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CONCEPTS 


Nitridosilicates-A Significant Extension of Silicate Chemistry 


Wolfgang Schnick” and Hubert Huppertz 


Abstract: Because of its low chemical reactivity Si,N, has 
hardly been used as a starting material for the preparation 
of multinary silicon nitridcs or nitridosilicates, but has 
gained increasing importance as a nonoxidic material for 
high-performance applications. A novel synthetic ap- 
proach is presented, which starts from silicon diimide 
(Si(NH),) and makes available a large variety of novel 
nitridosilicates. The structures of these nitridosilicates rep- 
resent a significant extension from those found in the fam- 
ily of oxosilicates. Because of their outstanding chemical 
and physical stability, nitridosilicates might be of particu- 
lar interest for the development of novel inorganic nitridic 
materials. 


Keywords 
high-temperature synthesis * materials science . nitrido- 
silicates * nitrogen silicon 


Introduction 


The polymeric binary compounds BN and Si,N, are of particu- 
lar interest for the development of novel inorganic materials for 
high-performance applications. The structures of these non- 
metal nitrides are based on networks of corner-sharing BN, and 
SIN, tetrahedra, respectively. Their outstanding chemical, ther- 
mal, and mechanical stabilities are a direct consequence of the 
high degree of crosslinking in the structures and of the high 
stability of the chemical bonding between the constituent ele- 
ments. 


Another polymeric nonmetal nitride is P3N5. Similar to BN 
and Si,N, it is built up from connected PN, tetrahedra into a 
network structure.[’] In the last few years we have studied the 
chemistry, structures, and properties of phosphorus nitrides and 
further multinary compounds incorporating electropositive ele- 
ments. The P-N substructures of these compounds exhibit 
structural similarities to oxosilicates and oxophosphates.[2] 


[*] Prof. Dr. W. Schnick, Dip].-Chem. H. Huppertz 
Laboratorium fiir Anorganische Chemie der Universitlt 
D-95440 Bayreuth (Germany) 
Fax: Int. code +(921)55-2788 
e-mail : wolfgang.schnick(u uni-bayreuth.de 


Unlike the situation with P,N,, only a few ternary or multi- 
nary compounds based on Si,N, have been synthesized and 
characterized in the Examples are MSiN, (M = Be, 
Mg, Mn, Zn),r3] the structurally analogous compounds 
LiSi,N, ,I4] Si,N,NH,[’] Si,N,0,[61 and SiPN, ,[2b1 or K,Si,- 
N,(NH),r71 and LnSi,N, (Ln = La, Ce, Pr, Nd).[81 However, 
no general synthetic approach was available leading to pure and 
defined multinary silicon nitrides. 


Considering the diverse structural chemistry of oxosilicates,[’l 
a detailed investigation of nitridosilicates promised to yield 
compounds with interesting structures and properties, and 
also tailor-made ceramic materials based on the elements Si 
and N. 


Synthetic Approach 


No general synthetic approach is available for the synthesis of 
the above-mentioned nitridosilicates. These were mostly ob- 
tained by rather different synthetic procedures. For example, 
MgSiN, was obtained by reaction or the binary nitrides 
[Eq. (I)], MnSiN, from metallic Mn [Eq. ( 2 ) ] ,  and LnSi,N, by 
nitriding the two-phase alloys with the composition “LnSi,” 
[Eq. ( 3 ~ .  


Mg,N2 +Si,N, 1 2 o o ’ c b  3MgSiN, 
N2 


1050 C 
3 M n  +Si,N, +2NH, __ 9 3MnSiN, + 3 H 2  ( 2 )  


2“LnSi,” +5N, -+ 2LnSi,N, (3) 
1500 C 


Ln = Ce, Pr, Nd 


Even at higher temperatures silicon nitride (Si,N,) exhibits 
only low chemical reactivity.[’”, This property is an impor- 
tant precondition for the application of Si,N, in high-tempera- 
ture and high-performance devices (e.g. turbochargers, valve 
tappets). Owing to its inertness, Si,N, can only be used as a 
starting material for the synthesis of ternary nitridosilicates 
[e.g., Eq. (I)] when it is treated with highly reactive metal ni- 
trides (e.g. Li3N, Mg,N,) which show a sufficient thermal sta- 
bility. 


We therefore developed a novel synthetic approach leading to 
ternary and multinary nitridosilicates, abandoning the use of 
the metal nitrides and treating the pure metals with silicon di- 
imide (Si(NH),) instead. This strategy proved to be successful 
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for the synthesis of nitridosilicates [Eq. (4) and ( 5 ) ] .  


1500 -- I 650 c 
2 M  +SSi(NH), -~ tLF furnace - >  M,Si,N, +Nz f S H ,  


3 M ' + 6 S i ( N H ) ,  -.--- M;Si,N,, +1:2N2 +6H,  


(4) 
M = Ca, Sr, Ba 


lb50 C 
HF furnace ( 5 )  


M' = Ce, Pr. Sm,  Nd 


Silicon diimide (Si(NH),) is an amorphous and relatively un- 
defined but reactive compound, which is converted to  amor- 
phous Si,N, at temperatures above 900 "C. It is an important 
prccursor for the technical production of Si,N, ceramics.['01 
In the laboratory Si(NH), is obtained by ammonolysis of 
SiCl, in CH,CI, followed by thermal treatment below 600 'C 
[Eq. (6)].['"l 


I )  C1IICl2 
SiCIa + 6 N H ,  --* 2)  600 c Si(NH), +4NH,CI (6) 


The reactions between a metal and Si(NH), [Eq. (4) and ( 5 ) ]  
may bc interpreted as the dissolution of the electropositive metal 
in the nitrido-analogous, polymeric acid Si(NH), , accornpanicd 
by the evolution of hydrogen. The advantages of this method 
include the fact that the metal can be varied and that preparative 
amounts of the products arc accessible as coarse-crystalline, 
single-phase products in short reaction times. A specially dcvel- 
oped high-frequency furnace, used for the inductive heating of 
the crucibles containing the reaction mixture (Figure I) ,  is es- 


, NJArgonNacuum 


Quartz Reactor 


Glass Jacket + Water out 


Induction Coil High Frequency 


Tungsten Crucible 


I I 


Water in 


t igurc 1 .  txperimental s l - u p  of the high-fi-equency furnace for the synthesis of 
nitridosilicates. 


Abstract in German: Wegiw .seiner gevingen chenzischen Keak- 
riritiit isr Siliciiiniriilrid Si,N, in tler Vergungenheit selten tihs 


hinclurig ,fur tlic Synrhese inultiniirer Siliciumnitride 
otler ,Yitricioosilictrtc, eingesetzt worden. Stattdessm erlungte Si,N, 
in den Ietsten Julircn zunehmende Bedeutung als nichtoxitlisch~..~ 
Mat(wiu1 ,fur Hoclilei.trurigsoni~~er~dungen. In diesrr Arheit w i d  


ntlietisclies Veufizhren priisentiert, das - uusgeliend von 
Siliciutiidiiinitl S i ( N H )  - einen Zugang zu neuartigen Nitrido- 
silicaten eriiffnef. WiL. un vetwhiedenen Beispielen denionstriert 
wivd, erii,rilern die Nitridosilicate signijikant die strukturellen 
Miigliclikeiten cler kotivrntionellen Oxosilicate. In1 Hinhlick auf 
ihre hemerkc,nsw,evtc. chemische und pizysikulische Stahilitiit sind 
die Nitridosilicuie von hesondereni Intrresse ,fur die Entwicklung 
neuurt ige r unorgan ischer Ma torialien. 


sential for obtaining high yield in these reactions. This technique 
allows very fast heating of reaction mixtures as well as fast 
quenching of the high-temperaturc products." '1 


Results 


Oxosilicates and nitridosilicates both contain Six, tetrahedra 
(X = 0, N) as  the basic structural building blocks. By condensa- 
tion of these tetrahedra more complex S i - 0  and Si-N struc- 
tures are possible. A simple general measure for the degree of 
condensation within a network of SIX, tetrahedra with the 
stoichiometry Si,,X, is the molar ratio n:m, that is, of tctrahe- 
dral Si centers and bridging atoms X. In oxosilicates a maximum 
value for the degree of condensation of 1 : 2  = 0.5 is reached in 
SiO, . No multinary oxosilicate is known exceeding this limit. 
According to  Table 1 nitridosilicates may have a degree of con- 
densation of 0.25 < Si: N I 0.75. This is due to the fact that the 
structural possibilities in oxosilicates are limitcd to terminal 
oxygen atoms and simple bridging OC2]  atoms, while the nitri- 
dosilicates contain terminal nitrogen atoms, N [21, and even N r31  


connections.[*] 


Table 1 .  Degree of condensation (molar ratio Si: X)  in 0x0- and nitridosilicates. 


s1:x Formula Structure of Si,,X,, 


1.4 
2 .6  
l:.3 
2:s 
l : ?  


6: 1 I 
4 : l  
S:8 
7.10  
3:4 


[a] M"' = La. Ce, Pr, Nd, Sm. [b] M" = Sr. Ba. [c] Mi' = Ca. Sr. Bki. 


For  example, in Ca,Si,N, the three-dimensional network 
structure is made up of corner-sharing SIN, tetrahedra 
~ [ ( S i [ 4 1 N ~ 2 1 N ~ 1 ) 4 ~ ]  (Figure 2).11 'I Half of the nitrogen atoms 
connect two silicon atoms (NL2') and half bridge three silicon 
atoms (N["). These NL3I atoms arc arranged nearly coplanar in 
sheets perpendicular to [I001 , resulting in layers of highly con- 
densed dreier rings (Figure 2).[l2] As expected, the 
bonds are much shorter (167-171 pm) than the bonds 
(1 73- 180 pm). According to lattice-cnergy and point-potential 
calculations only the siinplc bridging N[2J atoms have a negative 
charge whcn coordinating the Ca2+ ions. The C a 2 +  -N[" dis- 
tances (232-284 pm) correspond to the sum of the ionic radii. 


Sr,SijN, and Ba,Si,N, are isotypic and have a network 
structure of corner-sharing SIN, tetrahedra similar to that 
found in Ca,Si,N,. However, the two structure types are topo- 
logically different, as the distribution of (Si,N,) ring sizes differ 
markedly.'131 According to the formula ~ [ ( S i ~ 1 N ~ 2 1 N ~ 1 ) 4 ~ ] ,  


[*I The supei-scripted numbers in square brackets following element 5yinbols definc 
thcir coordiiiation numbers. 
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Figure2 Crystal structure of Ca,Si,N,. Left: view along [OZI];  right: sheets of 
highly condensed dreier rings perpendicular to [loo] 


half of the nitrogen atoms connect two and half three silicon 
atoms. Again the Nr3I are arranged in sheets perpendicular to  
[loo]; however, in contrast to the arrangement in Ca,Si,N8, 
these sheets are significantly corrugated (Figure 3). The metal 
ions Sr" and BaZt are situated in channels along [IOO] formed 
by sechser rings. Analogously to Ca,Si,N,, the metal ions Sr2+ 
and Ba2+ are mainly coordinated by atoms. 


Figure 3 .  Crystal structure of Sr,Si,N, and Ba,Si,N,. Left: view along [IOO]; right: 
corrugated sheets of highly condensed dreier rings perpendicular to [OlO]. 


The general procedure for the synthesis of nitridosilicates by 
reaction of pure metal with silicon diimide (Si(NH),) can also be 
applied to the rare-earth metals. We obtained yellow Ce,Si,N, I 


and greenish Pr,Si,N, ,[14,151 According to  the formula 
,"[(Si~41N4'1N~31)9 -1, a three-dimensional network structure of 
corner-sharing SiN, tetrahedra is observed, in addition to the 
Ce3+ or Pr3+ ions. In these two compounds only a minor por- 
tion of the nitrogen atoms connect three silicon atoms (NI3]), 


while most form simple 
Si-N['I-Si bridges. The 
SIN, tetrahedra form 
layers, which are built 
up from vierer and 
achter rings. These lay- 
ers are stacked along 
[OOl] and are connected 
by double tetrahedra 
bridging the achter rings 
(Figure 4). The nitri- 
dosilicates Ln,Si,N, 
(Ln = La$ Ce7 Pr, Nd) 
have also been synthe- 


Figure4. Crystal structure of Ln,Si,N,, 
(Ln = La, Ce, Pr, Nd. Sm); view along [OOI]. 


sized by the reaction of the silicides LnSi, with N,. However, 
with this procedure, it is a problem avoiding metallic impurities 
in the products.[*"] 


In the family of oxosilicates vertex-sharing of SiO, tetrahedra 
is favored exclusively over edge-sharing. The latter arrangement 
has only been postulated for one example, the so-called fibrous 
polymorph of silica SiO, .[i61 However, the structure and exis- 
tence of this polymorph has not as yet been unambiguously 
confirmed. 


DiSalvo obtained Ba,Si,N,, which contains discrete [Si,- 
N,] '" anions, formed by two edge-sharing SIN, tetrahedra." 'I 
In the quasi-binary system Ba,N,-Si,N,, we also obtained 
Ba,Si5N,,['31 which is built 
up exclusively from corner- 
sharing of SIN, tetrahedra in 
a network structure (see 
above). 


In the system Ba,N,- 
Si,N, a further ternary nitri- 
dosilicate BaSi,N,,, occurs 
with both corner-sharing and 
edge-sharing SIN, tetrdhe- 
dra.["l The corner-sharing 
SIN, tetrahedra are arranged 


sheets perpendicular to [010]; 
this in layers of higIlly 


dreier rings (Fig- 


nearly coplanar in corrugated Figure j, Crysral sIruc,urc 


BaSLN,,,, view along [OIO]. Vierei 
singlecliarns ( b l x k )  occiir in which rv- 
ery second connection between neigh- 
boring SIN, tetrahedra occiirs through 


ure 5 ) .  Similar planar and common edgc~.  


corrugated layers of dreier 
rings also exist in Si,N,NHrS1 and M,Si,N, (M = Ca, Sr, Ba), 
but the configuration patterns of the SIN, tetrahedra within the 
layers are different in each compound. The layers in these com- 
pounds are cross-linked by further corner-sharing of SiN, tctra- 
hedra. However, in BaSi,N,, vierer single chains occur in which 
every second connection between neighboring SIN, tetrahedra 
occurs through common edges. These chains run along [OOl]. 
bridging the layers. In contrast to  the situation in the above- 
mentioned nitridosilicates, the NC3] atoms show a remarkable 
coordinative contribution towards the BaZ 


The layers of highly condensed dreier rings in Si,N,NH, 
M,Si,N8 (M = Ca, Sr, Bn), and BaSi,N,, differ substantially 
from the topologies observed in oxosilicates. since "'1 atoms 
occur exclusively in the layers, each bridging three neighboring 
Si tetrahedral centers. In contrast, OL2] oxygen atoms in oxosil- 
icates can only bridge two neighboring Si atoms.[191 Unlike the 
situation in oxosilicates where edge-sharing of Si0, tetrahedra 
does not occur, this phenomenon is more favored in the nitri- 
dosilicates. Apparently, edge-sharing of SiN, tetrahedra occurs 
independently of the degree of condensation in the Si-N sub- 
structure (e.g. Ba,Si,N,, BaSi,N,,). Furthermore, edge- 
sharing does not seem to compete with corner-sharing, as both 
phenomena occur side by side in BaSi,N,,. This might be ex- 
plained in terms of the fact that, in contrast to the more ionic 
S i - 0  bonds, the bonds in nitridosilicates are more covalent. 
The electrostatic repulsion between neighboring Si atoms. 
which gives S i . . . S i  distances of around 306 pm in oxosili- 
cates,['] is significantly smaller in the nitridosilicates. Here, the 
Si ' . Si distances fall between 251 and 337 pin. Similarly, the 
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Ce,Si,N,,- 


Pr,Si,N,,- 


Ba,Si,N, - 


Si-N-SI bond angles (113- 172") indicate a greater flexibility in 
the structures of nitridosilicates compared to those of oxos~li- I 


-SI- CdtCS 
With d molar ratio S1.N o f 7  10, BaSi,N,, is the most highly I I@ I 


1 1 1  
- SI- N- SI- condensed multinary nitridosilicate, which nearly reaches the 


degree ofcondensdtion ofbinary Si,N,. Thus, with one and the 
same metal (Ba) the nitridosilicates exhibit a much wider spec- 
trum in the degree of condensation (e g Ba,Si,N,, Ba,Si,N,, 
BaSi,N,,) than is possible for the oxosilicates 


All nitridosilicates discussed so far with a molar ratio of tetra- 
hedral centers (Si) to bridging atoms (N) of S i . N > I  ' 2  form 
topologically closed networks of alternating SI and N atoms 
'tccording to  the formula ~[(Si~41N[21N~31)(4x-30Cz)) J -  1, where 
Si . N  = Y/(J + z )  and 4x = 21 + 3z Remarkable and surprising 
exceptions to  this rule are the nitridosilicates SrYbSi,N, and 
BaYbSi,N,, in which, for the first time, N14] atoms have been 
found, each connecting four Si atoms.'" 211 


SrYbSi,N, and BaYbSi,N, both contain a network structure 
of corner-sharing SIN, tetrahedra -1 Al- 
though a stoichiometric Si 'N ratio of 4:7 is expected to give 
~ [ ( S I ~ ~ ~ N ~ ~ ~ N ~ ~ ) ~  7, no Nr3] atoms are present. Instead, there is 
'1 corresponding number of NC4] bridges, which connect four Si 
tetrahedral centers The bond lengths to the "41 atoms are 
significantly longer than those to the atoms (Figure 6) The 


-Sl- 


I 
Figure 7 Four SIN, tetrdhcdra itre coiineited thiough a common nitrogen Atom to 
give %ir-Fhaped "(SIN,),] building bloLki 


Figure8 Ciystal siiiiLtuie of  SrYbSi,N- and BaYbSi,N-, \iew along [IOO] 


E H  


0 


a-Si,N, 


p-Si,N4 


BaSi,N,, 


Si-N network structure in BaYbSi,N, i s  built u p  from star- 
shaped "(SiN,),] building blocks (Figure 7). By connecting 
these groups through common NIZ1 atoms a stacking variant of 
the wurtzite-analogous aluminum nitride structure type is 
formed (Figure 8). Systematic elimination of tetrahedra from 
this arrangement along [I 001 leads to the formation of sechser- 
ring channels, containing Ba2+ and Yb3+ ions. N o  other ex- 
ample of a compound containing N14] atoms covalently con- 
nected to four neighboring Si atoms has yet been reported from 
the areas of solid-state chemistry or molecular chemistry. 


We also attempted to synthesize ternary nitridosilicates con- 
taining transition metals. During our experiments using cobalt 


metal and silicon diimide, we did not obtain the desired ternary 
cobalt nitridosilicate, but observed the formation of hollow 
hexagonal Si,N, microtubes, which might be useful in the mi- 
crotechnology of ceramic Si,N, These tubes 
are partially filled with Co,Si and have a well-defined shape, 
exhibiting hexagonal symmetry. The tubes have a diameter of 
approximately 6 pm and are up to 1 mm in length. The wall 
thickness of the Si,N, microtubes is approximately 1 pm (Fig- 
ure 9).  Liquid alkaline-earth or rare-earth metals might possibly 


FiEurc 9. C'ryatalline hexagonal Si ,N, microtubes (SEM micrograph) formed by 
reaction vi'Co metal and Si(NH)L. The dianictci- of the hollow tubes (length up 10 
1 inin) is approximately 6 l i i i  


play an important role during the formation of crystalline multi- 
nary nitridosilicates. Melts of transition metals like cobalt seem 
to behave completely differently, as the reduction of Si(NH), 
not only yields H, but also Co,Si, which acts as a filler in the 
resulting hexagonal Si3N, microtubes and might be important 
for the formation of these unique hollow tubes. 
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Conclusions 


The reaction of pure metals with silicon diimide (Si(NH),) pro- 
vides a straightforward preparative route to novel nitridosili- 
cates. Within short reaction times of only a few hours coarsc- 
crystalline, single-phase products are formed. While the 
structural chemistry of oxosilicates is limited to terminal oxygen 
atoms and simple bridging O['' atoms, the nitridosilicatcs show 
a greater range of structural arrangements, namely, terminal 
"'I and "'I, N13], and Nr4]  atoms, connected to two, three, 
and even four neighboring Si tetrahedral centers. Unlike the 
situation in the normal oxosilicates, vertex-sharing of SIN, te- 
trahedra is not exclusively favored over edge-sharing, and both 
modes may coexist. The degree of condensation (molar ratio 
Si : N) shows a much wider spectrum (0.25 5 Si :N 2 0.75) than is 
possible for oxosilicates (0.25 5 Si : 0 5 0.5), and thus particular- 
ly highly condensed network structures of SIN, tetrahedra are 
formed, which have no structural analogues in the manifold 
family of oxosilicates. Especially thc highly condensed nitri- 
dosilicates show remarkable chemical, thermal, and mechanical 
stabilities (up to  ca. 1600"C), comparable to the outstanding 
properties of Si3N,, which is one of the most important nonox- 
idic materials for high-performance applications. The nitridosil- 
icates thus not only extend the structural possibilities of the 
well-known oxosilicates, but they also might be of particular 
interest for the development of novel inorganic materials. 
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Absolute Asymmetric Synthesis from Achiral Molecules 
in the Chiral Crystalline Environment 


Masami Sakamoto" 


Abstract: The current status of absolute asymmetric syn- 
thesis in a chiral crystalline environment has been re- 
viewed. A number of topochemically controlled four-cen- 
ter type photocycloadditions are described for a series of 
unsymmetrically substituted diolefin crystals and CT crys- 
tals. This concept has been applied to intramolecular pho- 
toreactions, and several successful absolute asymmetric 
synthescs have been achieved, involving Norrish Type I1 
reaction, di-x-methane rearrangement, electrocyclization, 
thictane formation, oxetane formation, hydrogen abstrac- 
tion by thiocarbonyl and alkenyl groups, and radical-pair 
intermediates. 


Keywords 
absolute asymmetric synthesis - asymmetric synthesis - 
chirality . photochemistry * solid-state chemistry 


Chirality is a concept well known to organic chemists and to all 
chemists concerned in any way with structure. The geometric 
property that is responsible for the nonidentity of a n  object with 
its mirror image is called chirality. A chiral object may exist in 
two enantiomorphic forms, which are mirror images of one 
another. Such forms lack inverse symmetry elements, that is, a 
center, a plane, or an improper axis of symmetry. Objects that 
possess one or more of these inverse symmetry elements arc 
superimposable on their mirror images, that is, they are achiral. 
All objccts belong to one of these categories. 


Asymmetric synthesis starting from an achiral reagent arid in 
the abscnce ofany external chiral agent has long been an intrigu- 
ing challenge to chcmistsr'] and is also central to the problem of 
thc origin of optically activity in nature.[*] Stereospecific solid- 
state chemical reactions of chiral crystals formed from achiral 
materials are defined as absolute asymmetric ~yntheses . '~]  There 
are two aspects to this type of process: the generation of chiral 
crystals and the topochemically controlled solid-state reaction, 
which yields a chiral product. 


[*] M. Sakamoto 
Department of Applied CherniFtry, Faculty of Engineering 
Chiba University, Yayoi-cho, Inage-ku, Chiba 263 (Japan) 
Fax: Int. code +(43)290-3401 
e-mail: sakakt plaiiet.tc.chiba-u.ac.jp 


There are 230 unique space groups, which may be divided into 
two categories: a) the chiral space groups, 65 in number, have 
only symmetry elements of the first kind, that is, translations, 
rotations, and combinations of these; b) the achiral space 
groups, such as mirror planes, glide planes, or centers of inver- 
sion. Thus the unit cell of a compound belonging to  an achiral 
space group will contain both the object and its mirror image. 


To achieve asymmetric synthesis we should begin with a com- 
pound crystallizing in any one of the 65 chiral space groups. 
Crystal engineering is not so advanced that any desired crystal 
environment can be prepared to order. Of the 230 distinct space 
groups, the most common are P2,/c, Pi, P2,2,2,, P2,, c2 /c ,  
and Phcu, of which P2,2,2, and P2, are chiral (Table In 
these instances, the chiral environment of the crystal forces the 
molecule to adopt a chiral conformation (e.g. benzophenone, 
binaphthyl, benzil) . 


Table 1. 'The most common space groups of organic crystalline compounds based 
upon il survey of 29059 crystal structure determinations. 


~ 


treqnency 'X Order Space group No. 


1 P2,!L 
2 1'1 
3 p2,2,2,  [ 
4 p2, [a1 
5 c 2 i c  
6 Phl u 
7 Pnnzu 
8 Pnt12, 
9 Phcn 


10 PI [d] 


10450 
3986 


a1 3359 
1951 
1930 
1261 
548 
513 
341 
305 


36.0 
13.7 
11.6 
6.1 
6 6  
4.3 
1 .Y 
1.8 
1.2 
1.1 


[a] Chiral space group 


It is clear that the chirality in solid-state asymmetric synthesis 
is in fact introduced in the crystallization step; the chemical 
reaction then transforms the chirality of the crystal into that of 
the product. Chiral crystals, like any other asymmetric object, 
exist in two enantiomorphic equienergetic forms, but careful 
crystallization of the material can induce the entire ensemble of 
molecules to aggregate into one crystal, of one handedness, 
presumably starting from a single nucleus. The photochemical 
process then transforms the conformational chirality frozen in 
the crystals into stable molecular chirality. 


Pedone and Benedetti have indicated that the crystal structure 
of a n  optically active compound frequently may be deduced 







684-689 


from that of the racemic compound, and vice versa.[’] In gener- 
al, the structure of the two forms have in common homochiral 
layers or columns of molecules arranged in a compact way. The 
repetition of the layers or columns allows either the enantiomer- 
ic structure or that of the raccmic compound to be built up, duc 
account being taken of the different symmetry elements pos- 
sible. This process may be envisaged as follows (Figure 1): With 
columns of homochiral molecules one can consiruct a layer and 
then a three-dimcnsional structure, either through the applica- 
tion of direct symmetry elements (e.g., a binary axis; labeled 
direct in Figure 1) or through the application of inverse symme- 
try elements (e.g., a center of symmetry; labeled inverse in Fig- 
ure 1).  


columns 


direct ‘, inverse 


homochiral 


direct 


Homochiral space 


Figure 1. Construction of homochiral and racemic crystal structures 


There are three alternative ways of building up the crystal to 
form the three-dimensional “racemic space”, whereas for con- 
struction of the “homochiral space” the route is unique. De- 
pending on the route by which the racemate is obtained, the two 
forms (enantiomer and racemate) possess in common either a 
linear packing (columns) or a molecular plane (layers). 


A systematic solid-state approach to asymmetric synthesis 
demands the design of chiral crystal structures having specific 
intermolecular or intramolecular features. Owing to the strict 
requirements, the discovery of new systems appropriate for such 
syntheses has been slow.[61 Since the concept of a topochemical- 
ly controlled reaction was established by Schmidt in 1964,[’”] 
various approaches to asymmetric synthesis using solid-state 


reaction have been attempted, most actively by the research 
group at the Weizmann Institute. They have been concerned 
with the bimolecular reactions in chiral crystals. In thesc studies 
absolute asymmetric synthesis was achievcd by using topochem- 
ically controlled four-center type photodimerizations of a series 
of unsymmetrically substituted diolefin crystals. The strategy 
and the main results were reported by these investigators for the 
mixed crystal of 2,6-dichlorophenyl-4-phenyl-trcxns,tran-l.3- 
butadiene with the 4-thienyl analogue (Schemc l ) . ” ]  Thcsc two 


Ar 
Ph 


Ar 
Th 


Ar 
Ph 


Ar = 2,6-CcH3C12 
Th = 5-Thienyl 


\ 
Ar 


- 
Solid state Th + 


ph%Ar Ar 


Space group: p212121 


Scheme 1. Asymmetric synthesis with mixed crystals 


materials crystallized in two isostructural arrangements in the 
chiral space group P2,2,2,. Large mixed crystals of the phenyl 
material containing approximately 1.5 YO of the thienyl deriva- 
tive as guest were prepared. The latter absorbs light at a longer 
wavelength. As a result of this selective excitation, the thienyl 
reacted with a phenyl neighbor to form a mixed cyclobutane 
dimer, which was isolated with an enantiomeric excess of 
around 70 ‘9”. 


Hasegawa et al. reported another example of n 2x-  2x  asym- 
metric transformation in a chiral crystal (Scheme 2) Ethyl 
4-[2-(pyridy1)ethenyllcinnamate crystallized in a chiral space 
group P2,2,2, and yielded a chiral dimer with 92% re upon 
irradiation. 


Suzuki et al. reported the photochemical reaction of charge- 
transfer (CT) crystals. The cycloaddition reaction of 2-divinyl- 
stylene (elcctron donor) and bis[l,2,.5]thiadiazolotetracyano- 
quinodimethane (electron acceptor) was efficicntly induced 
(Scheme 3).[’] The inclusion lattice of the CT crystal is asym- 
metric, because of the adoption of a chiral space group (P2,) .  
The [2 + 21 photoadduct was formed, accompanied by a trans- 
formation from single crystal to single crystal, and the optically 
pure product was obtained with 95 YO ee. 


Recently, Scheffer et al. reported two elegant unimolecular 
“absolute” asymmetric transformations (Scheme 4) . [ i O 1  This 
group demonstrated that the extcnsively studied di-rc-methane 
solution-phase photorearrangement can also occur in the solid 
state. The compounds investigated included dibenzobarrene- 
11,12-diester derivativcs. The corresponding diisopropylester is 
dimorphic and one of the forms grown from the melt is chiral 
(space group P2,2,2J. Irradiation of the crystals gave rear- 
ranged product exhibiting average specific rotation of 24.2_+ 2.9 
(sodium D line). The products were obtained in 100% ec. as was 
established by ‘H NMR studies using optically active shift 
reagent. 
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(-) - Crystal 


Schenic 2. The  signs of oprical rotations at-e arbitrary. 


Nc*cN CT crystals 
Space group: P21 


1 state 


NC 


N 


N 


N c A c N  95%ee 


Scheme 3. Ahymmelric jynthesis with CT crystals 


Another uniniolecular asymmetric transformation is the Nor- 
rish type 11 An adamantyl ketone derivative crys- 
tallized in the chiral space group P2,2,2,. Upon irradiation of 
single crystals of this ketone, a 1,4-diradical was formcd, which 
underwent exclusive closure to a cyclobutanol derivative. The 
product cyclobutanol was obtained in 80 Yo ec, while in solution 
racemic product resultcd. 


Toda and co-workers demonstrated two examples. In the first 
system, N .N'-diisopropylphenylglyoxylamide, prcviously stud- 
ied by Aoyama et al.,'"' crystallized in the chiral space group 
P2,2,2,  (Scheme 5).[12] Irradiation of single homochiral crys- 


(+) - Dirner 


COOEt 
(-) - Dimer 


R = CH(CH& 100 %ee 


Space group: p212121 


> 80 %ee 
Ar = G C I  


Space group: P212121 


Scheme 4. 


CHMe, HO Me 


P h q A ' . H M e 2  h v  


0 state 0 CHMe2 


93 %ee Space Group: P212121 


Scheme 5 .  Asymmetric synthesis involving a Norrish Type 11 reaction. 


tals resulted in the formation of an optically active /I-lactam 
(75 %) with 93 YO ~e by the Norrish type I1 reaction. By using 
methods of seeding during recrystallization, both enantiomers 
could be obtained, and the structure of the reacting crystal was 
elucidated. 


In the second system, the crystallization of 3,4-bis(phenyl- 
methyhe)-N-methylsuccinimide gave chiral crystals as orange 
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hexagonal plates and two racemic crystals as orange rectangular 
plates and yellow rectangular plates (Scheme 6) .[' 31 Irradiation 
of powdered enantiomeric crystals gave a n  optically active pho- 
tocyclization product in 64% ee. The photolysis of eight other 
derivatives led to racemic cyclization products in quantitative 
yield. Deeper understanding of the reaction pathway of this 
system must await a crystallographic study akin to  that carried 
out with the electrocyclization. 


-Me m N - M e  


- \  


solution Ph 
- \ 


Chiral crystal Chiral crystal 


h v Solid state 


N-Me N-Me 


1 
Ph 0 


*N-Me a N - M e  Ph2 i 


Phz H 0 


(+)-product (-)-product 


Scheme 6. Abymmetric synthesis involving electrocyclization 


Demuth et al. have also reported the photochemical solid- 
state di-n-methane type rearrangement of seemingly homochi- 
rally crystallized starting material to give preparative quantities 
of two rearranged products (Scheme 7 )  .[14] A considerable 
change in product selectivity was observed for the rearrange- 
ment in the solid state compared to that in homogeneous 
solution. The differences are explained in terins of the packing 
constraints in the crystal, leading to a frozen geometry and 
a proximity of the reacting sites. The starting material adopts 


NC - CN + 


< 44 %ee I 9 6  Yo& 
Space group: I5212121 


Scheme 7. Asymmetric synthesis involving a di-rr-methane rearrangement. 


a chiral packing arrangement, space group P2,2,2, ,  and a 
helical molecular conformation. The rearrangement products 
were obtained in respective enantiomeric excesses of I 44 and 
- < 96%, and the ee's decreased proportionately with conver- 
sion. 


Recently, we have reported six examples of absolute asym- 
metric synthesis involving intramolecular reaction. The first ex- 
ample is the intramolecular [2 + 21 thietane formation in the 
solid state (Scheme 8) .[''I N-(Thiobenzoy1)methacrylamide 


solid state 


h v  I 


mirror 


Scheme 8. Absolute aaymmetric synthesis of a thietane. 


crystallized in a chiral space group P2,2,2,, and the photolysis 
of single homochiral crystals a t  room temperature resulted in 
the formation of an optically active thietane-fused 8-lactam 
(75 O h )  with 10% ee. The solid-state photoreaction proceeded at  
temperatures as low as -45 "C and then gave a higher ee value 
of 40 9'0 ee (conv. 30 %, yield 70 YO). By using methods of seeding 
during recrystallization, both enantiomers could be obtained 
selectively and in bulk. 


The absolute oxetane synthesis has also been demonstrated in 
the solid-state photolysis of an acyclic imide (Scheme 9).[I6l N -  
Isopropyl-N-tiglylbenzoylformamide formed colorless needle 
crystals, and an X-ray crystal structure analysis indicated the 
presence of the chiral space group P2,.  Irradiation of thc cnan- 
tiomeric crystals of the imide at 0 "C gave a bicyclic oxetane in 
84% yield, with a synlanti ratio of 3.7. The major sjw isomer 
showed optically activity of 35% ee, whereas the minor anti 
isomer was obtained as racemate. The solid-state photoreaction 
proceeded at  temperatures as low as - 78 "C, and the optically 
active syn isomer was then obtained with a higher re value of 
over 95%. The fact that racemic anti isomer is obtained in the 
solid-state photoreaction is explained in terms of the defects in 
the crystal lattice, in which racemization of the reactant already 
takes place prior to reaction. 


The next example involves two different types of reaction, 
which occur concurrently and exhibit almost the same ee values 
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Solid state 
- 7 8 0 ~  


4ANA 0 
O I  


Space group: P21 


> 95 %ee racemic 
Scheme 9 Absolute asymmetric synthesis of an oxetane 


(Scheme 10). The solid-state photolysis of the enantiomorphic 
crystals of S-phenyl N-(benzoylformyljthiocarbamate, which 
crystallized in the chiral space group P2,, gave optically active 
oxazolidine-2,4-dione and fl-lactam.[' 71 The amount of conver- 


Ph 


Space Group: P21 


state 


\"!H 


Ph 


Ph a- Ph 


state I 
CHpPh 


, Ph 


I 
CHpPh 


I 


i 
SPh 


ph4-0 


0 CHpPh 


32 %ee 46 Yo- 
Scheme 10. Absolute asymmetric synthesis involving a Norrish Type I1 reaction 
(left) and a radical-pair intermediate (right). 


sion of the reactant is important in determining the enantiomer- 
ic excess. Better optical purity was obtained at lower conversion. 
At 17 YO conversion the oxazolidine-2,4-dione was isolated with 
46% ee and the /{-lactam with 32% ee. The formation of a 
radical-pair intermediate initiated by homolytic C - S bond 
cleavage leads to the oxazolidine-2,4-dione ; hydrogen abstrac- 
tion by carbonyl oxygen induces /]-lactam formation. 


Hydrogen abstraction by thiocarbonyl sulfur also occurs in 
the solid state with retention of the chirality of the crystal lattice 
(Scheme 1 1) . [ I  N-Diphenylacetyl-N-isopropylthiobenzamide 


Ph 


h v  AcCI-E~~N 


toluene 0 
solid state 


-45 "C 


Ar = Ph or pClPh 
Space Group: P212121 


-78 oc 
H3C 


PhiHC 


84 %ee 50 %ee 20 %ee 
Scheme t i .  Asymmetric synthesis involving hydrogen abstraction by thiocarbonql 
sulfur. 


crystallized in chiral space group P2,2,2,. This thioimide 
showed a preference for the (E,E) geometry in the crystalline 
state, which is favorable for photochemical b-hydrogen transfer 
mediated by  the thiocarbonyl sulfur. Irradiation of powdered 
enantiomorphic crystals at - 45 "C followed by acetylation gave 
three optically active products. 8-Hydrogen transfer led to 
aziridine and oxazoline formation, in 84% ee and 50% ee, re- 
spectively. Hydrogen transfer from y-position also took place as 
a minor process leading to the jJ-lactam in 20% ee. The ( p -  
ch1oro)phenyl derivative also crystallized in the chiral space 
group P2,2,2,, and the solid-state photolysis followed by acety- 
lation gave very similar results. 


Recently we demonstrated that the stereocontrolled photo- 
chemical phenyl migration can also occur in the solid state 
(Scheme 12) .["I Thioester prepared from o-benzoylbenzoyl- 
chloride and o-methylthiophenol crystallized in a chiral space 
group P2,2,2,. The circular dichroism (CD) spectra of the two 
enantiomorphs in KBr were investigated. When the enan- 
tiomorphic crystals of the thioester were irradiated as white 
powders, an optically active phthalide was obtained in 30% er 
at 100% conversion. Better optical purity (77% ee) was exhibit- 
ed at low conversion ( 5  %). The formation of phthalide could be 
explained in terms of arylthio- or phenyl-migration processes. 
The phenyl-migration mechanism was confirmed on the basis of 
studies correlating the absolute configurations of the product 
and of the achiral molecule influenced by the chiral crystal lat- 
tice. 


The latest example involves the hydrogen abstraction by an 
alkenyl carbon atom (Scheme 1 3).['01 The N,N-dibenzyl-1-cy- 
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Scheme 12. Asymmetric synthesis involving aryl migration 
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97 - 81 Yo&? 
Scheme 13. Asymmetric synthesis involving hydrogen abstraction by an alkenyl 
carbon. 


clohexenecarbothioamide crystallized in a chiral space group 
P 2 , ,  and was irradiated at  0 "C, which led to the exclusive pro- 
duction of optically active j-thiolactam. This reaction exhibited 
good enantioselectivity throughout the whole conversion range, 
where small differences were detected in the ee value, from 97 to 
81 YO ee with increasing conversion from 20 to 100%. The crys- 
tal-to-crystal nature of' the transformation was confirmed by 
X-ray diffraction spectroscopy. 


The current status of organic transformations using solid- 
state photoreactions proceeding in chiral crystals have been 


summarized. The future of this field is intimately connectcd with 
progress in the general area of organic solid-state chemistry a s  
well as with a deeper understanding of the molecular packing 
modes of crystals. If crystals can be made to order, solid-state 
asymmetric synthesis will be extended to a variety of new sys- 
tems, and this field will then be established as an important 
branch of organic chemistry. 
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Manipulation of Electric Charge on Vesicles by Means of Ionic Surfactants: 
Effects of Charge on Vesicle Mobility, Integrity, and Lipid Dynamics 


Alexander A. Yaroslavov,* Oleg Y. Udalyk, Viktor A. Kabanov, and Fredric M. Menger* 


Abstract: A combination of electrophore- 
sis, dynamic light scattering, conductome- 
try, and fluorescence spectroscopy was 
applied to investigate vesicles (both in the 
“solid” and “liquid” states) that had been 
imparted with electric chargc through the 
incorporation of ionic amphiphiles. These 
amphiphilic compounds comprised cardi- 
olipin (with two negative charges), sodi- 
um dodecyl sulfate (with one negative 
charge), and cetylpyridinium bromide 
(with one positive charge). By this means 
it was discovered that negative vesicles 


could be converted into neutral vesicles, 
and then into positive vesicles, by the ad- 
dition of a cationic surfactant. The 
amount of cationic surfactant required for 
the conversion depended upon the mobili- 
ty of the surfactant within the bilayer. 
Vesicles were found to be capable of ab- 
sorbing large amounts ofsurfxtant ,  both 


Keywords 
liposomes * phospholipids * surfac- 
tants * vesicles 


Introduction 


The behavior ot’charged lipid vesicles can be analyzed within the 
framework of classical Derjaguin -Landau-Vervey -0verbeek 
(DLVO) theory 21 The theory postulates vesicle/vesicle inter- 
actions reflecting a van der Waals attraction that is countercd by 
electrostatic repulsion. If, for example, the excess repulsive ener- 
gy of two vesiclcs greatly exceeds their translational energy, the 
system will be stable. If, on the other hand, there is no electro- 
static repulsion between the vesicles, the vesicles should coagu- 
late.[31 In actual fact, however, uncharged vesicles d o  not spon- 
taneously aggregate, a fact now attributed to an additional 
rcpulsive term, the hydration force.[41 In order for two vesicles 
to approach each other a t  close range ( < 4  nm), their surface 
headgroups must lose their shells of hydration. Thus, vesicles 
can fuse only at the cost of dehydration energy. 


Electrostatic repulsion between charged vesicles can be mod- 
ified by ion binding. and many previous studies have made use 
of this f k t  to control vesicle aggregation and fusion. For  ex- 
ample, Ohki ct al.L5’ showed that largc anionic vesicles 
( >  100 nm) exhibit two modes of aggregation upon addition of 


[*] Pi-ot‘ Dr. A .  A .  Ymislavov. 0. Y. Ildalykh. Prof. Dr. V. A. K a b a n m  
F~cully of Chemistry, Moscow State University 
Moscow 1 I O X Y 9  (Russia) 
Prof. Dr F. M. hlenger 
Dep;irtiiient o l  Chemistry. Emory Univcrsiry 
Atlanta. Georgia 30322 (USA) 
b a y :  Inc. code +1404)7?7-6586 
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cationic and anionic, before ultimately 
disintegrating and releasing their con- 
tents. Mixturcs of cationic and anionic 
vesicles were able to exchange surfactant, 
and thereby neutralize each other’s 
charges, without any concurrent vesicle 
fusion. This phenomenon is reliable only 
if the vesicles are in the liquid state. Final- 
ly, a biphasic exchange process was ob- 
served in which a surfactant rapidly de- 
parts from one bilayer and then enters 
another, while a fluorescently labeled 
lipid travels the reverse path only slowly. 


monovalent cations. In the concentration range 0.1 - 0 . 4 ~  
cation, aggregation takes place spontaneously. and Li’ is more 
effective than Na’. On the other hand, a t  a cation concentration 
> 0.4 M, aggregation progresses only gradually with time, and 
Na’ is more effective than Li’. As might be expected, divalent 
cations (Ca”, Ba”. SrZc)  are effective in inducing fusion of 
vesicles composed of an anionic lipid (phosphatidylserine) .[61 


Therc is a threshold amount of bound cation below which the 
fusion rate is small and above which the rate increases rapidly. 
The cation Mgz+ is unable to promote fusion but affects the 
aggregation kinetics when other divalent cations are present. 
Thesc results, which are only a small sample of those available 
in the literature, suffice to illustrate the complexities that exist 
when vesicles are perturbed by the ionic composition of the 
medium. The complexities are, in part, the consequence of di- 
verse ion --vesicle binding constants as well as unknown effects 
of the ions on the hydration forces that often dictate fusion 
events. The role of vesicle size and curvature in fusion processes 
adds to the difficulties. 


Two papcrs, one of them very recent,[’’ ‘I deserve particular 
mention here because they are among the few that take a slightly 
different slant on the matter of charged vesiclc behavior. In 
1988, the group of Silvius et aLC7] reported on  positively charged 
lipid vesicles prepared by mixing neutral phospholipids with low 
inolc fractions of the cationic lipid analoguc CH,(OCOR)- 
CH(OCOR)CH,N(CH,):, where OCOR is a long oleoyl chain. 
Thus, positive charge was imparted to the vesicles by means of 
a cationic species that directly incorporated itself into the mem- 
brane. These vesicles were then mixed with negatively charged 







690 - 695 


vesicles containing an anionic lipid, phosphatidylserine, with 
the following results: a) Mixtures of vesicles with opposite sur- 
face charge readily aggregated with each other at low ionic 
strengths. b) Under ccrtain conditions, the aggregated vesicles 
could be observed to  mix their lipids as well as to exchange their 
aqueous contents. c) The composition of the vesicles, in terms 
of their neutral lipids, is critical in controlling both the aggrega- 
tion and the mixing events that follow aggregation. For  cx- 
ample, vesicles that contain high phosphatidylethanolamine/ 
phosphatidylcholine ratios are more prone to exchange their 
lipids and to mix their aqueous interiors. It may be important in 
this regard that phosphatidylethanolamine is a lipid with rela- 
tively weak surface hydration forces. 


Marchi-Artzner et al.[81 also examined lipid exchange in vesi- 
cles of opposite charge. In this case, vesicular membranes of egg 
lecithin plus cholesterol were supplied with either an am- 
phiphilic cation (stearylammonium ion) or an amphiphilic an- 
ion (dicetyl phosphate). When the two types of vesicles were 
brought into contact, they began to exchange their charged 
lipids. The resulting progressive charge neutralization occurred 
in the absence of any direct fusion of the vesicles. Vesicle size was 
shown to play a major role in the kinetics and thermodynamics 
of vesicle adhesion and lipid exchange. 


It is common to introduce an article on  vesicles by citing their 
potential in the field of drug delivery. Often this refers to  the 
process by which vesicles can fuse with cells and deliver their 
contents. But the possibility of fast lipid exchange between vesi- 
cles and cells, independent of fusion and accentuated by electro- 
static effects as just described, offers an alternative mechanism 
for delivery. The fact that the outer monolayer leaflets of bacte- 
rial cell membranes are negatively charged relative to those of 
mammalian cells[’] might, for example, allow selective targeting 
to  bacteria. 


Our own work on charged lipids, described herein, used 
dipalmitoylphosphatidylcholine (DPPC) or egg lecithin (EL) as  
the main membrane constitutents. Since DPPC exists in the 
“solid” or “gel” state a t  20 “C, while EL exists in the ‘‘liquid’’ or 
“liquid-crystalline” state at 20 “C, we were able to examine the 


effect of fluidity on the membrane behavior. The neutral vesicles 
were converted into negatively charged structures by incorpora- 
tion of cardiolipin (CL2-), a sort of “double phospholipid” 
bearing four long lipid chains plus two anionic phosphodicstcr 
groups. Vesicular charge could be further modified by addition 
of surfactants (either anionic sodium dodecyl sulfate SDS- or 
cationic cetylpyridinium bromide CPB ’). The effects of 
charged components within the vesicles were examined by elec- 
trophoretic mobility, conductivity, dynamic light scattering, 
and fluorescence. 


Results and Discussion 


Vesicles (also called liposomes) were prepared by ultrasonicat- 
ing films composed of either a neutral lipid (EL or DPPC) or an 
anionic lipid mixture (EL +CL2-  or  DPPC + CL2 -). At ambi- 
ent temperature, the EL vesicles were all in the “liquid” state, 
whereas the DPPC-based vesicles were below T, and thus in the 
“solid” state. Doubly anionic CL2- was always added to the 
extent of 5 mol YO of the neutral lipid. Since the neutral lipid had 
a concentration of 1 mgg-’  (or about 1 . 4 m ~ ) ,  the CL2- con- 
centration was 0.07 m~ throughout. Anionic and cationic sur- 
factants (SDS- and CPB+) were added to the phospholipid 
vesicles and, in this manner, the vesicular charge was controlled. 
Lipid-to-surfactant ratios were 3: 1 o r  greater, except in those 
experiments in which huge amounts of surfactant were used. 
Although high surfactant concentrations are known to solubi- 
lize phospholipids and destroy vesicles,[“’] the concentrations 
used in our experiments were generally too low to d o  this (see 
below). NMR experiments have shown no detectable niono- 
meric or micellar surfactant coexisting with the vcsicular surfac- 
tant a t  high lipid-to-surfactant ratios.“ ‘ I  


The electrophoretic mobility of vesicles composed of various 
lipid-additive mixtures was investigated by means of a laser 
microelectrophoresis method. Electrophoretic mobility is a 
powerful method for assessing vesicular charge. Figure 1 depicts 
the vesicle mobility as a function of anionic or cationic surfac- 
tant added to the system. Plot 1 shows EL vesicles, originally 
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Figure 1. EPM or vcsiclec in the presence of surfactants. 1 : EL vesicles + S D S  : 
2: EL vesicles +CPB+; 3: ELiCL’- vesicles +SDS-: 4: DPPC,CL’- vcsi- 
cles +SDS-; 5:  E L C L  vesicles +CPB+; 6 .  DPPC;CL vesicles +CPB’. Lipid 
concentration 1 mgml-’; phosphate buffer (0.01 M, pH = 9 2). 2O‘C. 
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neutral and immobile, becoming increasingly negative as SDS 
is added to  the membrane. In Plot 2, the EL vesicles acquire a 
growing positive charge as CPB' is added. The third plot shows 
the EL + CL2-- vesicles negatively charged; this negative charge 
further increases upon addition of SDS ~. Curve 4 represents a 
similar situation for DPPC and CL2-  to which SDS- is added, 
and Plot 5 shows an interesting crossover from negative to pos- 
itive as negative EL +CL2- lipid is mixed with CPB'. The 
same effect is seen in Plot 6, in which DPPC + CL2 are com- 
bined with CPB'. 


Consider now the concentrations used to obtain Plot 6:  
[DPPC] = 1.4niM and [CL2-]  = 0.07rnM. Charge neutralization 
(i.e., the point a t  which the plot intersects the zero line) occurred 
when [CPB'] was 0 . 0 7 m ~ .  Since there is abundant evidence to 
prove that CLz-  distributes itself nearly uniformly between the 
inner and outer leaflets of the vesicular bilayer,['2. 13' the con- 
centration of CL2- in the outer leaflet is 0.035mM. But each 
CL' contributes two anionic charges, giving a "charge concen- 
tration" of 0 . 0 7 m ~  on  the outer vesicle surface. This corre- 
sponds exactly to the concentration of CPB' needed to neutral- 
ize the surface charge in curve 6. Thus, CPB' binds to the outer 
leaflet, presumably adjacent to the CL2- anions, and does not 
"flip-flop" through the solid DPPC lipid to the inner leaflet 
within the timeframe of the experiment. The stoichiometry of 
the charge neutralization also provcs that little surfactant re- 
mains in the bulk water outside the vesicles. 


The situation was quite different when CPB' was added to a 
liquid membrane composed of EL and CL2- (Plot 5). In this 
case, the charge neutralization occurred at  0.1 3 mM CPB' (twice 
the value found for the solid DPPC membrane). This suggests 
one of two possibilities: a) disruption of the vesicular mem- 
brane to bring CPB' into contact with both leaflets of the 
bilayer, o r b )  transmembrane migration of CL2- or CPB+ (or 
both) between the two leaflets of intact vesicles, thereby allow- 
ing CPB.+ to neutralize the total CL2- content of the mem- 
brane. The following experiments were carried out to differenti- 
ate between these possibilities. 


Vesicles comprising EL +CLz- ,  loaded with 1 . 0 ~  NaCI, 
were placed in a borate buffer of equal ionic strength (see Exper- 
imental Section). Addition of CPB' to this system at  a concen- 
tration equivalent to charge neutralization ( 1 . 4 m ~ )  did not re- 
sult in a significant increase in conductivity. Since no NaCl 
leaked out into the bulk medium, the integrity of the liquid 
vesicles must remain intact upon addition of the CPB+.  One can 
conclude, therefore, that the complete charge neutralization of 
the EL-CL2- vesicles by CPB' was achieved by the charged 
components (Ck2-  and/or CPB') moving freely across the liq- 
uid bilayer. This can be envisioned as occurring in three ways: 
a) transfer of CL2--  molecules from the inner leaflet to the outer 
leaflet; b) transfer of CPB' molecules from the outer leaflet to 
the inner leaflet; c) ii combination of the two. "Flip-flopping" 
of CL2- from inside to outside seems extremely unlikely, be- 
cause this is a slow process, even for a simple double-chained 
lipid;"41 CL2- has four chains and two anionic charges, and it 
would thus be expected to migrate even more reluctantly. By 
default, one must conclude that the charge neutralization is 
ascribable to the CPB'. In summary, CPB' neutralizes ( I-  
on both sides of a liquid EL membrane but only on the outer 
side of a solid DPPC membrane. 


The above experiments offered an opportunity to study the 
effects of much higher surfactant concentrations--concentra- 
tions potentially large enough to  damage the vesicles. The data 
are presented in Figure2. It can be seen that no increase in 
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Figure 2. Relative conductivity ofaystems containing vesicles loaded with 1 sf NaCl 
after addition of surfactants. 1 :  EL:CL2- vesicles +SDS-: 2 :  EL CL'- vesi- 
d e b  +C?R+; 3: D?PC/CLz- vesicles +SDS ;4.  DF'PC)CL'- vesicles +CPB+.  


conductivity occurred with EL-CL2 ~ vesicles unless the ratio 
of SDS-/EL (Plot I) or CPB+/EL (Plot 2) exceeded 6. At ratios 
of 7 1, the conductivity rose sharply to a level corresponding 
to complete disruption of the vesicles. Since the value of about 
7 is the same for both SDS- and CPB', the destruction of the 
anionic liquid vesicles seems to be insensitive to the charge on 
the surfactant. No doubt the charge imparted by bound surfac- 
tant overwhelms that provided by the relatively small concen- 
tration of CLZ? Large quantities of surfactant would be expect- 
ed to greatly alter bilayer packing even a t  ratios where the 
vesicles manage to remain intact. 


When the surfactant-perturbed vesicles were monitored by 
dynamic light scattering (Figure 3 a, Plots 1 and 2), the vesicle 
size was found to remain constant up to a SDS--to-EL or 
CPB+-to-EL ratio of about 7. Above this ratio, large uncharac- 
terized aggregates were formed with diameters greater than 
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Figure 3. Hydrodynamic diameters of vesicles in the preaence or surfactants. 
1 :  EL:CL2- vesicles +SDS-: 2: EL;C:LZ- vesicles +CPB+;  3 :  DPPC CL" 
vesicles +SDS-: 4. D?PC,'CL'- vesicles +CPB+. 
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300 nm. These are, most likely, structureless mixed micelles. It 
is surprising that adding a great deal of surfactant to the vesicles 
below a ratio of 7 had such a small effect on vesicle diameter. We 
suspect that vesicle growth from the added material is compen- 
sated by the contraction of the vesicle's hydration shell owing to 
the creation of charge. Thus, the overall hydrodynamic radius 
remains unaltered. It is also surprising that as many as seven 
surfactant molecules per lipid are required to fully destroy the 
bilayers. This result testifies to the "elasticity" of the lipid bilay- 
er, a feature that allows the phospholipid membrane to accept 
large numbers of bound proteins and other guests in natural 
systems. 


Solid DPPC-CLZ - vesicles again behaved very differently 
from the liquid EL vesicles. The former were not destroyed by 
even a 10-fold excess of SDS- over EL (Figure 2, Plot 3), and 
the size of the vesicles remained constant upon addition of 
SDS- (Figure 3, Plot 3). Addition of a huge excess of CPB' 
also had no effect upon the integrity of the vesicles (Figure 2, 
Plot 4). It will be noted from this same plot that there was a 
precipitous drop in the size of the particles (from about 420 nm 
to a more normal 60nm) near CPB' concentrations corre- 
sponding to the charge neutralization point. The simplest expla- 
nation for this phenomenon is that below the charge neutraliza- 
tion point the vesicles have aggregated. Perhaps the CPB' 
behaves as a "molecular adhesive" with its headgroup in one 
vesicle and its tail in another. In any event, once there is suffi- 
cient CPB' to impart a positive charge to the vesicles, the inter- 
vesicular electrostatic repulsion causes the vesicles to desegre- 
gate into their normal size. Clearly, the combination of 
electrophoretic mobility, conductivity, and light scattering is a 
potent tool for elaborating the detailed structural changes oc- 
curring among the vesicles. 


To summarize our results thus far: addition of CPB' to liquid 
EL + CL2 ~ vesicles led to rapid adsorption of the surfactant in 
which, owing to a "flip-flop" process, the CL2 became charge- 
neutralized on both sides of the bilayer. Ultimately, the vesicles 
were converted from anionic into cationic entities. When large 
excesses of CPB' were added, the vesicles were destroyed and 
their content released. Solid DPPC + CL2- vesicles behaved 
differently. Only the CL2- in the outer leaflet was charge-neu- 
tralized by absorbed CPB'. And even a CPB'-to-DPPC ratio 
of 10 could not destroy the vesicles. 


We next addressed the important question of molecular ex- 
change beween vesicles. Cationic EL + CPB' and DPPC 
+ CPB' vesicles and anionic EL + SDS and DPPC + SDS- 
vesicles were prepared with 1 M NaCl inside them. Next, vesicles 
of opposite charge were mixed: EL +CPB+ vesicles with 
EL + SDS- vesicles, and DPPC +CPB' vesicles with DPPC 
+ S D S  vesicles. The systems were again examined by elec- 
trophoretic mobility, conductivity, and light scattering. 


Figures4a and 4 b  show the EPM profiles for pure 
EL + SDS vesicles and EL + CPB + vesicles, respectively. The 
two charge types were mixed at equal concentrations, and with- 
in five minutes only one type of vesicle, with a neutral charge, 
could be observed (Figure4c). The size of the new vesicles 
equaled that of the original components, and no leakage of 
NaCl was evident in their formation. One can conclude that the 
surfactant molecules incorporated within the liquid vesicular 
membrane can transfer rapidly from one vesicle to another, 
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Figure4. EPM scans of charged vesicles. a) EL,SDS*- vesicles: h) ELICPB' 
vesicles; c) EL/SDSZ- vcsicles +EL/CPB+ vesicles 5 min after mixing; d) DPPC/ 
SDS2-  vesicles; e) DPPC/CPB+ vesicles; r) DPPC/SDS'- vesicles +DPPC; 
CPB+ vesicles S min after mixing. 


creating vesicles in which there is a uniform distribution of both 
SDS- and CPB' throughout the vesicle population. 


In contrast, a mixture of DPPC +SDS- vesicles (Figure 4d) 
and DPPC +CPB' vesicles (Figure 4e) produced a broad, ir- 
regular profile that was stable with time (Figure4f). Partial 
leakage of NaCl occurred simultaneously with the transforma- 
tion. It appears as if interaction between solid vesicles of oppo- 
site charge leads to formation of defects and, probably, to out- 
right fusion. 


Liquid EL vesicles were also able to exchange lipid molecules, 
although the process was much slower than that of surfactant 
exchange. This was demonstrated by a fourth method of analy- 
sis, fluorescence spectroscopy, carried out as follows : EL vesi- 
cles were prepared with 0.1 wt % of a fluorescently labeled lipid, 
dipalmitoylphosphatidylethanolamine fluoresceinthiocarbamoyl 
(PEA*). When CPB' was added to the vesicles, the surfactant 
entered the bilayers and quenched the fluorescence in a matter 
of a few seconds. The extent of quenching depended upon the 
ratio of CPB' to PEA* (Figure 5). Cationic EL-CPB' vesicles 
were then added to an equal concentration of neutral EL vesi- 
cles labeled with PEA*, and the degree of quenching monitored 
as a function of time. The data are presented in Figure 6 at three 
temperatures (20". 40", and 65 "C, corresponding to Plots 1, 2, 
and 3, respectively). One can see that the kinetics are biphasic at 
all three temperatures. The first stage was complete within 
about 1 min for all three plots. The second stage, on the other 
hand, was highly temperature dependent. At 20 "C, no further 
change in fluorescence was observed over and above the initial 
decrease for a period up to 40 min (Plot 1 ) .  At 40 "C, the fluores- 
cence showed a slow second stage, and at 65 "C the minimum 
intensity was reached within 10 min (Plots 2 and 3, respective- 


How might these results be explained? Under the conditions 
of our experiments, the formal ratio of CPB' to PEA* (dis- 
tributed initially, as mentioned, between two vesicle popula- 


ly) ' 
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Figure 5.  Relative tluorescence intensity of labeled EL/CL2 ~ vesicles in  the pres- 
ence of CPB' 
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Figure 6. Relative fluorcsccnce intensity of labeled EL vesicles afier addition of 
EL;CPB+ ves~cIes as a function of time. 1 :  20'C; 2: 40°C; 3: 6 5 ' C .  Lipid con- 
centration = 5 mgrnl '; phosphate buffer (0.01 M, pH = 9.2). 


tions) was 140. Based on the data in Figure 5,  this should lead 
to a minimum relative fluorescence intensity of 0.6. A CPB'-to- 
PEA* ratio of only 70 would, on the other hand, give a fluores- 
cence intensity of0.8. Now fluorescence intensities of0.8 and 0.6 
were exactly those observed as minimum values for the first 
(fast) and second (slow) stages of the biphasic behavior in Fig- 
ure 6. The implications are clear. When the EL-CPB' vesicles 
are mixed with an equal number of EL-PEA* vesicles, there is 
an immediate transfer of CPB' to  the EL-PEA* vesicles such 
thal the CPB' is equally distributed among all vesicles (Fig- 
ure 7). The ratio of CPB+ to PEA* is 70 within the half of the 
vesicles that contain both CPB* and PEA*. As a consequence, 
the fluorescence is diminished to 0.8 of its original value in the 
first stage of the kinetics. There next ensues a second stage of 
slow migration of PEA* from the half of the vesicles that con- 
tains the probe to the other half that does not. This enhances the 
CPB+-to-PEA* ratio from 70 to 140 as the fluorescence slowly 
decreases to 0.6, a value that is expected from uniform distribu- 
tion of both CPB' and PEA* among all vesicles (Figure 7). The 
double-switched mechanism is, to  our knowledge, newly report- 
ed. 


o=Y =egg lecithin 
W = cetylpyridinium bromide 


@&==5= fluorescent label 


Figure 7.  bast vesicle-to-vesicle transfer of CPB ' followed by slow vesicle-to-vcsi- 
cIc transfer of the fluorescent label PEA*. consistent with the hiphasic behavior 
shown in Figure 6. 


In conclusion, our work emphasizes the role of electric charge 
in vesicle behavior and in the ease with which charge can be 
manipulated by means of amphiphilic cations and anions. The 
results define some of the properties of amphiphilic ions, and 
one may hope that ultimately the information can be used for 
practical applications when vesicular systems come into contact 
with charged biological mcrnbranes. 


Experimental Section 


Materials: Egg lecithin (EL),  dipalmitoylphosphatidylcholine (DPPC), cardi- 
olipin (CL*-), cetylpyridinium bromide (CPB', 9 x 1 0 - 4 ~ ) ,  and sodium 
dodecyl sult"ate (SDS -, 8 x 10- M) wcre all obtained from Sigma. All work 
was carried out with double-distilled water that had been treated with a 
Milli-Q system. 


Vesicle Preparation: EL or DPPC, alone o r  mixed with CL2-.  was dissolved 
in methanol and evaporated to a thin lipid film in a flask under reduced 
pressure. The lipid film was then dispersed in a borate buffer (pH = 8.0) with 
the aid of a Cole Palmer 4700 ultrasonic homogenizer. For EL, this was done 
while the mixture was cooled in an  ice bath, and for DPPC while the mixture 
was warmed to 55 "C. The resulting vesicle preparations were cooled to 20 C, 
at which the EL membranes were in the liquid-crystalline state ("liquid") 
while the DPPC membranes were in the gel state ("solid"). All vesicle prepa- 
rations were subjected to  centrifugation to removc titanium dust from the 
sonicator probe and then used within one day. SDS- or CPB- was always 
added externally to the vcsicle systems. 


Fluorescent Vesicles: EL vesicles containing a fluorescent lipid (dipalmi- 
toylpliosphatidylethanolamine fluoresceinthiocarbamoyl, PEA*, purchased 
from Sigma) were prepared as  described above. except that the lipid film 
contained 0.1 wt% of labeled lipid. 


Vesicleswith NaCI: PC +CL2  and DPPC +CL2- vesicles containing NaCl 
were prepared and the lipid film was dispersed in 1 M NaCI as ahovc. The 
vesicle preparations were then dialyzed against borate buffer for 6-8 h. 


Instrumentation: Hydrodynamic diameters were determined by photon corre- 
lation spectroscopy with an Autosizer 2 c  instrument (Malvern. U K ) .  Elec- 
trophoretic mobilities (EPM) were obtained by the lascr microclectrophoresis 
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method with a Zetasizer 2 c  instrument (Malvern, U K ) .  Fluorescent work was 
carried out with a Hitachi F-4000 fluorcscence spectrophotometer. Conduc- 
tivity experiments used a Radiometer CDM 83 conductivity meter. 
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Molybdenum-Catalyzed Olefin Epoxidation : Ligand Effects** 


Werner R. Thiel* and Jorg Eppinger 


Abstract: We synthesized substituted pyrazolylpyridine ligands to examine their donor 
properties by spectroscopic (IR, NMR) and computational (AM 1 )  methods. The influ- 
cnce of the substitution patterns on spectroscopic and thermodynamic features of 
molybdenum oxobisperoxo complexes [(L- L)MoO(O,)J (L-L = 2-(I -alkyl-3-pyra- 
zo1yl)pyridincipyrazine) correlates with the activities of the complexes in  catalytic olefin 
epoxidation reactions. This further proof for the relation between the Lewis acidity and 
the catalytic activity of epoxidation catalysts supports a reaction mechanism in which 
the peroxo complex activates the oxidizing agent (H,O,, ROOH) instead of directly 
transferring an oxygen atom from a q2-peroxo ligand to the olefin. 
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Introduction 


High-valent molybdenum complexes arc known as highly active 
catalysts for the epoxidation of olefins in the presence of peroxi- 
dic reagents like hydrogen peroxide or alkyl hydroperoxities.[21 
During the last two decades. systems with alkoxo, peroxo, ac- 
etato. acetylacctonato, halogeno, or 0x0 ligands have becn in- 
vestigated,k3I but the chemical constitution of the active species 
often remained the subject of speculation. In the case of [Mo- 
( C O ) , ] ,  for example, which exhibits catalytic activity only after 
a period of activation, all we currently know about the mecha- 
nism is that the low-valent carbonyl complex is oxidized, result- 
ing in the formation of alcoholato complexes, which have not 
been structurally characterized yet.[41 


The dearth of structurally well-defined inolybdenum(vr) cala- 
lysts for olefin epoxidation encouraged us to study Mimoun- 
type"] molybdenum oxobisperoxo complexes [ (L-L)MoO- 
(02)L]. in  which L-L is a bidentate 2-(I -alkyl-3-pyra- 
zo1yl)pyridine Iigand.["' From earlier investigations, we knew 
that these complexes are not subject to  ligand exchange reac- 
tions under catalytic conditions. Their coordinative stability 
and their excellent solubility in organic solvents make these 
pcroxo complexes perfect candidates for spectroscopic investi- 
gations into thc mechanism of catalytic olefin epoxidation. As 
shown in a previous papcr, the oxygen atom transferred to the 
olefin does not originate from one of the q2-peroxo ligands, but 
from the oxidizing agent.['] These results confirm the actiwtion 
of tBuOOH by 1 he Lewis acidic pcroxo complexes a s  a key step 
in thc catalytic cycle. 
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In this paper we describe the influence of either electron-with- 
drawing or -donating substituted ligands on the catalytic activ- 
ities of the molybdenum oxobisperoxo complexes mentioned 
above. Pyrazolylpyridines prove to be ideal ligands for that kind 
of inquiry, since substitution reactions at the pyrazole as well as 
at the pyridine moiety allow the modification of the donor 
strength of the chelate system. 


Results and Discussion 


The chemistry of pyrazole and its derivatives Is well estab- 
lished.[*] A multitude of synthetic routes has been worked out 
during the last decades, as some members of the pyrazole family 
play an economically important role in pharmacy and agro- 
chemistry.[91 111 a straightforward synthesis, Claisen condensa- 
tion of a (mono)alkyl ketone with a carboxylic ester results in 
the formation of a 1,3-diketone, which can be converted to the 
corresponding pyrazole by a ring closure reaction with hy- 
drazinc. Following this route, Hrunner et al. obtained 2-(3(5)-  
pyrazo1yl)pyridine (1 a) from acetylpyridine, N,N-dimethylfor- 
mamide dimethylacetal, and hydrazine.['"] We synthesized the 
derivatives 1 b-d by variation of either the ketone or the car- 
boxylic ester." '] Use ofpyrazine carboxylic acid ester instead of 
the picolinic derivative yielded the corresponding 2-(3( 5)-pyra- 
zo1yl)pyrazine l e  (Scheme On the other hand, pyrazoles 
easily undergo electrophilic substitutions in the 4-position .['. I 3 I  


This feature was applied in the syntheses of the chloro. bromo, 
and nitro derivatives 1 f-h (Scheme 2). 


For a first survey of the influence of the substitution patterns 
on the electronic situation of the ligands I a-h, and thus on their 
donor properties, we investigated the N-H stretching vibra- 
tions of these compounds by IR spectroscopy a s  well as by 
computational Formally, 2-(3-pyrazolyl)pyridincs 
can exist in three tautomeric forms A-C.['sl Additionally, a 
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l b :  R = CH,, R'  = O- CSH~N, R" = CH,, E = CH 


1C: R = CsH5, R = @CSH,N, R" = CH3, E = CH 


Id: R = o C ~ H ~ N ,  R' = CF,, R' = CZH,, E = CH 


le: R = CH,, R' = C,H,N,, R '  = C,H,, E = N 


Scheme 1. Synthesis of the 2-(3-pyrarolyl)pyridines 1 h-e 


H H 


l a  If-h 


I f :  Y = CI; lg: Y = Br; lh: Y = NO2 


Scheme 2. Synthesis of the 2-(3-pyrdrolyl)pyridines 1 f-h 


(small) barrier for the rotation around the pyraLolyl-- pyridine 
bond should be taken into account." 61 Therefore, six different 
geometries had to  be minimized for each ligand 1 a-h in a com- 
putational study (Figure 1) .  Solvent- and temperature-depen- 
dent NMR spectra with broad signals, especially for N-H pro- 
tons, suggest an equilibrium between tautomers/rotamers in 
solution. For  the computational optimization of the geometries 
and the calculation of thermodynamic data for these species, 
dihedral angles N2-C-C-N3 of 160' for thc tautomers A 1, B1, 
and C 1 and of 20" for the corresponding rotamers A 2, B2, and 
C2 were chosen as starting conditions (for atom numbering see 
Figure 1). As the most important result of our calculations on 
the systems l a - h  we found that generally 8 2  is the thermo- 
dynamically most stable form (Table 1). It is stabilized by a 
dipole-dipole interaction between the N 2  proton and the lone 


Abstract in German : Mehrere suhstituierte Pyrazolybyridinli- 
ganden wurden synthetisiert und ihre Donoreigensc*haften durch 
spektroskopische Methoden ( IR ,  N M R )  und semiernpirisehe 
Rechnungen ( A M I )  untersucht. Dabei zeigte sich, daJ sich der 
elektronische EinfluJ der Suhstituenten an den Liganden eindeutig 
rnit spektroskopischen und tiiermod~~namiscl~en Daten der 
entsprechenden 0.xohisperoxomolybdankomplexe [ ( L -  L ) -  
M o O ( 0 , ) J  ( L -  L = 2-jl-Alky1-3-pyrazolyl)pyridin/pyrazin), 
und deren katalytischer Aktivitat bei der Olefinepoxidierung kor- 
relieren la@. Dies ist ein wichtiger Hinweis auf den Zusammen- 
hang zwischen der Lewis-Aciditat von Epoxidierungskatal2.su- 
toren und ihrer katalytischen A ktivitut. Des iveiteren stiifzen diese 
Ergebnisse eine iiber die Aktivierung des Oxidationsmittels durch 
die Lewis-aciden Peroxo-Komplexe verlaufende Snuerstofll 
iibertragung auf das Olefin. und nicht einen direkten Sauerstqfl- 
transfir von einem y2-koordinierten Peroxoliganden. 


N3 


A1 B1 c1 


A2 8 2  c 2  
Figurc 1. Six isomcric structures of 2-(3-pyrazolyI)pyridinc (i-otamers;tauloiilers), 


Table 1. Calculatcd (AM I )  relative heats of formation AAG [L.Iiiiol '1 (with 
respect to B2)  and torlion angles N2-C-C-N3 [ ] of the SIX isomeric geoiiictrirs of  
la -h .  


l a  l h  I c  I d  l e  I f  I g  I h  


A 1  AAG 


B 1  AAG 


C1 AAG 


A t  AAG 


B 2  AAG 


C 2  AAG 


torsion 


torsion 


torsion 


torsion 


torsion 


torsion 


13.49 9.54 8.80 


13.49 13 74 13.64 


75.82 11.34 67.76 


17.83 13.85 13.37 


178 119 179 


161 161 164 


1x0 1x0 180 


30 30 29 


n o 2  


o n 0  


0 0 0 


65.37 61.24 57.44 


-~ ~~ ~ ~ 


17.27 6.67 15.44 15.34 18.09 


14.39 13.35 12 94 12.61 14.50 
177 180 149 137 1 3 0  


62.14 73.84 61.05 om 44.22 
159 165 148 I37 121 


180 180 180 I80 163 
22.09 10.88 16.84 1.5 14 18.57 
31 26 47 54 50 
0 0 0 0 0 
1 0 22 30 3s 


51.48 64.24 60.23 62.63 58.12 
o n  0 0 2 3  


pair of N 3. An analogous stabilization could be found for  C2 
compared with C1 (1 a-e: AGo,,,,, cil. 10 kJmol-- ' ) .  This par- 
ticular stabilization can be canceled out if the steric demand of 
substituents in the 4-position of the pyrazole moiety hampcrs a 
coplanar arrangement of the ring systems (1 f,g). In the case of 
1 h a strong dipole-dipole interaction between the 4-nitro sub- 
stituent and the N 3 proton is responsible for the stabilization of 
C1 coinpared to  C2. 


In the absence of bulky substituents in the 4-position of the 
pyrazole ring (ligands 1 a-e), four of the six tautomers/rotamers 
(A 1, C 1, B2, C2) show an almost coplanar arrangement of both 
rings, while for the two other geometries (B 1, A2) interplanar 
angles of 20-30' are calculated. In the case of these two isomers, 
a relatively high degree of steric hindrance (H-H interaction) 
cannot be compensated by n or dipole-dipole interactions. Sub- 
stitution of the pyrazole proton in the 4-position by more steri- 
cally demanding groups (1 f-h) leads to nonplanar geometries 
for A l ,  B1, A2 ,  and B2, but C1 and C2 remain planar in the 
case of l f ,g ;  this can be explained by rather strong dipole- 
dipole interactions. 
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However, a coplanar arrangement of the ring systems is nec- 
essary for chelating coordination to a metal center. For  this 
reason, beside electronic effects, a substituent a t  the 4-position 
of the pyrazole ring should weaken the metal-ligand interaction 
and therefore increase the Lewis acidity of the metal center. 


Calculation of all six N-H stretching frequencies (tautomers/ 
rotamers A 1-C2) for every ligand 1 a-h gave a deeper insight 
into the electronic influence of the substitution patterns on the 
donor properties of the ligands. Electron-withdrawing sub- 
stituents, which stabilize the deprotonated (anionic) form and 
weaken the N - H  bond, should shift the N - H  absorption to 
lower wavenumbers. IR experiments in solution resulted for all 
ligands except l b  in only one N - H  absorption. As shown in 
Table 2 and Figure 2, the experimental data agree quite well 


Table 2 .  Calculated (AM 1, six geometries) and expel-imcntal N H stretching fre- 
quencies [cm-'1 for the ligands 1 a-h. 


l a  I b  IC I d  l e  I f  I g  I h  


A 1  3484.4 34X4.2 3475.2 3451.4 3478.7 3476.0 3474 2 3452.3 
B1 3483.1 3483.4 3478.2 3459.0 3479.0 3474.7 3473 4 3451.8 
C1 3440.0.2 3441.4 3438.6 3424.1 3447.9 3319.6 3254.4 3292.5 
4 2  3481.6 34X1.8 3473.1 3448.0 3477.7 3473.5 3472.2 3448.1 
B2 3453.9 3451.9 3448.1 3427.0 3452.3 3445.3 3446 9 3425.1 
C2 3406.0 3409.4 3404.3 3386.3 3415.5 3392.4 3390.7 3361.5 
?c,bs 3445 3444 3437 3421 3443 3429 3427 3401 


(351 I )  


3430 3420 1 
- 3440 4 


Obviously, IR spectroscopy as well as semiempirical calcula- 
tions are effective tools for the examination of substituent ef- 
fects in pyrazoles. 


We have shown in preceding papers that pyrazolylpyridines 
with long alkyl side chains are useful ligands for the spectro- 
scopic investigation of seven-coordinate molybdenum peroxo 
complexes, as they dramatically increase the solubility of these 
compounds." *I Olefin epoxidation reactions can thus be carried 
out in nonpolar organic solvents like n-hexane or toluene, lead- 
ing to high yields of sensitive epoxides. The ring opening (side-)- 
reaction of the epoxide is suppressed in these systems. There- 
fore, synthesis of the N-octyl derivatives of 1 a-h seemed to be 
worthwhile. While the N-octylated compounds 2a-e could be 
obtained by reaction of 1 a-e with NaH in THF, followed by the 
addition of octyl iodide, electrophilic substitution of 2 a (after 
N-alkylation of 1 a) with either chlorine, bromine or nitric acid 
resulted in higher yields of 2f-h (Scheme 3). 


1 a-e 2a-e 


3480-p1,,,' 


3490-, ~~ I T-T. 1- ,>--7 1 , , 
3520 3500 3480 3460 3440 3420 3400 


V(N-H),bs [cm ' I  
Figure 2. Correlation of calculated and experimental N-H stretching frequencies 
oC thc tautomer B2 (compounds 1 a-h) and tautomer A 1 of 1 b. 


with the calculated N - H  absorptions of the tautomeric form B2 
( R  = 0.958). Nevertheless, solvent or concentration effects 
might influence the experimental values. Together with the ther- 
modynamic data in Table 1, these experiments confirm that B 2  
is indeed the major tautomer/rotamer in solution. Only in the 
case of 1 b can a second N - H  absorption with low intensity be 
observed. From a thermodynamic point of view, it is obvious 
that the electron-donating methyl group in the 5-position of the 
pyrazole ring stabilizes the tautomer A 1. The N-H stretching 
frequency, which was calculated for 1 b A 1, again matches with 
the experimental value. The influence of different substituents 
on v(N-H) could merely be correlated with their Hammett 
parameters, which are well established only for phenyl deriva- 
t i v e ~ , " ~ '  but clearly the thermodynamic and spectroscopic prop- 
erties can be interpreted mainly by inductive effects of the sub- 
stituents. 


2f: Y = GI; 29: Y = Br; 2h: Y = NO2 


Scheme 3. Synthcsii or the N I-octylated 2-(3-pyrazolyl)pyridincs 2a-h. 


The results of the alkylation reaction do not seem to coincide 
with the stability of the tautomer B2. This contradiction can be 
elucidated by taking into account the fact that deprotonation of 
the pyrazolylpyridines with NaH leads to  the corresponding 
anions, which certainly coordinate to the large (with respect to 
H') sodium cation in a chelating manner. Therefore a nucle- 
ophilic attack on the octyl iodide can only proceed by N3 as 
long as the coordination of the ligand to Na' is strong enough. 
Only in the case of 1 d (CF, substituent) could traces of a second 
compound be observed by GC/MS, showing an almost identical 
mass spectrum to 2d. It seems that the electron-withdrawing 
effect of the CF, group leads to  a weaker metal-ligand interac- 
tion and therefore to a (minor) alkylation at  N 2. As we d o  not 
observe any alkylation at N 2 in the case of the other S-substitut- 
ed derivatives 1 b,c,e, we d o  not suggest that the regioselectivity 
of the alkylation is a result of steric hindrance by the ortho 
substituent pyridine/pyrazine in this position. 


The molybdenum peroxo complexes 3a-h can easily be ob- 
tained by stirring a methanolic solution of the corresponding 
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X =  


Y =  


(E)= 


ligand with an excess of hydrated molybdenum oxide ("molyb- 
dic acid") in dissolved hydrogen peroxide or  by ligand exchange 
with [MoO(O,),.(DMF),] as source of the molybdenum peroxo 
unit (Scheme 4). 


H CH3 CeH, CF, CH3 H H H 


H H H H H CI Br NO2 


CH CH CH CH N CH CH CH 


I 
I 
I 


i 
MeOH 


i 
3a-h 


Br NOp 


Schernc 4. Synthe\i\ o f  the molybdenum peroxo complexes 3a-h 


Owing to the asymmetric nature of the ligand featuring two 
different coordinating nitrogen donor centers, these peroxo 
complexes exist in two isomeric forms A and B, which differ in 
the orientation of the aromatic rings relative to  the axial 0x0 
ligand. In isomer A the pyridine ring occupies the second axial 
position in the same manner as the pyrazole ring in isomer B. 
From spin exchange experiments with 3a we know that the 
isomers are in equilibrium in solution (Scheme 5).[19] Therefore 
the isomer ratio is not kinetically but thermodynamically deter- 


J y N  - C8H17 
Y 


3a-h j ,  
A B 


Scheme 5. Equilibrium of the tnw isomers A and B of 3a-h. 


mined. The preferred orientation of the pyridine moiety truns to 
the 0x0 ligand in 3 a  can be explained as a consequence of the 
better o donor properties of this fragment compared to pyra- 
zole. Obviously, substitution at  both donor systems will have an 
influence on the equilibrium illustrated in Scheme 5. 


Calculations of the donor properties of N 2 and N 3 were 
performed for the N I-methylated model iigands 2a'-h' 
(Scheme 6). We focused on species derived from the type A2 


Za-h' 2a-h'lNZ 2a-h'lN3 


2 I a' b c' d' e' f' g' h' 


(Figure I ) ,  which were calculated in a fixed coplanar orientation 
of the heteroaromatic rings, since this geometry best matches 
that of the coordinated ligand in 3a-h. Besides, the results o f  
the calculations depend on the interplanar angle between the 
pyrazole and the pyridine fragment, because of TC interactions 
bctween the heteroaromatic rings. In order to determine the 
donor properties of N 2  and N3, dissociation energies of the 
corresponding BH, ;Idducts 2a'-h'/N2 and 2a'-h'/N3 
(Scheme 6, Table 3) were calculated. 


According to the known basicities of 1 -methylpyrazole and 
pyridine1201 the formatiqn of the BH, adduct a t  the pyridine site 
is thermodynamically favored; this is confirmed by the differ- 
ences (AAGNz-N3) of the dissociation energies AGN2 and AGN3 of 
the particular adducts. The calculations clearly show the influ- 
ence of electron-withdrawing and -donating substituents on  ad- 
duct formation. Additionally, the substitution patterns also de- 
termine charge distributions in the molecules, for cxaniple, on 
the BH, fragments, and the lengths of the B-N bonds, especial- 
ly those of the B-N2 bonds (Table 3 ) .  


Table 3. Calculated (AM 1)dissociation energies (AC,,, AGN3, AAGN3-,*) ofthe 3 H 3  adducts of2a-h' jcoplanar ~conictry).calculated partial charges on Ihe BH, fragment. 
and B-N distances (dB+J for 2a-h';Nt and 2a-h':N3. 


Ligand Suhst 
A G N Z  A% A A G N Z - N ,  Za-h'/N 2 2 a -h"N 3 
Calcd CMcd. Calcd Part. charge on BH, i/R-NZ [A] h r t .  charge on B H ,  dB-N3 [A] 
[kJ in01 ~ ' J  [kJ mol ~ J [kJmol '1 


2 a' 
2 b' 
2 c' 
2 d' 
2 e' 
2 P  
2 g' 
2 h' 


CH '4.5-H 


C H 6 P h  
CH S C F ,  
NI5-CH, 


CH,4-Bi 
CH/4-N02 


CHIS-CH, 


CH14-CI 


58.941 
58.666 
56.YU4 
47.427 
57.861 
51 179 
50.811 
38.952 


77.516 
71.968 
77.595 
75.319 
74.175 
74.111 
73.848 
67.091 


- 18.576 
- 19.302 
-20.691 
-27.901 
-16.314 
-22.933 
- 23.036 
-28.140 


-0.31 67 
-0.3182 
-0.3163 
-0.3936 
-0.3161 
-0.3058 
-0.3057 
-0.2851 


1.600 
1601 
I601 
1608 
1 600 
1610 
1.610 
1624 


- 0.362Y 
-0.3639 
-0.3632 
--0.3596 
-0.3502 
-0.3622 
-0.3617 
-0.3552 


1.5Y0 
I .590 
I .s90 
I 591 
1.584 
1.593 
1.593 
1.597 
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Nevertheless, characterizing the chelate ligands 2a-h as a 
geometrically fixed arrangement of two independent donor cen- 
ters would not be consistent with the results of our calculations. 
Electron-withdrawing groups, such as on the pyrazole moiety, 
also destabilize the BH,-N 3 adduct. This can be explained in 
terms of the .n interactions between both ring systems being 
coplanar (as in chelate complexes). These facts have to be kept 
in mind for the following discussion of the particular Lewis 
acidities of the peroxo complexes 3a-h. 


However, the equilibrium constants for the reactions A+B 
(of 3a-h) should only depend on thc rclative donor strengths of 
N 3 and N 2. An almost linear relation ( R  = 0.955) can be ob- 
tained between the calculated AAGN2-N3 and AGMo (AGMo = 


- RTln([A]/[B]), determined by 'H N M R  spectroscopic mea- 
surements (Table 4, Figure 3). Consequently, the combination 
of spectroscopic data with theoretical calculations allows a 
qualitative description of some characteristics of these catalyti- 
cally relevant transition metal complexes. 


Table 4. Calculated dissociation energies AAG,.3-N2 and equilibrium constant7 
K,, v 2  ofthe BH, adducts of2a'-h'. and experimental (NMR) isomcr ratios (A:B) 
and energy differences A& of the peroxo complexes 3a-h. 


Ligilnd Subst. K,,,,, AAGN2-N., Isoinei- AG,,,, 
calcd. calcd ratio exp. 


[kJmol-'1 A:B [kJ m o l ~  '1 


2 a' 
2b' 
2 c' 
2d' 
2 e' 
2r 
2 g' 
2 h  


CH 4-5-H 
CH15-Cf4, 
CH 5-Ph 
( H 5-CF3 
N 5-CH, 
CHi4-CI 
('H 4-Br 
CH 4-NO, 


1803 
2417 
4236 


77764 
124 


10470 
10914 
85639 


- 18 576 
- 19.302 
-20,691 
-27.901 
-16 314 
-22.933 
-23.036 
-28 140 


1.71 
0.9s 
1 4 2  


0.084 
7.05 
7.86 


2s.9 


50 < 


~~ 1.329 


--0.869 
-- 8.334 


6.137 
--4.x39 
--5.IOX 


0.050 


: --9.7 


15: 


4 2h' 
- 3 0 t-.- T--T -- 7 -1 


- 1 1  - 8  - 5  - 2  1 4 7 
AG,, (exp.) [kJ/mol] 


Figure 3. Coi-relation of calculated (2a'-h') and experimental (3a-h) AG values. 


In the case of the most electron-deficient pyrazole moiety (3h, 
nitro substituted), isomer B could not be observed at  all. In 
contrast, complex 3e shows an "inverse" isomer ratio, where the 
methyl substituent increases the clectron density of the fivc-ring 
system, while the exchange of pyridine for pyrazine leads to the 
opposite effect for the six-ring heteroaroniatic fragment. 


Not only are the spectroscopic properties of the peroxo com- 
plexes 3a-h influenced by their specific ligand substitution pat- 
tern, but also their epoxidation activities should depend on the 
electronic structure of the chelating ligand. As a result of mech- 
anistic investigations we know that in the case of these scven- 


coordinate complexes, the oxygen atom transferred to the olefin 
originates from the oxidizing agent tBuOOH and not from a 
q'-0,  ligand of the peroxo complexes.[7, 211 The activation of 
the hydroperoxide by a high-valent metal center is achieved 
through an interaction between the Lewis acidic metal complex 
and the Lewis basic hydroperoxide,[221 promising highly active 
complexes bearing (chelate) ligands with electron-withdrawing 
substituents. 


In the first step of the proposed reaction mechanism, the 
hydroperoxide coordinates to the peroxo complex, followed by 
a proton transfer reaction (Scheme 7). q2-coordination of the 
hydroperoxide to the Lewis acidic metal center activates the 
oxidizing agent towards electrophilic attack at  the olefinic 
double bond. Reprotonation of the resulting alcoholato ligand 
and dissociation of the alcohol regenerates the ligand sphere of 
the oxobisperoxo complexes. 


l I+" 
D R C  


N 
(N = N,N-chelate ligand 


Scheme 7. Proposed mechanism for the catalytic olefin epoxidation by seven-coor- 
dinate molybdenum oxobisperoxo complexes of type 3a-h. 


In the case of our molybdenum oxobisperoxo complexes 
3a-h, the situation is even more complicated, because they exist 
in two isomeric forms in equilibrium at  room temperature. It 
must be considered that all the other species involved in the 
mechanism can also show this structural feature. At present, we 
d o  not know anything about the equilibria between these iso- 
mers and their particular contribution to the overall activity of 
the catalytic system. We have just started a detailed N M R  study 
on the coordination chemistry and ligand fluxionality of the 
complexes 3a-h. 


From catalytic epoxidations carried out a t  various tempera- 
tures we found a temperature-dependent activation period 
wherein the actual catalytically active species is formed. This 
catalyst species is therefore not identical with the oxobisperoxo 
molybdenum complex. We assume it to be a hydroperoxo alkyl- 
peroxo molybdenum complex as suggested in Scheme 7, but 
spectroscopic or structural evidence for this species is still 
lacking. At reaction temperatures above 50 "C the activation 
periods of the complexes 3a-h are too short to be observed by 
GC analysis, indicating that the reaction rates determining the 
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first equilibrium of the mechanism (formation of ROOMoOOH 
from Mo(y'-0,) and ROOH) are high. Under these conditions 
the oxygen transfer from the active species to the olefin is the 
rate-determining step at the beginning of the reaction. For a 
qualitative description of the actual epoxidation activities of 
complexes 3a-h, the initial turnover frequencies (TOF, Table 5 )  
were calculated. Cyclooctene was used as the standard system. 


