achiral imine 15 was investigated. Only a low
enantioselectivity was obtained for the conversion of compound
15 (R! = Ph) to the enaminones 18g and 19g in the presence of
boric acid ester 20 (Table 1, entry 11). The predominant isomer
was shown to be 18g by generating it from 18b (R = CO,CH,,
R! = Ph)}. Thus, the methyl ester in 18 b was saponified and the
resulting carboxylic acid decarboxylated according to the Bar-
ton procedure! * to give 18g of known absolute configuration.
Comparison of the specific rotations and the retention times in
HPLC using a column with a chiral stationary phase proved 18¢
to be the (6R) isomer (see the Experimental Section}.

In the transformations detailed above the principle of double
diastercoselectivity is clearly operative, with the (S)-tryp-
tophan-derived Schiff bases and the (R)-binaphthol-substituted
boron Lewis acid forming the ““‘matched” pair.

In the Lewis acid mediated reactions of the imines 14 and 15
with the dienes 13 and 16 a competing direct Pictet—Spengler
type cyclization of 14 and 15 to the respective tetrahydro-f-car-
bolines was not observed.

The substituent “R*” in the enaminones 18 and 19 can be
used to construct various 4-substituted indoloquinolizines (vide
infra), which may be converted into analogues of natural prod-
ucts and physiologically relevant heterocycles. For the construc-
tion of polycyclic indole alkaloids themselves, however, a
methylene group is required at this position since the naturally
occurring nitrogen bases do not carry an alkyl or aryl residue at

Chem. Eur. J. 1997, 3, No. 1
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the respective carbon atom. Consequently, the formaldehyde
imine of tryptophan methyl ester must be employed to prepare
these compounds, and it is recommmended to protect the indole
nitrogen with an electron-withdrawing group to prevent unde-
sired side reactions of the aromatic ring with formaldehyde in
the course of the imine formation. In the past we have used the
benzyloxycarbony! group for this purpose,! introduced in a
three-step sequence, but the formyl group turned out to be more
advantageous. N™-Formyl masked tryptophan methyl ester 22

COgCHg

R1
. CH,0 N
o =2 A
N ot
/) MgSO4 R1/ ~"TR
0 CH,Clp 23
22
CO,CH,
R'= § -
N
o?
CO,CH,
( Z—‘S N
\ [t}
N CH,
o?
24
LICIO,
130r16 | THE/M,O
45-62%
CO,CH
- CO,CHg
y N Na HPO, { N
NN -~
o MeOH/H,0 NT A
RZ 0O P
88-93% 6" R 0
27:R%<H 25: R%= H
28: R%= ethyl 26: R%= ethyl

Scheme 4. Tandem Mannich—Michacl reactions employing the formaldimine 24 of
tryptophan methyl ester.

0947-6539/97/0301-0145 8 15.00+ .25]0 — 145





FULL PAPER

H. Waldmann and R. Lock

was readily prepared in one step**! and converted on treatment
with formaldehyde into the aldimine, which is present as trimer
or oligomer (Scheme 4). In the presence of a Lewis acid 23 was
transformed in situ into the monomer 24, which reacted with
added diene 13 or 16 to give the desired enaminones 25 and 26.
Finally, the formamides could be saponified selectively under
mildly basic conditions to liberate the vinylogous amides 27 and
28 in high yield (Scheme 4). When the reaction between the
imine 24 and the dienes 13 or 16 was promoted with ZnCl, only
low yields of the enaminones 25 and 26 were obtained. The use
of 10 equivalents of LiClO, in aqueous THEF, however, gave
significantly better results. The presence of 5—20 vol % of water
in the solvent is necessary; in anhydrous THF the reaction does
not take place. Attempts to catalyze the reaction in the aqueous
medium with lanthanide triflates as described by Kobayashi et
al.*>! were less successful.

To build up the basic tetracyclic indoloquinolizine ring system
of polycyclic indole alkaloids and analogues thereof from the
enaminones synthesized as described above, the nng closure
through attack of the electron-rich indole nucleus on the double
bond of the vinylogous amide had to be induced. Whereas in the
case of the enaminones generated from the unsubstituted diene
16 this could be realized by simple treatment with an acid (e.g..
CEF,COOH or HBr/AcOH), in the case of the respective ethyl-
substituted analogues obtained from 13, the use of simple
Bronstedt acids was unsuccessful. Attempts to induce the con-
version of these vinylogous amides into iminium intermediates
by O-alkylation with oXxonium salts or by O-silylation also re-
mained fruitless. We resorted, therefore, to the application of a
synthetic method that has previously been used in an entirely
different context,!'®! but not in the construction of polycyclic
alkaloids:"'" an amide is converted into a chloromethylamine
that then eliminates a chloride ion to give an imidoyl chloride.
Thus, on treatment of the vinylogous amides 18b, 18e, 27 and
28 with phosgene, the corresponding vinylogous chloromethy-
lamines 29 were formed, which were converted in situ into the
vinylogous imidoyl chlorides 30 (Scheme 5). These electrophiles
then underwent a rapid intramolecular attack of the indole
nucleus on the generated iminium function to give rise to the
cyclization products 32 and 33 (Scheme 5, Table 2). When R' is
H or phenyl the indole preferably approaches the Si side of the
C=NT™ doubie bond, that is, anti to the COOCH, group, which
is more favorable for steric reasons (see 31, Scheme 5), and the
isomers 32 are formed in excess. When R! is heptyl the
diastereomer 33 is favored through attack from the Re side, that
is, syn to the COOCH, group. We currently have no conclusive
rationale for this difference in the steric course of the reaction.
It should be noted, however, that the reaction most probably

Table 2. Cyclization of the didehydropiperidine-4-ones to indolof2,3-ajquino-
lizines.

Entry 32,33 R' R? Yield/ %  cis:trans {a] 3(12b-H)
32 33 32 33

1 a H H 46 3.6 1 5.00 4.85

2 b H ethyl 54 2 1 5.07 4.88

3 ¢ Ph ethyl 59 1.5 1 5.19 5.09

4 d heptyl  ethyl 49 1 2.5 511 4.93

[a] Determined from the 250 and 400 MHz '"H NMR spectra.
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18b: R'= Ph, R?= ethyl
18e: R'= heptyl, R*= ethyl
27: R'=R%H

28: R'=H, R%=ethyl

CHoCla
COCl, |room temp.
-CO,

CO,CH;3

R’
)

N

H 2
R a Cl

29

Scheme 5. Cyclization of the didehydropiperidine-4-ones 18 to indofo[2,3-u}-
quinolizines.

proceeds through attack of C-3 of the indole nucleus on the
electrophile leading to the formation of a spiro intermediate,!!8!
which then undergoes a Wagner-Meerwein type rearrange-
ment. It is, therefore, possible that both steric and electronic
arguments must be considered to explain the outcome of the
cyclization reactions depicted in Scheme 5.

The conformation of the indoloquinolizines 32 and 33 was
analyzed by NMR spectroscopy. The two six-membered rings in
32 are found to be in a cis orientation, whereas 33 adopts a frans
decalin conformation. This conclusion was reached based on
two pieces of evidence, namely, NOEs and chemical shifts. NOE
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signals are observed between the indole N-H and 12b-H and
between 12b-H and 4-H in 32, and between 12b-H and 6-H in
33 (Scheme 6). In the trans decalin-type isomers 33 the lone pair
on the nitrogen is oriented parallel to the o* orbital of the
C-12b-12b-H bond, whereas in the ¢is decalin isomers 32 these
orbitals are oriented perpendicular to each other (Scheme 6).

e.g. R'= Ph, R%= ethy!
6 12b-H=5.09

e.g. R'= Ph, R?=ethyl
3 12b-H=5.19

Scheme 6. Analysis of the structure of the indolo[2,3-a]quinolizines 32 and 33 by
NMR techniques.

Therefore, in 33 the electron density in the C-12b—H-12b bond
is increased by electron donation into the o* orbital, but for
stereoelectronic reasons not in the case of 32. Consequently, the
12b-H atoms of the trans isomers 33 are more shielded and
appear at a higher field, that is, with lower chemical shift values
in the NMR spectra (Table 2).11%!

Conclusion

We have devised an efficient synthetic route to indolo[2,3-a]-
quinolizines that makes these chiral tetracyclic indole bases
available from tryptophan methyl ester with very high stercose-
lectivity in only three steps (imine formation—reaction with a
diene—cyclization). By means of this strategy various sub-
stituents can be incorporated directly into the 1-position of the
heterocyclic framework by the choice of an appropriate silyl-
oxydiene. Subsequent regioselective derivatization of the alka-
loid precursor is therefore no longer necessary. Finally, the vinyl
chloride functionality generated in the terminal six-membered
ring opens up many possibilities for the rapid and selective in-
troduction of further substituents and the attachment of rings,
for example, through Heck-type processes or after hydrolysis to
the ketone.

Experimental Section

General: All melting points were recorded on a Biichi melting point apparatus
and are uncorrected. Infrared spectra were taken with a Bruker 1FS 88 spec-
trometer. Proton and carbon NMR spectra were measured on a Bruker
AC-250, a Bruker AM-400 or a Bruker DRX-500 spectrometer. Chemical
shifts are expressed in ppm downfield relative to tetramethylsilane as an
internal standard. Specific optical rotation values were determined on a
Perkin Elmer polarimeter 241. Mass spectra were taken with a Finnigan
MAT 90 spectrometer. Elemental analyses were performed on an Elementar
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CHN-Rapid analyzer. HPLC was performed on a Merck Hitachi instrument
equipped with an L-3000 diode array detector, using a ZWE 376 A column,
kindly supplicd by Bayer, and THF/hexane 60:40 (v:v) as eluent, flow
1 mLmin~', Medium-pressure liquid chromatography (MPLC) was per-
formed on a Biichi 681 or Biichi 684, using Merck silica gel 60 (15-40 pm).
For thin-layer chromatograpy (TLC) Merck silica gel 60 F 254 layers were
used. Flash chromatography was performed with Baker silica gel (40—
60 pm). Distillation was performed with a Fischer Spaltrohrdestille
HMS 500.

Materials: Tryptophan was kindly donated by Degussa. The Schiff bases were
prepared by condensation of tryptophan methyl ester with the respective
aldehyde in the presence of magnesium sulfate in dichloromethane [5]. Filtra-
tion, followed by evaporation of the solvent in vacuo, afforded the imines as
yellowish oils.

3,3-Dimethoxymethylpentan-2-one (10) and 1,1-dimethoxyhexan-3-one (11):
2-Pentanone was transformed into its silyl enol ether as described by House
et al. [9] yielding an inseparable mixture of 8 and 9 in a ratio of 4:1. To a
solution of this mixture (42.79 g, 0.27 mol) and trimethyl orthoformate
(28.68 g, 0.27 mol) in dichloromethane (300 mL), molecular sieves 4 A (10g)
were added, and thc mixture was cooled to —78°C. After addition of
trimethylsilyl trifluoromethanesulfonate (0.3 mL, 0.369 g, 1.7 mmol) the so-
lution was stirred at this temperature for 6 h, followed by the additon of a
saturated solution of NaHCO, in water (50 mL) and warming up to room
temperature. The layers were separated, and the aqueous phase was extracted
twice with dichloromethane (S0 mL). The combined organic phases were
dried with MgSO,, and the solvent was removed in vacuo. The residue was
fractionated by distillation using a Fischer Spaltrohr column and yielded
26.23 g (61%) of 10 and 4.6 g (11%) of 11.

10: colorless liquid, b.p. 61~62°C (12-15 mbar). 'HNMR (250 MHz, CD-
Cly): 6 =4.40 (d, Jy_y 5 = 8 Hz, 1H, 6-H), 3.33 (s, 6H, OCH,), 2.80
(ddd, Jy_y o-u=8Hz, S g4 =8Hz J3_y 4y =5Hz, 1H, 3-H),
2.18 (s, 3H, 1-H), 1.74-1.52 (m, 2H, 4-H), 0.88 (1, J,;,, =7 Hz, 3H, 5-H). 1*C
NMR (62.9 MHz, CDCl,): § = 210 (C-2), 105.4 (C-6), 57.0 (C-3), 55.2
(OCH,), 52.6 (OCH,), 31.6 (C-1), 21.3 (C-4), 11.6 (C-5). MS (70 eV): mj:z
(%) =160 [M 7](0.2). CgH O, caled 160.1099, found 160.1087 (MS).

11: colorless liquid, b.p. 71-72°C (12—15 mbar). 'HNMR (250 MHz, CD-
Cly): 6 =4.80 (t, J,, = 6.5Hz, 1H, 1-H), 3.35 (s, 6H, OCH,), 2.7t (d,
J = 6.5Hz, 2H, 2-H), 242 (t, J,,. =7 Hz, 2H, 4-H), 1.68-1.52 (m, 2H,
5-H), 091 (1, J,, =7Hz, 3H, 6-H). '3C NMR (62.9 MHz, CDCl,):
& = 207.6(C-3), 101.7 (C-1), 53.8 (OCH,), 46.4 (C-2), 45.8 (C-4), 16.8 (C-5),
13.6 (C-6). MS (70 eV): m/z (%) =160 [M *] (11). CgH, O, caled 160.1099,
found 160.1086 (MS).

3-Methoxymethylenepentan-2-one (12): To 10 (26.23 g, 0.164 mol) p-toluene
sulfonic acid (0.2 g) was added and the mixture was heated to 180 °C for 5 h.
After cooling to room temperature the mixture was distilled under reduced
pressure, yielding 13.24 g (63 %) of the «,f-unsaturated ketone 12; colorless
liquid, b.p. 70-73°C (13 mbar). "HNMR (250 MHz, CDCly): § =7.17 (s,
1H, 6-H), 3.86 (s, 3H, OCH3), 2.25 (q, J,,. =7 Hz, 2H, 4-H), 2.20 (s, 3H,
1-H),0.92 (¢, J,,, =7 Hz, 3H, 5-H). 1*C NMR (62.9 MHz, CDCl,): § =196.8
(C-2), 160.2 (C-6), 124.1 (C-3), 61.4 (OCH,), 25.3 (C-1), 16.2 (C-4), 13.2
(C-5). MS (70 eV): m/z (%) =128 [M T](57). C;H ,0O, calcd 128.0837, found
128.0823 (MS). :

Diene 13: To a suspension of ZnCl, (0.2 g) in benzene (30 mL) triethylamine
(27 g, 0.267 mol), 12 (13.24 g, 0.1 mol) and chlorotrimethylsilane (21.73 g,
0.2 mol) were added. The mixture was stirred under nitrogen at 40 °C for 18 h.
After the reaction mixture had cooled to room temperature, 200 mL of
diethyl cther was added, the solid was removed by filtration, and the solvent
cvaporated in vacuo. Distillation delivered 13.2 g of a mixture that contained
80% siloxy diene and 20% starting material. This mixture was used for the
following transformations without further purification. Colorless liquid, b.p.
72-73°C (15 mbar). ‘HNMR (250 MHz, CDCl;): é = 6.30 (s, 1H, 6-H).
4.12 (s, 1H, 1-Ha), 4.00 (s, 1H, 1-Hb), 3.50 (s, 3H, OCH,), 2.04 (q,
J..=7Hz, 2H, 4-H). 0.85 (1, J,,. =7 Hz, 3H, 5-H), 0.05 (s, 9H, Si(CH,),).
13C NMR (62.9 MHz, CDCl,): § =154.7 (C-2), 146.6 (C-6). 118.1 (C-3},
89.1 (C-1), 60.0 (OCH,), 18.0 (C-4), 13.4 (C-5), 0.1 (Si(CH ,),). MS (70 eV):
mjz (%) = 200 [M ] (41), 185 (72), 171 (58), 170 (20), 169 (56), 113 (34), 89
(20), 75 (27), 73 (100), 45 (9), 43 (8). C,,H,,0,Si caled 200.1233, found
200.1218 (MS).
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2,3-Didehydropiperidin-4-ones 18 and 19: To a solution of of the imine
(3 mmol) in dichloromethanc (30 mL), powdered 4 A molccular sieves (0.5 g)
was added. The mixture was cooled to 0°C, and a 1 M solution of boric acid
triphenyl ester in dichloromcthane (3 mL, 3 mmol) was added. The mixture
was stirred for 10 min and cooled to —78 "C. A solution of the diene 16 (0.9 g,
Smmol, 1.7eq) or of the diene 13 (1g, 4mmol, 1.4equiv), in
dichloromethane (5 mL) was added dropwise. The mixture was allowed to
warm up in 7-10h and was stirred overnight at room temperature. After
filtration the solution was extracted with 1 M hydrochloric acid (20 mL) and
Na,CO, solution (20 mL). The organic phase was dried with MgSO,, the
solvent removed in vacuo, and the products were isolated from the remaining
residue by flash chromatography on silica gel using hexane/acetone mixtures
as eluents.

182 and 19a: These compounds have been described in ref. [S5].

18b and 19b: colorless amorphous solid, yield 61 %, R, = 0.26 (hcxane/ace-
tone 2:1 (v:v)). C,H, N,O, caled C 74.60, H 6.51, N 6.96: found C 74.41,
H 6.59, N 6.98. The diastereomers were separated by MPLC on silica gel
using dichloromethanc/ethanol 1000:5 (v:v) as eluent.

(65)-N-((S)-1-Carboxymethyl-2-[indol-3-yl]ethyl)-3-ethyl-4-0x0-6-phenyl-2,3-
didehydropiperidine (18b): "H NMR (250 MHz, CDCl,): § = 8.75 (brs, 1 H,
N-H), 7.40-6.82 (m, 11 H, 5Ph-H, In 2-H. In 4-H. In 5-H, In 6-H, In 7-H.
2-H). 4.57(dd, Jg_yy 5. =13Hz, Jg_y 5y = 6 Hz, 1 H, 6-H), 3.88 (dd,

=9 Hz, J“c =7 Hz, 1 H, CH,CHCO,), 3.61 (s, 3H, OCH,), 3.40 (dd,
Jpm =15Hz, J,. =THz, 1H, CH,CHCO,), 3.12 (dd, J,,=15Hz,
Ji. =9 Hz 1H, CH,,CHCO,), 2.65 (dd, /., =16 Hz, J;_y, ¢y =13 Hz,
1H 5-Ha), 2.55 (dd, J,.,, =16 Hz, J5_p;, = 6 Hz, 1H, 5-Hb). 2.25 (q,
J..=8Hz, 2H, CH CH3) 1.05 (t, J,. = 8Hz, CH,CH;). **C NMR
(62.9 MHz, CDCl,): 6 =190.8 (C-4), 171.4 (CO,Me), 148.5 (C-2), 138.1 (Ph
C-ipso), 136.1 (In C-7a), 128.7 (2 Ph C), 128.3 (Ph C-para). 127.3 (2 Ph C),
127.0 (In C-3a), 123.3 (In C-2), 121.9 (In C-6), 119.3 {In C-5), 118.1 (In C-4),
114.4 (C-3), 111.3 (In C-7), 109.7 (In C-3), 64.1 (CH,CHCO,), 61.4 (C-6),
521 (OCH,), 44.8 (C-5), 26.8 (CH,CHCO,), 20.5 (CH,CH;), 14.4
(CH,CHj;). IR (drift): 3, =1739 (C=0, ester), 1596 (C=0, vinylogous
amide) cm !, MS (70 €V): m/z (%) = 403 (M * + H] (8), 402 [M *](31), 273
(39), 272 (16), 168 (14 ), 131 (9), 130 (100). C,sH,N,O; calcd 402.1943,
found 402.1914 (MS). [0]3° = — 65.2 (¢ =1.05, CH,Cl,).

vlc

(6R)-NV-((5)-1-Carboxymethyl-2-lindol-3-yl|ethyl)-3-ethyl-4-0x0-6-phenyl-2,3-
didehydropiperidine (19b): *H NMR (250 MHz, CDCI,): § = 8.80 (brs. 1 H.
N-H), 7.40-7.12 (m, 7H, 5 Ph-H, 2 In-H), 7.05 (t, Jps—uma-n =
Jrs—n.me—u = 8 Hz, 1H, In 5-H), 6.97 - 6.86 (m, 3H, 2In-H, 2-H), 4.06 (dd,
J,. =10Hz, J,. = 6 Hz, 1H, CH,CHCO,), 3.97 (dd, Jg_p 5-u, =10 Hz,
Jo. . s—np =7 Hz, 1H, 6-H), 3.65 (s, 3H, OCHj), 3.35 (dd, J,,,, =15 Hz,
Jyer = 6 Hz, 1H, CH,,CHCO,), 3.16 (dd, J,,, =15Hz, J, =10 Hz, 1H,
CH,,CHCO,), 2.55 (dd. J,.,, =16 Hz, Js_y, -,y =10 Hz, 1H, 5-Ha), 2.44
(dd. 4., =16 Hz, J5 3 6- H—7 Hz, 1H, 5-Hb}. 2.24 (q, J,;,. = 8 Hz, 2H,
CH,CH,), 1.09 (t, J,,. = 8 Hz, CH,CH,). '*C NMR (62.9 MHz, CDCl,):
3 =190.0 (C-4), 171.5 (CO,Me), 148,8 (C-2), 138.9 (Ph C-ipso), 136.3 (In
C-7a), 128.7 (2Ph C), 128.1 (Ph C-para), 127.1 (2Ph C), 126.6 (In C-3a),
123.6 (In C-2), 122.2 (In C-6), 119.5 (In C-5), 118.2 (In C-4), 113.4 (C-3),
111.5 (In C-7), 109.7 (In C-3), 64.5 (CH,CHCO,), 62.8 (C-6), 52.3 (OCH,).
44 4 (C-5). 28.3 (CH,CHCO,), 20.6 (CH,CH,). 14.6 (CH,CH,). IR (drift):
Foax = 1741 (C=0, ester), 1594 (C=0, vmylogous amide) cm ™. MS (70 eV):
miz{%) = 403 [M* + H}(8). 402 [M *](32),273(39),272(17), 168 (15}, 131
(8), 130 (100). C,sH,,N,0, caled 402.1943, found 402.1919 (MS).
[2]p? = —120.6 (¢ =1, CH,Cl,).

