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CONCEPTS 


Helical Complexes and Beyond 


Alan Williams* 


Abstract: Helical complexes have been much studied as 
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,'-diaminocthane (en) 
ligands in [Co(en)$+ could twist either clockwise ( A )  or anti- 
clockwise ( A )  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[31 and triple,[41 had been reported in the litera- 
ture before 1987, although 
their helical nature was often 


helical axis 
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not commented upon. The 
principles of the construction 
of helicates are shown in metal ion^ 
Figure 1 .  The three basic ele- 
ments of the structure are the 
metal ion, the binding site on 
the ligand and the bridge that 
joins binding sites, coordinat- 


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 8 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 (didentatc) 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.[61 Similarly, the coordination re- 
quirements of a lanthanide may be satisfied by three tridentate 
sites. giving a coordination number of nine."] 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 is transferred to its neighbour. 


Figure 1 .  The different structural el- 
ing different metals' The ements of a helical complex. Oiily O I I Z  


iigand straiid is si1owi1. 
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0 0  Its size will determine the separation between the metals, and 


three crystal structures of helicdtes illustrating these principles. 
thus their interactions and the pitch of the helix. Figure 2 shows 


m N /  0 0  lNmgN/ 
2 - N  


.N 


l = N  N - J  


Ftgurc 2. Selected helical complexes showing diKcrent metal coordination num- 
brrs. Upper left: a doublc helix with two tetrahedral CLL' ions [ 3c ] ;  upper right: ii 


lriple helix with octahedral Co" in [Co,(3)J4 ' [14]: lower leR: a triple helix with 
9-coordinate Eu"' [Eu,(S)Jb- [7]; lower right: a heteronuclear triple helix with Fc" 
in an octuhedral 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 [CU,(Z),]~+ and [ C O , ( ~ ) , ] ~ + ,  18 for 
[Eu,(~),]~'). The three structural elements given above may be 
varied by the chemist to control which product or structure is 
formed. 


Control through the metal ion: The polypyridyls such as 6 
have been extensively investigated by Constable[81 and Potts.[" 
Ligand 6 shows very nicely the effect of metal ion coordina- 
tion preference, since i t  may act as a hexadentate, a bis(triden- 
tate) or a tris(didentate) ligand. With the large Eul" ion the 
ligand wraps around to  occupy six coordination sites, giving 
essentially a mononuclear single helix;[lol with octahedral 
metal ions such as Cd", Fe" and Mn" it gives a dinuclear 
double helix, and with Cu' and Ag' a trinuclear double 
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.[' 
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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 d o  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['21 with the ligand 7. With Fe" the bipyridyl site is 
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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 interactions between 
ligands if three ligaiids 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 
tctrahedral Cu' and octahedral Nil' results in exclusive complex- 
ation of Cu' by 2 and of Ni" by S.[131 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- 
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vents the contraction of the coordination 
sphere required on ~ x i d a t i o n . ~ ' " ~  With iron(I1) 
the complex with 3 is low spin, while that with 
4 is high spin.[151 


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 


9 


HN 0 


OH * OH 


Q 
HN 


10 


AAO 
11 


16 


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 
Agl and octahedral Co" to give [CoAg- 
(15)2]3+,[191 while 16 binds Ag' and Fe" to give 
[FeAg(16)J3+, [''I both double helical species. In 17 
the methyl substituent of  the didentate site no longer 


OH OH hinders octahedral coordination, and a triple helix 
with an octahedral ion (Fe" or Zn") in a trisdidentate 
site and a lanthanide in a tris tridentate site is 
formed.r211 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.rzz1 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 


g:: l! 
OH 


12 13 


all form triple helicates with octahedral metals, and show vary- 
ing pitch and metal-metal distance as the bridge is varied.[l6' 
When the bridge is too flexible, a meso helicate, where the metal 
ions have opposing chirality, may be formed.[16c1 The complex 
[Fe,(9>,l6- [4a1 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 do or d'" species 00 00 used in the other stud- 


p b r i d g e q  ies. The most spectacu- 
lar effect of the bridg- 
ing unit recorded to 
date concerns the 
double helical complex 
[C~, (14) , ]~+ used as a 
precursor for the syn- 


thesis of a molecular knot by Dietrich-Bucheker and Sauvage. 
The initial work used a flexible -(CHJ4- bridge and gave a very 
low yield of ~ O / U  for the knot after cyclisation.[l7I Replacement 
of this bridge by a more rigid IJphenylene 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 YO.[' *I 


OH 
OH 14 Q 


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 
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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 his-, 
tris-, tetrakis- and petakisdidentate ligands (BPn, n = 2-5; 
18) in the presence of Cul 
leads to a mixture of 
double helical complexes 
[Cu,Lz]"+ in which both 
ligands are identical-no 
mixed ligand species are 


n = 1 - BPZ observed." 31 Although, 
n=?-BP3 
n = 3 - BP4 


in terms of number of co- 
ordination sites, a com- n=4-BPS 


plex such as [Cu4(BP4)- 
(BP2),I4+ satisfies the matching principle, it is readily seen that 
it is entropically less favourable than two homoleptic systems 
[Cu4(BP4),]"' + ~[CU,(BPZ) , ] '~  (Figure 3). For this reason 
attempts to prolong helices by the Vernier have 
been unsuccessful. In 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 [C0,(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 favouring the inariinuiii number of particles reii- 
der mixed ligaiid species tinstable 


1.igure 4 Thc incoinmeiisurability betn'een prntadentate ligaiids and octahcdral 
iiietals ima) he resolved in different ways: a )  the Vei-iiier type extension, disl'avourcd 
on entrop! grounds; bj  and c j  completing the coordination sphere with monodcn- 
tat2 or hidentate Iigands; d) replacing onc octahcdral iiietal by a tetrahedral metal. 


molectiles to satisfy the metal ion coordination as in [Co2- 
( 15),(112-0,CCH,)]3+,L231 by adopting a heteronuclear structure 
as in [CoAg(15)J3+ 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),I3+ with four-coordinate Cul and six-coordinate 
Cu" obeys the matching Copper(n) 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.r251 


An astonishing example of a three-component system was 
reported very recently:[261 reaction of 8 with FeC12 yields the 
complex [Fe5(8)5Cl]y+ 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 
[Ni3(S)3]h+,[271 and suggests the role of the chloride ion to be 
crucial. Not surprisingly, given the topological 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 little studied, mainly because 
the syntheses usitally start with achirdl ligands and consequently 
the helicate is formed as a racemic mixture of plus (P) and minus 
(kl) enantioniers. Lehn et al. observed a spontaneous partial 
resolution of a trinuclear triple helical complex of nickel(i1). 
[I%i,(8),]ht,[271 but the only complete resolution that has been 
reported to date was achieved by oxidation of[Co,(3),]"+ to the 
cobalt(iir) complex [Co,(3)J6+ to ensure kinetic inertness. fol- 
lowed by resolution by crystallisation.[281 The circular dichro- 


ism and optical rotation of the complex correspond to roughly 
twice that of enantiomerically pure [Co(bpy),13 + ; this shows 
that there is little interaction between the two metal centres. 
Chiral ligands have been used to induce helices of one particular 


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 [ C O , ( ~ ) , ] ~ +  is essentially quantitative in acetonitrile so- 
lution even at  concentrations as low as M . [ ' ~ ]  It appears, on 
the basis of the limited data available,[", ''. 301 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. (I)]. Since the formation reactions are generally 


chirality."h"- 291 


observed to be rapid (with the interesting exception of the higher 
nuclearity copper(1) systems['31), high stability requires very 
slow dissociation. This is indeed observed in the very low rates 
of racemisation observed for enantiomerically pure [Co,- 
(3),]"' [311 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 ( C O " , [ ' ~ ~  Fe" and Ru"["I) or not. Thc 
Cu'/Cu" couple is the most studied example of the latter catego- 
ry, and ~isua l ly  a major slructural rearrangement occurs upon 
electron transfer.'". *," Energy transfer between metal sites has 
been observed in heteronuclear lanthanide comples. and in the 
quenching of europium luminescence in [FeEu(17),]5f.[zZ~331 


This brief survey has concentrated on concepts, and practical 
aspects such as the characterization of the helicatcs havc 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 molecules such as 
knots['71 and doubly interlaced ~atenanes,[~"l and combining a 
weakly binding lanthanide ion with a strongly binding transi- 
tion metal to give a stable hcteronuclear 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,[3 extended coordination polymers [361 


and the general construction of large molecular architectures by 
coordination reactions.'371 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 


Begoiia Lecea, Ana Arrieta, Iiiaki Morao, and Fernando P. Cossio" 


Abstract: Ab initio calculations (up to MP4SDQ/6-31+ G*//MP2(FU)/6-31+ G* + 
AZPVE) on several model nitroaldol (Henry) reactions have been performed. It is found 
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 
( e r y h o )  nitroalcohols as major products. The Henry reaction between lithium ni- 
tronates and aldehydes is predicted to  occur via cyclic transition structures yielding syn 
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. 


Keywords 


ab initio calculations - Henry reac- 
tion - nitroaldol reactions reaction 
mechanisms 


Introduction 


The nitroaldol reaction between a nitroalkane and a carbonyl 
compound to yield a nitroalcohol was discovered in 1895 by 
Henry."] 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  product^.^^] In view 
of its significance, the scope and usefulness of the nitroaldol 
reaction has been extensively reviewed,[41 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-worker~[~I  have de- 
veloped complementary protocols that allow either syn or  anti 
diastereomers to be formed preferentially. Thus, silyl nitronates 
generallyr6] 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 
x-silyloxy 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) 
Fax: Int. code +(43)212-236 
c-mail: qopcornof@sq.ehu.es 
Prof 8. Lecea 
Farmazi Fakultatea. Euskal Herriko Unibertsitatea 
P. K .  450, 01080 Vitoria-Gasteiz (Spain) 
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I l l  I l l  


'T: H OZ:T:H 


R' R' 


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[71 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.[9] 


In spite of its significance, the Henry reaction has not, to the 
best of our knowledge, been explored by means of high-level 
cornputational tools. We present herein an a b  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 


A11 the calculations reported in this work were performed with GAUS- 
SIAN 92 [lo] or GAUSSIAN 94 [i 11 packages. Given the presence of species 
bearing significant negative charge along the reaction coordinates under 


20 c> VCH Vrrlo~s~esrllschafi mbH. D-6Y451 Wrinhrim, I997 0947-6539/97/0301-0020 $ /5.00+ .25/0 Chrm. Eur. J .  1997, 3. No.  1 







study, we used the 6-31 +G* basis set [12]. klectron correlation was partially 
taken into account by using the Moller-Plesset method [13]. Both fill1 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 M P 2  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 geometry optimization of relatively large sti-uctures. 
Approximate D F T  calculations were carried out by using a hybrid three- 
parameter functional developed by Becke [I 61. which combines the Bccke’s 
gradient-corrcctcd exchange functional and the Lee Yang~-Parr and Vosko- 
Wilk-Nusair correlation functionals 1171 with part of the exact Hartree- 
Fock exchange energy. This hybrid functional will bc denoted BS B3LYP. 
Zero-point vibrational cnergies (ZPVE) were computed at  either HF!6- 
31 +G* or MP2/6-31 +G* and scaled with the 0.89 and 0.96 correction 
factors, respectively [18]. Thc B3LYP results were not scaled. Stationary 
points were characterized by frequency calculations [I 91. 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 t h e ~ r  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. N o  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 devclopcd 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 siinple 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 2-8, 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 (I  a) is predicted 


Abstract in Basque: Nitroaldol (Henry) erreakziouren eredu des- 
herdinen ub initio kalkuluak (MP4SDQ/6-31+ G*//MPZ(FU)/  
6-31 + G* + AZPVE tc.ciria-nzailuraino) egin diru. Nilronuto 
anioi askeek uldehidoekin erreukzionutzen dutch ikusi du, nitro 
eta karbonil dipoloak elkurr-ekiko antipriplunar leudekeen [runts- 
iziozko egoeren biturtez. Erreukzio mota honrk anti (erithro) 
nitroulkoholak emuten ditu pioduktu nagusi. Litio nitronato eta 
aldehidoen arteko Henry erreakzioa trantsiziozko egituru zikl- 
ikorn bituitez grvtatzen delu uurresaten du, produktu nugusi 
syn nitroalkoholak emunez. Erreakzio lzauetan estereokontrola 
baxua da. Bilitiodun nitronato eta aldehidoen urteko erreakziouren 
estereoselektibitatean eragina duten Juktoreak ere ezlahaidutzen 
diru. 


Reaction 1 


CH,=NO,- + CH,O -- 


l a  2a 


Reaction 2 


CH,CH=NO; + CH,CHO -- 
l b  2b 


Reaction 3 


CH,=NO,Li + 2a - 
I C  


3a 


CH,(OLi)CH2N0, 


3c 


Reaction 4 


CH,=NO,LI - ~H,O + 2a - CH,(OLI)CH,NO,. ZH,O 


I d  3d 


Reaction 5 


[CHNO,]‘- 2Li+ + 2a - CH,(OLi)CH=NO,Li 


l e  3e 


Schernr 2. The five Henry reactions studied in this work. 


4a 


3b(anti) 


0 00 t 


AE,=E(TS)-E(lNT) 


AE,x,=E(3)-[E(I)+E(2)1 


INT L 


\i 
4 


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


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


to be a planar C,,-symmetric anion a t  both HF/6-31+ G* and 
MP2(FU)/6-31 + G* levels of theory, in agreement with the data 
reported by Wiberg.‘’‘] Interaction of I a 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 a t  the MP4SDQ/6- 
31 + G*//MP2(FU)/6-31+ G* + AZPVE level. The saddle point 
TSa associated with the C-C bond forming step has C, symme- 
try, with a O6-C5-C2-N 1 dihedral angle o of ca. 180” at both 
HF/6-31 +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 TSa.[”] The geometry of this 
saddle point involves an antiperiplanar relative orientation be- 
tween the nitronate and carbonyl dipoles. The C2-C 5 distance 
is 2.292 8, at  the latter level, a value similar to those calculated 
for both sequential and pericyclic reactions involving forination 


Cheni. Eur. J. 1997, 3. N o .  I (c;, VCH ~,rIn~sgesc//.srhufIfr mhH, D-694.51 Weinlicini, 1997 0Y47-6539/97~0301-1102/ S 15.00+ .2.5,0 21 
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T,ihlc. 1. Dii‘fcrenccs in energy ki.b] (kcal mol- ’ )  corresponding to reaction 1. Schcmc 2 (nitromethane nitronxe + formaldehyde) 


HI: 6-31 +G* MP2(FU) 6-31 +G* MP2(FU) 0.31 +G* MP3 6-31 + G*, MP4SDQ 6-31 +G*’ 
HF 6-31 +G* MP?(FU),6-31 +G* MPZ(FU) 6-31 +G*  


/Ah.. -1.3.16 - 1 3 3 7  - 13.06 - 7 79 - 13.47 
A L ]  + 15.66 + 2.99 + 2.28 + 7.17 + 6.88 


A A L .  - 10.Y6 - 10.52 - 9.04 - 14.90 - 10.57 
A 6 x r l  - 5.05 - 14.51 - 1.5.83 - 4.56 - 12.22 


\a] See Figure I foi- the definition of energy difl‘ei-ences. [b] Zero-point vibr;itional energies Jre included 


3 


4 


l a  


3 2722 
79 1198 


4 


lNTa 


1201  
1.256 


115.2 1064  3 224 


1232  
122.7 


TSa 3a 


1.412 
1.448 6 7 2057  


4 


4a 


Figure 7. Fully optimized stationai-q points located in the i-e:iction between ni- 
t i  ometh;inc nitronatc m d  forinnldzhqde. cornputed zit the H F  6-31 + G* and 
\1P2(FU) 6-31 +G* (hold nuinhers) level. In this. and the remaining figures show- 
ing hall-and-\tick representations. unless othei-aise stated. atoms iirc rcprcscnted by 
incrcnwi \hading i n  the following oi-der: H .  c‘. N. and 0. Bond lengths and anglcs 
a r c  p v e n  in  A and deg. respectively 


phase has an activation barrier from the complex INTa of 
6.88 kcal mol- This value lies between the HF/6-31-t G* and 
the MP2(FU)/6-31+ G* results. 


The reaction product 3a is calculated to  be 12.22 kcalmol- 
morc stablc than the reactants 1 a 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 AEc. indeed, the C-C bond forming step is slightly en- 
dothermic a t  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-’ inore stable than 3a (see 
the AAE,,,,  values in Table I ) ,  and has a pseudocyclic structure, 
because of strong hydrogen bonding between the H7 and 0 3  
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 3 a) .  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 


d 


of C C bonds [ 2 8  291 The C2  C 5 bond index I? 0 417, and the 
NBA reveals thnt the formaldehyde moiety bears a net charge 
of -0 14 at the expense of the nitronate These results are coin- 
p,itible with ‘1 nearly “halfw,iy”, although slightly early transi- 
tion structurc It is also interesting 10 note that the angle (C2- 
C 5-06)  of attack over the sp2 carbon of the dldehydc (wN) IS 
115 2 at the MP2(FU)/6-31 +G* level The analogous angle 


93 X ‘4t the w n e  level The former value i$ in the range of the 
angles ot attdck associated with the Burgi-Dunitz tr,ijecto- 


tionship between the alkoxide oxygen and the nitro group This 
result 15 not surprising, since d strong Coulombic repulsion be- 
tweerl the two groups is to  be expected for these hypothetical 
sdddle polnts At Our hi&hest level Of theory. the Henry 
between nitroinethane nitronale and formaldehyde in the gas 


n\-,oci,Lted with the nitrondte EL (C5-C2-N1) is found to be 


ry r301  We hdve not been dble to locntc TSs with a gauthc rela- 


(b) (C) 


anti (erythro) syn (threo) 


+2 35 HF16 31+G“ 0 00 
+2 65 MP216 31+G* 0 00 


0 00 MP316 31+G* 
MP4SDQI6 31+G’ 0 00 


+2 46 
+2 42 


Figure 3 pulls HF 6-71 +G*  m d  MP2(FU),6-?I +C* (bold nuinher\) optimized 
strmtuies of a )  2 nitroethanol, b) anri l-nitro-2-butnnol m d  L) FI /I-3-nitro-2 hu- 
t,inol Distdn‘es Are given in 8, Reldtibc mcrgiec (k~dl inol -  I )  cornputed at seLeral 
theoietic,il levels on HF 6-31 +G* geometriei, Are alco included 
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Table 2. Dirl'ereiices i n  energy [w.h] (kcal mol- I )  corresponding to reaction 2, Scheme 2 (niti-oethanc iiitroiiaic plus acetaldehyde). 


H b  6-32+G* MP2,6-31 fGX, 
HF'6-31 +G* 


MP3i6-31 +-G*;/ 
HF'6-31+ G* 


LIP4SDQ 6-31 +(i* 
H F  6-31 + C I S  


- 12.83 - 14.26 - 6.35 - 5 5 3  AE, 
I i0.07 (0.00) [c] AE,(.vyn) 


A€,(nnri) +x.n ( - 0  26) [CI + 4.59 (-0.16) [c] + 11.96 (-0.23) [c] + l l . O X  ( -022)  Lc] 
AEr,,(s~~i) + 1.68 (n.no) [CI -12.31 (0.00) [c] + 0.62 (0.00) [c] - n . i 9  (0.m) [cl 
AErJun t / )  + 0.34 (-1.50) [c] -13.51 (-1.36) [c] - 064(-1.42)[c] - 1.45 ( -  1.42) [c] 


+20.80 (0.00) [c] + 4.42 ( o m )  [CI + I I .86 (0.00) [c] 


[a] See Figurc 1 for the dcfinition ofenergy differences. [b] Zero-point vibrational energies. scaled by 0.89 and computed at the HFj6-31 + G* Ie\el. arc included. [c] Relativc 
free energies (computed at 298.14 K with IiF:6-11 f G *  therinochemical data) with respect 10 the formation or the , v j r t  adduct. 


polyalkylation reactions,[41 although substituted nitronates 
such as 4a are expected to be less reactive than 1 a 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 l b  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 INT b. 
The complexation energy AEc for INTb is only - 5.53 kcalmol- 
at our highest level of theory (Table2), a value significantly 
lower than that computed for the parent reaction. The saddle 


l b  


1.520 


io(NZ-C3-C4-05)=167.9 


TSb(antr) 


1.543 


1.519 


Jb(antr) 


lNTb 


I 


5 


1504 223 


w(N2-C3-C4-05)=183 1 


TSb( syn) 


10 


Figure 4. Fully optimized (HFi6-31 + 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. 


points associated with the formation of the C 3  - C 4  bond are 
TS b(anti) and TS b(syn), leading to  the corresponding cJr>,tkro 
and threo nitroaldols, respectively. It is found that 1 b is less 
nucleophilic than la,  and that the activation energies from 
INTb are ca. 1 1  kcalmol-' a t  the MP4SDQ/6-31 +G*//HF/6- 
31 +G* level, a valueca. 4 kcalmol- ' higher than lhat 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 carboiiyl 
and nitro groups remains virtually antiparallel. Quite surpris- 
ingly, the energy of TSb(anti) is calculated to be slightly higher 
than that of TS b(~yn) , [~"  although the relativc 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-' a t  the MP4SDQ/6-31 +G*/ /HF/  
6-31 + G* + AZPVE + AHvih + A S  level, where TS b(nnti] 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.[4. 5 .  8b1 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- 


6'- 6'-  
Scheme 3. Possible gcometries of transition states aasociated with the reactions of 
monosubstiluted 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 rctro-Henry reaction. 


The geometries of the products 3b(antr3 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 methyl groups in 3b(syn) are higher than i n  TSb(syn), 
the difference in energy between the two diastereomers of 3 b is 
more pronounced than in the saddle points TSb. This difference 
in frce energy is computed to be 1.42 kcal mol ~ at our highest 
level of theory, with the anti alkoxide being more stable. How- 
ever, the corresponding neutral xj'n nitroalcohol is found to be 
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Table 3. Diffcrences iii energy [a:b] ( k c a l m o l ~  ') corrcsponding to reaction 3, Scheme 2 (nitromethane lithium nitroilate plus formaldehyde) 


HF 6-3 1 t GL MP2/6-31+(;*), MP2,6-31 +G* M P 3 ' 6 - l l + G * ,  MP4SDQ 6-21 +G* 
MP26-31 +G* MP2 6-31 +G* HF16-31 +G*  


AFc - 16 70 -17.83 - 17.61 - 17.93 -17.64 
A &  f2X.96 f16.82 +11.14 +20.81 i 1 9 . 9 3  
A&," - 5.74 -15.17 - 15.28 -10.35 -11.31 


[a] See Figure 1 for the definition of energy diffcrcnces [b] Zero-point vibrational energies. scaled by 0 . X Y  and computed at the HF/6-31 +G* level. are included 


ca. 3.5 kcalmol-I morc stable than its anti isomer, because of 
the presence of intramolecular hydrogen bonds, which stabilize 
pseudocyclic structures for these compounds (Figure 3 b,c). 


Finally, it is worth mentioning that our calculations suggest 
that the reaction between nitronate 1 b and acetaldehyde (2b) is 
approximately thermoneutral, the value of AE,,, being only 
- 1.45 kcal mol- 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 ni t ronate~. '~]  


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 i17 Table 3. 


1824  
1.868 


l c  


1296  
1.322 


INTc 


2 221 


6 


"" (2 108) 
7 TSc 


1179 
1.240 


3c 


Figure 5.  Fully IIF'6-31 +G*. MP2(FC),h-31 +G* (bold numbers), and B3LYP: 
h-31+ G* (numbers iii pal-entheses) optimized geometi-ics of <lalionary points cor- 
rccpoiiding to reaction 3 (sec Scheme 2). Distances are given in A. 


We first optimized the structure of nitromethane lithium ni- 
tronate at both HF/6-31 +G* and MP2/6-31 +G" levels. Ac- 
cording to our results, monomeric l c  is predicted to have C,, 
symmetry. The gcneral features of this stationary point are in 
agreement with X-ray data available for a rccently described 
symmetric potassium nitronate.'"' Boche et al. have reported 
the crystal structure of the polymeric aggregate [x-nitrobenzyl- 
l i thi~m-ethai iol] , , , [~~~ as a model for lithium nitronate,'protic 
solvent interaction. This complex has an infinite ribbonlike 
structure including Li-0-N-0-Li-0 six-membered rings. In our 
study, however, we considered only the reaction with monomer- 
ic lithium species. Previous computational studiesrz8* 351 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 1 c indicatc 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(v,)] at the critical 
points of the L i b 0  bond yields a positive value, namely. 
H(rJ = + 0.014 au, which is indicative of an ionic bond.[3h. 371 


Moreover, the presence of the lithium cation has a significant 
effect on the nitronate counterion.["] Thus, our calculations on 
l c  at  the MP2/6-31 +G" level yield a C=N bond length of 
1.312 A, whereas in 1 a this value is 1.348 A. A complementary 
increase in [he N - 0  bond lengths is observed from 1 a to l c .  
The NBA charge at  the C atom in 1 c is -0.190, whereas in l a  
it is -0.471. The oxygen atoms of the nitronate moiety in l c  
and 1 a have NBA charges of -0.795 and -0.707, respectively. 
These results indicate that the Coulombic interaction between 
the nitronate and the lithium 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 e n o l a t e ~ . ' ~ ~ '  


We also located a complex INTc, formed from the inter- 
action between l c  and formaldehyde. This complex lies 
17.64 kcalmol-' below the reactants a t  our highest level of the- 
ory (Table 3) .  Complexes of this type have been reported in the 
reaction between enolates and electrophi le~."~~ and in some 
cases crystallographic structural data are available.[411 It is notc- 
worthy that our calculations at  both the HF16-31 +G* and 
MP2/6-31 +G* levels on INTc yield a structure in which 
formaldehyde interacts with 1 c through a lone pair instead of 
through the dipole (Figure 5 ) .  This result contrasts with those of 
orher calculations on lithium complexation with aldehydes. in 
which linear structures are predicted.'28. 40,421 


The transition structure associated with this reaction is TSc 
(Figure 5 ) .  At the HF/6-31 +G* level, this saddle point shows a 
sofa conformation, the Li6, 0 1, C2, C4, and 0 5 atoms being 
nearly coplanar. It is noteworthy that the lithium atom is only 
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Table 4. Relative energies [a,b] (kcalinol-') of the transition structures depicted in Figure 6 
~ 


TS Isomer HF/6-31 +G* MP2/6-31 +G*//  MP3/6-31 +G*// MP4SDQ16-31 +G*//  B3LYP/6-31 +G* 
HF/6-31 +G* HF/6-33 +G* HF/6-31 +G* 


TS ee 
TS ea 
TS ae 
TS aa 


0.00 (0.00) 0.00 (0.00) 
0.27 (0.23) 0.43 (0.46) 
0.97 (1.22) 0.03 (0.28) 
0.88 (1.02) 0.08 (0.23) 


0.00 (0.00) 0.00 (0.00) 0.00 [0.00] 
0 28 (0.25) 0.32 (0.28) 0.17 [O 351 
0.33 (0.58) 0.23 (0.48) 0.65 [1.33] 
0.25 (0.40) 0.14 (0.28) 1.44 [1.88] 


~~ 


[a] Numbers in parentheses correspond to differences in free energy computed a t  298.14 K with HF/6-33 +G* thcrmochemical data. [b] Numbers in square brackets 
correspond to differences in free energy computed a t  298.14 K with B3LYP/6-31 +G* thermochemical data. 


coordinated to one oxygen of the nitro group (0 1 in Figure 5). 
This saddle point is similar to those reported for aldol reactions 
involving lithium enolates.[28. 40, 431 The bond index between 
C 3  and C 4  is 0.307 at the HF/6-31 +G* level, a value lower 
than those found for TSa and TSb. However, the shape of TSc 
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 Li6-01  and Li6-07 are quite similar to each other, 
and the absolute values of the dihedral angles between the N2, 
C3, C4, and 0 5  atoms are 27.5 and 21.7" at the MP2/6-31+ G* 
and B3LYP/6-32 + G* levels, respectively. The activation ener- 
gies from INTc and from the separate reactants are 19.93 and 
2.29 kcal mol- ', 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 l c  would be less significant in a solvated system. 
This particular aspect will be discussed below. 


Finally, we characterized the reaction product 3c, 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/6-31t G* and MP2/6-31+ G* levels. The 
reaction 1 c + 2a + 3c  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.[441 


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 TSc, 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 TSc at the MP2 or 
B3LYP levels (Figure 5) induces a partial eclipsing between the 
methylene protons at C 2 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 l c  + 2 a  + 3c  process. Ac- 
cording to our calculations, the TS of lowest energy is associated 
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2 166 
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TSee TSea 


ax ax 


4 
2 13 
(2 20 
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Figure 6. Fully HF/6-31 +G* and B3LYP/6-31 +G* (in parentheses) optimized 
geometries of transition structures associated with the C - C  bond forming step i n  


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 c. 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- 0 pairs reveals that this interaction is again electrostatic in 
nature. According to the computed NBA charges for INT d at 
the HF/6-31 +G* level, the two water molecules have a bulk 
charge of f0.036. 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 l a  and 
1 c. We also located another solvated intermediate, labeled 
LNT'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 sp3-hy- 
bridized with respect to the more electronegative sp2-hybri- 
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Figure 7. Fully HF/6-31 + G* optimized geomctries of stationary poinla corre- 
hpondinp to reiictioii 4(see Scheme 2) Bond d~stances and anglcs are given in A and 
dep.. respectively 


dized oxygen atoms, it was expected that the INT'd +H,O 
ensemble would be less stable than INTd + 2 a. 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 kcal mol ' higher in energy than INT d + 2 a a t  the 
MP4SDQ/6-31+ G*//HF/6-31 +G* +AZPVE level. Interest- 
ingly, our calculated value for AEc 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.[451 


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


H F  6-31 +G* MP2/6-31 +G*, MP1 6-31 +G*r/ MP4SDQ/6-3l+G*// 
HF/6-31 + G *  HF'6-31 + G *  HFi6-31 + G *  


AE' -28.80 [c] -34.51 [c] - 34.02 [c] -33.75 [c] 
AL: -28.26 [d] -33.14 [d] -32.87 [d] -32.56 [d] 
AE" 111.14 - 6.02 + 1.62 + 1.45 
A& .- 34.39 -51.87 -46.58 -46.66 


[a] See Figure 1 for the definition of encrgy diffei-ences. [b] Zero-point vibrational 
energies. scaled by 0.89 and computed at the HF/6-31 +G* level, arc included. 
[c] Complexation energy computed as AEc = E(INTd)-[E(lc)+2t;(H,O)]. 
[dJ Complexatim~ energy computed as AE' = E(INT'd)-[E(I c)+€(Za)+ 
E(H,O)]. 


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-C5 bond order a t  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 


preceding reaction. The calculated value of AEa is of only 
+ 1.45 kcal mol - at our highest level of theory (Tablc 5 ) .  


The 0-lithiated product of this rcaction 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 3 d  
with respect to the nonsolvated nitronate l c  and 2a is 
-46.66 kcalmol-' a t  our highest level of theory. However, if 
we consider the solvated nitroilate 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 e n o l a t e ~ . [ ~ ~ ]  


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.r9] 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. 


U eq. 


Scheme 4. Increase in .yyn 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 8, and the corresponding relative energies are reported in 
Table 6. 


Table 6 Din'crences in energy [a,b] (kcalmol I )  corresponding to reacrion 5 
(nil romethane lithium hthionitronate p l u ~  formaldehyde). 


HFI6 31 +G* M P 2 6 3 l  +G*/ MP3 6-31 +G*, MP4SDQh-31 +G*' 
HF/6-71+G* HF'6-31 +G*  HF/6-31+G* 


AEc -16.42 -17.75 -18.07 -17.80 


AEk + 5.59 [dl + 2.38 [d] + 3.60 [d] + 3.46 [d] 
AErxn -40.23 -44.80 -45 36 -43.35 
AAE,,,, +22.62 [el +19.64 [el +21.51 [el +20.95 [el 


AE: -15.02 - 15.76 [c] -16.18 [c] -15.95 [c] 


[a] See Figurc 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 
A€4 = €(TSe)-E(1NT'e) (see text). [el Computed ~ L A A E , ~ ~  = €(3'e)-E(3e) (see 
Figure 8) 
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Figure 8. Fully HF/6-31 +G* optimized geomctries of stationary points corre- 
sponding to  reaction 5 (see Scheme 2 ) .  Bond distances are given in A. 


Nitromethane lithium lithionitronate (1 e) is predicted to have 
a planar C,-symmetric structure at the HF/6-31 + G* level (cf. 
Figure 8). The Li 3 atom is bound to both the C 2 and 0 4  atoms. 
The analysis of the gradient of the electron density i n  the result- 
ing cyclic structure reveals that there is a (3, + 1 )  ring point 
corresponding to the N I-C 2-Li 3-04 system. Similarly, there is 
another (3, +1) ring point between the 0 5 ,  N1, 0 4 ,  and Li6 
atoms. The NBA analysis also reveals that the C 2-Li 3 bond is 
less electrostatic than the Li-0 bonds, since for the former 
H(rJ = + 0.006 au. The NBA charges for the Li3 and Li6 
atoms are + 0.91 1 and + 0.946, respectively. In addition, the 
charge on the C 2 atom is - 0.448, a value much higher than that 
found for nitromethane lithium nitronate ( l c ) .  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 Li 6 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 Li 3 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 Li 3 than on Li 6 (vide supra); con- 
sequently, the Coulombic interaction between 1 e 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.[27i The bond index between the 
C2  and C 8 atoms is 0.282 at the HF/6-31+ G* level. In this TS, 
the Li 3 atom is still bound to C2, at  a distance of 2.275 A. The 
angle of attack at the aldehyde, that is, the C 2-C 8 - 0  7 bond 
angle, is 109.4”, a normal value for addition reactions at car- 
bony1 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 ( lc )  (cf. reaction 3), and can be 
explained in terms of the higher nucleophilicity of 1 e. 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.[51 


We located two reaction products from the interaction be- 
tween 1 e and 2 a. The first one is labeled 3e in Figure 8 and has 
two dicoordinated lithium atoms. In particular, the Li 3 atom is 
bound to 0 7  and 0 4 ,  thus forming a six-membered ring. The 
other complexed product, 3’e, also has a plane of symmetry, but 
its geometry involves an antiparallel arrangement between the 
alkoxide and nitronate dipoles. In this latter complex, the Li 3 
atom is bound only to 0 7 .  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 3’e could be located.[271 
Therefore, if substituted species of type 3, such as those repre- 
sented in Scheme 5, are protonated by lk attack, stereoselective 
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Scheme 5 .  Possible alternative protonation pathways for alkoxidl: nitronates 3 and 
3’ to yield unti and syrz-nitroalcohols, respectively. 


formation of the corresponding anti-nitroalcohol would be ex- 
pected. This is 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 
stereoselective formation of the corresponding syn-nitroalco- 
h o l ~ . [ ~ ‘ ~  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 ul proto- 
nation of 3’. Another possibility is that these complexes are pref- 
erentially protonated at oxygen (M = H, Scheme 5). In this case, 
the sjm-nitroalcohol should be favored owing to intramolecular 
hydrogen bonding (cf. Figure 3). For silicon derivatives (M’ = Si) 
the anti-nitroalcohol would be the more stable stereoisomer. 







Conclusions 


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


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- 
bonyl 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. 
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Acid - Base Properties of Adenosine 5’-O-Thiomonophosphate 
in Aqueous Solution ** 
Bin Song, Roland K. 0. Sigel, 


Abstract: The acidity constants of H,- 
(AMPS)’ were determined by potentio- 
metric pH titrations in aqueous solution 
at 25 “C and Z = 0.1 M (NaNO,). Titra- 
tions with a combined single-junction 
glass electrode were hampered in the pres- 
ence of AMPS by a “poisoning” effect; 
the problem could be avoided by use of 
two separated electrodes. The values of 


3.72f0.03 and pK:,A,,s, = 4.83F0.02 
are relatively close to each other; the 
buffer regions of the two equilibria over- 
iap, and therefore a micro acidity con- 
stant scheme was developed and the con- 


the acidity constants pK,&AMps, - - 


1. Introduction 


and Helmut %gel* 


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 
N 1 site of the adenine residue, occurs at 
about 2 5 % .  Semiempirical AM1 and 


Keywords 
acidity * adenosinephosphates 6 


adenosinethiophosphates * protonat- 
ed isomers * semiempirical calcula- 
tions 


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,[21 and so-called nucleoside phosphorothioates[31 or 
thionucIe~tides,[~~ in which an oxygen atom in the phosphate 
residue is replaced by sulfur, are nowadays widely employed as 
probes in all kinds of biological 6l Considering that 
most reactions in which nucleotides participate are also depen- 
dent on metal ions,r71 it is rather surprising to find that the 
acid- baseL4, 8, 91 and metal-ion-binding propertiesc4. ’ ”, ’ ‘ I  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]). 


[*I Prof. Dr. H. Sigcl, Prof. Dr. B. Song. Dip1.-Chem. R. K .  0. Sigel 
Tnstitut fur  Anorganische Chemie. Univerd i t  Basel 
Spitalstr. 51. CH-4056 Basel (Switzerland) 
Fax.  Int. code +(61)267-1017 
e-mail: sigel(ii:ubaclu.unibas.ch 


[**I Abhrcviations: Ado, adenosinc: AMP’-, adenosinc 5’-rnonophosphate; 
AMPSz-, adenosine 5’-0-thiomonophosphate, also known as adenosine 5’-0-  
monophosphorothioate o r  adenosine 5’-[a-thio]monophosphate; ATP4-, 
adenosine 5’-triphosphatt; ATP7S4-, adenosine 5’-0-[g-thio]triphosphate: En, 
ethylenediaminc (= 1,2-diaminoethane); RibMP’ -, wribosc 5-monophoa- 
phate. Species which are named in the text without a charge either d o  not carry 
one or represent the species in general (1.e.. independent of their degree of 
protonation): which of the two applies is always clear from the context. 


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 
latter the two (intrinsic) acidity constants 
are well separated and consequently prac- 
tically all protons have left the N 1  site 
before deprotonation at the monoproto- 
nated phosphate group occurs. Finally. an 
estimate for the acidity constants of 
H,(ATPyS)’ - is given. 


The first nucleoside phosphorothioate was synthesized in 
1966,[31 and adenosine 5’-O-thiomonophosphate (AMPS, Fig- 
ure the thionucleotide in the focus of the present study, 
shortly thereafter;[l5l an improved synthesis was recently pub- 
lished.[l6I 


OH 6 H  


Figure 1. Structure of adenosine 5’-0-thioinonophosphate (AMPS’ ~) in its unri 
conforination [I41 


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, 
at pK, = 4.9[” and 5.3 ;[*I in 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+(N 1 )  site of twofold 
protonated adenosine 5’-monophosphate, H,(AMP)’, pK, = 


3.84.[”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 p H  
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 inetal-ion- 
binding properties."'. ''I By potentiometric p H  titrations we 
have now determined the macro acidity constants of 
H2(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 
([AMPS] = 0 . 2 3 m ~ )  used throughout this study were such that 
the well-known self-stacking of purine  derivative^"^^ was cer- 
tainly negligible.[20J 


2.1. Acidity constants of H,(AMPS)' : The AMPZ-  analogue 
AMPS2 - 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 rnonoesterified deriva- 
tives of phosphoric acid is released i n  water with pK, 1 ;['ll for 
H,(AMP)+, ~ K ~ z 0 . 4  was Hence, one may as- 
sumc (also in accord with results obtained for H,PO, and 
H,P0,S[221) 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 H,(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 (1 a) and (2 b). The corresponding 


(1 a)  


K;j2(AMps, = [H(AMPS) ~ I [ H + l ~ W ~ ( ~ M P S ) ' l  (1 b) 


H ( A M P S j -  F- AMPS2- + H +  (2 a) 


GiAnps, = [(AMPS)'-][H +]:[H(AMPS)-] (2 h) 


acidity constants [Eqs. (1 b, 2 b)], measured in aqueous solution 
by potentiometric p H  titrations ( I  = 0.1 M. NaNO,; 25 "C). are 
listed in Table 1 [231 together with some pertinent literature val- 
ues for H,(AMP)' (cf. ref. [17]) and monoprotonated D-ribose 
5-monophosphate (RibMP2 -)[241 as well as adenosine."4b1 


Comparison of the various acidity constants listed in Table 1 
shows that the pK, of 3.72 is evidently largely caused by the 


II,(AMPS)" f H(AMPS)- + H +  


Table 1. Negative logarithms of the acidity constants [Eqs (1.2)] of the twofold 
protonated H,(AMP)' and H2(AMPS)' species (see Figure 1 )  as well as of the 
related inonoprotonated adenosine and ix ibose  5-monophosphate spccies dclcr- 
miiied by potentiometric pH titrations in water at 25 C and I = 0.1 M (NaNO,) [a1 


H(;idenosine) + 3.61 kO.03 ~ 4 b 1  
H(RibM1')~ 6 24&0.01 ~241 - 


H,(AMP)' 3.84 0.02 6.21 &0.01 [I 7a] 
H,(AMPS)' 3.72 i 0.03 4.83 k0.02 this work 


La] So-called practical (or mixed) constants [23] are listed; see Section 4.2. The error 
limits given are lhrcr tima the standard error of the mean value or the sum of the 
prohable Yystcinatic errors, whichever is larscr. [h] X = 0 for RibMP2- and 
AMP'-.  X = S for AMPS'-. 


deprotonation of the H'(N1) site of the adcnine residue of 
HJAMPS)', whereas the second deprotonation step, with a 
pK,, of 4.83, has largely to be attributed, in agreement with 
earlier work,[*. 91 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 ?4 D,O: pk, = 5.3 
(18 "C; I undefined)[*] and pk, = 4.9 (30 "C; I undefined).['I 
Considering that this N M R  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, p ~ ~ , ~ , , , ,  = 4.83. 


It is 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 CohniS1 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 (1 a) 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]. 


(AMl3.H)- + H+ 


pk H-AMPSH \ 
= 3.84 f 0.02 = 4.71 k 0.04 


H \\ / 
\ = (3.72 f 0.03) + (4.83 i: 0.02) 1 


pKE,(AMl'S) + PKH(AMPS) 
(H.AMFS.H)* - (AMPS)" + 2H+ 


H.AMp\ = 8.55 i: 0.04 / 
= 4.34 * 0.14 


pk H.AMPS.H 


= 4.21 + 0.15 


(H.AMPS)-+ H+ 


Figure 2. Equilibrium scheme defining the micro acidity constants ( k )  and showing 
their interrelation with the macro acidity constants ( K )  and the connection between 
(AE\/IPS.H)- and (H.AMPS)  and the other species present. In (AMPS.kl)-  thc 
proton is bound to  the thiophosphate group. and in (H.AMPS)- i t  is at N 1 of the 
adciiinc residue (Figure 1); (H.AMPS.H)".  also often written as H,(AMPS)'. 
carries a proton :it N 1 and another at the thiophosphate group. The arrows indicate 
the direction for which the acidity constants are defined. Usc of the value measured 
for H,(AMP)'. pKix,,,M,, = 3.84k0.02 (see Table l) ,  for the microconstant 
p k $ ~ ~ s p ~ , I  permits calculation of the other microconstants from Equations (3  a).  
(3 b). and (3c). The error limits of the  various constants were cdlcuiated according 
to the error propagation after Gauss; the limits correspond to three times the 
standard error (see Table I ) .  For further details 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, (3a), (3 b), and (3c) (Figure 2), but four 
unknown microconstants.[' 7a, 2s] 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 pkizE;FH = pE2(AMPS) = 


3.84 0.02.['7a1 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 N 1 or at the 
thiophosphate group, respectively [Eq. (4)]. The values for the 


(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 a t  about 25%. Cer- 
tainly, this result is an estimate, but still it proves i) that both 
tautomeric forms of H(AMPS)- occur simultaneously in appre- 
ciable amounts and ii) that the (AMPS.H)- species dominates 
and therefore largely determines pKz(A,,,,, as 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 
N 1 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,[261 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 
unit. If one of these three oxygens is re- 
placed by a sulfur atom, assuming that 
a proton does not bind at  all to the sul- 
fur atom one might expect a decrease of 


Figure3, Tetrahedra, the pK, value by 0.18 pK units (because 
structure of phorphate in ROP0:- the proton finds three possi- 
residue bilities to bind, and in ROP0,S2-, 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~( , , ,~ ,  would be about the same as 
for PK&,~) or, if the second of the two effects is somewhat 


2- 
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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 lower 
than that of the monoprotonated phosphate residue in 
H(AMP)- by about 1.5 pKa units [expression (S)]. Indeed, this 


ApK, = pK,HO,,, - p k f i ~ ~ ~ . k ,  = (6.21 fO.01) -(4.71 k0.04) 
( 5 )  


= 1 S O  f 0.04 


ApK, value agrees well with observations made by Jaffe and 
Cohn['I in water containing 20% D,O, who found pK, = 6.7 
for H,PO, andpK, = 5.4 for H,PO,S- (ApK, = 1.3), as well as 
with the results of Makitie and KonttinenLZ7] for the same two 
acids in aqueous solution at  I = 0.1 M (KC1) and 25 T, namely 
pKfzp0, = 6.76 and pKf2po,s = 5.38, and hence ApK, = 1.38. 


Why is ROPOS- more basic than ROP0,S2 ? Is it because 
the proton is partially sulfur-bound to the latter species, or is it 
because the proton in ROP0,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(O,S)H- group. Frey and Samiiions[281 explaincd 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. Where is the proton in (AMPS.H)- located? Regarding this 
question, the review by Frey and Sammons[281 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 AMPS2- 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- -0  bonds ap- 
proach bond orders of 1.5, so each oxygen carries half a charge 
unit,~2s. 2 9 4  


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 suggcstioii regarding 
the location of the proton.[301 I t  is thus interesting that Hidaka 
et al. concluded that two P0,S3- ions coordinate to [trans-Co- 
(En)J3' through the S atoms.[311 On the other hand, Frey and 
Sammons[281 placed the proton in HP0,S2- at an oxygen in 
accord with the infrared and Raman spectroscopic studies of 
Steger and Martin,1321 whose P-S stretching of 
HP0,S2- and Pols3- are consistent with single bonds,'zyh1 
and who found no sign of an S-H group in HP0,S2- . [28.321 


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)- (Figure 1). We included thioacetic acid 
(pK, = 3.33)[331 in the calculations because i) practically the 
same ApK, value (1.42) is observed compared with acetic acid 
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( p K ,  = 4.75)',,] 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[341 that the right- 
hand side of the tautomeric equilibrium CH,C(S)OHe CH,- 
C(0)SH is heavily favored at room temperature, that is, "the 
acid is substantially completely in thc thiol rather than the 
thione form";[34b1 this also applies to related acids[351 like 
monothioforniic acid.r35"' Indeed, calculations based on the 
PM3 method of Stewart,r361 including water as  a solvent by 
applying the SM 3 procedure of Cranier and T r ~ h l a r , ' ~ ' ~  yielded 
a reaction enthalpy at standard conditions of -32 kJmol-I 
for the tautomeric equilibrium CH,C(S)OH + CH,C(O)SH. 
A corresponding result of - 20 kJ mol- ' was obtained with the 
AM 1 calculation technique of Dewar et al.[381 considering the 
presence of water with the SM 2 It is satisfying to see 
that both semiempirical calculation procedures, despite the dif- 
ference in the actual values, frtvor 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,OP(O),SH- ; the results are 38['"3 371 and 
53 kJmol- ' , [38~3yJ meaning that the proton is now preferably 
oxygen-bound, which is in agreement with the suggestion of 
Frey and Sammons for HP0,S2- and H,P0,S-.[281 


'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 
thcy 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(S)(O)OH- e CH,OP(O),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 tautoiner also occurs. 


3. Conclusions 


From an acid-base point of view AMPS is clearly a more com- 
plicated molccule 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 pKi(,,,, = 3.61 before deprotonation at 
the still monoprotonated phosphate group (compare with 
pK&ihMp, = 6.24[241) proceeds (see Figure 4, upper part). This is 
very different for H,(AMPS)' ; here the two deprotonation re- 
actions overlap, and consequently a t  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 N 1 site and 75% at  the thiophosphate group;[4o1 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. [5a,6a,18a,18e,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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Figure 4. Efl'ect ol pH on thc concentration of the species present in a diluted 
;iqui.onssolutioiiofAMP(top)orAMPS(hottom)at25 ' C ; I  = 0.1 h f .NaN0, .  The 
result5 are plotted as the percentage of the total AMP or AMPS present. The 
Calculations are based on thc acidlty constants listed in Table 1 .  


and H,(AMPS)* (see Table 1) one may estimate values for 


I = 0.1 M); the estimated error limits are k 0 . 1  pK unit. The 
estimated pK&TP.tS) value for H(ATP;JS)~- is lower by 
ApKa = 1.4 than that measured for H(ATP),- ( p K ~ ~ A T p ,  = 


6.47);[421 this difference is identical with the one obtained by 
Jaffe and Cohn"] in their 31P NMR shift experiments for the 
same species. It  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)'. 


H2(ATP1;S)'- : P ~ ~ 2 ( A r p , s ,  = 3.88 and pK&Tp;,s) = 5.09 (25 " C ;  


4. Experimental Section 


4.1. Materials: Two different lots of the dilithium salt of AMPS2- were 
obtained from Sigma, St. Louis, MO. and a further samplc of the dilithium 
salt came from Scrva Feinbiochemica, Heidelbcrg (Germany). Throughout 
the studies n o  differences between the three samples could be detected. The 
curve fits carried out in connection with the determination of the pKa values 
of H,(AMPS)+ proved the absence of any impurity with acid-base proper- 
ties. In fact, the very high purity of the commercial AMPS was confirmed by 
ii rel'eree, who rui a "P NMR spectrum of a sample from Sigma: we are most 
grateful to the referee for this action. The aqueous stock solution of AMPS'- 
was freshly prepared daily, and the pH wa:, 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 C0,-free water. The titer of the NaOH used for the 
titrations was established with potassium hydrogenphthalatc. 


4.2. Potentiometric pH titrations: The pII titrations were carried out with a 
Metrohm E 536 potentiograph, E655 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:AgCI refcrcncc elcc- 
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 cah- 
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. o r  Rrcrnsted constants [23a]. Their 
negative logarithms given for aqueous solutions at I = 0.1 M (NaNO,) and 
25-(3 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 potcntial of the glass electrode and the hydrogen-ion 
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activity [23,43]. It should be emphasized that the ionic product of water (K,) 
and thc conversion term mentioned do not enter into the calculations bccause 
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 clcctrodes: as soon as the 
ligand AMPS was added to the tltration vessel. “poisoning” of the electrode 
could be observed; this means that during the titration the plotted p H  vs. 
volume of Na0I-I curve became unsteady (in this connection see also 
ref. [44]). The problem increased every time a solution containing the ligand 
was titrated. An improvement in thc titration curves of the solutions with the 
ligand could be achieved firstly by rigorous exclusion of dioxygen from the 
titration vessel right from thc beginning and addition of the neccxary HNO, 
only shortly before starting the titration, and secondly by washing the elec- 
trode after each ligand titration for 45 s in 50mM HNO,, flushing it with 
water, and then leaving it for 10 min in 3~ KCI 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 g,,,4Mps, and K&MPS) of H,(AMPS)’ were determined by titrating 
50 mL of aqueous 0 . 5 6 m ~  HNO, and NaNO, ( I =  0.1 M; 25 ’C) in the 
presence and absence of 0 . 2 3 m ~  AMPSZ- under N, with 1 mL of 0 . 0 3 ~  
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 M1509 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) ~ /AMPS2 - .  The results given in Table 1 are the averages of 27 and 
34 independent pairs of titrations for pF&MPS, and pGoMps,, respectively. 
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Molecular Recognition by Hydrogen Bonding in Polyelectrolyte Multilayers 


Andre 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 muItilayers were assem- 
bled from these copolymers by stepwise 
alternating adsorption with poly(cho1ine 
mcthacrylate) . These multilayers are suit- 
ed for molecular recognition of substrates 


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


Keywords 
hydrogen bonds - molecular recogni- 
tion polyelectrolyte multilayers 
surface chemistry * thin films 


versa, when exposed to solutions of the 
1 : l  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- 
markably, after successful recognition 
and binding of the complementary sub- 
strates to the mutilayers, the stepwise lay- 
ering could be continued. 


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.[21 In 
the past years great efforts have been made to understand 
molecular recognition in natural and in synthetic systems.[31 The 
majority of systems are based on hydrogen bonding, which are 
more difficult to examinc 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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ployed in this way.[41 Both of these techniques are useful, but 
have several disadvantages : for Langmuir - Blodgett films, the 
sxnple geometry is limitcd to flat surfaces and their preparation 
requires 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.[' - '] This method can overcome 
some of the typical Langmuir -Blodgett and SAM problems: 
there are 110 limits concerning the surface geometry or size, and 
rio complicated equipment is required. Also. the deposition pro- 
cess is 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 TAPlbarbituric acid is 
well known. These systems are based on multiple H-bonding, 
which gives rise to selective and strong interactions, analogous 
1.0 the pairing of nucleobases. 
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Experimental Procedure 


Materials (see Scheme 1): The water for all experiments was deionized and 
purified by an Elgastat Maxima from Elga (resistance 18.2 MR). 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-acrylainido-2-n~ethylpropa1~esulfonic acid (AMPS) was it 


gift from Lubrizol (UK), which was polymerized to give polymer 2 according 
to ref. [9]. Poly(cho1ine methacrylate) (3) was prepared by analogy to 
ref. [lo]. 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  thcrmal 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 o r  
a barbituric acid functionality will be described elscwhcre [I 11. The copoly- 
merizations were carried out for 5 d at  80 "C in dimethyl sulfoxide (DMSO). 
The polymcrs werc 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 arc givcn 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 
'H N M R  groups no end groups are visible; therefore, the D P  (dcgree of 
polymcrization) should at  least exceed 10. 


Preparation of thc Polyelectrolyte Multilayers: Thc polyions 1 3 were dis- 
solved in water a t  a conccntration of 0.02 mol of repeating unit per liter. 
Copolymers 4 and 5 were dissolvcd in a mixture of 90 vol% of water and 
10 vol0/0 of DMSO (p.a.). As supports for the inuitilayer asseniblics, quarlz 
plates and silicon wafcrs 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. 
M ultilayers were asscmblcd by successively dipping the supports in a solution 
of polycatioii 3 for 20 min and then i n  the polyanion solution for 20 min, 
except in the case of polyanion 4, where the adsorption time had to be 
prolonged to 50 min. Bcforc changing the polyelectrolytc solutions, the sup- 
ports were dipped into three bcakers with pure water for 1 miii each. to 
remove excess adhering solution. 


Recognition experiments: For the recognition experiments. multilayer asseni- 
blies with polymer 4 on top and assemblies with polymer 5 on top were dipped 
into the same 2 x 10- mol L ~ solution of a 1 : 1 complex of TAP and barbi- 
turic acid. 


Methods: Thc 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 sei-ved as reference. Silicon wafers cov- 
ered with multilayer assemblies were analyxd 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 from 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. 


UV/Vis Spectroscopic Studies of the Multilayers: 
Multilayers containing TAP groups: Alternating multilayers 
could be succesfully prepared from polycation 3 and polyanion 
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Schcme 1. Cheinical 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 hycr  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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Fig. 1 .  Growth in the absorbance of a layer of polyaiiioii 4 as a function ofadsorp- 
tion time 


Chem. Eur. J .  1997, 3, No. 1 5s; VCH Verla~.gesPll,,chrrft~~ift mhH,  D-69451 Weinhe 'im, 1997 OY47-6539~97iO3OI-O1)3r$ 1 5  OO+ 25 (I 35 







A. Laschewsky et al. FULL PAPER 


0.16 


0.14 


E 0.12 


g 0.08 


Ln r- N 0.1 
I 


E 
0.06 


2 0.04 


0.02 


0 


m 


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 multilaycrs of 3 and func- 
tionalized 4. The absorbance increases linearly for the first three 
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from 275 (curve A) to 265 nm (curve B) is observed. A similar 
shift in A,,, 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. 


Midtilayers contuining hurhituric 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 is reached 


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


Fig. 2. Growth in the absorbance o f a  multilayer assembly 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 
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Fig 3. IJV/Vis spectra of a n  assembly of 3 and 4: A) after three deposition cycles, 
B) after three deposition cycles and complexation, C) assembly B after three more 
dcposition cycles. 


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 
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Fig. 5 .  Growth in the absorbance of a multilayer assembly o f 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 ii phenomenon is frequently encountered 
for polyelectrolytes carrying hydrophobic groups," 31 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 functionalitics, the partner for molecular 
recognition is now TAP. 


After four double layers had been deposited, the exposure of 
polyanion 5 to thc solution of the TAP/babituric acid complex 
caused an increase in the absorbance. This rcsult 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). 
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Fig 6. UV,Vis spectra of an asscmhly of 3 and 5 .  A) after three deposition cyclca. 
B) a h  three deposition cycles and complexation, C) asseinbly R after three more 
deposition cycles. and D) after a second complexation step on assembly 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 iiicrease in absorbance after complexation, indi- 
cating the binding of additional material, a hypsochromic shift 
in ?,,,, 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- 
complexcd 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 
Ion 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 


Table 1. ToF-SlMS results [or the system 3:4;barhituric acid 
~ 


lon Mass (Da) 4 b e h e  complexation 4ibarhituric acid complex 
$6 of' total intensity "A of total intcnsity 


C,,U,,N,O' 245 0.10*0.05 0.0046 o.0007 
CNO ~ 42 0.201-0.002 0 .36i0 .03  
so; X0 0.72+0.03 0.75 k0.02 
CH,SO; 94 0.15k0.007 0.13+ 0.004 
C,H.SO, I39 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 i  3 N , 0 t )  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-STMS restilts for the system 3j5,'TAP 


Lon Mass (Da) 5 before complexation S, TAP complex 
"A of total intensity '% of' total intcnsity 


CH,N + 28 0.1310.02 0.95 k0.2 
C,H,N ' 42 0.49 kO.1 7.5 k 1.5 
C,Hi,N+ R6 0.43 f 0.06 0.75 kO.04 


0.61 k0.03 C,H,,NO+ 102 0.34+ 0.03 
C,H,O' 59 5 . 9 i  1.7 0.16&0.02 
C,H,O: 87 0.80+0.25 0.02+0.006 
CSHqO: 101 0.46 i 0.1 1 0.01 *0.001 


increase in the C,H,Nf 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 thc 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 315 was analyzed by XPS, which shows 
the increase of the nitrogen content with the complexation step: 
3.2 a tom% 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 eV) in- 
creases slightly after complexation (from 2.1 to 2.3 a tom%),  
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,, a t  400.0 eV. This 
component cannot be clearly separated from the pyridine-type 
nitrogen or from the aliphatic-typc nitrogen in the spectrum. On 
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tho other hand, the oxygen content decreases only slightly, in 
;igreement with the larger information depth and the lower sen- 
sitivity to the chemical environment of this technique 
(14.5 a tom% 0 before complexation and 24.0 after complexa- 
tion). 


Conclusions 


Polyelectrolyte multilayers can be assembled from polycation 3 
with the anionic copolymers 4 or 5 bearing functional moieties 
f'or molecular recognition. Both UVVis  spectroscopy and ToF- 
SlMS show the successful binding of barbituric acid and TAP, 
respectively, to the complementary complexation partner in thc 
multilayers. The binding of TAP to polyanion 5 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 aqueous 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 complcxation sites. This demon- 
strates the strength and thc selectivity of the recognition in the 
system TAPibarbituric acid. 


At present it is not clear whether the recognition process takes 
place only in the topinost layer, or whether the coinponents 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 hindcr the deposition of further polyelectrolyte layers. As 
the recognition process does not interfere with further layering, 
thc deposition of protective coating layers or of polymers with 
other functionalities might be envisaged. Since polyelectrolyte 
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inultilayer assembly is a facile and rapid process, it not only 
offers a convenient method to study inolecular 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 c 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 crr/'rr and [Co(phen),]"+i2+ and 
[ C ~ ( b p y ) , ] ~ + ' ~ +  were studied in detail, in 
particular as a function of temperature 
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 


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


Keywords: cobalt - cytochromec - 
electron transfer * kinetics * volume 
profile 


Introduction 


The interest in understanding the electron-transfer reactions 
of redox proteins has increased significantly over the past 
years." 31 Electron transfer takes place over long distances in 
these reactions. Since cytochrome c 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.[4- 61 Currently, we are interested in 
outer-sphere electron-transfer reactions between cytochrome c 
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 *, A S  *, A V * )  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 
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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 
terpyridine systems. A detailed mechanis- 
tic analysis is presented. The results show 
that the different kinetic and thermody- 
namic techniques employed complement 
one another. 


chemical process in terms of volume changes along the reaction 
coordinate.[' -'I 


We have previously reported"", ' I 1  a detailed volume profile 
analysis for the electron-transfer reactions between cyto- 
chrome c and a series of pentaamniinepyridineruthenium 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,[121 from 
which i t  followed that the reduction of ferricytochrome c '  is 
accompanied by a small volume collapse of - 5 & 1 cm3 mol- '. 
The kinetic experiments"'. indicated that thc position of thc 
transition state showed no significant trend in the low driving 
force range from -0.01 1 to -0.1 12 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."l] From the Marcus theory. 
the l* parameter, which represents the location of the transition 
statc relative to  reactants and products along the reaction coor- 
dinate (01/r* j l ) , L 1 " , ' 3 1  can be calculated. i* could be esti- 
mated for low driving forcc systems using reorganisation ener- 
gies published p r e ~ i o u s l y . ~ ' ~ '  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 i* value with experimental 
rcsults in terms of activation and reaction volume data.'", 







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 We concluded from 
our data["] 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 [C~(bpy),]"+/~+ and 
[Co(phen)J3+I2+ (bpy = 2,2'-bipyridine, phen = 1.10-phenan- 
throline) with cytochroine cll'iii as a function of temperature 
and pressure in both directions of electron transfer. The corre- 
sponding reaction between cytochrome c and [ C ~ ( t e r p y ) ~ ] ~ + i ~  + 


(terpy = 2,2': 6',2"-terpyridine) was studied previously.['"I The 
advantage of the cobalt complexes compared to the ruthenium 
complexes is their higher stability i n  aqueous solution. The 
ruthenium complexes used in the earlier studies['', ' I  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." 'I 


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 pentaammiiieruthenium complexes 
studied previously."', ''1 The driving force for the reactions 
studied varies from 0.003 eV for the oxidation of the protein 
by [Co(terpy)J3+ to -0.085 eV for the oxidation by 
[Co(phen)J3 +.["] Therefore, the redox process can be studied 
in both directions. 


The activation volumes for the reaction of [Co(phen),13 + 


with cytochrome cI1/I1' werc reported in an earlier study to  
be + 8.5 and ~ 11.5 cm3 mol- for the oxidation and the reduc- 
tion of the protein, respectively." " An overall reaction volume 
of 20 cm'mol-' for the oxidation of the protein was report- 
ed." '] Since it is known that the volume contribution from 
cytochrome c during this reaction is very the reaction 
volume of +20 cm'mol-I should be assigned to  the reduction 
of the [Co(phen)J3+ complex. 


However, this value differs significantly from the data report- 
ed for the [ C ~ ( t e r p y ) ~ ] ~ +  Therefore we repeated the 
kinetic measurements and also performed density measure- 
ments, as wcll as spectrophotometric and electrochcmical 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. 


Results and Discussion 


General comments: The redox reactions of cytochrome c with 
sevcral metal complexes have been studied extensive- 
ly.['. ', ''* 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 


investigation of the reverse reaction, reduction of the protein. In 
our studics we selected systems with a relatively small driving 
force (AG ' 50.12 eV), that is, an equilibrium constant ( K )  rela- 
tively close to unity, which enabled us to follow the elcctron- 
transfer process in both directions. 


we demonstrated that the second- 
order rate constants for the reaction of a series of complexes of 
the type [RU(NH,),X]"'~+ with cytochrome c'I"" can be corre- 
lated with the overall equilibrium constant. Thus, it is possible 
t'o 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 (I), where k ,  and k ,  are the second-order rate 


In earlier studies"". ' 


constants for the forward and back reactions, respectively. The 
following abbreviations are used: L = phen (1 ,lO-phenanthro- 
line) and bpy (2,2'-bipyridine). The driving force for these reac- 
tions is -0.028 and -0.085 eV for the reduction of [Co- 
( h ~ y ) ~ ] ~ '  and [Co(phen)J3+, respectively. This means that we 
are, in terms of the Marcus theory, working in the low driving 
force regime. The driving force was calculated from the differ- 
ence in the redox potentials of cytochrome c 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 to 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 kohF 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 vcry small intercept (Figure 1, top) whereas for the reduction 
(Figure 1 ,  bottom) there is a larger intercept due to the influence 
oi' the reverse reaction. The second-order rate constants were 
determined from the slope of the kohr versus complex concentra- 
tion plots. 


13 
arid 169 i 5 M -  ' s- for k, and k ,  respectively, for the reaction of 
cytochrome cll~"' with [ C ~ ( b p y ) , ] ~ + ' ~ +  (at 25 "C and 0.1 M ionic 
strength). For the corresponding reaction of the protein with 
[Co(phen),]3+'2+, we obtained the rate constants 3750 40 and 
21 7 5 M -  s for lif and k,, respcctively. 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 
[ C ~ ( b p y ) , ] ~ + ' ~ + ,  the following activation parameters were ob- 
tained:AH* = 2 8 k l  k J m o l ~ ' . A S *  = - 1 0 7 ~ 5 J K ~ ' m 0 1 ~ ~  
artd A H *  = 49.9k0.7 kJmol-' ,  AS '  = - 2 8 i 2  J K - ' m o l - ' ,  
respectively. For  the corresponding reactions of the protein with 
[Co(pheii),]"'"+ we found: A H *  = 1 4 i l  kJmol- ' ,  AS* = 


- 1 3 6 i 4 J K - ' m o l  and A H *  = 4 4 ? 3 k J m o l  A S *  = 


- 28J19 J K - ' m o l - - ' ,  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- 


Under the selected conditions we obtained values of 582 
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Table 1. Summary of rate and activation parameters for the electron-tranafer reaction between cytochrome c and ruthenium or cobalt complexes: cyt cLi+coinplexJ+ 
cyt c"'+ complexz+ 


Reaction k ,  M - ' s - '  [a] A H ' ,  kJmo1-l A S * ,  JK-Imo1-I A V * ,  cm3mol-' AV,  cm-'mol-' -AG, eV K ,  [b] KTD [b] KKIN [b] 


[ R ~ a , p y ] ~ +  +cyt c" [c] 


[Rua,pylz+ +cyt cl" [c] 


[Co(bpy),13+ f c y t  c" 
(Co(bpy),]' + +cyt c'" 


[Rua,pyl"+cyt eli [d] 


[Co(phen)J3 + +cyt c" 
[Co(phen),]" +cyt cl'l 


[Co(terpy),13 + + cyt c" 
[Co(terpy),]'+ + cyt c"' 
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1051 7 f 494 


582113 
169k5 
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1704k46 


2 8 f 1  
33.4 
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4 0 k 1  
1 4 f 1  


- 64+5 
- 58.5 
- 59113 


- 2 8 f 2  
- 1 0 7 5 5  


- 28+9 
-136k4 


- 4 7 2 4  
-136k4 


+ 17.4 k 1.5 


-17 7k0.8 


12.5k0.9 
--12.6+1.5 


17.0 k 0.9 
-16.2f 1.0 


18.4k 1.2 
- 18.0 + 1.4 


33.4k1.9 [el 0.045 5.8 6.4k2.1 4.6k0.4 


35.1 f 1.0 [f] 


21.8k0.7 [el 0.028 3.0 3.3f0.4 3.4k0.3 
25.1k1.7 [f] 
27.5_+1.4[g] 


37.9k2.0 [el 0.085 32 20 5 3  17.3k0.6 
34.2 f 1.7 [g 
35.4k2.0 [g] 


33 f 3 [ e ]  -0.003 0.9 0.7k0.2 0.9k0.1 
36 i 2  [f] 
36.3 k 2.0 [g] 


[a] Reaction conditions: T = 25 'C, p = 0.1 M, [cyt c] = 1 x 1 0 - ' ~ ,  [Tris] = 0 . 0 5 ~ ,  [LiC104]/[L~N0,] = 0 . 0 5 ~ ,  p H  =7.1, i = 550 nrn. [b] Equilibrium constant for the 
oxidation of cytochrome (KE calculated from the redox potential, KTO from spectroscopic measurements, KKlh from kinetic measurements). [c] Ref. [ l l ] .  [d] pH = 5.3. acetate. 
p = 0.1 M, ref. [IS]. [el Reaction volume determmed spectrophotometrically for the oxidation of cytochrome c. [f] Reaction volume determined kinetically for the oxidation 
of cytochrorne c. [g] Reaction volume determined electrochemically, assuming cytochrome contribution is -0. 
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Fig. 1. Concentration dependence of k,,, for the oxidation (top) and reduction 
(bottom) of cyt c"'"' by [Co(bpy),]3t!zt and [ C ~ ( p h e n ) , ] ~ + ' ~ + .  Experimental con- 
ditions: [cyt c'~'~"] = 1.0 x 10- s ~ ,  pH = 7.2,  ionic strength = 0.1 M, [Tris] = 0.05M, 
[LiNO,] = 0.05 M, i = 550 nm, T = 25.0 'C. 


vationvoiumesof +17.0+0.9and - 1 6 . 2 ~ 1 . 0 ~ r n ~ m o l ~ ~  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 
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Fig. 2.  Plot of In k versus pressure for the reaction cyt c" + [ C o ( p h e r ~ ) ~ ] ~ +  + 
cyt c'" + [Co(phen),]*+. For experimental conditions see Figure 1 


volumes of +12.5f0.9 and -12.62 1.5 cm3mol-', respective- 
ly, were obtained. 


Thermodynamic Results: The equilibrium constant for these 
processes can be calculated from the overall driving force, and 
they are 3.0 and 32 for the oxidation of cytochrome L." by 
[Co(bpy)J3 + and [Co(phen),13 +, 191 In addi- 
tion, spectroscopic measurements were performed to estimate 
the equilibrium constants for these reactions. For both reactions 
we observed an increase in absorbance as a function of the 
cobalt complex concentration at  550nm on mixing cyto- 
chrome cl" and cobalt(r1) 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.['O*'ll This gave equilibrium constants of 3.3 f 0.4 and 
20+3 for the reaction of the protein with [Co(bpy),13' and 
[Co(phen),J3 + , respectively. These values are in good agreement 
with the equilibrium constants obtained from the kinetic data 
( K  = k, /k , ) ,  viz. 3.4k0.3 and 17.3 f0.6,  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 UViVis spectrum showed characteristic spectral 
changes as a function of pressure (a typical example for the 
reaction of cytochrome CI'"" with [Co(phen),]j +'* + is given in 
Figure 3). Comparison of the observed changes with the spectra 


0.25 
D 


0.2 I- 
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Fig. 3. UV Vis spectra of a n  equilibrium mixture of cyt 
a s  a function of pressure. A = 5 MPa. B = 50 MPe, C = 100 MPa. D = 150 MPa. 
Experimental conditions: [cyl r.""'] = 0 . 7 ~  1 0 - ' ~ .  [Co"'"'] = 2 . 0 ~  10 'M. 


pH =7.2. ionic strength = 0.1 M. [Tris] = 0 . 0 5 ~  T = 25.0 'C .  


and [Co(phen)J ' 


of the reduced and oxidized protein, indicate that the equilibri- 
um is shiftcd towards cytochrome clI under pressure. The UV/ 
Vis spectra of ferri- and ferrocytochrome c show no spectral 
changes as a function of pressure in the range 0- 150 MPa. This 
is in agreement with earlier observations.r201 From the observed 
absorbance change as a function of pressure, the equilibrium 
constant can be calculated at each pressure. From thc corre- 
sponding plot of In K versus pressure the reaction volume can be 
determined from the slope ( = - A F R T )  (Figure 4). The spec- 
troscopically determined reaction volumes are + 21.8 * 0.7 and 
+ 37.9 * 2.0 cm3 mol- ', for L = bpy and phen. respectively. 


Pressure, MPa 


Fig. 4. Plot of In K versus preysure h r  the rextion cyt ( I '  +[Co(phcn),]" < 
cyt cl" + [Co(phen),]'+. For expcrinientd 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 


tak.en from the on the basis of V(H+) = 


- 4.5 cm3mol-'. The partial molar volumes of the complexes 
an'd 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 24.2k2.4, 31.7k2.2 and 
37.952.8 cm'mol-' for the reduction of [Co(bpy)J3+, 
[Co(phen)$ + and [Co(terpy)J3+, respectively. 


Table 2. Partial molar volumc data determined from density measurements 


Compound V. cm'mol-' [a] Vca,,on, cm3mol-' [h] 


I C O P Y ) J ( C ~ O J ,  461 .I i 1.2 363.9 & 1.2 
[Co(hpy),1(CI04),.2 I I 2 0  521 .5 2.1 339.722.1 
[Co( Lerpy),]Br, .H 477.05 1.9 360.7+ 1.9 


322.xi2.1 [C~)(terpy),](CIO,),. H,O 487.5+2.1 
lCWxn),l(ClO,),  HZO 484.1 +_ 1.2 368.9k1.2 
ICo(phen),l(C10,);2 H,O 519.1+1.8 337.2*1.R 


[a] Average value from at least 5 measurements. [bl The following volumcs 
wwe used: V(CI0;) = 48.9 c m ' m o l ~ ' ;  V(Br-) = 29.2 cm3mol I ;  V(Cl-) = 
22.3 cm3 mol- ; V(H,O) = 1 X cn13 mol- ' (V(H ') = - 4 5 crn'mol- '). 


- 


In addition, we determined the redox potentials of these com- 
plexes as a function of pressure using differential pulse voltam- 
metry." 21 Typical voltammograms as a function of pressure for 
the [ C ~ ( b p y ) J ~ + / ~ +  system are given in Figure 5. The corre- 
sponding plot of E versus pressure is given in Figure 6. All plots 
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Fig 5. Differential pulse voltammograms for tbc [ C ~ ( h p y ) , ] ' + ' ~ +  system recorded 
its a function of pressure. A = 30 MPa. B = 20 MPa, C = 50 MPa, D = 70 MPa, 
t, = 110 MPa. F = 150 MPa. 
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Fig. 6. Plot of E versus pressure for the [Co(hpy),12+ 3 +  system. 
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were linear within the limits of experimental error. The reaction 
volume can be calculatcd from the slope of such plots (Supple- 
mentary Material). From these measurements we obtained re- 
action volumes of 18.511.4, 26.4k2.0 and 2 7 . 3 i 2  cm'mol-' 
for the reduction of [Co(bpy),]"+, [Co(phen),13 + and [Co(ter- 
py),]", respectively. We used a Ag/AgCl (sat'd KCI) reference 
electrode, which has previously been shown to contribute 
2 - 9 cm3mol-'  to the overall reaction volume, so that the 
above values must be corrected.[12, 221 This results in values of 
27.5 f 1.4, 35.4 1 2 . 0  and 36.3 2 cm3 mol- for the reduction 
of [Co(bpy>,l3 +, [Co(phen),13+ and [Co(terpy)J3 + , respective- 
ly. These values are in good agreement with those obtained from 
the partial molar volume data quoted above (see Table 3). 


Reactants Transition state Products 


Table 3. Reaction volumes (in c m 3 m o l ~ ' )  for the oxidation orcyt #I, determined 
in differcnt ways, in the overall reaction [CoL]" +cyt ci' $ [CoLI2+ +cyt c"'. 