Table 5. Experimental initial TOFs for the catalytic epoxidation of cyclooctene 
with the oxobisperoxo complexes 3a-h (for conditions see Experimental Part). and 
their relative reactivities with respect to 3a. 


Complex TOF [h-'1 Rel. Activity 


3a 
3h 
3c 
3d 
3e 
3f 


3h 
3g 


3420 
3160 
4040 
5710 
4940 
4930 
5200 
6470 


1 .00 
0 92 
1.28 
1.67 
1.45 
1.44 
2.52 
1.89 


In addition to the spectroscopic and thermodynamic features, 
the substitution pattern of the chelating ligand also controls the 
catalytic activity of the peroxo complexes 3a-h. Electron-with- 
drawing groups, which elevate the Lewis acidity of the catalyst, 
are responsible for an increase in activity. In comparison to 3 a, 
the nitro substituent of 3h, for example, increases the reactivity 
of this compound by a factor of almost two, while the methyl 
substituent in 3b  decreases its reactivity to 90%. Interestingly 
enough, substitution of pyrazine for the pyridine system over- 
rules the influence of the methyl group at the pyrazole ring and 
leads to a higher reactivity of 3e. Both the linear plot of the AG 
values and the logarithmic plot of the isomer ratios of 3a-h 
(derived from NMR spectroscopy) against the reactivity data 
(see Figure 4) result in a linear correlation (R = 0.979) for the 
pyrazolylpyridine complexes 3 a-d and 3 f-g. Obviously, the 
data for the pyrazine derivative 3e cannot be correlated this 
way. 
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Figure 4 Logarithmic correlation of the initial TOba m d  the isomer rdtioq of the 
peroxo complexes 3a-h 


Thus the isomer ratios and the corresponding AG values for 
the complexes correlate with the donor properties of the partic- 
ular ligands. Consequently, the electronic properties of the lig- 
ands determine the activities of the complexes 3a-h. Steric ef- 
fects should only play a minor role. 
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Conclusion 


With a combination of spectroscopic, computational, and kinet- 
ic methods, we are now able to quantify the electronic influence 
of ligands on the activity of epoxidation catalysts. On the basis 
of the results, rules for the ligand design of epoxidation catalysts 
can be established. As mentioned in previous papers. coordina- 
tive stability of the catalytically active complexes and stability 
against oxidative degradation of the ligand system could be 
achieved by application of neutral chelate ligands bearing two 
nitrogen donor centers as parts of aromatic ring systems. The 
most simplc and familiar ligand fulfilling these demands is 2,2'- 
bipyridine. Owing to the low solubility of bipyridine complexes 
of high-valent metal centers in organic solvents, a further struc- 
tural feature for an optimal ligdnd (for catalysis in homoge- 
neous systems) is required: alkyl side chains lead to increased 
solubility of the catalysts. Synthetic considerations directed us 
towards the pyrazolylpyridine system, the donor properties of 
which can easily be optimized. As shown above, exchange of the 
pyridine for a less electron-rich pyrazine moiety results in in- 
creased activity in olefin epoxidation. Analogously, the intro- 
duction of a second pyrazolyl fragment instead of the pyridyl 
ring will improve the catalytic activity and allow further intro- 
duction of electron-withdrawing substituents. Our future re- 
search will concentrate on the synthesis of electron-deficient 
bispyrazolyl ligands in which the nitrogen bears -CH,COOR 
moieties instead of electron-rich alkyl groups. These sub- 
stituents have already proved to be ideal side chains with which 
to increase the catalytic activity of our peroxo complexes.r6' 


Experimental Section 


General information: Ligands were prepared under nitrogen atmosphere; 
solvents were dried and distilled before use. 2-(3(5)-pyrazolyl)pyridine 
( 1  a),"'] 2-(l-octyl-3-pyrazolyl)pyridine (2a) ,I6' (I-octyl-3-pyrazoly1)- 
pyridineoxodiperoxomolybdenum(v1) (3a),[61 and [MoO(0,),.(DMF),]'51 
were synthesized as described in the literature. The N M R  (Bruker DPXJOO), 
mass (gas chromatograph Hewlett -Packard HP5890 coupled with a mass-se- 
lective detector H P  5970, Finnigan MAT 90), and infrared spectra (Perkin- 
Elmer 1600 series FTIR), and all elemental analyses were carried out at the 
Anorganisch-chemisches Institut der Technischen Universitit Munchen. The 
samples from the catalytic epoxidation of cy- 
clooctene were analyzed by GC (Hewlett- 
Packard GC HP5890 Series 11, FI detector. ,oq:-o 
internal standard: dihutyl ether). The num- 
bering scheme for NMR spectra assignments 9 \ / 0 . r '  
is given in Scheme 8. 


0 


N--MO< 


4 b N -  CsH,, General procedure for the syntheses of ligands 
I b- 1 e by Claisen condensation and ring-clos- 
ing reaction of the resulting 1,3-dione with 
hydrazine: Sodium (2.30 g, 100 mmol) was 
dissolved in ethanol (100 mL), the solvent 
was removed in vacuo, and the resulting KOEt was dissolved in T H F  
(100 mL). To this solution, the ketone (50.0 minol) was added, followed by 
the ester (SO.0 mmol), both dissolved in T H F  (SO mL). After heating under 
reflux for 6 h. the solvent was removed again and the yellow-to-brownish 
solid was dissolved in water (50 mL). The aqueous solution was neutralized 
with acetic acid and extracted with diethyl ether (2 x SO mL). The organic 
phase was dried over MgSO, and the solvent was removed in wcuo to yield 
the 1,3-dionc. A d u t i o n  of the crude 1.3-dione in ethanol (100mL) was 
treated with an excess of hydrarine (80% in water) and refluxed for 5 h. The 
solution was evaporated and the resulting solid was purified by sublimation 
in vacuo. 


5 


Scheme 8. Numbering 
scheme for N M R  data' 
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2-(S-Methylpyrazol-3-yl)pyridine (1 b):'""' From acetone and o-piculiiiic acid 
nicthylestcr.Yield:47%~,pale yellowmicrocrystals. M.p.: 115 C ;  IR(KBr) :  
i, = 3202s cm-'. 3127s. 3094111, 3041 m, 2981 m. 2940m, 2870s. 1600~s .  
l W s ,  1505s. 1470s, 1439% 1408s. 1372111. 1275m, 1250m. 1166m, 1144m. 
1085s- 1050m, 1023m. 1000s. 966m,958m, 884m, 854s, 778vs, 737s. 6Y0m, 
024s, 513m: 1R (CH,CI,): ? =  3511wcm I ,  3444s. ( 2 x N H ) :  ' H N M R  
(400.13 MHz, 25 C, CDCI,): 6 = 8.60 (d,  3,11D, = 4.X Hz, 11-H), 7.66 (ni. 


7.31 (s. 3H, CH,). N H  not observed; I3C{lH\ NMR (100.63 MHz. 25'C.  


121.9 (C-lo), 119.4 (C-8). 102.4 (C-4). 12.0 (CH,): MS (El, 70eV): mlz 
('!4) =159 (100) [Mi] ,  130 (68) [M' - HN,], 104 (6) [M' - C,N,H,], 103 
(8) [ M -  ~ C2N,H,], 78 (7) [C5H4N+]: C,H,N, (159.2): calcd C 67.90, H 
5.70, N 26.40; found C 68.01, H 5.90, N 26.48. 


2-(5-Phenylpyrazol-3-yl)pyridine (1 c):['lbl From acetophenonc and o-picolin- 
ic acid methyl ester. Yicld: 50%;  m.p.: 162-C; IR (KBr): i. = 3244acm-', 
3061 m. 2862w, 2923111, 2853w. 1597m, 1567m. 1 4 7 0 ~ ~  1450s, 1385w, 
1314w, 1 2 9 7 ~ .  1175111, 1076n1, 10471~1, YYSm, 972111, 957ni, 912w, 802w, 
780111, 759vs. 734~4. 720w, 691w, 658w. 620w, 517w. 508w, 486; IR 
(CH,Cl,): i = 3437scm-' (NH); ' H N M R  (400.13 MHz, 25 C ,  CDCI,): 
d = 8.69 (d, 3J10,11 = 4.5 Hz, 11-H), 7.87 (m, 8-H, 9-H), 7.74 (d, 
,J ",," = 3.5 Hz, u-H), 7.42 (t. 3Jm,p =7.5 Hz, W-H) ,  7.32 (t, p-H), 7.12 (dd, 
'J<,, l o  =7.5 Hz, 10-H), 7.05 (s, 4-11), N I I  not obs.; "C( 'HJ NMR 
(100.63 MH7. 25 C ,  CDCI,): 6 =151.6 (C-7). 149.5 (C-11)- 148.6 (C-3), 
144.6 (C-5). 137.0 (C-9). 132.6 (C-i), 128.7 (C-o). 118.0 (C-p), 125.7 (C-PI), 
112 0 (C-lo), 120.1 (C-8). 100.4 (C-4); MS (El, 70 eV): (Yo) = 121 (100) 
[ M  ' I ,  192 (43) [Mi - N,H], 191 (20) [M' - N,H,], 78 (6) [C,€I,N+]: 


8-H.9-H).7.16(ddd,3J,,lo=6.5H~,4J,,10=1.3H~,10-H),6.54(bt.,4-H). 


CDCI,): 6 =149.3 (C-7), 148.8 (C-ll), 145.9 (C-3 ) ,  145.5 (C-5). 136.2 (C-Y), 


C,,H,,N, (231.3): calcd C 76.00, H 5.01. N 18.99: found C 75.40, H 5.04, 
N 18.83. 


2-(5-Trifluoromethylpyrazol-3-yl)pyridine (1 d) : [ '  ' From 1-acety lpyridine 
and trifluoroacetic acid cthyl cstcr. Yield: 52% of thc monohydrate. pale 
yellow inicrocryslals. M.p.: 130 " C ;  IR (KBr):  G = 3297s cni- I ,  1092m, 
1854m, 2707m. 159Xm. 1585s. 1567m, 1481 m,  1440m, 1414m, 1361s. 
1342m. 1288m. 1257s. 1178vs, 1137s ( 2 x C F ) .  1099w, 1078w, 1029s, 
1013m. 096m. 967w, 899m, 852m. 782s. 748m; 1R (C€€,Cl,): 
i. = 3421scm ' ( N H ) ;  'HNMR(400.13 MH~.25'C,[D,]acetone):rS = 8.55 
(ddd, 3J,,,11 = 4 8 H z ,  4J'),ll =1.7Hz,  5J8,11 =O.YHz, 11-H), 7.94 (dt, 
i./s,,=7.1 H 7 . 4 J ~ , , 1 , 1 = l . l  H7,8-H).7.77(ddd,  ' J J , , , ,=7 .hHz, ' ) -H) ,7 .68  
(hr. 4-H). 7.30 (ddd. 10-H), 6.51 (br, N-H) ,  3.50 (s, 2H,  H,O); 13C{'H) 
NMR (100.63 MHz, 25 -C,  [D,]acetone): 6 =152.3 (C-7), 150.6 (C-3) ,  149.9 


120.7 (C-X), 92.6 ((I, 2Jr,r = 31.1 Hz, C-5): MS (EI, 70eV): niiz (56) = 213 
(100) [M-1, 194 (10) [M' - F]. 165 (52) [ M '  - H F  - N,]. 145 (10) 


[C,H,N']; C,H,F,N;H,O (231.2): calcd C 46.76. H 3.49, N 18.18. found 
C 46.57. H 3.46, N 17-97. 


2-(5-l/lcthylpyrazol-3-yl)pyrazine ( I  e):  From acetone and pyrazinecarboxylic 
acid ethyl ester. Yield: 44.1'X3 pale yellow microcrystals. M.p.: 118°C; 1R 
(KBr):  i. = 318Yscm~' ,  3139s, 3113m, 3043w, 2955m. 2924s, 2876m. 
2853m. 1587m. 1524s, 1506m, 1467111, 1455m, 1419m, 1376m, 1 2 7 5 ~ .  
1261w, 1160m. 1147111. 1089ni, 1028s. 1018s, 969m, 847111, 802n1, 669m: 
410m: IR (CH,CI,): i = 3443scm-' (NH);  ' H N M R  (400.13 MHz. 25°C. 
[D,]acetone): 6 =12.05 (br, N-H),  9.04 (s, 8-H), X.42 (d, 3Jlo,11 = 1.5 Hz, 
20-H).  X.34 (d. 11-H), 6.57 (s, 4-H), 2.23 (s, CH,): "C['H) NMR 


25 C, [D,]scetone): 6 =145.8 (C-7, C-3). 144.8 (C-11, C-lo), 
S ) ,  105.0 (C-4), 12.16 (s, CH,); MS (EI, 70cV): nzlz (Yo):  160 


[CjH,N+],  66 (7) [C4H4N+], 51 (46) [C ,HN' ] ;  C8H,N, (160.2): calcd C 
59.99, H 5.03, N 34.98; found C 59.57. H 5.24, N 35.16. 


(C-l i ) ,  137.1 (C-9, C-4). 125.0 (9. 'JC,,=271.5Hz, CF,), 124.1 (C-10). 


[ M '  - 2 H F  - N,], 138 (15) [M' - HFCN,], 136 (6) [C,HF,N:], 78 (21) 


(100) [ M ' ] .  131 (64) fM' ~ HN,], 106 (30) [ M '  ~ C,3H4N], 77 (21) 


2-(4-Chloropyrazol-3-yl)pyridine (1 f ) :  Compound 1 a ( I  .45 g. 10.0 minol) 
was dissolved in 6 %  HCI (100 mL) and stirred at room temperature while a 
saturated solution ofchlorinc in water (400 mL) was added in small portions 
over a period of 3 h. After another 2 h, ammonium acetate (15 g) was added 
and the pale yellow solution war neutralized with KOH. Thc resulting color- 
less prccipitatc was filtered off, washed with water, dried in vacuo. and 
purified by sublimstion. Yield: 1.61 g (91 "A), white crystals. M.p.: 152°C; 1R 
(KBr): i. = 3414mcm ', 316Xvs, 3115s, 3045111. 2984m, 2950m, 1598s, 
1572m. 1560111, 14X2s, 1469m, 1411in. 1327m, 1319m, 1 2 1 5 ~ .  1152m, 


1103m, 1092m (C-CI). 1059n1, IOISw, 989ni, 928s. 841m. 786s. 742m. 
672s. 626m, 555w; IR (CH,CI,): i. = 3429scm ~' (N-H); ' H N M R  
(400.13 MHz, 25°C. CDCI, +[D,]DMSO): d = 8.56 (d, 3J10,,, = 4.5 HL. 
l l - H ) ,  7.94 (d, 3J8,9=8.0H7, 8-H), 7.72 (dt, 3 J , , l o = 8 . 0 H ~ .  
4J,,ll = l . S  Hz, 9-H), 7.49 (q, I H. 5-H), 7.20 (dd, 10-H), N H  not det.; 
I3C( 'Hj  N M R  (100.63 MHz. 25 'C.  CDCI, +[D,]DMSO): 6 =148.3 (C-  
l l ) ,  135.8 (C-Y), 121.9 (C-10). 120.0 (C-8), 106.7 (C-4), broad ( C - 3 ) ,  (C-5) ,  
(C-7); MS (El, 70 ev, %): miz ("A,) :  179 (100) [Mi].  I51 (15) [Mi - N,], 


[C5H4N+]; C,H,CIN3 (179.6): calcd C 53.50. H 3.37, N 23.40; found C 
53.49, H 3.32, N 23.78. 


144 (3) [ M  ' - CI], 116 (40) [ A l '  - N, - Cl], 89 (33) [C,H,N,Cl+], 78 (14) 


2-(4-Bromopyrazol-3-yl)pyridine ( lg) :  Compound 1 a (1.45 g, 10.0 mmol) 
was dissolved in 20%" acetic acid (100 mL) and stirred at  room temperature 
while bromine (1.59 g. 10.0mmol). dissolved in glacial acetic acid (10 mL). 
was added over 15 min. The resulting palc yellow solution was neutralized 
with KOH. The colorless precipitate was filtered off, washed with water, dried 
in vacuo, and purified by sublimation. Yield: 1.99 g (89%), pale yellow 
needles. M.p.:  14X'C: IR (KBr): i = 3417mcm-' ,  3172vs. 3110s. 3038m. 
2 9 7 8 ~ .  2945w, 2850w, 1595s 1572111, 1555111, 1482m, 1459m, 1 4 1 7 ~ .  
1407m, 1316m. 1214w, 1151w, 1105m. 1058m, 1006m(C ~Br).Y84m.Y28s, 
844111, 786s, 742111, 670s, 626w, 516w: IR (CH,CI,): i. = 3427scm-' (N- 
H) ;  ' H N M R  (400.13 MHz, 2 5 ' C ,  CDCI,): 6 =12.33 (hr, N-H). 8.66 (d. 
3 J 1 0 , 1 1 = 4 . 5 H ~ .  11-H), 8.28 (d, 'J,,,=X.OHZ, 8-H). 7.80 (dt, 
'J,,  = 8.0 Hz. 'J9, l l  ~ 1 . 5  Hz, 9-H), 7.63 (s, 1 H, 5-H), 7.29 (dd. 10-H), 
13C('H), NMR (100.63 MHz, 25 'C, CDCI,): 6 =149.4 (C-11). 146.9 (C-7). 
142.1 (C-5). 138.0 (C-3) .  137.1 (C-9). 123.4 (C-lo),  120.6 (C-8). 92.3 (C-4): 
MS (El, 70 eV, ''BB~): m l ~  (%) = 223 (75) [ M ' ] ,  197 (5) [ M i  - N,]. 144 (10) 
[ M +  ~ Br], 116 (200) [M' - Br -- N,], 89 (76) [C,H,N+], 78 (56) 
[C,H,Nt]: C,H,BrN, (224.1): calcd C 42.88, H 2.70. N 18.76; found C 
42.63, H 2.70, N 18.73. 


2-(4-Nitropyrazol-3-yl)pyridine (1 h): Compound 1 a (1.45 g. 10.0 mmol) 
was dissolved in 80%, H,S04 (10 mL) at  0 'C. To this solution. a mixture of 
65% HNO, ( 5  mL) and 80% H,SO, (5 mL) wils added dropwise over a 
pcriod of 30 min. After the reaction mixture had been heated to 90.C for 4 h. 
it was poured over ice (300 g) and carefully neutralized with cone. K,CO,. 
The resulting colorless precipitatc was filtered off. washed with water, dried 
in vdcuo, and purified by sublimation. Yield: 1.18 g (62%), white microcrys- 
tals. M.p.: 167 ,C; IR (KBr): 1; = 3169m cm I. 3139s. 3128s, 3103m. 
3038m, 2968m, 2921m, 2887w, 2 7 9 9 ~ .  1594111, 1564111, 1543m, 1500s 
(N=O),,, 1488s, 1464s, 1422s, 1386s, 2354m, 1330vs (N=O),,,, 1 2 9 0 ~ .  
1252w.I216m, 117Xw, 1161m,1095in,1065m. 1030w.994m.923m.881m. 
849w, 832m. 791s. 757s, 679w, 62Xw; 1R (CH,CI,): i = 3401scm-' (N-  
H): ' H N M R  (400.13 MHz, 25'C, [D,]acetone): 5 =13.05 (br, N-H).  8.76 
(d, 3Jlo,11 = 4.2Hz, 11-H), 8.45 (br, 5-H). 8.08 (br. 8-H), 7.99 (t, 
,J8, , ,  = 3J,,lo =7.3 Hz, 9-H), 7.55 (t, 10-H); 13C{'H) NMR (100.63 MHz, 
2 5 ' C ,  [D,]acctonc): 0 =149.4 (C-7), 149.3 (C-l l ) ,  149.1 (C-3) ,  136.8 (C-9). 
132.5 (C-5) ,  124.4 (C-lo), 124.3 (C-8) ,  123.6 (C-4); MS (El. 70eV): PI.: 


[C,HiN2+], 89 (200) [C,H,N'], 78 (57) [C,H,N-]: C,H,N,O, (190.2): calcd 
C 50.53. H 3.18, N 29.46; found C 50.37, H 3.25. N 29.66. 


(~ , )=190(55) [ iMt ] ,160(2 ) [Mi  -NO] ,  116(37)[M' -C,H,N]. 105(54) 


General procedure for the syntheses of the octyl derivatives 2 h-e by alkylation 
of 1 h-e with octyl iodide: NaH (0.24 g, 10 mmol) was suspended in THF 
(50 mL). To this suspension, the ligands l b - e  (10 mmol) were added and the 
mixture was stirred until the evolution of hydrogen stopped. Then C8Hi,I 
(2.40 g, 10 mmol) was added and the I-esulting solution was refluxed for 24 h. 
After removing the solvent in vacuo, the product was cxtracted from the oily 
I-esidue with boiling hcxanc. The ligands 2b-e were obtnined in 60--80% 
yield as oils with sufficient purity (GC, NMR) for the syntheses of the peroxo 
complexcs. 


2-(5-Methyl-l-octylpyrazol-3-yl)pyridine (2b): 'H NMR (400.13 MHz, 25 C. 
CDC13):h=8.50(dd.  3 . J 1 0 , 1 1 = 4 . 5 H ~ , 4 J J , , 1 1 = 2 . 0 H ~ .  l l - H ) ,  7.79 (dd. 


=1.0 Hz, 8-H), 7.60 (dt. ' J 9 ,  = 8.0 HL, 9-H). 7.06 
(ddd, 10-H). 6.53 (5, 4-H), 3.98 (t. 34i,I, = 8.0Hz. NCH,), 2.24 (s. C 5  
CH,), 1.77 (hr, NCH,CH,), 1.12-1.18 (br, 10H,  CH,), 0.80 ( t ,  


= 6.5 Hz, CH,CH,); ' 3C( iH)  NMR (100.63 MHz. 25 'C, CDCI,): 
6 = I 5 2 4  (C-7). 149.8 (C-3), 149.2 (C- l l ) ,  139.2 (C-5). 136.3 (C-Y), 121.9 


(CH2CH,). 11.1 ( C ~ - C H , ) : M S ( E I . ~ O ~ V ) : ~ I ~ ~ ( ' ~ ) =  271 (20)[M+],256 


= 8.0 Hx. "Jx 


(C-lo), 119.7 (C-8), 103.7 (C-4), 49.3 (NCH,), 31.5-22.4 (CH,). 13.9 
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( 5 )  [M+ - CH,] 242 (9) [ M  ' - C,H,], 228 (26) [M' - C,H,]. 214 (21) 
[ M +  - C,H,]. 200 (6) [M' - C,H,,], 186 (16) [ M +  - C,H,,]. 172 (100) 
[M' -C,Hl , ] ,159(35)[M'  -C,H,,],145(6)[Mt -C,H,,-CH,], 130 
(19) [M' - C,H,,N,]. 117 (10) [M' - C,H,, - C,H,N], 104 (8) 
[M' - ChH,,  - C,H,N2J, 78 ( 2 5 )  [C5HIN+] 


2-(1-Octyl-5-phenylpyrazol-3-yl)pyridine (Zc): 'H NMR (400.1 3 MHz, 25 C, 
CDCI,): 6 = 8.56 (d, ,JlO, = 5.0 Hz, 11-H), 7.88 (d, 3./x,o = 8.0 Hr, 8-H), 
7.65 (t, 3Jc1,10 = 8.1 Hz, 9-H). 7.39 (m, 5 H ,  H,,), 7.11 (dd. 10-H). 6.83 (s. 
4-H). 4.09 ( t ,  ' 4  ,,,, =7.8 Hr, NCH,). 1.75 (hr, NCH,CH,), 1.19 (br, 
NCH,CH,CH,), 1.1 1 (br, 8H.  CH,), 0.79 (t. 3JH,H =7.0 Hz, CH,); 'C( 'H) 
NMR (100.63 MHz, 2YC, CDCI,): 6 = I 5 2 1  (C-7), 150.3 (C-3), 149.3 (C-  
l l ) ,  136.1 (C-9), 130.6 (C-5) .  128.7-128.2 (C,,,), 122.1 (C-lo), 119.9 (C-X), 
104.4(C-4).49.7(NCH2).31.5 22.4(CH,),I3.9(CH3); MS(EI,70 eV):ni/: 
(%) = 333 (35) [ M - I .  304(9) [ M +  - C2H,],290(29)[M+ - C,H,],276(19) 
[ M +  - C,Hc,]. 262 ( 3 )  [ M +  - CsHl i ] ,  249 (8) [ M +  - C,H,,], 248 (34) 
[M' - C,H,,]. 235 ( 5 2 )  [Mi - C,H,,J, 234 (100) [M' - C,H,,]. 222 (17) 
[ M  ' - C8H15], 221 131) [M' - CBHIJ .  78 (14) [C,H,N+]. 


2-(I-Octyl-S-trifluormethyl-3-pyrazolyl)pyridine (2d): H NMR (400.13 MHr,  
25'C3CDC1,):h= 8.52(d,3Jio,11 = 4 . 5 I - I ~ , I l - H ) , 7 . 8 4 ( d , ~ . / , , , = 8 . 0 H 7 ,  
8-H). 7.65 (dt, " J y ,  =1.5 Hz, 9-H), 6.15 (s, 4-H), 7.09 (dd, 
10-H), 4.15 (t, 'JH,,=7.5Hz, NCH,). 1.84 (br, NCH,CH,), 1.23 (hr. 


NMR (100.63 MHz, 25'C. CDC1,): 6 =151.0 (C-7). 150.5 (C-3 ) ,  149.3 (C-  
11). 136.3 (C-9). 133.7 (4, 2JC,F = 39.0 Hr, C - 5 ) ,  122.6 (C-10). 119.9 (4, 
iJC,F = 267.7 HZ, CF,), 119.8 (C-8), 105.7 (q, 3JC,e = 2.0 Hz. C-4). 51.4 
(NCH,), 31.7-22.4 (CH,). 13.8 (CH,): MS (EI, 70 eV): 01;: (%) = 325 (13) 


=7.8 H7, "J,,, 


NCH,CH,CH,), 1.18 (hr, 8H,  CH,), 0.77 (t. 3JH,n =7.2 Hz, CH,); I3C{'H; 


[M+] ,  306 (6) [M' - F], 282 (25) [ M i  - C,H,]. 268 (24) [M' - F,], 256 
(84)[M* -CF3].226(100)[M' -C,Hl , ] ,213(46)[M- - C,H,,]. 157(4) 
[ M -  - C,H,,F,]. 78 (25) [CsH4N+]. 51 (8) [C,H:]. 


2-(5-Methyl-l-oetylpyrazol-3-yl)pyrazine (Ze): 'H NMR (400.13 MHz, 25 ' C ,  
CDCI, ) :~~=9.03(d , ' J , , , ,=2 .5H~,8-H) ,8 .39(d , ' J l , , , , ,  = 3 . 2 H z . I l - H ) ,  
8.28 (dd. 10-H), 6.51 (s, 4-H), 3.96 (t. 3JH,H ~ 7 . 5  Hz, NCH,), 2.19 (s, C 5  
CH,). 1.73 (br, NCH,CH,), 1.20-1.14 (hr, 10H. CH,), 0.75 ( t ,  
"1.H = 6.5 EIZ,  CH,CII,); "C( 'H) NMR (100.63 MHz, 25'C. CDCI,): 


( C - 5 ) .  104.1 (C-4). 49.2 (NCH,), 31.5-22.3 (CH,), 13.8 (CH,CH,), 11.0 
6 =14x.o (c-7). 147.2 (c-3).  143.6, 142.3, 141.8 (c-11, C-10. C - 8 ) .  139.3 


( C 5  CH,):MS(EI,70eV):m:z(%) = 272(32)[M'],257(1)[M+ - CH,], 
243 ( 5 )  [M' -- CZH,], 229 (16) [ M -  - C,H,], 215 (15) [M' - C,H,], 201 
(3) [ M +  - C,Hl,I ,  188 (6) [M' - C6Hl,]. 187 (7) [M' - C,H,,]. 174 (38) 
[M' - C,Hl,]. 173 (100) [M' - C,H,,], 160 (49) [M+ - CRHI6],  30 (19) 
[M+ - C"Hl,N,1. 105 (8) [M' - C X H i ,  - C,H,N,], 79 (25) [C,H,N;]. 


2-(4-Chloro-l-octylpyrazol-3-yl)pyridine (2f): Compound 2a (2.57 g, 
10.0 mmol) was dissolved in 6% HCI (100 mL) and stirred at room temper- 
ature while ii saturated solution of chlorine in water (400 mL) was added in 
small portions over a period of 3 h. After another 2 h, ;inimonium acetate 
(1  5 g) was added and the pale yellow solution was neutralized with KOH. The 
oily product was extracted with ethyl acetate (2 x 25 mL) and dichloro- 
mcthanc (1 x 10 mL). The organic phase was washed with water (2 x 25 mL) ,  
dried ovcr MgSO, and thc solvent was removed in vacuo. Yicld: 2.86 g (98%) 
colorless oil. ' H N M R  (400.13 MHz, 25 'C .  CDCI,): (5 = 8.68 (d, 
3J10,iI  = 4.3 Hz, 11-H). 7.91 (d, ' . I 8 , < )  =7.9 HZ. 8-H), 7.68 (t, 
'Jq,," =7.9Hz,  9-H), 7.42 ( s ,  5-H), 7.19 (dd, 10-H). 4.07 (t. 'J ~ 7 . 3  HL, 


' J =  6.7 Hz, CH,): "CC('H} NMR (100.63 MHz. 25 'C. CDCI,): 6 =152.0 
(C-7), 150.6 ( C - l l ) ?  149.8 (C-3), 136.5 (C-9). 128.9 (C-5), 122.4(C-10). 122.0 


NCH,CH,). 1.82 (quint, NCH,CH,), 1.28-1.20 (m, 10H, CHI). 0.80 (t, 


(C-8), 108.1 (C-4), 53.1 (NCH,), 31.6-22.4 (CH,), 13.9 (CH,); MS (El ,  
70cV, 35Cl): in,!; ("10) = 291 (33) [ M ' ] ,  276 ( 2 )  [M+ - CH,]. 262 (8) 
[ M t  - C,H,], 248 (20) [M' - C,H,], 234 (IS) [ M t  - C,H,J. 220 (14) 


[ M i  - C,H,,] ,  158 (5) [M' - C,H,, - CI]. 144 (8) [M'  - C,H, ,  - CI]. 
[ M +  - C,H,,]. 206 (39) [M' - C,HI3], 192 (40) [ M i  - C , H I J ,  179 (58) 


330 (21) [ M +  - C8Hi,N - CI]. 117 (12) [ M +  - C R H l j N 2  - CI], 78 (30) 
[C5H4Ntl. 


2-(4-Bromo-1-octylpyrazol-3-yl)pyridine (2g): Compound 2a (2.57 g, 
10.0 mmol) was dissolved in 20%) acetic acid (100 mL) and stirred at  rocmi 
temperature while bromine (1.59 g, 10.0 mmol) dissolved in glacial acetic acid 
(10 mL) was added over 15 min. The resulting pale yellow solution was 
neutralized with KOH. The oily product was extracted with ethyl acetate 


( 2  x 25 mL). The organic phase was washed with water ( 2  x 25 inL) and dricd 
over MgSO,. and the solvent was removed in vacuo. Yield: 2.46 g (73 Yo) pale 
yellow oil. 'H NMR (400.13 MHz, 25.C, CDCI,): i j  = 8.6X (ddd. 
" J l , J , l l = 4 . 2 H ~ ,  4./z~,11 =1.8Hz, sJn , l l  =0.YHr. 11-H). 7.02 (dt. 
l J R , q  ~ 7 . 9  Hz. ,J8, 10 = 0.9 Hz, 8-H), 7.69 (dt, '.Ic1, l o  =7.9 Hz. 9-H). 7.45 ( s ,  


5-H), 7.19 (ddd, 10-H), 4.10 (t, , J = 7 . 3  Hz. NCHICH2).  1.89 (quint. 
NCH,CH,), 1.35 1.20 (m. IOH, CH,), 0.82(t, ,J= 6.9 Hr. CH,); ' - 'C(lH) 
NMR (100.63 MHz, 2 5 - C ,  CDCI,): 6 =149.9 (C-7), 148.4 (C-11). 146.1 
(C-3), 135.2 (C-Y), 130.1 (C-S) ,  121.4 (C-lo), 121.0 (C-X), 90.6 (C-4). 52.1 
(NCH,), 30.5-19.7 (CHJ, 12.9 (CH,); MS (EI,  70 eV, "Br): t d :  (%) = 335 
(36) [M'], 320 (5) [M' -CH,l ,  306 (24) [ M +  -C2H5].  292 (66) 
[Mt - C,H,], 278 (52) [M' - CdH,], 264 (14) [ A f t  - C 5 H l l ] .  250 (44) 
[ M +  - C,H,,], 236 (91) [ M +  - C,H,,]. 223 ( 5 3 )  [A{+  - C,H,,]. 309 ( 5 )  
[ M +  - C,H,,N], 158 (14) [M' - C,H,, - Br], 144 (8) [ M +  - C,- 
H I ,  - Brl, 130 (21) [ M +  - C,H,,N - Br]. 116 (38) [M' - C,H,,,- 
N, - Bi-1, 78 (62) [CSH,N+]. 


2-(4-Nitro-1-octyIpyrazol-3-yl)pyridine (2 h) : Compound 2 a (2.57 g. 
10.0 mmol) was dissolved in 80% H,SO, (10 mL) a t  0 C. To this solution. 
it mixture of 65% HNO, ( 5  mL) and 80% H,SO, ( 5  mL) wiis added drop- 
wise over a period of 30 min. After the reaction mixture had becn hcatcd t o  
90 -C for 4 h, it was poured over ice (300 g) and carefully neutralizcd with 
conc. K,CO,. Thc oily product was extracted with ethyl acetate ( 2  x 25 mL) 
and dichloroincthanc ( I  x 10 mL),  the organic phasc was washed with wiitcr 
(2 x 25 mL), dried over MgSO, and the solvent was removed in WCLIO. Yicld: 
2.12 g (70%). yellow oil. 'H  NMR (400.13 MHr. 25 ' C .  CDCI,): 5 = 8.66 (d. 
' J , " , l I = 4 . 5 H ~ .  11-H). 8.19 (s. 5-H), 7.72 (dt. J . / , , ,=3Jq ,10=7 .5H/ .  
' J 9 , ' ,  =1.5H~,Y-H).7.66(d,8-H).7.1O(ddd,~J,,~~=1.5H~. 10-k1).4.11 
(t. , J = 7 . 3  Hz, NCH,CH2). 1.80 (quint, NCH,CH2), 1.25-1.15 (m. 10H. 
CH,). 0.79 (1, ,.I = 6.9 Hz, CH,); "C{'H) NMR (100.63 MH7. 25 C. CD- 
CI,): d ~ 1 4 9 . 4  (C-1 I ) .  149.0 (C-7), 146.0 (C-3) ,  136.1 (C-9). 132.7 (C-4). 
130.2 (C-5). 124.7 (C-10). 123.7 (C-8). 53.5 (NCH,). 31.5 -22.3 (CH,). 13.8 
(CH,): MS (El, 70 eV): mi2 (Yo) = 302 (5) [M'], 301 ( 5 )  [M * - HI, 287 (12) 
[ M +  - CH,]. 285 (100) [M' -OH] ,  273 (29) [ M i  ~ C,H,]. 259 (29) 
[ M '  - C,H,I, 245 (22) [M' - C,H,I, 231 (18) [hf' - C,H, , ] ,  917 (39) 
[ M +  - C,HI,I, 203 (64) [M' - C,Hl,]. I90 (29) [ M i  -- C8Hi,,]. 105 (30) 
[C,H,N-]. 78 (41) [C,H,N']. 


Syntheses of the pcroxo complexes 3 b-h: 
Mrtliod A :  A solution of an octyl-suhstituted pyrazolylpyridiiie (2  b-h, 
3.00 mmol) in methanol (30 mL) was added to  a solution of rnolybdic acid 
(0.97 g, 6.00 mmol) in 30% H,O, (30 mL), and the resulting mixtures were 
vigorously stirred for 10 min. The complexcs were extracted with CH2CI, 
(2 x 50 mL). To remove traces of H,O,, the combined organic solutions were 
washed with water (2 x 50 mL) and dried over MgSO,. Evaporation of thc 
solvent yielded yellow solids, which were washed with Et,O ( 2  x 30 mL) to 


remove organic impurities. 
Mctliorl R :  A solution of an octyl-substituted pyrazol~lpyi-idine (2 b-h. 
3.00mmol) in CH,CI, (20mL) was added to a solution of  [MoO- 
(OJ,.(DMF),] (1.93 g, 6.00 mmol) in CH,CI, (30 inL) and the resulting 
mixture was stirred for 1 h. The solvent was evaporatcd to dryness and the 
resulting yellow solids wcrc extracted with dicthyl ether ( 2  x 20 mL) t o  re- 
move organic impurities. Extraction with hot ethyl acetate and cvaporntion 
or the yellow solutions yielded the desired peroxo complexes. Isolated yiclds 
of peroxo complexes: 60-80 %, yellow microcrystalline solids. 


12-(S-Methyl- l-octylpyrazol-3-yl)pyridine~oxodiperoxomolybde1ium ( \ I )  (3 b) : 
IR (KBr): i. = 3134nicm-' ,  3086w, 3 0 5 9 ~ .  2955s, 2 9 1 7 ~ s .  2868s. 28515. 
1611s, 1567w, 1 5 1 7 ~  1467s. 1459s. 1443s, 1424s, 1379s. 1327m. 1 2 9 0 ~ .  
1 2 5 2 ~ .  121 7 m ,  1160 rn. I 1  I 1  m, 1054m, 1 0 2 5 ~ .  949vs (Mo=O). 878s. X66vs 
( 2 x 0 - 0 ) .  820m. 788vs, 752w, 658s, 643m. 585s. 5 3 8 1 ~ :  ' H  NMR 
(400.13MHz,25-C,CDCI,~):isomerA:6=9.16(d,~,/,,,,, = 6 . 0 H z , I l - H ) .  
8.17 (t. 3J8, ,2  = 'JC,,, . , ,= 6.4H2, 9-H), 7.86 (d, 8-H), 7.58 ( t ,  10-H). 6.46 (s. 


4-H), 3.98 (t. = 8.0 Hz, NCH,CH,), 2.19 (s, C5~-CH, ) .  1.62 (hr, 
NCH,CH,), 1.3-1.1 (m, 10H, CH,). 0.80 ( t .  3JH,H =7.0 Hr,  CH,): isomer 
B :  S = X.15 (d, ,JI0, 1 i  = 4.5 HI. 11-H), 7.74 (1. 3Jn,9 = "Jq, =7.5 HZ. 9- 
H),  7.59 (d, 8-H), 7.16 (t. 10-H), 6.82 (s, 4-H), 4.55 (t, ' JH ,H=7 .5H/ .  
NCH,). 2.53 (s, CS-CH,), 1.97 (br. NCH,CH,), 1.3-1.1 (m, ZOH. CH,). 
0.82 (t, 3JH,H =7.0Hz,  CH,); isomer ratio A:B: 0.98; I3C( 'H]  NMK 
(100.63 MHr, 25 C, CDCI,): isomer A :  d =154.3 (C-It).  151.1 (C-7). 146.8 


(NCH2),3I.6-22.4(CH,), 14.0(CH3), 11.1 (CS-CH,):isomer B : b  =151.1 
(C-3). 143.8 (C-5) .  142.8 (C-9). 125.8 (C-lo), 122.4 (C-8). 103.8 (C-4). 49.5 







(C-7). 147.4(C-3), 146.8 (C- l l ) ,  145.0 (C-5), 139.0(C-Y), 124.8 (C-loi, 120.4 
(C-X). 105.2 (C-4). 49.5 (NCH,), 31.6-22.4 (CH,), 14.0 (CH.3), 12.3 (C5 
CHJ; C,,H,,MoN,O, (447.4): calcd C 45.64, H 5.63, N 9.39; found C 
45.42, H 5.51, N 9.28. 


124 I -Octyl-5-phenylpyrazol-3-yl)pyridine~oxodiperoxomolybdenum (VI) (3 c) : 
IR (KBr): i = 3124wcm-I, 3094w. 3 0 6 2 ~ .  3031 w. 2953s. 2924vs, 2854s, 
1613s. 1567m,1521 m, 1483m, 1460s. 1438s. 13791n.1341~.  1294w, 1250w, 
1 1 6 0 ~ .  1112m. 1062m. 1027w, 1015m.9741n.952vs(Mo=O), 876s,864vs 
( 2 x 0 - 0 ) .  784s. 765s, 700s. 678m. 663s, 584s. 535m; ' H N M R  
(400.13 MHz.25 C.CDCI,):isomerA:d =9.19(d,3Jl , , l l  = 5 . 5 H ~ . l l - H ) ,  
8.20 (t. 3 J 8 , 9  = 3Jq,1,1 =7.0 Hz. 9-H), 7.93 (d, 8-H), 7.59 (t. 10-H), 6.63 ( s ,  
4-H).4.06(t,35H,,,=7.8Hz,NCH2CH2).1.48(br,NCH,CH,),1.2-1.0(m, 
10H. CH,), 0.75 (t. 3JH,H =7.8 Hz, CH,); isomer B: 6 = 8 18 (d, 
'J1n,ll = 3 . 0 H ~ , I l - H ) , 7 . 7 6 ( t , ~ J ~ , ~ ~ = ~ J ~ , ~ ~ = 7 . 8 H ~ , Y - H ) , 7 . 6 3 ( d , 8 - H ) ,  
7.18 (t. 10-H), 6.95 (s, 4-H). 4.59 (t? 3 JH,H=7 .5Hz ,  NCH,), 1.95 (br. 
NCH2CH2), 1.2--1.0 (in, 10H. CH,). 0.76 (t, 3JH,H =7.8 Hz, Cki,); isomer 
ratio A,B: 1.42; I'C{'H) NMR (100.63 MHz, 25 C, CDCI,): isomer A: 
n =1s4.4 ( c - I I ) ,  150.9 ( ~ - 7 1 ,  146.6 (c-3) .  144.3 ( c - 5 ) .  142.8 ( c -Y) ,  131.7.- 
127.7 (cpb). 125.0 (c- io) ,  122.6 (c-x), 104.5 (c-4). 50.0 (NCH,), 31.5-22.4 
(CH2).  14.0(CH3);isomcrB:6 =151.7(C-3,C-7), 147.0(C-11), 144.0(C-5). 


(NCH,), 31.5-22.4 (CH,), 14.0 (CH,); C,,H,,MoN,O, (509.4): calcd C 
51.87. H 5.34, N 8.25;  found C 51.64. H 5.18. N 8.17. 


241 -Octyl-5-trifluoromethyl-3-p~razolyl)pyridineoxodiperoxomolybdenum(v1) 
(3d): 1R (KHr): V = 3121 in cm-', 3092w, 2954m. 2927s 2858m, 1612m, 
155Xw. 1442111, 1417w, 1383w, 1347m, 1275s, 1217111, 1174vs, 1141vs 
( 2 x C F ) ,  1087w, 1061m,1041w. 1028w,963s(Mo=O),880m,870s(2xO- 
0). X42w. 788s, 750w, 729w. 696w. 668m, 592m, 544w; ' H N M R  
(400.13 MHz,25-C,GDCl3):i~omerA:6 = 9.28(d,3J1,,,, = 5.5 Hz. 11-H), 


(dd. IO-H), 7.05 (s, 4-H), 4.21 (t. 3JH,H = 8.3 Hz, NCH,), 1.75 (ni. 
NCH,CH,), 1.4- 1.3 (m, IOH, CH,). 0.85 (t. J,/H,H = 6.3 Hz, CH,); isomer 
B :  6 = X.25 (d, zJl,,,i = 4.0Hz, 11-H), 7.86 (1. 3Jx , , )  = 3J1,,, = 8.2 Hz, 9- 
H). 7.70 (d, 8-H). 7.32 (s, 4-H), 7.28 (dd. 10-H). 4.78 (t, 3JH,H =7.3 Hz, 
NCH,). 2.12 (m, NCH,CH,), 1.3-1.2 (m, IOH, CH,), 0.82 (t, 
3JH,H = 6.3 Hz, CH,); isomer ratio A/B: 28.41: '3C{'H} NMR (100.63 MHz. 
25 'C .  CDCI,): isomer A: 6 =155.0 (C-11). 149.7 (C-7), 144.2 (C-3). 143.2 
(C-9), 134.5 (q, 'Jc ,c  = 40.8 Hz, C-5), 125.9 (C-lo), 123.0 (C-8), 118.6 (q, 
'J, ,=270.2Hz,CF3), 105.4(q, 3Jc, ,=3.1H~,C-4) ,52.4(NCH,) ,31.7-  
22.6 (CH,), 14.0 (CH,); isomer B :  no signals identified; l9F(IHj  NMR 
(376.48 MHz. 25 ' C, CDCI,): isomer A :  6 = 2.35 (s, CF,), isomer B: d = 2.05 
(s, CF,). isomer ratio A/B: 23.4; C,,H,,F,MoN,O, (501.3): calcd (1 40.73, 
H 4.42. N 8.38: found C 39.67, H 4.35. N 8.11. 


2-(5-Methyl-1-octylpyrazol-3-yl)pyrazineoxodiperoxomolybdenum(vt) (3e): 
IR (KBr): i = 3122wcm-', 3074w, 2955s, 2926vs, 2854% 1532m. 1458s, 
1426s, 1406s, 1367m, 1 2 2 6 ~ :  1172m, 1162s  I l l o w ,  1108w, 1058m, 1044s, 
959vs, 944vs (2x Mo=O), 86Yvs (0-0), X25w, 662m, 6 4 4 ~ .  586s. 542m; 
' H N M R  (400.13 MHz, 25"C, CDCI,): isomer A: 6 = 9.23 (d, 


(s, 4-H), 3.96 (t. 3.1H,H = 8.0 Hz, NCH,), 2.24 (s, CS-CH,), 1.99 (br, 
NCH,CII,), 1.30-1.13 (br, 10H, CH,). 0.80 (t, lJH,H = 6.5 Hz, CH,CH,); 
isonicr B :  6 = 8.92 (d, ",I,,,, =1.5 Hz, 8-H). 8.52 (d, .3Jto, 11 = 2.5 Hz, 11- 


CS-CH,), 1.99 (br, NCH,CH,), 1.30-1.13 (br, IOH, CH,). 0.80 (t. 
3JH,H = 6.5 Hz. CH,CH,); isomer ratio A/B: 0.084; I3C{lH) NMR 
(100.63 MHz, 25 'C, CDCI,): isomer A: 6 =146.2, 145.8, 145.2. 144.5, 142.6, 


(CH,), 13.9 (CH,CH,), 11.2 (C5-CH,); isomer B: 6 =148.5 (C-3), 147.8 


(NCH,). 31.6 22.5 (CH,), 13.9 (CH,CH,), 12.4 (C5-CH,): 
C,,H,,MoN,O, (448.34): calcd C 42.X6, H 5.40, N 12.50; found C: 42.37, H 
5.41, N 12.53. 


2-(4-Chloro-l-octyl-3-pyrazolyl)pyridine~xodiperoxomolybdenum(v1) i3 f): I R 
(KBr): i. = 3132mcm-', 3120m. 2954s. 2924~s .  2854s, IGlls, 1566w, 
1522111. 1467m, 1435s. 1373m. 1334m, 1290w, 1251w, 1227m, 1166in. 
1 1 2 2 ~ .  1109w, 1065m, 1056m. 1032w, 1002m (C--CI), 956vs, 947vs 
( 2 x M o = O ) ,  87Xs, 865vs ( ~ x O - O ) ,  881m, 790a, 754m, 690w. 666m. 
635m. 588s, 5341n; ' H N M R  (400.13 MHz, 25 'C,  CDCI,): isomer A :  
6 = 9 . 3 5 ( d .  3J10 ,11  =5 .5Hz .  21-H),8.59 (d,3J,,,=7.6Hz,8-H),8.27(dt, 
,J9 l o=7 .5Hz ,4J9 ,11  =l.5H~,Y-H),7.69(ddd,~J~,,~=l.5Hz,lO-H),7.38 


139.1 (C-9), 131.7-127.7 (Cph), 125.0 (C-10). 120.5 (C-8). 105.5 ( C X ) ,  50.0 


8.30(dt, ~ , I , , y = 3 J , , , , , = 8 . 0 H ~ , 4 J , , 1 1 = 1 . 5 H ~ , 9 - H ) .  7.99 (d?X-H), 7.72 


"J ,  = 1 .0 Hz, 8-H), 9.12 (dd, ' J l 0 ,  I I = 3.0 Hz, 10-H), 8.94 (d, 11-H), 6.60 


H). 8.15 (dd, 10-H), 6.95 (s, 4-H), 4.59 ( t ,  3JH,H = 7 . 5 H ~ ,  NCH,). 2.58 ( s ,  


141.2 (C-3, C-5, C-7, C-8, C-10, C-11). 104.4(C-4), 49.9 (NCH,), 31.6-22.5 


(C-7), 146.2, 141.2. 140.1 (C-1 1 ,  C-10, C-8). 140.3 (C-5), 105.7 (C-4), 49.8 


(s, 5-H). 4.14 (t. 3JH,H =7.3 Hz, NCH,CH,), 1.73 (br, NCH,CH,). 1.30 
1.20 (m, IOH, CH,), 0.81 (t, =: 6.9 Hz, CH,); isomer B: 6 = 8.41 (d, 
'JiO,ll = 4.0 H7. 11-H), 8.26 (br, 8-H), 8.05 (s, 5-H). 7.86 (dt. 
3J8, , )  = 3Jg,lo =7.8Hz. 4J,,11 =1.5  Hz, 9-H), 7.30 (dd, 10-H), 4.69 (t. 
3JH,H =7.3 Hz, NCH,CH,), 2.06 (br, 2H,  NCH,CH,). 1.30-1.20 (m, 10H, 
CH,), 0.81 (t, 3JH.H = 6.9 Hz, 3 H ,  CH,); isomer ratio A:B: 7.05; I3CC('H] 
N M R  (200.63 MHz,25-C,CDC13): isomerA:6 =155.1 (C-l l ) ,  149.8(C-7), 


53.06 (NCH,), 32.0-22.5 (CH,), 14.03 (CH,); isomer B: 6 =155.0 (C-3). 
142.9 (C-9). 149.6 (C-3), 130.8 (C-5), 125.5 (C-10). 123.4 (C-X), 10'1.7 (C-4). 


147.5 (C-II), 143.8 (C-7). 139.2 (C-9). 136.6(C-5), 123.4(C-10), 121.5 (C-8). 
110.6 (C-4). 53.97 (NCH,), 32.0-21.5 (CH,), 14.03 (CH,): 
C,,H,,CIMoN,O, (467.78): calcd C 41.08, H 4.74, N 8.98; found C 40.64. 
H 4.92, N 8.91. 


2-(4-Bromo-l-o~tyl-3-pyrazolyl)pyridineoxodiperoxomolybdenum(~~1) (3 g) : IR 
(KBr): i = 3103scm-', 2952s, 2923vs, 2 8 5 3 s ,  1612s, 1594w, 1568w, 
1 5 2 2 ~ .  1506w, 1464ni, 1436m, 1430m, 1 3 7 0 ~ .  1334w. 126lw, 1251w, 
1207w, 1156w, 1108w, 1068w, 1056w, 1031w, 992w (C-Br), 954vs 
(Mo=O),  878~1,  863% (2 x O - 0 ) ,  788m, 751 w, 690w. 666m, 634w. 587m. 
541 w; ' H N M R  (400.13 MH7, 25"C, CDCI,); isomer A: 6 = 9.30 (dd. 
3 J 1 n , l l = 5 . 5 H ~ , 4 J g , l l = 5 . 5 H ~ ~  l l -H),8.69 (d ,3JH,y=7 .6Hz .8 -H) .8 .25  
(dt, 3J,,,10 ~ 7 . 5  Hz. 9-H), 7.68 (ddd, "J8, =1.5 Hz. 10-H). 7.37 (s. 5-H). 
4.10 (t. 3 J , l , t ,  =7.3 H7, NCH,CH,). 1.69 (br, NCH,CH,), 1.30-1.20 (ni, 
10H,  CH,), 0.81 (t. 3.1H,H = 6.9 Hz, CH,); isomer B: 6 = 8.38 (d, 
3 J l ~ ~ , l l  ~8.0HZ.ll-H),8.03(~,5-H).7.92(d,~J,,~=7,YH~,8-H).7.82(dt, 
' J g ,  ~ 7 . 9  Hz, 9-H), 7.69 (dd, 10-H), 4.66 (t, 'J,, , , ,  =7.3 Hz, NCH,CH2), 
2.01 (br. NCH,CII,), 1.30-1.20 (m, 10H, CH,). 0.81 (t. 341,,1 = 6.9 Hz, 
CH,); isomer ratio A/B: 7.86; I3C{'HJ N M R  (100.63 MHz. 25-C. CDCI,): 
isomer A: 6 =155.1 (C- l l ) ,  150.1 (C-7). 144.1 (C-Y), 140.9 (C-3) ,  133.2(C-5), 


14.03 (CH,); isomer B: 6 =155.0 (C-3), 148.9 (C-7). 147.5 (C-l l ) ,  144.1 


32.0-21.5 (CH,), 14.03 (CH,): C,,H,,BrMoN,O, (512.2): calcd C 37.52, H 
4.33, N 8.20; found C 37.98, H 4.37, N 8.40. 


125.5 (C-lo), 123.2 (C-8), 92.82 (C-4). 53.00 (NCH,), 32.0-21.5 (CH,), 


(C-Y), 139.1 (C-5). 122.6 (C-lo), 121.4 (C-X), 93.64 (C-4). 53.93 (NCH,). 


2-(4-Nitro-l-octyl-3-pyrazolyl)pyridineoxodiperoxomolybdenum(v~) (3h): 1R 
(KBr): 7 = 3139mcm-' ,  3101m, 2953s. 2926~s .  2855s. 1619m, 1570111, 
1 5 4 0 ~ s .  1504vs (N=O),,, 1453% 1442s, 1369s. 1350vs (N=O),,,, 1224in, 
1147w, 1112w, 1038w, 957vs (Mo=O), 875m. 864vs ( ~ x O - O ) ,  835s. 
790m, 7 5 5 s ,  666111,635w, 617w, 585s, 536111; 'H NMR (400.13 MH7, 25 ~C. 
CDCI,): isomer A:  6 = 9.43 (br, 11-H), 9.10 (d, 3Ja38.9 = 8.0 Hz, 8-H). 8.39 (t, 


3JH,R =7.0 Hz. NCH,CH,), 1.78 (br, NCH,CH,), 1.31 1.20 (m, 10H. 
CH,). 0.84 (t, 3J11,,i =7.0 Hz. CH,); isomer B: 6 not detectable; isomer ratio 
A/B: >50; "CI'H) NMR(100.63 MHz,25"C,CDC13): isomerA:6 =155.6 


(C-lo), 127.1 (C-8), 53.6 (NCH,), 31.6-22.5 (CH,). 14.0 (CH,): isomer B: 
6 not detectable; C,,H,,MoN,O, (478.31): calcd C 40.18. H 4.64, N 11.71: 
found C 39.07, H 4.59, N 11.59. 


' J 9 ,  = 8.0 Hz, 9-H), 8.23 ( 8 ,  5-H), 7.86 ( t ,  4J10,11 = 6.3 Hz, 10-H), 4.23 (t. 


(C-l l ) ,  147.5 (C-7), 147.5 (C-3), 143,4 (C-Y), 138.6 (C-5). 133.9 (C-4). 127.4 


Catalytic epoxidation of cyclooctene The reactiona were carried out in a 
two-neck 100 mL flask equipped with a reflux condenser m d  a Q u ~ c k f i t ~  
septum adapter. In this flask cyclooctene (1.00 g, 9.07 mmol), dibutyl ether 
(1 .00 g, 7.75 mmol, internal standard) and lBuOOH (1.35 mL of a 6.90M 
solution in CHCI,) were dissolved in CHCI, (23mL). The solution was 
heated to reflux temperature (61 "C. oil bath temperature: 95'C) and the 
catalysts (12-13 mg) dissolved in CHCI, (2mL) were added from a PE 
syringe. Samples were taken after 2, 5, 10, 20, and 40 min with a PE syringe. 
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Dendritic Bipyridine Ligands and Their Tris(bipyridine)ruthenium(rI) 
Chelates-Syntheses, Absorption Spectra, and Photophysical Properties 


Jorg Issberner, Fritz Vogtle,* Luisa De Cola, and Vincenzo Balzani* 


Abstract: Several synthetic strategies havc 
been explored to prepare dendrimers hav- 
ing the [Ru(bpy)J2+ complex as their 
core (bpy = 2,2'-bipyridine). Dendritic 
ligands have bcen synthesized by attach- 
ing branches in the 4,4'-positions of bpy. 
The largest dendritic bipyridine ligand 
contains 54 peripherical inethylester units. 
Four Ru" dendritic complexes have been 
prepared. Their absorption and emission 
spectra are very similar to those of the 


unsubstituted parent Ru"- bipyridine 
complexes. The large dendritic complexes, 
however, exhibit a more intense emission 
and a longer excited-state lifetime than 


Keywords 
bipyridine ligands 
dioxygen quenching 
ruthenium 


Introduction 


Well-defined, highly branched, and nanoscopic are the terms 
most often used to describe the characteristics of cascade mole- 
cules,['] also called arborols,['] or, more frequently, den- 
dr i~i iers . [~]  After the first example prepared 1 S years ago,"] there 
has been an enormous number of publications dealing with 
dendrimers. particularly in the last three years.14] Nevertheless, 
dendrimers continue to reveal new potential. Recently den- 
drimers have also become commercially available. Manufactur- 
crs of fine chemicals use the divergent synthetic approach to 
produce polypropyleneamine and pol yamidoamine (PAMAMTM) 
de~idr imers[~]  in large scale. 


Owing to  the high but well-defined number of functional end 
groups and the prescnce of internal cavities. dendrimers offer ;I 
wide range of unique physical and chemical properties. A partic- 
ularly interesting class of dendriiners is that containing 
metals,[' ~ ' ' I  because in metal-based building blocks it is pos- 
sible to incorporate specific "pieces of information" such a s  
accessible redox potentials and low-energy excited states. Suit- 
ably designed dendrimers containing up to 22 RLI" and/or 0s" 
metal complexes absorb and emit visible light, undergo ii great 
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liistitut fur  Orfnnische Chemie und Biochemie drr Uniberaitlit 
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* dendrimers * 


* luminescence * 


[Ru(bpy),12+ in aerated solutions. This is 
due to the shielding effect of the den- 
drimer branches on the Ru- bipyridine 
core, which limits the quenching effect of 
molecular oxygen. For  the largest dendrit- 
ic complex, which contains 54 peripheri- 
cal methylester units, the excited-state 
lifetime in aeratcd acetonitrile solution is 
longer than 1 i ts, and the rate constant for 
dioxygen quenching is twelve times 
smaller than for [Ru(bpy)J2'. 


number of redox processes, and can function as antennas for 
light harvesting.[51 Furthermore many dendrimers have been 
prepared which contain metal complexes only at their surface.['l 
In contrast, only a few examples have been described of den- 
drimers in which the only metal center is at the core.["] Den- 
drimers based on a metal porphyrin core["' have been reported 
to exhibit quite interesting electrochemical[' and photophysi- 
cal" "1 properties. 


The complexes of the [Ru(bpy),]" family (bpy = 2,2'- 
bipyridine) are know to show a unique combination of photo- 
physical and redox properties.[' '] Because of these porperties. 
they are extensively used a s  photocatalysts," 31 reactants in in- 
termolecularr"] and intramolecular['41 energy- and electron- 
transfer processes, building blocks for the construction of 
supramolecular species.["] and luminescence labels for im- 
munoassays." '1 


In this paper we report the synthesis of bpy-based dendritic 
ligands and their Ru" complexes. The absorption spectra and 
luminescence properties of the dendritic complexes and of suit- 
able model compounds are compared and discussed. We also 
show that in the larger dendritic complexes (higher generations) 
the shielding effect of the dendrimer branches on the 
[R~(bpy)~] ' '  core strongly decreases the qucnching effect of 
molecular oxygen. 


Results and Discussion 


Synthesis: The synthesis of the new dendritic ligands was per- 
formed by a divergent strategy, using 4,4'-functionalized 2,2'- 
bipyridines as starting materials (Scheme 1).  Following the pro- 
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tion reported previously'' 8h1 was confirmed, and 
the desired product 4 could therefore not be ob- 


3 with Ru" were unsuccessful. We assume that the 
tained, Unfortunately, attempts to complcx ligand 


HC( C O ~ C ~ H ~ ) ~ / K ~ C O ~ / D M F  


1 65OC/6d 79% Yield 2 


H H H  H H H  


3 
K2C03 \ 


DMS0/25°C 


4 


Scheme 1 


cedure reported by Newkome et al.," '3 ' 4,4'-bis(bromo- 
methyl)-2,2'-bipyridine"gl ( 1 )  was treated with triethyl 
methanetricarboxylate to obtain the dendritic hexaester 2 as a 
colorless crystalline solid. Further reaction of 2 with the mono- 
meric branching unit tris(hydroxymethyi)aminomethane (Tris) 
led to formation of 3. This dendritic bipyridine ligand bears 
twelve hydrophilic hydroxyl functions on its surface and is as a 
very hygroscopic colorless solid. The structures of 2 and 3 were 
readily deduced from 'H and I3C N M R  spectra as  well as from 
mass spectrometric analyses. The positive fast atom bombard- 
ment (FAB) mass spectrum of 3 shows the protonated molecule 
ion at  nz/z 801.3 and peaks at  m/z 855.3 and 871.3 (molecular 
ion + 2 0  + N a + ,  molecular ion + 2 0 + K + ) .  The decarboxyla- 


2 
RuCI-JEtOH/Gd_ . R lRIS/DMSO 


dendritic surface is quite hydrophilic and that 
there is a strong interaction between the hydroxy 
functions of the dendritic ligand 3 and thc RLI" 
cation. A further possible explanation is the aggre- 
gation of the ligand, as  has been shown for some 
related arboroles," *I which prevents thc nitrogcns 
of the bpy ligands from coordinating the Ru" ion. 


A different synthetic pathway is shown in 
Scheme 2. The dendritic hexaester 2 was first com- 
plexed with Ru" to yield the complcx 5 .  Subse- 
quent reaction with Tris in DMSO at  room tem- 
perature gave the metallo-"iniceIlano1"" 6 .  
The identity and integrity of thc dendritic tris- 
(bipyridine)ruthenium(II) complcx 6 were proven 
by 'H and 13C N M R  spectroscopy and by means 
of the high-field shift of the bipyridinc protons in 
the 6,6'-positions. Compounds 5 and 6 show the 
characteristic absorption and emission spectra of 
Ru- bipyridine complexes (vide infra). Further 
growth of the dendrimer beyond gencration one 
was not possible by this synthetic method. 


An alternative iterative synthesis was then pur- 
sued to  obtain dendritic bipyridine ligands of 


higher generation and molar mass by using 2.2'-bipyridine-4,4- 
dicarboxylic acid (7) as starting material (Scheme 3). A similar 
synthetic approach was previously for the prepara- 
tion of metal porphyrins. Following standard methods. well- 
known in peptide chemistry, the diacid 7 WBS treated with the 
monomeric branching unit 8 to  yield the hexaester 9 (Scheme 3). 
This hexaester was readily hydrolyzcd with a NaOH solution in 
methanol/water to give the hygroscopic hexaacid 10, which 
could again be treated with the monomeric branching unit 8. 
The first-, second-, and third-generation dendrimers (9, 11, and 
13, respectively) arc colorlcss oils, which were purified by 
columm chromatography. The largest dendritic bipyridinc 13 
contains 54 peripherical methyl ester units and has a molar mass 


R 


R R=CO*Et 


5 


6 
Scheme 2. TRIS: tris(1iydroxymethyl)aminomethane. 
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OCC/HOBT 
R = CH3 


9 7 8 


- 
MeOH/NaOH. RT. 48h 


- 
MeOH/NaOH. RT. 48h 


R = H  


12 


1. Generation 


R = H  


10 


- 
OCC/HOBT 


R=COOMe 13 
Scheme 3 DCC: disyclohexylcarbodiimide; HOBf : 1 -hydroxy-IH-benaotriarole hydrate 


of 10 kDa. The formation of the dendrimers was established by 
'H and 13C N M R  spectroscopy and by positive-FAB and 
MALDI-TOF mass spectrometry. 


The tris(bipyridine)ruthenium(u) chelates 14 and 15 were syn- 
thesized from the dendritic bipyridines 9 and 11, respectively. 
Under the experimental conditions used (refluxing the ligand 
with Ru"' chloride in ethanol for 14 days) complete transeslerfi- 
cation (-OMe to -0Et)  occurred in the case of the first-genera- 
tion dendrimer. whereas for the second-generation dendrimer 
only a small amount of the transesterification product was ob- 
served. The reason for this difference in behavior is probably the 
fact that the second-generation dendrimer has a denser surface 
than the first-generation dendrimer. 


Remarkably the complexation of Ru" with the third-genera- 
tion ligand 13 did not proceed smoothly under the same exper- 
imental conditions. The characteristic metal-to-ligand charge- 
transfer (MLCT) bands in the visible region of the 
Ru"-polypyridine complexes could hardly be observed. We as- 
sume that the conversion from the transoid structure of the frcc 
ligand to the cisoid conformation needed for metal chelation is 
hindered by the dendritic branches. Another possible explana- 


tion is the competition of the donor centers in the dendritic part 
of the ligand with the bpy nitrogen atoms. 


Spectroscopic and Photophysical Properties: The absorption and 
emission spectra of compounds 6 in water and 15 in acetonitrile 
solution at 298 K are displayed in Figure 1, which also shows 
the absorption and emission spectra of the parent [Ru(bpy),12 + 


complex in acetonitrile solution. Table 1 gives a summary of the 
spectroscopic and photophysical data for compounds 5, 6, 14, 
and 15, and for the parent [Ru(bpy)J2+ complex. 


Since the dendrimer branches d o  not possess chromophoric 
groups, the absorption spectra of the dendritic complexes show 
exclusively the bpy-centered bands in the UV region and the 
metal-to-ligand charge-transfer (MLCT) bands in the visible 
region, characteristic of the Rut'-polypyridine complexes. In 
compounds 5 and 6, where the groups directly linked to the bpy 
ligand are saturated hydrocarbons, the maximum of the visible 
band is shifted less than in the case of compounds 14 and 15, 
where the substituents are amido groups. The length of the 
dendrimer branches does not seem to play a n  important role in 
the absorption spectra. 
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OR RO 


14 R=Et 


CR 


15 R=Me 


In Ru-polypyridine complexes emission originates from the 
lowest, formally spin-forbidden, 3MLCT level. The wavelength 
of the maximum of the emission band is clearly more sensitive 
to the chemical nature of the group directly linked to the bpy 
ligand than to the length of the dendrimer branches. For com- 


300 400 500 600 700 


h (nm) 
Figure I .  Absorption and emission (inset) spectra, a[ room temperature. or 
[Ru(bpy)J2+ in acetonitrile solution (~-), compound 6 in water ( . . .). and 
compound 15 in acetonitrile solution (---). The concentration IS 1.6 x l o - '  M in all 
cases. The emission intensities are given in arbitrary units; quiintum yields are given 
in Table 1. 


Table 1, Spectroscopic and photophysical data for the tris(bipyridine)rutheniurn(ll) complexes 


pounds 5 and 6 the emission maximum at 298 K is very close to 
that of [R~(bpy)~] '+ ,  whereas for compounds 14 and 15 thc 
emission maximum is red-shifted, as is the case for amido-sub- 
stituted bpy The samc effect can also be ob- 
served in a rigid matrix at 77 K. The emission lifetime in a rigid 
matrix at 77 K is very similar for all the compounds examined. 


The most interesting results concern the excited-state lifetime 
and the luminescence quantum yield in fluid solution at 2% K.  
In air-equilibrated solution, which is the usual condition for 
most applications, all the novel compounds exhibit a more in- 
tense emission and a longer excited-state lifetime than the parent 
[Ru(bpy),]'+ complex. In the case of compound 15, thc excited- 
state lifetime is more than five times longer than for 
[Ru(bpy),]'+. This is due to both the chemical nature of the 
group directly linked to the bpy ligand and the length of the 
dendrimer branches. The latter effect becomes particularly clear 
if we compare the data of compounds 14 and 15, where the 
groups directly linked to the bpy ligands are the same. In deaer- 
ated solutions the lifetime of 15 is shorter than that of 14, where- 
as in aerated solutions the situation is reversed. This indicates 
that the increase in length of the branches slightly decreases the 
intrinsic lifetime ofthe Ru-bpy core, but in aerated solution thc 
excited state of the compound with longer branches 15 is less 
quenched by dioxygen than the excited state of the smaller coin- 
pound 14. On going from 5 to 6 the effect is even larger, but i t  


Absorption [a] Emision 
i,,,,,, nm (8 ,  M-lcm-')  


x,,,, nm 7, PS 
298 K [a] 77 K [b] k ,  [c], h I r ' s - 1  


@ x  102 L,,, nm 7, ws 


[Ru(bpy)J2' 450 (13400) 61 1 172 [d] 1.6 [d] 582 4.8 2.5 x 10" 


5 459 (14100) 61 1 287 3.5 583 5.4 1 3 x 1 0 4  


6 [fl 460 (1 5 300) 61 8 580 3.7 ~ [hl ~ [hl I .3  x 109 


14 465 "1) 630 760 7.0 602 5.5 0 43 x 10Q 


15 468 (k l )  638 1010 6.2 606 5.5 0.22 x 10' 


990 [el 6.2 [el 


960 [el 10 [el 


730 [el 5.1 [el 


1940 [el 12 [el 


1740 [el 13 [el 


[a] Acetonitrile solution, unless noted otherwise [b] Butyronitrile solutmn. tinless noted otherwise. [c] Rate constant for quenching by dioxygen at 298 K. [d] Aerated 
solution. [el Deaerated solution. [f] H,O solution. [g] Oily compound, difficult to weigh. [h] Not measured 
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should be pointed out that the latter compound was examined 
in a different solvent. 


The quenching of the luminescent 3MLCT level of Ru"- 
polypyridine compounds by dioxygen contained in the solvent 
is a well-documented phenomenon.['21 Although some of the 
dctails of the quenching mechanism are still the object ofcontro- 
vcrsy, energy transfer and electron transfer are both involved. 
The quenching rate constant k, can be calculated from the 
Stcrn-Volmer equation"', 2 3 1  [Eq. (l)], where z1 and z are the 


excited-state lifetimes in deaerated and air-equilibrated solu- 
tions, respectikely, and [O,] is the concentration of dioxygen in 
the air-equilibrated solution (1.9 x 10- 3 M  in acetonitrile and 
0.29 x 1 0 - 3 ~  in water a t  298 K).[241 The k,  values obtained by 
Equation (1) for the various compounds are listed in the last 
column of Table 1. The quenching constant decreases by a fac- 
tor of about 6 on going from [Ru(bpy),12+ to compound 14, and 
further decreases by a factor of 2 from 14 to 15. The less effective 
quenching cffcct of dioxygen on the luminescent 3MLCT level 
of the R d - b p y  core in the dendriincrs can be assigned to one 
or more of the following factors: 1) decrease in the diffusion 
rate constant with the increasing volume of the compound; 
2) lower solubility of dioxygen in the interior of the dendrimer; 
3) preferential "solvation" of the metal-complex core by the 
dendrimer branches, hindering suitable orbital overlap for ener- 
gy or electron transfer. 


Conclusions 


We have explored several strategies to prepare Ru" complexes of 
dcndritic bipyridine ligands. By an iterative synthesis based on 
2,2'-bipyridine-4,4-dicarboxylic acid as starting material we 
succeeded in preparing bpy-based dendrimers up to  the third 
generation. By using dendritic bpy ligands, four new Ru" com- 
plexes were prepared. These complexes exhibit the expected ab- 
sorption and emission properties of Ru"-polypyridine com- 
pounds. However, their excited-state lifetime in air-equilibrated 
solutions is longer than expected. A comparative analysis of the 
results obtained shows that the dendrimer branches protect the 
Ru-bpy core from dioxygcn quenching. A long lifetime of the 
luminescent excited state is important for immunoassay applica- 
tions, since the signal of the label can be read after the decay of 
the background fluorescence of the sample, whose lifetime usu- 
ally is in the nanosecond tirnescaIe.'2s' We plan to  perform sys- 
tematic investigations by using a variety of quenchers in order 
to elucidate the details of the protection effect caused by the 
dendrimer branches. 


Experimental Section 


Materials and Methods: Chemicals were purchased from Aldrich and used as 
1-eceived except for CH,CI,, which was dried using molecular sieves 4 A. 
4,4'-Bis(bromomethyl)-2,2'-bipyridine (1). 4,4-bis(carboxylic acid)-2,2'-bi- 
pyridine'19' (7), and the monomeric branching unit 8 were prepared accord- 
ing to published Thin layer chromatography (TLC) was carried 
out on aluminum sheets precoated with silica gel 60F,,, (Merck 1.05554). 
The sheets were examined by UV light (i = 254 nm). Column chromatogra- 
phy was carried out using silica gel 60 (Merck 15101). Melting points were 
determined on a Kofler microscope heater (Reichert, Wien) and are not 


corrected. Microanalyses were performed by the Microanalytical Department 
at the "Inslitut fur Organische Chemie und Biochemie der Universitiic 
Bonn".r261 Low-resolution mass spectra were obtained on an A. E. I. 
(Manchester, UK) MS 50 operating in electron impact mode (EIMS): fast 
atom bombardmcnt mass spectra (FAB-MS) were recorded on a Kratos 
Concept 1 H spectrometer. The matrix used was nz-nitrobemy1 alcohol. 
MALDI spectra were recorded on a Kratos Kornpakt MALD13. with h i -  
troanthracene, 5-chlorosalicylic acid, or  1.8-dihydroxyanthmcene matrices. 
The ' H  and " C  NMR spectra were recorded on a Bruker AM250 (250 MHz 
('H). 62.9 MHz ("C)) or on a Bruker AM400 (400 MHr  ( 'H) .  100.6 MHz 
(' 3C) )  spectrometer. Absorption spectra were measured in acetonitrile solu- 
tion, unless otherwise noted, at room temperature with a Perkin-Elmer 
Lambda 6 spectrophotometer. Corrected luminescence experiments were per- 
formed in air-equilibrated acetonitrile or water solution at room temperature 
and in freshly distilled butyronitrile at 77 K. Luminescence spectra were 
obtained with a Perkin-Elmer LS 50 spectrofluorimeter. Luminescence decay 
measurements were performed with an Edinburgh single photon counting 
machine. Analysis of the decay curves was performed by employing either 
purpose-written nonlinear iterative programs or commercial programs. When 
necessary. deneration of the solutions was performed by repeated freeze- 
thaw-freeze cycles. Luminescence quantum yields were measured following 
the method described by Demas and Crosby[*MJ using [R~i(bpy) , ]~ '  as a 
standard (@ = 2.8 x lo -*  in aerated water so"tion).'*''Experirnental errors: 
/I, +2nm:c .  & l o % : ? ,  is%:@, ~20%.Tlienomenclatureusedtoindicate  
the dendrimers is that suggested by Newkome et al.[3"1 


6-Cascade 2: A solution of 4.4-bis(bromomethyl)-2,2'-bipyridine (2.00 g. 
5.8 mmol) in dry toluene/DMF (40 mL, 312 y v )  was added to a suspension 
of triethylmethanetricarhoxylate (6.85 g. 29.5 mmol) and potassium carbon- 
ate (4.10 &, 29.7 mmol) in dry toluene1DMF (50 mL. 3/2 ~ ( 1 ' )  at 50 'C .  The 
reaction mixturc was stirred for 4 d at 68 'C and then filtered. The solvent was 
removed in vacuo, and the remaining residue was dissolved in toluene 
(100 mL) and washed with brine. 7 %  NaOH, and brine. The organic layer 
was dried (Na,SO,), and the solvent was removed in vacuo to yield 2 as 
colorless crystals. 2.95 g (79% yield). M.p.: 114'K (cyclohexane); 'H NMR 
(250 M H z , C D C I , . ~ ~ ~ C ) : ~  =1.21 (1, 18H.,J(H.H) =7.2 Hz;CH3).3.57(s. 
4 H ;  CH,), 4.22 (4, 12H. ,J(H,H) =7.2 Hz; CH,), 7.28 (dd. 2H. 
'J(H,H) = 5.1 Hz, ,J(H,H) =1.2 HL; arom. CH), 8.29 (d, 2H,  'J(H.H) = 
1.2 Hz; arom. CH), 8.51 (dd, 2H,  3J(H,H) = 5.1 Hz. "J1H.H) =1.2 Hz; 
arom. CH); " C  NMR (75.47 MHz, CDCl,, 2 5 ° C ) :  6 =13.96 (CH,), 38.1 
(CH,). 62.6 (H,CO). 66.5 (CC=O),  123.4. 125.6. 145.9. 149.0. 155 (pyridine. 
C ,  CHI. 166.5 (C=Oj;  MS-50 ( 1 8 0 T .  70eV, 300mA): m:; (%): found: 
644.2585 (Dev. 0.4,66.8%). C3,H,,N,0,2 (644.682): calcd. C 59.62. H 6.25. 
N 4.35: found C 59.70, H 6.32. N 4.31. 


12-Cascade 3 :  Potassium carbonate (967 mg, 7.00 minol) was added to a 
solution of the hexaester 2 (752.7 nig. 1.17 inmol) and x,x.x-tris(hydroxy- 
methy1)methylamine (Tris) (848.6 mg, 7.00 mmol) in dry DMSO (10 mL). 
This reaction mixture was stirred for 12 h at room temperature, the solvent 
removed in vacuo, and the residue dissolved in a small quantity of DMSO: 
H,O. After addition of dry acetone 3 precipitated as a hygroscopic colorless 
solid; 652 mg (67% yield). 'H NMR (250 MHz, [DJDMSO. 25 C): 6 = 3.08 
( s ,  4 H ,  CH,), 3.22 ( s ,  6 H ,  CH), 3.47 (d. 8 H ,  'J(H,H) =10.8 Hz; CH,). 3.58 
(d, 8H.  'J(H,H) =11.1 Hz: CH,). 4.6-8.1 (brs, OH), 7.27 (d. 2H. 
'J(H,H) = 4.8 Hz:arom. CH),7.4-7.7(s. NH),  8.23(s,2H,arom. CH).8.51 
(d, 2H,  'J(H.H) = 4.8 Hz; arom. CH); I3C NMR (75.47 MHz. [DJDMSO, 
25 ' C ) :  0 = 30.7 (CH,). 59.7 (CH,OH). 61.7 (CR,). 63.34 (CR,), 78.5 
(0). 122.8, 126.0, 146.0, 148.7, 155.0 (pyridine C. CH) .  170.2 (CONH):  
FAB+-MS (m-NBA): ~77 /z :  801.3, 833.3, 885.3, 871.3, 965.2 ([MfH]', 
[M + 2 01 ' [ M  + 2 0 + Na] -. [ M  + 2 0 + K] + , [ M  + 2 0 + Csl-). C,,H,,N,- 
O , ,  (800.82). 


18-Cascade 5 :  RuCI j -3H,0  (65 mg, 0.25 mmol) was added to a solution of 
2 (488 mg, 0.76 mmol) in ethanol (40 mL). The reaction mixture was relluxed 
for 6 d. The solvent was removed in vxuo .  and the residue dissolved in hot 
water. After addition of NH,PF, an orange solid precipitated. The wlid w a s  
filtered and washed several times with brine and dried in vacuo to give 5 .  
Yield (54%), M.p. 63-65°C; ' H N M R  (250 MHz. CDCl,, 25 C ) :  b =1.20 
(t, 54H. ,J(H.H) =7.1 Hz; CH,), 3.64 (s. 12H. CH,). 4.24 (4. 36H. 
'J(H,H) =7.1 Hz: CH,), 7.36 (dd, 6H.  'J(H.H) = ,J(H,H) = 4.4 Hz. 
1.51 Hz; arom. CH). 7.49 (d, 6 H ,  'J(H,H) = 5.8 Hz: arom. CH) ,  8.25 (d. 
6 H ,  ,J(H.H) =1.5 HL: arom. CH); I3C N M R  (62.9 MHL. CDCI,. 28 'C): 
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6 =13.8 (CH,), 37.4 (CH,) 62.9 (H2CO). 66.1 (CCO), 125.9, 130.3, 147.8. 
150.7. 155.9 (pyridineC. C H).  166.0 (C=O);  FAB+-MS (m-NBA): 0 1 1 : :  


2179.7. 2107.6 ( M +  = [C,,Hi2,N,O,,RuPF,]+, M +  - C,H,O,), 2034.7, 
1961.6 ( M '  = [C,,H,,,N,O,,R~]+, M i  - C,H,O,) 1017.4 ( M " ) ;  
G , H  I zoN,O,,Rul(PF,), (2325.04). 


36-Cascade 6 :  Potassium carbonate (321 mg. 2.3 mmol) was added to a solu- 
tion of the ruthenium(n) complex 5 (300 mg, 0.13 mmol) and "Tris" (Tris(hy- 
droxymcthy1)aminomethane) (281 mg, 2.3 mmol) in dry DMSO ( 5  mL). The 
reaction mixture was stirred for 15 h a1 room temperature. and filtered. The 
solvent was removed in vacuo, and the residue dissolved in a sinall quantity 
of DMSO/H,O. After addition of dry acetone an orange-red solid precipitat- 
ed (304mg. 83%).  ' H N M R  (400 MHz, D,O, 25 C):  6 = 3.44 (s, 12H),  
3.55-3.71 (in. 72H, CH,OH). 7.27 (m. 6H, pyridylH), 7.6 (ni. 6H. 
arom. H), 8.38 (mbr, 6H,  arom. H); 13C NMR (300.6 MHz, D,O. 25'C): 
6 = 35.4 (ArCH,). 61.4 (CH,OH), 63.2.62.34 (CR,), 63.26 (CHIOH), 63.75 
(CH,), 122.8, 123.0, 126.0, 126.2, 155.0 (pyridine.-C,CH), 171.4 (CONH); 
Ci02H 1 j b N  IxO,,RuP,F, 2 (2793.45). 


6-Cascade 9: 4,4'-Bis(carboxy)-2,2'-bipyridine (7) (0.98 g, 4 mniol) and l-hy- 
droxy-lH-benzotriazole hydrate (HOBT) (1.10 g, 8 mmol) were dissolved in 
dry T H F  (60 mL). This solution was cooled to - 5  'C,  and l,I.l-tris(car- 
boxyethoxymethy1)aminomethane trimethyl ester (8) (3.03 g, 8 mmol) was 
added. A solution of dicyclohexylcarbodiiiiiide (DCC) (1.75 g. 8.5 mmol) in 
dry T H F  (15 mL) was added at  - 5  C by mcans of'a syringe. This i-eaction 
mixture was stirred for 2 h at - 5 '  C and warmed to room temperature 
overnight. The precipitate was filtered off, and the solvent removed in vacuo. 
The residue was dissolved in AcOEt and washed twice with sat. NaHCO, 
solution, citric acid solution ( 2 N ) ,  and brine. The organic layer was dried 
(Na,SO,) and the solvent removed in vacuo to yield 9 as a colorless oil. 2.4 g 
(62%). ' H N M R  (400 MHz, CDC1,. 25°C):  S = 2.50 (t, 12H, 3./(H,H) = 
6.2 Hz, CH,), 3.53 (s, 18H, CH,), 3.66 (t. 12H, ,J(H,H) = 6.2 Hz. CH,), 
3.76 (s. 12H, CH,), 6.74 (s, 2H,  NH),  7.65 (dd, 2H,  ,./(H,H) = 5.0 Ha, 
,J(H.H) =1.6Hz; arom. CH). X.64 (d, 2H, 4./(H,H) =1.6Hz, arom. CH), 
8.74 (d, 2H,  3J(H,H) = 5.0 Hz; arom. CH); "C NMR (300.6 MHz, CDCI,. 
25 C): d = 34.6 (CH,), 51.5 (CH,). 60.3 (Cq), 66.7 (CH,). 68.9 (CH,), 
118.4, 121.5, 143.5, 149.8, 156.2 (pyridine-C, CH) ,  165.5 (CONH), 172.0 
(CO,Me); El: m / i  : 935 ( [ M  - CH,O]+. 100); C,,H,,N,O,, (9F.99). 


6-Cascade 10: A solution of the dendritic hexaester 9 (1.00 g. 1.03 mmol) in 
methanol (75 mL) and NaOH (25 mL, 10% in water) was stirred at  room 
temperature 48 h. The pH of the solution was adjusted to 5 ,  and the solvent 
was rcmoved in vacuo. The residue was dissolved in T H F  and filtered. After 
removal of the solvent in vacuo compound 10 was obtained as a colorless very 
hygroscopic aolid (0.87 g. 95%).  ' H  NMR (250 MHz, [DJTHE 25 "C): 
6 = 2.46 (t. 12H, ,J(H,H) = 6.3 Hz, CH,), 3.60 (1, 12H. ,J(H,H) = 6.2 Hz. 
CH,). 3.73 (s, 12H, CH,), 7.74 (dd, 2H, 3J(H,H) = 5.1 Hz, ,J(H,H) = 
1.6 Hz: arom. H),  7.8 (s. 2 H ;  NH). 8.66 (d, 2H,  ,J(H.H) =1.6 Hz: arom. 
CH), 8.46 (d, 2H,  'J(H.H) = 5.15 Hz; arom. CH), 13C NMR (62.7 MHz, 
[DJTHF, 2 5 ° C ) :  6 = 35.0, 61.1, 67.1, 68.2, 120.8, 128.6. 136.6, 149.3, 157.5 
(pyridine-C, CH), 165.7 (CONH). 172.9 (CO,H): FAB*-MS (m-NBA): m / i  
(Yo): 883.2 ([M+H]+,  100); 905.2 ([M+Na]+,  10). 838.2 ( [ M  - COOH] ', 
10); C,,H,,N,O,, (882.3). 


18-Cascade 1 1  : The dendritic hexaiicid I0 (0.98 g, 4 mmol) and HOBT (0.8 g, 
5.2 mmol) were dissolved in dry THF (40 mL). This solution was cooled 
to - 5 " C ,  and 8 (2.00 g, 5.3 mmol) was added. A solution of DCC (1.2 g, 
5.8 mmol) in dry THF (15 mL) was added at  - 5 ' C  by means of a syringe. 
The reaction mixture was stirred for 2 h a t  -5 'C and warmed to room 
temperature overnight. After the mixture had been stirred for 3 d at rooni 
temperature, the precipitate was filtered off and the solvent removed in 
vacuo. The residue was dissolved in AcOEt and washed twice with sat. 
NaHCO, solution, citric acid solution (2 N).  and brine. The organic layer was 
dried (Na,SO,) and the solvent was removed in vacuo to yield 11 as a 
colorless oil. 1.73g (76%). ' H N M R  (400 MHz, CDCI,, 25 "2): a = 2.41 
2.57 (t, 48H. 'J(H,H) = 6.3Hz, CH,), 3.51-3.70 (m. 150H, OCH,CH,, 
CH,O, OCH,), 6.1-6.2 (brs, 8 H ,  NH), 7.7 (brs,. 2H.  arom. CH),  8.6-8.8 
(m, 4H,  arom. CH), 13C NMR (62.7 MHz, CDCI,, 2 5 ° C ) :  6 = 34.9, 35.0, 
37.6. 51.8, 60.1, 61.0, 67.0. 67.9, 69.5, 69.9, 118.9, 121.6. 143.6, 149.8, 156.2 
(pyridine C, CH), 165.5 (CONH), 170.9 (CONH), 172.2 (C0,Me); FAB+- 
MS (m-NBA): m / i  (YO):  3053.7 ([M+H]+,  100): 2965.9 (70): C,,,H,,,- 
N,,O, (3051.18) calcd. C 52. U. H 7.00. N 4.59; found C 52.43, H 7.11. 
N 4.65. 


IS-Cascade 12: A solution of I 1  (1.00 g, 1.03 mmol) in methanol (75 mL) a n d  
NaOH ( 2 5  mL. 1 0 %  in water) w tirred at room temperature 48 h. The pH 
of the solution was adjusted t o  5. and the solvent w:is removed in vaciio The 
residue was dissolved in THF and filtcrcd. Aficr removal of thc solvcnt i n  


vacuo compound 12 was obtained a s  a colorless very hygroscopic solid (0.87s. 
95%) ,  which was used for further rexl ion without purificalion. 'H NMR 
(400 MHz, CDCI,, 25 C ) :  S = 2.35 2.6 (t. 4XH. 'J(H.H) = 6 1 Hz. 
OCH,CH,), 3 55-3.75 (m, 75H, OCH,CH,. CH,O. OCH,). 6.1 (s. XH. 
NH). 8.2 (brd,  2H) ,  8.5 (d, 2H,  J (H .H)=X.3Hz) .  9.1 (brs. 2 H ) :  
C , i , ~ ~ l , ~ , N , , O , ,  (2802. S). 


SCCascade 13: The dcndritic acid 12 (1.42 g, 0.5 mmol) and HOBT (1.4 g. 
9.1 mmol) were dissolved in dry T H F  (40 mL).  Thc solution was cooled to 
O'C and 8 (3.60 g, 9.5 ininol) was added. A solution of N-cyclohexyl-N'-(2- 
morpholinoethy1)carbodiimide nietho-/~-toluenesuIronale (4 g. 9.4 inmol) in 
dry T H F  (15 mL) was added at  0 'C by means of a syringe. This reaction 
mixture was stirred for 2 h a t  0 "C and warmed to room temperature 
overnight. After the mixture had been stirred for 1 week at rooni temperature, 
the precipitate was filtered off and the solvent removed in v;icuo. The residue 
was dissolved in AcOEt and washed twice with sat. NaHCO, solution. citric 
acid solution ( 2 ~ ) .  and brine. The organic layer was dried (Na,SO,) and the 
solvent was removed in vacuo to yield 13 (2.13 g. 45%) a s  a colorless oil. 
' H N M R  (400 MHz. CDCI,, 25 C): 6 = 2.35- 2.6 (m. 156H. OCH,Cli,). 
3.45-3.80(m,474H.0CH2CH,. CH,O. OCH,),6.1 (brs. 26H.NH).  7.3- 
7,8 (m, 6H. pyridine CH); " C  NMR (62.7 MHz. CDCl,, 25 C): 6 = 22.1. 
24.9, 25.6, 27.8, 33.8, 34.5, 34.6, 37.1, 37.2. 51.6, 53.4. 59.7. 66.7. 66.8, 67.5. 
67.9, 68.5, 69.0, (pyridine C, CH not observed), 170.8. 171.0, 172.1 (CONH, 
C0,Me); C,,,H,,,N,,O,,, (9303. V) calcd. C 52.16, H 7.17. N 4.22; found 
C 51.96, H 7.14, N 4.28. 