(6RS)-N-((:S)-1-Carboxymethyl-2-[indol-3-yl]ethyl)-6-(4’-chlorphenyl)-3-ethyl-
4-0x0-2,3-didehydropiperidine (18¢ and 19¢): colorless amorphous solid,
yield: 38%, R;: 0.46 (hexanejacetone 1:1 (v:v)). "HNMR (400 MHz, CD-
Cly): 6 =8.15 (brs, 1H, N-H), 7.40 (d, J,4 _yy.1ns -n = 8 Hz, 1H, In 4-H),
727 (s, 1H, 2-H), 7.23 (1, e motns—8 = Fne-t.ta7-n = 8 Hz, TH, In 6-H),
715 d, Sp7-mme-u=8Hz, 1H, In 7-H). 7.04 (t, Jos-nins-u=
Jnserme—n = 8 Hz 1H, In 5-H), 6.98 (d, J,,, 45, ny = 2.5 Hz, 1 H, In 2-H),

6.93 (d, J,,, = & Hz, 2H, 2 aryl-H), 6.72 (d, J,,, = 8 Hz, 2H, 2 aryl-H), 4.54
(dd Joou sy =13Hz, Jy_yy s_ypp = S Hz, 1H, 6-H), 3.84 (dd, J,_ — 9 Hz,
o = 6 Hz, 1H, CH,CHCO,). 3.69 (s, 3H, OCH3) 3.40 (dd, J,.,, =15 Hz,

.I =6 Hz, 1H, CH,,CHCO,), 3.14 (dd, J,

vie!

CH,,CHCO,), 2.56 (dd. J

L =15Hz, J, = 9Hz, 1H,

vic

=13 Hz, 1H. 5-Ha). 2.51

ge

=16Hz, J;_y, ¢-n

> Ypem
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(dd, /.., —16 Hz, Js_ Hb sy =35Hz 1H, 5-Hb), 2.25 (g, J,,, = 8 Hz, 1H,
CH,,CH,)., 224 (q, J, =8Hz, 1H, CH,CH;), 1.05 (t. J, =38Hz
CH,CH,). HC NMR (62.9 MHz, CDCl,): d =190.5 (C-4), 171.4 (CO,Me),
148.2 (C-2). 136.5 (Ph C-ipso), 136.1 (In C-7a), 134.0 (C-para), 128.8 (2 aryl
C),128.6 (2 aryl ), 126.9 (In C-3a), 123.2 (In C-2), 122.3 (In C-6), 119.6 (In
C-5), 118.1 (In C-4), 114.8 (C-3), 111.3 (In C-7), 110.0 (In C-3), 63.4
(CH,CHCQO,), 61.4(C-6),52.3(OCH;). 44.6 (C—S), 26.7 (CH,CHCO,), 20.6
(CH,CH,), 145 (CH,CH,). IR (drift): . =1598 (C=0, vinylogous
amide) cm "' MS (70 eV): mjz (%) = 438 [MClb 1(5), 436 [M*](15), 307
(9), 168 (6). 131 (9), 130 (100). C,;H, N,O,Cl caled 436.1554, found
436.1536 (MS). Caled C 68.72, H 5.77, N 6.41; found: C 68.72, H 6.01, N
6.35. [#]3° = — 97.6 (¢ =1.15, CH,CL,). (65):(6R) = 93:7 (NMR).

(6RS)-N-((S)-1-Carboxymethyl-2-{indol-3-yl|ethyl)-3-ethyl-6-(4"-nitrophenyl)-
4-0%0-2,3-didehydropiperidine (18d and 19d): yellowish amorphous solid,
yield: 35%, R;: 0.18 (hexane/acctonc 1:1 (v:v)). 'HNMR (400 MHz, CD-
Cl,): & = 8.08 (brs, 1H, N-H), 7.67 (d. J,,, = 8.5 Hz, 2H, aryl-H), 7.40 (d.
Jra-mms-n=8Hz, 1H, In 4-H), 724 (s, 1H, 2-H). 7.20 (1.
Jno-1ms—u = Jine-mm7-u = 8 Hz, 1H, In 6-H), 7.13 (d. Jpr_p 1u6-u =
8 Hz, 1H, In 7-H), 6.99 (d, J,,_p g =25Hz, tH, In 2-H), 6.94 (t
st ans—u = fns -1 me-n = 8 Hz, 1H, In 5-H), 6.83 (d, J,;, = 8.5 Hz, 2H,
aryl-H), 4.64 (dd, Jg _y 5w, =12 Hz, Jy_y 5y, = 6 Hz, 1 H. 6-H), 3.80 (dd.
J,i. =10 Hz, J,,. = 5Hz, 1H, CH,CHCO,), 3.74 (s, 3H, OCH,). 3.41 (dd.
JLem =16Hz. J, =5Hz, 1H, CH,CHCO,), 3.19 (dd, J,, =16Hz,
Je =10Hz, 1H, CH,,CHCO,), 2.60 (dd, J,., =16 Hz, J;_,,, -y = 6 Hz,
TH, 5-Ha), 2.51 (dd, J,., =16 He, J5_yy 44 =12 Hz, 1H, 5-Hb), 2.25 (q.
J;.=8Hz, 2H, CH,CH,), 1.04 (1, J, =38 Hz, CH,CH,). "*C NMR
(62.9 MHz, CDCl;): 6 =189.4 (C-4), 171.1 (CO,Me), 147.7 (C-2), 147.3
(C-ipso), 145.3 (C-para), 136.1 (In C-7a), 127.7 (2 aryl C), 126.6 (In C-3a),
123.5 (2 aryl €), 123.3 (In C-2), 122.3 (In C-6), 119.4 (In C-5). 117. 7(InC 4,
114.5 (C-3), 111.4 (In C-7), 109.5 (In C-3), 62.9 (CH,CHCO,), 62.2 (C-6).
52.4 (OCHy), 43.8 (C-5), 27.1 (CH,CHCO,), 20.5 (CH, CH3), 14.4
(CH,CH,). IR (drift): ¥_,, =1596 (C=0, vinylogous amide) cm™'. MS
(70 eV): mjz (%) =447 [M*] (8), 362 (2). 314 (3), 131 (10), 130 (100).
C,5H,sN;O; caled 447.1794, found 447.1784 (MS). C,H, N O, caled:
C 67.10, H 5.63, N 9.39; found: C 66.86, H 5.73, N 9.24. [2]2° = —155.3

(¢ =1, CH,Cl,, (65):(6R) = 94:6 (NMR)).

18e and 19e: The boric acid triphenyl ester was dissolved in dichloromethane
(30 mL), cooled to —78 “C and the diene and the imine in dichloromethane
(5 mL) were added. The workup was as described above. Yellowish oil. yield:
31%, R: 0.25 (hexanefacetone 2:1 (viv)). C,gHy4N,O; caled: C 73.55, H
8.55, N 6.60; found: C 72.93, H 8.50, N 6.38. The diastereomers were sepa-
rated by MPLC on silica gel using dichloromethane/ethanol 1000:5 (v:v) as
eluent.

(6 R)-N-((S)-1-Carboxymethyl-2-[indol-3-yl|ethyl)-3-ethyl-6-heptyl-d-0x0-2,3-
didehydropiperidine (18e): 'H NMR (400 MHz, CDCl,): § = 8.13 (brs, 1 H,
N-H), 7.58 (d. J,4 -1 1us-n =8 Hz, 1H]In 4-H), 738 (d. J7 y e u
=8Hz, 1H,In7-H), 7.22 (td, Jo6 - t1.1a5 -t = Hne mw.17-n = 8 Hz, J =1 Hz,
1H, In 6-H), 715 (td, Jos 4. 1mg -1 = Jms—m.me-u = S Hz. J=1Hz, 1H, In
5-H)., 7.05 (s, 1H, 2-H), 7.02 (d, /iy -y s = 2.5 Hz, 1H. In 2-H), 4.14 (¢,
Jm =8 Hz, 1H, CH,CHCO,), 3.73 (s, 3H, OCH,), 3.52 (dd. J,.,, =15 Hz,
J,. = 8 Hz, 1H CH,,CHCO,), 3.44-336 (m, 1H, 6-H). 3.22 (dd.
ng =15Hz, J, =8Hz, 1H, CH,CHCO,), 2.66 (dd, J,, =17 Hz.
e =7 Hz, 1H, 5-Ha),2.26 (dd, J,,,, =17 Hz, J,_ 6y = 5 Hz, 1 H, 5-Hb),
2 52206 (m, 2H, CH,CH,), 1.30 -0.98 (m, 12H, heptyl-CH,), 0.98 (t.
. =7 Hz, 3H, CH,CH,), 0.86 (1, /.. =7 Hz, 3H, heptyl-CH,) '*C NMR
(62 9 MHz, CDCl,): § =190.6 (C-4), 171 8 (CO,Me). 146.5 (C-2), 136.4 (In
C-7a). 126.9 (In C-3a), 123.3 (In C-2), 122.3 (In C-6). 119.7 (In C-5), 118.0
(In C-4), 111.7 (In C-3), 111.6 (In C-7), 109.8 (C-3), 64.4 (CH,CHCO,). 58.3
(C-6), 52.5 (OCHj,), 39.7 (C-5), 31.8, 29.6, 29.5, 29.0, 26.9, 25.2, 22.6, 20.5
(CH,CHCO,, CH,CH,;, heptyl-CH,), 14.6, 14.1 (CH,CH;, heptyl-CH,).
IR (film/KBr): ¥, =1589 (C=0, vinylogous amide) cm ™ *. MS (70 eV): m/z
(%) = 425 [M * + H] (6), 424 [M *] (22}, 365 (4), 295 (14), 294 {14), 197 (9),
196 (35). 131 (9). 130 (100). C, H4,N,0, calcd 424.2726, found 424.2714
(MS). [2]2° = — 204.1 (¢ =1, CH,CL,).

(6S)-N-((:5)-1-Carboxymethyl-2-|indol-3-yl]ethyl)-3-ethyl-6-heptyl-4-0x0-2,3-
didehydropiperidine (19¢): 'H NMR (250 MHz, CDCl;): 6 = 8.73 (brs, 1 H,
N-H), 7.51 (d, J,4 y.1ms—n =8 Hz, 1H, In 4-H), 7.30 (d, J7_yjue-u=
8 Hz, 1H, In 7-H), 7.12 (td, Ju6-1.1n5-1 = Y6 -n.1m7-5 = 8 Hz. / =1 Hz,
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1H, In6-H), 7.07 (s, 1 H, 2-H), 7.03 (td, J ;s pitma—n = s —n,me - = 8 Hz,
J=1Hz, 1H, In 5-H), 6.93 (d, J,, .4 ny = 2.5Hz, TH, In 2-H), 4.07 (dd,
Jse =10 Hz, J ;. = 5.3 Hz, 1H, CH,CHCO,), 3.71 (s, 3H, OCH,), 3.40 (dd,
Joew =15Hz, J,..=353Hz, 1H, CH, CHCO,), 3.07 (dd, J,,, =15 Hz,
Ji. =10 Hz, 1H, CH,,CHCO,), 2.79 (m, 1H, 6-H), 2.30-2.01 (m, 3H,
5-Ha, CH,CH,), 1.96 (dd, Jum =16 Hz, Js_yy ¢_u = 2.3 Hz, 1H, 5-Hb),
1.5-1.0 (m, 12H, heptyl-CH,), 0.95 (t, J,,, =7 Hz, 3H, CH,CH,), 0.77 (t,
J... =7 Hz, 3H, heptyl-CH,). »*C NMR (62.9 MHz, CDCl,): § =190.2 (C-
4y, 171.8 (CO,Me), 146.6 (C-2), 136.3 (In C-7a), 126.7 (In C-3a), 123.3 (In
C-2),122.4 (In C-6), 119.8 (In C-5), 118.1 (In C-4), 111.6 (In C-7, In C-3),
110.2 (C-3), 65.7 (CH,CHCO,), 60.9 (C-6), 52.5 (OCH,), 39.5 (C-5), 31.7,
29.8,29.6,29.1, 26.8, 25.5, 22.6, 20.4 (CH,CHCO,, CH,CH,, heptyl-CH,),
14.6, 14.1 (CH,CH;, heptyl-CH,). IR (film/KBr): ¥ .. =1591 (C=0, viny-
logous amide) cm ™. MS (70 eV): mfz (%) = 425 [M* +H] (7), 424 [M *)
(27), 294 (193, 207 {11}, 197 (13}, 196 (40}, 149 (10}, 131 (9), 130 (100}, 124
(9), 113 (64), 71 (11), 69 (9), 57 (18), 55 (20), 43 (26), 41 (11). C, H4,N,O,
caled 424.2726, found 424.2714 (MS). [e]2° = + 40.3 (¢ = 0.4, CH,Cl,).

(6R.S)-N-((S)-1-Carboxymethyl-2-Jindel-3-yl]ethyl)-3-ethyl-4-0x0-6-(2"-pro-
pyl)-2,3-didehydropiperidine (18f and 19f): yellowish oil, yield: 29%, R;: 0.12
(hexane/acetone 2:1 (v:v)). "H NMR (400 MHz, CDCl,): § = 8.21 (brs, 1 H,
N-H), 7.58 (d, Jpa-pms—n=8Hz 1H, In 4-H), 7.38 (d, Jur-nms-u
=8Hz, 1H, In7-H),7.22 (td, Sy —n.1ns -1 = Ja6-m.1a7-n = 8 Hz, J =1 Hz,
1H, In 6-H), 7.18 (s, 1 H, 2-H), 7.15 (1, 5y ina -1 = Jns—m. ;m6 - = 8 Hz,
J=1Hz, 1H, In 5-H), 7.05 (d, ;. ny = 2.5 Hz, 1H, In 2-H), 4.16 (t,
J,e = 8 Hz, 1H, CH,CHCO,), 3.71 (s, 3H, OCH,), 3.57 (dd, J,., =15 Hz,
Js=8Hz, 1H, CH,,CHCO,), 3.26 (dd, J,, =15Hz, J, =8Hz, 1H,
CH,,CHCO,), 322 (ddd, Jy_y cmens2 =10Hz, Js_y 5-n. =7 Hz,
Jon.s-wp = SHz, 1H, 6-H), 2.63(dd, /., =17 Hz, J; g, =7 Hz, 1H,
5-Ha), 2.36 (dd, J,., =17H7, Js_y, 4-y = 5 Hz, 1H, 5-Hb), 2.22 (dq,
Jyem =16 Hz, J,,. = 8 Hz, 1H, CH,,CH,), 2.10(dq, J,,,, =16 Hz, J,;. = 8 Hz,
1H, CH,,CH,), 1.90-1.80 (m, tH, CH(CH,),), 1.01 (1, J,,, = 8 Hz, 3H,
CH,CH,), 0.81 (d, J,;,, = 8 Hz, 3H, CH(CH,;),,), 0.64 (d, J,;, = 8 Hz, 3H,
CH(CH,),,). *C NMR (629 MHz, CDCly): §=191.0 (C-4), 172.0
(CO,Me), 146.7 (C-2), 136.3 (In C-7a), 126.8 (In C-3a), 123.3 (In C-2), 122.2
(In C-6), 119.6 (In C-5), 117.9 (In C-4), 111.9 (C-3), 111.6 (In C-7), 109.4 (In
C-3), 64.3 (CH,CHCO,), 63.6 (C-6), 524 (OCH,), 36.0 (C-3), 300
(CH(CH,),), 27.2 (CH,CHCO,), 20.6 (CH,CH,;), 19.3 (CH(CHj;),), 17.0
(CH(CH;),), 14.5 (CH,CH,). IR (drift): ¥ ,, =1591 (C=0, vinylogous
amide) cm 1. MS (70 eV): m/z (Vo) = 369 [M * +H] (7), 368 [M *](33), 325
(7), 239 (26), 238 (22), 196 (11), 131 (9), 130 (100). C,,H,sN,0; caled
368.2100, found 368.2113 (MS). Caled C 71.71, H 7.66, N 7.60; found: C
7134, H 7.60, N 7.69. [2]30 = —187.1 (¢ = 0.7, CH,Cl,, (65):(6R)>98:2
(NMR)).

Transformations using the chiral catalysts 20 and 21: Powdered molecular
sieves 4A (0.3g) and the enantiomerically pure binaphthol (0.057 g,
0.2 mmo)) were suspended in dichloromethane (7 mL), a 1 M solution of boric
acid triphenyl ester (0.2 mL, 0.2 mmol) was added, the mixture was stirred for
1 h at room temperature and then cooled to 0°C. A solution of the imine
(0.2 mmol) in dichloromethane (1 mL) was added and after stirring for
15 min, the mixture was cooled to the reaction temperature (Table 1) and the
diene 13 (0.08 g, 0.32 mmol, 1.6 equiv) was added. The workup was as de-
scribed above.

{65)-N-(2-{Indol-3-yl|ethy!)-3-ethyl-4-0xe-6-phenyl-2,3-didehydropiperidine

(18g) and (6R)-N-(2-{indol-3-yl]ethyl)-3-ethyl-4-0x0-6-phenyl-2,3-didehydro-
piperidine (19g): colorless crystals, m.p. 171 °C (hexane/facetone), R;: 0.35
(hexane/acetone 2:1 (v:v)). 'HNMR (250 MHz, CDCl,): 6 = 8.55 (brs, 1 H,
N-H), 7.40-7.20 (m, 7H, 5 Ph-H, In 4-H, In 7-H), 7.15 (1, Jy6. yins-u
= Jing -ty -n = 8Hz, TH, In 6-H), 7.05 (8, Jins -1 1na-5 = Jins-nme -1 =
8 Hz, 1H, In 5-H), 6.90 (d, J,; .~y = 2.5 Hz, 1H, In 2-H), 6.80 (s, 1H,
2-H), 453 (4, Jo_p. 5wy = Jo-1. s-ma = 8 Hz, 1H, 6-H), 3.33 (1, J,,, =7 Hz,
2H, InCH,CH,N), 3.00-2.80 (m, 2H, InCH,CH,N), 2.70-2.60 (m, 2H,
5-Ha, 5-Hb), 2.05 (q, J,.=7Hz, 2H, CH,CH,), 087 (t. J,; =7 Hz,
CH,CH,). 3C NMR (62.9 MHz, CDCl,): § =189.2 (C-4), 152.4 (C-2),
138.9 (Ph C-ipso), 136.2 (In C-7a), 128.7 (2Ph C), 127.9 (Ph C-para), 127.0
2Ph C), 126.7 (In C-3a), 122.5(In C-2), 121.7 (In C-6), 119.1 (In C-5), 118.0
(In C-4), 111.4 (In C-7), 111.3 (In C-3), 111.2 (C-3), 61.4 (C-6), 534
(InCH,CH,N), 44.0 (C-5), 24.8 (CH,CHCO,), 20.0 (CH,CH;), 14.1
(CH,CH,). IR (drift): ¥, =1572 (C=0, vinylogous amide) cm™'. MS
(70 eV): mfz (%) = 345 [M " +H] (13), 344 [M "] (58), 215 (31}, 214 (100),
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130 (21), 117 (12), 110 (54). C,3H,,N, O, caled 344.1889, found 344.1877
(MS). Caled C 80.20, H 7.07, N 8.13; found: C 79.93, H 7.03, N 8.19.
(6S)-Enantjiomer 18g: [0)i® = —127.7 (¢ = 0.3, CH,Cl,). The enantiomeric
ratio was determined by analytical HPLC using a column ZWE 376A [20]
(kindly supplied by Bayer) and THF/hexane 60:40 (v:v) as eluent, flow:
tmLmin~* (65)-Enantiomer 18¢: R,: 4.14 min, (6R)-enantiomer 19g: R
8.19 min.