System A Vkin[a] A VrD [h] A V,,, [c] A V, [d] average 


[Co(hpy),]3t'2+ 25.1k1.7 21.XiO 7 24.2k2.4 27.5k1.4 24.6k2.3 
[ C ~ ( p h e n ) , ] ~ + ! ~ +  34.221 7 37.9f2.O 31.7f2.2 35.452.0 34.8k2.6 
[ C ~ ( t e r p y ) ~ ] ~ ' " +  36.0k2.O 33.0k3.0 37.9k2.8 36.3*2.O 35.8f2.0 


[a] Kinetically determined value for the overall reaction between thecobalt complex 
and cytochrome c ( A V  = AV: - A V ; ) .  [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] Electrochem~cally deter- 
mined value for the reduction of the cobalt complex cations, neglecting the volume 
change on the protcin and corrected for the contribution from the referencc 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 c 
with the pen taamniinepyridineruthenium complexes.['0* * 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,[*31 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 ( l /T%O),  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 k 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 


activation volumes for the forward and back reactions can be 
combined to  give the reaction volume for the overall process 
( A Y =  AVT - AV,"). 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 c 
occur on the metal centre. The contribution arising from the 
oxidation/reduction of cytochrome c is so small that it can prac- 
tically be ignored in the overall reaction volume.[' 21 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 c with 
[ C ~ ( p h e n ) , ] ~ + ' ~ + .  The transition state is located exactly 
halfway between the reactant and product states on a volume 
basis, in agreement with the predicted i* value from the Marcus 
theory for a system with a low driving force 


16.2 


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.[241 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-spinjlow-spin equilibrium of the 
[Co(terpy),l2' complex. The average bond length change dur- 
ing the reaction is also 0.2 w i n  this case.[161 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 d o  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),12+!" 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 a n  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 molecules 
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: Thc rate constant found in the 
present study for the oxidation of the protein by [Co(phen)J3+ 
is larger by a factor of about 2.5 than that reported by Gray et 
al. ( 1 5 0 0 ~ - ' s - '  at 25'C, 0 . 1 ~  ionic strength).[z51 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 c and can re- 
sult in a smaller net charge on the reactants,r26%271 which may 
affcct 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 c"'~"/ 
[ C ~ ( t e r p y ) , ] ~ + ' ~ +  system, where the rate constants for the reac- 
tion in both directions were about two times lower in a chloride 
than in a nitrate This clearly shows that reactions 
involving cytochrome c 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 ( A H * ,  A S * )  to a significant extent. A similar find- 


ing was reported by Swaddle et a1.[281 for the activation volume 
for the self-exchange reaction of [Co(phen),]' w3+ in nitrate and 
chloride media. We therefore intended to perform the measure- 
ments in a lithium perchlorate medium in order to  minimize the 
efiect of binding of the anion to ferrocytochrome c. 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),13+ 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.[251 


A comparison of our activation parameters for the cyto- 
chrome ~"'"'/[Co(phen),]"+/~+ with the values reported in the 
earlier study by Heremans et al. indicates some significant dif- 
ferences.["] Heremans et al. reported values of +8.S and 
--11.5 cm3rnol-' 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 - 1 6 . 2 5  1.0 for the 
reduction of the protein, and a value of + 17.0 f 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 0.2 M ) . ~ ~ ' ]  
There is expected to be a stronger binding of the sulfate anion 
to the + 6.5/ + 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 c strongly 
depends on the salt used to adjust the ionic strength.[", If 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.[291 
and later confirmed by our own work.1121 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['21 it 
is reasonable to assume that the reduction of the cobalt- 
phenanthroline complex is accompanied by a volume increase 
of ca. 34 cm3 mol In order to resolve the apparent discrepan- 
cy with Heremans' data,["] we performed spectroscopic mea- 
:surements as a function of pressure in a sulfate medium. The 
absorbance changes as a function of pressure in a sulfatepris 
medium (ionic strength 0 . 2 ~ )  could be used to calculate a reac- 
tion volume of 22.250.8 cm3 mol-' for the oxidation of the 
protein by the cobalt~phenantliroline complex. This value is in 
good agreement with the value of 20 cm3 mol- reported by 
Heremans et a1.,["1 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.[301 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- 
( p h e r ~ ) , ] ~ + / ~ +  and [ C ~ ( b p y ) , ] ~ + ' ~ +  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 c with in- 
organic metal complexes are known to be of the outer-sphere 
type.131, 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 (kET) to form the successor complex, 
which dissociates in the final step (K,). 


x,,, = x,,K,[CoL;']/{l +K,[CoL:+l) (3) 


k,,, = k,,K,[CoLi+] (4) 


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


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),]3--'4-/cyto- 
chrome cr'/'Ir, a K ,  value o f 2 8 5 ~ - '  was determined from N M R  
 experiment^."^] This value is in very good agreement with the 
value estimated from the Fuoss equation,[33] 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 cl'/IIi and [ C ~ ( p h e n ) , ] ~ + / ' + ,  the K ,  value is expected 
to be small and can only be estimated using the Fuoss equation 
[Eq. ( 5 ) ] .  In Equations (5) and (6), wij is the electrostatic 


K ,  = 4'3rrN,o:,exp(-w.,,/RT) ( 5 )  


work required to bring reactants and products together, zi and 
z, are the charges of the reacting ions, e, is the electronic charge, 
8, the permittivity of vacuum, e the bulk dielectric constant, oij 
the contact distance of the ions (crij = ri + rj) and K the recipro- 
cal Debye-Huckel length. For aqueous solutions at 25 "C, 
E =78.5 and ii = 3.29 p0.5nm-1,  with the ionic strength p in 
M,[34.  351 


In order to calculate the precursor formation constant, rate 
constant and activation volume for the redox reactions between 
cytochrome cli'rll and the metal complexes under the experimen- 
tal conditions selected in this study, the following values were 
used: for [C~(phen) , ] '+ '~+:  Ef ,  = 0.358 V,1361 radii: 5.27/ 
5.21 For  [ C ~ ( b p y ) , ] ~ + / ~ + :  E,", = 0.301 V,[361 radii: 5.24/ 
5.13 .&[,'I For  cytochrome c'l'lll: E,", = 0.273 V,['o.3R1 radii 
16.6 charges +7.5/ + 6.5.[391 


Using Equations ( 5 )  and (6) we obtained values for the pre- 
cursor formation constant K ,  of 3 . 6 ~ - '  and for the successor 
dissociation constant K, of 0.17111 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 k,, 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 - H ush - Stranks - Swaddle  relationship^,[^" -471 


can be used to calculate the activation volume for these reac- 
tions. Earlier studies['', 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-Hiickcl t e r m  compensate 
each other and only the contributions from solvent reorganisa- 
lion A V& and the 2 *A V term determine the calculated value. 
Since the main volume changes occur on the metal complex and 
not on cytochrome c,["~ the real A V& value was expected to be 
smaller than the calculated one. For  both reactions the calculat- 
ed activation volumes are too negative (bpy: AV*(k , . )  = 


8.8cm3mo1-', AV*(k,)  = - 1 5 . 2 c m 3 m o l ~ 1 ;  phen: AV*(k, )  
= 1 4 . 8 c m 3 m o l ~ ~ ' ,  AV*(k , )  = - 21.1 cm3mol I )  and indicate 
a n  early transition state for this kind of process. This is not in 
agreement with the A* value from the Marcus theory and from 
the experimental results, since the value should be 0.5 for a low 
driving forcc system. If the volume changes on cytochrome c are 
neglected, we can correct the AV& term to be only 24Y0 (ratio 
of the radii of cytochrome c and the cobalt complexes) of 
the calculated value (AV& = -1.1 cm3mol-').  Using this 
correction, the experimental value is in excellent agreement 
with the theoretical value (bpy: AV*(kJcor, = 12.3 cm3mol-' ,  
AV*(fib)corr = -11.7cin3mol-';  phen: AV*(k,)  =18.3 
cm3nrnol-', AV*(k,,)cc,rr = -17.7 cm3mol-'),  indicating that 
our assumption is correct. 


From our measurements, it follows that the contribution 
from cytochroinc c is very small (< 5 cm3mol-') 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 
betwecn the thermodynamic and kinetic parameters for these 
reactions. 


Experimental Section 


Materials: Horse heart cytochrome c '  (Sigma) solutions werc prepared ac- 
cording to w standard procedure as described previously [lo]. The concentra- 
tion of these solutions w i l s  determined from the extinction coefficients 
( R  = 2 7 6 0 0 ~ - ' c m  for ferrocqtochromec and ~ . = 9 1 0 0 ~ ~ ~ c i i i ~ '  at 
550 nm for ferricytochrome c) [48]. All cobalt complexes were prepared and 
purified according to methods reported in the literature [49-521. The chem- 
ical analyses, redox potentials and U V M s  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 uscd 0.0SM 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 HP84S2 and Cary 1 (Varian) spectrophoto- 
meters were used for recording UV,'Vis spcctra at ambient and elevated 
pressure, respectively. The latter instrument was cquipped with a high-pres- 
sure cell which enabled us to record spectra as a function of pressure up to 
1 SO MPa [53] .  The reactions were followed by monitoring the absorbance at 
550 nm. The kinetic experiments werc performed on a Durrum Dl lO  
stopped-flow and on a home-made high-pressure stopped-flow system [54]. 
All instruments were kept at constant temperature (within k0.1 T). The 
data werc recorded on an 1BM-compatible computer using Biologic software. 
The subsequent calculations were perforined using Olis Kinfit Programs 
(Bogart. Georgia). Differential pulse voltammetry (DPV) as well as cyclic 
voltaminetry (CV) were performed on a E G & G  PAR263 system. For all 
DPV measurements the scan rate was 5 mVs ~ ' .  For the measurcrnents 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 electrode and a AgiAgCl (sat'd. KCI) 
reference electrode were used 1121. All measurements were performed at  
25.0kO.l 'C. 
The partial molar volumes were determined from density measurements using 
an Anton Paar (Graz. Austria) precision densitometcr. The temperature of  
this instrument was held constant at 25.000t0.001 C by a cii-culation bath, 
controlled by a Hewlctt Packard precision thcrmorneter. 
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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 to the memorjx of Professor K. I .  Zamavaev 


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


Introduction 


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 


Keywords 
alcohols - nitriles * NMR spec- 
troscopy * olefins * zeolites 


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- 
lyst, zeolite H-ZSM-5 ; 2) N-alkylnitrili- 
urn 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 
proceeds. 


CH3\ /R 
CH 
I 


Acetonitrile has been reported to be unreactive '\ /o\  NO CH,CN O\ bS~b /o '\ 7 N-C-CH, 
Si Al - 


0' '0 o/ '0 0 
towards catalytic conversion on acidic zeolites at 


with an olefin on zeolite H-ZSM-5, its IR spec- 
trum exhibits the vibrational band of v(C-N) at 


acetonitrile adsorbed on zeolite-bridged OH 
groups, the stretch of which is located near dSib o/Al,o - Si Al 


2300 cm-1.12,31 Medin et al.['] assigned this new 
band at i = 2370 cm-' to the acetonitrile mole- 
cule complexed to a Lewis acid site (structure 
1 in Scheme I ) ,  resulting from the cleavage of 
the AIL0 bond in the bridged alkoxy group 
Si-O(CH,CHR)-AI (R = C,,H,,, , n> 1) to give a trigonal 
environment around the A1 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 ij = 2370 cm-' as a 
sequence of coordination of the CH3CN base to the alkylcarbe- 


room temperature."] However, when coadsorbed H I Pathwry/ 1 


0, /O\ /o  
dSib o/Ala + R-CH=CHz 


R 
? = 2370 cm-1,[21 which is strongly shifted from pathway \ R-CH-CH3 C H 3 - C  =N+-LKCX, 


+- 


0, NO, A CH3CN- 0, NO; NO 


d '0 0' '0  


2 


Scheme 1. Possible pathways for the interaction of olefin and acetonitrile with bridged OH groups 
of acid,c zeolite, from refs, ,2,4,51 


nium ion CH,CH+R generated from an olefin and acting as a 
very strong Lewis acid (Scheme l).[4*51 Thus, formation of the 
N-alkylnitrilium cations CH,C-N+-R' (R' = CH,CHR) in- 
side a zeolite was sugge~ ted '~ - '~  (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 i = 70--100 cm-',['. similar to 
nitrile- Lewis acid complexes.[* ' I 1  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 d o  indeed persist inside zeo- 
lite H-ZSM-5 or whether coadsorption of an olefin and CH,CN 
leads to cleavage of the AlL0 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."] In addition to the data 
reported in ref. [ I ]  we have found that adsorbed [I-"CC]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 I3C CP/MAS NMR spectrum and that recorded 
without CP (not shown). which merely differed in signal-to- 
noise ratio. Furthermore, we have found that I3C 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 Bronsted acid sites (bridged Si-OH-AI 
groups), then the CN group of 3 exhibits the signal at 6 = 11 6 
with numerous spinning sidebands (Figure 1 A). When the acc- 
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 I3C CPjMAS NMR spectrum 
is fixed on the timescale of the sample spinning, that is, isotropic 
molecular reorientation of adsorbed acetonitrile proceeds with 


3b 250 260 l i 0  lb 4 0 -50 


6=-159 


-1 


r I I I I I I I 1 
0 -100 -200 -300 -400 -500 


-8 
Fig. 1 .  NMR spcctra of acetonitrile adsorbed on H-ZSM-5 zeolite at 296 K. A and 
B) I3C CPIMAS NMR spectra of [l-''C]CH,CN ( 8 2 %  I3C enrichment): C) 15N 
hilhSandD) "NCP'MASNMRspectra o ~ [ ' ~ N ] C H , C N ( ~ ~ %  15N enrichment). 
Amount of adsorbed acetonitrile: A:  290 pmolg-', B: 500 pmolg-I, C and D 
310 }imolg-'.SpinningratewaaA:5610 Hz. B.5050Hz.CandD: 3300Hz Aster- 
iiiks (") in the spectra denote spinning sidebands. 
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characteristic time t,> s. The reason for this rigidity of the 
adsorbed CH,CN molecules may be a strong interaction with 
Si-OH-A1 groups. Adsorbed on a Bronsted 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 (A6 = 300 ppm). 


In the second case the observed line shape shows that motion- 
al behavior averages out the orientational dependence of the 
13C chemical shift. As suggested in ref. [I], this motion may 
represent an exchange between free acetonitrile and that bound 
to Si-OH -A1 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 


The "N MAS NMR spectrum of ["N]CH,CN on H-ZSM-5 
(Figure 1C) coincides with that reported in ref. [l]. As is the 
case with [1-'3C]CH,CN on H-ZSM-5, "N nuclei in 
[""]CH,CN adsorbed on the zeolite undergo cross-polariza- 
tion, and thus we have been able to record 15N CPIMAS NMR 
spectra (Figures I C,D). Note, however, that the 15N CP/MAS 
NMR spectrum shows a weak signal with low signal-to-noise 
ratio that provides evidence for low polarization of 15N nuclei 
by surrounding protons (zeolite OH groups and CH, groups of 
acetonitrile) in the adsorbed acetonitrile, compared with 13C 


nuclei in the CN group of this molecule. 


s. 


2. Preliminary attribution of NMR signals in coadsorbed olefin 
and acetonitrile: Both 13C and 15N NMR spectra of 3 on H- 
ZSM-5 exhibit new features when 3 is coadsorbed with olefin 
(Figures 2 A  and 3A), which are not detected in the absence of 
olefin (Figure 1). New features also appear in the 13C MAS 
NMR spectra of coadsorbed olefin. New signals occur (Fig- 
ure 2 C), different from the signals observed earlier for olefins 
adsorbed on zeolites (see for example refs. [12-151). In fact, the 
new I3C and 15N signals that appeared after olefin coadsorp- 
tion, originating from the acetonitrile 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 13C and I5N CP/MAS NMR spectra. More- 
over, to stress particularly the specific changes in the spectra of 
3 or olefin, reactants with selective 13C or "N isotope labels 
were used in our NMR experiments. 


Coadsorption of [i-'3C]acetonitvile und oct-1-ene: One would 
expect that the most intense signal in the spectrum recorded 
after coadsorption of [1-13C]CH,CN and unlabeled olefin (Fig- 
ure 2A) would arise from the 13C-labeled CN group of acetoni- 
trile. The observed intense signal at S = 108.8 is shifted upfield 
by A6 = 7 ppm with respect to that from [l-'3C]CH,CN on the 
bridged OH group (Figure 1 A). Small signals from unlabeled 
oct-I-ene (4) and the unlabeled CH, group of [1-I3C]CH,CN 
are identified in the spectrum of Figure 2A at 6 = 14.2-33.3 and 
0.82, respectively. 


The appearance of the signal at 6 = 108.8 cannot be interpret- 
ed unambiguously. On the one hand, the signal at S = 108.8 is in 
the vicinity of the I3C chemical shifts for protonated acetonitrile 
(CH,CN+H, 5) in superacids (6 =108-208.5 in magic acid, 
FSO,H/SbF,[" 'I). However, in ref. [I] CH,CN+H was report- 


I 1 7 0 8 . 8  * 6=37,24.6,  14.2, 0.82 


6=177 1.r 


6=80.1,11.7, 76.8 - I  A *  


6=70.0-53.8 I 


I 1 I I I I I 


250 200 150 100 50 0 -50 
-6 


Fig. 2. 13C CP/MAS NMR spectra for the products formed after coadsorption of 
acetonitrile and oct-I-enc on zeolite H-ZSM-5 at 296 K: A and B) coadsorption of 
[l-"C]CH,CN (80'1/, ' ? C  enrichment) and unlabeled oct-1-ene; C and  
D) coadsorption of unlabeled CH,CN and [l-"C]oct-l-ene (82% "C enrich- 
ment); before (A and C) and two days alter (B and D) exposure of the zeolite sample 
to atmospheric moisture. Approximatcly 300 p o l g  ofeach of the reactants were 
coadsorbed Spinning rate was A :  3355 Hz, B: 5505 Hz. C 3325 Hz. D: 33.36 H7. 
Asterisks i n  the spectra denote ?pinning sidebands 


ed not to be persistent in H-ZSM-5. On the other hand, there are 
no reported I3C NMR data either on the 13C chemical shifts for 
acetonitrile coordinated to Lewis acids or on I3C chemical shifts 
for the - C r N + -  fragment in the N-alkylnitrilium cation 2. Thus, 
on the basis of the analysis of a position of the signal at 
6 =108.8, which appeared upon coadsorption of 3 with oct-l- 
ene, we cannot make out whether this signal belongs to 3 on a 
Lewis acid site or corresponds to a positively charged -C=N+- 
fragment of N-alkylnitrilium cation 2. 


Coadsovption of acetonitvile ~ n d [ i - ' ~ C j o c t - i - e n e :  It has already 
been shown that in [l-13C]oct-l-ene adsorbed on H-ZSM-5, the 
selective label scrambles over the hydrocarbon skeleton and 
the signals from the olefinic )C=C( double bond are not detect- 


coadsorbed ' 3C-labeled oct-1-ene and unlabeled CH,CN. As 
expected, the most intense signals at 6 =14-34 belong to the 
paraffinic CH, and CH, groups of the olefin; the 13C label 
penetrates to these groups from the terminal olefinic =CH, 
group of oct-l-ene.[14] 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 a~etonitri le[ '~] is detected in Figure 2C. Several 


ed,r13-151 F' igure 2 C  shows I3C CP/MAS NMR spectrum for 
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lines are clearly visible between 6 =76 and 80. At least three 
signals are distinguished at  6 = 80.1, 77.7, and 76.8; the last 
signal can be seen as a right-hand shoulder to the signal at 
6 =77.7. The position of these lines is in the region of the 13C 
chemical shifts typical for carbon bound to oxygen in alcohols 
(6 = 50-801"]) or alkoxides formed in zeolites (6 = 50- 
90['5, 17-201). Therefore, a t  first glance the prcsence of these 
signals in the spectrum speaks in favor of formation of the 
fragment S i -0-R '  in the structure 1 with three different alkyl 
fragments R '  in accordance with the number of lines a t  6 = 76- 
SO. At the same timc. in the casc of formation of cation 2, the 
carbon atom attached to nitrogen in the fragment -C-NC-  
may also exhibit a signal a t  the same region of the spectrum. For 
example, I3C chemical shifts of carbon bound to nitrogen in 
amincs may be above 6 = 50LZ1' and in N-alkylamides are in thc 
range of 6 = 50-70.[221 Thus, on thc basis of this spectrum we 
again can not determine whether the structures 1 or  2 are 
formed. 


Coadsorption of [ "N]acetonitrile a id  oct-1-enr: The I5N CP, 
MAS N M R  spectrum of [15N]CH,CN on H-ZSM-5 with coad- 
sorbed 4 exhibits three signals (Figure 3A) .  The chemical shift 


I3C and 15N (I4N) 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 persistcnt species in superacidic solutions.[71 Acetonitrile 
also is well known to form stable complexes with Lewis 
acids." ~ ' 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 14N ("N) NMR characteristics of acetonitrile com- 
plexes with Lewis acids: 13C and 15N (I4N) N M R  spectra of 
acetonitrile (3) adsorbed on  solid AICI, and 3 in SbF,/SO, solu- 
tion are shown in Figure 4. As seen from Figure 4A, the CN 
group of 3 complexed to AICI, (CH,CN.AICl,, 6) exhibits the 
signal at 6 = 125 in 13C CP/MAS N M R  and at  6 = - 200 in 
I5N MAS N M R  (Figure 4B).  


A 1 : 5 mixture of 3 and SbF, in liquid SO, shows three signals 
i n  the 13C NMR spectrum (Figure4C): an intense signal a t  
ti = 119.3 and two smaller ones at  (S = 121.9 and 123.1. All three 
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Fig. 3. "N CP,MAS N M K  spectra l'or the products formed after coadsorption 01' 
/"N]CH,CN (95% I 5 N  cnricliiiient) and oct-1-cne on zeolite H-ZSM-5 at 246 K .  
A) before exposurc of the zcolite sample to atmospheric moisture; R) two days 
aftcr exposure of the zeolite sample t o  atmospheric moistusc. Appi-oximatcly 
300 pmol g- '  of  each of the  reactants was adsorbcd. Spinning rate was A: 3205 Hz. 
R :  5595 Hz. Asterisks in the spectra denote \pinning sidebands. 
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of onc of the signals, namely that a t  6 = - 159, corresponds to 
3 on bridged O H  groups (see Figure 1 C and ref. [I]). The sig- 
nals at 6 = - 208 and - 21 7 appear in this spectrum in parallel 
with the signals at 6 =76-80 in 13C CP/MAS spectrum (see 
Figure 2C), and therefore their appearance should be related to 
the formation of the structures 1 or 2. To assign the signals a t  
6 = - 208 and -217 as  well as  at 6 =76--80 and 108.8 in 13C 
N M R  to the structures I or 2 it would be reasonable to compare 


I I 1 I I I I 1 
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-6 
Fig. 4. NMR spcctra for thc products of the ~ntcractioii of acetonitrile with Lewis 
acids. A) I3C CPlMAS N M K  of [I-"CC]CH,CN (350 Kmo1g-l) and B) "N MAS 
NMR spcctra of ["N]CH,CN (350 pniolg-') adsorbcd on solid AICI, at  296 K:  
spinning rate was A :  5580 Hz, R :  5395 H L :  asterisks in the spcctra denote spinning 
sidebands, C) "C and D) "N high-resolution NMR spectra of acetonitrile bith 
broad-band prolon decoupling (CH,CN :[l-"C]CH ,CN (809; 13C enrichment) 
- 1 :  1 )  i n  ShF,,'SO, (acetonitrile:ShF, =1:5)  solution at -40 C. The splitting of 
the signal a t  209.5 i n  spectrum C and at  ~ 238 i n  spectrum D arises from the scalar 
J coupling between 13C and I4N nuclei in protonaled 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, corn- 
plex (7) and the two smaller signals may be attributed to 
CH,CN in cis- and trans-[(CH,CN),SbF,]'[SbFJ complexes, 
which could be formed by analogy with [SbF,(OH,),)]+[SbFJ 
complexes in the H,O/SbF,/SO, system.[231 The 14N NMR 
spectrum of CH,CN/SbF,/SO, system exhibits only one broad 
signal at 6 = - 204 (Figure 4D) ,  corresponding to the three 
signals in the 13C 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 6 =109.6 (13C NMR) and 6 = - 238 (',N 
NMR)"' (Figures 4 C  and 4D). Acetonitrile (3) in SbFJSO, 
solution may be protonated by the traces of HF  which are al- 
ways present in SbF,l2,I or by acidic [SbF,(OH,),)]'[SbF,]- 
complex,[23' which may also be present in the initial SbF, 
as admixture. [SbF,(OH,),)]t[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 14N NMR characteristics of N-alkylnitrilium cations 
in SbFJSO, solution: Despite the fact that N-alkylnitrilium 
cations as nitrilium salts with BF, and SbCl, counterions have 
been known since 1956,[251 they have not previously been char- 
acterized with I3C and 14N ("N) NMR;  '% NMR character- 
istics of these cations would certainly assist in the discrimination 
between structures 1 and 2 in zeolite. 


Figure 5 shows 13C and I4N NMR spectra of SO, solution 
containing a mixture of rBuC1, [I-l3C]CH,CN, and SbF, in the 
ratio 1:1:5. The small I3C NMR signals at 6 = 48 and 334 
represent well-known characteristics of the tert-butyl cation 8 
(Figure 5A).[261 The intense signals between 6 = 120 and 108 
arise from the I3C-labeled acetonitrile CN group. The signals at 
6 = 119 and 109.5 (Figure 5A) are assigned to complexes 7 and 
5,['] respectively (see also Figure 4C). The appearance of the 
latter signal in this spectrum seems to be due to the same reason 
as for SbF,/SO, solution containing only acetonitrile (vide 
supra) (Figure 4 A) .  The small signals in the spectrum of Fig- 
ure 5A at 6 = 27.98, 65.45, 108.20 should be attributed to the 
N-rcut-butylacetonitrilium cation (9). The N-iso-propylacetoni- 
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Fig. 5. "C NMK (A) nnd "N NMR (B) high-resolution spectra with broad-hand 
proton decoupling o f  a inixture of acetonitrile, terr-butyl chloride. and ShF, ([I- 
i3C]CH,CN (80% I3C enrichment):tBuCI:ShF, = 1 :  1 :5) in SO1 solution 
at - 4 0 ' C  Thesplittingofthesignalsat 108.2and 109.5inspectriirn A a n d a t  -214 
and -238 in spectrum B arises from the scalar J coupling between '-'C and ''N 
nuclei in N-/~~i.r-butylacetonitriliu~li catioii and protonated acetonitrile, respectively. 
The small signal at 6 = 98 presuinahly arises limn1 The fluorinated mcrhyl group in 
the protonated acetonitrilc or N-/rrr-butylacetonitriliutii cation. formcd in solution 
as admixture. 


trilium cation (10) exhibits the same I3C 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 13C NMR signals of the CN group in 
both protonated acetonitrile and N-alkylnitrilium cations are 
located near S = 108- 109 and shifted upfield with respect to thc 
CN group in free acetonitrile and acetonitrile complexed to 
Lewis acids (see Figures 4 and 5 and Table 1). The proximity o f  
the I3C chemical shifts of the CN group in both 5 and 2 and 
large values of scalar J couplings, 'J(I4N-I3C), which are 
around 40 Hz and are more than three times greater than 
'J("N- 13C) in liquid CH,CN (see Table I ) ,  certainly indicate 


Table 1 .  NMR characteristics (I3C.  "N ("N) chemical shifts, 6) ofalkyl  chlorides, acetonitrile, cationic species, and complexes formed from alkyl chlorides and acetonitrile 
in SbF, SO, \elution and on solid AICI, 
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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 I3C chemical shifts very close to those for 
carbons in the corresponding parent alkyl chlorides.[271 whereas 
mcthyl groups in alkyl fragments are shifted downfield relative 
to the same methyl groups in alkyl chlorides (see Table 1). 


I4N N M R  spectra of SbFJSO, solutions of the two prepared 
N-alkylnitrilium cations show three signals. Two of them are 
absolutely identical: a t  <S = - 238 from 5 and at S = - 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 wc have obtained I3C and 14N NMK characteristics of 
CH,CN complexes with Lewis acids and N-alkylnitrilium 
cations; now we shall use them for flnal identification of the 
products formed from the interaction of CH,CN and olefins on 
zeolite H-ZSM-5. 


2. Indeed, besides the signal of 3 on bridged OH groups at  
6 = -159, the observed signals a t  6 = - 208 and -217 for 
coadsorbed 3 and oct-I-ene are located in the vicinity of the 
signals for 3 on Lewis acids a t  - 200 and - 204. Simultaneously, 
N-alkylnitrilium cations exhibit signals with the same chemical 
shift range, namely, a t  6 = - 214 and -222. These experimen- 
tal facts d o  not allow us to  use I4N (15N) 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 arc characterized by a common signal at 6 = 108.8 
(CN groups; Figure 2A) and by three signals from the -C-N+ - 
It' fragment a t  6 = 76-80, corresponding to the three different 
alkyl fragments R '  (Figurc 2C). Three signals at 6 =76-80 in 
I3C N M R  correspond to the two signals a t  d = - 208 and 
--227 in 15N N M R  (Figure 3A). (Complete assignment of 
NMR chemical shifts for the species formed in H-ZSM-5 are 
given in Tdbk 2.) 


5. Attribution of the NMR signals observed for acetonitrile and 
oct-1-ene coadsorbed on H-ZSM-5: As has been shown above, 


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 (frce and uncomplexed) acetonitrile 
(6 = 11 8[28,291) and for 3 adsorbed on bridged OH groups 
(6 = l16-l19['1). At the same time, the 13C chemical shift for 
the C N  group in N-alkylnitrilium cations (2) is 6 =108.2 (see 
Table l ) ,  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 I ) ,  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 a t  6 =108, which is 
identified for 3 coadsorbed with olefin. Thus we conclude 
that the I3C chemical shift a t  6 = 108 is indicative of the 
formation of N-alkylnitrilium cation (structure 2) in ac- 


shifts turned Out to be less 


6. Interaction of N-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 
( 1  1, vide infra) . I 3 ' ]  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).[1,8.311 Indeed, if atmospheric moisture is 
admitted to the zeolite sample with coadsorbed acetonitrile and 
oct-I-ene. new lines with N M R  characteristics different from 
those for N-alkylnitrilium ions 2 and unreacted acetonitrile ap- 
spear both in I3C and 15N spectra (Figures 2A,B, 3 A,B; see also 
'Table 2). The observed changes in N M R  spectra can be ratio- 
nalized in terms of the transforinations of the cation 2 and 
acetonitrile as depicted in Schemes 2 and 3. 


When 13C-labeled acetonitrile, [1-'3C]CH,CN, was used for 
coadsorption (Figure 2 B), the signal a t  6 = 177 from the carbon 
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Scheme 2.  Transformation of N-alkylnitrilium cation through mteraction with water in 


11 0- OH si cordance with pathway 2 in Scheme 1. 2 / \  
Si Al 


The 14N ('5N) 
informative for distinguishing between structures 1 and H-ZSM-5. 


Table 2. NMR chemical shifts ("C. "N chemical shifts, 6) for the species formed on adsorption of acetonitrile, oct-I-ene. or rert-BuOH, or coadsorption ofacetonitrile with 
oct-1-ene or iwi-BiiOH on €1-ZSM-5 at 296 K. 
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atom of the -(C=O)-N- fragment of coinpounds 11 and 12[221 
becomes clearly distinguishable from the signals of both 2 and 
3 a t  6 = 108.8 and 116, respectively. The signal from acetic acid 
13 is seen at 6 = 182 as a left-hand shoulder to the signal a t  
6 = 177. 


In the case of moisture admittance to the sample with coad- 
sorbed [l-'3C]oct-l-ene and unlabeled 3, five new lines between 
S = 53.8-70.0, different from the signals of 2 in this region of 
the I3C NMR spectrum (a weak signal from 2 is seen at  6 = 79), 
are identified in Figure 2 D .  Five signals a t  ii = 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 a t  
6 = 177 and 182 from the unlabeled CH,-(C=O)- fragment of 
11, 12, and 13 are also seen in the spectrum in Figure 2D. 


"N NMR provides further evidence for the transformations 
of 2 and 3 under their interaction with atmospheric moisture 
according to Schemes 3 and 4. Figure 3 B shows the 15N CP/ 
MAS N M R  spectrum of coadsorbed ["N]CH3CN and unla- 
beled oct-1-ene. There are three new signals: the signals at 
6 = - 250 and -358 belong to acetamide (12)[321 and NH,/ 
NHZ[331 (14), respectively. The position of the third signal a t  
6 = - 220 is close to that from nitrogen in the cations 2 (see 
Figure 3 A). However, Faking into account that under the condi- 
tions used this system contains a mixture of compounds 2, 3, 
11 - 14 (see Figures 2 B,D, 3 B) the signal a t  6 = - 220 should be 
attributed to a superposition of the signals from both 2 and 11. 


7. Interaction of acetonitrile with tert-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 13C and I5N 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-terf-butyl- 
acetamide (16) according to Scheme 4. 


If [2-'3C]tBuOH and unlabeled CH,CN are coadsorbed on 
zeolite, then two intense signals from the '3C-labeled carbons 
at (5 = 69.6 and 59.5 are identified, besides the signal from 
the "C-labeled C-OH group of the unreacted alcohol a t  
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Scheme 4. Interaction of acetonitrile with Imf-butyl alcohol coadaorbed on 
H-ZSM-5. 


6 = 82'". and a weak signal from unlabeled methyl groups at 
6 = 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 a t  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 0 = 69.6 (Figure 6B); only the signal at 6 = 59.5 
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Fig 6. " C  CP:MAS N M R  spcctra for the products formed after coadsorption of 
/el-r-butyl alcohol and acetonitrile on H-ZSM-5 zedire at  296 K :  A and 
B) coadwrption of the [2-"C]fBuOH (82% I3C enrichment) and unlabeled 
CH,CN: C uiid D) coadsorption or [2-13C]1BuOH (10% "C enrichment) :ind 
[l-"C]CH,CN (82% 13C enrichment). A and C .  4 h after coadsorption. B and D: 
4 d aftercoadsorption. 320 p o l g  ofthealcohol and 320 pmolg of acetonitrile 
were adsorbed. Spinning rate was A: 3300 H r .  B: 3500 Hz. C: 5500 Hz. 
U: 3x00 H L .  Asterisks in thc spectra denote spinning sidebands. 


remained in the spectrum, along with a weak signal a t  6 = 27.5. 
In the spectrum with coadsorbed [I-"CC]CH,CN (82% 13C en- 
richment) and [2-"C]tBuOH (10% I3C enrichment). intcnse 
signals at 6 =108.0 and 177.1 are clearly observed from the 
I3C-labeled carbon atoms originating from the acetonitrilc reac- 
tant (Figure 6 C ) .  The signals a t  6 = 69.6 and 59.5, which are 
now of smaller intensity compared with these signals in Fig- 
ure 6A,  are also visible. In this spectrum the signals from unre- 
acted alcohol and acetonitrile are seen at  5 = 84" 5 ,  and 11 6, 
respectively. Long standing of the zeolite sample containing 
these specifically '3C-labeled coadsorbates at 296 K results in 
the disappearance of the signal a t  6 = 108.0. Finally, a n  intense 







signal at 6 = 177.1 remains in the spectrum besides the signals of 
smaller intensity at 6 = 59.5 and 27.5. 


Based on the analysis of the behavior of different signals in 
the N M R  spectra with time for coadsorbed 15 and 3, we con- 
clude that the group of signals at (5 = 27.5, 59.5. and 177.1 
should be assigned to the final reaction product and the signals 
at 6 = 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-tcit-butylacetamide 16 (see 
'Table 2). Indeed. I3C chemical shifts observed for 16 are i n  good 
agreement with those reported in solution (16 exhibits the fol- 
lowing I3C chemical shifts in solution: 6 = 23.6 (CH,), 28.55 
(CH,, tcw-butyl group), 49.9 (quaternary carbon), 169.0 
(C=O)i221). 13C chemical shifts for the signals disappearing 
with time agree well with I3C N M R  characteristics for the 
cation 9 in solution (see Table 1 ) .  Therefore, these signals should 
be attributed to N-lerr-butylacetonitrilium cation 9 (Table 2).  I t  
should be noted here that some of the carbons in organic mole- 
cules adsorbed in zeolite, especially thosc strongly interacting 
with bridged OH groups, often exhibit additional chemical 
shiftsr341 (e.g., a C-OH group in adsorbed ~BLIOH shifts down- 
field by a further A6 =13 ppmL'5. 'X1). Therefore, it is no won- 
der that the 13C chemical shifts in some of the carbons in ad- 
sorbed 9 and 16 are shifted with respect to  these shifts in 
solutions of A6 = 5 -10 ppm. 


Comparison of the I5N CP/MAS NMR spectrum of the final 
N-t~~rt-butylacetamide 16 (Figure 7 A) with the spectrum 
recorded after keeping of coadsorbed ['5N]CH,CN and 15 for 
4 hours (Figure 7B) leads us to conclude that the signal from 
N-zerr-butylacetonitrilium cation (9) is located at  h= - 212. I t  
is seen as a left shoulder to the signal at 6 = - 217 from N-trrt- 
butylacetamide (16). The signal at 6 = - 159 belongs to unre- 
acted ["N]CH,CN. Thc 13C and "N chemical shifts observed 
Tor the adsorbed intermediate 9 and the product 16 are given 
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Fig 7. "N CP'MAS NMR spectra for the producta fornicd after colidsorption o f  
rrr/-butyl alcohol and ["N]acetonitnle (95% "N enrichment) on Leolito H-ZSM-5 
at 296 K- A)  4 h after coadsorption; B) 4 d after coadsorption. 300 pniolg-'  01' 
hoth alcohol and acetonitrile were adsorhcd Spinning irate was A :  5000 Hr. 
H :  5400 H r .  ATterisks in the spcctra denotc spinning sidebands. 


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 N M R  tubc and atmospheric moisture was excluded 
from the zeolite sample. Under these conditions the amount of 
Rater evolved from the reaction (Scheme4) 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 identified 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 A I L 0  bond in the bridged Si-OH-AI group, proposed in 
Scheme 1, to form simultaneously a strong Lewis acid center 
with an acetonitrile molecule coordinated to it and an alkoxy 
groupL2] (structure 1) does not occur. Interaction of acetonitrile 
with olefin results in the formation of N-alkylnitrilium cations 
;! (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 alkylnitrilcs in acidic media produces N-alkylamides 
( the Ritter reaction) . [3  Therefore, the observed transformation 
of acetonitrile and olefin (alcohol) on H-ZSM-5 is in good ac- 
cordance with the classic Ritter reaction.r8, 311 


It is generally accepted that the Ritter reaction proceeds via 
intermediate N-alkylnitrilium However, up till 
now nobody has reliably identified the suggested intermediate 
cation spectroscopically in acidic solution during the reaction. 
Jn 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.L81 In the zeolite the species 18, analogous to 17 in acidic 


17 18 


solution, should be expected as intermediate. However, if the 
species 18 were formed, the I3C chemical shift for the carbon 
atom attached to the oxygen in the fragment -C(O)=N- would 
be at ii =150-160,[351 rather than at  6 = 108- 109. which is 
actually observed in the spectra. Thus, our data arc in favor of 
the earlier suggestionsi4, 51 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. 







Acetonitrile Reaction in Zeolite 41 - 56 


N-alkylnitrilium cation 2 is not a mobile species inside zeolite 
H-ZSM-5: numerous spinning sidebands from the C N  group in 
adsorbed cation 2 (see, e.g., Figure 2A) 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,[' 3 ,  ''3 361 indanyl,["] and 
cyclic carboxonium ions.["] In superacidic solutions or in the 
solid state, cations 2 cxist as stable species with SbF;, SbCI;, 
and BF, negatively charged counter ion^.[^. 251 Moreover, they 
can be further stabilized by additional solvation with Lewis 
acids SbF,, SbCI,, or BF, by coordination of a halogen atom to 
the cationic center.[25. 391 


The effect of stabilization of positively charged carbocationic 
species by solvation that occurs in superacidic solution[391 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 - 0  bonds would be more prob- 
able, these being more stable than carbenium i o n ~ . [ ~ " . ~ ' ]  
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 - 0  
bonds. 


It follows from the observation of the cation 2 rather 
than species 11 that for cation 2 as well as for cyclic 
cations[l3. 3 6 - 3 8 1  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 
soIutions.['l 


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 17334 ,  38,42-441 


rather than alkoxy species['5, 20.431 in low-temperature 
hydrocarbon and alcohol conversion on zeolites. Alkoxy 
species are also often considered to be active intermediates on 
zeolites,[' 7 , 4 0 , 4 1 , 4 3 3 4 5 1  despite the fact that they represent 
rather stable species[17-20~40~411 and can be thought of as 
the reaction  product^."^. 18,441 One can assume that alkyl- 
carbenium ions are not registered spectroscopically inside zeo- 
lites because zeolites d o  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,.[391 


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. 


Conclusion 


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


The Ritter reaction is observed between coadsorbed acetoni- 
trilc 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. 
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. 
N-alkylnitrilium cations represent persistent intermediates in 
the Ritter reaction on H-ZSM-5; they have been detected 
with l3C CP/MAS N M R  for the first time during the reac- 
tion. 
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 solid-state NMR experiments: Approximately 0.1 g of 
zeolite H-ZSM-5 (Si:AI = 49. concentration of acidic Si-OH-A1 groups 
~ 3 0 0  pmolg-I)  was loaded into a glass tube and activated by heating at 
450 "C for 2 h in air and for 4 h under vacuum (10-j Pa).  Then we froze out 
equal amounts (-300 wmolg- ') of olefin (alcohol) and acetonitrile onto 
H-ZSM-5 under vacuum a t  thc temperaturc 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 a t  296 K for a few hours 
before the reaction products were analyzed. Analysis of the products was 
made directly inside thc zeolite sample with 13C and "N CP/MAS NMR in 
a scaled glass tube inserted into a 7 min zirconia rotor. 


Preparation of acetonitrile complexes with Lewis acids: 
CH,CN.AICl,  comple .~  (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 a t  100 'C under vacuum 
Pa).  After the sample had been cooled to room temperature it was cxposed 
to acetonitrile vapor (2.0 x lo3 Pa. calibrated volume of 84 mL, i.e. 
2 7 0  pmol) containing a mixture of [l-'3C]CH,CN (80% 13C isotopc enrich- 
ment)and[15N]CH,CN(950h '5Nisotopeenrichment)(l  : l ) .  Thevapor was 
completely consumed by the AICI, powder within 10 minutes at 296 K .  The 
tube with acetonitrile adsorbcd on AICI, was sealed off from the vacuum 
system and then placed into the zirconia rotor for recording of I3C and "N 
solid state NMR spectra of acetonitrile complexed to AICI, 


CM,CN.ShF, co07p??plex ( 7 ) :  2.8 mmol of CH,CN (or [1-'3C]CH,CN) in 
1 mL of liquid SO2 was added to the solution of SbF, (14mmol) in SO, 
(2 mL) at  -40°C while being stirred. The resulting solution, containing a 
mixture of CH,CN and SbF, ( I  :5), was stored at temperature of -20 C for 
2 d before 13C and I4N high-resolution NMR spectra were recorded. 


Preparation of N-alkylnitrilium cations: Two N-alkylnitrilium cations ( N - f w f -  
butylacetonitrilium cation 9 and N-iso-propylacetonitrilium cation 10) werc 
synthesized according to the procedure of Olah and Kiovsky [7] by consccu- 
tive addition under vacuum of alkyl chloride (tBuC1 19 or iPrCl 20) and 
CH,CN (3)  (or [I-',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 
'it -70 C for 2 d befoi-e the cations were charactenred with "C and ''N 
N M R  


Solid-qtate NMR measurements: 13C:  a n d  "N N M R  spectra with cross-polar- 
imtion (CP) a n d  magic angle spinning (MAS)  [46.47] were acquired 011 a 
Bruker MSL-400 N M R  spectrometer operating a t  100.613 ("C)  a n d  40.547 
("N) M H z  at 296 K .  The  followins conditions \bcre used for CP experi- 
ment \ .  the proton high-power dccoupling field was 12 G (4.9 ps 90 ' H  pulse) 
for both I3C and I5N CP N M R ,  contact time was 3 nis for " C  a n d  S m s  fo r  
N CP experiments at  H a r t m a n w  H a h n  matching conditions 51 k H I .  delay 


betwccn scans wab 3 s. One-pulse excitation I5N solid-state MAS N M R  
\pectr;i were acquired with 45 flip angle pulsc of 2.5 ps duration and repcti- 
tion time 10s. Number  of scans for both "C and I5N sohd-\tatc N M R  
ranged from 800 to 16000, spinning rate was 3 3 5.5 kHz.  C'hcmical ~I i i f t s  
were measured with rcspcct t o  T M S  for ' "C nuclei a n d  relatively lo NO; ion 
for "N nuclei :is external rcferenccs. 


I 5  


High-resolution NMK measurcments: 13C m d  "N high-resolution N M R  
measure men^^ were performed 011 a Bruker MSL-400 N M R  spectrometer a t  
100.613 ("C)  and 28.914 ("N) M H r  111 sulfur dioxide solution a t  -70 
lo  -40 'C. The  45" flip angle pulse of 6-7 1.1s duration ("C. "N) and repe- 
tition timc betwecii p~ilses of X s ("C)  a n d  1 s ('"N) were used for yxctra 
acquisition. Chemical shifts were measured with respect to external refcr- 
enccs: T M S  for " C  nuclei arid CH,CN for "N nuclei; thc shift o fC 'H,CN 
was taken 21s S = -- 136.4 [20] relative to the NO, ion. N M R  nieasurcments 
wcre carricd out with and  without broadband proton dccoupling. The latter 


procedure was uscd t o  identify and  meamre  1 J ( i 3 C L H )  a n d  'J('"N IH)  
couplings to help us in assignment o C  N M l i  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 [Cpy)Ru,- 
(CO),] [a: Cp(*) = Cp* (q5-CsMes); b: 
Cp(*' = Cp ($-C,Me,Et)] with p-real- 
gar in boiling n-decane gives [Cp';*)Ru,- 
As,S,] (1 a,b) in good yields along with 
some [Cp~'Ru,As,S,] (2a,b). According 
to X-ray diffraction analyses of 1 b and 
2a, their structures belong to two differ- 
ent types of inorganic clusters. Whereas 


Introduction 


l b  has a cage structure in which the 
CpYIRu, unit is inserted into the As$, 
cradle, 2 a  has a sandwich structure in 
which two coplanar ?'-As,S ligands and 


the Cp* ligands are oriented parallel to 
one another. Analysis of the As-S con- 
nectivity in the core of 1 b reveals a struc- 
tural relationship to the extremely rare 
form of arsenic sulfide As,S,(II), and not 
to the metastable high-temperature form 
fi-As,S, used in the synthesis. At lower 
temperatures (60, 11 5 "C) formation of 
CO-containing products is observed. 


Keywords 
clusters * ruthenium sandwich 
complexes - arsenic sulfides 


(Cp = $-C,Me,Et, b). The influence of other sources for As-- 
S ligands (e.g., As,S, or As$,) on the nature of the products 


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,['I and its metastable high-temperature form p- 
As,S,.[~] 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  pathway^.^'.^] 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,$ ASS,) 
structural units.[5' 'I 


Insertion of realgar into the metal-metal bond 
of [CpL*),Fe,(CO),] under mild conditions gives 
complexes containing small As- S rings.['] Their 


molytic cleavage of the Fe-Fe bond.[71 Since 
a systematic investigation within one group of 
transition metals has not yet been carried out,  we 


related complexes of Ru, namely, [CpTRu,(CO),] 
(Cp* = $-C,Me,, a) and [Cp;Ru,(CO),] 


will also be reported. 


Results and Discussion 


Preparation of (CpylRu,As,S,j (1 a,b) and (CpY)Ru,As,S,j 
(2a,b): Reaction of [Cp~'Ru,(CO),] with one equivalent of /1- 
As,S413] 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 1 a) .  


decane, I75"C, 24h 
CP('),RU~AS~S~ + C P ( * ) ~ R U ~ A S ~ S ~  (a) 


1 2 


Cpc*)2RuZ(C0)4 toluene, I l O T ,  1Od 
cpr, = c p  x C P ' ~ R U ~ A S ~ S ~  + CpX,Ru,(CO)As3S5 ( b) 


1 4 


toluene, 60T, 35d 
CP'~KU~(CO)~AS~S,  + I' \Cp"Ru(CO)z],As,S," (c) 


CpC? = c p  x +E 3 


nature seem to be directly affected by the ho- As,% 


now wish to report On the reaction Of with Scheme 1 .  Reaction of [Cp~'Ru,(CO),] (Cp'*' = C,Me5 (Cp*) or C,Me,Et (Cp")) with As&, 
( ~ 7  = 3% 4). 


Reaction of [Cp(;C'Ru,(CO),] with As,& under analogous 
conditions gave similar results, although there was a slight sul- 


D-93040 Regensburg (Germany) fur deficiency in the inorganic starting material compared 
Fax: Int code +(941)943-4439 to As,S4. Complex l a  also formed in the reaction of 
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[Cp;Ru2(CO),] with As,& (Table 1 ) .  
The mass spectra of the products allowed the assignment of 


the compositions as [Cp(;C)Ru,As,S,] for 1 a,b and [CpY'Ru,- 
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Table 1. Yields ["A,] of the reaction of [Cp',*'Ru,(COj,] with As,S, ( 1 1  = 3.  4) and 
As2SJ (decauc. reflux) 


[Cp:Ru,As,S,] ( I  a) 62 41 19 
(Cpr Ru,As,S,] ( I  h) 23 54 
[C'p:Ru2As,S,] (2a) 6 9 la1 
lrp; Ru2As,SJ (2b) 5 7 


[a] hiot ohscrved 


As,S2] for 2a,b, which were confirmcd by elemental analyses 
( 1  a,b, 2b) and X-ray crystallographic studies (1 b. 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 SO,.  Surprisingly. the v(C0) IR 
absorptions of [Cp:*'Ru,(CO),] in the isolated mixture are 
significantly lower than the CO frequencies of pure trans- 
[Cp:Ru,(CO),]18J (Table 2a) .  


Pahlc 2. Spectroscopic datci of 1-4 and [Cp~Rul(CO),] .  
i i )  IR data (KBr. cm I) 


i.(CO) i fC0)  


trrrn.s-[Cp: Ku,(CO),1 1935. 1750 3 1945 
2 a .  [CpfRu,(CO),] 1920. 1745 4 1938 


h j  'H  NMR data (CDCI,. I-TMS, 250 U H Z )  [ n ]  


l a  


1 h I 05 (111. h H )  1.73(s. 3H) ,  1.74(s. 3H).  2.16 (m. 4!1) 


1.76(s. 1SH).  1.78 (s. 15Hj  


1.752 (L, 313). 1.756 (s, 3Hj .  
1.76 (5. 3H) ,  1.77 (s. 3H).  
1.78 (s. 3H) .  1.83 (s, 3 H )  


2 a  1.54 (s. 3 0 H )  


2b  1.18 (1. 6 H )  1.Y9 (s, 12H) .  2.01 ( 5 .  12H) 2.29 (4, 4 H )  


3 1.07 ( t ~  6H) 1.7s (s. 6H) .  1.77 (s. 6 H ) .  2.23 (9, 4 H )  


4 1.05 (m. 9H)  [c] 1.64 (s. 3 H ) ,  1.69 (s. 3H) .  2.19 (m. 6 H )  [d] 


1.80 (s, 6 H ) .  1.82 (s. 6 H )  


1.73 (s. 3H). 1 .75(s ,  3H).  
1 7 7  (s3H).  1.78 (s. 3 H ) .  
1.79 (s, 3H). 1.82 (s. 3H) .  
1.83 (s, 6H) .  1.84 ( s .  3H). 
I .X5 (s, 3 H )  


[a] Bruker WM250 instrument (24 'C) .  [h] 'J(H H )  =7.5 HI [c] Three supcr- 
posed trrpieta. [d\ Three superposed quartets. 


The 'HNMR spectra of the dinuclear complexes l a ,b  
(Table 2 b) are characteristic of nonequivalent metal centers. 
The existence of eight ring methyl resonances in the spectrum of 
l b  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 (1 b) and sandwich (2a) structure: The crystal structure of 
I b consists of a Ru,As,S, cage, which is shielded on one side by 
the sterically demanding C,Me,Et ligands (Figure 1 ) .  The 


AS 


Fig I .  Structure of [Cp;Ru,As,S,] ( Ib j  111 the crystal (Schakal plot). 


Table 3 .  Selected bond lcngths [A] and angles [ ] for [Cp; Ru,As,S,] ( I  h) 


Rul-Ru2 
R u l  -As2 
R u i  -As4 
R u l  S4 
R u ?  As2  
Ru2-  S 1  
Ru2 S 4  
A s 1  S I  


R u2-Ru I-As 2 
Ru2-Ru  1-Ay4 
A.s2-Ru I-As4 
R u 2-Ru I -S4 
As2-Kul-S4 
As4-Rul-S4 
F.u I-Ru2-As2 
Ru I - K u  2-S 1 
A ~ 2 - K u 2 - S l  
Ru 1 -Ru 2-S4 
/\sZ-Ru2-S4 
S 1-Ru2-S4 
S 1 -As 1 -S 2 
S I-Asl-S4 
S 2-As 1-S 4 
I<u I -As2-Ru2  


2 856(3) 


2.428 (4) 
2.281 (6) 
2.421 ( 3 )  
2.363 (6) 
2.323(6) 
2 325 (6) 


54 0(1 j 
100.8(1 j 
91.6 (1) 
52.3 (2) 


Y4.9(2) 


2.397(3) 


I 06.0 (2) 


53.3(1) 
93.9(2) 
94.4(2) 
51 .0 (2)  


103.9 ( 2 )  
84.2(2) 


101.213) 
85.3(2) 


72.7(1) 
99.2(3) 


AslGS2 
AslGS4 
As2-S3 
a53- a54 
A53- S 1  
As3-S3 
As4-S2 


Ru 1-As2-S3 
Ru2-As2-S3 
As4-As 3-S 1 
As4-As3-S3 
S I-As3-S 3 
Ru 1-As4-As3 
Rul-As4-S2 
As3-As442 
Ru2-SI-As1 
Ru2-S 1-As3 
As 1-S l-As3 
Asl-SZ-As4 


Ru 1-S4-RuZ 
Rul-S4-Asl 
R u X 4 - A s  1 


Ah 2-5 3-a5 3 


2.181 ( 7 )  
2.31 l(6) 
2.313(6) 
2413(4) 
2.330(6) 
2.188 (7) 
2.282(8) 


l13.X(2j 
106.9(?) 
94.7(2) 
95.7(2) 
96.1 (3) 


109.1(1) 
108.5 (2) 


8 7 . 2 ( 2 )  
92.9 (2) 


111.4(2) 
102.1 (2) 
101.6(3j 
102.8(3) 
76 .7 (2 )  


113.7(2) 
94.3(2) 


structure may formally be derived from that of realgar(rr)['] by 
insertion of two Cp" Ku  fragments into the As2-As4 and As 2- 
S 4  bonds (Figure 2).  This means that 1 b is only the second 
complex with an As,S, framework, after [Cp (CO)Co(g2- 


sf, AS 


As I 


IS, 


2 


big. 2. Comparison 0 1  the structures of [I-As,S, [31 (top left) and As4S4(u) [9] (top 
right) with the core of [Cp~Ru2As,S,] ( 1  h. bottom) in Schakal view. 
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As,S,)] .['"I 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) 8,) in the Co complex the distance As3-As4 
(2.413 (4) A) in 1 b is remarkably short (Table 3). It is also short- 
er than the As-As distances in a-As,S, (2.566(1) A),[*' B-As,S, 
(2.593(6) A),L31 and As,S,(II) (2.519(3) A).['] 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) 8,) a closed 
valence shell is achieved for each metal center. 


Single crystals of "impure" [CpTRu,(CO),J turned out to be 
a 1 : 1 mixture of truns-[CpTRu,(CO),], which has already been 
structurally characterized,[' and [Cp~Ru,As,S,J (2 a). 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 [CpfRu,(CO),] lattice is at  O,O,  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 [Cp;Ru,(CO),] (see above). 


Fig. 3. View of the  unit cell of[Cp;Ru,(CO),]-[Cp:Ru,As,S,I down the u axis. At 
the corners of the P lattice are [Cp:Ru,(CO),] molecules. 


The bond parameters of trans-[Cp;Ru,(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 s I' 


complex of type [CpTM,(,u- 
 AS,)^], which has been syn- 
thesized for M = CO.[ '~] 
However, sulfur insertion in- 
to the As-As bonds has not 
yet been described. 


Although a similar As$ 
SI  bridge has been claimed 


plexes with As,S ligands are 
Fig. 4. Structure of [Cp;Ru,As,S,] for [Cp:Mo2AsZS3] 
(2a) in the crystal (Schakal plot). 


still rare.[131 Extrusion of As,S units from As,S,, (N = 3, 4) by 
means of Co" salts in the presence of triphos yields the (ryclo-)- 
As,S ligand.['41 The As-S distances in 2a (mean 2.26 A) are 
comparable to those in As,S,.['. 31 It 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 [CpfRu,Ar,SJ (Za). 


R u l - R u l '  2.679 (2) As1'-SI 2.274(4) 
Ru 1 -As 1 '  2.479(2) As2 ~ S 1  ?.286(4) 
Ru1'--As1 2.419 (2) Asl...As2' ?.X24(2) 
R u l '  As2' 2.467 (2) As I . . .  As2 3.065 (4) 
Rul ' -As2  2.482 (2) As 1 ' .  . . As2 2.824 (2) 


Ru 1 - Ru 1 '-As 1 57.4(1) As 1'-Ru 1'-Ru 1 57.3(1) 
Rul '-As 1'-Rul 65.4(1) As 1'-Ru 1'-As 1 1 l4.6(1) 
R u l - A s  I'-As2 55.0(1) As2'-RuI'-As2 114.4(1) 
Rul'-As2'-S 1' 9X.2(1) Rul-As2'-S 1 '  96.9 ( I )  
S 1-As 1'-Ru 1 98.2(1) A s l - A s 2 - S l '  51.5(1) 
Ru I -As Y-As 1 55.3(1) As 1'-S 1 -As2 76 5(1) 
R u  1'-As 1 ' 6  1 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) 8, in [ ( C ~ * ( C O ) , M ~ ) , A S ~ J [ ' ~ ~  to 
2.593(6) 8, in /I'-As,S,.~~~~ The Ru-Ru distance decreases from 
2.856(3) 8, in 1 b to 2.752(1) 8, in rrans-[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 
1 b may be derived from As,S,(II) (Figure 2). However, this 
form of arsenic sulfide is not available on a preparative scale.['] 
The material employed consists mainly of P-As,S, along with 
small quantities of other unidentified ASS phases as determined 
by X-ray powder diffraction. A phase transformation between 
As,S,(II) and the metastable high-temperature form P-As,S, is 
not known.r3b1 


The formation of 1 b starting from P-As,S, formally requires 
breaking of the Asl-As2, As2-S4, and As4-S4 bonds and 
formation of the As 1 -S4 bond (Figure 2). These steps would 
lead to a slightly different As-S connectivity between the inor- 
ganic core of 1 b 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- 
nierization 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; Ru2(C0),] (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 3 in up to 15% 
yield (Scheme 1 c). 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 ( i ( C 0 )  = 1945 cm- ' ) ;  this may indicate the 
presence of two equivalent R u  centers. The 'H  N M R  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 fl-As,S, cage by 
substitution of two As atoms by 
two Ru centers (Figure 5). 


Reaction of [Cp; Ru,(CO),] 
with As,S, in toluene at 1 1 0 ' C  
gave two red products after 10d ,  
which were identified (C,H analy- 


CP" ses, mass spectra) as l b  (14% 
yield) and [Cp; Ru,(CO)As,S,] (4) 


take place in the dark. The IR 
spectrum of 4 exhibits one strong terminal v(C0) frequency at 
1938 em- ' .  The 'HNMRspectrum(Tab1e 2)israthercomplex; 
it contains eleven singlets, which may indicate three inequivalent 
Ru centers. The ethyl resonances overlap and form broad mul- 
tiplets. Single crystals of 3 and 4 are not yet available. Because 
various isomers are possible, thc structures 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 I or 
2 has not yet been attempted. 


S 
/ \  


As As 


4qgS 11 
C p X I R U  ~ \'c0 Ru 


1 
C 


0 


F i g .  5. Possible StructulK Of 3. (Scheme 1 b). The reaction did not 


Conclusion 


The reaction of [Cp~)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 [Cp~'Ru,As,S,] (I a,b) and [Cp~)Ru,As,S,] 
(2a,b) is observed. From X-ray structure analysis of 1 b one 
might assume an isomerization of the fl-As,S, cage into that of 
As,S,(n), with concomittant insertion of CpRu fragments. 
However, the fact that 1 a,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 a n  important role. The 
rcconibination of the latter into new inorganic clusters seeins to 
be typical for Ru chemistry; in the corresponding Fe system, 
fragmentation into relatively sinall fragments (e.g., Fe,As,S, 
and Fe,As,S,) is the only reaction to be observed.[6, 


Experimental Section 


The eeneral methods and instruments that were used have been described 
elsewhcre [lo]. [Cpy'Ru,(CO),] was prepared from RLI,(CO),, [17] and 
C5Mc,RH ( K  = Me, Et) [l0,18], p-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]. I t  was 
characterized by X-ray powdci- diffraction. Ficld desorption inass spectra 
were obtained from toluene solutions on a Fiiinigan MAT95 spectrometer. 


Reaction of [Cp~Ru,(CO),I with As,S, to give l a  and 2 a :  An orange 
cuspension of [CpTRu,(CO),] (220 mg. 0.377 mniol) and As,S, (161 mg. 
0.377 ininol) in decanc (30 m L )  was rcfluxed for 24 h. The mixture turned 


slightly to brown. After distiilation of the solvent, 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 crudc 1 a in  the soluble fraction 
Crystals were obtained froin toluene solutions at -20 C. [Cp:Ru,As,S,] 
( I  at). C,,H,3,,As,Ru,S, (900.5): calcd C 26.62, H 3.35; found C 26.07. H 4.27 
FD-MS: m:: 902.0 (Io2Ru).  
The filtrate of thc extraction was concentratcd and then chromatographed on 
silifx gel (column 20 x 5 cm). With toluene/pentane (1 : 1) an orange hand was 
eluted containing 2 a  in 6% yield. A second, yellow hand (starting material) 
was not well separated and a following red band contained small amounts of 
I a Crystallization of the first band from toluene/pentane mixtures gave 
crqstalline [Cp;Ru,(CO),] along with single crystals of [CpZRu,As,S2](2a). 
[Cp;Ru,(CO),] which were separated manually. C,oH,,As,Ru,S, (836.4): 
FD-MS: ni/; 837.7 ('**Ru). 


Reaction of [Cp; Ru,(CO),I with As,S,: 
175°C: An orange suspension of [Cp; Ru2(C0),] (649 mg, 1.06 mmol) and 
Aa,S, (454 ing, 1.06 mmol) in n-decane (50 mL) was refluxed for 18 h. After 
distillation of  the solvciit the dark orange residue was extracted with toluene 
(2 x 10 mL).  The combined extracts were chromatographed on silica gel 
(column 15 x 3 cni). With toluene/pentanc (1 : 1) a red band containing 2b was 
eluted followed by orange starting material. With toluene a red band contain- 
ing 220 mg (23 % yield) of 1 b was eluted. Recrystallization of 1 b from 
toluene/pentane gave dark brown prisms. 1 b: C,,H,,As,Ru,S, (928.0) calcd 
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,SZ (864.4): FD-MS: ~ i ; z  865.7 ("'Ru). 
6U°C: The w n c  reaction inixture as in the prcvious experiment was stirred 
at 60 'C  for 35 d.  After cvaporation of thc solvent. the dark orange residue 
wiis cxtractcd with toluene (3 x IOmL). The combined extracts werc chro- 
matographed on silica %el (column 10 x 3 cm). With toluene. orange starting 
miterial w:is recovcred, and with toluene,ether (50:l) a red band eluted. 
Repcared chromatography of the latter on SiO' (column 7 x 3 cm. tolucne) 
gave [Cp;Ru,(CO),As,S,] (3) in 13% yield. C,,H,,As,O,Ru,S, (867.2): 
calcd C 33.32. H 3.91: found C 33.25, H 3.95. FD-MS: IIZ ; 867.1 
("'ZRu). 
1IO"C: After 10 d i n  boiling toluene (stoichiometry and workup analogous to 
the 175'C reaction) 1 b was isolated in 14% yield. With tolucne.ether (10:l) 
[Cp" ,Ru,~(CO)AS,S,] (4) was eluted in 4% yield. C3,H,,As,0Ru,S5 
(1 164.1): cnlcd C 35.08. H 4.42: found C 34.92, €3 4 40. FD-MS: m : 1165.0 
(center) 


Table 5 Crystd structure data for coniplexes 1 b and 2a.[Cp:Ru2(CO),] 


I h  2a [CpfRuZ(CO),] 


formula 
inol inass 
cryrt size [inni] 
cryst. system 
space group 


h [A,] 
1 4  


'X I I 
l j  [ 1 


0 


7 1  I 
I [A] 
Z 


radiation 
j i  [inin ~ '1 
scaii niode 
28 (inax) [ '1 
ahsorption con. ($ scans) 
traiisiiii~~ion (niinjmax) 
total rctlcctions 
ohxrved refl [ 1 > ? . 5 ~ ( / ) ]  
pariirncrel-a rclined 
R 
R I< 


resid electron density [ e A  


L,, k c m  '1 


F(non) 


C,,H,,As,Ru,S, C,oH,,As,Ru,S,.C,,H,,O,Ru, 
92x n 1421 -04 
0.08 x 0.45 0.65 0.15 0.15 0.50 


Phoz (no. 60) 
orthorhombic triclinic 


I Y .70 (1) 8.473(4) 
16.473 (6) 11.679 (5) 
17 84(1j 12.714(8) 
90 x t .04 (4) 
90 82 25(4) 
90 14 on ( 3 )  
57x9.3 iix9(1) 


Pi (no.  2) 


X I 
2 13 1.99 
Mo,, Mo,, 
5.x4 4.14 


51.5 52.5 
5.0<20<43.0 (7 refl) 5.0<21)<40.0 (7 refl.) 


7883 4855 
2415 3183 
1 x0 263 
0 ox5 0.058 
0.064 0 048 


3600 696 


(0 (0 


0.29,'l .OO 0.76~ i .no 


-31 +2.00:-1.42 + 0.94. - i .15 
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X-ray structure determination of complexes 1 b and 2a.[Cp~Ru,(CO),] [19]: 
Crystal da ta  were collected on a Syntex R 3 diffractorncter a t  room tcnipera- 
ture. Relevant cry\tal and  da ta  collection parameters a rc  summarized I n  
Table 5. T h e  structures wcrc solved by using standard Pattcrson nicthods, 
least-squares rclinement, and Fourier techniqucs. All criic~ilatioiis were per- 
formed with the SHELXTL Plus program packagc [20]. 


Acknowledgement: Wc are grateful lo Professor G. Hut tner  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)methyl]thiobenzaldehydes 


Nobuhiro Takeda, Norihiro Tokitoh, and Renji Ok.azaki* 


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 2 b  in the 
solid state, determined by X-ray crystallo- 
graphic analysis, differed in their confor- 


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


Thiocarbonyl compounds are reactive sulfur analogues of car- 
bony1 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 x-bond energy."] Thioalde- 
hydes are highly reactive and unstable species, because the hy- 
drogen atom at the sp2 carbon is neither electronically stabiliz- 
ing nor sterically bulky, and they usually undergo rapid 
oligomerization or polymerization.l2I For  example, thioben- 
zaldehyde is reported to be stable a t  77 K,  but decomposes 
giving polymers a t  110 K.r3J Even thiopivaldehyde, bearing a 
bulky tert-butyl group, cannot be isolated because of its high 
tendency to polymerize, although it is relatively stable in solu- 
tion.l4] Transient thioaldehydes have been studied exten~ively,[~l 
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.['] Since 
our first successful isolation of kinetically stabilized thioalde- 
hyde, 2,4,6-tri-terf-butylthiobenzaldehyde (1),l8] the synthe- 
scsr9] 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 
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hydes 2 a and 2 b 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 (I)  were shown in 
the reactions with hydrazine and m- 
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 = 2,4,6- 
tri s[bis(trimethylsilyl)methyl]phenyl) ,[' through a desulfuriza- 
tion of the cyclic tetrasulfides, Tbt(Tip)MS,,["] taking advan- 
tage of the efficient steric protecting group Tbt.[13] 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, 2 a  and 2b.[141 As shown in Scheme 1, the two u- 


Hk; 
Scheme 1 K = &Me, 


H 4," 


bis(trimethylsily1)methyl (disyl) groups of thiobenzaldehyde 2 a 
a're symmetric with regard to the thioformyl group (denoted as 
Tbt, in this paper), whereas those of its rotamer 2 b  are asym- 
metric (dcnoted as Tbt, in this paper). 


The early studies on rotational isomerism in substituted ben- 
zenes due to  hindered rotation about a bond between sp2 (ben- 
zene) and sp3 (substituent) carbon atoms were mainly conduct- 
ed on methoxyphenyl(tevf-buty1)methanol (Ar(fBu)RCOH) by 
dynamic NMR spectroscopy.["] Lomas et al. reported the isola- 
tion of two rotamers of u-tolyldi(tert-buty1)methanol and relat- 
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ed compounds with very high rotational barriers."" Crystallo- 
graphic and show that the hydroxyl 
group of the CR'R2(OH) group lies close to the plane of the 
benzene ring. The stereochemistry of systems bearing vicinal 
isopropyl or dichloromethyl groups (CHR,; R = CH,, C1) 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.['91 


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).['01 As in the case 
of the synthesis of metalanethiones, Tbt(Tip)M=S (M = Si, Ge, 
Sn),["l we chose the desulfurization of cyclic polysulfides as a 
synthetic approach to thiobenzaldehydes. 


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


T b t , n  (n - 1) eq Ph,P Tbts, Tbt, 


H H 
A ,c=s + ,C=S 


, . C , , n  THF, reflux 


3 : n = 8  
4 : n = 5  


2a 2b 
65% 17% 
72% 17% 


excess HMPT 


THF, -78 "C 
3 - 2a 69% 


Scheme2. Synthesis of stable thioaldehydes Za and 2 b  


blue. The mixture was separated by tlash 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 (2 b) (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 2 b 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 


2a (69%) as a desulfurized product. According to its X-ray 
structural analysis, 3 contains Tbt,,r201 and the formation of 2b 
in the reactions with triphenylphosphine can therefore be inter- 
preted in terms of the thermal isomerization of 2 a  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 I ) ,  and X-ray crystallographic 
analyses gave definitive confirmation of their molecular ge- 
ometries in the solid state (Figures l and 2). In 2a the methine 


Fig. I .  ORTEP drawing ofTbt,CHS (2a) (thermal ellipsoids at the 30% probabil- 
ity level for non-hydrogen atoms). Selected bond lengths (A) and angles ( ) ,  C 1 -S 1 


114(1), S l - C l - H I  114(1). 
1.5R8 (13 j ,  C1 -C2 1.469(13), C 1 -H 1 0.946(1 I j ,  S 1-C 1-C2 l31.5(9), C2-C I-H 1 


Fig. 2. ORTEP drawing of Tbt,CHS 2b with thermal ellipsoid plot (30% prohabil- 
Ity for non-hydrogen atoms). Selected bond lengths (A) and angles ( '): C 1 - S 1 
1.602(7), C 1  C2  1.433(X), C l - H l  0.89(5), S l -CI-C2 137.6(6), C2-CI-H1 
110(4), SI-C1-HI 112(4). 


hydrogens of o-disyl groups both point towards the thioformyl 
group, and the dihedral angle between the CH=S n plane and 
benzene ring is 48.7". In contrast, the o-disyl groups of 2 b are 
unsymmetrically oriented relative to the thioformyl group, and 
the CH=S TI 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 TI systems. The X-ray crystallograph- 
ic analysis of 1 has shown that the dihedral angle between the 
CH=S TI plane and the benzene ring is 89.8", which indicates 
essentially no conjugation between the two TI systems.[1og1 The 
differences in the C 1-C2 bond lengths [1.469(13) r\ for 2 a ,  
1.433(8) 8, for 2b, and 1.499(4) A for l[log1] can be interpreted 
in terms of conjugation between the TI systems, which gives some 
double bond character to the CI -C2  bond. As shown in Fig- 
ure 2, the thioformyl hydrogen of 2 b  lies bctween the two 
trimethylsilyl 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 2 a  and 2 b  were found to have completely 
trigonal planar geometries and short C-S bond lengths 
[1.558(11) 8, for 2 a  and 1.602(7) 8, for 2b],  which are in good 
agreement with the calculated C-S bond length for H,C=S 
(1.599 A)[''] and the C - S  bond length for 1 (1.602(5) 


Structure of Thiobenzaldehydes 2 a and 2 b in Solution: The 'H 
and 13C NMR spectra of 2 a  and 2 b  show signals a t  low field 
corresponding to the thioformyl group, and the UV/Vis spectra 
o f 2  a and 2 b exhibit absorption maxima at  longer wavelength, 
identified as n-.-n* transitions (Table 1). Comparing the spectral 


Table 1 .  Spectral data and dihedi-al anglra (u) 01 thiobcnraldehydes La. Zb, end 1. 


'H NMR b " C N M R O  U V V i s n m  'J,,,H/ (11 [a] 
o-methine H-C=S H C=S n i[* H ( = S  


2a 2 9 7  3 2 5  1205 234 I 5x7 1624 48 7 
Lb 1 7 2  5 54 11 I 1  2298 604 1569  1 0 6  
1 13 02 2504 564 171 8 XY4 


~~ ~ ~ 


[a] Dihedral angle between the CH=S n plane and thc 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 13C NMR spectra shift to higher 
fields. in the order 1 + 2 a  + 2b;  the coupling constants between 
the thioformyl 'H and I3C atoms, 'J(CH), become smaller, and 
i,,, for the n-x* transition in the UViVis spectra are red-shift- 
ed. These comparisons suggest that the conjugation between the 
thioformyl group and the benzene ring increases in the order 
1 t 2 a  < 2  b, in solution as well as in the solid state. It is notewor- 
thy that the methine proton in one o-disyl group of 2 b 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 thc 
C=S doublc 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 CR1RZR3 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." 3''3 Therefore, 
we determined the conformations of 2a and 2 b  by difference 
'H('H} NOE experiments (Figure 3) by assuming the methine 
hydrogens of the disyl groups in 2 a and 2 b to be in the plane of 
the benzene ring. 


R = SiMe, 
(4 (b) 


Fig. 3 .  Schematic reprcsentation of the observed NOEs: a) La (270 MHr. C,D,. 
20 0 C) and h )  2b (270 MHr. CDCI,. 20.0 C )  (K = SiMe,). 


When the aromatic proton at 6 = 6.68 o f 2 a  was irradiated. 
the other aromatic proton at  6 = 6.56 was also irradiated, prob- 
ably because the rotation of the p-disyl group was faster than the 
tiniescale of the NOE experiment; the NOEs were observed at 
the mcthyl protons of trimethylsilyl groups (6 = 0.1 1 ,  0.14) and 
the methine proton of the p-disyl group (6 = 1.52). Irradiation 
of the thioformyl proton (6 = 12.41) of 2 a  resulted in enhance- 
ment a t  the methine protons of the o-disyl groups (f = 3.10, 
3.42). These difference NOEs observed for 2 a  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 2 b  (Fig- 
urt? 3) caused NOEs at  the methine protons of the p-disyl group 
(6 = 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 = - 0.02, 
0.07). Irradiation of the thioformyl proton (6 = 11.77) only re- 
sulted in enhancement al the methyl protons of o-trimethylsilyl 
gr'oups (6 = 0.05). The observed difference NOEs for 2 b  and 
the absence of enhancement between the thioformyl proton and 
the methine protons of the o-disyl groups in 2 b strongly suggest 
that, in solution as well as in the solid state, the Tbt group in 2 b  
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 thep-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 2 a  even at  -60 T. 


Thermolysis, Photolysis, and Oxidation with Molecular Oxygen 
of  Thiobenzaldehyde 2 a :  Heating of 2a at 165 'C for 4 h caused 
no decomposition although the equilibrium with 2 b  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 o f 2 a  gave 5 in good 
yield (72 YO).  A similar intramolecular cyclization has been re- 
ported in the thermolysis and photolysis of l.[lnhl The formation 
of 5 can most likely be explained in terms of a radical mecha- 
nism, as in the reactions of l.[lohl 
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Me3Si 
Tbt, c=s Aor hv tvle3Si+gF2 / 


H 


2a 
Me,Sij'SiMe, 


5 


\ I? 
Tbt - TbtCHO + ,c=s 0 2  


2a 


H 


6 40% 7 15% 


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


Thiobenzaldehyde 2a 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 2 a 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%).[221 It has been reported that the reaction of 
thiobenzophenone with oxygen gives the corresponding ketone 
and ~ u l f i n e . [ ~ ~ ~  


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 (2aS2b,  Scheme 4) a t  several 
temperatures led to  the kinetic and thermodynamic parameters 
shown in Tables 2 and 3. The value of A H  * is large enough for 


/c=s 
H FS - k H 


2a 2b 


Scheme 4 


Table 2. Rate and equilibrium constants, and kinetic parametei-s [a] for 2 a S b .  


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 (6 =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 'H NMR spectrum suggests the formation 
of an isomeric benzaldehyde 6b having Tbt,, group (Scheme S) ,  
although pure 6b was not isolated, owing to difficulties encoun- 
tered in separating it from 6a. 


Scheme 5 


Tbt, 
k+ \ 


Tbt, 
\ F0 


H H F = O  - k 


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 6 a e 6 b .  


T r C  k ,  x 105jsC' K(6 b'6 a) 


45.0 
50.0 
55.0 
60.0 


2.18 i 0 . 0 5  
3 .9502  
6.4 -t 0.1 


10.51-0.3 


0.130 
0.140 
0.135 
0.140 


[a] A H "  =21.2 t0 .4kca lmol- ' .  A S *  = - 1 3 k 1  calrnol-lK-! 


Tiihle 5. Equilibrinm constants and thermodynamic parameters [a] for 6 a ~ h b .  


T 'C k ,  x 1 0 5 / ~ - 1  K(2 b/2 a) Ti C K(6 b/6 a) 


50.0 
60.0 
70.0 
75.0 
80.0 


2.53 k0.03 
6.7 k0.3 


16.6 i0 .4  
31+1 
47.5 k 0.5 


0.271 
0.275 
0.276 
0.274 
0.278 


~ 


[d] Aff'  = 2 1  5 f 0 4 k c a l m o l ~ ' , A S '  = -13_+lcalmol ' K - '  


Table 3. Equilibrium concvants and thermodynamic parameters [a] for 2 a e 2 b .  


T:"C K(2 bj2a) 


50.0 
80.0 


110.0 
140.0 


0.271 
0.278 
0.286 
0.298 


pa] A H 1  = 0.27+0.02 kcalrnol-I; As' = -1.771-0.07calmol~'K I. 


the two isomers to be isolated as stable and discrete thioben- 
zaldehydes, and the AW value indicates that 2a is thermody- 
namically more stable than 2 b, as a result of the less severe steric 
congestion around the thioformyl group of 2 a. 


50.0 
80.0 


110.0 
140.0 


0 140 
0.156 
0 177 
0.193 


[a] A H  = 0.96i0 .03  kcalmol I .  ALT = - 0.9410.08 calm01 . ' K - '  


Competitive Reactions of Thiohenzaldehydes 2 a, 2 b, and 1 : 
As described above, the structures of thiobenzaldehydes 2 a and 
2b differ mainly in the degree of congestion around the thio- 
formyl group and in the dihedral angle between the CH=S i~ 


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 2 a and 2 b, and another stable thiobenzalde- 
hyde 1. 