Ruthenium(n) complex with 9 (14): RuCl,.3H,O (41 mg, 0.15 mmol) was 
added to a solulion of 9 (457 mg, 0.47 mmol) in ethanol (25 mL). The reac- 
tion mixture was refluxed for 14 d. The solvent was removed in VHCUO ond thc 
residue dissolved in hot water. After addition of NH,PF(, an orange oil was 
formed. The solution was extracted with CH,CI,. The organic layer was dried 
(Na,SO,) and the solvent removed in vacuo to yield 14 BS a n  orange-red oil 
(450mg. 7656). ' H N M R  (250 MHz. CDCI,, 2 5 ' C ) :  0 = I 2 0  (t. 54H. 
'4H.H) = 7 . 2 H ~ ) .  2.54 (t, 36H, ,J(H.H) = 6.1 Hz), 3.71 (t. 12H. 
,J(H,H) = 6.1 Hz), 3.79 (s, 36H). 4.05 (q, 36H, 'J(H-H) =7.2 Hz), 7.01 (s, 


CDC1,,25'C):6=14.1,34.8,60.4,61.0,66.8,68.7,122.6,125.9,144.5,152.1, 
6H, CONH). 7.77-7.85 (m. 12H). 8.97(s. 6 H ) ;  I3C NMR (62.7 MHz. 


156.6 (pyridinc-C, CHI. 163.2 (CONH), 171.7 (C0,Et) .  MALDI-TOF-MS 
(9-nitroanthracene): nzlz [%I: 3393.6 ( [ M  - PF6]+. 100) cnlcd.: 3398.3: 
C, 5oH222N I 20,,RuP2E',, (3544.46). 


Ruthenium(ri) complex with 11 (15): RuCI, .3H20 (41 mg, 0.15 mmol) was 
added to a solution of 11 (457 mg, 0.47 mmol) in ethanol (25 mL).  The 
reaction mixture was refluxed for 14 d.  The solvent was removed in VBCUC) a n d  
the residue dissolved in hot water. After adition of NH,PF, an orange oil was 
formed. The solution was extracted with CH,CI,. The organic layer was dried 
(Na,SO,) and the solvent was removed in vacuo to yield 15 as  an orange-red 
oil. (450 mg. 76%). ' H N M R  (400 MHz. CDCI,, 2 5 ' C ) :  S = 2.27-2.62 (in. 
144H; CH,), 3.53- 3.77(1n, 450H; CH,), 6.14-6.14 (s. 24H, CONH). 7.71 - 
7.78 (brs,  6H, arom. CH),  8.73-8.8 (m. 12H: arom. CH): NMR 
(62 .7MH~,CDCI , ,25"C) :6=14 .2 .34 .6 (2~) ,34 .9 ,37 .1  (2x) ,51.6.59.7.  
66.6, 69.0, (pyridineC, CH not observed). 165.5 (CONH), 170.9. 172.0 
(CONH), 172.1 (C0,Me); MALDI-TOF-MS (ClSs): m;: ( "A) :  9559.3 
( [ M +  CH,]'. 100): C,,,H,,,N,,O,,,RuP,F,~ (9544.55). 
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Synthesis of (R)-Sulforaphane Using [ CpRu((R,R)-CHIRAPHOS)] + 


as Chiral Auxiliary** 


Wolfdieter A. Schenk and Michael Durr 


Abstract: A new enantioselective 
(80% ee) synthesis of (R)-snlforaphane 
and its epimer (S)-sulforaphane is de- 
scribed, which makes use of the psendo- 
tetrahedral complex fragment [CpRu- 
(CHIRAPHOS)]' as a chiral auxiliary. 
Reaction of the chloride complexes 
[CpRu(L-L)CI] [L-L = 1,2-bis(diphe- 
ny1phosphino)ethane (dppe), (2S,3S)- 
and (2R,3R)-bis(diphenylphosphino)- 


butane ((S,S)- and (R,R)-CHIRAPHOS, (DMD) produces the corresponding sul- 
respectively)] with phthalimidobutyl me- foxide complexes in high yield and high 
thy1 sulfide gives the thioether complexes diastereoselectivity. Cleavage of the 
[CpRu(L-L)(MeSC,H,NPhth)]PF,. Oxy- phthaloyl group with aqueous hydrazine 
gen transfer from dimethyldioxirane and subsequent reaction with thiophos- 


gene yields the sulforaphane complexes 
[CpRu(L- L)(MeS(O)C,H ,NCS)]PF, . 
Treatment of these with sodium iodide fi- 
nally liberates the sulforaphane without 
noticeable racemization. 


Keywords 
asymmetric synthesis e dioxiranes e 


ruthenium - sulforaphane - sulfoxides 


Introduction 


Enantiomerically pure sulfoxides are important intermediates 
in organic syntheses.I2l They also often have interesting biolog- 
ical proper tie^.'^] Consequently, the number of enantioselective 
syntheses of sulfoxides has increased steadily over the past 
decades.I4] We have recently been able to show that, in complex- 
es of the type [CpRu(PR;),(SMeR)]+, the coordinated thioether 
can be oxidized to the corresponding sulfoxide without rupture 
of the Ru-S bond (Scheme 1). The use of enantiomerically pure 


Scheme 1 


complexes [CpRu((S,S)-CHIRAPHOS)(SMeR)]+ (CHIRA- 
PHOSJ" is 2,3-bis(diphenylphosphino)butane) has led to a high- 
ly enantioselective synthesis (up to 98 % ee) of chiral sulfoxides 
RS(O)Me.['I If this methodology is to be of any practical use, 
the ruthenium complexes must be able to survive the often rig- 
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orous conditions of multistep organic syntheses. I n  order to 
demonstrate this, we set out to synthesize (R)-sulforaphane 
[(R)-11, a constituent of broccoli, cauliflower, and related spe- 
cies. (R)-1 has recently attracted considerable attention due to 
its ability to activate so-called phase I1 


and thus counteract the detrimental 
detoxication enzymes in mammals \? 


MeCS"-'-'hCS 


effects of chemical carcinogens.[51 (4-1 


Results and Discussion 


The synthesis of sulforaphane is outlined in Scheme 2, i t  closely 
follows the original route published by Karrer.[61 Owing to 
the high cost of both enantiomers of CHIRAPHOS, we consid- 
ered it advisable to test and optimize crucial steps using the 
achiral analogues [CpRu(dppe)(SMeR)]PF, (dppe = 1,2-bis- 
(diphenylphosphino)ethane, Scheme 2).  Thus, reaction between 
ruthenium complex 2 a and phthalimidobutyl methyl sulfide 
(3)["] in boiling methanol gave the ionic thioether complex 4 a  in 
quantitative yield. Complex 4a is a lemon-yellow crystalline 
compound, which is completely air-stable and readily soluble in 
polar organic solvents. Its 'H and I3C NMR spectra display 
signals corresponding to all groups present. The 31P NMR spec- 
trum at room temperature consists of a sharp singlet, indicating 
rapid pyramidal inversion at  sulfur.[71 Treatment of a solution of 
4 a  with a threefold excess of dimethyldioxirane (DMD)18] in the 
same solvent gave near-quantitative yields of the corresponding 
sulfoxide. Complex 5 a  is a light-yellow crystalline compound, 
similar in appearance to 4a. Spectroscopically, the oxidation of 
the thioether to a sulfoxide functionality i s  evident from a 
marked downfield shift of the adjacent CH, and CH, groups. 
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Scheme 2 .  Synthesis of tulforaphane 


The 31P N M R  spectrum now consists of a n  AB system, indicat- 
ing a fixed configuration a t  the sulfur atom. 


The amino group of S a  was readily deprotected by the stan- 
dard treatment with hydrazine in niethanoljwater. Aminc 6 a  
was isolated as a light-yellow crystalline material. Treatment of 
6a at 0 "C with thiophosgene and sodium hydroxide in a two- 
phasc system (CH,CI,/H,O) gave 45% yield of the racemic 
sulforaphane complex 7a.  The use of anhydrous sodium car- 
bonate as a base instead of sodium hydroxide resulted in a 
slightly improved yield (54 %). Complex 7 a, again, is a yellow 
solid, readily soluble in most polar organic solvents. In its 
I3C NMR spectrum a weak signal at 6 = 133.1, which is absent 
in the DEPT 135 spectrum, may be attributed to the NCS group. 
The IR spectrum clcarly shows the two typical isothiocyanate 
bands at  2180 and 2105 cm-I ,  only marginally shifted from the 
values of uncoordinated l.[5"1 Release of the sulforaphane lig- 
and was readily achieved by boiling 7 a  with sodium iodide in 
acetone. After chromatographic workup racemic 1 was isolated 
as an almost colorless oil with identical spectroscopic properties 
to those reported for (R)-s~lforaphane.'~". ')I HPLC analysis on 
a chirally modified Ceramospher column with combined UV 
and optical rotation detection gave a reasonable resolution of 
both enantiomers with (S)-( +)-1 having the shorter retention 
time (Figure 1 a ) .  


With slight modifications this synthesis can be extended to the 
analoguous complexes of (S,S)-CHIRAPHOS or (R,R)-CHI- 
RAPHOS (b and b', respectively; Scheme 2). The yields of the 


10 20 30 40 50 rnin 


10 2b 30 i o  50 60 min 


Figure 1 .  HPLC separation of (R,S)-1 (a) ,  (S)-1 (b), and (R)-1 (c). Column: Cer- 
amosphere Ru-I. 4.6 x 250 rnm, eluent: methanol. 0.6 mLrnin-'. T = 20 C (a. b). 
35 'C (c); * denotes a slight impurity; the longer retcntmn time in trace c is due to 
the higher column temperature. 


various steps are similar to those in the achiral systcm; CHI- 
RAPHOS complexes, however, are usually somewhat more 
soluble and tend to crystallize more readily than their dppe 
counterparts. The N M R  spectra of 4b,b'-7 b,b' reflect the intro- 
duction of additional chirality into the molecule. Thus, in 4b,b' 
all the protons of the C,H, chain and the two phosphorus atoms 
are nonequivalent. The 'H and I3C N M R  signals of the CH, 
and CH, groups at  sulfur are broad, owing to the slightly re- 
stricted inversion of the coordinated thioether."' Oxidation of 
the thioether functionality of 4 b  gave S b as an 89: 11 mixture of 
(S,,S,,S,) and (S,,S,,R,) diastereomers. Similar treatment of 
4b' yielded 5b' as a 90: 10 mixture of (Rc,Rc,Rs) and (R,,R,,S,) 
diastereomcrs. During the next steps care was taken to avoid 
any loss of product, so as to ensure that the enantiomer ratio of 
the isolated 1 closely mirrored the diastereoselectivity of the 
crucial oxidation step. As can be seen from Figures 1 b,c, this 
was in fact achieved: the enantiomers of sulforaphane were each 
isolated with 80 f 10 % ee.  


Concluding Remarks 


As has been outlined previously,['] use of the complex fragment 
[CpRu((S,S)-CHIRAPHOS)]' as chira! auxiliary allows the 
highly diastereoselective oxidation of coordinated methyl thio- 
ethers MeSR, even if the group R is sterically only slightly more 
demanding than a methyl group. This is again demonstrated 
by the remarkable stereoselectivity of the oxidation of 4b,b' 
to S b,b'. Furthermore, the well-known inertness of second- 
and third-row d6-octahedral complexes in general and of ruthe- 
nium(r1) complexes in particular means that this and similar 
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systems lend themselves to use as stereodirecting protcctive 
groups, which can be attached to (and readily removed from) a 
number of organic functionalities. It is probable that this auxil- 
iary type can be exploited for other types of reactions as well, 
such as nucleophilic additions or cycloadditions. This has, lor 
isolated examples, been demonstrated successrully[lO1 and will 
be further elaborated in our laboratory. 


Experimental Section 


General: All preparations were carried out in an  inert atmosphere by using 
standard Schlenk techniques. The phosphine hgdnds dppe, (S,S)-CHI- 
RAPHOS. and (R,R)-CHIRAPHOS were obtained from Strem Chemicals 
and used without further purification. DMD was employed as a freshly 
prepared 0 .08 - -0 .12~  solution in acetone [XI. The ruthenium complexes 2 
were obtained by published methods or adaptations thereof [I 11. Phthalimi- 
dobutyl methyl sulfide (3) was prepared as described by Karrer [6]. IR spectra 
were run on a Perkin-Elmer 283 instrument. 'H, I3C{'ij), and "Pj'H} 
NMR spectra were recorded using a Brukcr AMX 400 instrument. The 'H 
and ,C NMR signals of the chelate phosphine ligand are very similar for all 
compounds and have therefore been omitted from thc lists of spectral data. 
HPLC analyses were carried out on a Ceramospherc Ru-1 column, with 
methanol as eluent and combined UV and ChiraLyzer detection. Melting and 
decomposition points were determined by differential scanning calorimetry 
using a DuPont 9000 instrument. 


ICpRu(dppe)(MeSC,H,NPhth)lPF, (4a):  A solution of [CpRu(dppe)CI] 
(500 mg. 0.83 mmol), MeSC,H,NPhth (225 mg. 0.90 mmol),  and NH,PF, 
(150 in&. 0.92 mmol) i n  methanol (40 inL) was heated under retlux (2 h).  
After removal of the solvent the yellow residue was taken up in 
dichloromethane and chromatographed over silica with dichloromethane! 
acetone 20: 1 as an eluent. The yellow fraction, which was collected, gave, 
after evaporation, 770 mg (97 "/o) of 4a .  Lemon-yellow crystalline powder, 
decomp. 160 'C;  'H  NMR (400 MHz, [D,]acetone, 25'C, TMS): 6 =1.30 (s, 
3H;SCH3).0.95(m.2H:CH,). 1.08(m,211;CH2), 1.70(m,2H;CH2),3.42 
it ,  "J(H,H) = 6.8 Hz, 2H: NCH,), 5.32 (s, 5H;  Cp); I3C NMR (100 MHz. 
[D,]acetone, 25 C, TMS): (5 = 25.4 (t. 'J(P,C) = 2.8 Hz, SCH,), 27.5 (s; 
CH,), 28.5 (s:  CH,), 37.8 (s; NCH,), 46.0 (s; SCH,), 83.4 (s; Cp);  31P NMR 
(162 MHz, [D,]acetone, 25'C. 85% H,PO,): 6 =73.0 (s). C,,H,,F,- 
NO,P,RuS (958.9): calcd C 55.1 I ,  H 4.63, N 1.46, S 3.34; found C 55.21, H 
4.73. N 1.42, S 3.36. 


[CpRu(CHIRAPHOS)(MeSC,H,NPhth)]PF, (4 b, 4b'): Both enantiomers 
were prepared as described for 4a,  yield 95%. Lemon-yellow crystalline 
powder, decomp. 175 'C; ' H  NMR (400 MHz, [D,]acetone, 25°C. TMS): 
6 = 1.25 (in, 4 H ;  CH,CH,), 1.57 (s, br, 3H:  SCH,), SCH, signal not detect- 
ed, 3.48 (1, 3J(H,H) 6.5Hz, 2 H ;  NCH,), 4.81 (s, 5 H ;  Cp);  I3CNMR 
(300 MHz, [DJacetone, 25 'C, TMS): 6 = 26.0 (brs:  SCH,). 27.5 (s, CH,). 
28.4 (s, CH,). 37.5 (s, NCH?), 46.2 (brs;  SCH,), 85.2 (s, Cp); "P NMR 
(162 MHz, [D,]acetone, 25 C ,  85% H,PO,): 6 = 66.8 (d, J(P,P) = 40 Hz), 
82.9 (d. J(P.P) = 40 Hz). C,,H,,F,N0,P.3RuS (986.9): calcd C 55.89, H 
4.90. N 1.42, S 3.25; found C 55.84, H 5.25, N 1.41. S 3.23. 


[CpRu(dppe)(MeS(O)C,H,NPhth)lPF, (Sa): To a solution of 4 a  (200 mg, 
0.21 mmol) in acetone (10 mL) was slowly added a t  0 'C a solution of DMD 
in the same solvent (10 mL, 0.8 mmol). After 2 h at this temperature the 
solvent was siripped off and the residue chromatographed (silica. 
dichloromethaneiacetone 20: 1). The yellow fraction, after evaporation. gave 
analytically pure Sa. Yield 195 mg (96%,). Light yellow crystalline powder, 
decomp. 126 "C; 'H NMR (400 MHz, [D,]acetone, 25 'C, TMS): 6 = 1.0-1.3 
(m, 4H:  CH,CH,), 2.31 (s, 3 H ;  S(O)CH,). 2.7 (m, 2 H ;  S(O)CH,), 3.45 (t. 
,J(H,H) = 6.5 Hz? 2Hz; NCH,). 5.41 (s, 5H; Cp): ',C NMR (100 MHz, 
[DJacetone, 25 ' C ,  TMS): 6 =19.4 (s; CH,), 27.8 (s: CH,), 37.5 (s;  NCH,), 
49.6 (s: S(O)CH,), 64.7 (s; CH,S(O)), 85.5 (s: Cp);  "P NMR (162 MHz. 
[DJacetone, 25 C. 85% H,PO,): 8 =73.2, 74.4 (AB system, .J(P,P) = 


22 Hz). C,,H,,F,NO,P,RuS (974.9): calcd C 54.21, H 4.55, N 1.44, S 3.29; 
found C 53.91. H 5.01, N 1.37, S 3.26. 


ICpRu(CHIRAPHOS)(MeS(O)C,H,NPhth)JPF, (5  h, S b'): Both enan- 
tiomers were prepared as described for Sa, yield 90%. Light-yellow crys- 
talline powder. decomp. 118°C; 'H NMR (400 MHz. [D,]acetone, 25°C. 
TMS): major diastereomer: 6 =1.2-1.5 (m, 4H:  CH,CH,), 2.22 (s, 3H,  
S(O)CH,), 2.85 (m, 2 H ;  S(O)CH,). 3.52 (brt. 'J(H,€I) = 6.7Hz: NCH,). 
5.02 (s, 5H: Cp); minor diastereomer: 6 = 2.48 (s, 3H: S(O)CH,). 5.04 (s. 
5H:  Cp); I3CNMR (100 MHz. [DJacetone, 25 C. TMS):  major 
diastereomer: d = 19.5 (s; CH,), 27.6 (s; CH,). 37.5 (s, NCH2). 48.7 (5: 


S(O)CH,), 64.9 (s; S(O)CH,), 86.6 (s; Cp): minor diastereomer: 6 = 49.9 (s: 
S(O)CH,), 86.5 (s; Cp); , 'PNMR (162 MHz, [D,]acetone, 25 C, 85% 
H,PO,): major diastereomer: 6 = 62.5 (d, J(P.P) = 36 Hz), 81.6 (d. 
J(P,P) = 36 Hz); minor diastereomer: 6 = 63.1 (d. J(P.P) = 36 Hz), 81.5 (d. 
J(P,P) = 36 Hx). C,,H,,F,NO,P,RuS (1002.9): calcd C 55.09. H 4.82. N 
1.40, S 3.20; found C 54.91, H 5.09. N 1.67. S 3.25. 


[CpRu(dppe)(MeS(0)C,H8NHz)]PF, (6a): Hydraiine hydrate (1.0 mL, 
16 mmol) was added to a solution of 5 a  (200 mg, 0.20 niinol) in  methanol 
(20 niL) and allowed to react for 24 h at 20 'C. All volntiles were then re- 
moved under vacuum, the resulting yellow residue was dissolved in ;I mini- 
mum amount of dichloromethane and filtcrcd over Celite. The product was 
precipitatcd by addition of hexiiiie. Yield I60 ing (95%). Light-yellou crys- 
talline powder, m.p. 92°C (decomp.): '13 N M R  (400 MHz. [D,]acctone. 
25 'C, TMS): 6 =1.0-1.4 (m. 4 H ,  CH,CHJ, 2.31 (s, 3H: S(O)CH,). 2.65 
(m. 1 H: S(O)CH), 2.95 (br t ,  ,J(H,H) = 6.411~.  2 H :  NCH,), 3.2 3.4 (m. 
3H;  S(O)CHCH,), 5.40 (s. 5H;  Cp). ',C NMR (100 M H r .  [D,]acetone. 
25 C. TMS): ri =19.8 (s; CH,), 29.6 (s: CH,), 49.2 (s; S(O)CH,). 50.6 (s: 


NCH,). 65.1 (s; S(O)CII,), 85.3 (s; Cp). "P NMR (162 MHL,  [D,]ucctone, 
25'C. 85% H,PO,): 6 =74.1. 74.3 (AB systcm. .J(P.P) = 22 Hz). 
C,,I-I,,F,NOP,RuS (844.8): calcd C 51.18, H 5.01. N 1.66. S 3.80: found C 
50.85, H 5.46, N 1.76, S 3.62. 


lCpRu(CH1RAPHOS)(MeS(0)C4HxNH2)~PF,: (6b, 6b'). Both enantioinerc 
were obtained in almost quantitative yield as described for 6a .  Light-yellow 
crystalline powder, m.p. 200 C (decomp.): ' H  NMR (400 MH/ .  [D,]acetone. 
25 'C, TMS): major diastereomer: 6 =1.25 (m, 2H:  CH,). 1.47 (in. 2 H ;  
CH,), 2.24 (s, 3H;  S(O)CH,), 2.60, 2.85 (m, 2 H :  S(O)CH,). 3.00 (br t .  
'J(H,H) = 6.4 Hz. 2H;  NCH,), 4.98 (s, 5H:  Cp): minor diastcrcomer: 
6=2 .48  (s, 3H;  S(O)CH,). 5.02 (s, 5 H :  Cp).  '"CNMR (100MHr. 
[DJacetone, 25 "C, TMS): major diastereomer: 6 = 20.1 (s; CH,). 30.3 (J: 


CH,), 48.4 (s; S(O)CH,), 50.8 (s; NCH,), 65.7 (s; S(O)CH,). 86.6 (s: Cp); 
minor diastereomer: ii = 48.8 (s; S(O)CH,), 86.4 (s ;  Cp):  "P NMR 
(162 MHz, [D,] acetone, 25°C. 8 5 %  H,PO,): major diastereomer: d = 61.8 
(d, J(P,P) = 36 Hz), 81.5 (d. J(P,P) = 36 Hz); minor diastereomer: d = 61.8 
(d,  J(P,P) = 36 Hz) ,  81.5 (d, J(P,P) = 36 Hz). C,,H,,F',,NOP,RuS (872.8): 
calcdC52.29.H5.31,N1.60.S3.67:foundC52.68,H615.N2.14.S3.34.  


[CpRu(dppe)(MeS(O)C,H,NCS)IPF, (7a): To a solution of 6 a  (200 mg, 
0.24 mmol) in dichloromethane (20 mL) was added, at 0 C, thiophosgcnc 
(20 pL, 0.27 mmol) and 2 M aqueous sodium hydroxide (2.0 mL. 4.0 mmol). 
The mixture was stirred 1.5 h a t  0 "C and 0.5 h at 20 C. The organic layer W ~ I S  


then dried with magnesium sulfate. filtered over celitc, and evaporated t o  


dryness. The residue was chromatographed over silica using dichloro- 
methanelacetone 20: 1 as  eluent. The yellow band. after cvciporntion. gave 
80 nig (45%) of yellow crystalline 7a.  Use of anhydi-ous sodium carbonate 
instead of aqueous sodium hydroxide gave a slightly improved lield (88 mg, 
54%).  m.p. 196 C (decomp.): ' H N M R  (400 MHz, [D,]acetone. 25 C. 
TMS): [S =1.1--1.4(m,4H; CH,CH,), 2.35 (s. 3 H ;  S(O)CH,). 2.85 (m. 2 H :  
S(O)CH,), 3.42 (t. 'J(H,H) = 6.0 Hz. 2H:  NCH,). 5.44 (s. 5 H :  Cp) .  
I3C NMR (100 MHz, [D,]acetone, 25 'C, TMS): 6 =19.4 (x: CH,), 29.0 (s: 
CH,). 45.0 ( s ;  NCH,). 49.9 (s: S(O)CH,), 64.3 (s: S(O)CH,), 85.9 (s: Cp),  
133.1 (5; NCS). ,'I' NMR (I62 MHz, [DJacctone. 25 C ,  85O/;) H,PO,): 
6 =73.4, 74.1 (AB system, J(P.P) = 22 H L ) .  C,,H,,F,NOP,RuSL (886.9): 
calcdC50.11,H4.55,N1.58.S7.23;foundC49.81,H479,N 1.76.SS.46. 


[CpRu(CH1RAPHOS)(MeS(0)C4HxNCS)~PF, (7 b, 7 b'). Both enantioniers 
were prepared as described above and with sodium carbonate as ii base. Yleld 
45 -50%. orange-yellow crystalline powder. imp. 105 C (decomp.): 
'H NMR (400 MHz. [DJ acetone, 25 'C.  TMS): major diastereoiiier: 
5 =1.27 (m, 2 H ;  CH,), 1.39 (in. 2H: CH,). 2.25 (s, 3H:  S(O)C'H,), 2.47. 
2.86 (m, 2 H ;  S(O)CH,). 3.51 (t, 'J(H,H) = 5.9 Hz, 2 H :  NCH,), 5.00 (s. 5 H: 
Cp); minor diastereomer: 6 = 2.53 (s, 3 H ;  S(O)CH,). 5.04 (s. 5H: Cp). 
"C NMR (100 MHL, [D,]acetone, 25 C, TMS): major dinstcreomer: 
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b = 20.3 (s; CH,), 29.7 (s; CH,), 45.8 (s; NCH,), 49.2 (s; S(O)CH,), 65.8 (s; 
S(OjCH,j, 87.2 (s; Cp), 133.2 (s; NCS); minor diastereonier: 2 = 50.5 (s; 
S(O)CH,, 87.0 (s; Cp). 31P NMR (162 MHz, [DJacetone, 2 5 ° C  88% 
H,PO,): major diztstereomer: 6 = 62.3 (d, J(P,P) = 36 Hz). 81.5 (d. 
.I(P.P) = 36 Hz); minor diastereomer: b = 62.9 (d, J(P,P) = 36 Hz), 81.4 (d. 
J(P,P) = 36 Hz). C3,H,,F,NOP,RuS, (914.9): calcd C 51.20, H 4.85, N 
1.53. S 7.01; found C 51.37. H 4.94, N 1.85, S 6.87. 


Liberation of sulfnraphane (1): A solution of 7a  (89 mg, 0.10 mmol) and 
aodium iodide (150mg, 1.00mmol) in acetone (10mL) was heated under 
reflux (40 11). The solvent was then removed under vacuum, and the residue 
chromatographed over a silica column. With dichloromethane/acetone 10: 1 
as eluent a yellow hand was recovered, which contained the iodo complex 8a. 
Sulforaphane was then eluted with methanol and isolated after evaporation 
of the solvent as a slightly yellowish oil. Yield 17 mg (96 YO); similar treatment 
of 7b  or 7h' gave near quantitative yields of (S)-1 and (R)-I ,  respectively. 
'H  NMR (400 MHz. CDCl,, 25'C, TMS): 6 =1.9 (m, 4 H :  CH,CH,). 2.58 
(s, 3 H ;  S(O)CH,), 2.72 (m, 2 H ;  S(O)CH,), 3.58 (t, 3J(H,H) = 6.4 Hz; 
NCH,). 13C NMR (100 MHz, CDCl,, 25 -C, TMS): 6 = 20.4 (s; CH,), 29.3 
(s; CH2j.  39.0 (s; S(O)CH,). 44.9 (s; NCH,), 53.8 (s; S(O)CH,). 
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A Theoretical Study of the Indigoid Dyes and Their Chromophore 


Luis Serrano-And&* and Bjorn 0. Roos 


Abstract: A theoretical study of the elec- 
tronic spectra of indigo, bispyrroleindigo, 
and the H-chromophore, thought to be 
the basic structure leading to the intense 
absorption in the visible spectrum of the 
indigoid dyes, has been performed by 
means of the complete active space (CAS) 
SCF method and the multiconfigura- 
tional second-order perturbation theory 


(CASPT2). The calculations include exci- 
tation energies, oscillator strengths, and 
transition moment directions for the va- 


lence singlet states of the molecules. The 
assumption that the H-chromophore is re- 
sponsible for the absorption in the visible 
spectrum is quantitatively revisited with 
the help of the modern ah initio method- 


Keywords ologies and the main features of these 
a b  initio calculations * chromophores molecules are theoretically analyzed. - dyes * electronic structure - indigo some of them for the first time. 


lntroduction 


In theory, visible absorption spectroscopy is no more important 
than other spectroscopic methods, but it has been the subject of 
particular interest over many years, for obvious reasons: we 
perceive compounds that absorb in the range 400-700 nm 
(3.10-1.77 eV) as being colored, and compounds that absorb 
strongly at  these frequencies can be used as colorants, dyes, or 
pigments. Known since ancient times, colorants became indus- 
trially important with W. H. Perkin’s discovery of the first syn- 
thetic dye, mauve, in 1856. It was soon realized that compounds 
absorbing in the visible region differed from those absorbing at  
higher energies, namely, near ultraviolet, in that they contained 
complex combinations of what Witt named chromophores in 
1876,[‘’ that is, one or several groups of unsaturated species 
responsible for absorption in the low-frequency region of the 
spectrum. 


Empirical theories about color and constitution were devel- 
oped by spectroscopists a t  the beginning of this century, but, 
with the development of the valence bond theory, the concept of 
resonance was thought to have provided the final explanation for 
the phenomenon of color. Bury suggested in 1935 that color was 
actually due to the oscillation of bonding between two Kekult. 
structures.[’] The initial success of resonance theories led to the 
elaboration of Knott’s rules,’’] which allow solvatochromic 
shifts to  be predicted by examining all possible resonance forms 
according to stability criteria. The number of exceptions to  these 
rules began to increase, and the first molecular orbital calcula- 
tions showed that a large number of resonance structures should 
be included to obtain even a qualitative understanding of the 
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absorption bands. One of the greatest achievements of the 
semiempirical molecular orbital theories was obtained in 1960’s 
and related to  the indigoid-type dyes. 


Indigo (also referred to as indigotin, 2,2’-bisindoleindigo, or 
2,2’-biindoline-3,3’-dione; I in Figure 1) is a blue pigment, which 
is insoluble in water and which must be first reduced to  the water 
soluble leuco form and then reoxidized to become a blue dye 
locked within the fiber. It is one of the most ancient natural dyes 
obtained both in Asia from the so-called indigo plant and in 
Europe from dyers’ woad, and it is still one o f  the most prevalent 
dyes used to obtain the blue color ~ f j e a n s . [ ~ . ~ ]  One of its deriva- 
tives, 6.6‘-bromoindigo is known as  Tyrian purple. It was ob- 
tained from glandular secretions of some molluscan species in 
the Mediterranean Sea in such small quantities that wearing 
clothes dyed with it became a privilege of Greek kings and 
Roman emperors. The synthetic form is still used today to  ob- 
tain violet colors.[3, 41 The structure of indigo was elucidated by 
von Baeyer between 1866 and 1883, but it was only in 1928 that 
Reis and Schenider succeeded in determining its trans configura- 
tion by X-ray analysis.[31 Qualitative and empirical theories of 
color and constitution were unable to explain the blue color of 
the indigo dye and the red color of its sulfur-containing ana- 
logue (-S- replacing -NH-) . Therefore the proposed structure 
was repeatedly questioned.[31 


Four resonance structures were initially proposed to explain 
the color of indigo: neutral I ,  two structures with a negative 
charge on one of the oxygen atoms and a positive charge on  the 
nitrogen of the second moiety, and the so-called quadrupole 
merocyanine structure with a negative charge on each oxygen 
and a positive charge on each nitrogen. In the quadrupole struc- 
ture the benzene ring is explicitly considered to  be part of the 
chromophore. In 1965 Leupold and Dahne[” applied the ex- 
tended Huckel molecular orbital method to  this problem, and 
they concluded that the ground state of indigo was best regarded 
as a resonance structure between the neutral and the quadrupole 
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Figure 1 ,  Structure and a ioni  labeling for indigo ( I ) .  bispyrroleindigo (11). and thc 
H-chromophorr (111) (C2,,  \ymmeiry) 


merocyanine structure a term coined by them. More sophisti- 
cated calculations using the Hiickel method"] and later the PPP 


mainly performed by Klessinger and co-workers 
between 1966 and 1973, suggested that the fundamental chro- 
mophore of indigo was the cross-conjugated system 111, desig- 
nated as H-chromophore by Dlhne  and Leupold'"] because of 
its shape. The structure of the indigo chromophore, identified 
by purely theoretical methods, was confirmed by Klessinger and 
co-workers. They synthesized simple modcls analogous to in- 
digo, such as tetramethylbispyrroleindigo (a tetramethyl deriva- 
tive of 11) and other derivatives,r'O.l'l in which no addiiional 
unsaturated bonds could be rorined other than those of the 
H-chromophore.['I 


Indigo was therefore classified as a donor-acceptor chro- 
mogcn where the amino groups act as the electron donors and 
the carbonyl groups as the electron acceptors. The position of 
thc lowest absorption band (and therefore the color) in indigo 
varies strongly with its environment, ranging from red (540 nm, 
2.30 eV) in the gas phase. to violet (588 nm. 2.1 1 eV) in a nonpo- 
lar solvent such as CC1,. to blue in polar solvents such as 
ethanol (606 mi, 2.05 eV) or in the solid state.[3.". 1 2 ]  The intro- 
duction of substituents in the benzene rings has no pronounced 
effect, probably due to tlie secondary role of the rings. and thc 
band maxima in a tetrachloroethane solution fall between 570 
and 645 nm (2.1 8 and 1.92 eV)"] depending on the substituents. 
Substitutions at the 5,5'-positions (7 from the carbonyl carbon) 
lead to bathochromic shifts, and substitutions at  6,6' (y froin the 
nitrogens) to hypsochromic shifts. This is the case in 6,6'-dibro- 
nioindigo, which is purple in polar solvcnts owing to an absorp- 
tion at 590 nm (2.10 eV).1121 Replacing the nitrogens in indigo 
by poorer donating systems like sulfur or oxygen leads to large 
hypsochromic shifts. Thcrc is a rich literature about the synthe- 
sis and properties of indigoid dyes and related compounds, but 
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from the structural point of view the most important conclusion 
is that it is impossible to establish simple qualitative rules for the 
correlation between the structure and the electronic spectrum of 
n-electronic molecular systems.[31 In most of cases the use of 
high-quality quantum chcrnical methods is unavoidable. 


The visible and near-ultraviolet spectrum of indigo in ethanol 
up to 220 nin (5.64 eV) is composed of four main bands with the 
following band maxima and extinction coefficients (in parenthe- 
ses): 2.0 (15800), 3.5-3.9 ( IOOOO) ,  4.4 (2690O), and 5.2eV 
(19 900).[61 The semiempirical studies on the system were limited 
to the lowest singlet state. The present study tries to perform a 
complete study of the nuin features of the indigo molecule by 
means of the ab initio CASSCF/CASPT2 method.['3.141 The 
size and structure of the indigo molecule means that it is neces- 
sary to make certain approximations. The x valence electron 
correlation, involving 22 electrons and 20 orbitals, cannot fully 
be accounted for a t  the CASSCF level. It will therefore bccomc 
necessary to treat part or the n electrons as inactive and use the 
CASPT2 method for all remaining contributions to the correla- 
tion energy. 


The present study was performed in the following way. Ini- 
tially, the valence states of the H-chromophore system (111), 
including n --t x* and n + n* singlet states, will be studied. 
Then, the valence n + x* spectrum of bispyrroleindigo (11), the 
closest system to indigo where all n valence electrons and or- 
bitals can be included in the active space, will be studied. The 
final study will be performed on the n + n* spcctrum of indigo 
itself (1). Both the H-chromophore and bispyrroleindigo will be 
used to test different aspects as the basis-set or active-space 
selection. The analysis of the results will be used to revisit the 
H-chroinophore hypothesis in it quantitative way, and will per- 
mit a bcttcr understanding of the basic features of the indigoid 
dyes. 


Methods and Computational Details 


Ground states geometries: No gas-phase ground state experimental cquilibri- 
um geometries h a w  been reported for the molecules under consideration. Our 
ground state geometries were therefore optimized at the CASSCF level of 
theory employing an atomic natural orbital (ANO) type basis set[' contract- 
ed t o  C,N,O 3s2pldlH 2s built fioiii the primitive set C.N.O(l0~6p3d) '  
H(4s)"'' for H-chroniophore and bispyrroleindigo. The geometry optimiza- 
tion on thc indigo inoleculc was carricd out with a basis set contracted to 
C,N.O 3s2p,H 2s owing to the larger size o f the  system. The molecules were 
maintained in a planar arrangement in agreement with findings obtained by 
X-ray diffraction ineasurements~' 'I (C2, ,  symmetry) and were placed in the .q 
plane. The active spaces employed in [he optimizations include the rc.rc* 
orbitals and electrons, except in indigo where some of them were treated as 
being inactive. The sizes are: H-chi-omophore, X orbitals and 10 electrons; 
bispyrroleindigo. 12  orbitals and 14 electrons; and indigo, 12 orbitals and 14 
electrons. 


B a s k e t  and active-space selection: The large size of the indigoid dyes makes 
i t  neccssery to limit the size of the basis betb. To study the effect o f  the Ixisis 
set reduction o n  the excited states of these systems. u'e coinpiled tlie results 
for the n 4 rc* valence states of the H-chromophore computed with three 
different ANO-type[''] basis sets (Table 1 ) .  As previous experience also 
shows."" the most important quality losses in excitation energies appcar 
when the polarization functions are dt-opped from the basis set. On the other 
hand, the change from the basis set C,N,O 4 s 3 p l d , H  2s to C.N.0 3s2p Id H 
2s typically leads to deviations in the excitation energies between 0.1 and 
0.2 eV. This latter basis set will be used in the calculations on bispyrroleindigo 
and indigo. 
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Table I .  Calculated CASPTZ excitation energies (eV) and oscillator strengths (f) 
for then + n* excited singlet statcs of the H-chromophore in different basis sets [a]. 


4s3pld 3s2pld 3s2p 
Stzte PT2 f Pr2  f' PT2 .f 


1 '8, (n + a*) 2.40 
2 ' B, (a + n*) 6.32 
3 ' B ,  (a + n*) 6.49 
4 ' B , ( n + x * )  7.43 
5 ' 8 , ( n + s * )  7.49 


2 ' A g ( a - t X * )  3.78 
3 ' A ,  (a + n*) 


51.4, (n + n*) 6.81 


4.82 
4 ' A ,  (a --t a*) 5.52 


0.127 
0.072 
0.473 


0.100 


forb. 
forb. 
forb. 
forb. 


0.054 


2.47 n.13o 
6.40 0.119 


7.37 0 . 0 ~ 5  
6.52 0.426 


7.46 0.125 


3.79 forb. 
5.17 forb. 
5.32 forb. 
6.91 forb. 


2.85 0.156 
6.81 0.502 
6.84 0.100 
7.86 0.094 
7.93 0 1 1 2  


4.25 forb. 
5.73 forb. 
5.61 forb. 
7.27 rorb. 


la] All ANO-type basis sets, 2s for hydrogen, ref. [17], with additional I s lp ld  
dlffuae [unctions. 


The indigo molecule has 2011,rr* orbitals and 2211 electrons. To study the x 
spectrum of the molecule it would be desirable to include all the s,n* orbitals 
in the active space for the CASSCF treatment. This is not possible, and 
therefore some appropriate selection of the space is necessary. The procedure 
for making the selection is not straightforward. and in the following we show 
one possible way of dealing with large systems within the present methodol- 
ogy. The bispyrroleindigo will be used lirst to illustrate the procedure. We will 
use the natural occupation numbers from a RASSCF calculation as a criteri- 
on for the importance of an  orbital in the dcscription of an electronic state. 
The restricted active space (RAS) SCF was employed to ana- 
lyze the E + H *  excited states. In the RASSCF method the inactwe and 
secondary space have the same properlics as for the CAS wave function. The 
active space is, however, divided into three subspaces: RAS1, RAS2, and 
RAS3. RAS 1 and RAS 3 spaces consist of orbitals in which a certain number 
of holes and electrons, respectively, are allowed. In the present study we have 
only considered single excitations from RAS 1 to RAS3. In the RAS2 space 
the arbitrary occupation of thc orbitals is retained. 
We performed an RASSCF calculation for bispyrroleindigo in which the II 
space was divided into three subspaces: RASI ,  including two ( I ,  and two h, 
orbitals; RAS2, three a, and three b, orbitals; and RAS3, including one ( I ,  


and one h, orbitals. A maximum of one hole and one electron are allowcd in 
RAS 1 and RAS3, respectively. Table 2 shows the SCF orbital energies we 
used as a criterion to divide the RAS space. Also Table 2 contains the natural 
occupation o f t h e  bispyrroleindigo 11 orbitals for both the RASSCF and the 
CASSCF calculations. A basis set contracted to C,N.O 3s2p/H 2s was em- 
ployed for these test calculations. In bispyrroleindigo all 1211,a' orbitals can 
be included into the CASSCF space. A usual criterion for considering a 
particular orbital a s  being important for the description of an excited state is 
that it should have a CASSCF occupation of higher than 0.05 or lower than 
1.95. in  bispyrroleindigo the low-lying ( I ,  and 6, orbitals are of minor impor- 
tance for the six lower ' B ,  excited states. This is perfectly reflected in the RAS 
calculations with the occupations 2.00 o r  1.99 in all cases. Both orbitals could 
then be excluded from the active space if necessary. In general orbitals with 
occupations of 1.96-1.97 or 0.03-0.04 in the RASSCF calculation are a t  the 
limit. Smaller or larger occupancies, respectively, imply that the orbital must 
be included in the activc space. On the other hand. in both the RASSCF and 
CASSCF calculations, the 2r1, orbital seems to be essential in describing the 
3 ' B ,  state. A CASSCF calculation that does not include this orbital could 
only be used to compute the lower states. The same study can be performed 
for the 'A, states. The RASSCF and CASSCF excitation energies (with 
respect the ' A ,  ground state) and especially the oscillator strengths can differ 


I t  can be concluded that a RASSCF study of the natural occupation numbers 
is a useful way to select the orbitals involved in the description of the states. 
In indigo it is not possible to include all 20 II orbitals in the CASSCF active 
space. Table 3 compiles the results of a RASSCF calciilation on the indigo 
molecule. Here the SCF orbital energies were also used to partition the active 
space. The two lowest 11 orbitals were considered to be too low in energy and 
are not included in the active space. The RAS space was divided as follows: 
RAS 1, two a, and two h, orbitals, RAS2, fivc u,, and five h, and RAS 3, two 
u, and two b, orbitals. The results show that the 2u,  and Zh, orbitals, which 
have a constant occupation of 1.99 in all the studied states, can be left 
inactive. All the orbitals included in RAS2 seem to be important. The four 
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Table 2. SCF orbital energies (a) and RASSCF (b) and CASSCF (c) occupation num- 
bers for the n orbitals in the '8, states of the bispyrroleindigo molecule (ANO-type 
C,N.O [3s2p]: H [2s] basis set). The excitation energies (AE,  eV) iind oscillator .;trenpths 
(f) also included 
a) SCF energies (eV). 


Orbital 1 2 3 4 5  h 


( I , ,  -17.29 -14.22 -10.96 -8.35 3.44 h.4X 
h, -16.09 -14.45 -9.57 0.40 5.01 ti.76 


b) RASSCF natural occupation numbers. 


RAS 1 RAS 2 RAS 3 
State Orblral 1 2 3 4 5  6 AE / 


I ' B ,  u, 1.99 1.96 
h, 1.99 1.98 


2 ' B ,  (I%, 1.99 1.97 
1.99 1.98 


3 'BLL ( I ,  1.99 1.42 
h, 1.99 1.93 


4 '8 ,  ( I ,  1.99 1.96 
h, 1.99 1.96 


5 ' B ,  ( I ,  2.00 1.81 
h, 1.99 1.80 


6'8,. ( I , ,  1.99 1.91 
h, 1.99 1.88 


h, 


1.90 1.04 0.10 0.03 4.07 0.30 


1.69 1.11 0.23 0.04 5.40 0.1x 
1 . 7 ~  1.05 o 1 1  0.04 
1.94 I 62 0.27 0.04 6.93 0.15 


1.90 1.02 0 06 0.02 


1.65 1.01 0 10 0.03 
1.82 1.26 0 50 0.06 7.66 0.1') 
1.53 0.33 0.57 0.03 
1.86 1.33 0.40 0.10 x.00 0.27 
1.55 0.99 0.IX 0.09 
1.78 1.14 0.42 0.07 Y 80 (1.01 
1.69 0.67 0 43 0.04 


c) CASSCF natural occupation numbers; C.N.0 [3s2pId,'H [Is] + I s  Ip Id 


Statc Orhitirl 1 2 3 4 5  6 A E  1 


I ' B ,  N, 1.98 1.95 1.90 1.05 0 I 1  0.06 1.71 0.16 
13, 1.97 1.95 1.90 1.01 o .ox  0.04 


218, ( I ,  1.98 1.94 1.70 1.12 0.24 0.07 5 43 0.14 


3 ' 8 ,  1.97 1.34 1.90 1.69 0.23 0.07 6 . ~ 3  0.0') 
h, 1.98 1.95 1.76 1.07 0.13 0.07 


I ) ,  1 . ~ 7  1.87 1.72 1.07 0.10 o.o6 
4'8, u, 1.97 1.91 1.82 1.46 0.59 0.10 7.72 0.23 


h, 1.96 1.91 1.44 0.40 0.36 0.06 


h, 1.97 1.73 1.78 0.96 0 42 0.09 


h, 1.96 1.90 1.64 0.58 0.52 0.05 


~ I B ,  u, 1.97 1.84 1 7 7  1.13 0 2 5  o.10 7.70 0.01 


6 ' 8 ,  (I,,  1.97 1.90 1.68 1 2 5  0.4X 0 0 8  8.20 0.17 


highest orbitals have, however, a low occupation in all the states. I t  is to be 
expected that they have only a minor influence. The 3u,, and 3h, orbitals are 
at the limit observed for bispyrroleindigo. They can be included with the ten 
orbitals of RAS 2 in the active space leading to a valence space of I 2  orbitals 
and 14 electron. If the space were too limited, this would be observed when 
performing the second-order perturbaton. If' more active orbitals were rc- 
quired, excitations involving these orbitals would appear a s  strong intruder 
states. The same treatment performed for the ' A ,  states led to the same 
conclusions. A similar study was carried out using an SDTQ RASSCF calcu- 
lation including the valence n space in RAS 1 and the valence II* space in 
RAS3. The conclusions obtained led to the same orbital selection. 
Finally i t  is interesting to  note the small sensitivity n f the  CASPTZ excitation 
energies towards the active-space size, once the minimum number ol'orbitals 
is included. We performed CASPT2 calculations on the '4 states of 
bispyrroleindigo using the full 12 orbitak/l4 electrons active space and a 
reduced 10 orbitalsll0 electrons space, where the Ih ,  and l a ,  orbitals are kept 
inactive. The previous RASSCF study led us to conclude that these nrbitals 
play a minor role in the description of the statcs. We use the small 3s2p/2s 
basis set and no diffuse functions. The computed excitation energies for five 
'B, states for bispyrroleindigo in the 12 orbitals, 14 electrons calculation 
were: 2.31, 4.37, 5.42, 5.64. and 6.09 eV, respectively. For the 10 orbitals 
10 electrons calculation the computed excitation energies %ere: 2 45. 4.33. 
5.60, 5.73, 6.14eV, respectively. These results are within the expected 0.1 ~ 


0.2 eV accuracy and confirm that the reduction in the active space IS appro- 
priatc. 


Calculations of the vertical electronic spectra: ANO-type basis set of higher 
quality were used in the calculations of the excitation energies. Initially. a 
basis set contracted to C,N,O 4s3p ld /H  2s from the primitive set 
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Table 3 SCF orbit;tl energies (a) and RASSCF (b) occupation numbers for the n orbitals in the ' B ,  states of the indigo molecule (ANO-type C,N,O [3s2p]/H [2s] basis set). 
The excitation energies ( A E ,  eV) and oscillator strengths If) are also included 


a) SCF energies (evj. 


Orbital 1 2 3 4 5 6 7 8 9 10 


1% - 17.70 -14.45 -14.11 -10.59 -10.17 -8.02 1.74 3.31 5.33 6.51 
h, - 16.67 - 14.65 - 13.43 -10.22 -9  15 0 01 2.90 3.79 1.36 7.90 


b) RASSCF natural occupation numbers. 


RAS 1 RAS 2 RAS 3 
State Orbital 1 2 3 4 3 6 7 8 9 10 BE / 


1.99 1.98 
1.99 1.97 
1.99 1.97 
1.99 1.97 
1.99 1.97 
1.99 1.96 
1.99 1.97 
1.99 1.96 
1.99 1.96 
1.99 1.97 
1.99 1.97 
1.99 1.97 


1.90 1.91 1.05 0.13 0.09 


1.87 1.69 1.08 0.11 0.12 


1.91 1.86 0.97 0.11 0.08 
1.32 1.90 1.60 0.18 0.11 


1.84 1.45 1.80 0.34 0.14 
1.85 1.67 0.62 0.19 0.11 
1.85 1.70 1.07 0.37 0.10 
1.63 1.88 0.82 0.49 0.09 
1.86 1.56 1.49 0.29 0.20 
1.85 1.63 0.76 0.23 0.14 
1.59 1.87 1.26 0.30 0.11 
1.85 1.59 1.06 0.16 0.20 


0.01 0.01 3.71 0.30 
0.01 0.02 
0.01 0.02 5.52 0.18 
0.02 0.02 
0.02 0.01 5.70 0.33 
0.01 0.02 
0.02 0.01 6.34 0.06 
0.01 0.02 
0.02 0.02 6.48 0.15 
0.01 0.03 
0.03 0 02 7.46 0.44 
0.02 0.02 


C,N,0(14s9p4d) H(6s)'l7] was used to compute the full set of excited states 
in the H-chromophore system. It was supplcmented with a l s l p l d  set or 
Rydberg type functions (contracted from 8 primitivcs of each angular mo- 
mentum type), which were constructed following a procedure described ear- 
lier,'i31 and were placed at the charge centroid. These diffuse functions are 
essential for the description of the Rydberg states and for the minimization 
of spurious interaction between Rydberg and valence states."41 The calcula- 
tions of the spectra of bispyrroleindigo and indigo used a basis set contracted 
to C.N,O 3sZpldjH 2s plus the additional l s l p l d  diffuse functions. The 
carbon, nitrogen, and oxygen 1s orbitals were kept frozen in the form deter- 
mined by the ground state SCF wave function and were not included in the 
calculation of the correlation energy. 
The CASPTZ method[I4. 2 ' .  calculates the first-order wave function and 
the second-order energy with a CASSCF wave function constituting the 
reference function. Thus, initially the multiconfigurational wave functions are 
determined at the CASSCF level of a p p r o ~ i m a t i o n . ' ~ ~ '  Orbitals and transi- 
tion densities are obtained at this level. Only the dynamic correlation energy 
is obtained by the second-order perturbation treatment. All the remaining 
properties are obtained from the CASSCF wave function. Recently, a level 
shift operator has been introduced[241 to the CASPTZ approach, which re- 
moves the effect of intruder states. The description of this technique can be 
found in the original  article^.'*^.^^] The method has been given the acronym 
LS-CASPTZ. A value of 0.3 au was used for the level shift in all the computed 
states. The CAS state interaction method (CASSI) was used to compute 
transition properties.[261 Intensities were obtained by combining the CASSCF 
transition moments with CASPT2 evaluated excitation energies, a method 
that has proven to give accurate results in a number of previous applica- 
t i o n ~ . [ ' ~ . * ~ ~  The molecule is placed in the xy plane (x long axis and y short 
axis of the molecule), and the coordinate origin is the inversion center of the 
molecule. Transition moment directions are therefore defined as angles from 
horizontal axis x to vertical axis y (positive direction). 


The selection of the appropriate active space is the crucial step in the 
CASSCF/CASPT2 approach. In general, the active space should include all 
orbitals with occupation numbers appreciably different from two or zero in 
any of the excited states under consideration. This means that all near-degen- 
eracy effects are included in the CASSCF reference function, and consequent- 
ly there will bc no large terms in the perturbation expansion. The limit of 
13-14 orbitals that can be included in the active space in present implemen- 
tations of the CASSCF method sometimes makes it difficult to choose an 
appropriate active space in studies of a large number of excited states. Table 4 
lists the active spaces employed in the present study. For the valence T[ + K* 
states the minimum active space should be that including all valence TI,TI* 


orbital and electrons. The recommended procedure is to always include dif- 
fuse functions in the basis set and Rydberg type orbitals in the active space, 
as has been done for the H-chromophore. As listed in Table 4, the spaces used 
for the H-chromophore include the eight valence T[ orbitals and the three TI 


Table 4. CASSCF wave functions (number of active orbitals and electrons) em- 
ployed to compute the valence aingiet excited slates of the H-chromophore. 
bispyrroleindigo, and indigo. 


Wave function [a] Statcs No. conf. [b] N,,,,,, [c] 


H-chromophore 
CASSCF(0056)(10) 


CASSCF(1156)(14) 


Bispyrroleindigo 
CASSCF(0076)(14) 
CASSCF(0067)( 14) 


Indigo 
CASSCF(0076)( 14) 
CASSCF(0067)(14) 


30 592 
30392 


1 80 774 
1 80 774 


368 432 
367732 


368 432 
367 732 


[a] In parentheses: number of active orbitals of symmetry CASSCF- 
(a,b,n,b,j(number of active electrons); C,, symmetry. [b] Number of configura- 
tions in the CASSCF wave function. [c] Number of states included in the average 
CASSCF calculation. 


Rydberg orbitals 3p, (a,  symmetry) and 3d,,, 3d,, (h, symmetry) for the 
K -+ n* states, and two more lone pair n orbitals for the n + n* states. In 
bispyrroleindigo and indigo only one orbital has been added to the valence 
space to  include one Rydberg orbital. If there is more than one Rydberg 
orbital belonging to this symmetry, a second calculation can be performed 
where the initial Rydberg orbital is deleted from the orbital space and is 
replaced by the second Rydberg orbital. This is the case for the ' B ,  states in 
bispyrroleindigo and indigo. As the lowest Rydberg orbitals are deleted from 
the orbital space, we are not going to study the Rydberg states in 
bispyrroleindigo and indigo. All the computed excitation energies use the 
ground state energy computed as an average root with the same active space. 
All calculations were performed with the MOLCAS-31z71 program package 
on IBM RSi6000 workstations. It might be worth mentioning that the indigo 
calculations are among the largest performed with the MOLCAS system. The 
size of the basis set is 309 ANOs in C,, symmetry. 


Results and Discussion 


The electronic spectrum of the H-chromophore: In Table 5 the 
results obtained for the valence n --+ n* and n + n* excited states 
of the H-chromophore (111) system are compiled (the results 
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Tdble 5 Calculated excitation energies (ev), oscillator strengths (f) ,and transtion 
moment directions (TM,,, , ") for the excited singlet states in the H-chromophore [a] 


State Excit. energ. PPP [b] 
CAS PT2 .f TMd,, [CI E (eV) .f 


1 'B, (n - n*) 4.66 2.40 0.127 + i 6  2.74 0.34 
1 'B, (n - n*) 4.43 3.30 forb. ~ - - 


1 'A ,  (n - n*) 4.53 3.50 6 x 1 0 - '  ~ 
~ 


21.4, (n + n*) 5.08 3.63 forb. - 4.34 forb. 


2 ' A .  ( n  -n*) 6.62 4.93 4 ~ 1 0 - ~  - - ~ 


2 B, (n + n*) 6.13 5.13 forb. ~ 
~ 


3 'A, (n-n*)  7.14 5.19 forb. ~ - ~ 


2 'B, (n + x*) 8.49 6.32 0.072 +23 6.22 0.14 


3 'B, (n + n*) 8.94 6.26 forb. ~ 
~ 


3'B,(n-n*) 8.71 6.49 0.473 -77 - ~ 


4'B, (n + n') 10.23 6.79 forb. - ~ 


4'A, (n - n*) 9.22 7.06 forb. - ~ - 


5 ' 8 ,  (x-71~)  10.58 7.49 0.100 +48 - ~ 


4'A, (n - n*) 6.64 4 73 forb. ~ 5.20 forb. 


3 ' A ,  (n + n*) 8.94 6.23 1 x 1 0  - ~ ~ 


4'A, (n - n*) 10.28 6.49 ~ X I O - ~  ~ ~ 


4'6,  (n - n*) 9.76 7.43 0.054 +29 ~ 


[a] Basis set A N 0  C,N,O [4s3pld], H [2s]. [b] Semiempirical PPP values from 
ref. [7]. [c] 'Transition moment directions defined in the text. 


with the largest basis set C,N,O [4s 3p Id], H [2s] are considered 
here). Five valence excited states of ' A ,  symmetry and four of 
B, symmetry form the valence TI -+ TI* spectrum of the system. 


Considering the orbital structure of the system with three 
double bonds and (2,l)-occupied and (1,2)-empty (a, ,b,) 7c or- 
bitals, a simple model based on single excitations would predict 


nine valence TI+TC* states, four with ' A ,  and five with ' E , ,  
symmetry. However, the multiconfigurational character of the 
states, with important contributions from double excitations, 
destroys such a simple single-excitation description. The ' A ,  
states are one-photon forbidden, owing to symmetry consider- 
ations, and the most relevant features of the spectrum will there- 
fore be produced by transitions to the ' B ,  one-photon allowed 
states. The 1 ' B ,  state results mainly from the excitation from 
the HOMO to the LUMO orbital (cf. Table 6). The analysis of 
the SCF orbital energies indicates that the HOMO orbital lies 
around 5 eV higher in energy than the HOMO - 1 orbital at this 
level of calculation. The destabilization of the HOMO orbital 
with respect to the remaining occupied orbitals, but mainly the 
low energy of the LUMO orbital, lead to a low-energy 
HOMO + LUMO excitation and places the 1 ' B ,  state at 
2.40 eV, within the range of the visible spectrum. The compari- 
son of the Mulliken population analysis of the ground and the 
1 ' B ,  state confirms that the charge transfer taking place be- 
tween the nitrogen and the atoms forming the C=O bond is 
approximately 0.4e. The nature of the 1 'B , ,  state shows the 
importance of the nitrogen atoms as electron donors. When 
nitrogen is substituted by less electron donating atoms, like 
sulfur, a substantial shift of the lowest band to higher energies 
is observed in the indigoid dyes.L3I 


The 1 ' B ,  state has a computed energy of 2.40 eV and an 
oscillator strength of 0.64. The following intense ' B ,  states are 
also calculated to be valence TI + TI* states with energies of 6.32 


Table 6. CASSCF wave function composition, excitation energies (PT2, eV), oscillator strengths (f), and net charge transfer per atom for the excited IB,  states of the 
H-chromophore, bispyrroleindigo, and indigo [a]. 


Net charge transfer per atom [h] 
State Configuration [c] W [c] (%) PT2 f B Z  C ,  C ,  C2 C ,  N, 0, 


1 In, H - L  76 2.47 0.13 ~ -0.26 + 0.07 + m i  -0.14 
2 '6 ,  H + L + 2  21 6.40 0.12 ~ - -0.18 -0.01 +0.06 +().I4 


H-chromophore 
~ - 


H - 2 - L  10 
H - 4 - L  10 


H - L + 2  33 
H , H - I - L , L  11 


~ ~ 3'B. H - 4 - L  35 6.52 0.43 -0.19 -0.01 + a 2 8  -0.15 


Bispyrroleindigo 
1'3" H - L  60 2.19 0.16 ~ -0.08 +0.13 -0.15 -0.15 +0.40 -0.13 
2'8,  H - 2 - L  25 4.11 0.14 ~ -0.14 +0.20 -0.22 + 0.04 +0.22 -0.10 


H,H - 2  - L,L 21 
H.H + L,L+2 10 
H - L  10 


H - I - L  18 


H - L f l  20 


3 'B, H - 3 - L  25 5.1 1 0.09 ~ -0.10 +o. in  -0.20 - 0.03 +n.17 +0.07 


4'B, H - 2  --t L + 2  32 5.30 0.23 -0.04 - o m  -0.22 + 0.07 + n . i x  +o.o3 ~ 


Indigo 


2 '8 ,  H - 4 + L  20 3.49 0.05 t 0 .02  -0.08 - 0.02 -0.08 - 0.02 +0.16 -0.06 
I 'B, H - L  63 1.96 0.15 + 0.06 + 0.02 + o . w  -0.10 -0.12 +0.20 -0.12 


3'B, H - 2 + L  29 3.55 0.41 -0.02 +o.no + 0.00 -0.08 + 0.08 +0.08 -0 i n  


418, H - 2 - L  20 3.59 0.01 +0.04 - 0.04 f0.16 -0.10 -0.10 +O.IO -0.12 


5 ' 6 ,  H - L + 2  12 3.93 0.07 f0.04 -0.02 - 0.04 -0.12 + 0.02 f0.16 -0.12 


6'B, H - 2 - L  17 4.71 0 12 -0.02 f0.02 +0.08 -0.12 - 0.04 + a 1 2  -0.10 


H - L  12 
H - 4 - L  12 


H - 4 - L  14 
H - l + L + I  I1 


H,H - 3 - L,L 11 


H,H-I -L,L 16 
9'B, H - 6 - L  26 5.36 0.22 + o m  +0.06 +0.02 -0.08 - 0.04 f0.06 -0.12 


[a] Basis set: A N 0  C,N,O 3s2pld/H 2s. [b] Based on Mulliken partitions; C, is C ,  in indigo (see Figure 1); Bz represents the remaining carbons. [c] Configurations with 
weight (w )  larger than 30%; H: HOMO, L: LUMO. 
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and 6.49 eV and oscillator strengths of 0.072 and 0.473, rcspcc- 
tively. Other ' B ,  valencc states will lie at  higher energies in the 
spectrum. This state structure can be related to the visible and 
near-ultraviolet spectrum of indigo.16] In the gas phase only, the 
lowest band has been reported at 2.30eV, close to the value 
obtained for the H-chromophore, namely, 2.40 eV. In ethanol 
the band drops to 2.05 eV. This band appears as an isolated 
band in indigo, while two other bands are close to each other at 
higher energies (3.7-3.9 and 4.34 eV).r61 As will be shown later 
the B, transition mainly involves the C, , C,, N and 0, atoms 
(and their symmetry pairs). The addition of new groups to the 
basic H-chromophore system is not going to strongly affect 
these orbitals, and consequently the 1 B, transition has similar 
excitation energies in all three systems. This is not the case for 
the other transitions. Except for the intensity values, the results 
for the excitation energies obtained for the H-chromophore by 
the PPP rnethodI7l basically agree with the CASPT2 results. 


A number of n +?I* excited states werc also studied (cf. 
Table 5 )  in order to locate them in the electronic spectrum. The 
two lowest 1 ' B ,  and 1 ' A ,  states are mainly described by the 
single excitations from the lonc pairs to the LUMO orbital, 
13u,(n) + 3h, and 12b,(n) + 3b,, respectively. They were com- 
puted at 3.30 and 3.50 eV, respectively. The remaining valence 
n + n* states have large contributions for doubly excited config- 
urations. All of them are either one-electron forbidden states or 
have extremely low intensities. 


The electronic spectrum of bispyrroleindigo: Table 7 shows the 
computed results for the bispyrroleindigo molecule (11). The 
valence n + n* spectrum up to 7.4 eV is composed of five 'B, ,  
and six ' A ,  states. The lowest 1 'B, ,  state is computed at 2.19 eV 
with an oscillator strength of 0.164. This energy is lower than the 


Table 7 Calculated excitation energies (eV). oscillator strengths (f) , and transition 
nioiiient dii-ections (TM, ' ) for the excited singlet states in bispyrroleindigo. 


State Excit. cncrg. PPP [a] 
CAS PT2 bxp. [b] f TM,,, [cl E (evl  f 


I 1 B u ( n - n * j  


2 ' B ,  (n  - n*) 
2 '  4, (n -+ R*J 


3 ' A ,  (n  - n') 
3 l B , ( n " n * )  
4 ' 8" (n + n*) 


S ' A ,  ( n -  n*j 
6 ' A n  (n-n[* j  


4 ' A ,  (n -+ n*) 


5 ' 8 ,  ( H  + a*) 
7'A, (H - n*J 


4.41 2.19 2.35 
4.60 2.12 ~ 


6.09 4.11 ~ 


7.14 4.X4 ~ 


7.49 5.11 ~~ 


x.34 5.30 ~ 


5.84 5.58 ~ 


8.34 5.76 ~ 


7.56 5.x1 ~ 


X.42 5.90 ~ 


8 3x 7.44 ~ 


0.164 
forb. 
0.135 
forb. 
0.091 
0 221 
forb. 
forb. 
forb. 
0.006 
forb. 


f 4 1  2.55 0.34 
2.92 forb. 


4.69 forb. 
+ 7  4 3 9  0.14 


+25  5.51 ~ 


-71 ~ 


6.06 forb. 
~ 


- 84 


[a] Semiempirical PPP values liom ref. [7] [b] Absorption in ethanol for 3,3'.4.4'- 
te~ramethylhispyrroleindigo [3]. [c] Tranaition moment directions defincd in thc 
text. 


2.47 eV obtained for the same state and basis set in the H-chro- 
mophore, but the basic characteristics of the state, intensity, 
wave function composition, and charge distribution remain sim- 
ilar. Table 6 lists the wave function composition for the ' B ,  
states in bispyrroleindigo. The 1 'BU state is described as the 
HOMO + LUMO one-electron promotion (60 YO), and the net 
charge transfer takes place (in both parts of the molecule) from 
thc nitrogen, C , ,  and C, towards the oxygen, and to ;i minor 


extent from C, to C,. The 2lB, state differs in the H-chro- 
mophore and bispyrroleindigo. While in the H-chromophore 
the second 'BU transition was described by a HOMO ---t 
LUMO + 2 excitation, where the net charge transfer took 
place from the oxygen to the carbonyl carbon C,, in 
bispyrroleindigo it is mainly described by the one-electron pro- 
motion HOMO - 2 + LUMO. The charge transfer in this state 
or bispyrroleindigo is similar to that of the lowest 'BU state, but 
the carbons C, and C, participate inorc significantly in the 
process. As a consequence the excitation energy drops from 
6.40 eV in the H-chromophore to 4.1 1 eV in bispyrroleindigo, 
although the intensities are similar. The contribution of doubly 
excited configurations is more important in bispyrroleindigo (cf. 
Table 6). The state at 4.11 eV can be related to the 3.5-3.9 eV 
band observed in the experimental spectrum of indigo."] In 
bispyrroleindigo the LUMO orbital has an SCF orbital energy 
lower than that in the H-chromophorc. The composition of the 
wave function in the low-lying electronic states is dominated by 
excitations to the LUMO orbital from the different highest oc- 
cupied molecular orbitals. In the H-chromophore, however, 
other virtual orbitals are also important. This tendency will 
continue in indigo, and it will lead to states with lower excitation 
energy. 


The electronic spectrum of indigo: The structure of the indigo 
molecule and some N,N'-substituted indigo dyes in their ground 
state was studied by Abe et a1.[281 at the MNDO level of calcu- 
lation. Indigo was computed to have an almost planar structure 
(twisting angle 0.4"), while the other systems had strongly twist- 
ed structures both in their trans and cis forms. We can compare 
our CASSCF structures to the X-ray diffraction data.[161 I t  
should be noted, however, that large discrepancies are some- 
times found between crystal and gas-phase structures. mainly 
for the double The CASSCF-computed values for the 
bond lengths C,=C', (1.354 A) and C,=O, (1.242 A) (see Fig- 
ure 1) are comparable to the experimental measurements of 1.37 
and 1.22 A, respectively." 61 The discrepancy found for the C, - 
N, bond is much largcr: the computed value is 1.400 A, while 
the measured length is 1.36 A,[' 61 A semiempirical geometry 
optimization at the MNDO level gave a bond length of 1.433 A 
for the same bond.1281 Closer agrecment is found between the 
CASSCF value (1.487 A) and the measured value (1.48 A) for 
the C,-C, length.["] 


Table 8 lists the computed and experimental excitation ener- 
gies for the low-lying n + 7c* valence states of the indigo mole- 
cule together with the computed oscillator strengths and transi- 
tion moment directions. Five ' B ,  and eight ' A ,  form the 
computed spectrum up to 7.5 eV. The lowest 'BU excited state is 
computed at 1.96 eV with an oscillator strength of 0.155. The 
excitation energy is closc to the ' B ,  energy in bispyrroleindigo, 
which shows that the addition of new groups has only a minor 
influence on a transition that is mainly described by the 
HOMO + LUMO one-electron promotion (63 YO of the CASS- 
CF wavc function). Figurc 2 shows the CASSCF HOMO and 
LUMO orbitals for the 1 ' B ,  state of indigo. The excitation 
energy to the 1 'BU state is somewhat lower than the experimen- 
tal excitation energy for indigo in gas phase (2.3 eV), but it falls 
into the expected accuracy range. In ethanol the transition ener- 
gy is 2.0 eV.[61 The Mulliken population analysis shows that a 
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Table 8. Calculated and experimental excitation energies (ev), oscillator strengths 
(f), and transition moment dircctions (TM,,,. ) for the excited singlet states in 
indigo. 


State Excit energ. 
CAS PT2 Exp. [a] f TM,,, [bl 


1 i5L, (n --f n[*) 


3 'Ay (n --f n*) 
Z I A ,  (n --t n*) 


2 B, (n + n*) 
4'A, (n + n*) 
3 'Bl, (x + n*) 
4'B,, (n + n*) 
5 B, (n + n*) 
5 1 . 4 ,  (n + X*) 
6 1 A ,  (n + n*) 
7 ' 4  (n --f n*) 
8 'A ,  (n + n*) 
6 '8 ,  (n + n*) 
7 ' B ,  (n + n*) 


8 'B, (n + n*) 
9 l B , ( n + x * )  


9 ' A ,  (n -+ n*) 


3.63 1.96 2.0 0.155 
3.73 2.64 forb. 
4.67 2.80 - forb. 
6.36 3.49 0.050 
5 . 3  3.53 - forb. 
5.34 3.55 3.6-3.8 .Q.411 


5.92 3 93 - 0.073 
6.36 4 11 - forb. 
6.23 4.33 - forb. 
7.16 4.41 forb. 
6.95 4.64 - [orb. 
7.07 4.71 4.4 0.124 
7.70 5.00 ~~ 0 087 
6.74 5.00 forb. 


7.12 5.36 5.2 0.220 


5.16 3.59 0.009 


7.63 5.10 - n.058 


+ 38 


+ 32 


-4 
+ 4  
-25 


-8 
- 27 


-9  
- 27 


[a] Values for indigo in ethanol; ref. 161. [b] Transition moment directions defined 
in the text. 


HOMO orbital is a strongly bonding orbital for the two central 
carbon atoms C, and C', (see Figure 2), while the LUMO or- 
bital is antibonding for the same atoms and strongly bonding 
for C,-C,. As the 1 ' B ,  state is mainly described by the 
HOMO + LUMO excitation, it can be easily predicted that the 
basic change in geometry taking place in the excited state will be 
the elongation of the central double bond C, =C;, which prob- 
ably will become almost a single bond, and the decrease i n  the 
C ,  -C,  bond length. This structure closely resembles the so- 
called leuco form of indigo, that is, the reduced colorless system 
used to lock the dye in the fiber.[31 


Figures 3 and 4 show the differences in electron density be- 
tween the ground state and the most intense ' B ,  states. The 
negative charge flow from the nitrogens (darker zones) towards 
the oxygens and C, and C, carbons (brighter zones represcnting 
increase in charge) is the common feature in all the studied 
states. The loss of charge for the central C, -C; bond appears in 
all the states, although it is less important in the 1 IB, transition. 
The contribution of the benzene rings to the transitions differs 
in the various ' B ,  states. The 1 ' B ,  transition shows more elec- 
tron density transfer among the benzenoid carbons than was 
expected. The resemblance between the excitation energies of 
bispyrroleindigo and indigo suggest, however, that this plays a 
secondary role. The participation of these carbon atoms is mi- 
nor for the 3 ' B ,  transition, which is computed to  be the most 
intense transition in the spectrum. The remaining transitions 
have different contributions from the ring carbons, but in all of 
them most of the charge transfer is within the central atoms of 
the molecule. 


The effect of substitutions on the visible band of indigo can be 
studied by means of the electron density plots. The picture of the 
1 ' B ,  transition in Figure 3 shows that on excitation the electron 


Figure 2. Molecular orbital composition for the HOMO (top) and LUMO (hot- 
tom) CASSCF orbitals of the 1 'B<, excited state ofthe indigo molecule. The surface 
value for the orbitals is 0.03 au. Positive parts of the orbitals are shaded with a 
darkcr gray tonc. 


charge transfer has taken place basically from the nitrogen 
(+ 0.20e) to the oxygen (- 0.12e), C, (-0.12e), and C, 
( -  0.10e) in each of the two subunits of the molecule, with 
minor contributions from the other atoms. These values are 
lower than those computed for the H-chromophore and 
bispyrroleindigo' One qualitative conclusion that can be drawn 


Figure 3. Electron density differences between the ground state and the I 'B, (top) 
and 3 'B1, (bottom) excited states in indigo. The surface value is 0.004 111. Darker 
zones have a larger density in the ground state. Lighter zones have a larger density 
in the excited state. from the analysis of the CASSCF molecular orbitals is that the 
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Figurc 4. Elcctron dcnsity dili"erences between the ground state and the 6 ' B ,  (top) 
and 9 'B$ ,  (bottom) excited states of indigo. The surface value is 0.004 au. Darkcr 
zones have a larger density in the ground state. Lighter zones have a larger density 
iii the excitcd statc. 


density decreases in the $5'- and 7,7'-positions and increases in 
the 6,6'-positions, while no difference is observed in 4,4'-posi- 
tions. Electron donors, such as halogens or methoxy groups, are 
predicted to cause a bathochromic shift with respect to the un- 
substituted indigo molecule if they are a t  the 5 3 ' -  or 7,7'-posi- 
tions and a hypsochromic shift if they are a t  the 6,6'-positions. 
This is the case for Tyrian purple (6,6'-dibromoindigo), which 
has its visible band at  higher energies than indigo. The effects 
are also observed when chlorine or methoxy groups are the 
sub~ti tuents . '~]  The effect of electron acceptors such as the nitro 
group is the reverse of that of electron donors. 


The second feature observed in the ultraviolet-visible spec- 
trum of indigo in ethanol is a broad band stretching from 3.5 to  
3.9 cV. Our calculations show that there are four ' B, states a t  
close energies. The 3 ' B, state a t  3.55 eV has the largest comput- 
ed intensity. The composition of its wave function (cf. Table 6) 
is similar to the 2 ' B ,  state in bispyrroleindigo computed at  
4.11 eV and is described mainly by the excitation HO- 
MO - 2 + LUMO, with net charge transfer from N,  and C, to 
the carbonyl groups. The larger oscillator strength computed 
for indigo is probably due to  the absence of important doubly 
excited configurations, which appear in the 2 l B ,  state of 
bispyrroleindigo. The other three ' B ,  states computed at  3.49, 
3.59, and 3.93 eV all have smaller intensities than 3'B,. Thc 
third observed band of indigo spectrum at  4.4 eV is the most 
intense one. We relate this band to the computed 6 '6 ,  state a t  
4.71 eV with an oscillator strength of 0.124. It is important to  
note that the oscillator strength is computed as the total area of 
the band and, though the peak at  4.4 eV is the most intense of 
the experimental spectrum['] in ethanol, it is also a sharp band, 
while the 3'B, transition is observed as a broad band. The 
contribution of the benzene ring carbons to the charge transfer 


processes is larger for the 6 'B ,  transition, but, in any case, the 
excitation energy and the intensity are similar to the values for 
the 3'B, band in bispyrroleindigo. Two ' B ,  states are computed 
at 5.00 and 5.10 eV with low intensity and important contribu- 
tions of doubly excited configurations. Finally, the 9'B, state is 
computed at  5.36 eV with an oscillator strength of 0.220, and 
can be assigned to  the band observed in the spectrum of indigo 
at 5.2 eV. This 9 ' B, state is probably related to the 4 ' B ,  state in 
bispyrroleindigo computed at  5.30 eV. 


Eight excited ' A ,  JC + TL* states have been computed for in- 
digo. The two low-lying ' A ,  excited states can be approximately 
described as the classical combination A -  and A+.(301 The 
2 ' A ,  valence state at 2.64 eV is mainly composed by the 
HOMO-I + L U M O  ( 5 0 % )  and H O M O + L U M O + I  
(11 YO) excitations. For  the 3'A, state at 2.80 eV the correspond- 
ing contributions are 11  and 24%, respectively. In addition 
there is a significant participation of doubly excited configura- 
tions in both cases. The low-lying ' A ,  valence excited states in 
the H-chromophore and bispyrroleindigo have similar charac- 
teristics. 


The transition moment directions for the ' B ,  states of the 
three systems studied were also computed. The long-axis direc- 
tion is defined as 0" and the short-axis direction as & 90'. To our 
knowledge there is no experimental information available on 
this property. For all three systems the low-lying transition was 
computed to be basically long-axis polarized, although in indigo 
the value of the angle (+ 38") indicates almost intermediate 
polarization. In the H-chromophore and bispyrroleindigo the 
most intense computed absorption has a clear short-axis polar- 
ization, but not in indigo where all the transitions are long-axis 
polarized. Previous experience indicates[30. 3 1 ,  321 that the effect 
of a solvated or crystalline environment on the value of the 
transition moment directions of the valence states is only small, 
typically & 10-20". 


Conclusions 


The electronic spectra of the indigoid dyes H-chromophore 
(HI), bispyrroleindigo ([I), and indigo (I) have been computed 
by using the CASSCF/CASPT2 method. Excitation energies, 
oscillator strengths, and transition moment directions for the 
different valence states havc been included in the calculations. 
The study supports the old hypothesis[3, 6.  'I that the H-chro- 
mophore structure is responsible for the lowest transition ob- 
served in the visible spectra of indigoid dyes close to  2 eV. The 
structure containing the complete pyrrole-type rings as in 
bispyrroleindigo is, however, the basic model that gives a quan- 
titative agreement with the 1 ' B ,  indigo transition in the visible 
spectrum. The CASPT2-computed excitation energies and in- 
tensities also show that bispyrroleindigo is a good model for the 
intense ' B ,  transitions observed in the indigo spectrum up to 
5.2 eV. Additional states having a benzenoid-type character ap- 
pear in indigo with low intensity. The computed spectrum for 
indigo has four medium to intense ' B ,  transitions at 1.96, 3.55, 
4.71, and 5.36 eV. They can be assigned to the observed features 
in the spectrum of indigo in ethanol a t  2.0, 3.5-3.9, 4.4, and 
5.2 eV, respectively. The present study confirms the ability of 
modern quantum chemistry to provide accurate and quantita- 
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tive answers to problems in chemistry and photophysics involv- 
ing molecules of medium to large size such as indigo and related 
systems, which were previously too large for ab initio methods. 
This was the case for dyes and large and complex molecules in 
general. We can now look to a future in which ab initio methods 
will provide a useful tool for the dye industry. 
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Addition of Organozincate Reagents to Imines Derived from 
(S)-1-Phenylethylamine and Ethyl (S)-Valinate-Synthesis of 
(S)- 1-(2-Pyridyl)alkylamines 


Giuseppe Alvaro, Paolo Pacioni and Diego Savoia" 


Abstract: Triorganozincates were added 
to aliphatic aldimines derived from (S)-I- 
phenylethylainine and (S)-valine esters in 
the presence of boron trifluoride to give 
sccondary amines with low diastereoselec- 
tivies. From mixed zincates, most alkyl 
groups (methyl, ethyl, 1-heptynyl, but not 
teir-butyl) could be transferred. No addi- 
tion to benzaldimines was observed, but 
the imines prepared from 2-pyridinecar- 
boxaldehyde did not require activation by 


Introduction 


BF, and underwent selective group trans- 
fer from mixed zincates a t  - 78 T. Excel- 
lent diastereoselectivities were observed 
in the reactions of the 2-pyridine imine 


Keywords 
amines asymmetric synthesis C-C 
coupling * chiral auxiliaries imines * 


zinc 


We previously reported that aromatic and aliphatic imines 
dcrived from (S)-1-phenylethylaniine, such as 1 and 2 (Fig- 
ure I ) ,  react with dimethylcuprate-boron trifluoride reagents 
to give (S,S) secondary amines with good to excellent 
diastereoselectivities, superior to  that obtained with methyllithi- 
uin.['] On the other hand, the 2-pyridine imine 3 reacted slug- 
gishly with dimethylcuprate or dimethylcuprate- BF, reagents, 
but rapidly with alkyllithiums and benzylmagnesium chloride, 
with the opposite sense of asymmetric induction.['b1 Since we 
also demonstrated that (S)-valine esters are excellent chiral aux- 
iliaries for the preparation of homoallylic amines through the 
addition of allylmetal reagents to the imines 4, 5 a  and 6a,['] we 
attempted the addition of dimethylcuprate-BF, reagents to the 
same imines, but observed no reaction or obtained complex 
mixtures of unidentified products with low yields. We now wish 
to test the reactivities and the diastereoselectivities of tri- 
organozincates towards the same i m i n e ~ , [ ~ ]  alone or in the pres- 
ence of a Lewis acid, since it is known that these reagents add to 
x.[5enone~,[~] similarly to cuprates and organocopper- BF, 
reagents, although following a different mechanism. 


[*] Prof. D. Savoia, Dr. G. AIwro, Dr. P. Pacioni 
Dipartimenlo di Chimica "G. Ciamiciiln" 
Univei-sit2 dcgli Studi di Bologna 
via Sclnii 2, 40126 Bologna (Italy) 
Fax. Int .  code +(51)259-4% 
e-mail : savoia(r( ciain01 ciam.unibo.it 


derived from ethyl (S)-valinate with 
mixed zincates, in which the methyl group 
was used as nontransferable ligand, allow- 
ing the transfer of alkyl and vinyl groups 
with excellent to complete selectivity. 
However, dimethyl(ary1)- and dimethyl- 
(I-heptyny1)zincates did not react. (S)-l- 
(2-Pyridy1)alkylamines were prepared 
with high optical purity by subsequent re- 
moval of the chiral auxiliary. 


Me Me 


RANAPh r \ N A P h  


\ N  l : R = P h  
2. R = Cyclohexyl 3 


i-Pr 


R1 I \ . C o 2 R 2  1 : : ' " ; ; ' " 2 R  \ N  


4:R'=Ph;R2=Me 6 a:R=Me 
5 a: R' = i-pr; R' = Me b: R = Et 


b: R' = CPr; R' = Et 


Figurc I .  fiomochiral irnines used in reactions with triorganozincates. 


Results and Discussion 


We found that the zincate Et,MeZnLi, prepared by the addition 
of MeLi to Et,Zn,[" was unreactive towards the benzaldimines 
1 and 4, even in the presence of one equivalent BF,; however, it 
reacted with 2 in the presence of BF, transferring both alkyl 
groups to give 7 and 8 with low diasteroselectivities (Scheme I ) .  
Similarly, the BF,-promoted addition of lithium diethyl( l-hep- 
tyny1)zincate to  2 gave a mixture of diastereomeric products 8 
and 9. The known compound 7 was unambiguously identified 
by GC-MS analysis, which also allowed the diastereomeric ratio 
(d.r.) to be determined, as well as the configuration of the 
diastereomers, with (S,S)-7 being eluted first.['b1 The structure 
and configuration of 8 and 9 were then assigned from the mass 
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2 


REt2ZnLi, BF, 
THF, -78 "C, 1 h 


7 :  R = Me, lo%, S,SIR,S74:26 6: 6570, S ,S /R,S76:24  


9: R = I-heptynyl, 15%, + 6: 48%, S,SIR,S82:18 


Scheme 1. BF,-promoted addition of mixed triorganozincates to  the imine 2. 


S,S/R,S 60:40 


spectral fragmentation patterns and GC retention times, by 
analogy to 7. 


Similarly, the reaction of the valine-derived aliphatic imine 5 b 
with Et,MeZnLi in the presence of BF, afforded a mixture of 10 
and 11 by methyl and ethyl transfer, respectively, as determined 
by GC-MS analysis (Scheme 2). The d.r. of 10 could be evaluat- 
ed by GC-MS analysis and was very low, whereas the 
diastereomers of 11 were not distinguished by GC-MS or 
'H NMR analysis, owing to the very similar substituents at  the 
newly formed stereocentre. 


M~ i-Pr €1 i-Pr 
MeEtpZnLi, BF, 


5b THF, -78 "C * i-PrANAGO2Et I + i-PrANAC02Et I 


H H 


10: 32%(GC), 11 : 57% (GC), 
d.r. 58:42 d.r. undetermined 


Scheme 2.  BF,-Promoted addition of a mixed triorganozincate to  the imine 5b. 


The imine 3 derived from 2-pyridinecarboxaldehyde was 
quantitatively converted to the amine 12 by treatment with 
Me,ZnLi in the absence of BF, at -40 to -20 "C (Scheme 3). 
The mixed zincates Et,MeZnLi and tBuEt,ZnLi reacted rapidly 
with 3 even at - 78 "C to give 13 by exclusive ethyl transfer.r61 
This selectivity is in marked contrast with the BF,-promoted 
reaction of Et,MeZnLi with 1, where both methyl and ethyl 
group were transferred (Scheme 1). Moreover, the exclusive for- 
mation of 13 by using Et,MeZnLi, prepared from Et,Zn and 
MeLi, demonstrated that no product was formed by the addi- 
tion of free MeLi to 3. Unfortunately, only a moderate excess of 


Me Me 


* &NAPh 
Me3ZnLi 


3 


Et Me 


R,SIS,S 73~27 


13: 98% (GC), R,S/S,S62:38 
THF, -78 "C,  1 0  rnin 


Scheme 3 .  Addition of triorganozincates to the imine 3 


the (R ,S )  diastereomers was obtained, and the the d.r. was only 
slightly affected by the steric properties of the nontransferred 
alkyl group (Me, tBu). Owing to the low degree of stereocon- 
trol, the amines 12 and 13 were not isolated. The configuration 
of the major diastereomer in 12 was readily determined as being 
( R , S )  by GC-MS analysis, by comparison or the spectrum of 
(R,S)-12 previously prepared from 3 by addition of CH,Li.[Ib1 
Amine 13 was identified exclusively on the basis of the mass 
spectral fragmentation pattern, and its configuration was as- 
signed by analogy to 12. 


As expected, the valine-derived imine 6 b reacted with tri- 
organozincates in the absence of BF, to give the amines 14 with 
moderate to excellent diastereoselectivity (Scheme 4, Table 1 ) .  
The zincate prepared from methylmagncsium chloride and 
Me,Zn reacted only partially at  - 78 "C to give 14a, despite the 
fact that two equivalents of the reagent were employed (en- 
try 1). By-products were consistently produced by raising the 
temperature. The corresponding lithium zincate was unreactive 
at  - 78 "C and gave some 14a by allowing the reaction mixture 
to reach room temperature, but the d.r. was only moderatc 


i-Pr 


R-[Zincate] 


THF 
- C02Et 


6b 14a-h 


1 Cb-d,f,h lGb-d,f,h 


a: R = Me e: R = f-Bu 
b: R = Et f :  R = Bn 
c: R = n-Bu g: R = Ally1 
d: R = i-Pr h: R = Vinyl 


Scheme4. Addition of triorganorincates to the imine 6b. Synthesis of (S)-l- 
(2-pyridyl)alkylamines 16. 


Tablc 1. Addition of triorganozincate reagents to the imine 6 b  [a] 


Entry R-Zincate (equiv) T ( ? C )  Amine Yield ("h) [b] (S,S):(R.S) [c] 


1 Me,ZnMgCI (2) -78 14a (50) 92: X 


to 20 [d] 
3 Et,MeZnMgCl(l.l) -78 14b 90 96:4 


2 Me,ZnLi (2) -78 14a (50) [el 77123 


4 tBuEt,ZnMgCI (1.1) -78 14b 73 [el 82: 18 
5 n B ~ M e ~ Z n M g C l ( 1 . 1 )  -78 14c 86 9416 
6 nBuMe,ZnLi (1.5) -78 14c (10) 95:s 
7 iPrMe,ZnMgC1(1.1) -78 14d YO Y5.S 
8 rBuMe,ZnMgCI (1.1) -78 14e (80 )  [el 57:43 


10 tBuMe,ZnLi (1.5) 0 14e (75 )  [el 75.15 


12 allylMe,ZnMgBr (1.1) -78 14g 91 73:17 
13 vinylMe,LnMgBr (1 1) -78 14h 95 > 99: 1 [f] 


9 tBuMe,ZnLi (1.5) -78 14e (45) 74.26 


11 BnMe,ZnMgC1(1.1) -78 14f X X  88:  12 


[a] 'The reactions were performed on 5 mmol of6bandquenched after 1 h. although 
the reaction of the  magnesium rincates were generally complete after a few minutes. 
[b] Yield of product purified by column chromatography on SiO,: the number in 
parentheses is the approximate conversion (YO) of 6 b  to 14. evaluated by GC-MS 
analysis; the prcsence of unredcted 6b and by-products made prodiict purificarion 
difficult. [c] Determined by GC-MS and/or 'H N M R  analysis of the crude reaction 
product. [d] The temperature was allowed to rise slowly overnight before quench- 
ing. [c] Higher-boiling by-products were formed. [f] The minor diastereomer wai 
not detected. 
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(entry 2). In both cases, owing to the low conversion and the 
presence of by-products, we could not isolate pure 14a. 


The mixed zincates RMe,ZnLi or RMe,ZnMgX, prepared by 
addition of RLi 01 RMgX to Me,Zn, reacted even at the low 
temperature and the zincates derived from Grignard reagents 
were more effective than the corresponding lithium zincates 
(compare entries 1/2, 5/6 and 8/9 in Table 1). Careful GC-MS 
analyses of the reaction mixtures allowed us to establish that 
only the R group was transferred from allyl and bcnzyl zincates 
(entries 11 and 12); in the case of alkylzincates (R = Et. nBu, 
iPr, tBu) transfer of R gave the major products, but trace 
amounts of 14a (0.5-2%) were produced by methyl transfer. 
The zincates prepared by adding PhMgBr, 2-furyllithium and 
1 -heptynyllithium to Me,Zn proved to be almost unreactive. 