Preparation of V'"*-formyl tryptophan methyl ester hydrochloride (22): A solu-
tion of L-tryptophan methyl! ester hydrochloride (30 g, 0.118 mol) in formic
acid (100 mL) was saturated with hydrogen chloride (30 min). The deep violet
solution was allowed to stand for 2 h at room temperature in a pressure-resis-
tant bottle. After evaporation of the solvent in vacuo, the remaining residue
was recrystallized from ethanolfethyl acetate, yielding 32.5 g (97%) of the
protected indole. Colorless crystals, yield: 97%, m.p. 176°C (decomp.).
YHNMR (250 MHz, D,0): 6 = 9.19 (brs, 0.38H, CHO). 8.86 (brs. 0.62H,
CHO), 8.08 (brs, 0.62H, In 7-H), 7.62 (brs, 0.38H, In 7-H). 7.58-7.26 (m,
4H,In2-H, In4-H,In 5-H, In 6-H),4.42 (1, J,, =7.5 Hz, 1 H, CH,CHCO,),
3.78 (s, 3H. OCH,), 340-3.20 (m, 2H, CH,CHCO,). '*C NMR
(100.6 MHz, D,0): 6 =171.0(CO,Me), 163.2. 159.9 (CHO), 136.2, 134.7 (In
C-7a), 131.2, 130.4 (In C-3a), 127.0, 126.6 (In C-6), 1268, 125.6 (In C-5),
126.1, 121.8 (In C-2), 120.3, 119.8 (In C-4), 118.2 (In C-3), 116.7, 111.7 (In
C-7), 54.8 (OCH,), 53.5 (CH,CHCO,), 26.4 (CH,CHCO,). IR (drift):
Voo = 1738 (C=0, ester) eom ™!, MS (70eV): m/z (%) = 246 [M * — HCI]
(26), 159 (41), 158 (62), 130 (100), 88 (24), 77 (10). C,;H,N,0,™ caled
246.1004, found 246.0989 (M * — HCI} (MS). C,3H,;,N,0,-HCI caled: C
55.23, H 5.35, N 9.91; found: C 55.27, H 5.28, N 9.78. [¢]3° = +12.7 (¢ = 2,
McOH).

General procedure for the reaction of the formaldeyde imine 24 with the dienes
13 and 16 in aqueous THF: A solution of N™-formyl tryptophan methyl ester
hydrochioride 22 (0.5 g, 1.76 mmol) in water (5 mL) was treated with a satu-
rated NaHCO, solution (2 mL) and extracted 4 times with dichloromethane
(25 mL). To the combined organic phases was added a 37% formaldehyde
solution in water (0.143 g, 1.76 mmol) and MgSO, (5 g) under vigorous stir-
ring. After 1 h at room temperature the solid was removed by filtration,
washed with dichloromethane and the solvent was removed in vacuo. The
crude imine was dried for 30 min in vacuo and was used in the following
procedure without further purification.

The Schiff base was dissolved in THE (90 mL} and water (10 mL), LiClO,
(1.80 g, 17 mmol, 10 equiv), and the diene 16 (0.5 g, 2.9 mmol, 1.7 equiv) or
the diene 13 (0.6 g, 2.4 mmol, 1.4 equiv) was added. After stirring at room
temperature for 3d, the mixture was concentrated in vacuo. and water
(50 mL) was added to the residue. The agueous phase was extracted 4 times
with dichloromethane (50 mL). The combined organic layers were dried with
MgSO, and the solvent was removed in vacuo. The product was isolated from
the remaining residue by flash chromatography using hexane/acetone mix-
tures as ecluents.

N-((S)-1-Carboxymethyl-2-[ N**-formylindol-3-yljethyl)-4-0x0-2,3-didehydro-
piperidine (25): yellowish oil, yield 45%, R;: 0.19 (hexane/acetone 1:1 (v:v)).
"HNMR (250 MHz, CDCL;): 6 = 9.38 (brs, 0.36 H, CHO), 9.08 (brs, 0.64 H,
CHO), 8.40 (brs, 0.64H, In 7-H), 7.70 (brs, 0.36 H, In 7-H), 7.65-7.20 (m,
4H, In2-H, In 4-H, In 5-H, In 6-H), 698 (d. J,_y 3,y =7.5Hz, 1H, 2-H),
493(d, Jy_y ,-u =7.5Hz,1H, 3-H),4.22(dd, J,,. =10 Hz, J,,. = 6 Hz, 1H,
CH,CHCO,), 3.78 (s, 3H, OCHj,), 3.62-3.35 (m, 3H, 6-Ha. 6-Hb,
CH,,CHCO,), 3.20 (dd, J,.,, =15Hz, J, =10Hz, 1H, CH, CHCO,),
2.50-2.30 (m, 2H. 5-Ha, 5-Hb}. '3C NMR (62.9 MHz, CDCl;): 6 =191.8
(C-4), 170.2 (CO,Me), 159.1. 155.7 (CHO), 152.6 (C-2), 135.2, 1344 (in
C-7a), 130.2, 130.0 (In C-3a), 125.9, 125.3 (In C-6), 124.8, 124.2 (In C-5),
123.5,120.1 (In C-2),119.3, 118.3 (In C-4), 118.8, 117.9 (In C-3), 116.5, 110.0
(In C-7), 100.3 (C-3), 65.9 (CH,CHCQ,), 52.9 (OCH,), 45.6 (C-6). 37.7
(C-5), 25.8 (CH,CHCO,). IR {film/KBr): ¥,,, =1707 (C=0, ester) cm™'.
MS (70 eV): mjz (%) =326 [M*] (38), 168 (100}, 158 (39). 130 (53).
C,5H, N,0, caled 326.1267, found 326.1246 (MS). Caled C 66.25, H 5.36,
N 8.58; found: C 66.39, H 5.73, N 8.82. [¢]2° = —131.5 (¢ =1, CH,CL,).

N-((:5)-1-Carboxymethyl-2-[/V'"*-fermylindol-3-yllethyl)-3-ethyl-4-0x0-2,3-di-
dehydropiperidine (26): yellowish oil, yield: 62%, R;: 0.15 (hcxane/acetone
3:2 (v:v)). '"HNMR (250 MHz, CDCl,): § = 9.40 (brs, 0.4H, CHO), 9.05
(brs, 0.6H, CHO), 8.40 (brs, 0.6H, In 7-H), 7.71 (brs, 0.4H, In 7-H),
7.65-7.20 (m, 4H, In 2-H, In 4-H, In 5-H, In 6-H), 6.82 (s, TH, 2-H). 4.18
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(dd, J;,, =9 Hz, J,. = 6 Hz, 1 H, CH,CHCO,), 3.78 (s, 3H, OCH,), 3.58- MY +H](11), 316 [M *1(47), 282 (15), 281 (100), 257 (46), 255(26), 221 (29).

3.32(m, 3H, CH,,CHCO,, 6-Ha, 6-Hb), 3.17 (dd, J,.,, =15 Hz. J,,, = 9 Hz,
tH, CH,,CHCO,), 2.55-2.30 (m, 2H, 5-Ha, 5-Hb), 2.18-2.00 (m, 2H,
CH,CH,), 0.90 (1, J,,, =7 Hz, 3H. CH,CH,). '3C NMR (62.9 MHz, CD-
Cly): 8 =191.1 (C-4), 170.4 (CO,Me), 159.0, 155.6 (CHO), 149.9 (C-2),
135.2, 134.3 (In C-7a), 130.4, 130.1 (In C-3a), 125.7, 125.1 (In C-6), 124.7,
124.1 (In C-5). 123.4, 120.0 (In C-2), 119.4, 118.4 (In C-4), 119.0, 118.2 (In
C-3), 116.4, 109.9 (In C-7), 113.9 (C-3), 65.8 (CH,CHCO,), 52.6 (OCH;).
45.8 (C-6), 36.0 (C-5), 25.6 (CH,CH,), 20.3 (CH,CHCO,), 14.3 (CH,CH,).
IR (film/KBr): ¥, =1707 (C=0, ester), 1599 (C=0, vinylogous amide)
cm ™. MS (70 eVY: mjz (%) = 355 (M ™ +H](4), 354 [M 7] (34), 197 (19), 196
(100), 130 (27). C,oH,,N,0, caled 354.1580, found: 354.1549 (MS). Caled
C 67.78, H 6.26, N 7.90; found: C 67.25, H 6.16, N 7.91. {2]3° = —139.7
(¢ =1, CH,Cl,).

Removal of the formamide from 25 and 26: The formyl-protected cnaminones
were dissolved in a mixture of methanol (40 mL) and water (10 mL). To this
solution a 1M Na,HPO, solution (5 mL) was added. The mixture was stirred
for 2 d at room temperature and concentrated in vacuo. The remainig residue
was diluted with water (20 mL), the pH was adjusted to 2 with 1 M hydrochlo-
ric acid and extracted 4 times with dichloromethane (30 mL). The combined
organic phases were dried with K,CO, and the solvent was removed in vacuo.

N-((S)-1-Carboxymethyl-2-|indol-3-yllethyl)-4-0x0-2,3-didehydropiperidine
(27): All analytical data were consistent with literature values: see ref. [5].

N-((S)-1-Carboxymethyl-2-[indol-3-yl]ethyl)-3-ethyl-4-ox0-2,3-didehydropipe-
ridine (28): Colorless crystals, yield: 93%, m.p. 163 °C (hexane/acetone), R;:
0.15 (hexane/acetone 3:2 (v:v)). "HNMR (250 MHz, CDCl,): § = 8.77 (brs,
1H, N-H), 760 (d, J4-gums-g=8Hz, 1H, In 4-H), 739 (d.
a1 -wme-u =8 Hz, 1H, In 7-H), 7.20 (td, Jo —1x1ns -1t = s - 110710 =
8Hz, J=1Hz, 1H, In 6-H), 712 (td, 5 g me -1 = Sns-mw1me-n = 8 Hz.
J=1Hz, 1H,In 5-H), 7.00(d, J,, -y nu = 2.5 Hz, 1H, In 2-H), 6.77 (5, 1 H,
2-H). 4.20 (dd, J,,. =11 Hz, J,,., = 6 Hz, 1H, CH,CHCO,), 3.77 (s, 3H,
OCH,), 3.52-3.30 (m, 3H, CH,CHCO,, 6-Ha, 6-Hb), 3.20 (dd,
Jpem =15 Hz, J,; =11 Hz, 1H, CH,,CHCO,), 2.50-2.25 (m, 2H, 5-Ha, 5-
Hb), 2.03 (q, J,;, =7 Hz, 2H, CH,CH,), 0.83 (t, J,,, =7 Hz, CH,CH,). '*C
NMR (62.9 MHz, CDCl;): 6 =191.4 (C-4), 171.2 (CO,Me), 151.1 (C-2),
136.4 (In C-7a), 126.8 (In C-3a), 123.4 (In C-2), 122.3 (In C-6), 119.7 (In
C-5), 118.1 (In C-4), 1129 (C-3), 111.8 (In C-7), 1099 (In C-3), 66.9
(CH,CHCO,), 52.6 (OCH,;). 46.0 (C-6), 36.1 (C-5), 26.3 (CH,CHCO,), 20.4
(CH,CH,), 14.5 (CH,CH,). IR (drift): ¥_, =1728 (C=O0, ester), 1568
(C=0, vinylogous amide) cm ~ 1. MS (70 eV): m/z (%) = 326 (21), 197 (12).
196 (12), 130 (100). C,,H,,N,0, caled 326.1630, found 326.1611 (MS).
Caled C 69.92, H 6.79, N 8.58; found: C 69.84, H 6.75, N 8.58. [2)2° = — 185
(¢ =1, CH,Cl,).

Preparation of the indolo|2,3-¢]quinolizines 32 and 33 by condensation of the
enaminones I8 with phosgene: To a solution of the enaminone 18 (1 mmol) in
dichloromethane (10 mL) under nitrogen a 1.93M solution of phosgene in
toluene (0.57 mL, 1.1 mmol, 1.1 equiv) was added. The color quickly turned
to deep red and black. After being stirred overnight at room temperature, the
solvent was removed in vacuo, and the remaining residue was treated with
water (5 mL) and a saturated solution of Na,CO, (2 mL). The mixture was
extracted 3 times with dichloromethane (20 mL). The combined organic
phases were dried with MgSO, and the solvent was evaporated. The products
were isolated from the remaining residue by flash chromatography on silica
gel using hexane/ethyl acetate mixtures as eluents.

(6S,12b R)-6-Carboxymethyl-2-chloro-3,4,5,6,7,12b-hexahydroindolo{2,3-«|-

quinolizine (32a): colorless amorphous substance, yield: 36 %, R;: 0.15 (hex-
ane/ethyl acetate 4:1 (v:v)). "H NMR (250 MHz, CDCl,): 6 = 8.10 (brs, 1 H,
12-H), 7.45 (dd. J; 4 o-n=8Hz, J=15Hz, 1H, 8H), 723 (dd.
Ji1onmyo-n=8Hz, J=1.5Hz 1H, 11-H), 7.18-7.02 (m, 2H, 9-H, 10-H),
6.05 (brs, 1H., 1-H), 5.00 (brs, 1H, 12b-H), 3.95 (t, J,;. = 4 Hz, 1 H, 6-H),
3.65 (s, 3H, OCH,), 3.27-3.13 (m, 3H, 4-Ha, 7-Ha, 7-Hb), 3.07 (dt,
Jyem =14 Hz, J( 3y 5w = 5 Hz,1H, 4-Hb),2.62-2.37 (m, 2H, 3-Ha. 3-Hb).
13C NMR (62.9 MHz, CDCly): 6 =172.9 (CO,Me), 136.3 (C-11a), 132.1
(C-12a), 131.7 (C-8a). 127.0 (C-2), 122.7 (C-1), 121.9 (C-10), 119.6 (C-9),
118.2 (C-8), 111.0 (C-11), 105.6 (C-7a), 60.6 (C-6), 52.1 (C-12b), 52.0
(OCH,), 48.7 (C-4), 33.2 (C-3), 23.1 (C-7). IR (drift): ¥_,, =1731 (C=0,
ester) cm’ ', MS (70 eV): mjz (%) = 318 [MCIb*] (14), 317 [MCib* — H,
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C,,H,,N,0,Cl caled 316.0979, found 316.0963 (MS). Caled C 64.46, H 5.41.
N 8.84: found: C 64.04, H 5.62. N 8.51. [a2° = +119.6 (¢ = 0.25, CH,CL,).

(65,12b.5)-6-Carboxymethyl-2-chloro-3,4,5,6,7,12b-hexahydroindolo-[2,3-a]-
quinolizine (33a): colorless amorphous substance, yield: 10 %, R;: 0.09 (hex-
anefethyl acetate 4:1 (v:v)). '"H NMR (250 MHz, CDCl,): § = 8.07 (brs, 1 H.
12-H), 749 (dd, Jy_yo-np=8Hz, J=15Hz, 1H, 8H), 730 (dd.
Ty wio-w=8Hz, J=15Hz, 1H, 11-H), 718 (d, Jiq_ 4 o-y=
Jio-n11-n=8Hz J=1Hz, 1H,10-H), 710 (td, Jy_y sy = o -, 10-5 =
8 Hz, J=1Hz, 1 H. 9-H), 6.15 (d, / = 4 Hz, 1H, 1-H), 4.85 (brs, 1 H. 12b-
H), 4.00 (dd. J,,, =11 Hz, J,,, = 6 Hz, 1 H, 6-H), 3.82 (s, 3H, OCH,), 3.20-
2.67 (m, 5H, 3-Ha, 4-Ha, 4-Hb, 7-Ha, 7-Hb), 2.30-2.10 {m, 1 H, 3-Hb). 1°C
NMR (62.9 MHz, CDCl,): 6 =172.0 (CO,Me), 136.2 (C-11a), 1339 (C-
12a), 131.8 (C-8a), 126.7 (C-2), 122.1 (C-1), 121.1 (C-10), 119.8 (C-9), 118.3
(C-8), 111.1 (C-11), 106.2 (C-Ta), 62.0 (C-6), 56.1 (C-12b), 52.4 (OCH ), 40.5
(C-4), 33.4 (C-3), 19.8 (C-7). IR (drift): ¥,,, =1731 (C=0, ester) cm ™. MS
(70 eV): mjz (%) = 318 [MClb*](28), 317 [MClb™ — H, M * + H} (25), 316
[M 7192y, 315 [M ™ — H](32), 281 (59), 259 (27), 257 (100). C,H, ,N,0,C}
caled 316.0979, found 316.0989 (MS). Caled C 64.46, H 5.41, N 8.84; found:
C 63.97, H 5.61, N 8.53. [o]2" = —74.4 (¢ = 0.25, CH,Cl,).

(65,12bR)-6-Carboxymethyl-2-chloro-1-ethyl-3,4,5,6,7,12b-hexahydroindolo-
[2,3-alquinolizine (32b): colorless amorphous substance, yield: 36 %, R;: 0.14
(hexanefethyl acetate 4:1 (v:v)). '"H NMR (250 MHz, CDCl,): § = 8.10 (brs.
iH, 12-H). 7.46 (dd, J;_;; ¢y =8Hz, J=13Hz 1H, 8-H), 7.31 (dd.
Jiy wqo-n=8Hz, J=13Hz, 1H, 11-H), 712 (td. Jo po-p=
Jioowa1-u=08Hz, J=15Hz, 1H, 10-H), 7.09 (td, Jy_ps-n=
Jo . 10-n=8Hz, J=15Hz, 1H, 9-H), 5.07 (brs, 1H, 12b-H), 4.01 (dd.
Juo = 6 Hz, J. = 3 Hz, 1H, 6-H), 3.73 (s, 3H, OCH,), 3.30-2.95 (m, 3H.
7-Ha, 7-Hb, 4-Haj, 2.92-2.65 (m, 3H, CH,,CH;, 4-Hb, 3-Ha), 2.35-2.17
(m, 2H, 3-Hb, CH,,CH;), 1.14 (t, J=7Hz, 3H, CH,CH;). '*C NMR
(62.9 MHz, CDCl,): 6 =172.3 (CO,Me), 136.0 (C-11a). 132.4(C-12a),131.4
(C-8a), 128.0 (C-1), 126.6 (C-2), 122.1 (C-10), 119.7 (C-9), 118.2 (C-8), 111.1
(C-11).105.0 (C-7a), 60.8 (C-6), 53.6 (C-12b}, 52.4 (OCH,), 46.3 (C-4), 33.0
(C-3), 26.1 (CH,CH,;), 20.2 (C-7), 11.8 (CH,CH,). IR (drift): ¥, =1735
(C=0, estery cm™ 1. MS (70 eV): m/z (%) = 346 [MClb*](26), 345 (18), 344
[M*] (81), 315 (53), 309 (100), 285 (62). C,H,,N,0,Cl caled 344.1292,
found 344.1279 (MS). Caled C 66.18, H 6.14, N 8.12; found: C 65.81, H 6.39,
N 7.68. [a]3° = + 57.4 (¢ = 0.35, CH,Cl,).