Thiobenzaldehydes 2a, 2 b, and 1 each reacted with hydrazine 
monohydrate in dichloromethane a t  0 "C to afford the corre- 
sponding hydrazones Sa, Sb, and 9, respectively, in almost 
quantitative yields (Scheme 6). 
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N2H4.H20 R, 
* C=N 


R\ ,c=s CH2C12,O "C / \ 
H H NH2 


2a R = Tbt, 
2b R = Tbt, 


Schernc 6. Reactions of 2a. Zb, and 1 with hydiarnie 


8a 96% 
8b 93% 


1 R = Mes' 9 97% 


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


N,H4.H20 (0.8 - 1 .O eq) R\ 
* C=N 


R\ 


n CH2CI2, 0 "C n ' N H ~  
C=S 


2a + 2b + 1 8a + 8b + 1 
R=Tbt, R=Tbt, R=Mes* R=Tbt, R=Tbt, R=Mes* 


I eq I eq - 100% 0% -- 


- 1 eq 1 eq - 80% 20% 


Scheme 7 Competitive rcacti~ns ofZa,'2b and 2b:I with hycirarine (Mes* = 1.4,6- 
Iri-ic,I./-butylphenyl). 


the same reagent a t  0 'C afforded the corresponding hydrazones 
8b and 9 in a ratio of 4: 1. These results show that the reactivity 
of the thiobenzaldehydcs 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 2 b with m-chloro- 
peroxybenzoic acid (mCPBA) in dichloroinethane at - 78 "C re- 
sulted in the rapid formation of the corresponding (E)-sulfines 
10a[ZZ1 and 10b,[251 respectively, in almost quantitative yields 
(Scheme 8). Since (Z)-sulfines are known to be thermodynami- 


2a R=Tbt, 
2b R=Tbt, 


10a 88% 
10b 89% 


Scheme X. Oxidations of 2 a  and 2 b  with /nCPBA 


cally more stable than (E)-sulfines,[261 the formation of (E)-  
sulfines 10a and 10b can be interpreted in terms of a kinetically 
controlled process, that is. mCPBA attacks at  the less hindered 
side of thc 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.['"h1 


Competitive reaction of 2 a  and 2b (1:l mixture) with ca. 
0.8 equiv of rnCPBA 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 2 a  and 1 ( 1  : 1 mixture) with the same 
reagent a t  -78 'C gave only lOa, formed from 2a, with com- 
plete recovery of 1. These results show that the reactivity of 
these thiobenzaldehydes toward nzCPBA, which attacks the sul- 
fur atom of the thioformyl group electrophilically, increases in 
the order 1 < 2 a  < 2 b .  The lower reactivity of I is probably due 
to the higher steric congestion around the thioformyl group in 


~ C P B A ( ~ ~  09eq)  R, 
_j ,c=s 


? 
n 


c=s 
\\ 


H O  CH2CI2, -78 "C 


2a + 2b + 1 10a + 10b + 11 
R=Tbt, R=Tbt, R=Mes* R=Tbt, R=Tbt, R=Mes' 


1 eq 1 eq - 20% 80% - 
1 eq - 1 eq 100% - 0% 


Scheme 9 Coinpetitive rertcti~nb of2ai2b dnd Za, I wlth d P B A  


1. The higher reactivity of 2b than 2 a  contrasts with its lower 
reactivity towards hydrazine monohydrate, and is presumably 
due to the higher electron density a t  the sulfur atom of 2 b, 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.[z71 


Conclusion 


We have succeeded in the isolation and structural 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 
sudfine (i.e., TbtCH=X; X = 0, NNH,, and SO, respectively). 
Almost all other compounds containing the Tbt group (e.g., 
TbtBr,[1"b,281 Tbt(Tip)M=Y,["] and Tbt(Tip)MY,; M = Si, 
Ge, Sn; Y = S, Se)['*I exist in the Tbt, conformation, as de- 
duced from X-ray diffraction analysis or  NM R spectroscopy. 
Compounds with Tbt, groups had not previously been ob- 
tained, except in the case of TbtH, which adopts the Tbt, con- 
fcinnation at  - 54 "C (observed by 'H NMR spectroscopy) .[""] 
These results suggest that the rotamer of Tbt, conformation can 
only exist when the Tbt group is attached to a group as small as 
h:ydrogen or to an sp2 carbon bearing a hydrogen atom. The 
comparison of the reactivities of the thiobenzaldehydes 1, 2a. 
and 2 b revealed that 2 a and 2 b are more reactive than 1 and 
that the rotational isomers 2 a  and 2 b  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 
rYiCPBA, in spite of the severe steric congestion, which prevents 
them from ditnerizing. 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 TbtCHSe."'] 


Experimental Procedure 


General Procedure: A11 melting points are uncori-ectcd All solvents used in 
rcactions were purified by the methods reported below. THF was purified by 
distillation I'rom sodium diphcnyl ketyl bcfore use. A11 reactions were carried 
out under an  argon atmosphere. Preparative gel-permeation liquid chro- 
matography (GPLC) was performed on  an  LC-90R (JAI gcl 1 H + 2 H  
columns) or an LC-908-C60 instrument (JAI gel 1 H-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 wlth Merck Kieselgel 60 
PF254 (Art. No. 7747). Wakogel C-200, and Merck Silica Gel 60, respectivc- 
ly. The ' H N M R  (500 or 270 MHz) and I3C NMR (125 or 68 MHz) spectra 
wcrc measured in CDCI,, C,D,. or  CI,CDCDCl, with a Bruker AM-500, a 
JEOLu-500, or a JEOL EX-270 spectrometer with CHCI,, C,H,, or l,l,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 thc 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 T H F  suspen- 
sion (80 mL) of 2,4,6-tris[bis(trimethylsilyl)mcthyl]phenyloctathionane (3) 
(320 mg, 0.389 mmoi) was added Ph,P (714 mg, 2.72 mmol) at -78°C. The 
reaction mixturc was gradually warmcd and heated under reflux for 12 h. 
After removal of the solvent under reduccd pressure, n-hcxane was addcd to 
the reaction mixture and evaporated to remove remaining T H E  A small 
amount of mpentanc was added to thc residue, and insoluble Ph,P=S 
(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(trimethylsilyl)inethyl]thiobenzaldehyde (2a) (1 51 mg, 0.253 nnnol, 
65 Yo) and asymmetric (asym)-2,4,6-tris[bis(triniethylsilyl)mcthyl]thio- 
benzaldehydc (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, atmosphcrc. All solvents used in the separa- 
tion had been distilled under a N, atmosphere. Thiobcn7aldehydes 2 a  and 2h 
thus isolated were handled below room temperature in order to protect them 
from thermal interconversion 
2a:  purple crystals: M.p. 172-174°C (dccomp.); 'H NMR (500 MHz, CD- 
C13): 6 = 0.01 (s, 36H), 0.08 (s, 18H), 1.45 (s, 1 H). 2.97 (s, 1 H), 3.25 (s, 1 H), 
6.37 (s, 1 H). 6.49 (s. 1 H), 12.05 (a, 1 H); 'H NMR (500 MHz, C,D,): 
6 = 0.11 ( s ,  36H),  0.14 (s, 18H),  1.52 (s, 1 H), 3.10 ( s ,  1 H). 3.42 (s, 1 H ) ,  6.56 
(s. 1 H), 6.68 (s. 1 H), 12.41 (s. 1 H) ;  ' ,C NMR (125 MHz, CDCI,): ri = 0.4 
(q), 0.8 (4). 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); I3C NMR (68 MHz, CDCI,): './(C,H) 
(CHS) = 162.4 Hz; UV/Vis (n-hexanc): in,,, (8) = 587 nm (30); HRMS calcd 
for C,,H,,SSi,: 596.3032. found: 596.3012. C,,H,,SSi,.5~2H2O: calcd C 


2b:  green crystals; M.p. 135-145°C (decomp.); ' H N M R  (270 MHz, CD- 
C13): h = - 0.01 (s, I8H) ,  0.05 (s, IXH), 0.07 (s, IXH), 1.46 (s, 1 H). 1.72 (s, 
I H). 5.54 (s. 1 H) ,  6.40 (s, 1 H x 2), 11.77 (s, 1 H); 13C NMR (68 MHz, 
CDCI,): 6 = 0.5 (4). 1.0 (9). 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, 
CDCI,): '.I{C,H) (CHS) = 156.9 Hz; UV/Vis (n-hexane): i,,, (e) = 604 nm 
(30); HRMS calcd for C,,H,,SSi,: 596.3032, found 596.3027. CZ8H,,- 
SSi,.H,O: calcd C 54.65, H 10.15, S 5.21; found C 54.3Y, H 9.88, S 5.98. 


Desulfurization of Pentathiane 4 with Ph,P (4 equiv): To a T H F  suspension 
(42 mL) of 2,4,6-tris[bis(trimethylsilyl)methyl]phenylpeut~th1ane (4) (1 25 mg, 
0.173 nimol) was addcd Ph,P (182 mg, 0.695 mmol) at -78°C. The reaction 
mixture was gradually warmed and heated under rcflux fur 12 h. After rc- 
moval of the solvent under reduced pressure, n-hexane w 
reaction mixture and evaporated to remove the remaining T H E  A small 
amount of n-pentane was added to the residue, and insoluble Ph,P=S 
(197 mg. 0.668 mniol, 96%) was filtered off. The filtrate was separated by 
low-temperature FCC (- 30 "C, n-pentane) to afford thiobensaldehyde 2a 
(73.9 mg. 0.124mmo1, 72%) and its rotamer 2h  (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 2 a  and 2 h. 


52.35, H 10.19, s 4.99; roulld c 52.48. H 9.94, s 5.80. 


Desulfurization of Octathionaue 3 with Hexamethyl Phosphorous Triamide 
(excess): To a T H F  solution ( 5  mL) of hexamethyl phosphorous triamide 
(0.37 mL, 1.73 mmol) was added dropwise a T H F  solution (25 mL) of 3 
(95.3 mg, 0.116 mmol) over 45 min at -78 T, and the reaction mixture was 
warmed to room temperature. After removal or 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%).  Thc fraction eluted by 
CH,CI, was chromatographed (GPLC) to give hexamethyl 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 


FCC was distilled under a N, atmosphere. Compound 2 a  thua isolatcci was 
handled below room temperature in order to protcct it from the thermal 
interconversion to 2b. 


Thermolysis of Thiobenzaldehyde 2 a :  In a 5 mm NMR tube was placed a 
[DJtoluenc solution (1 mL) of 2 a  (63.2 mg, 0.106 mmol). After five freeze ~ 


pump thaw cycles, the tube was evacuated and sealed. When thc solution 
was heated at 145 ' C  for 3 h and then at 165 "C for 4 h, only 2 a and 2 h 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 separdtcd by GPLC and PTLC (whexane) to  afford 4,6-bis[bis- 
(trimethyIsilyl)methyl]-1 .I -bis(trimcthyIsilyl)-2-beazotliiolarie (5) ( I  0.4 nig. 
0.0174mmol, 17%).  5 :  white crystals; M.p. 140-141 C (decomp.): 
' H N M R  (500 MHz. CI,CDCDCI,, 100 .C): S = 0.05 (s. IXH), 0.07 (s. 
18H),0.10(s ,  IXH), 1.387(s, I H ) ,  1.393 (s, I H ) . 4 . 0 2 ( ~ , 2 H ) , 6 . 3 6 ( s .  I H ) .  
6.40 (s, 1 H); I3C NMR (125 MHz, CI,CDCDCI,. 100,'C): d = 0.6 (q), 2.1 
(q),2.2(q),2X.4(d),31.8(d),39.7(t),42.9(~),121.4(brd). 126.4(brd). 135.1 
(s), 141.6 (s), 143.4 (s), 148.1 (s); HRMS calcd for C,,H,,SSi,: 596.3032. 
found 596.3037. C,,H,,SSi6-1/2H,O: calcd C 55.46, H 10.14. S 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 niL) o f 2 a  (29.1 mg, 0.0487 mmol). After five freeze-pump-thaw 
cyclcu. 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 benmthiolane 5 (20.9 mp. 0.0350 mmol, 72%). 


Reaction of Thiobenzaldehyde 2 a  with Molecular Oxygen: Oxygen pas dried 
through conc. H,SO, was bubbled into an n-hexane solution ( 5  mL) of 2a 
(21.3 mg. 0.0357 mmol) at -20 "C for 1 h. The reaction mixture was warmcd 
to room temperature and stirred for 26 h .  After removal of thc solvent under 
reduced pressure. the rcsidue was chromatographed (PTLC. n-hex- 
anc: CH,CI, = 2: 1) to afford 2.4,6-tris[bis(trimcthylsilyl)methyl]hen~al- 
dehyde (6) (8.2 mg, 0.014 mmol, 40%) and (2)-2,4,6-tris[bis(trimethyIsi- 
lyl)n~ethyl]thiobenzaIdehyde-S-oxide (7) (3.2 mg. 0.0052 mmol, 25%) .  7:  
white crystals; M.p. 175-177'C (decomp.); ' H N M R  (500 MHz, CDCI,3): 
~=0.03(~,36H),0.05(s,18H),1.37(~,1H),1.66(s.1H),l.76(s,1H),6.33 
(s. 1 H),  6.48 (s, 1 H) ,  8.24 (s. 1 H ) ;  I3C NMR (125 MHz, CDCI,): 6 = 0.5 
(4). 0.7 (9). 2X.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); 1R (KBr): i =1101, 1120c IK '  (C=S=O); 
HRMS cdkd for C,,H,,OSSi,: 612.2981, found 612.2987. C,,H,,,OSSi,: 
cakd C 54.83, H 936,  S 5.23;  found C 54.26, H 9.55. S 5.78. 


Equilibration Studies on Thiobenzaldehydes 2: In  a 5 mm NMR tube was 
placed a [D,]tolucne solution of 2 a  (25 mmol L-  I). After live frceze-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 isomcr- 
ization was a reversible, first-order reaction. The rate constants, k(2a + 2 b) 
and k(2h + 2a) ,  were calculated by use of Equations ( I )  and ( 2 ) ,  where 


In(([2a], - [2a],)/([2a], - [2a],)} = - (k(2a +2b)  +k(2b -2a))r (I) 


( 2 )  


[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 N M R  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 


K = k(2a + 2b)ik(2h + 2a) = [2h],/[2a] 


lnK= - A E I ' / R T + A S  ! R  (3) 


where R is thc gas constant and Tis the absolute temperature. The statistical 
crrors were calculated by a standard method. The activation and thcrniody- 
naniic paramctcrs ibr benznldehydc 6 were obtaincd by the u n i e  method as 
for thiobcnzaldehyde 2. 


Thermolysis of Benzdldehyde 6a :  An n-hexane solution (10 mL) of (sym)- 
2,4,6-tris[b~s(trimethylsilyl)mcthyl]benzaldchyde (6 a) (51.9 mg, 0.0893 mmol) 
was refluxed for 3 h, and the solvent was removed under reduccd pressure. 
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The ' H N M R  spectrum of the residue showed that benzaldehyde 6 a  and 
(asyin)-2,4,h-tris[bis(trimcthylsilyl)methyl]benzaldehyde (6b) were produced 
ina rat ioof5: l .  Separationof6aand6bbyPTLC(n-hcxanc:CH,CI, = 5.1) 
was unsuccessful. 6b: ' H N M R  (500 MHz. CDCI,): (5 = 0.00 (s. 18H).  0.03 
(s. 18H), 0.04 (s. 18H). 1.40 (s. I H). 1.67 (s, 1 H) .  3.95 (s, 1 H).  6.29 (s, I H) ,  
6.36 (7. 1 H) ,  10.13 (s, 1 H). 


Reaction of Thiobenzaldehyde 2 a  with Hydrazine Monohydrate: To a CH,CI, 
solution (4 inL) of 2a (23.4 mg. 0.0392 mmol) was added an ethanol mlution 
of N,H;H,O ( 0 . 4 0 4 ~ .  0.49mL, 0.198 iiimol) at  0°C. Whcn the reaction 
mixture was stirred for 5 inin at the samc temperature. the solution turned 
colorless. After being stirred foi- further 30 min. thc solution was washed with 
water, and the water layer was extracted with CH,CI,. Thc combined organic 
layers were dried over MgSO,. The solvent was removed under reduced 
pressurc to give (syui)-2,4.6-tris[bis(trimethylsilyl)niethyl]benzaldchyde hy- 
drarone (8a) (22.4 mg, 0.0376 mmol, 96%).  8 a :  white crystals; M.p. 172- 
176 'C (decomp.); ' H N M R  (500 MHz. CDCI,): 6 = - 0.01 (s. 36H), 0.04 
(s. 18H),1.33(s, lH),1.99(s,lH),2.10(s,IH),5.39(brs,2H,NH,),6.28 


( q ) ,  0.6 (q ) ,  0.7 (q), 24.5 (d). 30.2 (d). 121.7 (d). 126.4 (d), 127.4 (s). 142.5 
(s), 143.08 (s). 143.15 (s), 145.0 (d. TbtHC=N): HRMS calcd for 
CZHH,,N,Si,: 594.3529, found 594.3567. CLhHbZN2Sih:  calcd C 56.49. H 
10.50. N 4.71; found C 56.48, H 10.47. N 4.73. 


(s. 1 H) ,  6.41 ( s ,  1 H ) .  7.71 (s: 1 H): 13C NMR (125 MH7. CDCI,): b = 0.5 


Reaction of Thiobenzaldehyde 2b with Hydrazine Monohydrate: To a CH,CI, 
~olutioii (3 mL) of 2h (14.4 mg. 0.0241 mmol) was addcd an cthanol solution 
of N,H;H20 (0.404h1, 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,CI,. Thc coinbined organic layers were dried over Mg- 
SO,. The solvrnl was rcmoved under reduced pressure to give (asym)-2,4,6- 
tris[bis(trimethylsilyl)methyl]benzaldehyde hydraronc (8b) (1 3.4 mg. 
0.0225 mmol, 93%).  8b: white crystals; M.p. 170--173 C (decomp.); 
' H N M R  (270MH.z. CDCI,): 6 = - 0.02 (s, 18H), 0.02 (s, 18H), 0.03 (s, 
IXH).1.29(s.1H),1.57(s,1H),3.5O(s.1H).5.21(s,2H,NH2),6.21 (s.1H). 
6.35 ( s .  1 H), 7.S1 (s, 1 H);  ' C  NMR (68 MHz, CDCI,): 6 = 0.4 (q), 1.1 (q),  
22.9 (dx2) ,29.8 (d). 117.6 (d), 125.1 (s). 128.2(d), 142.6(s), 143.7 (s), 144.1 
(s). 146.5 (d, TbtHC=N), HRMS calcd for CZ8H,,N,Si,: 594.3529, found 
594-3506. C2,H,,N,Si;I!2H,O: calcd C 55.65. H 10.51. N 4.64; found C 
55.86. H 10.45, N 4.79. 


Reaction of Thiobenzaldehyde I with Hydrazine Monohydrate: To a CH,CI, 
solution ( 5  mL) of 1 (48.3 mg, 0.166 mmol) was added an ethanol solution of 
K,H,.H,O ( 2 . 0 6 ~ ,  0.40 mL, 0.824 mmol) at 0 'C, and the reaction mixture 
was stirred for 3.5 h at this temperature. The solvent and cxccss of 
N,H;II,O were removed undcr reduced pressure to give 2.4.6-tri-tcrt-butyl- 
benzaldehyde hydrazonc (9) (46.4 mg, 0.161 mmol, 97%).  The spectra of 9 
were identical with those previously reported [log]. 


Competitive Reaction of Thiobenzaldehydes 2 a  and 2 b with Hydrazine Mono- 
hydrate: To a CH,C1, solution (3 mL) of 2 a  (15.8 mg, 0.0264 mmol) and 2b 
( I  5.8 mg. 0.0264 mmol) was added an ethanol solution of N,H;H,O 
( 0 . 2 0 4 ~ .  0.10 mL. 0.0204 mmol) at 0°C. After the solution had been stirred 
for 2 h at the samc temperature, the solvent was evaporated at room temper- 
aturc under argon. ' H N M R  analysis (270MHz, CDCI,) of the residue 
chowed that only (sym)-hydrazone 8 a was produced without any formation 
of (asym)-hydrazone 8 b. 


Competitive Reaction of Thiobenzaldehydes 2 b and 1 with Hydrazine Monohy- 
drate: To a CH,CI, solution (3.5 mL) of 2b (23.4 mg, 0.0392 mmol) and 1 
( I  1.4 mg, 0.0392 mmol) was added an ethanol solution of N2H, H,O 
( 0 . 4 0 4 ~ ,  0.10 mL, 0.0404 nimol) at 0'C. The reaction inixlure was stirred for 
2 h. and the solvent was evaporated at room temperature under an Ar atmo- 
sphere. 'H NMR analysis (270 MHz, CDCI,) of the residue showcd that 
hydrazones 8b and 9 were produced in a ratio o f4 :1 ,  which was calculated 
from the intensity o f the  methine signals of RHCNNH,. 


Reaction of Thiobenzaldehyde 2a with mCPBA: To a CH,CI, solution 
(13 mL) of 2 a  (142 mg, 0.238 mmol) was added a CH,CI, solution (8 mL) of 
niCPBA (purity: min. 70%; 59.6 mg, >0.24 mmol) a t  -7X'C. and then the 
reaction mixture was warmed to room temperature. After removal of thc 
solvent under reduced pressure. the residue was separated by WCC (n-pen- 


tane:CH,CI, = 1 : 1) and GPLC to give (sym)-(E)-2,4,6-tris[bis(trimcthylsi- 
lyl)~methyl]benzaldehyde-S-oxide (10a) (129 mg, 0.210 mmol. 88 %) and ben- 
zaldehyde 6 a  (11.3 mg, 0.0194mmo1, 8%) .  10a: yellow crystals; M.p. 171- 
173;C (decomp.); ' H N M R  (500 MHz, CDCI,): 6 = 0.02 (s, 36H). 0.05 (5. 


18H).1.38(s . IH).1.81 ( s , I H ) .  1.85(s,IH),6.3X(s, IH),6.50(s . lH),9.81 
(s. 1 H): I3C NMR (125 MHz. CDCI,): b = 0.4 (4). 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); UViVis (n-hexane): A,,, (c) = 365 nin (5200); IR (KBr): i. = I103 cm ~ I 


(C=S=O): HRMS calcd for C,,H,,OSSi,: 612.2981. found 612.2977. 
C,,H,,OSSi;I )2H,O: calcd C 54.04, H 9.88. S 5.15: found C 54.01. H 9.68. 
s 5.22. 


Reaction ofThiobenzaldehyde2h with mCPBA: To a CH2CI, solution (3 mL) 
of 2b (20.5 mg. 0.0343 mmol) was added a CH,CI, solution (2.5 mL) of 
rnCPBA (purity: 8 0 - 8 5 % ;  11.4mg, 0.053-0.056mmol) at -78°C. After 
ha,ving been stirred for 30 min. the reaction mixture was warmed to room 
temperature The solvent was removed under reduced pressure. and the 
residue was separated by WCC (n-hexane.CH,CI, = 1 : I )  to give (asym)-(E)- 
2.4.6-tris[bis(trimethylsilyl)methyl]benzaldehyde-~-oxide (lob) (18.7 mg, 
0.0305 mmol. 89%).  l ob:  yellow crystals; M.p. 168-171 C (decomp.): 
'HNMK(270MHz,CDCI,):5=0.04(~,36H).0.11 ( ~ , l X H ) . l . 3 9 ( s , l H ) ,  
1.584(~, 1 H). 1 70 (s. 1 H). 6.38 (s, 1 H), 6.41 (s, 1 H), 10.14(s. 1 H); I3CNMR 
(68 MHz, CDCI,, 0 C): S = 0.3 (q), 0.9 (9). 31.4 (d), 33.0 (d), 33.4 (d). 125.3 
(s), 126.7 (d), 127.4 (d), 145.5 (s), 147.2 (s). 147.9 (s), 188.8 (d): IR (KBr): 
i ==I081 cm-l  (C=S=O); HKMS calcd for C,,H,,OSSi,: 612.2981. found 
612.1037. C,,H,,OSSi,.H,O: calcd C 53.27, H 9.90. S 5.08; found C 53.10, 
H 9.64. S 4.72. 


Competitive Reaction of Thiobenzaldehydes 2 a  and 2b with mCPBA: To a 
CH,C1, solution (3 mL) of 2a (20.5 mg. 0.0343 mmol) and 2b (20.5 mg, 
0.0343 mmol) was added a CH,CI, solution (1.5 niL) of rnCPBA (purity: 
80 85%:  6.3 mg, 0.029-0.033 mmol) at -78°C. After having been stirred 
for 15 min 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 rn-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, CDCI,) of the I-esidue showed that 
sulfines IOa and 10b were produced in a ratio of 1 :4, which was calculated 
!rom the intensity of the methiiie signals of RHCSO. 


Competitive Reaction of Thiobenzaldehydes 2 a  and 1 with mCPBA: To a 
CH,CI, solution (4 mL) of 2 a  (29.5 mg, 0.0494 mmol) and 1 (14.4 mg, 
0.0496 mniol) was addcd a CH,Cl, solution (2 mL) of mCPBA (purity: 80- 
8'i0/o; 9.0 mg, 0.042-0.044mmol) at -7X.T. 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, CDCI,) showed the formation of only sulfine 10a with- 
out that of sulfine 11. 


Crystallographic Data for 2 a  and 2b: 2a :  C,,H,,SSi,, M ,  = 597.35, crystal 
sii:e (mm) 0.2 x0.1 x0.7, triclinic, space group Pi; a =13.230(6). b = 
168.658(3), c = 9.488(1) A ,  3 = 93.30(1), /J' = 99.50(2), 7 =102.92(2)'; 
TI= 2000(1) A3, Z = 2, p = 0.992 gem-,, = 2.68 cm - I ,  R = 0.058 
(A!,,, = 0.055). 2b: C,,H,,SSi,, M ,  = 597.35. crystal size (mm) 0.2 x 0.1 x 0.8, 
trrclinic, space group P1. ( 8  =12.596(3), b =17.866(4), c = 9.453(2) A: 


(1 =1.009 gem-,. p = 2.72 c n - ' ,  K = 0.057 (R, = 0.056). The intensity 
data f o r 2 a a n d 2 b ( 6 < 2 0 1 5 0 . 1 ' f o r 2 a , 6  <2O<55.Icfor2b)werecollected 
oil a RIGAKU AFCSR diffractometer with graphite-monochromatcd Mo,, 
radiatioii (i = 0.71069 A) .  In 2a, the intensities ofthree representative reflec- 
tions, which were measured after every 150 reflections. declined by -7.10%). 
A linear correction factor was applied to the data for 2 a  to account for this 
phenomenon The Structures o f 2 a  and 2b were solved by direct methods [30]. 
All calculations were perforined using TEXSAN [31] crystallographic soft- 
ware package of Molecular Structure Corporation. The non-hydrogen atoms 
w'cre refined anisotropically, and all the hydrogen atoms except for thio- 
formyl hydrogen atom ( H l )  of 2b were located by calculation. The thio- 
fcrmyl hydrogen ( H l )  of 2b was isotropically refined. The final cycle of 
full-matrix least-squares refinement was based on 1622 [for 2a] and 2737 [for 
21b] observed reflections (1>3.000(1) for 2 a  and 2b) and 316 [for 2a] and 320 


= 91.25(2), =108.14(2), 7 =102.38(2)"; V=1965.X(9)A3. Z =  2. 
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[for Zbj variable pnranieters. Crystallographic da ta  (excluding structure i'ac- 
tors) for thc structures rcported in this paper have bccn depositcd with the 
Cambridge Crystallogi-aphic D a t a  Center as supplementary publication no. 
CCDC-1220-40. Copics of the da ta  can be obtained rree of chargc on apph- 
cation to  T h e  Director. C C D C ,  12 Union Road, Cambridge CB2 1 EZ. U K  
(Fax:  Int. code + (1223)336-033; c-mail: techedva chcmcrys.cam.ac.uk) 
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Total Syntheses of the Slime Mold Alkaloild 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 ( I ) .  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 
3-bromo-4-[1 -(~ert-butoxycarbonyl)indol-3-yl]-l -methylmaleimide (9) and 4-bromoin- 
dole (10). The N-methyl derivative 2 could be transformed into arcyriacyanin A (1) by 
standard methods. 


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


Introduction 


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


R 


H H  n n  
1,  R = n  
2. R = C &  


3 4 


oped.['] The unique structure of arcyriacyaninA (1) and its 
structural relationship to several protein kinase C 
prompted us to study the synthesis of this compound. 


Three strategies for the synthcsis of arcyriacyanin A (1) can 
be envisaged (Scheme 1). The application of our general method 
for thc synthesis of bisind~lylmaleimides[~~ should allow the 
synthesis of 1 in 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 it suitably 4-substi- 


[*I Prof. Dr. W. Steglich. Dr. M. Brenner, Dr.  G. Mayer. DiplLChem. A. Terpm 
lnatitut fur Organische Chemie dcr Universitdt 
Munchen, Karlstrasse 23, 80333 Mtinchen (Germany) 
Fax:  Int. code +(89)590-2604 +. 
e-mail : wos(ii org.chem~e.un~-~nuenchen.de 


hc~d~orl Lrvt. 1996. 26, 44x3 -4486. 
[**I Pigments from run@ Part 67; Part 66: G. Mayer. G. Wil1e.W. Ste_glich, Terr/i-  
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Scheme 1 .  Strategies for thc synthesis of 1 and 2. 


9 10 


tuted bisindolylmaleimidc (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 
(110) 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[41 of stannylindole ( K!)[~' with l-to- 
s : y l - C b r ~ m o i n d o l e ~ ~ ~  (13) followed by removal of the N-protect- 
itig groups from the coupling product 14 by alkaline hydrolysis 
(Scheme 2). The stannyl derivative 12 was itself prepared from 
1 -([err-butoxycarbony1)indole (11)[61 by metalation with lithi- 
um diisopropylamide (LDA)[71 and subsequent reaction with 
chlorotrimethylstannane.["] After conversion into its bisbromo- 
magnesium salt, biindole 5 was treated with 3,il-dibromoma- 
leimide['] (6) in refluxing toluene to yield arcyriacyanin A (1) .  
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l l a ,  b 


a: R = Ts, b: R = Boc 


I 
TS 


12a, b 13 


14a, b I 


Scheme2. a) llaorllb,LDA,THF,-78"C,2h, thenMc,SnCI,-78'C-RT, 
NH,CI, 46% (12a) or 76% (12b); b) 1-tosyl-4-bromoindole (13), toluene, 80 'C, 
Pd(PPh), ,20h,46%(14a)or75%>(14b);c) cthanol,80'C,20"/"aOH,3h,50% 
from 14a or 68% from 14b; d) THE RT, 2 equiv EtMgBr. then toluene, 110°C. 
3.4-dibromomalein~ide (6), 2 h, 41 %. 


Aqueous workup and purification by gel chromatography af- 
forded the alkaloid in 41 YO 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 
(I) through an intramolecular Heck reac- 
tion.[". "1 As suitable candidate for this cycliza- 
tion we originally considered the 4-bromoarcyri- ' W O W  


derivative 16.[14' Pyrrolidine-catalyzed reaction of 16 with 
dimethylformamide dimethyl acetal generated an enaniinc, 
which was hydrogenated without any further purification to 
yield the desired indole 17.[15] Coupling of the broniomagne- 
siurn salt of 17 with the Boc-protected bromo(indoly1)- 
n~aleirnide[~~ 10 in THF afforded the bisindolylmaleimide 18 in 
57Y0 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['71 and DMAP in 92O4 yield. 


The Heck cyclization of 8 took place in DMF with catalytic 
amounts of palladium@) acetate and 1,3-bis(diphenylphosphi- 
no)propane (dppp),[l8' 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."91 


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 


CH. 


N T  '' 
arubin derivative 7. Unfortunately, this com- 
pound could not be prepared in the usual way 
from the bromomagnesium salt of 4-bromoindole 


dppp 


Bod I 


(9) and bromo(indo1yl)maleimide 10 due to reduc- 21 22 
tive loss of the aromatic bromine atom. We there- 
fore turned to the corresponding triflate" 21 8 


Scheme 4, of the last In Scheme 


whose synthesis is part of Scheme 3. 
The 4-(tetrahydropyrany1oxy)indole (17) required for the 


coupling step was prepared in analogy to the 6-substituted com- 
pound.[31 Diazotation of 2-amino-6-nitrotoluene (15) produced 
the corrcsponding phenol," 31 which was converted to the THP 


15 16 I? 


10: R = THP 
1 9 : R = H  Jf 0 


Scheme 3. a) KNO,, aq. H,SO,, then 100 "C. 80 %; b) EtOAc, dihydropyrdn, cat. 
HCI, RT, 72 h, 82%; c) 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%; e) THF, 2equiv 17, 
2 cquiv EtMgBr, 45 '.C, 30 min, then 1 equiv 10, 65 "C, 3 h, 57%; f) MeOH, 
Amberlite'" 15, 6 5 T ,  30 min. 83%; g) CH,CI,. 2 eqniv PhN(S02CF,),, 2 equiv 
DMAP, 0°C -RT, 4 h, 92%;  h) 0.12% Pd(OAc),. 0.34% dppp, excess NEt,, 
DMF, llO'C, 18 h, X1%. 


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- 
i n A  (1) is a domino Heck reaction between bromo(in- 
doly1)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-niethylarcyriacyanin 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 
(3JcH = 7 Hz)] . 
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Scheme 5 a) Pd(OAc),, PPh,, NEt,, CH,CN 80 C. 3 h. 10 to 30% 
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FULL PAPER W Steglich et a1 


Experimental Procedure 


General techniques. Melting points (uncorrected) were determined on it Biichi 
SMP20 melting point apparatus o r  a Rcichcrt Thermovar hot-stage micro- 
scope. All nonaqucous reactions wcre carried out under a n  argon atmospherc 
with dry solvcntg undei- anhydrous conditions, unless otherwise noted Tc- 
trahydrofuran (THF) was distilled from potassium beiimphenone. and 
dichloroniethane fi-om Sicapcnt". Other solvents wcrc purchased at  absolute 
quality and stored over molecular sieves. All reactions were monitored by 
thin-laycr chromatography on silica gel plates, E. Merck, and the 
spots were detected with UV light. Silica gel 60. E. Mei-ck. particle size 
0.040-0.063 mm, was used for flash chronidtography and Sephadex" LH-20. 
Pharmacia, for gel chromatography. 


I-tert-ButoxycarhonyI-2-(trimeth~lstannyl)i11dole (12): tzBuLi (8.2 mL of a 
1 6v solution in hcxancs, 13.1 mmol) was addcd dropwise to diisopropyl- 
aminc (2inL. 14.1 mmol) in THF (20mLj at -70 C. and the mixture was 
stirred for 1 h. A solution of l-(/e~~-butoxyca~bonyl)indolc (11 b) (2.72 g, 
12 5 mmol) in  THP (10 mL) was then added slowly. whereby the tenipernture 
was kept below -60 -C. The solution wit) stirred for 2 h at -70 C .  then 
warmed to -45 C. and finally cooled back to -70 C.  A solution ofchloro- 
trimethylstannanc (2.50 g, 12.5 mmol) in THF (10 mL) was added, and the 
mixture was allowcd to warm to rooin temperature overnight. Hydrolysis 
with ice;water (2OmL) and 20% aqueous citric acid (2tnL) yielded a solu- 
tion, which was concentrated in vacuo and cxtracted with ethyl acetate 
( 3  x 20 mL). The combined organic layers wci-e dried (MgSO,) and evapoi-at- 
ed. The rcsidric was purified by chromatography on silica gel (clution with 
petroleum ether. R, = 0.25; followed by petroleum ctherlCH,CI, = 5:1,  
R, = 0.67) to yield 12 a s  colorless crystals (3.28 g. 69%), M.p. 63 C ;  
1 H N M R ( 9 0 M H ~ . C C I , ) : d  =7.74-7.90(ni, lH).7.32-7.47(111, IH),6.94-  
7.22 (in. 2H).  6.63 (s. 1 H ) .  1.65 (s, 9 H ) .  0.27 (s. YH); IR (KBr):  i = 2980 
(Ctf). 1710cin-' (C=O): UV,'VIS (McOH): j.m,5y (Ig8) = 296 (3.58). 270 
(4.21). 232 (4.37), 204nm (4.18); C,,H,,NO,Sa (380.05): calcd C 50.57, H 
6.10, N 3.69; found C 50.51. H 6.20, N 3.77. 


1 -tert-Butoxycarbonyl-l'-(4-toluenes11lfo11~I)-2,4'-hiindole (14): A solution o f  
12 (1.37 g, 3.6 mmol), 4-hromo-l-(4-toluencsulfonyl)11idolc 161 (13, 1.05 g, 
3.0 mmol) and tetrakis(triphenylphosphan~)palladiutn(o) (0.42 g, 0.36 mniol) 
in  toluene was heated at 80 -C for 20 h. Solvent evaporation followcd by 
chromatography o n  silica gel (elution with petrolcum ether;CH,CI, 1 : I ,  
R, = 0.67) gave the biindole as a colorless solid (1.10g. 75%).  M.p. 71 C: 
' H  NMR (200 M H L  CDCI,): 6 = X.25 (din. .I = 8.0 Hz. 1 H).  8.01 (dt.  
J=X.0.l.0Hz,1H).7.79(dm.J=8.4Hr,2H).7.56(d,J=3.6Hz. 1H) .  


lH) ,6 .54 (d t l . J=3 .7 .0 .7Hz .  ~ H ) , Z . ~ ~ ( , . ~ H ) , ~ . S S ( S , ~ H ) ; ~ R ( K R ~ ) :  
? = 3140 (ar. CH), 2975 (aliph. CH). 1730 (C=O). 1595 (ar. CC), 1360 
(SO,N). 1175 cm-' (SO,N): CJV VIS (MeOH) i.,,, (Igt:) = 2x8 (4.26). 
324 nni (4.53); C',,H2,N20,S (486.59): calcd C 69.12. H 5.39, N 5.76; found 
C 69.26, H 5.45. N 5.65. 


7 .55 (ddd , J=7 .4 .1 .6 .0 .7Hz . IH) .7 .1 '~  -7 .45(111.6H),6.56(d,J=O.XH~, 


2,4'-Biindole 15): Tc) a solution of 14 (1. I0 g. 2 30 mmol) in ethanol (50 mL) 
was added 20% aqueous NaOH (20 mL). The mixture was heated to 80 'C,  
cooled to 20'C. and neulralircd with 20% aqueous citric acid. Following 
extraction with ethyl acetate (3 x 20 mL). the combined organic layers wcre 
washed with water, dried (MgSO,), and concentrated i n  vacuo. Chromato- 
graphy o f  the residuc on silica gel (elution with petroleum cther/CH,CI, 
1:1, R,:  0.34) gave 0 . 3 5 ~  (68%) of 5 as colorless crysrals, M.p. 197'T: 
' H  NMR (400 MH7,. [U,]itcetone,CDC1,): d = 10.S0 (hrs. 1 ti). 10.40 (brs. 
lH) .7 .92 (1n .  lH) .7 .60 (d .  J = Y . O H r ,  lH).7.39-7.49(m.3H).7.19(dd. 


8 0 HL, I H). 6.94- 6.99 (m, 2 H ) ;  IR (KBr):  i. = 3430 (indole NH), i380 
(indole NH) .  3040 (ar.  CH). 1600 cm (ar. CCj; UV VIS (MeOH):  i,,,,, 
(1gc) = 328 (4.38). 228 niii (4.43); HRMS (ClhH12N2) :  calcd 232.1000; 
found 232.0992. 


.I = 8.0 Hz, 8.0 H7, 1 H), 7 10 (dd. J = X.0. 8.0 H L ,  1 H). 7.03 (dd. .I = X . 0  


2-~ethyl-3-nitro-l-(a-tetrahydropyrat1yloxy)benzene (16): To a solution ol' 2- 
inelhyl-3-oitrophenoI 1131 (5.3 g. 34.6 mmol) in D M P  (60 niL) was addcd 
dihydropyi-an (12 7 mL, 138 iiiinol) and 37% hydrochloric acid (0.1 mL). 
After 72 h the reaction mixture was poured into 2 %  aqueous NaOH (25 m L )  
Thc organic layer was washed with 2%1 aqueou, NaOH (2 x 15 mL) and 
itater (2 x 25 rnL). dried (MgSO,), arid evaporated. Chromatography ofthe 
residue on silica gel (elution with petroleum ether acetone 10: l .  R, = 0.62) 


yidded 6.7 g (82%) of 16 as a COICI~IKSS oil. 'H NMK (90 MHz. C'DCI,): 
6 -=7.50-7.03 (m, 3H). 5.41 ( 5 ,  1 H). 4.00-3.43 (m. 2H).  2.36 (s, 3H) .  
2.01-1.43 (in, OH): IR (CHC'I,): t = 3030 (ar. CH), 2950 (aliph. CH),  1605 
(ar. CC). 1525 (ar. NO,). 1350 (ar. NO,). 1255cm-'  (ar. C-0-C); 
C,,tl, ,NO, (237.26): calcd C 60.75. H 6.37, N 5.90; found C 61.06. H 6.44. 
N 5.65. 


4-(a-Tetrahydropyrany1oxy)indole (17): To a stirred solution of  16 (7.5 g, 
31.6 mmol) in DMF (60 niL) was added diincthylformamide dlmethyl acetal 
(1'2.6 mL, 94.X mmol) and pyrrolidine (2.6 mL, 31.6 mmol). The mixture was 
stirrcd at  11 0 C for 22 h, cooled to 0 "C,  poured into water and extracted with 
cthcr (4 x 5 0  mL). Thc combuned or-gnuic layers were washed with watcr, 
dried (MgSO,). and evaporated. The residuc was taken up in cthyl acekite 
( I00  mL). supplemented with 10% Pd 011 activated carbon (750 nig), and 
hydrogenated for 3 h at 3.5 bar. The resulting solution was filtered over 
CcliteR and evaporated. Chromatography of the residue on siltca gcl (elution 
with petroleum cther'acctone 10:1. R, = 0.22; then CH,CI,, R, = 0.56) gave 
17 a s  a white solid (4.1 g. 6 0 % ) .  M.p. 128-131 ' C :  ' H N M R  (90 MHr.  
CDCI,):6=X.lO(hi-s. IH .NH) ,7 .17 -6 .53 ( in ,SH) .5 .58 (m,  1H).4.13- 
3.:30 (m, 1 H) .  3.70 3.40 (m. 1 H ) ,  2.20bl.40 (m. 6H) ;  IR (KBr): i. = 3280 
(NH) ,  2950 (aliphat. CH) ,  1620 (ar. CC). 1510,1345.1245 (ar. C 0 
1025crn ': CI,H,,NO, (217 27): calcd C 71.87. H 6.96. K 045 :  
71.57, H 7.19, N 6.46. 


2-( I-tcrt-Butox)carbonyl-1 H-indol-3-yl)-3-(4-(z-tetrahydropyranyloxv)- LH- 
indol-3-yll-l-methyl-2,5-dioxo-2,5-dihydropyrrole (18): To a Grignard solu- 
tion fornmcd from Mg turnings (240 nig, 10 mmol) and ethyl bromide (0.9 mL. 
l:! mmol) in T H F  (20 mLj under argon was added 17 (2.20 g, 10.0 mmol) 
dissolved in T H F  (100 mL). After 30 miii of stirring at 45 C. a solution of 10 
(2.25 g, 5 mmol) in THF. (50 mL) wiis added dropwise. The reaction mixture 
wiis refluxcd for 3 h,  cooled to 0 C and quenched with ice watel- (30 mL) and 
2 0 %  aqueous citric acid ( 5  inL) After rcrnoval of the THF under reduced 
pressure, the aqueous layer was extracted with ethyl acetate ( 3  x 30 mL). The 
combined organic laycrs were washed with water (2 x25 mL). dried (Mg- 
SO,), and evaporated. Chromatography 011 silica gel (elution with CHLC12. 
R, = 0.22) gave 18 as an orange oil (1.55 g, 57%),  which ci-yst;illized from 
mcth~inol: M.p. 185 'C; 'H NMR (300 MHz. CDCI,): (5 = 8.50 (brs. 1 H, 


1 HI. 7.07 (dd. J = 8.0, 8.0 Hz. 1 H),  6.88-6.58 (m, SH).  5.54 and 5.47 (each 
brs. togethel- 1 H), 4.05-3.30 (m, 2H,  OCH,). 3.17 (s. 3H,  N CH,). 1.85 
1 55 (m, 6H) .  1.70 (s, 9 H .  BOG); I3C NMR (75 MHz, CDCI,): 6 =171.90. 
1'71.39, 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. 104.39. 
95.81. 84.48, 61.58, 30.10, 28.12 (3Cj. 25.10. 24.15 (N-CH,). 18 38: 1R 
(KBr): i. = 3360 (NH). 3120 ( a r .  CH). 2960 (aliph. CH). 1735 (C-0). 1690 
(C=O). 1610 (ar. CC) ,  1540.1450, 1385,1370 (C(CH,),). 1350 (C-0) ,  1300 


1035 cm-I :  UV'VIS (MeOH): i,,, (Igsj = 448 (3.67). 378 (3.66), 292 (3.70). 
222nm (4.87); MS (FAB, m-NBA): n i i z  (V" ) :  542 (13) [,2.1+1-]. 541(1Yj 
[ M - ] .  459 (19), 458 (66). 402 (43). 401 (51). 3% (45). 357 (61): HRMS 
( ( ~ , ~ l H , l N , O ~ , ) :  calcd 541.2213; found 541.2212. 


2-( 1 -ter.t-Butoxycarbonyl- 1H-indol-3-yl)-3-(4-hydroxy-lff-indol-3-yl~- I-me- 
tLpl-2,5-dihydro-2,5-dioxopyrrole (19): To a solution of 18 (540 mg. 1 mmol) 
in  nic1h;inol (40 mL) was added Aniherlitc" 15 (150 mg). Aftei- refluxing for 
30 min the dark red solution was cooled and filtered. The filtrate was conceii- 
trirted i n  vacuo and the residue purified by chrom;itopinphy on d i c a  gcl 
(elutron with pctroleuin ethcr'EtOAc 3:l. R, = 0.27) to yield 19 a s  ii dark red 
microcrystalline solid (0.48 g. 83%).  M.p. 110 C .  'H NMR (300 MHz, CD- 
C'l,): b = 8.60 (brs ,  1 H. NH),  8-18 ( 5 ,  1 H). 8.15 (s. 1 H ) ,  8 14 (d .  J = X 8 Hr. 


NH),  8.16 (s, 1 H) .  8.12 (d, .I = 8.5 Hz. 1 H). 7.12 (ddd, .I = 8.5. 8.4. 1.9 Hr. 


( G O ) .  1255 (C-O), 1235 (C 0). 1150 (C 0). 1110 ( C - 0 ) .  1060. 


1 H) .  7 17 (ddtl. J = 7.9. 7.7. I .?! Hz. 1 H).  7.16 (dd ,  J = 7.9. 7.9 Hz. I 13). 6.95 
(:;. I H. OH).  6.95 (d. J =7.0 Hz, I H). 6.82 (dd. J =7.9. 7.9 Hz. 1 H). 6.75 
( ~ J d d . J ~ X 5 . 7 . 6 , 1 . 2 H ~ , 1 H ) , 6 . 4 9 ( d . J = 8 . 0 H ~ . 1 H ) . ~ . l 6 ( s . 3 H . N  
CH,). 1.68 (s. 9 H ,  Hot:): 13C NMR (75 MHL. CDCI,): 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, X4.66. 
28.10 (3C). 24.46 (N-CH,); 1R (KHr):  i. = 3391 (NH and OH). 2970 
(aliphat. CH), 2945.1739 (C=O),  1690 (C=O),  1453,1371, 1152. 739 cni-  ' :  
I JV  VIS (MeOH): (Igr:) = 475 (5.60), 381 (3.33). 340 (2.83). 291 (3.93). 
::19nni (4.65); MS (FAB, in-NBA): m; (%): 458 (15) [M+1 '1. 457 (19) 
[ , M + ] ,  402 (8). 401 ( lo) ,  358 (10). 357 (12); HRMS (C,,HZ,N,Oj): calcd 
4-57.1634; found 457 1611. 







Arcyriacyanin A 70-74 


2 4  1 -ter~-Butoxycdrbunyl-l~-indol-3-yl)-3-~4-(a-trifluoromethanesul~onyl- 
ox~)-lH-indol-3-yl]-l-methyl-2,5-dihydro-2,5-dioxopyrrole (8) : To a solution 
of 19 (46mg, 0.1 mmol) in dichloromethane (IS mL) at 0°C were added 
N-phenyltriflimide (71 mg, 0.2 mmol) and 4-(dimethy1amino)pyridine 
(24 mg, 0.2 mmol). After the mixture had been stirred for 4 h at 20' C the 
reaction was completed. The solvcnt was evaporated, and the residue purified 
by chromatography on silica gel (elution with petroleum etheriEtOAc 2:  1, 
R, = 0.29). Yield 54 mg (92%) of 8 as an orange solid, M.p. 130 "C; 'H  NMR 
(300 MHz, [DJacetone): 6 =11.26 (brs, 1 H, NH), 8.18 (s, 1 H), 8.13 (d, 
J =  8.4H~,lH),7.69(d,J=2.9Hz,lH),7.61(d,J=7.7Hz,1H),7.21 (dd, 
J =  8.1,X.l Hz. 1 H), 7.17 (ddd, J =7.8,7.6, 1.1 Hz, 1 H), 6.94(d, J =7.9 Hz. 
1 H). 6.85 (d, J =7.4 Hz, 1 H). 6.76 (ddd, J = 7.6, 7.6, 1 _ I  Hz, 1 H). 3.16 (s, 
3H, N-CH,), 1.67 (s, 9 H ,  Boc); I3C N M R  (75 MHz, [D,]acetone): 
6 =171.80, 171.50, 149.76, 142.99, 139.92, 136.07, 131.54, 130.97, 130.44, 
130.15, 128.19, 125.23, 123.43, 123.08, 122.69, 120.30, 119.39 (q, 
J =  320.2Hz. CF,), 115,62, 113.58 (2C), 111.36, 104.43, 85.22, 28.08 (3C. 
Boc), 24.36 (N-CH,); IR (KBr): S = 3391 (NH), 2985 (aliphat. CH),  1743 
(C=O), 1706 (C=O), 1545, 1452, 1420, 1388, 1372, 1354, 1214 (CF,), 
1152cni~ '  (S0,OR); UVjVIS (MeOH): A.,,, (Igc) = 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 
(Yo): 589 (3) [Ad'], 533 ( 3 ) ,  489 ( 5 ) .  356 (13), 340 (3), 339 (4). 299 (4), 271 
(2); HRMS (C,,H,,F,N,O,S): calcd 589.1131, found 589.1118; 
C,,H,$',N,O,S +0.75 CH,OH: calcd 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-S.Y-dihydropyrrolo[3',4: 6,7]cyclo- 
hepta[2,1 -h;5,4,3-~',d]diindole-l,3-dione): 


Synthesis B:  To a stirred solution of 8 (100 mg, 0.17 mmol) in D M F  (30 mL) 
was added palladium(ir) acetate (12 mg, 0.05 mmol, 29 mol%), 1,3-bis- 
(dipheny1phosphino)propane (14 mg, 0.03 mmol, 20 rnol%,), and triethyl- 
aminc (2 mL, 14.4 mmol). After being heated to 110 'C and maintained at 
this teinperaturc 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 x 25 mL) and 
brine (25 mL). After drying (MgSO,) the solvcnt 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), 
4-bromoindole (9) (196 nig, 1 mmol), triphenylphosphane (120 mg, 
0.46 mmol). palladium(n) acetate (100 mg, 0.41 mmol), and triethylamine 
(2 mL, 14.4 mmol) in acetonitrile (10 mL) was put in a 15 mL pressure tube 
and heated at 150 C for 2.5 11. The resulting dark brown solution was filtered 
through Celite' and concentrated in vaeuo. The product 2 could be separated 
from by-products by gel chromatography (eluent: methanolkhloroform 1 : 1 
or methanol/acetone 4 : l ) .  The blue zone with the highest retention time 
yielded 107 mg (33%)) of 2 as a dark blue-green solid. The yields of several 
experiments varied hctween 8 and 33 %. 


2: M.p. 299-302.5 T; R, = 0.64 (petroleum ethcriEtOAc = I :  1): 'H NMR 
(600 MHz, [DJDMSO): h =11.72 (brs, 1 H, NH). 11.55 (brs, 1 H, NH). 
8.31 (d, J = 9 . 0 H z ,  I H ) ,  7.80 (s, IH) ,  7.31 (d, J = 7 . 9 H z ,  I H ) ,  7.10 (d, 
J = 6.8 Hz, 1 ll),  7.07 (dd, .I =7.9,6.8 Hz, 1 H), 7.02 (d, J =7.9 Hz, 1 H), 6.97 
(dd.J=7.9,7.9Hz,lH),6.93(dd,J=6.8,7.9Hz,lH),2.92(s,3H,N- 
CH,); 13C NMR (150 MHs, [DJDMSO): see Table 1 ,  The assignment of the 
'H and ',C resonances is given in Table 1. 1R (KBr): i = 3422 (NH),  1695 
(C=O), 1684 (C=O), 1442, 1387, 738cm-'; UVjVIS (MeOH): i,,, 
( l g ~ )  = 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 t l ' ] ,  339 (34) [ M + ] ;  HRMS 
(C,,H 1 3 N 3 0 2 ) :  calcd 339.1008; found 339.0996; C,,H I 3N,0,.0.5 H,O: cal- 
cd C 72.41, H 4.05, N 12.06; found C 72.46. H 3.89, N 12.37. 


5,9-Dihydro-furo~3',4';6,7]cyclohepta~2,1-6;5,4,3-c',d~diindole-1,3-dione (20): 
A suspension of 2 (20 mg, 0.06 mmol) in 10% aqueous KOH (30 m L )  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 1.1 M aqueous 
KHSO, (80 mL) the organic layer turned grccn immediately. Concentration 
of the dried (MgS0,) organic phase gave a crude product, which yielded 
15 mg (78%) of 20 as a blue-green solid on gel chromatography (eluent: 
methanol/chloroform = 1 : 1). 'H NMR (600 MHz, [D,]acetone/[D,]- 
D M S O = 9 : 1 ) :  f i= l l . 78  (brs, I H ) ,  11.54 (brs, I H ) ,  8.35 (d, J=7.9H7,. 
lH),7.80(s,lH),7.38(d,.J=8.4H~,1H),7.23(d,J=7.4H~,lH),7.11- 
7.09 (m, 2Hj ,  7.03 (dd, J=7 .9 ,  6.8 Hz, I H), 6.97 (dd, J =7.9, 7.9 Ha, 1 H); 


Table 1. Assignment of the I3C and 'HNMK signals for 2 


p 3  


bC 6C 6 H 


170.99 
170.04 
129.63 
110.55 
122.76 
137.27 
130.44 
112.36 
124.18 
114.03 
127.37 


13X.92 
137.85 
111.49 
123.05 
120.92 
124 36 
226.60 
107.05 
126.60 
23 80 


7.80 
11.55 
7.02 
6.93 
7.10 


11.72 
7.31 
7.07 
6.97 
x.31 
2.92 
- 


"C NMR (150 MHz, [D,]acetone/[D,]DMSO = 9 : l j :  6 =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): 
V = 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 (in). 1263 (m), 1231 
(w), 1169 (m), 1024 (m), 999 (m). 736 (s), 618 (w) cm- ' ;  UV,'VIS (MeOH): 
i,,, (Igc) = 618 nm (2.986), 352 (3.944), 246 (4.167); HRMS (CL,H,,N302). 
caicd 326.0692; found 326.0678. 


Arcyriacyanin A (1): 
Synthesis A:  To a Grignard solution formed from Mg turnings (49 nig. 
2 mmol) and bromoethane (0.15 mL, 2 mmol) in T H F  (1 mL) was added 
dropwise a solution of 2,4'-biindole (5) (232 mg, 1 mmol) in toluene (30 mL) 
Aftcr the mixture had been stirred for 30 min at room tcmpei-ature. 2.3-dihro- 
momaleimide (6 ,  255 mg, 1 mmol) in toluene (20 mL) was added. Thc solu- 
tion was rcfluxed for 2 h, hydrolyLed with ice!water and 20% aqueous citric 
acid (2 mL), 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 YO) of I as a bluc-green 
solid. 
Synthesis B,C: A mixture of hexamethyldisilazane (0.64 mL, 0.3 mmol) and 
dry methanol (10 ILL) was added to the light brown solution of anhydride 20 
(15 mg, 0.05 mmol) in D M F  (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,/acetonc 20: l ) ;  ' H N M R  (400 MHr, 
[DJacetone): d =10.95 (brs, 1 H), 10.72 (brs, 1 H), 9.58 (brs, 1 H), 8.46 (d. 
J = 8 . 5 H ~ , l H ) , 7 . 9 4 ( d , J = 3 H z , I H ) , 7 . 3 1  (d, J = X H z ,  lH).7.11-7.05 
(m, 3 H ) ,  7.00 (dd, J ~7.0, 7.0 Hz. 1 H), 6.93 (dd, J = 8.0. 8.0 Hz. 1 H). 13C 
NMR (100 MHz, [D,]acetone): 6 =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, 113.97, 11 1.83, 108.49; IR (KBr): = 3400 (NH). 3040 car. 
CH),  1750 (C=O).  1685 (C=O),  1600 cm-' (ar. CC). UVjVIS (MeOH): i.,,,, 
(lgc) = 622 (3.13). 360 (4.20), 244 (4.59). 224 nm (4.53); MS (70eV, El,  


HRMS (C,,H, ,N,O,): calcd 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. 


180°C): tnjz (%>)I 325 (100). 254 (14), 253 (9 ) ,  163 (7), 127 (14). 43 (25): 
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Synthesis and Reactivity of [ (y6-Biphenylene)Mn(C0),1 + 


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 
of the product of hydride addition is re- 


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


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


Keywords 
Arbuzov reactions - biphenylene * 


cyclohexa&enyl complexes * man- 


(CO),]' systems. ganese 


Introduction 


Biphenylene (1) is a thermally stable molecule that has been 
known for more than half a century."' 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 0 0 four-membered ring is fairly robust, but 
can be cleaved thermally at high temper- 
atures or by catalytic hydrogena- 
tion.['. '1 Organometallic complexes of 1 


are knowii in which one or both of the phenyl rings are $'-bond- 
ed to ~ h r o m i u m [ ~ , ~ ]  or 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.14' This marked contrast in 
behavior was ascribed to a greater ease of ring slippage from 
116 to q4 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(C0): 
is readily coordinated to biphenylene to afford the thermally 
stable [(@-bipher~ylene)Mn(CO)~]+ (2'). The coordinated 
phenyl ring in 2' is electrophilically activated and undergoes 
facile nucleophilic addition reactions with H, P, and C donors 
at a bridgehead carbon (C-1 1) to afford cyclohexadienyl com- 
plexes 3. 


1 


2 0  


[*I Prof. D.  A. Sweigart, C. A. Dullaghan, Prof. G. B. Carpenter 
Department of Chemistry, Brown University, Providence, R I  02912 (USA) 
Fax: Int. code +(401)863-2594 
e-mail: dwight-sweigart(u4 brown.edu 


Results and Discussion 


The synthesis of [2]BF4 was easily accomplished by a recently 
developed method that is based on the naphthalene substitution 
reaction in Equation (1).16] The key to this synthetic route is 


biphenylene 
[(naphthalene)Mn(CO),IBF, - [(biphenylene)Mn(CO),IBF, (1) 


C H ~ C I I  


the ease with which the naphthalene ligand can slip from 7' to 
q4 bonding as the incoming biphenylene binds to the metal, 
affording a pathway for subsequent loss of the naphthalene and 
q6-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 q4-bonding. In accordance with this conclusion, the 
clectrocheinical reduction of 2' in CH,Cl,/0.10~ Bu4NPF, is 
chemically irreversible at a scan rate of 0.50 Vs-  (E, = 
- 0.66 V relative to El,, = 0.53 V for ferrocene). Manganese 
arene complexes that readily slip to q4-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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A 


Fig. 1 Two v i e w  of 2 - .  Sclected bond lengths [A] CY-CIO 1.497(6), C10- 
C11 1.433(5).C11~C123.514(S).C12 C91.412(6).Mn-Cl 2.227(S). Mn-C2 
2.156(4). Mn-C3 2.150(4), Mn-C4 2.234(4). Mn-  C11 2.197(4). M n - C  10 
2.120 (4). 


that one of the Mn CO vectors points towards thc 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  calculation^.^^' By way or corn- 
parison, [(naphthalene)Cr(CO)J and other polyarene chromi- 
um tricarbonyl complexes have an “eso” structure, with none 
of the Cr-CO groups pointing towards the interior of the 
x-polyarene ligand.[’] An attempt was made to coordinate 
a second Mn(C0); moiety to the uncomplexed phenyl ring 
in 2’, but this proved to be unsuccessful. probably due to 
unfavorable electrostatics and a concomitant rcduction in 
x-donor ability. 


The reaction of2’ 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 userul regi~selcctivity.[’~ In contrast, addition to 2’ occurs 
exclusively at  a substituted (bridgehead) carbon. The nucleo- 
philcs 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 or di- 
methyl phosphonate adducts from reactions with P(OMc), are 
well known with other x-hydrocarbon complexes.”01 The X-ray 
structure of 3 (Nu = H) is shown in Figure 2. I n  this molecule 
the dienyl carbons C l-C2-C 3-C4-C 10 are highly planar and 
the fold angle of the C4-C 10-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 C 9 -C 12. 
Bonds ClO-Cl1  and C l l G C 4  lengthen by more than 0.10A 
and atom C 11 is pulled up and away from thc dienyl plane; 
these changes are reflected in a significant decrease of 5’ in the 
C 10-C 1 1 -C 12 bond anglc. 


The structural changes just noted suggest that a bridgehead 
carbon in 2’ is attacked in preference to an unsubstituted posi- 


0 3  
v (3c14  


FI;: 2.  X-ray structure of 3 (Nu = H) Selected bond lengths [A], C9-CI0 


I502[4) .  M n - C l  2.163(3). Mn C:2 2.I2X(3), Mn-C3 2.117(3), Mn-C4 
2.:!16(3). Mn-CI0  2.274(3). 


1.478(4), cio cii 1.536(4), C I I - C I ~  i.530(4). c 1 2 - c 9  i.390(4). c i i - c 4  


tion because of the relaxation of steric and clcctronic constraints 
inherent in the “cyclobutadiene” ring in biphenylene. This ex- 
planation also accounts for a second unusual aspect of nucleo- 
pliilic 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)- 
WY[n(CO),]’ complex. This follows from the observation that 
coordinated biphenylene is the only arene that reacts with 
PN(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 - l  = 500k 50h1-l 


k ,  
[(biphenylene)Mn(CO),1’ + P(OEt), - -  


h-1  (2) 
[(biphenylene .P(OEt),)Mn(CO),] + 


at 25’C in acetonc. By comparison, K,, for the addition of 
P(nBu), to [(benzene)Mn(CO),]+ a t  25 ’C is only 290M-’, even 
though P(nBu), is a far stronger base than P(OEt), .I1 The 
kinetics of lhe 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, 
kohs = k,[P(OEt),] +k, ,  with k ,  = 2 . 3 ~ ~ ’ s - I  and k - ,  = 
0.0046 s- ’, which gives the same equilibrium constant found 
with the static I R  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),]+ 
(4’). It is not possible to determine this experimentally, because 
nucleophiles attack only unsubstituted positions in manganese 
complexes with simple arencs such asp-xylene. However, a com- 
parison of the reactivity of the unsubstitutedarene carbons in 4’ 
to that of the bridgehead carbons in 2’ is possible. In this way, 
one can obtain a lowcr 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 unstraincd arene complex- 
es) .[”] The comparison to be made is for P(OEt), addition to 2’ 
and to 4+, even though, for thermodynamic reasons, P(OEt), 
docs not add to 4’ ! The basis ror this depends on the well 
documented observationr”, ‘’I that the relative nucleophilic re- 
activity of P donors is independent of the electrophile for a wide 
range of organometallic n-hydrocarbon complexes as well as for 
Iiec 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 lo4. ' .  The rate 
of addition of P(nBu), to 4' in acetone at 25 "C is known["] to 
be 3 5 0 ~ -  ' s- I ,  froin which one calculates that the rate of P(0- 
Et), addition to 4 ' ,  if it were to occur, would be 0 . 0 3 ~ -  s f ' .  
This means that the bridgehead carbons in 2 '- are about 75 times 
more clcctrophilic than are the unsubstituted carbons i n  4' ; 
the differential would be even greater for the substituted car- 
bons in 4'. 


Conclusion 


The bridgehead carbon atoms in [(biphenylene)Mn(CO),]+ are 
extraordinarily 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. EIPLC grade CH,Cl, 
was purchased from Fisher Scientific and was stored under N, over 4 A  
Inolecular 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 preparcd from Mn2C0 ,, [14]. [(~"-naphtIialene)M~i(CO),IBF, 
was prepared as reccntly reported [6]. Activated neutral alumina (Brock- 
mann I, ca. 350 mesh. 58 A) was deactivated by adding H,O to form a 10%. 
w ~ w  mixture. Electrochemical measurements were made as previously de- 
scribed [ I  51. 


1(q6-BiphenyIene)Mn(CO)JBF4 ([2]BF,j: Biphenylene (0.068 g. 0.45 mmol) 
was added to a solution of [(y'-naphthalene)Mn(CO),IBF, (0.152 g, 
0.400 mmol) in CH,CI, (GI. 15 mL) under N,. The mixture was sealed i n  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 ofEt,O 
(ca. 40mL) precipitated the product as a pale yellow powder, which was 
collected by filtration, washed with E t 2 0  and dried in vacuo. Yield 91 YO; 1R 
(CH2CI,): Yc0 [cm-'1 = 2077 ( b ) ,  2022 (s, br); ' H N M R  (CD,CI,): 6 =7.31 
(m, H5."77.8), 6.38 (m, H'.2.3,4). Anal (YO) calcd for CIjH8O,MnBF,: 
C 47.62, H 2.12; found C 47.39, H 2.21. 
A crystal of[Z]BF, suitable for X-ray diffraction was grown by slow diffusion 
of degassed diethyl ether into an  acetone solution at  -20 C. The crystal 
structure of [2]BF4 was determined on a Siemens P 4  diffractometer. Data 
collection was at 25 C with Mo,, 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]BF4: monoclinic space group P2,,n, CI = 9.2187(14), h = 10.6735(10), 
r=15.344(2).&, fl=102.981(10)', V=1471.2(3)A3, Z = 4 ,  ( J ~ ~ ~ ~ ~  = 
1.706 gcm- ', p = 0.954 mm I ,  0 range 2.34-30.00". 232 variables refined 
with 4283 independent reflections to R = 0.0614, wR2 = 0.1362, G O F  = 


0.868. The structure was determined by direct methods and refined on F Z  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 YO greater than that of the ridden atom. The tetrafluoroborate 
anion showed disorder and was modelcd as two rigid tetrahedral groups, each 
with one-half occupancy. The boron atoms were constrained to have equal 
isotropic displacement parameters; thc fluorine atoms were refined with an- 
isotropic displacements. 
Crystallographic data (excluding structure factors) for the structures reported 
in this paper {[ZIBF, and 3 (Nu = H))  have been deposited with the C a n -  
bridgc 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(~~~chemcrys.can~.ac.uk). 


[ (q'-Biphenylene*H)Mn(CO),J (3, N u  = H):  The cyclohexadienyl complcx 3 
with Nu = H was synthesized as follows. Complex [ZIBF, (0.038 g, 0.1 inmol) 
in CH,CI, ( 5  mL) under N, was treated with [Bu,N](BH,CN] (0.040 g, 
0.14 mmol), and the mixture was stirred at  0 'C for 10 mm and then at room 
temperature for a further I0 min. The CH,Cl, was removed in \acuo, and the 
residue taken up in Et,O and chromatographed through a neutral A1,0, 
column with hexanes as  the eluent. Thc product crystallized from a concen- 
trated hexanes solution at -20°C. Yield X I % :  IR (hexiines): PL,, 
[cn- '1  = 2029(s), 1954(~),1936(s):'HNMR(CD,Cl,):6 =7.29(m.Hh.').  
7.13 (m, H5 ,* ) ,  5.57 (t. . I =  4.6 Hz, H2). 5.15 (d. . I =  6.9 Hz, HI) .  5.06 (1, 
J = 6.9 HL, H3) ,  4.09 (d, J =  6.9 Hz, H4), 3.95 (s, H"); Anal ("A) c:~lcd for 
C,,H,O,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 atructure was determined on a Siemens P 4  diffractometer equipped 
with a CCD area detector and controlled by SMART version 4 software. 
Data collection was at  25 'C with Mo,, radiation. Data reduction was carricd 
out by SAINT version4 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 PI. ( I  = 6.6090(2). h = 


10.1280(2). c =10.1570(2)A, 1 = 65.794(1), [I = 82.272(2). 7 =79.741(2)". 
V =  608.77(2)A", % = 2 ,  pcalcd =1.594gcm-', p =1.083mm I ,  0 range 
2.20 23.27', 172 variables refined with 3 5x8 independent rctlections to 
R = 0.0386, wR2 = 0.1047, GOF =1.105. The structure was determined by 
direct methods and refined on F 2  using the programs in the SHELXTL PC 
version 5 package. All hydrogen atoms appeared in a difference map and each 
was placed in an ideal position, riding 011 the atom to which i t  is bonded; each 
was rcfincd with an isotropic temperature factor 20 YO greater than that of the 
ridden atom. 


3 (Nu = Me): [2]BF, (0.038 g, 0.1 mmol) in CH,CI, ( 5  mL) a t  -78 C was 
treated with 1.5 equiv of MeLi (THF) or McMgBr (THF). The mixture w a s  
then warmed to room temperature over 30 miii, and the solvent removed. The 
residue was extracted with hexanes and chromatographed as above to afford 
product in 72% yield. I R  (hexanes): Cc0 [cm '1 = 2020 (s). 1954 (s). 1937 (s); 
'13 NMR (CD,Cl,): 6 =7.18 (m, Hb.')- 7.07 (m. H5.'). 5.49 (t. J = 4.7 Hz, 
HZ),5.I7(d.J=4.7Hz,H'),5.00(t,J=6.5Hz,H')),4.21(d.J=h.4H~. 
H4), 1.14 (s, Me). Anal ("h) calcd for C,,H, , 0 3 M n :  C 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 T H F  solution of pinacolone at - 78 'C. To a stirred suspen- 
sion of [2]BF4 (0.076g, 0.2mmol) in Et,O (10 inL) at -7X'C, LiCH,- 
COCMe, (1.5 equiv) was added dropwise over 2 min. The mixture was 
stirred for 4min and then allowed to warni to room temperature, The 
solvent was removed in viicuo, and the residue extracted with Et,O (4 inL) 
and chromatographed through A1203 with hexanes/Et,O ( 2 :  1. viv)  a s  
the eluent. The product crystallized from a concentrated pentane solution 
at  -20 C. Yield 8 3 % ;  1R (hexanes): G',, [cm '1 = 2022 (a). 1956 ( a ) ,  
1939 (s); ' H N M R  (CD,Cl2): 6 =7.26 (m. H".'), 7.05 (m, H'.'). 5.52 


HL,H'), 5 . 1 6 ( d , J = 4 . 7 H z 7  H 1 ) . 4 . 9 4 ( t . J = 4 . 8 H z .  H').4.94 
8Hz. H4j. 2.65 (d. J = 1 8 H z .  CH,). 2.34 (d, J = l X H z .  CH,), 


1.03 (s, Me). 


3 (Nu = P(O)(OMe),): An excess of P(OMe), was added to [2]BF4 (0.020 g. 
0.053 mmol) in CH,CI, (10 mL). An immediate color change from pale 
ycllow to H deep clear yellow was accompanied by a change in the IR 
spectrum of the solution to CLtl = 2029 (s), 1960 (s, br) cm ~ I. which then 
changed over a period of a few minutes to 2018 (sj, 1946 (s). 1935 (s)cm- ' .  
When this change was complete, the solution was concentrated, and the 
reaction mixture chromatographed through A1,0, with acetone as  the eluent. 
The product obtained was crystallized from pentane!Et,O (5: I .  v/v) 
a t  -20 'C .  Yield 9 2 % ;  IR (CH,CI,): [cm '1 = 2018 (s), 1946 (s), 1935 
(s); ' H N M R  (CD,CI,): 6 =7.36 (ni, H'.'), 7.15 (m. H'.*). 5.39 ( t .  
J = 5.0 H7. H2)+  5.27 (m, HI.')), 4.14 (d,  J =  6.7 HZ. Ha),  3.55 (dd, 
J = 1 0 . 5  Hz, Me) .  Anal(Y~)calcdCorC,,H,,O,PMn: C 51.02. H3.53;found 
c 5 0 . x ~ .  Er 3.55. 


3 (Nu = P(OEt),): An excess of P(OEt), was added to [ZIBF, (0.020 g, 
0.053 mmol) in CH,CI, (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 inL) was added, and the reaction mix- 
ture was placed i n  a refrigerator. Deep yellow needlelike crystals of the BF, 
salt were obtained over a period of 3 d. Yicld 79'%; 1R (CH,Cl,): tc<, 
[cm '1 = 2029 (s), 1960 (s); 'HNMR (CD,CI,): d =7.40 (m, H5.h.7,8), 5.73 
( t .  J =  4.9 Hz, H'). 5 .55 (d , J=  4.5 Hz, HI), 5.47(t,./ = 6.5 Hz, H3),4.14(d,  
J = 6.6 Hz, H4). 4.25 (m, CH,), 1.35 (t. J = 6.8 Hz. Me). 


Kinetic and Thermodynamic Studies: The kinetics of nucleophilic addition of 
P(OEt), to [2]BF, was followed by the stopped-flow technique as described 
previously [ I l l .  The solvent was HPLC grade acetone, and the temperature 
25 C. The reaction was monitored at 390nm with [2]BF, present at 
2 . 0 ~  IO-,M and P(OEt), in pseudo first order excess a t  either 0.015 or 
0 .0075~ .  Standard plots of In(A, - 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 Cco 
region. with the metal present a t  0 . 0 0 5 0 ~  and P(OEt), ;it 0.0075 or 0 . 0 1 5 ~ .  
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An Analytical Study of the Redox Behavior of l,lO-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-S,6-dione (PD) and of its 
N-monomethylated derivative (PDMe') 
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 


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 


Keywords 
catalysis * cobalt 
systems * ruthenium 


cofactors * redox 


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-4S0,r21 dioxygenases like 
the arene dio~ygenases,'~] and oxidases like glycerol 3-phos- 
phate oxidaser4] have found important applications in synthesis. 
The most widely employed class of oxidizing enzymes, however, 
are dehydrogenases like horse-liver alcohol dehydrogenase 
(HLADH) .I5] 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.", 61 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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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 
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 oxidationr7] 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): Is ,  1 .X turnovers h- ; 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[71 because of the electrochemically 
irreversible process. To solve these problems for the efficient 
chemical and electrochemical regeneration of NAD(P)+ , the 
1,l O-phenanthroline-S,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 
transfer from NAD(P)H and lo lower the oxidation 
potential for thc electrocheinical rcgeneration to  
about 0 V vs. Ag/AgCl in order to exclude side reac- 
tions of the substrates at the electrode surface. At 
the same time, the solubility should be enhanced by 
use of charged species, and the formation of insolu- 
ble precipitates by oligomerization of thc reduced 
forms through hydrogen bonds should be avoided 
by blocking the nitrogcn atoms. It was our strategy 
to solve all these problems by coinplcxation of 1 ,lo- 
phenanthroline-S,6-dione (PD) with a transition- 
metal ion["] or by alkylation of thc nitrogens. We 
have shown previously["' that homoleptic complexes of Co". 
Ni", and Cu" with 1 .lO-phenanthroline-S,6-dione do indeed un- 
dergo fast hydride transfers froin NADH. Howevcr, 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 coinplexcs in which four of the 
coordination sites were blocked by onc N,N,N-tris(aminocthy1)- 
amine (tren) or N,N,N,-tris(pyridy1methyl)amine (TPA) ligand. 
In addition, the homolcptic 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- 
terns, identified the active species involved in the process, and 
determined thc number of active P D  ligands in the above-men- 
tioned tris-PD complexes. The following systems were studied 
(Scheme 1): 1) l,lO-phenanthroline-5,6-dionc (PD) as the un-  
coinplexed and unmodified model; 2) I-methyl-1,lO-phenan- 
throlinium-S,6-dione tctrafluoroborate (PDMe'). an alkylated 


homolepticO heteroleptic 


[RuPDd2+ - complex PDMe+ [M(TpA)(pD)12+ c,omp,exes 


Schrmc 1 .  Structures of the specks mxlied 


chargcd derivative of PD, as an alternative to the transition- 
metal complexes; 3) cobalt(I1) trisphenanthroline [Co"(phen)J2 + 


as a typical reversible one-electron model; 4) the homolepiic 
complexes [Co"(PD)J2 + and [Ru"(PD),J2+ ; 5 )  the heteroleptic 
complexes [Co"(TPA)(PD)I2+ and [Ru"(TPA)(PD)]~+. Wc fo- 
cused our investigations on the dctermination of the reduction 
arid oxidation potentials, their p H  dependence, and thc number 
of transferrcd electrons and protons. 


The electrochemical behavior of P D  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.['21 Because enzymatic oxidations 
with NAD(P)+-dependent alcohol dehydrogenases require ba- 
sic aqueous phosphate buffer solutions, we mainly investigated 
thLe systems describcd above in the latter medium without any 
cosolvent present. 