The cffect of the Li or MgX counterion on the diastereoselec- 
tivity was not easily established, because the Grignard- and 
alkyllithium-derived zincates reacted at different temperatures; 
however, in the transfer of tBu from the mixed zincates 
at -78 T, a better stereocontrol (despite the low yields) was 
provided by the lithium zincate (entries 8-10). The d.r. was 
moderately affected by the nature of the R group and decreased 
in the order vinyl>Et, iPr, nBu>Me>Bn>tBu, allyl. The 
transfer of the vinyl group was particularly selective (entry 13); 
only one diastereomer of 13h was detected by GC-MS and 
'H NMR analysis of the crude reaction product. Apart from 
benzyl, tert-butyl and allyl, all the alkyl groups were transferred 
with similarly high diastereoselectivities. The use of allyl- 
Mc,ZnMgCl (entry 12) gave no improvement in stereocontrol 
with respect to allylzinc bromide;['b1 moreover, lower ratios 
were obtained by using allylEt,ZnMgCI and (allyl),ZnMgCl- 
2 MgBrC1, prcpared from ZnBr,. It should be noted that the use 
of tBu, rather than Me, as the nontransferable ligand decreased 
the stereocontrol in the transfer of Et (compare entries 3/4). 


The major diastereomer of the allylated product 14g was 
assigned the (S ,S)  configuration by GC-MS analysis of the 
crude reaction mixture, based on our previous report.[2b1 Since 
the major diastereomer was eluted first in all the reaction mix- 
tures, the configuration was assumed to be the same for the 
other new compounds 14. The 'HNMR spectra of the crude 
diastereomeric mixtures were also consistent with the assigned 
configurations, since the absorptions of the CHC0,Et protons 
in the major diastereomer always occurred at lower frequency 
with respect to the minor diastereomer, as observed with the 
x-aryl-substituted homoallylic amincs derived from methyl (S ) -  
valinate.[2' In the case of the allylic amine 14h, the minor 
diastereomcr was not detected, but the isolated diastereomer is 
expccted to have the (S,S) configuration, assuming that the 
mechanism and the scnse of asymmetric induction is the same 
for all the zincates. 


The removal of the auxiliary group of 14b-d,f,h was carried 
out following the reported procedure[21 (Scheme 4). The reduc- 
tion with LiAIH, in THF in the first step occurred smoothly, 
when carried out at low temperature ( 5 0 "C). Provided that the 
intermediate /&amino alcohols 15 b-d,f,h were first purified by 
column chrornatography (69-80 % yield), the subsequent oxi- 
dative cleavage with H,IO,-MeNH, (solvent of choicc: 
MeOH/THFjH,O) afforded the optically active primary amines 
16b-d,f,h in over 95% yield and in high purity, so that no 
further purification was required. Hence, we demonstrated the 


efficiency of the two-step route to the optically active amines 16 
and, at the same time, unambiguously determined the ( S )  con- 
figuration of the newly formed stereocentre in 14d,f by compari- 
son with thc optical properties of 16d,f with those of the authen- 
tic (R) enantiomer~.[~I No attempt was made to prepare the 
compounds 16a,[7, 16e or 16g, because of the low yield and/or 
diastereomeric purity of their precursors 14a,e,g; moreover, 
(S ) -  and (R)-16g are more conveniently available from 6 a  with 
the appropriate choice of the allylmetal reagent.[2b] 


Our results suggest that the reaction takes place through the 
preliminary formation of a complex between the zincate and the 
imine 6b, which is itself involved in N,N-bidentate or N,N,O-tri- 
dentate chelation to the Li or MgX counterion of the zincate. 
Because magnesium prefers tetracoordination, we assume that 
here the ester group will not participate in the chelation, as 
shown in the complex 17 (Figure 2). The auxiliary group, al- 


fi 


17 18 19 


H H  H H  


R' 
[RR'MeZn] [R R'MeZn] 


20 21 22 


Figure 2. Intermediales and transition state5 in the reactions of 2-pyridine iminzs 
with triorginozincates. 


though free to rotate along the N-C* bond, probably adopts 
an eclipsed orientation of the H-C* and H-C=N hydrogens, 
as we previously observed in the imine 6 a  and in its complexes 
with ZnBr, and SnCI, .[2b1 Consequently, the magnesium stereo- 
centre in 17 should preferentially form with the larger sub- 
stituent (RRZnMe) anti to the iPr group of the auxiliary. Sim- 
ilarly, the lithium zincates can form a bidentate complex 
analogous to 17, where lithium is presumably coordinated by a 
THF molecule. The alternative N,N,O-tridentate complex 18 
should be destabilizcd by steric interactions of the iPr sub- 
stituent in thc fused bicyclic structure. 


In the complexes derived from mixed methyl-alkyl zincates. 
it is most probable that the methyl group will link the two metal 
centres, owing to the superior "bridging" ability of methyl com- 
pared to homologous alkyl groups in associated mctal alkyls. 
Then, the carbon-carbon bond-forming step would occur by 
attack of the R group bound to zinc at the Si face of the azome- 
thine function through the six-membered cyclic transition state 
19 (Figure 2). Accordingly, the diastereoselectivity is affected by 
the size of R ,  which occupies a pseudoaxial position in the chair 
transition state, given the sp2 hybridization for zinc in tri- 
organozincates."'] Indeed, the d.r. decreased on going from 
Me,RZnMgCl (R' = Me in 19) and MeEt,ZnMgCI ( R  = Et) 
to tBuEt,ZnMgCl ( R  = rBu). The serious steric interaction of 
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tBu (= R) with the auxiliary in 19 accounts for the low 
diastereoselectivity obtained in the tBu transfer, bccause other 
transition states become accessible. 


An alternative pathway involves the formation of an imine- 
ZnRR' complex, followed by attack of the organometallic 
reagent RM at the C=N double bond, as depicted in 20 (Fig- 
ure 2). This mechanism can, however, be excluded in the light of 
the experiment performed by adding first Et,Zn to 3 at - 78 "C 
(no reaction occurred despite the intense red colour observed) 
and then MeLi : ethyl transfer occurred almost exclusively to 
produce 13 (> 95 YO, d.r. 62: 38 by GC-MS analysis). This indi- 
cates that MeLi preferentially attacks the Zn centre of the 
chelated N,N-Zn complex, followed by formation of the N,N- 
Li complex. 


An ionic mechanism should also be considered, as in our 
previous report on the imine 3,[Ib1 owing to the strong chelating 
ability of the 2-pyridineimine moiety towards metal cations. 
Accordingly, both imines 3 and 6b might be able to promote the 
ionic dissociation of the zincate reagent to form the ionic cou- 
ples 21 and 22, respectively (Figure 2, M = Li or MgX). Conse- 
quently, the amines should be produced by attack of R from the 
anion RMe,Zn- at the less hindered Si face of the imine. The 
sense of asymmetric induction observed is consistent with both 
mechanisms. Finally, an SET process may be operative, at least 
partially, but products that might derive from intermediate rad- 
icals or radical anions were never detected in the crude reaction 
mixtures. 


The BF,-promoted addition of zincates to the unactivated 
imines 2 and 5 b can proceed through the preliminary coordina- 
tion of BF, to the azomethine nitrogen, providing the necessary 
activation for the attack by the nucleophile. However, this sce- 
nario does not explain the observed lack of group-transfer selec- 
tivity and the ineffectiveness of other Lewis acids such as 
Ti(OiPr),, TiCl, and SnC1,. Hence, it is probable that BF, affects 
the structure of the mixed zincate R,RZnM, promoting either 
their dissociation into separated organometallic compounds 
(R'M-BF, + R,Zn, and RM-BF, + RRZn) and/or their con- 
version to a mixture of mixed and symmetrical zincates." ' ]  


The method presented here is a valuable route to (S)-1-(2- 
pyridy1)alkylamines 16, which are useful bidentate ligands or 
catalysts in asymmetric The preparation of 16h is 
particularly attractive, since the vinyl group can undergo further 
transformations. Two syntheses of such amines have been re- 
ported, similarly exploiting the asymmetric induction of an aux- 
iliary (Scheme 5 ) .  The alkylation of the lithium carbanion ob- 
tained by metalation of the imines 23 derived from (+)- and 
( - )-2-hydroxypinan-3-one afforded the imines 24, which were 
converted to the amines ( S ) -  and (R)-16, including 16a,d,e, with 
low to moderate overall yield and excellent enantiomeric ex- 
ce~s.[ '~ (S)-1-(2-Pyridyl)-2-cyclohexylethylamine (16, R = cy- 
clohexylmethyl) was synthesized through the addition of excess 
cyclohexylmethylmagnesium bromide to the imine 25, prepared 
from 2-pyridinecarboxaldehyde and (S)-valinol, giving mainly 
the (S,S) diastereomer of the amine 26a. In addition, the cata- 
lytic hydrogenation of the ketimines 27 a, derived from (R)-vali- 
nol, and especially 27 b, derived from (R)-phenylglycinol, gave 
(S,S)-26 a,b with better diastereoselectivity." However, the 
oxidative cleavage of 26 a,b by sodium periodate gave the prima- 
ry amine 16 with low yield. 


(+)-or (-)-23 24 
1 NHzOH, 
t AcOH 


(S)- or (R)-16 
R = Me, i-Pr, allyl, En, 4-MeO-Bn 
30-56%, e.e. 88.5-98.4% 


A A 


Organozincate Reagents 726-131 
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(S,S)-26 
a: R = i-Pr, d.r. 87:13 


H2, PdlC 
* ( Z 3 - 2 6  


a: R = i-Pr, d.r. 9O:lO 
b: R = Ph, d.r. 98:2 


OH 


Na104 27 


(S)-16, R = cyclohexylmethyl 
35-40% 


Scheme 5. Other auxiliary-induced stereoselective syntheses of the aminrs (S). ;tiid 
(R)-16.  


Experimental Section 


General methods and the procedure for the preparation of the immes, e.g. 2. 
3, S a  and 6a, were described previously.".z1 


Ethyl N-l(2-Pyridyl)methylidenel-(S)-valinate (6b): [ r ] i 5  = - 98.8 (c = 2.1 in 
CHC1,); ' H N M R  (CDCl,, 300 MHz, 20°C): 6 = 8.65 (m. 1 H ;  pyridine). 
8.35 (s, 1 H ;  CH=N),  8.15 (m. 1 H ;  pyridine), 7.75 (m. 1 H ;  pyririinc). 7.34 
(m, 1 H ;  pyridine), 4.22 (m, 2 H ;  OCH,CH,), 3.74 (d, J =7.3 HL, 1 H ;  
CHCO,Et), 2.40 (m, 1H;  CHMe,) ,  1.28 (t, 3 H ;  OCH,CH,), 0.98 (2d. 
I = 6.8 Hz, 6H; CHMr,);  MS (70 eV, EI): nzjz ( O h ) :  161 (loo), 92 (67), 119 
(65), 145 (27). 191 (21), 118 (19). 


Preparation of Triorganozincates: The commercially available solution of 
Me,Zn (2111 in toluene) or Et,Zn ( 1 ~  in hexane) was added to an equiil 
volume of anhydrous T H F  in N, atmosphere, and the solution was cooled 
a t  - 78 "C. Then an equimolar amount of organolithium or Grigiiard reagent 
( 1 . 6 ~  MeLi in Et,O, 3w MeMgCl in T H E  2~ nBuMgC1 i n  Et20.  2~ 
iPrMgBr in THF, I M  tBuMgCl in T H E  1.7 M [BuLi in pentane, ? M  
AllylMgCl in THF, 2 M BnMgCl in THF, 1 M VinylMgBr in T H F )  wcis added 
to the R,Zn solution, which was magnetically stirred for 20 min prior to use. 


Boron Tritluoride-Mediated Addition of Zincates to the lmines 2 and S b. Gen- 
eral Procedure: To the solution of the zincate (1 mmol), prepared 11s above 
and cooled to - 78 ' C, were added a solution of the iinine (1 mmol) in T H F  
(2 mL) and then, during 10 min, a solution of BF,-Et,O (0.14 mL, 1 mmol) 
in T H F  ( 2  mL). The reaction mixture was stirred for 1 h at -78 ~ ' C  and then 
quenched with 10% aq. NaOH (3 mL). The organic layer was separated, the 
aqueous phase was extracted with Et,O (10 mL x 3) and the collected organic 
layers were dried over Na,SO,. The composition of the mixture was deter- 
mined by GC-MS analysis. 


N-(I-Cyclohexylethy1)-(J-I-phenylethylamine (7) 'Ib1 MS (70 eV. LI) wr z 
(YO) 105 (100) [PhCHMe I ] ,  148 (76) [ M +  - cyclohexyl] 


N-(I-Cyclohexylpropy1)-(Sf-1-phenylethylamine (8): MS (70 eV. EI):  P I $ :  (%) 
105 (100) [PhCHMe'], 162 (75) [ M C  - cyclohexyl]. 58 (34), 216 ( 5 )  
[M' - Et]. 
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i~-(l-Cyclohexylhept-2-yn-l-yl)-(S)-l-phenylethylamine (9) MS (70 eV, EI) 
111 z ( ' X )  105 (100) [PhCHMe'], 124 (68), 228 (49) [ M '  - cyclohexyl] 


Ethyl N-(3-Methyl-2-bntyl)-(S)-valinate (10): MS (70 eV, EI): mjz (7;)): 172 
(100) [ M -  - iPr]. 142 (68)  [ M +  ~ CO,Et]. 98 (62) ,  72 (521, 200 (2) 
jM- - Me]. 214 (<0.5) [M' - HI. 


Ethyl N-(2-.Methyl-3-pentyl)-(S)-valinate (1 I ) :  MS (70 eV, EI): mjz ("6): 186 
(100) [M' - iPr], 112 (63). 156 (47) [A4L - CO,Et]. 72 (35) .  126 (22) .  200 
(12) [ML-Et] .228(<0.5) [M'  -HI .  


General Procedure for the Preparation of Ethyl N-[(S)-I-(2-Pyridyl)alkyl[-(S)- 
valinate (14): A solution of the imine 6b (1.10 g, 5 mmol) in anhydrous THF 
( 5  mL) was added over 30 min to a magnetically stirred solution at  - 78 C of 
the triorgaiiozincate ( 5  mmol), prepared as described above. The reaction 
mixture was stirred for further 2 h, then quenched with 10% aq NaHCO, 
(10 mL). The organic layer was separated and the aqueous phase extracted 
with Et,O (3  x 20 mL). The combined organic extr~cts  were dried (NaJO,) 
and concentrated at reduced pressure. The resulting oil wab chromatographcd 
on a SiO, column with cyclohexane-EtOAc (90: 10) as eluent. 


Ethyl N-[(S)-l-(2-Pyridyl)propyl]-(S)-valinate (14h). 1.18 g (90%) by using 
Et,MeZnMgCI; [XI;' = -111.8 (c = 2.3 in CHCI,); ' H N M R  (CDCI,, 
300 MHz, 20°C): 6 = 8.54 (m, 1 H;  pyridine), 7.65 (in. 1 H ;  pyridine), 7.50 
(m. lH;pyridine) ,7 .15(m, 1H;pyridine),4.20(m,2H;OCH2CH,).3.58(t, 
1 H :  ArCHN), 2.77 (d, . I=7.3 H7, 1 H ;  CHCO,Et). 2.05 (broad, 1 H ;  NH). 
1.9 (m. 1 H ;  CHMe,). 1 75 (in, 2 H ;  CHCH,CH,), 1.28 (t, 3 H ;  OCH,CH,), 
1.0-0.85 (m, 9H; Me); the absorption of the CHCO,Et proton of the minor 
diastereomer (10%) fell at 6 = 3.0; MS (70 eV, El): ni/z ("/o):  120 (loo), 121 
(50). 191 (45j. 106 (27), 92 (24). 221 (20). I61 (17). 235 (15). 


Ethyl N-[ (S)-l-(2-Pyridyl)pentyl]-(S)-valinate (14c): 1.26 g (86Oh) by  using 
(nBu)Me,ZnMgCI: i.1;' = - 87.4 (c = 3.6 iii CHCI,); ' H  NMR (CDCl,, 
200 M H r .  20 C): 6 = 8.52 (m, 1 H ;  pyridine), 7.65 (m. 1 H;  pyridiiie), 7.48 
(m. 1 H; pyridine), 7.13 (m. 1 H: pyridine),4.18 (m, 2H,  OCH,CH,), 3.61 (t, 
ArCHN). 2.74 ((1, .I = 6 0 Hz. 1 H. CHCO,Et), 2.0 (broad, 1 H, NH), 1.85 
(in, I H .  CIfMe,), 1.68 (m. 2 H ,  ArCHCH,), 1.50-1.0 (m, 4H. CH,), 1.25 
( t ,  3H, OCH,CII,). 0.96-0.75 (m. OH, Me); the absorption ofthe CHCO,Et 
proton of the minor diastereomcr (4%) fell at 2.9h ppin; MS (70 eV, EI): m/z 
(Yo): 148 (100). 106 (58). 149 (53), 219 (51), 235 (30). 93 (25), 249 (21). 107 
(20), Ihl (20), 119 (19). 


Ethyl N-I(S)-l-(2-Pyridyl)-2-methyIpropyl]-(S)-valinate (14d): 1.25 g (90 %) 
by using Me,(iPr)ZnMgBr; [.]A' = -120.9 (c = 2.6 in CHCI,); 'HNMR 
(CDCI,, 200 MHz, 20 "C): 6 = X.50 (m, 1 H ;  pyridine), 7.62 (m, 1 H;  pyri- 
dine), 7.46 (m, 1H:  pyridme), 7.14 (m, 1 H :  pyridine), 4.14 (m, 2 H ;  
OCH,CH,).  3.37 (d, J =  6.5 Hz, 1 H ;  ArCHN), 2.65 (d, J = 6.5 Hz, 1 H :  
CHCO,Ct). 2.07-1.63 (m, 3 H ;  CHMe,  and NH), 1.23 (t, 3 H ;  OCH,CH,), 
1.0-0.75 (m, 12H: CHMr,); the absorption of the CHCO,Et proton of the 
minor diastereomer (3%) I S  at 6 = 2.84; MS (70 eV, EI): m/z (%): 134 (100). 
235 (97), 161 (w, 119 (40),92 (3x), 205 (361,135 (35),120 (34), 93 (23), 118 
( 2 3 ) .  


Ethyl N-J(S)-I-(2-Pyridyl)-2-phenylethyll-(S)-valinate (14f): I .37 g (88 %) by 
using BnMe,ZnMgBr; [ x ] ~ P  = - 44.2 (c = 2.4in CHCI,); 'H NMR (CDCI,, 
200 MHz, 20' C:I d = 8.55 (m, 1 H;  pyridine). 7.63 (m, 1 H ;  pyridine), 7.42 (m, 
1 H ,  pyridine). 7.35-7.08 (m, 6 H :  aryl): 4.04 (m, 2 H ;  OCH,CH,), 3.95 (dd. 
J = 5 . 5 a n d 8 . 9 H ~ ,  lH:ArCHN),3.11(dd,J=5.5Hzand13.4Hz,lH: 
CIf,Ph), 2x4  (dd. .I = 8 9 Hr. and 13.4 Hz, 1 H ;  CH,Ph). 2.73 (d, J z= 6.3 Hz, 
1 H;  CHCO,Et), 2.05 (broad. 1 H ;  NH), 1.80(m, 1 H ;  CHMe,), 1.14(t, 3 H :  
OCH,CH,). 0.XX and 0.83 (2d ,  .I = 6.7 HL. 6 H ;  CHMp,); the absorption of 
the CHCO,Et proton of the minor diastereomer could not bc determined 
with certainty. since i t  was covered by other signals; MS (70 eV, El): m!r (%): 
235 ( loo) ,  182 (64), 161 (50), 119 (35). 92 (27), 183 (24), 253 (20) ,  91 (18). 
167 (17) .  180 (15). 


Ethyl N-I(S)-1-(2-Pyridyl)-3-buten-l-yl]-(S)-valinate (14g): 1.26 g (91 YO): 
' H N M R  (CDCI,, 300MHz, 20'C): d = 8.50 (m, 1 H ;  pyridine), 7.65 (m, 
1 II; pyx-dine), 7.49 (m, 1 H; pyridinej, 7.14(m, 1 H:  pyridine), 5.85 -5.65 (m. 
1 H ;  CH=CH,), 5.15-5.05 (in. 2 H ;  CH=CH,), 4.25--4.05 (m, 2 H ;  
OCH,CH,), 3 75--3.60 (m, 1 H: ArCHN), 2.75 (d, .I= 5.6 Hz, 1 H ;  
CHCO,Et), 2.35 (m. 2H.  CH,CHN), 2.3 (broad, 1 H ;  NH), 1.85 (m. 1 H ;  


CHMe,) ,  1.26 (t, 3 H ;  OCH,CH,). 0.91 and 0.85 (2d, J =  6.9 Hz. 6H:  
CHMr,); (R.S)-14g (27% of the diastereoiiieric mixture) gave separated 
absorptions at d = 2.98 (d,  J = 5.6 Hz, 1 H ;  CHCO,Et). 2.55 (m. 2H. 
CH,CHN). 2.05 (m. 1 H ;  C H M c , ) ,  1.10 (1, 3 H ;  OCH,CH,). 0.97 and 0.90 
(2d , . I= h.9 Hz,6H;CHMeZ);  MS(70eV,EI):m/z(%): 235(100). 161 (60). 
132 (47). 203 (40), 117 (34), 333 (33).  119 (32). 92 (24). 


Ethyl N-[(S)-L-(2-Pyridyl)-2-propen-l-yll-(S)-valinate (14h): 1.24 g (95 YO) by 
using Me,(vinyI)ZnMgCI and avoiding the chromatographic purification: 
[MI;" = - 49.1 (c = 2.2 in CHCI,); 'HNMR (CDCI,, 300 MHz, 20 C): 
6 = 8.55 (m, 1 H ;  pyridine), 7.68 (m, 1 H; pyridine), 7.49 (m. 1 H:  pyridine). 
7.18 (m, 1H;  pyridine), 6.0-5.88 (ni, 1 H ;  CH=CH,), 5.32-5.12 (m, 2 H ;  
CH=CH,), 4.31 (d, J=7 .5Hz,  1 H ;  ArCHN), 4.20 (m, 2 H ;  OCH,CH,), 
2.92 (d, .I = 5.6 Hz. 1 H ;  CHCO,Et), 2.65 (broad. 1 H ;  NH).  2.0 (m, 1 H ;  
CHMe,).  1.28 (1. 2 H ;  OCH,CH,), 0.96 and 0.93 (2d. J =  6.9 Hz. 6H; 
CHMr,); no absorption that could be attributed to the minor diastereomer 
way observed; MS (70eV. El):  rnjz (%): 189 (loo), 187 (55). 118 (46), 173 
(35). 120 (32). 117 (29), 219 (26), 217 (19), 147 (15). 190 (15). 


By the same procedure the following amines werc prepared from the imines 
3 and 6b. hut not isolated, and identified by the mass spectral fragmentation 
pattern. 


N-[l-(2-Pyridyl)ethyl]-(S)-l-phenylethylamine (12):r'h1 MS (70 eV, EI): m!: 
( Y o ) :  107 (loo), 106 (72j, 105 (41), 120 (35), 79 (18), 78 (17). 77 (16), 211 ( 5 )  
[ M +  - Me]. 


N-[l-(2-Pyridyl)propyl]-(S)-I-phenylethylamine (13): MS (70 eV. EI): mi; 


(%): 107(100),105(97). 123 (74). 120(74), 106(72),79(32),77(25).78(20). 
211 (14) [ M '  - Et], 225 ( 5 )  [ M i  - Me]. 


Ethyl N-[(S)-I-(2-Pyridyl)ethyl]-(S)-valinate (14a): MS (70 eV, El): nz!; (%): 
106 (100). 177 (61) [M' - CO,Bt], 107 (50). 207 (18) [hf- ~ iPr), 78 (18). 
72 (8). 235 (t2%) [M' -Me]. 


Ethyl N-l(S)-l-(2-Pyridyl)-2,2-dimethylpropyl]-(S)-vatinate (14e: MS (70 eV. 
EI): mjz (%): 235 (100) [ M +  - rBu], 161 (59), 148 (35), 119 (27), 92 (23). 219 
(17) [ M +  - CO,Et]. 107 ( I S ) ,  236 (14), 134 (12). 132 (11). 


Preparation of N-[(S)-l-(2-Pyridyl)alkyl]-(S)-valinol(15): To the stirred solu- 
tion of the previously obtained 14 in THF (10 mL) at - 5  C in N,  atmo- 
sphere was added portionwire LiAIH, (1 molequiv). After having been 
stirred for 30 min at -5-0 ' C ,  the mixture was quenched with 1 M KOH 
(10 mL) and further stirred for 15 min at 20 C.  then filtered. The solid was 
thoroughly washed with Et,O, the organic layer was separated, and the 
aqueous layer was extracted with Et,O (3 x 25 mL). The collected organic 
layers were dried (Na,SO,) and concentrated under reduced pressure. The 
[{-amino alcohol remained as an oil and was chromatographed on a SiO, 
column with cyclohexaneiEtOAc (60:40) as eluent, to remove the traces of 
unreactcd 14 and in part or totally the more polar diastereomer (R,S)-15. 
which was sometimes detected by 'H NMR spectroscopy. 


N-[(S)-l-(2-Pyridyl)propyl~-(S)-valinol (15b): 0.80 g (80%); [XI? = - 30.3 
(c = 2.2 in CHCI,); 'HNMR (CDCI,. 300 MHz, 20~'C):  6 = 8.60 (m, 1 H: 
pyridine), 7.65 (m, 1 H ;  pyridine), 7.18 (m, 2 H ;  pyridine), 3.63 (m, 1 H  
ArCHN and 1 H C H 2 0 H ) ,  3.43 (dd, J =  4.3 Hz and J = l l  Hz, 1 H: 
CH,OH),2.18 (m,lH;CHCH,OH),  1.90-1.60(m. SH;CH,CH,.CHMe,. 
N H  and OH) ,  0.95-0.713 (m. 6 H ;  Mc); absorptions of(R,S)-14h ( 5 % )  were 
observed at 6 = 3.85 ( t ;  ArCHN) and 2.35 (ni; CHCH,OH). 


N-[(S)-l-(2-Pyridyl)pentyl]-(S)-valinol (1Sc):  0.990 g. 79%;  [%IF = - 35.2 
(c = 3.2 in CHCI,); ' H  NMR (CDCI,. 200 M H L ,  20°C): 6 = 8.55 (m, 1 H:  
pyridine). 7.60 (m, 1 H ;  pyridine). 7.12 (in. 2 H ;  pyridine), 3.63 ( 1 ,  1 H :  
ArCHN), 3.59 and 3.38 (dd, J = 4.1 and J = 10.8 Hz, 2 H ;  CH,OH), 2.10 (m. 
1 H :  CHCH,OH). 2.0 (brs, 1 H ;  OH), 1.8-1.55 (in, 4 H ;  CHCH,. CHMe,. 
and NH), 1.4-1.0 (m, 4H; CH,CH,Me). 1.08 (d. J = 6.7 Hz, 3H:  Me), 0.80 
(m- 9 H ;  Me), the presence of (R,S)-1Sc in separated chromatographic frac- 
tions was indicated by the signals at 6 = 3.86 ( t ;  ArCHN) and 2.20 (in: 
CHCH,OH). 


N-[(S)-1-(2-Pyridyl)-2-1nethylpropyl~-(S)-valinol (15d) 0 74 g, 69 % , [XI? = 


- 48 7 (c = 2 1 111 CHCI,) 'H NMR (CDCI,, 300 MHz. 20 C )  h = 8 60 (m. 
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1 H ;  pyridine), 7.61 (m, 1 H ;  pyridine), 7.13 (m, 2 H ;  pyridine), 3.61 (dd, 
J = 3 . 9 a n d  10.8Hz. lH;CH,OH),3.43(dd,J=3.6aiidJ=10.8Hz,lH; 
CH,OH), 3.30 (d, J =7.6 Hz, 1 H ;  ArCHN), 2.05 (m, 1 H; NH),  2.02 (m, 
1 H;  NCHCH,OH), 1.95 (m, 1 H ;  PyCHCHMe,), 1.85 (broad. I H ;  OH). 
1.60 (rn, I H ;  CHMe,), 1.08 (d, J =  6.7 Hz, 3 H ;  Me), 0.75 (m, 9 H ;  Me); 
signals that could be assigncd to (R,S)-15d were not observed in the collected 
chromatographic fractions. 


N-[(S)-I-(2-Pyridyl)-2-phenylethyll-(S)-valinol (1Sf): 0.97 g (77%); [ a l p  = 


+ 4.8 (c = 2.3 in CHCI,); ' H N M R  (CDCI,, 200 MHz, 20 ' C ) :  S = 8.60 (in, 
1 H: pyridine), 7.55 (ni, I H ;  pyridine). 7.30-6.95 (m, 7H:  aryl), 3.69 (1, 1 H ;  
ArCHN), 3.46 (dd, J = 4.0 Hz and J = 11.0 HL 1 H ;  CEf,OH), 3.28 (dd, 
J =  4.2 Hz and J =10.7 Hz, 1 H ;  CH,OH), 2.98 (m, 2 H ;  CH,Ph), 2.05 (m, 
1 H; NH), 2.05 (m, 1 H; NCHCH,OH), 2.5L1.8 (broad, 2 H ;  NH and OH), 
1.55 (m, 1 H ;  CHMe,), 0.77 and 0.74 (2d, J = 6.8 Hz, 6 H ;  CHMe,); the 
presence of (R,S)-15f in separated chromatographic fractions was cvidenced 
by the signal at 6 = 4.12 (t; ArCHN). 


N-[(S)-1-(2-Pyridyl)prop-2-enyl]-(S)-valinol (15h): 0.75 g, 75 %; [a]? = 


+49 .4 ( t  = 2.0inCHCI,);'HNMR(CDCl3,20OMHz.20"C):6 = 8.58(m. 
1 H; pyridine), 7.66 (m, 1 H ;  pyridine), 7.30 (m, I H ;  pyridine), 7.19 (m, 1 H ;  
pyridine), 6.0-5.84 (m. 1 H ;  CH=CH,), 5.35-5.19 (m, 2 H ;  CH=CEf,), 4.40 
(d, J = 8 . 4 H z ,  1 H ;  ArCHN), 3.62 (dd, J = 4 . 2 H z  and .1=10.7Hz, 1 H ;  
CH,OH),3.36(dd,J=6.7HzandJ=10.7Hz. lH ;CH20H) ,2 .48 (m,  1 H ;  
NCHCH,OH), 1.9-1.6 (broad. 1 H ;  OH),  1.83 (m, 1 H ;  CHMe,), 1.2 (broad, 
1 H ;  NH), 0.93 and 0.87 (2d, J = 6.7 Hz, 6 H :  CHMe,). 


Preparation of (S)-l-(2-Pyridyl)alkylamines 16: To the solution of the previ- 
ously obtained fi-amino alcohol 15 in a MeOH/THF mixture (9:l- 10 mL) 
was added 40% aq. MeNH, (1.2 mL per mmol of 15). Then a solution of 
H,IO, (0.82 g, 3.6 mmol, per mmol of 15) in H,O (10 mL) was added slowly. 
The mixture was stirred magnetically over 1 h. H,O (10 mL) was then added 
and the solid phase filtered off. The aqueous solutioii was concentrated at  
reduced pressure to remove most MeOH and was then extracted with Et,O 
(3 x 20 mL). The collected organic layers were dried over MgSO, and then 
conceiitratcd at reduced pressure (water bath at  50-60 "C) to give the primary 
amine as an oily residue in almost quantitative yield ( 2  95 YO). The pure state 
of the amiiie ( 2 9 7 % )  was determined by GC and '11 and I3C NMR analyses. 


(S)-l-(2-Pyridyl)propylamine (16b): [XI;' = -7.0 (c = 2.2 in CHC1,); 
[XI? = - 8.6 (c = 2.5 in EtOH); 'H NMR (CDCI,, 300 MHz, 20 " C ) :  
S = 8.57 (m, 1 H ;  pyridine), 7.24 (m. 1 H;  pyridine), 7.27 (m, 1 H ;  pyridine). 
7.15 (m, 1 H ;  pyridine), 3.87 (t, 1 H: CHN),1.85 (broad, 2 H ;  NH,), 1.9-1.65 
(m, 2 H ;  CHCH,CH,), 0.88 (1, 3 H ;  CH,); I3C NMR (300MHz): 6 =162, 
149, 136, 122, 121, 59. 32, 11 ;  MS (70 eV, EI): ni/z ( O h ) :  107 (100); C,H,,N, 
(136.2): calcd C 70.55, H 8.88, N 20.57: found C 70.35, H 9.03, N 20.62. 


(S)-l-(Z-Pyridyl)pentylamine (16c): [z];' = - 5.4 (c = 3.4 in CHCI,); 
[a]? = - 4.8 (c  = 2.0 in EtOH); ' H N M R  (CDCI,, 200MH2, 20 C): 
b = 8.50 (m- 1 H ;  pyridine), 7.60 (m, 1 H ;  pyridine), 7.22 (m, 1 H ;  pyridine), 
7.10 (m, 1 H ;  pyridine). 3.87 (t. 1 H ;  CHN),1.85 (broad, 2 H ;  NH,), 1.70 (m, 
2 H ;  CHCH,), 1.40-1.05 (m, 4 H ;  CH,CH,), 0.81 (t, 3 H ;  CH,); 13C NMR 
(300 MHz): 6 = 161,149,136, 122, 121, 57,38,28,22,14; MS (70 eV, EI): n / z  
(YO):  107 (loo), 80 (18); C,,H,,N, ( 164.2): calcd C 73.12. H 9.82. N 17.06; 
found C 72.98, H 9.85, N 17.17. 


(S)-i-(2-Pyridyl)-2-methylpropylamine (16d): [ZIP = - 1.3 (c = 3.1 in 
CHCI,); [a];' = - 3.5 (c  = 3.3 ni EtOH); Iit.:"l [a]? = + 3.42 (EtOH) for 
the ( R )  enantiomer; ' H N M R  (CDCI,, 300 MHz, 20 'C): ii = 8.52 (m, 1 H ;  
pyridine), 7.61 (m, 1 H:  pyridine), 7.22 (m, 1 H ;  pyridine), 7.12 (m, 1 H ;  
pyridine), 3.67 (d, J = 6.6 Hz; ArCHN), 2.0 (in, 1 H ;  CHMe,), 1.85 (broad, 
2 t i ;  NH,), 0.92 and 0.81 (2d, J = 6.8 Hz; CHMe,); " C  NMR (300 MHz): 
6=162 ,149 ,136 ,122 ,121 ,63 ,35 ,20 ,18 ;MS(70eV,EI ) :m~~(~) :107(100) ,  
80 (18). 


(S)-l-(2-Pyridyl)-2-phenylethylamine (16f): [a]? = + 14.9 (c = 3.5 in 
CHCI,); [XI? = + 31.3 (c = 2.1 in EtOH); lit.:"' [@ = - 41.22 (EtOH) 
for the (R) enantiomer; ' H N M R  (CDCI,, 200 MHz, 20 C): ii = 8.57 (m. 
1 H ;  pyridine), 7.58 (m, 1 H ;  pyridine), 7.30-7.08 (m. 7 H ;  aryl), 4.22 (dd, 


J = 5 . 5  and S.6Hz, 1 H ;  ArCHN), 3.14 (dd, J = 5 . 5  and 13.2H7. 1H:  
CH,Ph), 2.87 (dd, J = 8.6 and J =13.2 Hz, 1 H: CII,Ph), 1.85 (broad, 1 H ;  
NH); "C NMR (300 MHz): b = 163, 149, 139, 136. 129- 128, 126. 122. 121, 
59, 45; MS (70eV, El): m / z  (?A): 107 (loo), 80 (24). 91 ( 1 5 ) .  


(S)-l-(2-Pyridyl)prnp-Z-enylamine (16h): [a]? = + 1X.6 (c = 2.1 in CHCI,): 
[a];' = + 22.2 (c = 2.1 in EtOH): 'H  NMR (CDCI,, 200 MHz, 20 C):  
6 = 8.45 (m; 1 H :  pyridine), 7.55 (m. 1 H ;  pyridine). 7.22 (111. 1 H: pyridine), 
7.18 (in, I H ;  pyridine), 6.05-5.85 (m, 1 H ;  CH=CH,), 5.22-5.01 (in, 2 H ;  
CH=CH,), 4.45 (d, J =  6.6Hz, 1 H ;  CHN), 2.0 (broad, 1 H ;  NH,); I3C 
NMR(300 MHz,20'C):S =162,149,141,137,122,121,145,59:MS(70eV, 
EI): fniz (YO): 119 (loo), 56 (47), 107 (35). 80 (28), 79 (24). 78 (22). 106 ( 2 2 ) ,  
133 (15); C,H,,N, (134.2): calcd C 71.61, H 7.51, N 20.88: found C 71.22, 
H 7.45, N 21.33. 
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Electron Transfer in Dinuclear Cobalt Complexes with 
"Non-Innocent" Bridging Ligands** 


Katja Heinze, Gottfried Huttner,* Laszlo Zsolnai, Albrecht Jacobi and Peter Schober 


Abstract: Reaction of tripod cobalt(r1) 
templates [{CH,C(CH,PAr,),}Co"] with 
potentially bridging ligands L gener- 
ates the dinuclear compounds [(tripod)- 
Co-L-Co(tripod)]*+, With L = oxalate 
(C,Oj-) a biscobalt(r1) complex (1) is 
formed. while with L = C,H,O:-, the di- 
anion derived from 2,5-dihydroxy-I ,4- 
benzoquinone (anilic acid), two-electron 
transfer within the dimetallic unit occurs 
and a biscobalt(i1i) charge distribution re- 
sults (2a),  as shown by X-ray structural 
analyses of 1 and 2 a,  N M R  spectroscopy, 
and theoretical investigations by the 
INDO method. Complex 2 a  exhibits an 


Introduction 


unusually intense, low-energy absorption 
in its electronic spectrum; this is explained 
with a simple M O  model. One-electron re- 
duction of 2 a  generates the corresponding 
mixed-valence complex, which is highly 
stabilised through extensive electron delo- 
calisation. Substituents at the 3,6 posi- 
tions of the bridging ligand (Cl, Br, I, 
NO,, Me, iPr, Ph; 2b-h) as well as alkyl 
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cobalt quinones * tripodal Iigands 


substitution at  the aromatic rings of the 
tripod ligands (3, 4) influence the optical 
and electrochemical properties consistent 
with the proposed model of charge distri- 
bution. Formal replacement of one 
[( t r ipod)C~" ' ]~+ moiety by [CH,I2+ leads 
to the mononuclear complex 6, which 
is shown to be a typical [(tripod)Co"'- 
(catecholato)]+ complex. Therefore the 
substantially different optical and electro- 
chemical properties of the dinuclear com- 
plexes with respect to those of 6 result 
from strong metal-metal interactions 
mediated by the bridging ligand. 


Complexes that combine "non-innocent" ligands, es- 
pecially dioxolene ligands (diox), with transition- 
metal ions that have two or more accessible oxidation 
states give rise to questions concerning the charge dis- 
tribution and effective oxidation states in these com- 
pounds."] In their complexes dioxolene ligands can be 
found in three different formal oxidation states (Fig- 
ure 1): neutral quinones (9). radical semiquinones 
(sq), and dianionic catecholates (cat). The small ener- 
gy gap between dioxolene n* orbitals and metal d, 
orbitals results in significant sensitivity of the charge 
distribution within the metal complexes towards the 
molecular environment. 


Coordination of one dioxolene ligand to a metal 
centre M results in the formation of compounds of 
type A (Figure 1 ) .  For example the species [(L- 
L)Cu(diox)] (with L-L = 2,2'-bipyridine (bpy)) is 
best described as [(bpy)Cu"(cat)] ,[" while substitu- 


(diox) 


4 =l cot 


- e- 
(t e tr ox) 


sq. sq cat. sq cat. cat 


Figtirc 1 .  Coordination modes of dioxolene ligands 


tion of the hard nitrogen donor ligand 2,2'-bipyridine with the 
soft phosphane donor ligand PPh, results in the [(PPh,),Cu'(sq)] 


[*] Prof. Dr. G. Huttner, K. Heinze, L Zsolnai, A. Jacobi, P. Schober 
Anoreanisch-Chemischcs Institut. Universitit Heidelbere 


charge di~tribution.[~I With ruthenium as the central metal 
[(bpy),Ru"(sq)]+ complexes can be obtained which have a con- - 


Im Neucnheimer Feld 270, D-69120 Heidelberg (Germany) siderable admixture of the [ (bpy),Ru["(cat)] + electronic config- 
 ration.[^] In [ (tripod)Co(diox)] + complexes electron delocali- 


ground state.[51 


Fax: Int. code +(6221)54-5707 
e-mail: kat.ia(i~,suiiO.tirz.uni-heidelberg de 


[**I Part ofthis work was presented at the 31st International Conference on Coor. sation to be in a pure Co"'-cat 
dination Chemistry, Vancouver (Canada), August 1996. 
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Placing two "non-innocent" ligands on a redox-active metal 
centre (Figure 1, type B) leads to further possible electronic con- 
figurations. Ruthenium complexes of this type again show rela- 
tively large charge delocalisation in [ (bpy)Ru(diox),] and 
[ (bpy)Ru(diox),] complexes.[61 Thermal equilibria instead of 
quantum-mechanical mixing have been found in complexes with 
cobalt ['I and manganese['] metal centres. These valence tau- 
tomeric equilibria can be observed in solution as well as in the 
solid state, and they depend considerably on the nature of the 
counterIigandL7'- 7g1 and the solid-state structures (e.g., solvate 
molecules)[7h1. The equilibrium concentration of the valence iso- 
mers can be influenced by applying an external perturbation 
(temperat~re,[~"- 'g, 'I pressure,[7h1 lightt7', 'jl). 


Inverting the composition ratio of the type B species [(diox)- 
M-(diox)] corresponds to the dinuclear compounds [M- 
(tetrox)- M] (Figure 1, type C). The "non-innocent" bridging 
ligand tetrox, derived from the dianion of 2,5-dihydroxy-I ,4- 
benzoquinone, can in principle bind to metal ions in three differ- 
ent oxidation states (Figure 1): as a dianion (sq, sq), as a radical 
trianion (cat, sq), and as a tetraanion (cat, cat). Di- 
nuclear complexes of this type with paramagnetic 
metal ions [CU",[~] Ni'l,[lo] Fe"Ir' 'I] have been pre- 
pared and investigated in order to study magnetic 
exchange interactions of two metal centres over a 
large distance. These complexes appear to have a 
rather localised charge distribution with the bridging 
ligand in the dianionic state (sq, sq). The same charge 
located on the bridging ligand is found in the 
[(cod)Rh'(sq, sq)Rh'(cod)] complex."21 With the re- 
dox-active ruthenium metal centres this description 
does not seem to be appropriate because of substan- 
tial mixing between the metal d, and ligand 7c* or- 
bitals." 3l In dinuclear complexes neither a charge dis- 
tribution of the (cat, cat) type nor a bistable system 
analogous to the type B cobalt and manganese com- 
plexes has yet been observed. 


We describe the synthesis and characterisation of a 
series of dinuclear metal complexes of type C (Fig- 
ure 1) with cobalt ions as the redox active metal cen- 
tres. As counterligands in these compounds tripodal 
phosphane ligands (1 ,l,l-tris(dipheny1phosphano- 
methy1)ethane (CH,C(CH,PPh,),), 1 ,I ,1 -tris(di- 
(y-toly1)phosphanomethyl)ethane (CH,C(CH,P(p- 
tolyl),),) and 1 ,I ,  I -tris(di-(m-xyly1)phosphano- 
methy1)ethane (CH,C(CH,P(m-xylyl),),) are em- 
ployed, which have been shown to stabilise cobalt in 
different oxidation states (+ I, +II, + 
This type of ligand coordinates facially to the metal 
ion because of its rigid backbone. The phosphane 
donor set induces a large ligand field splitting, which 
forces a coordination number of five for the cobalt ion 
(in the + I1 and + 111 oxidation states) and a low-spin 
configuration in the +I1 (d') and of course in 
the + III (d6) oxidation states. The description of the 
ground and excited states of these new complexes will 
be derived by comparison with a formally analogous 
dinuclear tripod cobalt complex with a non-redox ac- 
tive bridging ligand (dianion of oxalic acid) and a 
mononuclear type A (Figure 1) [ (tripod)Co(diox)]+ 


14. 


complex. The influence of substituents (H, CI, Br, 1, NO,, Me, 
iPr, Ph) in the 3- and 6-positions of the bridging tetrox ligand as 
well as the effects of alkyl substituents at the aromatic rings of 
the tripod ligand will be discussed. 


Results and Discussion 


Syntheses of the complexes: The synthetic routes for the prepa- 
ration of the dinuclear complexes 1, 2a-h, 3, 4, 5 a  and 5b and 
the mononuclear complexes 6 and 7 are presented in Figure 2. 
For the tetrafluoroborate salts 1, 2a-h, 3, 4 and 6 the well- 
established reaction of the tripod ligand with the hexaaqua salt 
of Co(BF,), and subsequent addition of thc coligand'161 results 
in the formation of the cationic tripod cobalt complexes. To 
obtain the hexafluorophosphate salts 5a,b and 7 an alternative 
reaction procedure starting from CoC1, via the di(pch1oro)- 
bi~[(tripod)Co"]~+ has been established (Fig- 
ure 2). 


Vbod + Co(BF,), ' 6 40 


295 K 


+ 1/2 4 L  / 


EtCti/Ttf 


1/2 (tr-@)cO--L-G$tr*$ 2+ (ff,-x 


1, Za-Zh, 3, 4 6 


,a, 1 2 +  
1/2 (tripcdp, ,co(tri& 2 a 


a 


5a. 5b 7 
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Structure and properties of 1 : The ,u-oxalato bridged complex 1 
is obtained as a microcrystalline, red-brown compound. The 
FAB mass spectrum (Table 4) and elemental analysis confirm its 
dinuclear structurc. The cyclic voltammogram of the complex 
salt 1 shows a reversible reduction wave at  -0.31 V (vs. SCE) 
and an irreversible rcduction at -0.6 V. The oxidation at  a po- 
tential of 0.7 V is electrochemically irreversible. Electrolysis a t  a 
conirolled potential of -0.53 V confirms that one electron per 
salt unit 1 is consumed. The electrochemical bchaviour of 1 is 
therefore in good agreement with the behaviour of mononuclear 
[(tripod)Co"(L -L)] complexes (L-L = 0 , O  chelate, e.g. ac- 
~ t a t e , [ ' ~ ~ l  f~rmate"~ ' ] ) .  The electronic spectrum of 1 in 
methylene chloride has weak absorptions at  481 nm 
(c = 1 1 8 0 M ~ * c m - ' )  and 919 nm (t; = 120M.-'cm-'). The latter 
can be assigned to  a ligand-field transition. This also resembles 
the properties of other mononuclear low-spin [(tripod)Co"- 
(L- L)] 


The result of the structural analysis is shown in Figure 3. 
Compound 1 crystallises in the triclinic, centrosymmetric space 


Fistire 3. Perhpcctivz view of the dication of I [49] 


group P i .  The centrosyniinetric compound consists of discrctc 
dinuclcar dications and BF; units. The dimeric cations are well 
separated from each other, the shortest intermolecular Co - Co 
distance being 1200 pm. Within the dimeric unit the metal cen- 
tres are separated by 520 pm, which is a typical value for oxala- 
to-bridged dimers.[' The coordination polyhedron around the 
cobalt centre can be described as a distorted square pyramid 
with the P 2  atom in the apical position. This apical Co-P2 
bond is 7 pm longer than thc basal ones (Table 1). The Co-0  
bond lengths (Table 1 )  fall within the range observed for com- 
parable low-,<pin [(tripod)Co"(L-L)] c o m p l e x e ~ . [ ' ~ ~ ~  Thc 
C 0 and C -  C bond lengths (Table 1) of the planar oxalato 
ligand show no substantial deviation from those observed for 
other oxalato compounds." 71 


The EPR spectrum of 1 in mcthylcne chloride at  295 K shows 
a broad unstruclured signal centred at  gisoz2.1 1. At 100 K in 
frozen methylene chloride the signal shows clearly the an- 
isotropy of the g tensor, but individual g factors cannot be 
obtained, owing to the superposition of the signals. Two hyper- 
fine splitting constants of 48 and 60 G (coupling to the "Co 
nucleus, I = '/J can be extracted from the low- and high-field 
portions of the signal, respectively. These observations are in 


Table I .  Selected bond lengths (pm) [a] and angles (') [a] [49] 


1 2 a  2b  2c 6 


C o l -  0 1  
('0 1 - 0 2  
c12-03 
C 1 2 - 0 4  
C o l -  P I  
c o  1 -P2 
co 1 -P3 
01 -C6  
0 2 - C 7  
0 3 - C 1 0  
0 4 - C 9  
C G C 7  
C7-CR 
CX-CY 


Cl0-CI I  
C l l - C 6  
c11-x 
Co 1-Co2 (Co 1 ~ c 12) 
0 1 - C o I - 0 2  
C 6 - 0  I-Co 1 
C 7-0  2-Co 1 
0 I-C 6-C 7 
0 2-c 7-Ch 
P I - c o  I-P 2 
P I -co I - P  3 
P2-Col-P3 
P I-Co 1 - 0  I 
P 1 -co 1 - 0  2 
P2-CO 1-0 1 
P2-co 1 - 0 2  
P3-Cot -01  
P 3-co 1 - 0  2 
0 3-C 11-04 
c4-c I-P I-co 1 
C4-C2-P?-Co 1 
c 4 - c  3.P3-Co 1 


c y - c i n  


197.0(3) IX9.8(5) 187.3(3) 186.3(6) 
1Y8.4(3) 188.3(5) 188.1 (3) 386.3(6) 


- - - 


- - 


220.0(1) 220.5(2) 220.0(1) 220.7(3) 
227.0(1) 220.6(2) 217.X(1) 218.7(2) 
218.7(1) 219.4(2) 220.4(1) 220.8(3) 
125.2(4) 131.3(8) 131.1(5) 131(1) 
125.1 (4) 131.1 ( X )  132.1(5) 132.8(9) 


- - - 


- - - - 


149.9(7) 145(1) 144.2(6) 141 ( I )  
139(1) 138.5(7) 140(1) 


144.2(6) 141(1) 
138.5(7) 140(1) 


173.7(5) 190(2) 


- 139.0(5) 139(1) 


- 139.2(9) 139.0(5) 139(1) 


520 759 756 758 


11 i .7(2) I 14.8(4) 1 1 3 . ~ 3 )  I i3.9(5) 


83.0(1) X3.3(2) 84.2(1) X3.4(3) 
112.0(2) 113.9(4) 113.6(3) 113.6(6) 


116.7(4) 114.3(6) 114.2(4) 114.9(7) 
116.5(4) 113.6(6) 114.2(4) 113.1 (7) 
92.53(4) 91.33(7) Y2.29(5) 91.47(9) 
90.15(5) 90.73(7) YO 77(5) 90.4(1) 
92.13(4) 90 26(7) X9.96(5) 90.6(1) 
93.13(9) 95.3(2) X9.8(1) 92.1 (2) 


157.6( 1) 148.3 ( 2 )  161.7 ( 1 )  153.2(2) 
104.4(1) 100.0(2) 111.5(1) 103.4(3) 
109.8(1) 120.2(2) 106.0(1) 115.3(2) 
163.0(1) 167.9(2) 158.5(1) 165.7(3) 
87.62(8) 86.1(2) 88.6(1) 8X.0(2) 


11.3 12.4 13.4 15.1 
10.0 13.4 7.9 15 6 


- - - 


11.7 12.1 16.0 20.4 


190.6 (3) 
IX7.9(3) 
136.5 (4) 
135.3 ( 5 )  


222.4 ( I )  
220.5 (1)  
129.8 (4) 
13 1 .0 (4) 
142.7(5) 
143.8 ( 5 )  
143.3(5) 
140.3 ( 5 )  
136.1 ( 5 )  
141.4(5) 
135.6(5) 
141.6 ( 5 )  


705 


113.6(2) 
114.0(2) 
114.5(3) 
114.5(3) 


220.0(1) 


- 


X3.2(1) 


89.14(4) 
90.36(4) 
93.17(4) 
91.45(8) 


144.54(X) 
101.18(Y) 
126.31 (8) 
165.56(9) 
X6.97(8) 


107.3 (3) 
23.9 
34.1 
26.6 


lignnd/O 1-Co t-02-planc 0.3 4.3 8.3 8.X 1.6 
Iigand/O 3-C 12-04-plane - - 8.3 


[a] Estimated standard deviationa of the least significant figures are given in paren- 
theses. 


good agreement with those from previously described low-spin 
cobalt(i1) complexes with the tripodal phosphine ligand." '1 


The magnetic susceptibility of polycrystalline 1 was measured 
in the temperature range 10-290 K. The effective magnetic mo- 
ment per dimer varies from 3.45 px ( Z T  = 1.484) at 290 K to 
2.65 pH ( xT  = 0.875) at 10 K. The data in the tcmperature range 
50-290 K follow a Curie-Weiss equation with a large negative 
Curie temperature (0  = - 27.4"C, C = 1.59).['*' Below SO K 
the j(- versus T curve deviates substantially from a straight 
line. In principle this could be due to intermolecular antiferro- 
magnetic interactions.[' Hi However, these interactions can be 
safely excluded in view of the crystal structure, in which the 
dimeric units are well separated. The deviation might therefore 
bc due to intramolecular interactions. However, the magnetic 
data cannot be fitted satisfactorily to  the Bleaney -Bowers 
equation for isotropic exchange in a S = ' i z / S  = ' l z  dimer,[I8' 
although the coupling constant (2 J J  can be eslimated as smaller 
than 10 cm '. Weak antiferromagnetic interactions have been 
observed previously in dinuclear (tripod)Co" complexes with 
monoatoinic bridges (e.g. C1, Br, OH['4b1 and SCH,['91) and 
multiatomic bridges of the 5,8-dihydroxy-I ,4-naphthoquinone 
type.[201 The existence of a low-spin/high-spin equilibrium 
seems rather unlikely considering the EPR, UViVis and struc- 


1 Y Y 7  OY47-~j39,Y7:0305-0734 $ 17.50+ .50,0 C k m .  t u r .  J 1997. 3. Yo. 5 







Dinuclear Cobalt Complexes 732-743 


tural data for 1, which compare well with other low-spin 
[ (tripod)Co"(L-L)] complexes (vide supra). 


The spectroscopic, magnetic and structural data lead to the 
following description of 1 : the dinuclear dication consists of two 
low-spin cobalt(r1) centres bridged by an oxalato dianion. The 
resulting two unpaired electrons are localised on the metal cen- 
tres and show only a weak antiferromagnetic exchange interac- 
tion. 


Structure and propertiesof 2a: The complex obtained with anilic 
acid (2,5-dihydroxy-I ,4-benzoquinone) can be isolated after re- 
crystallisation from mcthylene chloride as a deep-green micro- 
crystalline analytically pure powder. Its FAB mass spectrum 
shows signals expected for the dinuclear composition (Table 4). 


Compound 2a crystallises with four CH,CI, solvate mole- 
cules per dimeric unit in the inonoclinic centrosymmetric space 
group P2,jn. A view of the dication of 2a is depicted in Figure 4. 


Figure 4. Perspective clew of thc dication of 2 a  [49] 


The solvate molecules and the counterions as well as the bulky 
tripod ligands isolate the dinuclear units such that the shortest 
interdimcr Co-Co distance is 1300 pm. The intradimer metal- 
metal distance of 759 pm is determined by the geometry of thc 
bridging ligand. The local geometry around each cobalt centre 
can be described as a distorted trigonal bipyramid with P 3  and 
0 1 occupying axial coordination sites. The bridging ligand is 
essentially planar but the two metal centres are located 10 pm 
above and below this plane, respectively. This results in a chair- 
type conformation of the Co-bridge-Co fragment with a dihe- 
dral angle between the ligand plane and the 0-Co-0  plane of 
4.3". T h e C o - 0  bondlengthsofl89,8(5)and 188.3(5)pmin2a 
are idcntical within 3 cr and differ significantly from the corre- 
sponding values in 1 .  This reflccts the different charge distribu- 
tion in 2a compared with 1. On the othcr hand mononuclear 
complexes [ (tripod)Co"'(cat)] + show C o - 0  bond lcngths in the 
range 185-190 pm,"' which are very similar to the values for 
2a, indicating a + I11 oxidation state of the cobalt ions in the 
present dinuclear complex. The structural features of the bridg- 
ing ligand in 2a are quite distinct from those encountered in 1 : 
the almost identical C - 0  bond lengths in 2a are 6 pm shorter 
than those found in 1.  Compared with the dianions of chloranil- 
ic acid [124.3(6), 125.3(8) pm],L211 nitranilic acid [121.8(7), 
122.1 (7) pm][221 and complexes of anilic acid with copper (124- 


127 p111)[~], nickel [125.1 ( 5 ) ,  126.5(5) p n ~ ] [ ' ~ l  and rhodium 
[I28 ( 2 ) ,  126(2) pm],['21 the significantly longer C - - 0  distances 
1131.1 (8), 131.3(8) pm] in 2a  indicate the absence of a delo- 
calised quinoid structure. Therefore the bridging ligand is poor- 
ly describcd by the dianionic (sq, sq) formulation (Figure 1 )  but 
better formulated as  a tetraanionic (cat, cat) type or  possibly as 
the trianionic (cat, sq) type. From structural comparisons alone 
the exact charge localised at  the bridgc cannot be obtaincd un- 
ambiguously because of the lack of structural data for the (cat, 
sq) and (cat, cat) types. For  simplicity we will describe 2a  as a 
dinuclear Co"' complex bridged by a tetraanionic (cat, cat)-type 
ligand. 


In accordance with this formulation 2 a is diamagnetic in solu- 
tion and in the solid state. Therefore it is possiblc to obtain 
well-resolved 'H NMR spectra (Figure 5 ) .  All signals expected 


7;23 7.02 
, c-J 


2.78 1.90 
I 1  


8 7 6 5 4 3 2 1  


Figure 5 ' H  NMK spectrum of 2 a  111 CD,C12 


for the tripod ligand appear a t  characteristic chemical shifts and 
with correct intensity ratios. The two protons of the bridging 
ligand appear as a singlet a t  6 = 7.02. This signal is signiticaiitly 
shifted to lower field compared with the free protonated ligand 
(6 = 5.81 in [DJDMSO) and compared with the [(bpy),Ru"(sq, 
sq)Ru"(bpy),12+ complex (6 = 5.95[I3l) and the [(cod)Rh'(sq. 
sq)Rh'(cod)] complex (6 = 5.23[12]). This also confirms the 
more aromatic character of the bridging ligand in favour of the 
quinoid charge distribution. 


Surprisingly no signal for the phosphorus atoms of the tripod 
ligand can be detected in the 31P{ 'H} N M R  spectrum of 2a at 
room temperature. Upon cooling to 190 K a broad signal ap- 
pears at approximately 6 = 29, which gains sharpness and inten- 
sity on further cooling. The chemical shift lies in the typical 
range for (tripod)Co"' complexes.rs1 Dynamic behaviour as an 
explanation for this phenomenon, in the form of a pseudorota- 
tion of the tripod ligand. can definitely be excludcd. If this 
applicd, one singlet would be obtaincd in the temperature region 
of fast exchange owing lo magnetic equivalence of the three 
phosphorus nuclei on the NMR timescale and three multiplets 
would arise in the slow exchange region."31 The temperature 
dependencc of the 31P N M R  signal of 2a  is clearly different. 
Another factor which could influence the linewidth of 3'P N M R  
signals is the quadrupole relaxation of the 31P nuclei resulting 
from direct bonding to the 57Co nucleus. In the thermal decou- 
pling relaxation of thc phosphorus nuclei will be in- 
voked by scalar coupling[2s1 between 3 'P and 57C0 and modu- 
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lated by the quadrupole relaxation of the 57Co. The linewidth 
therefore depends on the 1J(31P- 57Co) coupling constant and 
thc longitudinal relaxation time of the cobalt nucleus. At low 
temperatures the 57Co relaxation rate increases, the coupling to 
the 31P will be suppressed (decoupling limit) and the linewidth 
will become smaller. This cxplanation could in principle be cor- 
rect. although such a dynamic behaviour has never been ob- 
served in mononuclear (tripod)Co"' complexes. Therefore an 
explanation that involves the dinuclear structure and the special 
electronic configuration of 2a would be more satisfactory. In 
order to quantify the "P NMR signal, compound 5a  (Figure 2) 
has been prepared. The phosphorus nuclei of the hexafluoro- 
phosphate counterions of 5a serve as an internal standard for 
the integration of the tripod P signals.r261 Figure 6 shows the 


50 0 -50 -100 -150 


Figure 6. "'P;"H) NMR spectra of 5 a  in CD,Cl, a t  different temperatures. 


temperature dependence of the 31P{ 'H) NMR spectra of 5a (2a 
shows the same characteristics, though of course lacking the 
septet of the PF; anion). At the lowest temperature reached 
(170 K) the integration ratio P(PF,):P(tripod) amounts to 1 :2 
(theoretically 1 : 3). Obviously the process has not gone to com- 
pletion at this temperature. Additionally, the process is repro- 
ducible with different samples of 2 a (5 a), reversible and inde- 
pendent of the counterion (BF, in 2a,  PF, in 5a) and the 
solvent (methylene chloride, acetone). Therefore an intermolec- 
ular exchange process (e.g., solvent addition) can also be exclud- 
ed. Changing the structure of the cationic part of the complex by 
substituting the hydrogens of the bridging ligand by chloride 
(2b), bromide ( 2 e ) ,  iodide (2d), methyl (2f) or phcnyl (2h) or 
substituting the phenyl groups of the tripod ligand by p-tolyl(3) 
or m-xylyl groups (4) leads to basically the same Characteristics 
of the 31P(1H) NMR spectra except for the temperature at 
which the signal of the 31P nuclei starts to appear. For 2b (5b) 
the expected integration ratio P(PF,):P(tripod) of 1 : 3  can be 
reached at approximately 270 K.  Therefore the dynamics must 
be caused by changes in the dication involving the metal centres. 
A possible, yet unprovable, explanation for the dynamics ob- 
served in the ."I' NMR spectra might be the existence of two 
distinct isomers in solution with different charge distributions 
within the dicationic molecule, for example a thermal equilibri- 
um between the (cat, cat) and the (cat, sq) coordination modes 
(Figure 1 )  of the bridging ligand accompanying a Co"'/Co" re- 
dox process. Ifjust once during the NMR experiment (pulse and 
detection) this isomer exists-ven for a very short time and 
therefore in very low macroscopic concentrations-the signal 


corresponding to the nearest neighbours of the cobalt centre. 
that is, the phosphorus nuclei, will be broadened owing to the 
paramagnetic relaxation. The macroscopic concentration might 
be too small to detect by static rncasurement techniques, such as 
susceptibility measurements. If this interpretation applies, the 
correspondence to the thermal equilibria of the type B com- 
pounds (Figure 1) with cobalt ( + I I ,  + 1 1 1 ) [ ~ 1  or manganese 
( +II, + I H ,  + I V ) [ ~ '  is then obvious. 


Complex 2 a can be reduced electrochemically (Figure 7, 
Table 2) in two one-electron reduction steps (as confirmed by 


+0.5 0.0 -0.5 -1.0 -1.5 -2.0 


Figure 7. Cyclic voltammograin of 2a. 


Table 2. Electrochemical data for 2a-h, 3 and 4 [a] 
~- ~ 


El , ( I )  [a1 El ,(2) [a1 Kc [bl 


2 a  - 105 - I170 1 o x  10'8 
2b + 10 - 1000 1 2x10 '7  
2c +5 - 1000 9 8 x 10" 
2d - + O  - 995 6 6 x 10" 
2 e  + 170 - 750 3 6 x 1 0 "  


2 2 x 10'8 2 f  -165 - 1250 
2g -155 - 1245 2 7 x 10" 
2h -130 -1175 4 6 x 1 0 "  
3 -150 (Irr 1 
4 - 105 -1125 1 8 101' 


- 


[a] In mV VY. SCE, 298 K. (b] 298 K 


electrolysis at a controlled potential of - 0.1 1 V). The separa- 
tion between the reduction waves of over 1 V corresponds to an 
equilibrium constant K, [Eq. (2)] for the comproportionation 
[Eq. (l)] of the neutral and the dicationic to the monocationic 
complex of about 30" (Table 2). This shows the high stability 
of the monocationic complex, which might be a result of 


AE (mV) 
Kc = e x p ( m - )  


T = 2 9 8 K  (2) 


delocalisation of the additional electron over the whole mole- 
cule, that is, over both metal centres and to some extent over the 
bridging ligand. In the Robin and Day classification of mixed- 
valence compounds,r271 this complex would hence belong to 
class 111. 


The EPR spectrum of the (electrochemically) singly reduced 
complex at 295 K shows a broad, poorly resolved signal centred 
at giso = 2.11. At 100 K in a microcrystalline methylene chloride 
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matrix, two g factors a t  g, = 2.28 and g, = 2.01 and coupling 
constants to  the 57Co nucleus of A ,  = 46 and A ,  = 33 G can be 
deduced. This indicates that the additional electron is mainly 
localised at  the metal centres. The hyperfine splitting is smaller 
than the one found in mononuclear [ (tripod)Co"(cat)] complex- 
es ( A x :  67-74, A,: 48-53 G).[5"s'5'This might be caused by the 
delocdhsdtion of the electron over both metal centres or by 
conformational differences in the coordination geometry 
around the metal centre in the dinuclear complex with respect to 
the mononuclear compound. 


The electronic spectrum of 2 a  (Figure 8, Table 3) contains 
several transitions in the visible and UV region. The most re- 


1 80000 n 


- 
100 K 


290 K 


400 600 800 1000 1200 1400 1600 
I l n m  


Figure 8. Electronic spectra of 2a at different temperatures 


Table 3. UV/Vis/NIR data for 2a-h, 3 and 4 [a]. 


2a 308 (4.46) 
2b 310 (4.43) 
2c 310 (4.48) 
2d 304 (4.57) 
2e  304 (4.38) 
2f 304 (4.40) 
2 g  307 (4.29) 
2h 304 (4.46) 
3 310 (4.39) 
4 307 (4.39) 


415 (3.73, sh) 
416 (3.88, sh) 
413 (3.84, sh) 
412 (3.76, sh) 
435 (3.72, sh) 
414 (3.75, sh) 
422 (3.79, sh) 
414 (3.81, sh) 
435 (3.75, sh) 
416 (3.81, sh) 


591 (3.41) 844 (3.82, sh) 
595 (3.36) 
608 (3.43) 
476 (3.56) 
599 (3.40) 
563 (3.44) 855 (3.88, sh) 
563 (3.59) 865 (3.86, sh) 
580 (3.45, sh) 844 (3.81, sh) 
591 (3.39) 849 (3.71, sh) 
618 (3.40, sh) 


1185 (4.64) 
1195 (4.76) 
1195 (4.77) 
1201 (4.57) 
1187 (4.71) 
1 152 (4.44) 
11 32 (4.23) 
1176 (4.63) 
1181 (4.60) 
1189 (4.74) 


[a] In CH,CI,. 


markable feature is the low-energy band at  1185 nm with a n  
extinction coefficient E = 4 4 0 0 0 ~ - ' c m - '  (at 295 K). In order 
to investigate the low-temperature behaviour of 2a a THF/ 
CH,CI, solution (2: 1) of 2a  was cooled to  100 K and the elec- 
tronic spectra were recorded (Figure 8). Upon cooling, the 
intensity a t  the band maximum increases to almost 
8 0 0 0 0 ~ - ' c m - ' .  As the band width a t  half height simulta- 
neously decreases the integrated intensity (oscillator strength) 
remains essentially the same. In addition the NIR band shifts to  
lower energy ( Z  150 cm-') a t  lower temperatures. As higher 
vibrational levels are depopulated a t  lower temperatures, a shift 
to higher energy is expected, which is found, for instance, for the 
[(trip~d)Co"~(cat)]+ complex[5b1 ( ~ 5 0 0  cm- '  for the 602 nm 
band and ~ 2 0 0  cm-' for the 769 nm band in the same temper- 
ature ranger2*]). In complex 2a, obviously, other effects com- 
pensate for and even surpass this vibrationally induced energy 
shift. In principle, one such effect could be a reordering of 


molecular orbitals inducing a different charge distribution with- 
in the molecule. This may also account for the unusual be- 
haviour found in the 31P N M R  investigation. But at the current 
point of research all further interpretation would be speculative. 


The transition is slightly solvatochromic (maximum shift 
750 cm-I) ,  with i,,,, ranging from 1167 nm (acetonitrile) to 
1279 nm (benzene) This is in accordance with what would be 
expected for a transition with vectorial charge-transfer charac- 
ter. The observed shift to higher energy in more polar solvents 
must be due to a larger stabilisation of the ground state by polar 
solvents with respect to the excited state. The mononuclear 
[(tripod)Co(cat)]+ complex behaves the same way: the CT 
bands are blue-shifted in polar solvents (150 and 400cm- ' ,  
respectively). The reverse case is found i n  [(bpy)Ru"(sq, 
sq)Ru"(bpy)12+ : [ I 3 ]  the MLCT band Ru" - ligand-n* is shift- 
ed to  lower energy in polar solvents. The ground state of the Ru 
complex is less polar than the excited state, therefore the excited 
state is stabilised in polar solvents and the energy gap decreases. 
The ground state of 2a, however, is more polar than the excited 
state and so the ground state is stabilised in polar solvents, 
increasing the energy gap between these states. 


The results of a molecular orbital calculation on the 
model compound [{(PH,),CO),(C,H,O,)]~+ by the INDO 
method[3",3'1 are presented in Figure 9. The in-phase combina- 


L = PH3 


b" 


Figure 9. Orbital interaction diagram for [((PH,),Co),(C,HZO,)]~'. The splitting 
of the glu combinations is exaggerated for clarity. 


tion (u with respect to the inversion centre) of the two CoL, 
centred orbitals[321 (in the staggered conformation) interacts 
with the b,, orbital of the bridging ligand (in D,, symmetry) to 
generate a low-lying filled orbital and the LUMO (h,) of the 
complex (in C,, symmetry). Mixing the out-of-phase combina- 
tion (g)  with the LUMO (b ,J  of the bridging ligand results in the 
formation of the HOMO (a,) of the complex. The HOMO (h3J 
of the ligand remains nonbonding owing to symmetry mis- 
match. The ligand contributes the largest part of the HOMO of 
the complex (70%) and the remaining part is distributed be- 
tween the two metal centres (1 5 % each). In contrast the LUMO 
has mainly metal character (68 %) and small ligand contribu- 
tions. Therefore the HOMO -+ LUMO transition has consider- 
able LMCT character. A CI calculation[331 indicates that the 
intense absorption band in the electronic spectrum of 2a is 
mainly composed of this HOMO + LUMO transition. The 
charge-transfer character and the fact that this transition is al- 
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lowed by symmetry (HOMO: q,, LUMO: h,) give rise to a large 
transition dipolc moment and thus to a high intensity of the 
corresponding absorption band. The sccond result of the calcu- 
lation is that in terms of thc INDO model the charge distribu- 
tion of thc ground state of thc dication is best described as 
Co"'-(cat. cat)-Co"' with some charge delocalisation onto the 
metals. Furthermore, the metal character of the LUMO agrees 
very well with the EPR rcsults for the singly reduced complex 
and the higher polarity of the ground state (Co"'-(cat, cat)- 
Co"') with respect to the excited state (Co11"2-(cat, sq)-Co"llL) 
is in accordance with the observed solvatochromic shift of the 
LMCT absorption band to higher energy in polar solvents (vide 
supra). 


Influence of substituents at the bridging ligand: Reaction of 3,6- 
disubstituted 2,5-dihydroxy-1,4-benzoquinones with (tripod)- 
cobalt(i1) fragments afforded the dark green compounds 2 b-h 
(Figure 2).  All complexes were characterised by elemental 
analyses and FAB mass spectroscopy (Table 4). Single crystals 


T.ihle 4 FAB-MS data tor 1. 2a-h. 3. 4 and S a  [n] 


I 1541 ( 2 5 )  
2 a  1591 ( 5 )  
2b 1659 (15) 
2r 1747(18) 
2d 1843(20) 
Ze 1679(10) 
2 f  I619 (18) 
2g 1677(18) 
2h 1742 (28) 
3 1760 (18) 
4 IY98 (15) 
Sa 1648 (60) 


1457 (100) 
1504 (30) 


1660 [ 100) 
1756 (100) 
1594 ( 1  00) 
1532 (100) 
1589 (100) 
1655 (100) 
1671 (ion) 


1574 (100) 


1911 (100) 
1 504 (1 00) 


850 (34) 
899 (5) 
967 (10) 


1056 (12) 
1151 (12) 
988 (1) 
927 (85) 
983 ( 2 5 )  


ins1 (16) 
983 (In) 


11?6(12)  
x99 (90) 


- 


821 ( 1  2) 
890 (2) 
977 (6) 


1074 (X) 
912 (2) 
849 (12) 
907 (14) 
973 (8) 
905 (8) 


1058 ( 5 )  
821 (20) 


718 (88) 
752 (100) 
787 (63) 
831 (50 )  
878 (60) 
707 (54) 
7(i6 (18) 
704 (65) 
818 (78) 
836 (45) 
955 (52) 
752 (44) 


[a] 1 1 1  z ("4). M = d i o n ,  X = PF; for Sa. otherwiae BF;, L = bridging ligand. 


of 2 b, 2c and 2e  wcrc obtained by slow diffusion of diethyl ether 
into dilute solutions of the complexes in acetone, acetonitrile 
and acctone, respectively. All dications have bonding character- 
istics similar to compound 2 a  (Table 1). The structure of 2e  
could be solvcd but not rcfined because of decomposition of thc 
crystal during the data collection. Thercfore details of the struc- 
ture of 2 e  are not given. Just one feature of the bridging ligand 
of 2e should bc noted: the planes of the NO, groups of the 
ligand are not coplanar with the ligand plane. Likewise in the 
solid state the nitro groups of nitranilic acid and the nitranilate 
dianion werc found to be twistcd around the C -  N bond by 
22 ' [221 and 6' .1341 respectivcly. 


Like complex 2a.  the complexes 2b-h can be reduced in two 
reversible reduction steps (Table 2) and all show a strong ab- 
sorption band in thc NIR of the electronic spectrum (Table 3). 
The reduction potentjals reveal that clectron-withdrawing sub- 
stituents (halogens) faciliatc the reduction of the metal centres 
while electron-donating substituents (alkyls) rendcr it more dif- 
ficult. Also the energy of the LMCT absorption depends on the 
substitution pattern of the bridging ligand: electron-withdraw- 
ing substitucnts induce a red shift, while electron-donating sub- 
stituents shift the band to higher energy. In the MO scheme 


(Figure 9) both the HOMO and the LUMO of the complex are 
affected by energy changes of the ligand orbitals (b2u and b lq )  
relative to the orbital cncrgies of the L,Co fragments becausc of 
orbital mixing of the metal d, orbitals and ligand orbitals in the 
complex. 


The correlation of the energy of the electronic transition with 
the two reduction potentials is shown in Figure 10. Except in 


I ' I ' I ' I ' I '  
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Figure 10 Plot ofrcduction potentials vs. absorption energy for 2a -h (cubstituents 
rcspcctively H. CI, Br, 1. NO,. Me, iPr. Ph) 


the case of complex 2e, fairly linear corrclations are obtained. 
This relationship confirins the CT character of the absorption 
band: the casier the reduction of the cobalt(m) centres to the 
'' + 11'/2'' and + I1 oxidation states, the lower the energy of the 
absorption band. Both reduction potentials show thc same be- 
haviour; this suggests that both elcctrons enter the same molec- 
ular orbital (LUMO). As the LUMO is a mctal-centred orbital, 
successive reduction leads first to thc inonocationic Co"'. ' i l  
COl"" complex, then to thc neutral Co"/Co" complex. The com- 
proportionation constants K, [Eq. (2 ) ]  are listed in Tablc 2. In 
all cases the mixed valence species are very stable towards dis- 
proportionation. This stabilisation is due to the delocalisation 
of the unpaired electron over both metals and to a smaller extent 
over the bridging ligand. 


To confirm the statement that the reduction of the complexes 
is a mainly metal-centred process and that the ligand plays only 
a minor role, thc dependence of the reduction potential of the 
free ligand on  the substituent has been elucidatcd. The reduction 
of the ligand is unfortunately accompanicd by proton transfer 
reactions so that the reduction waves appear only as  quasire- 
vcrsible waves. Therefore the peak potential E,, of the reduction 
process is used. The potentials of both the complex and the 
ligand can be correlated with the Hammett substituent parame- 
ter'351 as shown in Figurc 11. The straight lines are calculated by 
the least-squares method. The slope of thc line for the complexes 
is significantly smaller than the slope of the line for the ligands, 
indicating that the dependcnce of the reduction potential on the 
substituents is much smaller in the complexes than in the un- 
complexed ligands and confirming that the reduction of the 
complexes is not ligand- but metal-centred. 


Compound 2e  deserves further comment as thc electrochem- 
ical and optical data d o  not fit well into this picture. As observed 
in the solid state, the nitro groups are not coplanar with the 
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Figure 11, Hainmett plot of the reduction potentials of the ligands and complexes. 


plane of the bridging ligand, and electron delocalisation onto 
the nitro groups by mesomeric effects should thus be small. In 
solution, howcver, rotation of the nitro groups should be pos- 
sible and charge distribution onto the NO, moiety could take 
place. MO calculations for a model complex for 2 e  with copla- 
nar nitro groups indicate that both HOMO and LUMO have 
significant density on the nitro groups. This stabilises both the 
HOMO and the LUMO, thereby hardly affecting the encrgy of 
the absorption band but significantly lowering the reduction 
potentials. 


Influence of substituents at the tripod ligand: With alkylatcd 
tripod ligands instead of the hexayhenyl tripod ligand, the syn- 
theses of the complexes yielded compounds 3 (X = H, tripod = 


CH,C(CH,P(p-tolyl),),) and 4 (X = C1, tripod = CH,C(CH,- 
P(m-xylyl),),) (Figure 2). Both complexes were characterised by 
FAB mass spectroscopy (Table 4), elemcntal analyses and 
NMR spectroscopy. The ‘HNMR spectrum of 3 is shown in 
Figure 12. The signals of the tripod ligand appear at expccted 


7 z 7 . 1 3  7.09 7.00 6.96 2.62 2.36 1.87 
-----%,+-, L-l I c-’ 


-----, ”- 


a 7 6 5 4 3 2 1  


Figure 12. ‘H NMR spectrum of 3 in CD,CI, 


positions, with correct intensity ratios and expected coupling 
patterns. The protons of the bridging ligand give rise to a singlet 
at 6 =7.09, which, as in the case of 2a,  lies in the aromatic 
region. 


Electrochemical and UV/Vis/NIR data are compiled in Ta- 
bles 2 and 3, respectively. Methyl groups in the p-positions of 
the six aromatic rings of the tripod ligand in 3 shift the first 


reduction potential (the second reduction process of 3 is irrc- 
versible) to a more negative value relative to that of 2 a  (shift 
45inV) and cause a marginal blue shift of the energy of the 
absorption band ( ~ 3 0  cin-‘). Introduction of two methyl 
groups per phenyl ring (in the m-positions) in the tripod ligand 
(4) gives rise to the following changes compared with the spcc- 
trum of 2b: the two reduction processes of 4 appcar at more 
negative potentials (shift z 120 mV) and thc peak maximum of 
the absorption band is slightly shifted to higher energy 
( ~ 4 0  cm- ’). These small effects can be easily explained by 
means of the MO picture derived in the prcvious paragraphs. 
The more electron-donating alkylated tripod ligands raise the 
energy of the metal-centred orbitals (the LUMO of the complex) 
while leaving the energy of the bridging ligand orbitals (the 
HOMO of the complex) relatively unaffected. This results in a 
slightly larger HOMO-LUMO gap of thc complcxes 3 and 4 
and thus in a small blue shift of the absorption bands. The 
higher-lying LUMO of the methylated complexes rcnders the 
reduction processes more difficult, thus shifting the reduction 
potentials to more negative values. The effects obscrved for 3 
and 4, though small, are consistent with the proposed model of 
charge distribution in the ground state. 


Comparison with mononuclear complexes: In  order to under- 
stand the strong metal-metal intcraction mediated by the bridg- 
ing ligands in the dinuclear complexcs which manifests itself, for 
example, in the large comproportionation constants for the 
mixed-valence state1361 the mononuclear model compound 6 
(Figure 2) has been prepared. In 6 one “[(tripod)cobalt(r~~)]~+” 
fragmcnt has been replaced formally by a methylene group 
(“[CH,]’+”). Compound 6 can be isolated as a turquoise com- 
plex crystallised with half a methylene chloride per molecule. 
The molecular structure is confirmed by an X-ray structural 
analysis (Figure 13). The C-C, C - 0 ,  C o - 0  and Co-P dis- 
tances (Table 1) compare well with those found in other 
[(tripod)Co(cat)]+ complexes.[’] Remarkably, neither thc 0- 
Co-0  plane nor the 0-CH,-0 plane lies in the plane of the 
six-membered ring (Table 1); instead they are bent in such a way 
that a boatlike conformation results (in the dinuclear com- 
pounds a chairlike conformation was observed). 


The 31P{ ’H) NMR spectrum consists of a singlet at 6 = 35.6. 
This pattern does not vary over the temperature range 295- 
200 K and is consistent with the behaviour of other fivc-coordi- 


‘ 1  2 


U 


Figure 13. Perspective view of the cation of 6 [49]. 
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nate (tripod)Co"' complexes, which all show a rapid intramolec- 
ular exchange of the three phosphorus atoms of the tripod lig- 
and on the NMR t i m e s ~ a l e . ~ ~ ]  


The turquoise colour of 6 ariscs from two strong absorption 
bands in the visible region of the electronic spectrum at  6'73 nm 
(t: = 6 9 8 0 ~ - ' c m - l )  and 796nm (c: =13450M-1cm-i) (Fig- 
ure 14). These bands are red-shifted by 1750 and 440 cm- ' ,  
respectively, with respect to the unsubstituted [ (tripod)Co- 
(cat)]+ complex.[5b1 The intensity of the low-energy band in- 
creases by a factor of 1.8, the intensity of the high-energy band 
by a factor of 1.3 (Figure 14). 


& I M-' cm-' 
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Figure 14 Comparison of the elcctronic spectra of Za, 6 and [(lripod)Co(cat)]+ 


It has been shown by EHMO calculations that the HOMO of 
the [(tripod)Co(cat)]+ complexes is mainly centred on the cate- 
cholato ligand and that the LUMO is localised a t  the cobalt 
~ent re . '~" '  This was also confirmed by EPR spectroscopy of the 
corresponding reduced Co" catecholato 15] For  com- 
parison with the dinuclear complexes, the interaction diagram 
for the mononuclear model compound [ (PH3)3C~(C6H402)]C 
calculated with the INDO method[30J is presented in Figure 15. 


The symmetry labels of the ligand belong to the C,,. point 
group, and the index s of the L,Co fragment refers to the mirror 
plane perpendicular to  the plane of the diagram (C, point 
group). The HOMO (b , )  of the catecholato ligand has the cor- 
rect symmetry to interact with the orbital of the L,Co fragment 
(s) resulting in a Co-0  bonding, mainly ligand-centred, M O  
and a Co-0  antibonding, mainly metal-centred, MO. The 
MO of the ligand remains nonbonding. These results are con- 
sistent with the previous EHMO calculations.15a1 A CI calcu- 


I a t i ~ n [ ~ ' ]  reveals that the low-energy absorption band of the 
complex is mainly due to the HOMO -+ LUMO transition, 
while the less intense high-energy band corresponds to the 
(HOMO - 1 )  + LUMO excitation. As the HOMO and the 
(HOMO ~ 1) have large ligand character and as the LUMO is 
strongly metal-centred, the transitions are both of the LMCT 
type. The charge-transfer character of the absorption bands of 
[ (tripod)Co"'(o-(X)(Y)C,H,)I+ complexes (X, Y = 0, S, NH) 
has already been d e m ~ n s t r a t e d . [ ~  b1 


The interaction diagram of the dinuclear complex (Figure 9) 
is basically very similar to the diagram of the mononuclear 
complcx (Figure 15). However, in the dinuclear case there is a 
second interaction of the L,Co fragments with the ligand: the 
u-combination of the metal fragments mixes with the h,, orbital 
of the ligand, thereby forming the h, M O  (LUMO) of the com- 
plex. This orbital is inserted between the HOMO and the 
LUMO of the mononuclear complex and reduces the HOMO- 
LUMO gap considerably, thus leading to a large shift of the CT 
band to lower energy. The fact that the LUMO of the dinuclear 
complex lies at a considerably lower energy is also reflected in 
the reduction potentials: the mononuclear complex 6 is reduced 
at 0.56 V, which is comparable to other [(tripod)Co(cat)]+ 
complexes; the dinuclear complex 2 a, however, can be reduced 
at only -0.11 V. 


As confirmed by the reduction potentials and the electronic 
spectrum, the methylenedioxo group in 6 induces only a small 
perturbation with respect to the unsubstituted [ (tripod)Co- 
(cat)]' complex (observed red shifts 1750 and 440 c m -  I, respec- 
tively). On the other hand the second (tripod)cobalt moiety in 
the dinuclear complexes does not act as a simple substituent but 
drastically changes the electronic properties (observed red shift 
4570 cm- I ) .  The interaction between the two metal centres is 
transmitted by the bridging ligand orbitals (Figure 9: h,,, b,,), 
which havc appropriate symmetry to mix with the metal or- 
bitals. 


Conclusions 


The present study of dinuclear complexes with two redox-active 
metal centres and one "non-innocent" bridging tetrox ligand 
has illustrated that it is possible to  generatc the previously un- 
known charge distribution of the (cat, cat) type (Figure 1)  in 
dinuclear complexes. This has been accomplished by transfer- 
ring two electrons from the two (tripod)Co" fragments to the 
(sq, sq)-type ligand (Figure 1) .  The bridging (formally aromat- 
ic) ligand provides a communication channel between the metal 
centres, as shown by the large splitting of the two reduction 
potentials giving rise to a high stability of the singly reduced 
(mixed-valence) complexes. The unique spectral features and 
redox properties of the dinuclear complexes are explained with- 
in a qualitative M O  model. These properties can be tuned by 
substitutions at the bridging ligand and a t  the tripod ligand. 


Experimental Section 


All inanipulations were curried out under a n  inert atmosphere by ineans of 
standard Schlenk techniques. All solvents were dried by standard methods 
and distilled under inert gas. NMR: Bruker AC200 at 200.13 MHz ('H). 
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50.323 MHz ('3C{'H}). 83.015 MHz (3'P{iH)); chemical shifts (6) in ppm 
with respect to CD,CI, ('H: 6 = 5.32, I3C: 6 = 53.5) and [D,]acetone ( 'H:  
6 = 2.04, I3C: 6 = 29.8) as internal standards and to H,PO, (3'P:  6 = 0) as 
external standard. IR:  Bruker FTIR IFS-66, as CsI disks. UV/Vis/NIR: 
Perkin Elmer Lambda 19, Oxford temperature control unit ITC-4, Oxford 
cryostat DN-1704. MS (FAB): Finnigan MAT 8230, 4-nitrobenzyl alcohol 
matrix. EPR: Bruker ESP 300E, X-band, standard cavity ER4102, tempera- 
ture control unit Eurotherm B-VT 2000, external standard diphenylpicrylhy- 
drazyl (DPPH). Elemental analyses: microanalytical laboratory of the Or- 
ganisch-Chemisches Institut, Universitat Heidelberg. Melting points (not 
corrected): Gallenkamp MFB-595 010. Cyclic voltammetry: Metrohm Uni- 
versal Mess- und Titriergefiss, Metrohm GC electrode RDE628, platinum 
electrode, SCE electrode, Princeton Applied Research potentiostat Mod- 
e1273, 1 0 - 3 ~  in 0.1 M nBu,NPF,/CH,CN. Electrolyses: basically equipment 
as before, platinum grid as working electrode, zinc bar as counterelectrode. 
Magnetic measurements: a) Faraday balance: Bruker electromagnet B-E 15 
C8. Bruker field controller B-H 15, Sartorius vacuum-micro balance M 25 D- 
S, Oxford temperature control unit ITC-4, Oxford He-evaporator cryostat 
CF 1200, calibration with K,[Fe(CN),]; b) Evans method: calibration with 
diphenylpicrylhydrazyl (DPPH) . [381 


Chemicals: Oxalic acid C,H,O,, anilic acid C,H,O,, chloranilic acid C,- 
H20,C1, are commercially available. Anilic acid was sublimed before use 
(400 K,  0.01 mbar). Other ligands were prepared by published procedures: 
1 ,I ,1-tris(diphenylphosphanomethy1)ethane CH,C(CH,PPh,), JJol 1 , l , l -  
tris(di-(p-toly1)phosphanomethyl)ethane C H , C ( C H , P ( ~ - ~ O ~ ~ ~ ) , ) , , [ ~ ~ ~  1,1,1- 
tris(di-(m-xyly1)phosphanomethyl)ethane CH,C(CH,P(m-xylyl),),,'401 4,5- 
methylenedioxo-l,2-benzoquinone C,H,O, 2,5-dihydroxy-3,6-dibromo- 
1.4-benzoquinone C,H,O,Br, 2,5-dihydroxy-3,6-diiodo-l ,Cbenzoquin- 
one C,H,0,1,,[431 2,5-dihydroxy-3,6-dinitro-l,4-benzoquinone C,H,O,- 


2,5-dihydroxy-3,6-diinethyl-l,4-benzoquinone C,H20,- 
(CH3)2,[451 2,5-dihydroxy-3,6-diisopropyl-1,4-benzoquinone C,H,O,(CH- 
(CH,),),/"'l 2,5-dihydroxy-3,6-diphenyl-I,4-benzoquinone C,H,O,(C,- 
H,),.'471 


(p-Oxalato)bisl{ 1 ,l,l-tris(diphenylphosphanometbyl)ethane}cobalt~bis(tetra- 
fluoroborate) (1): A solution of [Co(BF4),]~6H,0 (341 mg, 3 mmol) in 
ethanol (1 5 mL) was added to a solution of the tripod ligand (624 mg, 
1 mmol) in THF ( 3  5 mL). Addition of oxalic acid (45 mg, 0.5 mmol) to the 
orange-red coloured solution caused a slow colour change to red-brown. 
After the solution had been stirred for two hours it was filtered. The reaction 
mixture was concentrated in vacuo until 1 started to precipitate. The precip- 
itate was filtered off, washed with cold ethanol (10 mL) and twice with diethyl 
ether (10 mL portions). The microcrystalline product was recrystallised from 
methylene chloride/diethyl ether (yield 670 mg, 82%).  Vapour diffusion of 
diethyl ether into a inethylcne chloride solution of the complex afforded 
red-brown crystals suitable for X-ray crystallographic analysis. M.p. = 
32OuC(deconip.);IR(CsI):i=2637cin-'(s),I483(m), 1436(s). 1337(w), 
1282 (w), 1192 (w), 1160 (w). 1096 (s),  1059 (br), 998 (m),  834 (w), 739 (m),  
695 (s); UV/Vis/NIR (CH,Cl,): L,,, ( B ,  ~ - ' c m . - ' )  = 313nm (18500), 
481 nm (lIXO), 919 nm (120); C,,H,,P,O,Co,B,F, (1628.9): calcd. C 61.94, 
H 4.83, P 11.41; found C 61.70, H 4.91, P 11.21. 