(6.5,12bS)-6-Carboxymethyl-2-chioro-1-ethyl-3,4,5,6,7,12b-hexahydroindolo-
12,3-alquinolizine (33b): colorless amorphous substance, yield: 18 %. R;: 0.23
(hexane/ethyl acetate 4:1 (v1v)). "HNMR (400 MHz. CDCl,): § =7.81 (brs,
1H,12-H),7.50 (d, Jy_y, oy = 8 Hz, 1 H, 8-H), 7.34 (d, J;; _yy ;5_y4 = 8 Hz,
TH, 11-H), 719 (td, Jyp 4 0-n = J10-m. 11 -u = 8 Hz, J=1Hz, {H, 10-H),
710 ¢td, Sy g 5-1 = Joop 1o-u = 8 Hz, J =1 Hz, 1H, 9-H), 4.88 (brs, 1H,
12b-H), 4.17 (dd, /,;, =10 Hz, J,,.. =7 Hz, 1 H, 6-H}., 3.83 (s, 3H, OCH3).
3.14-3.05 (m, 2H, 7-Ha, 7-Hb), 3.02-2.90 (m, 2H, 4-Ha, CH,,CH;), 2.89-
2.76 (m, 2H, 3-Ha, 4-Hb), 2.28-2.15 (m, 2H, CH,,CH,. 3-Hb), 1.30 (1.
Je =THz, 3H, CH,CH,). *C NMR (629 MHz, CDCl,): § =171.8
(CO,Me), 135.9 (C-11a), 132.1 (C-12a). 131.7 (C-8a), 129.2 (C-1), 126.5
(C-2),122.2(C-10), 119.9(C-9), 118.2 (C-8), 111.1 (C-11), 106.9 (C-Ta), 61.7
(C-6), 58.5 (C-12b), 52.5 (OCH,), 39.7 (C-4), 33.7 (C-3), 26.3 (CH,CH,),
19.7 (C-7), 11.7 (CH,CH,). IR (drift): ¥, =1736 (C=0, ester) cm~'. MS
(70 eV): mjz (%) = 347 [MCIb™ +H] (5). 346 [MCIb*] (31). 344 [M 7] (92).
309 (60), 285 (100). C,,H,,N,0,Cl caled 344.1292, found 344.1302 (MS).
Caled C 66.18, H 6.14, N 8.12; found: C 65.62, H 6.49, N 7.63. {413 = —15.3
(¢ = 0.3, CH,CL,).

(4.5,65,12bR)-6-Carboxymethyl-2-chloro-1-ethyl-4-phenyl-3,4,5,6,7,12b-hexa-
hydreindolo]2,3-alquinolizine (32¢): Contains 17% (45.6S.12bS)-6-car-
boxymethyl-2-chloro-1-ethyl-4-phenyl-1,4,5,6,7,12b-hexahydroindolof2,3-a}-
quinolizine. The two isomers were not separable by chromatography, The
ratio was determined from the *H NMR spectra. Yellowish amorphous solid.
yield: 42%, R;: 0.24 (hexanc/ethyl acetate 4:1 (v:v)). *HNMR (400 MHz,
CDCly): 6 =793 (brs, 1H, 12-H), 7.39 (d, Jy_y 4_,y = 8 Hz. 1H, 8-H),
7.35-7.18 (m, 6 H, Ph-H, 11-H), 7.09 (td, Jy0_ i 0.1 = Jy0-5 11—y = 8 Hz.
J=1Hz, 1H,10-H), 7.01 (td, Jy_yy gy = Jo_p, 10-n = 8 Hz, / =1 Hz, 1 H,
9-H), 5.19 (brs, 1H, 12b-H), 4.43 (dd, J,,. =10 Hz, J,,, = 4 Hz, 1 H. 4-H),
376 (dd, Jo_y 1oy =06Hz, Jo_yy 5. na=2Hz, 1H, 6-H), 3.39 (s, 3H,
OCH;). 3.05 (dt, J,=15Hz, J,_y, -y =2Hz, J=2Hz, 1H. 7-Ha).
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3.00-2.85 (m, 2H, 3-Ha, 7-Hb), 2.61 (q, J,,, = 8 Hz, 2H, CH,CH,). 2.52
@dd, J,.,=15Hz J, n, . y=4Hz, J=2Hz 1H, 3-Hb), 1.16 .
J,. =8Hz 3H, CH,CH,). *C NMR (629 MHz, CDCL): & =173.4
(CO,Me), 141.2 (Ph C-ipso), 136.1 (C-11a), 1338 (C-12a), 131.9 (C-8a),
128.9 (2Ph C), 128.4 (2Ph C), 128.2 (Ph C-para), 128.0 (C-1), 126.9 (C-2),
122.0 (C-10), 119.5(C-9), 118.2 (C-8), 110.8 (C-11), 109.4 (C-7a). 63.1 (C-4),
57.2 (C-12b), 56.5 (C-6), 51.4 (OCH,), 43.3 (C-3), 250 (C-7), 24.5
(CH,CH,). 12.6 (CH,CH,). IR (drift): ¥, =1737 (C=0, ester) cm " *. MS
(70 eV): mjz (%) = 423 [MCIb* + H] (6), 422 [MCIb*] (28), 421 (25), 420
[M*] (89), 385 (69), 329 (89). 169 (100). C,H,N20,Cl caled 420.1605,
found 420.1614 (MS). [a2° = — 43 (¢ = 0.6, CH,Cl,).

(45,6S8,12bS)-6-Carboxymethyl-2-chloro-1-ethyl-4-phenyl-3,4,5,6,7,12b-hexa-
hydroeindolo|2,3-a]quinolizine (33¢}: yellowish amorphous solid, yield: 17%,
R.: 0.46 (hexanefethyl acetate 4:1 (v:v)). 'HNMR (400 MHz, CDCl,):
5 =7.82 (brs, 1H, 12-H), 7.56 (d. Jy_y o—y = 8 Hz, 1H, 8-H), 7.40-7.26 (m,
6H, Ph-H, 11-H), 7.22(t, Jiy -y o = Jy0-n,11-u = 8 Hz, 1H, 10-H), 7.16
(L Jooms-u=Jo—u 10-u = 8 Hz, 1H, 9-H), 5.09 (brs, 1 H, 12b-H), 4.10 (dd,
Jyo=10Hz, J, =4Hz, 1H, 4H), 400 (dd. J,_, ,_4 =12Hz

vic vic’

Jo .- = 5 Hz, 1H, 6-H), 336 (s, 3H, OCH,), 3.24 (ddd, J,,, =16 Hz,
Josa—s-n=12Hz, J=25Hz, 1H, 7-Ha), 299 (dq, J,=14Hz

J,

vie

=7Hz, 1H, CH,CH,), 295-286 (m, 1H, 3-Ha), 2.81 (ddd,
Tem =16 Hz, J; o= SHz, J=1.5Hz, 1H, 7-Hb), 2.38 - 2.26 (m, 2H,
3-Hb, CH,,CH,), 1.35 (1, J,, =7 Hz, 3H, CH,CH,). *C NMR (62.9 MHz,
CDCl,): § =171.4 (CO,Me), 139.7 (Ph C-ipso), 136.1 (C-11a), 132.7 (C-
12a), 131.9 (C-8a), 130.3 (2Ph C), 129.0 (Ph C-para), 128.5 (C-1), 128.0
(2Ph C), 126.8 (C-2), 122.4 (C-10), 120.1 (C-9), 118.6 (C-8), 111.2 (C-11),
107.9 (C-7a), 62.6 (C-6), 62.2 (C-12b), 57.2 (C-4), 51.8 (OCH ), 43.4 (C-3),
26.2 (CH,CH,), 19.8 (C-7), 11.9 (CH,CH,). IR (drift): ¥, =1736 (C=0,
ester) cm ™!, MS (70 eV): m/z (%) = 423 [MCIb* +H] (7), 422 [MClb*] (32),
421 (31), 420 [M 7] (100), 361 (90). C,5H, N,0,Cl caled 420.1605, found
420.1584 (MS). [o12° = —11.8 (¢ = 0.4, CH,CL,).

(4R,65,12bR)-6-Carboxymethyl-2-chloro-1-ethyl-4-heptyl-3,4,5,6,7,12b-hexa-
hydroindolof2,3-alquinolizine (32d): Exists in solution as a mixture of trans
and cis conformers. Colorless amorphous substance, yield: 14%, R;: 0.55
(hexane/ethyl acetate 4:1 (v:v)).

cis conformer: "HNMR (250 MHz, CDCl,): 6 = 8.45 (brs, 1 H, 12-H), 7.42
(d, Js-n.0-y = 8Hz, 1H,8-H),7.30(d, J;; . 10-u = 8 Hz, 1H, 11-H), 7.10
(td. Jio-n0-u="10-1.11-n = 8Hz, J=1.5Hz, 1H, 10-H), 7.08 (1d,
Jo-n -1 = Jo-u, 10-u = 8 Hz, J =1.5 Hz, 1 H,9-H), 5.11 (brs, 1H, 12b-H),
4.16 (dd, Jo g +-wa=6HZ, Jy_y 7-ny = 3Hz, 1H, 6-H), 3.60 (s, 3H,
OCH,), 3.27 (dd, J,., =15Hz, J;_y, - = 3 Hz, 1H, 7-Ha), 3.10 (dd,
Jyem =15 Hz, oy 6y = 6 Hz, 1H, 7-Hb), 2.65-2.35 (m, 4H, 6-H, 3-Ha,
3-Hb, CH,,CH,), 2.29 (dq, J,.,, =14 Hz, J,,, =7Hz, 1H, CH,,CH,), 1.80-
1.00 (m, 15H, heptyl-H, CH,CH,),0.85 (t, J;, =7 Hz, 3H, heptyl-CH,). }*C
NMR (62.9 MHz, CDCly): 8 =173.9 (CO,Me), 136.1 (C-11a), 134.1 (C-
12a), 131.9 (C-8a), 127.6 (C-1), 126.4 (C-2), 121.8 (C-10), 119.4 (C-9), 118.0
(C-8), 111.0 (C-11), 107.9 (C-7a), 58.1 (C-6), 55.2 (C-12b}), 53.5 (C-4), 51.8
{OCH,), 38.7 (C-3), 33.2 (heptyl-C}, 31.8 (heptyl-C), 29.7 (heptyl-C}, 29.2
(heptyl-C), 26.3 (heptyl-C), 25.3 (CH,CH,), 24.1 (heptyl-C), 22.6 (C-7), 14.1
(heptyl-CH3), 12.3 (CH,CH;).

trans conformer: '"HNMR (400 MHz, CDCl,): 6 =7.72 (brs, 1H, 12-H),
7.48(d, Jg_y oy =8 Hz, 1H,8H),7.32(d,J;; -y 10-u = 8 Hz, 1H, 11-H),
716 (1, Jio—n 90—t = No-m. 11 -n = 8 Hz, J=1.5 Hz, 1H, 10-H), 7.11 (1d,
Jop,g-u = Jo-u,10-u = 8 Hz, J =1.5Hz, 1 H, 9-H), 4.95 (brs, 1H, 12b-H),
427 (dd, Jo_y 7_y =0 Hz, Jo_y ;_y, =3.5Hz, 1H, 6-H), 3.78 (s, 3H,
OCH,, 323 (d, J,,=16Hz, 1H, 7-Ha), 3.05 (ddd, J,, =16Hz,
Jr —tv.6-n = 6 Hz, J=1.5Hz, 1H, 7-Hb}, 2.93 (brs, 1H, 4-H), 2.78 (dq,
Joem =14 Hz, J,, =7Hz, 1H, CH,,CH};), 2.47-2.36 (m, 2H, 3-Ha 3-Hb),

223 (dq, Jyp, =14 Hz, J,,, =7 Hz, 1H, CH,,CH,), 1.60-1.20 (m, 12 H, hep-
tyl-H), 142 (1, J,,, =7 Hz, 3H, CH,CH,), 0.87 (t, J,,. =7 Hz, 3H, heptyl-
CH,). *C NMR (62.9 MHz, CDCL,): 5 =173.2 (CO,Me), 135.8 (C-11a),
134.1 (C-122), 131.9 (C-8a), 127.3 (C-1), 126.6 (C-2), 122.0 (C-10), 119.6
(C-9), 118.2 (C-8), 111.0 (C-11), 106.3 (C-7a), 59.3 (C-6), 57.0 (C-12b), 53.1
(C-4), 52.4 (OCH,), 37.3 (C-3), 33.0 (heptyl-C), 31.8 (heptyl-C), 30.7 (heptyl-
C), 29.2 (heptyl-C), 26.3 (heptyl-C), 25.5 (CH,CH,), 24.1 (heptyl-C), 22.6
(C-7), 14.1 (heptyl-CH,), 11.9 (CH,CH,). IR (drift): ¥, =1739 (C=0,
ester) cm ™ 1. MS (70 Bv) m/z (%) = 444 [MCIb*] (16), 443 (15), 442 [M *]

(47), 407 (100), 383 (42), 169 (42). C;H,sN,0,C1 caled 442.2387. found
4422376 (MS). Cacd.: C 70.49, H 7.96, N 6.32; found: C 70.20, H 7.87. N
6.53. [a]2° = + 4 (c = 0.35, CH,C1,).

(4R,6S5,12bS)-6-Carboxymethyl-2-chloro-1-ethyl-4-heptyl-3,4,5,6,7,12b-hexa-
hydroindolo[2,3-a]quinolizine (33d): colorless amorphous substance, yield:
35%, R;: 0.30 (hexane/ethyl acetate 4:1 (v:v)). 'H NMR (400 MHz, CDCl13):
0 =773 (brs, 1H, 12-H), 7.54 (d, Jy_y o_y = 8 Hz. 1H, 8-H). 7.32 (d,
Ji1-n10-u = 8Hz, 1H, 11-H), 718 (td, Ji4_py.o-u=Jio-n.11-u = 8 Hz,
J=1.5Hz, 1H, 10-H), 713 (td, Jy_y gy = Jo_yy 10-n = 8 Hz. J =1.5 Hz,
tH, 9-H), 493 (brs, 1H, 12b-H), 407 (dd, J,_y ,-u. =10Hz
Js_u 7-m =7 Hz, 1H, 6-H), 3.91 (s, 3H, OCH,;), 3.18-3.06 (m, 2H, 7-Ha,
7-Hb), 3.04-2.96 (m, 1H, 4-H), 291 (dq, J,., =14 Hz, J, =7 Hz, 1H,
C#,,CH;), 2.37-2.28 (m, 2H, 3-Ha, 3-Hb), 2.23 (dq, J,.. =14Hz,
J.. =7Hz, 1H, CH,,CH,), 1.55 (m, 1H, heptyl-H), 1.40-1.15 (m, 14H,
heptyl-H, CH,CH,), 0.85 (t, J,; =7 Hz, 3H, heptyl-CH;). *C NMR
(62.9 MHz, CDCl,): 6 =173.6 (CO,Me), 135.8 (C-11a), 132.9 (C-12a), 131.6
(C-8a), 128.7 (C-1), 126.6 (C-2), 122.1 (C-10), 119.9 (C-9), 118.3 (C-8), 111.0
(C-11), 108.1 (C-7a), 61.9 {C-6), 61.5 (C-12b), 52.4 (C-4), 52.3 (OCH,), 40.1
(C-3), 33.7 (heptyl-C), 31.6 (heptyl-C), 29.6 (heptyl-C), 29.0 (heptyl-C), 26.0
(heptyl-C), 25.9 (CH,CH,), 22.6 (heptyl-C), 19.8 (C-7), 14.0 (heptyl-CH,),
11.7 (CH,CH,). IR (drift): ¥,,, =1734 (C=0, ester) cm~*. MS (70 eV): m/z
(%) = 444 [MCIb*] (22), 443 (20), 442 [M *] (67), 407 (28). 385 (32), 384
(25), 383 (100), 343 (25). C,;H;sN,0,Cl caled 442.2387, found 442.2375
(MS). caled: C 7049, H 7.96, N 6.32; found: C 70.83, H 7.84, N 6.14.
[4]3® = —126.7 (¢ = 0.3. CH,CL,).
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Simple Mechanical Molecular and Supramolecular Machines:
Photochemical and Electrochemical Control of Switching Processes**

Peter R. Ashton, Roberto Ballardini, Vincenzo Balzani,* Sue E. Boyd, Alberto Credi,
Maria T. Gandolfi, Marcos Gomez-Lopez, Sayeedha Igbal, Douglas Philp, Jon A. Preece,
Luca Prodi, Howard G. Ricketts, J. Fraser Stoddart,* Malcolm S. Tolley,

Margherita Venturi, Andrew J. P. White, and David J. Williams

Abstract: Photochemical control of a self-
assembled supramolccular 1:1 pseudoro-
taxane (formed between a tetracationic
cyclophane, namely the tetrachloride salt
of cyclobis(paraquat-p-phenylene), and
1.5-bis[2-(2-(2-hydroxy)ethoxy)ethoxy]na-
phthalene) has been achieved in aqueous
solution. The photochemical one-electron
reduction of the cyclophane to the radical
trication weakens the noncovalent bond-
ing interactions between the cyclophane
and the naphthalene guest—n—= interac-
tions between the n-electron-rich and m-
electron-poor aromatic systems, and hy-
drogen-bonding interactions between the
acidic «-bipyridinium hydrogen atoms of

atoms of the naphthalene derivative—suf-
ficiently to allow the guest to dethread
from the cavity; the process can be moni-
tored by the appearance of naphthalene
fluorescence. The radical tricationic cy-
clophane can be oxidized back to the te-
tracation in the dark by allowing oxygen
gas into the system. This reversible pro-
cess 18 marked by the disappearance of
naphthalene fluorescence as the molecule
is recomplexed by the tetracationic cy-

Keywords
luminescence - photochemistry - re-
dox chemistry * self-assembly - self-
complexation * template syntheses

clophane. This supramolecular system
can be chemically modified such that the
n-electron-rich unit, either a naphthalene
derivative or a hydroquinone ring, and
the tetracationic cyclophane are covalent-
ly linked. We have demonstrated that the
n-electron-rich residue in this system is to-
tally “*self-complexed” by the cyclophane
to which it is covalently attached. Addi-
tionally, the self-complexation can be
switched “off”” and “‘on” by electrochemi-
cal two-electron reductions and oxida-
tions, respectively, of the tetracationic cy-
clophane component. Thus, we have
achieved the construction of two switches
at the nanoscale level, one driven by pho-

the cyclophane and the polyether oxygen
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tons and the other by electrons.

Introduction

In everyday life, we make extensive use of macroscopic devices
called “machines”. They are assemblies of components designed
to achieve specific functions. The concept of a machine can be
extended to the molecular level.!! ~® The machines of the
macroscopic world are designed and constructed by mechanical
engineers. Molecular machines, which have dimensions on the
nanometer scale, are constructed by molecular engineers, that is,
chemists. Molecular machines, like macroscopic machines, need
energy to operate. For several reasons, the most convenient
forms of energy to make molecular machines work are light and
electricity. In this paper, we describe some studies aimed at the
construction of simple photochemically and clectrochemically
driven molecular machines that could play a role in storing and
processing information at the molecular level.[”]

The design of molecular machines can take advantage of the
concepts of self-assembly,!® self-organization,'® and self-repli-
cation,!! T which synthetic chemists are adopting as part of their
toolbox for chemical manipulation and transformation.!' ! Na-
ture uses these concepts, sometimes in conjunction with en-
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zymes, to create her hierarchy of structures and a)

superstructures. Our research efforts have been
directed toward developing systems that rely on
these concepts and which are totally unnatural in
their chemical design. To this end, we have been
involved in the self-assembly of the so-called

\

e

catenanes,'? rotaxanes,!'® and pseudorotax-
anes.'* Until recently, the synthesis of such
structures was very inefficient, since the synthe-
ses relied upon a statistical approach.!**! How-
ever, with the advent of supramolecular chem-
istry,l1® host —guest chemistry,'* 7! and template-
directed synthesis'!® such compounds and com-
plexes can be self-assembled routinely in the
laboratory."'?) The mutual stereoelectronic
recognition of the component parts that form the ¢)
new catenanes and rotaxanes “lives on” in their
molecular structures. This memory phenomenon

N
can be observed in these novel compounds by %
physical techniques like 'HNMR spec- @/
troscopy!??! and X-ray crystallography 12!