Results 


Abstract in German: Die Syntlzese ,sobvie die chernischen und 
elektroclzemischen Eigenschqftelz hornolqtisc.her und Izeterolepti- 
scher ( Pis (pyri&lmethjl) umin 01s Co figund) Ubergangsmetall- 
kornplexe ( R u  und Co) von l,lO-Plic~nantkrolin-5,6-di~n ( P D )  
urid dessen N-monometh),liertes Derivnt ( PDMe' ) werrien 
heschrieben. Inshesondere wuriie deren Fahigkeit zur Ahstraktion 
von Hjdridioniw untrrsuchf. Fur die elektrochprnlvchen Unter- 
suchungen wurden die C~clovoltan~r?ietric., Mcjlverfuhren mit tier 
rolierenden Scheibenelektrode urid die Spektroe1ekfrochenzie)~~henIie un- 
f r r  Varialion cles pH-  Wertt's eingesetzt . Diese Studien gahen Aufi 
schlu/l iiher die komplexe Elektroclzenzie der beschriebenen E r -  
bindungen, die hesonders rlurch ein vorgelagertes Hydratations- 
gl~ich,geir.icht bertimmt wird. fn .suurem Medium lcunn die el&- 
rroak tive Chinonfbrni der UhergungsnietaNkanzple.~e his zur Hy- 
drochinonform reduziert werden ( z w i  Elektronen pro PD-Ein- 
heit) , wiilu.end in neutralem und hasischem Medium die Reduuk- 
tion auf' der Stufe des iibergang.~~netullstrrhilisierten Serni- 
chinons steken bleiht (ein Elektron pro  PD-Einhc.it) . Dagegen 
wird PDMe+ unter allen Bedingungen his zur Stuje des Hytboihi- 
nons reduziert. Die krhindungen kiinnen auch chemisch reduziert 
werden und sind wirksame Katulysatoren f u r  die indirekte Oxidu- 
tion des Enzjirn-Cofaktnrs N A D  ( P )  H .  Fiir die indirekte aerohetr 
N A D  (P J I-I Oxidation konnten his zu 900 C y c h  pro Stunde fest- 
gestellt wvrden, ein Wert, der von anderen Katul?.rators,vstc.n.len 
hisher nicht erreicht w~urrle. 


Cyclic voltammetric studies: The cyclic voltammograms of the 
PD complexes and of PDMe+ in the potential region be- 
tween -0.4 and +0.4 V are comparable to those of frcc 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 complexcd or 
free PD occurs in all compounds in the potential region of -0.2 


-8.0 
, , , ,v, , . . . . , , , . , , , , , , , 


500 400 300 200 100 0 -100 -200 300 


potential [my 


Fig. 1.  Cyclic vollamrnogi-arns of'[Ru(PD),](CIO,), at pH 2.5 (A) and pH 7.4 ( B )  
211 a scan rate of 1OOinVs-' vs. AgiAgCI reference electrode (working electrode. 
glassy carbon). 







1 ,IO-Phenanthroline-5,6-Dione Derivatives 79-88 


to f0.3 V vs. the AgiAgCl reference clcctrode 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 rcaction 
(C,E,) under total (PDMe') or intermediate (all other com- 
pounds) kinetic control in the more acidic region (Figurc 1,  
curve A) and a more Ncrnstian behavior in the neutral and basic 
region (Figure 1, curve B) with thc 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 voltammograin of 
purely kinetic control (Figure 2, curve A) and a Ncrnstian re- 


6.0 . . . . , . . . , , . . . . I . . . . , . . . . , . . , , , . . . . , . . . . , . , , ,  


50 - 
4 0  - 
3.0 r 


5 2.0 
E 1.0 5 00 


-1.0 


-2.0 


3.0 


4.0 


t V 


500 400 300 200 100 0 -100 -200 300 400 


potential [my 
Fig. 2 .  Cyclic voltainmograms of PDMe' at pH 2.4 (A) and p H  9 0 (€3) at a scan 
rate of 20 mVs-' vs. Ag/AgCl reference electrode (working clcctrode: glassy car- 
bonl. 


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 


potential [mv 
Fig. 3. Cyclic voltammograms ofPDMe' at pH 2.5 and scan rate$ of 100.400, and 
I000 mVsC' vs. Ag/AgCI reference electrode (working electrode. glassy carbon). 


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 2 B (see also simulated 
voltammograms in Figurc 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,,, and corre?ponding oxidative (E,, ,,,) peak potentials ( V )  
;it pH 7.0 and formal potentials (E'  . V )  i n  pH 2.5 and pH 7.0 or pH 8.0 phosphate 
buffer. 


Coinpound 


PD -0.160/- (7.0) - 


[Ru(PD)J(C1Od, -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) 
[Ku(TPA)(PD)](CI), -0.110/-0.040 (7.0) +0.217 (2.5)~-0.015 (7  0) 


ED,,cJ%,, ,x [a1 (PH) E" Ibl (pH) 


PDMe(BF.,) -0.005 [ c ~ ~ + o . o ~ n  (7.0) - 


[a] Peak potentials from cyclic voltammograms at 20 to 101) m V s - '  scan raies. 
[b] Formal potentials taken from spectroelectrochemistry at OTTLE electrodcs 
[c] Half peak potential (for 20 mVsC'). 


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 rcsolved by means of differential pulse voltammetry giv- 
ing redox potentials of E ,  = + 0.009 V and E,  = - 0.086 V at 
pH =7.0. 


Because of the involvement of protons in the redox rcaction, 
all peak potentials are shifted to morc negative potentials with 
increasing pH. The amounts of these shifts were studied between 
pH 2 and pH 9. The reduction of the uncomplexed PD is chcm- 
ically irreversible above pH 3.6. This has been observed bcfore 
by Bruicc ct al."31 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 PDMc', 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, herc 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 slopcs 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)J2+ 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- 


i. 1997 0947-653Y/97/0301-0081 S 15 f>#+ 25'0 81 







FULL PAPER E. Steckhan et al. 


22 


20 


18 


16 


14 


3 I 12: 


1 0 -  


a 8 -  


6 -  


4 -  


2 -  


0 


'Table 2. pH dependence ofcyclic voltaminetric peak potentials. Slopes for separate 
regtonsaregiven in inV per pH unit. with theend point ofthe pH region in brackets; 
the slope for the reoxidation is given for the whole region in mV 


- 
- 
- 
- 
- 


I I I I I I I 1 I I 


Reduction Reoxidation 
Coinpound Region 1 Region 2 Region 3 Whole pH region 


PD -96 (4.0) -29 (8.0) decomp. irreversible 
PDMe(BF4) -93 (4.5) -49 (7.4) -72 (9.0) -50 
[ R u ( P D ) J ( ~ 1 o J ,  - 8 5  (4.2) -30 (6.2) -52 (9.0) -51 
[C'o(TPA)(PD)](BFJ, ~~ 84 (4.3) - 62 (9.0) -62 (9.0) - 52 
[Ru(TPA)(PD)](CI), -90 (4.2) - 14 (6.6) -52 (11.0) ---54 


6 0  


9 -  I 


E 4 0 -  a .  
2 0  


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 influenccd 
by the decomposition of the substrate at these pH values. Mea- 
surements in buffer systems above pH = 9.0 arc not possible for 
most of the complexes; only the heteroleptic ruthenium complex 
[Ru(TPA)(PD)]'+ was stable up to pH 11. 


- 


- 


mL [Ru(PD)J in phosphate buffer 


reoxldation 


im 


E n  
region1 j 


85mV/pH 
: region2 
j 30mVipH 


-rm 
,- a 


i -52mV/pH 


' " " ' " " ~ ' " ' " ' " ~ ' ~ " ' " ~ ' " ' ' ~  
6 7 8 9 


PH 


Fig. 4 pH dependence of the reductive and oxidative peak potentials of 
[Ru(PD),](CIO,), measured by cyclic voltammctry at a scan rate of 100 mVsC' \ I S .  


Ag'AgC1 reference electrode (working elcctrode: 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.['41 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.['21 have shown that protonation or complexation of PD by 
metal ions lcdds to the partial formation of electrochemically 
inactive hydrated PD (PD-H,O). 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 prcequilibrium influences the plateau currents. 
The Levich plot therefore deviates from linearity; the slope de- 
creases and finally at high rotation rates the current becomes 


inldependent of the rotation rate.[151 This preequilibrium should 
a h  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),12 '. 
For the cobalt trisphenanthrolinc 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 
incrcasing rotation rates in accordance with the model discussed 
above. Again, the extrapolation of the curves 10 a rotation rate 
of 0 rpm did not pass through the origin. Typical examples are 
given for [Ru(PD),J2+ 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 
snnaller than for [Ru(PD)J2'. 


The number of transferred electrons could not be determined 
by this experiment because the amount of electroactivc material 
depends on the equilibrium between the hydrated and the non- 
hydrated forms and is therefore unknown. 
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Fig 6 Levich plots of the cathodic plateau currents of PDMe- (5.02 x 
1 0 ~ J m o l  1, ~ I) at  pH 2.5 and pH 7.0 







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 easily be established by exhaustive con- 
trolled potential electrolysis or spectroelectrochemical experi- 
ments within an optically transparent thin-layer electrochemical 
(OTTLE) cell[L91 (see below). 


E.xhaustive 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- 


'Fable 3. Number of transferred electrons during exhaustwe controlled potential 
electrolysi\ at different pH values. 
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dione unit were transferred in all cases, giving a total number of 
six electrons for the homoleptic complexes. At pH 7 or pH 8, 
howcvcr, 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 
qucstionable validity. Similarly, small amounts of precipitates 
formed for [Co(PD),]'+ at pH 8.0. 


Spectroelectrucliemical study in an OTTLE cell: As shown by 
Heineman ct al.,[' 91 spectroelectrochemical studies with an opti- 
cally transparent thin-layer electrode can easily be used to deter- 
mine thc rcdox potentials and thc 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 rcduced 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 
[ R u ( P D ) ~ ] ~ +  in Figures 7A and 7B. The experiments failed for 
PD and PDMe' because the reduced form of PD precipitated 
during the electrochemical conversion within the thin-laycr cell 
while the reduction of PDME above potcntials of - 80 mV vs. 
Ag/AgCI produced a blue solution from which brownish-yellow 
needles crystallized at thc minigrid electrode, and further trans- 
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Fig. 7.  UVlvis spectral changes during the electrochemical reduction of 
[Ru(PD),](CIO,), at an OTTLE at p H  2.2 (A) and at pH 7.0 (B) for 350. 280. 260. 
250,240,23~1.210,150mV(A)and100.50,30,10. - 10.-30.-50, -7O1-100rnV 
(B) vs. Ag:AgCI reference electrode. The arrows in the Figures indicate the direction 
of the change of the spectra during stepwise reduction of the PD complcxes 


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 
(Tablc 4). 


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


Compound Slope at pH 2.5 Slope 31 pH 7.0 


At pH 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 
mctal complexes therefore agrcc very well with those of the 
exhaustive controlled potcntial 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 thc chemical aerobic or indirect 
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electrochcmical regeneration of NAD(P)+ from NAD(P)H in 
enzymatic syntheses, we studied the rate of the aerobic P D  tran- 
sition-metal complex and PDMe+-catalyzed gencration of 
NAD' from NADH (Scheme 2).  We found that our previously 
reported valucs for some of the complcxcs" could actually be 
incrcascd considerably by changing the p H  from 6.0 to pH 8.0 
(T&blc 5 ) .  This is advantageous because most of the enzymatic 


ones obtained by reaction with NADH. Because N A D H  and 
NAD' thcmsclves absorb in the UV/vis region in which the 
reduced P D  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 (Figurc 8A,B) are indeed 


NADH JL Mediator,, A HZOZ 


Scheme 2. Reaction path for the aeroblc NADH oxidation 


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


[a] Turnover number for the PD catalyst per hour 


oxidations catalyzed by alcohol dehydrogenases are favored by 
basic conditions. While a t  pH 6.0 thc rate reaches 55 turnovers 
of the PD-based catalyst per hour, the rate increases to up to 
900 turnovers per hour a t  pH 8.0. The free P D  alone is almost 
totally incffcctivc and in addition the reduced form precipitates 
from the solution. Therefore, we are presenting here the most 
efficient catalysts for the NAD' rcgcncration 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 OJcatalase 
can be substituted by an anode. Within thc test system NADH/ 
mediator/anode, smaller turnover numbers compared with the 
aerobic reoxidation are observed (Table 6). This can be ex- 


Xrhle 6. Turnover frequencies (TN hKLj  for the electrochemical generation of 
NAD' from NADH with PD-based catalysts. 


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 
st able. 


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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Fig 8. UV'vis spectral changes during the chemical reduction of [Ru(PD),]- 
(CIO& by NaBH,CN at pH 2.2 with 0,2,  and 4 min reaction time (A) and pH 7.0 
wi1.h 0. 6, 12. 18. 24, 30. and 36 min reaction time (B). 


identical to those which we obtained at  the same p H  values by 
the spcctroelectrochemical measurements (Figure 7 A,B) . The 
total reduction by NaBH,CN at  p H  2.2 took place at  a consid- 
erably faster rate (4 min) as compared with the reduction at  pH 
7.10 (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 a t  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 P D  
compound and its electrochemically inactive hydrated form, as 
has recently been described by Anson et al. (see Scheme 3).[16] 


The ratc of the establishment or the equilibrium is obviously 
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Table 7 .  IJV/Vls  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(TPA)(PD)I(BPJi 199/222 sh/2X7/340 - 200/222 sh/282/340 - 


200/226/275 - 20Sr’220/272/280 L C o ( ~ h e n ) , l ( B F ~ ~ ~  ~ 


197/253/300/309 19 5:252/302 197/254/290/340 sh 213 260,295,350sh 


200;250sh!296/43 1 195!250sh/294/430 200/21 Osh/265 207,250.’273’2% sh 


“WPD)J(BF,), 


[ R ~ ( ~ D ) J ( ~ l ~ A ~  
300 sh/182{489 352:45.5 


IRuiTPA)(PD)liCI), 200/2451296/350 2nop4s/296mn 200/249 ‘z64/296!352 200,249.’274.292sh:343 


[a] Compare ref. [12]: electrolyses in 0.1 M CF3S0,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 thc 
electrochemical step but also to a certain extent by the pH influ- 
ence on thc 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.,rl 21 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 .  


0 
UO!H O w 0  O W 0  


2,-11/ pH 4.0 - 7.0 \ l H +  pH 7.0 - 9.0 


0 OH HO 0-  


Scheme 4. Electrochemical behavior of 1 ,lO-phenanthroline-5,6-dione transition- 
metal complexes in phosphate buffers of different pH. 


voltammetry by exhaustive controlled potential electrolysis and 
by spectroelectrochemical measurements. Both rncasurements 


yielded thc samc total number of elec- 
H9 P H  trons. Under acidic conditions at DH 


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’. 


~ ~ @ - - & & = y = &  N pH 2.0 - 4.0 .N 
‘.H+’ . I  


pH 4.0 - 8.0 2 e- I 1  H+ I + H20 ’.H+’ . ,  
‘H+’ 


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 mcdium the 
protonation of the semiquinone com- 


plex at the carbonyl 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.[”] 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. 
Howcver, 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- 


85 


Scheme 3. Electrochemical behavior of uncomplexed l.lO-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 proccss. 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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e-1 H+ - 
basic conditions I 


1 H+ acidic conditions 


- .  
HO" "OH HO OH HO' OH 


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"71). 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). 


The rotating disk electrode measurements together with the 
cyclic voltammetric measurements clearly indicated the hydra- 
tion preequilibrium of the P D  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 (Figure 9) with 
DIGISIM software (DigiSim:" 2.0, Bioanalytical Systems) for 
PDMe' a t  p H  2.5 gave as optimum values O . l f O . l  for the 
equilibrium constant between the hydrated and the nonhydrat- 
ed forms and 0.1 5 f 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 p H  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  p H  9.0 result- 
ed in the same equilibrium constant of 0.1 * 0.1 but a more than 
hundredfold higher forward rate constant of about 25 f 5 s-  '. 
The reduction of the nonhydrated form takes place in two steps, 
which are separated by 100 mV ( E ,  = 0.0 V, E, = - 0.1 V ) .  
The simulatcd voltammograms in Figure 9 compare extremely 


well with the measured cyclic voltammograms in 
Figure 2. The results from the rotating disk elec- 


HO OH 0 OH trode may be interpreted in a similar way. At acidic 
p H  the very slow equilibrium is "frozen" by the & + & ~ 


&) rotation rate and leads to a straight line of the 
N\ ,N N;- Levich plot above 100 rpm. At neutral or slightly 


basic p H  the equilibrium is reached faster and there- 


0 0  


, ,  N ,N 


Mn+ $+ \M 6; , I  < ,  


Scheme 6. Comproportionation ofquinonc and hydroquinone complexes to give the protonated fore a deviation from the straight line can be 
semiquinone complex 


current [pA] 


I I I 1 I 1 
4 1  


I I I I I I 


600 400 200 0 - 2w - 4oC 
potential [mV] 


Fig. 9. Digital simulation of the cyclic voltammograms of PDMe' at pH 2.5 (A) 
a n d  pH 9.0 (B) Applied mechanism: A f e  = B,  B + e  = C ;  D = A with 
A = PDMe ' ; B = PDMe' semiquinone; C = PDMe' hydroquinone: D = elec- 
troinactive PDMe' hydrate. For pH 2.4. E, = E, = 250mV and h, = 0.15 sC1, 
K,, = 0.1; for pH 9.0, El = 0 and E, = -100 mV and k, = 25 s - ' ,  K,, = 0 . 1 .  The 


v h e s  were set to 0.5, the heterogeneous standard electron-transfer rate comtant 
was 1 x 102ciiis-i and all diffusion coefficients I x 10- 'ern's- I 
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served. 
Higher turnover frequencies of the P D  catalyst systems dur- 


ing the aerobic generation of NAD+ from NADH at  pH 8.0 as 
compared with p H  6.0 can be effected in two ways. First, the 
faster preequilibrium between the hydrated and nonhydrated 
PI) 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- 
cel:d 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 rcdox 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 
rcacts as a single-electron-transfer reducing agent and not as a 
hydride transfer agent. 


Taking a11 our results into account, the efficient aerobic cata- 
lyiic generation of NAD' from NADH under basic conditions 
cniploying the newly developed transition-metal complexes as 
redox catalysts may be rationalized as shown in Scheme 7.  
H:ydride transfer from N A D H  to the PD transition-metal 
complex leads to the hydroquinone stage. Comproportion 
with the quinone results in the rormation of two semiquinone 
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ent thin-layer electrode (OTTLE) system with a gold 
minigrid working electrode (500 wires/inch) as described 
by Heineman ct al. [19]. UV/vis spectra were recorded 
with a Cary 1 UV/visible spectrophotometer (Varian, 
Palo Alto. California, U. S. A.) and 1R spectra were 
recorded on an FT-IR 1600 spectrometer (Perktn- 
Elmer, Uberlingen, Germany). The NMR spectra were 
obtained on Bruker AC 200 or WH 250 spectrometers. 
FAB-MS spectra were obtained on Concept 1H (Krotos, 
Manchester. UK) with m-nitrobenzylic alcohol as ma- 
trix, whereas the ES-MS spectra wcrc obtained on a HP- 
59987A (Hewlett Packard) with acetonitrile as matrix. 


Chemicals: The buffcr solutions were prepared by titra- 
tion of O.l KH,PO, with Scheme 7. Thraerobiccatalytic generation ofNAD' from NADH under hasicconditions employing the K,HPO, or o,l 


newly developed transition-metal complexes as redox caralysts 


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)J2+, Ru(TPA)(PD)I2', 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 currcntly employing the mediators 
very successfully as catalysts for the cofactor regeneration in 
enzymatic syntheses that use alcohol dehydrogenases.['*I 


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.). Potcntials were measured against 
the Ag/AgCl reference electrode BAS RE-5 (301 NaC1); glassy carbon work- 
ing electrodes (3 mm diameter) as well as Sigraflex* carbon foil electrodes (6 
or 25 cm2) were used for exhaustive controlled potential electrolysis experi- 
ments. For spectroelectrochemical experiments we uscd an optically transpar- 


H,PO, solutions and the pH was adjusted with the aid of 
a pH537 pH meter with glass electrode E56 (WTW). 
l,lO-Phenanthroline-S,h-dione (PD) [20], trispyridyl- 


methylamine (TPA) [21], and the complexes [Ru(CI),(DMSO),] [22], 


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 (0.1 M) and titration under pH 
control with 0.1 M NaOH. 


[Co(phen),l(BF,), [231, [Co(PD),I(BF,), P I ,  and [RL~(PD),I(CIO,), (251 


PDMe(BF,): l,lO-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, (1.5 mmol, 215 mg) in dry 
dichlorornethane (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 mmol) of the desired compound. 'H NMR (250 MHz, 
CD,CN): S = 9.15 (dd, l H , J =  4.3: 2.3 Hz), 9.10(dd, 1 H. J = 7 . 6 ;  1.1 Hz), 
9.02 (dd, 1 H, .I = 6.6: 1.1 Hz). 8.59 (dd, 1 H, J =7.0: 2.3 Hz). 8.18 (dd, 1 H, 
J = 7 . 6 ;  6.6Hz), 7.87 (dd, I H ,  J = 7 . 0 ;  4.3Hz), 4.92 (s, 3H): 13C NMR 
(62.9 MHz, CD,CN): 6 =177.2, 176.1, 155.0, 154.4, 148.0. 145.3, 142.2, 
138.2, 132.8, 131 .O, 128.5, 128.2, 54.2; FAB-MS (nr-NBA), m/: (%) [assign- 
ment]: 277.1 (44) [M+2U - BF,)]', 243.0 (2) [M+H,O - BF,]+, 378.1 (16) 
[M+m-NBA ~ BFJ', 531.1 (1) [M+2m-NBA - BF,]'. The [MI+ peak 
was not detected; only the molecular ion in combination with thc matrix 
could be found; IR (KBr): 1727, 1708, 1571, 1060, 726cm-'; 
C,,H,N,O,BF, (312.03): calcd C 50.04, H 2.91, N 8.98: found C 49.89, H 
3.16, N, 8.84. 


ICo(TPA)(PD)](BF,),: CoCI,-6 H,O (476 mg, 2 mmol) was dissolved in 
deaerated water (10 mL) and TPA (580 mg, 2 mmol) was added. Thc 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- 
toneiether to give 89% (1.33 g, 1.78mmol) of the desired compound. 
'HNMR: (CD,CN, 200 MHz) for [Co(TPA)CI]CI: 6 = 132.8 (s, 3H).  108.9 


(751.12): calcd C 47.97, H 3.49, N 11.19, found C 47.81, H 3.31, N 10.91. 


IRu(TPA)(PD)I(CI),: [Ru(CI),(DMSO),] (100 mg, 0.22 mmol) 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 mmol) 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 acetone/ether to yield the complex in 66% yield (101 mg. 
0.1 5 mmol). The substance is very hygroscopic and has to be stored in vacuo. 
1R (KBr): 1698, 1605, 1560, 1425. 1293. 1015,942, 813,770,722, 563 cm '; 
ES-MS (CH,CN): nz/z = 637.1 [Ru(TPA)(PD)Cl]+ ; C,,H,,N,O,RuCI,. 
10H,O (852.69): calcd C 42.26. H 5.20, N ,  9.86, found: C 42.58. H 4.45, N 
9.91. 


(s, 6H) ,  57.5 (s. 3H), 47.8 ( s ,  3H) ,  -2.0 (s, 3H); C,,H,,N,O,CoB,F,~H,O 
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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 a b  initio intermolecular perturbation theory 
(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. 
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Introduction 


From a survey of intermolecular interactions in crystal struc- 
tures, Murray-Rust et al.“’ 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 - 0  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 oiily in exceptional circumstances.[’] Nevertheless, H- 
bonding involving fluorine as proton acceptor has been postu- 
lated in inhibitor complexes of e l a ~ t a s e , ~ ~ ]  even though, in such 
environments, water molecules must be present as alternative 
proton acceptors. The question has been taken up again by 
Shimoni and G l ~ s k e r . [ ~ ]  From a more extensive study of inter- 
molecular interactions in fluorine-containing organic com- 
pounds they concluded that “in spite qf the high electronegativity 
of’the,fluorinc atom [our italics], a C - F  group competes unfa- 
vorably with a C-O-, C-OH, o r  C = O  group to form a hydro- 
gen bond to an 0 - 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- ‘,I5] 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 Nuture (?#the Chemicrtl 
Bond1‘”] 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 bitluoride 
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: “It is interesting 
that in general fluorine atoms attached to  carbon d o  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 
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-H in X-H . . A ) ,  the relevance ofelectronegativity is 
clear. The grcater 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, H F  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 elcc- 
tronegativity to hydrogen bond acceptor 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 ail 
extremely weak proton acceptor. On the othcr hand, i t  is un- 
deniable that the best H-bond acceptor atoms (oxygen and 
nitrogen) are electronegative. 


In view of these problems, we havc 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),"] 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 complexcs (e.g. of e las ta~e) , [~]  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 a b  initio intermolecu- 
lar perturbation theory (IMPT) .[91 


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 Vcrsion 5.09 of the CSD (April 1995), by using the 
nonbonded search capabilities of the program QUEST3D [lo]. Only inter- 
molecular contacts were considered. 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 includcd (CSD bit screen 28 set to zero-mean- 
ing no metals present--and elements As, Se. Tc also excluded). From data for 
H bonds of the types O - H . . . O = C ,  N - H . . . O = C ,  0 H...N(Ar) , and 
N - H  " .N(Ar)  (O=C = any carbonyl group, N(Ar) = any aromatic nitro- 
gcn xceptor),  histograms of H . . .O and H . . . N H - bond distanccs were 
prepared with the VISTA package [10,11]. The results (Figure 1)  show that 
nearly all of the H bonds havc H . . ' 0  or H ' ' N distances less than 2.2 A. 
Sinct. fluorine has a smaller van der Wads radius than cithcr oxygen o r  
nitrogen (121, i t  might seem reasonable to exclude C F . . . H - X  contacts 
(X = 0. N) a s  possiblc 11 bonds unless the F . . H distance is also leas than 
2.2 A. 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 dcr Waals radii of fluorine and hydrogen lies between 2.5 -2.7 A, depend- 
ing on which literature values are chosen [12,13]. Some authors [I41 consider 
that acceptor. .  'hydrogen contacts much longer than the sum of van dei- 
Waals radii may still be regarded as H bonds. Howevcr, m y  distance criteri- 
on--indeed, any definition of hydrogen bonding is to some extent arbitrary. 
In the present case, we wish to focus on Cilses in which covalently bonded 
fluorine umyuiw)(~u/(I: acts as a H-bond acceptor. hence our choice of a 
distance limit that is significantly shorter than the sum of van der Wads  radii. 
as  fouiid i n  the typical H bonds involving 0 and N acceptors. With thcsc 
gcometric 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 = O ' .  H 0: top right: C=O ... H-N;  bottom left: N(Ar). . H-0 :  bottom 
right: N(Ar ) .  . 1 1 -  N .  Distances along horizontal axis in A. 


ual examples. Short F . . . H X contacts thus found were examined visually 
with the programs SYBYL [15] (Vei-sion 6.1) and PLUTO [lo]. 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 cornpensato- 
ry attractive contacts are present. This means that short H . . . F contacts in 
structures where other strong H bonds arc present are not necessrrvily to be 
interpreted as H bonds. Only where no other strong intermolecular attrac- 
tions are present can such an interpretation he 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 (Octobcr 1994 release) containing the character string 
"fluor" in the compound-name field. 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 8, (X = any protein. cofactor or solvate 
atom) were identified, by using the SYBYL program. These were regarded as 
possible H bonds and examined in more detail. Since hydrogen atoms are 
altntxt never located in protein crystal structure determinations, the analysis 
was necessarily based on X . . . F rather than H . . F distanccs. 


IMPT Calculations: IMPT calculations were used to calculate intermolecular 
interaction energies for various himolecular model systems. The method of 
Hayes and Stone [9] was used. as implemented in Version 4.2 of the program 
CADPAC [Ih], with 6-31G* basis sets taken from the standard CADPAC: 
library. Interaction energies from TMPT are calculated as the sum of fivc 
components. namely, electrostatic (classical Coulombic) energ) (€J. ex- 
chatige repulsion ( E e r ) -  polarization (Ep, , , ) .  charge transfer ( E L , ) ,  and disper- 
sion (E<,>J.  The first two terms are first order, the others second order. An 
important featurc of the CADPAC software is that E,, is frcc of basis bet 
superposition error [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 = 0 or N) 
were found. Out of 5947 C-F bonds (in 1218 crystal structures), 
only 37 (i.e. 0.6 YO) 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=O and N(Ar) groups are 42 and 32%, 
respectively (Table 1). While these simple statistics are affected 


Table 1 .  Numbcrsofshort C-F...H-X.C=O-..H-X,andN(Ar)...H-Xcon- 
tacts (X = 0, 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 
carbony10 (C=O) 42301 1771 8 0.42 
NIAr) Icl 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 lcast 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=O, 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- 
bony1 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 cIoser to a conventional (oxygen 
or nitrogen) acceptor (e.g., AFSAC0,['91 BUXGOQ,"] PIN- 
CUK[431).[501 In these structures, the F ' . . H contacts may 
therefore be regarded as incidental, particularly if the 0 - 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,['81 BUXLOV[231). Although these 
interactions may qualify as possibie 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 - 0  Hydrogen Bonds: There are only two structures in 
our set where the existence of an 0 - H  . . . F hydrogen bond 
seems beyond question. These are CEVGUF and KOVCAZ. In 
CEVGUF (calcium bis[2-fluorobenzoate] dihydrate, space 
group C2/c, 2 = 4),r241 each water molecule is bonded to a 
Ca2+ ion and makes two H bonds, one to a carboxylate 0 
(0-H ' .  ' 0 ,  1.77 A, angle 173"), the other to the ortho-F atom 
(0 - H . . . F, 2.02 A, angle 170 O ; 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 Ca2+, it 
should be a stronger proton donor (acid) than a normal water 


Table 2. Short C F ' ' ' H - 0  and C - F . . . H  - N  contacts in the CSD. 


CSD refcode F [a] H [a] F . .  . H [b] F .  . H X [b] Ref, 


ABDARU 
AFSACO 
AMMFAC 
BARZUP 
BUSSIR 
BUXGOQ 
BUXLOV 
CEVGUF 
CISLOW 
DOLSEC 
FLCTRT 
FLESDL 10 
FOHSOK 
FPBXZL 
HAJLAF 
HASWUK 
HEBZOD 
KETXAI 
KEYXOB 
KEYXUH 
KIKJAP 
KINWlN 
KOVCAZ 
KUMTER 
KUNGIJ 
LEPWOS 
PIBXUT 
PINCUK 
PINCUK 
SETMAF 
SETMAF 
SEZTIA 
SUBXOC 
VELXUF 
VELYAM 
VOYWIP 
YAMSAG 


F 3' 
F 2  
F1 
F31 
F 9  
F I  
F 5  
F l  
F1  
F1 
F1 
F 2  
F 3  
F 2  
F 6  
F8 
F 4  
F I  
F I  
F l  
F 2  
F I  
F1 
F 1  
FI 
F 8  
F 4  
F 5  
F 23 
F 22 
F 24 
F 2  
F 1  
F 1  
F 1  
F I  
F 4  


H3-N 
H 1 4 - 0  
H 4 - N  
H5-N 
H 12-N 
H210 N 
H302-0 
H 1 - 0  
H 3 - 0  
H42-N 
H 7 - 0  
H 2 5 - 0  
H I  0 
H I - N  
H 4 - 0  
H 1 6 - 0  
H4-N 
H 9 - 0  
H26-N 
H26-N 
H1-N 
H5-N 
H I - 0  
H 5 - N  
H 1 - N  
H 3 - 0  
H 1 - 0  
H16-N 
HY-N 
H6-N 
H 2 - N  
H 2 - N  
H 7 - N  
H6-N 
H1-N 
H 2 - N  
H2 N 


2.17 154 [i81 
2.13 150 [191 
2.29 141 P I  
2.23 176 [211 
2.21 167 1221 
2.21 121 [11 


2.02 170 1241 


2.19 130 1261 
2.27 118 1271 
2.09 151 [281 


2.26 157 ~ 3 1  


1.75 95 ~251 


2.25 139 ~ 9 1  
2.24 154 ~301 


2.28 13X ~321 


2.06 165 ~ 4 1  


2.28 158 ~351 


2.27 141 1311 


2.28 127 [331 


2.10 143 [351 


2.29 I39 (361 
2.23 120 [371 
2.02 152 1381 
2.29 266 1391 
2.12 164 1401 
2.29 122 1411 
2.24 158 [421 
2.29 121 "131 
2.30 126 1431 
2.17 123 [441 
2.22 176 [441 
2.09 146 WI 
2.26 156 1461 
2.30 112 W1 
2.27 170 WI 
2.21 147 [481 
2.25 155 [491 


[a] Atoms numbered as in CSD. [b] Distances (A) and angles r) computed from 
normalized H-atom positions [11]; X = 0, N. 


Fig. 2. C-F.. .H-Ointerac- Fig. 3. C-I: ' .  . H ~ 0 interaction in KOV- 
tion in  CEVGUF (calcium 
bis[2-fluorobenzoate] dihy- 
drate) 


CAZ (2-fluoro-l,1,2-triphenylethanol). 


molecule. Thus, the conditions for H bonding to covalently 
bound F are about as favorable as possible. 


In KOVCAZ (2-fluoro-l,l,2-triphenylethanol, P2,/n,  2 = 


4) the molecules are linked into pairs across inversion cen- 
ters by H bonds (0-H . . . F, 2.02 A, 152 "; Figure 3). Brock and 
Duncan r511  have pointed out that, for steric reasons, monoalco- 
hols cannot easily pack in extended periodic structures by 0- 
H .  . . O  interactions involving the usual symmetry operations 
such as translations, glides, and twofold screw rotations. More- 
over, dimer formation through 0 - H  . . ' 0 interaction leads to 
one dangling H atom and one free 0 acceptor. The dimeric 
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structure of KOVCAZ avoids this by forming two O - H . . . F  
bonds instead of a single 0 - H  . . .O one. 


0 - H . .  . F interactions that may qualify as possible H bonds 
occur in three other structures-PIBXUT, FLESDLIO, and 
FOHSOK. In PIBXUT (tmn.s-3,3,4,4-tetrafluoro-2,5-dihy- 
droxy-2,5-bis[trifluoromethyl]tctrahydrofuran, Id2d, Z = 8),L4'1 


the molecules sit on dyad axes. Given the difficulty of attaining 
good H-bonding arrangements for alcohols and the high ratio 
of F to 0 in this molecule, it is not surprising that thc closest 
contacts made by the alcoholic H atoms are to fluorine (0- 
H . . .  F, 2.24 A, 158"). We have here what one might describe as 
a bona fide but forccd 0 - H  ' .  F hydrogen bond. 


FLESDLIO (4-fluoro-estra-l,3,5[10]-triene-3,17~-diol hemi- 
methanolate, P I ,  Z = 2)[281 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. I n  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 0 - H  ' .  F distance 
between O( 17') and F . . . (2.989 A) seems to be rather large for 
this type of hydrogen bond, the diffcrcnce synthesis clearly re- 
veals thc existence of the hydrogen bond." We are not convinced 
that all 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 0 - H  . .  F hydrogen bond. 


FOHSOK (dimethylaminebis[trifluoromethyl]boronic acid, 
P2, /n ,  Z = 4)IZ9] is a borammine derivative containing a very 
polar N -  B bond (several other borammines are mentioned in 
the following discussion). The principal intermolecular interac- 
tion is a N - H . . . O  bond ( H . . . O  1.93 A, N - H . . . O  172") to 
the boronic acid hydroxyl 0, 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 ([lS,2S-x-S]-l -x-carboxy- 
ethyl-3,3-bis[trifluoromethyl]diaziridine, P 3 , ,  Z = 3)[251 as a 
structure with a close 0 - H  ' . F interaction (1.75 A, 95 '!), by 
far the shortest in our collection. On the other hand, the car- 
boxylic acid groups wcrc 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 P 3 ,  
led to a far more plausible packing arrangement, with infinite 
O=C-OH . . . O=C-OH . . . O=C-OH . . 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 chccks 
when the structural data were introduced into the CSD. 


C- F .  . H-N Hj&ogen Bonds: Twelve structures in our sct 
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-r-chlorfluoro- 


Fig. 4. C - F  H - N  Intel-action in SUBXOC ([RS,SR]-ethyl n-3-phthalimi- 
dopropyl-~-chloi-fluoromethyl-/v-methoxyca~-botlylglycinate) 


methyl-N-methoxycarbonylglycinate, Pi, Z = 2; Figure 4) .[4b1 


Here, the molecules are linked into pairs across inversion centers 
by contacts betwecn the amide H of one partner and the F of the 
chlorofluoromethyl group of another, to form a 10-membered 
ring (graph symbol[521 R:(10); N - H  ' .  F, 2.26 A, 156"). It is of 
interest that none of the potential 0 acceptors are involved; a 
rare case where the N- H . . F interaction is preferred to N - 


Three tris( trifluoromethy1)borammine compiexes form an in- 
teircsting series (Figure 5 ) .  In YAMSAG (tris[trifluoromethyl]- 
borammine, Pnn7a, 2 = 4, mirror-symmetric molecules) ,[491 the 


H . . . O  . 


Fig. 5. C F . - . H -  N intcractions in YAMSAG (tris[tritluorometliyl]- 
borammiiic: top left), VELYAM (tris[trifluoromethyl]borethylammine; top right). 
and VELXUF (tris[trifluorometliyl]bordiethyl~imine; bottom) 


two symmetry-rclatcd H atoms of the ammine moiety make 
intermolecular N-H . . F contacts of 2.25 A, 155 . The third H 
(I:ying on the mirror plane) makes two such contacts (2.45 A, 
136"). In VELYAM (tris[trifluoromethyl]borethylammine, P2,  / 
c, 2 = 4),[471 both H atoms of the ammine moiety make inter- 
molecular N - H  . . . F contacts (2.27 & 170"; 2.33 A, 166 ). 
These distances are markedly less than the C-H . . F distances 
(:> 2.70 A).  Finally, in VELXUF (tris[trifluoromethyl]bor- 
diethylamine, Puma, Z = 4, mirror-symmetric molecules),[47] 
the shortest intermolecular N - H  ' .  F contact made by the 
single ammine H atom is 2.30A , 172", compared with the 
shortest C-H . . . F distance of 2.72 A. While uncomplexed 
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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-bis[4-fluorophenyl]boroxazolidine, P2,2,21 , 
Z = 4).L301 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 0 (N - H . . ' 0 ,  1.93 A, 176") 
while the other makes contact with a fluorine ( N - H . . . F  , 
2.24 A, 154"). 


In KUMTER (3-chloro-4-fluoroaniline at 120 K, Phca, 
Z = 8),cJg1 each anilino H atom points towards a possible H- 
bond acceptor: N - H 4 . .  N, 2.29 A, 168 '; N-H 5 .  . . 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).[3s1 111 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& 143"; 2.28 A, 158"). 


In BARZUP (1,5,8-trioxa-2,2-bis[trifluoromethyl]-3-imido- 
4-[l, 1 , l  -trifluoro-2-[trifluoromethyl]ethoxy]-6,6,7,7-tetrakis[tri- 
fluoromethyl]-4-phosphaspiro[3.4]octane, P 7 ,  Z = 2)["] 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, 
P I ,  Z = 1)[401 molecule has six potential H-bond donors, but 
the only good acceptor is the 0 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[52] Ri(10); N - H . .  . F 2.12 A, 
164"). It is interesting that three of the structures studied in this 
analysis share the Ri(10) hydrogen-bonding pattern. 


SETMAF (2-trifluoroacetylamino-5,5-bis[trifluoromethyl]- 
1,3,4-thiadiazolidine, P2,/c, 2 = 12)[441 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& 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 is weak, it is 
better than the other possible interactions. 


The amino group of the cytidine moiety in DOLSEC (5- 
fluoroarabinocytosine, P2,2,2,, 2 = 4)[261 makes two inter- 
molecular contacts through its two H atoms, one to 0 5' of the 
sugar ( N - H . . . O  , l.S8A, 170"), the other to the fluoro sub- 


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 N 3 of the cytidine ring (3.06 A). 


Ammonium Fluoroucetates: Several of the most convincing cx- 
aniplcs 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;[20*531 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 
cc-halogen substituents in aliphatic carboxylic acids.[54] Never- 
theless, the acid ammonium H-atoms in these three salts are 
H-bonded exclusively to carboxylate 0 atoms (Table 3). Only in 


Tablc 3. H bonds in crystal structures of ammonium fluoroacetates 
~ -~ ~ 


Structure [a] NH [b] H X(.&)[C] N H X (  )[c] X Ref 


NHlCF,COO- H I  1.91 
(AMTFAC) H2  1.86 


H 3  1.92 
H 4  1.92 


NHaCF,HCOO- H 2  1.90 
(AMDFAC) H 3  1.80 


H 4  1.85 
HS 1.83 


NH=CFH,COO- H 3  1.79 
( AMMFAC) H 4  2.03 


H 4  2.29 
H 5  1.85 
H 6  2.22 


164 
173 
166 
170 


160 
I74 
159 
172 


168 
143 
141 
163 
131 


0 2  [53] 
0 1  
0 1  
0 2  


0 2  [20] 
01 
0 I 
0 2  


0 2  [XI 
0 2  
F1 
01 
01 


[a] CSD rckode in parentheses. [b] H atoms numhcrcd as in CSD. [c] Distauces 
and angles computed from normalized H-atom positions [ l  I]. X = 0.F. 


the monofluoro salt is there a hint of a 
bifurcated H bond involving carboxy- 
late 0 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 0 atoms rather than to F.[j5] 


F 


Fig. 6. C-F . .  . € I  N in- 
teraction in  AMMFAC 
(ammonium mono- 
fluoroacetate), 


Possible Hydrogen Bonds to Fluorine in Protein- Ligand Com- 
plexes: Fourteen protein -1igand 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-hgand complexes containing carbon fluorine bonds, taken from 
the Protein Data Bank. 


PDR code Description Ref. 


1 APV 


1 APW 


1 BCD 


1 E1.A 


1 ELB 


1 ELC 


2 EST 


4 kST 


7EST 


6GCH 


7CCH 


4GPB 


1 HLD 


1 RDS 


acid proteinase (penicillopepsin) (E. C.3.4.23.20) complexed 
with isovaleryl-Val-val-hydrated difluorostatone-N-methyl- 
amide 


acid proteinase (penicillopepsin) (E. C.3.4.23.20) complexed 
with isovaleryl-Val-Val difluorostatine-N-methylamide 


carbonic anhydrase I1 (E. C 4 2.1 I )  complexed with tri- 
fluoromethanc sulphonamide 


elastase (E. C.3.4.21.36) complexed with trifluoro~icetyl-Lys- 
Pro-p-isopropylanilide 


elastase (E. C.3.4.21.36) complcxcd with trifluoroacetyl-lys- 
Leu-p-isopropylanilide 


elastase (E. C.3.4.21.36) complexed with trilluoroacetyl- 
Phe-p-isopropylanilide 


elastase (E. C.3.4.21.11) complexed with trifluoroacetyl- 
Lys- Ala-p-trifluoromethylphenylanilide 


elastase (E. C.3.4.21.11) complexed with aceryl-Ala-Pro- 
Val-Val-diiluoro-N-phenylethylacct~iniide 


elastase (E. C.3.4.21.11) coinplexed with trifluoroacetyl- 
Leu-Ala-p-trifluoromethylphenylanilidc 


gamma chymotrypsin (E. C.3.4.21 . I )  complexed with 
N-acetyl-Phe-trifluoromethyl ketone 


gamma chymotrypsin (E. C.3 421.1) complexed with 
N-acetyl-Leu-Phe-trifluoroniethyl ketone 


glycogen phosphorylase B (E.  C.2.4.1 .I) (T state) cornplexed 
with 2-fluoro-2-deoxy-~-o-glucose-l -phosphate 


alcohol dehydrogenase (E. C.1.1.1.1) (EE isozyme) 
complexed with nicotinamide adenine dinucleotide, 
2,3,4,5,6-pentafluorobenzyl alcohol, p-bromobenzyl alcohol 
and zinc 


ribonuclease Ms (E. C.3.1.27.3) complexed with 
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 ( 3  6 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 (4EST, 6GCH) 
there is a good possibilitji 
of X - H . . , F  hydrogen 
bonding. 


In 4EST["I (Figure 7 ) -  
the inhibitor has reacted 
with the catalytic serine of 
the enzyme and is there- 


Ser195 


Fig. 7. H bonds in active-site region of fore anionic, One of the 
4EST, the complex between elastasc and 
acet yl-Ala-Pro-Val-Val-diflu~)ro-/V. inhibitor F atoms (FI )  
phen ylethylacetamide. forms a short (2.8 A) con- 


Table 5.  Short contacts between fluorine atoms and posslble H-bond donor atoms 
in protein ligand complexes. 


PDlB code F [a] Possible donor F ' .  . X Remarks 
atom, X (A) [bl - 


1 APV 


1 APW 


1 ELA 


1 ELB 


1 ELC 


2 EST 


4 EST 


1 EST 


6 G C H  


7GCH 


4GPB 


F2 


F2 


F 2  
F3 


F1 


F 3  


F1 
F 3  


F2  
F3 


F1 


1: 3 


1: 11 


F11 
1: 1 3 


F 2  [cl 


OD2(A<p213) 


OD2(Asp213) 


OG(Ser 203) 
OG(Ser 203) 
N(Ser 203) 


OG(Sei 203) 
NE2(His60) 
OG(Ser 203) 
N(Gly201) 


OG(Ser 203) 
OG(Ser 203) 
N(Gly201) 


OG(Ser 195) 
OG(Ser 195) 


NE2(HisS7) 


N(Ser 195) 


NE2(His 57) 


NE2(His57) 
N(Gly193) 


OH(Tyr 573) 


0 E 1 (Glu 672) 


NDZ(Asn284) 


2.9 


3.0 


3.0 
2.9 
3.1 


3.2 
3 3  
3.0 
3.4 


3.3 
2.8 
3.5 


3.3 
3.3 


2.8 


3.1 


2.8 


3.3 
3.3 


3 0  


3.3 


3.3 


uncertain whether OD 2-  
(Asp213) protonated 


uncertain whether O D  2- 
(Asp213) protonated 


0 - H . .  . F angle very small 
(ca. 88") 
uncertain whether OE 1- 
(Glu 672) protonated 


[a] Atom numbering as in PDB. [b] X = 0, N. [c] Inhibitor molecule CFP900. 


tact to NE2(His57) (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 
sitiuation is found in 6GCH.[621 


'The remaining F atoms in category 6 (Table 5 )  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 l i terat~re. '~] A typical example is 
represented by 1 ELAL5*I (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 0 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 (3.1 A) 
contact to the backbone 
N13 of Ser203, but there 
is an even closer contact 
(2.9A) with the back- 
bone carbonyl oxygen of 
Cys 199. The latter con- 
tact cannot possibly be a 
H bond. This shows that. 


Ser Ser 


even in macromolecular 
Fig. 8. H bonds in active-site region or 


structures Of 1 ELA, the complex between elastase and tri- 


1 .t$ A resolution, contact fluoroacetyl-Lys-Pro-p-isopropylanilide. 
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distances of 2.9 8, 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[661 (Table 6) indicate that fluoro and fluoro- 
alkyl substituents are hydrophobic, not hydrophilic like typical 
H-bond acceptors.[671 


Table 6. Some water-octanol B constants [a] 


Substituent n Substituent li 


CF3 0.88 
Me 0.56 
F 0.14 
H 0.00 


OMe -0.02 


CHO -0.65 
S0,Me - 1.63 


NO, -0.2s 


[a] Ref. [66] 


Abraham et al.[6s1 have developed spectroscopic methods for 
measuring the equilibrium 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, p!, which they regard as a 
measure of hydrogen-bond acceptor ability-the bigger fl;, the 
better the base as an acceptor. Some representative bT values are 
given in Table 7. They suggest that fluorobenzene is an extreme- 


Table 7.  Some measured values of the H-bond acceptor index [a]. 


Molecule D? Molecule 


alkanes 0.00 
chlorobenzene 0.09 
lluorobenzene 0 I 0  
benzene 0.14 
nitrobenzene 0.34 


acetonc 0.50 
tetrahydrofuran 0.51 
pyridine 0.62 
diphenylsulfoxide 0.67 


[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: 
Fluorobenzenv . . . H,O, benzene ' . H,O, and benzoquinone . . . 
H,O: One of the few examples of convincing H bonding to 
fluorine occurs in the structure CEVGUF[241 (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,O 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- 


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 .  . I H,O system were kept at the values observed in CEVGUF, 
namely, F . . . H  = 2.04A, F . . . O  = 2.99A, F . . . H - O  =170", 
C - F . . . H  =122", C - F . . . H - 0  torsion = - 3 6 ,  F " ' H - 0 -  
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.[701 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 iluorobenzene . . H 2 0 ,  benzene. . . 
H,O, and benzoquinone ' .  . H,O 


System ES ER PO CT DI Total [a] 


fluorobenzene...H,O -3.67 2.59 -0.35 -0.35 -1.03 -2.80 


benzoquinone ' .  H,O -6.47 4.18 -0.64 -0.63 -1.41 -5.16 
benzene.. . H,O 0.11 0.76 -0.14 -0.09 -0.58 0.06 


[a] ES = iirst-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 kcal mol- '), whereas that of benzene. . . H,O 
is slightly repulsive (0.1 kcal mol- ') .17" The difference is mainly 
due to the first-order electrostatic term; the C-F grouping of 
fluorobenzene has a favorable Coulombic interaction with 
H,O. However, the total energy of fluorobenzene . . H,O is 
only about half as attractive as that of benzoquinone . * . H,O 
( -  5.2 kcalmol-I), showing that the carbonyl 0 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 0, 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 0,[721 presumably 
because both the o and the n 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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E f f k t s  of electron donating substituents: IMPT calculations 
were done on the complexes H,O . 4-fluorophenol and 
HzO . . .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 op 


Table 9. Calculated interaction encrgies of paw-substituted fluorobenrenes with 
H,O. 


System u,, [a] ES ER PO CT DI Total [b] 


fluorobenrene.-H,O 0.00 -3.67 2.59 -0.38 -0.35 -1.03 -2.80 
4-fluorophenol.-.H,O -0.37 -3.80 2.59 -0.35 -036 -1.03 -2.96 
4-fluoroauiIine..-H2O -0.66 -4.09 2.59 -0.38 -0.39 -1.03 -3.29 


[a] Hamiiiett cp constant of atom or group para to fluorine. [b] ES = first-order 
electrostatic interaction, ER = exchange repulsion, PO = polamation. 
CT = charge transfer, DI = dispersion; total energy and all energy components in 
kcal mol ~ I .  


values of H, OH. and NH, .[661 As expected, para substitution 
increases the stability of the C-F . . H - O  “hydrogen bond” by 
0.2 (OH) and 0.5 kcalmol-‘ (NH,), the effect being at  least 
qualitatively dependent on the substituent op 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. 


Efects  qf donor. . . acceptor distunce: We investigated how the 
energies of fluorobenzene . . . H,O and benzoquinone . . . H,O 
vary with donor . .  . acceptor distance (i.e., F . . . H and 0. . H, 
respectively). All other geometrical parameters (bond distances 
and angles, C --F . H-O and C=O . . H-O 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,O. 


~ 


Sqstem r (A) [a] ES ER PO CT D1 Total [h] 


fluorobenzene-.H,O 1.94 -4.39 3.89 -0.46 -0.49 -1.27 -2.73 
fluorobenzcne-.H,O 2.04 -3.67 2.59 -0.35 -0.35 -1.03 -2 80 
fluorobenzene ..H,O 2.14 -3 .11  1.72 -0.27 -0.28 -0.84 -2.75 
benzoquinonc . .H,O 1.94 -7.98 6.17 -0.83 -0.86 -1.78 -5.28 
bcnroquinone-..H,O 2.04 -6.67 4.18 -0.64 -0.63 -1.41 -5.16 
benroqu~none- . .H,O 2.14 -5.64 2.83 -0.50 -0.46 -1.14 -4.91 


[a] H-bond distance. i.e.. distance hetween water H atom and acceptor atom 
[F . . . H for fluorobenzene . . . H,O complexes, (C=)O.. . H for henzo- 
quinone. . .  H,O complexes]. [h] ES = first-order electrostatic interaction, ER = 


exchange repulsion, PO = polarization. CT = charge transfcr, 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,O 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 Wads radius of 0 is larger than that 
of F.[’” 


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 0 - 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 
(PDB). 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, ;I 


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 F.[691 (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.“, 41 Nevertheless, they seem to be a t  vari- 
ance with what one might call the present canonical view of 
hydrogen bonding. Thus, in a recent authoritative review, Bern- 
!stein et al.[731 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 a n  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 ofthe 
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 0 
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 


1997 0947-6.5.?Y/Y7/0301-O0Y68 15 OO+ 25!0 Clicm Eur J 1997. 3. ,Yo I 







Organic Fluorine 89-98 


2 p  electron of F is some 3 eV greater than than of O(2p) and 
some 6 eV greater than that of N(2 p).[741 


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 7c system in the same way as, for 
example, carbonyl oxygen or imine nitrogen. Thus, although F 
is more electronegative than 0 or N, it is normally the latter 
atoms that are assigned the larger, negative partial atomic 
charges in quantum-mechanical calculations on organic inole- 
c ~ l e s . [ ' ~ ]  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 acl 
synergistically, and the saine 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 (low 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.[751 
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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 
well as by NMR spectroscopy and electro- 


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 
bip yridines copper compounds * self- 
assembiy - supramolecular chemistry 


Introduction 


Defined self-assembied architectures are formed through a 
“program” that comprises 1) molecular recognition between 
the individual components, 2) correct orientation of the initial- 
ly 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[31 and circular[41 heli- 
cates,[’s 5 ,  61 and cylindrical cages[’* x] and grids.r91 


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 
Ldboratoire de Chimie Supramoleculaire 
Institut Le Bel, Universitt Louis Pasteur CNRSURA422 
4 ,  rue Blaise Pascal, F-67000 Slrasbourg (FI-ance) 
Fax: Int. code +(S8)4t-l020 
e-mail: lehn@;chimie.u-strasbg.fr 
G. Baum, Prof. Dr. D. Fenske 
Institut fur Anorganische Chemie der Universitat Karlsruhe (Germany) 


molecules. The spontaneous formation of 
1 results from a self-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- 
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.[’l On the other hand, the bispyridyl-pyridazine ligand 
5a[’01 or 5b1”] and Cu’ ions have been shown to yield a square- 
shaped species, 6.[’01 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 Sd with NaH followed by 2 equiv of the 
bisbipyridine nionobromide 3b‘”’ in THF at reflux (65-82% 


\ 


Fig. 1. Crystal structure ofcomplex 1. Top: ball and stick I-eprcsentation; bottom. 
;pace-filling representation (see also colour picture on cover): left. front view; rieht : 
>ide view. 


yield; m.p. 221 ‘C). The diol 5 d  itself was obtained as shown in 
Scheme 1 The bromopyridine 7 was oxidised in 72% yield to 
the corresponding carboxylic acid 8a with CrO,/H,SO,. Ester- 
ification and reduction of the ester 8 b 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 
nBuLi in THF followed by nBu,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 
S c  (25-35% yield). Deprotection gave diol Sd  in 98% yield. 


Abstract in French: Le nouveau Iigand 2 combine des unitls de 
coordination connues pour donner lieu d des processus 
rl’autoassemhlage spicifiyues et difr6rent.v avec des ions Cu’. II 
complexe Cu’ en formant spontankment et prmque quantitative- 
rnent une architecture inorgunique de grunde taille 1 d partir de 
quatre molecules de ligmnd et  douze ions mltalliques. La structure 
I u &ti  ktablie par diffi-action des ruyons X ainsi que par spec- 
tronietrie de R M N  et cle masse. Elk consiste en un macrocycle dc. 
Llimension nanomi.trique ayant un diam8tre rxtirieur de 28 A et 
une cavitc; cenrrale de I I A dr diurnPtre qui contient quatre onions 
PF; uinsi que rles molecules de solvant. La formation de 1 r~;sulte 
d’un processus d’uutoassemhlage suivant un programnw/&di sur 
la conihinaison de deux sous-routines d’assemhlage dont chacune 
est spkcijique d’un des sous-unitis du ligand. Un tel autoussern- 
hluge a douhle ou, plus gknntralement, multiple sous-routine ouiw 
la voie d la gineration d’une grande vuriPtP d’urc1iitrcture.r 
supramolbculuires inorganiques de haute complexit6 par comhi- 
nuison de deux ou de plusieurs processus &assemblage. 


Abstract in Romanian: Nou s i n t e t i z a t u l  l i g a n d  2 c o m b ~ n c i  
i n  s t r u c t u r a  .sii AeuS par: ‘  d j s t i n c t e ,  c u n o s c u l e  p e n t r u  
p r o p r i e t 2 ; i l e  complexante  fii;Z d e  i o n i i  C u i l i .  L i g a n d u l  2 
c o m p l e x e n z Z  cantitativ c a t j o n u l  C u i T )  dSnd n i l s t e r e  u i l e i  


a r h i t e c t u r i  a n o r g a n i c e  d e  marj d i m e n s i u n i  1, f o r m a t 5  d i n  
p a t r u  m o l e c u l e  d e  ligand si d o i s p r e z e c e  c a t i o n i  m e t a - l i c i .  
S t r u c t u r a  1 a f o s t  s t a b i l i t :  p r i n  s p e c t r o s c o p i e  REIN, 


s p e c t r o m e t r i e  d e  masd $i d i f r a c f i a  r a z e i o r  X .  A c e a s t a  


s t r u c t u r d  cons t27  i n t r - u n  m a c r o c i c l u  d e  d i m e n s i u n i  
n a n o m e t r i c e  d e  d i a m e t r u  e x t e r i o r  28A, c a v i t a t e a  c e n t r . s l d  
a v s n d  llA B i  i n c o r p o r s n d  p a t r u  a n i o n i  P F g -  $ i  ca’teva 


m o l e c u l e  de s o l v e n t .  P r o c e s u l  d e  a u t o a s a m b l a r e .  i n  u r m a  


ca‘ruia r e z u l t d  n a n o c i c i u l  1 este  r e a l i z a t  p r i i l  “ e x e c u t a r e a “  
u n u i  p r o g r a m  f o n d a t  p e  c o m b i n a r e a  a doua’ s u b r u t i n r  de 


a s a m b l a r e ,  f i e c a r e  s u b r u t i n 2  f i i n d  s p e c i f i c ;  u n e i  s u b u n i t . l f i  
a l i g a n d u l u i  2 .  A c e s t  n o u  t i p  de a u t o a s a m b l a r e ,  a v z n d  l a  
bazZ “ e x e c u t d r e a ”  u n u i  program m o l e c u l a r  f o r m a t  d i n  dous sail 
m a i  n i u l i e  s u b r u t i n e ,  d e s c h i d e  c a l e a  r e a l i z d r i i  u n e i  
v a r i e t z g i  d e  a r h j t e c t u r i  s u p r a m o l e c u l a r e  d e  m d r e  


c o m p l e x i t a t e .  
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Scheme I .  Synthesis of the diol 5d. 


The complex 1 was obtained by treating a suspension of 2 in 
acetonitrile with 3 equiv of Cu(CH,CN),X (X = ClO,, PF, or 
BF,) at reflux under argon for twelve hours. Alternatively, the 
same complcx 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 live PF, ions, from 
[{CU,,(~),](PF,),]~~ to [{CU, , (~ ) , ) (PF~)~]~+C;  this shows unam- 
biguously the stoichiometry of the complex as being four ligands 
and twelve Cu' ions. 


975.10 


11 99.28 
695.04 


400 600 800 1000 1200 1400 1600 1800 2000 Dafe 


Fig. 2.  Electrospray mass spectrum of the PF; salt of the complex 1 .  The peaks 
correspond to the following compositions: 2097 86, [{Cu,,(Z),)(PF,),]" ; 1535.82. 
[{cu,,(2),)(PFJJ4+ ; 1199.28, [(Cu,d2),W'F,),Is+ ; 975.10, [ ;Cu, , (2) , } (P~~) , lh '  ; 
814.99, [(CU,,(~),}(PF,),~~' ; 695.04. [{CU,,(~),}(PF,),~~'. 


The electronic absorption spectrum (in acetonitrile) shows a 
metal-to-ligand charge transfer (MLCT) band in the visible re- 
gion at 1, = 429 nm (c: = 34000), as expected from literature 
data for related 


The 'H NMR spectrum (500 MHz) (Figure 3) 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.[*. ' 31 The aromatic 
part consists of sixteen peaks, which were all assigned by means 


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. 


Fig 3 'HNMR spectrum (500 MHz) of the PF; salt of the complex 1 111 


CD,CN. 
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Fig 4 ROESY spectrum of the PF; sdlt of the complex I in CD,CN 
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Fig 5 COSY NMR spectrum (500MHz) of the Pk, s d t  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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A 0 


implies a more complex opcration of the two programs. These 
two cases may also be considered respectivcly as the diagonal 
and the off-diagonal elements of a matrix combination of the 
subroutines. 


Crystal structure of complex 1: Crystals of compound 1 were 
grown by diffusion of bcnzene 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 a n  extcrnal 
diameter of 28 A and a central cavity with an I1  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 results, a t  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 schc- 
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 ( + ) a n d  (-) helicity so that the structure i s  an achiral, meso 
form with two planes of symmetry cutting through the middle of 
the pyridazine rings of the central components 5 a. 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 tcrmini of the strands would yicld a 
knotted figure with 12 crossings, that is, a 12-kn0t . [ ’~~ 


The generation of structure B rather than A from ligand 2 and 
Cui 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 
[8{N!yNp7), 4(N:Y)] may thus lead to stronger total binding than 
that of A [4(NPYN9, 8(Nzy)], owing to the presence of four 
coinparatively disfavourable (N:YNP”) sites in the latter. 


Conclusion 


The self-assembly 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. 


z ! )  Complex 1 is an inorganic macrocyclic architecture of nano- 
metric size containing a large internal cavity, which allows 
the inclusion of four PF; anions; 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” 


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 hgand 2 as well as the combination of 
several different components should provide further insight 
into multisubroutine self-assembly and yield a variety of ar- 
chitcctures 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 POLYGRAMK A I O X  
N/UV,,, and Macherey Nagel POLYGRAM“ S I I  NKJV,,,. Aluminium 
oxide used for preparative chromatographic separations was "Aluminium 
oxide 90 standardised (activity II-111) particle size 0.063--0.200 mm (70- 
230 mesh ASTM)” from Merck. 


2-Brnmn-6-pyridinecarbnxytic acid @ a ) :  Compound 7 (1 1 g; 64 mmol) was 
dissolved in conc. H,SO, (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 m l )  afforded 8 a  (9.3 g; 72%) as a pale yellow solid. M,p. 
197°C; ‘HNMR: (200 MHz, [DJDMSO): 6 = 8.1 (dd, 3 J =  6.5 Hz, 
“ J = I . S H z ,  I H ) ,  7.90-7.70 (m, 2H);  ”C NMR (50MHz, [D,]DMSO): 
6 =164.6. 149.2, 141.0. 140.6, 131.4, 124.2; FAB-: 202. 


Ethyl 2-brnmo-6-pyddinecarbnxylate (8b): Acid 8 a  ( 5  g; 24.7 mmol) was dis- 
solved in ethanol (200 mL), and conc. H,SO, (10 mL) was cautiously added. 
The mixture was retluxed overnight and then cooled to O’C and neutralised 
with aqueous sat. NaHCO,. The ethanol was evaporated under reduced 
pressure, and the residual aqueous mixture extracted with CHCI, 
(3 x 100 mL). The organic layers were dried over MgSO,, filtered and evap- 
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orated under reduced pressure to afford the ester 8 h  as a colourless oil 
(5.23 g; 92%). R, = 0.54 (alox, CHCl,/hexane t / t ) .  'HNMR (300 MHz, 
CDC1,):6 = 8.07(dd, 'J= 6.5 H ~ . ~ 5 = 1 . 8  Hz,1H,H5).7.72-7.64(m,2H3 
H3,H4),4,47(quadruplet, ' J=7.1 Hz,2H,CH,CH3),  1.42(t, , J=7.1 Hz, 
3H,  CH,CH,); I3C NMR (50 MHz CDCI,): 6 =164. 149.2, 142.2, 139.2, 
131.7, 124, 62.3, 14,4; FAB': 230.1. 


2-Bromo-6-hydroxymethylpyridine (923): The ester 8b (2.3 g; 10 mmol) was 
dissolved in ethanol (50 mL), and NaBH, (3.5 g) was added. After 1 h 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 2 w  HCI, and the ethanol evaporated under reduced prcssure. 
The residual aqueous solution was extracted with CHCI, (3 x 50 mL). The 
organic phases were dried with MgSO,, filtered and evaporated in vacuo to 
afford the alcohol 9a as a colourless oil (1.71 g; 91 YO). R, = 0.23 (alox, 
CHCI,), 'HNMR (200 MHz, CDCI,): d =7.55 (t, 3J =7.7 Hz, 1 H, H4),  
7.38 (d, ' 1 ~ 7 . 7  Hz, l H ) ,  7.28 (d, ' J=7 .7  Hz. 1 H), 4.74(s, 2H,  CH,OH), 
3.14(b, 1 H, CH,OH); "C NMR (50 MHz, CDCI,): 6 =139.1. 126.7, 119.3, 
64.3; FAB+: 187.9. 


(2-Bromo-6-pyridy1)methyl 2-tetrahydropyranyl ether (9b): The alcohol 9 a 
(1.86 g; 9.9 mmol) in CHCI, (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. CHClJhexane l / l ) ,  'HNMR 
(200 MHz, CDCI,): 6 =7.55 (t, ' J  =7.6 Hz, 1 H, H4), 7.44 (dd, '1 =7.6 Hz, 
4 / = 0 . 5 H z ,  I H ) ,  7.36 (dd. ' J=7.6Hz3 ,.1=0.5Hz, ZH), 4.85 (d, 
'6 = 14.2 Hz, 1 H, CH,OTHP), 4.75 (t, ,./ = 3.2 Hz, 1 H, CH in THP ring), 
4.60 (d, *J = 14.2 Hz, 1 H, CH,OTHP), 3.87 (m, 1 H. OCH,  in THP ring). 
3.56 (m, l H ,  OCH, in THP ring), 2 -1.5 (m, other CH, protons from the 
THP ring), I3C NMR (50 MHz, CDCI,): 6 =160.6, 142.34, 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-pyridyl)methyl 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 (1.6 M, 6 mL) was 
added dropwise, and the mixture turned a pale red. After 1 h a t  -75"C, 
nBu,SnCI (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 ovcr MgSO,, filtered and evaporated 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,/hcxane i l l ) ,  'HNMR (200 MHz, CDCI,): 6 =7.50 (t. '1 = 6.9 Hz. 
1 H, H4), 7.45 (d, ,J= 6.9 Hz, ZH), 7.27 (d, = 6.9 Hz, 1 H), 4.90 (d, 
'5=13.5Hz, 1H,CH20THP) ,4 .8 t  (t. ' J = 3 . 3 H z ,  I H , C H i n T H P r i n g ) ,  
4.66 (d, 'J=13.5 Hz, l H ,  CH,OTHP), 3.95 (m, I H ,  OCH, in THP ring), 
3.58 (m, 1 H, 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, 3J =7.4 Hz, 6H,  SnCH,CH,CH,CH,), 0.87 
(t, ' J  =7.4 Hz, 9H,  SnCH,CH,CH,CH,); I3C NMR (50 MHz. CDCI,): 
6 =173.2, 158.9, 133.6 (s, and d due to "'Sn-"C coupling, C2, 
'Js , -c  = 60Hz), 130.8, 119.5, 98.4, 70.4, 62.2, 30.7, 29.1, 27.3 (s, and d due 
to"9Sn-'3Ccoupling,SnCH,,2J,,~C= XOHz).25.6,19.5, 13.7, 10;FAB+: 
482. 


Di-24etrahydropyranyl ether of 3,6-di(6-hydroxymethyl-2pyridyl)pyridazine 
(5c): 3,6-Dichloropyridazine (60 mg; 0.43 mmol) and tetrakis(tripheny1phos- 
phine)palladium(o) (50 mg; 0.043 mmol) in dry toluenc (10 mL) were added 
to the stannylpyridine 10 (0.5 g; 1.03 mmol) under an Ar atmosphere. The 
reaction mixture was refluxed overnight. Chromatographic workup (alumi- 
na, CH,Cl,/hexane t / l )  afforded compound 5 c  (3rd fraction) as an oil 
(51 mg; 25.6%) that slowly solidified. The compound could be recrystall~sed 
from hexane. M.p. 104 'C. R, = 0.32 (alox. ethyl acetate/hexane 1/4), 
IHNMR (200 MHz, CDCI,): 6 = 8.68 (5, 2H. CH pyridazine), 8.64 (dd, 
'1 =7.5 Hz, ,J = 0.5 Hz, 2H),  7.90 ( t ,  =7.5 Hz, 4J = 0.5 Hz, 2H), 7.59 
(dd, 3 J = 7 . 5 H z , 4 5 = 0 . 5 H z ,  2H),  4.99(d, 'J=13.6Hz, 2H,  CH,OTHP), 
4.85 (t, , J = 3 . 5 ,  2H,  CH in THP ring), 4.76 (d, 'J=13.6Hz, 2H,  
CH,OTHP), 3.96 (m, 2H, OCH, in THP ring), 3.60 (m, 2H,  OCH, in THP 
ring), 2-1.5 (m,otherCH,protons from theTHPring), 13CNMR(50 MHz, 
CDCI,): 6 =158.4, 157.8, 152.3, 137.3, 124.8, 122.0, 119.7, 98.1. 69.5, 61.9, 


30.3. 25.1, 19.0: FAB' : 463.3 Analysis: calcd for C,,H,,N,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 (5 d) : Compound 5 c  (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 x 15 mL). The combined organic layers werc dried over MgSO,. 
filtercd and concentrated in vacuo. After 15 h under 0.05 mmHg of prcssure 
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,CI,/methanol 95,5); 
'HNMR (200 MHz, [DJDMSO): 6 = 8.66 (s. 2H,  pyridazinc C H ) ,  8.51 (d,  
, J=7 .8  Hz, 2H),  8.07 (t. , J=7.8 Hz, 2H. pyridinc H4) ,  7.66 (d, 
'/=7.8Hz,2H),5.59(t,'5=5.6H1,2H,OH),4.71(d,'J=5.6Hz.4H, 
CH,OH); "C NMR (50MHz, [DJDMSO): 6 =162.2, 157.7, 151.6, 138.3, 
124.9, 321.6, 119.2,64.2; FAB': 294; Ana1ysis:calcd forC,,H,,N,OL (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 
3h [t I] (317 mg; 0.687 mmol) in dry T H F  (5 mL) was then added ovcr a 
period of 3 h, and the reaction mixture was refluxed for 48 h. The solvent was 
evaporated, and the solid residue washed CHCI, (3 x 10 mL) and boiling 
CHCI, (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. CHCI,); 'HNMR (300 MHz, CDCI,): 6 = 8.67 (d, 'J = 
7.8Hz, ZH), 8.66 (s, i H ) ,  8.32 (m, 3H), X.19 (d, ,5=7.8Hz,  l H ) ,  7.83 
(t, 'J =7.X Hz, 1 H), 7.81 (t, '5 = 7.8 Hz, 3 H), 7.67 (d. ' J  = 7.8 Hz, 1 H) 7.66 
(t. ,1=7.8Hz, lH) ,  7.57 (d, ' J=7.8Hz,  2H). 7.55 (d. , J = ~ . X H Z ,  l H ) ,  
7 .15(d ,3J=7.8Hz,  t H ) . 4 . 9 3 , 4 . 9 0 ( s , s , 8 H ) , 2 . 6 3 ( s , 3 H . C H , ) ; ~ A B ' :  
1055. 


Complex I :  Typical complexation experiment: Ligand 2 ( 1  1.5 me; 
0.0109 mmol) was suspended in acetonitrile (2 mL) 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 rcflux 
overnight. The solvent was evaporated under reduced pressure. and the solid 
residue suspended in toluene, filtered and dried under reduced pressure 
(lo-' mm Hg, overnight). Complex 1 was thus isolated as a red powder (97% 
yield). ES-MS, NMR and X-ray structural analyses were performcd on this 
sample without furthcr purification. 


X-ray structure of Cu,,[C,,H,,N,,04].4C,H,.10CH,N0,~2CH,0H. 
7H,O: diffractometer and data collection: STOE. IPDS (-70 C), graphitc- 
monochromated Mo,, radiation (1 = 0.71073 A), tetragonal, space group 
P-42,c (no.114). a=31.050(3), c=lS.O88(2)A. V=17439A3, Z = 2 ,  
ii = 0.882mm-', F(000) =7912, p =1.487 Mgm-', 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) [I 51. 40475 measured retlcctions, 
13282 independent [R(int) = 0.0800], 13281 ofwbich 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 F 2  (full-matrix least-squares). 
R1 = 0.0952 (for 8721 reflections with F > 4 o F )  [Rl = 0.132 (all data)] and 
wR2 = 0.2935 (all data), GOOF on FZ = S = 1.068. m a x h i n  residual densi- 
ty: +0.570: - 0.659 e k 3 ,  (R1 = x / / F , l  - ~ ~ ~ ~ / ~ / F o ~ ,  aR2 = [xw(fiz - 
F ~ ) * / ~ I V ~ ] " ~ ,  GOOF = S = { z [w(F:  - Fz)']/(n - p)) I '* ,  where n = no. of 
reflections and p = no. of parameters). Crystallographic data (excluding 
structure factors) for the structure reported in this paper havc 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 Roa 
U K  (Fax: Int. code +(1223)336-033; e-mail: teched 
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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- served. Even for these alkenes, which are proposed radical mechanism. The selec- 
tion of a-methylstyrene, rruns-cyclo- prone to radical reactions, the previously tive hydroxylation of ( -)-2-phenylbutane 
octene, and 1 -vinyl-2,2-diphenylcyclo- established electrophilic concerted mech- by dimethyldioxirane gave only ( - )-2- 
propane gave, under all reaction condi- anism applies, rather than the recently phenylbutan-2-01 with complete retention 
tions employed, the corresponding epox- of configuration and no loss of optical 
ides in high yields. No radical products purity. Thus, a radical-chain oxidation is 


also discounted in the oxygen insertion in- from allylic oxidation, from translcis iso- 
to hydrocarbon C-H bonds for dioxi- merization, or from cyclopropylcarbinyl 
ranes. rearrangement (radical clock) were ob- 


Keywords 
dioxiranes epoxidations insertions - 
oxenoids - radicals 


Introduction 


Dioxiranes,"' especially the isolated dimethyldioxirane 
(DMD)[21 in acetone solution, are well-established as useful ox- 
idants for a variety of oxyfunctionalizations of organic and 
organometal1icr3] 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 epoxide~,[~I  which could hitherto not be prepared. Intensive 
studies have been directed to elucidate the reaction mechanism 
of the D M D  epoxidation, and the overwhelming experimental 
evidence", '1 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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I : O < x O  1' - 2 + Me, c.0 


Me' 
Me Me 


spiro transition state 
Me:.$ Me 0 +>r: .- // 


diradical adduct -I. 
Scheme 1 .  Conccrted versus stepwise diradical cpoxidation by dioxiraiies 


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 aI.['] 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.", 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 
z-methylstyrene (1 a) was first studied under a variety of condi- 
tions. The strained trans-cyclooctene (1 b)['O1 was chosen as a 
second substrate, since, if radical intermediates were formed, it 
would be expected to undergo trans-to-cis isomerization on 
epoxidation with DMD. The structurally related 1,l-diphenyl- 
2-vinylcyclopropane (1c)[l2I was also chosen as a probe for a 
radical mechanism-should radicals be involved, the classical 
cyclopropylcarbinyl rearrangement should be observed.[' 31 The 
results are summarized in Table 1 .  


Table 1. Epoxidation of substrates 1 a-c with dimethyldioxiranc. 


Ph k ' V P h  


l a  tb l c  


Entry SM Solvent T/"C t/h Conv./% [a] 
~~ ~ ~ ~ 


1 l a  acetone 20 1 .0 96 
1 1 a acetone/N, [b] 20 0.6 88 
3 l a  acetone 56 0.3 85 [cl 
4 l a  acetone ~ 7x 12 >Y5 
S l a  CCI, [d] - 20 9 > 95 
6 1 a acetoneiCBrCI, [el 0 12 >Y5 
7 l h  acetone 20 t u . 1  >95 
8 I C  acetone 20 1.0 > 9 5  


[a] Based on dioxirane initial concentration and determined by 'H NMR and,'or 
GCIMS analysis of' the crude reaction mixtures (error l i m i t i S %  of Ihc statcd 
values); mass bakmccs >90% and yields >95%. [b] Solvent and reaction solutions 
were purged with dry nitrogen gas. [c] Epoxide and 2-phenylpropane-1.2-diol were 
obtained in a 90: 10 ratio. [d] DMD was used as 0.0X M solution in CCI,, which was 
also ca 0.1 M in acetone; ref: [ I l l .  [el CBrCI, 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. 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 k 0 . 0 4 ~ -  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 . 9 7 + 0 . 0 4 ~ - ' 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,[l4I was not observed. Even in N,-purged solvent[71 at 
20 "C, a smooth decrease of dioxirane concentration with time 
was recorded with a second-order constant k, = 1.12$ 
0.061~1-l s - l ,  which is equal, within experimental error, to the 
value obtained when the reaction was carried out under air (see 


above). Clearly, under normal conditions, the a-methylstyrene 
epoxidation is much faster than DMD radical decomposi- 
t i ~ n [ ' ~ ]  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.('] could not be 
reproduced in our laboratories. Instead, the oxidation of z- 
methylstyrene (1 a) gave exclusively the corresponding epoxide; 
the reportedC7l products 2-phenylpropanal (51 %) , 2-phenyl- 
propenol(6%), and 2-phenylpropenal(5 O h )  were not detected. 
Moreover, deliberate attempts to induce the described radical 
processr7. 91 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 9'0 epoxide) could be detected by 
performing the reaction at low temperature (-78 "C; Table 1, 
entry 41, in CCI, as cosolvent (Table 1, entry 5 ) ,  or by adding 
CBrCI, (Table 1 ,  entry 6), which should be the reagent of 
choice["] to propagate a radical pathway. 