(p-X-Anilato)bis[( 1,l,l-tris(diphenylphosphanomethyl)ethane}cobalt~bis(tetra- 
fluorohorate) (2a-h): A solution of [Co(BF,),].6H20 (341 mg, 1 mmol) in 
cthanol (15 mL) was added to a solution of the tripod ligand (624 mg, 
1 mmol) in THF (IS mL). Addition of the coligand (X = H :  70 mg; X = C1: 
105mg; X = B r :  149mg; X = I :  196mg; X = N O , :  115mg; X = M e :  
84 mg: X = iPr: 112 nig; X = Ph: 146 mg, 0.5 mmol) to the orange-red 
coloured solution caused an immediate colour change to dark green. After thc 
mixture had been stirred for one hour the precipitated complex was filtered 
off, washed with diethyl ether ( 2  x 30 mL), cold cthanol (2 x 10 mL) and 
again diethyl ether ( 2  x 10 inL). The compounds were recrystallised from 
methylene chlorideidiethyl ether (yields ranged from 60-80%). Crystals suit- 
able for X-ray crystallographic analyses were obtained by vapour diffusion of 
diethyl ether into a dilute solution of the complex salts (Za: methylene chlo- 
ride, Zb: acetone, Zc: acetonitrile, 2e:  acetone). 
2a :  M.p. 320°C (decomp.); IR (CsI): i = 3059cm-' (m),  1584 (m), 1573 
(m), 1483 (in), 1435 (s). 1275 (m), 1095 (s), 1050 (br), 998 (m), 818 (w). 739 
(~1,691 (s); 'HNMR(CD,CI,): 6 =1.90(s, 3H,  CH3),2.78(brs,6H, CH,), 
7.02 (s, 1 H, ligand-CHI, 7.2 (brs, 30H, CHar): "P{'H) (CD,CI,): 0 = 29 
(brs) (190 K): C88H,oP,0,Co,B,F, (1678.9): calcd. for 2a.0.5CH2C1,: C 
61.75, H 4.74; found C 61.71, H 4.92. 


2b: M.p. 325-C (decomp.); IR (CsI): i = 3060cm (m), 1584 (m), 1572 
(m), 1482(m), 1435 (s), 1390(m), 1276(m). 1094(s). 1056 (br). 998 (m), 863 
(m), 818(w), 740(s),692(s); 'HNMR ([D,]acetone): 6 =1.83 (s, 3H. CH,) ,  
2 65 (brs, 6H,  C H , ) .  7.0-7.3 (m. 30H, CH,,); 'H NMR (CD,Cl,): d = 2.02 
(s, 3H, CH,) ,  2.71 (brs, 6H,  CH,) ,  7.1--7.4 (m, 30H, CH,,): -"P('H) 
([DJacetone): ii = 35 (brs) (285 K); C,,H,,P,O,Cl,Co,B,F, (1747.8): cal- 
cd. for 2b.0.5CH,CI2: C 59.21, H 4.72; found C 59.20. H 4.67. 
2c: M.p. 307°C (decomp.); IR (CsI): ? = 3056cm-' (ni), 1586 (m), 1573 
(m), 1480 (m), 1435 (s), 1386 (m), 1273 (ni), 1094 (s), 1049 (br). 995 (m), 822 
(w), 816(w), 739 (s), 690 (s); 'HNMR (CD,CI,): 6 =1.80 (s, 3H,  C H , ) ,  2.61 
(brs, 6H,  CH,), 7.0-7.3 (m, 30H, CH,,); "P('H) (CD,CI,): 6 = 30 (brs) 
(220 K): C,,H,,P,O,Br,Co,B,F, (1836.7): cnlcd. for 2c.2.SCH2CI2: C 
52.92, H 4.32; found C 52.65, H 4.18. 
Zd: M.p. 249'C (decomp., loss of I J ;  IR (Csl): i. = 3060cm-' (m), 1584 
(m), 1573 (m). 1483 (m), 1435 (s), 1378 (m), 1282 (m), 1095 (s), 1052 (br). 
996 (in). 834 (m), 818 (in), 804 (w), 741 (s), 691 (s); ' H  NMR (CD,CI,): 
6=1.81 (s, 3H, CH,) ,  2.59 (brs, 6H. CH,) ,  7.1-7.3 (m, 30H. CH,,); 
3'P{1H} (CD,Cl,): 6 = 30 (brs) (220 K): C,,H,,P,O,l,Co,B,F, (1930.7): 
calcd. for 2d~l.OCH2C1,: C 52.90, H 4.24: found C 52.40, H 4.62. 


2e:  M.p. 290'C (decomp.); IR (CsI): 3 = 3059cm ' (m). 1584 (m), 1573 
(m). 1529 (s), 1483 (m), 1435 (s), 1365 (m),  1282 (s). 3191 (m), 1093 (s). 1051 
(br), 996 (m),  834 (w). 816 (w), 741 (s), 692 (s); C,,H,,P,0,N2Co,B,F, 
(1768.9): calcd. for 2e.0.5CH2C1, C 58.52, H 4.66. N 1.54; found C 58.46. 
H 4.76, N 1.47. 
2f :  M.p. 280'C (decomp.): IR ( G I ) :  t = 3064cm-' (m). 1586 (m). 1573 
(in), 1482 (m), 1435 (s), 1391 (w), 1273 (m), 1189 (m), 1097 (s), 1057 (br), 998 
(m), 836 (w), 817 (w), 740 (s), 695 (s), 'HNMR (CD,CI,): 6 =1.83 (s. 3H,  
CH,), 2.50 (brs, 3H,  ligand-CH,), 2.69 (brs, 6H,  C H , ) .  7.1 (brs, 30H, 
CZZar): "P{'H) (CD,CI,): 6 = 27 (brs) (210 K): C,,H,,P,0,Co,B2F, 
(1707.0): calcd. for Zf.l.SCH,CI,: C 59.75, H 5.04; found C 59.74. H 5.15. 
2g: M.p. 285'C (decomp.); IR (CsI): 3 = 3057cm-' (m), 1604 (m), 1484 
(m), 1435 (s ) ,  1356 (m), 1275 (m), 11x8 (ni), 1095 (s), 1056 (br). 998 (m), 833 
(w). 815 (w), 739 (s), 694 (s); C,,H,,P,O,Co,B,F, (1763.1): calcd. for 
2g.1.0CH2CI,: C 61.74, H 5.31; found C 61.15, H 5.58. 
2h: M.p.>300"C (decomp.); IR (Csl): 3 = 3052cm- '  (m),  1599 (m), 1480 
(m). 1434 (s), 1388 (w). 1275 (m), 1188 (ni) ,  1094 (s). 1057 (br), 998 (m), 837 
( ~ ) , 8 1 5 ( ~ ) ,  7 3 8 ( ~ ) , 6 9 2 ( ~ ) ;  'HNMR(CD,C1,):6 =1.89(~,3H.CN,) ,2 .52 
(brs, 6H,  CH,) ,  6.9-7.8 (m, 35H, CH,,); "'P('HJ (CD,CI,): 6 = 28 (brs) 
(200 K), C,,,H,,P,O,Co,B,F, (1831.1): calcd. for 2h.1.5CH2C1,: C 62.25, 
H 4.68; found C 62.63, H 5.00. 


(p-Anilato)bislf I .l,l-tris(di(p-tolyl)pbosphanomethyl)ethane}cobalt~bis(tetra- 
fluoroborate) (3): A solution of [Co(BF4),].6H,0 (341 mg, 1 mmol) in 
ethanol (15 mL) was added to a solution of the tripod ligaiid (708 mg, 
1 mmol) in THF (15 mL). Addition of anilic acid (70 mg, 0.5 minol) to the 
orange-red coloured solution caused an immediate colour change to dark 
green. After the mixture had been stirred for one hour the precipitated com- 
plex salt was filtered off, washed with diethyl ether (2 x 10 mL), cold ethanol 
(2 x 10 mL) and again diethyl ether (2 x I0 mL). 3 was recrystallised from 
methylene chloride/diethyl ether (600 mg, 65%); M.p. 285 'C (decomp.); IR 
(CsI): i. = 3023 cin-' (m), 2965 (m), 1596 (m), 1500 (m), 1395 (in). 1269 (w). 
1191 (m), 1094 (s), 1057 (br), 1016 (in), 801 (m). 758 (w). 734 (m),  706 (w). 
619 (m); 'HNMR (CD,Cl,): S ~ 1 . 8 7  (s. 3H,  CH,), 2.36 (s. 18H. Ph-CH,). 
2.62 (brs, 6H, CN,) ,  6.98 (d, ,.IHH = 6.6 Hz, 12H. CH,, , ) ,  7.15 (d, 
,.IHH = 6.6 Hz, 12H. CH,,). 7.09 (s, 1 H, ligand-CHI; ) 'P{ 'H) (CD,CI,): 
6 = 30 (brs) (215 K); C,,H,,P,O,Co,B,F, (1847.2): calcd. for 
3.2.5CH2CI,: C 59.78, H 5.33; found C 59.56, H 5.30. 


(p-Chloranilato)bisI( l,l,l-tris(di(m-xylyI)phosphanomethyl)ethane}cobalt~his- 
(tetrafluoroborate) (4): A solution of [Co(BF,),].6H20 (341 mg, 1 mmol) in 
ethanol (35 mL) was added to a solution of the tripod ligand (792 mg, 
1 mmol) in THF (15 mL). Addition of chloranilic acid (104 mg, 0.5 mmol) to 
the orange-red coloured solution caused an immediate colour change to dark 
green. After the mixture had been stirred for one hour the precipitated com- 
plex salt was filtered off, washed with diethyl ether (2 x 10 mL),  cold ethanol 
(2 x 10 mL) and again diethyl ether (2 x 10 mL). Compound 4 was recrys- 
tallised from methylene chloride'diethyl ether (854 mg, 82%);  M.p. 302 'C 
(decomp.): IR (CsI): ? = 2919 cm- '  (m).  1605 (in), 1484 (m). 1420 (s), 1303 
(w), 1275 (w). 1130 (m), 1096 (s), 1050 (hr), 993 (in), 845 ( in) ,  816 (w), 763 
(w). 740 (w), 692 (in); ' H N M R  (CD,Cl,): 6 = 1.94 (5. 3H, CH,) .  2.05 (s. 
36H, Ph-CH,). 2.57 (brs, 6H,  CH,) ,  6.88 (s, 6H.  p-CHar)> 6.98 (s. 12H. 
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( ~ - C f f ~ ~ ) :  J 'P ( 'H j  (CD,CI,): d = 26 (brs) (295 K): C l12Hl~6Pb04Cl , -  
Co,H,F, (2084.5): calcd. for 3.1.5CH2CI,: C 61.63, H 5.88: found C 61.79, 
H 6.15. 


(p-X-Anilalo)his[{ 1,1, I-tris(diphenylphosphanumethyl)ethane}cobalt~his(he~d- 
fluoruphosphate) (Sa -h): A solution of CoC1, (130 mg, 1 inmol) in ethanol 
(15 mL) was added to a solution of the tripod ligand (624 mg. 1 mmol) in 
TfIF (15 mL). Addition of the coligand (X = H :  70mg;  X = CI: 105 mg, 
0.5 mmol) to the red solution caused an immediate change to dark green. 
,After addition of solid NaPF, (16X mg. 1 mmol) in one portion and stirring 
lor one hour the precipitated complex salt was filtered off, washed with 
dicthyl ether (2 x 10 mL). cold ethanol ( 2  x 10 mL)  and again diethyl ether 
( 2  x 10 mL). The solid residue was taken up in methylene chloride and undis- 
solved NaCI was filtered off. Recrystallisation from methylene chlorideidi- 
ethyl elhcr yielded 5 a  (405 mg. 4 5 % )  and Sb  (494 mg. 53%). respectively. 
5 a :  M.p. 295 'C (dccomp.); IR (CsI): F = 3061 cm- '  (m). 1584 (in). 1573 
( i n ) .  1483 (s). 1436 (s). 1255 (s), 1193 (s), 1094 (s). 998 (m). 857 (hr), 740 (s), 
696(s): 'MNMRlCD,Cl2):i j  =1.80(s,3H,CH,).2.6R(brs,6H,CHIj,6.98 
(s. 1 H. Iigand-CH), 7.2 (brs,  30H, CH,,); "PC1H) (CD,CI,): 6 = 29 (hrs,  
?P.  tripod-P). - - I 4 4 2  (sept.. 'JpF =713 Hr ,  1 P, PF,) (395 K) ;  
C,,H,,P,O,Co,F,, (1795.2): calcd. for 5a.1.0CH2C1,: C 56.56. H 4.40. P 
13.1X: found C 56.45, H 4.55. P 13.07. 
5b: M.p. 303'C (decomp.); 1R (01): ? = 3 0 5 7 c m - '  (in), 1584 (m),  1573 
(in). 1484 (s). 1435 (s), 1385 (m). 1255 (s), 1193 (s). 1155 (s), 1094 Is) .  99R 
(in). 857 (hr),  740 (s). 696 (s); ' H N M R  ([D,]acetone): 6 = C H ,  under sol- 
vent signal, 2.97 (brs,  6 H ,  CH,). 7.1-7.5 (m. 30H. CH,,); "P{'H) 
([DJacetone): d = 30 (brs, 2P ,  tr ipod-f),  -144.2 (sept., 'JPF =711 Hz, PF,) 
(280 K): cS = 31 (s. 3P, tripod-P). -144.2 (sept., lJpr =711 H r  
(270 K) :  C,,H7,P,0,CI,Co,F,, (1864.1): calcd. for 5h-I .5CH,Cl2:  ( 
H 4.10; found C 54.22, H 4.28. 


(4,5-Methylenedioxycatecholato)[{ l,l,l-tris(diphenylphosphanomethy1)- 
ethane}cobaltl(tetrafluoroborate) (6 ) :  To a solution of the tripod ligand 
(634 in&, 1 mmol) in T H F  (15 mL) a solution of [Co(BF4),].6H,0 (141 mg, 
1 mmol) in ethanol (1 5 mL) was added. Addition 014.5-methylenedioxy-1.2- 
bcnzoquinone (1 52 mg. 3 .0 mmol) to the orange-red coloured solution caused 
an immediate colour change to bright blue. After stirring the solution for one 
hour the solution was filtered. The reaction mixture was conccntrated in 
vacun until 6 started to precipitate. The complex salt was filtered off, washed 
with cold ethanol (10 mL) and twice with diethyl ether (10 mL portions). 
Recrystallisation from methylene chlorideldiethyl ether yielded 6 (720 mg, 
78":)). Vapour dil'fusion of diethyl cther into a methylene chloride solution of 
(he coniplcx afforded dark blue crystals suitable for X-ray crystallographic 


I:ible 5 Crystal data and structural analysis results for 1, 2a. 2h, 2c and 6 


analysis: M.p. 276°C; IR (CsI): 5 = 3055cm-' (m). 1583 (m). 1498 (m).  
1484 (m), 1460 (s), 1435 (s), 1340 (in), 1324 (s). 1273 (m). 1191 ( s ) ,  1094 (s). 
1057 (br),  995 (m),  942 (m). 833 (m), 742 (in). 697 (s ) ;  UV,Via NIR 
(CH,CI,): A,,, (6. ~ - ' c m - ' )  = 303 nm (179%). 412 nin (2320. sh). 673 nm 
(6980). 796 nm (13450); MS (FAB): w7,z (Yo): 835 (100) [ M  -1. 683 (12) 
[tripodCo+]; ' H N M R  (CD,Cl,): 6 =1.83 (s. 3 H .  CH,) ,  2.53 (brs.  6H.  
CH,),  6.84 (s. 2H. ligand-CH), 7.0-7.2 (m, 32H. CH,, +O-Cll,-O): 
"P('H: (CD,CI,): d = 35.6 (s) (295 K); ',C{'H} NMR (CD,CI,): 31.7 (ni, 
tripod-CH,). 36.5 (q, 'Jcp = I 1  Hz, tripod-CH,), 38.4 (s. tripod-C,), 101.9. 
104.7 (s. ligand-CH, ligand O-CII,-O), 129.0, 130.8, 132.4 (m. tripod-CH,,). 
133.2 (m, tripod-C,,,,), 149.6 (8, ligand-CO-CH,), 168.0 (s. ligand-CO-Co): 
C,,H,,P,O,CoBF, (922.5): calcd. for 6.0.5CH2CI,: C 60.37. H 4.60: found 
C 60.72. H 5.10. 


(4,5-Methylenedioxycatecholato)[{ 1, I ,  1-tris(diphenylphosphanomethy1)- 
ethane}cobaltl(hexafluorophosphate) (7): A solution of CoCI, (130 mg. 
1 mmol) in ethanol (15 mL) was added to a solution of the tripod ligand 
(624 mg. 1 nimol) in T H F  (15 mL) .  Addition of4.5-methylencd1oxy-1,2-hen- 
zoquinone (152 mg, 1.0 nimol) to the red solution caused an immediate 
change to bright blue. After addition of solid NaPF, (168 mg, 1 mmol) in one 
portion and stirring for one hour the precipitated complex salt was filtered 
off. washed with diethyl ether ( 2 x  IOmL), cold ethanoi ( 2 x  I 0 m L )  and 
again diethyl ether (2 x 10 mL). Thc solid residue was taken up in methylene 
chloride and undissolved NaCl was filtered off. Recrystalhsation from 
methylene chloride/diethyl ether affords 7 (430 mg. 43%): M.p. 230-C:  1R 
( G I ) : : =  3059cm ' (m) ,1586(m) ,  2462(in),1437(m),1339(m).1155(m), 
1094 (s), 1031 (in), 998 (m), 944 (m),  841 (br), 739 (in), 697 (s): UV,Vis/NIR 
(CH,CI,): i.,,, (8, M - '  cm I) = 298 nm (16940). 414 (2180, sh). 671 (6070). 
795 (11 220); MS (FAB): m/z (%): 835 (100) [ M i ] .  683 (IS) (tripodCo']: 
'HNMR(CD,CI,):S =1.71 (s,3H,CH,).2.47(brs,6H,CH2),6.83(s.2H, 
ligand-CH), 7.0-7.2 (m, 32H. CH,, f O-CH,-0); 3'P(1H} (CD,Cl,): 
ij = 35.6 (s, 3 P ,  tripod-P), - 144.2 (sept., lJPF =713 Hz, 1 P, PF,) (295 K) ;  
C,,H,,P,O,CoF, (980.7): calcd. for 6.1.0CH2CI,: C 55.23. H 4.26. P 11.63; 
found C 55.64, H 4.49. P 12.06. 


X-ray structure determinations: The measuremenis wcre carried out on (I 
Siemens P 4  (Nicolet Syntex) R 3 m:v four-circle diffractometer with graphite- 
monochromaled Mo,, radiation. All calculations were performed with the 
SHELXT PLUS software package. Structures were solved by dlrect methods 
with the SHELXS86 program and refined with the SHELX93 program.l"' 
An absorption correction (Y scan, AY = 10') was applied to al l  data. Atomic 
coordinates and anisotropic thermal parameters of the non-hydrogen a t o m  
wcre refined by full-matrix least-squares calculation. Table 5 contains the 


1 2a 4CH,CI2 2h 2(CH,),CO 2c 1 CH,CN 6 0 5CH2CI, 


formula (without wlvates) 
.M, [gniol- '1 (without solvatcs) 
(without aolvates) 
crystal dimensions [inm] 
crystal system 
z 
,pace group (no . )  


h [pin] 
(I [PI 


(' [pin1 
311 
I{ [ 1 
;.I1 
r/[l0" pm3] 


no rtlns for cell parameter refinement 
711 rangc [ ] 
scan speed [ min- '1 
no. rflns measured 
no. unique rlfns 
no. reflns observed 
oh\. criterion 
no. of LS parameters 
R ,  [%I 
I(, [I!'" ] 
(refinement on F') 


CwH,,P,Co,O,B,F, 
1 62X 86 


0.50 x 0.30 0.30 


p i  ( 2 )  


triclinic 
1 


1226.6 (4) 
1278.7 (3) 
1429.0(3) 
11278(2) 
96.49 (2) 
98.64(2) 
2006.7 (9) 
1.348 
295 
25 
3.1 -55.1 
6.0<01<29 3 
9271 
9271 
6766 
I> 2rJ(1) 
526 
6.R 
14.6 


C,,H,,P6Co,C),B,F, 
1678.92 


0.30 x 0.30 x 0.20 
monoclinic 
2 
P2,ln (14) 
1240.0 (2) 
1255.0(3) 
3050.0 (6) 
90.00(0) 


90.01) (0) 
4651 (2) 
1.442 
210 
25 
3.4- 52.0 


7352 
7150 
4357 


633 
6.9 
17 2 


101.54(3) 


6.0 <: (a < 29.3 


I >  20(1) 


C,,H,,P,Co,0,C12B,~.', 
1747.81 


0.20 x 0.20 x 0.30 
triclinic 
1 
f i  ( 2 )  
1203.0(2) 
1365.1 (3) 
1441.8(3) 
72.35 (2) 
83.77(1) 
89.00(1) 
2196.0(X) 
1400 


31 
3.1 -45.0 
10.0 
6025 
5694 
4448 
1 >2n( / )  
545 
5.1 
14.3 


I 50 


C,,H,,P,Co,O,Br,B,F, 
1836.71 


0.20 x 0.20 x 0.20 
monoclinic 
2 
P2,;c (14) 
1225.9(2) 
1364.5(3) 
2643.3(4) 
90.00 (0) 
94.39(1) 
90.00(0) 
4409 (1) 
1.414 
200 
30 
4.3-54.0 
12.0 
9919 
9477 
4168 
1>20(1) 
515 
9.8 
30.1 


C,,H,,P,CoO,BF, 
922.53 


0.30 x 0.30 x 0.30 
monoclinic 
4 
f 2 ,  c (14) 


1420.6(4) 
2000.5 (2) 
90.00 (0) 
105.21 (1)  
90.00(0) 
4361 (1) 
1.465 


30 
3.6 52.0 
8.0<(U<60.0 
8902 
8584 
6413 


587 
5.2 
13.9 


1590.3 (2) 


2nn 


I > ? O ( l )  
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data  for the structure dctcrminations. Further details of the crystal structure 
investigations may be obtained fi-om the Fachinformationszentruln Knrls- 
ruhc. D-76344 Eggenstein-Lcopoldsh~~fen (Germany),  on quoting the depos- 
itory numbers CSD-406045 ( I ) ,  CSD-406046 (2a). CSD-406043 (2b). CSD- 
406047 ( 2 c )  and CSD-406044 (6). 
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Synthesis of 1,2,3,4-Bisiminofullerene 
and 1,2,3,4-Bis(triazolino)fullerene--On the Mechanism of the 
Addition Reactions of Organic Azides to [60]Fullerene 


Clifton K.-F. Shen, Hsiao-hua Yu, Chiun-Gung Juo, Kuo-Ming Chien, 
Guor-Rong Her, and Tien-Yau Luh* 
Dcdiicciterl to Professor Sunney I.  Chun on the occasion of his 60th hirtlidciy 


Abstract: The reactions of organic azides 40: 54:6 mixture of 8 , l l .  and C,, in quan- stable towards thcrmolysis, 8 decomposed 
with [60]fullerene have paved the way for titative yield. No interconversion between to C,, (35 % yield) on refluxing in 
the synthesis of' adducts with a variety of 8 and 11 was observed. Whereas 11 was chlorobenzene for 24 h, but it did not pro- 
structures. Treatment of [60]fullerene with duce any 11. This indicates that 9 a  is an 


intermediate in the formation of 8 and 11 .  2,2-dibenzyl-1,3-diazidopropane (10) in 
refluxing chlorobenzene afforded three A general mechanism for the addition of 
products, namely, 8, 9, and 11 in 18, 25, azides to C,, is proposed. A similar mech- 
and 11 % yields, respectively. Thermolysis anistic pathway is suggested for the ther- 
of 9 a  in refluxing chlorobenzene gave a molysis of 9 a .  


Keywords 
azide adducts . fullerenes . reaction 
mechanisms * regioselectivity - ther- 
molysis 


Introduction 


The reactions of organic azides with [60]fullerene have paved the 
way for the synthesis of adducts with a variety of structures." -" 
Two types of monoadduct, 1['] and 2,[21 have been obtained. 
The selectivity of this addition reaction appears to depend upon 
the reaction conditions. For example, a nitrene intermediate 
with an aryl or an acyl substituent, generated in situ by photo- 
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lysis of the corresponding azides or  by other means, yields 2 
exclusively.r2f~j~~i1 Under thermolytic conditions, azides with an 
alkyl substituent add preferentially a t  the ring junction between 
five- and six-membered rings ([5,6] junction) to produce 1, 
whereas azide reagents with an alkoxycarbonyl substituent lead 
predominantly to  2. On the other hand, the thermal reaction of 
an aryl azide with C,, can yield either 1["] or 2.12'] Interestingly, 
thermolysis of the triazoline adduct 3 gives 1 as the major, if not 
the exclusive, product.[*'% 31 


The situation is more complicated for bisadducts. Three dis- 
tinct regioisomers of bisiminofullerenes have been obtained se- 
lectively, depending on the nature of the azide reagents.[3 ~ 'I 


Wudl and co-workers have elegantly synthesized bisimino- 
fullerene 4 by treating C,, with alkyl azides.["" Reactions with 
bisazides tethered by a partial fragment of a crown ether behave 


NR 


6 7 







744-748 


similarly.[51 The addition reaction occurs a t  the two [5,6] junc- 
tions of an acenaphthene moiety in C6,. In our preliminary 
communication, another type of bisiminofullerene, 5, was ob- 
tained from the reaction of C,, with a bisazide tethered by an 
ethylene or a trimethylene bridge.['] These azides add selectively 
at the two [5,6] junctions of a fluorene unit in C6,. Similar 
observations were made by Li and co-worker~ .~ '~  Hirsch and 
co-workers reported a third type of adduct, 6 (R = C0,R).  
Here the addition took place at  the two ring junctions between 
six-membered rings ([6,6] junctions) of a phenanthrene unit in 
Cso; this was followed by a ring-opening process.[*, It is inter- 
esting to note that none of these reactions lead directly to the 
formation of bisimino[60]fullerene 7. It is believed that 7, which 
may be formed initially, readily undergoes electrocyclic ring 
opening to  produce 6. Although A M  1 calculations suggest that 
the opened isomer 6 (R = C0,R') is more stable than 7,[8391 
addition at  the diene moiety of a six-membered ring in C,, has 
been well documented.["] More recently, Hirsch and co-work- 
ers examined the addition of alkoxycarbonylazides to C60.r91 In 
addition to 6 (R = CO,Et), six of seven other regioisomeric 
bisimino[60]fullerenes were isolated and characterized. Al- 
though 7 (R = C0,Et) was not detected in this reaction, the 
corresponding parent bisimino[60]fullerene 7 (R = H) was ob- 
tained by treatment of 6 (R = C0,tBu) with trifluoroacetic 
acid.['] It was suggested that intermediate 7 (R = H) underwent 
an intramolecular Diels-Alder reaction. Apparently, the rela- 
tive stability of 6 and 7 depends upon the substituent at nitro- 
gen; this is also supported by theoretical calculations.[91 As part 
of our continuing interest in the addition of azides to fuller- 
enes,[2d.51 we now report our investigation of the first direct 
synthesis of 1,2,3,4-bisimino[60]fullerene 8 and 1,2,3,4-bis(tria- 
zolino)[60]fullerene 9 and discuss a plausible mechanism of ad- 
dition of azides to fullerene. 


Results and Discussion 


Our strategy is based on our previous workr6] in which tethered 
bisazide reagents were added to C,, . Since the trimethylene- 
bridged bisazide reacts with C,, to give the corresponding ad- 
duct 5 in satisfactory yield,[61 it was felt that introducing a gem- 
inal dialkyl group at  the C 2 position of the trimethylene bridge 
would induce a change in the reactivity, so that the intermediate 
product might be isolated. Thus, C,, was treated with 1.5 equiv 
2,2-dibenzyl-l,3-diazidopropane (10) in refluxing chloroben- 
zene for 8 h ;  the standard workup procedure was then applied 


8 9a 


9b 11 


(see Experimental Section). Three products-8,9, and 11-were 
obtained in 18, 25, and 1 1 % yields, respectively. The structural 
assignments were based on 'H and 13C NMR spectra (Figure 1) 
as well as on the mass spectral data. The UV/Vis spectra for 8. 
9, and 11 are shown in Figure 2. 


(a) 


\ 


Wavelength (nm) 


Figure 2. UV,Vis spectra for 11, 8, and 9 in CHCI, ( c ,  = 1.0 x lo-' rnoldm ': 
inset: c = 5 . 0 ~  lo-" moldiii '). 
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The absorption spectrum and the "C  NMR spectrum for 11 
are consistent with the structure given above and similar to 
those reported previously for S.[(" Both 8 and 9 exhibit absorp- 
tions at  a i,,,,,, of about 425 nm, which is characteristic for ad- 
ducts attached to a [6,6] junction. The broad band at  a in,ax of 
470 nni for 8 can also be found in the UV/Vis spectra of imino- 
fiillerenc derivatives 2.['] In the I3C NMR spectrum of 8, the 
signals at b =71.74 and 77.63, in addition to 30 peaks due to 
fullcrene sp2 carbons, clearly indicate the presence of a fused 
bisaziridine moicty. These results are also in agreement with 
those for 7 (R = H).[91 


The isolation of the bistriazolino adduct 9 is not only interest- 
ing, but also significant. In the I3C NMR spectrum, the 30 
signals arising from the fullcrene spz carbons, in addition to the 
signals for the phenyl group and aliphatic carbons, are consis- 
tent with a C, symmetry. The 13C NMR absorptions for the two 
different fullerene sp3 carbons in 9 appear at 6 =79.45 and 
99.82. In 3 the chemical shifts for sp3 carbons of this type fall 
within the range 6%80-110, depending on the nature of the 
substituent on nitrogen.12'. 3, ' I 1  Therefore, our results are in 
agreement with those already reported. Since the I3C NMR 
data suggest that there is no ring opening in adduct 9, we pro- 
pose that addirion has taken place at the [6,6] junction. Owing 
to thc rigidity of the tether, 9a or 9b would be feasible struc- 
turcs. 


Since 3 has been suggested to be an intermediate leading to I 
and 2.L'. it seems likely that 9 could also be an intermediate in 
the formation of 8 and 11. Accordingly, thermolysis of 9 in 
rcfluxing chlorobenzene for 24 h afforded a 54:40:6 mixture of 
8, 11, and C, ,  [Eq. (l)]  in quantitative yield. It is noteworthy 
that there was no interconversion between 8 and 1 1 .  When 8 was 
rcfluxed for 24 h in chlorobenzene, C,, was produced in 35% 
yield, but no 11 was detected. There was no decomposition of 1 I 
under the same conditions. These results suggest that 9 may be 
an  intermediate in the formation of 8 and 11. 


A w + c60 


9 -- ( I )  


It is well documented that the C,, molecule behaves sitnilarly 
to a [5]radialene in a number of addition reactions and that these 
double bonds are highly reactive. An enhancement in the reac- 
tivity would be expected for a bisazide 10, which has a geminal 
dibenzyl group at  C 2. Stereochemically, the bisaddition reac- 
tion at two 16.61 junctions should occur preferentially to  give 9. 


The mechanism for the thermolysis of triazolines has been 
investigated in detail." 21 Dipolar and biradical intermediates 
have both been suggested. Cleavage of the N-N single bond 
appears to precede cleavage of the C-N bond in both inecha- 
nisms. Nevertheless. before we discuss the conversion of 9 to 8 
and 1 I. we will present a possible mechanism for the therrnolysis 
of triazoline 12 (Scheme 1 ) .  


A biradical intermediate 13 is expected from the thermal de- 
composition of 12. Two possible routes will lead to 15 (2) or 17 
(I). depending on the timing of the liberation of nitrogen mole- 
cule from 13. If the cleavage of the C-N bond in 13 is fast, then 
biradical 14 will be formed, producing 15 on recombination at 
the C 2  position. On the other hand, the nitrogen-centered radi- 
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12 13 14 


17 16 15 


Schemc 1. Possible mechanism for the therinoly5is of triatoline 12 (only relevant 
section of the fullerene is shown) 


cal in 13 may add to C 6 or C 7 (equivalent in the monoadduct) 
before the departure of the nitrogen molecule, leading to addi- 
tion at the [5,6] junction to produce adduct 16. At this point it 
is worth mentioning that 16 could be the kinetic product, be- 
cause aromaticity of an additional six-membered ring moiety 
(ring A or B) will be lost with its formation. However. a rapid 
ring opening in 16 then yields stable 17. 


The possible route for the thermolysis of 9 is similar to that 
described in Scheme 1 .[''' The two triazoline heterocycles may 
not decompose simultaneously. Since the three-carbon tether in 
9 is quite rigid, the nitrogen-centered radical produced may not 
be as labile as  that in 13. Accordingly, there are several possibil- 
ities for the fate of the two nitrogen-centered radicals in l8[I3I 
generated stepwise from 9a (Scheme 2). The formation of the 
first aziridine ring may lead to two delocalized biradicals, 19 and 


18 , 19 181 


20 


I 
24 


2' 22 26 
I 


23 LLl 
Scheme 2. Possible reactions of thc hircidical bpccies 18 (only relevant section ofthe 
fullcrene is shown; suhstituents at nitrogen omitted for clarity). 
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20. Collapse of the biradical 19 by attack at  C 2 would yield 8. 
In a similar manner, radical recombination at  C 6  in 20 would 
lead to 21. Since the structure produced by ring closure at the 
[5,6] junction would be highly unstable,[2i1 a simple ring opening 
of 21 would then yield 11.  Alternatively, there may be an initial 
ring opening of the aziridine moiety in 20 to give 22. Further 
collapse of the biradical 22 by attack at  C 6 would give interme- 
diate 23, followed by another ring opening to produce 11. It 
appears that the orientation of the aziridine ring that forms first 
might have a directing effect on the regioselectivity of the second 
aziridine ring. Recombination of biradicals 19 and 20 could also 
occur by different pathways and could eventually lead to the 
formation of further possible isomers 25 and 27 (Scheme 2). 
Since the two nitrogen atoms are tethered by a relatively rigid 
three-carbon chain, collapse of the biradical 20 or 22 by attack 
at C 2 leading to 24 or 25, respectively, might not be favorable. 
The absence of 27 from this reaction is striking. Presumably, in 
20 or 22 the N, moiety may still be attached to C2,  as in 13, 
before collapse. A mechanism similar to the decomposition of 
13 may occur here to produce 1 1 .  Furthermore, the intermediate 
leading to 4 or 27 has been shown to be different from 9.[31 


Decomposition of 9b by a mechanism similar to that pro- 
posed in Scheme 2 would give 8 and 29 (Scheme 3). After ring 
opening, 29 would be converted into 30, which was not detccted. 
Accordingly, the most likely structure for 9 is 9a.  


29 30 
Scheme 3. Posiblc decomposition reactions of 9 b  (only relevant sectitrn of the 
fullcrene is shown: ~ubs l~ tucnts  a t  nitrogen omitted for clarity) 


Conclusion 


We have described the first direct synthesis of bisimi- 
no[60]fullerene 8, 11, and bis(triazolino)[60]fullerene 9, from the 
reaction of C,, and the corresponding bisazide. It has been 
established that 9 is an intermediate in the formation of 8 and 
11. These results serve as a useful clue to the understanding of 
the actual mode of the overall transformation in the addition of 
azides to C6,,. A general mechanism has been proposed to ex- 
plain the different regioselectivities for the addition of organic 
azides to [60]fullerene. Furthermore, the isolation of adduct 8 
supports results from calculations performed by Hirsch, which 
indicate that the alkyl substituent on nitrogen would favor the 
bisring-closure product.'"] 


Experimental Section 


Z,Z-DibenzyI-1,3-propanediyl dimesylate To n solution of 2,2-dibcnzyl-I .3- 
propdnedlol (2 56 g, 10 0 mmol) and Et,N (4 0 g, 40 mniol) iii CH,CI, 
(30 mL) dt 0 C was added dropwi\e a solution of MyCI (4 0 g, 15 mmol) in 


CH,CI, (25 mL) over a period of 40 min. The mixture wits allowed to w'arm 
to R T  and stirred for 12 h. Aqueous HCI (10%. 50 mL) w a s  added and the 
organic layer washed with NaOH (I0"h) a n d  water. Tlic oi-ganic layer was 
dried (MgSO,) and evaporated in vacuo. The residue wiis  recrystalli/cd from 
metlianol to give ii whitc solid (2.68 8. 6 5 % ) .  M.p.: 124 125 C: ' H  NMR 
(CDCI,, 300MHz): d = 2.81 (s, 4H) ,  2.99 (s. 6H) .  4.00 (s. 4 H ) .  7.19- 7.35 
(in, IOH); ',C NMR (CDCI,, 75 MHz): 6 = 37.31. 38.18. 42.15. 60.58. 
127.20, 128.62, 130.59, 135.04: IR (KBr): i v  = 1598. 1494. 1461, 1413. 13x7. 
1360, 1333. 1328. 1251, 1267. 1172. 1051, 1030, 983. 948. 885.  865. 824. 775. 
751, 733. 704cm- ' ;  HRMS calcd for CIOH240f,SZ: 412.1014; l0und 
41 2.1010. 


2,2-Dibenzyl-l,3-diazidopropane (10): To a solution of the diniesylate prc- 
pared above (0.62 g. 1.5 mmol) in D M F  (40 mL) and [15]crow,n-5 (one drop) 
was added NaN, (0.39 g, 6 mmol) and water ( I  mL). The mixture WLIS re- 
fluxed for one day then quenched with water (50 mL). The solution was 
extracted with ether and washed twicc with water. The etlicr wits evaporated 
in wicuo to afford 10 as a colorless viscous oil (0.15 g. 55%). which was used 
for the next reaction without further purificat~on: 'H NMR (CDC1,l. 
200 MH7):  d = 2.70 (s. 4H) ,  3.06 (s, 4 H ) ,  7.26 (n i ) :  IzC NMR (CDCI,. 
50 MHz): d = 39.30. 42.82, 54.06. 126.72. 128.41. 130.62. 136.43; IR (KBr) :  
i .=21@0crn-'.  


Reaction of 10 with C6": To a relluxing s o l u ~ i o i i  of C , ,  (360 mg. 0 . 5  mmol) 
i n  chlorobcnzenc(360 mL) under N, was added dropuise biswide 10 
(0.75 mmol) i n  chlorohcnzenc (100 mL). The mixture was refluxcd for  6 8 h 
and monitored by TLC. Thc solvent was  removed in viiciio and the residue 
was repetitively chromatographed on silica gel to give threc products 8 
(85 mg. 18%), 9 (153 mg. 25%,) ,  and 11 (51 mg. I I  "XI). 
8:  'H NMR (CS,,'CDCI,, 300 MHz):  6 = 2.86 (s. 21H). 3 86 (d. J = 12.5 H/. 
2H),3.9L (~.2H),4.48(d, . l=22.5 Hz32H).7.20-7.7I (in, 10H) :  " C N M R  
(CS,,CDCI,, 100 MHz): S = 41.06, 42.00. 45.88. 61.98. 71.74. 77.63. 136.90. 
126.96, 128.43.128.48, 130.15. 131.02, 135.71. 136.11. 138.47. 139.41. 139.43. 
141.00. 141.8X. 141.99. 142.17. 142.48. 142.59, 142.89. 143.02. 143.17. 143.55. 
143.91, 143.95. 144.17, 144.31, 144.33, 144.44. 145.07. 145.32. 145.38, 145.49. 
145.51, 145.73, 145.90, 146.21. 146.93. 147.78. 148.52: UV Vis (CHCI,3): i,,, 
( cx  Lmol- 'c in- ' )  = 689(0.3).652(0.3),625(0.5).470(2.4).425(1.1), 
325 (36.9). 259 (111.8) nm; IR (KBI):  F = 2366.2344. 2656. IS1 1. L494. 1450. 
1457. 1439,1426. 1408. 1400, 1363,1344, 1315. 1305. 1260, 1248. 1214. 1180. 
1156, 1115. 1084. 1071. 1062, 1030. 760. 744, 720. 701. 648cm I: FABMS: 
970.8. 
9: 'H  NMR (CS2:CDC1,, 300 MHz): 6 = 2.7X (5. 4H) .  3.64 ( 5 .  4 H ) .  3.81 (d.  
J = 15.0 HI, 4H). 4.62 (d, J = 15.0 HL, 4H) .  6.96-7.50 (m. 16 H). 7.84 7.89 
(m, 4H):  I3C NMR (CS,,CDCI,. 100 MH7): 6 = 40.88. 41.56, 42.67. 53.37. 
79.45, 99.82. 126.86, 126.91. 128.24. 128.47. 130.65. 131.86, 133.08, 114.97, 
135.42, 136.34. 136.52, 137.81, 141.12. 141.23. 141.31, 142.36, 142.83. 142.89. 
143.10, 143.27. 143.49, 143.78, 144.01, 144.32. 144.50, 144.52. 144.60. 144.70. 
144.76. 144.89. 146.04, 146.35, 146.47.146.54, 147.36. 147.40. 148.03, I4X.X7; 
UV:Vis (CHCI,): ;.,,,;,, ( i : x  10 ' L m o 1 ~ ' c n i  I) = 609 (0.2).  658 (0 .3) .  637 
(0.4). 607. 445. 422 (4.9), 331, 257 (147.9) n m :  I f <  (KHr). i, = 1493. 1467. 
1438, 1427, 1378, 1355. 1331. 1305. 1275. 1191, 1167. 1154. 1112. 1072. 1032. 
1011, 990. 961. 919, 856, 819, 762, 753, 729, 701 cm 
11: 'H NMR (CS,/CDCI,. 300 MHL): ii = 3.17(s. 2 H ) ,  3 ,47(s ,2H).4 I X ( d ,  
J =  22.6H7,2H),4.33(d,J=22.6Hz.2H),7.11-7.42(ni .  10H):"CNMR 
(CS,XDCI,. 100 MHz): d = 42.51, 44.97. 45.19. 56 25 ,  126.74. 136.77. 
128.35. 128.42, 131.18. 131.62. 135.71, 136.46. 136.52. 136.75, 138.59. 139.00. 
139.37. 139.67. 139.85. 140.70. 140.92, 141.18. 141.24, 141.31. 141 88. 142.96, 
142.98, 143.61. 143.68, 143.73, 144.11, 144.49, 144.77, 145.07. 14S.OX. 145.37. 
145.76, 145.80. 146.17, 146.64. 147.05, 147.82.; UV:Vis (CHC'I,): i .,,,,, 
( i :x  10.  Lmol- 'cni- ' )  = 524 (1.3), 427. 329 (27.4). 258 (107.8) n m :  IR 
(KBr): F = 2096. 1947, 1655. 163X. 1600, 1511. 1493, 1464. 1444. 1405. 1377. 
1354.1327,1290.1251, 1220, 1206. 1187, 1155. 1133. 1120. 1072, 1030. 1003. 
917, 782. 749, 729, 701 cm ' ;  FABMS: 970.8. 


FABMS: 1026.1. 


Thermolysis of 9: A solution or 9 (10 nig. 0.01 minol) i n  chlorobeivcne 
(10 niL) was refluxcd for 24 h .  The mixturc wt s  cooled to room temperature 
and then analyzed by HPLC [Biickyclutchci- ~ ~ I U I I I I I .  toluene:hex;ine = 2 '  I .  
flow ratc = 3 n i l m i n - ' .  U V  detector wavelength = 340 nm. r ~ t c n t i ~ n  time 
(min)]: C,, (1.6). 11 (1.9). 8 (2.0). ;ind 9 (2 .5 ) ] .  
Compounds 8 and I 1  were treated in the same way. 
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Macrocyclic Ethers and Their Inclusion Complexes 


Jari Ratilainen, Karri Airola, Martin Nieger, Marc Bohme, Juhani Huuskonen, 
and Kari Rissanen* 


Abstract: The synthesis and characterisa- 
tion of eleven new macrocyclic ethers (up 
to 96-membered [6 +6] gigantocycle) with 
well-defined cavities are described. Syn- 
theses of the macrocycles M 1 - M 7 were 
performed under high-dilution condi- 
tions. A "supramolecular" purification 
method was used for the small [2+2]  
macrocycles M3-M7, which separated 
selectively from the reaction mixture on 


recrystallisation from a dichloromethanel separation was nearly quantitative. 
diethyl ether solution mixture. This Molecular inclusion of dichloromethane 
proved to be an excellent method for puri- in the cavities of noncovalently bonded 
fying [2 + 21 macrocyclic ethers containing macrocyclic ethers M2-M5 was studied 
1 , I  -diphenylmethane moieties, and the by X-ray diffraction in the solid state. Ad- 


ditionally, clathrate formation was found 
for macrocycles M 1 (including diethyl 
ether), M2 (including water), M6 (in- 
cluding benzene) and M7 (including ben- 
zene) . 


Keywords 
clathrates - host - guest chemistry - hy- 
drogen bonds macrocyclic ligands 


Introduction 


The synthesis of macrocyclic ligands as receptors for ions or 
uncharged organic molecules is important for the study of com- 
plexation abilities and complex formation."] In order to achieve 
high recognition, it is desirable that receptor and substrate be in 
contact over a large area.[21 This occurs when the host is able to 
wrap around its guest, establishing numerous noncovalent 
bonding interactions appropriate to  the molecular size, shape 
and architecture of the guest. Although high recognition may be 
achieved with rigidly organised receptors, processes of ex- 
change, regulation, cooperativity and allostery require a built-in 
flexibility, so that the host may adapt and respond to changes.L3] 


Macrocyclic compounds have been studied intensively during 
the last few decades, because their host -guest interactions play 
an important role in forming and stabilising, for example, rotax- 
met4] and catenanel5' structures. The structure and the interac- 
tion facilities of the macrocyclic host molecules affect their abil- 
ity to accommodate different organic[61 or ionic['] guest 
molecules. The different possible complexation functions of the 
host molecules open up a broad research area, which focuses on 
designing host macrocycles for selective complexation of chosen 
guest molecules.[s1 A large body of experimental information 
may be gained from using different template effects in macro- 
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Dr. M. Nieger 
Anorganisch-Chemisches lnstitut der Universitat Bonn 
Gerhard-Domagk-Str. 1, D-53121 Bonn (Germany) 
Fax: Int. code +(228)735-327 


cycle,['] rotaxane["] and catenane'"' syntheses. The discovery 
that macrocyclic compounds can form channel-type supra- 
molecules including small organic guests['21 has led to the devel- 
opment of supramolecular tubes" 31 and cables.['41 


In this paper, we present the detailed syntheses of eleven 
macrocyclic ether systems by direct cyclisation under high-dilu- 
tion conditions and the selective separation of [2 + 21 macro- 
cycles M3-M7 (Figure 1) from the reaction mixtures by form- 
ing inclusion complexes with neutral organic guests. Our aim 
was to investigate catenane formation, but complexation of 
dichloromethane with M3-M7 was observed instead. It turned 
out that the selective complexation can be used for purification 
of the [2 + 21 macrocyclic ethers containing rigid 1 ,I-diphenyl- 
methane moieties. 


MI M2 


Figure 1 .  Neutral macrocyclic host molecules MI - M 7  
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Ttiblc 1 .  ('r!stalloel.apliic data [or inacrocqcles M I  (A) .  M 2  (8. C). M 3  (D),  M 4  (E). M5 ( F j ,  M6 ( G )  and M7 ( H j  


A n c D E F G H 


CJ I j ? N 2 0 ,  
.0.5 Et,O 


463.52 
9 699(2) 
17.01 7 ( 2 )  
I5.289(3) 
90 
104.73(2) 
90 
2440.5(x) 
4 
293 
P 2 ,  I1 


1.262 
0.X6 
wok, 
0 0544 
o.140? 


CwH.uN 30, 
H,O 


657.70 
10.774 (I i 
1 1  457(2) 
i4.701 (2)  
109 08( I )  
96 14(1) 
94.72 ( I )  
I691 X(4) 
2 
293 


I291 
0.89 
M o b  
0.0604 


P i  


0.1935 


C,vH.T,N,Oc, 
.CH2C12 


724.61 
16 268 (2) 
11.144(14) 
1 I .541 (2) 
119.29(1) 
97.34(1) 
98.61 (1)  
I 7x6.11(4) 
2 
293 
PT 
1.347 
2.34 


0.0449 
0.1 330 


MO,, 


C < > " b O 4  
.?CH,CI, 


1023.0 
9.959 ( 1 )  
11.387(1) 
13.088( I )  
66.90(1) 
X I  .64 (1) 
78.80(1) 
1335 3 ( 2 )  
I 
200 


1272 
23.81 
C u b  
0.0690 
(1.2238 


I' i 


C,,H,,N,O, 
' I.5CH2CI, 


982.52 
6.436(1) 
12.222 (2) 
17.705(1) 


88.51 ( I )  
86.22 (1) 


200 
P i  


71.70(1) 


1319.4 (3) 
1 


1.231 
19.46 
CUkZ 
0 1059 
n.3205 


CmH,e,Y,O" 
.?CH,CI, 


111300 
7.683(1) 
23.021 ( 2 )  
16.223 ( 1  ) 
90 
Y2.9?( 1) 
90 
2865.6(5) 
2 
293 
P ? ,  c 
1.290 
23.28 
Cu,, 
0.0666 
0.1 872 


Results and Discussion 


Crystal Structures: Table 1 summarises the crystallographic 
data of the investigated inclusion complexes.[1s1 


Macrocycle M 1 seems to 
contain self-complementary 
building blocks, since a 
dimeric packing structure 
was observed in the crys- 
talline state (Figure 2). The 
rigid compound M I adopts 
a "cup" conformation, and 
x-n interactions of the pyri- 
dine moieties, stacked par- 
allcl to one another, sta- 
bilise the diineric structure 
in the solid state. Disor- 
dered diethyl ether is found 
in the crystal lattice of 
macrocycle M I ,  and water 
in that of M2 (Figure 3a) .  


l i l l l l l l C  s1,tie. coinplcx with dichloro- 


(b) 
T:Igure 3 Packing in the crystal lattice inclusion complex o f M 2  with water ( a )  and 
inolccu13r inclusion complex of M 2 with dichlorornethanc (b) (hydrogen areins are 
omittcd for clarity). 


methane in which each hydrogen atom of the guest points to- 
wards the centre of one pyridine moiety of the host molecule and 
x hydrogen bonding stabilises the resulting inclusion complex 
(Figure 3 b). The flexibility of the host macrocycle, along with 
the lack of space in the cavity owing to the packing of the host 
molecules in the solid state, does not allow for the inclusion of 
more than one dichloromethane molecule. 


Selective dichloromethane inclusion was observed when com- 
pounds M 3-M 5 were cryctallised from a dichloromethanc/di- 
ethyl ether mixture. The crystal structure determinations reveal 
that macrocycles M3-MS form 2: 1 dichloromethane molecu- 
lar inclusion complexes. In particular, compound M 3  selective- 
ly forms a dichloromethane inclusion complex (Figure 4) in 
which each guest proton points towards the centre of an aromat- 
ic ring belonging to a 1,l-diphenylmethane moiety (with n-H 
bond lengths of 2.65 and 2.69 A).  The crystal structure shows 
clear evidence for n hydrogen bonding between the host and the 
guests, which stabilises the M3-dichloromethaiic molecular in- 
clusion complex in the solid state. In solution, the formation of 
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Figure 4. Crystal structure showing the r hydrogen bonding in the inclusion coin- 
plex of M 3  with dichloromethane (FH bond lengths: 2.65 and 2.69 .&). 


Figure 6 Molecular inclusion complex of M5 with dichloromethane 


the n hydrogen bonded host -guest complex could not be detect- 
ed by NMR spectroscopy, because of the fast exchange process 
caused by the entropy of the molecules. 


M4 and M5 also form 2 : l  molecular inclusion complexes 
with dichloromethane in the solid state, but n hydrogen bond- 
ing, similar to that in M3, is not observed. Dichloromethane 
guests arc found to be disordered in the cavity of M 4  (Figure 5). 


located within the cleft formed by two host molecules and two 
benzene molecules are in a face-to-edge arrangement with the 
cyclohexyl moieties (Figure 7a). M7 has a more tightly packed 
solid state structure and is able to accommodate benzene guests 
between the packed channels (Figure 7 b). As can be seen from 


Figure 5. Possible orientations of dichloromethane in the cavity of M 4  in the crys- 
talline state. 


Recognition of the guests must have occurrcd through i~ hydro- 
gen bonding with the 1,l -diphenylmethane moieties, but other 
noncovalent interactions must also operate in the final molecu- 
lar inclusion complex. It is also possible that the nitrogen atoms 
of the pyridine moicties change the polarity distribution in the 
host molecule in such a fashion as to lead to a disordering of the 
guests, or the disorder may bc caused by molecular diffusion 
over a long period of time, while the single crystals were left in 
the mother liquid. 


Figure 6 depicts the molecular inclusion complex of M5. Ow- 
ing to thc NO,-substituted benzene unit, the cavity of M5 opens 
up slightly more than the cavity of M3. The distances between 
the dichloromethane hydrogens and the aromatic rings (2.9 and 
3.0 A) are out of the effective 7c hydrogen bonding range; 
thus, steric factors play a grcater role in determining the 
way dichloromethane guest molecules fit into the cavity of 
M5. 


Clathrate formation was observed when M6 and M7 were 
crystallised from pure benzene. In the crystalline state, M6 and 
M7 lie on a crystallographic symmetry element (centrosymmet- 
ric). In the case of M6, two clathrated benzene molecules are 
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Figure 7. Packing in the crystal lattice of the inclusion complex o r M 6  (a) and M 7  
(b) with benzene (hydrogen atoms are omitted for clarity). 


Figure 7, the cavities of M6 and M7 collapse in the crystal 
structure, because the para-substituted spacer molecules are not 
preorganised (unlike the meta-substituted spacer units) and thus 
give more flexibility to the macrocyclic molecules. This cxplains 
why the macrocycles M6 and M7 cannot accommodate ben- 
zenc molecules in their cavities under the conditions described 
here. In the purification of M 6  and M7, some kind of T[. hydro- 
gen bonded molecular inclusion complex must be formed with 
dichloromethane, becausc macrocycles M 3-M 7 showed very 
similar behaviours during crystallisation from the 
dichloromethane/diethyl ether mixture; unfortunately, no 
single crystals of M6 or M7 and dichloromethane were ob- 
tained. 


751 
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Synthesis: Figure 8 depicts the synthesis of the macrocyclic 
ethers shown in Figure 1. The syntheses of macrocycles M1- 
M7 were carried out under high-dilution conditions. Solutions 
of the starting materials were added simultaneously to refluxing 


OH 


M1:27% Q +;a Acetone M 2 :  sideproduct 
Br Br HD OH 


NO, B r l  B r l  


a b C d e 
Figure 8. Synthesrs of symmetrical macrocyclic host molecules 


acetone, and the resulting mixtures were refluxed for 48 h after 
the addition was complete. High-dilution syntheses are normal- 
ly complete shortly after the reactants are added, but aromatic 
halomethyl compounds were found to be moderately unreactive 
towards phenolic hydroxyl groups under these conditions, and 
thus long periods of reflux were needed. The reactions were 
more readily followed by 'H NMR spectroscopy, rather than by 
thin-layer chromatography, which proved to be unreliable. 


Separation: High-dilution synthesis always gives a mixture of 
macrocyclic and polymeric compounds. Templating effects and 
preorganisation of the starting materials usually favor the for- 
mation of particular compounds, but in all cases, separation of 
the different products is needed. In this case, [2 + 21 macrocycles 
M3-M7 could be separated selectively from the reaction mix- 
tures by formation of inclusion complexes with dichloro- 
methane in a diethyl ether solution. Under these conditions, the 
crystallisation of [2 +2] macrocycles M3-M7 was nearly quan- 
titative. Figure 9 gives a schematic representation of how crys- 


+ trirner, tetramer, etc. Crystalline 


Figure 9. Spontaneous separation of [2+2] macrocycles M3-M7 by selective 
recognition of dichloromethane. 
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tallisation of M3-M7 is achieved through selective recognition 
of dichloromethane. NMR spectra showed no signs of impuri- 
ties. [2+2] Macrocycles M3-M7, which are fairly rigid, give 
better separated signals in the 'HNMR spectra (0.05-0.1 ppm 
more shielded), compared to their larger and more flexible ana- 
logues (M43-M46). In the case of symmetrical macrocyclic 
products, elementary analysis does not provide any definitive 
information on the purity of the compounds; in contrast, the 
NMR spectra show whether the [2+2] products are pure or 
whether they contain other macrocyclic compounds as impuri- 
ties. 


A dissolved organic compound may crystallise when its solu- 
bility is changed, either physically by decreasing the tempera- 
ture, or chemically by changing the polarity of the solvent. In 
the case of macrocyclic host molecules, purifications are usually 
performed chromatographically. Chromatographic methods, 
although often useful and versatile, are expensive and time-con- 
suming when used in the separation of compounds that behave 
very similarly. Under particular conditions, it may be possible to 
quantitatively separate a few milligrams of various products by 
chromatographic methods, but for the separation of bulk 
amounts, several chromatographic separation cycles are usually 
needed. 


In this paper, we have described the separation of macrocyclic 
compounds in organic solvents. This phenomenon has already 
been applied to separate cyclodextrins in aqueous solutions. If 
the macrocyclic compound has a cavity that is large enough to 
include one or several solvent molecules, it can form a 
supramolecular system. This complexation will not change the 
physical properties of the macrocyclic compounds. However, if 
the macrocycle contains a functionality that can selectively com- 
plex certain guests in the solvent mixture, crystallisation of the 
inclusion complex may occur, not because the physical proper- 
ties of the macrocycle have changed, but because of the physical 
properties of the supermolecule as a whole. Thus, the purifica- 
tion of macrocyclic compounds from reaction mixtures by mak- 
ing use of host-guest interactions may be an alternative to 
chromatographic purification in certain cases. 


Selective host-guest purification is strongly dependent on the 
functionalities in the macrocyclic hosts. There are no general 
rules for the separation of a given macrocycle by using particu- 
lar solvents, but we are quite confident that, providing the cavity 
of the macrocyclic compound is designed for selective inclusion 
complexation, it should be possible to find the right conditions 
for the supermolecular separation of at least one of the com- 
pounds in almost every case. In our system, [2 + 21 macrocycles 
M 3-M7 could be selectively separated from the reaction mix- 
ture by crystallisation from dichloromethane/diethyl ether. In- 
teractions with the 1 ,I-diphenylmethane functionalities allow 
dichloromethane molecules to be included selectively in the cav- 
ities of the [2+2] macrocycles M3-M7 in diethyl ether solu- 
tions. The supermolecules thus formed then crystallise out spon- 
taneously. In comparison, the cavities of macrocycles M 1 and 
M 2  are quite small, and no obvious functionalities are present 
for selective host -guest interactions. Both compounds crys- 
tallise from the mixture of dichloromethane and diethyl ether. 
but no selectivity is observed during crystallisation. 


There have been many reports on the influence of supra- 
molecular host -guest interactions between two or more mole- 
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cules in crystallographic or NMR investigations, or in the syn- 
thesis of catenanes and rotaxanes. Here we have described how 
this physical phenomenon can be used as a tool for the selective 
separation of certain types of host molecules. 


Conclusions 


This paper describes a method for the purification of macro- 
cyclic host molecules. Selective complexation of a guest mole- 
cule in a solvent mixture can change the physical properties of 
certain macrocyclic ligands through the formation of a super- 
molecule, which may then separate spontaneously from the re- 
action mixture. Thus, supramolecular separation can occur if 
the host macrocycle contains functional groups that allow selec- 
tive guest complexation. We have shown that [2 + 21 macrocycles 
M3-M7 containing 1,l-diphenylmethane moieties can be puri- 
fied through cry stallisation from dichloromethane/diethyl ether 
solvent mixtures, by slow evaporation of the solvent mixture. 


Experimental Section 


General: All chemicals and solvents were reagent grade and used as received. 
2,6-Bis(bromomethyl)pyridine was prepared according to a published proce- 
dure.['6] Other bis(bromomethy1) compounds were prepared from the com- 
mercially available starting materials by bromination with N-bromosuccin- 
imide."" 'H and I3C NMR spectra were recorded on a Jeol JNMGSX270 
FT-NMR spectrometer. All chemical shifts are relative to internal te- 
tramethylsilane. Mass spectra were run on a VG AutoSpec HRMS or a 
Kratos Concept 1 H (FAB-MS) spectrometer. Melting points (uncorrected) 
were measured with an Electrothermal IA9200 apparatus. X-ray data were 
collected on an Enraf-Nonius CAD 4 diffractometer. 


Structure Determination: Colourless crystals of macrocycles M 1 and M 2 
were obtained by slow concentration of a dichloromethane/diethyl ether 
solution mixture and were used for X-ray diffraction analysis. Additionally, 
an attempt to obtain a host-guest complex of M 2  with 1,3-dihydroxyhen- 
zene from a dichloromethane/methanol/hexane solvent mixture led to the 
formation of a crystal lattice of the inclusion complex of M 2  with water. 
Crystallisation of M3, M 4  and M 5  from a dichloromethane/diethyl ether 
(excess) solvent mixture and of M 6  and M7 from a benzene solution also 
produced colourless crystals. Suitable crystals were selected and mounted on 
the diffractometer. The cell parameters were determined by the automatic 
centring of 25 reflections and refined by the least-squares method. Intensities 
were collected with graphite-monochromatised Mo,, [i(Mo,,) = 0.7107 A] 
or Cu,, [~(CU,,) = 1.54178 A] radiation, using the 0428 scan technique. The 
structures were solved by direct methods["] and subjected to full-matrix 
refinement."'] All non H-atoms were refined anisotropically. The hydrogen 
atoms were calculated in their idealised positions and refined as riding atoms. 


Synthesis of 1,l-bis(3,5-dimethyl-4-hydroxyphenyl)cyclohexane: HC1 (35 YO, 
30 mL) was added to a stirred solution of cyclohexanone (36.0 mmol) and 
2,6-dimethylphenol (72.0 mmol), and the resulting mixture was refluxed for 
48 h. After cooling with an ice bath, the reaction mixture was neutralised with 
40% NaOH and extracted with CHCI, (4 x 50 mL). The organic phases were 
combined and dried with Na,SO,. Evaporation of the solvent, followed by 
sublimation of the unreacted 2,6-dimethylphenol, resulted in the isolation of 
8.8 g of a reddish solid; Yield 75%. M.p. 188-190°C; 'HNMR (CDC1,): 
6=1.50(brs,6H,CH,),2.18(~,16H,CH,Ar,CH,),4.43(~,2H,OH),6.85 
(s, 4H, HAr); " C  NMR (CDCI,): 6 = 16.3,23.1,26.6,37.5,44.7,122.4,127.3, 
140.7, 149.7; MS (EI): 324 [ M ' ] .  


General Procedure for Cyclisation: para-Hydroquinone or I,l-bis(3,5- 
dimethyl-4-hydroxypheny1)cyclohexane and the desired bis(bromomethy1)- 
arene (a, b, c, d or e; Figure 8) were each dissolved in 200 mL of acetone, and 
the resulting solutions were added slowly and simultaneously over a period 


of 8 h to a refluxing mixture of K,CO, in acetone (400 mL). The mixture was 
kept at reflux for an additional 48 h and then cooled to room temperature. 
The inorganic salts were filtered off, acetone was removed in vacuo, and thc 
residue chromatographed through a short column on silica gel to separate the 
cyclic compounds from the polymers. 


Macrocycles M 1 and M2:  2,6-Bis(bromomethyI)pyridinc (1.9 mmol). hy- 
droquinone (1.9mmol) and potassium carbonate ( log)  were used in the 
cyclisation reaction. The crude product was chromatographed several times 
on silica gel (diethyl ether) to yield 110 mg of the pure macrocycle M 1; Yield 
27%. M.p.>25O0C; 'HNMR (CDC1,): 6 = 5.11 (s, 8H, CH,) ,  6.59 (s. SH. 
HAr), 7.14 (d, 4H,  HAr), 7.38 (t, 2H,  !far); "C NMR (CDCI,): 6 =71.9. 
116.1. 121.7, 138.5, 152.6, 158.3; HRMS m/z (M+, C,,H,,N,O,): calcd 
426.1580, obsd 426.1578. The reaction gave M2 as a by-product, hut it was 
not possible to purify it completely. Single crystals of M2 were obtained with 
water and dichloromethane, and their structures wcre determined by X-ray 
diffraction, hut no spectroscopic data or physical properties of M2 are avail- 
able. 


Macrocycle M 3 :  1,3-Bis(bromomethyl)benzene ( 1 . 5  mmol). l,l-bis(3,5- 
dimethyl-4-11ydroxyphenyl)cyclobexane (1.5 mmol) and potassium carbonate 
(10 g) were used in the cyclisation reaction. Crystallisation from the 
dichloromethane/dicthyl ether solvent mixture yielded 150 mg of M3; Yield 
23%. M.p.>250"C; 'HNMR (CDCI,): 6 =1.39 (hrs, 12H. CH,) ,  2.09 (s. 
24H,CH3),2.17(brs.8H, CH2),4.81 (s, 8H,CH,0),6.62(s,8H,HA,).7.24 
(~,2H,H~~),7.37(~,6H,H~~);'~CNMR(CDC1,):6=17.7,23.7,27.1,.77.8, 
45.8, 74.9, 128.2, 128.3, 128.5, 129.2, 130.7, 138.3, 144.6, 154.1; HRMS nil: 


( M + ,  C,,H,,O,): calcd 852.5118, obsd 852.5133. 


Macrocycle M4: 2,6-Bis(bromomethyl)pyridine (1.5 mmol). 1,1-bis(3,5- 
dimethyl-4-hydroxyphenyl)cyclohexane (1.5 mmol) and potassium carbonate 
(10 g) were used in the cyclisation reaction. Crystallisation from the 
dichloromethane/diethyl ether solvent mixture yielded 100 mg of M 4: Yield 
15%. M.p.>250"C; 'HNMR (CDCl,): 6 =1.45 (brs, 12H. CH,),  2.12 (s, 
24H,CH,),2.16(brs,8H,CH,),4.88(~,8H,CH,O),6.79(s,RH,El,,),7.56 
(d, 4H,  HAr), 7.80 (t, 2H, IfAr); I3C NMR (CDCI,): 6 = 17.8,23.7,27.2,37.6. 
45.6, 76.5, 121.3, 128.1, 130.5, 138.0, 144.8, 155.1, 158.2; HRMS rn]: (M' ,  
C,,H,,N,O,): calcd 854.5023, obsd 854.5023. 
A FAB mass spectrum of the unpurified reaction mixture showed molecular 
peaks at 855.5 ([M+H] for the dimer M4) and for molecular masses for 
higher macrocyclic ethers (up to hexamer, Figure 10). It was possiblc to 
determine molecular peaks of 1282.7 ([M+H] for the trimer M43), 1709.9 
([M+H] for the tetramer M44). 2138.2 ([M+2H1 for the pentamer M45) 
and 2565.5 ([M+H] for the hexamer M46) from the FAB mass spectra (tee 
structures of compounds M43-M46 in Figure 10). From the 'H NMR spec- 
trum it was not possible to distinguish between the signals of macrocycles 
M43, M44, M45 and M46, but the simplicity of the NMR spectrum together 
with the FAB results proved that no catenanes were formed. 


Macrocycle M5: 1,3-Bis(bromomethyl)-5-nitrobenzene (1.5 nimol), 1.1- 
bis(3,5-dimethyl-4-hydroxyphenyl)cyclohexane (1.5 mmol) and potassium 
carbonate (10 g) were used in the cyclisation reaction. Crystallisation from a 
dichloromethane/diethyl ether solvent mixture yielded 38 mg of MS; Yleld 
5.4%. M.p.>25O0C; 'HNMR (CDCI,): 6 =1.55 (brs, 12H. C N , ) ,  2.25 (s. 
24H,CH3),2.30(brs, 8H,  CH2),4.92(s, 8H,CH,O), 6.95(s, 8H,HA,) ,  7.93 
(s,~H,H~~),~.~O(S,~H,H,,);'~CNMR(CDCI,):S =17.4,23.4,26.8,37.3, 
45.4, 73.1, 121.9, 128.0, 130.2, 112.6, 140.8, 144.9, 148.7, 153.6: HRMS ni/: 


( M + ,  C,,H,,N,O,): calcd 942.4734, obsd 942.4752. 


Macrocycle M6: 1,4-Bis(bromomethyl)benzene (1.5 mmol), l,l-bis(3,5- 
dimethyl-4-hydroxypheny1)cyclohexane (1.5 mmol) and potassium carbonate 
(10 g) were used in the cyclisation reaction. Crystallisation from a dichloro- 
methane/diethyl ether solvent mixture yielded 50 mg of M6; Yield 7.6%. 
M.p.>250"C; 'HNMR (CDCI,): 6 =1.48 (brs, 12H, CH,), 2.04 (s, 32H. 
CH,, CH,), 4.77 (s, 8H, CH,O), 6.69 (s, 8H,  HA,), 7.05 (s, 8H. HA,): ',C 
NMR (CDC1,): 6 =17.1, 23.2, 26.6, 37.3, 45.6, 73.4, 127.8, 128.8, 130.2, 
136.9. 144.4, 152.1; HRMS m/z ( M ' ,  C,,H,,O,) calcd 852.5118, obsd 
852.5133. 


Macrocycle M7:  1,4-Bis(bromomethyl)-2,3-dimethoxyhenzene (1.5 mmol), 
1 ,l-bis(3,5-dimethy1-4-hydroxyphenyl)cyclohexane (1.5 mmol) and potassl- 
um carbonate (10 g) were used in the cyclisation reaction. Crystallisation 
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$J' M43 


M46 


Figure 10. Larger macrocycles detectcd after cyclisation reactioii 


from a dichloromethane/diethyl ether solvent mixture yielded 300 mg of M7: 
Yield 41 "A. M.p.>250"C; 'HNMR (CDCI,): d =1.55 (brs, l 2 H ,  CH,). 
2.10 (s, 24H,  CH,) ,  2.17 (brs, SH, CH,) ,  3.70 (s, 12H, CH,O), 4.89 (s, EH, 
CH,O). 6.76 (s. 12H, Har); "C N M R  (CDC1,): fi =17.0, 23.1, 20.5, 37.1, 
45 3, 60.5. 68.3, 125.3, 127.6, 130.3, 131.8, 144.2, 151.2, 152.6; HRMS nil: 
( M  +. C64H,60xJ :  calcd 972.5540, ohsd 972.5521. 
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Complexes [ (P,)Rh(hfacac)] as Model Compounds for the Fragment [ (P2)Rh] 
and as Highly Active Catalysts for C 0 2  Hydrogenation : 
The Accessible Molecular Surface (AMS) Model as an Approach to 
Quantifying the Intrinsic Steric Properties of Chelating Ligands 
in Homogeneous Catalysis** 


Klaus Angermund, Wolfgang Baumann, Eckhard Dinjus, Roland Fornika, Helmar Gorls, 
Magnus Kessler, Carl Kruger, Walter Leitner,* and Frank Lutz 


Abstract: The complexes [ (P,)Rh(hfacac)] 
1 [P, = R,P-(X)-PR,] are introduced as 
model compounds for the investigation of 
the intrinsic steric properties of the 
[(PJRh] fragment. The ligand exchange 
processes that occur during the syntheses 
of 1 from [(cod)Rh(hfacac)] and the ap- 
propriate chelating diphosphanes 3 were 
studied by variable-temperature multinu- 
clear NMR spectroscopy. The molecular 
structures of eight examples of 1 with sys- 
tematic structural variations in 3 were de- 
termined by X-ray crystallography. The 


steric repulsion of the PR, groups within 
the chelating fragment was found to sig- 
nificantly influence the coordination ge- 
ometry of [(P,)Rh], depending on the 
nature and length of the backbone (X). 
A linear correlation between the P-Rh-P 
angles in the solid state and the lo3Rh 


Keywords: carbon dioxide activation * 


homogeneous catalysis ligand effects 
* molecular modeling * rhodium 


chemical shifts reveals a similar geometric 
situation in solution. A unique molecular 
modeling approach was developed to de- 
fine the accessible molecular surface 
(AMS) of the rhodium center within the 
flexible [ (PJRh] fragment. The potential 
of this model for application in homoge- 
neous catalysis was exemplified by the use 
of 1 as catalysts in a test reaction, the hy- 
drogenation of CO, to formic acid. Com- 
plexes 1 were found to be the most active 
catalyst precursors for this process in or- 
ganic solvents known to date. 


Introduction 


The fragment [ (P,)Rh] (P, = chelating bidentate diphosphane 
of general formula R,P-(X)-PR,) plays a crucial role in a 
plethora of catalytic reactions, and the controlling influence of 
the chelating phosphane ligand on the activity and selectivity of 
such transformations is well documented."] Understanding 
these effects on a molecular level is complicated by the fact that 
the fragment [(P,)Rh] cannot be considered a rigid unit during 
catalysis, as it responds to steric and electronic interactions with 
other ligands. Surprisingly, only a few attempts have been made 
so far to elucidate the intrinsic influence of structural changes in 
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[**I Activation of Carbon Dioxide, Part 9. For Part 8, see ref. [lOd]. 


the phosphane moiety on the coordination geometry of the 
naked fragment [(P,)Rh] and to correlate these changes with 
spectroscopic data, reactivity, or even catalytic properties. 


Tolman's classical approach to describing structural effects in 
homogeneous catalysis has found wide application for 
monodentate phosphanes, but has severe limitations when ap- 
plied to polydentate chelating ligands.[21 One major drawback is 
the difficulty of taking into account the P-M-P angle (bite an- 
gle), which has arguably a strong influence on the reactivity of 
metal chelate complexes. Recent promising approaches to this 
problem include the experimental and theoretical work by Hof- 
mann et al., who were able to rationalize aspects of the stoichio- 
metric and catalytic chemistry of [(PJRhCI] fragments in terms 
of the P-Rh-P angle.[31 Casey et al. have introduced the concept 
of natural bite angle, which proved to be a useful tool for the 
discussion of the relative stability of competing intermediates 
that lead to linear or branched aldehydes in rhodium-catalyzed 
hydrof~rrnylation.[~] 


As part of our ongoing interest in rhodium-catalyzed hydro- 
genation of C0,[5-71 and in understanding the role of phos- 
phane ligands in homogeneous catalysis,[', we havc systemat- 
ically investigated the influence of structural changes in 
chelating ligands on the coordination geometry of the [(P2)Rh] 
fragment and attempted to correlate the results with catalytic 
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activity in the above-mentioned reac- 
tion. Here we give a full account on our 


r-- \ ,OY. %'̂  approach, which is based on the synthe- 
sis of complexes [(P,)Rh(hfacac)] 1 


cF3 (hfacac = hexafluoroacetylacetonate) 
as models for the naked [(P,)Rh] moi- 
ety and utilizes a combination of X-ray 
crystal structure analysis, lo3Rh NMR 


spectroscopy, and molecular modeling. A key feature is the 
introduction of the concept of accessible moleculur surface 
(AMS) for catalytically active transition metal centers,[91 which 
represents a unique method for quantifying the intrinsic steric 
properties of a chelating ligand in homogeneous catalysis. 


Rh , 
\ - / 'OL' 0' '"@ 


1 


tion process by variable-temperature NMR spectroscopy. The 
chelating phosphane Me,P(CH,),PMe, (3d) was chosen as the 
ligand in this study for practical reasons. 


Phosphane 3d undergoes an instantaneous reaction when it is 
injected as a neat liquid into a THF solution of 2 at 210 K, as 
shown by the absence of the signal for free phosphane in the 31P 
NMR spectrum. Three new signals appear in the spectrum, all 
of them doublets owing to coupling of two chemically equiva- 
lent 31P nuclei with a lo3Rh center (Figure 1). As suggested by 
the yellow color of the solution, the neutral complex 1 d is only 
present in very small amounts, indicated by a weak signal at 
6 = 54.4 (cf. Table 1). The main phosphorus-containing 


Complexes 1 appeared to be especially attractive for this in- 
vestigation as we expected them to be readily accessible for a Table 1. Selected spectroscopic data [a] of complexes [(P,)Rh(hfacac)] 1. 


4x1- R 6(31P) 'JRhp 6 6 ( 'HI  6 ('9F) h,, (nm) wide variety of ligands. Furthermore, little steric and electronic 
interaction between the phosphane moiety and the hfacac ligand 'lgand (Hz) (103Rh) 


was cxpected in these compounds. Finally, complexes 1 have 


complex 


a (CH& Ph 72 1 196 438 6 19 -76 1 400,343, 
been shown to be highly active catalysts for CO, hydrogena- 272 


(CH& Cy 91.6 196 368 6.04 -76.5 425, 326, tion,['"] and the corresponding mechanism is well under- ,, 
stood.["] 274 


C (CH,), iPr 101.2 195 323 6.05 -76.2 409, 326, 
274 


Results and Discussion d (CH,), Me 54.4 192 370 6.02 -76.5 n.d. lcl 


e (CH& Ph 37.0 183 567 5.98 -76.3 272 


(CHI), Ph 48.6 191 646 5.94 -77.2 399, 331, 
I(P,)Rh(hfacac)J (1): 272 


Synthesis qj'complexes I :  The replacement of labile olefin lig- ( C H Z ) ~  Cy 54.1 193 845 6.18 -76.2 431,324, 


ands in square-planar rhodium 1,3-diketonate complexes by 


Syntheses, structures, and catalytic properties of complexes 


270 


- phosphane ligands appears to be a straightforward pathway to h (CH,), Ph - lbl - - -  - 


neutral complexes of general formula [(P2)Rh(l,3-diketo- i (CH& Ph 44.2 195 841 6.07 -76.1 n.d. [cl 


nate)]." '1 If, however, [(cod)Rh(hfacac)] (2) is treated with one 
equivalent of the chelating phosphane Ph,P(CH,),PPh, 3a  at 
room temperalure, the desired neutral complex 1 a is only ob- 
tained as the minor phosphorus-containing product and forma- 
tion of the ionic complex [(3a),Rh][hfacac] 4 a  is preferred 
(Scheme 1) .I1 We found that the formation of 4a can be sup- 
pressed if the phosphane is added slowly as a solution at low 
temperature and the reaction mixture is then allowed to warm 
to room temperature. A ratio of 1 a to 4a  of 23: 1 was obtained 
when the addition was carried out at -6O"C, and 4 a  was not 
detectable in the crude product by 31P NMR when an initial 


450 6.05 -76.3 382,273 a Ph 74.3 lg5 


CK 696 5.84 -76.4 340,272 Ph 42.3 193 I 


932 6.03 n.d. [c] nd.[  c] Cy 47.6 197 


825 5.93 -76.2 n.d. [c] 


% 
Ph 52.1 205 


2 5  


45- 
iPr 64.5 [dl 205 [dl I012 6.10 -76.3 429,329, 


reaction temperature of - 78 "C was used. 27 1 


In these experiments, we observed that the typical dark red- 
brown color of the neutral complex 1 a started to appear only at 
temperatures above - 2o OC, The above results indicate, how- 
ever, that the product distribution is influenced by the tempera- 


[a] All measurments in THF solution. [b] Mixture of unidentified products. 
[c] n.d. = not determined. [d] These values replace those given in [7a]. 


ture at which phosphane is added even well below this starting 
point. This discrepancy prompted us to investigate the substitu- product of the reaction of 2 with 3d  at 210 K is characterized by 


a resonance at 6 = 38.3 ( J  = 
145 Hz). These values are typical 


CF3 Phn CF3 Ph2 Ph2 7 + cJ- for cationic olefin complexes 
[ (P,)Rh(cod)]+ , and the product 
was identified as the cation 


CF3 A or Phn CF3 Phr Ph2 C F ~  [(3d)Rh(cod)]+ (5d+) by com- 
parison of its 'H, 13C, and 31P 
NMR data with those of the 


room temperature; see text for details. synthesized independently." 31 


* 
Ph*P-(CH&-PPhz 3a 


THF / \  


2 l a  4a 


Scheme 1. Phosphorus-containing products obtained from the reaction of 2 with Ph,P(CH,),PPh, 3a: A) Addition of 3a 
as a solid in oue portion at room temperature; B) dropwise addition of 3a in THF at low temperature and slow warming to [(3d)Rh(c0d)l[cF3s031 
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The doublet centered at 6 = 36.8 is readily assigned to the cation 
[(3d),Rh]+ (4d') by comparison with literature data.['41 


Figure 1 illustrates the changes in the distribution of the phos- 
phorus-containing products on warming the reaction mixture 


I d  


__ 290 270 320-i-i:iT K K 


210K , h__ 


_--_I- 


___-___- ~ 


resonances at 6 = 5.56 and 5.50, respectively. The chemical shift 
of the hfacac anion is somewhat temperature-dependent ; the 
values vary from 6 = 5.34 at 210 K to 6 = 5.72 at 300 K. 


An additional proton signal at 6 = 4.28 together with a corre- 


4d' 


I 
I I I '-7 r---7 I -r-7 , , , , , r- 1 _- 


55 50 41, 40 31, J0 25 6 


Figure 1. "P NMR spectra of the reaction mixture resulting from addition of neat 
Me,P(CH,),PMe, 3d to a [DJTHF solution of 2 at 210 K and subsequent warming to 320 K. 


lated (2D(l3C,'H} HETCOR experiment) dou- 
blet in the 13C NMR spectrum at 6 =79.1 
['J(RhC) = 14 Hz] indicates the presence of a 
phosphane-free complex containing coordinated 
cod, since these values are identical to those of 
the starting material 2 .  The presence of unreact- 
ed 2 is anticipated on the basis of the formation 
of the doubly phosphane-substituted cation 
5d+ and the 1 : 1 stoichiometry of the reactants 
2 and 3d. However, the characteristic resonance 
at 6 = 6.19 for coordinated hfacac in 2 is not 
detectable in the 'H NMR spectrum at 260 K. 
This is probably due to a fast exchange process 
between free hfacac and 2, indicated by the 
appearance of a very broad signal around 
6 = 6.2 below 220 K. This exchange may also 
serve as an explanation for the temperature de- 
pendence of the signal for "free" hfacac de- 
scribed above. 


stepwise to 320 K. The relative ratio of 4d' to the sum of 1 d and 
5d' remains constant over the whole temperature range. The 
cationic olefin complex 5d' is slowly converted to neutral 1 d, 
which becomes the major component above 280 K (Scheme 2). 


The 19F NMR spectra also indicate such an exchange pro- 
cess. At 260 K only two types of signal are present in the region 
typical for hfacac moieties. Taking into account the temperature 
dependence of the 19F signals, the smaller sharp resonance at 
6 = - 76.2 can be assigned to coordinated hfacac of 1 d, while 
the larger, slightly broadened signal at 6 = - 76.7 results from 
free hfacac and 2. At 210 K this signal splits into two broad 
resonances at 6 = - 75.5 and - 76.9. 


Substitution reactions of square-planar [(I ,3-diketonate)- 
Rh(olefin),] complexes have been studied in some detail over the 
last few years. It has been reported that the 1,3-diketonate lig- 


39.2 210 K 1 and can be exchanged for other diketonate compounds[""] or 
substituted by nitrogen donor ligands.['sb~C1 On the other hand, 


10.1 260 K 1 
the 1,3-diketonate moiety is regarded as a nonlabile spectator 


3.7 270 K 1 ligand in olefin exchange['61 or olefin substitution by CO and 
1 290 K 2.1 phosphorus donor ligands.'"] All these reactions were found to 


M e 2  / F3C 


F3C Me2 F& M e 2  


1 
F3C p --0 [y(2 %=====+ Temp. t:i.:gS + 2 


5d + I d  


1 320 K 12.6 


Scheme 2. Changes in the ratio of complexes 5d' and 1 d upon gradual warming of 
the reaction mixture obtained from addition of Me,P(CH,),PMe, 3d to 2 in 
[DJTHF at 210 K. 


The process is partly reversible, as demonstrated 
by gradually cooling the mixture from 320 to 
240 K. The signals assigned to 5d+  grow again, 
although more slowly than they disappeared dur- 
ing warming. 


The low-field region of the 'H NMR spectrum 
(Figure 2) of the reaction mixture at 260 K pro- 
vides additional evidence for the equilibrium 


proton signal of coordinated hfacac in I d  at 
6 = 6.03 and the olefinic protons of coordinated 
cod in 5d' at 6 = 5.18 leads to a ratio of 5 d +  and _ ~ _ ~  , r~..~ , -1-_--7-I , ~ ~ ~ ~ . ~ ~ ~ ~ -  ~,~~ 


shown in Scheme2. Integration of the methine 


I d  that is in reasonable agreement with that ob- 6 6.0 5.5 5.0 4.5 4.0 


tailled from 31p NMR. In addition, the presence 
of noncoordinated hfacac and cod is indicated by 


Figure2. 'HNMR spectrum of the reaction mixture resulting from addition of neat Me,P- 
(CH,),PMe, 3d to a [DJTHF solution of 2 at 260 K. 
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proceed by associative pathways involving five-coordinate 
intermediates." ', '', 1 6 ]  Th ese processes are of course re- 
vc r~ ib le~"~  and our results clearly demonstrate that the "labile 
ligand" in 2 is therefore very much a matter of the actual reac- 
tion conditions. This unprecedented and somewhat unexpected 
observation should be kept in mind when catalysts are prepared 
in situ from complexes of type 2 and additional ligands. 


The success of our synthetic procedure on a preparative scale 
can therefore be traced to the initial clean formation of 5d+,  
which is subsequently converted to 1 d. Thus, following the pro- 
cedure B outlined in Scheme 1, 2 was reacted with a variety of 
ligands RZP(CH2),,PR2 ( n 2 2 ;  R = Me, iPr, Cy, Ph) 3a-i, and 
the neutral complexes l a - i  were obtained as red-brown glassy 
solids without formation of appreciable amounts of ionic com- 
plexes 4a-i in all cases (Table 1). Only the phosphane 
Ph,P(CH,),PPh, 3 h  failed to give an isolable complex I h. The 
synthesis was also successful for the preparation of complexes 
11-0, in which the two phosphorus donor atoms are linked by 
backbone groups othcr than (CH,), chains. Complexes 1 a-o 
were crystallized from diisopropyl ether or acetone and fully 
characterized by NMR, UV, and mass spectroscopy (Table 1 
and supplementary material). X-ray crystal structure analyses 
(see section on solid-state structures of l a - g  and l o )  and ele- 
mental analyses were carried out for selected examples. 


Spectroscopic properties of complexes 1 a-o: The compounds 
1 a-o exhibit typical spectroscopic data for square-planar 1,3- 
diketonate complexes of rhodium." l6I All complexes 1 a-o 
show peaks for the molecular ion in the EI MS spectra. In 
addition, loss of the hfacac ligand is observed as a fairly general 
fragmentation pathway (see supplementary material). The 31P 
NMR resonances of 1 a-o are shifted downfield compared to 
the free ligands, whereby the magnitude ofthe downfield shift 
AS depends on the size of the chelate ring. The ring contribution 
AR to this shift[181 can be calculated for the chelating diphos- 
phane ligands Ph,P(CH,),PPh, on the basis of A6 = 62.7 for 
Ph,PMe (6 = - 26.1) and [(Ph,PMe)Rh(hfacac)] (6 = 36.6). 
The AR values are 20.2 for n = 2, - 10.0 for n = 3,0.2 for n = 4, 
and 3.1 for n = 6, and thus follow the typical pattern described 
by Garrou.["] The chemically equivalent 31P nuclei give rise to 
doublcts with coupling constants 'J(RhP) between 180 and 
205 Hz, as expected for Rh(i) compounds with oxygen trans to 
phosphorus.['"] The I9F and 'H  resonances of the hfacac ligand 
vary only slightly with the phosphane ligand. The same is true 
of the I3C NMR data (see supplementary material) of this frag- 
ment. Chemical shifts of insensitive transition-metal nuclei, par- 
ticularly lo3Rh, are readily accessible in phosphane complexes 
by multiquantum-filtered two-dimensional 31P-detected NMR 
spectroscopy (so-called inverse two-dimensional shift correla- 
tion),[*'. 2 1 1  and a growing body of data is now available.[20. 221 
Thc values for 1 a-o are in the range expected for square-planar 
1.3-diketonate complexes,[16a, 2 0 ,  22c1 but remarkable variations 
are observed on varying the ligand structure, with lo3Rh chem- 
ical shifts between 6 = 323 and 1012. The exact 6 values depend 
both on the groups Rand on the nature of the backbone (X) (see 
below). 


The UV spectra ofcomplexes 1 a-o show three weak bands at 
approximately 400-430, 320-340, and 270 nm. The lonp-wave 
absorption is fairly broad and in some cases is not visible. Al- 


though UV data of square-planar transition metal complexes 
containing 1,3-diketonate ligands do not necessarily give direct 
information on the d-d transitions,[231 a linear correlation be- 
tween S(Io3Rh), I/AEd-d, and LmdX has been observed in com- 
plexes [(olefin),Rh(l,3-diketonate)] . f i 6 a i  No correlation of this 
type is found for la-o,  as only variations of the groups R in 
3a-o have a significant impact on 1.,,,, while the bridging 
group X seems to be of minor importance. 


Solid-state siructures of 1 a-g and l o :  Crystals suitable for X- 
ray crystal structure analysis were obtained for the starting ma- 
terial 2[241 and complexes 1 a-g[7a1 and lo."". 2 5 1  Selected bond 
lengths and angles are given in Figure 3 and Table 2. All com- 


C6 
0 1  


Figure 3. Molecular structure of [(cod)Rh(hfacac)] 2 as determined by single-crys- 
tal X-ray analysis. One of the two independent niolecules in the unit cell is depicted. 
The fluorine atoms are in  statistical disorder; only one of three arrangements is 
shown for clarity. Selected bond lengths [A] and angles [ 1: R h - 0  2.068(4). Rh-C 


81.9(3). 
2.110(8). 0 - C  1.259(8), C=C 1.37(1), 0 - R h - 0  89.8(2). (C=C)-Rh-(C=C) 


Table 2. Selected structural features of complexes [(P,)Rh(hfacac)] 1 a-g and 1 n obtxined 
from X-ray crystal structure analyses. 