The exploitation of noncovalent bonding in-
teractions—namely n—7 interactions!??! and hy-
drogen-bonding interactions!?*'—has led to the

B aYaYaN IV VeV
6] O O O o 06 O 0 O
+ + Nonpolar + /—*@—\ +
N N Solvent N N
() (J (U (J
—
@ e - Q)
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Fig. 1. A{2]catenane 1-4PF, and a {2]rotaxane 2* ', which have been shown to act
as binary molecular switches when affected by an external stimulus, e.g., in the case
of a) the [2]catenane 1-4 PF, by changing of the dielectric constant of the solvent,
and b) the [2]rotaxane 2** by protonation/deprotonation of the secondary amino
function associated with the benzidine residue. For the latter compound, switching
can also be achieved by benzidine oxidation/reduction.
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e

Noncovalent Bonding interactions

Fig. 2. Representations of chemical systems exhibiting self-complexing geometries.
a) Cartoon representation of a self-complexing macrocycle 3 in which the noncova-
lent bonding interactions are the same as those that bring together the components
of catenanes and rotaxanes. b) Self-complexed macrocycle 4, where the cyclic entity
is a f-cyclodextrin and the arm is terminated by a disubstituted naphthalene ring
system. ¢} Self-complexed macrocycle 5, in which the cyclic component is a crown
cther that binds a primary alkylammonijum center by (N*-H---O) hydrogen
bonding interactions. d} Self-complexed macrocycle 6, in which the appended arm
is linked by electrostatic interactions to a positively charged metal cation.

construction of so-called molecular shuttles and switches.[?*)
In these molecular devices, the architecture of the catenanes and
rotaxanes in solution can be controlled by i) the dielectric
constant of the solvent media,[?%! ii) photons,2% 27! iii) elec-
trons,?8 291 or iv) protons!?®:3° Figure 1 depicts the struc-
tural formulae of a controllable [2]catenane®™ 1-4PF, and a
controllable [2]rotaxane’*®! 2™ Simple mechanical molecular
machines based on other types of catenanes have also been
reported. 332

In this paper, we report the synthesis of self-complexed com-
pounds depicted by the cartoon 3 in Figure 2. Other types of
compounds (4, 5, and 6 in Figure 2) that display “‘self-complex-
ing” propertics have already been synthesized. The synthesis of
such compounds involves attaching the “arm” component to a
preformed macrocycle; the arm then becomes included in the
cavity as a result of i) hydrophobic interactions!*3! (4, Fig-
ure 2),1i) hydrogen bonding!®*1(5, Figure 2), oriii) ionicinter-
actions'3%! (6, Figure 2). In our case (3, Figure 2), the macro-
cyclic component forms with the aid of noncovalent bonding
interactions around a template that is covalently linked to one
of the macrocyclic precursors. Thus, the covalent39
(Scheme 1a) and noncovalent!'® 37 (Scheme 1b) template
strategies can be combined (Scheme 1 ¢) to form macrocycles of
the type 3 with self-complexing topologies. We show that one of
the compounds synthesized by the combined covalent and non-
covalent strategy behaves as a molecular machine in which the
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a) Covalent Template

¢)  Covalent and Noncovalent Template

~—Component 1

-—— Component 2

L -------------- = Noncovalent Bonding Interactions

Scheme 1. Representation of a) a covalent template, b) a noncovalent template,
and ¢) a combination of both templates in operation during the self-assembly of a
self-complexing macrocycle.

switching process can be controlled by electrochemical means.
Furthermore, we describe in detail the behavior of a photo-
chemically driven supramolecular machine based on a self-
assembled [2]pseudorotaxane.?!

The construction of photochemically and electrochemically
driven molecular and supramolecular machines shows the ver-
satility of the self-assembly approach for the fabrication of
nanometre-scale systems that could ultimately play a role in
storing, processing, and transmitting information at the molecu-
lar level and beyond.t! =7

Results and Discussion

Synthesis of precursors and self-assembly of macrocycles: In or-
der to self-assemble self-complexing macrocycles following the
template-directed methodology depicted in Scheme 1 ¢, we must
link the template unit covalently to one of the macrocycle pre-

Q, fe) I
OH EtOH / H*

PO — .

|

N / Reflux

NBS / AIBN / GCl,
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cursors. To this end, a model benzylic dibromide 7% deriva-
tized with the ethyl ester functionality (Scheme 2) was synthe-
sized by the acid-catalyzed esterification of 2,5-dimethylbenzoic
acid (8) with ethanol, affording 9.1381 The ester 9 was subse-
quently subjected to an NBS radical bromination with AIBN as
the initiator to afford the chemically modified benzylic dibro-
mide 7.88

Having established that this simple ethyl ester functionality
could be introduced into one of the precursors of the tetraca-
tionic cyclophane component, the dibromide 10 was prepared
(Scheme 3), in which the ethyl group is replaced by a long
polyether chain containing a n-electron-rich 1,5-dioxynaph-
thalene unit, which can act as a template for the self-assembly of
the tetracationic cyclophane. This dibromide was produced in a
convergent manner by coupling the acid chloride 11 and the
naphthalene-containing alcohol 12. The acid chloride 11 was
formed in two steps from 2,5-dimethylbenzoic acid 8 by an
initial radical bromination, with AIBN as the initiator, to afford
the benzylic dibromide 13. This dibromide was then treated with
thiony! chloride, yielding the acid chloride 11. The alcohol 12
was synthesized in two steps from 1,5-dihydroxynaphthalene
14. An initial bisalkylation of 14 with 2-(2-chloroethoxy)-
ethanol, under basic conditions (K ,CQ,), afforded the diol 15.
This diol was monomethylated with Mel under basic conditions
(NaH) to afford the alcohol 12. Furthermore, a dibromide was
also prepared wherein the methoxy group in the dibromide 10
(Scheme 3) was formally replaced by an adamantoyl group. The
adamantoyl group is sufficiently large to prevent the unthread-
ing of the 1,5-dioxynaphthalene component from the cavity of
the tetracationic cyclophane.!*3> " The dibromide 16 was syn-
thesized (Scheme 4) by monoesterification of the diol 15 with
1-adamantoyl chloride 17 to afford the ester 18, which was then
esterified once more with the benzoyl chloride 11 to give the
dibromide 16. In addition, it was argued that, if the n-electron-
rich 1,5-dioxynaphthalene component was replaced by a smaller
and less n-electron-rich hydroquinone unit, it would be possible
to construct a macrocycle in which the covalently appended
template would be less tightly bound. To this end, the dibromide
19 (Scheme 5) was synthesized with the synthetic strategy previ-
ously employed for 10 (Scheme 3). The phenol 20 was treated
under basic conditions with 2-(chloroethoxy)ethanol to afford
the alcohol 21.11 28l Esterification of the aicohol 21 with the acid
chloride 11 yielded the dibromide 19. Additionally. to permit
covalent incorporation of a photoactive anthracene unit into the
tetracationic cyclophane, the Dbis(pyridylpyridinium) salt
22-2PF, was produced (Scheme 6) by firstly bromomethylating
anthracene to afford the dibromide 23,1*°! which was then re-
fluxed with an excess of 4,4'-bipyridine in MeCN, followed by
counterion exchange.

The template-directed synthesis of the tetracationic cyclo-
phane 24-4PF, was achieved (Scheme 7) in a yield of 35% by

Q, Vo
O
Br Br
7 Scheme 2. The synthesis of the dibromide 7. a pre-
cursor of the modified tetracationic cyclophane
28 4PF,.
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Scheme 3. The synthesis of the dibromide 10, a precursor of the self-complexing macrocycle 29-4PF,.
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Scheme 4. The synthesis of the dibromide 16, a precursor of the

self-complexing macrocycle 30-4PF,.
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Q OROIC
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L '
Q o O
16 o o © %ﬁ
Br Br

Scheme 5. The synthesis of dibromide 19,
a precursor of the self-complexing macro-
cycle 31-4PF,.

22:2PF,4

Scheme 6. The synthesis of the dicationic
salt 22-2PF,, a precursor of the self-com-
plexing macrocycle 32-4PF,.
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permitting p-xylenedibromide (25), the bis(pyridylpyridinium)
salt 26-2PF,, and 3.0 molar equivalents of the template 1,4-
bis(2-(2-(2-hydroxy)ethoxy)ethoxy)benzene 2! (27) to react in
MeCN. This template-directed synthesis, which follows the gen-
eral methodology described in Scheme 1 b, is even more efficient
(62%) when it is carried out in an ultra-high-pressure reaction
vessel at 12 kbar.['2®) The self-assembly of the functionalized
tetracationic cyclophane 284 PF, was achieved in a 39% yield
by treating the modified dibromide 7 with the dicationic salt
26-2PF, in the presence of the template, 1,5-bis(2-(2-(2-hy-
droxy)ethoxy)ethoxy)naphthalene 15.

All attempted purifications of the dibromides 10, 16, and 19
by silica gel column chromatography were unsuccessful, so the
crude dibromides were used without further purification.
Nonetheless, the reactions to give the tetracationic cyclophanes
yielded the respective self-assembled products 29-4PF,—
32 4PF, (Scheme 8), which could be isolated by silica gel
column chromatography. This fact illustrates the error-check-
ing nature of the self-assembly process, in which molecular
recognition selects the appropriate molecular components and
dispenses with those which are not recognized by the noncova-
lent bonding interactions that control the self-assembly process.
The self-assembly of the self-complexed compound 29-4PF,
proceeded (Scheme 8) in a yield of 24 % when 1.0 molar equiva-
lents of 10 and 26-2PF, were stirred together in DMF for
10 days at room temperature. The self-assembly of the adaman-
toyl derivative 30-4 PF,, from 1.0 molar equivalent of dibro-
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mide 16 and 26-2PF, under the same conditions, was achieved
in a 13% yield. The lower yield in this latter reaction might be
explained as a result of the steric hindrance produced by the
larger adamantoyl substituent. The self-assembly of the in-
tramolecularly complexed macrocycle 31-4PF, took place in a
modest 7% yield when 1.0 molar equivalent of the dibromide 19
and 26-2PF, were stirred together in DMF at room tempera-
ture for 10 days. The low yield obtained from this reaction could
be a consequence of i) the reduction of the template effect
caused by the less m-clectron-rich moiety during the macrocy-
clization and ii) the lack of hydrogen-bonding interactions be-
tween the polyether oxygen atoms and the acidic a-bipyridinium
protons as a result of the replacement of one terminal polyether
chain by a benzyl group. The anthracene-containing analogue
32-4PF, was formed in a yield of 30% when 1.0 molar equiva-
lent of the dibromide 10 and 22-2PF, were subjected to an
ultra-high-pressure reaction for three days. These yields are par-
ticularly good when one considers that the yield of 24-4PF,
obtained from a threefold excess of the naphthalene template 15
is only 13% based on I5. Additionally, the yield of 24-4PF,
when ultra-high pressure is employed to promote the reaction is
only 15% based on the template 15. Therefore, by covalently
attaching the noncovalent naphthalene template to one of the
components of the cyclophane, we witness a doubling of the
yield to 24 %1491

Possible structures for the new tetracationic cyclophanes: The
characterization of 29-4PF,-32-4PF, poses some interesting
questions. The very reasonable yields of products associated
with the reactions described in Scheme 8 indicate that the for-
mation of these compounds involves the n-electron-donating
appendage templating the formation of the tetracationic cy-
clophane to which it is covalently linked. As a consequence, if
there is an equilibrium between the n-electron-rich naphthalene
unit residing inside the associated cavity and the n-clectron-rich
ring remaining uncomplexed outside the cavity, then the equi-
librium should lie predominately on the side of the naphthalene
residue being “‘self-complexed” (Scheme 9). However, if there is
an equilibrium, as depicted in Scheme 9 between self-complexed
and uncomplexed species, then the question arises: does the
n-electron-rich residue template the formation of the tetraca-
tionic cyclophane by an intermolecular route as well as by the
intramolecular one? If this intermolecular route operates, then:
is the system able to self-replicate? Additionally: are dimers,
trimers, tetramers, etc., and indeed cyclic counterparts, pos-
sible? These n-mers would lead to a novel class of polymeric
materials, analogous to a macroscopic daisy chain.

In order to find answers to the structural questions, X-ray
crystallographic analysis was employed to study the solid-state
structure of 31-4 PF,, mass spectrometry was used to investigate
gas-phase structures of 29-4PF,—32-4PF,, and '"HNMR and
UV/Vis spectroscopy and, wherever possible, electrochemistry
were employed to study the solution-state structures.

X-ray crystallography: The X-ray crystal structure analysis of
31-4PF, (Figure 3) reveals that it has a disordered arrangement.
The compound crystallizes in a space group requiring there to be
a C, axis of symmetry passing through the centers of the two
bonds linking the two pyridinium rings of the bipyridinium
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Scheme 8. The self-assembly of the self-
complexing macrocycles 29-4PF,.
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Fig. 3. A ball-and-stick representation of the X-ray crystal structure of self-com-
plexing macrocycle 31-4PF.
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units. The self-threading nature of the structure could quite
clearly be identified and a meaningful geometry for the disor-
dered component (i.e., the chain that originates from one of the
para-xylyl rings of the tetracationic cyclophane and is terminat-
ed by a benzyl group) could be defined. Although the bond
lengths and bond angles within this fragment were both opti-
mized and constrained, they were permitted to move relative to
the crystallographic C, axis. The n-electron-rich hydroquinone
ring portion of the thread component is positioned almost cen-
trally within the tetracationic cyclophane component sand-
wiched ™! between the m-electron-deficient bipyridinium rings.
In addition to these m—m stabilizing interactions, there are
[C-H:--x] T-type edge-to-face interactions between hy-
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major ions corresponding to the suc-
cessive loss of three PF; counterions
from the parent molecule (Figure 4).
Additionally, a small amount of a
dimeric species of 29-4PF, was ob-
served: again, the major peaks corre-
spond to the loss of PF, counterions
from the parent molecule. There could
be at least two reasons for observation
of the dimeric species: i) there is real
dimer formation as depicted 1n
Scheme 9 in the gas-phase conditions

Cyclic Dimers, Trimers efc...?

Self-Replication?

of the mass spectrometer, or ii) the
dimer is only an artifact of the LSIMS
technique, and what is really being ob-
served is a dimeric cluster of 29-4PF,.
4" Previously, we have observed®3
dimeric forms of catenated molecules
when these supramolecular systems
have been characterized by electro-

arrays and even a self-replicating system.

droquinone ring hydrogen atoms and the para-xylyl
residues.[23 This substituted tetracationic cyclophane exhibits
twisting and bowing distortions that are very similar to those
observed for the parent cyclophane. Two aspects of the geome-
try of the thread component that merit mention are the coplanar
relationship between the ester and its associated para-xylyl
residue,’*2! and the apparent edge-to-face arrangement between
the terminal benzyl group and the other para-xyly!l residue. In
this latter case, aithough the ring centroid/ring centroid separa-
tion is 4.8 A, the degree of overlap is not conducive to a signif-
icant stabilizing T-type interaction. Inspection of the packing
of the molecules reveals no significant intermolecular n-,
[C-H---n], or [C—H--- O] stabilizing interactions.

Mass spectrometry: The mass spectrometric analysis of 29-4PF,
by Liquid Secondary Ion Mass Spectrometry (LSIMS) revealed
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60 /EF M - PRl
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wl | M-3PF"

30
20 1 +
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Fig. 4. Mass spectrum of the self-complexing macrocycle 29-4 PF,.

4% ot 4% - 4"
Electrostatic
Repulsion

Scheme 9. A representation of the equilibrium between the self-complexed conformation and the uncomplexed
conformation of the macrocycle 29-4 PF, . The uncomplexed conformation can give rise to cyclic or linear polymeric
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spray mass spectrometry. The basis for
the dimerization may be the electro-
static interactions involving the PF¢
counterions and the tetracationic
29-4PF;.

THNMR spectroscopy: The one-dimensional *HNMR spec-
trum of 29-4PF,, not surprisingly, reveals a complex set of
resonances. However, this spectrum can be interpreted broadly
on the basis of relative integrations and the expected chemical
shifts for resonances associated with the o- and S-bipyridinium,
the phenylene, the CH,N ", and the CH,O protons. A closer
examination of the spectrum (see the COSY spectrum shown in
Figure 5) reveals three other interesting features, namely:
1) There are no ‘“uncomplexed” naphthalene proton reso-

* One No
"Inside’ Proton Peaks
Naphthalene Coupled Observed
Protons Twice for
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Fig. 5. Partial "HNMR 2D COSY spectrum recorded in CD,CN of the seif-com-
plexing macrocycle 29-4PF, .
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nances, as indicated by the lack of the doublet—triplet—doublet
splitting pattern of a 1,5-disubstituted naphthalene residue in
the range & = 6.8-7.9. However, there are two doublets (Fig-
ure 5) centered on d = 2.43 (J/ = 8 Hz) and 6 = 2.80 (/ = § Hz).
These resonances are diagnostic of the 4,8-naphthalene protons
on a 1,5-disubstituted naphthalene residue pointing into the
nt-faces of the p-xylyl units of the tetracationic cyclophane when
the naphthalene residue is included within the cavity of the
cyclophane.** ii) There is a multplet centered on é = 5.39,
which also integrates for one proton (Figure 5). iii) There is a
doublet centered on § = 6.97 (J = 13 Hz), which integrates for
one proton (Figure 5).

The origin of the resonances centered on ¢ = 5.39 and 6.97
was not immediately obvious. A COSY spectrum was recorded
in order to determine to which other protons the protons giving
rise to these resonances were coupled. Figure 5, which illustrates
this COSY spectrum in the region 6 = 2~7, reveals that the
doublet resonance at & = 6.97 is coupled with the N-methylene
protons, while the multiplet resonance at é = 5.39 is coupled
twice with O-methylene protons in the polyether region. More-
over, these two resonances are shifted approximately 1.5 ppm
downfield with respect to the usual chemical shifts of N-
methylene and O-methylene protons. An examination of a CPK
space-filling molecular model of this molecule and the X-ray
crystal structure in its self-complexed state (Figure 6) reveals
that two protons—one from the N-methylene closest to the ester
function, one from the O-methylene group attached to the ester
function on the polyether thread—are perfectly positioned to lie
inside the deshielding environment of the anisotropic carbonyl
group of the ester function. The positioning of these two pro-

Ha and Hb
- Hy and H,
-
Magnification

Diastereotopic
Pairs
of
Protons

Partially Expanded View

Fig. 6. A three-dimensional representation of the self-complexing conformation of
29-4PF,. The expanded view of the selected area reveals that the N-mcthylene
protons and a proton belonging to y-CH,0 in the polyether chain are located within
the deshielding environment of the anisotropic carbonyt group.
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tons in this particularly deshielded environment causes them to
resonate at much lower frequencies than would normally be
expected. The proposed structure in Figure 6 for an intramolec-
ularly “‘complexed” species requires that the two N-methylene
protons, H, and H,, are diastereotopically related. and thus
they should resonate as an AX system. Such an AX system is
indeed observed. The O-methylene protons, H, and H,, are also
diastereotopically related, and as a result, H, is geminally cou-
pled to H, and vicinally coupled to the pair of adjacent polyether
(diastereotopically related) protons, giving rise to the multiplet
associated with H, centered on 6 = 5.39. The structure for 294~
represented in Figure 6 is also supported by four other sets of
"H NMR spectroscopic data. i) The COSY spectrum in the re-
gion d =7.0-9.5 (Figure 7) shows that there are eight couplings

ey H o H H
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Protons [-/_@_\
H N H H
1 <
8
0T wp # S|
8" s
oc/B; q/ﬁwﬁ
| 8.0
wB Il gs
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Fig. 7. Partial 'THNMR 2D COSY spectrum recorded in CD;CN of the self-com-
plexed macrocycle 29-4 PF, showing the correlation between the signals for the x-
and the f-bipyridinium protons.

between the eight vicinally related - and g-bipyridinium pro-
tons. Thus, all eight «- and all eight S-bipyridinium protons in
the tetracationic cyclophane are anisochronous. This observa-
tion means that, at least on the 'H NMR timescale (400 MHz.
298 K), the decomplexation of the naphthalene residue followed
by rotation of the substituted p-xylyl unit and then recomplexa-
tion of the naphthalene residue from the opposite face of the
tetracationic cyclophane, and/or the rotation of the bipyridini-
um units of the tetracationic component of the self-complexing
macrocycle, are slow processes. i) A *HNMR spectroscopic
study (400 MHz) on the model ethy! ester derivative 28-4PF,
(Figure 8) shows that, even upon cooling the NMR sample
down to 213 K in CD,COCD;, rotation about the substituted
p-xylyl unit and/or rotation of the bipyridinium units occur
rapidly on the 'HNMR timescale. These fast rotations are
evidenced by the appearance of only four a- and four f-bipyri-
dinium proton doublet resonances at all temperatures. This
means that 28 -4PF, must have an averaged plane of symmetry
passing through the four nitrogen atoms: 1t follows that, in the
solution state, this molecule must belong to the C, point group
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Iig. 8. Partial "H NMR spectrum recorded in CD,CN of the modified te-
tracationic cyclophane 28-4PF,.

on the average. iii) Also, the 'H NMR spectrum (400 MHz) of
31:4PF, in CD,COCD; at room temperature reveals four reso-
nanaces for the «- and four resonances for the f-bipyridinium
protons, indicating that, at this temperature, rotation around
the modified p-xylyl spacer and/or rotation of the bipyridinium
units occur rapidly on the 'HNMR timescale. However, on
cooling the NMR sample to 200 K, we observe the appearance
of eight resonances for both the - and S-bipyridinium protons,
clearly indicating that the rotation of the p-xylyl group and/or
the rotation of the bipyridinium are slow on the 'H NMR
timescale at this temperature (Figure 9). iv) The COSY spec-
trum for the model adamantoyl-substituted compound 30-4PF,
is completely consistent with the data obtained for 29-4PF,:
although there are no “uncomplexed” resonances for the naph-
thalene protons, there are two doublets centered on § = 2.75
(/=8 Hz) and é = 3.01 (J = 8 Hz); there is also a multiplet
centered on & = 5.45 assignable to an O-methylene proton cou-

Eight ~ Eight
a-Bipyridinium B-Bipyridinium
Doubtets Doublets

M‘wawmu o

MMM_A 220K

pled twice with other O-methylene protons in the polyether
region; and there is a doublet centered on 6 =7.23 (J =13 Hz)
assignable to an N-methylene proton coupled geminally with its
vicinal N-methylene proton. Since these resonances can be
explained in the same way as for the compound 29-4PF,, the
existence of both 29-4PF, and 30-4PF, as intramolecularly
complexed structures is indicated.