The oxidation of trans-cyclooctene (1 b) was rapid and led 
stereoselectively to the tvan.s-epoxide['O1 (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 /vans-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 1 b (9.8 kcalmol-I) as well as for the product 
(4.2 kcalmol- ')[''I, trunslcis 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 ktraas/kcis = 100 & 14, a ratio 
which is essentially the same as reported for mCPBA (k,,,,,/ 
kcis = 1 12).r101 Unusually for the epoxidation of alkenes with 
DMD,['I 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 but the comparatively easy access-relative 
to that in standard trans olefins-to the slightly pyramidalized 
double bond of the fairly rigid truns-cyclooctene skeleton also 
plays a significant role in reversing the ctisltrans 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 c, is an ultrafast 
radical clock by way of its cyclopropyl ring opening['3] (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['hl of model experiments on the (2,2- 
dipheny1)cyclopropylmethyl radical (k,,,,, = 5 x 10" s -  *), the 
radical derived from addition of dioxirane to alkene l c  should 
rearrange irreversibly at a rate of k >  lo'* s-' (Scheme 2) .  


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.[' -41 


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,['41 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)['4] to give hydroxylated products. 
Using 2-cyclopropylpropane as a radical probe (in acetone, un- 
der air), Ingold et al.['71 also rejected a hydroxylation mecha- 
nism involving out-of-cage, freerts1 radicals, because of the ab- 
sence of oxygenated products derived from cyclopropylcarbinyl 
radical rearrangement; however, this radical clock is rather 
slow (IO7-1O8 s-') to compete effectively with the in-cage col- 
lapse of the radical pair (oxygen rebound). One of the fastest 
radical clocks ( 2  10" s - ') 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(trifluoromethy1)- 
dioxirane (TFD) proceeds with 100 % retention.['g1 Therefore, 
it was essential to apply this ultrafast radical clock for CH 
insertions by DMD. Instead of optical rotation measurements 
(used for TFD[I9]), 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 


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.  Enantloselective oxidation of (R)-2-phenylbutane by DMD 


~ ~ ~ ~~~~ 


Entry DMD/equiv [a] T/"C t/h Conv./% [b] ee(2) i% [c] ee(3)/%0 


1 7 X 60 58 70.9 71.0 [d] 
2 10 25 40 85 61.6 62.2 [el 


[a] Relative to ( R ) - 2 ;  DMD added over 10 min. [b] Determined by GC [DB 1 
column, 30mx0.53min, 1.5mm i.d.; Tprog.:  100°C (OSmin), 100 to 280°C 
(10 "Cmin-')I 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-/3-cyclodextr1n, 0.20-0.25 mm film, 25 m x 
0.25 mm id. ,  FlD detector, He c.g.) and peak fitting analysis (corr. coeff. 0.999), 
standardized versus racemic alkane 2. (d] Determined (+2%)  by 'HNMR spec- 
troscopy (500 or 400 MHz, CDCI,) using (+)-Eu(hfc),. [el As determined by chiral 
GC analysis [permethylated 8-cyclodextrin, 30 m x 0.25 mm;  T prog.: 50°C 
(3.0min), 50 to 95°C (5.0"Cmin-')]. 


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 (kCH), their stereoretained collapse 
(koH) must be faster than diffusion out of the cage (kdiff) as well 
as tumbling or in-cage rotation (k,,,), competitive processes[zo] 
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 
fvee["] radicals or even in-cage rotationally randomizing radi- 
cals are certainly not involved in the CH oxygen insertion by 
DMD! 


kconc I (S) radical ~ pair ( R y  pair 


(R)+(S) radical pair 
kdiff 


chain - - ~ ~ - - [R, S)-3 
Me 


Scheme 3. DMD oxidation of optically 
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.)[I4]- 
both dioxirane epoxidations and alkane hydroxylations d o  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 fasr- 
rollupsing 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: Roiling points and mclting points were not corrected. The 
' H  NMR spectra were recorded on a Bruker AC200 o r  AM 500 instrument. 
The ' H N M R  were referenced to thc residual isotopic impurity CHCI, 
(6 =7.26) of the solvent CDCI, and/or to TMS. Mass spectra were run 
employing a Hewlett-Packard Model 5970 mass selective detector (El. 70 eV) 
connected to a Model 5890 gas chromalograph. Thc GC analyscs were per- 
formed on a Perkin-Elmer Modcl 3800 chromatograph, equipped with a 
Epson Model FX850 data station, by using a DB 1 column [30 m x 0.53 mm, 
l .Sinmi.d. ,  Tprog. 100'C(0.5min). 100to280"C, 10"CminC']oranSE30 
capillary column (30 m x 0.25 km i.d.). Optical rotations were measured by 
ernploying a Perkin-Elmer Model 241 MC spectropolarinicter. Chiral higll- 
re~olution gas-liquid chromatography (HRGC) was performed on a 
Megadex-5 column (30% 2,3-dimethyl-6-pcntyl-~-cyclodextrin. 0.20- 
0.25 mrn film, 25 in x 0.25 mm i d . .  FID detector, He c.g.) and a permethylat- 
ed /I-cyclodextrin column by using a Fisions lnstruments HRGC Mega Sc- 
ries 2 8560 with peak-fitting analysis ( r2  = 0.999). Other equipment and ana- 
lytical methods have heen 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. CUI-ox triplc 
salt 2 KHS05.KHSO;K,S0, (a gift from Peroxid-Chemie, Pullach. Ger- 
many) was the source of potassium perovymonosulfate employed In the 
synthesis of the dioxii-anes. Solutions of 0.08 - 0 . 1 6 ~  diinethyldioxirane in 
acetonc were obtained by adopting procedures, equipment. and prccautions 
that have been already described in detail [ 2 ] .  High-purity commercial 
(Aldrich) a-methylstyrene (1 a) was further purified by distillation. Starting 
materials trans-cyclooctene (1 b) [lo]. and 1 -vinyl-2,2-diphenylcyclopropane 
( lc )  [I21 wcre obtained by following known literature procedurcs; their phyq- 
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, [zID = - 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- 15  mL) and 1.0- 1 . I  equiv of 
dimethyldioxirane (0.05 0 . 1 0 ~  solution in acetone) was rapidly addcd at the 
given temperature (Table 1).  The reaction solution was monitored by GC or 
GCiMS and stirred until the peroxide test (Klktarch paper) indicated that 
the dioxirane had been consumed. The solvent was removed in vacuo (20 C. 
20 -100 Torr) to afford the known corresponding epoxides in high purity; 
these possessed physical constants and '13 NMR spectra in good agreemcnt 
with the reported oms [24,10]. In  the cpoxidation of l a .  the corresponding 
epoxidc was in somc instances accompanied by minor amounts of its hydrol- 
ysis product, namely, 2-phenylpropane-l ,?-did (GC:MS, ' H N M R ) .  


1-(2,2-diphenylcyclopropyl)-1,2-epoxyethane was obtained as a colorless oil of 
an inseparable 50:50 diastereomeric mixture: 'H NMR (200 MHz, CDCI,): 
6 =2.40-1.66 (in, 3H) ,  2.35-2.58 (m, I H ) ,  2.65-2.79 (m, 2 H ) ,  7.15 -7.53 
(m. IOH, Ar); NMR (50 MHr,  CDCI,): b =17.3 (t). 18.7 (1). 27.2 (d), 


27.6 (d). 34.7 (sj, 35.9(s), 47.4(t), 47.6 (t). 52.8 (d), 53.3 (d), 126.1 (d). 126.1 
(d), 126.9 (dj. 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 (sj ,  141 2 (s), 145.8 (s). 146.0 (s): IR (CCI,): 


1070, 1025, 1000. 950, 810 cm- ' ;  C, ,H, ,O (236.3): calcdC 86.41; H 6.82: 0 
6.77: found C 86.13; H 7.24. 


Hydroxylation of (R)-( -)-2-phenylbutane by dimethyldioxirane: To a solution 
of (R)-(-)-2-phenylbutanc [(R)-2] with an  ec 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 
(0.091 M, 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 thc 
reaction was monitored by GC and GC/MS analyses. After removal of the 
solvent in VHCLIO, 'H NMR spectroscopy (500 MHr,  CDCI,) with (+ j-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 'XJ 
optically pu1-e ( R ) - 2  yielded the alcohol (5)-3 with an  c'e value of 62.2%. as 
dctermined by chiral GC analysis ( + 2  %) on a pel-mcthylatcd jl-cyclodextrin 
column. The physical coilstants and spectral data of is)-( - )-2-phenylbutan- 
2-01 [ (S)-3]  [2S] isolated from the reaction mixture by column flash chro- 
matography (silica gel, Et,O/petroleum ethcr 1 :9) were in full agreement with 
those reportcd 1191, 


Kinetic Measurements: Runs were performed by following the decay of the 
dioxirane concentration (by iodornetry) with time, according to the reportcd 
procedure [I f.141. All experiments were carried out undei- air (or under a h z  
hlanket) undei- second-order conditions, with the dioxirane and alkene initiCil 
conccntraiions kept in rher;inge(4--6)x IO-'u,anddiffering by8-20'X.At 
zero time, an aliquot (0.5-1.0 niL) of a therinostated dioxirane solution in 
acetonc was added to 10 ~ 20 mL of a solution (also thermostatcd) of 1- 


rnethylstyrenc (1  a) in the same solvent; aliquots (20-50 pL) of the reaction 
solution were withdrawn periodically and quenched with excess K1:EtOI-I. 
The liberated I, concentration was determined by iodometry. In runs per- 
formed by iollowing thc decay of a-methylstyrene substrate by GC. Freon 
,2112 was also prescnt as an internal standard in the reaction mixtures. At 
regular rime intervals, aliquots (5-10 pL) were withdrawn and trcated with 
0.1 m L  of' ca. 0 . 1 5 ~  nBu,S in CH,CI,. The substratc concentration was 
deierniined from a previously prepared calibration curve. Linear In[(a - .u) 
( h  - .r)] versus time plots wcre obtained to over 80% reaction, with 
r'z0.999; from these data the k ,  ( M - ~ S - ' )  values were calculated. In each 
case. at least two independent runs were performed and the k ,  values avcr- 
aged (estimated error 5 +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 
stable duplexes with the natural DNA and 
RNA. Triple-helix formation has also 


been observed. These hybridisation char- 
acteristics are highly dependcnt 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 M NaCI, a homopurine 
HNA dodecamer gives a ATm of + 1.3 'C i  
base pair with DNA as complement and a 
ATm of +3.O0C/base pair with RNA as 
complement. These oligomers may there- 
fore be of considerable interest as anti- 
sense constructs. 


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'-deoxyg~anosine.[~~ 3) Alkynyl derivatives of 
regular and modified basesL4) and tricyclic 2'-deoxycytidine ana- 
l o g u e ~ [ ~ ]  also show these favourable properties. 


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) .[6i However, the most important backbone- 
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modified compounds incorporate altered internucleotide link- 
ages, leading to stabilised duplexes, such as the thioformacetal 
group 3'-S-CH,-0-CH,-4,r71 the methylene(methy1imino) 
backbone 3'-CH,-N(CH,)-O-CH,-4',[R1 the methylene amide 
spacer 3'-CH,-CO-NH-CH,-4"91 and the N 3' -+ P 5' phospho- 
ramidates." '1 Similar results have been found for other sugar 
modifications (e.g. 2'-O-methylribonu~leosides,~' carbocyclic 
nucleosides,[' *I cc-nucleosides[' 31). 


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.['4i 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~'sl and the 
polyamide-linked acyclic nucleic acids (peptide nucleic acids 
or PNAs) .[161 Structural alterations of this type that have 
been integrated into oligonucleotides have been reviewed re- 
cently.[''] 


In principle, an increase in the Tm 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 betwecn 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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H O L O ,  


(1) 2.3-dideoxy- P-D-erytbro- (2) 2.4-dideoxy- (Ii-D-erythro- (3) 3,4-dideoxy- p-D-erythro- 
hexopyranosyl nucleosides hexopyranosyl nucleosides hexopyranosyl nucleosides 


2,3-dideoxyhexopyranosyl 
oligomers 


<* 
furanosyl 


nucleic acids 


A detailed study of oligonucleotides built up from monomeric 
pyranose nucleosides has been undertaken by the group of A. 
Eschenmoserr’8-201 and by Wh’ ile the former 
laboratory is investigating 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.[”. 241 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.[”- 221 The pyranose-like 
oligonucleotides that we have studied have been based on nu- 
cleosides 1, 2 or 3 (Figure 1). Studies on pyranose DNA[’*] 
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 Therefore, we assume that the ide- 
alised conformation of a 1’,5’-anhydrohexitol oligonucleotide 
should be linear in analogy with homo-DNA (Figure I) ,  in 
which the bases adopt an equatorial conformation.[’g1 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- 


? 


1,5-anhydrohexitol 
oligomers 


Fig. 1 .  Structural formulae o f  some pyra- 
nose nucleosides incorporated in oligonu- 
cleotides and of pyranosyl, furanosyl and 
hexitol nucleic acids. 


strated that internucleotide linkages that are conformationally 
too rigid give a drop in duplex stability.[261 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-a11hydro-2-(adenin-9-yl)-2,3-dideoxy-o-urahino-h~xItol A* 


1.5-anhydro-2,3-dideoxy-2-(thyrnin-l -yl)-D-orahino-hexitol T* 


1,5-anhydro-2,3-dideoxy-2-(guanin-9-yl)-~-~ru~~no-hexitol G* 


which were used to prepare the nucleotide building blocks 4a-c, 
have been described previously (Figure 2) .1271 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 


The benzylidene moiety of compounds 5b,c was re- 
moved with 80 % acetic acid yielding 6 b,c. The primary hydrox- 
yl function of the 1’,5’-anhydrohexitol nucleosides 6 a,b,c was 
protected with a 4,4’-dimethoxytrityl group to afford 7 a,b,c. 
Conversion to their phosphoramidites 4 a,b,c afforded building 
blocks suitable for incorporation into an oligonucleotide using 
standard methods for DNA synthesis on a solid support.[291 
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).1301 
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F I ~ .  2. Phosphorarnidite building blocks used for the synthesis ofthe 1'3-anhydro- 
hexitol oligonucleotides 


l i  
RovB 


OH 


6 a,b,c R = H  


ii 


7 a,b,c R = DMTr 


OR 


9 a,b R = 
C-CHZCH~CONH*CPG 
I/ 
0 


Fig. 1. Synthesis of the 1',5'-anhydrohexitol nucleoside building blocks for DNA 
qynthesis [a .  B = thymin-1-yl, b: B = Nb-benaoyladenin-9-yl, c:  B = Nz-isobu- 
tyrylguanin-9-ylI. Yields: see Experimental Section. i) 80% HOAc; ii) di- 
mcthoxytrityl chloride, pyridine; iii) N,N-di-isopropylethylamine, 2-cyano-N,N-di- 
iaopropylchlorophosphoramidite. CH,CI,; 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 T, 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 ~iiechanism.'~'~ 321 Fit- 
ting of a theoretical melting curve to the data resulted in the T, 
values as indicated in Table 1. 


Table 1. Melting points ( 'C) observcd at 260 nm for oligonucleotides with a single 
anhydrohexitol nucleoside (A*, 'T*) incorporated (measured at 4pM in 0.1 M NaCI. 
2 0 m ~  KH,PO,. pH 7.5, 0.1 mM EDTA). 


(dT),X(dT), 
(dA),Y(dA), 


Y x: G C A T 
~~ ~~ ~ 


20.0 17.9 18.5 34 0 
20.2 17.1 17.7 32.1 


x Y G  C T A 


T 21.0 20.7 21.3 34.0 
T* 15.1 15.2 18.3 28.7 


From Table 1 it is clear that incorporation of A* into an 
oligodeoxyadenylate gives nearly identical T, 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 obscrvations that a dA# .dG [dA# : 
9-(2,4-dideoxy-~-~-rr~~thr~-hexopyranosyl)adenine] "base pair" 
mismatch is more stable than the dA# .T  [dA' : 9-(2,4-dideoxy- 
~~-~-~rythro-hexopyranosyI)adenine] base pair,[231 there is no al- 
teration in base pairing stability of the 1',5'-anhydrohexitol nu- 
cleosides in a oligodeoxyadcnylate -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 nni after mixing eqtiimolar amounts 
of oligonucleotides containing only anhydrohexitol nucleosides (A*.T*) measured 
in the following buffers. A: 1 M N ~ C I ,  1 0 0 m ~  MgCI,, 6 0 m ~  Nacacodylate. pH 7.0: 
B: 0.1 M NaCI, 10mM MgCl,. lOmM Na cacodylate, pH 7.0; C: 0.1 M NaCI. 0.1 mM 
EDTA, 0 . 0 2 ~  KH,PO,, pH 7.5; D: 10mu MgCI, added to buffer C. Concentrarion 
of oligonucleotides: 4 p ~  of each single-strand oligomer (except for oligo- 
(T*),,.oligo(A*),,. 1 2 p ~  each). 


oligo(T) I , .oligo(dA), 50 42 34 41 
oligo(T), ,.oligo(A*), 30 15 21 17 


58 56 
71 


oligo(T*), ,. oligo(A*), , x1 82 76 80 


oligo(A*),, .oligo(A*),, N D  


oligo(T*),;oligo(dA),, 45 [a1 60 45 [bl 39 


~ ~ oligo(T*),, . oligo(T*), , 4s  ND kl 
~ ~ 


[a] The T, measured is the T, of (T*),;(T*),,. [b] The T, measured at 284 nm 
shows a transition at 45 'C,  possibly indicating triple-helix formation. [c] ND: not 
determined. 


determined in a series of buffers. When equimolar amounts of 
oligo(T*),, and oligo(A*),, were mixed in a 6 0 m ~  sodium ca- 
codylate buffer (pH 7 , l  M NaCl, 100mM MgCI,; buffer A), very 
stable duplexes with a helix-coil transition temperature of 81 "C 
and an hypochromicity of 19 YO (at 1.2 p~ single strand concen- 
tration) were obtained. This tendency of pyranosyl-like oligonu- 
cleotides to form stable complexes was demonstrated before 
with homo-DNA.[201 A transition temperature of 45 "C and a 
hypochromicity of 30 YO 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(ol-thymidylate) sequences, but not with oligo(p-thymidyl- 
ate).[331 In order to confirm duplex formation, the T, valucs at 
different oligonucleotide conccntrations in the aforementioned 
high-salt buffer were determined. The plot of T, values versus 
oligomer concentration demonstrates that the T,, values in- 
crease linearly with increasing concentration (data not shown). 
These results are indicative for the intermolecular complex for- 
mation between oligo(T*),, strands,[341 which is in contrast to 
the rcsults found for oligo(a-thymidylate). The T,, 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 4A). It is not 


0.375 ' , I 
10 20 30 40 50 60 70 80 90 


Temp. PC] 


I 1 


0.45 ' ' ' ' , , I  


5 15 25 35 45 55 65 75 85 95 


Temp. ["C] 


Fig. 4. Melting curve of A) oligo(T*),,.oligo(dA),, and B) oligo(A*),,.oligo- 
(T)%,. both measured at 1 M NaCI. 6 0 m ~  cacodylate pH 7.0, lOOmM MgCl, 


clear at this point whether the self-association of oligo(T*),, 
dominates thc potential formation of oligo(T*) 3 .  oligo- 
deoxyadenylate complexes in 1 M NaCl and 100mM MgCI,, so 
that formation of the latter complex cannot be observed, or 
whether both complexes have exactly the same T, and 
hypochromicity. 


As adenine-adenine pairing has been described in homo- 
DNA,["] 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. 


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 betwecn a completely modified 
pyranose-like oligonucleotide and natural DNA. The observed 
melting point was found to be 30 "C and the hypochromicity 
26% at 4pM 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 4B) can be attributed to 
the thermal behaviour of thc single-strand oligo(A*) , oncc the 
duplex is melted. The single-strand oligo(A*), 3 ,  most probably, 
forms secondary structures, which disappear at higher tempera- 
ture. The possibility of the first transition being due to triple- 
helix formation, howcver, can not be totally excludcd based on 
these experimcnts. Nevertheless, a plot of T, versus In C shows 
an increasc in the T, 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. 


35 t A 


15 
-15 -14.5 -14 -13.5 -13 -12.5 -12 -11.5 -11 


In C (M) 


Fig. 5. T, ("C) versus InC (Cin molarity) for the oligo(A*),,.oligo(T),, duplex in 
1 w  NaCI, 6 0 m ~  N a  cacodylate pH 7.0, 100mM MgCI,. 


The data derived from the melting curve experiments were 
confirmed by CD measurements (Figure 6A). The CD spectra 
of oligo(T*),, and of an equimolar mixture of oligo(T*),, and 
oligodeoxyadenylate are similar (always at 1 M NaCl, 100mM 
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.[, Temperature-dependent CD measurements also confirm 
the T, of 44 'C (45 "C for UV T ,  determination) for the homo- 
duplexes of oligo(T*), s (Figure 7A). A similar curve is obtained 
for the mixture of oligo(T*) 13 and oligodeoxyadenylate (Fig- 
ure 7 B); this result once more provides proof for the aforemen- 
tioned hypothesis that the observed T, corresponds to self-asso- 
ciation of ohgo(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 6A) 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- 
nucleolides. measured in: A) 1 M NaCI, 60mM cacodylate, pH 7.0. 100mM MgCI, 
(recorded at IO"C), B) 0 l~ NaCI, l0mM cacodylate, pH 7.0, 10mM MgCI, 
(recorded at 3 0 ° C  except oligo(A*),,.oligo(T),, and oligo(A*),,. which were 
recorded at 10 T). oligo(T*),,.oIigo(A*),,, -; oligo(T*),, oligo(dA),,, . . .; 
oligo(A*),,-olrgo(T),,, ----;  oligo(T*),,. - -- ; oligo(A*),,. - - - -. 


different from the spectrum of single-strand oligodeoxyadeny- 
late.[361 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 [el of the B,, and B,, transition of oligo(A*),,.oligo- 
thymidylate show a reversal point of the [H](B,,) vs. Tcurve 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*),3 .oligo(A*), (Figure 6 A) duplex is different from the 
spectrum of the natural oligodeoxythymidylate . oligodeoxy- 
adenylate d u p l e ~ . [ ~ ~ . ~ * ]  The T, value of 81 "C is confirmed by 
the temperature-dependent CD measurements (Figure 7 C) . 


It should be mentioned that the T,, values given above were 
determined at a salt concentration of 1 M NaCl in the presence 
of 100 mM MgC1,. High salt concentrations stabilise oligonucle- 
otide duplexes by an entropically more favourable counterion 
conden~ation.["~ Because this salt concentration is higher than 
under physiological conditions, T,, measurements were repeated 
in 0 . 1 ~  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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Fig. 7 .  Temperature-dependent CD measurements for A) oligo(T*), ,. 
B) oligo(T*),,.oligo(dA),, and C )  oligo(T*),;oligo(A*),, (measured in I M Na- 
Cl, 6 0 m ~  cacodylate, pH 7.0, l0OmM MgCI,). 
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Fig. 8. Temperature-dependent ellipticities of the B,, and B,. transitions of the CD 
spectra of oligo(A*),;oligo(T),,, measured in 1 M N a C 1 . 6 0 m ~  cacodylate, pH 7.0, 
100mM MgCI,. 
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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-association 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 (1 M 


NaCI), but not at lower (0.1 M 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) I , 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*),, . oligo(T*), interactions. 


The CD spectra measured at 0.1 M NaCl (Figure 6B) are 
clearly different from those measured at 1 M NaCl (Figure 6A). 
The CD spectra of oligo(A*),,, of oligo(A*),,.oligo(T),, and 
of oligo(A*),;oligo(T*),, are similar (Figure 6B), 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 6A). 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 .OM NaCl concen- 
tration both spectra are similar; this again suggests the absence 
of oligo(T*), ,.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 1 M NaC1/100mM MgC1,/60m~ Na cacodylate buffer 
and the 0.1 M NaCl/lOmM MgCl,/lOmM Na cacodylate buffer 
for the oligo(T*),;oligo(T*),, and oligo(T*),;oligo(dA),, 
mixtures. Therefore, experiments were repeated under different 
conditions, initially in 0.1 M NaC1/0.02~ potassium phosphate 
buffer with and without the addition of 10mM MgCI, (sum- 
marked 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*) , ,' oligo(dA) , . Also here neither oligo(A*) I , nor oligo- 
(T*) l 3  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 increasc 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.[4o1 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 Because triple-helix forma- 


A 


0.47 


D 
U 


0.42 
m 


3 
P 
3 


0.37 


1.2 ' I 0.32 
10 20 30 40 50 60 70 80 


Temperature ("C) 


B 
r , 1 0.37 


1.2 - 


E 1.1 - 
u) N 
m n 
4 


1 -  


- 0.35 


- 0.33 
N 
P 
m 


- 0.31 3 
3 


- 0.29 


0.9 
30 40 50 60 70 80 


Temperature ("C) 


Fig 9. Melting curves of oL i~o(T*~ , , -oh~~(dA) , ,  measured at 260 and 284 nm in 
A) 0.1 M NaCI, 0.02M KH,PO,, pH 7.5, 0 I mM EDTA and B) the siitiic buffer with  
addition of 10 mM MgCI,. 


tion is demonstrated more easily in the presence of MgC1, , we 
repeated the melting point experiments in buffer D (Table 2 ,  
column D) . T, values for oligo(T), , .oligo(A*), and oligo- 
(T*) 13.01igo(A*) were similar to those previously observed 
with the other buffers. Howevcr, 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 9 B), indicating duplex and triple-helix formation. 
At 284nm only one transition could be observed at 53'C, 
presumably the melting point for the oligo(T*), , ,ohgo- 
(dA),,.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*) I , 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 MgCI, (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 100mM MgCI,), even 
though in buffers E and F the T, ofthe oligo(T*),,.oligo(dA),, 
duplex is considerably higher than the 7;, of. the oligo(T*),, 
homoduplexes. Apparently heteroduplex formation between 
oligo(T*), and oligodeoxyadenylate is prevented in the pres- 
ence of MgCI, combined with a high salt concentration. Unfor- 
tunately, addition of MgC1, to buffer E resulted in a precipita- 


Cliem. Eur. J. 1997. 3, No. I '0 VCH ~ , r l u g s ~ e . ~ ~ l l , s c h ( ! ~  mhH,  0.69451 Wrinhcim, 1997 0947-65.?9jY7/O3Oi-O1 15 f IS.OO+ .2.5/0 115 







P. Herdewijn et al. FULL PAPER 


T2ible 1. T,, ( C) observed foroligo(T*),, .oligo(dA),, and for oligo(T*j,, in differ- 
ent buffer media. measured a t  both 260 and 284 nm. 


Buffer oligo(T*), 3.01igo(dA),, oltgo(T*),, 
( 4 1 1 ~  each) ( 8  PM) 


A IM NaC1, 60mM Na cacodylate 45.0 [a] 45.0 
pH 7.0, 10OmM MgCI, 


E 1 M NaCI, 0.02M KH,PO, 64.8 48.0 


F 1 M NaCI, h0mM Na cacodylate 67 0 50.0 
pH 7.5, 0.1 mM EDTA 


PH 7.0 


[a] Melting point observed is that of the oligo(T*),, oligo(T*),, duplex 


tion so that thcse experimental conditions could not be investi- 
gated. 


In order to be able to evaluate base pairing in coinpletely 
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 evaluatcd. Two hexamer sc- 
qucnces and a dodecamer (Table 4) were synthcsised, and thc 


%ble 4. Melting temperatures of fully modified hexamers and dodecamers deter- 
minedin0.1~NaC1,20m~KH,PO,,pH 7.5,O.lmMEDTA. Duplexes were formed 
with the complementary sequences 5'-TCTCCT (for 7 and S), 5'-TTCTCTC (for 9 
and 10) and 5'-TCTCCTCTCCCT (for 11 and 12) (DNA complement); 5'-TT- 
r(UCUCCUj-TT (for 7 and 8). 5'-TT-r(UCUCUCj-TT (for 9 and 10) and 5'-  
TT-r(UCUCCUCUCCCU)-TT (for 11 and 12) (KNA complement). The higher 
salt concentration was necessary for the hexamers with DNA as the complement, 
since otherwise no duplex could be detected for 8 and 10. 


Sequence (4 PM equimolar 
mixture with complement) 


~~ ~~~ 


T, ( ' C )  T, ("C) 
DNA compl RNA compl. 


7 6'-A*G*G*A*G*A* 31.2 [a] 44.8 
8 5'-AGGAGA 10.0 [a] ND [b] 
9 6-G*A*G*A*G*A* 14.7 [a] 42.8 
10 5'-GAGAGA 9.5 [a] ND Ibl 
11  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 41.6 


[a] Determined at 1 M NaCI. [b] ND: not determined due to the low melting tem- 
pera ture 


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 3,3-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 constructs in our l a b ~ r a t o r y . [ ~ ~ l  However, 
phosphodiesterase activity with such oligomers is significantly 
reduced.r42, 431 


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 wilh their DNA com- 
plcment was studied in 1 M NaCl (containing 2 0 m ~  KH,PO,, 


pH 7.5, and 0.1 mM 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 (T, = 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 mclting 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 dodecaincrs (Tn, determined at 0.1 M NaC1) 
one again notices an increased stability of the fully modified 
oligonuclcotide 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 T,, determination of the corresponding 
RNA-HNA (hexitol nucleic acids) duplexes in 0.1 M NaCI. 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 . 1 ~  NaCI, 2 0 m ~  
KH,P04, pH 7.5,O.l mM EDTA. The mismatches were located 


Table 5 .  lnfluencc of mismatches towards G* and A* on the melting temperature 
(C, at 260 nm) of HNA -DNA duplexes determmed in 0.1 M NaCI, 2 0 m ~  KH,PO,, 
pH 7.5. 0.1 mM EDTA; concentration of each oligonucleotide. 4 1 1 ~ .  


HNA-DNA DNA-DNA 
6-(AGGGAGAGGAGA)* 5'-AGGGAG AGGAGA-3' 
3'-TCCCTC TCCTCT-5' 3'-TCC CTC TCCTCT-5' 


X Y  Y1' 


XJI JX ") y.r 


control 
1 X G  
1 x A  
I XT 
2 X G  
3 x A  
2 x 7 -  


1 x G  
1 x A  
I X C  
2 x G  
2 x A  
2 x c  


65 2 
49 8 
47 9 
55 0 
32 I 
28 5 
46 x 
44 9 
54 3 
56 2 
41 8 
41 8 
48 4 


- 


- 15.4 
- 17.3 
- 10.2 
-32.5 
-36.7 
- 18.4 
-20.3 
- 10.9 
- 9.0 
-23.4 
-23 4 
- 16.8 


49.4 
37.0 
37.8 
35.4 
21.5 
2x3 
24.0 
35.9 
38.0 
34.3 
35.5 
24.4 
21.0 


- 


- 12.4 
-11.6 


-21.9 
-20.6 
-25.4 
-13.5 
-11.4 
-15.1 
- 13.9 
- 25.0 
- 28.4 


- 14.0 
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(T')13 


T +  


D +  
ss + 


in the middle of the sequence. It can be seen from Table 5 
that the discrimiiiation 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. 


0 0.5 1 2 0 5 10 50 100 


Electrophoretic Behaviour and Enzymatic Stability: The forma- 
tion of oligo(T*), ,.oligo(dA),, and oligo(A*),;oligo(T),, du- 
plexes is supported by electrophoretic mobility data. Because of 
difficulties with 32P 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.[441 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 YO nondenaturing polyacryl- 


Fig,. 10 Nondenaturing polyacryiamide gel electrophoresis of radiolabelled oligo- 
(dA),, and different amounts of oligo(T*),, ( S S  = single strand, D = duplex, 
T = triplex) 


amide gel.[451 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*),;oIigo(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 : l .  The presence of exclu- 
sive triplexes was observed at  a ratio of 50:l. 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), 
(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,[46] 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) . 


During digestion with SV PDE, the increase in absorbance 
(hyperchromicity) at 260 nm was followed.rz21 Fitting of the 
data obtained to an exponential curve resulted in the half-lives 
indicated in the legend of Figure 11. While oligodeoxyadenylate 
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Fig. 11. Digcstionofoligonucleotides (T)13, (T*) ,3 ,  (T*),(T),(T*),, (dA),,, (A*),, 
and (A*),(dA),(A*), with snake venom phosphodiesteraae. = (T)13. 
I , ,> = 4 min; * = (dA),,. I , , ,  = 24min; # = (T*),(T)s(T*)2, f ,  > 120 min; 
o = (A*),(dA),(A*),, f , , z >  120 min; b = (T*),,, x = (A*),,: (T*),, and (A*),, 
were completely stable under reaction conditions. 


is degraded very fast (tl,2 = 24 min), oligo(A*),, is completely 
stable towards SV PDE. N o  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 a t  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. 
C D  experiments suggest a DNA-HNA duplex structure closely 
resembling the A-form structure of dsRNA. A AT,,, 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 hexi to1 and in the deoxy-P-D-ribofuranosyl 
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 solublc 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 spectroplio- 
tometer. Thc 'H and I3C NMR spectra were determined with a JEOL 
FX YOQ spectronietcr with tetramethylsilane as internal standard for the 
'H NMR spectra. and [DJDMSO (1s = 39.6) or CDCI, ( b  =76.9) for the I3C 
NMR spectra (s = singlct, d = doublet, dd = doublet ofdoublets, t = triplet. 
h rs  = broad signal. in = multiplct). Chemical ionisalion mass spectra 
(CIMS) and liquid secondary ion mass spectra (LSIMS) were obtained using 
Kratos Concept ' H  mass spectrometer. Precoated Machery-Nagel Alugrain" 
Sil <;,'UV254 plates were used for TLC, and the spots were exarnincd with UV 
light and sulfuric acid -anisaldehyde spray. Column chromatography was 
performed on Janssen Chimica silica gel (0.060-0.200 nm). Anhydrous sol- 
vrnts were obtained as follows: dichloromethane was stored over calcium 
hydride. refluxed and distilled; pyridinc. triethylaminc and N,N-diisopropyl- 
ethylumine were rcfluxed overilight over potassium hydroxide and distilled. 
ri-Hexane and acetone. used in the purification of the phosphoramiditcs, were 
purified by distillation. 


1,5-Anhydro-2,3-dideoxy-2-(thymin-l-yl)-o-~~~h~~~-hexitol (ba): Alkylalion 
of N3-bcnzoylthymIne with 1 ,i-anhydro-4.6-O-bcn~ylidene-3-deoxy-u-~luci- 
to1 under Mitsunobu reaction conditions yielded 6a after deprotection, as 
dcscribed previously [26]. ' H N M R  ([DJDMSO): 15 = 1.77 (s, CH,), 1.6-2.5 
( in ,  2H. H-3'. H-3"), 3.05-3.30 (m, 1H.  H-5'). 3.4 4.1 (in. 4H) and 3.7-4.1 
(m. 2H. H-l' ,  H-1". H-4,  H-6, H-6"), 4.52 (in. 1H. H-2'), 4.65 (t..J = 5.7 Hr, 
6'-OH). 4.89 (d. .I = 5 Hz, 4-OH),  7.88 (s. H-6). 11.25 (br, NH):  ',C NMR 
([D,IDMSO): (3 =12.3 (cH,), 3 5 . 2 ( ~ - 3 ' ) .  50.1 (c-2'). 60.3.60.8 ( c -4 ,  ~ - 6 ' ) ,  
60.9 (C-1'). 82.4 (C-5') .  108.3 (C-S), 138.9 (C-6) -  150.9 (C-2). 163.8 (C-4); UV 
(MeOH): i,,, (I : )  = 272nni (9500); CIMS (CdHi , J  nr/z: 257 [M+H]+ .  127 
[B+ZH]+;  Elem. a n d .  (C,lH,,N,O,): calculated C:  51.56. H :  6.29, N :  
10.93: found C: 51.30. 11: 6.24, N :  10.87. 


1,5-Anhydro-2-(,~-henzoyladenin-Y-yl)-2,3-dideoxy-~-a~uhin~-hexi to1 ( 6 h) : 
To a sol ution of 1 .S-anhydro-4.6-0-benrylidcne-2-(adenin-9-yl)-2,3-~~ideoxy- 
u-n,.ahir/o-liexitol [26] (2.3 g, 6.51 mmol) in dry pyridine (100 mL) w a s  added 
benmyl chloride (0.9 mL, 7.8 mmol) at 0 '  C:. After having been stirred for 4 h 
iit room temperature, thc mixture was cooled on an ice bath and H,O (2 mL) 
was added. After addition of concentrated NH, solution (1 .5 mL, 33 'YO) and 
further stirring for 45 niin at room temperature, the mixture was evaporated. 
Thc rcsidue was purified by column chromatography (CH,CI,- MeOH, 
98 :?) affording 1.92 g (4.1 9 mmol) of 1,5-anhydro-4,6-0-benrylidene-2- 
(,Yh-benzoq.ladenin-9-yl)-2,3-dideoxy-n-crvnhirr~~-hexitol as colourless foam 
(64%).  This was further treated with 80% acetic acid (100 niL) at 60 C for 
5 h to remove the benzylidene moiety. Evaporation, coevaporation with 
tolucne and purification by column chromatography (CH,Cl,-MeOH, 95: 5 
to 90:lO) alTorded :I colourless foam (I.10g. 2.98 mmol, 71%).  ' H N M R  
([LI,JDMSO): 0 = 1.94 (m. 3 11. II-3'ax), 2.32 (in, 1 H. H-Yeq), 3.21 (m, 1 H, 
H-5'). 3.42~-3.76 (m. 3H, H-4'. H-6'- H-6"). 3.90 (dd, ' J  =13 Hr,  1 H. H- 
l'ax), 4.27 (dd. '.I = 12.2 Hr, I H. H-l'eq). 4.67 (t+ J = 5.7 Hz, I tl, &-OH), 
3.88-~5.00 (m. 2H,  H-2'. 4-OH),  7.47 -7.68 (in. 3H,  aromatic H), 8.00-8.07 
(in. 21-1. aromatic H). 8.60 ( 5 ,  1 H), 8.73 (s, 1 H, H-2, H-ti), 11.0 (brs, 1 H, 
NH); " C  NMR ([DJDMSO): h = 35.8 (C-3 ' ) ,  50.7 (C-2'). 60.5, 60.7 (C-4', 
C-6'). 67.9 (C l ' ) ,  83.1 (C-5'). 125.1 (C-5). 128.5 (0-C, m - C ) ,  132.5 ( p - C ) .  


U V  (MeOH): i,,, (4 = 282 nm (20200); LSIMS (Thgly, NaOAc) m j Z :  392 
[.bf+N;1]+. 370[M+H] ' ,  240 [ B + 2 H I t ;  Elem. anal. ( C 1 8 1 1 i ~ N 5 0 4 ) :  calcu- 
latcd C: 58.53, H: 5.18. N:  18.96: found C: 58.42, H:  4.98, N :  1X.72. 


133.6 (CX). 143.5 (C-8). 150.3 (C-4), 151.4 (C-2 ) ,  152.4 (C-6). 164.5 (C=O);  


1 ,S-Anhydro-2,3-dideoxy-2-(~-isohutyrylguanin-9-yl)-~-~rah~nu-hex~tol(6 c) : 
Alkylntion or N '-isobutyryl-O"-[2-(p-nitrophenyl)ethyl]guanine (1 .X5  g. 
7.5 mmol) with 1.5-anhydro-4,6-0-benzylidene-3-deoxy-~-glucilol [26] 
( I .  I 8 g, 5 mmol) yielded, after removal of thc p-nitrophenylethyl group with 
DBlJ (1.5 mL, 10 mmol) in anhydrous pyridiiie for 16 h and purification by 
flash column chromatography (CH,Cl, MeOH, 99:l to 97:3), 1 .35g  or 
crude 1.5-anhydro-4,6-0-benzylidene-2~3-dideoxy-~-(~~-isobutyryl-~~~'- 
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[?-(p-nitrophenyl)ethyl]guanin-9-yl)-u-aruhn-hexitol. Hydrolysis of the 
beniylidene moiety with 80% HOAc (I00 mL, 5 h at 60°C) gave, after 
column chromatography (CH,CI,-MeOH, 90: lo), compound 6c as a 
colourlcss foam (610 nig. 1.74 inmol, 34% overall yield). ' H N M R  
([DJDMSO): S =1.11 (d, J =  6.7Hz, 6H,  CH,), 1.93 (m. l H ,  H-3'ax). 
2.11 2.38 (ni. 1 H, H-3'cq), 2.80 (m, 1 H, CHMe,), 3.25 (m, 1 H, H-5'). 
3.42-3.78 (m, 3H,  H-4,H-6 ' ,  H-6"), 3.89(dd, ' J = 1 3 H r ,  l H ,  H-I'),4.21 
(dd, ' J=13Hz .  lH ,H- l " ) .4 .69 ( t ,  J = 5 . 2 H z ,  lH ,6 -OH) ,4 .81  (m. I H ,  
~1-2'),4.97(d,.J=5.1Hz,1H,4'-OH),8.39(s,lH,H-8),10.41(s,lH,NH); 
I3C NMR ([DJDMSO): li =19.4 (CH,) 34.5 (CHMe,), 35.8 (C-3') .  50.5 


(C-8). 152.0(C-4), 153.0(C-2). 159.8(C-6), 175.2(C=O); U V ( M e 0 H ) :  imdx 
273 nni; LSIMS (Thgly, NaOAc) m : ~ :  352 [M+H]+;  Elem. anal. 
( C ~ s H , l N 5 0 5 ) :  calculated C: 51.28. H :  6.02, N :  19.93; found C: 51.17, H :  
5.97. N: 19.72. 


(c-27, 60.5, 60.7 (c-4, c-q, 67.9 ( ~ - 1 0 ,  83.1 (c-s), 116.7 (c-s), 141.7 


1,5-Anhydro-2,3-dideoxy-6-O-dimethoxytrity~-Z-(thymin-1 -yl)-D-arahinu-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,CI, (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 D/O MeOH i n  CHCI, containing 1% triethylamine) to yield the title 
compound as a colourless foam (373 mg, 0.67 mmol, 5 2 % ) .  'H NMR (CD- 
CI,): 6 =1.6@ 2.50 (m, 2H,  ~ - 3 ' ,  ti-3"), 1.91 (s, 3H. CHJ. 3 12-3.62 (mi. 


2H ,  H-5'. H-4) ,  3.77 (s, 6H,  2 x OCH,), 3.65-4.17 (m, 4H. H-6', H-h", H-1'. 


4H, aromatic H), 7.09- 7.53 (m, 9H,  aromaticH), 8.09 (s, 1 H, H-6). 9.10 
(brs, 1 H, NH);  I3C NMR (CDCI,): 6 =12.5 (CH,), 35.5 (C-3') ,  50.7 (C-2'), 


110.0 ( C - 9 ,  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) re!:: 
581 [M+Na]+ ,  127 [B+2H]+ ;  Elem. anal. (C,,H,,N,O,): calculated C:  
68.80, H:  6.13. N:  5.01; found C: 68.91. H: 6.07, N: 4.80. 


1,5-Anhydro-2-(~-benzoyladenin-9-yl)-2,3-dideoxy-6-O-dimethoxytrityl-o- 
amhino-hexitol (7h): A solution of the iiucleoside 6b (370 mg, 1 mmol) and 
of 4,4-dimethoxytrityl chloridc (400 mg, I .2 mmol) in dry pyndine ( 2 5  mL) 
wiis stirred at room temperature for 16 h. Tlic mixture was diluted with 
CH,CI, (100 mL) and washed twicc with saturated aqueous NaHCO, solu- 
tion (100 mL). The organic layer was dried, evaporated and coevaporated 
with toluene. The residuc 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%). ' H N M R  (CDCI,): S =1.75-2.45 (m, 2 H ,  
H-3', H-3"), 3.1X-4.22 (m, 12H, H-4,  H-5', H-6, H-6", H-l', H-1"; s at 3.78, 
2 xOCH,). 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 
(bi-s. 1H.  NH);  I3C NMR (CDCI,): 6 = 35.7 (C-3'). 50.6 ( C - I ' ) ,  55.1 
(OCH,), 60.5, 60.7 ( C - 4 ,  C-6'), 67.8 (C-l'), 83.1 (C-5'). 86.7 (Ph,C), 122.9 
(C-5). 128.7 (B7), 132.5 ( B L ) ,  133.8 (€32). 143.6 (C-8). 149.4 (C-4). 152.2, 
152.4 (C-2, C 4 ) ,  165.6 (C=O) 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) IW 3 :  694 
[h l+Na]+ .  240 [ B I Z H I '  Elem. anal. (C,9H3,Ns06): calculated C:  69.73, 
H :  5.55 .  N: 10.43; found C:  69.91, H :  5.71, N:  10.22. 


H-I"), 4.53 (s, l H ,  H-2'), 4.88 (d, l H ,  J =  5.1 Hz, 4'-OH), 6.81 (d, J =  8.7. 


54.9 (OCH,), 62.4. 63.1 (C-4 ,  C-6) .  68.2 (C-l'), 81.1 (C-5'), 86.0 (Ph,C), 


1,S-Anhydro-2,3-dideoxy-6-O-dimethoxytrityl-Z-(~-isobutyrylguanin-9-yl)- 
D-arahirwhexitol(7c): A solution of the nucleoside 6c (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,CI, (100 mL) and washed twice with a saturated aqueous NaHCO, 
wlution (100 inL). The organic layer was dried, evaporated and coevaporat- 
ed with toluene. The residue was purified by column chromatography with a 
gradient o f 0  to 3 %  MeOH in CH,CI, containing 0.2% pyridine, to obtain 
770 mg of compound 7c  (1.18 mmol. 71 %) as colourless foam. 'H NMR 
(CDCI,): 6 =1.14 (d, J = 7 H z ,  6 H ,  CH,), 1.93-2.41 (m, 2H. H-3'. 1-1-3"). 
2.72 (m, 1 H, CHMe,). 3.15-3.60 (in, 2H. H-5', H - 4 ) ,  3.62-4.22 (m, 10H. 
H-6'- H-6", H-l', H-1"; s at 3.77. 2 x OCH,), 4.79 (m. 1 H, H-2'), 4.95 (d, 
J -= 5 Hr, 1 H,  4'-OH), 6.77 (m, 4 H ,  aromatic H), 7.25 (m, 9H, aromatic H). 
8.33 (s, 1 H, H-8). 10.19 (brs, 1 H. NH); 13C NMR (CDCI,): 6 = 19.9 (CH,), 
34.6 (MC,CH), 35.2 (c-3'). 50.4 (c -T) ,  55.1 (cH,o), 60.7.61.1 (c-4, c-q, 
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68.0 (C-l'), 82.9 (C-S'), 86.5 (Ph,C), 139.8 (C-S), 151.0, 151.9 (C-2. C-4), 
158.8 (C-6), 176.5 (C=O) 113.0, 126.7. 127.7, 129.7, 135.6, 135.8, 144.5, 
158.5 (aromatic C); LSIMS (NBA) m:z: 654 [ M + H ] '  ; Elem. anal. 
(C3,HJ,N,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-c: A mixture of the B'-0-protected 
nucleoside (0.5 mmol), 3 equiv of dry N,N-diisopropylcthylamine and 
1.5 equiv of 2-cyanoethyl-N,N-diisopropylchlorophosplioramidite in dry 
CH,CI, (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 (15 mL) and saturated NaCl solution, dried, and 
evaporated. Flash column chromatography afforded the amidite HS a white 
foam, which was dissolved in a small amount of dry CH,C12 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: 
4 a :  ri-hexanelethyl 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]'. 


l,S-Anhydro-2,3-dideoxy-6- O-dirnethoxytrityl-4-O-succinyl-2-(thymin-l-y1)- 
o-avabino-hexitol (8a): A mixture of 7 a  (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 orgnnic iayer 
washed with saturated aqueous NaCl and water. dried and evaporated to give 
colourless 8a (78 mg, 0.12 mmol. 86%). 


l,S-Anhydro-2-(~-benzoyladenin-9-yl)-2,3-dideoxy-6-O-dirnethoxytrityl-4- 
O-succinyl-o-arabino-hexitol (8 h): The same procedure as described for 8 a 
was used for the synthesis of 8b; 7b (260 mg, 0.39 mmol) afforded colourless 
8b  (256 mg, 0 33 nimol, 8 5 % ) .  


Attachment of8a,b to Solid Supports (9a,b): A mixture of the succinates 8a,b 
(80 pmol). preactivated LCAA -CPG (400 mg) [25] ,  DMAP ( 5  mg, 40 pmol), 
Et,N (35 pL) and 1-(3-dimethyl-aminopropyl)-3-ethylcarhodiimide~ HCI 
(153 mg, 800 ymol) 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 washcd 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 niL) 
in T H F  (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,CI, and dried under vacuum. 
Colorimetric dimethoxytrityl analysis indicated a loading of 18.5 gmol g- I 
for 9 a  and 21.5 pmolg-' for 9h. 


Solid-Phase Oligonucleotide Synthesis: Oligonucleotide synthesis was per- 
formed in an ABI 381 A DNA synthesiser (Applied Biosystems) by using thc 
phosphoramidite approach. The classical synthesis protocol was used, except 
for the concentration of the newly synthesised products. which was increased 
from 0.1 to 0.13 M .  The oligomers were deprotccted and cleaved froin the solid 
support by treatment with concentrated aqueous ammonia (55  "C,  16 h) .  
After pre-purification on a NAP-10" column (Sephadex (325-DNA grade, 
Pharmacia) with buffer A 21s eluent (see below), purification was achieved on 
a Mono-Q", HRlOjl0 anion exchange column (Pharmacia) with the follow- 
ing gradient system [A = l O m ~  NaOH. pH 12.0, 0.1 M NaCl; B =10mM 
NaOH, pH 1 2 . 0 , 0 . 9 ~  NaCl; gradient used depended on the oligo; flow rate 
2 mLmin - ' I .  The low pressure liquid chromatography systein consisted of a 
Merck-Hitachi L6200 A intelligent pump, a Mono Q"-HR l0jl0 column 
(Pharmacia), a Uvicord SJ12138 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) 1 M NaC1, 6 0 m ~  Na cacodylate, pH 7.0, 100mM MgCI,; B) 0.1 M NaCI, 
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10mM Na cacodylate, pH 7.0, 10mM MgCI,; C )  0 . 1 ~  NaCI. 0 . 0 2 ~  potassi- 
um phosphate pH 7.5.0.1 mM EDTA; D) 10mM MgCI, added to bufrer C :  
E) 1 M NaCI, 0.02M KH,PO, pH 7.5, 0.1 m~ EDTA; F )  1 M NaCI. 6 0 m ~  Na 
cacodylatc pH 7.0. The concentration was dctermmsd by measuring the ab- 
sorbance at 260 nm at 80 'C and assuming the 1',5'-nnhydrohexitol nucleosidc 
analogues to have the same extinction coefficients in the denatured state a s  
the natural nucleosides. The following extinction coefficients were used : dA 
and A*. ~ = 1 5 0 0 0 ;  d T  and T*, i:=8500; d G  and G*. c = l 2 5 0 0 ;  dC. 
c =7500: U .  I ;  =10000. The concentration in all experiments was ca. 4pM for 
each strand unless otherwise stated. Melting cnrvcs were determined with a 
Uvikon 940 or with a Cary 1 E (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 incaaurcd with a 
thermistor directly immersed in the cuvettc. Tempcrature control and data 
acquisition were done automatically with an IBM-compatible computer. The 
samples were heated and cooled a t  a rate of 0.2 C m K  '. and no difference 
could bc observed between heating and cooling melting curves. Melting tem- 
peratures wcrc evaluated by plotting the first derivative of thc absorbancc 
versus temperature curve. 


CD Experiments: CD spectra were measured with a Jasco 600 speclropolar- 
imeter in thermostatically controlled 1 cm cuvettes connected with a Lauda 
RCSB Bath. The oligomers were dissolved and analysed in two differcnt 
buffers: A) 1 M NaCI, 6 0 m ~  Na cacodylate, pH 7.0, l 0 0 r n ~  MgCI, and 
B) 0.lM NaCI, 10mM Na cacodylate, p H  7.0, l0mM MgCI,, at a concentra- 
tion of 3 . 2 ~ ~  of each strand. 


Electrophoretic Experiments: Oligonucleotides were radiolabelled ("P) a t  the 
Yend  by means of polynucleotide kinase by standard procedures [45]. To 
assay duplcx./triplex formation, 32P-labelled (T),, and (dAl, , were titrated 
with unlahelled (A*),3 and (T*)13, respectively, and incubated for 3 min at 
80 "C in 0.1 M NaCI, 0.02M KH2P0,, pH 7.5. and 0.1 mM EDTA. The concen- 
tration of the "P-labelled (T),3 and (dA),, was held constant throughout at 
0.1 y ~ .  The concentration of the unlabelled modified oligonuclcotides varied 
from 0 (ratio 1 :0) to 10pM (ratio 1:100). After 1 11 at room temperature. the 
samples wcre equilibrated in an ice bath for 4 h, and ; in equal volume of 
loading dye mix (40% sucrose, 0.25% bromophenol blue) w a s  added. The 
samples were then loaded onto a preequilibrated ( 1  5 min at 4 C) nondenatur- 
ing 20% polyacrylamide gel (29: 1 acrylarnide: N.N'-mctliylenebisacryl- 
amide). Electrophoresis was performed at 300 V for 1 h at 4°C (Julaho F l 0  
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 oligonuclcotides in 
1 mL of the following buffer ( 2 0 0 m ~  Tris. HCI, pH 8 . 6 , 2 0 0 m ~  NaCI. 28 mM 


MgCI,) was digested with 0.04 U of snake venom phosphodiesternse (Cro- 
t c h  udunzuntrus venom, Pharmacia). During digcstion 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-lH-indazole 
in the Solid State 


Concepcion Foces-Faces,* Orm Hager, Nadine Jagerovic, 
Maria Luisa Jimeno, and Josk Elguero 


Abstract: The crystal structure of the title 
compound was determined by X-ray anal- 
ysis at 200K. 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 (1H 
and 2 H )  are present in each trimer. Disor- 


der of the NHprotons involved in the N-  
H . . N hydrogen bonds has been ob- 


served. Solid-state 13C 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 tautomeric mixture of pyra- 
zoles with an equilibrium constant other 
than 1. 


Keywords 
structure . NMR spectroscopy 


* proton transfer - pyrazoles 
tautomerism 


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 1 H  tautomers,” - 31 while NH-pyrazoles of 
this kind are mixtures of both tautomers l a  and l b  (Fig- 
ure 1) .I4] Tautomerism involving only annular nitrogen atoms, 
that is, atoms pertaining to the ring, is called “annular tau- 
tomerism”.[’l 


Compound 1 was prepared from 4-methylcyclohexanone in 
two steps and was obtained in the racemic form with respect to 
C(5) . I s1  Its crystallization is expected to yield a racemic coin- 
pound since spontaneous resolution is a relatively rare phe- 
nomenon.r61 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 (R3 and R5) are identical (including the hydrogen as a sub- 
stituent) or different. Compound 1 belongs to this latter group, 


[*] C. Foces-Foces, 0. Hager 
Departamento de Cristalografia, Instiruto de Quimica-Fisica “Rocasolano” 
CSIC, Serrano, 119, E-28006 Madrid (Spain) 
N. Jagerovic, M. L. Jimeno, J. Elguero 
Instituto de Quimica Medica, CSIC 
Juan de la Cierva 3, E-28006 Madrid (Spain) 


Annular tautomerism 


Fig. 1. Isomers of compound I 


the polymethylene chain CH,-CH(CH,)-CH,-CH, being a 
special class of 4 5  (2a) and 3,4-disubstituted pyrazole 2 b  
(Scheme 1). We have summarized all the available information 
in Table 1 (the geometry of these and other pyrazoles has been 
discussed elsewhere) .[’’I 


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 2 a  and 2b with 
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H 


2a 


Scllclllr 1 


2b 


L b l e  1 .  Structure of NII-pyr;i/oles in the solid state [a]. 


Asymmctric. R 3  +RS Symmetric, R3 = R F  


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 


Cyclic 3. R" = Me. R" = NO,. RS = 11 [7] 4, R' = RS = Ph, R4 = Br [ X I  
5. R' = R' = Ph. R4 = NO, [9] 
6, R' = R 5  = Ru', R4 = tI [lo] 
7. R3 = R5 = Bu'. R 4  = NO, [Y]  


9, R 3  = R5 = H. R4 = NO, [9] 
11, R 3  = R 5  = Me. RJ = IH [12,13] 


d i m m  


C\clic 
trimel-\ 


8. R' = H. R" = NO2. R 5  = Me [7] 
10, R3 = Ph, R" = Br, K T  = H [ I  I ]  
12. Campl~o[c]pv~-azolc 1141 
14. R 3  = CO,Me. R4 = CF,. RS = H 1161 


13. R' = R S  = t T ,  R4 = Rr [IS] 


Cyclic 15. R3 = Ph(Mc). R 5  = Me(Ph). 16, Rs = R S  = Ph. R4 = H [ X I  
te!ramers 


Cataniers 17. R3 = N,. R' = Ph. R5 = H [20] 


K" = H [I7- I Y ]  


18, R' = R5 = R4 = H [21- 231 
19, K3 = R5 = Me, R4 = NO, [24] 


[a] Rdtrence nuinbers are given in square brackets. 


equilibrium constants which depend on the nature of R 3  and Rs 
but are never very different from unity.[2h,271 In 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),141 14 and 17. The only 
exception is 3( 5)-pheny\-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; ii) 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 tetramcr (2 x 2 a + 2 x 2 b) into another 
tetramer (2 x 2 b + 2  x 2a) of the same energy, as in Scheme 2. 


In summary, for asymmetric NH-pyrazoles one should expect 
either only one tautomer (dimers, trimers, tetramers and 
catamers) or both tautomcrs in a 1 : 1 ratio present in a cyclic, 
even structure (17 = 2 dimers or n = 4 tetramers). 


H y 


'h Me Ph M6 


2 x 2 a + 2  x 2 b  
Scheme 2 


2 x 2 b + 2  x 2 a  


Mol. A p ? 


d 
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(S) atom in moleculc B is represented by thin lines. Dotted lines indicate hydrogen 
bonds; only those hydrogens with the higher population values are retained. 


independent molecules d o  not show significant differences (test- 
ed by half normal probability plots).128] Their geometry closely 
approximates the mean geometry (Table 2 )  describing the 
molecular 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) .[291 The angles at 
the nitrogen atoms are a sensitive indicator of the position of the 
hydrogen the protonation being associated with an 
increase in the N(1) and N(2) angles (1H or 2 H  tautomer, re- 
spectively). In the present compound these angles, which some- 
what resemble those of the corresponding tautomers 1 a and 1 b, 
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 1 a and one third of tau- 
tomer 1 b. An interpolation of the N(l) and N(2)  values for A, 
B and C yields a population of 0.60 0.02 for 1 a instead of the 
result of 213 found for the proton disorder. 


As far as the aliphatic rings are concerned, the Csp2-Csp3 
and C sp3 -C sp3 distances in molecule C are in agreement with 
the reported values.r3 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 a n d  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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Cyclic Indazole Trimer 121-126 


Table 2 Selected geometrical parameters (A, L, 


CSD results 
A B/B [a] C 1H 2H 


N( 1) -  N(2) 
N(2) - C(3) 


C(31)-C(71) 
N( l)-C(7l) 
C(31)-C(4) 
C(4)-C(9/C(53 
C(5)/C( 5')-  C(6) 
C(S)/C(S') C(8) 
C(6)  - C(7) 
C(7) - C( 73 ) 


N(2)-N(l)-C(71) 
N(l)-N(2)-C(3) 


C(3)  - C(31) 


N(2)-C(3)-C(3 I ) 
C(3)-C(31)-C(71 j 
N(l)-C(7l)-C(31) 
C(3 l)-C(4)-C(S)/C(S')-C(6) 
C(4)-C(5)/C( 5')-C(6)-C(7) 
C(5)/C(5')-C(6)-C(7)-C(71) 


C(7)-C(71)-C(31 )-C(4) 


Cremer and Pople parameters 


C(6)-C(7)-C(71)-C(3 I )  


C(71)-C(3 l)-C(4)-C(5)/C(5') 


q2 (4 
q3 (A) 
02 ( 1 
$2 ('1 
Central ring of the trimer 
N(l)A-N(2)A . . N(l)B-N(Z)B 
N(2)A. . -N( l )B-N(2)B. .  N(2)C 
N(1)B- N(2)B.. .N(2)C-N(1)C 
N(2)B.. N(2)C -N(1)C..  . N(1)A 
N(Z)C-N(I)C . '  .N(l)A-N(2)A 
N(1)C.. . N(I)A -N(2)A.. .N(I)B 


Hydrogen interactions 
N( l )A-H(I )A. . .N( l )C 
N(I)B-H(l)B. ( .  N(2)A 
N(2)C-H(2)C.. .N(2)B 
N(2)A-H(2)A...N(l)B 
N(2)B-H(2)B. . . N(2)C 
N(I)C-H(1)C ' .  N(1)A 


1.352 ( 5 )  
1.324(4) 
1.392(5) 
1.390 (4) 


1.468 ( 5 )  
1.452 (7) 
1.384 (6) 
1.517(6) 
3.459 ( 5 )  
3.451 (6) 
109.3 (2) 
107.3 (3) 
110.7 (3) 
104.0(3) 
108.5 (3) 
-25 3(6j 


34.5(7) 
- 23 5 (6) 


6.4(5) 
- 0.0 ( 5 )  


8.6(5) 


1.345 (4) 


0.175(4) 
-0.146(4) 


129.8 (8) 
-34.6(12) 


12.5(4) 
-4.9(3) 
-6.3(3) 


-4.2(4) 
-7.7(3) 


11.3 ( 3 )  


X-H 
0.85(6) 
0.93 (8 )  
0.83 (-) 
1.14 ( 1  5 )  


0.82(-) 
1.09(15) 


1.348 (4) 
1.327 ( 5 )  
1.387(5) 
1.378 (4) 


1.487 (6) 
1.559 (7)/1.402 (1 3) 
1.369(8)/1.516(14) 


1.348 ( 5 )  


1.557(10)/1.535(14) 
1.477 (8) 
1.478 ( 5 )  
108.6(3) 
107.5(3) 
110.5 (3) 
104.1 (3) 


-35.2(7)/29.1(12) 
45.5(9)/ -25.6(13) 


- 29.5(8)/6.8(9) 
6.6(6) 


- 1.6(6) 


109.1 (3) 


14.5(5)/-17.4(8) 


0.235 (6)/0.21 l (9)  
- 0.205 (5)/0.109 (7) 


131.1 (7)/62.0(11) 
-44 9(12)/102.7(14) 


H . . . X  
2.02(6) 
1.94 (8) 
2.07 (-) 
1.78 (14) 
1.83 (1 5) 
2.07 (-) 


1.353(4) I .355(7) 1.363(6) 
1.334(4) 1.335(11) 1.351 (8) 
1.380(5) 1.407(13) 1.365(6) 
1.390(4) 1.371(16) 1.397 (6) 
1.332(4) 1.349(8) 1.325 (7) 
1.499 (5) 
1.526(5) 
1.518 ( 6 )  
1.532(7) 
1.521 ( 5 )  


107.3(3) 


109.3 (3) 
104.1 (3) 
110.2(3) 


1.496(5) 


108.9 (3) 


- 47.6 (4) 
65.1 (4) 


14.3(5) 


17.5(4) 


-45.4(4) 


-0 .8(5)  


112.2(5) 
1047(11) 


104.9 (4) 
107.0(6) 


111.2(9) 


303.6(8) 
112 3(5)  
106.8(2) 
104.7 (4) 
112.5(9) 


0.377(3) 


-33 .3 (6 )  


-0.324(4) 
130.6(4) 


0.1 65 (3) 
0.006(3) 


81.2(9) 
87.9(9) 


X . . . Y  
2.879(4) 
2.866 (4) 
2.893 (5) 
2.866(4) 


2.879(4) 
2.893 ( 5 )  


X-H . . Y  
175(7) 
173(7) 
168 (-) 
157 ( I  1) 
165( 11) 
164( -j 


[a] 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) 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 methyl 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). 


Table 3. Geometry of the independent hydrogen interactions in cyclic trimers of 
N H  pyrazoles (8, "). Compounds 9 and 11 present dynamic disorder. 


N - H . . . N  Compound N . . - N  


8, R3 = H. R4 = NO,, R5 = Me 2.875(7) 163(8) 
2.872(9) 151 (7) 
2.900(7) 162( 10) 


2.858(4) 168(6) 


2.880(3) 167(6) 
2.880 (3) 177(9) 
2.853(4) 172(9) 
2.872 (4) 167 (7) 
2.851 (7) 170(9) 
2.869(7) 166(7) 
2.931 (8) 162 (7) 
2.978(6) 172 (-) 


2.931 (3) 171 ( 5 )  


9, R3 = RS = H. R" = NO, 
2.872(4) 1 59 (8) 


10, R3 = Ph. R4 = Br, R5 = H 


11, R 3  = R4 = Me, R5 = I 1  
12. Campho[c]pyrazole 2.911 (4) 177 (5) 


2.933 (3) 173 ( 5 )  
2.936(3) 178 (3) 
2.914(3) 170(3) 
2.910(3) 1 79 (5 )  
2.874(5) 168(5) 
2.902(6) I68 (4) 
2.964 ( 5 )  163(4) 


14. R3 = CO,Me, R 4  = CF,, R5 = H 
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Fig. 3. Packing of the trimers (diagram along the c a x ~ s )  


'H NMR spectroscopy: In order to obtain information about 
the conformation of the six-membered ring in solution, we 
recorded the spectrum of pyrazole 1 in CDCI, at  500 MHz. We 


also carried out semiempirical 
AM 1 on the com- 
pound to obtain the values of the my dihedral angles. The system formed 
by the 11 protons [H(3)-H(4a)- 


H(7a)-H(7 b)] is too complex to be 
analyzed directly, so the analysis[32' 


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. 


H,C 


H(4b)-H(5)(CH3)-H(6a)-H(6 b)- 7 I H  


1 


Table 4. 'HNMR chcmical shifts ( 6 )  and coupling constanls (Hz) of compound 1 
in CDCI, at 499.XR MHz according to the iterative analysis (rms eri-or 0.01 H L ) .  
Calculated vicinal coupling constants in Hz (H-C-C-H dihedral angles in degrees) 
for AM I optimized geometries. 


" J  vicinal coupling constants 


10.16 
5.05 


11.04 
2.72 


11.15 
5.61 
5.94 
3.04 


Othcr coupling constants 


"flH(4e),H(6e)l(W) =1.32 Hz; 
'J[H(4a),H(7e)] = 0.84 Hz,  
5.qH(4e),Il(7e)] = 0.00 Hz; 
3JIMe(5).H(5)] = 6.69 Hz. 


Me,, 


11.55 (166.17) 
5.28 (48.89) 


12.31 ( I  77.05) 
2.53 (-65.46) 


12.42 (163.39) 
5.96 (45.47) 
5.80 (46.06) 
1.19 (-71.X6) 


5JIH(4a).H(7a)l =1.55 Hz; 
'J[H(4e),H(7a)] = 0.83 Hz; 
4JIH(4e),H(3)] = 0.82 Hz; 


6 


2.628 
2.751 
1.054 
7.265 


Me.,, 


1.16 (78.78) 
5.83 (-38.19) 
2.83 (-61.24) 
3 5 5  (55.83) 
1.19 (71.51) 
5.80 (-46.39) 
5.76 (-45.50) 


12.42 ( -  163.42) 


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 I .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) = 0.98i0.01 mol; C (tor- 
sion angles) M = 8, y 2  = 0.9991. 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 calculated (by means of a Karplus 
relationshipL3 51) for the equatorial and axial conforinations 
(AM 1 minimized geometries) it appears that in solution 85 % of 
Me,, and 15% of Meax 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-I3C 2 D experiments at  
125 MHz in CDCI, solution: 6 = 22.02 [CH,(5)], 25.06 
[CH(5)], 29.44 [CH2(4)], 30.40 [CH2(7)], 31.98 [CH,(6)], 115.66 
[C(3a)], 132.26 [broad, C(3)] ,  143.68 [broad, C(7a)l. The 
CPMAS NMR spectrum at 100 MHz is represented in Figure 4. 


21.7 


114.9 
1 
! 
I1 


143.2 128.7 / /  
I 


Fig. 4. "C CPMAS NMR spectrum ofcornpoiind 1 .  


The highfield part originates with sp3 carbons, 21.7 [CH,(5)], 
22.9 [CH,(5)], 29.5 and 30.8, CH(5), CH,(4) and CH,(7)] and 
32.0 [CH2(6)], and the lowfield part to the three pyrazole sp2 
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(7 a) compared with pyrazole C(4). The splitting of the 
5-methyl group is not due to the presence of tautomers 1 a and 
2a  (see later on) but to the crystallographic disorder of chiral 
C(5) in the racemic compound ( l / S  ratio). 


From related pyrazole~[~I it is possible to estimate the chemi- 
cal shifts of aromatic carbons in both tautomers: l a :  133.3 
C(3) .  114.9C(3a)and 139.1 C(7a); l b :  323.1 C(3) ,  l l4.9C(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 6 = 128.7 and 143.2 instead of four 
signals. The position corresponds to approximately 50% of 1 a 
and 50 % of 1 b and the broadening (including that of C(3 a)) can 
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Cyclic Indazole Trimer 121 -126 


Andes at NH = 108.6-109.3" 


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-'. 


in data collection was enclosed in a 


Conclusions 


I Angles at N = 104.2° 1 Angles at N = 104.2" 1 


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 119 S enantiomer and 8/9 R enantiomer, while the 
other contains 119 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 I3C CPMAS NMR spectrum seems 
larger than the crystallographic 1 /S 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 NHprotons (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 YO 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 tautoiners l a  and l b ,  it suffices to calculate 
0 .6(2xla)  +0.4(la)=1.6 o f l a ,  and0 .6 ( lb )+0 .4 (2x lb )=  
1.4, that is 53 YO l a  and 47% 1 b (KT = 1.14) (if the 66/34 ratio 
is used, the results are 56 YO 1 a, 44 YO 1 b, KT = 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, 23.1 kcalmol-', is similar to that measured 
accurately for 3,5-dimethylpyrazole, 1 3.47 kcal mol- at 
302 More generally, the presence of two tautomers in a 


- 
Angles at N = 107.3-107.5° Lindemann capillary to prevent sub- 


Trimer: 2 x 1H (A+B) 
+ 1 x 2H ( C )  


I Angles at NH = 112.2" I 


QN, N. I 


Table 5. Crystal analysis parameters at 200 K 


crystal data formula 
crystal habit 
crystal size (mm) 
symmetry 
unit cell deterinination 
(1 (A) 
c (A) 
h (A) 
?,P,  i' 
packing: V (A3), Z 


p (cm-I) 


experimental data technique 


(gem-'), M ,  F(O00) 


radiation 
scan width (") 


om,, (( 
no. of independent reflns 
no. of observed retlns 
standard reflns 


solution and refinement 
solution 
refinement 
parameters : 
numhcr of variables 
degrees of freedom 
ratio of freedom 
final shiftlerror 


H atoms 
weighting scheme 


max. thermal value (A2) 
final AFpeaks ( e k ' )  
final R and Rw 


GHUN2 


0.63 x 0.23 0.30 
colourless prism 


triclinic, PT 
least-squares fit from 37 rcflns (0<45") 
13.612(3) 
9.618 (2) 


96.31 ( 2 ) ,  X1.18(1), 104.'17(3) 
1176.1 (S), 6 
1.354. 136 19, 444 
5.414 


four-circle dil'fractonieter: Philips PW 1100, 
bisecting geometry. Graphite oriented 
monochromator: w/20 scans. 
Detector apertures 1 x 1 '. 0.5 minirefln. 


I .s 
65 
3995 
2627 (Zu(1) criterion) 
2 reflns every YO minutes: no variation 


9.435(2) 


CUK, 


direct methods: Sir92 
least-squares on FOhi, full matrix 


401 [a] 
2226 
6.4 
0.036 


from difference synthesis 
empirical as to give no trends in 
(wA2F) vs. (\Fob$\) and (sinOii.> 
U11 fC(6)mol~B)=0.136(4) 
-0.3610.27 
0.062, 0.069 


[a] See expcrimental. 


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 % 1 a R, 26 o/o 1 a S, 22 % 1 b R and 22 O/O 1 b S. 


Experimental Section 


Equipment: 'H and I3C N M R  spectra in solution were acquired on a Varian 
500 Unity spectrometer. The I3C CPMAS NMR spectrum was recorded on 


a Bruker DSX-500 at 125.76 MH7 
with the facilities of Bruker Ana- 
lytische Messtechnik (Karlsruhe, 
Germany). 


5-MethyI-4,5,6,7-tetrahydro- 1H-in- 
dazole (1) was prepared as  described 
in ref. [ 5 ] .  Crystals suitable for X-ray 
diffraction were obtained by slow 
cvaporation of an ethanol solution. 
M.p. 75' C. 


X-ray structure determination: The 
most relevant details of data collec- 
tion and thc rcfincmcnt procedure 


Average situation 
observed in crystallography + 1 x 1H ( C )  


Angles at NH = 112.2" I 
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the stated temperature was measured continuously during data collcction. 
The structure was solved by means of the SIR92 program [36]. The refine- 
ment was carried out by full-matrix least-squares procedures on Fob$. The 
hydrogen atoms, the positions of which were obtained from difference Fouri- 
er synthesis. were included in the refinement, although some of them were 
kcpt fixed in the last cycles. The six-membered rings in molecule B appear to 
be statistically disordcred because of the presence of both S a n d  R configura- 
tions (occupancy factors of 0.66(2) and 0.34(2). respectively). In spite of the 
high thermal factors displayed by thc 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).  Bcsides, disorder of the protons at N(l)  and N(2) is also 
observed (0.65(4) and 0.35(4) population factors). Most of the calculations 
were perforrncd by the XTAL3.2-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 he 
obtained free of charge on application to the Director, CCDC, 12 Union 
Road, Cambridge CBZIEZ, UK (Fax: Int. code +(3223)336-033; e-mail: 
tcchedjwchemcrys.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-Ally1 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 birthduy 


Abstract: In the first part of this work, a 
general method for the preparation of 
aryl, methyl, vinyl and alkynyl(viny1- 
idene)rhodium(i) complexes trans-[Rh(R)- 
(=C=CHR)(PiPr,),] (8-14, 18-22) and 
trans-[Rh(R)(=C=CMe,)(PiPr,),l (16, 
17) from the corresponding chloro(viny1- 
idene) derivatives and Grignard reagents 
is described. Whilst compounds 8 and 
10-13 react with pyridine to give trans- 
[Rh(C=CR)(py)(PiPr,),1 (23-25) by 
elimination of R'H, treatment of 8-11, 
16, and 18 with carbon monoxide yields 
thc square-planar ql-vinyl and q'-butadi- 
enylrhodiumcarbonyl complexes trans- 
[Rh{ql-(Z)-C(R)=CHR)(CO)(Pz?r,),J 
(27-32). The reaction of 8 or 18 with 


Introduction 


methyl or tert-butylisocyanide leads 
stereoselectively to the isocyaniderhodi- 
um(r) compounds trans-[Rh{q'-(Z)- 
C(R)=CHPh)(CNR')(PiPr,),] (33-35). 
Acid-induced cleavage of the rhodium- 
carbon o bond of 27, 30, or 31 with 
CH,CO,H gives tvans-[Rh(q -0,CCHJ- 
(CO)(PiPr,),] (38) and the corresponding 
olefin or diene, respectively. In the ab- 
sence of a Lewis base such as pyridine, 


Keywords 
ally1 complexes - butadienes - C-C 
coupling - rhodium * vinylidene 
complexes 


CO, or C N R ,  compounds 18-20 rear- 
range in benzene at 40-50 "C to afford the 
isomeric n-ally1 complexes [Rh(q3-i- 
RC,H,)(PiPr,),] (40-42) almost quanti- 
tatively. The vinyl(viny1idene) com- 
pounds 11 and 12 also undergo an in- 
tramolecular rearrangement that leads 
to the q3-2,3,4-butadienyl- or to the 
alkynyl(ethene)rhodium(i) isomers, de- 
pending on the reaction conditions. In an 
analogous manner to the q'-vinyl- and q l -  
butadienylfcarbonyl) derivatives 27, 30, 
and 31, the n-ally1 and n-butadicnyl com- 
plexes also react with acetic acid to give 
[Rh(q2-0,CCH3)(PiPr,),] (47) and the re- 
spective olefin. 