Complex Rh-P [A] [a] P-Rh-P [ ' j  K h - 0  [A] [a] 0 - R h - 0  [ ' I  C - 0  [A] [a] P-Rh-P. 
0 - R h - 0  [ ] 


2.191 (1) 
2 193(1) 
2.182(2) 
2.184(2) 
2.176(1) 
2.194 (2) 
2.206(1) 
2.224 (2) 
2.228(1) 


84.34(3) 


86.01 (7) 
86.15 (8) 
85.08 ( 5 )  
90.77(6) 
93.08(3) 
98.93 (6) 
YY.95 ( 3 )  


x4.97 (2) 
2.100 (2) 
2.101 (2) 
2.089 (4) 
2.096(4) 
2.097 (2) 
2.097 (4) 


2.087(4) 
2.094(2) 


2.088(2) 


87.34(10) 
87.30 (7) 
87.5(2) 
87.5(2) 
88.5(2) 
86.53 ( 1 )  
86.95(8) 
87.7(2) 
87.41 (8) 


1.253(4) 
1.250 ( 3 )  
1.246 (8) 
1.253 (7) 
1.240 (5) 
1.248 (7) 
1.256(4) 
1.262 ( 7 )  
1.254(3) 


3.0 
7.6 
4.9 
2.1 
0 
3.8 
1 1  
5.1 
8 4  


[a] The mean value of the two distances IS given, the difference is less than 0.01 A in all cases. 
[b] Two independent molecules in the unit cell that differ in the ring puckering of the 
five-membered chelate. [c] Ref. [25] 


pounds crystallize without incorporation of solvent in ccn- 
trosymmetric space groups. Statistical disorder of the CF, 
groups is observed in 2, 1 a-c, and l o .  Two crystallographically 
independent molecules are observed for 2 and 1 c diffcring in the 
relative arrangement of the disordered CF, groups and the 
puckering of the five-membered chelate ring. 


The starting material 2 crystallizes in an orthorhombic system 
(space group Pbca). The 16-electron spccics 2 exhibits an ideal 
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square-planar coordination of rhodium by two C=C double 
bonds from cod and two oxygen atoms from hfacac (Figure 3). 
The first coordination sphere is almost identical to that ob- 
served in related complexes [(cod)Rh{RC(O)CHC(O)R')] with 
R = R' = HrZh] or R = H and R' = CF3.['ld1 The observed 
C=C bond lengths do not allow the discussion of different back- 
bonding[16a1 for this scries of complexes within experimental 
error. 


The replacement of the cod ligand in 2 by a chelating phos- 
phane results in a slightly elongated R h - 0  bond and a some- 
what compressed 0 - R h - 0  angle, as illustrated by the molecular 
structurc of complex 1 d in Figure 4 and further outlined in 


Figure 4. Molecular structure of [(3d)Rh(hfacac)] 1 d as determined by single-crys- 
tal X-ray analysis. The fluorine atoms are in statistical disorder: only one of three 
arrangements is shown for clarity. For selected bond lengths and angles, see Table 2 .  


Table 2. Within the series of phosphane complexes 1, however, 
the coordination geometry of the hfacac moiety remains re- 
markably constant; mean values of 2.094(7) A and 87.4(5) are 
observed for the R h - 0  distance and the 0 - R h - 0  angle. Thus, 
the 0 - R h - 0  angles in complexes 1 a and 1 f a r e  almost identical 
[87.34(10) and 86.95 (8)"], whereas the P-Rh-P angle incrcases 
from 84.34(3) to  93.08(3)". The different basicities of the PR, 
groups in la-d are not reflected in the R h - 0  or  C=O bond 
Icngths. 


Furthermore, the complexes show only very small deviations 
from an ideal square-planar arrangement, whereas considerable 
distortions are observed when steric interactions between PR, 
groups and other ligands such as cod or additional phosphanes 
occur in four-coordinate rhodium complexes.[27' These con- 
stant features in the coordination geometry of complexes 1 re- 
gardless of variations in the phosphanc ligand indicate that the 
hfacac moiety hardly interferes with the phosphane ligand. Thus 
changes in the coordination geometry of the [ (P,)Rh] fragment 
can be considered to reflcct the intrinsic s ~ i c  properties of the 
chelating phosphane ligand.r281 


The five-membered chelate rings of fragments [{R,P(CH,),- 
PR,}Rh] in the solid-state structures of 1 a-d can be classified 
into two types of a twist conformation (I d, 
lc), and a n  envelope conformation. In the latter, the carbon 
atom C1 in the backbone is located cither slightly above (1 b, 
1 c') or below (1 a) the P-Rh-P plane. A Cremer and Pople anal- 


ysisr3'. 3'1 of thc structural data of 29 compounds containing 
46 chclate rings formed with ligands 1 a-d on rhodium found in 
the Cambridge Structure Database[321 revealcd no systcmatic 
prefercnce for either type of conformation depcnding on the 
groups R ;  steric intcractions with other ligands and packing 
effects obviously play a major role. 


/ \  0 


twist 


v 
envelope 


Apart from these conformational changes, the coordination 
gcometry shows vcry littlc variation throughout the range of 
complexes 1 a-d bearing five-membered chelate rings a t  thc 
metal center. The Rh--P bond lengths and P-Rh-P angles do not 
reflect the changes of R in these complexes to a large cxtent. 
Using simple electronic arguments, one would expect that more 
basic trialkyl phosphorus ligands should exhibit shorter Rh-- P 
distances than the bisaryl congeners. A significant shortening is, 
however, only observed for the sterically least demanding ligand 
3d. The Rh-P distanccs in 1 a and 1 bare  identical within exper- 
imental error. 


If the backbone chain is elongated with idcntical groups R at 
the phosphorus atom, the expected increase in the P-Rh-P angle 
is observcd, as illustrated by l a  (84.3"). le (90.8 ) and I f  
(93.1"). In contrast to five-membered chelates, the rcplaccment 
of phenyl by cyclohexyl in R,P(CH,),PR2 results not only in 
conformational changes, but also in a considerable incrcase of 
the P-Rh-P angle from 93.1 ( I f ,  boat) to 98.9' ( l g .  twisted 
boat). This is accompanied by an increase in the Rh-P distance, 
contrary to what would be expected if thc structure was dorni- 
nated by phosphane basicity. Comparison of the couples 1 a/b 
and 1f/g illustrates how the substitution of phenyl by cyclo- 
hexylLgroups which are identical in terms of classical ligand 
parameters such as electronic properties and steric bulkb may 
lead to considerably different effects on the overall geometry of 
the P,Rh fragment. 


These data lead to the conclusion that steric repulsion of the 
two R,P groups within thc chelate fragment has a significant 
influence on the P-Rh-P angle in fragments [(Pz)Rh].[331 A 
(CH,), bridge acts as a rather rigid "spring" and does not allow 
variation of the P-Rh-P anglc. The incorporation of more than 
two CH, groups in the backbone allows larger and more vari- 
able anglesr4' and the two PR, groups can more rcadily increase 
their separation. The fcrrocenyl bridge in 1 o naturally provides 
a wider spacer and may also offer some flexibility in the P-Rh-P 
angle, although this differs from the torsion modes in alkyl 
chains.[34' In line with these considerations, a linear correlation 
( r  = 0.943) is observed between the Rh-P distanccs and the 
P-Rh-P angles in structurally characterized complexes of type 1, 
as shown in Figure 5 .  An alternative mode of increasing the 
P-Rh-P anglc by stronger attraction of the Rh atom into the 
chelate ring through stronger Rh-P bonds would result in a 
simultaneous shortening of the P- Rh distance. 
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2.20 


2.19 +: 
2.1 8 I C  


+ f  


I e  


I d  
2.17 , , , . I , , ,  


80 85 90 95 100 105 


P-Rh-P-angle ['I 
Figure 5 .  Correlation between the P-Rh-P angles and the P-Rhdistances as deter- 
mined from solid-state structures of complexes [(P,)Rh(hfacac)] 1 a-g and lo .  


Complexes 1 as catalysts f o r  CO, Iiydrogenation: Complexes 
1 a-o are excellent catalysts for the hydrogenation of CO, to 
formic acid in dipolar nonprotic solvent systems [Eq. (1); 
DMSO/NEt, 5:1, T = 298 K, p = 40 bar] and maximum 
turnover numbers (total moles of HCOOH per mole of Rh, 
TON) of over 3000 have been re~0r ted .L~~.  lod1 Here, we wish to 
concentrate on the changes in the rate (turnover frequency, 
TOF) of formic acid production (Figure6) observed upon 


0 100 200 300 400 500 


t [minl 
Figure 6 .  Increase of formic acid concentration during catalytic hydrogenation of 
CO, withcatalysts[(P,)Rh(hfacac)] l b ,  If,and l g ( 2 . 5 ~  molL-')in DMSO/ 
NEt, (5: 1) at 40 bar total pressure H,/CO, (1: 1) and 25 "C. 


structural changes within the chelating phosphane fragment in 
complexes of type 1. These changes can be utilized to quantify 
the ligand effects on the catalytic properties of the rhodium 
centers. 


DMSO/NE13 (5:1), catalyst 1 


T:= 298 K, p = 40 bar 
H,+CO, T==- - HCOOH 


The initial rates of reaction are obtained by linear regression 
of the early part (< 10 % of equilibrium concentration) of the 
concentration/time profiles as described in detail elsewhere.['0d1 
They are readily converted to maximum TOFs by taking into 
account the given rhodium concentration. TOF values obtained 
under identical reaction conditions can then be used directly to 
compare the activities for complexes 1. The characteristic cata- 
lytic data for selected complexes 1 are listed in Table 3. 


Table 3. Characteristic catalytic data for complexes of [(P,)Rh(hfacac)] 1 and cal- 
culated structural features for the corresponding fragments [(P,)Rh]. 


k a Ph 


I Ph 


m 


n e- Ph 


0 G- iPr 


&- 


170 


77 


95 


20 


300 


565 


1335 


- Id1 


182 


162 


86.9 


84.8 


83.4 


84.8 


90.9 


93.4 


99.6 


99.5 


87.3 


95.0 


n.d. [el 102.3 


n.d. [el 99.0 


687 104.8 


83.26 


84.75 


85.27 


84.15 


88.79 


91.13 


97.94 
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2.195 


2.221 


2.182 


2. I85 


2.196 


2 214 


2.213 


2.235 


7.578 


7.604 


7.564 


14.007 


5.704 


4.654 


4.175 


4.663 


9.567 


6.784 


6.39 


4.356 


4.493 


- 
[a] From 6('03Rh) according to Equation (3). [h] From molecular modeling [9]. 
[c] AMS = accessible molecular surface; see text for details. [d] Rapid deactivation 
during the early stage of catalysis. [el n.d. = not determined. 


All complexes 1 tested as catalysts for CO, hydrogenation 
started the reaction with maximum rate from the beginning, 
since the catalytic species is formed directly under the given 
conditions." OC, dl The observed changes in catalytic activity can 
thus be considered intrinsic ligand effects for the [(P,)Rh] frag- 
ment, in contrast to the situation encountered with in situ cata- 
lysts, where the influence of the ligand on the formation of the 
active species may interfere with effects on the active center 
during catalysis.[7b1 


One might argue that ring opening of the [(PJRh] fragment 
could also play a role in defining the catalytic activity, either by 
deactivation through formation of oligomeric species[351 or by 
activation through providing open coordination sites.[361 In the 
case of deactivation, one would expect to observe nonlinear 
effects on the reaction rate upon varying the catalyst concentra- 
tion. This has been excluded experimentally for 1 e['Odl and 1 f. 
Furthermore, the equilibrium concentration of formic acidIhb1 
was reached after appropriate reaction times and no deactiva- 
tion of the catalysts 1 was observed over the course of the reac- 
tion, except with 1 i. The most likely pathway of catalyst deacti- 
vation in this case is formation of catalytically inactive Rh"' 
species by intramolecular C-H activation.[371 Activation of the 
catalyst through P dissociation seems highly unlikely to be of 
major importance as only 16-e- and 14-e- species are involved 
in the catalytic cycle of CO, hydrogenation with complexes 
1,[ lodI  so that enough open coordination sites are available with- 
out phosphane dissociation. 
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The TOF values observed with fragments [(PJRh] range 
from 20 h-'  for Id  to 1335 h- '  for lg-a 67-fold increase in 
relative activity. Complexes with five-membered chelate rings 
la -d  and l k  show TOF values not exceeding 200 h-I.  The 
complex 1 g, which contains a cyclohexyl-substituted seven- 
membered chelate ring, is the most active catalyst described so 
far for the hydrogenation of CO, to formic acid in organic 
solvents.[51 In general, the activities of complexes 1 are consider- 
ably higher than those observed with in-situ catalysts formed 
from [{(cod)Rh(p-Cl},] and the same l i g a n d ~ . ~ ~ ~ ]  


- 
:' . 9 


- I = 0.970 


- 
:.'. f 


... i e 
- 


- 
.a  ,.:' 


b ,m'c 
- 


. d  - 
, . I . , , , ,  


Correlation between structural properties, spectroscopic data and 
catalytic behavior of complexes [ (P,)Rh(hfacac)] (1) : 
The A M S  model for  homogenous catalysts: The results of the 
X-ray crystal analyses reveal that the coordination geometry at 
the rhodium center in [(PJRh] is largely determined by steric 
factors.1281 In order to discuss catalytic properties on the basis 
of this finding, it is necessary to ensure that this situation also 
prevails in solution. A potentially sensitive probe for the 
changes in coordination geometry of metal complexes in solu- 
tion is the chemical shift of the central metal atom, since the 
magnetic shielding and hence the chemical shift of a transition- 
metal nucleus is mainly determined by the paramagnetic contri- 
bution op in the Ramsey model [Eq. (2)] .I2', 3 8 1  Changes in the 
coordination geometry are related to all parameters determining 
op, whereas electronic changes can be expected to influence 
mainly AEd-d. 


Dominance of steric over electronic effects has been observed 
for olefin complexes of rhodium that contain monoden- 
tate[20c, 22f1 and bidentate[22a,',i] phosphane ligands. In the case 
of complexes 1 with P-Rh-P angles larger than 80",[391 the direct 
linear correlation between the P-Rh-P angles obtained from 
X-ray analyses and S( lo3Rh) strongly suggests that the coordi- 
nation geometry is also the dominant factor determining the 
lo3Rh chemical shifts in complexes l a - o  (Figure 7). A mathe- 
matical expression of the correlation ( r  = 0.970) is given in 
Equation (3). The P-Rh-P angles calculated according to Equa- 
tion (3) for complexes of type l where no X-ray data are avail- 


1100 ,  , 1 , I * I ~ ( , I 


1000 1 4 


L ( P-Rh-P) 1'1 
Figure 7. Correlation between P-Rh-P angles as obtained from X-ray crystal struc- 
ture analyses and Io3Rh NMR shifts in complexes [(P,)Rh(hfacac)] 1 a-g and l o .  


able are in reasonable agreement with angles predicted from 
molecular mechanics, except for complex 1 m (Table 3). 


(3) 


The chemical shifts of Group 9 transition metals have been 
successfully correlated to rates and selectivities of stoichiomet- 
ric['6a,40] and catalytic[22b* 411 reactions, whereby mostly direct 
electronic interactions were used to explain the observed rela- 
tionships. Based on the relationship between 6('03Rh), P-Rh-P 
angle, and catalytic activity observed for complexes 1 a-g and 
l o ,  we have suggested that both the size of the P-Ph-P angle and 
the internal flexibility of the chelate ring are of major impor- 
tance for the catalytic behavior of complexes 1 in CO, hydro- 
genati~n.[~"' 


This view is now further supported by the catalytic activities 
observed with 1 k and 1 I, in which a relatively rigid phenyl ring 
is incorporated in the (CH,), backbone of 1 a and 1 f, respective- 
ly. Complex 1 k shows a catalytic activity similar to 1 a as expect- 
ed from the fact that both ligands 3 a  and 3k adopt similar 
P-Rh-P angles and five-membered chelate rings in general show 
only limited geometrical flexibility (see above). The P-Rh-P 
angles in I f  and 11 are also very similar, but the perturbation of 
the possible internal movements of the flexible (CH,), bridge 
leads to a sharp decrease of catalytic activity in 1 I compared to 
1 f. 


In search for a model that could give a concise description of 
all these sterically relevant parameters, the concept of the acces- 
sible molecular surface (AMS)[91 has been developed for the 
present system. The basic idea of this model is to combine the 
simplicity and clarity of a purely steric model with the computa- 
tional ability to describe the steric properties in a more general, 
conformationally dependent form. The AMS analysis for a ho- 
mogeneous transition metal catalyst in general consists of three 
basic steps: 1) exploration of the conformational space of the 
active fragment, 2) superposition of selected relevant struc- 
tures, and 3) analysis of the resulting "pseudo-dynamic'' struc- 
ture. Ultimately, correlations between the data obtained in 
step (3) and activities or selectivities in catalytic reactions may 
be established. Such correlations, although purely empirical in 
the first place, may then help to rationalize the observed ligand 
effects and lead to the development of more efficient catalysts. 


In the present case, molecular mechanics were used to explore 
the conformational space of complexes 1, since extended force- 
field parameters could be extracted from the X-ray data for 
l a -g  and l o  as a broad and reliable basis. Systematic search 
procedures based on an extended Tripos force field have been 
applied by using torsion angle increments of 10" for ring bonds 
and 30" for other single bonds. Maximum deviation from the 
ideal geometry of the ring-closure bond was 5" for valence 
angles and 0.25 A for bond lengths. Conformations were con- 
sidered valid if the maximum overlap of van der Waals radiixdid 
not exceed 20 %. 


For example, this procedure led to 36 and 188 relevant con- 
formations for 1 d and 1 g, respectively. These individual confor- 
mations were then superimposed (best fit of atom positions 
PRhP) to provide a "pseudo-dynamic" model of the ligand 
sphere as shown in Figure 8 for the fragments [(P,)Rh], with 
P, = 3d and 3g corresponding to the least active and most ac- 
tive catalyst precursors 1 d and 1 g. 


6('03Rh) = - 2361.5 + 32.2 x 9: (PRhP) 
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F i p r c  8. Front and side view of the van der W ~ a k  surlace of a superposition of thc 
i~su l t s  of a full conlormational search”’ for the fragments [(P,)Rh] with P, = 3 d  
(top) a n d  31: (bottom) corresponding to the least active and most active catalyst 
precursors I d  and l g .  The colors represent positions 01‘ hydrogen (blue). Carbon 
(whilc). phosphorus (ycllow). and rhodium (magenta) atoms, respectively. 


Figure 8 demonstrates how the shape and the size of the open 
cavity is determined not only by the P-Rh-P angle and the steric 
bulk of R, but also by the flexibility of the groups R at  phospho- 
rus and by possible internal movements within the chelate ring. 
Thc cavity thus reflects all relevant parameters for a description 
of the intrinsic steric properties of the [(PJRh] fragment. The 
obvious difference in the accessibility of the rhodium center 
within the cavity is readily quantified by AMS analysis. In the 
present case, a shape-independent value of the AMS was deter- 
mined by calculating a “pseudo-solvent-accessible” surface 
(probe radius 1.4 A), similar to a methodology known as the 
Connolly surface method used in biochemistry for the descrip- 
tion of active centers in  enzyme^.[^^^^^ The ligand 3 g  yields the 
smallest AMS for the central mctal atom, whereas 3d  provides 
the most “accessible” rhodium center in the present series of 
ligands (Table 3) .  


Figure 9 displays a plot of the AMS of the rhodium center in 
the [(PJRh] fragment versus the TOF values observed for the 


corresponding complexes 1 in CO, hydrogenation. Qualitative- 
ly, the activity of the catalysts increases strongly with decreasing 
accessibility of the metal center or, in other words. with an 
increasing shielding effect of the ligand. Most notably, the lig- 
ands 31 and 30, whose activities are difficult to rationalize solely 
on the basis of the P-Rh-P angles in 11 and l o ,  follow the same 
trend. Note that the fit curve is only for illustration and does not 
represent a mathematical analysis. 


Of course, the observed empirical relation reflects a highly 
simplified model approach and does not necessarily imply any 
real physical events in the reaction solution. However, within a 
purely steric mode1,[43,441 one might predict that the fragment 
[(3g)Rh] would be best suited for a catalytic cycle in which the 
coordination number decreases in the rate-limiting step, where- 
as [(3d)Rh] is suitable for the inverse case. In this respect, the 
observed trend is consistent with experimental and theoretical 
studies on the mechanism of CO, hydrogenation to formic acid 
under the given conditions, which suggest the liberation of 
formic acid from the catalytic active center to regenerate the 
14-e species [(PJRhH] as the rate-limiting step of the catalytic 


The beneficial effect of a ligand like 3 g  for this reac- 
tion can thus be plausibly attributed to  its ability to “push” the 
product away from the active center and at  the same time to 
prevent the highly active intermediate [ (P,)RhH] from unde- 
sired stabilization by addition of donor molecules such as sol- 
vent or  amine, or by o l i g o m e r i z a t i o r ~ . [ ~ ~ ~ ~ ~  


Conclusions 


A general synthetic methodology for the preparation of com- 
plexes [(P,)Rh(hfacac)] (1; P, = R,P-(X)-PR,) has been de- 
veloped and some unusual ligand exchange processes that occur 
during their formation have been elucidated. The complexes 1 
were shown to be versatile model compounds for the investiga- 
tion of intrinsic steric properties of chelating phosphane ligands, 
owing to a marginal electronic and steric interaction between 
the phosphane fragment and the hfacac ligand. The coordina- 
tion geometry of the [(PJRh] fragment in the solid state and in 
solution was found to  be significantly influenced by the steric 


repulsion of the PR, groups 
within the chelate ring. This 
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- 
influence was shown to vary 
with the nature and length, 
or more precisely the rigidi- 
ty, of the backbone (X). X- 
ray crystal structure data 
obtained upon systematic 
variation of R and (X) in 
complexes 1 were used as a 
basis for molecular model- 
ing studies on the [(PJRh] 
fragment. 


On the basis of these re- 
sults, we were able to intro- 
duce the accessible molecu- 
lar surface (AMS) model as 
a unique approach for the 
description of steric ligand 
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effects in homogeneous catalysis. Its use was demonstrated for 
the first time in the rhodium-catalyzed hydrogenation of CO, to 
formic acid with complexes 1 as the catalyst precursors. This 
concept may serve as a general approach to understanding lig- 
and cffccts on activity and especially selectivity in processes that 
are mainly governed by steric interactions. The fact that not 
only the size but also the shape o l  the cavity of the active 
fragment can be analyzed by this methodology opens a whole 
range of possible applications, especially in stereoselective syn- 
theses. 
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Experimental Section 


General methodologies and materials: All reactions involving air- or moisture- 
sensitive materials were performed under argon by means of standard 
Schlenk techniques in dried and deoxygenated solvents. The complex 
[Rh(cod)(hfacac)] 2 was synthesized by the literature procedure.""] With the 
exception of 3m and 30, the ligands 3 were commercial products or prepared 
following known proccdurcs.'"] 


NMR spectra were recorded in 5 mm tubes on a Bruker AC200 spectrometer 
operating a t  200.13, 50.29, 188.15, and 80.15 MHz for ' H. "C ,  '"F, and "P. 
Chemical shifts 6 are reported in ppm relative to external CFC1, for "F, 
H,PO, for 31P, and TMS for 'H and I3C, using the solvent resonance :is a 
secondary standard if possible. Coupling constants J are given in Hz. UV 
spectra were recorded on a Varian 2300 spectrophotometer in 1 rnin cells a t  
concentrations ofapproximatcly 1 mgmL I .  Mass spectra were measured on 
a Finnigan MAT SSQ 710 with the El-MS technique. Elemental analyses were 
carried out on a LECO CHNS932 at the Laboratoy of Organic Chemistry. 
Friedrich-Schiller-Universiiit Jena. 


General method for the preparation of complexes [(P,)Rh(hfacac)l (1 a-0): 
One equivalent of the chclating phosphane 3a-o  in T H F  (IS mL) was added 
dropwise to a solution of 2 (300 mg, 0.72 mmol) in 15 mL T H F  at  -78 "C. 
The reaction mixture was allowed to warm to room temperature and the 
volatiles were removed in vacuo. The glassy residues were dried under high 
VRCUUIII for 24 11 to yield quantitatively 1 a-o as  red-brown powders contain- 
ing varying  amount^ of THF, but less than 5 % phosphorus-containing impu- 
rities according to N M R  analysis. Analytically pure samples were obtained 
by crystallization from diisopropylether or acetone (1 b).  Characteristic spec- 
troscopic data are given in Table 1 : full details including MS and '"C N M R  
data are available a s  supplementary matcrial from the authors. 


Determination of S('"'RRh): The 2D("P,103Rh( 'H) )  spectra were recorded 
on  a Bruker ARX 400 spectrometer (B< ,  = 9.4 T) at ca. 298 K. The standard 
four-pulse HMQC sequence'471 was performed twice with variation of the 
'"Rh frequency offset and the I ,  increment to ensure that signals in the F1 
dimension (Io3Rh) were not folded. Typical conditions: 128 experiments in 
1 ' .  4 or 8 scans each, 4 s relaxation delay, total experimental time ca. 40- 
80 niin. The 1'13Rh shifts are given relative to Z('"Rh) = 3.16 MHzrZ"' and 
were reproducible within 1 ppm. 


Determination of the turnover frequencies TOF: A 200 mL stainless steel auto- 
clave equipped with a glass liner, magnetic stirring bar and sampling device 
was evacuated and purged with argon three times. The reaction mixture, 
consisting of DMSO (20 rnL). NEt, (4 mL) and 0.06 mmol of the appropriate 
complex 1 was transferred to the autoclave from a Schlenck tube with positive 
argon pressure through a teflon canula connected to the sampling system. 
The mixture was stirred under H, (20 atm) for 30 min, after which CO, was 
introduced up to a total pressure of 40 atm without stirring. The reaction was 
started by switching on the stirrer at a constant rate of 1000 rpm and sinall 
samples (ca 0.1 mL) were withdrawn at given time intervals. The formic acid 
concentration was determined by 'H NMR spectroscopy[lod1. Initial rates vo 
were obtained froin linear regression of data points within the early stages of 
catalysis (< 10% of equilibrium concentration) and converted to TOF values 
according to Equation (4). 
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A Packing Model for Interpenetrated Diamondoid Structures- 
An Interpretation Based on the Constructive Interference 
of Supramolecular Networks 


Keith A. Hirsch, Scott R. Wilson, and Jeffrey S. Moore* 


Abstract: The ability to predict and subse- 
quently control solid-state structure has 
been identified as a major challenge in the 
field of crystal engineering. Here we sug- 
gest the concept of constitutive models as 
a tool for understanding crystal packings 
and for designing new solid-state struc- 
tures. Such models are intended to relate 
molecular interactions and their geometri- 
cal constraints with solid-state organiza- 
tion. These models will most likely be of 
greatest use for crystals consisting of 
supramolecular networks, that is, infinite 


assemblies of small molecules associating adducts of 4,4'-biphenyldicarbonitrile 
through strong, directional, and selective with silver(1) salts. Observed structural de- 
noncovalent interactions. The concept of formations induced by counterions of 
the constitutive packing model is illustrat- varying size may be understood in terms 
ed for interpenetrated diamondoid coor- of the interference of two supramolecular 
dination networks based on crystalline networks within this system: the diamon- 


doid metal-ligand coordination network 
and face-to-face aromatic stacks of the or- 
ganic ligand. The constitutive model de- 
veloped here has been applied to other di- 
amondoid coordination networks in the 
literature and is found to be general. 


Introduction 


The field of crystal engineering has evolved from the pioneering 
ideas of Schmidt['] into one of intense interest due to the widely 
held belief that the ability to control molecular organization in 
the solid state will lead to materials of novel structure and func- 
tion.['] However, the prediction of solid-state packing remains a 
difficult challenge due to the delicate competition among the 
many noncovalent interactions which enter into the crystal field. 
To address this problem, we present a new tool to aid in the 
conception of reasonable starting points for solid-state struc- 
tures-the constitutive model of crystal packing. A constitutive 
packing model originates from the analysis of a series of related 
crystal structures with focus on the dominant supramolecular 
networks. The ultimate goal of predicting crystal structures, 
given the myriad of potential packings, will require the develop- 
ment of collections of such models for the many possible net- 
work topologies.[31 For a given compound, the feasibility of 
attaining a particular solid-state structure may be determined by 
considering each of the plausible packings relative to other mod- 


els. Once candidate structures have been identified, energy min- 
imization could then be used to pinpoint the structure most 
likely to form. 


[*I Prof. J. s. Moore, Dr. s. R. Wilson, K. A. Hirsch 
Departments of Chemistry and Materials Science and Engineering 
The University of Illinois at Urhana-Champaign 
Box 55-5, 600 S. Mathews Ave., Urhana, IL 61801 (USA) 
Fax: Int. code +(217)244-8068 
e-mail : moore@aries.scs.uiuc.edu 


Figure 1. Nine interpenetrated adamantanoid cages created from the diamondoid 
crystal structnre of BPCN with AgPF, from ethanol (disordered counterions have 
been removed for clarity). Tetrahedral silver(1) ions are located at the vertices, and 
bridging molecules of BPCN have been replaced with cylinders for simplicity. 
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Herein, we develop a constitutive packing model for interpen- 
etrated diamondoid networks.I41 The model is based on ninefold 
diainondoid structures of 4,4'-biphenyldicarbonitrile (BPCN) 
with AgPF,, AgAsF,, or AgSbF,. We believe that the develop- 
men1 of packing models such as this is an important first step in 
the accurate prediction and subsequent design of molecular 
crystals. 


Results and Discussion 


Diamondoid network deformation as a function of counterion size: 
Previously, we reported that complexation of BPCN with 
AgPF, in ethanol yields a crystalline diamondoid network 
formed by coordination of BPCN ligands to tetrahedral silver(r) 
ions.[4", b1 The network is relatively undistorted in comparison 
to diamond, as N-Ag-N bond angles range from 108.9 to 110.6". 
The Iargc amount of void space present in a single diamondoid 
network is filled primarily by the interpenetration of cight other 
identical networks (nincfold interpenetration). Despite this high 
level of interpenetration, channels along the c axis are main- 
tained. which arc occupied by disordered PF, ions. Interpene- 
tration in this structure may be viewed in terms of the concate- 
nation of nine adamantanoid cages as shown schematically in 
Figure 1. 


An alternative manner in which the packing of the diainon- 
doid network may be understood is to consider a structural 
subunit of an adamantanoid cage, the 411 helix shown in Fig- 
ure 2a.[41,m1 The value of depicting the structure this way be- 
comes evident from the simplification it provides to the complex 
picture of ninc interwoven 3-D networks. Rather than viewing 
[he ninefold interpenetration in terms of adamantanoid cages, 
the packing may be described as the intertwining of nine 4/1 
helices. which form the walls of the counterion channels (Fig- 
ure 2 b) .['] This dichotomy clearly illustrates the subjective na- 
ture of crystal structure interpretation. It is evident from Fig- 
ure 2 b that molecules of BPCN interact through face-to-face 
x-x stacking. In particular, a plane-to-plane distance of 3.60 A 
and a11 offset angle of 42.0' are observed. Figure 2 c  shows that 
the helix pitch is spanned by a n-stack of BPCN molecules, one 
ligand from each of the nine independent networks. There is 


f:igui-c 1. Interpretation of the packing ol'lhe ninefold interpenetrated dianiondoid 
nc.tworh of BPCN and AgPF, in terms of the 4 '1 helix. a) The 4,'l helix as ii 


\ t i  ncturiil bubuiii.t of iiii iidamantanoid cape. Left: view along the helix axis. which 
is ,tIsc tlic coiintcrion channel axis (disordeicd PF, ions have been oniittcd for  
clarity). The 4 1 helix Corms the boundary of a counterion channcl. Kight: view 
perpendicular to the counterion cliannel,'helix axis reveals how tlic helix is related 
to the adaiiianranoid cage. The helix pitch is the length of the body diagonal of the 
cage b) The nine intertwined helices that  form the walls of the  counterion channel. 
This arrangement ariacs froin the interpenetration of nine diainondoid networks 
(note that each helix. indicated by a different color, originates from an independent 
network). Left: perspective vie& along the counterion channe1:'helix axis with disor- 
dered PF,, ions (fluorine is green and phosphorous is magenta). Right: view pcrpen- 
dicular to thc counterion c1i;innel~lielix axis.  Note that the walls of the counterion 
cliannel aie Ibrmed from [our separate rr-skicks ol.BPCN: K rr stacking of BPCN 
occurs at ii plane-to-plane di5lance of  3.60 A with an offsel mgle o t 4 X I  . c) The 
1 1 helix in an  adainantaiioid cage showing rhe perfect coincidencc betwccn helix 


ick o f  nine BPCN Iigands 
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clearly perfect metric match between the pitch of the helix and 
the height of an offset stack of nine BPCN ligands. 


The interpretative value of structural deformations induced 
by the incorporation of different size guests was recognized 
early on by Powell in the context of clathrates of quinol with 
small guest inclusions.161 Other early reports illustrating the ef- 
fect of composition on structure have been summarized by 
Hazen and Finger.[71 In this same vein, we studied the changes 
induced in the BPCN diamondoid structure for counterions of 
varying size. Crystallization of BPCN with AgSbF, from 
ethanol results in the formation of a diamondoid network of 
similar topology (complex 1).  As with the AgPF, structure, the 
network is ninefold interpenetrated through face-to-face stack- 
ing of BPCN at a plane-to-plane distance of 3.59 A. However, 
the structure is significantly distorted, as N-Ag-N bond angles 
range from 95.4 to 118.4". The consequence of these local defor- 
mations is that the helix pitch is elongated by approximately 
18 % relative to that in the AgPF, structure (43.61 for AgPF, 
vs. 51.32 A for AgSbF,). This stretching alters the offset angle 
of the n-stack from 42.0" with AgPF, to 51.0" in the AgSbF, 
adduct (Figure 3). Considering interpenetration, an equivalent 
stretching of all nine helices comprising the counterion channel 
takes place. This elongation leads to lateral compressions which 
alter the shape of the counterion channel (Figure 3). The defor- 
mation probably occurs in order to efficiently accommodate the 
larger SbF; ion,[81 as it increases the anion-anion separation 
along the channel axis. Specifically, the anion-anion separation 


is 4.85 8, for the AgPF, structure as compared to 5.70 8, for the 
AgSbF, example. The AgSbF, structure exhibits slight counter- 
ion disorder over two sites along the channel axis. The major site 
occupancy is 0.93. 


Crystallization of BPCN with AgAsF, from ethanol was 
also examined. This experiment employed the AsF; ion, 
which is intermediate in size for the series studied 
(PF; <AsF; <SbF;).[81 In this case, two polymorphs are ob- 
tained. Both of these polymorphs are ninefold interpenetrated 
diamondoid networks. The first, polymorph I (complex 2), is 
similar to the AgPF, structure, as N-Ag-N bond angles range 
from 108.8 to 110.8". The shape of the counterion channel in 
polymorph I is also similar to that for AgPF,. However, the 
helix pitch (43.21 A) and offset angle (41.8") are slightly less 
(Figure 3). The subtle decrease in the helix pitch and offset angle 
observed with AgAsF, allows lateral expansion of the counter- 
ion channel to accommodate the larger AsF, ion. The AsF; 
ions are disordered over two sites in a mode comparable to that 
observed with AgPF, (Figure 2 b). 


Polymorph I1 (complex 3) structurally resembles the AgSbF, 
structure, as demonstrated by the N-Ag-N bond angles ranging 
from 94.1 to 118.0". The shape of the counterion channel for 
polyinorph I1 is also similar to that observed for the AgSbF, 
example. However, the helix pitch (51.94 8,) and offset angle 
(51.8') are slightly greater for polymorph I1 (Figure 3). These 
small increases relative to the BPCN. AgSbF, adduct can be 
understood as a lateral compression of the counterion channel 


to better accommodate the 
smaller AsF; ion. The 
AsF, ions in this structure 
are significantly disordered 
along the channel axis. 


It is interesting that the 
AsF, ion is accommodated 
in diamondoid networks 
similar to those described 
for both AgPF, and Ag- 
SbF,. Thus, the counterion 
of intermediate size does not 
cause the diamondoid net- 
work to deform to an inter- 
mediate helix pitch and off- 
set angle. It is possible that 
the two general types of dia- 
mondoid networks observed 
represent two optimal n- 
stacked arrangements of the 
BPCN ligand within this 
framework. 


A constitutive packing model 
for interpenetrated diamon- 
doid structures: In consider- 
ing Figure2c one can per- 
ceive two supramolecular Figure 3. Counterion channels formed from the intertwining of 4jl helices for diamondoid networks obtained with BPCN and 


AgPF,, AgAsF,, and AgSbF,. The helix pitch and offset angles are labeled. A view along the counterion channelihclix 2x1s IS 


shown for each example. Two polymorphs are obtained with AgAsF,. A deformation of the diamondoid network concomitant 
with a change in the offset angle of T Z -  I( stacking is observed upon counterion substitution. These deformations, therefore, arise 
through constructive interference between two supramolecular networks in thesc structures. It should be noted that with the 
AsF; ion, which is intermediate in size for this series, a dlamondoid network with intermediate values for the helix pitch and 


networks, each with its Own 
characteristic repeating peri- 
Od. The network is the 


offset angle does not form. diamondoid coordination 
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network with the period defined by the helix pitch. The second 
is the one-dimensional n-stack of BPCN whose period is defined 
by the van der Waals thickness of the aromatic ring. The two 
periods are independent, since the helix pitch is a function of the 
ligand length and offset angle, while the n-stack repeat is s/cos 0, 
where s is the face-to-face stacking distance and U is the offset 
angle (Figure 4). The two networks are directionally coincident 


offset angle (0) 


Figure 4. A constitutive packing model for diarnondoid networks: The red curve, 
representing the helix pitch (h,,,,,), is shown for a value of I of 16.4A, which 
corresponds to the Ag- BPCN-Ag distance in the diamondoid striicture of BPCN 
and AgPF,. The blue curve, representing the stack height ( h J ,  is shown for a degree 
of interpenetration (4 of!?. A band has been plotted since values ofthe  astac tacking 
dlrtdnces of 3.4 and 3.6 A have been considered. The region in which the red curve 
overlaps the blue band (i t . ,  where h,,,,, = h.) represents reasonable combinationsof 
thc helix pitch and offset angle for a diamondoid network with a ninefold degree of 
interpenetration. The wide region of overlap for d = 9 is particularly noteworthy. 
The model implies that the ninefold diamondoid network is capable of undergoing 
significant deformation. The schematics on the right illustrate K - - K  stacking mediat- 
ed interpenetration for the diarnondoid network that is brought about by the coin- 
cidencc of I?,,,,, and hr. Key packing parameters are defined in terms of thc 4/1 helix 
and a n-stack of aromatic rings, as indicated. The black vertical line at 0 = 35.25" 
represents the offset angle ofadiamondoid network with perfect tetrahedral valence 
angles. 


and coupled through 0;  therefore, they may spatially interfere 
with one another, and this interference can be modulated by 0.19] 
This implies that a deformation of the diamondoid network, 
which may be realized through compression and expansion of 
bond angles about the metal ion, should be accompanied by a 
concomitant deformation in the n-n stacking of BPCN through 
variation of the offset angle of stacking. The ideal offset angle 
is 35.25" if the tetrahedral valence angle in diamond of 109.5' is 
considered. A simple relation between the helix pitch (hPltch) and 
the offset angle (0) is given by Equation (I), where 1 is the 
metal - ligand - metal separation (Figure 2 a). 


hpitch = 4 l(sin 0) 


As illustrated in Figure 2c, interpenetration of the diamon- 
doid network is mediated by face-to-face n-n stacking of BPCN 
within the space defined as the helix pitch. Therefore, the degree 
of interpenetration (d) may be defined as the number of ligands 
from individual networks n-stacked within the repeat period of 
the diamondoid network. The height of a n-stack (h,) having d 
interlayer spaces and tilted with offset 0 is given by Equa- 


tion (2), where s is the fixed value of the perpendicular, 


LlS 
h, = __ 


cos 0 


plane-to-plane stacking distance of aromatic ligands. Integer 
values of d and the corresponding values of 0 that bring about 
coincidence between hpitch and h, define the plausible packings 
for this model. This can be clearly understood with a graphical 
explanation. Shown in Figure 4 is an overlay of plots construct- 
ed from Equations (1) and (2 ) .  Helix pitch (red curve) has been 
plotted for the value of 1 corresponding to the metal-ligand- 
metal separation observed in the diamondoid network formed 
from BPCN and AgPF, (ca. 16.4 A). The blue curve represents 
the height of a stack of nine BPCN ligands (d = 9). This curve 
has been constructed for values of s in the range of 3.4 to 3.6 A 
since they represent one standard deviation about the mean of 
3.5 A observed for all stacked aromatics in the Cambridge 
Structural Database.["l Thus, a band results wherein the lower 
regime represents solutions for a stacking distance of 3.4 8, and 
the upper regime represents solutions for a stacking distance of 
3.6 A. It is important to note that points of overlap of the red 
curve with the blue band represent the offset angles that can, in 
principle, lead to a diamondoid network of d = 9 and 
1 = 16.4 A. In other words, the points of intersection represent 
reasonable packings. It is noted that for the value of 1 equal to 
the Ag-BPCN-Ag distance, a large region of overlap is ob- 
served for a degree of interpenetration of nine (Figure 4). The 
model implies that the ninefold interpenetrated diamondoid sys- 
tem can simultaneously meet the distance requirements of n--71 
stacking and helix pitch over a range of offset angles. For the 
diamondoid networks presented here, deformations over this 
range were observed experimentally by counterion substitution 
(Figure 3) .  


The constitutive model may also be applied to the packing of 
counterions within channels formed by the diamondoid frame- 
work. The counterions in this study can be approximated as 
spheres with diameters of 4.68,4.94, and 5.14 A for PF,, AsF;, 
and SbF;, respectively. These diameters were calculated from 
published counterion volumes.[*' Charge balance consider- 
ations and the closest packing of spheres along the counterion 
channel axis suggest a commensurate, periodic repeat of d times 
the counterion diameter, where d is the degree of interpenetra- 
tion. Shown in Figure 5 is an overlay plot similar to that shown 
in Figure 4. Degrees of interpenetration of 8-10 are now con- 
sidered. The red curve is plotted for I = 16.4 A, as in Figure 4. 
The horizontal arrows represent d times the counterion diame- 
ter for the PF;, AsF;, and SbF; ions. For clarity, only one 
data point is shown in Figure 5 for d = 8 and 10, although all 
three are shown for d = 9. The plot shows that the dark blue 
arrows (the repeat distances for stacks of nine anions) intersect 
the red curve in the region of d = 9 (no other value of d is 
considered, owing to the requirement of charge neutrality). This 
illustrates that a ninefold diamondoid network with 1 = 16.4 A 
is plausible with inclusion of any of these anions. Further, the 
light blue arrow (the repeat distance of eight PF, ions) does not 
coincide with the red curve in the region of d = 8. Similarly, the 
magenta arrow (the repeat distance of ten SbF; ions) does not 
coincide with the red curve ford  = 10. Thus, the plot shows that 
eight- and tenfold interpenetration is not feasible with BPCN 
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offset angle (e) 
Figure 5. A constitutive model for diamondoid networks in terms of the packing of 
counterions. Counterions are considered to pack as spheres along the channel axis. 
The number of anions that span the helix pitch defines the degree of interpenetration 
due to the requirement of charge neutrality. For this plot, degrees of interpenetra- 
tion of 8 -  10 are considered, and the red curve is shown for I = 16.4 8. The horizon- 
tal arrows represent the degree of interpenetration times the anion diameter, as 
indicated in the key. Counterion diameters have been calculated from published 
volumes (ref. [S]). The dark blue arrows (nine times the anion diameter) intersect the 
red curve in the region of ninefold interpenetration. This illustrates that a ninefold 
interpenetrated diamondoid network with I = 16.4 8 is consistent with incorpora- 
tion of either the PF;, AsF;, or SbF; ions. The light blue arrow (eight times the 
diameter of the PF; ion) does not coincide with the red curve in the region of an 
eightfold interpenetrated structure. Similarly, the magenta arrow (ten times the 
diameter of the SbF; ion) does not intersect the red curve for a tenfold structure. 
Therefore, the plot shows that eight- and tenfold interpenetrated diamondoid net- 
works with 1 = 16.4 8, are not consistent with inclusion of these anions. Similar 
analysis showed that for all three anions, and d = 8 - 10, d = 9 IS the only reasonable 
packing. 


( I  = 16.4 8,) and these anions. The practical value of this analysis 
is that for a given ligand (and, therefore, for a given value of I), 


3.6 A were used. A horizontal line of fixed 1 intersects curves 
that represent various degrees of interpenetration at the indicat- 
ed offset angles. The combinations of 1 and 0 observed for 
the diamondoid networks of BPCN and AgPF, , AgAsF,, and 
AgSbF, have been identified in Figure 6 and these combinations 
are found to fall within the region corresponding to ninefold 
interpenetration. 


Two examples of interpenetrated diamondoid networks from 
the literature have also been analyzed by our model to further 
test its utility. To our knowledge, these constitute the only ex- 
amples of diamondoid networks other than those involving 
BPCN in which interpenetration is mediated by face-to-face 
stacking of coordinated ligands. The first example is the seven- 
fold interpenetrated diamondoid networks of the radical anion 
salts of substituted dicyanoquinonediimines and copper report- 
ed by Ermer[4d1 and Hiinig et al.[4m1 For this series of structures, 
a value of 1 of approximately 12.7 8, along with an offset angle 
of 33.0" is observed. This combination of 1 and 6' is plotted in 
Figure 6 (orange arrow). it is noted that this data point lies 
below the curve corresponding to a degree of interpenetration of 
seven. However, these structures feature a rather short TC-X 


stacking distance of only 3.15 which falls outside the 
range used to construct Figure 6 (3.4-3.6 A). Thus, if the curve 
for d = 7 were constructed with a value of s of 3.1 5 A, the com- 
bination of 1 and 0 observed for this system would lie on this 
curve. 


A second example from the literature that has been applied to 
the model is the distorted fourfold diamondoid network of 4- 
cyanopyridine and AgBF, reported by Ciani et aLr4'] For this 
structure, a value of 1 of approximately 9.9 8, and an offset angle 
of 30.5" is noted. This combination of 1 and 0 is also included in 
Figure 6 (purple arrow). In this case, the data point lies above 


diamondoid networks of a partic- 
ular degree of interpenetration 
may be targeted and the appro- 
priate counterion size may be se- 
lected. 


In order to generalize the con- 
stitutive model to other ligands, 
we can construct a map of plausi- 
ble packings by setting hpitch = h, 
[Eqs. (1) and (2)], which leads 
to Equation (3). This equation 


dS [=- 
2(sin 20) (3) 


suggests that the only essential 
molecular variable of this model 
is I ,  which, upon subtraction of 
the metal-ligand bond distances, 
gives the length of the ditopic lig- 
and. Shown in Figure 6 is a plot 
of the metal-ligand-metal sepa- 
ration (I) versus the offset angle 
(6'). The plot has been construct- 
ed for degrees of interpenetration 
(4 of 1-9. For each degree of in- 
terpenetration, a band results, as 
stacking distances (s) of 3.4 and 


S 


e 
P 
a 
r 
a 
t 
i 


n 
0 


(1, ;i, 


offset angle (0) 


Figure 6. A map of plausible packings for interpenetrated diamondoid networks constructed using Equation ( 3 ) .  Degrees 
of interpenetration (d) of 1-9 are represented. Colored bands result as x n stacking distances of 3.4 and 3.6 A have becn 
considered. The combinations of i and H observed in the diamondoid structures of BPCN and silver(i) salts are included. 
Also plotted, are points corresponding to diamondoid structures previously reported in the literature. For the structures 
of substituted dicyanoquinonediimines and copper ( d  = 7 ) ,  reported by Ermer (ref. [4d]) and Hunig et al. (ref. [4m]), the 
observed data point (orange arrow) lies below the curve for d =7, owing to the short stacking distance of 3.1 5 8,. For the 
distorted structure of4-cyanopyridine and AgBF, (d = 4) reported by Ciani et al. (ref. [4i]), the observed data point (purple 
arrow) lies above the curve fo rd  = 4, owing to the long stacking distance of 4.0 8. If the range of stacking distances were 
widened to include these unusual values, the model would approximate the observed degrees of interpenetration 
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the curve for a degree of interpenetration of four. The reason is 
that the observed stacking distance is approximately 4.0 A, 
which is very long for z-n stacking and is outside the range used 
to generate Figure 6. Therefore, if the curve for d = 4 were plot- 
ted for a value of s of 4.0 A, this combination of 1 and Q would 
approximate the observed degree of interpenetration. It should 
be emphasized that values of s of 3.4 and 3.6 8, were chosen to 
construct Figure 6, since they are within a standard deviation of 
the average 71-71 stacking distance in the Cambridge Structural 
Database of 3.5 Arlo] (this narrow range was further chosen for 
clarity as bands in the plot would overlap otherwise). Thus, 
despite the variance observed in the face-to-face stacking dis- 
tance in these diamondoid networks, the constitutive model pre- 
sented is found to be applicable beyond the original system for 
which it was developed. 


Conclusion 


In summary, we generalize a set of guidelines that can be used 
to formulate constitutive packing models: 
1 )  Identify the most significant supramolecular networks (two 


2) Consider constructive interference between them (i.e., con- 


3) Identify a compliant deformation process that modulates 


We believe that the development of constitutive packing models 
for other topologies through the recognition of interfering 
supramolecular networks will be an important step in being able 
to predict structure a priori. In due course, collections of these 
constitutive models will be available to offer reasonable choices 
of possible packings for the crystal engineer. 


or more). 


sider networks that are directionally coincident). 


this interference. 


Experimental Section 


4,4‘-biphenyldicarbonitrile (BPCN) was prepared from 4,4‘-dibromobiphenyl 
by a known literature procedure for the conversion of aryl bromides to  
benzonitriles.‘”’ AgAsF, and AgSbF, were stored in a desiccator before use. 
X-ray data were collected on a Siemens SMART system with a CCI) detector 
at -75 C with Mo,, (A = 0.72073 A) as the incident radiation. The intensity 
data were reduced by profile analysis and corrected for Lorentz, polarization, 
and absorption effects. 


[Ag(BPCN),]SbF, (1): A mixture of BPCN (10 mg, 0.05 mmol) and AgSbF, 
(19 mg, 0.05 minol) in absolute ethanol (4 mL) was prepared in a clean vial 
with a Teflon-lined screw cap. The mixture was heated in an oil bath to 98 ‘ C  
over 80 min, at which point a homogeneous solution resulted. Cooling to 
room temperature ovei-night yielded complex 1 as yellow plates. X-ray data 
collection was accomplished with a crystal with approximate dimensions of 
0.76 x 0.05 x 0.05 mm. Accurate cell dimensions were obtained from the set- 
ting angles of 3055 reflections with 550123’ .  Crystal data: C2BH,b-  
N,F,AgSb; M, =752.07; space group: triclinic, I - 1  (no. 2); a = 5.702(1), 
h = 21.661 (2), c = 21.569(2) A, O[ = 89.98(1)”, [I = 89.99(1)”, y = 89.99(1)’,; 
V=2663.90(12)A3; Z = 4 ;  pca,cd=1.875gcm-3; 20,,,=46’; scan 
mode: w scans; F(000) = 1456; number of reflections measured = 5224; 
number of independent reflections = 3716; number of reflections re- 
fined = 3716; o limit: 2u(I); absorption correction: integration, qnin = 0.80, 
Tmax = 0.92, p ( M o K a )  =1.817 mm-’; structure solution: direct methods, 
structure refinement: least-squares against Fi using SHELXTL; number of 
parameters = 380; hydrogen atoms were included as fixed contributors in 
idealized positions; R1 = C(IF,I - /F,l)/C/F,I = 0.0429 (3458F0s4u) ,  
0.0492 (all data); wR2 = [ x ( w l F i  - F:()/~W/F:~~]”~ = 0.1051 (all data); 
S = [xw(F: - FZ)’/(N - P)]”’ = 1.132 (all data); highest peak in final dif- 


ference map = + 0.62 e- k3. The alternate space group was chosen to facil- 
itate refinement in body-centered tetragonal space groups. Framework disor- 
der was noted for all tctragonal models. The proposed structural model in 
I - 1 includes tctragonal twinning. Occupancies for the four metrically super- 
imposable twin components converged at 0.331 (2), 0.169(2). 0.268(2). and 
0.232(2). 


[Ag(BPCN),]AsF, (2 and 3): A mixture of BPCN (I0 tng, 0.05 mmol) and 
AgAsF, (16 mg, 0.05 mmol) in absolute ethanol (4 mL) was prepared in a 
clean vial with a Teflon-lined screw cap. The mixture was heated in an oil bath 
to 104 C over 64min, at which point a homogeneous solution resulted. 
Cooling to room temperature overnight yielded two polymorphs: complex 2 
as thin yellow needles and complcx 3 as thin yellow plates. Both polymorphs 
were characterized by X-ray diffraction. For complex 2, X-ray data collection 
was accomplished with a crystal with approximate dimensions of 
0.02 x 0.02 x 0.8 mm. Accurate cell dimensions were obtained from the set- 
ting angles of 2007 reflections with 5 < 0 < 23”. Crystal data for complex 2: 
C,,H,,N,F,AsAg; M ,  =705.24; spacegroup: tetragonal, I - 42d(no.  122); 
a = h = 24.861 (2), c = 4.802(2) A, E = /3 = 7 = 90‘; V = 2967.63(15) A3;  
Z = 4;  pcalsd =1.578 g ~ m - ~ ;  20,,, = 46” ;  scan mode: w scans; F(000) = 


1384; number of reflections measured = 5673; number of iiidependent reflec- 
tions = 1078; number of reflections refined = 107X; u limit: 2 4 1 ) ;  absorption 
correction: empirical, Tmtn = 0.77, T,,, = 0.99, p(MoKr) = 1.847 mm-’: 
structure solution: direct methods, structure refinement: least-squares against 
F: using SHELXTL; number of parameters = 138; hydrogen atoms were 
included as fixed contributors in idealized positions; R1 = 0.0489 (9494 
>4u) ,  0.0591 (all data); wR2 = 0.1465 (all data); S = 1.193 (all data); highest 
peak in final difference map = + 0.67 e -  k3. For complex 3, X-ray data 
collection was accomplished with a crystal of approximate dimensions of 
0.4 x 0.2 x 0.2 mm. Accurate cell dimensions were obtained from the setting 
angles of 1640 reflections with 5 ~ 8 5 2 8 ” .  Crystal data for complex 3: 
C2,H,,N,F,AsAg; M, =705.24; space group: orthorhombic, F d d d  (no. 


V = 5 1 8 6 . 5 ( 3 ) ~ 3 ; Z = 8 ; ~ E a , c d = 1 . X 0 6 g c m  3;28,ux= 56‘;scanmode:to 
scans; F(000) = 2768; number of reflections measured = 7531 ; number of 
indcpendent reflections = 1598; number of reflections refined = 1598; u limit: 
2v(1); absorption correction: intcgration, T,,, = 0.55, T,,, = 0.96, 
p(MoKJ = 2.1 13 mm-‘;  structure solution: direct methods, structure refine- 
ment: least-squares against Fz using SHELXTL; number of parame- 
ters = 204; hydrogen atoms were included as fixed contributors in idealized 
positions; R1 = 0.0748 (1060F,>4u), 0.1184 (all data); wR2 = 0.2224 (all 
data); S=1.199 (all data); highest peak in final difference map 
= + 1 . 0 9 e - k 3 ,  
Crystallographic data (excluding structure factors) for the structures reported 
in this paper have been deposited with the Cambridge Crystallographic Data 
Centre as supplementary publication no. CCDC-100 146. Copies of the data 
can be obtained free of charge on application to  The Director, CCDC, 12 
Union Road, Cambridge CBZlEZ, UK (Fax: Int. code +(1223)336-033: 
c-mail: deposit(ir)chemcrys.cam.ac.uk) 


70); u = 5.772(1), h = 29.452(2). c = 30.512(2) A, 3 = /3 = 7 = 90’: 
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Self-Assembly of Novel [2]Catenanes and [2]Pseudorotaxanes Incorporating 
Thiacrown Ethers or Their Acyclic Analogues** 


Masumi Asakawa, Peter R. Ashton, Wim Dehaen,* Gerrit L’abbC’t Stephan Menzer, 
Jan Nouwen, Frangisco M. Raymo, J. Fraser Stoddart,* Malcolm S. Tolley, Suzanne Toppet, 
Andrew J. P. White, and David J. Williams* 


Abstract: A series of n electron rich 
macrocyclic polythioethers and their 
acyclic analogues have been synthesized 
in good yields. The association constants 
for the complexation of the TC electron de- 
ficient bis(hexafluorophosphate) bipyri- 
dinium-based salt, paraquat, by these 
macrocycles, as well as those for the com- 
plexation of corresponding acyclic com- 
pounds by the bipyridinium-based tetra- 
cationic cyclophane, cyclobis(paraquat-p- 
phenylene), are significantly lower than 
those observed in the case of the “all-oxy- 
gen” analogues. Nonetheless, yields as 
high as 86% were recorded in the tem- 


plate-directed syntheses of [2]catenanes 
composed of cyclobis(paraquat-p-phenyl- 
ene) and the macrocyclic polythioethers. 
Single-crystal X-ray crystallographic 
analyses of the [2]catenanes incorporating 
constitutionally unsymmetrical n electron 
rich macrocyclic polythioethers revealed 
that, in all cases, the dioxyaromatic units 


Keywords 
catenanes * molecular devices - pseu- 
dorotaxanes - self-assembly * transla- 
tional isomerism 


Introduction 


In order to gain further insight into the fundamental principles 
governing the self-assembly of catenanes incorporating comple- 
mentary dioxyarene-based n electron rich macrocyclic poly- 
ethers and bipyridinium-based n electron deficient tetracationic 
cyclophane components,[‘] we have constitutional changes into 
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are located inside the cavity of the tetraca- 
tionic cyclophane component in prefer- 
ence to the dithiaaromatic units. A similar 
selectivity was observed in solution 
by variable-temperature ‘H NMR spec- 
troscopy. However, inversion of the ratio 
between the two translational isomers of 
the two 12lcatenanes bearing IJ-dithi- 
anaphthalene, as one of their n electron 
rich ring systems, and either 1,4-dioxy- 
benzene or 1,5-dioxynaphthalene, as the 
other, occurs upon increasing the tem- 
perature from -30 to +30”C. These 
[2]catenanes can be viewed as tempera- 
ture-responsive molecular switches. 


the ring components of [2]catenanes of this type. In particular, 
the nature and substitution pattern of the dioxyarene ring 
systems incorporated within the n electron rich macrocycles, 
as well as the length and conformational mobility of the bridg- 
ing polyether chains, have been modified.[’] Similarly, the na- 
ture of the recognition sites and of the bridging spacers located 
within the TC electron deficient macrocyclic components have 
also been varied.[21 However, in the vast majority of cases, 
decreases in the yields associ- 
ated with the template-direct- 
ed syntheses[31 were observed 
relative to that achieved with 
the very first of this series of 
[2]catenanes, 1 .4PF6, which 
was ~elf-assembled[~] in a 
yield of 70%.  


In order to improve further 
upon this yield, we have intro- 
duced thioether functions into 
the polyether chains of the n electron rich macrocyclic compo- 
nent of 1.4PF6, since the n electron donor character of sulfur 
atoms differs from that of oxygen atoms. Also, thiacrown ethers 
are known to adopt conformations significantly different from 
those of their “all-oxygen” counterparts.[51 We report here 
1) the syntheses and characterization of novel macrocycles in- 
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corporating thioether functions along with their acyclic ana- 
logues, 2) their self-assembly into pseudorotaxane-like com- 
plexes in solution and in the solid state, and 3) the surprisingly 
efficient template-directed syntheses of a series of [2]catenanes 
incorporating cyclobis(paraquat-p-phenylene) and these macro- 
cyclic polythioethers. 


Results and Discussion 


Synthesis: Tetrathiacrown 2 was prepared in low yield ( 5  YO) by 
treating 1,4-bis(2-bromoethoxy)benzene with bis(2-mercap- 
toethyl)ether in the presence of K,CO, as the base (Scheme 1). 
By employing Cs,CO, instead, only a small increase in the yield 
(from 5 to 7%) of the macrocyclization was observed. In both 
instances, the ansa compound 3 was obtained as the major 
product in yields of 31 and 46% when K,CO, and Cs,CO,, 
respectively, were employed. 


700C148h 
2 


M=CsorK 


Scheme 1. Synthesis of the n electron rich macrocycle 2. 


The isomeric tetrathiacrown 4 was synthesized as 
illustrated in Scheme 2. Reaction of 4-aminothiophe- 
no1 with tetraethyleneglycol dichloride was followed 


3 


Scheme 3. Synthesis of the x electron rich macrocycle 5 


Alternatively, 5 was prepared in a three-step synthetic route 
involving 1) alkylation of 1,5-naphthalenedithioI with tetra- 
ethyleneglycol monotosylate, 2) conversion of the resulting diol 
into the bistosylate 7, and 3) [1+ 11 macrocyclization per- 
formed in the presence of Cs,CO,, which gave 5 in a yield of 


Similarly, the bistosylates 8 and 9 were treated with I ,5-naph- 
thalenedithiol to give the unsymmetrical macrocycles 10 (35 YO) 
and 11 (22 %), respectively (Scheme 4). Macrocyclization of 8 


39 %.  


I 0  


11 


12 


Scheme 2. Synthesis of the x electron rich macrocycle 4. Scheme 4. Synthesis of the x electron rich macrocycles 10-13 


by diazotization. The resulting bisdiazonium salt was treated 
with EtOCS,K, and the subsequent hydrolysis gave the corre- 
sponding dithiol. Macrocyclization of this dithiol with te- 
traethyleneglycol bistosylate in the presence of Cs,CO, afforded 
the macrocycle 4 in a yield of 24%. 


Tetrathiacrown 5 was synthesized in low yield (7 YO) by means 
of a [ 2  + 21 macrocyclization (Scheme 3), starting from 1,5- 
naphthalenedithiol and tetraethyleneglycol ditosylate in the 
presence of either K,CO, or Cs,CO, in DMF. Once again, the 
ansa compound 6 was obtained as the major product (47%). 


and 9 with 1,4-benzenedithiol afforded instead the unsymmetri- 
cal macrocycles 12 (22 %) and 13 (23 YO), respectively. 


The acyclic compounds 14 and 15 were prepared by alkyla- 
tion of the corresponding thiol and phenol, respectively, with 
2-(2-methoxyethoxy)ethyl chloride under standard conditions 
(Scheme 5). The isomeric thioethers 16 and 17 were obtained 
from appropriate 1,Sdihydroxynaphthalene derivatives, as 
shown in Scheme 5. 


The [2]catenanes 19.4PF,-23,4PF6 were self-assembled ac- 
cording to two different synthetic procedures. In one case, the 
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cycles 2 and 4, no catenated products were obtained by perform- 
ing the reactions under otherwise identical conditions. How- 
ever, by employing ultrahigh pressure conditions (12 kbar), the 
[2]catenane 20.4PF6 was obtained in a yield of 15%. starting 
from 4, while only traces of 19,4PF, were detected when the 
macrocycle 2 was used. 


X-Ray Crystallography: The X-ray analysis revealed that, in the 
solid state, 2 adopts an open but flattened conformation (Fig- 
ure I ) ,  with the centers of the two hydroquinone rings separated 


Scheme 5 .  Synthesis of the 1.5-disubstituted naphthalene-based cornpourids 14 
17 state 


Figure 1 Geometry adopted hq the I[ electron rich macrocycle 2 in the solid 


bis(hexafluorophosphatef Salt 18.2PF6 was treated with 1,4- by 6.99 A. The most striking conformational features are 1) the 
bis(bromomethy1)benzene in the presence of 2.5 molar eciuiva- coplanar all-anti geometries associated with both the 
lents of one of the n electron rich macrocycles, either 5,10, or 11, SCH,CH,OCH,CH,S linkages and 2) the coplanarity of the 
to afford the corresponding [2]catenanes in yields of 47,60, and hydroquinone rings with, in one direction, their attached 
50’10, respectively (Scheme 6). Alternatively, the reaction was OCH,CH, groups and in the other, their attached OCH,CH,S 


groups. Within these latter two portions of 
the macrocycle, the CH,OC,H,OCH, units 
have a syn geometry. Inspection of the 
packing of the molecules shows a marked 
absence of any intermolecular hydrogen 
bonds or aromatic-aromatic interactions. 


The X-ray structural investigation shows 
10 to crystallize with two crystallographi- 
cally independent molecules in the unit cell. 
Each molecule is positioned about a crystal- 
lographically independent symmetry cen- 
ter. Thus, it is not possible to distinguish 
between the sites occupied by the oxygen 
and sulfur atoms attached to the 1,5-disub- 
stituted naphthalene units. Fifty percent of 
the time they are positioned on  one naph- 
thalene ring system within the macrocycle 
and 50% on the other, as averaged 


Scheme 6 Self-ass;mhly of the [2]calenanes 19.4PF6 -25.4PF6. 


performed employing a sixfold excess of 18,2PF, and 1,4-bis- 
(bromomethy1)benzene with respect to one of the n electron rich 
macrocycles, either 5 ,  10, or 11, to  afford the corresponding 
[2]catenanes in yields of 70, 77, and 65%, respectively. As a 
result of the improved yields, the second procedure was used 
also in the case of the macrocycles 12 and 13, which gave the 
corresponding [2]catenanes 24.4PF6 and 25.4PF, in yields of 
86 and 535‘0, respectively. The yields achieved in the case of the 
[?]catenaries 22.4 PF, and 24.4PF6-namely, 77 and 86 O/o-are 
among the highest ever obtained for such self-assembly process- 
es,[61 and open up the possibility of making [2]catenanes in 
gram-scale quantities. Surprisingly, in the case of the macro- 


throughout the whole crystal. Both macro- 
cycles have similar conformations, namely, 
self-filling with parallel overlap of their 1,5- 


disubstituted naphthalene ring systems, as shown in Figure 2. 
The conformation observed for 10 is in marked contrast to the 
one we have reported previously in the literature”] for the “all- 
oxygen” analogue in which the two 1,5-dioxynaphthalene units 
are inclined orthogonally with respect to each other. Again, we 
see no evidence for any intermolecular n--z stacking interaction. 
[C-H . . 01 hydrogen bonding, or  [C-H . . ,711 interactions. 


In the crystalline state, 20.4PF6 has a structure (Figure 3) 
possessing C,  crystallographic symmetry about an axis passing 
through the centers of the two 1,4-dithiabenzene rings. The only 
major difference between 20.4 PF, and its “all-oxygen” ana- 
logue[81 1.4PF6 is the adoption of an anti geometry for the 
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Figure 2 Geometry adopted by the n electron rich inacrocyclc 10 in  the solid 
state. 


Figure 5 .  Geometry adopted by the [2]catenane 21.4PF, in the solid state. 


Figure 3 .  Geometry adoptod by the [2]catenane 20.4PF, in  Ihe sohd state 


“outside” CH,SC,H,SCH, unit (in the “all-oxygen’’ case, the 
syn geometry is adopted). The “inside” -SC,H,S- vector is 
inclined by 48” to the mean plane of the tetracationic cy- 
clophane, while the “outside” one is inclined by 21 ’. The mean 


interplanar separations between 
the “inside” phenylene ring and the 
“outside” and “inside” bipyridini- 
um units are 3.48 and 3.54 A, re- 
spectively; the equivalent sepa- 
ration between the “outside” 
phenylene ring and the “inside” 
bipyridinium unit is 3.42 A. The 
other significant stabilizing interac- 
tions are [C-H . . . n3 contacts 
( [H. . .n ]  2.83 A; [C-H. . .n ]  163”) 
between the “inside” phenylene 
ring and the p-xylene spacers of the 
cyclophane. The molecules of the 
[2]catenane pack to form polar 
stacks along the crystallographic 
twofold axis (Figure 4). In these 
stacks, the mean interplanar sepa- 


Figure 4. Packing diagram of ration between the  outside^^ 
the [2]catenane 20.4PF6 show- 
Inr the donor-acceDtor Dolar phenylene ring of one molecule and . .  
stack formed in the crystal. the “outside” bipyridinium unit of 


an adjacent [2]catenane is 3.40 A. 
Like its “all-oxygen” counterpart, the [2]catenane 21.4PF6, 


incorporating a polyether macrocycle containing two 1,5-di- 
thianaphthalene residues, crystallizes in a triclinic unit cell with 
very similar overall dimensions (Figure 5). The mean interpla- 
nar separations between the “inside” naphthalene ring and the 
“outside” and “inside” bipyridinium units are 3.38 and 3.42 A, 
respectively; the equivalent separation between the “outside” 
naphthalene ring and the “inside” bipyridinium unit is 3.40 A. 
The angle between the -SC,,H,S- axes of the “inside” and 
“outside” naphthalene residues and the mean plane of the tetra- 
cationic cyclophane are 48 and 30”, respectively. 


It is interesting to note that, in both this structure and that of 
its “all-oxygen” analogue, the “inside” and “outside” naph- 
thalene rings are “flipped” with respect to each other about a 
“C, axis” that runs normal to the molecular “C,  axis”, which 
passes through the centers of the two naphthalene rings and the 
two bipyridinium units. In this [2]catenane, the n-x stacking 
interactions are assisted by a combination of [C-H . . . n3 inter- 
actions and [C-H 01 hydrogen bonds. The former involvc 
the hydrogen atoms on the C-4 and C-8 positions of the “inside” 
naphthalene rings and their proximal 17-xylene spacers in the 
cyclophane ( [H. . .n ]  2.51, 2.58A; [C-H. . .n ]  146. 145“). The 
latter are between one of the p-phenylene hydrogen atoms in 
each p-xylene unit and their adjacent central oxygen atoms of 
the polythioether linkages ([C . . 0] 3.30, 3.36 A: [H . .O] 2.36, 
2.47 A ;  [C-H . . . n] 168, 160”). In the crystal, the [2]catenane 
molecules pack to form 
conventional lattice- 
translated stacks with an 
interplanar separation 
between “outside” naph- 
thalene rings of one mol- 
ecule and the “outside” 
bipyridinium unit of the 
other of 3.33 A. 


In the crystal structure 
of 23.4PF6 (Figure 6), 
where the macrocyclic Figure6. Geometry adopted by the 


polythioether contains a 
hydroquinone ring and a 
1,5-dithianaphthalene residue, the hydroquinone ring is posi- 
tioned in the “inside” of the tetracationic cyclophane and the 
1,5-disubstituted naphthalene ring on the “outside”. The tilt 
angle of the -OC,H,O- axis of the “inside” hydroquinone ring 
to the mean plane of the tetracationic cyclophane is 48”, whereas 
that of the -SC,,H,S- vector of the “outside” 1,5-disubstituted 
naphthalene ring system is 30”. The mean interplanar separa- 
tions between the “inside” hydroquinone ring and the “outside” 
and the “inside” bipyridinium units are 3.45 and 3.41 A, respec- 
tively. The separation between the “outside” naphthalene ring 
system and the “inside” bipyridinium unit is 3.45 A. Secondary 
stabilization of the n-n--71-n [2]catenane structure is achieved 
by a combination of 1) [C-H . . . n] interactions between the 
“inside” hydroquinone ring and the two p-xylene spacers of the 
cyclophane ([H . . . n] 2.76, 2.96 A;  [C-H . . n] 169, 158”) and 
2) a [C-H. . .O]  hydrogen bond between one of the corner 


[2]catenane 23.4PF6 in the solid state. 
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methylene groups of the cyclophane 
and the oxygen atom next to 
sulfur in the polyether macrocycle 
([C...O] 3.21 A;  [H.. .O] 2.37A; 
[C-H . . 01 146”). The [2]catenanes 
pack to form polar stacks which are 
different from those observed for 
the other [alcatenanes in that previ- 
ously, adjacent molecules within the 
stack were in register (they are relat- 
ed by a simple lattice translation), 
whereas here (Figure 7) the planes 
of alternate cyclophanes are taisted 
about the polar axis by approxi- 
mately 61”. The intercatenane x-x 
stacking separation is 3.30 A. - .  


Figure 7 .  Packing diagram of The analysis shows 
the [2]catenane 23.4PF, show- 
ing the donor-acceptor polar 24‘4pF6 to adopt (Figure 8, a ge- 
stack formed in the’crystk ometry in which the 1,5-dioxynaph- 


thalene component of the macro- 
cyclic pol yether is positioned “inside” and sandwiched between 
the two bipyridinium units of the tetracationic cyclophane. 
The 1,s-dithiabenzene ring is positioned “outside”. The 
-OC,,H,O- axis of the “inside” 1,s-dioxynaphthalene residue 


is inclined by 53” to 
the mean plane of the 
cyclophane, while the 
“outside” -SC,H,S- 
vector is tilted by only 
16”. The mean interpla- 
nar separations between 
the “inside” 1,s-dioxy- 
naphthalene ring system 
and the “outside” and 
“inside” bipyridinium 
units are 3.41 and 


catcnane 24.4PF6 in the solid state. 3.36 A, respectively. 
The interplanar dis- 


tance between the “inside” bipyridinium unit and the “outside” 
1,4-dihydroxybenzene ring is 3.48 A. The only secondary stabi- 
lizing interactions in addition to the x--71 stacking are the 
[C--H..  . x] interactions between the naphthalene C-4 and C-8 
hydrogen atoms and the p-xylylene spacers of the cyclophane. 
There are no intracomponent [H . . .O] contacts of less than 
2.5 A. Packing of the molecules is the same as for 20.4PF6 with 
the formation of 71-71 polar stacks along their crystallographic 
C,  axis. The intercatenane x-x stacking separation is 3.50 A. 


The X-ray analysis of the complex formed between the tetra- 
cationic cyclophane 27.4PF6 and 17 (Figure 9;  see also Fig- 
ure 13) reveals the formation of a 1 : 2  complex, wherein one of 
the threads is inserted through the center of the cyclophane, 
while the other is sandwiched between the bipyridinium units of 
latticetranslated tetracations. Both independent 1,s-dioxy- 
naphthalene units are positioned on crystallographic inversion 
centers, thus producing an overall superstructural arrangement 
that is markedly different (Figure 10) to that adopted by the 
“all-oxygen’’ analogue, where the 1,s-dioxynaphthalene and 
bipyridinium units all lie on a common C,  axis. The pseudoro- 
taxane portion of the 1 :2 complex is stabilized by a combination 


i-igure x. beometry aaoptea by tne lil- 


Figure 9. Geometry adopted by the complex formed between the T[ electron rich 
compound 17 and the tetracalionic cyclophane 27.4PFb in the solid state. 


Figure 10. Comparison between the geometries adopted by the complexes formed 
by the tetracationic cyclophane 27.4PF6 (blue) with 17 (orange) and the “all-oxy- 
gen” analogue 15 (green) in the solid state. 


of 71-n stacking interactions with mean interplanar separations 
of 3.37 8, and [C-H . . . x] interactions ([H . . . n] 2.59 A; 
[C- H . . . 711 150”), augmented by a strong pair of [C-H . . ’01 
hydrogen bonds([C...0]3.11 A;[H...0]2.23A;[C-H...0] 
1 SO”) between one of the a-pyridinium hydrogen atoms and 
the second oxygen 
(from the 1,5-dioxy- 
naphthalene unit) atom 
of the complexed sub- 
strate. The 2:l  com- 
plexes form (Figure 11) 
an extended stack with 
the 1,5-dioxynaph- 
thalene ring sand- 
wiched between adja- 
cent tetracations and 
overlaying just one 
pyridiniuin ring in each Figure i i .  Packing diagram of the complex - -  
cyclophane with a mean formed between the K electron rich compound 


17 and the tetracationic cyclophane 27.4PF6 
interplanar separation showme the donor-accentor oolar stack formed 


1 1  


of 3.28 A in each case. in the &al. 


~ 
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The structures of the other two [2]pseudo- 
rotaxanes 14/27.4PF6 and 16/27.4PF6 were 
investigated, but were found to have nonstoi- 
chiometric disordered structures, wherein the 
tetracationic cyclophane components in each 
case form an orderly array, positioned about 
crystallographic symmetry centers and con- 
taining the naphthalene thread components at 
their centers. Because the combined lengths of 
the two thioether chains in each case is signifi- 
cantly longer than the separations between the 
cyclophane centers, the termini of the chains in 
one [2]pseudorotaxane overlay the region that 
would be occupied by an adjacent [2]pseudo- 
rotaxane if all the cyclophanes were simulta- 
neously threaded. The apparent superstructure 
in each case-because of the crystallographic 
symmetry-simulates a pseudopolyrotaxane. 
A situation analogous to this one has been dis- 
cussed previously by us.[91 As a consequence of 


26-2PF6 


Macrocycle X Z  A 6 Complex 


4 
5 


10 
11 
12 
13 
27 
28 
29 


S s HQ 
S 8 NP 
S 0 NP 
S 0 NP 
S 0 HQ 
S 0 HQ 
0 0 HQ 
0 0 NP 
0 Q HQ 


HQ 
NP 
NP 
HQ 
NP 
HQ 
HQ 
NP 
NP 


Figure 12. Complexation of the bis(hexafluorophosphate) salt 26.4PF6 by the x electron rich macro- 
cycles 4, 5, and 10-13 (the "all-oxygen" analogues are also shown). 


our inability to unravel the multiple superimposed images, we complex in solution. The 'H NMR spectra of equimolar mix- 
are only reporting the unit cells and space groups for these two tures of host and guest recorded in CD,CN at 25 "C (Table 1) 
complexes.["' reveal changes in the chemical shift values of the hydrogen 


atoms attached to the aromatic units of the host and of the 
Association Constants: On mixing any of the z electron rich hydrogen atoms located in the CI- and 8-positions with respect to 
macrocyclic hosts 4, 5, and 10-13 with equimolar amounts of the nitrogen atoms on the bipyridinium units of the guest, com- 
the .n electron deficient bis(hexafluorophosphate) guest pared with the values observed for "free" host and guest. Con- 
26.2PF6 in MeCN, a red color develops as a result of charge- sistently, fast atom bombardment mass spectrometric (FABMS) 
transfer interactions between the complementary aromatic units analysis of the complexes (Table 2) reveals peaks at m/z values 
of host and guest, indicating the formation (Figure 12) of a for [M - PFJ+ and [ M  - 2PF6]+, corresponding to the loss of 


Table 1. Chemical shifts [6 values (AS values)] for the 1 : I  complexes [a] 4/26.2PF6, 5/t6.2PF6, and 10/26.2PF6-13/26.2PF6 and reference compounds in CD,CN at 25 'C 


Charged Component 
Compound a-CH b-CH 


Neutral Component 
H-4/H-8 H-3/H-7 H-2/H-6 -C,H,- 


8.78 
(-0.05) 


8.18 
( - 0.1 7) 


8.78 
(-0.05) 


8.16 
(-0.19) 


8.22 
8.15 
(-0.07) 
8.13 
7.70 
7.88 
(- 0.25) 
7.55 
(-0.15) 
8.22 


7.34 
7.33 
( - 0.01) 
7.34 
7.18 
7.29 


7.15 


7.45 


(-0.05) 


( -  0.03) 


262PF,  8.83 8.35 
4 SC,H,S 7.26 
4/26'2 PF, 8.83 8.34 7.25 


(0.00) (-0.01) (-0.01) 
5 [bl S C i o H J  7.55 
5/26.2PF6 [b] 8.81 8.28 7.51 


10 SC,oH,S 7.47 


10/26.2PFb R.70 7.95 SClOH6S 7.33 


(-0.02) (-0.07) ( - 0.04) 


OCI"H6O 6.72 


(-0.13) (-0.40) ( - 0.14) 
OC,"H,O 6.65 


(-0.07) 
11 SCioH$ 7.60 


OC,H,O 6.64 
11126.2 PF6 SCioH$ 7.52 


(-0.08) 
OC,H,O 6.56 


12 SC,H,S 7.05 


12/26,2 PF, SC,H,S 6.94 


(-0.08) 


OCioH,O 6.89 


(-0 11) 
OCioH,O 6.82 


(-0.07) 
13 SC,H,S 7.22 


OC,H,O 6.80 
13126.2 PF, 8.83 8.28 SC,H,S 7.15 


OC,H,O 6.75 
(0.00) (-0.07) (-0.07) 


(-0.05) 


[a] The concentration of the components was 5 mM. [b] As a result of the low solubility of 5, the solvent used was CD,CN/CD,CI, (7:3, v / s ) .  


8.10 
(-0.12) 


7.42 
(-0.03) 


7.79 7.32 


7.68 
(-0.11) 


7.28 
(-0.04) 
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Zthlc 2. FABMS dala f‘or the 1.1 complexes 4:26 ?PF,.  5!26.2PF6, 10;26.2PF6- 
13 26-2PF,, 15,27.4PF6, and 16/27,4PF,. 


Complex [MIi [4 [M - PF,]’ [ M  - 2PI‘,]+ 


4 26 2Pb,> 
5 26 2PF6 
10 26 2PF6 
1 I 26 2 Pl-., 
12,2h 2PF, 
13 26 2PFb 
15 27 4PF, 
16 27 4PF, 


(1076) 
(1176) 
(1344) 
1094 


1044 
(1  464) 
(1496) 


( 1094) 


931 
1031 
999 
949 
049 
899 
(1319) 
(1351) 


(7x6) 
886 
854 
804 
804 
754 
1174 
1206 


[a] ”Molecular weight” of the 3 : 1 complex; the values in parentheses were not 
obsei-ved 


one and two hexafluorphosphate counterions, respectively. The 
association constants K, for the resulting complexes (Table 3) 
were determined in MeCN at 25 “C by absorption UV/Vis spec- 
trophotometric titration” ’] at  the wavelength ?.,,, correspond- 
ing to the maximum of the charge-transfer band associated with 


Table 3. Association constants (K,) and free energies of complexation ( - A G ’ )  for 
the I .  1 complexes formed by the n electron rich macrocycles 4, 5 ,  and 10- 13 and 
the bis(1iexafluorophosphate) salt 26.?PF6 in MeCN a t  25 C .  


Complex K, ( M - ’ )  [a] -AG” (kcalmol-I)  [I>] im.,> (nm) 


4 26 ZPF, 7 [cl 1 2  


10126 2PF6 79 2 6  
11/26 2PF, 40 2 2  


13 26 2PF, 35 2 1  


5/26 2PF, 17 [dl 1 7  


12,26 2 PF, 59 2 4  


47 I 
49 I 
481 
456 
471 
466 


[a] The K,, values were determined by absorption UV/’Vi!. spectrophotometi-ic titra- 
tion at the wavelength i,,, associated with the charge-transfer band of the complex 
(percentage e r ror2  14%). [b] Free energy of complexation (percentage er- 
r o r s  17%). [c] Determined by ‘H NMR spectroscopy employing the continuous 
variation method. [d] Determined in MeCNICH,CII (7:3, iyi>)asa result ofthe low 
solubility of 5 


the complexes. The resulting values of K ,  range from 7 to 79M- ’ 
and are significantly lower than those in the case 
of the analogous “all-oxygen” macrocycles (K ,  > 7 0 0 ~ -  I ) .  In 
the case of the macrocycle 2, the K, value is too low to be 
determined-an observation that is consistent with the very low 
efficiency of the corresponding catenation (see above). These 
observations show that the presence of sulfur atoms along the 
polythioether chains has a depressive influence upon the molec- 
ular recognition event. Presumably, in 
the casc of 4, 5, and IO-l3---incorpo- 
rating sulfur atoms directly attached to 
the aromatic units-the 7c-7c stacking 
contribution to the binding energy is 
diminished, while in 2-where the sul- 
fur atoms are located well away from 
the aromatic units-it is the hydrogen 
bonding contribution that is reduced. 


The higher stabilities of the complex- 
es formed by 26.4PF, and the “all-oxy- 
gen” 7c electron rich macrocycles con- 
trast with the similar-in some 
instances even higher-yields associat- 


some of the sulfur-containing macrocycles (see above). The high 
efficiencies associated with these self-assembly processes could 
just possibly be a result of neighboring group participations of 
the sulfur atoms in the ring closure reaction (Scheme 6), leading 
to the formation of sulfonium intermediates. 


The acyclic 7c electron rich guests 14-17 (Figure 13) are 
bound by the tetracationic host 27.4 PF,, as indicated by the 
appearance of a purple color when equimolar amounts of host 
and guest are mixed in MeCN. Accordingly, the ‘H N M R  spec- 
tra of equimolar mixtures of the host and guest recorded in 
CD,CN at  25 ‘C (Table 4) show significant changes in the chem- 
ical shifts of the protons attached to  the aromatic units of the 
guests and of the protons in the CI- and 1-positions with respect 
to the nitrogen atoms on the bipyridinium units of the host. 
Consistently, FABMS analysis of 15/27.4PF6 and 16/27.4PF6 
(Table 2) revealed peaks at  nzjz values for [M - 2PF6]+, corre- 
sponding to the loss of two hexafluorophosphate counterions. 
The association constants of the corresponding complexes 
(Table 5 )  were determined by absorption UV/Vis spectrophoto- 
metric titration at  the wavelength corresponding to  the maxi- 
mum (L,,,J of the charge-transfer band of the complexes. The 
presence, as well as the location, of the sulfur atoms along 
the polythioether chains of the guests have a pronounced 
effect on the stabilities of the complexes. A very low value of K, 
(184hl-I) was obtained in the case of the guest 16, which 
incorporates one sulfur atom in the central positions of both of 
its two polythioether chains. Relocating the sulfur atom in ei- 
ther of the other two positions available along the poly- 
ether chains results in enhancment of the K, values, which in- 
crease to 1010 and 1 4 3 0 ~ ~ ’  for 14 and 17, respectively. In 
contrast, a much higher value for K, ( > 5 0 0 0 ~ - ’ )  has been 
determined[’31 for the “all-oxygen’’ compound 15. as in the case 
of the 1 : 1 complexes formed by macrocyclic polyethers and 
26.4 PF, . 


‘H NMR Spectroscopy: The chemical shifts associated with pro- 
tons (other than the OCH, and SCH, protons) in the [2]catenanes 
2O.4PF6-25-4PF6 are listed in Table 6.  In all cases, the reso- 
nances of protons in the CI- and j-positions with respect to  the 
nitrogen atoms on the bipyridinium units of the tetracationic 
component are shifted with respect to those of the tetracationic 
cyclophane in its “free” form. Similarly, the resonances associ- 
ated with the protons attached to the aromatic units of the 
TC electron rich macrocyclic components are shifted significant- 


ed with the catenations in the case of Figure 13. Complexation of the ?i electron rich acyclic compounds 14-17 by the tetracationic cyclophane 27.4PF6. 
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Table 4. Chemical shifts [h valuea (Ah values)] [a] for the 1:l complexcs [b] 14/27.4PF6 17/27.4PF6 and reference compounds in CD,CN at 25 C. 


Compound u-CH 
Charged Component 


P-CH C6H4 CH,N+ 


~~ 


Neutral Component 
H-4/H-X H-3 H-7 ti-2 H-6 


27 4PF6 
14 
i4/27.4 PF,) 


15 
15/27 4PF, 


16 
16/27 4PF, 


17 
17/27 4 PF, 


8.86 


8.82 
(-0.04) 


X.Y5/8.67 
(+0.0Y/-0.19) 


8.X1 
(-0 05) 


8.81 
(-0.05) 


8.16 


7.51 
(-0.65) 


1.34 
( - 0  82 )  


7.81 
(-0.35) 


1.47 
(-0.69) 


7.52 


7.86 
(+0  34) 


7.98 
(+0.46) 


7 12 
( + 0.20) 


7.92 
( + 0.40) 


5.74 


5.73 
(-0.01) 


(-0.03) 


5.74 
(0.00) 


5.75 
(f0.01) 


5.71 


8.30 7.51 
6.62 
(-0.XY) 


7.79 7.38 
6.06 
( -  1.32) 


1.79 7.38 
6.89 


7.80 7.38 
6.46 


( - 0.4‘)) 


(-0.91) 


7 67 
7.05 
(-O.62) 
6.94 
6.33 
(-0.61) 
6.Y5 
6 71 
(-0.24) 
6 Y4 


[a] All the signals of the complexes are broad at 25’C and the resonances associated with the hydrogen atoms H-4/H-X in the 4- and X-positions on thc 1,5-d1subrtitutcd 
naphthalene units are not detectable. [b] The concentration of the components wa6 5 mM. 


Tahlc 5. Association constants (K , )  and free energies ofcomp~exation ( -  AG ) for with the geometry adopted i n  the solid state (see above)-and 
the 1 ’ 1 complexes formed between tetracationic cyclophane 27.4 PF, and the 25.4 PF,, 
n elcctron rich acyclic compounds 14- 17 in MeCN at 25 ’C. The dynamic processes illustrated schematically in Fig- 
Complex K, (M-’) [a1 -AG“ (kcalmol-’) [b] i,,, (nm) ures 15- 27 are associated with the [2]catenanes 20.4PF6- 


25.4PFfi in solution. Process I (Figure 15) involves the circum- 
14/27 4 PF, 1030 4.1 541 
15/27 4PF, > 5000 [c] 1 5  


17/27 4PF6 I430 4 3  
16127 4PF, 184 3 1  


527 
532 
527 


[a] The K, values were determined by absorption UV/Vis spectrophotometric titra- 
lion at the wavelenght i.,,, of the charge transfer band of the complex (percentagc 
error<3%). [h] Free Energy ofcomplexation (percentage e r r o r s 6 ” h ) .  [c] Litera- 
ture value (rcf. [13]) 


ly-up to ca. 6 ppm for the aromatic units residing “inside” the 
tetracationic cyclophane component. 


The [2]catenanes 22.4PF6 and 23.4PF6 incorporate different 
7c electron rich macrocyclic components. As a result, their 
‘H NMR spectra show the existence of two translational iso- 
mers in solution (Figure 14). In the case of 22.4PF6, the 1,5- 
di thianaphthalene unit resides preferentially “inside” the cavity 
of the tetracationic cyclophane at low temperatures and, 
at - 30 “C, the ratio between the two translational isomers 
22a.4PF6 and 22b.4PFfi is 60:40. Raising the temperature up 
to + 30 “C results in an increase of the population of the transla- 
tional isomer 22b.4PF6, with the 1,5-dioxynaphthalene unit 
“inside”, to a ratio of 55:45 in its favor. A more dramatic 
temperature dependence is observed in the case of 23.4PF6, 
where the ratio between 23a.4PF6 and 23b.4PF6 varies from 
70: 30 to 30: 70 over the same range of temperatures. In contrast, 


“outside” is observed for the [2]catenanes 24.4PF6--consistent 
Only the isomer bearing the 1,4-dithiabenzene Figure 15, Dynamic processes I and 11 with the [2Icatcnnnes i n  solu- 


tion. 


rotation of the macrocyclic polythioether 
component through the cavity of the te- 
tracationic cyclophane component. Pro- 
cess I1 (Figure 15) involves the circumro- 
tation of the tetracationic cyclophane 
component through the cavity of the 
macrocyclic polythioether component. 