In summary, these four sets of data support the structure
proposed in Figure 6 for the tetracationic cyclophane derivative
29%*, in which the naphthalene residue is “complexed” com-
pletely inside the cavity of the covalently linked cyclophane,
resulting in its conformation becoming rigid. Rotation of the
substituted p-xylyl is not observed at room temperature, at least
on the 'H NMR timescale. The molecular structure of 29**
depicted in Figure 6 possesses no reflection symmetry elements
and 1s, therefore, chiral. The chirality is associated with a plane
of chirality.™*! Scheme 10 shows the two possible enantiomers
of 29** in equilibrium with the time-averaged intermediate C,
point group conformation. It must be concluded that, at least
on the 'HNMR timescale, the molecule 29** resides for
most, if not all, of its time in one of its two self-complexing
enantiomeric forms, and that the rotation of the bipyridinium
units is slow or does not occur at all. This conclusion con-
trasts with the situation for the ethyl ester 28*, which has a
time-averaged structure on the 'H NMR timescale correspond-
ing to the point group C,, even in CD,CN solution at 213 K.
On the other hand, the self-complexing macrocycle 31%* ex-
hibits temperaturc-dependent behavior: at room temperature,
it is equivalent to the model ethyl ester derivative 28*", which
lacks a plane of chirality. However, at 200 K, as a result of
the slow rotation of the substituted p-xylyl spacer and/or the
slow rotation of the bipyridinium units, it displays a plane
of chirality, as does the self-complexing macrocycle 29**.
Thus, although at room temperature there are only four
o-bipyridinium proton resonances observed, on cooling to

200 K, eight a-bipyridinium resonances are
observed.

Absorption and luminescence spectra: The
tetracationic cyclophane 24*" has a very
strong absorption band in the UV region
(MeCN solution: A, =260nm, & =
40000m~ 'cm 1) 1" 2¢1 The absorption spec-
trum of 284" (Figure 10) shows the same
absorption band observed for 24**, but
with a slightly smaller molar absorption co-
cfficient (g,,, = 33000M~ 'cm ™ !). Neither
compound is luminescent. The molecular
thread 15 exhibits a structured absorption

band in the near UV region (4,,,, = 295 nm;

Four Four . -1 -1 ; , ,

31-4PF4 o-Bipyridinium B-Bipyrdinium Eqae = 8500M "~ 'em ', Figure 10) and a
Doublets Doublets strong and structured fluorescence band

) |

(e = 345nm, 7=7.5ns, @ =0.35)1°
typical of naphthalene derivatives (Fig-

304 K . .
ure 10, inset).1*®! The absorption spectra of

|
S 10.0 9.0

Fig. 9. Partial *H NMR spectrum recorded in CD,COCD, at different temperatures of the self-complex-

ing macrocycle 31-4 PF,.
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29** and 30** are very similar, but differ-
sl.o ent from the sum of the spectra of their
chromophoric model compounds 28** and
15 (Figure 10). The most important fea-
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Scheme 10. A representation of the two possibie enantiomeric forms for a self-com-
plexing macrocycle 29- PF, and of the unthreaded intermediate possessing a plane
of symmetry.
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Fig. 10. Absorption spectrum of 29** (unbroken line) and of its 28*" and 15
components. The fluorescence of 15 (2,,, = 295 nm) is shown in the insct.

ture (as previously observed for related catenanes, rotaxanes,
and pseudorotaxanes)12¢ 26-291ig the presence of a new band in
the visible region (1., = 515 nm, ¢ = 650M ™ *cm ™! for 294*),
resulting from a charge-transfer (CT) interaction between the

Chem. Eur. J. 1997, 3, No. { © VCH Verlagsgesellschaft mbH, D-69451 Weinheim, 1997

n-electron-rich 1,5-dioxynaphthalene moiety and the n-electron
deficient 4,4’-bipyridinium units.

The CT absorption of 32** in the visible region (Figure 11) is
much more intense than that of 29** and 30**. Besides a max-
imum at 445 nm (e, = 1900M~ cm ™ '), it shows a shoulder at

max

2.0
1.5 4
E
(3]
g 1.0 4
[}
o
>
w
0.5 4
0.0
400 450 A (nm) 500 550 600 650

Fig. 11. Absorption spectrum of 32** (full line) and 29* * (dashed line) in the visible
region. The dotted line shows the difference between the two spectra.

about 530 nm. This pattern suggests the presence of two over-
lapping bands. Subtraction of the CT band of 29** from that of
32** in the 400-700 nm region yields a broad band with
Awax = 435 nm, & =1500M "~ "cm ™' (Figure 11). This analysis in-
dicates that in 32*", besides the CT interaction between the
1,5-dioxynaphthalene moiety and the bipyridinium unit, there is
another type of CT interaction involving the anthracene moiety.
A study of the absorption spectrum of the parent cyclophane of
32** would have elucidated this point. Unfortunately, it was
not possible to prepare this particular compound.

The strong fluorescence of the 1,5-dioxynaphthalene moiety
of 15 (Figure 10, inset) is completely quenched in 294%, 304",
and 32**. Furthermore, no fluorescence from the anthracene
chromophoric group is present in 32** . The lack of fluorescence
in 29**, 30**, and 32*" is attributed to the presence of the
low-lying charge-transfer excited states, which offer fast radia-
tionless decay routes to the 1,5-dioxynaphthalene moiety and
(in the case of 32*") anthracene-type luminescent levels.

We recall that the charge-transfer band of 29** shows practi-
cally the same shape, 4., and ¢_,, as that of 30* ", This obser-
vation clearly indicates that 29*% is 100% complexed, as is
30*". In order to discover whether 29*™ is intramolecularly or
intermolecularly complexed, we measured the changes in ab-
sorbance in the maximum of the CT band for 29** on changing
concentration and temperature. In the concentration range
from 1.0 x 107 to 1.1 x 10~ *m, the absorbance of acetonitrile
solutions of 29** increased linearly with increasing concentra-
tion (Figure 12), which means that the molar absorption coefti-
cient is constant. For a 5.0 x 10~ %M acetonitrile solution, in
going from 10 to 60 °C, the small decrease (7 %) observed in
the absorbance of the maximum of the CT band is comparable
to that exhibited by 30** (x5%), which is locked in an in-
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Fig. 12. Absorbance and molar absorption coefficient of 29-4PF, at 520 nm as a
function of concentration.

tramolecularly self-complexed conformation. These results con-
firm that 29**, at least in solution, exists totally as a self-com-
plexed species.

Mechanical molecular and supramelecular machines: The self-
complexation of 29*" and the self-assembling process between
the cyclophane 24** and the thread 15 to give the pseudo-
rotaxane [24-15]** (Scheme 11) are a result of donor —acceptor
interactions between the m-electron-rich 1,5-dioxynaphthalene
moiety of 15 and the n-electron-deficient bipyridinium units of
the cyclophane 24**, as well as of the hydrogen-bonding inter-
actions between the polyether oxygen atoms of the naphthalene
derivative and the acidic bipyridinium protons of the cy-
clophane. Upon reduction of the tetracationic cyclophane, the
strength of these interactions is expected to decrease,!*?°! there-
by allowing the naphthalene derivative to dethread from the
cavity of the cyclophane. We have devised photochemical and
electrochemical methods to control the dethreading processes
in these systems. For reasons that will become apparent,
dethreading of the pseudorotaxane [24-15]** was performed by
photoexcitation and followed by absorption and luminescence
spectroscopy, whereas dethreading of the self-complexed system
294* was observed when the reduction of the tetracationic cy-
clophane was carried out by electrochemical techniques.

Photochemically driven machines: When the thread 15 is added
to an agueous solution of the cyclophane 24-4Cl, it threads
spontaneously through the center of the tetracationic cy-
clophane to produce the 1:1 complex or pseudorotaxane

+NC *t o401~

[24-151** (Scheme 11). The occurrence of the threading process
is shown by absorption and emission spectra and by NMR
spectroscopy. Ina 6.0 x 107 °> M aqueous solution of 15 and 24**
(as its tetrachloride salt), a charge-transfer band in the visible
region (4,, = 520 nm, &,,, ca. 700M~‘cm ™), very similar to
that of 29* 7, is formed and the intensity of the fluorescence of
15 (A,., = 345 nm) is quenched (Figure 13, curve a). Since the

ad -~ C
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8
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¢ 40
A
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Fig. 13. Absorption and (inset) fluorescence spectra of; a) a 6.0 x 10~ 3 M solution
of £5 and 24*” in water (80% of the species arc present as the pseudorotaxane
24+15**); b) and ¢) the same solution, irradiated for 4 and 15 min. respectively,
in the presence of 5.0x107°M 9-anthracenecarboxylic acid and 0.01M tri-
ethanolamine; d) solution ¢ after oxidation with O,. The fluorescence spectra were
obtained with 7., = 295 nm.

excited-state lifetime of 15 is very short (7.5 ns) and the concen-
tration of 24** is very low, fluorescence quenching can only
occur when the two species are associated."*7 *81 'H NMR spec-
troscopy (300 MHz) of 15 and 24** in D,0 (0.013 M each) at
room temperature showed significant chemical shift changes for
the aromatic protons of 15. The largest change observed in the
'"HNMR spectrum was the one for the H-4/8 protons
(Ad = — 4.52 ppm) of the naphthalene ring. This large Ad val-
ue, together with the existence of a strong charge-transfer inter-
action between the two components, is compelling evidence for
the formation of a complex [24-15]** with an aqueous solution-
state superstructure best described as pseudorotaxane-like. %!
The threading process takes place in a va-

riety of solvents,!**** 251 reaching an equi-

N librium more or less displaced toward the

(J ® e van formation of the pseudorotaxane [24-15]**.

¢ o OH In water, starting with a 6.0 x 10™°M solu-

O/_\O/—\OH . R ﬁ . 5 NI_@_\N ¥+ aci” tion of 15 and 24*", 80% of the species

\—@—/ () () formed at room temperature is the pseudoro-

©© 24.4C1 E@% taxane, as measured by the static quenching

— . R R .\ of the intensity of the luminescence band of

HQ o @ - \ C / 15. In principle, the interaction between the
] thread and the cyclophane can be destabi-
HO\_/OUO lized by reduction of the cyclophane and/or

oxidation of the thread. Excitation of the

15 24-15-4C pseudorotaxane in its charge-transfer band

Scheme 11. Sclf-assembly of cyclophane 24-4C1 and thread 15 10 give the pseudorotaxane 24-15-4Cl in

aqueous solution.
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formally moves an electron from the 1.3-
dioxynaphthalene moiety of the thread to a
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bipyridinium moiety of the cyclophane. Therefore, one can
expect that in the CT excited state the strength of the interaction
will be strongly reduced, with displacement of the equilibrium
toward dethreading. However, the CT excited state undergoes a
fast {picosecond timescale)!?7! back electron transfer reaction,
whereas the dethreading process is very slow, because it involves
complex nuclear motions. Therefore, direct light excitation in
the CT band does not cause any dethreading. In order to achieve
a light-induced dethreading, we have resorted to a photosensi-
tization technique schematically illustrated in Scheme 12.

Products

hv Red
Y
NS
p*

+ a’_@_\g + }«\ ¥ a a
R @@ + \/ v @
l:
A >
(24-15** 243+

Scheme 12. Schematic representation of the photosensitized dethreading process.

Tt is well known that intermolecular redox reactions can be
driven by light by means of suitable photosensitizers (hereafter
denoted by P).I5% 31 For example, the lowest excited state of
9-anthracenecarboxylic acid (hereafter abbreviated as P*, where
the asterisk indicates excitation) is a long-lived (250 ps) and
powerful reductant (E. (P*/P*)= —0.88V vs. SCE).I*%
Therefore, we irradiated a deoxygenated aqueous solution con-
taining 9-anthracenecarboxylic acid (5.0x107°M) and
[24-15]** (4.8 x 10~ 9m) with 365 nm light to cause the reduc-
tion of the electron-acceptor component of the pseudorotaxane
(E..; = — 035V for the “alongside” bipyridinium unit of an
analogous [2]catenane)?°®[Egs. (1) and (2)]. After photoreduc-

P+hy — P* [Light excitation] (1)

P* +{24-151*" — P* +[24-15P>7 [Photoreduction]  (2)

tion, one might expect the dethreading process to occur. It
should be recalled, however, that the departure of the thread
from the ring is slow. Therefore, once again, it cannot compete
with the relatively fast back electron transfer>?! [Eq. (3)] from

P +[24-15P" — P +[24-15]*7 [Back electron transfer] (3)

the reduced [24-15]** to the oxidized P* species. However,
when a sufficiently large amount of a sacrificial reductant (Red,
e.g., 0.01 M tricthanolamine) is present in the solution, the oxi-
dized P* species produced by the excited-state electron transfer
reaction can be rapidly scavenged [Eq. (4)]. As a consequence,

P* +Red — P +Products [Scavenging reaction] (4)

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

the back electron-transfer reaction [Eq. (3)] is prevented and the
pseudorotaxane remains reduced, as indicated by the appear-
ance (Figure 13) of the characteristic absorption bands of re-
duced bipyridinium units.'*3! Under such conditions, the inter-
action between the thread and the ring is permanently weakened,

and the dethreading process can take place (Eq. (5)]. Proof of
[24:15)>" —— 24** +15 [Dethreading] (5)

the occurrence of the dethreading process is the increase in the
fluorescence of the 1,5-dioxynaphthalene moiety, which can

(Figure 13, inset). It should be
pointed out that the fluores-

only take place from “free” 15
[7 HO_ o
=

cent excited state 15% can be
quenched by the reduced form
24°* of the cyclophane by en-
ergy transfer (since 24°>* pos-
sesses  low-energy  excited

© VCH Verlugsgesellschaft mbH, D-69451 Weinheim, 1997

states) and electron transfer
(since 24> is a strong reduc-
tant and 15* is an oxidant).
Quenching, however, implies
either close association be-
tween the two species or many
random encounters of the ex-
cited 15* (during its short life-
time, 7.5 ns) with 24", The
recovery of the fluorescence
therefore indicates that 24*™
and 15 are not only dethread-
ed, but also far from each oth-
er, as expected for two nonin-
teracting, dilute solutes. As will become apparent later, for the
covalently Jinked system 29** the impossibility of separating
the 1,5-dioxynaphthalene moiety from the reduced bipyridini-
um moiety prevents the recovery of fluorescence even if the
reductive dethreading takes place.

Under the experimental conditions used for the photosensi-
tization experiments on [24- 15]** (deaerated aqueous solution;
3 mL reaction cell; excitation with 365 nm light; incident light
intensity 2 x 107° Nbhvmin~™!, 13% of which was absorbed by
the photosensitizer), 35% of the pseudorotaxane species was
dethreaded after 25 minutes of irradiation (Figure 13). Similar
results have been obtained on changing experimental conditions
(pH and type of sacrificial reductant, e.g., disodium EDTA).
The dethreading reaction was also performed with [Ru(bpy),]2*
(bpy = 2,2'-bipyridine) as a photosensitizer, but with a lower
efficiency, because of its shorter excited-state lifetime and a less
efficient cage escape.l>°~ 32! After dethreading has occurred, if
oxygen is allowed to enter the solution the reduced cyclophane
is promptly back-oxidized [Eq. (6)] and 15 threads through it
again [Eq. (7)] as shown by the decrease in the intensity of

243+ OWEN pger [Oxidation] (6)

15 +247 — [24-1514% [Rethreading] (7)

the fluorescence band and the recovery of the initial absorption
spectrum (Figure 13). We recall that the covalently linked sys-
tem 29** is a self-complexed species where low-energy CT levels
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prevent the fluorescence of the 1,5-dioxynaphthalene moiety.
On the basis of the results obtained with the pseudorotaxane
[24-15)* " experiments were performed to examine the possibil-
ity of prompting a photochemical dethreading of 29**. A de-
gassed aqueous solution containing 6.0 x 107°M 29**, 5.0 x
10 "®M 9-anthracenecarboxylic acid as a photosensitizer, and
10~ ?m disodium EDTA as sacrificial reductant'®* was irradiat-
ed with 365 nm light. After 15 min, changes in the absorption
spectrum of the solution comparable to those observed for
[24-15]** were obtained, showing that, following light excita-
tion of the photosensitizer [Eq. (1)] and scavenging of P* by the
sacrificial reductant [Eq. (4)], 45% of the (total) bipyridinium
units have been reduced (threaded and unthreaded 29** are
hereafter indicated as 29°* (Np in) and 29°" (Np out), respec-
tively) [Eq. (8)].

P* +29*" (Np in) — P* +29°" (Np in) {Photoreduction] (8)
Dethreading of 29°" (Np in) is therefore expected to occur
[Eq. (9]. However, unlike what happens on dethreading of

29°* (Np in) —> 29%" (Np out) [Dethreading] - (9)

[24-15}**, no recovery of the 1,5-dioxynaphthalene moiety fluo-
rescence was observed upon the photochemical reduction of
294" This nonrecovery, however, is not evidence against the
photoinduced dethreading process. It should be considered, in
fact, that contrary to what happens for the two components of
[24-15]* ", which, after de-
threading, are free to diffuse

away in the solution, the short N'_<§¢N

and flexible polyether tether () ®
keeps the naphthalene moiety 28" o o
close to the reduced 29°* cy- . N_@_IN .
clophane and allows the oc-

currence of many encounters Q oy
between them within the excit- « @y

cd state lifetime of the 1,5-
dioxynaphthalene moiety. In
such encoumer.s, the fluores- é)\"/'@‘N*
cence of the excited state of the
naphthalene moiety [Eq. (11)]
can be quenched by the re-
duced cyclophane by energy

334+
transfer  [Eq. (12)] and/or A
oxidative electron transfer *N_ ﬁ
[Eq. (13)], with the conse-

. 00 0¢ 8 O
quent quenching of the naph-

thalene-type fluorescence.

291 (Np ount) +hy —- 29%* (Np* out) [Light excitation] (10)

29°" (Np* out) > 29°% (Np out) +hy [Fluorescence] (11)

29°7 (Np* out) - — 29*** (Np out) [Encrgy transfer] (12)

29° " (Np* out) —— 292* (Np™* out) [Electron transfer] (13)

After irradiation, introduction of oxygen in the solution
causes the disappearance of the absorption bands of reduced
bipyridinium [Eq. (14)] and gives back the CT absorption band
of 29" [Eq. (15)], indicating that the reduction of a bipyridini-
um unit of 29" is reversible.
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Ox} xygen

29°* (Np out) — 29** (Np out) [Oxidation] (14)

29** (Np out) -— 29** (Np in) [Rethreading] (15)

In the case of 327, a photosensitizer (anthracene) is present
in the cyclophane structure. In principle, excitation of the an-
thracene moiety of 32*" with 365 nm light could be followed by
electron transfer to the bipyridinium unit; a reducing scavenger
could then react with the oxidized anthracene unit, thereby pre-
venting the back electron transfer and allowing the unthreading
process. We found, however, that irradiation of a degassed
aqueous solution containing 6.0 x107°m 32*" and 0.0tM
EDTA does not produce any variation in its absorption spec-
trum. This result means that the bimolecular electron transfer
process from the scavenger to the oxidized photosensitizer can-
not compete with the very fast intramolecular back electron
transfer from the reduced bipyridinium unit to the oxidized
anthracene.

Electrochemically driven machines: An alternative approach to
the reduction of the tetracationic cyclophane (in order to weak-
en the interaction between the two components of pseudorotax-
anes and achieve dethreading) is to use electrochemical tech-
niques. Here, we describe detailed electrochemical experiments
performed on the 29*" system in acetonitrile solution at room
temperature. The electrochemical behavior of 28**, 29" and
the previously investigated [2]catenane 33* " is compared in Fig-
ure 14.15%

-05 -1.0

o\_}o\_/o Me

29" (Np out)

05 1.0
V (vs SCE)

Fig. 14. Comparison of the reduction potentials of 28*" 29**, and 33**.