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(viny1idene) complex as a common intermediate."' The 
individual alkynyl( viny1idene)rhodium derivatives 3 are formed 
by treating the q3-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) .I1- 21 


Since to the best of our knowledge examples of an intrumolecu- 
lur migration of a metal-bonded organic group to a vinylidene 
ligand are very rare,131 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 
lnstitut fur Anorganische Chemie der Universitat Wurzburg 
Am Hubland, D-97074 Wurzburg (Germany) 
Fax: Int. code +(931)888-4605 
e-mail : anor097i4rzbox.uni-wuerzburg.de 


1 2 L H  


1 
1 


4 3 
Scheme I .  L = PiPr, . 


vinyl(viny1idene)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(viny1idene) compounds trans- 
[RhCI(=C=CHR)(PiPr,),][41 to be suitable starting materials. 
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18.21 
19.22 


20 


In this paper we describe the synthesis of square-planar alkyl-, 
aryl-, and vinyl(viny1idene)rhodium complexes trans-[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-ally1 and Rh-butadienyl bonds. Moreover, we illus- 
tratc that some of the title complexes isomerize to givc two 
different types of products, depending on whether they react in 
solution or in thc solid phase, which cannot be intcrconverted 
into each other. Part of the results have already been communi- 
cated.l5] 


R 
Ph 
tBu 
H 


Results and Discussion 


Reactions of the chloro(vinylidene)rhodium(i) complexes with 
Grignard reagents: Compounds 5-7 (Scheme 2), which are un- 
suitable starting materials for the synthesis of half-sandwich 


k r  
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Scheme 2. L = PiPr, 
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Scheme 3. L = PiPr, 
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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 
inequivalcnt 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(1) derivatives 18- 
20 (Scheme 4), the procedure followed for the preparation of the 


CMe2-CHMgBr 
C-Rh=C=C 


(R-Ph) Me-C\ # /  L P h  
Me 


14 


type complexes [C,H,Rh( =C=CHR)(PiPr,)] because of the 
slow rate of substitution of C1- by C,H, ,I6' 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 a-car- 
bon atom in the 13C NMR spectra that appears at 6 = 290-300 
(in C,D,) and shows a strong Rh-C coupling of about 47 Hz. 
Since the 31P NMR spectra of 8-14 display only one signal 
(doublet) with a chemical shift similar to that of the starting 
materials 5-7,[41 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 [RhCl(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 O/O 


5-7 


Scheme 4 L = PiPr %.  
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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,MgI 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 solid sample of 
CH,MgI, obtained after removing the solvent from a solution 
of CH,MgI in ether, with a solution of 5, 6, or 7 in toluene 
at - 30 "C. Upon workup, deeply colored crystalline materials 
of composition trans-[Rh(CH,)(=C=CHR)(PiPr,),l 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 13C NMR spectrum of 18 could be measured at room 
temperature. In addition to the signals for the phosphine and 
vinylidene carbon atoms, i t  shows a doublet of triplets at 
6 = - 1.7, which is assigned to the metal-bonded CH, carbon 
atom. 


The alkynyl(vinylidene)rhodium(I) complexes 21 and 22, that 
is, the analogues of compound 3, are also accessible by the 
Grignard route. The advantage or this method over that shown 
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in 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 PhCECMgBr indicates that the C=CHrBu 
moiety is not involved in the replacement process, because oth- 
erwise the trans-[Rh(C-CtBu)(=C=CHPh)(PiPr,),] isomer, 
which we assume is therniodynamically favored, would be pro- 
duced. 


Reactions of the vinylidene complexes trans-[Rh(R)(=C=CHR)- 
(PiPr3)J with Lewis bases: In our recent work on the reactivity 
of the vinylidene derivatives trans-[Rh(CrCR)( =C=CHR)- 
(PiPr3)z],[1,81 we found that on treating these compounds with 
pyridine the bis(alkynyl)hydridorhodium(m) complexes [Rh- 
H(C=CR),(py)(PiPr,),] are formed. They are significantly 
more stable than the related compounds [RhH(C=CR)Cl(py)- 
(PiPr,)J, which readily lose pyridine and regenerate the starting 
materials trans-[RhCI(=C=CHR)(PiPr,),] .r4, 6 ,  


The vinylidene complexes 8 and 10-13 described in this work 
react with pyridine somewhat differently. Instead of the expect- 
ed rhodium(m) species [RhH(R')(C=CR)(py)(PiPr,),], the 
square-planar compounds trans-[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,),lr6] or by ligand replacement from 
trans-[Rh(CrCR)(C,H,)(PiPr,),l and pyridine.['] 


If the reaction of 11 with pyridine in C,D, is studied in an 
NMR tube, a weak signal is initially observed in the 'HNMR 
spectrum at 6 z - 17, which is tentatively assigned to the octa- 
hedral intermediate 26 by comparison with the spectra of 
[RhH(C=CR)(X)(py)(PiPr,)J (X = CI, C=CPh, C=CtBu) 
(Scheme 5) .  The high-field resonance disappears quite rapidly 


8.10 - 13 23 - 25 


L L i Y  J 
26  


+ 2 4  tEu 


251 n 
Scheme 5. L = PiPr, .  


and, together with the signals of 23-25, a singlet appears at 
S = 5.28 which is characteristic of ethene. Following these ob- 
servations, we assume that the different types of four-coordinate 
vinylidenerhodium(1) complexes trans-[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 
/I-carbon atom to the metal. Obviously, the stability of the 
rhodium(m) derivatives [RhH(C =CR)(X)(py)(PiPr,),] depends 
considerably on the nature of the ligand X, whereby the ex- 


tremes are probably for X = C-CR (highest stability) and 
C,H, or CH, (lowest stability). 


The reactions of the aryl-, vinyl-, and methyl(viny1idene) 
compounds 8-11, 16, and 18 with n-acceptor ligands follow a 
different pathway. When a slow stream of carbon monoxide is 
passed for ~ 1 0 s e c  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. 
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Scheme 6. L = PiPr, 


Their IR spectra show a strong band at 1925-1945 cm-I, which 
is assigned to a C r O  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,)2],r'. 8b1 we 
assume that the 2 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 'H NMR 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 trans-[Rh(C,H,)(CO)(PiPr,),] and 
trans-[Rh(CH=CH,)(CO)(PiPr,), ,[''I the methyl groups of the 
triisopropylphosphine ligands in 32 are diastereotopic and give 
rise to two doublets of virtual triplets at 6 =3.22 and 1.16. In 
agreement with previous studies,". '1 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 t-butylisocyanide 
also proceed selectively to furnish the substituted isocyanide- 
(vinyl)rhodium(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. 


L 'C-H 
CNR' / / /  - R'NC-Rh-C 


R-Rh=C=C, / \  
, /  P h  L R 
L 


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 38'"l and 
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Scheme 8 L = PiPr, 


36,37 38 


39 


identified by NMR spectroscopy.["] Under the chosen reaction 
conditions, there is no rearrangement of E to 2 isomers. In this 
context it should be noted that on treatment of trans-[Rh{q'- 
(E)-C(CO,Me)=CHCO,Me](CO)(PPh,),l with HCI, a stereo- 
selective reaction also occurs which gives dimethylnialonate as 
the sole olefinic product.['31 


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- 


c 
27 


Fig. 1. Molecular structure of 30 Prlnclpai boiid lengths (A] and angles [ 1, with 
estiinated standard deviations in parentheses: Rh-PI 2.338(1), RhLP2 2.340(1), 
Kh-- C 1 2.088 (5). Rh-  C 29 1 .XI 5 ( 6 ) ,  C 1 -C 2 1.470 ( 6 ) ,  C 2 - C 3 1 299 ( 7 )  ~ C 1 -C 4 


91.5(1), Pl-Rh-C29 8X.X(2), P?-Rh-C29 89.1(2). CI-Rh-C29 175.7(2). Kh-CI- 
C2 116.5(4). Rh-Cl-C4 128.1(4), Cl-C2-C3 127.0(6), C?-CI-C4 1154(5), CJ- 
C4-CS 129 7(5), Rh-C29-0 175.2(5) 


1.356(6), C 2 9 - 0  1.171 (6); P1-Rh-P2 167.73(4). PI-Rh-C1 91.4(1). PI-Rh-C1 


ety in a tranx disposition. Whilst the Rh-P distances are almost 
identical (see legend to Figure I ) ,  the P-Rh-P unit is 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(rr1) complex [Rh(q2-0,CCH,)(C=CC02Me)- 
{C(CH=CHCO,Me)=CHCO,Me}(PiPr,),l (2.015 (9) A)1141 
and corresponds to that found for Rh-C(C,H,) in 
[C,Me,Rh(C,H,)(PPh,)Br] (2.08(1) A) .[l5] The C-C bond 
lengths of the metalated C4  ligand lie between 1.299 (7) ( C 2 -  
C3) and 1.470(6)A (CI-C2) and are analogous to those of 
related i?'-b~tadienylrhodium,['~] -iridium,[3c] and -ruthenium 
complexes.['61 The C4-C I-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,-4-4-fBu)(DMo,l 
(54.5")."7' 


C-C coupling reactions of the vinylidene complexes truns- 
[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 changc of color from deep blue or violet 
to yellow or orange occurs and crystalline products of general 
composition [Rh(q3-CH,CHCHR)(PiPr,),l (40-42) are isolat- 
ed in 70- 80 YO yield. The parent derivative 42 is already known 
and has been prepared either from [Rh(q3-C,H,)(q4-C,H,,)] 
(generated in situ) and PiPr,, or more directly from 
[RhCl(PiPr,),], and C,H,MgBr.["] The 'HNMR spectra of 
the phenyl- and tert-butylallyl complexes surprisingly reveal 
that in 40 the allylic unit is present in the syn[191 and in 41 in the 
anti configuration (see Scheme 9). Characteristic features are 
the different H-H coupling constants between the central allylic 
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Scheme 9. L = PiPr, 
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proton H 2 and the terminal protons H 1, H 3 and H 4 (for exact 
assignment see Experimental Section) which are larger if H I ,  
H 3, or  H 4  is in an anti 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(viny1idene) 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 lo), 


Scheme 10. [Rh] = Rh(PiPr,), 


which is analogous to  [Rh(~'-CH,Ph)(PiPr,),1." C l b J  This inter- 
mediate then undergoes a 8-H shift to  give the four-coordinate 
(v'-allene)hydridorhodium derivative B.[''] 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 I-substituted 
allyl group stems from previous work by Schwartz et al., 
who observed that the iridium compound tvans-[Ir{(Z)- 
C(CH,)=CHCH,}(CO)(PPh,),l reacts on warming in C,D, to 
give the allyl isomer [Ir(q3-syn-l-CH,C,H4)(CO)(PPh,),l .[221 In 
the reaction of IC,H,Mo(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 (q3-I-methylally1)molybdenum complex.[z31 


The isomerization of the vinyl(vinyfidenc) compounds 11 and 
12 in benzene proceeds more slowly and, after stirring for 3 h at 
40- 50 'C, affords the g3-2,3,4-butadienyl derivatives 43 and 44 
in 55-65'41 yield (Scheme 11). The ' H  NMR spectra (in C,D,) 
of the orange, very air-sensitive solids display complex patterns 
for thesignals ofpro tonsHl-H4,  whichisdue to Rh-H, P-H 
and H-H couplings. The resonances of the sytz protons H 3  
reveal considerably smaller P-H coupling constants than those 
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phase) 


R-C 
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H 43.44 
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of the anti  protons H4. This agrees with the spectroscopic data 
of 40-42. In the I3C 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 C 4  is observed (for assignment sce 
Experimental Section). Therefore, we assume that thc allylic 
fragment of the butadienyl unit is unsymmetrically coordinated 
to the metal center. This structural proposal is supported by the 
31P 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 alniost symmetrical type of bonding to 
rhodium can be assumed. The conclusion that the butadienyl 
derivatives are generated by a n  intuumolecukur route has been 
confirmed by a crossover experiment: upon stirring a solution of 
12 and 18 in C,D, for 1 h at 50"C, only the corresponding 
isomers 40 and 44 are formed. 


Most remarkably, the vinyl(viny1idene) complexes 1 1  and 12 
are not only labile i n  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 N M R  spectra of the brown 
products confirm that the alkynyI(ethene)rhodium(r) deriva- 
tives 45 and 46 (Scheme 11) were formed nearly quantitatively. 
They had previously been prepared from 1 and H C z C R  
( R  = Ph, tBu) 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 p-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-CSiRJ- 


Scheme 12. L = PiPr,. 
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2)A1,03/CI- Me 


CI(PiPrJ2] (R = Me, Ph) to the vinylidene complexes trans- 
[RhCI( =C=CHSiR,)(PiPr,),] has been observed to occur in the 
solid state. This is a 1,3-H shift in thc reverse direction from the 
metal to the alkynyl J-carbon atom.[241 


The q3-allyl and $-butadienylrhodium(r) compounds also re- 
act with acetic acid. J t  has already been mentioned (see 
Scheme 8) that on treatment of the ql-vinyl complex 31 with 
CH,CO,H. (E)-2-metliylstyrene is formed. This olefin is also 
obtained almost quantitatively upon acid-induced Rli- C bond 
cleavage from 40 and acetic acid in benzene at room tempera- 
ture (Scheme 13). The corresponding reaction of 44 with 
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CH,CO,H affords regioselectively the butadiene derivative 
48.[251 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 tert-butylallyl complex 41 unex- 
pectedly reacts with acetic acid to  give a mixture of the E and Z 
isomers 49a,b with the former as the major species. Since we 
failed to detect an intermediate in this process by NMK spec- 
troscopy. we can only speculate about the reason for the differ- 
ent course of the reactions of 40 and 41 with CH,CO,H. From 
previous studies into the reactivity of [Rh(q3-2-MeC,H,)- 
(PiPr.3)2J towards CF,CO,H we know that a t  low temperature 
an oxidative addition occurs and the n-allyl(hydrid0)- 
rhodiuin(iri) complex [RhH(q3-2-MeC,H,)(q'-O2CCF3)- 
(PiPr3)J is If a structurally related species is gcner- 
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 dcter- 
mine the site of attack of the metal-bound proton on the allylic 
ligand, the E or the Z olefin could bc 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,[lXb1 which can be 
reconverted to  the starting material 5. This takes place in two 


steps, first by treatment of 47 with phenylacetylene, and second 
by column chromatography of the rhodium(n1) compound 
[RhH(C=CPh)(q2-02CCH,)(PiPr3)2]rz61 (generated in situ) on 
A120, in the presence of chloride ions. Therefore, a cyclic 
process (Scheme 14) can be established, in 


CH,MgI 
CI -Rh =C=C, c 


/ P h  
L 5  


47 


Scheme 14. L = PIPI-, 


which an olefin 
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H' 40 


RCH = C H R  is regio- and eventually stereoselectively formed 
from a terminal alkyne HC=CR, a Grignard reagent R'MgX. 
acetic acid, and general assistance from rhodium(i). Most re- 
cently, it was shown that not only olefins and butadienes. but 
also vinylallenes can be prepared by an analogous route, provid- 
ed that instead of 5 the related allenylidene complex truns- 
[RhCl(=C=C=CPh,)(PiPr,),l is used as the starting materi- 
2 1 1 . 1 ~ ~ 1  


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 rhodiuni(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.[281 The closcst 
analogy to the synthesis of compounds 27-35 which wc were 
aware of is the reaction of the iridium(ni) vinylidene 
[IrCH j(=C=CH2)I{q3-N(SiMezCH2PPh,)z]] with acetonitrile, 
which affords the vinyl complex [Ir{C(CH,)= CH,)(NCCH,)I- 
jvi3-N(SiMe,CH,PPh,),)1 in modest yield.[3d1 Recently, Proulx 
and Bergman described a reaction of [(C5H,)2Ta(=CH,)CH,] 
and [Re(R)(CO),] (R  = Me, Ph) that gave a dinuclear complex 
containing alkenyl and oxotantalum groups bound to a rhenium 
center.[2y1 They assumed that a methyl- or phenyl(viny1i- 
dene)rhenium compound is involved as an intermediate, which, 
by migratory insertion, would form the alkenyl 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 PI1-buta- 
dienyliridium(ii1) 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, o r  vinyl group and the 
vinylidene unit are definitely t r m s  to each other, a migratory 
insertion can also occur which opens up a novel synthetic route 
to n-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(~~3-2,3,4-CH2CHC=CHC02Me~(PPh3)], 
which is obtained from [C,H,RuCI(=C=CHCO,Me)(PPh,)l 
and Sn(CH=CH,), in the presence of CuCl in 70% yield.[3o1 


Experimental Section 


All reactions were carried out under an atmosphere of argon by Schlenk tube 
tcchiiiqucs. The starting material 15 was prepared as described in the litera- 
ture [7]. NMR rpectra were recorded at room tcmperature on Bruker AC200 
and Bruker AMX400 instruments. IR spectra on a Perkin Elmer1420 iii- 


frared spectrometer, and mass spectra on a VarianCH7MAT or on a Finni- 
gan 90MAT instrument. Melting points were rncasured by DTA. Ahhrevia- 
tions used: s, singlet; d, doublet; t, triplet; vt, virtual triplet; m, rnultiplet; hr, 
broadened signal. 


Modified procedure for the preparation of tvans-IRhCI(=C=CHPh)(PPr,),J 
(5): A solution of [RhCI(PiPr,),], (500 mg, 0.55 mmol) in pentane (20 mL) 
was treated at - 10 ' C  with phenylacetylene (240 pL, 1 . I0  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 NEtJbenzcne (5 mL; 1 : I ) ,  and the solu- 
tion stirred for 20 h at room teinpcrature. 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 
'"C NMR spectroscopy [4a]. 


frans-[RhCI(=C=CHtBu)(PiPr3)2i (6 ) :  A similar procedure was applied for 
the preparation of 6,  from [RhCI(PiPr,),], (250 mg, 0.27 mmol) and 
HCcCtBu  (69 pL, 0.50 minol) as starting materials. Dark hluc crystalline 
solid; yicld 274 mg (93%). The compound was characterized by 'H and ',C 
NMR spectroscopy [4 h]. 


Modified procedure for the preparation of rvans-(RhC1(=C=CH2)(PiPr,),l 
(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 13C NMR spectroscopy [4a]. 


nuns-[Rh(Ph)(=C=CHPh)(PiPr,),j (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 . 0 ~ ) .  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 thc solution was stored for 15 11 a t  - 78 C. Violet crystals 
precipitated, which wcre separated from the mother liquor, washed three 
times with 2 inL portions of acetone (0 ' C ) ,  and dried; yield 153 mg (79%); 
m.p. 110°C (decomp.); IR (C,H,): S =1585, 1560 (C=C)cm-': ' H N M R  
(C,D,.200 MHz): 6 =7.50(m,4H,o-C6H,),7.14(rn, 6H,m-,p-Cf,H,), 2.28 
(m, 6 H ,  PCHCH,). 1.16 [dvt, N = 1 3 . 1 .  J(H,H) =7.1 Hz. 36H, PCHCH,], 
signal of =CHPh proton probably covcred by signal of PCHCH,; ',C NMR 
(C,D,, 50.3 MHz):  (S = 296.7 [dt, J(Rh,C) = 47.0, J(P,C) =17.8 Hz, 
Rh=C=CHR], 170.2 [dt, J(Rh,C) = 30.0, J(P,C) =11.4 Hz, Rh-ipPo- 
C,H,], 138.1 [t,J(P,C) = 2.5 Hz, C,H,], 129.0(s,C6H,), 128.3, 126.2. 125.5, 
124.2, 121.8 (all S, C,H,), 117.7 [dt. .I(Rh,C) ~ 1 0 . 2 ,  J(P,C) = 5.1 Hz, 
Rh=C=CHR], 25.8 (vt, N =19.1 Hz, PCHCH,), 20.2 (s, PCHCH,); 
NMR (C,D,, 81.0 MHz): S = 40.4 [d, J(Rh,P) =146.2 Hz]; C3,H5,P2Rh 
(602.6): calcd C 63.78, H 8.86; found C 63.91, H 9.32. 


tuans-[Rh(4-C,H4Me)(=C=CHPh)(PiPr,),j (9): This was preparcd as de- 
scribed for 8. from 5 (22Xnig. 0.41 mniol) and a solution of (4- 
C,H,Me)MgBr in ether ( I  .27 mL. 0 . 4 8 ~ ) .  Violet microcrystalline solid: yield 
176mg (61%); m.p. 94-95'C (decomp.); 1R (C,H,): ?=1590, 1565 
(C=C)cm- ' ;  ' H N M R  (C,D,, 200MHr):  6=7 .13  (in. 9H .  C,,H, and 
C,H,), 2.30(m, 6 H ,  PCHCH,), 2.27 (s, 3W, C,H,CH,). 1.17 [dvt. N =13.2, 
J(H,H) =7.3 Hz. 36H. PCHCH,], signal of =CHPh proton probably cov- 
ered by signal of PCHCH,; " C  N M R  (C,D,. 50.3 MHz): d = 296.4 [dt. 


27.0. J(P,C) =12.3 H7. Rh-ip.so-C',H,CH,]. 137.8 [t. .I(P,C) = 2.8 H7, 
J(Rh.C) = 47.0, J(P,C) = 17.X HZ. Rh=C=CIIPh], 164.9 [dt. J(Rl1.C) = 


C,H,R]. 130.1 ( s .  C,H,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,. 81.0MHz): IS = 40.6 [d. J(Rh,P) = 
145.6 Hz]; C,,H,,P,Rh (616.7): calcd C 64.28. H 8.99; found C 63.03, H 
9.36. 


trnns-lRh(Ph)(=C=CHtBu)(PiPr,),l (10): To a solid sample of PhMgBr, 
which was obtained after rcmoving 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 
rooin 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 
filtrate was brought to dryness in vaciio. The residue was dissolved in acetone 
(3 mL) ,  and the solution stored for 15 h at -78 C. Violct crystals precipitat- 
ed which werc isolatcd as described for 8 ;  yield 137 rng ( 8 5 % ) ;  m.p. 7 3 ' C  
(decomp.); IR (C,H,): 5 =l610, 1555 (C=C)cm-': ' H N M R  (C,D,. 
200MHz): 6 =7.44 (in. 2H,  o-C,H,), 7.16 (m. 2H.  ni-C,H,), 6.96 (m, 1 H, 
p-C,H,), 2.44 (m, 6 H ,  PCHCH,), 1.23 [dvt, N =13.0, J(H,H) =7.1 Hz. 
36H, PCHCH,], 1.12 [ s ,  9H. C(CH,),], 0.59 [t, J (P .H)=4 .4Hz .  1 H .  
=CIIR] ;  [dt, J(Rh,C) = 46.4. 
J(P,C) =16.5 Hz, Rh=C=CHR], 179.1 [dt, J(Rh,C) = 30.0, J(P,C) = 


13C NMR (C,D,, 50.3 MHz): 6 = 291.1 


12.1 Hz, Rh-ipro-C,H,]. 138.3 [t, ./(P,C) = 2.2Hz, C,H,], 125.9, 121.4 
(both S, C,H,). 123.0 [dl, J(Rh.Cj =10.2. J(P,C) = 5.1 Hz, Rh=C=C.HR]. 
32.2 [s. C(CH,),], 27.1 [t. J(P.C) =1.9 Hz. C(CH,),]. 25.8 [dvt, 
J(Rh,C) =1.3, N=19.1 Hz, PCHCH,]. 20 3 (s. PCHCH,): .,IF' NMR 
(C,D,, 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. 


frarrs-IRh(CH=CH,)f=C=CHPh)(PiPr3)ZJ (11): This was prepared as de- 
scribed for 8,  from 5 (200 mg, 0.36 mmol) and a solution of CH,=CHMgBr 
in T H F  (0.38 mL. 1 . 0 ~ ) .  Violet microcrystalline solid; yield 160 nig (81 'XI): 
m.p. 76 'C  (decomp.); IR (C,H,): S =I580 (C=C)cm I ;  ' H N M R  (C,D,. 
200 MHz): 0 =7.88 [m, in 'Hi3'P} ddd, J(Rh,H- 
1) =1.2. J(H-1.H-2) =19.6, J(H-1.H-3) =14.2 Hz. 
1 H ,  H-I] ,  7.29 (m, 2H,  o-C,H,). 7.14 (m, 2H,  pi- 7' 


C-HJ C,H,), 6 88 (m, 1 H. p-Cf,H,), 6.29 [m, in 'H{3LP) 


3) = 4.4 Hz, 1 H. H-31. 5.30 [m, in 'H{-"P) ddd, 


[Rhl-C 4 
\HI  


ddd, J(Rh,H-3) 3.0, J(H-l.H-3) = 14.2. J(H-2.H- 


J(Rh,H-2) = 1.3, J(H-l,H-2) = 19.6, J(H-2.H-3) = 


=CHR], 1.27 [dvt, N =23.2,  J(H,H) =7.1 Hr. 36H, PCHCH,]; ',C NMR 
(C,U,. 50.3 MH7): 6 = 300.6 [dt, J(Rh,C) = 47.2, J(P,C) = 16.9 H7. 
Rh=C=CHR]. 173.6 [dt, J(Rh,C) = 26.5, J(P,C) =13.6 Hz. Rh ~ 


CH=CH,], 129.7, 128.8, 128.7, 126.4(alls,C6H,), 120.7[t,./(P,H) = 3.6 Hz. 
Rh-CH=CH,], 118.0 [dt, J(Rh,C) =10.4. 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,): 31P 
NMR (C,D,, 81.0 MHz): 6 = 43.8 [d. J(Rh,P) = 145.3 Hz]; C,,H,,P,Rh 


4.4Hz, 1 H,  H-21. 2.52 (m, 6H,  PCHCH,), 2.02 [t, J(P,H) = 3.7 Hz, 1 H. 


(552.6): calcd C 60.86. H 9.30; found C 60.56. 11 9.60. 


trans-[Rh(CH=CH,)(=C=CH?Bu)(PiPr,),] (12): This was prepared ;IS de- 
scribed for 8, from 6 (135 mg. 0.25 mmol) i n  toluene (3 mL) and a solution 
of CH,=CHMgBr in T H F  (0.40 mL. 1 . 0 ~ ) .  Violct microcrystalline solid: 
yield 101 mg (76%): m.p. 63 'C (decomp.): IR (C,H,): i. =I590 
(C=C)cm- ' ;  'HNMK(C,D, ,400 MHz):S=7.97[m,in iH{31P] dd,.I(H- 
l.H-2) =19.7, J(H-1.H-3) =14.4Hz, l H ,  H-I], 6.28 [m. in IH{"PJ ddd. 
./(Rh.H-3) =1.2,J(H-I,H-3) =14.4,J(H-2,H-3) = 4.2 Hz, 1 H. H-31.5.30 [in. 
in 'H["P) ddd, J(Rh,H-2) =1.3 .  J(H-l,H-2) =19.7, ./(H-2,H-3) = 4.2 Hz. 
1 H, H-21. 2.71 (m, 6H. PCHCH,), 1.34 [dvt, N ~ 1 2 . 9 ,  J(H,H) =7.1 Hz, 
36H, PCHCH,], 1.07 [s, 9H,  C(CH,),]. 0.27 [t. J(P.H) = 3.9 Hz, 1 H. 
=CHR], for assignment of H-I, H-2 and H-3 sce 11 : 13C NMR ( C , D , ,  
50.3 MHL): 6 = 297.7 [dl, J(Rh,C) = 46.4, J(P.C) = 17.2 Hz, Rh=C=CHR]. 
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175.5 [dt. J(Rh.C) = 26.7. J ( P S )  = 13.7 Hz, Rh-CH=CH,]. 123.6 [dt, 
J(Rh.C) = 10.2, J(P.C) = 5.1 Hz. Rh=C=CHR]. 119.8 [t, J(P,C) = 3.5 Hz. 
Rh-CH=CH,]. 32.3 [s. C(CH,),]. 31.3 [s. C(CH,),], 25.5 [dvt, 
J(Rh.C) = 1.9, N = 19.1 Hz. PCHCH,], 20.5 (s, PCHCH,); 'IP NMR 
(C,D,. 81.0MHz): 6 = 41.7 [d. J(Rh.P) =147.3 Hz]; C,,H,,P,Rh (532.6): 
calcd C 58.64. H 10.41; found C 58.46. H 10.51. 


trans-[Rh(CH=CH,)(=C=CH,)(PiPr,),I (13): A solution of 7 (140 mg, 
0.29 mmol) in bcnzene ( 5  mL) was treated with a solution ofCH,=CHMgBr 
in THF (0.5 mL. 1 . 0 ~ )  and stirred for 1 h at room temperature. After the 
solvent had been removed, the rcsidue 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 h at - 20 C, dark green crystals; yield 109 mg (79%); m.p. 
83 C (decomp.); IR (C,H,): i = 1600 (C=C)cm- ' :  'H NMR (C,D,. 
200MHz):ii=7.76(m.1H.H-1),6.20(m,lH.H-3),5.30(m,1H,H-2).2.68 
(m, 6H. PCHCH,). 130 [dvt. N=13.1. J(H,H)=7.1Hz,  36H, 
PCHCH,], -0.01 (m, 2 H. =CHI), for assignment of H-1. H-2 and H-3 see 
11; 13C NMR (C,D,, 50.3 MHz): d = 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,]. 120.8 [t, J(P.C) = 3.5 Hz. Rh-CH=CH,]. 94.9 [dt. J(Rh,C) = 


1 1  4. J(P,C) = 5.1 Hz. Rh=C=CH,]. 25.0 [dvt. J(Rh,C) = 1.3, N = 19.7 Hz, 
PCHCH,]. 20.4 (s. PCHCH,); "P NMR (C,D,, 81.0 MHz): 6 = 43.7 [d, 
J(Rh.P) = 147.0 Hz]; C,,H,,P,Rh (476.5): cakd C 55.46. H 9.94; found C 
55.66. H 10.29. 


trans-IRh(CH=CMe,)(=C=CHPh)(PiPr,),l (14): This was prepared as de- 
scribed for 8. from 5 (100 nig. 0.18 mmol) and a solution of Me,C=CHMgBr 
in T H F  (0.50 mL. 1 . 0 ~ ) .  Violet microcrystalline solid; yield 80mg (77%); 
m.p. 81 C (decomp.): IR (C,H,): a =1580, 1560 (C=C)cm- ' ;  'HNMR 
(C,D,. 200 MHz): (5 =7.29 (m. 2H. o-C,H,), 7.16 (m. 2H,  ti?-C,H,), 6.87 
(in. 1 H. p-C,H,). 6.13 (m. 1 H, Rh-CH=CMe,), 2.35 (m, 6H. PCHCH,), 
2.17 [dt. J(P.H) = 4.2. J(R1i.H) = 4.0 Hz. 1 H, =CHR]. 2.04 [m. 6H,  
=C(CH,),]. 1.27 [dvt. N = 13.1. J(H.H) = 6.9 Hz. 36H. PCHCH,]; I3C 
NMR (C,D,. 50.3 MHz): 5 = 296.2 [dt, J(Rh.C) = 46.4, J(P.C) = 17.2 Hz, 
Rh=C=CHR]. 152.8 [dt. J(Rh.C) = 27.3, J(P,C) = 13.4 Hz, Rh- 
CH=CMe,]. 131.5 [t. J(P,H) = 3.8 Hz. Rh-CH=CMe,], 128.8 (brs, ip.so- 
C,H,). 128.4. 125.3. 123.8 (dl S. C,H,). 117.5 [dt. J(Rh.C) =10.2, 
J(P.C) = 5.7 H7. Rh=C=CHR], 30.3 [m. =C(CH,),], 26.0 [dvt. 
J(Rh.C) = 1.3. N = 19.7 Hz. PCHCH,]. 20.4 (s. PCHCH,); "P NMR 
(C,D,. 81.0 MHz): 6 = 43.1 [d. J(Rh.P) = 146.0 Hz]; C,,H,,P,Rh (580.6): 
calcd 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,),l (16): A solution of 15 (85 mg, 
0.17 mmol) in toluenc (2 mL) was treated at -3O'C with a solution of 
PhMgBr in cthcr (0.30mL. I S M ) .  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 YBCUO. 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.); 1R (C,H,): i =1660. 1550 
(C=C)cm- ' ;  'H NMR (C,D,. 200 MHz): 6 =7.46 (m, 2H. (J-C,H,). 7.19 
(ni. 2H. m-C,H,). 6.98 (m. 1 H. p-C,H,). 2.24 (m. 6H. PCHCH,), 1.83 [t, 
J(P.H)=2.4Hz. 6H. =C(CH,),]. 1.20 [dvt. N=12.9, J(H,H)=7.1 Hz. 
36H. PCHCH,]; "C NMR (C,D,. 50.3MHz): 6 = 294.7 [dt, 
J(Rh.C) = 44.5, J(P.C) = 18.4 Hz. Rh=C=CMe,]. 172.8 [dt, J(Rh,C) = 


28.0. J(P.C) = 12.7 Hz. R~-~/J.YO-C,H,], 138.5 [t, J(P,C) = 1.9 Hz. C,H,], 
125.8. 121.3 (all S. C,H,). 110.7 [dt. J(Rh,C) =lo.?, J(P.C) = 5.7 Hz, 


PCHCH,). 8.25 [t. J(P.C) = 2.5 Hz. =C(CH,),]; "P NMR (C,D,. 
81.0 MHz): c5 = 41.2 [d, J(Rh,P) = 147.0 Hz]; C,,H,,P,Rh (554.6): calcd C 
60.64, H 9.63: found C 59.76. H 10.35. 


Rh=C=CMe,]. 25.4 [dvt. J(Rh,C) =1.3. N =19.1 Hz. PCHCH,], 20.3 ( s .  


trans-lRh(CH=CH,)(=C=CMe,)(PiPr,),l (17): This was prepared as de- 
scribed for 8. from 15 (120 mg. 0.23 mmol) in toluene (3 mL) and a solution 
ofCH,=CHMgBr in THF (5.5 mL. 1 . 0 ~ ) .  Dark green crystals; yield 94mg 
(80'%1); m.p. 75 C (decomp.): IR (C,H,): i =I665 (C=C)cm- ' ;  'HNMR 


1.H-2) = 19.9. J(H-l.H-3) = 14.8 Hz. 1 H, H-I]. 6.30 [m. in 'H("P) ddd. 


[m. in 'Hi3 'P)  ddd. J(Rh.H-2) = 1.4. J(H-1.H-2) =19.9, J(H-2.H- 
3) = 4.7 Hz. 1 H. H-2].2.53(m. 6H. PCHCH,), 1.76[t.J(P.H) = 2.4 Hz.6H. 


(C,D,. 400 MHz): 6 =7.90 [dddt. J(P,H-1) = 2.9, J(Rh,H-I) = 0.6. J(H- 


J(Rh.H-3) = 2.7. J(H-1.H-3) ~ 1 4 . 8 ,  J(H-2.H-3) = 4.7 Hz, 1 H. H-31. 5.30 


=C(CH,),], 1.31 [dvt, N =13.0, J(H,H) =7.2 Hz, 36H, PCHCH,], for as- 
signment of H-1, H-2 and H-3 see 11; "C NMR (C,D,, 100.6MHz): 
6 = 298.1 [dt. J(Rh,C) = 44.4, J(P,C) = 18.3 Hz, Rh=C=CMe,], 176.6 [dt, 
J(Rh.C) = 26.4, J(P,C) = 13.0 Hz, Rh-CH=CH,], 120.4 (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,D,, 162.0 MHz): 6 = 44.4 [d, J(Rh,P) =147.6 Hz]; C,,H,,P,Rh 
(504.5): calcd C 57.14, H 10.19; found C 57.63, H 9.75. 


?runs-IRh(Me)(=C=CHPh)(PiFr,),l (18): To a solid sample of MeMgI, 
which was obtained after removing the solvent from a solution of MeMgI in 
ether (0.35 mL, 1 . 0 ~ ) .  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- 
camp.); IR (C,H,): i =1590 (C=C)cm-'; ' H N M R  (C,D,. 200 MHz): 
6 =7.30 (m, 2H,  o-C,H,). 7.14 (m, 2H,  m-C,H,), 6.88 (m, 1H. p-C6H5), 
2.28 (m, 6H,  PCHCH,), 1.70 [t. J(P,H) = 3.7 Hz, 1 H, =CHR], 1.26 [dvt, 
N = 13.0, J(H.H) = 6.9 Hz, 36H, PCHCH,], -0.08 [brt, J(P,H) = 5.8 Hz, 
3H. Rh-CH,]; "C NMR (C,D,, 50.3MHz): 6 = 294.9 [dt, 
J(Rh,C) = 47.9, J(P,C) =16.8 Hz, Rh=C=CHR], 129.5, 128.3, 125.2, 123.9 
(all S, C,H,), 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=18.9Hz. PCHCH,], 20.2 (s, PCHCH,), -1.7 
[dt, J(Rh,C) =19.2, J(P,C) =11.6 Hz, Rh-CH,]; 31P NMR (C,D,, 
81.0 MHz): 6 = 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. 


truns-lRh(Me)(=C=CHtBu)(PiFr,),l (19): This was prepared as described 
for 18. from solid MeMgl (0.35 mmol) and 6 (95 mg, 0.18 mmol) as starting 
materials. Dark violet crystals; yield 74 mg (81 YO); m.p. 82 "C (decomp.); IR 
(C,H,): i=1640 (C=C)cm-I;  ' H N M R  (C,D,, 200MHz): 6 = 2.68 (m. 
6H,  PCHCH,), 1.32 [dvt. N=12.8, J(H,H) =7.1 Hz, 36H, PCHCH,], 1.07 
[s. 9H. C(CH,),]. -0.16 [brt. J1P.H) = 5.7 Hz, 3H,  Rh-CH,], signal of 
=CHfBu covered by signal of Rh-CH,; "P NMR (C,D,, 81.0 MHz): 
6 = 44.5 [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-IRh(Me)(=C=CH,)(PiPr,),I (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- 
camp.); IR (C,H,): i =1605 (C=C)cm-l ;  ' H N M R  (C,D,, 200 MHz): 
6 = 2.70 (m, 6H,  PCHCH,), 1.31 [dvt, N = 13.0, J(H,H) =7.1 Hz, 36H. 
PCHCH,],-0.29 (m, 5H, Rh-CH, and =CH,); 31P NMR (C,D,, 
81.0 MHz): d = 45.9 [d, J(Rh.P) =148.2 Hz]; C,,H,,P,Rh (464.5): calcd C 
54.31, H 10.20; found C 53.81. H 9.79. 


truns-lRh(CECPh)(=C=CHPh)(PiPr,),l (21): A solution of 5 (100 mg, 
0.18 mmol) in ether (4mL) was treated at -30°C with a solution of 
PhCrCMgBr in T H F  (0.50 mL, 1 . 0 ~ ) .  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 "C NMR spectroscopy [1,8b]. 


truns-lRh(C=CPh)(=C=CHtBu)(PiFr,),I (22): This was prepared as de- 
scribed for 21, from 6 (210 mg, 0.39 mmol) and a solution of PhC=CMgBr 
in T H F  (0.80 mL, 1 . 0 ~ ) .  Green crystals; yield 186 mg (79%); m.p. 97°C 
(decomp.); IR (C,H,): C = 2060 (C=C), 1660, 1630, 1590 (C=C)cm- ' ;  
' H N M R  (C,D,, 200MHz): 6 =7.38 (m, 2H,  o-C,H,), 7.11 (m. 2H, m- 
C,H,), 6.91 (m, 1 H.p-C,H,), 2.86 (m, 6H,  PCHCH,), 1.39 [dvt, N =13.1, 
J(H,H) = 6.9 Hz, 36H, PCHCH,], 1.05 [s, 9H, C(CH,),], -0.06 [t, 
J(P,H) = 3.7 Hz, 1 H, =CHR]; "C NMR (C,D,, 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) =1.9 Hz, Rh-CzCR],  130.1, 128.3, 125.0 (all s, C,H,), 121.2 
[dt. J(Rh,C) =12.7, J(P,C) = 5.1 Hz, Rh=C=CHR], 32.3 [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-CECR probably covered by signal of C,H,; 
"P NMR (C,D,, 81.0 MHz): 6 = 46.5 [d. J(Rh,P) =136.4 Hz]; 
C,,H,,P,Rh (606.7): calcd C 63.36, H 9.47, Rh 16.96; found C 62.94, H 9.42, 
Rh 16.73. 


Preparation of fruns-IRh(C~CR)(py)(PiPr,),l (23-25) from trans-IRh(R')- 
(=C=CHR)(PzPr,),l (8. 10-13): A solution of 8, 10, 11, 12, or 13 
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(0.10 minol) in ether (2 mL) was treated with pyridine (100 1L. 1.25 mmol) 
and stirred for 30 min at  room temperature. A change of color from vlolet to 
orange occurred. The solvent was removed and the orange residue was iden- 
tified by IR and N M R  spectroscopy as 23-25 [6,8 b]. Yield quantitative. In 
addition to thc proton signals of 23 a further singlet was observed at  6 = 5.28, 
assigned to ethenc, if the reaction of 11 with pyridine was carricd out in a 
NMR tube (in C,D,) 


~mn.~-(Rh{ql-(Z)-C(Ph)=CHPh~(CO)(PiPr,),~ (27): A stream of CO was 
passed through a solution of 8 (1 15 mg, 0.19 mmol) in toluene (3 mL) for 10 s 
at -30°C. After thc 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 (2 mL),  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 (O'C), and dried; yield 
112 mg(93%);  m.p. 106 'C (decomp.); MS(70 eV): m/z630 ( M ' ) ;  1R (KBr): 
\ '=I930 (C=O)cm-'; ' H N M R  (C,D,, 200MHz): 6 = 8 . 5 7  (hrs, 2H,  
=CH-o-C,H,), 7.81 (m, 2H,  o-C,H,), 7.64 [dt, J(Rh.H) = 2.0. 
J(P,H) = 2.0Hz. 1H.  =CHR], 7.17 (m, 6H,  m-, p-C,H, and m-, p-=CH- 
C,H,), 2.25 (m, 6H.  PCHCH,), 1.13 [dvt, N =13.8, J(H,H) = 6.9 Hz. 38H, 
PCHCH,]; 1.09 [dvt. N = 13.8, J(H,H) = 6.9 Hz. 18H, PCHCH,]; I3C NMR 
(C,D,, 50.3 MHz): 6 =195.5 [dt, .I(Rh,C) = 54.7, J(P,C) =15.9Hz. Rh- 
CO], 181.4 [dt. J(Rh.C) = 29.4, J(P.C) = 14.0 Hz, Rh-C(R)=CHR], 154.2 
[t, .I(P,C) ~ 1 . 9  Hz, ipso-C,H,], 144.6 [dt, J(Rh,C) =1.9, J(P,C) =1.3 Hz, 
~~.w-C,H,], 137.3[t, J(P,C) = 4 . 5 H ~ .  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,D,, 81.0 MHz): 
6 = 40.0 [d, J(Rh,P) = 140.2 Hz]; C,,H,,OP,Rh (630.6): calcd C 62.85, H 
8.47; found C 62.59. H 8.72. 


truns-[Rh{q'-(Z)-C(4-C,H,Me)=CHPh}(CO)(PtTr3),J (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): i3 =I930 (C=O)cm- ' ;  ' H N M R  (C,D,, 200 MHz): 
b = 8.56 (brs, 2H, o-C,H,), 7.76 (m, 2H,  o-C,H,CH,), 7.66 [dt. 
J(Rh,H) = 2.0, J(P.H) =1.9 Hz, ZH, Rh-C(R')=CHR], 7.17 (m, 5H,  m-, 
p-C,H5 and m-C,H,Me). 2.25 (m, 6H, PCHCH,), 2.20 (s, 3H, C,H,CH3). 
1 .14 [dv t , iV=13 .7 , J (H ,H)=7 .2H~,  18H,PCHCH,], 1.10[dvt, N=13.2, 
J(H,H) =7.0 Hz, 18H, PCHCH,]; 13C NMR (C,D,, 50.3 MHz): 6 = 195.6 
[dt, J(Rh,C) = 54.5, J(P,C) = 1 5 . 9 H ~ ,  Rh-CO]. 181.2 [dt, J(Rh,C) = 29.1, 
J(P,C) =14.0Hz, Rh-C(R')=CHR], 151.3 [t, J(P,C) =1 .3  Hz, ipso- 
C,H,CH,]. 144.8 (brs, =CH- tp,so-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.X, 128.0, 127.7, 124.8 (alls, 
0-, m-, p-C,H, and o-, nz-, C,H,CH,), 25.7 [dvt, J(Rh,C) = 1.4, N = 19.4 Hz, 
PCHCH,], 20.6, 20.2 (both s, PCHCH,): NMR (C,D,, 81.0 MHz): 
6 = 40.0 [d, J(Rh,P) =141.0 Hz]; C,,H,,OP,Rh (644.7): calcd C 63.35, H 
8.60; found C 63.23, H 8.79. 


truns-IRh{qL-(Z)-C(Ph)=CHtBu}(CO)(Pmr,),l (29): This was prepared as  
described for 27, from 10 (80 mg, 0.14 mmol) and CO as starting materials. 
Yellow microcrystalline solid; yield 76 mg (91 %); n1.p. 89°C (decomp.); IR 
(KBr): i. =1930(C~O)cm~';'HNMR(C6D,,2O0MHz):b =7.77(m,2H. 
o-C,H,), 7.17 (in, 2H,  m-C,H,), 7.02 (m, I H ,  p-C,H,), 6.63 [dt. 
J (Rh,H)=i .S,J(P,H)= 2.0H2, l H ,  =CHR],2.37(m,6H,PCHCH3), 2.51 
[s .  YH, C(CH,),], 1.21 [dvt, N =13.0, J(H,H) =7.1 H L ,  18H, PCHCH,], 
1.20 [dvt, N = 23.3, J(H,H) = 6.9 Hz, 18H, PCHCH,]; I3C NMR (C,D,, 
50.3 MHz): 6 = 195.6 [dt, J(Rh,C) = 54.3, J(P,C) =16.9 Hz, Rh-CO], 162.6 
[dt, J(Rh,C) = 30.3, J(P,C) =13.4Hz, Rh C(R)=CHR],  155.5 [t. 
J(P,C) ~ 2 . 2  Hz, ips~-C,H,], 147.4 [t, J(P,C) = 3.9 Hz, Rh-C(R')=CHR], 
130.6, 126.9, 124.2(alls,C,H,),35.12[dt,J(Rh,C)=1.2,J(P,C)=1.2Hz, 
C(CH,),], 31.8 [t, J(P,C) = 1.6 Hz. C(CH,),], 25.6 [dvt. J(Rh,C) = 1.4. 
N=18.5 Hz, PC'HCH,], 20.6, 20.5 (both s, PCHCH,); , 'P  NMR (C,D,. 
81.0 MHz): S = 38.4[d,J(Rh.P) =142.9 Ht];C3,H,,OP,Rh(610.7):calcd C 
60.97, H 9.41; found C 60.66, H 9.46. 


trans-IRh{q'-(z)-C(CH=CH,)=CHPh}(CO)(PiF'r3)z~ (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 T (decomp.); IR 
(KBr): i. = 1930 (CEO) cm-'; 'H NMR (C,D,, 200 MHz): 6 = 8.51 (brs,  
2H, o-C,N,), 7.49 (m, 1H.  H-I), 7.16 (m, 3H, m-, p-C,H,), 5.39 [dd, 


10.0, J(H-3,H-4) = 3.1 Hz, I H ,  H-41, 2.27 (in, 6H. PCHCH,), 1.25 [dvt. 
J(H-2,H-3) = 16.7, J(H-3,H-4) = 3.1 Hz, 1 H,  H-31, 4.88 [dd, J(H-2,H-4) = 


N =13.7. J(H.H) =7.1 Hz, 18H, PCHCH,]. Ph 


1.07 [dW, N=13.0, J(H.H)=7.0Hz3 18H. C-H' 


one of the resonances of the aromatic protons; \ ,H3 


J(Rh,C) = 54.0, J(P,C) =15.2 Hz, Rh-CO], H2 ' H' 
181.6 [dt, J(Rh,C) = 28.2, J(P,C) =13.9 Hz, 
Rh ~C(CH=CH,)], 152.7 [ s ,  Rh-C(CH=CH,)]. 144.6 (s. ip.w-C6H5), 136.5 
[I ,  J(P,C) = 3.7Hz. Rh--C(R)=CHPh], 130.1, 127.7. 124.9 (all s, C,H,). 
108.6 [s, Rh-C(CH=CH,)], 26.1 (vt ,  N = 19,s Hz. PCHCH,), 20.9, 19.9 
(both S. PCHCH,); "P NMR (C,D,. 81.0MHz): 6 =41.5 [d. 
.J(Rh.P) = 140.9 Hz]; C,,H,,OP,Rh (580.6): calcd C 60.00, H 8.85:  found C 
60.04, H 9.1 5 .  


I 
PCHCH,]. signal of H-2 probably covered by 


I3C NMR (C,D,, 50.3 MHz): b =195.7 [dt, 


[Rhl--C 4 


,c,'c 


frans-IRh{q'-(Z)-C(Me)=CHPh}(CO)(PiPr,),l (31): This was prepared as 
described for 27, from 18 (95 mg, 0.18 mmol) and CO as siarting materials. 
Yellow crystals; yield 86mg (87%): m.p. 148'C (decomp.): IR (KBr): 
V = 1925 (C-0) cm-' :  ' H N M R  (C,D,. 200 MHz): 6 = 8.50 (brs,  2H. o- 


C6f f , ) .  7.12 (in, ZH, m-C,H,), 7.22 (m, 1 H, =CHR). 7.04 (ni. I H. p-C,FI,). 
2.40 [s, 3H. Rh-C(CH,)], 2.18 (m, 6H,  PCHCH,), 1.26 [dvt, N =13.8, 
J ( H . H ) = ~ . ~ H z .  IXH, PCHCH,], 1.06 [dvt. N=13.0, J(H.Hj=7.1 H7. 
18H. PCHCH,]; ',C NMR (C,D,. 50.3 MHz): S ~ 1 9 5 . 9  [dt. 
J(Rh,C) = 53.2, J(P,C) ~ 1 5 . 3  Hz, Rh-CO], 182.3 [dt, J(Rh.C) = 28.7, 
J(P,C) = 14.3 Hz. Rli-C(R')]. 145.3 (s. ipso-C,H,), 135.6 [t. J(P.C) = 
3.7 Hz, Rh-C(R')=CHR]. 129.7, 127.7, 223.9 (all s. C,H,j. 33.4 [dt, 


N=19.4Hz,  PCHCH,], 20.8, 19.8 (both s, PCHCH,): NMR (C,D,, 
81.0 MHz): 6 = 43.2 [d, J(Rh.P) = 145.3 Hz]: C,,H,,OP,Rh (568.6): calcd C 
59.15, H 9.04; found C 58.76. H 9.17. 


truns-IRh{q'-(Z)-C(Ph)=CMe,}(CO)(Pi~r,),I (32): A stream of CO w a s  
passed through a solution of 16 ( 5 5  mg, 0.10 mmol) in toluene (3 mL) for 10 s 
a t  - 100'C. After the solution had been stirred for 5 inin at - 100 'C, it wiis 
worked up as described for 27. Yellow microcrystalline solid; yield 39 mg 
(67%); m.p. 121 'C (decomp.); IR (KBr): i. =I930 (C=O) cm- '; 'H NMR 
(C,D,. 200 MHz): 13 =7.46 (m, 2H,  o-C,H,), 7.22 (m, 2H,  /n-C,H,). 6.97 
(m, 1H.  p-C,H,), 2.30 (m. 6H.  PCNCH,), 2.25 [t, J(P,H) =1.2Hz. 31-1. 


J(Rh,C) = 2.4. .I(P,C) = 2.4 Hz, Rh-C(CH,)], 26.6 [dvt. J(Rh,C) = 1.4. 


=C(CH,)]. 2.02 [t, J(P,H) = 2.4Hz, 3H,  = C(CH,)]. 1.22 [dvt. N =13.0. 
.I(H,H) =7.2 Hz, 18H. PCHCFI,], 1 16 [dvt, N ~ 1 3 . 3 .  J(H.H) =7.1 Hz, 
1814, PCHCH,]; ,'P NMR (C6D,, 8I.OMHz): 6 =41.5 [d. J(Rh.P) = 


144.0 Hz]: C,,H,,OP,Rh (582.6): calcd C 59.79, H 9.17; found C 58.89, 
H 9.47. 


trans-[Rh{q'-(Z)-C(Ph)=CHPh)(CNMe)(PiPr3)21 (33): A solution of 8 
(96 mg, 0.16 mmol) in toluene ( 5  mL) was treated at -30 'C with CNMe 
(8.9 pL. 0.16 mmol). After the solution had been stirred for 1 min. the solvent 
was removed. the residue was disaolved i n  toluene/'pentanc ( 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- 
camp.); IR (KBr): i. = 2080 (C=N) cm- ' ;  ' H N M R  (C,D,, 200 MHz): 
6 = 8.92 [brs. 2H,  Rh-C(=CHPh)-o-C,HJ, 8.00 (m. 2H,  d ' , H , ) .  7.74 [dt, 
J(Rh,H) = 2.1, J(P,H) = 2.0 Hz, 1 H,  =CHPh], 7.23 [m. 6H,  =CH-nz-.p- 
C,H, and C(=CHPh)-m-,p-C,H,], 2.22 (m. 6H, PCHCH,), 2.22 [d. 
J (Rh,H)=0,6Hz,  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,. 81.0 MHz): 6 = 39.43 [d. J(Rh,P) = 147.9 Hz]; 
C,,H,,NP,Rh (643.7): calcd C 63.44, H 8.77. N 2.18; found C 63.06, H 9.09. 
N 1.88. 


rmns-[Rh{q'-(Z)-C(Ph)=CHPh}(CNfBu)(PiPr,),J (34): This was prepared as  
described for 33, from 8 (105 nig, 0.17 mmol) and CNfBu (20 pL. 0.17 mmol) 
as starting materials. Upon recrystallization from acetone yellow crystals 
were obtained; yield 85 mg (71%); m.p. 84'C (decomp.); IR (KBr): 
i = 2070, 2030 (C-N) cm-'; 'HNMR (C,D,. 200 MHz). b = 9.06 (brs. 
2H,  =CH-o-C,H,). 8.08 (m. 2H, u-C,H,), 7.77 [dt, J(Rh,H) =1.9, 
.I(P,H) = 2.0 Hz, I H ,  =CHR], 7.33 (m, 4H,  m-C,H,), 7.07 (m. 2H, p -  
C,H,), 2.27 (m, 6H,  PCHCH,). 1.23 [dvt, N =13.5, J(H,H) =7.0Hz. IXH. 
PCHCH,], 1.16 [dvt. N =13.4, J(H,H) = 6.8 Hz. IXH, PCHCH,], 1.02 [s. 
9H, C(CH,),]; "P NMR (C,D,, 81.0MH7): 6 = 38.9 [d, J(Rh,P) = 


14X.8 Hz]; C,7H,,NP,Rh (685.8): calcd C 64.81, H 9.11, N 2.04; found C 
65.03, H 9.36. N 2.03. 
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frans-IRh{q'-(3-C(Me)=CHPh}(CNfBu)(PiPr,),l (35): This was prepared 
as described for 33. from 18 (102mg. 0.19nimol) and CNrBu (22 ILL? 
0.19 mmol) a s  starting materials. Yellow crystals; yield 98 mg (83%);  m.li. 
122 C (decomp.); IR (KBr): ? = 2080, 2050 (C-N) cm I; 'H  NMR (C,U,, 
90MHz.35 C):( j=8.92(brs ,2H,o-C,Hj) ,7 .22(m.3~i ,~~7- ,p-C,H,) ,2 .62 
[s. 3H,  Rh- C(CH,)]. 2.22 (m, 6H.  PCNCH,), 1.39 (dvt, N =13.4, 


18I1, PCHCH,], 1.03 [s, 9H,  C(CIl,).3], signal of -CHR covered by signal 
of C,H, protons: I3C NMR (C,D,, 50.3 MH7): 6 =188.7 [dt, 
J(Rh,C) = 28.0, J(P.C) =14.0Hz, Rh -C(R')=CHR]. 158.1 [dt, .I(Rh,C) = 
47.7. J(P.C) =16.5 Hz, Rh-C'NrBu]. 146.8 ( 5 ,  ipso-C,H,). 134.2 [I. 
J(P.C) = 3.8 Hz, Rh-C(R')=CHR], 129.9, 127.2. 122.8 (all s, C,H,), 54.5 
[brs, C(CH,),]. 35.4 [s, Rh-C(CHJ1. 29.9 [s. C(CH,),], 26.4 (vt, 
A'=17.8 H7. PCHCH,), 21.2. 19.9 (both s, PCHCH,); "P NMK (C,D,, 
81.0 MHz): 6 = 42.4 [d, J(Rh,P) =153.8 Hz]: C32H,,NP,Rh (623.7): caicd 
C 61.63. H 9.70, N 2.25; found C 62.01. H 9.82. N 2.09. 


J(H,H) =7.0 HZ. IXH,  PCHCH,). 1.14 [dvt. N =12.2. J(H,H) = 6.4Hz, 


Reaction of compounds 27,30, and 31 with acetic acid: A solution of 27 (60 nig. 
0 10 nimol) or 30 (75 ins, 0.13 mmol) or 31 (65 mg, 0.11 mmol) in C,D, 
( I  m L )  was treated with an eqiiimolar amount of acetic acid at room teinper- 
ature. After the mlulion had been stirred for 4 h (27) oi- 1 1  h (30) or  5 h (31) 
:L quantitative conversion of thc starting matcrial to [Rh(ii'-O,CMe)- 
(CO)(PiPr,),] (38)[ 111 and thc corresponding olcfin (Ej-PhCH=CHPh (36) 
o r  (E)-PhCH=CHMe (37) or (Ej-PhCH=CH--CH=CH, (39) was observed. 
The olefinic products were identified by ' H  and " C  N M R  spectroscopy [I?]. 


(Rh(q3-s.vn-CH,CHCHPh)(PiPr,),I (40): A solution of 18 (50 nig. 
0.08 mmol) in benzene (3 mL) was stirred fot- 12 h a t  room tempcrature. A 
amooth change of color from violet to yellow was observed. The solvent way 
removed in vacuo. the residue was dissolved in acetone (3 mL). and thc 
solution was stored for 10 h a t  -78'C. Orange crystals prccipitated, which 
were separated from the mother liquor, washed twice with 2 mL portions of 
acetone ( -  20 C) and dricd; yield 37 mg (73 %,). A modified procedure is as 
follows: A solution of 5 (200 mg, 0.36 minol) i n  cther (5 mL) was treated 
at  -3O'C with a solution of MeMgI in ether (0.4 mL, 1 . 0 ~ ) .  After the 
reaction mixture had been warmed to room tcmperature, i t  was stirred foi- 
15 h. and then the solvent was removed. l 'he residue was extracted with 
pcntane (15 mL) and the extrael brought to dryness in vacuo. The rcsidue was 
dissolved i n  acetone (3 niL) and the solution worked up 21s described above; 
yield 168mg (87%): m.p. 85 C (decotnp.); ' H N M R  (C,D,, 400MHz): 


6 =7.33 (m, 2H. (J-C,H,). 7.15 (m, 2H.  or- 
C6Hj) ,  6.98 (m, I H ,  p-C,H,), 5.28 [ddd, 
./(H-2,H-4) = 12.2, .I(H-l,H-2) = l(l.7. ,/(H- 


H<c3&\Cl/Ph 2,H-3) = 6.7 Hz, 1 H,  H-2],3.40[dd, J(P-1.H- 
1) ~ 7 . 7 ,  J(H-1-H-2) =10.7 Hz, 1 H. H-I], 


A4 1 A 1  3.12 [ddd, J(P-2.H-3) = 3.8, J(P-I,H-3) = 
2.2, J(H-2.H-3) = 6.7 Hz, 1 H, H-31, 2.18. 
3.98 (both in, 6 H ,  PCHCH,), 2.09 [dd. J(P- 
2,H-4) = 5.6. ./(H-2.H-4) ~ 1 2 . 2  Hz, 1 H, 


13-41, 1.25 [dd, J(P.H) =12.6, J(H,H) =7.2 I I z ,  9H. PCHCH,]. 1.16 [dd. 
J(P,H)=12.5, J(H,H)=7.2Hz.  9H.  PCHCH,]. 1.15 [dd, J(P,H)=13.2. 
.I(H.H)=7.2H7,9H.PCHCN,], 1.11 [dd,J(P,H)=13.3.J(H,H)=72H;. ,  
9H. PCHCH,]; I3C NMR (C<,II(,, 100.6 MHz): 6 = 146.7 [d, J(P,C) = 


3.0 Hz, ipso-C,H,], 128.2, 126.7, 123.1 (all s. C,H,), 99.9 (m, C-2). 65.0 
[ddd, .I(Rh.C) = 27.6. J(P-I,C) = 6.9, J(P-2,C) = 2.7 Hz. C-11, 46.2 [ddd, 
.f(Kh.C) = 21.0. J(P-2,C) = 9.4, J(P-1,C) = 5.2 Hz, C-31. 28.8 [d, J(P,C) = 


13.9 Hz. PCHCH,31, 27.5 [d, ./(P,C) =13.1 H/. PCHCkI,3]. 21.6 [d, 
./(P,C) = 3.5 Hz, PCHCH,], 21.4 [d, J(P.C) = 2.5 Hr, PCHCH,], 20.6. 20.1 
(both S, PCHCH,): NMR (C,D,, 162.0 MHz): (5 = 56.5 [dd, J(Rh,P) = 


198.0. .I(P,P) = 22.0Hz, P-I], 46.2 [dd, J(Rh.P) =189.5, J(P,P) = 22.0 HT. 
P-21; C,,H,,P,Kh (540.6): caicd C 59.99. H 9.51; found C 59.71, H 9.07. 


H 2  
I 


P' / R h \ p 2  


IRh(q3-anti-CH2CHCHtBu)(PiPr,),J (41 ): This was prepared as described 
for 40. from 19 (70 mg. 0.13 mmol) in benfene (3 mL). Orange crystals; yield 
57 ing ( 8 2 % ) .  The modified procedure using 6 (185 mg. 0 34 mniol) and a 
solution of MeMgI in ether (1 .OM) as stat-ting materials could also be applied; 
yield 126 ing (71 %); m.p. 84 'C (decomp.); 'H NMR (C,D,, 400 MH7): 
6 = 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, 1 H, H-21, 3.86 [ddd, J(P-l.H-1) = 3.6. J(P-2,H-I) = 3.6, 
J(H-l.H-2) = 8.2Hz. I H ,  H-I], 2.74 [in. in 1 H { 3 L P ) ,  b rd ,  J(H-2,H- 
3) = X.O Hz, 1 H. H-3), 2.28, 2.25 (both in. 6H.  PCHCH,). 2.05 (brdd. 
J(P-2,H-4) = 8.2, J(H-2.H-4) = 12.6 Hz. 1 H. H-4), 1.29 [s, OH. C(CH,),], 


1.29. 1.27 [both dd, J(P,H) =13.4, .I(H,H) = 
7.2 Hz, OH each. PCHCH,], 1.17. 1.14 [both 
dd, J(P,H) =13.6. .I(HJi) =7.3 Hz, 9 H  each, H i C 3 A \  A' 
PCHCN,]; NMR (C,D,. 100.6 MHz): 
6 = 95.1 [ddd, J(Rh:C) = 5.7. J(P-1.C) = 1.2, l!14 I tBu 
J(P-2,C) ~ 1 . 2  H~.C-2],76.6[ddd,J(Rh,C) = 
25.9. J(P-l .C) =10.6, J(P-2,C) =4 .4Hz,  C- 
I]. 4.5.0 [ddd, J(Rh.C) = 29.9, J(P-2,C) = 8.3. 
J(P-1.C) = 5.2 Hz. C-31, 35.2 [dd, J(P- 
1,C) = 3.3. J(Rh,C) = 0.9 Nz, C(CH,)J. 34.4 [d, J(P-1.C) ~ 1 . 9 ,  C(CH,),J. 
29.6 [brd. J(P,C)=12.0Hz. PCHCH,], 29.2 [brd, J(P.C)=12.6Hz. 
PCHCH,]. 21.8 [d, J(P,C) = 3.2 Hz, PCHCH,]. 21.4 [d. J(P.C) = 3.2 Hr .  
PCHCH,]. 20.2. 19.9 (both s, PCHCH,); , 'P N M R  (C,D,. 162.0 MHz): 
S = 49.0 [dd. J(Rh.P) = 206.7. J(P,P) =IY.l Hz, P-I], 47.9 [dd. 
J(Rh,P)  = 21 1.8. J(P,P) = 19.1 Hz, P-21; C2sH,,P2Rh (520.6): calcd C 57.68. 
H 10.65: found C 57.36, H 10.97. 


H2 


C' 
I 


P 


IRh(q'-C,H,)(PiPr,),l (42): This was prcparcd as described for 40. from 20 
(75 mg, 0.16 mmol) in benzene (3 mL). Yellow solid: yield 55 mg (73%). The 
modified procedure usiiig 7 (175 mg. 0.36 mmol) and a solution of MeMgI 
( I . O & t )  i n  ether could also be applied; yicld 121 mg (72%). The compound 
was characteriLcd by H N M R  spectroscopy [I 8 b]. 


IRh(q3-rrans-CH,CHC=CHPh)(PiPr,),l (43): A solution of 11 (65 mg. 
0.12 mmol) in ben7ene (3  niL) was stirred for 1 h at 4 5 T .  A smooth change 
of color fiom violet to orange-yellow occurred. After the solution had been 
cooled to room tcmpcrature. the solvent was removed, and the residue 
worked u p  as  described for 40. Orange crystals: yield 35 mg (55%). The 
modified proccdure dcscrihcd for the preparation of 40-42 could also be 
applied. using 5 (210 ing, 0.37 mmol) and a solution of CH,=CHMgBr in 


T H F  ( 1 . 0 ~ )  asstartiiigmaterials; yield 126 mg(61 O h ) ;  m.p. 80 C(decon1p.): 
' H N M R  (C,D,. 400MHz): 6 =  
7.X1 (m. 2H,  o-C,H,), 7.28 (in, 2H,  H2 


I 
Ph m-C6Hj). 7.09 (ni, 1 H,p-C,H,), 6.34 


(in, 1 H, H-I). 4.71 (in. I H ,  H-2), H t C 4 A \  
3.13 [ddd, J(P-l.H) = 2.5. J(P- 


1 H, 11-31, 2.41, 2.14 (both in, 6 H ,  


J(H,H) =7.2H7, 9 H ,  PCHCH,], 
1.22 [dd, J(P.H) =12.0, J(H,H) =7.3Hz.  9 H ,  PCHCH,]. 1.16 [dd. 
J(P,H) e 1 2 . 5 ,  J(H,H) =7.2 Hz, 9H.  PCHCH,], 1.10 [dd, ./(P.H) =12.6. 
.I(H,H) =7.1 Hr, 9 H ,  PCHCH,], signal of H-4 covered by PCH slgnal a t  
6 = 2.14; ' "C  N M R  (C,D,. 100.6MHz): 6 = 171.2 (m. C-2). 140.1 [d. 
./(P,C) = 5.0 Hz, ipo-C,H,), 128.8, 126.4. 124 7 (all s. C,H,). 111.8 (s, C-1). 
78.7 [d. .I(Rh,C) = 3.9 Hz, '2-31. 47.9 [ddd, J(Rh.C) = 25.1. J(P-2.C) = 5.9. 
J(P-l.C) = 4.9 HZ C-4). 28.4 [d, J(P.C:) ~ 1 2 . 2  Hz, PC'HCH,]. 27.6 [d. 
J(P,C) = 15.1 H7, PCHCH,], 21.4 [d, .I(P,C) = 2 0 Hz. PCHCH,], 20.8 [d, 
.I(P.C) = 2.6 HI, PCHCH,]. 20.6,20.3 (both S. PCHCH,): "P NMK(C,D,. 
162.0 MHz): 6 = 52.8 [dd, J(Rh,P) =197.0. J(P,P) = 21.9 Hz, P-I]. 46.8 [dd, 
J(Rh,P) = 160.5, J(P,P) = 21.9 HL. P-21: C,,H,,P,Rh (552.6): calcd C 60.86. 
H 9.30; found C 60.49, H 9.00. 


c2=c1' 


1.11) = 2.5, J(I-I-2,H-3) =7.4 Hz. H4 I I  'H' 


/Rh\,, PCHCH,), 1.29 [dd. J(P,H) =12.9, P' 


[Rh(q3-?rans-CHZCHC=CHtBu)(PiPr,)ZI (44): This was prcpared as de- 
scribed for 43, either fiom 12 (55 mg. 0.10 mmol) o r  from 6 (240 mg, 
0.45 mmol) and a solution of CH,=CHMgBr i n  THF (0.6 
starting materials. Orange microcrystnlline solid; yield 34 mg ( 
and 166nig (69%) from 6: m.p. 7Y'C (decomp.); ' H N M R  (C,D,,. 
400 MHr) :  6 = 5.14 (in. I H, H-I), 4.50 (m. 1 H, H-2). 2.98 [ddd. J ( F  


m. 6H.  PCHCH,), 1.93 [dd, J(P-2,H) = 6.7. .I(H-2.H-4) = 11.7 Hz: 1 H, H- 
1.H) = 2.6. J(P-2.H) = 2.6. J(H-2,H-3) = 8.0 Hz, 1 H. H-31, 2.37. 2.17(both 


41. 1.30 [s, 9H,  C(CH,),]. 1.29 [dd, J(P.H) =11.9. J(H.H) =7 .4H/ .  9H.  
PCHCH,], 1.23 [dd, .I(P,H) =11.7. .I(H.H) =7.2Hz.  9H,  PCHCN,]. 1.18 
[dd,J(P.H) =12.9,J(H.H) =7.5Hz.9H.PCHCH3].  1.13 [dd.J(P,H) =11.9, 
J(H,H) = 7 . 3  Hr, 9 H ,  PCHCH,]. for assignment of H-I -H-4 see 43: "C 
NMR (C,D,, 100.6 MH7): 6 = 161.0 [ddd, J(Kh.C) = 43.X. J(P-1.C) =lX.3. 
.I(P-2,C) = 9.2 Hz, C-21, 120.3 (s, C-I), 77.0 [d, J(Rh.C) = 4.0 Hz, C-31. 47.6 
[ddd. J(Rh,C) = 26.4. J(P-2,C) = 6.9, .J(P-l,C) = 5.7 Hz,  C-4). 34.2 [d. J(P- 
1,C) = 5.6 Hz, C(CH,),]. 31.2 [S, C(CH,),]. 2X.2 [d, J(P.C) = l l . Y  Hz. 
PCHCH,], 27.3 [d, J(P.C) = I 4 2  Hz. PCHCH,]. 21.5 [d. J(P.C) = 3.8 Hz. 
PCHCH,], 21.0 [d, J(P,C) = 3.6 HL, PCHCH,], 20.6. 20.2 (both s. 
PCHCH,); "P NMR (C,D,, 162.0 MHz): 6 = 52.2 [dd. J(Rh,P)  = 196.8, 
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J(P.P) = 20.9 Hz, P-11. 48.0 [dd. J(Rh,P) = 164.6. J(P,P) = 20.9 Hz, P-21: 
C2,H,,P2Rh (532.6): calcd C 58.64, H 10.41; found C 58.21. H 10.01. 


Preparation of trans-IRh(C_CR)(C,H,)(PiPr,),l(45,46) from 11,12: A solid 
sample of 1 I (60 mg. 0.11 mmol) or 12 (75 mg, 0.14 niniol) was stored undcr 
argon in the absence of light for 14 d at room tempcrature. A slow change of 
color [rom violet to orange-brown occurred. The solid was dissolved in 
acetone (2mL) and after thc solution had bccn stored for 10 h at -78"C 
orange crystals precipitated. They were separated from the mother liquor, 
washed twice with 1 m L  portions of acetone ( -  20 C) and dried; yield 49 mg 
(81 "/n) of 45 and 52 nig (69%) of 46. Both compounds wcre characterized by 
' H  and I3C 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,D, 
(0.51nL) wa? trcated at 1O'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 [R~(Y$O,CM~)(P~PI.,),I (47) and the corresponding 
olefin had taken place. The olcfiiiic products (E-)PhCH=CHMe (37), (Z)- 
CH2=CHCH=CH/Bu (48) and (E)/(Z)-MeCH=CH/Bu (49a/49b. ratio 
70:30) were identified by 'H and "C N M R  spectroscopy [12,25]. For thc 
isolation of 47, the olefin and the solvcnt were removed in vacuo, thc 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 
( -  20 C) and dricd; yield 34 mg (89%). Compound 47 was identified by ' H  
and 31P NMR spectroscopy [18b]. 


Preparation of  5 from 47: A solution of 47 (1 10 mg, 0.23 mmol) in benzene 
(3 mL) was treated at 10-C with phenylacetylene (24 WL, 0.23 mmol) and 
then stirred for 3 h at room temperaturc. The solution was chromatographed 
on A1,03 (neutral, activity grade TIT, height ofcoluinn 8 cm. diameter 1.5 cm) 
with hexane. During the chromatographic procedure, a characteristic changc 
of color rroin 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 
'"C N M K  spectroscopy [4a]; yield 123 mg (95%).  


X-ray structural analysis of 30: Single crystals were grown from acetone 
at - 7 8 T .  Crystal data (from 23 reflections, 10" <#< 1 4 ) :  monoclinic. 
space group P2,ln (no. 14); u = 10.640(3) A, h = 29.070(3) A, c = 
15.476(5)A, b=108.05(1) ,  V =  3142.3(9)A3, Z = 4 .  pLalcd =1.23gcm-', 
6(Mo,,) = 6.5 cm-I ,  T = 293 K: crystal size 0.13 x 0.23 x 0.30 mm; Enraf- 
Noiiius C A D 4  diffractometer, Ma,, radiation (0.70930 A), graphite 
monochromator, zirconium filter (factor 16.4); b p i 2 0  b a n ,  max. 26' = 48'; 
41 57 reflections mcasured, 3563 independent reflections, 2569 rcgarded as bc- 
ing observed [F,> 3u(Fo)]; intensity data were corrccted for Lorentz and 
polarization effects, empirical absorption corrcction ($-scan mcthod) 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 wcighls, Enraf-Nonius SDP) [31]. Thc posi- 
tions of all hydrogen atoms were calculated 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 f0 .371 - 0.24 e k 3  [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(111) 
Hexacyanobutadienide, [Mn"'TtBuPP] + [ C,( CN),] * - 


Ken-ichi Sugiura, Atta M. Arif, Durrell K. Rittenberg, Jacques Schweizer, Lars Ohrstrom, 
Arthur J. Epstein, and Joel S. Miller* 


Abstract: [Mn"'TtBuPP]+[C,(CN),]' . 


5 PhMe [MnIl'TtBuPP = meso-tetrakis- 
(4'-revr-butylpheiiyI)porphinatomangan- 
ese(111)1 has been prepared and structural- 
ly and magnetically characterized. The 
uniform. linear-chain (1-D) coordination 
polymer comprises alternating cations 
and anions. The bond lengths in  planar 
ion [C,(CN),]'- are 1.377(10) (CC-CC), 
1.418(7) (C-CCC), 1.414 (C-CN). 
1.457 (C-CNMn), 1.150 (C=N), and 
1.1348, (C-NMn). The Mn-N-C an- 
gle is 172.3(4) , and the intrachain 
Mn ' . Mn separation is 10.685 A. Each 
[C,(CN),]'- unit is bonded to two Mn"' 
atoms through the interior nitrogen atoms 
in a fvuz.s-p2-N-o manner with N-Mn 
bond lengths of 2.353 A. The CcN absorp- 
tions are at 2217 (w,br) and 2190 


(m) cm-'. Above 50 K the magnetic sus- 
ceptibility of [Mn"'TtBuPP] '[C,(CN),]' 
can be fitted to  the Curie-Weiss expres- 
sion, ~ " c l / ( T -  0). with an effective H 
of-13 K .  This is consistent with weak 
antiferromagnetic coupling, which is in 
contrast to the effective H of +67 K for 
the uniform chain [Mn"'OEP]+[C,- 
(CN),]'- [OEP = octaethylporphinato]. 
Here, the [C,(CN)J units are bonded to 
the Mn"' centers through endo CN nitro- 
gen atoms in a similar trun.s-p2 manner. 


Keywords 
electron transfer * magnetic properties 
- metalloporphryins * polymers spin 
density 


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 = 


rnc.ro-tetrapheiiylporphinato, TCNE = tetracyanoethylene) 
several new inagnetic materials based on electron-transfer salts 
of metallomacrocycles have been reportedr5 lo]  As described 
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Density functional theory MO calcula- 
tions reveal that the spin density of the 
CN nitrogen atom bound to [Mn"'- 
TtBuPP]' (0.019 f l L n k 3 )  is significantly 
lower than that of the N atom bound to 
[Mn"'OEP]+ (0.102 p B . k 3 ) .  This is con- 
sistent with the reduced spin coupling ob- 
served for [Mn"'TfBuPP] '[C,(CN),]'- 
with respect to [Mn"'OEP]+[C,(CN),]'-, 
as evidenced by the lower U value. The 
different orientations of the [C,(CN),]' 
units-almost perpendicular (84.72 ) for 
[Mn"'TfBuPP]' [C,(CN),]'- and substan- 
tially tilted (32.1 ") for [Mn"'OEP]+[C,- 
(CN),]'---may also contribute to the 
poorer overlap and weaker spin coupling. 
Hence, binding between sites with large 
spin densities is needed to stabilize strong 
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 anions (A*-)  ( . . . D + A ' - D + A - - . . . )  . Strong 
effective ferromagnetic coupling is observed for the uniform 
chain [Mnl"OEP]f[C,(CN),]' (OEP = octaethylporphin- 
ato) .161 This is evidenced by the magnitude of the positive Weiss 
constant (0 = 67 K) obtained from a fit of the corrected molar 
magnetic susceptibility, 1, to the Curie- Weiss expression. 
j l ~ ( T -  U ) - ' .  In contrast, the dimerized chain [Mn"'OEP]+- 
[TCNE]' has a low 0 value (@ = 2.5 K). Hence, uniform chain 
structures of the type . . . D+A'-D+A'- ' .  are sought for 
achieving strong antiferromagnetic coupling.['] 


Owing to the relative ease of modifying the porphyrin struc- 
ture, wc decided to study the effect of introducing bulky tcrt- 
butyl groups at the 4-position of the phenyl rings of the proto- 
type [MnTPP][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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But B U ~  tional to the separation r between 
spin sites (e.g., r - " ,  n >  6 for superex- 
change pathways) ,[I1] small increas- 
es in the interchain separation should 
have a dramatic effect on interchain 
J .  This should lead to a reduction of 
thc 3-D ordering temperature, T,. 
The intrachain exchange coupling 


has the largest affect on 8. Assuming that the McConnell virtual 
charge transfer mechanism[' 2] is operative, 0 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 nzeso-tetrakis(4'-tert-butylphenyl)porphinatoman- 
ganese(m) hexacyanobutadienide, [Mn"'TtBuPP] + [C,(CN),]'-, 
which possesses a uniform . . . D+A'-D+A'- . . . chain, but un- 
expectedly has weak antiferromagnetic coupling. 