22b.4PFe Process III (Figure 16) involves the 
“rocking” of the aromatic unit located 
“inside” the cavity of the n electron defi- 


23b*4PF, 


Figure 14. Translational isomers associated with the [2]ciitenanes 22.4PF6 and 23.4PF6. 
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Table 6. Chemical shifts [6 values (A6 values)] for the [2]catenanes 20.4PF6-25.4PF, in CD,CN at 20-25°C [a]. 


Charged Component 
Compound a-CH p-CH -C,H,- CH,N 


Neutral Component 
H-4/8 H-317 H-2/6 OC,H,O 


4 
20.4 PF6 8 YO 7.81 7.81 


(+  0 04) (-0.35) (f 0.29) 


5 
21 4PF6 [b] 8.58 6.79 7.92 


( -0.28) (- 3.37) (+  0.40) 


10 


22 4PF, 8.63 6.81 
(-0.23) (-1.35) 


23- 4PF, 8.75 7.26 
(-0.1 1) (-0.90) 


12 


5.72 
(-0.02) 


5.72 
(-0.02) 


1.97 5.74 
(+  0.45) (0.00) 


7.87 
( + 0.35) 


24 4PF, 8.76 7.14 8.02 
(-0.30) (-1.02) (+ 0.50) 


13 


25 4PF6 8 2 9  7 66 7.81 
(+ 0.03) ( -  0.50) (+ 0.29) 


5.70 
(-0.04) 


5.75 
(+ 0.01) 


5.70 
(- 0.04) 


SC,H,S 
inside SC,H,S 


alongside SC,H,S 


SCioH,S 
inside SC,,H,S 


alongside SC,,H,S 


SCtoHGS 
OC,oH@ 
imide SC,,H,S 


alongside SC,,H,S 


inside OC,,,H,O 


alongside OC,,H,O 


SCioH,S 
OC,H,O 
inside SC,,H,S 


alongside SC,,H,S 


inside OC,H,O 


alongside OC,H,O 


SC,H,S 
OC,OH,O 
dlongslde SC,H,S 


inside OC,,H,O 


SC,H,S 
OC,H,O 
alongside SC,H,S 


inside OC,H,O 


8.22 
2.05 
(- 6.17) 
7.24 
(-0.98) 


8.13 
7.70 
2.21 
(- 5.92) 
7.41 
(-0.72) 
2.27 


7.18 
(- 5.43) 


(-0.52) 


8.22 


2.31 
( -  5.92) 
7.55 
(-0.67) 


1.79 


2.42 
(-5.37) 


1.55 
5.87 
(- 1.68) 
7.08 
(-0.47) 


7.34 
7.18 
5.94 
(- 1.40) 
7.18 
(-0.16) 
5.83 
(-1.35) 
7.09 
(-0.09) 


7.45 


6.04 
(- 1.41) 
7.26 
( - 0.19) 


7.32 


5.94 
(- 1.38) 


7.34 
6.40 
(-0.94) 
6.64 
(-0.70) 


7.47 
6.72 
6.49 


6.87 
( - 0.60) 
6.09 


6.29 


(-0.98) 


(-0.63) 


( - 0.43) 


7.60 


6.58 
( -  1.02) 
6 94 
(-0.66) 


6.89 


6.21 
(-0.68) 


7.26 


(-1.79) 
5.47 [d] 
(-1 79) 


5.47 [c] 


6.64 


3.36 
( -  3.28) 
6.04 
(-0.60) 


7.05 


6.53 
(-0.52) 


7 22 
6.80 
6.63 
(-0.59) 
3.52 
(- 3.28) 


[a] The concentration of the compounds was 10 mM. [b] The values reported arc determined at the centers of the multiplets. [c] Recorded a t  - 35 “C. [d] Value determined 
at 70 “C. 


- XylyleneSpacer 


f Bipyridinium Unit + 


z===- 
Process I l l  


cient macrocyclic component with respect to its mean plane. 3) reinsertion of the naphthalene ring system “inside” the cavity 
Process IV (Figure 17) is associated with the [2]catenanes incor- of the tetracationic cyclophane. The free energy barriers 
porating a 1,5-disubstituted naphthalene ring system “inside” (Table 7) associated with the dynamic Processes I-IV were de- 
and involves 1 )  extrusion of the naphthalene unit from the cav- termined by variable-temperature ‘H NMR spectroscopy em- 
ity of the tetracationic cyclophane, 2) a rotation of the 1,5-dis- ploying the approximate coalescence method.[141 
ubstituted naphthalene and/or the bipyridinium unit(,s), and In the case of the [2]catenane 20.4PF6, incorporating two 


1,4-dithiabenzene rings within its n electron rich macrocyclic 
component, weak intracomponent interactions exist, as suggest- 
ed by 1) the low yield of its self-assembly process and 2) the low 
K, value for the complexation of 26.2 PF, by the n electron rich 
macrocycle 4. As a result, only Process I can be “frozen out” on 
the ‘HNMR timescale at 193 K in (CD,),CO-the other pro- 
cesses are too fast, even at this very low temperature. By em- 
ploying the approximate coalescence method (Table 7), a value 
of 12.2 kcdlmol-’ was derived for the free energy of activation 
AG: at a coalescence temperature of283 K in (CD,),CO (cf., 
AC: = 15.6 kcalmol-’ at = 354 K for the “all-oxygen” ana- 
logue 1.4PF6 in CD,CNr4]). rlgure 16. Dynamic Process 111 associated with the [?]catenaries in solution. 
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Figure 17. Dynamic Process IV associated with the [2]catenanes containing 1.5-di- 
substituted naphthalene units in solution. 


In the case of 21.4PF6, Processes I, 11, and IV are slow on the 
‘H NMR timescale at temperaturesjust above the freezing point 
of (CD,),CO (i.e., at the lowest possible practical temperature 
limit). As a result, the kinetic and thermodynamic parameters 
associated with Processes I, 11, and IV were determined 
(Table 7), once again, by the approximate coalescence method. 
Values for AG: significantly lower (ca. 1.5 kcalmol-’ ) than 
those obtained in the case of the “all-oxygen” analogue were 
determined.[’] 


Two translational isomers (Figure 14) exist in solution in the 
case of the [2]catenane 22.4PF6. The ‘HNMR spectra of 
22.4PF6, recorded in (CD,),CO below 228 K, reveals four dou- 
blets for the protons in the a-positions with respect to the nitro- 
gen atoms on the bipyridinium units of the tetracationic cy- 
clophane component in the case of each translational isomer. 
Free energy barriers of 11.8 and 10.6 kcalmol-’ were deter- 
mined in (CD,),CO at coalescence temperatures of 253 and 


228 K, respectively, for isomers 22a.4PF6 and 22b.4PF6, re- 
spectively, from the coalescence of the four doublets into two in 
each case. Further coalescence of the two doublets into one 
doublet for each isomer provided an opportunity to determine 
the AG: values for Process IV. These values correspond to 14.9 
and 16.1 kcal mol - ’ at coalescence temperatures of 323 and 
343 K, respectively, for isomers 22a.4PF6 and 22b.4PF6, re- 
spectively, in CD,CN. In addition, by employing the protons 
attached to the 2- and 6-positions of one of the two 1,5-disubsti- 
tuted naphthalene ring systems as probes, the free energy barri- 
ers for the interconversion of the major into the minor isomer 
(Process Ia) and for the interconversion of the minor into the 
major isomer (Process I b) were calculated to be 15.3 and 
15.5 kcalmol-‘, re~pectively.[’~] 


Since only the translational isomer with the 1,s-dioxynaph- 
thalene unit located “inside” the cavity of the tetracationic cy- 
clophane is observed, the dynamic behavior of the [2]catenane 
24.4PF6 is relatively simple. The AG: values associated with 
Processes I1 and IV (Table 7) were measured in (CD,),CO and 
in CD,CN, respectively, from the coalescence of the resonances 
of the protons attached to the p-xylylene spacers of the tetraca- 
tionic cyclophane. Below the coalescence temperature (213 K) , 
Processes I1 and IV are slow on the ‘H NMR timescale, and the 
four protons of each p-xylylene unit are inequivalent, giving rise 
to two independent AB systems. In contrast, above 213 K, Pro- 
cess I1 becomes fast on the ‘H NMR timescale and only two 
singlets are observed for the p-xylylene protons. Coalescence o f  
these two singlets to give only one signal occurs by further 
warming of a CD,CN solution of 24.4PF6, as a result of in- 
creasing the rate of Process IV, which becomes fast on the 
‘H NMR timescale. 


Also, only one translational isomer exists for the [2]catenane 
25.4PF6 in solution. The ACT value for Process 111 (Table 7) 
was determined in (CD,),CO from the coalescence of the two 
doublets observed at temperatures lower than T, (228 K) for the 
resonances associated with the hydroquinone ring protons into 
only one singlet at higher temperatures. The coalescence of the 
two doublets-observed for the protons in the a-positions with 
respect to the nitrogen atoms on the bipyridinium units of the 
tetracationic cyclophane---above a T, of 228 K into only one 
doublet provided the opportunity to determine a ACT value of 
10.8 kcal mol-’ for Process I1 in (CD,),CO. 


Table 7 .  Kinetic data associated with the dynamic processes occurring in solution within the [2]Catenanes 20.4PF,-25.4PF6 


[ZICatenane Probe Solvent Av [a1 (W k ,  [bl W’) T, [cl (K) AG: [d] (kcal mol- ’) Process 


20.4PF, SC,H,S 
21.4PF6 naphthalene H2/6 


a-bipyridinium 
a-bipyridinium 


22.4 PF, naphthalene H2/6 
naphthalene H2/6 
2-hipyridinium 
z-bipyridinium 
u-bipyridiniuni 
1-hipyridinium 
p - x y 1 y I e n e 
p-xylylene 


OC,H,O 


24.4PFb 


25.4PF6 r-pyridinium 


988 
53 
198 
172 
78 
78 
160 
135 
237 
174 
50 
74 
57 
1368 


2200 
118 
440 
3x2 
309 
181 
355 
300 
526 
387 
111 
164 
121 
3037 


283 
313 
221 
310 
336 
336 
253 
228 
323 
343 
21 3 
328 
223 
228 


12 2 
15.4 
10.1 
14.5 
15.3 
15.5 
11.8 
10.6 
14.9 
16.1 
30.3 
15.9 
10.8 
9.6 


I 
I 
I 1  
IV 
I a 
I b  
I 1  a 
I I  b 
IVa 
IV h 
11 
IV 
I 1  
111 


[a] Frequency difference (percentage error 10.2%).  [h] Rate constant at the coalescence temperature (percentage error 1 0 . 2 % ) .  [c] Coalescence temperature (percentage 
errorc2.0%). [d] Free energy barrier at the coalescence temperature (percentage error<2.0%). 
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Electrochemistry: Cyclic voltammetry of the tetracationic cy- 
clophane 27.4 PF6[41 shows two reversible reduction processes 
with half-wave potentials of - 283 and - 708 mV correspond- 
ing to two-electron reductions of the couples [b ipyr id in i~m]~+/  
[bipyridinium] + and [bipyridinium] +/[bipyridinium] , respec- 
tively. These observations suggest that the two bipyridinium 
units of the tetracationic cyclophane 27.4PF6 are reduced 
simultaneously as a result of two consecutive additions of two 
electrons. In contrast, when the tetracationic cyclophane is me- 
chanically interlocked within a [2]catenane, the two bipyridini- 
um units are no longer equivalent. The bipyridinium unit locat- 
ed “inside” the cavity of the JI electron rich macrocyclic 
polyether is reduced at  more negative potentials as a result of the 
stabilizing z--n stacking interactions with the two n: electron 
rich aromatic units incorporated within the macrocyclic 
polyether. Thus, cyclic voltammetry of the [2]catenanes 
21 .4PF,-25.4PF6 (Table 8) shows three reversible reduction 


Table 8. Reduction potential7 (vs. SCE) associated with the [2]catenanes 20.4PF6- 
25.4PF6 and their “all-oxygen” analogues 1 4PF6, 28-4PF6, and 29.4PF, in a 
0 1 M solution of (BuN.PF, in MeCN 


Compound XC,H,X,XC,H,X [ii] E, (mV) E, (mV) 


1 4PF6 “JI 
25 4PF, 
20 4Pb, 


28 4PF, [d] 


21 4PF,, 


29 4PF, [el 
23 4Pk, 
24 4PF, 


22 4PE.,, 


-310 
-311 
- 300 


- 354 
- 324 
-336 


- 330 
- 30X 
- 3 2 5  


-431 --X45 
-401 -849 


~ [cl -- 842 


-572 -861 
-488 -797 
-423 -782 


-460 --x00 
-424 -815 
-389 -859 


[a] Aromatic nnitr incorporated within the ?i electron rich macrocyclic components 
of‘the [2]catenane.i. [b] Litcralure values (ref. 141 j .  [c] The reduction potcntiala El 
and I?, cannot he distinghiiished. [d] Literature values (ref. [ X I  j .  [el Literature val- 
ues (ref. Its]). 


processes. The first two processes are monoelectronic reduc- 
tions of the “outside” and “inside” bipyridinium units, respec- 
tively, while the third process is a two-electron addition corre- 
sponding to the almost simultaneous reduction of the two 
bipyridinium radical cations. Presumably, once both bipyridini- 
um units are monoelectronically reduced their acceptor charac- 
ter is diminished and “outside” and “inside” units are no longer 
distinguishable and so are reduced almost simultaneously with 
the second pair of electrons. In contrast, only two reduction 
potentials are evident in the case of the [2]catenane 20.4PF6, as 
a result of the almost simultaiieous monoelectronic reduction of 
”outside” and “inside” bipyridinium units. Comparison of the 
reduction potentials of the [2]catenanes 20.4PF6-25.4PF, with 
those determined for their “all-oxygen” analogues 1,4PF,, 
28,4PF,, and 29.4PF,I4, ’. I h l  revealed significant differences in 
the El values, as a result of a diminished degree of x-donation 
associated with the dithioarene units. This observation is consis- 
tent with the depressive effect observed (see above) in the K, 
values on introducing sulfur in place of oxygen atoms in the 
macrocyclcs. 


Conclusions 


A series of 1 : 1 complexes possessing pseudorotaxane-like ge- 
ometries have been self-assembled in solution and in the solid 
state as a result of cooperative noncovalent bonding interac- 
tions such as 1) 71-x stacking, 2) [C-H . .O]  hydrogen bond- 
ing, and 3) [C-H . . ’ .] edge-to-face interactions. These com- 
plexes incorporate either 71 electron rich macrocyclic 
polythioether hosts and the bipyridinium-based salt, paraquat, 
as guest, or 7c electron rich acyclic polythioether guests and 
the bipyridinium-based cyclophane, cyclobis(paraquat-p- 
phenylene), as host. The n electron rich polythioether macro- 
cycles were employed to self-assemble a range of [2]catenanes 
incorporating cyclobis(paraquat-p-phenylene) as the second 
ring component. Surprisingly-despite the lower association 
constants for the 1:l complexes in comparison with the 
analogous “all-oxygen” compounds-the self-assembly of these 
[2]catenanes are amongst the most efficient catenations reported 
in the literature. Careful examination of the mechanism of cate- 
nane formation with the aid of computational methods may 
provide the answer to such apparently contradictory results. 
Single crystal X-ray analyses of the [2]catenanes revealed the 
presence of only one of the two possible translational isomers 
associated with the [2]catenanes incorporating different 
x electron rich aromatic ring systems in their macrocyclic poly- 
thioether components. In particular, the dioxyarene ring sys- 
tems reside “inside” thc cavity of the tetracationic component in 
preference to the dithiarene ring systems. When 1,5-disubstitut- 
ed naphthalene and 1,4-disubstituted benzene ring systems with 
the same subsituents are incorporated within the n: electron rich 
macrocycle, the former is preferentially located “inside”. Thus, 
the following “selection rule” exists in the solid state: 
OC,,H,O >OC,H,O> SC,,H,S> SC,H4S. A similar selectivi- 
ty is observed in solution for the [2]catenanes 24,4PF, and 
25.4  PF, incorporating exclusively OC, ,,H,O “inside” and 
SC,H,S “outside”, and OC,H,O “inside” and SC,H,S “out- 
side”, respectively. In contrast, a temperature dependence of the 
equilibrium between the translational isomers associated with 
22,4PF, and 23.4PF6 is observed: these [2]catenanes can be 
regarded as temperature-responsive molecular switches. The dy- 
namic processes associated with the [2]catenanes in solution 
were investigated by variable-temperature ‘H NMR spec- 
troscopy. The free energy barriers of these dynamic processes 
are lower than in thc case of the “all-oxygen” analogues, pre- 
sumably, as a result of the weaker intercomponent interactions. 
Consistently, cyclic voltammetric investigation of the 
[2]catenanes revealed redox potentials, for the reduction of the 
bipyridinium units incorporated within the catenanes, a t  values 
lower than in the case of the “all-oxygen” analogues, reflecting 
thc lower .-donation ability of the dithioarene units. 


Experimental Section 


General Methods: Chemicals were purchased from Acros Organics. Aldrich. 
or TCI and used as received. Solvents were purified and dried according to 
methods described in the literature.”” 1,4-Bi~(2-bromoethoxy)benzene.”~J 
1,5-naphthalenedithio1,[iy~ tetraethyleneglycol monotosylate,‘2g1 1,5-bis(2-(2- 
tosyIoxyethoxy)ethoxy)naphthalene,[2f’ 1,5-bis(2-(2-(2-(2-tosyloxyethoxy)- 
ethoxy)ethoxy)ethoxy)naphthalene (S).‘2r’ 1,4-bis(2-(2-(2-(2-tosyloxyetho- 
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xy)ethoxy)ethoxy)ethoxy)benrene (9),[Zd1 1,5-bis(2-(2-methoxyethoxy)- 
ethoxy)naphthalene (15) , [ 1 3 '  and 1,4-bis[4-(4-pyridyl)pyridiniumniethylene]- 
benzene bis(hexaf1uorophosphate) (18)14' were all prepared according to liter- 
ature procedures. Reactions under ultrahigh pressure were carried out in 
Teflon vessels using a custom-built ultrahigh pressure reactor manufactured 
by PSIKA Pressure Systems of Glossop, UK. Thin-layer chromatography 
(TLC) was carried out on aluminnm sheets, precoated with silica gel 60F 
(Merck 5554). The plates were inspected with UV light. Column chromato- 
graphy was carried out using silica gel 60F (Merck 9385, 230-400 mesh). 
Melting points were determined using a Reichert Thermovar apparatus and 
were not corrected. Low-resolution electron-impact mass spectra were 
recorded using a Hewlett Packard 5989A spectrometer operating at 70 eV. 
Fast atom bombardment mass spectra (FABMS) were recorded on a Kratos 
MS 80 spectrometer operating at 8 keV using a xenon primary atom beam; 
the matrix used was 3-nitrobenzyl alcohol. High-resolution electron impact 
mass spectra were obtained using a Kratos MSSOTC instrument operating at 
70 eV. UV/Vis spectra were recorded on a Perkin-Elmer Lamda 2 using 
HPLC quality solvents. Nuclear magnetic resonance (NMR) spectra were 
recorded on Bruker WM250, AC300, or AMX400 spectrometers, using the 
solvent or TMS as inkrnal standard. All chemical shifts are quoted on the 6 
scale and the coupling constants J are given in Hertz (Hz). Microanalyses 
were performed by Analytical Labs (Lindbar, Germany). 


4,10,21,27-Tetrathiabis-p-phenylene~34~crown-10 (2): A solution of 1,4-bis(2- 
bromoethoxy)benzene (3.24 g, 10.0 mmol) and 1,5-dimercapto-3-oxapentane 
(1.38 g, 10.0 mmol) in DMF (50 mL) was added during 24 h at a constant 
rate, with the aid of an infusion pump, to a stirred suspension of K,CO, 
(8.28 g, 60.0 mmol) in DMF (300 mL) at 70 "C under a nitrogen atmosphere. 
After completion of the addition, heating and stirring were continued for an 
additional 24 h. The solution was cooled down to room temperature and the 
solvent was removed under reduced pressure. The residue was treated with 
CH,CI, (500 mL), washed with H,O (3 x 500 mL) and dried (MgSO,). After 
evaporation of the solvent in vacuo, the resulting oil was subjected to column 
chromatography (SO, , MeCO,Et/CH,CI,, 20: 1) to afford the macrocyclic 
polythioethers 2 (150 mg, 5%") and 3 (930 mg, 31 YO); both compounds were 
crystallized from acetone. When the reaction was carried out with Cs,CO, as 
the base, 2 and 3 were obtained in 7 and 46%, respectively. 
2: m.p. 9 9 ' C ;  EIMS: m/z 600 [ M I + ;  ' H N M R  (CDCI,): 6 = 6.78 (s, 8H),  
4.06 ( t ,  J =  6.7Hz, YH). 3.68 (t, J =  6.3 Hz, 8H),  2.90 (t, J =  6.7Hz, XH), 
2.79 (t, J =  6.3 Hz. 8H); I3C NMR (CDCl,): 6 =152.8, 115.6, 71.4, 68.7, 
32.2,31.7; Anal. calcd for C,,H,,O,S,: C 56.0, H 6.71; found C 55.8, H 6.83. 
3: m.p. 54'C; EIMS: m / z  300 [ M I '  ; 'HNMR (CDCl,): 6 = 6.97 (s, 4H),  
4.30 (t, J = 6.3 Hz, 4H),  3.18 (t. J = 7.4 Hz, 4 H),  2.78 (t, J = 6.3 Hz, 4H),  
2.39 (t, .1=7.4Hr,  4H);  I3C NMR (CDCI,): 6 =152.0, 119.0, 70.9, 69.5, 
30.2, 28.9. 


1,13,18,30-Tetrathiabis-p-phenylene[34]crown-10 (4): A suspension of 1 , l l -  
dichloro-3,6,9-trioxaundecane (1 1.6 g, 50.0 mmol) , 4-aminothiophenol 
(12.5 g, 100 mmol), and K,CO, (13.8 g, 100 mmol) in dry MeCN (250 mL) 
was heated under reflux for 24 h under a nitrogen atmosphere. After cooling 
down to room temperature, the mixture was filtered, and the filtrate was 
evaporated in vacuo. Purification of the residue by column chromatography 
(SO,, MeCO,Et/CH,CI,, 3: 7) gave 1,11 -bis(4-aminophenylthio)-3,6,9-tri- 
oxaundecaneasapaleyellowoi1(15.10g, 74%). 'HNMR(CDC1,): 6 =7.22 
(d,.l=8Hz,4H),6.59(d,.i=8Hz,4H),3.66(s,4H),3.64-3.50(m,12H), 
2.92 (1. J = 7  Hz, 4H);  I3C NMR (CDCl,): 6 =145.8, 134.0, 122.7, 115.5, 
70.4, 70.1, 70.0, 35.4. 
The resulting bisamine (8.16 g, 20.0 mmol) was dissolved in aqueous HCI 
(50 mL, 6%) and cooled to 0 -C. A solution of NaNO, (3.04 g, 44.0 mmol) 
in H,O (20 mL) was added slowly, while keeping the temperature below 5 "C.  
After stirring for another 15  min at 0 "C, the mixture was treated with 
aqueous NaOAc (10.0 g, 120 mmol in 30 mL) and the whole was added 
dropwise with stirring to ii solution of EtOCS,K (12.8 g, 80.0 mmol) in H,O 
(40 mL) at 80 T. The mixture was stirred for a further 2 h a t  80 ' C  and then 
diluted with H,O (50 mL) and extracted with CH,CI, (3  x 200 mL). The 
combined extracts were dried (Mg,SO,) and evaporated to give a brown oil, 
which was dissolved in EtOH (300 mL). KOH (10 g, 180 mmol) was added 
and the ethanolic solution was heated under reflux for 3 h under a nitrogen 
atmosphere. The reaction mixture was acidified with aqueous HCI (250 mL, 
15 %) and extracted with CH,C1, (3 x 250 mL). After removal of the solvent 
under reduced pressure, the residue was subjected to column Chromatography 


(SO,, MeCO,Et/CH,Cl,, 1 :9) to give l,ll-bis(4-mercaptophenylthio)- 
3,6,9-trioxaundecane as a pale ycllow oil (2.28 g. 26%). 'H NMR (CDCI,): 
6=7.30-7.10(2d,J= 8Hz,8H),3.65-3.54(m, 12H) .3 .42(~ ,2H) ,3 .06( t .  
.I=7Hz,4H);'3CNMR(CDCI,):6=133.4,130.5,130.0,128.7,70.6,70.4, 
69.9, 33.5. 
A mixture of this bisthiol(1.11 g, 2.50 mmol) and 1, l  l-bis(tosyloxy)-3.6,9-tri- 
oxaundecane (1.26 g, 2.50 mmol) in D M F  (50 mL) was added at a constant 
rate during 24 h to a stirred suspension of Cs,CO, (4.89 g, 15.0 mmol) in 
D M F  (300mL) at 70°C under a nitrogen atmosphere, and the reaction 
mixture was then stirred for another 24 h at 70 'C. After workup and column 
chromatography (SO,, MeC0,Et/CH2Cl,, 1 : 19) according to the proce- 
dure described for 2, the macrocycle 4 was obtained as a white solid (360 mg, 
24%) and crystallized from CH,CI,/Et,O (271 nig, 18%). m.p. 74°C; 
FABMS: m/z 600 [MIt; 'HNMR (CDCI,): 6 =7.26 (s. 8H). 3.65 (t. 
J = 7  Hz, 8H),  3.61 (s, 16H). 3.08 (t, J = 7  Hz, 8H); ' ,C NMR (CDC1,): 
6 =133.8, 130.0, 70.7, 70.4, 69.8, 33.2; Anal. calcd for C,,H,,O,S,: C 56.0 
H 6.71 : found C 55.8, H 6.51. 


1,13,20,32-Tetrathiabis-1,5-naphtho[3S]crown-10 (5 ) :  
Method A :  A mixture of 1,5-naphthalenedithiol(2.88 8. 15.0 mmol) and 1.1 1- 
bis(tosyloxy)-3,6,9-trioxaundecaiie (7.54 g, 15.0 mmol) in DMF (50 niL) was 
added at a constant rate during 24h  to a stirred suspension of Cs,CO, 
(14.7 g, 45.0 mmol) in D M F  (500 mL) at 70 ' C  under a nitrogen atmosphere, 
and the reaction mixture was then stirred for another 12 h at 70°C. After 
workup according to the procedure described for 2 and evaporation of the 
solvent, the residue was crystallized from Mc,CO to give the macrocyclc 6 
(2.13 g, 41 "h). The filtrate was subjected to column chromatography (SiO,, 
Et,O/CH,CI,/CH,OH, 68:30:2) to give 5 (380mg, 7%),  together with an 
additional amount of the ansa compound 6 (308 mg, 6 %). Both compounds 
5 and 6 were recrystallized from Me,CO. 
5 :  m.p. 98'C; FABMS: m/z 700 [ M I + ;  ' H N M R  (CDCI,): (5 = 8.33 (d, 
J = 8 H z , 4 H ) ,  7 . 5 9 ( d , J = 7 H z ,  4H), 7.35 ( m , 4 H ) ,  3.61 ( t . . l = 6 . 7 H r ,  
8H), 3.57-3.48 (m, 16H), 3.10 (t, J = 6.7 Hz. 8H);  I3C NMR (CDCI,): 
S =133.8, 133.7, 129.4, 125.9, 124.8, 70.7, 70.5, 69.7, 34.2: Anal. calcd for 
C,,H,,O,S,: C 61.7, H 6.33; found C 61.6, H 6.43. 
6:  m.p. 113'C; EIMS: m/z 350 [MI';  'HNMR (CDCI,): 6 = 8.63 (d, 
J =  8Hz, 2H), 7.86 (d, J = 7 H z ,  2H),  7.49 (m. 2H),  3.67-3.50 (m. 4H).  
3.14-2.95 (m, 8H),  2.86-2.75 (m, 4H); I3C NMR (CDCI,): 6 =135.4. 
133.8, 133.6, 127.2, 125.8, 72.0, 70.4, 69.9, 36.0;Anal. calcdforC,,H,,O,S,: 
C 61.7, H 6.33; found C 61.6. H 6.40. 
Method B :  1,5-NaphthalenedithioI (4.80 g, 25.0 mmol) and tetmethylenegly- 
col monotosylate (17.4 g, 50.0 mmol) were added to a suspension of K,CO, 
(10.4 g, 75.0 mmol) in dry MeCN (200 mL), and the reaction mixture was 
refluxed for 4 d under a nitrogen atmosphere. The solvent was rcmoved in 
vacuo and the residue was treated with CH,Cl, (500 mL) and washed with 
H,O (3 x 500 mL). The organic phase was dried (MgSO,) and the solvent 
evaporated under reduced pressure to give 1.5-bis(2-(2-(2-(2-hydroxy- 
ethoxy)ethoxy)ethoxy)ethylthio)naphthalene as a yellow oil. This compound 
was dissolved in CH,CI, (100 mL) containing Et,N (30.3 g, 300 mmol) ;ind 
a catalytic amount ofp(dimethy1amino)pyridine (122 mg. 1 .OO mmol), Tosyl 
chloride (11.43 g, 60 mmol) in CH,C1, (100 mL) was added to this solution 
dropwise with stirring at 0"C, and the whole was stirred overnight at room 
temperature. The reaction mixture was washed with aqueous HCI (100 mL. 
2 M )  and H,O (2 x 100 mL), dried (MgSO,) and evaporated in vacuo. Purifi- 
cation of the residue by column chromatography (SiO, CH,CI,,IMCOH, 
19:l) gave compound 7 as a pale yellow oil (13.7 g. 64%). 
7: 'H NMR (CDCl,): 6 = 8.36 (d, J = 8 Hz, 2H),  7.78 (d. .I = 8 Hz, 4H), 
7.65 (d, J = 7 H z ,  2H),  7.46 (m, 2H), 7.31 (d, J = 8 H z  4H).  4.14 (t, 
J = 5 Hz, 4H). 3.66 (t, J = 5 Hz, 4H), 3.65 (t, J = 7 Hz, 4H). 3.54-3.60 (m. 
16H), 3.16 (t. J = 7 H z ,  4H) ,  2.42 ( s ,  6H); I3C NMR (CDCI,): S =144.7. 
133.8, 133.6, 132.9, 129.8. 129.0, 127.9, 125.9, 124.6, 70.7, 70.5 (2 signals), 
70.3, 69.7, 69.2, 68.6, 33.8, 21.6. 
Compound 7 (4.26 g, 5 mmol) and 1,S-naphthalenedithiol (0.96 g. 5 mmol) in 
DMF (50 mL) were added at a constant rate during 24 h to 3 stirred suspen- 
sion of Cs,CO, (4.90 g, 15 mmol) in DMF (300 mL) at 70 'C under a nitrogen 
atmosphere, and the reaction mixture was then stirred overnight at 70 C. 
After workup and column chromatography (SiO,, Et,O/CH,CI,/MeOH. 
68:30:2) according to the general procedure described for 2. the macrocycle 
5 was obtained as a white solid (1.37 g, 39%) and crystallized from Me,CO 
(853 mg, 24%). 
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1,32-Dithiabis-l,S-naphtho[38~crown-l0 (10): A mixture of 1 ,5-naphthalene- 
dithiol(O.96 g, 5.0 mmol) and 8 (4.1 g, 5.0 mmol) in D M F  (50 mL) was added 
at a constant rate during 24 h to a stirred suspension of Cs,CO, (4.90 g, 
15.0 mmol) in D M F  (300 mL) at 70 "C under a nitrogen atmosphere, and the 
reaction mixture was stirred overnight at 70°C. After workup and column 
chromatography (SiO,/Et2O/CH2C1,/MeOH, 68 : 30 :2) according to the pro- 
cedure described for 2, the macrocycle 10 was obtained as a white solid 
(1.18 g, 35%) and crystallized from Me,CO (866mg, 26%).  m.p. 92°C; 
FABMS: m/z668 [MI': 'HNMR([D,]DMF): 6 = 8.18 ( d , J =  8.6 Hz,2H), 
7.76 (d, J =  X.6Hz, 2H), 7.59 (d, J=7 .6Hz,  2H),  7.48 (ni, 2H), 7.23 (m, 
2 H), 6.48 (d, J =7.6 Hz, 2H),  4.25 (t. J = 4.5 Hz, 4H), 3.96 (t, J = 4.5 Hz, 
4H), 3.75-3.50 (m, 20H), 3.17 (t, J = 6.4 Hz, 4H): I3C NMR ([D,]DMF): 
6 =155.0, 135.2, 133.4. 127.9, 127.2, 126.9, 125.9, 123.7, 114.7, 106.4, 71.3, 
71.2 ( ~ 2 ) .  70.9, 70.0, 69.7, 68.8, 34.0: Anal. calcd forC,,H,,O,S,: (z 64.7, H 
6.63; found C 64.4, H 6.66. 


1,30-Dithia-1 ,S-naphtho-p-phenylene[36jcrown-l0 (11): A mixture of 1,s- 
naphthalenedithiol (0.96 g, 5.0 mmol) and 9 (3.85 g, 5.0 mmol) in DMF 
( S O  mL) was added at a constant rate during 24 h to a stirred suspension of 
Cs,CO, (4.89 g, 15.0 mmol) in DMF (300 mL) at 70°C under a nitrogen 
atmosphere. and the reaction mixture was stirred overnight at 70 'C. After 
workup and column chromatography (SO, ,  Et,O/CH,CI,/MeOH, 68:30:2) 
according to the procedure described for 2, the macrocycle 11 was obtained 
as a white solid (682 mg, 22%) and crystallized from CH,CI,/Et,O (498 mg, 
16%).  m.p. 59°C; FABMS: m/z 618 [MI': 'HNMR ([D,]DMF): 6 = 8.24 
(d, J = 8.5 Hz, 2H),  7.69 (d, J =7.1 Hz, 2H), 7.56 (m, 2H), 6.76 (s, 4H), 3.99 
(t. J = 4.6 Hz, 4H), 3.76 (t, J = 4.6 Hz, 4H),  3.72 (t, J = 6.4 Hz, 4H) ,  3.65- 
3.5.5 (m, 16H), 3.25 (t, J =  6.4Hz, 4H): I3C NMR ([D,]DMF): 5 =153.7, 
135.3, 133.4, 127.9, 127.0,123.7, 116.0, 72.2,71.1 (2 signals),70.9. 70.1, 69.8, 
68.7, 34.0: Anal. calcd for C3,H4,08S2: C 62.1, H 6.84: found C 62.1, H 6.86. 


13,18-Dithia-1,5-naphtho-p-phenylene[36~crown-l0 (12): A mixture of 1,4- 
benzenedithiol (710 mg, 5.0 mmol) and 8 (4.10 g, 5.0 mmol) in D M F  (50 mL) 
was added at a constant rate during 24 h to a stirred suspension of Cs,CO, 
(4.89 g, 15 mrnol) in DMF (300 mL) at 70 "C under nitrogen, and the reaction 
mixture was stirred overnight at 70 "C. After workup and column chromato- 
graphy (SO,, MeCO,Et/CH,Cl,, 1: 10) according to the procedure de- 
scribed for 2, the inacrocycle 12 was obtained as a white solid (680 mg, 22%) 
and crystallized from MeOH (556 mg, 18%).  m.p. 49°C: FABMS: m/z 618 
[MI ' ;  'HNMR (CDCI,): 6 =7.87 (d, J =  8.5 Hz, 2H),  7.29 (m, 2H). 7.08 


J =  4.7 Hz, 4H),  3.79 (m. 4H), 3.68 (m, 4H),  3.63 (m, 4H), 3.58 (1, 
J =  6.9H~,4H),3.53(m,4H),2.94(t,J=6.9Hz,4H);'~CNMR((?DCl,): 


69.6, 68.0, 33.2; Anal. calcd for C3,H,,0,S,: C 62.1, H 6.84; found C 62.0, 
H 6.82. 


(s, 4H), 6.82 (d, J = 7 . 5  Hz, 2H),  4.30 (t, J =  4.7 Hz, 4H) ,  4.00 (t, 


6 =154.3, 133.7, 129.7, 126.7, 325.0, 114.6, 105.7, 71.1, 70.8, 70.7, 70.4, 69.7, 


1,30-Dithiahis-p-phenylene(34lcrown-l0 (13) : A mixture of 1,4-benzenedithioI 
(710 mg, 5.0 mmol) and 9 (3.85 g, 5.0 mmol) in D M F  (50 mL) was added at 
a constant rate during 24h to a stirred suspension of Cs,CO, (4.89g, 
15.0 mmol) in DMF (300 mL) at 70 "C under a nitrogen atmosphere, and the 
reaction mixture was stirred overnight at 70 "C. After workup and column 
chromatography (SO,, MeCO,Et/CH,CI,, 1 : 10) according to the proce- 
dure described for 2, the macrocycle 13 was obtained as an oil (653 mg, 23 %) 
and crystallized from CH,CI,/Et,O (398 mg, 14%). m.p. 51 ' C :  E M S :  m/z 
568 [MI+;  'HNMR (CDCI,): 6 =7.22 (s, 4H),  6.82 (s, 4H), 4.07 (t, 
J =  4.8 Hz, 4H). 3.83 (t, J = 4.8 Hz, 4H), 3.74-3.56 (m, 20H), 3.05 (t, 
J =  6.9H2, 4H);  I3C NMR (CDCI,): S =153.1, 134.0, 129.9, 115.7, 70.9, 
70.X. 70.7, 70 5 ,  69.8, 69.7, 68.3, 33.4; Anal. calcd for C,,H,,O,S,: C 59.1, 
H 7.09; found C 59.0, H 6.95. 


l,S-Bis(2-(2-methoxyethoxy)ethanethio)naphthalene (14) : 1 ,5-Naphthalenedi- 
thiol (1.92 g, 30.0 mmol) and l-chloro-2-(2-methoxyethoxy)ethane (2.77 g, 
20.0 mmol) were added to a suspension of K,CO, (4.14g, 30.0 mmol) in dry 
MeCN (250 mL) under a nitrogen atmosphere, and the whole was heated 
under reflux for 24 h. After cooling, the solvent was evaporated in vacuo, and 
the residue was treated with CH,CI, (250mL) and washed with H,O 
(3 x 200 mL). The organic phase was concentrated and subjected to column 
chromatography (SO,, MeCO,Et/CH,Cl,, 1 : 19), giving the compound 14 
as a pale yellow oil (2.93 g, 74%). EIMS: mjz 396 [MI+:  ' H N M R  (CDCl,): 
6 = 8.38 (d, J =  8.5Hz, 2H),7.66 ( d , J = 7 . 5  Hz, 2H),  7.46 (m, 2H), 3.65 (t, 
J = 7 H z , 4 H ) , 3 . 4 6 - - 3 . 5 9 ( m , 8 H ) , 3 . 3 6 ( ~ , 6 H ) , 3 . 1 7 ( t , J = 7 H z , 4 € ~ ) :  13C 


NMR (CDC1,): 6 =133.9, 133.8, 129.3, 125.9, 124.8, 71.9. 70.3, 69.9, 59 0. 
33.9; HRMS calcd for [MI' (C,,H280,S,) 396.1429, found 396.1436. 


1,S-Bis(2-(2-methoxyethanethio)ethoxy)naphthalene (16): A mixture of 1,5- 
bis(2-bromoethoxy)naphthalene (1.31 g, 3.50 mmol), 2-mercaptoethanol 
(547 mg, 0.70 mmol), and K,CO, (966 mg, 7.0 mmol) in MeCN (200 mL) 
was heated under reflux for 12 h under nitrogen. After cooling, the solvent 
was replaced by CH,CI, (200 mL) and the mixture was filtered over Celite. 
Evaporation of the filtrate gave 1,5-bis(2-(2-hydroxyethanethio)ethoxy)- 
naphthalene as a white solid, which was crystallized from Et,O (1.06 g, 82 Oh) 
m.p. 82°C; EIMS: m/z 368 [MI': 'HNMR (CDCI,): 6 =7.84 (d, 
J=8.5Hz,2H),7.34(m,2H),6.85(d,J=7.5Hz,2H),4.33(t,J=6.5Hz. 
4 H ) , 3 . 8 0 ( t , J = 5 . 9 H z , 4 H ) ,  3 . 0 7 ( t , J = 6 . 5 H z , 4 H ) , 2 . 8 8 ( t , J = 5 . 9 H z ,  
4H),  2.15 (s, 2H);  13CNMR(CDC1,): 6 =154.0, 126.8, 125.2, 114.7, 105.9, 
68.2, 60.7, 35.9, 30.9. 
The resulting compound (736 mg, 2.0 mmol) was added to a suspension of 
NaH in  dry THF (50 mL) under a nitrogen atmosphere, and the whole was 
stirred vigorously for 40 min at room temperature. Then, Me1 (0.71 g, 
5.0 mmol) was added and the reaction mixture was stirred for 16 h. The excess 
of NaH was quenched by the addition of H,O (120 mL), and the resulting 
solution was concentrated to 80 mL and extracted with CH,CI, (3 x 100 mL). 
The combined extracts were washed with H,O (200 mL) and dried (MgSO,) 
The solvent was evaporated off and the residue was crystallized from MeOH 
to give compound 16 as a white powder (681 mg, 86%): m.p. 59 'C:  EIMS: 
m/z 396 [MI': 'HNMR (CDCl,): S =7.86 (d, J =  8.5 Hz, 2H). 7.36 (m. 
2H),6.84(d,J=7.5Hz,2H),4.34(t,J=6.8Hz,4H),3.63(t, J = 6 . 5 H z ,  
4H),3.38(~,6H),3.10(t,J=6.8Hz,4H),2.88(t,J=6.5Hz,4H);'~C 
NMR (CDCI,): 6 =154.1, 126.8, 125.1. 114.6, 105.7, 72.3, 68.3, 58.7, 32.2, 
31.6: Anal. calcd for C,,H,,O,S,: C 60.6, H 7.12: found C 60.4, H 6.98. 


1,S-Bis(2-(2-(2-(methanethio)ethoxy)ethoxy)naphthalene (17): A suspension of 
1,5-bis(2-(2-tosyloxyethoxy)ethoxy)naphthalene (1.61 g, 2.50mmol) and 
MeSNa (0.70 g, 10.0 mmol) in MeCN (100 mL) was heated under reflux for 
16 h under nitrogen. After cooling, the solvent was replaced by CH,CI, 
(200 mL) and the resulting mixture was washed with aqueous KOH (1 M, 
100 mL) and H,O (3 x 100 mL). After removal of the solvent, the residue was 
subjected to column chromatography (SiO,, MeCO,Et/CH,Cl,, 1 : 20) to 
give compound 17 as a white solid (957 mg. 97%), which was crystallized 
from MeOH. m.p. 62°C; EIMS: mjz 396 [MI': 'HNMR (CDCI,): 6 =7.87 
(d, J =  8.5 Hz, 2H),  7.34 (m, 2H),  6.83 (d, J =7.5 Hz, 2H),  4.30 (t. 
J=4.8H~,4H),3.94(t,J=4.8H~,4H),3.80(t,J=6.9H~,4H),2.75(t, 
J =  6.9 Hz, 4H),  2.18 (s, 6H);  "C NMR (CDCI,): 6 =154.3, 126.8. 125.1, 
114.7, 105.8,71.0,69.5,68.0,33.6, 16.0;Anal.calcdforC,,H,,04S,:C60.6, 
H 7.12; found C 60.5, H 7.07. 


{ [2~-[1,13,18,30-Tetrathiahis-~u~u-phenylene~34~crown-l0~ [cyclobis(paraquat- 
p-xylylene)lcatenane)(PF,J, (20,4PF,): A solution of 4 (60 mg, 0.10 mmol), 
1,4-(bisbromomethyl)benzene (79 mg, 0.30 mmol), and 18-2PF6 (212 mg, 
0.30 mmol) in DMF ( 5  mL) was subjected to ultrahigh pressure (12 kbar) at 
20 "C for 5 d. The solvent was removed in vacuo, and the resulting red solid 
was washed with CH,CI, (2 x 25 mL) and Et,O (2 x 25 mL), and purified by 
column chromatography (SO,, M e 0 H / 2 ~  NH,CI/MeNO,, 7:2:1) to give 
20.4PF6, as a red solid (25 mg, 15%) after counterion exchange (NH,PF,/ 
H,O). m.p.>250"C; FABMS: n?/z 1723 [M+Na]+,  1700 [MI+,  1555 
[ M  - PF6]+, 1410 [M - 2PF,]+, 1265 [ M  - 3PF6]': 'H NMR (CD,CN, 
25°C): b = 8.90 (d, J =  6.5 Hz, 8H),  7.82 (s+d, 16H), 5.72 (s, XH), 6.43- 
4.44 (v br, 8H), 3.82 (brt, 8H) ,  3.74 (brt, 8H) ,  3.64 (t. J = 5.8 Hz, 8 H), 2.72 
(t. J = 5.8 Hz, 8H); Anal. calcd for C,,H,,F2,N,0,S,P,: C 45.2, H 4.27, N 
3.29; found C 45.1, H 4.42, N 3.35. 


General Procedures for the Synthesis of the (2jCatenanes 21.4 PF6-2S-4 PF, : 
Method A :  1,4-Bis(bromomethyl)benzene (0.20 mmol) in D M F  ( 5  mL) was 
added to a solution of 18.2PF6 (0.20mmol) and the macrocyclic poly- 
thioether (2.6 molequiv) in D M F  (15 mL), and the reaction mixture was 
stirred under a nitrogen atmosphere. After a few hours, a redlpurple color 
appeared, followed by the precipitation of a redipurple solid. Stirring was 
continued for 4 d at room temperature. Then, the solvent was evaporated off 
under reduced pressure to give a colored residue, which was purified by 
column chromatography (SiO,, MeOH/2 M NH,Cl/MeNO,, 7 :  2: 1). The 
fractions containing the [2]catenane (as monitored by TLC) were combined 
and evaporated in vacuo to give a residue, which was dissolved in H,O 
(250 mL). The [2]catenane was precipitated from this solution by ion ex- 
change with NH,PF6, and isolated as an intense colored solid. 
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Method B :  A stirred solution of the macrocyclic polythioether (0.20 mmol) in 
DMF (20 mL) at room temperature under nitrogen was treated with three 
portions of 18.2PF6 (total 6 molequiv) and 1,4-bis(bromomethyl)benzene 
(total 6 molequiv) at intervals of 2 d. Stirring was continued for an additional 
2 d. Evaporation of the solvent under reduced pressure gave an intense col- 
ored residue. which was washed with CH,Cl, and Et,O, and dissolved in 
H,O (200 mL). The [2]catenaue was precipitated from this solution by the 
addition of NH4PF6, and purified by column chromatography (SO,, 
MeOH/2 M NH,CI/MeNO,, 7: 2: 1). 


{ ~2~-[1,13,20,32-Tetrathiahis-l~-naphtho~38~crown-~O~~cyclobis(paraquat-p-xy- 
lylene)lcatenane}[PF,1, (21.4PF6): This catenane was prepared from 5 as a 
purple solid in 47% yield using method A and in 70% yield using method B. 
m.p.>250"C: FABMS: rn/z 3800 [MI+,  1655 [M-PF,]', 1510 
[M-2PF6]+,  1365[M-3PF6]+; 'HNMR(CD,CN, 22°C): d=8.91  (br, 
4H), 8.37 (br, 4H), 7.96 (br, 8H) ,  7.37 (d, 2H), 7.14 (t. 2H),  7.0-6.70 (br, 
8H), 6.77 (d, 2H),  6.50 (d, 2H) ,  5.94 (t, 2H),  5.90-5.60 (br, SH), 4.12 (br, 
4H), 4.05-3.70 (br, 20H), 3.30 (br. 4H), 2.93 (br, 4H),  2.23 (d, 2H): 
'HNMR (CD,CN, -35°C): 6 = 8.86 (d, J =  6.5 Hz, 4H),  8.31 (brd, 4H),  
8.05 (s, 4H), 7.80 (s, 4H). 7.24 (d, J =  8.3 Hz, 2H),  7.08 (m, 2H),  6.90 (br, 
4H),6.70(br,4H),6.64(d,J=7.6Hz,2H),6.40(d,J=7.6Hz,2H),5.87 
(m, 2H),  5.81 (d, J = 13.5 Hz, 4H), 5.63 (d, J = 13.5 Hz, 4H),  4.10 (br, 4H). 
3.95-3.65 (br, 20H), 3.26 (br, 4H), 2.89 (br, 4H),  2.04 (d, J = 8.3 Hz, 2H); 
Anal. calcd for C7,H7,F2,N40,S,P,~4H,0: C 46.2, H 4.52, N 2.99; found 
C 46.4, H 4.17, N 2.92. 


{~2I-11,32-Dithiabis-l,5-naphtho~38~crown-10~ [cyclobis(paraquat-4,4'-xyly- 
lene)lcatenane}lPF614 (22.4PF6): This catenane was prepared from 10 as a 
purple solid in 60 % yield using method A and in 77 % yield using method B. 
m.p.>250"C; FABMS: m/z 1768 [MI+, 1623 [M-PF,]+,  1478 
[ M  - 2PF6]+, 1333 [M - 3PF6]+; ' H N M R  (CD,CN, 20°C): 6 = 8.94, 
8.84, 8.40, 8.35 (br + d  + d  + br, J = 6.5 Hz, 8H),  8.14-7.82 (m, XH), 7.13- 
6.61 (m, 8H),  5.90-5.63 (m, 8H),  7.41, 2 . 2 ( 2 d , J =  8.2Hz, 2H), 7.19, 2.27 
(2d, J = 8 . 2 H z ,  2H), 7.18, 5.94 (2t, J=8.2/7.6Hz,  2H),  7.09, 5.83 (2t, 
J=8.2/7.6Hz, 2H), 6.87, 6.49 (2d, J = 7 . 6 H z ,  2H), 6.29, 6.12 (2d, 
J = 7 . 6  Hz, 2H),  4.25-3.65 (m, 28H), 3.30 (brt, 2H),  2.90 (brt, 2H); Anal. 
calcd for C,,H,,F,,N,O,S,P,: C 48.9, H 4.33, N 3.17; found C 48.5, H 4.25, 
N 3.46. 


{ [2~-~1,30-Dithia-1,5-naphtho-para-phenylene[36~crown-10~~cyclobis(para- 
quat-p-xylylene))catenane)[PF,j, (23.4PF6): This catenane was prepared 
from 11 as a purple solid in 50 % yield using method A and in 65 % yield using 
method B. m.p.>250"C; FABMS: mjz 1718 [MI+, 1573 [ M  - PF6]+, 1428 


(m, 8H),8.12-7.74(m, 8H),  7.50-6.95(m,8H), 5.9-5.5(m, 8H),7.55.2.31 
(brd, 2H),  7.26, 6.05 (brt, 2H), 6.94, 6.56 (brd, 2H), 6.05, 3.36 (brs, 4H),  
4.22-3.21 (m, 30H),2.92(br,2H); 'HNMR(CD,CN,O"C): 6 = 8.97, 8.73, 
8.48 (3d, J =  6.5Hz, 8H), 7.96, 7.76 (br+s, 8H),  7.42, 7.12, 7.0 (3d, 


[M-2PF6]+,1283[M-3PF6]+;'HNMR(CD3CN,21"C):6= 9.13-8.44 


J=6.5H~,8H),5.77,5.69,5.68(d+d+s,J=13.5Hz,8H),7.50,2.25(2d, 
J =  8.4Hz, 2H),  7.24, 6.03 (2t, J =  8.4/7.6Hz, 2H),  6.89, 6.54 (2d, 
J = 7 . 6 H z ,  2H),  6.0, 3 .3  (s+br. 4H), 4.13 (br, 2H),  4.0-3.4 (m, 24H), 
3.4-3.2 (m, 4H),  2.91 (br, 2H); Anal. calcd for C,,H,,F,,N,O,S,P,: C 
47.5, H 4.34, N 3.26: found C 47.2, H 4.33, N 3.20. 


{121-113,18-Dithia-1,5-naphtho-para-phenylene~36~crown-l0j [cyclobis(para- 
quat-p-xylylene)lcatenane}[PF,j, (24.4 PF,): The catenane was prepared from 
12 as a purple solid in 86%" yield using method B. m.p.>250"C; FABMS: 
m/z 1718 [MI', [ M  - PF6]+, 1573 [M - 2PF,]+, 1428 [M - 3PF,]+; 
'HNMR (CD,CN): 6 = 8.95 (d, J =  6.5 Hz, 4H), 8.57 (d, J =  6.5 Hz, 4H),  
8 . 1 0 ( ~ , 4 H ) , 7 . 9 4 ( ~ , 4 H ) ,  7 .16(d ,J=  6.5 Hz,4H), 7 .14(d.J= 6.5 Hz,4H) ,  
6 .53(s ,4H),6.21 (d,J=7.8Hz,2H),5.94(m,2H),5.82(d,.1=13.5Hz, 
4H), 5.68 (d, J=13.5  Hz, 4H), 4.27 (br, 4H), 4.18 (br, 4H),  4.06 (br, 4H),  
3.92 (br, 4H), 3.81 (br, 4H), 3.65 (br, 4H) ,  3.42 (t, J =  6 Hz, 4H),  2.57 (t. 
J =  6 Hz, 4H),  2.42 (d, J =  8.1, 2H); Anal. calcd for C,,H,,F,,N,O,S,P,: 
G47.5, H 4.34, N 3.26; found C 47.1, H 4.35, N 3.63. 


~12~-11,30-Dithiabis-pa~a-phenylene[34)crown-l0~~cyclobis(paraquat-p-xyly- 
lene)lcatenane}lPFJ4 (25.4PF6): This catenane was prepared from 13 as a 
purple solid in 53 % yield using method B. m.p. > 250 "C: FABMS: m/z 1668 
[MI+, 1523 [M-PFJ', 1378 [ M -  2PF6]+, 1233 ( M  - 3PF,]+; ' H N M R  
(CD,CN): 6 = 8.89 (d, J = 6.5 Hz, 8H),  7.81 (s, SH), 7.66 (d, J = 6.5 Hz, 
8H),  6.63 (brs, 4H), 5.70 (s, SH), 3.96 (br, 4H),  3.92-3.82 (m. IZH), 3.69 


(br, 4H) ,  3.60 (br, 4H), 3.52 (brs, 4H), 3.45 (t, .I = 6 Hz, 4H) ,  2.60 (t, 
J = 6 Hz, 4H); Anal. calcd for C6,H,,F2,N,O,S,P,: C 46.1, H 4.35, N 3.36; 
found C 45.8, H 4.28, N 3.28. 


X-Ray Crystallography: Single crystals of the macrocyclic polythioethcrs 2 
and 10, suitable for X-ray crystallographic analyses, were obtained as de- 
scribed in the experimental procedures of the individual compounds. Single 
crystals of the the [2]pseudorotaxane 17/27.4PF6 and the [2]catenanes 
2O.4PF6, 21.4PF6, 23.4PF6, and 24.4PF6, suitable for X-ray crystallo- 
graphic analyses, were grown by vapor diffusion of iPr,O in MeCN solutions 
ofequimolar amounts of 17 and 27.4PF6-in the case of 17/27.4PF6-or the 
[2]catenanes-in thecaseof20.4PF6, 21.4PF6, 23.4PF6, and 24.4PF6. The 
crystal data, data collection, and refinement parameters for the macrocycles 
2 and 10, the [2]pseudorotaxane 17/27.4PF6, and the [2]catenanes 20'4PF,- 
24.4PF6 are summarized in Tables 9 and 10. All the structures were solved by 
direct methods and were refined by full-matrix least-squares based on F 2 .  For 
structures 2, 17/27.4PF6, 20.4PF6, 21.4PF6, and 23.4PF, all the major 
occupancy non-hydrogen atoms were refined anisotropically. As a result of 
limited data and severe disorder, respectively, in 24.4PF, the solvent mole- 
cules and the carbon atoms of the tetracationic cyclophane component and 
in 10 (which has two 50% occupancy molecules disordered over two crystal- 
lographically independent centers of symmetry) the carbons atoms of the 
optimized naphthalene rings were refined isotropically. The remaining major 
occupancy non-hydrogen atoms in these two structures were refined an- 
isotropically. The structures 17/27.4PF6 and 24.4PF6 have disordered poly- 
thioether chains (the major occupancy conformation is that illustrated) and 
17/27.4PF6, 21.4PF6, 23.4PF6, and 24,4PF, contain disordered hexa- 
fluorophosphate anions-each disorder was resolved into alternate partial 
occupancy orientations. All of the C-H hydrogen atoms in each of the seven 
structures were placed in calculated positions, assigned isotropic thermal 
parameters, U(H) =1.2U,,(C), and allowed to ride on their parent atoms. 
Computations were carried out using the SHELXTL PC program 
Crystallographic data (excluding structure factors) for the structures reported 
in this paper have been deposited with the Cambridge Crysta1lographic Data 
Centre as supplementary publication no. CCDC-100 163. Copies of the data 
can be obtained free of charge on application to The Director, CCDC, 12 
Union Road, Cambridge CB21EZ, UK (Fax: Int. code +(1223)336-033; 
e-mail: deposit(&,chemcrys.cam.ac. uk). 


General Method for the Determination of the Association Constants by UV/Vis 
Spectroscopy Employing the Titration Methodology: A series of MeCN solu- 
tions with constant concentration of the host (ca. 1 0 - 3 ~ )  and containing 
different amounts of the guest (ca. 1 0 - 4 - 1 0 - 2 ~ )  were prepared. The ab- 
sorbance at the wavelength (i,,,) corresponding to the maximum of the 
charge-transfer band for the 1: 1 complex was measured for all the solutions. 
The correlation between absorbance and guest concentration was used to 
evaluate the association constant (K, )  by a nonlinear curve-fitting pro- 
gram.["] 


General Method for the Determination of the Association Constants by 
'H NMR Spectroscopy Employing the Continuous Variations Methodology: 
Two MeCN solutions, one containing 26,2PF, and the other the macrocyclic 
polythioether were prepared with identical concentrations (ca. 10- M). From 
these two stock solutions, several new solutions with the same total volumes, 
but differing in the ratios of the two components (from 1.9 to 9:l.  
host:guest), were prepared. The chemical shifts of the aromatic protons of the 
macrocyclic polyethers were measured by 'H NMR spectroscopy at 25' C. 
The correlation between the mole fraction of the guest and the chemical shift 
change was used to evaluate the association constant ( K , )  by a nonlinear 
curve-fitting 


Electrochemistry: The electrochemical measurements were obtained by using 
a Princeton Applied Research (PAR) Model 273A equipped with a saturated 
calomel electrode, as the reference electrode, a glassy carbon electrode, as the 
working electrode, and a platinum electrode, as the counter electrode. Cyclic 
voltammograms were recorded and analyzed at  room temperature using the 
EG & G Model 250/270 electrochemical analysis software. Experiments were 
performed in deareated MeCN solutions under a nitrogen atmosphere. Ana- 
lyte concentrations were held constant in the 0.1-0.5 mM range. Measure- 
ments were conducted in a standard single-compartment cell. Tetrabutylam- 
monium hexafluorophosphate (0.1 M) was used as the supporting electrolyte. 
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Table 9. Crystal data, data collection, and refinement parameters [a] 


2 10 11/26.4PF6 


formula 
solvent 
formula weight 
color, habit 
crystal size (mm) 
lattice type 
space group 
T (K) 
u (A) 
h 6) 
(A) 


x i )  
P CI 
i’(’1 
V (A3) 
7 
L 


P..l.d (gem-') 


P (mm-l) 


F(000) 
radiation used 


0 range ( ’ )  
no. of unique reflections 
measured 
observed, 161 >4u(IFI )  
no. of variables 


WR, [el 
weighting factors u, h If] 
largest difference peak, hole 


R, [dl 


600.8 
clear thin needles 


triclinic 


29 3 
8.322 (1) 
10.694 (1) 
17.41 8 (2) 
90.X5(l) 
96.45 (1) 
97.96(1) 
1524.7 (3) 
2 
1.309 
640 
Mo,, 
0.350 
1.9--25.0 


5350 
3447 
344 


0.093 
0.047, 0.000 
0.20, -0.16 


0.70 x 0.27 x 0.05 


pi 


0.040 


668.8 
straw tabular prismatic 
0.60 x 0.33 x 0.06 
triclinic 


29 3 
9.017(9) 


16.62(2) 
83.31 (8) 
76.05 (8) 
74.69 (8) 
1695(3) 
2 [bl 
1.311 
712 


1.845 
2.7-60.0 


P i  


12.102(12) 


Cu,, 


5009 
3290 
534 
0 096 
0.260 
0.132, 1.753 
0.33, -0.28 


C,GH,,N,O,S,.~PF, 
6 MeCN 
2140.0 
deep red cubes 
0.50 x 0.40 x 0.32 
triclinic 
PT 
293 
13.535(2) 
13.762(1) 
14.458(2) 
88.28(1) 
80.01 (1) 
74.00(1) 
2549.0 (4) 
1 [cl 
1.394 
110s 
cum 
2.334 
3.1 -60.0 


7573 
5314 
679 
0.073 
0.195 
0 104, 2.292 
0.38, -0.40 


[a] Details in common: graphite monochromated radiation, w scans, Siemens P 4  diffractometer, refinement based on F’. [b] There are two crystallographically independent 
C, Fymmetric molecules in the asymmetric unit [c] The molecule hascrystallographic C, symmetry. [d] R ,  = xllE,l - 1F,\l/x/.F;,i. [el w R I  = v { x [ w ( F :  - F.?)2]/.x[w(F,Z)2]) 
[f] = uz(F:) +(UP)’ +hP. 


Table 10. Crystal data, data collection, and refinement parameters for the [2]catenanes [a]. 


20.4PF, 21.4 PF, 23.4PF6 24.4PF, 


formula 
solvent 
formula weight 
color, habit 
crystal size (mm) 
lattice type 
space group 
7- (K) 
0 (A) 
h 6) 
c (A) 
x (  
P ( ) 
:( \ 
V (A3) 


P d d  (gem-') 


P (mm-’) 


Z 


F(000) 
radiation used 


0 range ( ’  ) 
no. of unique reflections 
measured 
ohscrved, le,l >40(lEt / )  
no. of variables 
R ,  [dl 
ivR, [el 
weighting factors (I, h If] 
largest difference peak, hole ( e k ’ )  


C,,H,,N,O$,.4PP, 
4MeCN 
1865.6 
purple blocks 
0.50 x 0.33 x 0.20 
monoclinic 
c2/c  
293 
23.624 (2) 
13.846 (2) 
27.546(3) 


108.32 (1) 
- 


8553(2) 
4 [bl 


C U K E  


1 449 
3840 


2.670 
3.4-57.0 


5540 
3058 
534 
0.093 
0.246 


0.45, -0.29 
0.131, 25.420 


C,>H,,,N,O3,.4PF, 
3.5MeCN-l.5PhH 
2062.3 
red prisms 
0.50x0.33 x0.13 
triclinic 
p i  
293 
10.811 (1) 
13.677 (1) 
32.823 (1) 
101.12(1) 
95.60(1) 
92.06 (1 ) 
4731.6(3) 


1.448 
2128 


2.471 
1.4--55.0 


11728 
7930 
1322 
0.084 
0.224 
0.130. 12.024 
105, -0.57 


7 


C U E ,  lcl 


C&,,N,O,S, 4PFe 
8.5 MeCN 


red platy needles 
0.48 x 0.32 x 0.1 1 
monoclinic 


I83 


2068.3 


P2 I In 


17.633(3) 
31.287(2) 
18.052(2) 


99.24(1) 


9830(2) 
4 
1.398 
4276 


2.023 
2.9-55.0 


t 1925 
6295 
1279 


0.271 
0.169. 34.821 
0.78, -0.46 


Cu,, Icl 


n.110 


C6,H,,N,0,S,-4PF, 
4 MeCN 
1883.5 
purple platy needles 
0.83 x 0.33 x 0.08 
monoclinic 
(‘2/c 
293 
23.131 (2) 
13.823 (2) 
27.881 (4) 


108.00 (1) 


8478(2) 
4 [bl 
1.476 
3880 
C U K ,  
2.270 
3.3-63.0 


5918 
2551 
479 
0.114 
0.286 
0.166, 58.615 
0.43, -0.46 


[a] Details in common: graphite monochromated radiation, cu scans, Siemens P 4  diffractometer. refinement based on r2. [b] The molecule has crystallographic C ,  symmetry. 
[c] Rotating anode source. [d] R ,  = ~ l l ~ , l  - [ & l l / ~ l F J .  [el w R ,  = @~[M,(F,Z ~ F32]!x[1v(F,~)z1), [f! IY-’ = ai(FJ) +(up)’ +hP. 


A glassy carbon electrode (28 mm’, EG & G) was used as the working elec- 
trode; its surface was routinely polished with a 0.5 p alumina slurry on a felt 
surface immediately prior to use. All potentials were recorded ag amst an 
EG&G PARC standard calomel electrode, and a platinum coil was used as 
the counter electrode. The cell potential was cycled from 0 to - 1.2V (vs. 
SCE) for all samples. 
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A Novel Type of Isomerism in [3]Catenanes** 


Peter R. Ashton, Sue E. Boyd, Christian G. Claessens, Richard E. Gillard, Stephan Menzer, 
J. Fraser Stoddart," Malcom S. Tolley, Andrew J. P. White, and David J. Williams 


Abstract: The self-assembly of three [3]- 
catenanes based on a single tetracationic 
cyclophane--cyclobis(bipyridinium- 1,4-di- 
ethoxybenzene)-with pairs of identical 
interlocked crown ethers-bis-p-phenyl- 
ene[34]crown- 10, bis- 1,5-dioxynaphthal- 
ene[38]crown-l0, or tetrafluoro-p-phenyl- 
ene-p-phenylene[34]crown-IO-has been 
achieved in yields of 34, 31, and 33%, re- 
spectively. The solid-state structures of 
these [3]catenanes, determined by X-ray 
crystallography, are consistent with mole- 
cules having approximately C,, symme- 
try. In the solution state, the x-electron 
rich aromatic ring systems of the crown 
ether components, residing within the 
cavity of the tetracationic cyclophane, can 
adopt two different relative orientations, 
thus giving rise to two distinct isomeric 
forms possessing either C,, or D ,  sym- 


metries. Two dynamic processes have 
been characterized in the [3]catenane in- 
corporating bis-1,5-dioxynaphthalene[38]- 
crown-I0 macrocycles, by means of vari- 
able-temperature 'H NMR spectroscopy 
and subsequent lineshape analyses. The 
slower process is the exchange between 
C,, and D, isomers, and the faster process 
is the rotation of the bipyridinium units of 
the cyclophane around their N . . N axes. 
The evaluation of the free energies of acti- 
vation at  298 K, which are, for the slower 
process, ca. 16 kcalmol-I, and for the 
faster one, ca. 14.5 kcalmol-', has en- 


Keywords 
catenanes * dynamics * isomerization * 


NMR spectroscopy self-assembly 


abled us to propose a scenario in which 
the two included 1,5-dioxynaphthalene 
ring systems move continuously about the 
center of the cavity of the tetracationic 
cyclophane. A partial dissociation of one 
1,5-dioxynaphthalene ring system allows 
the adjacent bipyridinium units to rotate 
about their long axes, whereas a complete 
dissociation is presumably necessary to al- 
low a l ,5-dioxynaphthalene ring system 
to rotate about its 0 .  ' 0  axis. The iso- 
merism between the C,, and the D, iso- 
mers of the [3]catenane incorporating the 
two bis-I ,5-dioxynaphthalene[38]crown- 
10 rings is dependent upon 1) trans- 
lational motions between the two crown 
ether rings and the central tetracationic 
cyclophane and 2) conformational 
changes within at  least one of the two 
crown ether rings. 


Introduction 


Nature is expert a t  employing self-assembly processes for the 
construction of complex molecular assemblies and supramolec- 
ular arrays. The exceptional features and properties of this syn- 
thetic paradigm have aroused the attention of chemists in recent 
years, to the extent that an increasing number of examples of 
fully synthetic self-assembling systems have been reported" - 14] 


[*I Prof. J. E Stoddart, Dr. S. E. Boyd, Dr. C. G. Claessens,'+' K. E. Gillard, 
P. R .  Ashton. M. S.  Tolley 
School of Chemistry, University or Birmingham 
Edghaston, Birmingham B15 2TT (UK) 
Fax: Int code +(121)414-3532 
Prof. D. J. Williams, Dr  S. Menzer, Dr. A. J. P. White 
Department of Chemistry, Iinperial Collcgc 
South Kensington, London SW7 2AY (UK) 
Fax: Int codc +(171)594-5804 


Stireochimic et Interactions Moleculaires 
46. Allee d'ltalie, 69364 Lyon cedex 07 (France) 
Fax: Int. code + (4) 7272-8483 


[**I Molecular Meccano, Part 20; for Part 19, see: M. Asakawa, P. R. Ashton, W. 
Dehaen, G. L abbe, S. Menzer, J. Nouwen, F. M.  Raymo, J. F, Stoddart. M. S. 
Tolley, S .  Toppet. A. J. P. White, D. J. Williams, Chem. Eur.. J 1997, 3. 172. 


['I Permanent address: Ecole Normale Superieure de Lyon 


in the literature since around the mid-1980s. Catenaries,['] that 
is, compounds composed of molecules made up of interlocked 
rings, were first synthesized by using statistical,[31 Mobius 
strip,[4' or directed-synthesis approaches.[51 It is now clear, how- 
ever, that catenanes can be obtained far more efficiently by 
using either templating methodologies[61 relying upon, for ex- 
ample, metal- ligand interactions,['* *] hydrogen bonds,"] and/ 
or n-n Numerous examples of the tem- 
plate-directed synthesis of [2]catenanes have appeared in the 
literature over the past decades,". '. but only a few higher 
catenanes have been fully described.", 14] The self-assem- 
bled [3]catenanes, 1 .4  PF, and 2 .4  PF,, are composed (Figure 1) 
of two identical crown ether molecules, interlocked with one 
large tetracationic cyclophane, containing two bipyridinium 
units and two bitolyl units. It transpires that the following inter- 
actions provide the driving force for the self-assembly of these 
interlocked molecules: 
1) n-x interactions"51 between n electron rich and deficient 


aromatic rings. 
2) [C-H . . '01 hydrogen bonding interactions["] between 


acidic hydrogen atoms in the x-position of the bipyridinium 
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Figure 1 .  The [3]catenanes 1.4PFb and 2.4PF6. 


units in the tetracationic cyclophane and some of the 
polyether oxygen atoms in the crown ethers. 


3) Edge-to-face T-type  interaction^['^] between hydrogen 
atoms attached to the n electron rich aromatic rings of the 
crown ethers and the n systems associated with the aromatic 
spacers separating the bipyridinium units in the tetracationic 
cyclophane. 


This built-in information "lives on" within their molecular 
structures, giving rise to their fascinating chemical and physical 
properties. We believe that a better understanding of the dynam- 
ic aspects of the structures of these molecular compounds would 
help us to conceive and realize new molecular assemblies and 
supramolecular arrays, which could ultimately prove valuable 
in the development of new materials and/or functioning molec- 
ular devices. 


Here, we report on the self-assembly (Scheme 1) of the three 
new [3]catenanes 6a.4PF6, 6b.4PF6, and 6c.4PF6, analogues 
of 1.4PF6 and 2.4PF6 in which the spacer units in the central 
tetracationic cyclophanes have been modified to incorporate 
extended hydroquinone-containing units. The structures of 
these compounds have been fully characterized by 'H NMR 
spectroscopy in solution and by X-ray crystallography in the 
solid state. From the 'H NMR spectroscopic data, we have been 
able to examine the dynamic behavior of the [3]catenanes in 
considerable detail. In particular, careful lineshape analyses['*] 
of the 400 MHz 'HNMR spectra of 6a.4PF6, recorded at dif- 
ferent temperatures, have enabled us to identify, in quantitative 
terms, the precise nature of the dynamic processes taking place 
between the three interlocked rings in this [3]catenane. 


Results and Discussion 


Synthesis: The dibromide 3 was treated["] with 4,4'-bipyridine 
in refluxing MeCN to yield bipyridine salt 4.2PF6 after counte- 
rion exchange (NH,PF,/H,O) . The catenations were carried 
out by reaction of 3 and 4,2PF, in DMF under high-pressure 
conditions (12 kbar, 20 "C) with the crown ethers Sa,[20a1 
5 b,['Obl and 5c,['Ob1 affording (Scheme I ) ,  after counterion ex- 
change, the [3]catenanes 6a.4PF6, 6b.4PF6, and 6c.4PF6 in 
yields of 34, 31, and 33%, respectively. The same reactions, 
carried out at ambient pressure and room temperature with 


Br Br 


+ L O W O J  + 
nnnn 3 AAAA 


0 0 0 0 0  0 0 0 0 0  1 vuuu vuvv 


@ $l 1 l .DMF/12kbar /  
ca. 20°C / 5 d 


J a b c J  


7 


b 
Scheme 1 .  The template-directed syntheses of the [3]catenanes 6a-4PF6,  6b.4PF6 
and 6c.4PF6. 


crown ethers Sa and Sb in MeCN, yielded only 1.1 YO of 
6a.4PF6 and 0.8% of 6b'4PF6 even after a 9-week period. No 
[3]catenanes were detected in reaction mixtures in which MeCN 
had been replaced by DMF as the solvent. These results under- 
line the almost complete lack of reactivity of the dibromide 3 at 
room pressure when compared with the high reactivities of the 
benzylic dibromides, commonly used in the self-assembly of 
related catenanes.['0-'31 


Mass Spectrometry: The [3]catenanes 6a.4PF6, 6b.4PF6, and 
6c.4PF6 were characterized by obtaining their LSI mass spec- 
tra, which revealed peaks corresponding to the successive loss of 
PF, counterions from their molecular ions. In all cases, we 
observed the [M - PF,]', [M - 2 PF,]+, and [M - 3 PFJ+ ions 
(Table 1 ) .  In addition, peaks attributable to the loss of one, two, 


Table 1. LSIMS [a] data for the [3]catenanes 6a.4PF6, 6h.4PF6, and 6c 4PF,. 


Compound A4 M-PF,  M-ZPF, M - 3 P F 6  


6a.3PF6 (2492) bl 2341 2202 2057 
6 h ,  4 PF6 (2292) [bl 2147 2002 1857 
6c.4PF6 2436 2291 2146 2001 


[a] LSlMS were recorded on a VG ZabSpec mass spectrometer. using a m-nitroben- 
zyl alcohol matrix and a scan speed of 10 s per decade. [b] The numbers in paren- 
theses refer to peaks that were not observed. 
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three, and four PF; counterions from the corresponding 
['Icatenanes, formed as the result of the cleavage of one of the 
macrocyclic polyether rings in the [3]catenanes, were observed. 
The LSI mass spectrum of 6a.4PF6 is reproduced in Figure 2. 


[M-Crown-3PF61+ '", 174j lqss 
[M-Crown-2PF6]* 


[M-2PF6]+ 


Yo 


A 
b 


n 
d 
a 
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U 


C 


1600 2000 2400 2800 3200 
m/z - 


F'igiire 2 l'he LSI MS of-the [3]catenane 6a ,4PP6 


X-Ray Crystallography: The X-ray crystal structural analysis 
(Figures 3 and 4, Table 2) of 6a.4PF6 demonstrates that the 
mode of threading of the pairs of 1,5-DNP 38 C 10 (5 a) macro- 
cycles through the center of the tetracationic cyclophane Is to all 
intents and purposes unchanged in comparison with the situa- 
tion that pertains in the [3]catenanes containing the cyclobis- 
(paraquat-4,4'-biphenylene) tetracation." The principal dif- 
ference is in the nature of the noncovalent interactions between 
the components. The familiar pattern of DADDAD K-stacking 
between the donor (D) 1,5-DNP 38 C 10 ring systems and the 
acceptor (A) bipyridinium units is present. Similarly, there are 


Figure 3. Ball-and-stick representation of the solid-state structure of the 
[3]catenane 6a.4PF6 


Figure 4. Space-filling representation of the sohd-state structure of the [3]catenane 
6 a .4 PF6. 


supplementary [C-H . . '01 hydrogen bonding 
between two diametrically opposite CH,N + hydrogen atoms in 
the tetracationic cyclophane component and oxygen atoms of 
the 1,5-DNP38 C 10 component. However, conventional edge- 


Table 2. Distances [a] (.&) and angles [a] (") characterizing the molecular and supramolecular geometries of the [3]catenanes 6a,4PF,. 6b.4PF6, and 6c.4PF6 


6 a .4 PF,, 10.4 10.9 13 47 9 3.43 3.36 3 52 - 2.41 2.85 
- 3.40 134 


I62 
6b.4PF, [h] 10.8 10.1 23 41 18 3.41 3.42 3.50 2.32 2.68 


3.12 171 
141 


3.28 165 
145 


- 


- 


6c-4PF6 10.5 10.1 27 35 13 3.59 3.3X 3.55 2.45 2.10 
- 


[a] The distances and angles indicated in the table are illustrated in the diagrams A, B, and C shown above. [b] In 6,4PF, there is a supplemcntary hydrogen bond hctween 
H,andO,whosecharacteristicparametersare: [H;..O,] = 2.30A,[C;..O,] = 3.12 A,[C,-H;..OJ ~ 1 4 1 " .  [c] Oistheangleoftiltofthehydroquinonerings withrespect 
to the perpendiculars of the mean planes of the cyclophanes. 
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Figure 5 .  Part of the 
continuous DADDAD 
stack associated with the 
[3]catenane 6 a .4  PF6. 


to-face interactions, involving the “in- 
side” naphthalene rings and the extend- 
cd hydroquinone spacer units within the 
cyclophanc, are not possible because of 
the presence of only a single, centrally 
positioned, aromatic ring. Despite this 
modification, one of the peri naph- 
thalene hydrogen atoms is dirccted to- 
ward one of theparu-substituted carbon 
atoms of the hydroquinone ring in the 
cyclophane. The [H . . C] distance of 
2.85 A is compatible with a [CH. . .n ]  
interaction,“” consistent with the n sys- 
tem extending beyond the periphery of 
the hydroquinone ring. 


The pattern of intracatenane n-n 
stacking extends (Figure 5) to include 
symmetry-related molecules in the crys- 
tal, the stacking involving the “along- 
side”-positioned 1,5-dioxynaphthalene 
ring system. The hydroquinone rings of 
the cyclophane are not involved in any 
intermolecular n--71 interactions. It is 
interesting to note that the inter- and 
intracatenane stacking geometries of 
the 1,5-dioxynaphthalene ring systems, 
though differing in their relative degrees 
of overlap, both retain the “eclipsed” 
relationship for the two matching ring 


systems, the internal onc being a consequence of the crystallo- 
graphically-imposed C, symmetry of the [3]catenane. This ge- 
ometry contrasts with the situation in solution where two iso- 
mers approaching C,, and D ,  symmetries are present, that is, in 
the solid state only one of the isomers, namely isomer B (see 
below), possessing a near C,, symmetry, is present. 


The solid-state structure (Figure 6) of the [3]catenane 
6b.4PF6 in which the 1,5-DNP 38 C 10 macrocyclic components 
have been replaced by BPP 34C 10 (5b) is very similar to that of 
6a.4PF6. Although there is the same DADDAD n-n stacking 
motifpresent within the [3]catenane, it is interesting to note that 
in 6b.4PF6 the “inside” hydroquinone rings both have anti 
geometries for their substituent 0 - CH, bonds, while the 
“alongside” rings have syn geometries-a pattern that is the 


Figure 6. Ball-and-stick representation of the solid-state structure of the 
[3]catenane 6b.4PF6.  


reverse of that observed in the crystalline state of 1.4PF6.[”’ 
Secondary stabilization of the [3]catenane is achieved by 
[CH . . ’01 hydrogen bonding involving both cc-bipyridinium 
and CH,N+ hydrogen atoms in the cyclophane and polyether 
oxygen atoms in the BPP34C10 components (Table 2 ) .  As in 
6a.4PF6, we see that one of the “inside” hydroquinone hydro- 
gen atoms is oriented toward thepanz-substituted c’ dr b onatoms 
of the hydroquinone rings within the cyclophane. Inspection of 
the packing of the [3]catenanes reveals the formation of a “close- 
packed” sheet array of molccules, but a marked absence of any 
extended intermolecular n-n stacking interactions. 


The X-ray structure (Figure 7) of 6c.4PF6, in which one of 
the hydroquinone rings of each BPP 34C 10 is tctratluoro-sub- 
stituted, shows the unsubstituted hydroquinone rings to be posi- 


Figure 7. Ball-and-stick representation of the solid-state structure of the 
[3]catenane 6e.4PFe. 


tioned, with an anti-OCH, geometry, “inside” the tetracationic 
cyclophane, the tetrafluoro-substituted rings both being posi- 
tioned on the “outside”. The overall molecular structure is little 
different from that observed for the [3]catenane 6b.4PF6, apart 
from the marked absence of coplanarity of the pnru-substituted 
OCH, groups attached to the tetrafluorohydroquinone rings, a 
local geometry which we have observed Details 
of n -n stacking separations and intercomponent hydrogen 
bonding interactions are given in Table 2. The molccules pack to 
form an irregular folded sheet array, there being an absence of 
any inter-[3]catenane TI--71 stacking interactions. 


‘H NMR Spectroscopy: The solution-state structure and dy- 
namic behavior of the [3]catenane 6a.4PFf, were studied using 
variable-temperature ‘H NMR spectroscopy. The spectra re- 
vealed the presence in solution of two interconverting isomeric 
forms of the [3]catenane. In fact, these two isomers are thc two 
possible low-energy (i.e., long lifetime) ground states for the 
highly fluxional molecule. These “isomers” are distinguished by 
the local symmetry of the ADDA stack as defined by the relative 
orientation of the 1,5-dioxynaphthaIene residues included with- 
in the cavity of the tetracation. At 314 K,  the 400MHz 
‘HNMR spectrum of a solution of the [3]catenane 6a.4PF6 in 
CD3COCD3/CD,N0, (4: 1 v / v )  appears uniformly broad and 
uninformative. The spectra begin to sharpen and resolve with 
decreasing temperature until, at temperatures below 260 K,  two 
sets of resonances characterizing the unequally populated iso- 
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mers A and B become distinguishable. A further decrease in 
temperature causes the resonances to sharpen initially and the 
populations of the isomers A and B to converge until, at temper- 
atures around 220 K, their ratio approaches 1 : 1. 


The ‘HNMR spectrum of 6a.4PF6 recorded in CD,- 
COCD,/CD,NO, (4: 1, v/v) at 238 K is reproduced in Figure 8. 
Assignments made on the basis of 2 D  dqf-COSY and NOESY 
spectra are listed in Table 3. Relevant sections of a 2 D  NOESY/ 
EXSY experiment, conducted at 238 K, are provided in Fig- 
ures 9 and 10. The respective local symmetry environments of A 
and B are evidenced by the resonances attributable to the hy- 
droquinone ring of the tetracationic cyclophane component of 
the [3]catenane. Figure 9 shows slices through the transformed 
NOESY data matrix, isolating the two distinct hydroquinone 
ring spin systems. Inspection of the multiplets observed for the 
two AA’ and XX’ spin systems shows two discrete substitution 
patterns for A and B in which the two AA’ and XX’ pairs are 
related by F and C,  symmetry operations, respectively. The 
apparent “broadened doublets” observed (Figure 9 a) for A are 
consistent with a disposition of the AA’XX’ nuclei such that the 
major contributor to the second-order spin system is a relatively 


P-CH 
bipyridinium 


& 
OC6H40 


n 
m e o  0 


0 6  0 0 
U I 


1 I -  u - -  
7 2  7 1  6 7 0  


Figure9. a)/b) Slices taken from the NOESYIEXSY spectrum of 6a .4PFO 
(500 MHz, T,,, = 400 ms, T = 238 K, CD,COCD,/CD,NO, (4: 1, v/P)). Reso- 
nances attributable to the protons attached to the hydroquinone rings of the tetra- 
cation in A and B, respectively, are highlighted. c) The expansion of the equivalent 
region of the 1 D spectrum (500 MHz, 238 K). Cavity geometries of A and B are 
shown. 


large Jortho coupling. By contrast, the second isomer B shows 
only apparent “broadened singlets” (Figure 9 b), consistent 
with a meta disposition of the AA‘ and XX‘ pairs. These results 


pol yether 


a-CH 
bipyridinium 


I - - / h  


9.0 8.5 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 6 
Figure 8. ’H NMR spectrum (500 MH7) of the [3]catenane 6 a - 4 P F 6  (238 K, CD,COCD3/CD3N0, (4:13 I,!.)). Spectral 
assignments are summarized 


Table 3. ’ H  NMR Chemical shift data (6 values) for the [3]catenanes 6a .4PF6,  6b.4PF6, and 6c.4PFC, 
a )  Tetracationic cyclophane component. 


are consistent with A possessing D, 
and B C,, symmetry. The struc- 
tural information, relating to the 
relative positions of the naph- 
thalene ring systems with respect to 
the bipyridinium units is summa- 
rized schematically in Figure 9. 


Portions of the low-field region 
of the NOESY/EXSY matrix are 
shown in Figure 10. Two-un- 
equally intense-pairs of doublets 
attributable to the a-CH bipyri- 
dinium protons of isomer A 
(6 = 8.79 and 8.51) and isomer B 
(6 = 8.71 and 8.47) are clearly re- 


Bipyridinium Unit Spacer 
Compound r-CH b-CH C6H4 CH,N ’ CH,O 


6 a . 4 P I c ,  (A) [a] 8.79 [d], 8.51 [B] 7.16-7.24 [d] 


6a.4PFC, (B) [a] 8.71 [d], 8.47 [el 7.0X-7.10 [d] 


6b.4PF6 [b] 8.74 7.63 


6.69 [el 


6.66 [el 


6c.4PF6 [c] 8.96 7.87 


4.52- 468 4.89-5.02 7.08-7.10 
7.11 -1.14 5.46-5.61 
7.08-7.10 4.89-5.02 4.52-4.68 
7.16-7.24 5.46-5.61 
6.Xl 5.01 4.41 
6.88 5.00-5.06 4.41 -4.47 


b) Aromatic unit of the macrocyclic polyether component 


1 .5-Dioxynaphthalene Ring System 
Compound H-4/8 H-3/7 H-216 


Hydroquinone 
Ring 


6 a - 4 P F 6  (A) [a] 6 41 [f], 5.58 [g] 
6a.4PF6 (B) [a] 7.06 [f], 4.65 [g] 6.93 [f], 6.0.1 [g] 6.29 [f]. 5.71 [g] 
6b.4PF6 [b] - - 


6c.4PF6 [c] - - 


7.14 [f), 5.02 [g] 7.03 [f]. 6.0X [g] 


5.44 [h] 
4.91 [i] 


[a] At 500 MHz in CL),COCD,/CD,NO, (4/1, v / v )  at 238 K .  [b] At 300 MHz in CD,COCD, at 298 K. [c] At 300 MHz in CD,CN at 298 K [d] Protons T on the 
bipyi-idinium units as  defined in Figure 10. [el Protons A on the blpyridinium units as defined in Figure 10. [f] Protons on the aromatic ring system of the crown ether 
component located “outside” the cavity of the tetracationic cyclophane. IgI Protons on the aromatic ring system of the crown ether component located “inside” the cavity 
of the tetracationic cyclophane. [h] Protons on the hydroquinone ring located “outside” the cavity of the tetracationic cyclophane [i] Averaged resonance for the fast 
exchange between the hydroquinone ring protons of the crown ether component located “inside” and “outside” the cavity of the tetracationic cyclophane. 
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Figure 10. Portions of the 500 MHz 2 D NOESY spectrum (238 K) of the 
[3]catenane 6a.4PF6. a) Matrix crosspeaks defining the disposition of the a-CH 
bipyridinium protons for both isomers A and B (A and v denote the nearest and 
farthest environments, respectively, with respect to the H-317 protons, labeled a ,  on 
the included 1,5-dioxynaphthalene ring systems). b) Matrix crosspeaks indicating 
chemical exchange between r-CH proton environments for both isomers A and B . 


solved. Cross-peaks defining the disposition of each member of 
the a-CH bipyridinium proton pairs with respect to the proxi- 
mal, included, C,, symmetric, 1 ,j-dioxynaphthalene unit, that 
is, cross-peaks linking each doublet with the apparent triplet 
assignable to the H-3/7 protons on the 1,s-dioxynaphthalene 
residue are well-defined in the contour map (Figure 10 a). Site- 
exchange between all four a-CH bipyridinium proton environ- 
ments is evident from inspection of Figure 10 b. Clearly, site-ex- 
change within each isomer (solid lines) is occurring more rapidly 
than site-exchange between the isomers A and B (dashed lines), 
as indicated by the integrated intensities of the related cross- 
peaks. 


In order to delineate the processes affecting the site-exchange 
of the a-CH bipyridinium protons between their four environ- 
ments, we conducted lineshape analyses[’*] of the low-field re- 
gion of a series of 400 MHz ‘HNMR spectra recorded on a 
CD,COCD,/CD,NO, (4: 1, v/v) solution of the [3]catenane 
6a.4PF6 over a temperature range of 246 to 314K. Site-ex- 
change of this type has been observed previously in catenanes 
incorporating the cyclobis(paraquat-4,4’-biphenylene) tetraca- 
tion and crown ether components containing the 1,Sdioxy- 
naphthalene ring system.“ 31 In these systems, the process associ- 
ated with site-exchange cannot be defined unambiguously. Site- 
exchange of the a-CH bipyridinium protons can be achieved 
through process I and/or 11, as illustrated in Scheme 2. In 
6a.4PF6, however, process I and 11-that is, dissociation of the 
included 1,5-dioxynaphthalene residues, followed by either the 
rotation (process I) of the bipyridinium unit about its long axis 
or reorientation (process 11) of the 1 ,j-dioxynaphthalene residue, 
prior to re-association of the n-electron rich donor--lead to dis- 
crete site-exchange: process I leads to exchange within one isomer, 
while process I1 leads to the interconversion between isomers 
and hence exchange between isomers. The series of equilibria 
associated with the exchange pathways is shown in Scheme 3. 


The equilibrium constants for the interconversion of the D, 
and C,, isomers A and B, respectively, were calculated directly 


I 


Dissociation 


I1 


Dissociation 


Bipyridiniurn p Rotation 
Re-orientation of 
Naphthalene Unit 


t i  Re-association Re-association St 
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Scheme 2. Schematic representation of the two possible dynamic processes that 
account for the averaging of the chemical environments o f  the a-CH bipyridinium 
protons in the tetracationic cyclophane components of catenanes derived from 
crown ethcrs containing 1 ,S-dioxynaphthalene residues. The filled circles and the 
circles with a dot at their center stand for a-CH bipyridinium proton environments 
nearest and farthest. respectively, to the H-3/7 protons of the 1,s-dioxynaphthalene 
ring systems included “inside” the cavity of the tetracationic cyclophane. H’and H” 
denote the frequency labeling of the a-CH bipyridinium protons. 