The behavior of 28** is practically the same as that
shown!!2¢l by 24%* : a reversible two-electron reduction process
with E,,, = — 0.29 V is followed by a second reversible two-
electron reduction process with £, = — 0.71 V. The first two-
electron reduction process corresponds to the one-electron re-
duction, at the same potential, of the two equivalent and
noninteracting bipyridinium units. As shown in Figure 14, the
first reversible two-electron reduction process of 29** takes
place at —0.35V, that is, at more negative potential compared
with 28**. This situation is accounted for by the donor —accep-
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tor interaction of the cyclophane with the electron donor 1,5-
dioxynaphthalene moiety and confirms the self-threaded struc-
ture of 29** . It should be noted that the two 4,4’-bipyridinium
units remain equivalent in 29** because the 1,5-dioxynaph-
thalene moiety is positioned symmetrically between them. In
[2]catenane 33**, the two 4,4'-bipyridinium units are not equiv-
alent because only one experiences interaction with two naph-
thalene units. Therefore, in 33**, the first reductions of the two
bipyridinium units occur at different potentials:>® the first
one-electron wave (— 0.35 V) corresponds to the reduction of the
“alongside” unit, and the second one-electron wave (— 0.56 V) to
the reduction of the “inside” unit. The donor-acceptor interac-
tion experienced by the alongside bipyridinium unit of 33** is
expected to be practically the same as that of the bipyridinium
units of 29* *. This expectation is fully confirmed by the fact that
the first two-electron reduction of 29** and the first one-elec-
tron reduction of 33** occur at the same potential (Figure 14).

The results which shed most light on the behavior of 29** are
those concerning the second reduction of the bipyridinium
units. In this regard, it should be noted that i) 28** again shows
a two-electron wave (— 0.7t V), i) [2]catenane 334" shows two
one-electron waves (— 0.81 and —0.89 V), both at more nega-
tive potentials than 28*" because of some residual donor-ac-
ceptor interaction, whereas iii) 29** shows a two-electron wave
exactly at the same potential as that of 28**. These results
indicate that for 29**, at the time of the second reduction, the
two bipyridinium units are no longer engaged in any donor~ac-
ceptor interaction. As a consequence, we can draw the conclu-
sion that the first reduction [Eq. (16)] of the two bipyridinium
units of 29** to 297~ causes dethreading [Eq. (17), Figure 15].

29** (Np in) +2e~ — 26** {Np in) [Reduction] (16)

292" (Np in) — 292" {(Np out) [Dethreading] (17)

In agreement with the photochemical results, spectroelectro-
chemical experiments (macroreduction of 29** at—0.40V,
monitored by absorption and fluorescence measurements)
showed the appearance of the characteristic absorption spec-
trum of monoreduced bipyridinium units,’*3! but no fluores-
cence from the naphthalene unit. This finding further confirms
that in the case of this system, for the reasons discussed above,
fluorescence measurements are not sufficient to prove the occur-
rence of dethreading. The proof that dethreading takes place is
given by the fact that the potential value of the second reduction
process of 29** is coincident with that of 28** (Figure 14).
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Fig. 15. Electrochemically driven dethreading -rethreading of 29**.
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Electrochemical or chemical oxidation, for example by allow-
ing oxygen to enter the reduced solutions [Eq. (18)], causes
rethreading [Eq. (19)], as shown by the disappearance of the
absorption band of the reduced bipyridinium units and the reap-
pearance of the CT band.

Oxygen

292" (Np out) 29** (Np out) [Oxidation] (18)

29" (Np out) — 29** (Np in) [Rethreading] (19)

Conclusion

This research has shown how it is possible to design and con-
struct molecular assemblies and supramolecular arrays with
nanometre-scale switching properties by the use of the noncova-
lent bonding interactions that regulate the self-assembly of =-
electron-rich and m-electron-deficient components. For ex-
ample, we have shown how, by attaching a w-electron-rich
aromatic ring to one of the precursors of the tetracationic cy-
clophane, cyclobis(paraquat-p-phenylene), it is feasible to syn-
thesize molecular assemblies featuring a self-complexing aspect
where the tether component acts as a template in the formation
of the macrocyclic compound. These self-complexing com-
pounds are not only interesting on account of their rare struc-
tures, but also because one of them exhibits electrochemically
driven switching properties. In addition, we have described 4
supramolecular system in which the dethreading of the linear
n-clectron-donating component from the cavity of the n-elec-
tron-deficient tetracationic cyclophane is photochemically
driven. Thus, we have constructed molecular and supramolecu-
lar systems driven by photons and electrons. This achievement
constitutes a step toward storing, processing, and transmitting
information at the molecular and supramolecular levels!"—an
activity which is still very much in its infancy.

Experimental Section

Materials and methods: Solvents were purified and dried by literature meth-
ods. Reagents were employed as purchased (rom Aldrich. Thin-layer chro-
matography (TLC) was carried out with aluminum sheets, precoated with
silica gel 60 F (Merck 5554) or aluminum oxide 60 F ncutral (Merck 5550).
The plates were inspected by UV light prior to development with iodine vapor
or by treatment with ceric ammonium molybdate reagent and subsequent
heating. Preparative TLC (PTLC) was carried out with TLC plates precoated
with silica gel 60F,;, (Merck 5717) of layer thickness 2 mm. Column chro-
matography was performed with silica gel 60 (Merck 7734, 0.063-0.200 mm)
or aluminum oxide 90 (neutral, act. 11-11I, Merck
1097, 0.063-0.200 mm). Melting points were de-
e} termined on an Electrothermal 9200 apparatus
and are uncorrected. Elemental analyses were
performed by both the University of Shefficld
and the University of Birmingham Microanalyt-
ical Laboratories. Mass spectra were recorded
on a Kratos Profile spectrometer (EIMS and
CIMS) or on a VG ZabSpec instrument
equipped with a cesium ion gun (LSIMS).
'HNMR spectra were recorded on a Bruker
AC300 (300 MHz spectra) or a Bruker AM X 400
{400 MHz spectra). '*C NMR specira were
recorded on a Bruker AC300 (75.5 MHz) by
means of the IMOD pulse sequence. All chemi-
cal shifts are quoted on the d scale with TMS or
the solvent as an internal standard. Coupling
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constants are expressed in Hz. X-ray crystallography was carried out as
described in the appropriate compound characterization scction. Crystallo-
graphic 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-1220-43. Copics of the data can be
obtained free of charge on application to the Director, CCDC, 12 Union
Road, Cambridge CB21EZ, UK (Fax: Int. code +(1223)336-033; e-mail:
teched(@ chemerys.cam.ac.uk).

Ethyl 2,5-dimethylbenzoate (9) [38]: 2.5-Dimethylbenzoic acid 8 (3.5g,
2.3mmol) and H,SO, (5mL) in EtOH (50 mL) were heated under reflux
overnight. The solution was cooled and solvent removed in vacuo. The
residue was dissolved in CH,Cl, (50 mL) and washed with saturated aqueous
Na,CO, (2x 100 mL) and H,O (2x 100 mL). The organic layer was dried
over MgSO, and filtered, and the filtrate was concentrated in vacuo to afford
a clear colorless oil (4.2 g, 100%), corresponding to compound 9. 'HNMR
(300 MHz, CDClj, 25°C, TMS): 6 =7.73 (d, *J =1 Hz, 1 H; Ar-H-6), 7.21
(dd, %7 =8 Hz, 1 Hz, tH; Ar-H-4), 7.12 (d, 3J = 8 Hz, 1H; Ar—H-3),
437 (q, *J =7 Hz. 2H; CH,CH;), 2.56 (s, 3H:; Ar—CH,), 2.35 (s, 3H;
Ar—CH,), 1.39 (t, *J =7 Hz, 3H; CH,CH,); '*C NMR (75 MHz, CDCl,,
25°C): 8 =167.9, 136.8, 135.2, 132.5, 131.5, 130.9, 129.8, 60.6, 21.2, 20.8,
14.4; MS (70 eV, ED): mjz (%) =178 (50) [M *].

Ethyl 2,5-bis(bromomethyl)benzoate (7) [38]: N-Bromosuccinimide (4.4 g,
24.7 mmol) and a catalytic amount of AIBN were added to a solution of ethyl
2.,5-dimethylbenzoate 9 (2 g, 11.23 mmol) in CCl, (50 mL). The suspension
was refluxed under nitrogen for 4 h, after which time succinimide was ob-
scrved floating on the surface of the CCl, when the solution was cooled down
to room temperature. The succinimide was filtered off under gravity and the
filtrate was concentrated. The resulting brown oil was dissolved in CH,Cl,
(25 mL), to which hexanc (150 mL) was added. The solution was allowed to
stand in the refrigerator for 2 h, whereupon a whitc selid precipitated out.
The solid was filtered off under gravity and dried in vacuo, this afforded
compound 7 (1.4 g, 40%) in the form of a white powder. M.p. 87°C;
'HNMR (300 MHz, CDCl,, 25°C, TMS): § = 8.98 (d, *J =1 Hz, 1 H; Ar—
H-6),7.54 (dd, >*J = 8,1 Hz, 1H; Ar—H-4), 7.95(d, >/ = 8 Hz, 1H; Ar-H-
3),4.96 (s, 2H; Ar-CH,Br), 4.49 (s, 2H; Ar-CH,Br), 442 (q, *J =7 Hz,
2H; CH,CH,), 1.46 (t, *J =7 Hz, 3H; CH,CH,); '*C NMR (75 MHz,
CDCl,, 25°C): 6 =167.0, 139.2,138.3,132.8, 132.2, 131.7, 130.0, 61.5, 31.8,
30.8, 14.2; MS (70 eV, EI): mjz (%) = 336 (5) [M *).

2,5-Bis(bromomethyl)benzoic acid (13) [38]: N-Bromosuccinimide (26.08 g,
146 mmol) and a catalytic amount of AIBN were added to a solution of
2.5-dimethylbenzoic acid 8 (10 g, 67 mmol) in CCl, (200 mL). The suspension
was refluxed under nitrogen for 4 h. after which time succinimide was ob-
served floating on the surface of the CCl, when the solution was cooled down
to room temperature. The succinimide was filtered off under gravity and the
filirate was concentrated. The resulting brown oil was dissolved in CH,ClI,
(50 mL) to which hexane (150 mL) was added. The solution was then allowed
to stand in the refrigerator for 2 h, whereupon a white solid precipitated out.
The solid was filtered off under gravity and dried in vacuo, affording com-
pound 13 (8.4 g, 42%) in the form of a white powder: m.p. 116°C; 'H NMR
(300 MHz, CDCl,, 25°C, TMS): & = 8.11 {d. *J =1 Hz, 1 H; Ar—H-6), 7.69
(dd,**J = 8,1 Hz, 1| H; Ar—H-4), 7.60 (d, ®J = 8 Hz, 1 H; Ar-H-3), 5.11 (s,
2H; Ar-CH,Br), 473 (s, 2H; Ar-CH,Br); '3C NMR (75 MHz, CDCl,,
25°C): 8 =167.6, 140.2, 134.2, 133.5. 132.9, 131.7, 130.1, 33.1, 31.9. MS
(70 eV, EI): miz (%) = 307 (26) (M — H}".

2,5-Bis(bromomethyl)benzoyl chioride (11) {38): To a solution of 13 (0.88 g,
2.7 mmol) in dry toluene (50 mL) was added SOCI, (0.67 g. 5.7 mmol) and
one drop of DMF, The solution was heated under reflux for 2 h before being
cooled to room temperature. The solution was added to dry PhMe (500 mL),
and the solvent was removed in vacuo, affording an oil (0.93 g, 95%). The
resulting o1l was used as the acid chloride 11 in subsequent reactions without
any further purification.

1-]2-(2-Hydroxyethoxy)ethoxy}-5-[2-(2-methoxyethoxy)ethoxy|naphthalene

(12): A solution of the diol 15 [12g] (5 g, 14.9 mmol) in THF (30 mL) was
added dropwise to a suspension of NaH (60% dispersion in mincral oil)
(0.30 g, 7.44 mmol) in dry THF (50 mL) under nitrogen. The solution was
stirred for 30 min at room temperature and then for an additional 30 min
under reflux. A solution of Mel (1.04 g, 7.44 mmol) in THF (20 mL) was
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added dropwise over 15 min. The solution was heated under reflux for a
further 12 h, then cooled, and MeOH (5 mL) was added. The solvents were
removed in vacuo, and the oily residue was taken up in CH,Cl, (50 mL) and
washed with saturated aqueous Na,CO; (2x 50 mL) and H,0 (2 x 50 mL).
The organic layer was dried over MgSO, and filtered under gravity, and the
CH, Cl, was removed in vacuo. The resulting oil was subjected to silica gel
column chromatography, eluting with Et,O/CHCl;/MeOH (73:25:2). The
fractions containing the product were combined and the solvents were re-
moved in vacuo, affording compound 12 (1.80 g, 289%) as a yellow oil:
'HNMR (300 MHz, CDCl,, 25°C, TMS): 6 =7.87 (d. *J=8Hz 1H;:
naphthalene H-4), 7.85, (d, 3/ =8 Hz, 1H; naphthalene H-8), 7.36 (1,
3J = 8 Hz, 1 H; naphthalene H-3), 7.35 (t. *J = 8 Hz, 1 H; naphthalene H-7).
6.84 (d, °J = 8 Hz, two coincident doublets, 2H; naphthalene H-2,6), 4.33-
4.28 (m, 4H; OCH,), 4.02-3.97 (m, 4H; OCH,), 3.82-3.72 (m, 6H;
OCH,), 3.62-3.58 (m, 2H; OCH,), 3.39 (s, 3H; OCH,;), 2.02 (brs, 1H;
OH); "*C NMR (75 MHz, CDCl,, 25°C): 8 =154.4, 154.3, 126.9, 126.8,
125.2,125.0, 114.8, 114.5. 105.8, 105.8, 72.7, 72.0, 70.9, 69.9, 69.8, 68.0, 61 8,
59.1; MS (70 eV, EI): m/z (%) = 350 (40) [M *]: C,,H,,0,: calcd C 65.13,
H 7.48: found C 64.91, H 7.45.

(1-[2-(2-Oxyethoxy)ethox y}-5-{2-(2-methoxy-ethoxy)ethoxy)naphthalene)-2,5-
bis(bromomethyl)benzoate (10): A solution of the alcohol 12 (0.94 ¢,
2.7 mmol) in dry CH,Cl, (20 mL) was added dropwise during 30 min to a
solution of 11 (0.93 g, 2.7 mmol) in dry CH,Cl, (50 mL) under N,. The
solution was stirred at room temperature under N, for 4 h before being
heated under reflux gently overnight. The cooled solution was washed with
H,0 (2 x30 mL) and the organic layer was dried over MgSO,. The MgSO,,
was filtered off under gravity and the filtrate was concentrated in vacuo. TLC
analysis with hexane/EtOAc (4:1) as the eluent revealed one major compo-
nent. However, silica gel column chromatography, employing hexane/EtOAc
(4:1) as the eluant, failed to separate out the minor fraction observed by TLC.
Therefore, the crude mixture (1.3 g, 3.8 mmol) was used without further
purification.

1-{2-(2-Hydroxyethoxy)ethoxy|-5-|2-(2-(1-adamantanecarbonyl)ethoxy)-
ethoxy] naphthalene (18): 1-Adamantanecarbonyl chloride 17 (2.36 g.
1.19 mmol) was added to a solution of the diol 15 (2 g. 5.95 mmol) in 33%
volume C;H N/CHCI, (30 mL) and the mixture was stirred for 12 hat 25°C,
followed by a further period of stirring for 2h at 60°C. The solvent was
removed in vacuo leaving a residue, which was dissolved in CH,Cl, (100 mL)
and washed with 2M HCL (50 mL) and distilled H,0 (2 x 100 mL). The organ-
ic phase was dricd over MgSO, and the solvent was removed in vacuo. The
resultant oil was subjected to column chromatography (SiO,. CH,Cl,/
McOH 98:2), giving a yellow oil, which, after being washed with hexane
(50 mL), yielded the adamantoy! ester 18 (1.08 g, 36%) as a yellow oil:
'HNMR (300 MHz, CDCl,, 25°C, TMS): 6 =7.87 (d, *J =8 Hz 1H;
naphthalene H-4), 7.84 (d, * J =8 Hz, 1H; naphthalene H-8), 7.35 (t,
3] = 8 Hz, 1 H: naphthalene H-3), 7.34 (t, *J = 8 Hz, 1 H; naphthalene H-7).
6.84 (d, two coincident doublets, 3/ = 8 Hz, 2H: naphthalene H-2,6), 4.31 -
420 (m, 6H; OCH,), 3.99-3.91 (m, 4H; OCH,); 3.80-3.72 (m, 2H;
OCH,), 3.75-3.62 (m, 4H; OCH,), 1.96 (brs, 3H; adamantoyl CH), 1.88
(brs, 6H; adamantoyl CH,), 1.66 (brs, 6 H; adamantoy! CH,); 1*C NMR
(75 MHz, CDCl,, 25°C): § = 27.9, 36.5, 38.7, 40.7, 61.9, 63.3, 68.0. 69.6,
69.8, 69.8, 72.6, 105.7, 114.5, 114.8, 1251, 125.2, 126.8, 154.3, 154.4; MS
(LSIMS): mjz = 498 [M *); C,H,40,: caled C 69.86, H 7.68; found C 69.72,
H 7.61.

(1-[2-(2-Oxyethoxy)ethoxy]-5-{2-(2-(1-adamantanecarbonyl)ethoxy)ethoxy}-
naphthalene)-2,5-bis(bromomethyl)benzoate (16): A sotution of alcohol 18
(1.08 g, 2.16 mmol) in dry CH,Cl, (10 mL) was added dropwisc over 30 min
to a solution of 11 (0.7 g, 2.16 mmol) in dry CH,Cl, (15mL). The solution
was stirred al room temperature under nitrogen for 4 h and then heated
gently under reflux overnight. The cooled solution was washed with water
(2x 30 mL) and the organic layer was dried over MgSO,. The MgSO, was
filtered off and the filtrate was concentrated in vacuo. The crude mixture
(1.31 g, 1.60 mmol) was used without further purification.

(1-]2-(2-Oxyethoxy)ethoxy]-4-benzyloxybenzene)-2,5-bis(bromomethyl) ben-
zoate (19): The alcohol 21 (0.66 g, 2.29 mmol) [12g] in dry CH,Cl, (10 mL)
was added dropwise over 30 min to a solution of 11 (0.75 g, 2.3 mmol) in dry
CH,Cl, (15 mL). The solution was stirred at room temperature under nitro-
gen for 4 h and then it was heated gently under reflux overnight. The cooled

0947-6539/97/0301-0166 § 15.00+ .25/0 Chem. Eur. J 1997, 3, No. 1





Molecular Machines

152-170

solution was washed with H,O (2 x 30 mL) and the organic layer dried over
MgSO,. The MgSO, was filtered off and the solvent removed in vacuo. The
crude mixture (0.98 g, 1.7 mmol) was used without further modification.

9,10-Bis(bromomethyl)anthracene (23) [39]: Anthracene (8 g, 4.4 mmol) was
added to a solution of (CH,0), (8 g, 0.26 mol) in 30% HBr/AcOH (100 mL).
The solution was heated to 50°C while being stirred for 30 min, at which
point stirring was abandoned on account of the formation of a thick yellow
precipitate. Heating was continued for a further 1.5 h. The reaction mixture
was cooled overnight. The yellow precipitate was filtered off under reduced
pressure and washed well with AcOH, H,0, aqueous Na,CO; (10%) solu-
tion, H,0, and Et,0. The yellow solid was dried in vacuo and recrystallized
from toluene, affording a fine yellow powder 23 (9.5 g, 64%): m.p. 170°C
(decomp); '"HNMR (300 MHz, CDCl,, 25°C, TMS): § = 8.41-8.36 (m,
4H; anthracene H-1,4,6,9), 7.71-7.66 (m, 4 H; anthracene H-2,3,5,7), 5.53 (s,
4H; Ar-CH,Br); MS (NH,, CI): m/z (%) =364 (2) [M™], 283 (35)
[M — Br]*, 205 (100) [M — 2Br]*.