But But 
MnTtBuPP 


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,TtBuPP was prepared by the general literature method [I3 b,c] from 
4'-ler/-butylbenraldehyde (Aldrich). [Mn"'TrBuPP][OAc] was prepared from 
H,T/BuPP and Mn(OAc), [13d] and subscquently reduccd to Mn"TtBuPP 
[I 3 d] with NaBH, according to well-established methodologies (after we had 
started this project, H,TtBuPP was reported [I 3 el). Hexacyanobutadiene 
was prepared as described in the literature [14]. 


IMn"'TtBuPP]'[C,(CN),I'- : Mn"TtBuPP (88.0 mg, 90.6 mmol) dissolved in 
toluene (30 mL) was added to C,(CN), (18.7 mg, 91.6 mmol) dissolved in 
toluene (1 10 mL) at room temperature. Crystals formed upon refrigeration of 
thc sample at -40°C were collected by filtration (yield: 42.3 mg, 0.28 mmol, 
30%). IR (Nijol): i,, = 2217 (w,br), 2190 (m) cm- ' .  Crystals immediately 
isolated for X-ray studies contained 5 equiv of toluene solvate, which were 
easily lost. The IR spectrum of the dried sample was identical to that of a 
fresh, solvated sample. Elemcntal analysis for C,,H60MnN,, (unsolvated 
sample), calcd (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. 
Systematic 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 intcnsity during data collection. Equivalent reflections were 
merged, and only those for which Io>20(I) were includcd in the refinement, 
where o(FJ2 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 arc summarized in Tablc 1. Thc hydrogen 
atoms 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 thc high degree of disorder, only one toluene solvent 
was refined isotropically; the rest were refined anisotropically. The compara- 
tively large R 1 and residual peak values are due to disordered solvcnt and a 
methyl group. 


Physical and Computation Methods: The 2-300 K magnetic susceptibility was 
determined on Quantum Design MPMS-2 1 T SQUlD and Quantum Design 
PPMS-9AC9T AC/DC magnetometcrs. The diamagnctic correction 


Tablc 1 Crystallographic details for [Mn"'TtBuPP] '[C,(CN),]' . 5  PhMe 


formula 
Mr 
space group 
a.  A 
h. 8, 
c,  A 
I{. deg 
v, A3 


P~~~~~~ gcln-' 
z 
crystal dimensions, mm 
radiation 
absorption coefficient, cm- ' 
T,  "C 
scan mode 
211 max, deg 
F(000) 
total data measured 
unique data with F f ; i > 2 ~ F z  
final no. of variables 
weighting scheme 
R1 [a] 
M . R ~  [b] 
largest residual, e A  ~ ' 


C~o,H,,,lN,oMn 
1556.89 
P2,/n (no. 15) 
16.137 (4) 
10.685 (3) 
26.222 (7) 
92.29(2) 
4518(2) 
2 
1.145 
0.44 x 0.42 x 0 3H 
Mo,, 
1 99 


~ RO 
0120 
23.99 
1650 
7343 
7061 
470 
[g*(F,)' + [0.1355f]' + 7.28fI-' 
0.084 
0.021 
0.75 (Mn and N3) 


of -900x 1 0 - h e m u m o l ~ '  was used for [Mn1iiOEP]t[C,(CN)6]'. 
DGAUSS was used for the density functional theory (DFT) calculations with 
a double-i split-valence and polarization basis set and a local approximation 
(DZVP-LSD) [15,lha]. The [C,(CN),]'- geometry used for the computations 
was that reported for [MI~'"OEP]~[C,(CN),]'- [6]. 


Results and Discussion 


The structure determination reveals one half of an ordered 
[M~"'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."4b1 The C-CN distances average 1.414 A, while the 
C-CNMn bond length is 1.457A. The C-N and C E N M n  
distances average I .  150 and 1.134 A, respectively. These are 
similar to those observed for the [MnOEP]' salt (Table 2).['] 


Fig I .  ORTEP diagram of [Mn"'TIBuPP]'[C,(CN),]' 
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Tahlc 2 Selccted bond lengths for [Mti"'TtBuPP]+~C,(CN),j'~ and [Mn"'OEP]'- 


[MnOEP]' [MnTtBuPP] ' [MnOEP]' [MnTtUuPP] ' 


c ' 3 - ~ 5  1.36q12) 1.377(10) c2--c4 I . ~ I O ( I O )  I 413(7j 
C 4  - C S  1.432(11j 1418(7j C1-NI  1.140(9) 1.157(7) 
C3-C5 1446(11) 1.457(7) C 2 - N 2  I.l3X(9) [Mn] 1.142(9) 
C l - C 4  1.437(10) 1.415(Xj C3--N3 1.132(X) I . l34(6)[MnJ 


The solid-state motif comprises 3-D . . . D+A'-D+A'- . . 
chains [D = MnTtBuPP; A = C,(CN),], in which the 
[C,(CN),]'- units are tiun.s-pc,-interior-N-cr-bound to Mn with 
a N-Mn bond length of 2.353(4) A (Figure 2). The Mn-N-C 


Fig. 2. Segniriit o f a  1-D ' .  D - A '  L) ' A ' .  . . .  chain showin_e in ie r io r - r~nn .~ -~2- ,~ -  
0-bonding o f [ C 4 ( C 3 ) J -  to jMn"'T/BuPP] ' For clarity. the toluene moleculc~ o f  
~ ~ l v a t i o n  are not shown. 


angle is 172.3(4)", and the dihedral angle between the mean 
planes of [MnTtBuPP]' and [C,(CN),]'- is 84.72(14)". The 
Mn-N-C angle is substantially larger than that reported for 
the [MnOEP]+[61 and [MnTPP]+[4, 'I salts (124.0(6) and 
148.1 (4)'. respectively). The 10.685 A intrachain Mn . . Mn 
separation is 0.16A shorter than that observed for the 
[MnOEP]' salt.['] Thc important intra- and interchain 
Mn . . Mn separations for [MnTtBuPP][C,(CN),].5 PhMe and 
[MnOEP][C,(CN),] are listed in Table 3. The key differences 


between the [C,(CN)J structures are 1) the mode of bond- 
ing--through the interior N atoms for [MnTtBuPP]' as op- 
posed to the endo N atoms for [MnOEP]+-and 2) the almost 
perpcndicular (84.72") orientation for [MnTfBuPP]' in contrast 
to the tilted one for [MnOEP]' (32.1 '). 


The trcN absorptions at 2217 (w,br) and 2190 (m) cn1-I (Nu- 
jol) are in the range characteristic for [C,(CN)J ;[14b.c1 how- 
ever, they differ from isolated unbound [C,(CN),]' - (2185 (s) 
and 2168 (m) cm ~ 1)114b1 and eii~~[~-t,-ans-pu,-Mn-bound 
[C,(CN),]'- (2193 (s) and 2150 (s) cm-  ').['I They are character- 
istic for intcrior-N-/rnns-~i,-Mn-bound [C,(CN),]'-. Since the 
unit cell contains five equivalents of toluene, which are easily 
lost, the IR spectrum of the solvated solid was determined. The 
Cc-N 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 (z- ') 
and the magnetic moment (p )  of [MnTfBuPP][C,(CN),] be- 
tween 2-300 K are shown in Figure 3. Above ca. 50 K the sus- 
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Fig 3. Recipi-ocal molar magnetic susceptibility ( z - ' )  and magnetic niomrnt (11) a \  
ii function 01' temperature for polyci-yatalline [Mn"'TrBuPI']+LC,(CN),1'~. 


ceptibility can be fitted to the Curie--Weiss expression, X J C  1 ' 
( T  - O ) ,  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][4, 51 and [MnOEP][C,(CN),] ,["I respectively. 
Furthermore, it is less than the 0 values reported for nonuni- 
formly chained [MI~OEPI[TCNE][~] and P-[M~PC][TCNE]['~] 
(2.5 and 12 K, respectively; Pc = phthalocyanine). The ob- 
served room-temperature effective moment [pe,,r(8zT)' '1 of 
4.91 pH is typical for this class of material.[4-6.9.1"1 No clear 
cvidence of long-range magnetic ordering is observed. 


T h l c  3. Coinparison of the intrachain and shortest intcrchain Mil.  


( C N j J -  and [MnOEP]'[C,(CN),]' [61 
Mn and Mn--- N diztances [A]. and Mn-N-C angles [deg] for  [MI~"~T~BUPP]-[C,- 


cation Mn . ' Mn Mn. . .  M n  Mn . . N  M n . . - N  I me rcha I n Q: Mn-N-C Q MiiOEP -C,(CNj, 
iii trachain [a] i t i  terchai 11 intracharn inlcrch:lin separations 


IM nOEP] 10.844 8.023 2.419 [b] 7.507 7.903 124 32 1 
12 132 10.731 11.319 
12.550 11 236 13.XO5 
14.385 


[MnTtBuI'P] * 10.685 16.137 2 351 Ib] 12.021 15.105 172.3 84.72 
16.034 11.487 15.669 
16.465 I S . 2 X O  16.137 
16.552 [b] 15.563 


[a] h axis. [b] Two equivalent distances. 







Magnetic Coupling 


Similar to many ferromagneticafly coupled molecule-based 
materials that contain [TCNE]'- ,12' 31 [C,(CN),]'- can also 
form materials with effective ferromagnetic coupling. 
[Mn"'OEP]+[C,(CN),]'- has a uniform chain repeat distance of 
10.844 8, and exhibits a large positive 0 value of 67 K. Hence, 
the negative 0 value for [Mn"'TtBuPP]+[C,(CN),]'- is unex- 
pected as it is inconsistent with the presence of the uniform 
. . . D+A'-D+A'- . . . chain. In the [Mn"'OEP]+ salt, the 


[C,(CN),J'- 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"'TtBuPP]+ 
salt, in which the Mn atoms are 
bonded to the N 3  interior ni- 
trogen atoms (Figure 4). The 
bonding of Mn to N 3 requires 
that the intrachain Mn . . . Mn 
separation is shorter than for 


Fig. 4. Jlluytration of the intcrior Mn bonding to N 2. This is 
N 3  bonding arrangement observed indeed observed. as the 
for antiferromagnetically coupled 


do N 2  bonding arrangement ob- [Mn"'TtBuPP]+ salt is 0.16 A 
scrved for strongly ferromagnetically shorter than in the 
coupled [Mn"'OEP]'[C,(CN),J ~. 


[Mn"'OEP]+ salt. Further- 


[Mni1lT,BuPP]+[C,(CN),]'~ and pn- Mn ' ' ' Mn separation in 


more, this suggests that the 
magnetic coupling would be enhanced for the [Mn"'TtBuPP]+ 
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]'-,1'61 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 C 2 and N 2 and provid- 
ed an unreasonably high value of 1.475 p R k 3  for N1 .[17] 


From the detailed study of the spin distribution of [TC- 
NE]'-,[161 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]'-. the sp2-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["] for C 1, C 3, C 4, 
C 5, and N 3 are in agreement with the DFT results. However, 
the value for N 1 differs substantially.[18] The key insight from 
these results is that the N3 spin density (0.019 p R k 3 )  is more 
than five times less than that for N 2 and N 1 (0.104f 
0.002 p R k 3 ) .  This is consistent with a reduced spin coupling 
between Mn-N 3 in [Mn"'TtBuPP]+[C,(CN),I'- with respect 
to Mn-N2 in [Mn"'OEP]+[C,(CN),]'- and a lower 0 value for 
[Mn"'TtBuPP]+[C,(CN),]'-, in accordance with the Mc- 
Connell model. 


The negative effective 0 value for [Mn"'TtBuPP]+[C,- 
(CN)J is characteristic for antiferromagnetic coupling and is 
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Table 4. Comparison of the experimental results with a b  initio calculations (hasls 
sets in parentheses). Experimental population valuea are scaled to )ield I pH per 
[TCNE]'- and [C,(CN)J 


Ff ITCNEl 
[ C K N b I  


[TCNE]'- [C,(cN),I'- 


(TZVP) (DZVP-LSD) (VZVP- LSD) 
Exp NLDFT D F T  EPR [I71 DFT 


c1 0.33 0.29 0.28 0.006 -0.026 
c2 ial -0.027 
c .; 0.003 -0.005 
c 4  -0.04 -0.04 -0.04 0.256 0.261 
c5 0.OXO 0.06Y 
N 1  0.13 0.15 0.14 1.475 0 107 
N 2  [a1 0.106 
N 3  0023 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 0 values are expected from fitting 
the susceptibility data taken at high temperature to the Curie- 
Weiss expression. This is observed for [Mn"'TrBuPP]+[C,- 
(CN)J - .  For systems with greater antiferromagnetic coupling, 
such as [Mn"'OEP]+[C,(CN),]'-, data taken at higher tempera- 
tures are necessary to observe a negative 0. When the antiferro- 
magnetic coupling is sufficiently strong, O t 0  may not be evi- 
dent. However, at lower temperatures a linear region in x - ' ( T )  
is present, which, when fitted to the Curie-Weiss expression, 
leads to an effective 0 > 0 as observed for [Mn"'OEP]+[C,- 
(CN),]*- and [MnTPP]+[TCNE]'- . This signifies net ferromag- 
netic coupling in this temperature region. A similar region with 
0>0  is not observed for [Mn"'TtBuPP]+[C,(CN),]'- because it 
is obscured by the rapid decrease in XTbelow 20 K.  We attribute 
this rapid decrease to the effects of antiferromagnetic interchain 
interactions suppressing the susceptibility. 


Conclusion 


Although both [Mn"lTtBuPP]+[C,(CN),]'- and [Mn'"OEP]'- 
[C,(CN),]'- form uniform, linear-chain structures ' . D+A'-- 
D'A'- . . . , 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),]'-- -almost perpendicular for [Mn"'- 
TtBuPP]+[C,(CN),]'- (84.7 I )  and substantially tilted for 
[Mn"'OEP]+[C,(CN),]'- (32.1 O)-may contribute to poorer 
overlap and weaker spin coupling, especially with regard to the 
overlap between the [C4(CN),J.- rc* and the Mn"' a ,  SOMO 
(dZ2) orbitals. However, several rehted [TCNE]'- -containing 
salts with comparable [TCNE]'- -MnN, dihedral angles 
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( > 83”) have double-digit positive ef‘fective 0 values, and not 
negative  value^.['^^ 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 i s  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-u]quinolizines have 
been prepared in enantiomerically pure 
form by a very short and efficient synthet- 
ic sequence consisting of a) formation of 
imines of tryptophan esters, b) their 
enantioselective reaction with substituted 
silyloxydienes mediated by a chiral or 
an achiral boron Lewis acid, and 
c) subsequent ring closure initiated by 


conversion of the generated vinylogous 
amides into vinylogous imidoyl chlorides. 


Keywords 
alkaloids * asymmetric catalysis * 


asymmetric synthesis * indoles - 
Mannich reactions 


With this strategy various substituents 
can be incorporated directly into the l-po- 
sition of the heterocyclic framework of 
complex indole alkaloids by the choice of 
an appropriate silyloxydiene, so that sub- 
sequent derivatization of the alkaloid pre- 
cursor at this position is rendered unnec- 
essary. 


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 (l), is further 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-n]- 
quinolizidines and their subsequent elaboration to Ihe desired 
target 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- 
slance, the ketone ( +)-6.IS3 '] To gain access to, for example, the 
eburnamine-type alkaloids from 6, a further substituent must be 
introduced at C-I. As a result, the overall synthesis is consider- 


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-I of the indolo- 
[2,3-a]quinolizidincs 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]- 
qwinolizidine 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 


[*I Prof. Dr. H. Waldmann. Dr. R. Lock 
Institut fur Organkche Chemie der Universitit Karlsruhe 
Richard-Willstatter- Allee 2 ,  D-76128 Karlsruhe (Germany) 
Fax: Int code +(721)608-4825 
e-mail: waldmann(u'ochhades.chetnie.uni-karlsruhe.de 


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.[9' and subse- 
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1 
(-)-eburnarnine 


QJyf R' 2 x 


2 


-u. 


3 


u 


0 
(+)-6 


Scheme 1. Rctrosynthetic 
analysis of highly function- 
alized tetracyclic indole al- 
kaloids. 


quent reaction with trimethylortho- 
formate to give the acetal 10 accord- 
ing to Noyori et al.r'O1(Schenie 2 ) .  In 
thc 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 thc 
enol ether 12, the desired electron- 
rich diene 13 was obtained in useful 
yield by cnolization and  0-silylation 
of the ketone. 


The silyloxydiene 13 was then sub- 
jected to the Lewis acid mediated re- 
action with irnine 14[" derived from 
tryptophan methyl ester (Scheme 3) .  


The ensuing reaction proceeds by 
attack of the silylenol ether moiety of 
13 on the Schiff base to generate the 
intermediate vinylogous esters 17, 
which subsequently undergo cycliza- 
tion to  the enaminones 18 and 19. In 
initial experiments catalysis of this 
tandem Mannich- Michael process 
by ZnC1, was investigated. Although 
this Lewis acid had proven to  be the 
catalyst of choice in reactions em- 
ploying the unsubstituted diene 16,r5' 
it failed to promote the reaction bc- 
tween the diene 13 and the imine 14 
with preparatively useful results, in 
particular with undesirably low 
stereoselectivity. The situation was 
significantly improved by using 
triphenyl borate a t  - 78 "C, as rec- 
ommended by Yamamoto et al. for 
related transformations." I ]  In the 
presence of this Lewis acid the enami- 
nones 18 and 19 were smoothly 
formed in yields of up to 61 YO (for 
two steps; i.e., from tryptophan 
methyl ester hydrochloride) and with 
diastereomer ratios of up to 98:2 
(Scheme 3;  Table 1, entries 4 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 stereoceiiters was determined by conversion of 18 
to indoloquinolizines and subsequent analysis of their contigu- 
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 


10 11 


86% 
180°C 


OSi(CH,), Me,SiCI, NEt,, 
cat. ZnCI, 


benzene, 40°C 


63% 12 


H3C0 


13 


Scheinc 2. Syntheses or the ethyl-substituted d o x y  diene 13. 


H3C0 


Lewis acid 


14 R=C02CH3 16:RZ=H 17 
15: R= H, R'= Ph 13: R2= ethyl 


18 19 


Sclieme 3. Tandem Mannich -Michael reaction5 employing Schiff bases of tryp- 
tophan methyl ester. 


chiral catalyst. To this end, enantiomerically pure boric acid 
binaphthyl esters 20 and 21 were prepared from boric acid 
triphenyl ester and (R)-  or (S)-binaphthol, as described by Ya- 
mamoto et aI.r'il A significant enhancerncnt 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 go% , / .d 0'" B- OPh 


20 


~ ~ > B - O F ' t -  


21 / \  
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13 or 16 


Table 1. Results of the Mannich -Michael reactions employing the mines 14 and 15 ,ind the dicncs 13 and 16. 


Enti-) 18,IY R Rl R2 T/’  C Lewis Acid Yidd’% [a] 18.19 Pa.b] 


LiC104 
THF/H,O 
4562% 


I 
2 
3 
4 
5 
6 
7 
X 
9 


10 
I t  


a 
a 
d 


b 
b 
b 


d 
e 
f 
g 


C 


CO,CH, 
CO,CH, 
CO,CH, 
CO,CH, 
CO,C I4 
CO,CH, 
C02Ctl ,  
COICH, 
C0,CH 
CO,CH, 
H 


phenyl 
phenyl 
phenyl 
phenyl 
phcnyl 
phcnyl 
4-CI-C,Ii4 
4-N0,-C6H, 
heptyl 
2-propyl 
phenyl 


H 
H 
H 
ethyl 
ethyl 
cthyl 
ethyl 
ethyl 
ethyl 
cthyl 
ethyl 


-78 
- 40 
- 40 
- 78 
- 40 
- 40 
- 78 
- 78 
- 78 
- 78 
- 60 


51 
34 
24 
61 
53 


38 
35 
31 
29 
62 


40 


8X:12 
Y5:5 
Yl:9 
9 3 . 7  
96.4 
94:6 
Y l : Y  
Y4:h 
90. 10 


> 9 x : 2  
63.37 [d] 


[a] All yields refer to tryptophan methyl ester hydrochloridc. [h] Determined by integration of the signals found in the N M R  spectra for 6-H aiid I-kI of thc diaslercomers 
18. 19 [c] 0.5 equiv Lcwis acid. [d] Determined by HPLC with a chiral column, 5ee Bxperimcntal 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 ZnCI, 
18a and 18b (R1 = Ph) were obtained in a ratio of 70:30;[51 
when boric acid triphenyl ester was used this ratio was increased 
to X8:12 (Table 3 ,  entry 1 ) .  When the chiral binaphthol catalyst 
20 was employed, the diastereoiner 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 
dime 13 with the achiral imine 15 was investigated. Only a low 
enantioselectivity was obtained for the conversion ofcompound 
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 18b was saponified and the 
resulting carboxylic acid decarboxylated according to the Bar- 
ton procedure[l3I 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 18g 
to be the (6R) isomer (see the Experimental Section). 


In the transformations detailed above the principle of double 
diastereoselectivity 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-b-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 a t  this position since the naturally 
occurring nitrogen bases do not carry an alkyl or  aryl residue at  


the respective carbon atoin. Consequently, the formaldehyde 
imine of tryptophan methyl ester must be employed to prepare 
these compounds, and it is recommended 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 
benzyloxycarbonyl group for this purpose,f51 introduced in a 
three-step sequence, but the formyl group turned out to  be more 
advantageous. Nind-Formyl masked tryptophan methyl ester 22 


?‘ 
f NI 


/--iCozCH3 CH20 
NH3+ 


22 


CO2CH3 


MeOH/H20 
- 


88-93% 


27: R‘= H 
28: R’= ethyl 


25: R2= H 
26: R’= ethyl 


Scheme 4. Tandem Mannich-Michacl reactions employing the formaldiininc 24 of 
tryptophan methyl a t e r .  
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was readily prepared in one step[141 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 ZnCI, only 
low yields of the enaminones 25 and 26 were obtained. The use 
of 10 equivalents of LiClO, in aqueous THF, 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 
mcdium 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 ring 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 a n  acid (e.g.. 
CF,COOH or  HBr/AcOH), in the case of the respective ethyl- 
substituted analogues obtained from 13, the use of simple 
Brenstedt acids was unsuccessful. Attempts to induce the con- 
version of these vinylogous amides into iminium intermediates 
by 0-alkylation with oxonium salts or by 0-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 
:~lkaloids:[”~ 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=N’ double 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 K’ is heptyl the 
diastereomer 33 is favored through attack from the Re side, that 
is, q ’ n  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 o f  the didehydropiperrdine-4-ones to indolo[?,3-cr]quino- 
Iizinea. 


Entry 32,33 R‘ R2 Yield, ”A cis: /run.\ [a] 6( 12b-H) 
32 33 32 33 


1 :I € I  H 46 3.6 1 5.00 4.85 


3 c Ph ethyl 59 1 .5  1 S 1 Y  S O 9  
4 d heptyl ethyl 49 1 2.5  5.1 1 4.93 


2 b H  cthyl 54 2 1  5.07 4.88 


[a] Determined from the 250 and 400 MH7 ‘ H N M R  spectra 


18b: A’= Ph, R2= ethyl 
18e: R’= heptyl, R2= ethyl 
27: R’=R’= H 
28: R’= H, R2= ethyl 


i 
n 


L 31 


H 
t 


H$O& R’ 


32 33 
Scheme 5.  Cyclimtion of the didehydropiperidine-4-ones 18 to indolo[2,3-ii]- 
quinolizines 


proceeds through attack of C-3 of the indole nucleus 011 the 
electrophile leading to the formation of a .spire intermediate.[”’ 
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 N M R  spectroscopy. The two six-membered rings in 
32 are found to be in a cis orientation, whereas 33 adopts a i r m s  
decalin conformation. This conclusion was reached based on 
two pieces of evidence, namely, NOES and chemical shifts. NOE 







Highly Functionalized Indoloquinolizines 143-151 


signals are observed between the indole N-H and 12b-H and 
between 12 b-H and 4-H in 32, and between 12 b-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 G* orbital of the 
C-I 2 b- 12 b-H bond, whereas in the cis decalin isomers 32 these 
orbitals are oriented perpendicular to  each other (Scheme 6). 


H 


32 33 


32 33 


e.g. R'= Ph, R2=ethyl e.g. R'= Ph, R2= ethyl 
6 12b-H= 5.1 9 6 12b-H= 5.09 


Scheme 6. Analysis of the structure of the indolo[2.3-u]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 cr* 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 a t  a higher field, that is, with lower chemical shift values 
in the N M R  spectra (Table 2).["] 


Conclusion 


We have devised an efficient synthetic route to indolo[2,3-a]- 
quinolizines that makes these chirdl tetracyclic indole bases 
available from tryptophan methyl ester with very high stereose- 
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 IFS 88 spec- 
trometer. Proton and carbon NMR spectra were measured on a Bruker 
AC-250, a Bruker AM-400 or a Brukcr DRX-500 spectrometer. Chemical 
shifts are expressed in ppm downfield relative to tetramethykikdne 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 


CHN-Rapid analyzer. HPLC wdS performcd on a Merck Hitachi instrument 
equipped with an L-3000 diode array detector, using a ZWE 376 A column. 
kindly supplied by Bayer, and THF/hexane 60:40 ( L S : ~ )  as eluent, flow 
1 tnlmin- ' .  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 F254 layers were 
used. Flash chromatography was performed with Baker silica gel (40- 
60 pm). I>istillation was performed with a Fischer Spaltrohrdestille 
HMS500. 


Materials: Tryptophan was kindly donated by Degusaa. The Schiff bases were 
prepared by condensation of tryptophan methyl ester with the respective 
aldehyde in the presence of magnesium sulfate in dichloromethane [ S ] .  Filtra- 
tion, followed by evaporation of the solvent in vacuo, afforded the imines as 
yellowish oils. 


3,3-Dimethoxymethylpentan-2-one (10) and 1 ,l-dimethoxyhexan-3-one (1 1)  : 
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 InL), molccuiar sieves 4 A (10 g) 
were added, and thc mixture was cooled to -78'C. After addition of 
triinethylsilyl 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 (50 mL). The combined organic phases were 
dried with MgSO,, and thc solvent was removed in vacuo. The residue was 
fractionated by distillation using a Fischer Spaltrohr column and yielded 
26.23 g (61 YO) of 10 and 4.6 g (11 %) of 11. 


10: colorless liquid, h.p. 61-62°C (12-15 mbar). 'HNMR (250 MHz, CD- 
Cl,): 6 = 4 . 4 0  (d, J b - , , , - , = 8 H ~ ,  I H ,  6-H), 3.33 (s, 6H, OCH,). 2.80 
(ddd, J 3 _ H , , _ H = 8 H ~ ,  J3-H,4-Ha=8Hz, J , - 1 ~ , 4 - I l b = 5 H ~ .  I H ,  3-H), 
2.18(s,3H,l-H),1.74-1.52(m,2H,4-H),0.8X(t,J,j,=7Hz,3H,5-H).'3C 
NMR (62.9 MHz, CDCI,): 6 = 210 (C-2), 105.4 (C-6), 57.0 (C-3), 55.2 
(OCH,), 52.6 (OCH,), 31.6 (C-I). 21.3 (C-4). 11.6 (C-5). MS (70eV): m!r 
(%) =I60 [M'] (0.2). C,H,,O, calcd 160.1099, found 160.1087 (MS). 
11: colorless liquid, b.p. 71-72°C (12-15 mbar). ' H N M R  (250 MH7, CD- 
CI,): 6 = 4.80 (t, Jvic = 6.5 Hz, I H ,  I-H), 3.35 (s, 6H, OCH,), 2.71 (d, 
Jvlc = 6.5 Hz, 2H,  2-H), 2.42 (t, J,,, = 7  Hz, 2H,  4-H), 1.68-1.52 (m, 2H,  
5-H), 0.91 (t, Jvic =7Hz,  3H,  6-H). 13C NMR (62.9 MHz, CDCI,): 
6 = 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 (70eV): mjz (%) =I60 [M' ]  (11). C,H,,O, calcd 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 temperaturc the mixture was distilled under reduced 
pressure, yielding 13.24 g (63 %) of the a,/l-unsaturated ketone 12; colorless 
liquid, b.p. 70-73°C (13 mbar). ' H N M R  (250 MHz, CDCI,): 6 =7.17 (s, 
I H ,  6-H), 3.86 (s, 3H,  OCH3), 2.25 (q, JYi, =7Hz,  2H,  4-H), 2.20 (s, 3H.  
1-H), 0.92 (t, J,,, = 7 Hz, 3 H, 5-H). I3C NMR (62.9 MHz, CDCI,): h = 196.8 
(C-2), 160.2 (C-h), 124.1 (C-3), 61.4 (OCH,), 25.3 (C-1), 16.2 (C-4), 13.2 
(C-S).MS(70eV):m/z(%) =128[M+](57).C,HL,O,calcd 128.0837, found 
128.0823 (MS). 


Diene 13: To a suspension of ZnCI, (0.2 g) in benzene (30 mL) triethylamine 
(27 g, 0.267 mol), 12 (13.24 g. 0.1 mol) and chlorotrimethylsilanc (21.73 g, 
0.2 mol) were added. The mixture was stirred under nitrogen at 40 "C for 1 X h. 
After thc reaction mixture had cooled to room temperature, 200 mL of 
diethyl cthcr was added, the solid was removed by filtration, and the solvent 
cvdporated 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 transforinations without furthcr purification. Colorless liquid, b.p. 
72-73 'C ( I5  mbar). 'HNMR (250 MHz, CDCI,): 6 = 6.30 (s, IH, 6-H), 
4.12 ( s ,  I-Ha), 4.00 (s, 1 H, 1-Hb), 3.50 (s, 3H,  OCH,), 2.04 (4. 
Jvi, = 7 H z ,  2 H ,  4-H). 0.85 (t. J,,, = 7  Hz, 3H, 5-H), 0.05 (s, 9H,  Si(CH,),). 
I3C NMR (62.9 MHz, CDCI,): 6 = 154.7 (C-2), 146.6 (C-6). 118.1 (C-3). 
89.1 (C-I), 60.0 (OCH,), 18.0 (C-4), 13.4 ( C - S ) ,  0.1 (Si(CH3)J. MS (70 eV): 
m/.(%)=200[M+](41), lSS(72). 171 (58), 170(20), 169(56), 113(34),89 
(20). 75 (27), 73 (loo), 45 (9), 43 (8). C,oH,oO,Si cdlcd 200.1233, found 
200.1218 (MS). 


1 H, 
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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 molecular 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. Thc mixture 
was stirred for 10 min and cooled to -78 C. A ,elution ofthe diene 16 (0.9 g. 
5 mmol, 1.7eq) or of the diene 13 ( I  g, 4mmo1, 1.4eqtiiv), in 
dichloromethane ( 5  mL) was added dropwise. The mixture was allowed to 
warm up in 7-10 h 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). Thc organic phase was dried with MgSO,, the 
solvcnt removed in vacuo, and the products were isolated from the remaining 
residue by flash chromatography on silica gel using hexanc:acetone mixtures 
as eluents. 


18a and 19a: These compounds have becn described in ref. [5] 


18b and 19b: colorless amorphous solid, yield 61 YO, R, = 0.26 (hcxaneiace- 
tone 2:l  ( v : ~ ) ) .  C,,H,,N,O, calcd 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 dichloromethanclethanol 1000: 5 ( c :  11) as eluent. 


(6S)-N-((S)-I -Carboxymethyl-2-[indol-3-yl~ethyl)-3-ethyl-4-ox~-~-phenyl-2,3- 
didehydropiperidine (18b): 'H  NMR (250 MHz. CDCI,): 6 = 8.75 (brs. 1 H ,  
N-H). 7.40-6.82 (m. I1 H ,  SPh-H, In  2-H. In 4-H. 111 5-H, In 6-€I, In 7-H. 
2-Hj. 4.57 (dd, J6-H, 5-Ha  13 Hz, J6-H, , ~ , l h  = 6 Hz, 1 H, 6-H), 3.88 (dd, 
J,,, = 9 Hz. J,,,. = 7  Hz, 1 H,  CH,CHCO,). 3.61 (s, 3 H,  OCH,), 3.40 (dd, 
J g , , = 1 5 H ~ .  J V , , = 7 H z ,  I H ,  CH,,CHCO,), 3.12 (dd, Jg,,=15Hz, 
J,,,=YHz, 1H. CH,,CHCO,). 2 .65(dd.J , , ,=16Hz,J ,~, , , , . ,=13H~,  
1 H. 5-Ha). 2.55 (dd. Jgam = 16 Hz, Js-Hb,h-ll = 6 Hz, 1 H, 5-Hb). 2.25 (4, 
.I,,,, = 8 Hz, 2H,  CH,CH,), 1.05 (t, J,,, = 8 Hz, CH,CH,). I3C NMR 
(62.9 MHL, CDCI,): f =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-poru). 127.3 (2 Ph C), 
127.0(InC-3a),123.3(InC-2). 121.9(lnC-6), 119.3(ln C-S),  118.1 (InC-4). 
114.4 (C-3), 111.3 ( I n  C-7), 109.7 (In C-3), 64.1 (CH,CHCO,), 61.4 (C-6), 
52.1 (OCH,), 44.8 (C-5),  26.8 (CH,CHCO,), 20.5 (CH,CH,), 14.4 
(CH,CH,). IR (drift): 3,,, =I739 (C=O, ester). 1596 (C=O, vinylogous 
amide) cm -I. MS (70eV): m/z (%) = 403 [ M i  +HI (S), 402 [ M + ]  (31), 273 
(39), 272 (16), 168 (14 ), 231 (9), 130 (100). C,,H,,N,O, calcd 402.1943, 
found 402.1914 (MS). [K];' = - 65.2 ( C  =1.05. CH,CI,). 


(6R)-N-((S)- 1 -Carhoxymethyl-2-~indol-3-ylJethyl)-3-ethyl-4-oxo-6-phenyl-2,3- 
didehydropiperidine (19b): 'H  NMR (250 MHz, CDCI,): 6 = 8.80 (brs, 1 H. 


J l , ~ . , , , , , , ~ H = 8 H z . 1 H , I n 5 - H ) , 6 . 9 7  6.86(m.3H,2In-H,2-H),4.06(dd, 
.J,,,=lOHz. J V , , = 6 H z ,  I H ,  CH,CHCO,), 3.97 (dd, J , ~ H , , ~ H a = l O H z ,  
J, 11,5-Hb = 7  Hz, 1H.  6-H), 3.65 (s, 3H,  OCH,), 3.35 (dd, Jcem = I 5  €12, 
J + = 6 H z ,  l H ,  CH,,CHCO,). 3.16 (dd, Jg,,=15Hz, J,, ,=10Hz, I H .  
CH,,CHCO,), 2.55 (dd. Jpem =16Hz,  J5+Ha,6-1, =10Hz ,  I H ,  5-Ha). 2.44 
(dd.J , , ,=16H~,J ,_ , , , ,_ , -7H~,  1H,  5 -Hbj .2 .24 (q , JVj ,=8Hz .2H,  
CH,CH,), 1.09 (t. JVlc = 8 Hz, CH,CH,). I'C NMR (62.9 MHz, CDCI,). 
(5 =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-puru). 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): 
V,,,,, = 1741 (C=O, ester), 1594 (C=O, vinylogous amidc) cni-'. MS (70 eV): 


(81, 130 (100). C,,H,,N,O, calcd 402.1943, found 402.1919 (MS) .  


N-H), 7.40-7.12 (m. 7 H ,  5 Ph-H, 2 In-H). 7.05 (t, J l n S ~ H , I , , 4 ~ H -  - 


t ? ? , ~  (X) = 403 [A4 + + H] (8). 402 [M'] (32).  273 (39). 272 (1 7), 168 (1 5). 131 


[XI;' = -120.6 (c =1. CH,CI,). 


(6RS)-N-((S)-I -Carboxymethyl-2-[indol-3-yl~ethyl)-6-(4'-chlorphenyl)-3-ethyl- 
4-0~0-2,3-didehydropiperidine (18c and 19c): colorless amorphous solid, 
yield: 38%. R,: 0.46 (hexane,'acetone 1 : l  ( v : ~ ) ) .  'H NMK (400 MHz, CD- 
CI3) : f=8 .15(brs ,  l H , N - H ) ,  7.40(d,J,,4~,,i,,.H=8Hz, I H , I n 4 - H ) ,  
7.27 (s, 1 H, 2-H), 7.23 (t, Jlnb = J I n 6 - H , l n 7 - H  = 8 HL, 1 H, Tn 6-H), 


An5 = 2.5 Hz, 1 H, In 2-H). 
6.93 (d, JVj, = 8 Hz. 2H,  2 aryl-H), 6.72 (d. J,,, = 8 Hz, 2H,  2 aryl-H). 4.54 
~dd,J,~i,,,~,l,-13H~.J,~H,,~i,,=5Hz, lH ,6 -H) ,3 .84 (dd ,  JV, ,=9Hz,  
JVi, = 6 Hz, 1 H, CH,CHCO,). 3.69 (s. 3 H, OCH,), 3.40 (dd, Jr,, = 15 Hz, 
J,,,,. = 6 Hz, 1 H. CH,,CHCO,), 3.14 (dd, Jgrm = 15 Hz, J,,, = 9 Hz, 1 H. 
CII,,CHCO,), 2.56 (dd, J,,,, =16Hz,  J5-,;, . , . ,  = I 3  Hz, I H .  5-Ha). 2.51 


7.15 (d. J I n 7 - H , , n 6 - H = 8 H ~ ,  I H .  In  7-H), 7.04 (t, JIn5..H,I,14~H- - 


= 8 Hz, 1 H. In 5-H), 6.98 (d, 


(dd, Jgem =16Hz,  J,-,,,,-, = 5 Hz, 1 H, 5-Hb), 2.25 (q, J,,, = 8 Hz, 1 H, 
CH,,CH,). 2.24 (4, Jvi, = 8 Hz. (t. J .  ,,L = 8 Hz, I H, CH,,CH,). 1.05 
CH,CH,). I3C NMR (62.9 MHz, CDCI,): 6 =190.5 (C-4). 171.4 (CO,Me). 
148.2 (C-2) ,  136.5 (Ph C-rpso), 136.1 (In C-7a), 134.0 (C-purr/), 128.8 (2 aryl 
C ) ,  128.6 (2 aryl C ) ,  126.9 (In C-3a), 123.2 (In C-2) ,  122.3 (In C-6). 119.6 ( I n  
C-5).  118.1 ( I n  C:-4), 114.8 (C-3). 111.3 (In C-7), 110.0 (In C-3).  63.4 


(CH,CH,), 14.5 (CH,CH,). IR (drift): =I598 (C=O, vinylogous 
amide) cm I. M S  (70eV): nz/z (YO) = 438 [MClb'] ( 5 ) ,  436 [ M ' ]  (15). 307 
(91, 168 (6). 131 ( Y ) ,  130 (100). C,,H,,N,O,CI calcd 436.1554. found 
436.1536 (MS). Calcd C 68.72, H 5.77. N 6.41: found: C 68.72. H 6.01. N 


(CH,C'HCO,), 61.4 (C-6), 52.3 (OCH,). 44.6 (C-S), 26.7 (CH,CHCO,), 20.6 


6.35. [XI;' = - 97.6 (C =1.15. CH,CI,). (6S):(6R) = 93:7 (NMR).  


(6RS)-N-((S)-l-Carboxymethyl-2-[indol-3-yl~etbyl)-3-ethyl-6-(4'-nitrophenyl)- 
4-0~0-2,3-didehydropiperidine (18d and 19d): yellowish amorphous solid, 
yicld: 3 5 % ,  R,: 0.18 (hexanejacctonc 1 : I  ( v : ~ ) ) .  ' H N M R  (400 MHz. CD- 
C1.J: 6 = 8.08 (brs, 1 H, N-H), 7.67 (d. J,,, = 8.5 Hz, 2H. aryl-H), 7.40 (d. 
Jln4~H,In5~H = 8 Hz. 1 H, In 4-H), 7.24 (s, I H ,  2-H), 7.20 (t. 


8 Hz. 1 €I, In  7-H), 6.99 (d, J,n2-H,NH = 2.5 Hz, 1 H, In 2-H). 6.94 (t, 
Jln5-H.ln4-H = Jln5.H,Inb-H = 8 H7, 1 H. In 5-H), 6.83 (d, .J,,, = 8.5 Hz. 2H,  
~iryl-~i),4.64(dd.Jb-.,,~., = I ~ H Z , J , - ~ , , ~ ~ ~ ~  = 6 HL, 1 H.6-H), 3.80(dd. 
Jvic =10 Hz, J,,, = 5 Hz, 1 H, CH,CHCO,), 3.74 (s, 3H.  OCH,). 3.41 (dd. 
Jgem =16 Hz. J,,, = 5 Hz, 1 H, CH,,CHCO,), 3.19 (dd, .Ict," = 16 Hz. 
Jv,, = I 0  Hz. 1 H, CH2,CHCO2), 2.60 (dd, JgCn, -16Hz. J5+Ha,0-H = 6 H7. 
1H.  5-Ha),2.51 (dd,J,,,=16H1,JS-Hb.6-H=12H~. I H .  5-Hb). 2.25(q. 
J,,, = 8 Hz. 2H, CH,CH,), 1.04 (t. J,,< = 8 Hz. CH,CH,). "C NMR 
(62.9 MHz, CDCI,): 6 =189.4 (C-4), 171.1 (CO,Me), 147.7 ('2-2). 147.3 
(C-ipso). 145.3 (C-puru),  136.1 (In C-7a), 127.7 (2 aryl C),  126.6 ( In  C-3a). 
123.5(2arylC), 123.3 (InC-2), 122.3(InC-6), 119.4(InC-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). 


(CH,CH,). 1R (drift): bayax =I596 (C=O, vinylogous amide) cm-'. MS 
(70eV): rwj: (%) = 447 [ M ' ]  ( 8 ) ,  362 (2). 314 ( 3 ) ,  131 ( lo ) ,  130 (100). 
C,,H,,N,O, calcd 447.1794, found 447.1784 (MS). C,,H,,N,O, calcd: 
C 67.10, H 5.63, N 9.39: found: C 66.86, H 5.73, N 9.24. [XI;' = -155.3 
(c = I .  CH,CI,, (6S):(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 (hexane/acetone 2 : l  (1 ' :~)) .  C,,H,,N,O, calcd: C 73.55, H 
8.55, N 6.60; found: C 72.93. H 8.50, N 6.38. The diastereomcrs wcrc scpa- 
rated by MPLC on silica gel using dichloromethane/ethanol 1000:5 (I>:,.) as 
eluent. 


,Jin, i i . l . s ~ H - J i n 6 - H , l n 7 ~ H = g H ~ ,  - 1H,  In  6-H), 7.13 (d. J,n.-H,lnh-H= 


52.4 (OCH,), 43.8 (C-S) ,  27.1 (CH2CHC0,), 20.5 (CH2CH,), 14.4 


(6R)-N-((S)-1-Carboxymethyl-2-[indol-3-yl~ethyl)-3-ethyl-6-heptyl-4-oxo-2,3- 
didehydropiperidine (18e): 'H NMR (400 MHz. CDCI,): 6 = 8 13  (brs.  1 H. 
N-H). 7.58 (d. .J ln4-H, l i ,S-H = 8 Hz, 1 H.111 4-H), 7.3X (d. J,%,- f i , I , ,b  ,, =8Hz.IH,In7-H).7.22(td.J,, ,~,,, , ,_,,-J,, ,  - i I , I n 7  , = S H Z , J = I H L .  
1 H , I n 6 - H ) , 7 . 1 5 ( t d , J , , , ~ H , , , , ~ . - J I n j ~ I I , I n ~ ~ H = 8 H z , J = 1  - H ~ , l H , 1 n  


5-H). 7.05 (s, 1 H, 2-H), 7.02 (d, Jl,12-H,xH = 2.5 HL, 1 H. In 2-H). 4.14 (t. 
J,,, = 8 H7, 1 H, CH,CHCO,), 3.73 (s, 3H,  OCH,). 3.52 (dd. Jgem = I 5  Hz, 
Jvi, = 8 Hz, I H ,  CH,,CHCO,), 3.44-3.36 (m, I H ,  6-H). 3.22 (dd. 
JgCm = I 5  Hz, J,,,, = 8 Hz, 1 H, CH,,CHCO,), 2.66 (dd, Jgem =17 Hz. 
J , i ,=7H~,1H,5 -Ha) ,2 .26 (dd , Jg , ,=1711~ , J ,~Hb , ,~H = S H z , l H . S - H b ) .  
2.22-2.06 (m, 2H,  CH,CH,). 1.30 0.98 (m, 12H, heptyl-CH,), 0.98 (t. 
J,,i, = 7  Hz, 3H,  CH,CH,), 0.86 (t. J,,, = 7  Hz, 3 H, heptyl-CH,) ',C NMR 
(62.9 MHz. CDCI,): 6 =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 
(InC-4). 111.7(InC-3). 111.6(InC-7), 109.8(C-3),64.4(CH,CHC02). 58.3 
(C-h ) ,  52.5 (OCH,), 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 (tilmiKBr): bm,tx = 1589 (C=O, vinylogous amide) cm I .  MS (70 eV): ni I 
(Yo) =4251Mi+H](6),424[M'](22), 365(4).295(14), 294(14), 19719). 
196 ( 3 9 ,  131 (9). 130 (100). C,,H,,N,03 calcd 424.2726, found 424.2714 
(MS). [KIP = - 204.1 (C =1, CH,CI,). 


(6S)-N-((S)-l -Carboxymethyl-2-~indol-3-yl~ethyl)-3-ethyl-6-hepty~-4-0~0-2,3- 
didehydropiperidine (19e): 'H NMR (250 MHz, CDCI,): b = 8.73 (brs,  1 H. 


8 Hz. 1 H, In 7-H), 7.12 (td. Jln6-H,  -, = 8 Hz. J = 1 Hz. 


N-H), 7.51 (d, Ji,,-,.,,,-H=8Hz, I H ,  I n 4 - H ) ,  7.30 (d. J ,n7-H. ln6 .1 , -  .- 


, = Jlnh .,, 
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l H , I n 6 - H ) , 7 . 0 7 ( ~ ,  lH,2-H),7.03(td,J l , ,~ , ,~ , , , ,~ , ,  - - J l l n S ~ H , l n b - H  = 8 H z ,  
J = l  HI. I H ,  In 5-H), 6.93 (d, JIn2 H , N H  =2 .5Hz,  I H ,  In  2-H). 4.07 (dd, 
./,,, = I 0  Hz, .I,,,. = 5.3 Hz, 1 H. CH,CHC02). 3.71 (s, 3H, OCH,), 3.40(dd, 
Jgcml = 15 Hz, J,,.. = 5.3 Hz. 1 H, CH,,CHCO,), 3.07 (dd, Jgem = 15 Hz, 
JV,,=10Hz, l H ,  CH,,CHCO,), 2.79 (m, I H ,  6-H), 2.30-2.01 (m, 3H,  
5-Ha, CH,CH,), 1.96 (dd, Jg,,=16Hz, J5-,,,,-,=2.3Hz, 1H. 5-Hb), 
1.5-1.0 (m, 12H, heptyl-CH,), 0.95 (t, JT,tc =7 Hz, 3H,  CH,CH,), 0.77 (t, 
J,,, = 7  Hz, 3H,  heptyl-CH,). ',C NMR (62.9 MHz, CDCI,): S = 190.2 (C- 
41, 171.8 (CO,Me), 146.6 (C-21, 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 ) ,  


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,). 1R (film/KBr): =I591 (C=O, viny- 
logous amide) cm ~ l .  MS (70 eV): m/z (%) = 425 [ M i  + H] (7). 424 [ M ' ]  
(27), 294 (19). 207 (11) .  197 (13), 196 (4@), 149 (lo), 131 (9). 130 (loo), 124 
(9), 113 (64), 71 (11). 69 (9 ) ,  57 ( lS) ,  55 (20), 43 (26), 41 (11). C,,H,,N,O, 
calcd 424.2726, found 424.2714 (MS). [E]:~ = + 40.3 (c = 0.4, CH,CI,). 


(6RS)-N-((S)- 1 -Carboxymethyl-2-~indol-3-yl~ethyl)-3-ethyl-4-0~0-6-(2'-pro- 
pyl)-2,3-didehydropiperidine (18f and 19f): yellowish oil, yield: 29%, R,: 0.12 
(hexane/acetone 2: 1 (1': v ) ) .  'H NMR (400 MHz, CDCI,): 6 = 8.22 (brs, 1 H,  
N-H), 7.58 (d, J l n 4 - H , I n 5 - H = 8 H ~ ,  I H ,  In 4-H), 7.38 (d, J , n - - H , l n 6 - H  


110.2 (C-3) ,  65.7 (CH,CHCO,), 60.9 (C-6), 52.5 (OCH,), 39.5 (C-5), 31.7, 


= 8 Hz, 1 H, In 7-H), 7.22 (td, J l n 6 - H , l n S - H  - - J l n 6 - H , l n 7 - H  = 8 Hz, J = I  Hz, 
1 H, In 6-H). 7.18 (s, 1 H,  2-H), 7.15 (td, Jrn5-H, ln4-H - - J l n j + H , r n 6 - H  = 8 Hz, 


J = l  H7, l H ,  In 5-H), 7.05 (d, J , n 2 - H , N H =  2.5Hz, l H ,  In 2-H), 4.16 (t, 
JV,< = 8 HL, I H ,  CH,CHCO,), 3.71 (s, 3H,  OCH,), 3.57 (dd, Jgem =15 Hz, 
Jvj, = 8 Hz, 1 H, CH,,CHCO,), 3.26 (dd, Jgem = 15 Hz, J,,, = 8 Hz, 1 H,  
CH,,CHCO,). 3.22 (ddd, J6+H,CH(CH312 = I 0  Hz, J6-H ,  j-wh = 7  Hz, 
Jh .H. - H b  = 5 Hz, I H, 6-H). 2.63 (dd, .Isern = 17 Hz, J5. Ha, ~ ,{ = 7 Hz, I H, 
5-Ha), 2.36 (dd, Jgrm = I 7  H7, Jj-Hh,6-H = 5 Hz, 1 H, 5-Hb), 2.22 (dq, 
JXem = 16 Hz, J,,, = 8 Hz, 1 H,  CH,,CH,), 2.10(dq, .IXem = 16 Hz, J,,, = 8 Hz, 


CH,CH,) ,  0.81 (d, .Iv,< = 8 Hz, 3H,  CH(CH,),,), 0.64 (d, J,,, = 8 Hz, 3H,  
CH(CH,),,). I 3 C  NMR (62.9 MHz, CDCI,): 6 =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 
(InC-6), 119.6(InC-5), 117.9(InC-4), 111.9(C-3), 111.6(In C-7), 109.4(In 


(CH(CH,),), 27.2 (CH,CHCO,). 20.6 (CH,CH,), 19.3 (CH(CHJJ, 17.0 
(CHtCH,),). 14.5 (CH,CH,). IR (drift): imdX =1591 (C=O, vinylogous 
amide) cm-l .  MS (70eV): m/z (%) = 369 [ M + + H ]  ( 7 ) ,  368 [M' ]  (33) ,  325 
(7), 239 (26), 238 (22), 196 ( I I ) ,  131 (9), 130 (100). C,,H,,N,O, calcd 
368.2100, found 368.2113 (MS). Calcd C 71.71, H 7.66, N 7.60; found: C 


(NMR)). 


Transformations using the chiral catalysts 20 and 21; Powdered molecular 
sieves 4 A (0.3 g) and the enantiomerically pure binaphthol (0.057 g, 
0.2 mmol) 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. 


l H ,  CH,,CH,). 1.90-1.80 (m, 1H,  CIY(CH,)~), 1.01 (t, Jvic= SHz, 3H, 


C - 3 ) ,  64.3 (CH,CHCO,), 63.6 (C-6), 52.4 (OCH,), 36.0 (C-5), 30.0 


71.34, H 7.60, N 7.69. [zlko = -187.1 (c = 0.7, CH,CI,, (6S):(6R)>98:2 


(6S)-N-(2-[Indol-3-yl~ethyl)-3-ethyl-4-oxo-6-phenyl-2,3-didehydropiper~d~ne 
(18g) and (6R)-N-(2-(indol-3-yl~ethyl)-3-ethyl-4-oxo-6-phenyl-2,3-didehydro- 
piperidine (19g): colorless crystals, m.p. 171 "C (hcxane/acetone), R,: 0.35 
(hexane/acetonc 2: 1 ( e :  r)). ' H  NMR (250 MHz. CDCI,): 5 = 8.55 (brs,  1 H, 
N-H), 7.40-7.20 (ni, 7H,  5 Ph-H, In 4-H, In 7-H), 7.15 (t, Jlllh H , l n j + l ,  


8 Hz, 1 H, In 5-H), 6.90 (d, Jln2-H,NH = 2.5 Hz, 1 H, In 2-H), 6.80 (s, 1 H, 


2H, InCH,CH,N), 3.00-2.80 (m, 2H,  InCH2CH,N), 2.70-2.60 (m, 2H,  
5-Ha, 5-Hb), 2.05 (q, JVi, =7Hz,  2H,  CH,CH,), 0.87 (t. J,,, = 7  Hz, 


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-S) ,  1 18.0 
(In C-4), 111.4 (In C-7), 111.3 (In C-3) ,  111.2 (C-3), 61.4 (C-6). 53.4 
(InCH,CH,N), 44.0 (C-5), 24.8 (CH,CHCO,), 20.0 (CH,CH,), 14.1 
(CH,CH,). IR (drift): :ayAx =I572 (C=O, vinylogous amide) cin-' .  MS 
(70eV): m/z (%) = 345 [ M + + H l  (13), 344 [ M + ]  (58),  215 (31). 214 (loo), 


- - - J i n 6 - M , 1 n 7 - H  = 8Hz.  1 H, In 6-W, 7.05 (t. J I ~ s - H , I ~ ~ - H  = J I ~ s - H . I ~ ~ - H  - 


2-H),4.53(t, J ~ ~ H , j - H b - J ~ - l , , j - H ~ = 8 H z ,  - l H , 6 - H ) , 3 . 3 3 ( t , . l v j , = 7 H ~ ,  


CH,CH,). I3C NMR (62.9 MHz, CDCI,): 6 ~ 2 8 9 . 2  (C-4), 152.4 (C-2), 


130 (21), 117 (12), 110 (54). C23H22NZ03 calcd 344.1889, found 344.1877 
(MS). Calcd C 80.20, H 7.07, N 8.13; found: C 79.93, H 7.03, N 8.19. 
(6S)-Enantiomer 18g: [E]:' = -127.7 (c = 0.3, CH,CI,). The enantiomeric 
ratio was determined by analytical HPLC using a column ZWE 37hA [20] 
(kindly supplied by Bayer) and THF/hcxane 60:40 ( L > : V )  as eluent, flow: 
1 m l n i i n - ' .  (6s)-Enantiomer 18g: R,: 4.14 min, (6R)-enantiomer 19g: R,: 
8.19 min. 


Preparation of Nnd-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 tcmperature in a pressure-resis- 
tant bottle. After evaporation of the solvent in vacuo, the remaining residue 
was recrystallized from ethanoliethyl acetate, yielding 32.5 g (97%) of the 
protected indolc. Colorless crysrafs, yield: 97%, m.p. 176'C (decomp.). 
' H N M R  (250 MHz, D,O): 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,  In 2-H, In  4-H, In 5-H, In 6-H), 4.42 (t, .J$,j, =7.5 Hz, 1 H, CH2CHC0,), 
3.78 (s, 3H, OCH,), 3.40--3.20 (m. 2H,  CH,CHCO,). NMR 
(100.6 MHz,D,O): 6 =171.0(C02Me),163.2, 159.9(CHO), 136.2, 134.7(1n 
C-7a), 131.2, 130.4 (In C-3a), 127.0, 126.6 (In C-6), 126.8. 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): 
Vmax =I738 (C=O, ester) em- ' .  MS (70eV): vn/z (%) = 246 [ M  + - HCI] 
(26), 159 (41), 158 (62), 130 (loo), 88 (24), 77 (10). C,,H,,N,O,+ calcd 
246.1004, found 246.0989 [M' - HCI] (MS). C,,H,,N,O,.HCI calcd: C 
5 5 . 2 3 , H 5 . 3 5 , N 9 . 9 1 ; f o u n d : C 5 5 . 2 7 , H 5 . 2 8 , N 9 . 7 8 . [ ~ ] ~ ~ =  +12.7(c=2.  
MeOH). 


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 
hydrochloride 22 (0.5 g, I .7h mmol) in water (5 mL) was treated with a satii- 
rated NaHCO, solution (2 niL) 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 mniol) 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 T H F  (90 mL) and water (10 mL), LiCIO, 
(1.80g, 17mnio1, 10equiv). and the diene 16 (0.5g, 2.9mmo1, 1.7equiv) or 
the diene 13 (0.6 g. 2.4 mmol, 1.4 equiv) was added. After stirring at room 
temperature for 3 d ,  the mixture was concentrated in vacuo. and water 
(50 mL) was added to the residue. The aqueous phase was extracted 4 times 
with dichloromcthane (50 mL). The combined organic layers were dried with 
MgSO, and the solvent was removed in vacuo. The product was isolated from 
thc remaining residue by flash chromatography using hexanejaretone mix- 
tures as eluents. 


N-((S)-1-Carboxymethyl-2-(~d-formylindol-3-yl~ethyl)-4-oxo-2,3-didehydro- 
piperidine (25): yellowish oil, yield 45%, R,: 0.19 (hexane/acetone 1: l  ( v : ~ ) ) .  
'HNMR (250 MHz, CDCI,): 6 = 9.38 (brs, 0.36H, CHO), 9.08 (brs, 0.64H, 
CHO), 8.40 (brs, 0.64H, In 7-H), 7.70 (brs, 0.36H, In 7-H), 7.65-7.20 (m, 
4H,  In 2-H, In 4-H, In 5-H, In 6-H), 6.98 (d, J,_,,,-, =7.5 Hz, 1 H, 2-H), 


CH,CHCO,), 3.78 (s, 3H,  OCH,), 3.62-3.35 (m, 3H, 6-Ha. 6-Hb. 
CN,,CHCO,), 3.20 (dd, Jgem = 15 Hz, Jvic = 10 Hz, 1 H, CH,,CHC02), 
2.50-2.30 (m, 2H.  SHa,  5-Hb). I3C NMR (62.9 MHz, CDCI,): 6 =191.8 
(C-4), 170.2 (CO,Me), 159 1. 155.7 (CHO), 152.6 (C-2), 135.2, 134.4 ( 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 (InC-2),119.3, 118.3(lnC-4), 118.8, 117.9(InC-3),116.5. 110.0 
(In C-7), 100.3 (C-3), 65.9 (CH,CHCO,), 52.9 (OCH,), 45.6 (C-6). 37.7 
(C-5), 25.8 (CH,CHCO,). 1R (film/KBr): Cma, =1707 (C=O, ester) cm-'. 
MS (70eV): ni /s ("A) = 326 [ M ' ]  (38), 168 (loo), 158 (39). 130 (53). 
C,,H,,N,O, calcd 326.1267, found 326.1246 (MS). Calcd C 66.25, H 5.56, 
N 8.58; found: C 66.39, H 5.73, N 8.82. [z]in = -131.5 (c = I ,  CH,CI,). 


N-((S)-l-Carboxymethyl-2-~~d-formylindol-3-yl~ethyl)-3-ethyl-4-oxo-2,3-di- 
dehydropiperidine (26): yellowish oil, yield: 62%, R,: 0.1 5 (hexaneiacetone 
3:2 ( v : ~ ) ) .  ' H N M R  (250 MHz, CDCI,): 6 = 9.40 (brs, 0.4H. CHO), 9.05 
(brs, 0.6H, CHO), 8.40 (brs, 0.6H, In  7-H), 7.71 (hrs, 0.4H. In 7-H), 
7.65-7.20 (in, 4H,  In  2-H, In  4-H, In 5-H, In 6-H), 6.82 (s, 1 H, 2-H). 4.18 


4.93(d,J3_H,,-H ~ 7 . 5  Hz, 1H,3-H),4.22(dd,JV,, -l0Hz,JVi,. = 6 Hz, 1 H. 
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(dd. JVj, = 9 Hz, J,i,. = 6 Hz, I H. CH,CHCO,). 3.78 (s, 3H,  OCH,), 3.58- 
3.32(m,3H,CH,~CHCO2,6-Ha.6-Hb),3.17(dd,J,, ,  =15Hz,J,,,  = 9Hz,  
1 H,  CH,,CHCO,). 2.55-2.30 (m. 2H. 5-Ha, 5-Hb). 2.18-2.00 (in. 21-1, 


Cl,): 6 =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 (ln 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,). 


JR (film,KBr): CnIax =I707 (C=O, ester), 1599 (C=O, vinylogous amide) 
cm- ' .  MS (70 e V ) : m / z ( % )  = 355 [M++H](4) ,  354[M'] (34). 197 (19). 196 
(loo), 130 (27). C,,H,,N,O, calcd 354.1580. found: 354.1549 (MS). Calcd 
C 67.78, H 6.26, N 7.90; found: C 67.25, H 6.16. N 7.91. [%I;'= -139.7 
(i = 1. CH,CI,). 


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 1 M Na,HPO, solution (5 mL) was added. The mixture was stirred 
for 2 d at room temperature and concentrated in vacuo. The reinainig 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,C03 and the solvent was removed in vacuo. 


N-((S)-1 -Carhoxymethyl-2-[indol-3-yl~ethyl)-4-oxo-2,3-didehydropiperidine 
(27): All analytical data were consistent with iiterature values: see ref. [S]. 


N-((S)-l -Carboxymethyl-2-[indol-3-yl~ethyl)-3-ethyl-4-~~~-2,3-didehydropipe- 
ridine (28): Colorless crystals, yield: 93%. n1.p. I63 "C (hexane/acetone). R,: 
0.15 (hexanelacetone 3:2 (v:~)). 'H  NMR (250 MHz. CDCI,): 6 = 8.77 (brs,  
I H ,  N-H), 7.60 (d, J , , , ~ H , i , , _ H = X H ~ ,  I H ,  In 4-H), 7.39 (d. 


CH,CH,), 0.90 (t. J,,, =7 Hz, 3H. CH,CH,). I3C NMR (62.9 MHz, CD- 


45.8 (C-61, 36.0(C-5), 25.6 (CH,CH,), 20.3 (CH2CHC0,), 14.3 (CH,CH,). 


.Ill,, H,M-H = 8 HZ, 1 H, In 7-H), 7.20 (td, & ~ - H . I ~ s - H  = J i n h - H . l n 7 - H  = 
8 Hz, J = 1 Hz, 1 H, In 6-H), 7.12 (Id, J n 5  H, ~ - - J n 5  ~ = 8 Hz. 
J = I  Hz, 1 H, In 5-H), 7.00 (d, Jlnz-H,NH = 2.5 Hz, 1 H, In 2-H), 6.77 (s, 1 H,  
2-H). 4.20 (dd, JV,< = I 1  Hz. J,;,. = 6 Hz, 1 H, CH,CNCO,), 3.77 (s. 3H, 
OCH,), 3.52-3.30 (m, 3H,  CH,,CHCO,, 6-Ha. 6-Hb), 3.20 (dd, 
JKem, = I 5  Hz, J>lc =I1  Hz, I H ,  CH,,CHCO,), 2.50-2.25 (m, 2H,  5-Ha, 5- 
Hb); 2.03 (9. Jvlc =7Hz,  2H,  CH,CH,), 0.83 (t, J,,, = 7  Hz, CH,CH,). " C  
NMR (62.9MHz, CDCI,): 6 ~ 1 9 1 . 4  (C-4), 171.2 (CO,Me), 151.1 (C-2) ,  
136.4 (In C-7a), 126.8 (In C - h ) ,  123.4 (In C-2). 122.3 (In C-6). 119.7 (In 
'2-5). 118.1 (In C-4), 112.9 (C-3), lll .X (In C-7), 109.9 (In C-3), 66.9 


(CH,CH,), 14.5 (CH,CH,). IR (drift): i.,,, =I728 (C=O. ester), 156X 
(C=O. vinylogous amide) cm- ' .  MS (70 eV): mjz (%) = 326 (21), 197 (12). 
196 (12), 130 (100). C,,H,,N,O, calcd 326.1630, found 326.1611 (MS). 
Calcd C 69.92, H 6.79, N 8.58; found: C 69.84, H 6.75, N 8.58. [XI:" = -185 
(c = 1. CH,CI,). 


Preparation of the indolo[2,3-alquinolizines 32 and 33 by condensation of the 
enaminones 18 with phosgene: To a solution of the enaminone 18 (1 mmol) in 
dichloromethane (10 mL) under nitrogen a 1 . 9 3 ~  solution of phosgene in 
toluene (0.57 mL. 1.1 nimol, 1 .I equiv) was added. The color quickly turned 
to deep red and black. After being stirred overnight a t  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 hexanelethyl acetate mixtures as eluents. 


(6S, 12bR)-6-CarboxymethyI-2-chIoro-3,4,5,6,7,12b-hexahydroindoIo~2,3-u~- 
quinolizine (32a): colorless amorphous substance, yield: 36%. R,: 0.1 5 (hex- 
ane/ethylacetate4:1 ( v : ~ ) ) .  'HNMR(250MH2, CDC1,):h = 8.10(brs, 1 H. 
12-H), 7.45 (dd. Js H , 9 - H = 8 H ~ ,  J = 1 . 5 H 7 ,  I H ,  8-H), 7.23 (dd. 
J , ,  .H, = 8 Hz, J = 1.5 H7, 1 H. 1 l-H), 7.18-7.02 (m. 2H, 9-H, 10-H). 
6.05 (brs, 1 H, I-H), 5.00 (brs, 1 H,  12b-H), 3.95 (t, J,,i, = 4 Hz, 1 H, 6-H), 
3.65 (s, 3H,  OCH,), 3.27 3.13 (m. 3H. 4-Ha. 7-Ha. 7-Hh), 3.07 (dt, 
J,, ,=l4Hz,J,~,,, , ,_,= 5Hz,IH,4-Hb),2.62-2.37(m,2H,3-Ha.3-Hb). 
I3C NMR (62.9 MHz, CDCI,): 6 ~ 1 7 2 . 9  (CO,Me), 136.3 (C-lla), 132.1 
(C-I2a), 131.7 (C-8a). 127.0 (C-2), 122.7 (C-I), 121.9 (C-lo), 119.6 (C-9). 
118.2 (C-8), 111.0 (C-ll), 105.6 (C-7a), 60.6 (C-6), 52.1 (C-I2b), 52.0 
(OCH,), 48.7 (C-4). 33.2 (C-3) ,  23.1 (C-7). iR  (drift): CmaX =1731 (C=O. 
ester) cm '. MS (70eV): m p  (%) = 318 [MClb'] (14). 317 [MClb' - H. 


(CH,CHCO,), 52.6(OCH3),46.0(C-6),36.l(C-5),26.3 (CH,CHCO,).20.4 


M +  +H](11), 316 [M+](47),282(15), 281 (100),257(46). 255(26), 221 (29). 
C,,H,,N,O,CI calcd 316.0979, found 316.0963 (MS). Calcd C 64.46. H 5.41. 
N 8.84: found: C 64.04, H 5.62, N 8.51. [~] ,2 ,"  = + I  19.6 (c = 0.25, CH2CI,). 


(6S, 12hS)-6-Carhoxymethyl-2-chloro-3,4,5,6,7,12h-hexahydroindolo-[2,3-a[- 
quinolizine (33a): colorless amorphous substance, yield: 30 %, R,: 0.09 (hex- 
anelethyl acctate4: 1 (1,:~)). 'HNMR (250 MHz, CDCI,). 6 = 8.07 (brs. 1 H. 
12-H), 7.49 (dd, J8-H,9-11 = 8 Hz, J =1.5 Hz, 1 H. 8-H). 7.30 (dd. 
. I i l ~ , , , , , ~ H = 8 H ~ ,  J = I S H z .  I H ,  11-H), 7.18 (td, J10-H,9.H= 
J,,-,, -I, = 8 Hz, J = 1 H7, 1 H,  10-H), 7.10 (td, J 9 - H .  8 - H  - J g  - H ,  10-H - 


- - 


X Hz, J = 1 Hz, 1 H. 9-H), 6.15 (d, J = 4 Hz, 1 H, I-H), 4.85 (brs,  1 H. 12b- 


2.67(m, SH, 3-Ha.4-Ha, 4-Hb, 7-Ha, 7-Hb), 2.30- 2.10(m. 1 H. 3-Hb). 13C 
NMR (62.9 MHz, CDCI,): 6 =172.0 (CO,Me), 136.2 (C-l la) ,  133.9 (C- 


(C-8), 111.1 (C-11). 106.2(C-7a),62.O(C-6), 56.1 (C-12b).52.4(OCH,),40.5 
(C-4), 33.4 (C-3) ,  19.8 (C-7). I R  (drift): Gmax =I731 (C=O, ester) cm- ' .  MS 
(70 eV) :  m;z (Yo) = 318 [MClh+] ( 2 8 ) ,  317 [MClb+ - H, A4' +H] ( 2 5 ) ,  316 


calcd 316.0979, found 316.0989 (MS). Calcd C 64.46. H 5.41, N 8.84; found: 


H) ,4 .00(dd .J , i ,= l lHz ,J , , ,=6H7, .1H,6-H) ,3 .82(~ ,3H.OCH~~) ,3 .20-  


12>1), 131.8 (C-8a), 126.7 (C-2), 122.1 (C-I), 121.1 (C-lo), 119.8 (C-9). 118.3 


[M'](92),315[M+ - H](32),281 (59),259(27),257(100). C,,H,,N,O,CI 


(3 63.97, H 5.61. N 8.53. [E]? = -74.4 (C = 0.25, CH,CI,). 


(6.~,12hR)-6-Carhoxymethyl-2-chloro-l-ethyl-3,4,5,6,7,12b-hexahydroindolo- 
[2,3-alquinolizine (32 b): colorless amorphous substance, yield: 36 %, R,: 0.14 
(hexane/etliylacetate4:1 (v:~)). 'HNMR(250MHz. CDCI,): 6 = 8.10(brs. 
IH,  12-H). 7.46 (dd, J 8 - , , , , _ , = 8 H ~ ,  J = 1 . 3 H z ,  l H ,  8-H), 7.31 (dd. 
Jll H , 1 U - l l = 8 H ~ .  J = 1 . 3 H z ,  I H ,  11-H), 7.12 (td. J , , ~ l i , , ~ H =  
Jlo H,  = 8 Hz, .I ~ 1 . 5  HL, 1 H, 20-H), 7.09 (td, Jq-H,H-H = 


J9 H , l o ~ l l = 8 H z , J = 1 . 5 H z ,  l H , 9 - H ) ,  5.07(brs. I H ,  12h-H),4.01 (dd, 
J,,, = 6 Hz, Jv,c.. = 3 Hz, I H ,  6-H), 3.73 (s, 3H, OCH,), 3.30- 2.95 (in. 3H,  
7-Ha, 7-Hb. 4-Ha). 2.92-2.65 (ni, 3H,  CH,,CH,, 4-Hb, 3-Ha). 2.35-2.17 
(m. 2H. 3-Hb, CH,,CH,). 1.14 (t, J = 7  Hz, 3H,  CH,CH,). "C NMR 
(62.9 MHz, CDCI,): 6 =172.3 (CO,Me), 136.O(C-lIa). 132.4(C-I2a), 131.4 
(C-8a), 128.0(C-I), 126.6(C-2), 322.1 (C-lo), 119.7(C-9). 118.2(C-X), 111.1 


(C-3). 26.1 (CH,CH,), 20.2 (C-7), 11.8 (CH,CH,). IR (drift): C,,,',x =1735 
(C=O, estcr) cin-I. MS (70 eV): mi; (%) = 346 [MClb'] (26), 345 (18), 344 
[ M ' ]  ( X I ) ,  315 (53). 309 (100). 285 (62). C,sH,,N,O,CI calcd 344.1292. 
found 344.1279 (MS). Calcd C 66.18, H 6.14, N 8.12; found: C 65.81. H 6.39, 
N 7.6X. [E]? = + 57.4 ( c  = 0.35, CH,CI,). 


(6S, 12hS)-6-CarboxymethyI-2-chloro- I-ethyI-3,4,5,6,7,12h-hexahydroindolo- 
(2,3-ulquinolizine (33b): colorlcss amorphous substance. y~eld: 18 %. R,: 0.23 
(hexane/ethyl acetate 4:l ( v : v ) ) .  'HNMR (400 MHz. CDCI,): B =7.81 (brs, 
I H ,  12-H). 7.50 (d,J8-H,9-H = 8 Hz, 1 H, 8-H), 7 . 3 4 ( d , J , , _ H , , , ~ H  = 8 Hz, 
1 H, 11 -H), 7.19 (td, JIo-H, 9 - H  = J1o-H, I - H  = 8 H7, J = 1 Hz, 1 H. 10-H), 


12b-H), 4.17 (dd, JYi, = 10 Hz, JVi,. = 7  Hz, 1 H, 6-H). 3.83 (s, 3H,  OCH3), 


(C-11). 105.0 (C-~LI), 60.8 (C-6), 53.6 (C-I2b), 52.4 (OCH,), 46.3 (C-4), 33.0 


7.10 (td. JII-H,8+,i - - J9-H,IO-H = 8 Hz, J = l  Hz, I H ,  9-H). 4.88 (brs.  I H ,  


3.14-3.05(m,2H, 7-Ha,7-Hb), 3.02-2.90(m. 2H,4-Ha. CH2,CH,).2.89- 
2.76 (in. 2H,  3-Ha, 4-Hb), 2.28-2.15 (m, 2H, CH,,CH,. 3-Hb), 1.30 (t. 
J,,, =7 Hz, 3H. CH,CH,). I3C NMR (62.9 MHz, CDCI,): 6 =171.8 
(CO,Me), 135.9 (C-lla), 132.1 (C-12a). 131.7 (C-Xa), 129.2 (C-I), 126.5 
(C-2). 122.2(C-10), 119.9(C-9), 118.2(C-X), 111.1 (C-ll), 106.9(C-7a),61.7 
(C-6), 58.5 (C-12b). 52.5 (OCH,), 39.7 (C-4), 33.7 (C-3), 26.3 (C.'H,CH,). 
19.7 (C-7), 3 1.7 (CH,CH,). IR (drift): Gmdx =I736 (C=O. ester) em- ' .  MS 
(70 eV): mlz (%) = 347 [MClb+ +H] ( 5 ) .  346 [MClb+] (31). 344 [ M ' ]  (92). 
309 (60), 285 (100). C,,H,,N,O,CI cakd 344.1292, found 344.1302 (MS). 
Calcd C 66.18, H 6.24. N 8.12: found: C 65.62. H 6.49. N 7.63. [XI? = - 15.3 
( c ,  = 0.3. CH,CI,). 


(4S,6S,12bR)-6-Carboxymethyl-2-chloro- I -ethyl-4-phenyl-3,4,5,6,7,1 2h-hexa- 
hydroindolo[2,3-nlquinolizine (32c): Contains 17 % (4S.6S.12bS)-6-car- 
boxymethyl-2-chloro-1 -ethyl-4-phenyl-l,4,5,6,7,12b-hexahydroindolo[2.3-~]- 
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 ( 1 , : ~ ) ) .  'HNMR (400 MHz. 
CDCI,): 6=7.93  (brs, l H ,  12-H), 7.39 (d, J8_, , , - ,=8Hz.  I H ,  8-H). 
7.35-7.18 (in, 6H,  Ph-H, 11-H), 7.09 (td. J , 0 - H . 9  = JIO-H, , ~ 1 1  = 8 Hz. 


9-H).5.19(brs,IH,12b-H).4.43(dd,J,,,=10Hz,J,,,,=4Hz.1H.4-H). 
J = l  Hz, I H ,  10-H). 7.01 ( td , J9_ , ,R-H = J9-H, 10.H = 8 Hz. ./ = I  Hz, 1 H. 