1,1°-[9,10-Anthracene(methylene)|bis-4,4’-pyridylpyridinium  bis(hexafluoro-
phosphate) (22-2 PF,): 9,10-Bis(bromomethyl)anthracene 23 (5 g, 13.4 mmol)
was added to a solution of 4.4'-bipyridine (20 g, 134 mmol) in refluxing
MeCN (100 mL) over a period of 5 days under nitrogen. The solution was
heated under reflux for one more day and then cooled. In order to induce full
precipitation of the salt that had formed during the course of the reaction,
Et,O was added (100 mL). The precipitate was filtered off and washed with
Et,0 and CHCIj to remove any soluble impurities. The resulting white solid
was subjected to silica gel column chromatography with MeOH/NH CI (2m)/
MeNO, (7:2:1) eluent. The fractions containing the product were combined
and concentrated. H,0 (50 mL) was added to dissolve the chloride salts,
followed by the addition of an aqueous NH,PF; solution to precipitate the
product as its bis(hexafluorophosphate) salt. The precipitate was collected
under reduced pressure, washed well with H,O, and dried in vacuo, yielding
compound 22-2PF, (7.0 g, 65%) as a white solid: m.p. 250°C; "H NMR
(300 MHz, CD,CN, 25°C, TMS): 6 = 8.83 (d, 3/, = 6 Hz, 4H; bipyridini-
um «-CH), 8.72 (d, 3J,, = 6 Hz, 4H; bipyridinium $-CH), 8.43-8.37 (m,
4H; anthracene H-1,4,6,9), 8.26 (d, *J,5 = 6 Hz, 4H; bipyridinium o-CH),
7.82-7.75 (m, 4H; anthracene H-2,3,7,8), 7.76 (d, 3JAB = 6 Hz, 4H; bipyri-
dinium B-CH), 6.89 (s, 4H; Ar—CH,); '*C NMR (75 MHz, CD,CN, 25°C):
0 =155.8, 152.2, 145.5, 141.2, 132.8, 129.7, 127.3, 126.4, 125.3, 122.8, 57 .4;
MS (LSIMS): m/z (%) = 661 (100) [M — PF]*; CysH 4N, P,F,,: caled C
53.61, H 3.5, N 6.95; found C 53.71, H 3.36, N 6.76.

Cyclofethyl 2,5-(paraquat-p-phenyleneparaquat)benzoate| tetrakis(hexafluo-
rophosphate) (28-4PF,) [38]: A solution of 7 (0.14 g, 0.43 mmol), the bipyri-
dinium salt 26-2PF, (0.25 g, 0.36 mmol) and the template 15 were stirred in
DMF (5 mL) for 5 days at room temperature and ambient pressure. In order
to ensure full precipitation of the salt, Et,O (50 mL) was added. The precip-
itate was filtered off under reduced pressure and subjected to a liquid—liquid
extraction in order to partition the salts and the template 15 between H,O and
CHCI,. The aqueous layer was concentrated and the salts were precipitated
with aqueous NH, PF, solution. The precipitate was filtered off and subjected
to silica gel chromatography with MeOH/NH Cl (2M)/MeNQO, (7:2:1) elu-
ent. The fractions containing the product were combined and concentrated.
H,0 (50 mL) was added to dissolve the chloride salts, followed by the
addition of aqueous NH,PF, solution to precipitate the product as its
tetrakis(hexafluorophosphate) salt. The precipitate was collected under re-
duced pressure, washed well with H,O, and dried in vacuo at 40 °C, yielding
28-4PF, (0.16 g, 39%) as a white solid: m.p.>270°C; "H NMR (300 MHz,
CD,CN, 25°C, TMS): 6 = 8.93-8.85 (m, 8 H; bipyridinium «-CH), 8.21—
8.16 (d,*J =1 Hz, 1H; Ar~H-6), 8.19 (m, 6 H; bipyridinium $-CH), 8.12 (d,
3J g = 6 Hz, 2H; bipyridinium B-CH), 7.67 (dd, **J =8 Hz, 1 Hz, 1H;
Ar—H-4), 7.57 (d, 3J = 8 Hz, 1H; Ar-H-3), 7.53 (s, 4H; xylyl H), 6.15 (s,
2H; NCH,), 5.83 (s, 2H; NCH,), 5.75 (s, 4H; NCH,), 4.42 (g, *J =7 Hz,
2H; CH,CH,), 143 (t, >J =7Hz, 3H; CH,CH,); '3C NMR (75 MHz,
CD,CN, 25°C): 6 =166.8, 150.8, 150.5, 146.8, 146.2, 146.0, 137.2, 136.9,
136.7. 134.6, 133.3, 131.6, 131.3, 131.1, 128.3, 128.3, 128.2, 127.7, 65.6, 65.5,
65.0, 63.3, 62.5, 14.2; MS (LSIMS): mjz =1027 [M —PFg]", 882
[M — 2PF]*, 737 [M — 3PF,]"; C4oH;4F,,N,O,P,: caled C 39.95, H 3.09,
N 4.78; found C 40.24, H 3.08, N 5.05.

Cyclo[1-]2-(2-oxyethoxy)ethoxy]-5-]2-(2-methoxyethoxy)ethoxy)naphthalene
2,5-(paraquat-p-phenyleneparaquat)benzoate] tetrakis(hexafluerophosphate)
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(29-4PF): A solution of the dibromide 10 (0.14 g, 0.22 mmol) and the bipyri-
dinium salt 26-2PF, (0.13 g, 0.19 mmol} was stirred in DMF (5mlL) for
5 days at room temperature and ambient pressure. In order to ensure full
precipitation of the purple salt, Et,O (50 mL) was added to the reaction
mixture. The precipitate was filtered off under reduced pressure and subjected
to silica gel chromatography with MeOH/NH,Cl (2m)/MeNO, (7:2:1) as
eluent. The fractions containing the product were combined and concentrat-
ed. H,0 (50 mL) was added to dissolve the chloride salts, followed by the
addition of an aqueous NH,PFy solution to precipitate the product as its
tetrakis(hcxafluorophosphate) salt. The precipitate was collected under re-
duced pressure, washed well with H,O, and dried in vacuo at 40 °C, yielding
29-4PF, (0.065g, 24%) as a purple solid: m.p.>270°C; 'HNMR
(300 MHz, CD,CN, 25°C, TMS): § = 9.27 (4, *J,, = 6 Hz, 1 H; bipyridini-
um «-CH), 9.11 (d, *J,5 = 6 Hz, 1 H; bipyridinium «-CH), 9.03 (d, 3J,, =
6 Hz, 1 H; bipyridinium «-CH), 8.81-8.72 (m, 4H; 3 x bipyridinium «-CH
and Ar-H-6), 8.61 (d, *J,5 = 6 Hz, 1H; bipyridinium «CH), 8.53 (d.
3J,s = 6 Hz, 1H; bipyridinium «-CH), 8.26 (dd, >*J =7 Hz, 1 Hz, 1H;
Ar—H-3), 8.12 (d, 3/ =7 Hz, 1H; Ar- H-4), 8.07 (s, 2H; xylyl H), 7.97 s,
2H; xylyl H), 7.57-7.49 (m, 3H; bipyridinium $-CH), 7.39-7.31 (m, 2H;
bipyridinium $-CH), 7.26 (d, 3J,; = 6 Hz, 1 H; bipyridinium g-CH), 7.19-
7.11 (m, 2H; bipyridinium -CH), 6.97 (d, *J =13 Hz, 1 H; NCH,), 6.36 (d,
3J =7 Hz, 1H; naphthalene), 6.22—6.13 (m, 2H; naphthalene), 5.90-5.81
(m, 3H; 2x NCH, and naphthalene), 5.75-5.68 (m, 4H; NCH,), 5.66 (d.
3J=12Hz, 1H; NCH,), 544-534 (m, 1H; OCH,), 440-4.21 (m, 6H;
0OCH,), 420-4.10 (m, 3H; OCH,), 4.09-3.97 (m, 2H; OCH,), 3.86-3.78
(m, 4H; OCH,), 3.42 (s, 3H; OCH), 2.88 (d, J = 8 Hz, 1 H: naphthalene),
242 (d, 3J=8Hz, 1H; naphthalene); MS (LSIMS): mjz =1333
[M — PF,1". 1187 [M — 2PF¢l*, 1043 [M — 3PF ", C, HF,,N,0,P,:
caled C 45.54, H 3.82, N 3.82; found C 4526, H 3.72, N 3.69,

Cyclo[1-{2-(2-oxyethoxy)ethoxy|-5-[2-(2-(1-adamantanecarbonyl)ethoxy)etho-
xy[naphthalene 2,5-(paraquat-p-phenyleneparaquat)benzoate] tetrakis(thexaflu-
orophosphate) (30-4 PF;): A solution of the dibromide 16 (1.35 g, 1.71 mmol)
and the bipyridinium salt 26-2PF, (1.04 g, 1.48 mmol) in DMF (10 mL) was
stirred for 7 days at room temperature and pressure. In order to ensure full
precipitation of the purple salt, Et;O (50 mL) was added to the reaction
mixture. The precipitate was filtered off under reduced pressure and subjected
to column chromatography (Si0,, MeOH/NH Cl (2M)/MeNO, 4:1:4). The
fractions containing the product were combined and concentrated. H,0
(50 mL) was added to dissolve the chloride salts, followed by the addition of
an aqueous NH,PF, solution to precipitate the product as its tetrakis(hexa-
fluorophosphate) salt. The precipitate was collected under reduced pressure,
washed well with H,O, and dried in vacuo, yielding 30-4PF, (0.3 g, 13%) as
a purple solid. M.p.>>270 °C (decomp.); 'H NMR (300 MHe, CD,COCD,,
25°C): § = 9.55(d, *J, = 6 Hz, 1 H; bipyridinium «-H), 9.48-9.31 (m, 3H;
bipyridinium «-H), 9.25 (d, 3/, = 6 Hz, 1H; bipyridinium «-H), 9.21 (d,
31,4 = 6 Hz, 1 H; bipyridinium «-H), 9.16 (d, 3/ =1 He, 1H; Ar-H-6), 9.15
(d, ®J,, = 6 Hz, 1 H; bipyridinium o-H), 9.06 (d, *J,, = 6 Hz, 1H; bipyri-
dinium a-H), 8.59 (dd, *J =1, 7Hz, 1 H; Ar-H-4), 845 (d, *J =7Hz, 1 H;
Ar—H-3), 8.38 (brs, 2H; xylyl H), 8.28 (brs, 2H; xylyl H), 8.24-8.18 (m,
2 H; bipyridinium f-H), 7.97-7.92 (m, 2H; bipyridinivm §-H), 7.67-7.64
{(m, 2H; bipyridinium #-H), 7.50~7.48 (m, 2 H; bipyridinium $-H), 7.26 (d,
3J =13 Hz, 1H; NCH,), 6.50 (d, *J =7 Hz, 1 H; naphthalene), 6.42-6.40
(m, 2H; naphthalene), 6.25-6.12 (m, 4H; 3 xNCH, and naphthalene),
6.09-6.06 (m, 3H; NCH,), 6.05 (d, 3J =13 Hz, 1H; NCH,), 5.38 (m, 1 H;
OCH,), 4.62-4.47 (m, 5H; OCH,), 442-4.33 (m, 6 H; OCH,), 4.18-4.08
(m, 6H; OCH,), 3.04 (d, *J = 8 Hz, 1 H; naphthalene), 2.76 (d, °J = 8 Hz,
1 H; naphthalene), 1.84 (brs, 3H; adamantoyl CHJ, 1.71 (brs, 6 H; adaman-
toyl CH,), 1.67 (brs, 6H; adamantoyl CH,); MS (LSIMS): m/z =1647
[M — Na]*, 1479 [M — PF,]*, 1334 (M — 2PF ", 1189 [M — 3PF*;
HRMS (LSIMS): CoHgyN,OgF, Py [M — PFg]", caled 1479.3962, found
1479.3915.

Cyclo[1-[2-(2-oxyethoxy)ethoxy]-4-benzyloxybenzene-2,5-(paraquat-p-phenyl-
eneparaquat)benzoate] tetrakis(hexafluorophosphate) (31-4PF): A solution
of the dibromide 19 (1.15 g, 2.06 mmol) and the bipyridinium salt 26-2PF
(1.21 g, 1.72 mmol) was stirred in DMF (10 mL) for 10 days at room temper-
ature and ambient pressure. In order to ensure full precipitation of the red
salt, Et,O (50 mL) was added to the reaction mixture. The red precipitate was
filtered off under reduced pressure and subjected to silica gel column chro-
matography with MeOH/NH,Cl (2m)/MeNO, (7:2:1) as eluent. The frac-
tions containing the product were combined together and solvent was
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removed in vacuo. H,O (50 mL) was added to dissolve the chloride salt,
followed by the addition of a saturated aqueous solution of NH,PF, to
precipitate the product as its tetrakis(hexafluorophosphate) salt. The precip-
itate was collected under reduced pressure and washed well with H,0 and
then dried in vacuo. Crystallization by vapor diffusion of /Pr,O into an
MeCN solution of the salt afforded 31-4PF, (0.16 g, 7%) as a red crystalline
solid: "TH NMR (300 MHz, (CD,),CO, 25°C, TMS): 6 = 9.44-9.34 (m, 4 H;
bipyridinium #-CH), 9.29-9.22 (m, 4H; bipyridinium o-CH/, 8.87 (d,
/=8 Hz, 1H; Ar-H-6), 8.41- 8.34 (m, 6H; bipyridinium §-CH}), 8.26-
8.21 (m, 3H; 2 x bipyridinium 8-CH and Ar-H-4), 8.11 (d, *J =7 Hz, 1 H;
Ar-H-3), 7.78-7.7 (m, 4H; xylyl H), 7.66--7.61 (m, 2H; OCH,Ar-H),
7.59-7.56 (m, 2H; OCH,Ar--H), 7.48-7.40 (m, 1 H; OCH,Ar--H), 6.54 (s,
2H;NCH,), 6.16 (s. 2H; NCH,), 6.02 (s, 2H; NCH,), 599 (s, 2H; NCH,),
478-4.74 (m, 2H: OCH,)}, 4.67 (s, 2H; OCH,Ar), 431-4.25 (m. 2H:
OCH,), 412 4.06 (m, 2H; OCH,), 3.96-3.93 (m, 2H; OCH,), 3.81-3.72
(m, 4H; hydroquinone); MS (LSIMS): mjz =1437 [M+Na]*, 1269
[M —PF,*, 1124 [M —2PF]", 979 [M - 3PF]"; HRMS (LSIMS):
Co HioNLOLF (P [M — PF]* caled 1269.2670, found 1269.2706. Crystal
data for 31-4PF;: single crystals suitable for X-ray crystallography were
obtained by vapor diffusion of /Pr,O into an MeCN solution of 31-4PF,.
CegHs N OF,, P, - 2Me,CO-MeCN, M =1572.1,  monoclinic, a=
11.446(3), b = 22.292(3), ¢ =14.450(2) A, § =109.84(1)", ¥ = 3468 (1) A%,
space group C,, Z =2 (the molecule has crystallographic €, symmetry),
0. =1.505 gem ™7, u (Cuy,) = 20.8 cm ™!, F{O00) =1608. Data for a crystal
of dimensions 0.35 x 0.21 x 0.02 mm? were measured at —70°C on a Siemens
P4/RA diffractometer (20 <124°) with Cuy, radiation (graphite monochro-
mator) and w-scans. Of the 2821 independent reflections measured. 1823 had
[Fol >40(]Fyl) and were considered to be observed. The data were corrected
for Lorentz and polarization factors; no absorption correction was applied.
The structurc was solved by direct methods, and only the major occupancy
portions of the disordered PF, anions were refined anisotropically. The
structural disorder about the C, axis and the relative lack of observed data
precluded anisotropic refinement of any of the remaining parts of the struc-
wre. Although the cyclophane component of the structure is ordered about
the C, axis, the self-threading component is not and even those parts that
could adopt a €, symmetric arrangement do not do so. The central hy-
droquinone ring is displaced sideways with respect to the crystallographic C,
axis. The geometry of the whole of the polyether chain, the hydroquinone ring
and the terminal benzyl group were optimized and restrained to an idealized
geometry. Hydrogen atoms were placed in calculated positions and assigned
isotropic thermal parameters and allowed to ride on their parent carbon
atoms. The refinement was by full-matrix least-squares based on 2 to give
R, =0.126, wR, = 0.3442 for the observed data and 366 parameters. The
maximum and minimum residual electronic densities in the final AF map were
0.71 and —0.45 e A “3. Computations were carried out on a 486 PC with the
SHELXTL-PC version 5 program system [56].

Cyclo|1-f2-(2-oxyethoxy)ethoxy]-5-]2-(2-methoxyethoxy)ethoxy)naphthalene-
2,5-(paraquat-9,10-anthraceneparaquat)benzoate]  tetrakis(hexafluorophos-
phate) (32-4 PF,): A solution of the dibromide 10 (0.14 g, 0.22 mmol) and the
anthracenc-containing bipyridinium salt 22-2PF, (0.15 g, 0.186 mmol) in
DMF (5 mL) was subjected to 12 kbar pressure for 3 days at room tempera-
ture. In order to ensure full precipitation of the red salt, Et,O (50 mL) was
added to the reaction mixture. The precipitate was filtered off under reduced
pressurc and subjected to silica gel chromatography with MeOH/NH,Cl
(2m)/MeNO, (7:2:1) as eluent. The fractions containing the product were
combined and concentrated. H,0 (50 mL) was added to dissolve the chloride
salts, followed by the addition of an aqueous NH,PF, solution to precipitatc
the product as its tetrakis(hexafluorophosphate) salt. The precipitate was
collected under reduced pressure, washed well with H,O, and dried in vacue
at 40°C, yiclding a red solid 32-4PF; (0.087 g, 30%): m.p.>270°C; MS
(LSIMS): miz =1576 [M *], 1432 [M — PF,)™, 1286 [M — 2PF,]". 1141
[M —3PF,)7: CyoHeoFouN,OLP,: caled C 48.96, H 3.94, N 3.73: found C
48.74: H 3.83, N 3.55. The room-temperature 'H NMR spectrum (300 MHz)
in CD,CN solution indicates that there is a slow exchange process occurring
between complexed and uncomplexed species. Thus, the spectia cannot be
interpreted without an extensive variable-temperature 'H NMR spectroscop-
ic investigation. This study was not carried out in view of the fact that
photochemical switching was not obscrved for the simpler compound 32-4 Cl.

Absorption spectra, luminescence, photochemical and electrochemical experi-
ments: Absorption and emission spectra were recorded with a Perkin—Elmer
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26 spectrophotometer and a Perkin—Elmer LS-50 spectrofluorimeter, respec-
tively. Fluorescence lifetimes were measured with Edinburgh 199 single-pho-
ton counting equipment. Photochemical experiments werc carried out in
argon-purged water solutions, by means of a Hanau Q400 medium-pressure
mercury lamp. The 365 nm wavelength was isolated by means of an interfer-
ence filter. The incident light intensity on the 3 mL reaction cell was
2x 1075 Nhymin "', Electrochemical measurements (cyclic voltammetry.
CV, and differential pulse voltammetry, DPV) were carried out in argon-
purged acetonitrile solutions with a Princeton Applied Research 273 multi-
purpose instrument interfaced to a personal computer. A glassy carbon elec-
trode (0.08 cm?, Amel) was used as the working electrode. The counter
electrode was a Pt wire and the reference electrode was an SCE (saturated
calomel electrode) separated with a fine glass frit. The concentration of the
examined compounds was 5.0 x 10 *M; 0.05M tetracthylammonium tetra-
fluoroborate (TEABF,) was added as supporting clectrolyte. Cyclic voliam-
mograms were obtained at sweep rates of 20, 50, 200, 500, and 1000 mVs "!;
DPV experiments were performed with a scan rate of 20 mVs™}, a pulse
height of 75 mV, and a duration of 40 ms. For the observed processes, the
same E,;, values were obtained from the DPV peaks and from an average of
the cathodic and anodic CV peaks. Both CV and DPV techniques have been
uscd to measure the number of the exchanged electrons in each redox process.
The criteria for reversibility were 1) a separation of 60 mV between cathodic
and anodic peaks, i) a ratio of the intensities of the cathodic and anodic
currents close to unity, iii) and constancy of the peak potential on changing
sweep rate. The experimental error on the half-wave potential values was
estimated to be £10 mV. Spectroelectrochemical experiments were perfomed
on argon-purged acetonitrile solutions of 1.0 x 10~ *M of the examined com-
pound and 0.01 m of TEABF, contained in a spectrofluorimetric cell (optical
path 1 cm), with a Pt grid as working electrode, a Pt wire separated with a fine
glass {rit as a counter-electrode, and an Amel Ag/AgCl reference electrode.
Absorption spectra of the reduced species were recorded with a Kontron
Uvikon 860 spectrophotometer, and emission spectra were recorded with a
Perkin- Elmer LS5 spectrofluorimeter with appropriate corrections for inner
filter effects.
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