3.76 (dd. . / 6 - H , 7 - I l h = 6 H ~ ,  J 6 _ H , j . - H , = 2 H ~ ,  1H.  6-H), 3.39 (s. 3H, 
OCH,), 3.05 (dt, JRem = 15 Hz, J,-Htl,6-H = 2 Hz, J = 2 Hz. 1 H. 7-Ha). 
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3 00-2.85 (m, 2H,  3-Ha, 7-Hb), 2.61 (4, JVi, = 8 Hz, 2H. CII,CH,). 2.52 
(ddd. Jg,,=15Hz, J3-,,,,-,=4Hz, J = 2 H z ,  I H ,  3-Hb), 1.16 (t. 
J,,, = 8 Hz, 3H,  CH,CH,). I3C N M R  (62.9 MHz. CDCI,): S = 173.4 
(C'O,Me), 141.2 (Ph C-ipso), 136.1 (C-lla), 133.8 (C-l2a), 131.9 (C-8a), 
128.9 (2Ph C ) ,  128.4 (2Ph C), 12X.2 (Ph C-para). 128.0 (C-I), 126.9 (C-2), 
122.0(C-10), 119.5(C-9), 118.2 (C-8), 110.8 (C-31). 109.4(C-7~t), 63.1 (C-4), 
57.2 (C-12bj, 56.5 (C-h) ,  51.4 (OCH,), 43.3 ( C - 3 ) ,  25.0 (C-7), 24.5 
(CH,CH,). 12.6 (CH,CH,). I R  (drift): Gmnx =1737 (C=O, ester) c m - ~ ' .  MS 
(70eV): ml; (%) = 423 [MClb++H] (6), 422 [MClb+] (28). 421 (25) ,  420 
[M' ]  (89), 385 (69). 329 (89), 169 (100). C,,H2,N20,C1 calcd 420.1605. 
found 420.1614 (MS). = - 43 (c = 0.6, CH,Cl,). 


(4S,6S, 12hS)-6-Carboxymethyl-2-chloro-l-ethyl-4-phenyl-3,4,5,6,7,lZh-hexa- 
hydroindolo[2,3-n~quinolizine (33c): yellowish amorphous solid, yield: 1 7 Ye, 
R,: 0.46 (hexane/ethyl acetate 4.1 (v:~)). ' H N M R  (400 MHz, CDCI,): 
5 = 7.82 (brs, 1 H, 12-H), 7.56 (d, JB-H.P-H = 8 Hz, 1 H,  8-H), 7.40-7.26 (m, 
6H,  Ph-H, 1 I-H), 7.22 (t, JIO-H,V_H = JiO-,, -H = 8 Hz, 1 H, 10-H), 7.16 
( t . J , ~ H , , ~ H = J 9 ~ H , , , ~ H = 8 H z , 1 H , 9 - H ) , 5 . 0 9 ( b r s , 1 H , 1 2 h - H ) , 4 . 1 0 ( d d ,  
JV, ,=10Hz,  JV, , .=4Hz.  I H ,  4-H), 4.00 (dd, J6_,,,_,,=12Hz, 
J6-B,7-Hh = 5 Hz, 1 H, 6-H), 3.36 ( s ,  3H, OCH,), 3.24 (ddd, Jge," = 16 Hz, 
J 7 _ , , - , - , = 1 2 H ~ ,  J = 2 . 5 H z ,  l H ,  7-Ha), 2.99 (dq, Jg,,=14Hz, 
Jvsc = 7  Hz, 1 H .  CH,,CH,), 2.95-2.86 (m, 1 H, 3-Ha), 2.81 (ddd, 
Jg,,=16Hz, J,~H,,,~,=5Hz,J=1.5Hz,IH,7-Hb),2.38 2.26(m,2H, 


CDCI,): 5 =171.4 (CO,Me), 139.7 (PhC-ipso), 136.1 (C-lla), 132.7 (C- 
12a). 131.9 (C-8a). 130.3 (2Ph C ) ,  129.0 (PhC-para), 128.5 (C-1). 128.0 


3-Hb, CHZbCH,), 1.35 (t. Jvi, = 7  Hz, 3H,  CH,CH,). ',C N M R  (62.9 MHz, 


(2PhC),  126.8 (C-2), 122.4 (C-lo), 120.1 (C-9), 118.6 (C-8), 111.2 (C-ll), 
107.9 (C-7a), 62.6 (C-6), 62.2 (C-l2b), 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): CmaX =I736 (C=O, 
ester) cm-I .  MS (70 eV): m/z ( X )  = 423 [MClb+ +HI (7), 422 [ M C W ]  (32), 
421 (31), 420 [ M ' ]  (loo), 361 (YO). C,,H,,N,O,CI calcd 420.1605, found 
420.1584 (MS). [a];'= -11.8 (c = 0.4, CH,CI,). 


(4R,6S,12hR)-6-CarboxymethyI-2-chloro-1-ethyl-4-heptyl-3,4,5,6,7,12h-hexa- 
hydroindolol2,3-a)quinolizine (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. CDCI,): 6 = 8.45 (hrs, 1 H, 12-H), 7.42 
(d, J 8 - H . g - H  = 8 Hz, 1 H, 8-H), 7.30 (d, J1 - H ,  = 8 Hz, 1 H, I l -H),  7.10 
(td. J i , ~ H , , ~ H = J i , ~ H , , i ~ H = 8 H ~ ,  J = l . S H z ,  l H ,  10-H), 7.08 (td, 


4.16 (dd, J6-H,7-Ha=6Hz, J 6 - H , 7 - H h = 3 H ~ ,  IH,  6-H), 3.60 (s, 3H,  


J9-H,8 -H - - J9-H,I , - t I  = 8 Hz, J = 1 . 5  Hz, 1 H, 9-H), 5.11 (hrs, l H ,  12b-H), 


OCH,), 3.27 (dd, Jg,,=15Hz, J 7 - H a , 6 - H = 3 H ~ ,  l H ,  7-Ha), 3.10 (dd, 
I,,, =15 Hz, J,Hh,h-H = 6 Hz, 1 H, 7-Hb), 2.65-2.35 (m, 4H,  6-H, 3-Ha, 


1.00(m, 15H.heptyl-H,CH,CH,),0.85(t,J,i, = 7  Hz,3H,heptyl-CH,). 13C 
NMR (62.9 MHz, CDCI,): 6 =173.9 (CO,Mej, 136.1 (C-l la) ,  134.1 (C-  
1 2 4 ,  131.9 (C-Sa), 127.6 (C-l), 126.4 (C-2), 121.8 (C-lo), 119.4 (C-Y), 118.0 
(C-8). 111.0 (C-ll), 107.9 (C-7a), 58.1 (C-6), 55.2 (C-l2h), 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 ((2-7). 14.1 
(heptyl-CH,), 12.3 (CH,CH,). 
trans conformer: ' H N M R  (400MHz, CDCI,): 6 ~ 7 . 7 2  (brs, 1 H, 12-H), 


3-Hb. CH,,CH,), 2.29 (dq, Jgrm = 14 Hz, J,,, = 7  Hz, 1 H, CH,,CH,), 1.80- 


7.48 (4 J8 -H.9 -H = 8 Hz, 1 H ,  8-H), 7.32 (d, Jll -H, = 8 Hz, 1 H ,  1 I-H), 
7 . 1 6 ( t d , J i , ~ H , , ~ H = J , , _ H , , , _ H = 8 H ~ , J = 1 . 5 H ~ ,  l H ,  10-H),7.11 (Id, 
J , , , , , . , ,=J ,~~, , , ,~ ,=8Hz,J=1.5Hz,1H,9-H) ,4 .95(hrs ,1H,12h-H) .  
4.27 (dd. J6+,,,-,,=6Hr, J h + H , 7 - H u = 3 . 5 H 7 ,  l H ,  6-H). 3.78 (s, 3H,  


J7- , , , ,_ ,=6Hz,  J = 1 . 5 H z ,  IH, 7-Hb), 2.93 (hrs, l H ,  4-H), 2.78 (dq, 
Jpem = 14 Hz, Jvic =7 Hz, 1 H. CH,,CH,), 2.47-2.36 (m, 2H,  3-Ha 3-Hh), 
2.23 (dq, .Ipern, =14 Hz, JYj, = 7  Hz. 1 H, Ckf2,CH,), 1.60-1.20 (m, 12H. hep- 
tyl-H), 1.12 (t, J,,, =7 Hz, 3H,  CH,CH,), 0.87 (t, Jvi, = 7  Hz, 3H, heptyl- 
CH,). 13C N M R  (62.9MHq CDCI,): 6 =173.2 (CO,Me), 135.8 (C-lla), 
134.1 (C-l2a), 131.9 (C-8a), 127.3 (C-l), 126.6 (C-2), 122.0 (C-lo), 119.6 
(C-Y), 118.2 (C-8), 111.0 (C-ll), 106.3 (C-7a), 59.3 (C-6), 57.0 (C-l2h), 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-71, 14.1 (heptyl-CH,), 11.9 (CH,CH,). 1R (drift): Cmax =I739 (C=O. 
ester) ern-'. MS (70Ev) m/z (%) = 444 [MCIh+] (16), 443 (15), 442 [ M + ]  


OCHJ, 3.23 (d, Jgem =16 Hz, 1 H ,  7-Ha), 3.05 (ddd, Jgrm =16 Hz, 


(47), 407 (loo), 383 (42), 169 (42). C,,H,,N,O,CI calcd 442.2387. found 
442.2376 (MS). Cacd.: C 70.49, H 7.96, N 6.32; found: C 70.20. H 7.X7. N 
6.53. [x]? = + 4 ( C  = 0.35, CH,CI,). 


(4R,6S, I2hS)-6-Carboxymethyl-2-chloro-1-ethyl-4-heptyl-3,4,5,6,7,12h-hexa- 
hydroindolo[2,3-alquinolizine (33d): colorless amorphous substmcc, yield: 
35%, R,: 0.30 (hexanelethyl acetate4.1 ( v , : ~ ) ) .  'HNMR(400 MHz. CDC13j: 
h=7.73 (brs, I H ,  12-H), 7.54 (d, J,-,,,-,=XHz. 1H.  8-H), 7.32 (d, 
J 1 1 - H , 1 0 - H  = 8 Hz, l H ,  11-H), 7.18 (td, JIO-H,c,-H = .JIO-H, I l - H  = 8 Hz, 


= 8 Hz. J = 1.5 Hz, 
I H .  9-H). 4.93 (brs, I H ,  12b-H), 4.07 (dd, Jh-H ,,-,,A = I 0  Hz. 
J6+,,,-,,=7Hz, 1H,6-H),3.91 (s, 3H,OCH,),3.18-3.06(m,2H,7-Ha, 
7-Hb). 3.04-2.96 (m, l H ,  4-H), 2.91 (dq, Jgcm =14Hz,  J,ic = 7  Hz. 1 H. 
CH,,CH,), 2.37-2.28 (m, 2H, 3-Ha, 3-Hh), 2.23 (dq. JgEm = I 4  Hz, 
JVi ,=7Hz,  l H ,  CH,,CH,), 1.55 (m. I H ,  heptyl-H), 1.40-1.15 (m, 14H, 
heptyl-H, CH,CH,), 0.85 (t. JVi, = 7  Hz, 3H,  heptyl-CH,). " C  N M R  
(62.9 MHz, CDC1,): 6 = 173.6 (CO,Me), 135.8 (C-l la) ,  132.9 (C-12a), 131.6 
(C-ga), 128.7(C-1), 126.6(C-2). 122.1 (C-lo), 119.9 (C-9), 118.3 (C-8), 111.0 
(C-l l ) ,  108.1 (C-7a), 61.9 (C-6), 61.5 (C-I2b), 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): C,,, =1734 (C=O, cstcr) cm-I .  MS (70 eV): i d ;  


(%) = 444 [MClb'] (22), 443 (20), 442 [ M ' ]  (67). 407 (28). 385 (32). 384 
(25), 383 (loo), 343 (25). C,,H,,N,O,CI calcd 442.2387, found 442.2375 
(MS). calcd: C 70.49, H 7.96, N 6.32: found: C 70.83. H 7.84, N 6.14. 


J = 1.5 H7, 1 H, 10-H), 7.13 (td, J9-,, - - J,-H, 


[ c x ] ~  = ~ 126.7 ( c  = 0.3. CH,CI,). 
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Simple Mechanical Molecular and Supramolecular Machines : 
Photochemical and Electrochemical Control of Switching Processes** 
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Abstract: Photochemical control of a self- 
assembled supramolccular I : 1 pseudoro- 
taxane (formed between a tetracationic 
cyclophane, namely the tetrachloride salt 
of cyclobis(paraquat-p-phenylene) , and 
1 .S-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-n interac- 
tions between the n-electron-rich and n- 
electron-poor aromatic systems, and hy- 
drogen-bonding interactions between the 
acidic r-bipyridinium hydrogen atoms of 
the cyclophane and the polyether oxygen 


atoms of the naphthalene derivative-suf- 
ficiently to allow thc gucst to dcthread 
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 is marked by the disappearance of 
naphthalene fluorescence as the molecule 
is recomplexed by the tetracationic cy- 
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Introduction 


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- 
tons and the other by electrons. 


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."-61 Thc 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 clcctrochemically 
driven molecular machines that could play a role in storing and 
processing information at  the molecular level.[71 


The design of molecular machines can take advantage of the 
concepts of self-assembly,[*1 ~elf-organizat ion,[~~ and self-repli- 
cation,['"] which synthetic chemists are adopting as part of their 
toolbox for chemical manipulation and transformation." I '  Na- 
ture uses these concepts, sometimes in conjunction with en- 
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b) 
zymes, to create her hierarchy of structures and 
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 
catenanes," 21 r ~ t a x a n e s , [ ' ~ ]  and pseudorotax- 
a i i e ~ . [ ' ~ ~  Until recently, the synthesis of such 
structures was very inefficient, since the synthe- 
ses relied upon a statistical approach.['51 How- 
ever, with the advent of supramolecular chem- 
istry,["] host-guest chemistry,["] and template- 
directed synthesis"'] such compounds and com- 
plexes can be self-assembled routinely in the 
lab~ra tory . [ '~ ]  The mutual stereoelectronic 


a) 


Me 


3 4 


Noncovalent Bonding Interactions 


recognition of the component parts that form the 
new catenanes and rotaxanes "lives on" in their 
molecular structures. This memory phenomenon 
can be observed in these novel compounds by 
physical techniques like 'HNMR spec- 
troscopyr2'I and X-ray crystallography.[2 ']  


The exploitation of noncovalent bonding in- 
teractions-namely n -n interactions[22] and hy- 


t h o  
0 


6 drogen-bonding in te rac t i~ns[~~J-has  led to the 5 


Fig. 2. Keprescntations of chemical systems exhibiting aelf-coniplexing geometries. 
a) Cartoon representation ofa self-coinplexing macrocycle 3 in which the noiicova- 
lent hoiiding interactions are the same as those that bring together thc components 
ofcatenanes and rotaxanes. h) Self-complexed macrocycle 4. where the cyclic e n t q  
is a /f-cyclodextrin and the arm is terminated by a disubstituted naphthalene ring 
system. c) Self-complexed macrocycle 5, in which the cyclic coinpoileiit i s  ii crown 
ether that binds a primary alkylammoaium center by ( N  -H ' .  . O )  hydrogen 
bonding interactions. d) Self-complexed macrocycle 6,  in which the appended arni 
is linked by clectrostatic interactions to  il positively charged metal cation. 


a' nnnn nnnn 


construction of so-called molecular shuttles and 
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,[2s] ii) photons,[26, 2 7 1  _' '  111) elec- 
trons,[28, 291 or iv) Figure 1 depicts the struc- 
tural formulae of a controllable [ 2 ] ~ a t e n a n e [ ~ ~ ]  1.4PF6 and a 
controllable [2]r0taxane[~~] 'Z4+. Simple mechanical molecular 


I.4PF6 


b) 


A ,-, ,-,y 
O S r (  machines based on other types of catenanes have also been A r e p ~ r t e d . [ ~ ' . ~ ~ J  


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" properties 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 (4, Fig- 
ure 2), ii) hydrogen bonding[341 (5, Figure 2), o r  iii) ionic inter- 
actions[351 (6, Figure 2). In our case (3, Figure 2), the macro- 


interactions around a template that is covalently linked to one 
of the macrocyclic precursors. Thus, the covalent[361 
(Scheme I a) and noncovalent['8-371 (Scheme 1 b) template 
strategies call be combined (Scheme 2 C) to form maCrocYCkS of 


Deprotonation 


Benzidine 


cyclic component forms with the aid of noncovalent bonding 
S i O n O n O n N w N  H 0 0 


2 H+or.+ 


Fig 1. A [Z]catenane 1.4PF6 and a [2]rotaxane 2' ' ,which have hcen shown to act 
as binary molecular switches when affected by an external stimulus. e.g., in the case 
of a) the [2]catenane 1.4PF6 by changing of the dielectric constant of the solvent, 
and b) the [2]rotaxane z4+ by protondtion/deprotonation of the secondary amino 
function associated with the benzidine residue. For the latter compound, switching 


the type 3 with self-complexing topologies, We show that one of 
the 'ynthesized by the ''Inbined covalent and 


can also be achieved by benzidine oxidation/reduction. covalent strategy behaves as a molecular machine in which the 
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a) Covalent Template 


b) Noncovalent Template - 


c) Covalent and Noncovalent Template 


-Component 1 


* 


- Component2 


3 


- 
,,,.,.,,lll,,l = Noncovalent Bonding Interactions 


Schemc 1 .  Representation of a) a covalent template, b) a noncovalent templatc, 
and c) a combination of both templates in operation during the self-assembly of a 
sclf-uomplexing 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 ] p s e ~ d o r o t a x a n e . [ ~ ~ ~  


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." - 'I 


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 c, we must 
link the template unit covalently to one of the macrocycle pre- 


cursors. To this end, a model benzylic dibromide 7["1 deriva- 
tized with the ethyl ester functionality (Scheme 2) was synthc- 
sized by the acid-catalyzed esterification of 2,5-dimethylbenzoic 
acid (8)  with ethanol, affording 9.r381 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 7.13'] 


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 
(Schemc 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 
thionyl 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,CO,), afforded the diol 15. 
This diol was monomethylated with Me1 under basic conditions 
(NaH) to afford the alcohol 12. Furthermore, a dibromide wits 
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 c y ~ l o p h a n e . ~ ' ~ ~ .  h1 The dibromide 16 was syn- 
thesized (Scheme 4) by monoesterification of the diol 15 with 
I-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, i t  was argued that, if the x-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.[12g1 Esterification of the alcohol 21 with the acid 
chloride 1 1  yielded the dibromide 19. Additionally. to permit 
covalent incorporation of a photoactive anthracene unit into the 
tetracationic cyclophane, the bis(pyridy1pyridinium) salt 
22.2PF6 was produced (Scheme 6) by firstly bromomethylating 
anthracene to afford the dibromide 23,[391 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 24.4PF6 was achieved (Scheme 7) in a yield of 35% by 


0 
L r - r -  


Scheme 2. The aynrhesis of the  dibromide 7. a pre- 
cursor of the modified tctracationic cyclophane 
28.4 PF, . 


7 8 9 
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Scheme 3. The synthesis of the dibromide 10, a precursor of the self-complexing macrocycle 29.4PF6. 
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Scheme 4. The synthesis of the dibromide 16, a precursor of the 
self-compiexing macrocycle 30.4PF6. 


Scheme 5. The synthesis of dibromide 19, 
a precursor of the self-complexing macro- 
cycle 31.4PF6 


Scheme 6. The synthesis of the dicationic 
salt 22.2PF6, a precursor ofthe self-com- 
plexing macrocycle 32.4 PFs. 
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Scheme 7 .  The self-aaxrnbly of tetracatioiiic cyclophanes 24,4PF, and 28.4PF6. 
:misted by noncovalcnt templates 15 and 27. 


permitting p-xylenedibromide (25), the bis(pyridy1pyridinium) 
salt 26.2PF6, and 3.0 molar equivalents of the template 1,4- 
bis(2-(2-(2-hydroxy)etho~y)ethoxy)benzene['~~~ (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 Yn) when it is carried out in an ultra-high-pressure reaction 
vessel a t  12 kbar.['2e1 The self-assembly of the functionalized 
tetracationic cyclophane 28,4PF, was achieved in a 39% yield 
by treating the modified dibromide 7 with the dicationic salt 
26.2 PF, 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,- 
32.4PF6 (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 29.4  PF, 
proceeded (Scheme 8) in a yield of 24 YO when 1 .O molar equiva- 
lents of 10 and 26.2PF6 were stirred together in DMF for 
10 days at room temperature. The self-assembly of the adaman- 
toy1 derivative 30.4 PF,, from 1 .O molar equivalent of dibro- 
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mide 16 and 26.2PF6 under the same conditions, was achieved 
in a 13  'h 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 Yn yield when 1 .0 molar equivalent of the dibromide 19 
and 26.2PF6 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 n-electron-rich moiety during the macrocy- 
clization and ii) the lack of hydrogen-bonding interactions be- 
tween the polyether oxygen atoms and the acidic cc-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 22.2PF6 were subjected to an 
ultra-high-pressure reaction for three days. These yields are par- 
ticularly good when one considers that the yield of 24.4PF6 
obtained from a threefold excess of the naphthalene template 15 
is only 13% based on 15. Additionally, the yield of 24.4PF6 
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 'h .[401 


Possible structures for the new tetracationic cyclophanes: The 
characterization of 29.4 PF, -32.4 PF, poses some interesting 
questions. The very reasonable yields of products associated 
with the reactions described i n  Scheme 8 indicate that the for- 
mation of these compounds involves the n-electron-donating 
appcndage 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 31,4PF,, mass spectrometry was used to investigate 
gas-phase structures of 29.4PF6-32.4PF,, and 'H NMR 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 .4PF6 (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 thc self- 
complexing macrocycles 29.4PF, .  
30.4PF6, 31.4PF6 and 32.4PF, .  


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 
pura-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 x-electron-rich hydroquinone 
ring portion of the thread component is positioned almost cen- 
trally within the tetracationic cyclophane component sand- 
wichedr4'I between the x-electron-deficient bipyridinium rings. 


plexing macrocycle 31.4PF,. [C-H ' .  x] T-type edge-to-face interactions between hy- 


W 
Fig, 3, A ball-and-stick representation ofthe X-ray crystal Structure of self-com- In addition to these x-x interactions, there are 
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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 29.4PF6 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 in 
Scheme 9 in the gas-phase conditions 
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,. 
Previously, we have observed[43] 
dimeric forms of catenated molecules 
when these supramolecular systems 
have been characterized by electro- 
spray mass spectrometry. The basis for 
the dimerization may be the electro- 
static interactions involving the PF, 
counterions and the tetracationic 
29.4 PF, . 


A L O M e  


Supra(po1y)molecular Array? 
I I 


Self-Reolication? 


Cyclic Dimers, Trimers etc ... ? 


4+ - 4’ 
Electrostatic 
Repulsion I 


Scheme 9. A reprecentation of rhe equilibrium between the self-complexed conformation and the uncomplexed 
conformation of the macrocycle 29.4PF6. The uncomplexed conformation can give rise to cyclic or linear polymeric 
arrays and even a self-replicating system 


droquinone ring hydrogen atoms and the para-xylyl 
residues.[23f1 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,r421 and the apparent edge-to-face arrangement between 
the terminal benzyl group and the other para-xylyl residue. In 
this latter case, although 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 TC-TC, 


[C-H . . . n], or [C-H . . .O] stabilizing interactions. 


‘H NMR spectroscopy: The one-dimensional ‘H NMR spec- 
trum of 29.4PF6, 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 a- and p-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 : 
i) There are no “uncomplexed” naphthalene proton reso- 


‘Alongside’ 
Naphlhaiene 


Protons Mass spectrometry: The inass spectrometric analysis of 29.4PF6 
by Liquid Secondary Ion Mass Spectrometry (LSIMS) revealed 
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Fig. 5. Partial ‘HNMR 2D COSY spectrum recorded in CD,CN of the self-com- 
plexing macrocycle 29.4PFf, Fig. 4 Mass apectrum of the self-complexing macrocycle 29-4PF6 
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nances, as indicated by the lack of the doublet-triplet-doublet 
splitting pattern of a 1,s-disubstituted naphthalene residue in 
the range 6 = 6.8-7.9. However, there are two doublets (Fig- 
ure 5) centered on 6 = 2.43 ( J  = 8 Hz) and 6 = 2.80 ( J  = 8 Hz). 
These resonances are diagnostic of the 4 ,haphtha lene  protons 
on a 1,5-disubstituted naphthalene residue pointing into the 
n-faces of thep-xylyl units of the tetracationic cyclophane when 
the naphthalene residue is included within the cavity of the 
~ y c l o p h a n e . ’ ~ ~ ~  ii) There is a niultiplet centered on 6 = 5.39, 
which also integrates for one proton (Figure 5 ) .  iii) There is a 
doublet centered on 6 = 6.97 ( J  = 13 Hz), which integrates for 
one proton (Figure 5 ) .  


The origin of the resonances centered on 6 = 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 = 6.97 is coupled with the N-methylene 
protons, while the multiplet resonance a t  S = 5.39 is coupled 
twice with 0-methylene protons in the polyether region. More- 
over, these two resonances are shifted approximately l .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 0-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- 


H” 


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 0-methylene protons, H, and H,, are also 
diastereotopicdlly 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 6 = 7.0-9.5 (Figure 7) shows that there are eight couplings 


} 8.0 


8.5 


1 9.0 
I 


Fig. 7. Pal-tie1 ‘H NMR 2D COSY spectrum recorded ii? CD,CN of the self-com- 
plexed inacrocycle 29-4 PF6 showing the correlation between the signals for the x- 
and the /7-hipyridinium protons. 
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Diastereotopic 
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Fig. 6. A three-dimensional representation of the  self-complexing conformation of 
29-4PF6. The expanded view of the selected area reveals that the N-methylcne 
protons and a proton belonging to y-CH,O in the polyether chain are located within 
the deshielding environment of the anisotropic carbonyl group. 


between the eight vicinally related IX- and b-bipyridinium pro- 
tons. Thus, all eight a- and all eight p-bipyridinium protons in 
the tetracationic cyclophane are anisochronous. This observa- 
tion means that, a t  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. ii) A ‘H NMR spectroscopic 
study (400 MHz) on the model ethyl ester derivative 28.4PF6 
(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 ‘H NMR timescale. These fast rotations are 
evidenced by the appearance of only four x- and four B-bipyri- 
diniuni proton doublet resonances at  all temperatures. This 
means that 28.4PF6 must have an averaged plane of symmetry 
passing through the four nitrogen atoms: it follows that, in the 
solution state, this molecule must belong to the C, point group 
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I ig 8 Pnrtinl ‘H  N M R  spectrum recorded in CD,C N ot the moddied te- 
tr,ic,itionic cqclophme 28 4PF, 


on the average. iii) Also, the ‘H NMR spectrum (400 MHz) of 
31.4PF6 in CD,COCD, a t  room temperature reveals four reso- 
nanaces for the a- and four resonances for the /j-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 ‘ H N M R  timescale. However, on 
cooling the N M R  sample to 200 K,  we observe the appearance 
of eight resonances for both the c(- and /I-bipyridinium protons, 
clearly indicating that the rotation of the p-xylyl group and/or 
the rotation of the bipyridinium are slow on the ‘ H N M R  
timescale at this temperature (Figure 9). iv) The COSY spec- 
trum for the model adamantoyl-substituted compound 30.4PF6 
is completely consistent with the data obtained for 29.4PF6 : 
although there are no “uncomplexed” resonances for the naph- 
thalene protons, there are two doublets centered on 6 = 2.75 
( J  = 8 Hz) and 6 = 3.01 ( J  = 8 Hz); there is also a multiplet 
centered on 6 = 5.45 assignable to an 0-methylene proton cou- 


Eight Eight 
u-Bipyridinium p-Bipyridinium 1 Doublets 1 1 Doublets 1 


I I I I 


r-----7 I I I I I I I  


pled twice with other 0-methylene protons in the polyether 
region; and there is a doublet centered 011 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 29.4PF6, the 
existence of both 29.4 PF, and 30.4PF, as intramolecularly 
complcxcd structures is indicated. 


I n  summary, these four sets of data support the structure 
proposed in Figure 6 for the tetracationic cyclophane derivative 
294+, 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 thc 
substituted p-xylyl is not observed a t  room temperature, a t  least 
on the ‘ H N M R  timescale. The molecular structure of 294t 
depicted in Figure 6 possesses no reflection symmetry elements 
and is, therefore, chiral. The chirality is associated with a plane 
of chirality.[451 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, a t  least 
on the ‘HNMR timescale, the molecule 294’ 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 a t  all. This conclusion con- 
trasts with the situation for the ethyl ester 284’, which has a 
time-averaged structure on the ‘H N M R  timescale correspond- 
ing to the point group C,, even in CD,CN solution at 213 K. 
On the other hand, the self-complexing macrocycle 314+ ex- 
hibits temperaturc-dependent behavior: at room temperature, 
it is equivalent to the model ethyl ester derivative 284+, which 
lacks a plane of chirality. However, a t  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, its does the self-complexing macrocycle 294+.  
Thus, although at  room temperature there are only four 
a-bipyridinium proton resonances observed, on cooling to 


200 K, eight a-bipyridinium resonances are 
observed. 


Absorption and luminescence spectra: The 
tetracationic cyclophane 244+ has a very 
strong absorption band in the UV region 
(MeCN solution: i = 260 nm, i-:,,,,, = 


40 000 M cm ’) .[’ The absorption spec- 
trum of 284’ (Figure 10) shows the same 
absorption band observed for 244’, but 
with a slightly smaller molar absorption co- 
cfficient (c,,, = 3 3 0 0 0 ~ -  ’ cm- I ) .  Neither 
compound is luminescent. The molecular 
thread 15 exhibits a structured absorption 
band in the near UV region (&,ax = 295 nm: 
c , , ~ ~  = 8 5 0 0 ~ - ’ c m - ’ ,  Figure 10) and a 
strong and structured tluorescence band 
(i,,, = 345 nm, T =7.5 ns, @ = 0.35)‘261 
typical of naphthalene derivatives (Fig- 
ure 10, inset) .[461 The absorption spectra of 
294+ and 304+ are very similar, but differ- 
ent from the sum of the spectra of their 


15 (Figure 10). The most important fea- 
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Fig. 9. Partial ‘H N M R  spectrum recorded in CD,COCD, at difrerent tempcraturea ol‘thc %If-complex- chromophoric model 284+ and 
i n €  macrocycle 31 -4PF, 
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Scheme 10. A representation of the two possible enantiomeric forms l'or a self-com- 
plexing macrocycle 29. PF, and of the unthrended intermediate possessing a plane 
of symmetry. 
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Fig. 10. Absorption spectrum of 294' (unbroken line) aud of it? 2S4' and 15 
components. The fluorescence of  15 (lcXc = 295 nm) I S  shown in the inscl. 


ture (as previously observed for related catenanes, rotaxanes, 
and pseudorotaxanes)"". 2 6 3  "I is the presence of a new band in 
the visible region (A,,, = 515 nin, E = 6 5 0 ~ - ' c m - '  for 294+), 
resulting from a charge-transfer (CT) interaction between the 


n-electron-rich 1,5-dioxynaphthalene moiety and the n-electron 
deficient 4,4'-bipyridinium units. 


The CT absorption of 324+ in the visible region (Figure 11) is 
much more intense than that of 294+ and 304+. Besides a max- 
imum a t  445 nm (E,,, = 1900 M -  cm- I ) ,  it shows a shoulder a t  
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Fig. 11 Absorption spectrum ofXL4+ (full line) and 294' (dashed line) in the visible 
region. The dotted line shows the difference between the two spectra. 


450 ~ ( n r n )  400 


about 530 nm. This pattern suggests the presence of two over- 
lapping bands. Subtraction of the CT band of 294c from that of 
XZ4+ in the 400-700nm region yields a broad band with 
i,,, = 435 nm, c = I ~ O O M - '  cm- ' (Figure 11). This analysis in- 
dicates that in 3Z4+, besides the C T  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 
324t would have elucidated this point. Unfortunately, it was 
not possible to prepare this particular compound. 


The strong fluorescence of the 1 ,S-dioxynaphthalene moiety 
of 15 (Figure 10. inset) is completely quenched in 29'+, 304+, 
and 324f. Furthermore, no fluorescence from the anthracene 
chromophoric group is present in 324+. The lack of fluorescence 
in 294f, 304+, and 324+ is attributed to the presence of the 
low-lying charge-transfer excited states, which offer fast radia- 
tionless decay routes to the l ,5-dioxynaphthalene moiety and 
(in the case of 324t) anthracene-type luminescent levels. 


We recall that the charge-transfer band of 294+ shows practi- 
cally the same shape, J.,,,, and c,,, as that of 304'. This obser- 
vation clearly indicates that 294+ is 100% complexed, as is 
30"'. In order to discover whether 294+ is infvumolrcularlj. or 
intermoleculurly complexed, we measured the changes in ab- 
sorbance in the maximum of the CT band for 294+ on changing 
concentration and temperature. In the concentration range 
from 1.0 x lo - '  to 1.1 x lo-", the absorbance of acetonitrile 
solutions of 294+ increased linearly with increasing concentra- 
tion (Figure 12), which means that the molar absorption coeffi- 
cient is constant. For  a 5.0 x 1 0 - 4 ~  acetonitrile solution, in 
going from 10 to 60 "C, the small decrease (z 7 %) observed in 
the absorbance of the maximum of the CT band is comparable 
to that exhibited by 304+ ( % 5 % ) ,  which is locked in an in- 
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Fig. 12. Absorbance and molar absorption coel%cient of 29.4PF,, at 520 nm as a 
function of concentration. 


tramolecularly self-complexed conformation. These results con- 
firm that 294t, at  least in solution, exists totally as a self-com- 
plexed species. 


Mechanical molecular and supramolecular machines: The self- 
complexation of 294+ and the self-assembling process between 
the cyclophane 244+ and the thread 15 to give the pseudo- 
rotaxane [24.15]'+ (Scheme 11) are a result of donor-acceptor 
interactions between the n-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- 


[24. 1514+ (Scheme 11). The occurrence of the threading process 
is shown by absorption and emission spectra and by N M R  
spectroscopy. In a 6.0 x M aqueous solution of 15 and 244+ 
(as its tetrachloride salt), a charge-transfer band in the visible 
region (I.,,,, = 520 nm, E,,, ca. 7 0 0 ~ - ' c n i - ' ) ,  very similar to 
that of 2g4+, is formed and the intensity of the fluorescence of 
15 (A,,,, = 345 nm) is quenched (Figure 13, curve a). Since the 
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strength of these interactions is expected to decrease,"2c1 there- ethanolamnie: d) solution c after oxidation with 0,. The fluorescence spcctra were 
obtained with i,,, = 295 nm. 


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 excited-state lifetime of 15 is very short (7.5 ns) and the concen- 
in these systems. For reasons that will become apparent, tration of 244+ is very low, fluorescence quenching can only 
dethreading of the pseudorotaxane [24* 1514+ was performed by occur when the two species are associated.["'~ 481 'H N M R  spec- 
photoexcitation and followed by absorption and luminescence troscopy (300 MHz) of 15 and 244+ in D,O (0.013 M each) at 
spectroscopy, whereas dethreading of the self-complexed system room temperature showed significant chemical shift changes for 
294+ was observed when the reduction of the tetracationic cy- the aromatic protons of 15. The largest change observed in the 
clophane was carried out by electrochemical techniques. ' H N M R  spectrum was the one for the H-4/8 protons 


(A6 = - 4.52 ppm) of the naphthalene ring. This large Ah val- 
P ~ ~ o ~ o ~ ~ ~ } n ~ ~ ~ a l ~ ~  driven muchines: When the thread 15 is added ue, together with the existence of a strong charge-transfer inter- 
to an aqueous solution of thc cyclophane 24.4C1, it threads action between the two components, is compelling evidence for 
spontaneously through the center of the tetracationic cy- the formation of a complex [24.1514+ with an aqueous solution- 
clophane to produce the 1 : 1 complex or pseudorotaxane state superstructure best described as pseud~rotaxane- l ike . [~~~ 


The threading process takes place in a va- 
riety of solvents,['4b* 2 5 1  reaching an equi- 
librium more or less displaced toward the 
formation of the pseudorotaxane [24. El4+.  
In water, starting with a 6.0 x 1 0 - 5 ~  solu- 
tion of 15 and 244+, 80% of the species 
formed at  room temperature is the pseudoro- 
taxane, as measured by the static quenching 
of the intensity of the luminescence band of 
15. In principle, the interaction between the 
thread and the cyclophane can be destabi- 
lized by reduction of the cyclophane and/or 
oxidation of the thread. Excitation of the 


15 24.15.4Cl pseudorotaxane in its charge-transfer band 


dioxynaphthalene moiety of the thread to a 


+ *N + 4CI- 


oqOnOH 


+ -(@-,N + 4cI- 
2 z  
- * 


$-OA0H +.wN+ 
24,401 


+ N  
"oWoL.lo yN + 


HowoLlo 


Scheme 1 1 .  Sclf-assembly uf cyclophane 24 4C1 imd thread 15 :o give the pseudorotaxane 24.15.4CI in lnoVeS an from the 
aqucous solution. 
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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 t i m e s ~ a l e ) [ ~ ~ ]  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 schematicaliy illustrated in Scheme 12. 


Products 


h\pk“’d I 
P+ 


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 Under such conditions, the inter- 
action between the thread and the ring ispevmanently weakened, 
and the dethreading process can take place [Eq. (5)]. Proof of 


[24.15]3’ --, 243+ +I5 [Dethreading] (5) 


the occurrence of the dethreading process is the increase in the 
fluorescence of the 1,5-dioxynaphthalene moiety, which can 


~ 


[24.1514+ 243+ 
Scheme 12 Schematic repreyentation of the photosensitized dethreading process. 


It is well known that intermolecular redox reactions can be 
driven by light by means of suitable photosensitizers (hereafter 
denoted by P).[”, 511 For example, the lowest excited state of 
9-anthracenecarboxylic acid (hereafter abbreviated as P*, where 
the asterisk indicates excitation) is a long-lived (250 ~ s )  and 
powerful reductant (E,,,(P+/P*) = - 0.88 V vs. SCE).[521 
Therefore, we irradiated a deoxygenated aqueous solution con- 
taining 9-anthracenecarboxylic acid (5.0 x 1 0 - 6  M) and 
[24.1514+ (4.8 x 1 K 5 w )  with 365 nm light to cause the reduc- 
tion of the electron-acceptor component of the pseudorotaxane 
(Ered = - 0.35 V for the “alongside” bipyridinium unit of an 
analogous [ 2 ] ~ a t e n a n e ) [ ~ ~ ~ ]  [Eqs. ( I )  and (2)]. After photoreduc- 


P + hn -4 P* [Light excitation] (1) 


P* +[24.15]4+ i P i  +[24.15]3+ [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[521 [Eq. (3)] from 


Pi +[24.1513+ --* P +[24.1514+ [Back electron transfer] (3) 


the reduced [24.1513+ to the oxidized P+ species. However, 
when a sufficiently large amount of a sacrificial reductant (Red, 
e.g., 0.01 M triethanolamine) i s  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) 


15 


only take place from “free” 15 
(Figure 13, inset). It should be 
pointed out that the fluores- 
cent excited state 15* can be 
quenched by the reduced form 
243c of the cyclophane by en- 
ergy transfer (since 243+ pos- 
sesses low-energy excited 
states) and electron transfer 
(since 243 ’ 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 243’. The 
recovery of the fluorescence 
therefore indicates that 243+ 
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 linked system 293 + 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 L24.1 514+ (deaerated aqueous solution ; 
3 mL reaction cell; excitation with 365 nm light; incident light 
intensity 2 x Nhvmin-I, 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)J2 + 


(bpy = 2,2’-bipyridine) as a photosensitizer, but with a lower 
efficiency, because of its shorter excited-state lifetime and a less 
efficient cage e s ~ a p c . [ ~ ~ - ~ ~ ~  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 


Oxygen 
24” __ --t 244+ [Oxidation] (6) 


15+244+ - [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 294+ is a self-complexed species where low-energy CT levels 
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prevent the fluorescence of the 1 ,S-dioxynaphthalene moiety. 
On the basis of the results obtained with the pseudorotaxane 
[24.1 S]"+, experiments were performed to  examine the possibil- 
ity of prompting a photochemical dethreading of 294+. A de- 
gassed aqucous solution containing 6.0 x I O - ' M  294+, 5.0 x 
10 - 6  M 9-anthracenecarboxylic acid as a photosensitizer, and 
lo-'  M disodiuni EDTA as sacrificial reductanttS4] was irradiat- 
ed with 365 nm light. After I S  min, changes in the absorption 
spectrum of the solution comparable to those observed for 
[24. 1S]"+ were obtained, showing that, following light excita- 
tion of the photosensitizer [Eq. ( I ) ]  and scavenging of P +  by the 
sacrificial reductant [Ey. (4)], 45% of the (total) bipyridinium 
units have been reduced (threaded and unthreaded 29'+ are 
hereafter indicated as 293+ (Np in) and 293+ (Np out), respec- 
tively) [Eq. (8M. 


P* +294'  (Np in) ~- Pc +29-' ' ( N p  in)  [Photoreduct~on] (8) 


Dethreading of 29" (Np in) is therefore expected to occur 
[Eq. (9)]. However, unlike what happens on dethreading of 


29"' (Np in) 4 293 ' (Np out) [Dethreading] (9) 


[24. 1SI4+, no recovery of the 1,5-dioxynaphthaIene moiety fluo- 
rescence was observed upon the photochemical reduction of 
29"'. 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 
and flexible polyether tether 
keeps the naphthalene moiety 
close to the reduced 293+ cy- 
clophane and allows the oc- 
currence of many encounters 
between them within the excit- 
cd state lifetime o f  the 1,s- 
dioxynaphthalene moiety. In 
such encounters, the fluores- 
cence of the excited state of the 
naphthalene moiety [Eq. (1 I)] 
can be quenched by the re- 
duced cyclophane by energy 
transfer [Ey. (12)] and/or 
oxidative electron transfer 
[Eq. (13)], with the conse- 
quent quenching of the naph- 
thalene-type fluorescence. 


0 


nnnn 
00000 


[Oxidation] (14) 291t (Np  out) -- 


294+ (Np out) -- 294' (Np in) [Rethreading] (15) 


Oxygen 294+ (Np Out) 


In the case of 324+, a photosensitizer (dnthracene) is present 
in the cyclophane structure. In principle, excitation of thc 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 x 1 0 - 5 ~  32"' and 0.01 M 


E,DTA does not produce any variation in its absorption spec- 
t r u m  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. 


I:'k~c.troc.Jienzic.ull~~ driven muclzines: 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 
performcd on the 29"' system in acetonitrile solution at  room 
temperature. The electrochemical behavior of 28"+, 294+. and 
the previously investigated [2]catenane 334+ is compared in Fig- 
ure 14.rss] 


0 -0 5 -1 .o 


0 -0 5 -1 .o 


V (vs SCE) 


Fig. 14 Cornparison of the reduction potentials o f  B4 L ,  Zg4+, and 33'+ 


293' (Np  out)  +hi-  --f 293" (Np* out) [Light excitation] (10) 


293L (Np" out) w 293+ (Np out) + h v '  [Fluorescence] ( 1  1 )  


29" (Np* o u t )  4 29*'+ (Np  out )  [Energy transfer] (12) 


29". (Np" out) - + 29" (Np' out) [Elwti-on transfer] ( 1  3) 


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 
of29"+ [Eq. (lS)], indicating that the reduction of a bipyridini- 
um unit of 294+ is reversible. 


The behavior of 2S4+ is practically the same as that 
shown'' 2r1 by 244+ : a reversible two-electron reduction process 
with El:2 = ~ 0.29 V is followed by a second reversible two- 
electron reduction process with E, ,* = - 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  -0.35 V, that is, a t  more negative potential compared 
with 2S4+. 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 294’. It shouid be noted that the two 4,4’-bipyridinium 
units remain equivalent in 294’ because the 1 ,5-dioxynaph- 
thalene moiety is positioned symmetrically between them. In 
[2]catenane 334+, the two 4,4‘-bipyridinium units are not equiv- 
alent because only one experiences interaction with two naph- 
thalene units. Therefore, in 334t, the first reductions of the two 
bipyridinium units occur a t  different potentials: r29h1 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 334+ is 
expected to be practically the same as that of the bipyridinium 
units of 294’. This expectation is fully confirmed by the fact that 
the first two-electron reduction of 2g4+ and the first one-elec- 
tron reduction of 334+ occur a t  the same potential (Figure 14). 


The results which shed most light on the behavior of 294+ are 
those concerning the second reduction of the bipyridinium 
units. In this regard, i t  should be noted that i) 2S4’ again shows 
a two-electron wave (- 0.71 V), ii) [2]catenane 334f shows two 
one-electron waves ( -  0.81 and -0.89 V), both at  more nega- 
tive potentials than 284+ because of some residual donor -ac- 
ceptor interaction, whereas iii) 294+ shows a two-electron wave 
exactly at the same potential as that of 2S4’. These results 
indicate that for 294+, 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 294+ to 29’* causes dethreading [Eq. (1 7 ) ,  Figure 151. 


294+ (Np  in) + 2 e -  -- 29’+ ( N p  in) [Reduction] (16) 


292t (Np  in) 292+ (Np out) [Dethreading] (17) 


In agreement with the photochemical results, spectroelectro- 
chemical experiments (macroreduction of 294’ at -0.40 V, 
monitored by absorption and fluorescence measurements) 
showed the appearance of the characteristic absorption spec- 
trum of monoreduced bipyridinium units,r531 but no fluores- 
cence from the naphthalene unit. This finding further confirms 
that in the case of this system, for the reasons discussed above, 


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. 


29” (Np out) 294+ (Np out) [Oxidation] ( 1  8) 


294’ (Np out) 4 294+ (Np in) [Rethteading] (19) 


Conclusion 


This research has shown how i t  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 x- 
electron-rich and Tc-electron-deficient components. For ex- 
ample, we have shown how, by attaching a x-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 
whcre 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 a 
supramolecular system in which the dethreading of the linear 
n-electron-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[’I --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 h m  Aldrich. Thin-layer chro- 
matography (TLC) was carried out with aluminum shccts, precoated with 
silica gel 60F (Mei-ck 5554) or aluminum oxide 60F ncutral (Merck S S S O ) .  


fluorescence measurements are not sufficient to prove the occur- 


given by the fact that the potential Value of the second reduction 
process of 294c is coincident with that of 2Ei4’ (Figure 14). 


The plates wcre inspected by UV light prior to development with iodine vapor 
or by treatment with ceric ammonium inolybdatc reagent and subsequent 


with silica  OF,,, (Merck 5717) of iaycr thickness z mm. Column chro- 
matography was performed with silica gel 60 (Merck 7734, 0.063-0.200 mm) 


or aluminum oxide 90 (neutral, act. 11-111, Merck 
1097, 0.063-0.200 mm). Melting points were de- 
termined on an Electrothermal 9200 apparatus 
and are uncorrected. Elemental ;inalyses were 
performed by both the University of Shzffield 
and the University of Birmingham Microanalyt- 
ical Laboratories. Mass spectra were recorded 
on a Krdtos Profile spectrometer (EIMS and 
CIMS) or on a VG ZabSpec instrument 
equipped with a cesium ion gun (LSIMS). 
‘ H N M R  spectra were recorded on  ii Brukcr 
AC 300 (300 MHz spectra) or ii Bruker A M X  400 
(400MHz spectra). 13C NMR spectra were 
recorded on a Bruker AC300 (7S.SMHz) by 
means of the JMOD pulse sequence. All cliemi- 
cal shifts are quoted on the 8 scale with TMS or 
tlic solvent as an internal standard. Coupling 


rence Of dethreading’ The proof that dethreading takes place is 
heating, Preparative TLC (PTLC) was carried out with TLC plates precoated 


+ 
0 


Reduction 


+ 2e 


Oxidation 


2g4+(Np in) 2g4+(Np out) 


Fig. 15 Electrochemically driven dethreading-rethreading of 294 ’ 
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constants are expresscd 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 reportcd in this 
paper have been depositcd with the Cambridge Crystallographic Data Ccntre 
its supplenicntary publication no. CCDC-1220-43. Copics of the data can be 
ohtained free of charge on application to  thc Director. CCDC, 12 Union 
Road. Cambridge CB2 IEZ, UK (Fax: Int code + (1223)336-033; e-mail: 
tcchedfQ chemcrys.cam.ac.uk). 


Ethyl 2,s-dimethylbenzoate (9) [3X]: 2.5-Dimcthylbenzoic acid 8 (3.5 g, 
2.3 mmol) and H,SO, ( 5  mL) in EtOH (50 mL) were heated under reflux 
overnight. The solution was cooled and solvent removed in vacuo. The 
residue was dissolved in CH,CI, (50 mL) and washcd with saturated aqueous 
Na,CO, ( 2  x 100 mL) and H,O (2 x 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, lOOu/,), corresponding to compound 9. ' H N M R  
(300 MHz. CDCI,, 25°C. TMS): rS =7.73 (d, = I Hz. 1 H ;  Ar-H-6), 7.21 
(dd, = 8 Hz. 1 Hz, 1 H: Ar-H-4). 7.12 (d, ' J  = 8 Hz, 1 H ;  Ar-H-3), 
4.37 (q, , J = 7 H z .  2 H :  CH,CH,), 2.56 (s, 3 H ;  Ar-CEI,), 2.35 (s, 3 H ;  
Ar-CII,), 1.39 (1, " J = 7  Hz, 3 H ;  CH,CH,): "C NMR (75 MHz, CDCI,, 
2S 'C) :  6 =167.9, 136.8, 135.2, 132.5, 131.5, 130.9, 129.8. 60.6, 21.2, 20.8, 
14.4; MS (70eV. EI): m;z (Yo) =178 (50) [ M ' ] .  


Ethyl 2,5-bis(bromomethyl)benzoate (7) [38]: N-Bromosuccinimidc (4.4 g, 
24.7 mmol) and a catalytic amount of AIBN were addcd to a solution ofethyl 
2,5-dimethylbenzoate 9 (2g,  11.23 mmol) in CCI, (50 mL). The suspension 
was refluxcd under nitrogen for 4 h, after which time succinimidc was oh- 
scrved floating on the surface of the CCI, when the solution was cooled down 
to room temperature. The succinimide was filtcrcd off under gravity and the 
filtrate was concentrated. The resulting brown oil was dissolved in CH,CI, 
(25 mL), to which hexanc (150 mL) was added. The solution was 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: this afforded 
compound 7 (1.4 g, 40%) in the forin of a white powder. M.p. 87°C: 
' H  NMR (300 MHz, CDCI,, 25°C. TMS): 6 = 8.98 (d, = 1 Hz, 1 H ;  Ar- 
H-6), 7.54 (dd, 3 . 4 J  = 8 , l  Hz, 1 H;  Ar-H-4). 7.95 (d, ,J = 8 Hz, 1 H: Ar-H- 
3).  4.96 (s, 2H; Ar-CH,Br), 4.49 (s, 2 H ;  Ar-CH,Br), 4.42 (q, ' J = 7  Hz. 
2 H ;  CH,CH,). 1.46 (t, ' J  = 7  HZ. 3 H ;  CH,CH,); 13C NMR (75 MHz. 
CDCI,. 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. El): wi!z (%) = 336 (5) [ M ' ] .  


2,S-Bis(bromomethy1)benzoic acid (13) [38]: N-Bromosuccinimide (26.08 g. 
146 mmol) and a catalytic amount of AIBN wcrc added to a solution of 
2.5-dimethylbenzoic acid 8 (10 g, 67 mniol) in CCI, (200 mL). Thesuspension 
was refluxed under nitrogen for 4 h. aftcr which time succinimidc was ob- 
served floating on the surfacc of the CCI, whcn the solution was cooled down 
to room temperature. The succinimide was filtered off under gravity and thc 
filtrate was concentrated. Thc resulting brown oil was dissolved in CH,CI, 
(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 thc form of a white powder: m.p. 1 1  6 T; 'H NMR 


( d d . 3 . 4 J = 8 , 1  Hz,1H;Ar-H-4),7.60(d,3J=8Hz,lH:Ar-H-3),5.11(s. 
2 H :  Ar-CH,Br). 4.73 (s, 2 H ;  Ar-CH,Br); I3C NMR (75 MHz, CDCI,. 


(70 eV, E l ) .  w / z  (YO) = 307 (26) [M - HI'. 


2,S-Bis(bromomethyl)benzoyl chloride (11) [MI: 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'!'0). The 
resulting oil was used as the acid chloride 11 in subsequent reactions without 
any furthcr 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 THP (30 mL)  was 
added dropwisc to a suspension of NaH (60% dispersion in mincral oil) 
(0.30 g, 7.44 mmol) in dry T H F  (50 mL) under nitrogen. The solution was 
stirred for 30 niin at room temperature and then for an additional 30 min 
under rcflux. A solution of Me1 (1.04 g. 7.44 niinol) i n  T H F  (20 mL) was 


(300MH7.,CDC1,,25'C,TMS):6=X.11 ( d , 4 J = 1  Hz,IH;Ar-H-6),7.69 


25 C): d =167.6. 140.2. 134.2, 133 5. 132.9, 131 7. 130.1, 33.1, 31.9. MS 
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addcd 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,CI, (50 mL) and 
washed with saturated aqiieuus Na,CO, ( 2  x 50 mL) and H,O (2 x 50 m L ) .  
'The organic layer was dried over MgSO, and filtered under gravity. and the 
CH,CI, was removed in vacuo. The resulting oil was subjected to silica gel 
column Chromatography, eluting with Et,O/CHCI,/MeOH (73:25:2). The 
fractions containing the product wcrc combined and the solvents wcrc re- 
moved in vacuo, affording compound 12 (1.80g, 28%) as a yellow oil: 
' H N M R  (300 MHz, CDCI,, 25"C,  TMS): 6 =7.87 (d. ' J =  8 Hz. 1 H :  
naphthalene H-4),  7.85. (d, , J= 8 H7, I H:  naphthalene H-8).  7.36 (t. 


= 8 Hz, 1 H ;  naphthalene H-3) ,  7.35 (t. 3J = 8 Hz, 1 H ;  naphthalene H-7). 
6.84 (d, ' J  = 8 Hz, two coincident doublets, 2 H ;  naphthalene H-2,6), 4.33- 
4.28 (m, 4 H ;  OCH,), 4.02-3.97 (m, 4 H ;  OCH,), 3.82-3.72 (m, 6 H ;  
OCH,) ,  3.62-3.58 (in. 2 H ;  OCH,), 3.39 (s, 3 H ;  OCH,), 2.02 (brs, 1 H ;  
OH); I3C NMR (75 MHz, CDCI,, 25'-C): S =154.4. 154.3. 126.9, 126.8, 
125.2. 125.0, 114.X, 114.5. 105.8, 105.8, 72.7, 72.0.70.9,69.9, 69.8.68.0.61.8. 


H 7.48: found C 64.91. H 7.45. 
59.1: MS (70 eV, EI): mh (Yo) = 350 (40) [ M ' ] :  CI,H,,O,: calcd C 65.13. 


(I-[2-(2-Oxyethoxy)ethoxyJ-S-~2-(2-methoxy-ethoxy)ethoxy)naphthalene)-2,5- 
bis(bromomethyl)benzoate (10): A solution of the alcohol 12 (0.94 g, 
2.7 mmol) in dry CH,CI, (20 mL) was added dropwise during 30 min to B 


solution of 11 (0.93 g, 2.7mmol) in dry CH,CI, (50mL) 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,O (2 x 30 inL) 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: I )  as the eluent revealed one major conipo- 
nent. However, silica gel column chromatography, employing hexane:'EtOAc 
(4: 1 ) as the eluant, failed to separatc out thc minor fraction observed by TLC. 
Therefore, the crude mixture (1.3 g, 3.8 mmol) was used without furthcr 
purification. 


1 -[2-(2-Hydroxyethoxy)ethoxy~-~-~2-(2-~l-adamantanecarbonyl)ethoxy)- 
ethoxyj naphthalene (18): I-Adamantanecarbonyl chloride 17 (2.36 g. 
1 .I9 mniol) was added to a solution of the diol IS ( 2  g. 5.95 mmol) in 33% 
volumc C,H,N/CHCI, (30 mL) and the mixture was stirred for 12 h a t  25 'C ,  
followed by a further period of stirring for 2 h at 60°C. The solvent was 
reinovcd in viicuo leaving a residue, which was dissolved in CH,Cl, (100 mL) 
and washed with 2 w  HCI (50 mL) and distilled H,O (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 ( S O , ,  CH,CI,, 
MeOH 98:2), giving a yellow oil, which, after being washed with hexane 
(50mL),  yielded the adamantoyl ester 18 (1.08g. 36%) as a yellow oil: 
' H N M R  (300 MHz, CDCI,, 25"C, TMS): S =7.87 (d, ' J =  8 HZ. 1 H ;  
naphthalene H-4), 7.84 (d, J =  8 Hz, 1 H ;  naphthalene H-8).  7.35 (t. 
' J  = 8 Hz. 1 H: naphthalene H-3), 7.34 (t, ' J  = 8 Hz. 1 H ;  naphthalene H-7). 
6.84 (d, two coincident douhlets, 3J = 8 Hz, 2 H ;  naphthalene H-2.6), 4.31 - 
4.20 (in, 6 H ;  OCH,), 3.99-3.91 (m, 4H; OCH,);  3.80-3.72 (m. 2 H ;  
OCH,), 3.75-3.62 (m, 4 H ;  OCH,), 1.96 (brs, 3 H ;  adamantoyl CH), 1.88 
(brs, 6H: adamantoyl CH,), 1.66 (brs, 6 H ;  adaniantoyl CH,): 13C N M R  
(75 MHz, CDCI,, 25°C): 6 = 27.9, 36.5, 3X.7, 40.7, 61.9. 63.3, 68.0. 69.6, 
69.8, 69.8, 72.6, 105.7, 114.5, 114.8, 125.1, 125.2, 126.8. 154.3. 154.4; MS 
(LSIMS): n7lz = 498 [M+];  C29H,,07: calcd C 69.86, H 7.68; found C 69.72. 
H 7.61. 


(I -[2-(2-Oxyethoxy)ethoxyl-5-[2-(2-( 1-adamantanecarbonyl)ethoxy)etboxy~- 
naphthalene)-2,5-his(bromomethyl)benzoate (16): A solution of alcohol 18 
(1.08 g. 2.16 mmol) in dry CH,CI, (10 mL) was added dropwisc over 30 mill 
to a solution of I 1  (0.7 g, 2.16 mmol) in dry CH,CI, (15 niL). The solution 
was stirred at room temperature under nitrogen for 4 h  and then heated 
gently under reflux overnight, The cooled solution was washed with water 
(2 x 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. 


(l-~2-(2-Oxyethoxy)ethoxy~-4-benzyloxybenzene)-Z,S-bis(bromomethyl) ben- 
roate (19): The alcohol 21 (0.66 g, 2.29 mmol) [12g] in dry CH,CI, (10 mL) 
was added dropwise over 30 min to a solution of 11 (0.75 g, 2.3 mmol) in dry 
CH,CI, (15 mL). The solution was stirred at room temperature under nitro- 
gen for 4 h and then it was heatcd gently under reflux overnight. The cooled 
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solution was washed with H,O (2 x 30 niL) 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,O), (8 g, 0.26 mol) in 30% HBr/AcOH (100 mL). 
The solution was heated to 50 'C while being stirred for 30 min, a t  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 washcd well with AcOH, H,O, aqueous Na,CO, (10%) solu- 
tion. H,O. and Et,O. 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 
(dccomp); 'HNMR (300 MHz, CDCI,, 25"C, TMS): 6 = 8.41-8.36 (m, 
4 H ;  anthracene H-1,4,6,9), 7.71 -7.66 (m, 4 H ;  anthracene H-2,3,5,7), 5.53 (s. 
4 H ;  Ar-CH,Br); MS (NH,, CI): m/z (%) = 364 (2) [ M ' ] ,  283 (35) 
[ M  - Br]+, 205 (200) [M - 2Br]+. 


1,1'-~9,1O-Anthracene(methylene)~bis-4,4'-pyridylpyridinium bis(hexafluor0- 
phosphate) (22,2PF6): 9,10-Bis(bromomethyl)anthracene 23 ( 5  g, 13.4 mmol) 
was added to a solution of 4,4'-bipyridine (20g, 134mmol) 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,O and CHCI, 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,O (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(hexafluorophospha1e) salt. The precipitate was collected 
under reduced pressure, washed well with H,O. and dried in vacuo, yielding 
compound 22.2PF6 (7.0g, 65%) as a white solid: m.p. 250°C; 'HNMR 
(300 MHz, CD,CN, 25 "C, TMS): 6 = 8.83 (d, ,JAB = 6 Hz, 4H; bipyridini- 
um a(-CH), 8.72 (d, 'JAB = 6 Hz, 4H;  bipyridinium B-CH), 8.43-8.37 (m, 
4H;  anthracene fI-l,4,6,9), 8.26 (d, ,JAB = 6 Hr. 4 H ;  bipyridinium a-CH), 
7.82-7.75 (m, 4 H ;  anthracene H-2,3,7,8), 7.76 (d, 3JAB = 6 Hz, 4 H ;  bipyri- 
dinium P-CH), 6.89 (s, 4 H ;  Ar-CH,); I3C NMR (75 MHz, CD,CN, 25 "C): 


MS (LSIMS): m/z (%) = 661 (100) [ M -  PF6]+; C,,H,,N,P,F,,: calcd C 
53.61, H 3.5, N 6.95; found C 53.71, H 3.36, N 6.76. 


6 =155.8, 152.2, 145.5, 141.2, 132.8, 129.7, 127.3, 126.4, 125.3, 222.8, 57.4; 


Cyclolethyl 2,5-(paraquat-p-phenyleneparaquat)benzoatel tetrakis(hexaflu0- 
rophosphate) (28.4PF6) [38]: A solution of 7 (0.14 g, 0.43 mmol), the bipyri- 
dinium salt 26.2PF6 (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,CI ( 2 ~ ) / M e N o ,  (7:2: 1) elu- 
ent. The fractions containing the product were combined and concentrated. 
H,O (50mL) was added to dissolve the chloride salts, followed by the 
addition of aqueous NH4PF6 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 4 0 ° C  yielding 
28.4PFb (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 a-CH), 8.21- 
8.16 (d, 4J = I  Hz, I H ;  Ar-H-6), 8.19 (m, 6 H ;  bipyridinium 8-CH), 8.32 (d, 
3J = 6 Hz, 2 H; bipyridinium 8-CH), 7.67 (dd, 3,4J  = 8 Hz, 1 Hz, 1 H ;  
Ar-H-4), 7.57 (d, 3J = 8 Hz, 1 H; Ar-H-3), 7.53 (s, 4 H ;  xylyl H), 6.15 (s, 
2 H ;  NCH,), 5.83 (s, 2 H ;  NCH,), 5.75 (s, 4 H ;  NCH,) ,  4.42 (4. 3J = 7  Hz, 
2 H ;  CH,CH,), 1.43 (t, ,J = 7  Hz, 3H;  CH,CH,); I3C 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): m/z =I027 [ M  - PF,]', 882 


N 4.78; found C 40.24, H 3.08, N 5.05. 


Cyclo[l-~2-(2-nxyethoxy)ethoxy)-5-I2-(2-methoxyethoxy)ethoxy)naphthalene 
2,5-(paraquat-p-phenyleneparaquat)henzoate~ tetrakis(hexafluorophosphate) 


[M - 2PFb]+, 737 [ M -  3PFb]+;  C39H,,F,,N,02P4: Cdkd C 39.95, H 3.09, 


(29.4PF6): A solution of the dibromide 10 (0.14 g, 0.22 nimol) and the bipyri- 
dinium salt 26.2PF6 (0.13 g, 0.19 mmol) was stirred in DMF (5 mL) 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 pressurc and subjected 
to silica gel chromatography with MeOH/NH,CI (2bi)/MeNO, (7:2: 1) as 
eluent. The fractions containing the product were combined and concentrat- 
ed. H,O (50 mL) was added to dissolve the chloride salts, followed by the 
addition of an aqueous NH,PF6 solution to precipitate thc 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 
29.4PF6 (O.O65g, 24%) as a purple solid: m.p.>270"C; 'HNMR 
(300 MHz, CD,CN, 25 " C ,  TMS): S = 9.27 (d, 3JAB = 6 Ha, 1 H ;  bipyridini- 
um a-CH), 9.1 1 (d, 'JAR = 6 Hz, 1 H ;  bipyridinium a-CH), 9.03 (d, 3JA8 = 
6 Hz, 1 H;  bipyridinium a-CH), 8.81 -8.72 (m, 4 H ;  3 x bipyridinium a-CH 
and Ar-H-6). 8.61 (d, 3JAB = 6 Hz, 1 H ;  bipyridinium a-CH), 8.53 (d. 
,JAB = 6 Hz, 1 H; bipyridinium a-CH). 8.26 (dd, '.lJ =7 Hz, 1 Hz. 1 H: 
Ar-H-3), 8.12 (d, 3J = 7  Hz, 1 H;  Ar- H-4), 8.07 (s, 2 H ;  xylyl H). 7.97 (s, 
2 H ;  xylyl H),  7.57-7.49 (m, 3 H ;  bipyridinium 8-CH), 7.39-7.31 (m, 2 H ;  
bipyridinium P-CH), 7.26 (d, ,JAB = 6 Hz, 1 H;  bipyridinium / K H ) ,  7.19- 
7.11 (m, 2H; bipyridinium P-CH), 6.97 (d, = 13 Hz, 1 H ;  NCII,), 6.36 (d, 
, J = 7  Hz, 1 H; naphthalene), 6.22-6.13 (m, 2 H ;  naphthalene), 5.90-5.81 
(m, 3 H ;  2 x NCH, and naphthalene), 5.75-5.68 (m, 4 H ;  NCH,). 5.66 (d, 
' J =  12 Hr, 1 H ;  NCH,), 5.44-5.34 (m, 1 H ;  OCH,), 4.40-4.21 (m, 6 H ;  
OCH,), 4.20-4.10 (m, 3 H ;  OCH,). 4.09-3.97 (m, 2 H ;  OCH,). 3.86-3.78 
(in, 4 H ;  OCH,), 3.42 (s, 3 H ;  OCH,), 2.88 (d. = 8 Hz, 1 H:  naphthalene). 
2.42 (d, ' J  = 8 Hz, 1 H ;  naphthalene); MS (LSIMS): m/z =I333 


calcd C 45.54, H 3.82, N 3.82; found C 45.26, H 3.72, N 3.69. 
[ M  - PF6It. 1187 [ M  - 2PFb]+, 1043 [ M  - 3PF6]+; C,,H,,F,,N,O,P,: 


Cyclo( l-(2-(2-oxyethoxy)ethoxy~-5-(2(2-(2-(l-adamantanecarbonyl)ethoxy)eth~ 
xylnaphthalene 2,5-(paraquat-p-phenyleneparaquat)benzoate] tetrakis(hexaflu- 
orophosphate) (3O.4PF6): A solution of the dibromide 16 (1.35 g, 1.71 mmol) 
and the bipyridinium salt 26.2PFb (1.04 g, 1.48 mmol) in DMF (10 mL) W B S  


stirred for 7 days at room temperature and pressure. In  order to ensure full 
precipitation of the purple salt, Et,O (50mL) was added to the reaction 
mixture. The precipitate was filtered off under reduced pressure and subjected 
to column chromatography (SO,, MeOH/NH4C1(2~)/MeN0, 4: 1 :4). The 
fractions containing the product were combined and concentrated H,O 
(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 30.4PFb (0.3 g, 13%) as 
a purple solid. M.p.>270"C (decomp.); ' H N M R  (300 MHz, CD,COCD,, 
25 "C): S = 9.55 (d, ,JAR = 6 Hz, 1 H ;  bipyridinium a - H ) ,  9.48-9.31 (m. 3 H;  
bipyridinium a-H), 9.25 (d, 3JAR = 6 Hz, 1 H; bipyridinium a-H), 9.21 (d, 
,JAB = 6 Hz, 1 H ;  bipyridinium a-H), 9.16 (d, ' J  = I  Hz, 1 H ;  Ar-H-6), 9.15 
(d, ,JAB = 6 Hz, 1 H;  bipyridinium a-H), 9.06 (d, ,JAB = 6 Hz, 1 H ;  bipyri- 
diniuma-H),8,59(dd, ' J = l , 7 H z ,  lH;Ar-H-4) ,8 .45(d,  S J = 7 H z ,  1 H ;  
Ar-H-3). 8.38 (brs, 2 H ;  xylyl H ) ,  8.28 (brs, 2 H ;  xylyl H), 8.24-8.18 (in, 
2 H ;  bipyridinium P-H), 7.97-7.92 (m, 2 H ;  bipyridinium p-H), 7.67-7.64 
(m, 2H;  bipyridinium 8-H), 7.50-7.48 (m, 2 H ;  bipyridinium P-H), 7.26 (d, 


= 13 Hz, 1 H;  NCH,), 6.50 (d, 3J = 7  Hz, 1 H ;  naphthalene), 6.42-6.40 
(m, 2 H ;  naphthalene), 6.25-6.12 (m, 4 H ;  3 xNCH, and naphthalene), 
6.09-6.06(m, 3H;NCH,), 6.05(d, ' J=13Hz,  l H ; N C H , ) ,  5.38(m, 1 H ;  
OCH,), 4.62-4.47 (m, 5 H ;  OCH,), 4.42-4.33 (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 C H I ,  1.71 (brs, 6H;  adaman- 
toy1 CH,) ,  1.67 (brs. 6H;  adamantoyl CH,); MS (LSIMS): mjz =I647 


HRMS (LSIMS): C6,H,,N,OaFIaP,: [M - PF,]+, calcd 1479.3962, found 
1479,391 5. 


[M-Na]',  1479 [ M -  PF6]+, 1334 [M-2PF6]+,  1189 [ M -  3PF,]+; 


Cyclo(l-[2-(2-oxyethoxy)ethoxy~-4-henzyloxyhenzene-2,5-(paraquat-p-phenyl- 
eneparaquat)benzoateI tetrakis(hexafluorophosphate) (31.4 PF,): 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 D M F  (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,CI ( 2 ~ ) / M e N 0 ,  (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 (50mL) 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(hexafliiorop1iosphate) salt. The precip- 
itate was collccted under reduced pressure and washcd well with H,O and 
then dried in vacuo. Crystallization by vapor diffusion of iPr,O into an 
MeCN solution of the salt afforded 31.4PF6 (0.16 g. 7Y0) as a red crystalline 
solid: ' H N M R  (300 MHr,  (CD,),CO. 25 C ,  TMS): 6 = 9.44- 9.34 (m, 4 H ;  
bipyi-idiniuni x-CH). 9.29-9.22 (m, 4 H ;  bipyridinium a -CHI ,  8.X7 (d, 
'.I = 8 Hz. I H; Ar--H-6), 8.41 8.34 (in. 6 K ;  bipyridinium 1-CH), 8.26-- 
8.21 (m, 3 H ;  2 x bipyridinium fi-CH and Ar-H-4),  8.11 (d. ',.I = 7  H r ,  1 H ;  
Ar-H-3), 7.78-7.7 (m. 4 H ;  xylyl H), 7.66 7.61 (m. 2 H :  OCH,Ar-H).  
7.59- 7.56 (m, 2 H ;  OCH,Ar--H). 7.45-7.40 (m, 1 H ;  OCH,Ar--H), 6.54 (s, 
2 H ;  NCH,). 6.16 (s. 2 H ;  NCH,), 6.02 (s, 2 H ;  NCH,), 5.99 (s, 2H: NCH,), 
4.78- 4.74 (in, 2 H ;  OCH,), 4.67 (s, 2 H ;  OCH,Ar), 4.31-4.25 (ni. 2H:  
OCH,), 4.12 4.06 (m. 2 H ;  OCH,), 3.96-3.93 (m, 2 H ;  OCH,),  3.81-3.72 
(m, 4 H ;  hydroyuinone); MS (LSIMS): nl I =I437 [M+Na]+ ,  1269 


C,,HsoN,05F,,P3: [ M  ~ PFJ+ calcd 1269.2670. found 1269.2706. Crystal 
data for 31.4fF, :  single  crystal^ suitable for X-ray crystallography were 
obtained by vapor diffusion of iPr,O into an MeCN solution of 31.4PFl,. 
('IuH,,N,0,F,,P,,2Me,C0.MeCN, M =1572.1, monoclinic, ( I  = 


11.446(3). h = 2 2 . 2 9 2 ( 3 ) .  (.=14.450(2)A. p=109.84(1) ' ,  V=3468(1).@, 
space group C,. Z = 2 (the molecule has crystallographic (', symmetry). 
( J ~  = 1 .SO5 g cm -.', ji (Cu,,) = 20.8 cm ~ I .  F(O00) = 1608. Data for a crystal 
of dimensions 0.35 x 0.21 x 0.02 mm3 were measured at  -70'  C on a Siemens 
P 4  RA diffractometer (20 5 1 2 4  ) with Cu,, radiation (graphite monochro- 
mator) and trJ-scans. Of the 2821 independent reflections measured. 1823 had 
[Pol >4u(lFJ) and were considered to be observed. The daia were corrected 
for Lorcntz and polarii-ation factors: no absorption correction was applied. 
The  structurc was solved by direct iiicthods, and only the major occupancy 
portions of thc disordered PF; anions were refined anisotropically. 'The 
structural disorder about the C ,  axis and the relatwe lack of observed data 
precludcd anisotropic refinemeiit of any of the remaining parts of the struc- 
ture. Although the cyclophaiie component of the structure is ordered about 
the Cz axis, the self-threading component is not and even those parts that 
could adopt a CZ symmetric arrangement do  not do so. The central hy- 
droquinone ring is displaced \ideways with respect to the crystallographic c', 
axis. The geometry of the whole of the polyether chain. the hydroquinone ring 
and !he terminal ben7yl group were optimiLed 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 F' to give 
R ,  = 0.116, il-Rz = 0.3442 for the observed data aiid 366 parameters. Thc 
maximum and minimum residual electronic densities in the final AFmap were 
0.71 and -0.45 e A  '. Computations were carried out on a 486 PC with the 
SHELXTL-PC version 5 program system [56] .  


Cyclol I-(2-(2-oxyethoxy)etho~y~-5-[2-(2-metho~yethoxy)ethoxy)naphtha~ene- 
2,S-(paraquat-Y,lO-anthraceneparaquat)henzoate] tetrakis(hexaflu0rophos- 
phate) (32.4PF6). A solution ofthe dibroniide 10 (0.14 p, 0.22 mmol) and the 
anthracenc-containing bipyridinium salt 22.2 PF, (0.1 5 g. 0.186 mmol) in 
D M F  (5 mL) was subjected to 12 kbar prcssui-e 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 oft' under reduccd 
pressure and subjected to silica gel chromatography with MeOH:NH,CI 
(2v). 'MeNO2 (7:2: I )  as eluent. The fractions containing the product were 
combincd and concentrated. H,O (50 mL) was addcd to dissolve the chloride 
salts. followed bq thc addition of an aqueous NH,PF, solution to precipitate 
the product as its tetrakis(hcxat1uorophosphate) salt. The precipitate was 
collected under reduced pressure, washed well with H,O, and dried in vacuo 
at 40 C, yielding a red solid 32.4PF6 (0.087g, 30%): in.p.>270.C; MS 
(LSIMS): n7'1= 1576 [A4 '1, 1432 [M - PFJ-, 1286 [M ~ 2PFJ'. 1141 
[&I - 3PFl,]-; C,,H,,F,,N,O,P,: calcd C 48.96. H 3.94, N 3.73: found C 
48.74: H 3.83, N 3.55.  The room-temperature ' H N M R  spectrum (300 MHz) 
in CD,CN solution indicates that there is a slow exchange process occurring 
betwecn complexed and uacomplexed species. Thus, the spectra cannot he 
iiiterpreted 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 observed for the simpler compound 32.4Cl.  


[A4 - PF,]', 1124 [A4 - 2PFb]+, 979 [ M  - 3PF6]+;  HRMS (LSIMS): 


Absorption spectra, luminescence, photochemical and electrochemical experi- 
ments: Absorption and emission spcctra were recorded with a Perkin-Elmcr 


i 6  spectrophotoineter and a Perkin-Elmcr LS-50 spectrofluorimeter, respec- 
tively. Fluorescence lifetimcs were measured with Edinburgh 199 single-pho- 
ton counting equipment. Pholochemical experiments were carried out i n  
argon-purged water solutions, by means of a Hanau 0 400 medium-pressure 
mercury lamp. The 365 nm wavelength was isolated by means of an interfer- 
ence filtcr. The incident light intcnsity on the 3 mL reaction cell was 
2 x 1 0 - O  N himin ~ '. Electrochemical measurements (cyclic voltammetry. 
CV, and diffcrential 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 elcc- 
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 
cxamined coinpounds was 5.0 x 10 'M:  0 . 0 5 ~  tetraethylammonium tetra- 
11uoroborate (TEABF,) was added as supporting electrolyte. Cyclic voltam- 
mograms were obtained at sweep rates of 20. 50, 200, 500, and 1000 mVs 
DPV experiments were performed with a scan rate of 20niVs-I.  a pulse 
height of 75 mV, and a duration of 40 ins. For the observed processes. the 
same values wcre obtained from the DPV peaks and from an average of 
thc 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. 
Thc criteria foi- rcversibility were i) a sepai-ation of 60 mV between cathodic 
aiid anodic peaks. i i )  a ratio of the intensities of the cathodic and anodic 
currents close to unity. iii) and constancy of the peak potential 011 changing 
swecp rate. The experimental error on the half-wave potential values was 
estimated to be 2 10 mV. Spectroelectrochcmical experiments were perfomed 
on argon-purged acetonitrile solutions of 1.0 x 10 'x of the examined coin- 
pound and 0.01 M of TEABF4 contained in a spectrofluoritnetric cell (optical 
path 1 cni). with a Pt grid as working electrode, a Pt wire separated with a fine 
glass rrit as a counter-electrode, and an Amel Ag;AgCl reference electrode. 
Absorption spcctra of the reduced specks were recordcd with a Koiitron 
Uvikoii 860 spectrophotometer, and emission spectra were recorded with a 
Perkin - Elmer LS 5 spectrofluorimeter with appropriate corrections for inner 
filter effects. 
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