(i) Decomplexation 
(ii)  1,B-Dioxynaphthaiene 
I reorientation l u  
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c- 
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Scheme 3 .  Kinetic scheme outlining the dynamic processes occurring in the 
[3]catenane 6a-4PF6; k ,  and k - ,  are the rate constants associated with the sile-ex- 
changes between the isomers A and B. k , ,  k -  , and k , ,  k . ,  are the rate constants 
associated with the site-exchanges within “isomer” A and within isomer B, respcc- 
tively. 
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from the integral intensities of appropriately well-dispersed res- 
onances at temperatures where the sitc-exchange rates were slow 
on the 400 MHz 'HNMR timescale. The K,, values and the 
associated free energies (AC') are listed in Table4. From the 


Table 4. Equilibriom constanls K,, [a] and relaled free energies AG'at various tem- 
peratures associated with the equilibrium between the isoiners A and B of the 
[3]catenane 6a.4PF6. 


T (K) 6 ,  [a1 A G  (kcalmol-I) 


220 
238 
246 
255 
264 
273 


1 i0 .05 
0.83 iO.04 
0.79 50.04 
0.68 i 0.04 
0.66f0.04 
0.SX50.03 


0+0.02 
0.0X~O.03 
0.12 + 0.02 
0.1 9 + 0.04 
0.21+0.04 
0.29+0.03 


[a] The equilibrium constant is defined by the equation: Keq = [isomzr A]/[iso- 
mer B] 


temperature dependence of K,, (Figure I I ) ,  values of A H  
equal to -1.2f0.2 kcalmol-' and of AS* equal to -5f 
1 cal mol - K ' wcre calculated for the interconversion of A 
and B. These data show that the position of the equilibrium 
between the 11, and C,, isomers is entropically driven over the 
temperature range investigated. 


0.6 I 


0 . l L  ' ' ' ' ' ' " ' I 
3.6 3.7 3.8 3.9 4 4.1 4.2 4.3 4.4 4.5 4.6 


lo3 1/T (K-') 


Arrhenius plot of the equilibrium constant K,, between the two iso- 
mers A and B of 6a.4PF6,  where 6 ,  = [isomer A]/[isomer B]. The curve fit was 
obtained by employing the linear regression method (slope: -0.596 K, intercept: 
2.69, R = 0.991). 


The values of the site-exchange rate constants k ,  , k,, m d  k ,  
(Scheme 3) calculated from lineshape analyses,['81 the related 
free energies of  activation (AG:, AG:, and AG:) and the values 


of k - ,  and AGZL, derived from AG: and AG'. are listed in 
Table 5 and illustrated in Figure 12. Enthalpies and entropies of 
activation (AH' and AS' *) were derived from the free energies 
of activation (AG') and are recorded in Table 6. 


I , . .  . . . . . . . .  I 


3.1 3.2 3.3 3 4  3.5 3.6 3.7 3.8 3 9  4 4.1 4 2  


lo3 1/T (K-I) 


Figure 12. Eyring plot of the rate constants for the exchanges: within isomer B 
( i =  3, dope: -3 .9  K, intercept: 12.8), within isomer A ( i =  2. slope: -3.4 K. 
intercept: 10.4). + between isomers A and B (B + A. i = 1 ,  slope: -5.9 K. intercept: 
16.7), and A between isomers A and B (A + B, i = - 1. slope: -4.9 K, intercept: 
12.S)in the[3]catenane6a.4PF6. Thecurvefit wasobtained bycmployingthelinear 
regression method (R = 0.999 for i = I ,  R = 0.996 for i = 2.  R = 0.996 for i = 3. 
R = 0.999 for i = -1) 


Table 6. Enthalpies (AH:) and entropies(A3:) of activation associated with the 
dynamic processes occurring in 6a .4PF6 derived from the Eyring plot Figure 12. 


i = l  i = 2  r = 3  1 = -1 


AH: (kcalmol- I )  11.7k0.3 6.9k0.2 7 .Xi0 .2  10.5i0.3 
AS,'(calmol-'K-') -14 + 2  -26 +_3 -22 + 2  -19 + 3  


It is noteworthy that the data could not be matched with a 
kinetic scheme employing only four rate constants. Of course, 
the rate constants calculated herein represent the rate-determin- 
ing step for the four three-step processes (dissociation, rotation, 
and reassociation) affecting the site-exchange of the a-CH 
bypiridinium protons between four environments (Scheme 2). It 
is reasonable to expect that the rate-determining step would be 
the initial step-dissociation of the 1,5-dioxynaphthalene ring 
system from the cavity of the tetracation-as this step requires 
the disruption, or at least the partial disruption, of several non- 
covalent bonding interactions. The dissociation should there- 
fore be more energetically demanding than any subsequent CT- 


Table 5. Rate constants k , .  k , ,  k , ,  and k - ,  and related free energies of activation AGT, AG:, AG:, and AG*l associated with the dynamic processes depicted in Scheme 3 
occurring in the [3]catcnane 6a.4Pk.,, as calculated by lineshape analysis at various temperature. 


~ ~~ 


T ( K )  k ,  (s-') I<, ( s - ' )  k ,  (s- ') k - ,  [a] (s- ' )  AG: (kcalmol I )  AG; (kcalmol-') AG: (kcalmol-I) AG!, [a] (kcalmol-') 


246 0.17i0.07 8.4 5 2.0 10 .7 i2 .5  0 .145  0.06 15.2 k 0 . 2  
255 0.40kn 1 2  12.1 i 2.9 17.923.9 0.28 i o . 1  I 15.3 1 0 . 2  
264 0.90i0.27 21.1 k 4 . 6  31.0 f 6.2 0.61 50 .18  15.5 +0.2 
273 1.81 kO.52 35.0 i7 .0  51 .0*9.1 1.11 kO.32 15 .6k0 .2  
280 4.00 k 1 .00 40 .4 i7 .7  67.1 _+ 1 1.1 15.6k0.15 
288 6.07 1 46 68.0t11.6 1 3 0 1 1 4  - 15  X i 0 . 1 5  
295 12 .8 i3 .0  98.429.2 207k15 - 15.9k0.1 
314 3 7 0 i 7 . 0  2 0 8 I 1 6  392+25 - 16 2 k 0 . 1  


[a] Only four data points were available in the calculation of ACT, and k - ,  from AG' and AGT1. 


1 5 . 3 i 0 . 2  13.3k0.1 13.2k0.1 
13.6k0.1 13.4kO. 1 15.5 i 0.2 


1 5 . 7 5  0.2 13.Xi0.1 13.6 k 0.1 
14.0+ 0.1 13.Xk0.1 15.9 i 0 . 2  
14.3k0.1 14.0 k0.1 - 


14.4 t0 .1  
14.7 k0.1 14.2 k0.1 - 


15.1kO.l 14 .7 i0 .1  - 


14.1 +n 1 - 
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bond rotations. The observation of two distinct sitc-exchange 
rate constants, namely, k, and k , ,  for the a-CH bipyridinium 
protons within each of the isomers A and B i s  in accordance with 
this proposal. If the rate of site-exchange was dependent upon 
the rate of the rotation of the bipyridinium units around their 
N . . N axes, then we would expect k ,  and k,  to be equal. A 
comparison of the values observed for k ,  and k - ,  with those 
obtained for k ,  and k ,  suggests that the 1 ,j-dioxynaphthalene 
ring system must exit from the cavity of the tetracationic cy- 
clophane to a far greater extent in order to allow its reorienta- 
tion to take place, compared with how far it has to exit to enable 
thc rotation of the bipyridinium units. It would appear that the 
two included 1,s-dioxynaphthalene ring systems are oscillating 
continuously within the center of the cavity, such that a partial 
dissociation of one 1 ,j-dioxynaphthalene ring system allows the 
adjacent bipyridinium units to rotate about their long axes, 
whereas a complete dissociation is presumably necessary to al- 
low the 1 ,5-dioxynaphthalene unit to rotate about its 0 .  . ‘ 0  
axis. 


The ‘HNMR spectrum of the [3]catcnane 6b.4PF6 at room 
temperature appears uniformly sharp and can be readily as- 
signed (Table 3). On cooling down a solution of 6b.4PF6 in 
CD,COCD, (400 MHz), we observed the separation of the sig- 
nal corresponding to the hydroquinone ring protons of the 
crown ether component into two signals associated with “in- 
side” and “alongside” environments for these rings. The free 
energy of activation, AC: (T, = 291 K at  400 MHz), associated 
with this site-exchange process[21,22] is 13.0+0.2 kcalmol-I. 
Further cooling of the solution of 6b.4PF6 results in the separa- 
tion of the resonances corresponding to the p-CH bipyridinium 
protons and the resonances associated with the hydroquinone 
ring protons located “inside” the cavity of the tetracation. 
The lower temperature spectrum (188 K at 400 MHz) is consis- 
tent with a scenario in which the so-called “rocking” 
of the hydroquinone rings included “inside” the cavity of 
the tetracation becomes slow on the 400 MHz ‘HNMR 
timescale, a process previously observedrto1 in other 
[2]catenanes. The activation energy, AG: (c = 212 K at  
400 MHz), associated with this “rocking” processL2 ’. 231 is 
9.5k0.2 kcalmol-‘. The slowing down of the rocking of 
the hydroquinone rings should ultimately lead to the 
emergence of two D, and C,, isomers, analogous to those 
observed in 6a.4PF6. However, the interconversion be- 
tween these isomers would presumably require considerably less 
energy than the interconversion of the isomersA and B in 
6a.4PF6. 


The spectra of the [3]catenane 6c.4PF6 recorded in 
CD,COCD, at 400 MHz reveal that the hydroquinone rings of 
the crown ether component reside, on average, within the cavity 
of the tetracationic cyclophane, over the temperature rangc 
from 193 to 313 K. At temperatures below 270 K, the spectrum 
broadens, and the signals corresponding to hydroquinone ring 
protons of the crown ether component separate in accordance 
with the slowing down of the rocking motion, as previously 
observed for the [3]catenane 6 b.4 PF,. The activation energy, 
AG: ( K  =I97 K at 400 MHz), associated with this pro- 
cess I2 1,241 In ’ CD,COCD, is 9.5k0.2 kcalmol-’, a value that is, 
not surprisingly, similar to the one observed in the [3]catenane 
6 b .4 PF, . 


Conclusion 


The preparation and characterization of three new [3]catenanes 
6a.4PF6, 6b.4PF6, and 6c.4PF6 has enlargcd the range of 
interlocked structures attainable through self-assembly method- 
ologies and could ultimately lead to the realization of even 
higher order catenanes. The solid-state structures of the three 
[3]catenanes reveal that their structures are maintained a s  a 
result of a wide range of noncovalent bonding interactions, in- 
cluding n-n interactions, [CH . . ‘01 hydrogen bonds and 
[CH . . n] interactions. Moreover, the elucidation of thc dynam- 
ics of the solution-state structures of these molecules by 
‘H NMR spectroscopy has revealed a novel type of isomerism 
that had not been observed previously in similar catcnated com- 
pounds. At low temperature, 6a.4PF6, 6b.4PFh, and 6c ,4PF,  
in solution exist in two isomeric forms, possessing either C,, or 
D, symmetries, which equilibrate slowly on the 400 MHz 
’H NMR timescale. Lineshape analyses of the ‘H NMR spectra 
of 6a.4PF6 have afforded kinctic parametcrs previously 
unattainable using either coalescence or line broadening mcth- 
ods. The free energies of activation at 298 K are, for the ex- 
change between isomers, ca. 16 kcalmol.-‘, and for the ex- 
change within isomers (i.e., rotation of the bipyridinium units 
about their long axes), ca. 14.5 kcalmol-I. It is now clear that 
the disruption of noncovalent bonding interactions--namely, a 
combination of n--71 interactions, edge-to-face T-type interac- 
tions, and hydrogen-bonding interactions-is more energy de- 
manding than are rotations about o-bonds in these typcs of 
molecules. This research has provided us with a much better 
understanding of the behavior of bipyridinium-based intcr- 
locked molecules in solution, and is aimed, ultimately, at help- 
ing synthetic chemists in the design of new generations of molec- 
ular assemblies and supramolecular arrays. 


Experimental Section 


Materials and Methods: Chemicals, including hydroquinone bis(2-hydroxy- 
ethyl) ether, were purchased from Aldrich and used without further purilica- 
tion. Solvents were either used as purchased or dried (DMF from KOH, 
MeCN from CaH,), according to  procedures described in the literature.”5’ 
The reactions requiring ultrahigh pressure were carried out in a Teflon vessel 
using a custom-built ultrahigh-pressure press, manufactured by PSIKA Pres- 
sure Systems of Glossop, UK. Thin layer chromatography (TLC) w 
out using aluminum sheets precoated with silica gel 60F  (Merck 5554). The 
plates were inspected by UV light and developed with a dilute solution of I, 
in CHCI,. Column chromatography was carried out using silica gel 60F 
(Merck 9385, 230--400 mesh). Melting points were determined on an Elec- 
trothermal 9200 apparatus and are not corrected. Low-resolution mass spec- 
tra were performed using a Kratos Profile spectrometer, operating in electron 
impact (EIMS) mode. Fast-atom bombardment mass spectra (FABMS) were 
recorded on a Kratos MS80 spectrometer, operating at 8 keV using a xenon 
primary atom beam. The matrix used was 3-nitrobenzyl alcohol (NOBA). 
Liquid sccondary-ion mass spectra (LSI-MS) were recorded on a VG Zah- 
Spec mass spcctrometer, using a nz-nitrobenzyl alcohol matrix and a scan 
speed of 10 s per decade. X-Ray crystallography and ‘H NMR spectroscopy 
are discussed in separate paragraphs at the end of this Experimcntal Section. 


Hydroquinune his(2-hromoethyl) ether (3):“”’ Bromine (16.0 g. 0.10 mol) was 
added to a mechanically stirred suspension of Ph,P (26.6 g, 0.1 mol) in dry 
MeCN (100 mL) at 5 ”C at such a rate that the supernatant solution remained 
colorless. The solution was then allowed to warm up to room temperature 
and powdered hydroquinone bis(2-hydroxyethyl) ether (9.9 g, 0.05 mol) was 
added in one portion. After 15 min, total dissolution ot‘ the precipitate had 


~ 
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occurred, and after 1 h, a new precipitate started to form. After yet another 
2 h, the reaction mixture was filtered. and the filtrate evaporated in vacuo to 
yield hydroquinone bis(2-bromoethyl) ether 3 as a white solid which was 
recrystallized from MeOH (6.8 g, 42.0%): m.p. 311-133°C; 'HNMR 
(300 MHz, CDCI,, 298 K): 6 = 6.88 (s, 4H,  aromatic protons), 4.26 (t, 
J = 7 . 5 H z ,  4H,  OCH,), 3.62 (t, J = 7 . 5 H z ,  4 H ,  CH,Br); " C  NMR 
(75.5 MHz, CDCI,, 298 K): b =153.9, 117.0, 69.8, 31.6; MS (70 eV. EI): m/z 
("A) = 324 (100) [MIf; HREIMS calcd. for C,oH,20279Br,  [A4]':  m/z 
321.92040; found: m/z 321.92078. 


Dicationic Salt 4.2PF6:i'91 During seven days, the dibromide 3 (1.05 g, 
3.2 nimol) was added portionwise three times a day (50 mg per portion) to a 
refluxing solution of 4,4-bipyridine (5.05 g, 32.4 mmol) in dry MeCN 
(100 mL) under nitrogen. The reaction mixture was maintained under reflux 
for a further 48 h before it was allowed to cool down to room temperature. 
The greenish brown precipitate was filtered, dissolved in a mixture of Me,CO 
and H,O, and purified by column chromatography [S i02/MeOH-2~ 
aqueous NH,CI-MeNO, (7:2:1)] to yield, after counterion exchange, 
4-2PF6,  as a yellow solid (1.3 g, 50%): m.p.>250'C; ' H N M R  (300 MHz, 
CD,CN, 298 K): S = 9.42 (d, J =7.0 Hz. 4H,  pyridinium a-CH), 8.87 (d, 
J = 6.0 Hz, 4H. pyridine a-CH), 8.72 (d, J =7.0 Hz, 4H,  pyridinium p-CH), 
7.99 (d, J = 6.0 Hz, 4H, pyridine B-CH), 6.92 (s, 4H,  hydroquinone), 5.32 (t. 
. I=  5.5 Hz, 4H. CH,N+), 4.65 (t, J =  5.5 Hz, 4H, OCH,); 13C NMR 
(75.5 MHz, CD,CN, 298 K): b =155.7, 153.6, 152.2, 146.6, 142.1, 127.0, 
123.2, 116.8.67.5,61.7; FABMS: m/i :  621 [M - PF6]+; HRLSIMS calcd. for 
C,,H2,02N,PF, [ M  - PFJ': m/z 621.18541; found: mjz 621.18685. 


131Catenane 6 a.4PF6 : 
Method A :  The dicationic salt 4.2PF6 (46.0 mg, 0.06 mmol), the dibromide 
3 (19.4 mg, 0.06 mmol), and 1,5-DNP38C 10 (5a; 95.5 mg, 0.15 mmol) were 
dissolved in dry DMF (15 mL). The solution was transferred to ;I Teflon 
high-pressure reaction vessel, which was compressed at 12 kbar for 5 d at 
20°C. Et,O (200 mL) was then added to the mixture and the resulting precip- 
itate collected by filtration and purified by column chromatography [SO,/ 
M e O H - 2 ~  aqueous NH,Cl--MeNO, (7:2: l ) ]  affording, after coiinterion 
exchange, 6a.4PF6 as a deep purple solid (51.0mg, 34%): m.p.>250"C; 
'H NMR (isomer A/isomer B : 56/44, 500 MHz, CD,COCD,/CD jNO, : 


8.51 (d, J = 6 . 7 H z ,  A :  4H). 8.47 (d, J = 6 . 7 H z ,  B: 4H) ,  7.2447.16 (m, 
J =  6.1 Hz, A: 4H,  B: 4H), 7.14 (d, J =  8.1 Hz, A :  4H), 7.14-7.11 (m, A: 
4H) ,  7.10-7.08 (m, J = 6.7 Hz, A:  4H. B: XH), 7.06 (d, J = 4.4 Hz, B: 4H), 
7.03 (d. J = 4.2 Hz, A :  4H),  6.93 (t, J =7.8 Hz, B: 4H), 6.69 (d, J = 6.7 Hz, 
A : 4 H ) , 6 . 6 6 ( d , J = 6 . 7 H z , B : 4 H ) , 6 . 4 1  ( d , J = 4 . 4 H z , A : 4 H ) , 6 . 2 9  (d, 
J = 4.2 Hz, B: 4H).  6.08 (t. J =7.9 Hz, A: 4H) ,  6.03 (t. J = 8.1 Hz, B: 4H), 
5.71 (d, J = 7 . 8 H z ,  B: 4H) ,  5.61-5.46 (m, A: 4H,  B:  4H), 5.58 (d, 
J =7.9 Hz, A: 4H), 5.02-4.89 (m, A: 4H, B: 4H). 5.02 (d, J = 8.1 Hz, A: 
4H),  4.65 (d, . I =  8.1 Hz, B: 4H). 4.68-4.52 (m, A: XH, B: 8H). 4.24-3.68 
(m, A: 64H, B: 64H); FABMS mjz 2347 [ M -  PF6]+, 2202 [ M -  2PF6]+, 
2057 [M - 3PF6]+; HRLSIMS calcd. for C,,,H,,,N,O,,F,,P, 
[ M  - 2PF,]+: m/z 2202.8202; found: m/z 2202.8163. Single crystals, suitable 
for X-ray crystallography, were grown by slow evaporation of a solution of 
6a.4PF6 in CD,COCD,. 
Method B: The dicationic salt 4.2PF6 (46.0 mg, 0.06 mmol), the dibromide 
3 (19.4 mg, 0.06 mmol), and 1,5-DNP38ClO (5a; 95.5 mg, 0.15 mmol) were 
dissolved in dry DMF (15 mL). The solution was stirred for 9 weeks at room 
temperature prior to the addition of Et,O (200 mL). The resulting precipitate 
was collected by filtration and then purified by column chromatography 
[S i02/MeOH-2~ aqueous NH,CI-MeNO, (7:2: l)] affording, after counte- 
rion exchange, 6a-4PF6 as a deep purple solid (1.6 mg, 1 .I YO) with identical 
physical properties to those for a sample obtained by method A. 


I31Catenane 6b.41'F6: 
Method A :  The dicationic salt 4.2PF6 (46.0 mg, 0.06mmol), the dibromide 
3 (19.4 mg, 0.06 mmol), and BPP34C10 (5b; 80.5 mg, 0.15 mmol) were dis- 
solved in dry DMF (15 mL). The solution was transferred to a Teflon high- 
pressure reaction vessel which was compressed at 12 kbar for 5 d at 20°C. 
Et,O (200 mL) was then added to the mixture, and the resulting precipitate 
collected by filtration and purified by column chromatography [SO,/ 
MeOH-2N aqueous NH,CI-MeNO, (7:2:1)] affording, after counterion 
exchange, 6b.4PF6 as a deep purple solid (51.0mg, 31%): m.p.>250"C; 
'HNMR(300 MHz,CD3COCD,,25"C):6 = 8.74(d,J=7.0Hz,  8H),7.63 
(d,J=7.0Hz,8H),6.81(s,8H),5.44(hs,16H),5.01(m,8H),4.41(bs.8H), 


4 /1 .238K) :b=8 .79(d , J=6 .1Hz ,A:4H) ,8 .71  ( d , J = 6 , 7 H z , B : 4 H ) ,  
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3.71-3.77 (m. 32H), 3.51 (m. 16H), 3.11 (m, 16H); FABMS m/z 2147 
[ M  - PF6]+, 2002 [A4 - 2PF,]', 1857 [ M  - 3PFJ'; HRLSIMS calcd. for 
C,6H,2,N40,,F,,P, [ M  - PF6]+ : mi; 2147.7218; found: m/z 2147.7248; 
C,6H,20N40,,P,F,4 (2147.7): calcd C 50.27, H 5.27, N 2.44; found C 50.43. 
H 5.67, N 2.66. Single crystals, suitable for X-ray crystallography, were 
grown by vapor diffusion of iPr,O into a solution of 6b.4PF6 in MeCN. 
Merhod B :  The dicationic salt 4 ,2PF6 (100.0 mg, 0.13 mmol), the dibromide 
3 (42.0mg. 0.13 mmol), and BPP34C10 (5b; 175.0 mg, 0.32mmol) were 
dissolved in dry MeCN (25 mL). The solution was stirred for 9 weeks at  room 
temperature prior to the addition ofEt,O (200 mL). The resulting precipitate 
was collected by filtration and then purified by column chromatography 
[Si02/MeOH-2N aqueous NH,CI-MeNO, (7:2: I)] affording, after counte- 
rion exchange, 6b.4PF6 as a deep purple solid (2.5 mg, 0.8%) with identical 
physical properties to those for a sample obtained by method A. 


13ICatenane 6c.4PF6: The dicationic salt 4.2PF6 (13.1 mg, 0.043 mmol). the 
dibromide 3 (5.5 mg, 0.017 mmol), and 5c  (26.0 mg, 0.017 mmol) were dis- 
solved in dry D M F  (3 mL). The solution was transferred to a Teflon high- 
pressure reaction vessel, which was compressed at 12 kbar for 5 d at 20'C. 
Et,0 ( S O  mL) was then added to the mixture, and the resulting precipitate 
collected by filtration and purified by column chromatography [SO,/ 
M e O H - 2 ~  aqueous NH,CI-MeNO, (7:2:1)] affording. after counterion 
exchange, 6c.4PF6 as a red solid (13.9 mg, 33%):  m.p.>250 'C; 'HNMR 


SH), 6.88 (s, 8H),  5.00-5.06 (m, XH), 4.91 (s, XH), 4.41-4.47 (m, YH), 
3.66-3.82 (m, 40H), 3.53-3.60 (m, 8H), 3.43-3.49 (m, SH), 2.92-2.98 (m. 
8H); FABMS m/z 2436 [MI', 2291 [A4 - PF,]', 2146 [ M  - 2 PFJ', 2001 
[ M  - 3PF,]+;HRLSIMScalcd.forC,,H,,,N,0,4F1,P,[M- 2PF6]+:m/z 
2146.6894; found: m/z 2146.6822. Single crystals, suitable for X-ray crystal- 
lography, were grown by vapor diffusion of iPr,O into a solution of 6c.4PF6 
in MeCN. 


X-Ray Crystallography: Table 7 provides a summary of the crystal data, data 
collection, and refinement parameters for complexes 6a.4PF6,  6b.4PF6, and 
6c.4PF6. All the structures were solved by direct methods and were refined 
by full-matrix least-squares based on F2. Each of the three [3]catenane com- 
plexes were well-defined and all their non-hydrogen atoms were refined an- 
isotropically. Structures 6a-4PF6 and 6c,4PF, contain disordered PF, an- 
ions, which were in each case resolved into alternate, partial occupancy 
orientations, the major occupancy components of which were refined an- 
isotropically. In 6h.4PF6, the PF, anions showed no disorder and were 
refined anisotropically. All of the structures contain multiple included solvent 
molecules-in 6a.4PF6 and 6b.4PF6, these were ordered, full occupancy, 
and were refined anisotropically, whereas for 6c.4PF6, they were disordered, 
of partial occupancy and, refined isotropically. All of the C-H hydrogen 
atoms in each of the three structures were placed in calculated positions, 
assigned isotropic thermal parameters, U(H) = 1.2 U,,(C) [U(H) = 


1.5 UJC-Me)], and allowed to ride on their parent atoms. Computations 
were carried out using the SHELXTL PC program system.i261 
The crystallographic data (excluding structure factors) for the structures 
reported in Table 7 have been deposited with the Cambridge Crystallographic 
Data Centre as supplementary publication number CCDC-1220-50. Copies 
of the data can be obtained free of charge on application to The Director, 
CCDC, 12 Union Road, Cambridge, CB121EZ, UK (Fax: Int. code 
+ (1223) 336-033; e-mail: deposit(u,chemcrys.cam.ac.uk). 


'HNMR Spectroscopy: 'H NMR spectra were recorded on Bruker AC300, 
AMX400, and AMX500 spectrometers. Chemical shifts are referenced to 
solvent resonances. Probe temperatures were measured using a Comark-type 
K thermocouple. The NOESY/EXSY spectrum was recorded by using 480 
increments of32 transients. T,,, was set to 400 ms. Cosine weighting functions 
were applied in both dimensions prior to fourier transformation. lineshape 
analyses were conducted using the DNMRS program"". The natural 
linewidth in the absence of exchange, wl,,, a quantity necessary for the 
simulation of the resonances of the a-CH bipyridinium protons, is not directly 
accessible because the atoms in the [3]catenane 6a.4PF6 are necessarily un- 
dergoing various site-exchange processes. over the temperature range of inter- 
est. An estimate of w l l 2  was calculated from the corresponding resonances in 
a second series of spectra recorded under identical conditions on a solution 
of the fluorinated analogue of6a.4PF6,  i.e., 6c .4PF6.  Site-exchange involv- 
ing the z-CH bipyridinium protons in the [3]catenane 6c.4PF6 is slow on the 
'H NMR timescale (400 MHz) over the temperature range of interest. 


(300 MHz. CD,CN, 25 "C): f i  = 8.96 (d, J = 7.0 Hz, 8 H), 7.87 (d, J = 7.0 Hz, 


1997 0947-S539jU7j0.~05-0796 $17.50+ .50jO Chem. B i r  J. 1997.3. No. 5 







Isomerism in [3]Catenanes 788-797 


Table 7. Crystal data, data collection, and refinement parameters [a] 


6 a .4 PF, 6b 4PF, 6~.4 fF , ,  


empirical formula 
solvent 
M, 
color, habit 
cry9tal sizelmm 
crystal system 
space group 
TIK 
u lA 
hlA 
C I A  
x i"  
bl" 
?/ 
VIA' 


dgcm 
Z 


F(O00) 
p/mm ~ 


20 Range/" 
independent reflections 
observed reflections. IF,\ >4a(lF,I) 
number of parameters 
Ri [cl 
wRz [dl 
weighting factors a, h [el 
largest difference peak, h o l e / e k  


Ci ,2Hiz+N,Oz+.4PF, 
6Me2C0 
2842.5 
red blocks 
0.27 x 0.20 x 0.13 
triclinic 


293 
14.476(4) 
14.978(4) 
16.643 (5) 
73.26(2) 
84.32 (2) 
84.75 (2) 
3431 (2) 
1 "JI 
1.376 
1488 
1430 
5.6-120.0 
10187 
6581 
944 
0.069 
0.173 
0.099, 2.691 
0.32, -0.32 


Pi 


C&i,oN,0x.4PF, 
12 MeCN 
2786.5 
orange-red platy needles 
0.67 x 0.27 x 0.07 
triclinic 


200 
14.126(8) 
14.820 (10) 
18.610(16) 
76.92 (6) 
83.92(6) 
64.12 (5) 
341 4 (4) 


1.355 
1456 
1.41 8 
4.8-1 10.0 
8566 
7182 
848 
0.055 
0.142 
0.084, 3.448 
0.49, -0.36 


P i  


1 [bl 


C,,Hi j,N,Oz,F,.4PF, 
7MeCN 
2725.2 
red prisms 
0.50 x 0.33 x 0.23 
monoclinic 
P2,jn 
203 
13.813(1) 
35.480 (2) 
14.382(1) 


101.92 ( I )  


6896.7(7) 
2 [bl 
1.312 
2820 
1 468 
5.0- 110 0 
7232 
3750 
836 
0.153 
0.385 
0.281, 46.165 
0.77, -0.57 


[a] Details in common: graphite monochromated Cu,, radiation, w scans, Siemens P4 rotating anode diffractometer, refinement based on F2. [b] The molecule has 
crystallographic C, symmetry. [c] R, = CIIF,I - \ ~ l l / ~ l F , l .  [d] wR, = ~ ~ ~ F ~ - ~ ~ ~ ~ ~ ,  [e] = G*(F,Z) +(oP)* +hP. 
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Structure and Chemical Bonding in Kl,Cd9Tl,1, a Compound Containing 
Both Isolated T1: 1 Clusters and :[Cd,Tl:J Metallic Layers 


Monique Tillard-Charbonnel," Abdelkrim Chahine, Claude Belin, 
Roger Rousseau, and Enric Canadell" 


Abstract: The compound K14Cd,T12, has been prepared by fusion of the elements in a 
tantalum reactor followed by slow cooling at the rate of 6" per hour to enable crystal 
growth. The X-ray crystal structure (hexagonal, P62m; u = 9.884(3), c = 17.173(5) %.; 
Z = 2) was refined to reliability factors of R 1 = 5.09, w R 2  = 11.64%. The anionic 
substructure contains both isolated clusters of T1:; and a layered network based on 
Cd,Tl, pentagonal bipyramids. The structure-electron count relationship for the TI:; 
cluster was analyzed in detail. The Cd,TI:, layers are found to confer metallic proper- 
ties to the material, and the bonding within such layers is found to be highly delocalized. 


Keywords 
cadmium - clusters * layered com- 
pounds - semiempirical calculations - 
thallium . Zintl phases 


Introduction 


Investigations within alkali metal-Group 13 element systems 
have uncovered an interesting field in solid-state chemistry with 
numerous intermetallic phases displaying novel and original 
structures. In such systems, the electronegative elements are able 
to adapt their bonding and coordination to fit a wide range of 
electron counts. 


Previous reports have shown intermetallic compounds of gal- 
lium to be on the borderline between metallic phases and va- 
lence compounds, for which the octet and the (8 - N )  rules hold 
(Zintl phases). Like boron, gallium behaves in these compounds 
as a hypoelectronic element that needs to be reduced by the 
electropositive elements to form clusters, fused clusters, and 
various other fragments. Although isolated (naked) clusters re- 
main rare in gallium intermetallic phases, Ga, and Ga,, have 
been found in Ba,Ga,['I and Cs,Ga, , ,12] respectively, and nu- 
merous cluster frameworks may form, which can be very simple 
(as in K3Ga,Jc3] or very complicated in some ternary or quater- 
nary phases (e.g., Li38(Zno,337Gao,663)lo,~41). In these networks, 
atom defections, atom substitutions, disorder, or nonstoi- 
chiometry often obscure the understanding of electronic and 
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bonding requirements. Gallium intermetallic phases exhibit 
globally delocalized electrons, since coordination numbers with- 
in clusters are larger than the available bonding electron pairs. 
Nevertheless, these clusters have structures that are adapted to 
well-defined electron counts, which generally, but not always, 
conform to classical Wade's rules.[51 Anionic charges that are 
higher than would be required for naked clusters are generally 
alleviated by intercluster two-center two-electron classical 
bonding. Some gallium intermetallic phases, as for example 
Na,Ga,, and Na,,Ga,, , [6-81 contain icosahedral clusters that 
have one or more non-exo-bonded atoms bearing lone electron 
pairs. These clusters may be regarded as intermediate steps to- 
wards the formation of naked anions. This richness in cluster 
and framework types within the alkali metal-gallium system['] 
has sparked further research within the heavier Group 13 In and 
TI systems in recent years. 


Intermetallic compounds of indium can be divided into two 
groups, namely, phases exhibiting extended frameworks with 
two-center two-electron intercluster bonding (e.g., A,Na,,- 


and phases containing naked clusters, having either 
classical electron counts, as in In:- and I n ~ - , [ l o l  or hypoelec- 
tronic electron counts with respect to Wade's criterion,[51 as in 
In7-[10.111 1 1  and the heteroatom-centered clusters In,oNilo- and 
Inl0Zns .[''I 


In contrast to indium and gallium phases, which tend to form 
cluster-based three-dimensional frameworks, alkali metal - thal- 
lium systems have been shown to be very rich in discrete clusters, 
such as, T1:-,[121 ~ 1 8 -  [12 ,  131 T17- [ l o ,  141 T16- [lo1 Ti'- [I41 


T17- [10,15]T110- [10,16]Tlll- l 3  , [ I71  and T11,Cd12~.[181 Thepen- 
4 ,  s r  h ,  9 ,  


1 1 ,  1 3  9 


tacapped trigonal prismatic TI:; anion is the only unit found in 
AsTll, (A = K, Rb, Cs) phases.['0*'51 It is also present in 
K,,Tl,,Au, ,[Ig1 but in conjunction with an analogous Au-sub- 
stituted TIgAu;- anion. In A15T127,[201 layers of naked Tl;, 
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anions alternate with a two-dimensional ~ [ T l ~ ~ ]  framework 
built from the condensation of TI, units. 


In this article we report the detailed structural analysis of the 
ternary compound K,,Cd,Tl,, , in which TI:, isolated clusters 
coexist with a two-dimensional network containing Cd,Tl, pen- 
tagonal bipyrarnids.[*" Semiempirical EHT molecular orbital 
and tight-binding band structure calculations have been used to 
analyze the bonding in T1:; and the electronic structure of the 
2 D sublattice. 


Experimental Section 


Synthesis and data collection: The alloy KCdTl was prepared by fusion of the 
clcments in equal proportions. The weld-sealed tantalum reactor was heated 
at 893 K for 12 h. and then cooled slowly a t  the rate of 6 " h - I  t o  enable 
crystal growth. The compound K,,CdsTI,, was obtained in relatively high 
yield in association with some KCd,,  and K-TI phases. A new synthcsis with 
the elements in a ratio of 14:9:21 was carried out to confirm the stoichiome- 
try of K,,Cd,T12,. The product of the reaction was quite homogeneous and 
had a lustrous appearance, but it was very air sensitive and was examined 
under a microscope inside a glove box filled with dry argon. Selected crystals 
were testcd by X-ray oscillation and Weissenberg techniques, and the one with 
the best diffracting properties, of dimensions 0.14 x 0.105 x 0.016 mm3, was 
used for intensity data collection (Table 1) on an Enraf Nonius C A D 4  auto- 


Table 1 Selected data collection and refinement parameters for K,,Cd,TI,, 
~~~ - 


space group, Z 
lattice parameters (A) 
i. (A), 20 limit ("1 
abs. coeff. Mo,, (cm-') 
range of transmission coeff. 
no. of recorded rflns 
no of unique observed rllns., criterion 
no. of variables 


resid. electron densities ( e k 3 )  
R1 [a]. wR2 [b] ( W , )  


P62m (no. 189), I 
9.884(3), 9.884(3), 17.173(5) 
0 71073, 60 
624.10 
0.3772 -0.0367 
2938 
1037. I> 3 u(I) 
48 
5.09, 11.64% 
+ 3.9 and -2.0 
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[a] R1(F)  = ZlE, - l ~ l / ~ l ~ l .  
w =l.[02(Ft) +(0.0734P)*] with P = (max(F:. 0) +2Ff)/3.  


[b] h.R2(F) = [xw(F, - 1 9 ~ / x 1 i ~ F 3 ~ ~ ~ ,  where 


matic diffractometer (graphite-monochromated Mo,, radiation). Accurate 
lattice parameters, n = b = 9.884(3) A, c = 17.173(5) A, were determined 
by least-squares refinement of angular positions of 25 reflections 
(8.6 5 2 0  I 28.9) collected and automatically centered on the diffractometer. 
Profile analysis indicated that an w-H scan method was the most appropriate 
for data collection. Scan ranges were calculated from the formula A + BtanH, 
where A (taken as 1.2) depends upon the mosaic spread and B (taken as 0.35) 
allows for increasing peak width due to K,, and K,, splitting. 2938 reflections 


Abstract in French: Le composP K,,Cd,Tl,, a Pt6 pr&pare pay 
,fusion directe des dements duns un rkacteur en tantale scellP sous 
argon. Des monocristaux ont k t i  ohtenus par rejroidissement lent 
(6' hr-  '). La structure cristalline (P62m; a = 9.884 13) ,  
c =17.173(5) A ;  Z = 2, R l  = 5.09et wR2 =11.64%) estcon- 
stituPe de trois couches: clusters isolPs TI:;, cations K +  et un 
feuillet formi de hipyramides pentugonales Cd, TI,. Une analyse 
ditaillte de la rekction entre structure et dicompte electronique est 
present& pour /'union Tl:;. Avec une liaison chimique trds &lo- 
calisie, les feuillets Cd,TI:; comfgrent au materiau des proprietb 
mktalliques. 


were measured at room temperature in the octant hfil of the hexagonal cell in 
the range 4 5 2 0 5 6 0 "  without any significant loss in the intensities of the 
three standard reflections checked every 100 recorded reflections. Data were 
corrected for background, Lorentz, and polarization cffects. and after the 
composition of the crystal was known, for absorption ( j r  = 624.1 cni '. 
transmission factors = 0.044 0.377), by using the procedure provided by the 
SHELX 76 program.'221 liitensities of equivalent reflections averaged well 
(R,,, = 4.95%) in the corresponding subgroup. 
Electrical resistivity was measured for a single crystal by using a two-probe 
method (direct current: 10- 100 mA, gold contacts) in the tempcrature range 
218&323 K. 


Structure solution and refinement: The structure of the ternary compound 
K 14Cd9T121 [ 2 i 1  was solved in the noncentrosyminetric space group P62m 
(no. 189) by the direct methods of SHELXS-86,[23' which allowed localiza- 
tion of all heavy atoms, and then refined using thc program SHELX 76.'221 
These results had been reported in a bricfcommunication (further details of 
the crystal structure investigations may be obtained from the Fachinfonna- 
tionszentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen (Germany) on 
quoting the depository number CSD-400 782).'2L1 The initial structural re- 
finement was improved using the program SHELXL 93.[241 Among the 2938 
recorded reflections, 1830 non-zero were averaged into 1037 unique corre- 
sponding to the criterion I >  3 o(I )  used in the refinements. Full-matrix least- 
squares refinemcnts of 48 parameters were carried out, and extinction correc- 
tions were applied. Final agreement factors were R 1  = 5.09% and 
wR2 = 11.64%. Refinement of site occupations of alkali metals while keeping 
TI and Cd occupations fixed showed that, within the 3 o limit, the alkali metal 
sites are entirely occupied. By means of the same procedure. heavy atoms 
were also found to fully occupy their sites. Structural representations (Fig- 
ures 1 and 3) clearly show the lack of inversion center. The absolute con- 
figuration of the noncenti-osymmetric structure could be determined by 
means of the difference of nearly 2 %  in the RI value upon inversion of 
positional parameters. Maximum residual densities in the last Fourier differ- 
ence ranged from +3.9 to  -2.0 e k 3 .  The crystallographic formula 
K,,Cd9TI2 I was found to be in good agreement with the formula gained from 
flame chemical analysis of X-ray-checked single crystals (KjCdjTl ratio of 
0.662 ( 6 ) :  0.435 (3): 1). 


Results and Discussion 


Structural description: K,,Cd,TI,, (Figure 1) fits in well with 
the structural family of phases containing both discrete clusters 
and two-dimensional frameworks. The naked TI:; cluster is 
indeed the same as that recently found in A,,TI,, (A = Rb, 
C S ) , [ ~ ~ '  but K,,Cd,Tl,, differs in its metallic layer, which is 
formulated i[Cd,TI:,] instead of 2[TI:,] in the former. Pack- 


Figure 1 
mately viewed along [I 201. 


Representation of layered packing in  the K,,Cd,TI,, structure, approxi- 
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ing in both structures results from the alternation (along z axis) 
of layers of TI:; discrete clusters and layers of metal condensed 
clusters separated by seams of potassium cations. 


Atoms T1(2), T1(3), and Tl(4) form the T1:; anion (Figure 2, 
Table 2) which can be regarded as having the geometry of a 
flattened pentacapped trigonal prism; the Tl(4) atoms form an 
enlarged prism with the rectangular and triangular faces capped 


TI, 17- anion Cd3Tlg unit 


Figure 2. Representations of the TI:; anion (left) and of the Cd,Tl, unit (right). 
The edges of the prism base are represented by thin lines (T1(4)-T1(4) = 5.035 A in 
TI:; and TI(l)-Tl(l) = 5.2348, in the Cd,TI, unit). Dashed lines represent long 
TI-TI (3.416 A) and Cd -TI (3.354 A) distances in TI:; and Cd,TI,, respectively. 
For clarity, Cd(1)-Cd(1) distances (3.083 A) are not indicated in the representa- 
tions of Cd,TI,. 


Table 2 .  Principal interatomic distances (A) in K,,Cd,TI,, 


2 
2 
2 


2 


4 
2 
2 
2 


3 
3 
3 
3 


2 


2 
2 


6 
3 
3 


2.964(3) 
3.1 80 (3) 
3.1 R3 (1) 
3.244 ( 2 )  
3.581 (8) 
3.671 (9) 
3.686 (3) 
3.691 (4) 


3.078(1) 
3.41 6(2) 
3.580(8) 
3.966 (2) 


3.183(1) 
3 354(2) 
3.767(6) 
3.995(6) 


3.478 (9) 
3.581 (8) 
3.580(8) 
3.815(7) 
3.90(1) 
3.995(6) 
4.095(9) 
4.20(1) 
4.395 (6) 


3.858(1) 
3.966(2) 
4.395(6) 


Tl(3) 3 
3 
3 
3 


TK41 
2 


2 
2 


C W )  


2 
2 
2 
2 
2 


Cd(2) 2 
2 
2 
4 


K(2) 
2 
2 
2 


2 


Tl(4) 3.078 (2) 
Tl(2) 3.416(2) 
K(2) 3.776(9) 
K(1) 3.90(1) 


Tl(3) 3 078(2) 
Tl(2) 3.078(1) 
Tl(4) 3.224(3) 
K(1) 3.478[9) 
K(l)  3.815(7) 
K(3) 3.858(1) 
K(2) 3.864(9) 


Cd(l) 2.961 (6) 
Cd(2) 2.997 (4) 
Cd(1) 3.083(5) 
TI(1) 3.180(3) 
TI(1) 3.244(2) 
TI(5) 3.354(2) 
K(2) 3.703(8) 


Cd(2) 2.816(7) 
Tl(1) 2.964(3) 
Cd(1) 2.997 (4) 
K(2) 3.825(8) 


Tl(1) 3 671 (9) 
Tl(1) 3.691 (4) 
Cd(1) 3.703(8) 
Tl(5) 3.767(6) 
Tl(3) 3.776(9) 
Cd(2) 3.825(8) 
Tl(4) 3.864(9) 
K( l )  4.095(9) 


by Tl(2) and Tl(3) atoms, respectively. The distortion (compres- 
sion along the 3-fold axis) from a regular pentacapped prism 
(TI:;) considerably increases the T1(4)-T1(4) length within the 
base of the prism (from 3.10 to 5.03 A) leading to the loss of six 
bonds per TI,, unit. 


In the experimental cluster, there are three types of short 
distances, namely, that between equatorial cap and prism vertex 
(T1(2)-T1(4) = 3.078 A), that between apical cap and prism ver- 
tex (T1(3)-T1(4) = 3.078 A), and the height of the trigonal 
prism (T1(4)-T1(4) = 3.224 A). These distances should be com- 
pared with the single TI-TI bond length of 3.09 A given by 
P a ~ l i n g . [ ~ ~ ]  Furthermore, there might well be some bonding 
interaction between equatorial Tl(2) and apical Tl(3), since 
these atoms are separated by 3.416 A (bond order of 0.29 ac- 
cording to Pauling’s formula). We discuss these findings in the 
last section of the article, where we also establish the correlation 
between electron count and the geometrical distortion from reg- 
ular to experimental pentacapped prism. 


Molecular calculations clearly show (see next section) that the 
TI, cluster has a valence electron count of 40 (closed-shell con- 
figuration), including a - 7 anionic charge. By assuming the 
complete ionization of potassium atoms and using formal 
charges, the compound can be then formulated as 1 4 K f ,  TI;;, 
[Cd,TI,,]’-. 


The two-dimensional layer ;[Cd,TlI,] can be visualized (Fig- 
ure 3 a) as a network containing Cd,TI, pentagonal bipyramids: 
five-membered planar rings of cadmium atoms (4 x Cd(1) and 


Figure 3. Representation of the ,Z[Cd,Tl:J two-dimensional layer projected onto 
the z axis, depicted as a) condensed pentagonal Cd,Tl, bipyramids with each 
trimeric unit capped by two Tl(5) atoms on the three-fold axis. and b) condensed 
Cd,TI, units geometrically related to the TI:; anion. 


1 x Cd(2)) are capped on each side by Tl(1) atoms; these bipyra- 
mids are condensed by apex-sharing of Cd(1) and by three-cen- 
ter direct exo-bonding (Cd(2)-Cd(2)). Within the pentagonal 
base, Cd-Cd bonds range from 2.961 to 3.083 A, while the exo 
bond length is 2.816 8, (Pauling’s Cd-Cd single bond is 2.83 A),  
Moreover, each trimeric unit of pentagonal bipyramids is 
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capped on each side (along the three-fold axis) by two additional 
thallium atoms (Tl(5)). Within the layer, the Cd-T1 distances 
range from 2.964 to  3.354 8, (Pauling's single-bond length Cd- 
T1 is 2.92 A), and the distance between the two capping thallium 
atoms Tl(1) and Tl(5) is 3.183 A. All these distances indicate 
that there is some electron delocalization. 


An alternative description of the structure would be to con- 
sider the two-dimensional layer :[Cd,Tl:;] as  condensed 
Cd,TI, units (Figure 3 b) with a geometry close to that adopted 
by the Tl,,-based units in A15Tl,,. The Cd,Tl, units (see Fig- 
ure 2) are fused by TI(1)-TI(1) edge-sharing (along the z axis) 
and by two-center bridges between equatorial Cd(1) caps of 
adjacent units (Cd(1)-Cd(1) = 2.961 A). The major difference 
in the arrangement of MI ,  units in K,,Cd,Tl,, and A,,TI,, is 
the occupation of the (O,O, 1/2) crystallographic site, a t  the cen- 
ter of the [M, ,I, ring, by a [Cd(2)], triangular unit in the former 
and a large alkali cation (Rb, Cs) in the latter. In K14Cd,TI,,, 
each Cd(2) atom is connected to two Cd,TI, units by the Cd(1) 
cap and by the prism vertex atoms TI(1) (2 x Cd(2)-C:d(l) 
bonds of 2.997 A and 2 x Cd(2)-TI(I) bonds of 2.964 A). With- 
in the Cd,TI, unit, the Cd(1) capping atom lies closer to the 
rectangular face of the trigonal prism than does the Tl(2) atom 
in the discrete Tl:; anionic moiety. The flattening occuring at  
this capping atom is reflected by the equatorial cap-to-equatori- 
a1 cap Cd(1)-Cd(1) distance of 3.083 8, (the T1(2)-T1(2) dis- 
tance is 3.785 A in Tl:;). Within the central triangular unit, 
Cd(2)-Cd(2) distances are even shorter (2.816 A) and close to 
the Cd-Cd single-bond length of 2.83 A. 


Electronic structure: From the standpoint of electronic struc- 
ture, the K,,Cd,Tl,, system may be regarded as consisting of 
three separate units, the first of which is the sheet consisting of 
K' ions. As this sheet is essentially composed of closed-shell 
cations, it is of little interest from the molecular orbital perspec- 
tive. The second structural motif is that of the isolated eleven- 
atom thallium cluster, which is of interest because its geometry 
is not that of the regular Wade polyhedron. This fact raises 
questions regarding the skeletal electron count and the factors 
favoring this geometry. The third structural element is the 
Cd,TIIo sheet. Once an electron count has been established. the 
question of whether it is metallic or insulating may then be 
addressed. Also, it would be interesting to know whether the 
sheet can be viewed as a series of condensed Cd-TI clusters, as 
suggested in the previous section, or whether it must be viewed 
as a continuous delocalized network. The focus of this section 
will be to address these issues in order t o  provide as complete a 
conceptual picture of K,,Cd,T12, as  possible. The system was 
examined by performing Extended Huckel molecular orbital 
and tight-binding band-structure calculationsrz6] on the various 
elements. The orbital exponents and parameters used were those 
collected in Table 3. Preliminary tests showed that the role of the 
Cd 4d orbitals was negligible, so that they were not included in 
the computations reported here. Two quite different sets of 
parameters for TI have been used in the literature.[z7* 281 All the 
results reported in the following were obtained by using those of 
reference [24] (set 1 in Table 3). However, as discussed below, 
the main results of our study were checked by repeating the 
calculations with the TI parameters of reference [25] (set 2 in 
Table 3 ) .  


Table 3. Exponents and parameters used in the calculations. 


Atom Orbital H,,. eV i 


TI set 1 [a] 6s -11.60 2.30 
6 P  -5.80 1.60 


TI set 2 [b] 6s  - 16.20 2.37 
6 P  -9.00 1.97 


Cd [cl 5s - 12.50 2 30 
5 P  - 6.60 2.10 


K [dl 4s  -4.34 0.874 
4P - 2.73 0.874 


[a] From ref. [27]. [b] From ref. [28]. [c] From ref. [29]. [d] From ref. [36] 


A .  The TI,, cluster: The first subject of interest is the correla- 
tion between electron count and structure for the eleven-atom 
thallium cluster. Previous papers have dealt with this prob- 
lem.[30*321 Sevov and Corbettf3'"I were the first to assign an 
electron count of 40 valence electrons to  an identical In,, clus- 
ter. This count is lowered to  38 for the T1,Au;- analogue,['9] 
which undergoes a compression along the threefold axis, leading 
to a transannular Au-Au bond and an uncommon nonconvex 
polyhedron. They rationalized this count based on extended 
Huckel calculations and HOMO -LUMO gaps. In principle, 
the electron count for an ideal eleven-atom cluster with a penpa- 
capped trigonal prismatic geometry (D,,,) can easily be obtained 
by viewing this cluster as being a tricdpped trigonal prism, which 
is a closo deltahedron, capped with two additional atoms. Ac- 
cording to  the classical counting rules for deltahedral clusters, 
this capping will not change the number of skeletal electron 
pairs, which, according to  the Wade rules, is 10. In the present 
case this would lead us to a total of ( lo+  11) valence electron 
pairs for the TI,, cluster, which exceeds the above-mentioned 
electron count of 40 by two electrons. Sevov and Corbett 
showedf30a1 by means of a molecular orbital correlation dia- 
gram that a distortion from the idealized bicapped deltahedral 
geometry to the experimentally observed one produces a lower 
skeletal electron count by raising one orbital from the bonding 
to the antibonding region. Although this study was quite clear, 
a slightly more in-depth investigation will be presented here to 
provide further insight into the nature of the electron count and 
cluster geometry, related to that of an idealized bicdpped delta- 
hedron. 


To begin the study of electron count and geometric relations, 
a molecular orbital correlation diagram for a distortion of the 
TI , , cluster from the idealized pentacdpped trigonal prismatic 
cluster (all TI-TI bond lengths are 3.10 A) to the observed ex- 
perimental geometry of the T1, , cluster in Kl4Cd9TI2, is pre- 
sented in Figure 4. This diagram is essentially identical to that 
reported by Sevov and C ~ r b e t t f ~ ' ~ )  for In, ,, The only significant 
change along this distortion coordinate is the raising of an a', 
orbital from the bonding manifold to  the antibonding manifold. 
This process provides the rationale for the -7 charge on the 
cluster as opposed to the -9 charge predicted by use of the 
Wade rules and the capping principle. Distortion of this cluster 
may be viewed as involving two fundamental geometrical 
changes, the first of which is the breaking of the six T1(4)-T1(4) 
bonds in the capped triangular faces of the ideal cluster. In terms 
of orbitals we may assume that it will require the breaking of 
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IDEAL M P  


i 4  


Figure 4. Molecular orbital correlation diagram for the distortion from the ideal 
penracapped trigonal prismatic geometry to that of the experimentally observed 
cluster. This diagram shows the nine highest occupied MOs, which contain the 18 
skeletal electrons. Labels correspond to the D,, point group. 


two three-center two-electron bonds. This is depicted in Fig- 
ure 5 (the contribution of the three Tl(2) capping atoms are not 
shown for clarity). Naively, one might expect that this would 
require the lowering of the total electron count by 4 electrons, 
and not the value of 2 indicated in the correlation diagram. 
However, the distortion also results in an increase in the Tl(4)- 


U 
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Figure 5. Illustration of the breaking of two three-center two-electron bonds within 
the ideal pentacapped trigonal prismatic TI:; cluster. For simplicity, the contribu- 
tions of the three Tl(3) capping atoms have been omitted. 


Tl(x)-Tl(4) bond angles (where x = 2, 3). In some way this pro- 
cess must account for the discrepancy of the 2 electrons between 
our naive picture and that suggested by the correlation diagram. 


As one might expect, the elucidation of the above relationship 
between electron count and reorganization of TILT1 bonds is 
not simple, because of the rather delocalized nature of the clus- 
ter orbitals. The magnitude of the task can be reduced some- 
what, since the orbitals of interest are not the full set of molec- 
ular orbitals, but rather the subset spanned by the a', and a'; 
representations of the D,, point group. The reason for this is 
simple. Since the orbitals that should be going up in energy 
belong to this subset, this must also be true of the orbitals that 
cancel them out, owing to the noncrossing rule. Figure 6 depicts 


IDEAL EXP 


- f*ntibonding 


IDEAL EXP 


Figure 6. Correlation diagrams for the u', (a) and a'; (b) subsets. 


the molecular orbital correlation diagrams for these two subsets 
as well as the relevant molecular orbitals. For clarity, the or- 
bitals in Figure 6 have been drawn in a top view (see Scheme 1 
for the top view of the cluster rearrangement). Inspection of this 
figure indeed reveals that the avoided crossing in the a'; subset 
leads to a lowering of electron count by two electrons instead of 
the four in the naive picture. The subset shows a rather 
complex system of avoided crossings, which finally leads to the 
expected raising of one orbital into the antibonding manifold. 


We now turn to the question of whether these orbitals can be 
used to provide a 
simple interpretation 
of the above process. TI141 v41 


TI121 @-@ Consider the a'; sub- TIl2l 
set, which contains 
two orbitals of inter- 
est (Figure 6a). The 


Orbital 'Or- 


relations are indicated 
Scheme 1. Top view of the rearrangement of 
the TI:; cluster. 
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individual orbital correlations are indicated by the dotted lines 
in the correlation diagram of Figure 6a .  The lower orbital is 
destabilized on going from the ideal to the real geometry, essen- 
tially because of the breaking of the three-center bonding in- 
volving the Tl(4) atoms. However, the raising of this orbital is 
counterbalanced by the lowering of a low-lying orbital of the 
same symmetry. The energy lowering of this orbital with the 
deformation to the real structure is a consequence of the change 
in the T1(4)-TI(x)-T1(4) bond angles (where x = 2 and 3). The 
result is an avoided crossing, and one of the two orbitals repre- 
senting the three-center bonding of Tl(4) atoms is not pushed up 
to the antibonding region. The correlation diagram for the a’, 
subset is shown in Figure 6 b. In this case there are three orbitals 
of interest and two avoided crossings. Although the upper filled 
ufi orbital tries to decrease in energy when the ideal cluster starts 
to distort, there is an avoided crossing with the middle a; or- 
bital, which results in a large increase in energy because of the 
breaking of the three-center bonding involving the Tl(4) atoms. 
In other words, there is no low-lying orbital of the same symme- 
try to interact with the upper orbital, which consequently moves 
into the antibonding orbitais region. Thus, only one of the two 
orbitals essentially describing the two three-center bonds of the 
Tl(4) atoms is really pushed up into the antibonding region. 
Although the highly delocalized nature of the orbitals makes it 
a little bit difficult to recognize, the increase in T1(4)-T1(4) 
distances essentially leads to  the loss of two three-center bonds 
(i.e., loss of 4 electrons with respect to the ideal count), and the 
readjustment of the T1(4)-TI(x)-T1(4) bond angles (where x = 2 
and 3) allows the recovery of one electron pair. 


Another angle on this problem is provided by the electron 
population analysis for the TI:; cluster reported in Table 4, 
which gives the total electron populations (TP), the number of 


Table 4 Electron distribution and overlap population for the ideal pentacapped 
trigonal prismatic (ideal) and experimentally found (exp) TI:; clusters. TP and OSP 
refer to the f o r d  and on-site electron populations, respectively. 


a) Elcclron distribution 


Ideal Experirnntal 
TP OSP TP OSP 


4.41 3.25 
3.85 2.91 
3.15 1.92 


3.32 2.14 
3.54 2.22 
3.82 2.72 


~ ~~~ ~ 


b) Number or bonds and their overliip populations 


Number of bonds 
Ideal Exp. 


Overlap population 
Ideal Exp. 


Tl(4)- Tl(4) 3 3 
Tl(4) Tl(4) 6 0 
T1(4)-T1(2) 12 12 
TI(4). TI(3) 6 6 
T U -  ~ i ( 2 )  0 6 


0.23 0.56 
0.20 
0.61 0.50 
0.63 0.65 
~ 0.2 3 


electrons localized on a particular atom (i.e., on-site popula- 
tions. OSP), and bond overlap populations. Here it should be 
recalled that the total electron density of a n  atom arises from 
two contributions in the Mulliken population analysis: 1) the 
on-site population or  the electron density associated with a par- 
ticular atom (i.e., the diagonal terms of the population matrix 
corresponding to this atom) and 2) half of the overlap popula- 


tions associated with this atom (i.e., half of the nondiagonal 
terms of the population matrix, where one of the indices corre- 
sponds to  one orbital of that atom). In other words, the total 
electron density can be considered to  be the sum of the on-site 
electron density and of the electron density of this atom respon- 
sible for the bonding with other atoms (i.e., bonding electron 
density). 


Taking into account the number of bonds of each type and the 
associated overlap populations, it is clear from the results of 
Table 4 that the total bonding electron density of the TI:; clus- 
ter in the two geometries is practically the same. What distin- 
guishes the two geometries is the on-site electron densities of the 
three thallium atoms. Looking at  both the total and on-site 
electron densities, it is clear that the three thallium atoms have 
similar electron densities in the experimental structure, but quite 
different ones in the ideal structure. In other words, the three 
thallium atoms would have different formal valences in the ideal 
structure, but not in the experimental one. Thus, it can be said 
that the T11; cluster chooses the geometry with the more regular 
distribution of electron density among the different thallium 
atoms while maintaining the same total bonding population. 
With two extra electrons (i.e. the TI:; cluster) and the same 
geometry, antibonding orbitals would be filled and there would 
be a substantial decrease in bonding population. This is not the 
case for the pentacapped trigonal prismatic geometry (see Fig- 
ure 4). Thus, in contrast to TI;;, TI:, will choose this geometry 
because it leads to the more favorable bonding population. 


We will now explore one final aspect of this cluster geometry. 
In the experimental TI:; cluster the T1(2)-T1(3) bonds are rela- 
tively short (3.416 A). This raises the question as to whether the 
square face of the cluster [T1(3)-T1(4)-Tl(2)-T1(4)] should be 
viewed as a butterfly arrangement of two triangular faces (as 
shown in Figure 4, for instance) or as a square face. The calcu- 
lated overlap population (Tl(3) -T1(2) = 0.23 as compared to 
T1(4)-T1(4) = 0.56, T1(4)-T1(2) = 0.50, T1(4)-T1(3) = 0.65) 
suggests that the first description may be better, since the TI(2)- 
Tl(3) bond has a sizeable overlap population. An investigation 
into the role of this bond was carried out by setting the Hamil- 
tonian and overlap matrix elements (Hi, and S,j ,  respectively) 
equal to zero when i a n d j  were orbitals of the Tl(3) and Tl(2) 
atoms. The removal of these interactions provided only a small 
energy increase in the HOMO and almost no change in any 
other MO. In esscnce, the HOMO was raised by approximately 
0.2 eV to the energy of a nonbonding TI p orbital. The initial 
overlap population in the bond progressively disappears and 
becomes strongly localized on the Tl(3) site as the interactions 
between Tl(3) and Tl(2) are decreased. Thus, although the 
T1(3)-T1(2) “bonds” have a sizeable population, there is little 
energetic stability associated with their existence. Although this 
result may appear to be surprising, it is a reminder of the care 
that must be taken with the results of a Mulliken population 
analysis when the atoms possess very diffuse orbitals, as is the 
case for TI. Thus we conclude that these “bonds” are not of 
great importance, and the structure is best viewed as containing 
six open square faces. 


B. The Cd9Tl,, sheet: The electron count for the cluster allows 
the chemical formula of the sheet to be evaluated as Cd,TI:,. 
The nature of this sheet may now be investigated. The band 
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structure near the Fermi level is shown in Figure 7. It is clear 
from this figure that several dispersive bands cross the Fermi 
level so that the system should be metallic. In order to test this 
conclusion, the electrical resistivity of single crystals of 
K ,,Cd,TI, were measured. In agreement with our prediction 


-5.0 


2 - 
r 


a, 
c 


m 
L 


Lu 


E 


-8.0 


r x K r 
Figure 7. Calculated band structure for the Cd,TI:; sheet. Only the bands near the 
Fermi level are shown. The r, X, and K labels represent the ( O , O ) ,  (a*/2,0) and 
(u*i3, r r * / 3 )  wave vectors of the hexagonal Briltouin zoi~e. 


an overall metallic behavior between 218 and 323 K 
( p = 4 ~ 1 0 - ~  Qcm at 295 K with a weak positive coefficient) was 
observed. Since several bands cross the Fermi level, the calculat- 
ed Fermi surface is quite complex and not very informative, so 
that it is not reported here. The only interesting result in the 
context of the present work is that the system should be a highly 
isotropic two-dimensional metal. Thus, it is not expected that a 
Fermi surface driven instability will partially or totally destroy 
the Fermi surface and lead to some resistivity anomaly at low 
temperatures, as found in many low-dimensional metals.r33 -341 


The question arises as to whether the metallic behavior of this 
slab can be attributed to a particular structural featurer3’] or 
whether the entire slab should be considered as a delocalized 
metal. Inspection of the density of states at the Fermi level 
shows that each thallium and cadmium atom of the sheet makes 
a considerable contribution. This provides strong evidence for a 
highly delocalized system. Table 5 lists the reduced overlap pop- 
ulations between atoms in the sheet as well as their electron 
densities. Although it is clear from Table 5 that the cadmium 
atoms have more electron density associated with their position, 
the overall electron distribution is quite evenly spread over the 


Table 5. Bond lengths (A), overlap populations, and electron densities calculated 
for the Cd,TI:; sheet. 


Bond Bond length Overlap Atom Electron 
population density 


TI( 1)-T1(1) 
TI(l)-T1(5) 
Tl(1) Cd(1) 
TI( 1 )-Cd( 1) 
TI(I)-Cd(2) 
T1(5)-Cd(l) 
Cd(l)-Cd(2) 
Cd(2) - Cd(2) 
Cd( 1)- Cd(1) 
Cd(1) Cd(1) 


3.686 
3 183 
3.180 
3.244 
2.964 
3.354 
2.997 
2.816 
2.961 
3.083 


0.0398 Cd( 1 ) 2.89 


0.2232 TK1) 2.67 
0.1297 TK5) 2.91 
0.4215 
0.1798 
0.2045 
0.3829 
0.2180 
0.1441 


0.5386 Cd(2) 3.33 


sheet. Also, Table 5 shows that there is not only strong Cd-Cd 
bonding and Cd-TI bonding, but also strong TI-TI bonding, 
which implies that a picture based on edge-sharing Cd-Tl clus- 
ters is not altogether appropriate. Thus, both the electronic 
states near the Fermi level and the bonding as a whole are fairly 
well delocalized over the entire sheet, and a view of this material 
based on the condensation of Cd-TI clusters, although very 
useful as a structural description, does not seem to be quite 
appropriate from the electronic viewpoint. 


Finally, we considered the possible parameter dependence of 
our analysis. As mentioned above, two quite different parame- 
ter sets for T1 have been used in the literature (see Table 3). 
Obviously, the use of one or the other set does not have any 
great influence on the calculations for the isolated T1, cluster. 
However, this may not be true for the Cd,TI:; sheet. Based on 
the calculations using the second set of parameters for TI, the 
material is found to be a highly isotropic two-dimensional 
metal; all the TI and Cd atoms contribute considerably to the 
density of states at the Fermi level, and the Cd-Cd, TI-T1, and 
Cd-TI overlap populations are very similar to those of Table 5. 
As expected from the considerably lower valence state ioniza- 
tion potentials of T16p orbitals, the total electron density calcu- 
lated for the TI atoms is larger than that of the Cd atoms. 
However, the electron density continues to be fairly evenly dis- 
tributed within the sheet. The main conclusions of our study 
remain valid when the second set of parameters for TI is used, 
and we conclude that, in essence, our analysis is not parameter 
dependent, 


As a final test we carried out a complete calculation[361 where 
the full three-dimensional structure of K ,,Cd,TI,, was used. 
This calculation clearly showed, at least within the context of the 
extended Hiickel method, that 1) the TI-K interactions are 
very weak (overlap populations of the order of 0.037) and 
2) there is no appreciable electronic transfer between the TI:, 
and Cd,Tll, layers. In other words, it is the stability of the TI:, 
cluster that governs the electron distribution in this phase. Thus, 
it is suggested that the interactions between the three different 
types of layers of the structure are essentially electrostatic in 
nature 
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Molecular Structures and Energetics of Corrole Isomers: 
A Comprehensive Local Density Functional Theoretical Study 


Abhik Ghosh* and Knut Jynge 


Abstract: By using geometry optimiza- 
tions with local density functional theory 
and double-i plus polarization basis sets, 
an extensive study has been carried out on 
the molecular structures and stabilities of 
free-base and metal-complexed corrole 
isomers. The optimized structures of nor- 
mal metallocorroles have been found to 
agree well with crystallographic results. 
For both free-base and metal-complexed 
derivatives, the [I . I  . I ]  ring system is found 
to be the most stable. The [2.0.1]- and 
[?.I .O]corrole isomers are unequivocally 
predicted to exist as stable materials. Of 
these, the [2.0.1] ring system, known as 
isocorrole, has been recently synthesized. 
Various derivatives of these two ring sys- 
tems lie only about 10-20 kcalmol-' 
above analogous derivatives of normal 
corrole. In general, the cis- and trans- 
[3.0.0]corrole derivatives are predicted to  
be significantly less stable than the other 


corrole isomers. However, the Sc"' com- 
plexes of these two stereoisomeric ring 
systems are surprisingly stable. Direct C,- 
C, linkages between pyrrole rings are 
identified as a principal source of strain in 
the molecular structures of corrole iso- 
mers. The N, cores of [1.1.1]- and 
[2.0.l]corrole isomers are significantly 
smaller than the porphyrin core. Thus, 
these corrole isomers are predicted to 
have a strong prcference for smaller metal 
ions such as Ga"'. The [2.1 .O] core is some- 
what larger, as evidenced by longer 
metal-nitrogen distances in [2.1 .O]- 
metallocorroles. These differences in core 


Keywords 
corroles * density functional calcula- 
tions * metallocorroles * porphyri- 
noids 


1. Introduction 


Recent syntheses of porphyrin and corrole isomers have opened 
up a new direction in the chemistry of tetrapyrroles.[" Concep- 
tually, the tetrapyrrole isomers are related to classical porphyrin 
and corrole[21 by various redistributions of the methine bridges 
linking the pyrrole rings. The new molecules are of great interest 
for a variety of reasons. They are stable aromatic compounds 
based on the [ 18]annulene framework, and their optical proper- 
ties promise applications in such areas as electronic devices and 
photodynamic cancer therapy."] As tetradentate ligands, por- 
phyrin and corrole isomers furnish rigid, planar coordination 
environments of various shapes that differ from ideal square- 
planar. In this work, we have obtained a fairly comprehensive 
picture of the molecular structures and energetics of free-base 
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geometry account for a n  interesting revcr- 
sal of the relative stabilities of [2.0.1]- 
and [2.1 .O]metallocorroles with increasing 
ionic radius of the complexed metal ion. 
Analogous to  porphyrin isomer chem- 
istry, the trans stereoisomer of [3.0.0]- 
corrole is found to be more stable than the 
cis stereoisomer for the free-base and for 
the Sc"' and In"' derivatives. For  the free 
bases of any particular isomer, the tau- 
tomers are quite similar in energy, differ- 
ing by only 2-7 kcalmol-'. This, togeth- 
er with the presence of short, strong 
N-H . . . N hydrogen bonds, suggests that 
N-H tautomerization in at least some 
free-base corrole isomers should be con- 
siderably faster than that in porphyrins. 
Overall, it has been possible in most cases 
to establish a good correlation between 
the energetics trends and structural differ- 
ences among molecules. 


and metal-complexed corrole isomers from geometry optimiza- 
tions performed at the local density functional (LDF) level. 


Corrole isomers can be described by a system of nomencla- 
ture similar to that used for porphyrin isomers."' A molecule of 
a corrole isomer consists of a bipyrrole unit and two pyrrole 
rings bridged by various distributions of three CH units. Ac- 
cordingly, a corrole isomer can be described as [a.h.c]. where N, 


h, and c are the numbers of C H  units in the "interpyrrole 
bridges". Permissible values of a, b, and c are limited to 0, 1. 2. 
and 3, with the constraint that c t + h + c  = 3. Disregarding the 
possibility of cis- trans isomerism and inverted structures, four 
corrole isomers with N, cores are possible: [1.1.1], [2.1.0], 
[2.0.1], and [3.0.0]. In view of our recent finding that both (,is 
and trans stereoisomers of certain porphyrin isomers should be 
thermodynamically stable,L3J we also investigate here the cis and 
/runs stereoisomers of [3.0.0]corrole. Figure 1 depicts the most 
stable tautomers of five isomeric corroles. The chemistry of 
normal or [I .I .l]corrole is fairly extensive.[21 [2.0.1]Corrole has 
been recently synthesized and has been named isocorrole.""] 
Here we provide evidence that a t  least one other corrole isomer. 
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[1.1.1]CorH3 [2.0.1]CorH3 [2.1 .O]CorHs 


cis-[B.O.O]CorHs trans-[3.0.0]CorH3 


Figure 1. Stable tautoineric forms of free-base corrole isomers. 


the [2.1 .O] ring system, should also be isolable as a stable mate- 
rial. 


The coordination chemistry of corroles is of considerable cur- 
rent interest.['] In contrast to porphyrins, which have two cen- 
tral protons in their free-base forms and four interpyrrole CH 
bridges, normal and isomeric corroles have three central NH 
groups in their free-base forms and only three interpyrrole CH 
units. This has several consequences. Corroles, as contracted 
porphyrins, have smaller core sizes than porphyrins and they are 
typically trianionic ligands. Recently, high-valent transition 
metal corroles have been isolated as stable materials,[41 and a 
similarly rich coordination chemistry can also be expected for 
the isomeric corroles. Accordingly, we have begun to explore 
this area by examining the structures and stabilities of three 
series of isomeric metallocorroles. The three series involve three 
closed-shell tripositive cations of different sizes: Ga"', Sc'", and 
In"'. 


Relatively little is known about N-H tautomerism in free- 
base corrole and its isomers. Accordingly, we have fully opti- 
mized the structures of all twelve N-H tautomers of the five 
corrole isomers. The results provide insights into hydrogen 
bonding and H-H repulsive interactions in the crowded cores 
of these macrocycles. 


Overall, LDF geometry optimizations[51 have furnished an 
extensive database of structures of twenty-seven free-base and 
metal-complexed corrole-isomers. While crystallographic data 
on [1.1.1]metallocorroles are used to verify the quality of our 
calculations, the majority of this paper is of an exploratory 
nature: it seeks to provide a comprehensive preview of the struc- 
tural chemistry and thermochemistry of the corrole isomers 
ahead ofthe experiments. A satisfying aspect ofthis study is that 
the energetics trends can be fairly well interpreted in terms of 
structural differences among the different molecules. 


2. Methods 


Given the large number of moderately large molecules that needed to be fully 
optimized, we sought a good compromise between quality of the results and 
affordability. In recent studies. we have found that LDF theory gives excel- 
lent structures and energetics for a variety of tetrapyrroles in their ground 


Elsewhere, we have calibrated LDF results against those obtained 


from gradient-corrected or nonlocal density functional theory (NLDFT)['" 
and ab-initio second-order Mdle r~P les se t  perturbatlon theory (MP 2).t6' 
Accordingly, we chose LDF theory for the present calculations. Specifically. 
we have used the local exchange-correl~ition functional due to Hedin and von 
Barth,"' numerical double-[ plus polarization (DNP) basis sets. and a very 
fine mesh for numerical integrations, as implemented in the DMol program 
system."] 
Ab-initio Hartree-Fock theory is not applicable for the present purpose: One 
of us, in cooperation with Almlof et al., has previously reported that mini- 
mum-energy tetrapyrrole structures on Hartree-Fock potential energy sur- 
faces correspond to frozen resonance forms with localized single and double 
bonds rather than to realistic, aromatic structures.[6' This problem is solved 
by relatively simple schemes of electron correlation such as MP2 theory or 
DFT.I6I 
Metal-complexed corrolato ligands are in general approximately planar.[2' In 
contrast, steric congestion caused by the three central hydrogen atoms In 
free-base corroles results in some macrocycle nonplanarity.191 In the crystal 
structure determination of free-base 8,12-diethyl-2,3,7,13,17.18-hexamethyl- 
corrole. Harrison et al.['] found one of the directly linked pyrrole rings to be 
tilted by 8-10" relative to the rest of the molecular skeleton, which was 
approximately planar. This is a significant but still quite modest level of 
buckling. Moreover. because of the relative flatness of the potential energy 
surfaces associated with out-of-plane distortions, accurate conformational 
analyses of tetrapyrroles by means of automated geometry optimization rou- 
tines are apt to be troublesome. Thus, in this initial study, we have con- 
strained most of the molecules to a plane in the geometry optimizations. We 
believe that this simplification will introduce only very minor errors in opti- 
mized bond lengths and bond angles of the free bases. Nonplanar structures 
were considered only for the [3.0.0]corroles. 
All free-base corrole structures were optimized with C, symmetry constraints. 
In addition, a completely symmetry-unconstrained geometry optimization 
was carried out for the more stable tautomer (i.e., tautomer a) of trutis- 


[3.0.0]corrole. All metal complexes of [1.1.1]-, [2.0.1]-, and cis-[3.0.0]corroles 
were optimized with C,, constraints. All [2.1 .O]metallocorroles were opti- 
mized with C, symmetry constraints, with the entire molecules confined to 
the mirror plane. In addition, metal complexes of both cis and fruns 
[3.O.O]corroles were optimized with C, symmetry constraints, with the symme- 
try planes perpendicular to the mean planes of the molecules. These last 
optimizations allowed nonplanar structures to be examined. 


3. Results and Discussion 


Table 1 presents the calculated molecular total energies of the 
free-base and metal-complexed forms of different corrole iso- 
mers relative to the [1.1.1] system as zero level. The data for the 


Table 1. Molecular total energies [kcalmol- '1 of corrole isomers relative to normal 
corroles. Unless otherwise indicated, all molecular point groups are C,, 


[1.1 .l] 0.0 [a] 0.0 0.0 0.0 
[2.0.1] 1.9 [a] 13.5 11 1 23.1 
[2.1.0] 18.1 [a] 27.0 [a] 13.1 [a] 15.8 [a] 
ci,s-[ 3.0.01 50.7 [a] 63.2 33.6 56.4 
(rons-[3 .0.0] 43.9 [b] 70.0 [c] 15.7 [c] 47.3 [c] 


[a] Each of these molecules was assigned a C, point group. with the entire molecule 
confined to the mirror plane. [b] This energy corresponds to a symmetry-uncon- 
strained C, optimized geometry. [c] Each of these molecules was assigned a C, point 
group, with the mirror plane perpendicular to the molecule's least-squares plane and 
bisecting the molecule, these molecules are thus nonplanar. 


free bases refer to the most stable tautomers. The optimized 
molecular geometries of free-base (PH,) and zinc(1i) porphine 
(PZn), shown in Figure 2 ,  are intended to facilitate a compari- 
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p q  .09 


H H 


PHZ 


HHH 


\ I 1.391 


H"c"r':. 
H f i H  


PZn 
Figure 2. Optimized bond lengths [A] and angles ["I of PH, (D2h and PZn (Ddh). 


son of the structural features of porphyrin and corrole. Fig- 
ures 3 and 4 present optimized molecular geometries of free- 
base and metal-complexed corrole isomers, respectively. Fig- 
ures2, 3, and 4 also show the abbreviations for the various 
molecules studied in this work. We encourage frequent cross- 
checking of Figures 3 and 4 and the written description, but to 
avoid repetition, we will refrain from continually citing Fig- 
ures 3 and 4 in the remainder of the paper. 


The discussion of our results is organized as follows: Sec- 
tion 3.1 discusses the optimized structures of normal corrole 
and compares it to experiment. Section 3.2 deals with the [2.0.1] 
and [2.1.0] isomers of corrole. Section 3.3 deals with 
[3.0.0]corrole and the possibility of a stereoisomer with a skele- 
tal trans-CH=CH double bond. Section 3.4 focuses on the var- 
ious tautomers of the free-base corrole isomers. As far as pos- 
sible, the stabilities of the compounds are interpreted in terms of 
their molecular structures. 


3.1. [l.l.l]Corroles: As Table 1 shows, normal or [l.l.l]corrole 
is the most stable corrole isomer. This is readily rationalized in 
terms of our optimized [1.1 .I] structures (Figure 3 and 4). The 
bond lengths and bond angles of normal corrole derivatives are 
very similar to those in analogous porphyrins (Figure 2). Thus, 


since porphyrin is one of the least strained tetrapyrroles, it be- 
comes clear why normal corrole is also relatively strain free. 


The order of bond lengths in [l.I.l]CorH, or [l.I.l]CorGa 
is largely identical to that in PH, or PZn, respectively: C,- 
C, (1.41-1.44 A)>C,-C,,,, (1.39-1.40 A)>C,-C, (1.37- 
1.38 A)zC,-N (1.37-1.39 A)[61 (to use nomenclature similar 
to that in porphyrin chemistry, we will describe one-carbon 
interpyrrole bridges in corrole and its isomers as meso). In other 
words, as in typical porphyrins, the C,-C, bonds are signifi- 
cantly longer than the other bonds.[61 We will see that this order 
of bond lengths holds somewhat less strictly for the Sc"' and In"' 
complexes, in which the C,-C,,,, bonds closely approach the 
C,-C, bonds in length. In the free-base corrole structures, note 
the subtle variation in the C,-C, bond lengths, depending on 
whether the nitrogen in the pyrrole ring in question is protonat- 
ed or not, whereby the C,-C, bonds are slightly shorter in the 
N-protonated pyrrole rings. Compared to porphyrins, the main 
structural characteristic of corrole is the direct C,-C, linkage. 
In [1.1.1]CorH3 or [I.l.l]CorGa, this bond (1.41-1.42 A) is 
marginally longer than the C,-C,,,, bonds (1.39- 1.40 A). 


There is also considerable similarity between the bond angles 
in [l.I.l]CorH, or [l.l.l]CorGa and those in PH, or PZn. The 
C,-N-C, angles in the N-protonated pyrrole rings in both 
[1.1.1]CorH3-a and [1.1 .1]CorH3-b are significantly larger 
(111.5-114.3") than those in the unprotonated pyrrole rings 
(106.5- 107.8"). To compensate for this, the N-C,-C, angles 
in the N-protonatcd pyrrole rings in [l .I .1]CorH3-a and 
[1.1.1]CorH3-b are smaller (103.9-106.6") than those in the N- 
unprotonated pyrrole rings (106.5- 107.8'). These are features 
that the [l.I.l]CorH, tautomers share with PH,. Even the C,- 
C,,,,-C, angles (123.7-128.9') in the central C,,N, rings of 
[l.I.l]CorH, or [I.l.l]CorGa are similar to those in in the cen- 
tral C,,N, rings ofPH, (126.5") or PZn (126.4") (Figure 2). The 
N-C,-C,,,, angles in [I.l.l]CorGa (119.6-125.5") are also 
roughly equal to those in PZn (125.0"). The N-C,-C,,,, angles in 
the free bases, [1.1.1]CorH3-a and [1.1.1]CorH3-b, however, 
span a larger range of 116.5-129.0" owing to steric repulsion 
among the central nitrogen atoms and N-H . . N hydrogen 
bonding. At the direct interpyrrole linkage, the N-C,-C, angles 
in [1.1.1]CorH3 and [l.l.l]CorGa are in the range 110.8-116.2" 
and thus are unremarkable. However, the exocyclic C,-C,-C, 
angles are large at approximately 140". Thus, except for H . . . H 
repulsions, the direct C,-C, linkage is the only strained area in 
the [l.l.l]CorH, and [l.l.l]CorGa molecules. 


The significant number of available metallocorrole crystal 
structures provides an opportunity for judging the quality of the 
calculated molecular geometries.[4. 'l For this purpose, Table 2 
compares the calculated geometry of [l .I .I]CorGa with the 
crystallographic structure of [Rh(OMC)(AsPh,)] (OMC = 


octamethylcorrolato) .[lOa] This choice was based on the fact 
that Ga"' and Rh"' have similar ionic radii. Ionic radii for four- 
coordinate Rh"' are not available, but for sixfold coordination, 
Ga"' and Rh"' have ionic radii of 0.76 and 0.805 A, respective- 
ly.["] Table 2 compares selected geometry parameters of the 
computed Ga"' and experimental Rh"' [I .I .l]corrole struc- 
tures.[""] In the crystal, the [Rh(OMC)(AsPh,)] molecule is 
completely asymmetric, with metrical parameters for the two 
halves of the corrole macrocycle somewhat unequal.[10a1 
Accordingly, Table 2 provides two columns of data for 
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Figure 3. Inlcrnuclear distances [A] and angles ['I in C, symmetry-constrained optimized geometries of free-base corrole isomers. 
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Figui-c 4. Optimized internuclear distances [A] and angles [I in metallocorrole isomers. 


[Rh(OMC)(AsPh,)], but only one for the optimized C,, sym- 
metric structure of [1.1.1 JCorGa. Overall, the optimized and 
crystallographic data are in excellent agreement. Thus, the com- 
parison presented in Table 2 validates LDF theory as a good 
structure determination tool for tetrapyrrolic molecules. This 
has also been found in some of our other w ~ r k . [ ~ , ~ ]  


We now proceed to examine the geometry of the central 
metal-binding region of [I .1 .l]corrole in some detail. As expect- 
ed, [1.1.2]corrole has a smaller core than porphyrin. For in- 
stance, in PZn, adjacent pyrrole nitrogen atoms are separated by 
2.87 A, and opposite pyrrole nitrogen atoms by 4.06 8, (Fig- 
ure 2). In [l.I.l]CorGa, adjacent pyrrole nitrogen atoms are 
separated by 2.47, 2.71, or 2.83 A, while opposite pyrrole nitro- 
gen atoms are separated by only 3.78 A. Similarly, as expected, 
the [I .I .I]CorH, tautomers have smaller cores and shorter sep- 
arations between adjacent nitrogen atoms than PH, . The short- 
est separation (ca. 2.5 A) is between the nitrogen atoms of the 
two directly linked pyrrole rings, as is observed experimental- 
I Y . ' ~ ,  9 3  lo' Thus, although metal-nitrogen bond lengths shorter 
than or equal to 1.90 A are uncommon for metalloporphyrins, 
the optimized Ga-N bond lengths of 1.89 and 1.91 A in 
[l.I.l]CorGa are typical for metallocorroles (see the data on 
[R~(OMC)(ASP~, ) ] [ '~"~  in Table 2). In this connection, it may 
be worth recalling Vogel's recent finding that the corrolato Iig- 
and stabilizes high-valent transition metals.[51 This special prop- 
erty of corroles is not analyzed in this paper. Clearly, this prop- 
erty of corrole is intimately linked to its being a trianionic lig- 


frans-[3.O.O]CorSc 


and. What is relevant here is that the small core size of corrole 
is ideally suited for coordination of small, high-valent first-row 
transition metal ions. Thus, the average FeIV-N bond lengths in 
[Fe(OEC)],O (1.904 A), [Fe(OEC)Cl] (1.906 8,j, [Fe(OEC)Ph] 
(1.871 A), and [Fe(OEC)py] (1.893 A) [OEC = octaethyl- 
corrole, py = pyridine] are all very similar to the optimized 
Ga-N bond lengths (1.89 and 1.91 A) in [1.1.1]CorGa.~51 


The optimized structures of [l.I.l]CorSc and [l.I.l]CorIn 
illustrate the effects of core expansion in corroles. Although 
core-expansion effects are well-characterized for porphyrins," '1 


this aspect of metallocorrole chemistry remains essentially unex- 
plored experimentally. The ionic radii of six-coordinate Sc"' and 
In"' are 0.885 and 0.94 A, respectively, and are comparable to 
those of six-coordinate zinc (0.88 A). The ionic radius of four- 
coordinate Sc"' is unavailable, but the radii of four-coordinate 
In"' and Zn" (0.76 and 0.74 A) are very similar. 


Compared to a mean Ga-N bond length of 1.90A for 
[l.I.l]CorGa, the metal-nitrogen bond lengths in [l.I.l]CorSc 
(1.96 and 2.04 A) and [l.I.l]CorIn (2.01 and 2.03 A) are consid- 
erably longer and lie in the range typical for metalloporphyrins. 
The longer metal-nitrogen distances in [I .l.I]CorSc and 
[l . I  .I]CorIn imply that the mean distance between nearest- 
neighbor nitrogen atoms in either of these molecules is also 
significantry larger than that in [1.1 .I]CorGa. The Sc-N bond 
lengths in [I .1 .I]CorSc have two rather different values (1.96 
and 2.04 Aj, which differ considerably more than the metal-ni- 
trogen bond lengths in [I . I .  11CorGa and [ l.l.I]CorIn. Also, the 
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T;ihle 2. Comparison of optimized internuclear distances [A] and angles ['I in the 
corrole rings in the X-ray cystal structure of[Rh(OMC)(AsPh,)] and the C,, opti- 
in17ed geometry of [1.1.1]CorGa. 


[Rh(OMC)(AsPh,)] [ I  .l.I]CorGa [Rh(OMC)(AaPh,)] [1. 1 .I]- 
CorGa 


ci 1.382 1.394 1.391 1 130.8 126.6 
N' 1,398 1.3R9 1.395 (I' 126.0 128.1 124.7 


h 1.433 1.424 1.422 8' 106.5 105.4 107.1 
h' 1.434 1.464 1.421 106.2 105.5 106.7 
h 1.462 1.445 1.424 /Y" 105.9 106.0 107.6 
h"' 1431 1.4.59 1.414 : 108.0 109.6 107.7 


1.349 1.352 1.389 7'' 107.1 109.2 107.8 
rl 1.388 1.379 1.379 
d 1.383 1.430 1.387 6 109.9 108.2 109.0 


1.361 1 376 1.366 6' 111.3 111.7 120.6 
fr,' 1 -373 1.368 1.364 i: 122.8 119.7 123.8 
c 1.960 1.956 1.888 i:' 124.5 124.1 125.5 
P' 1.930 1.931 1.905 z'' 121.6 120.8 119.6 
f 1438 1.419 K 110.9 113.0 112.6 


$ 124.4 121.7 124.4 
6' 125.3 124.1 126.6 
@" 329.8 130.3 132.4 
7 118.9 117.8 117.0 


x' 91.4 92.1 91.1 


ci" 1.398 1.364 1.396 11 106.9 108.2 108.0 


< 1.365 1.331 1.373 7' 108.8 1053.5 108.3 


. , , a ,  I 109.5 107.6 107.2 


93.3 97.0 


f '  79.2 80.8 


shapes of the expanded N, cores of [I.l.l]CorSc and 
[l . I  .I]CorIn differ considerably. For instance, the nitrogen- 
metal-nitrogen angles are rather different in the two com- 
pounds. This suggests that, like the central C,,N, ring of por- 
p h y r i n ~ , ' ~ ~ ]  the central C, ,N, ring of corroles is quite soft to- 
ward bond angle deformation. Other structural effects of core 
expansion in [l.l.l]CorSc and [I .l.l]CorIn include the follow- 
ing: TheC,-N-C,anglesarewiderin[1.1.1]CorSc(lll.4, 113.3") 
and [l.l.I]CorIn (113.5, 114.4") than in [l.l.I]CorGa (109.0, 
110.6'). The C,-C,,,, bonds are also slightly longer in 
[1.1 .I]CorSc and [l .I.l]CorIn than in [1.1 .l]CorGa. The direct 
C,-C, linkage is stretched in [1.1.1]CorSc (1.44A) and 
[1.1.1]CorIn (1.45A) compared to that in [I.l.l]CorGa (1.42 A). 
Overall, these structural data suggest that the [1.1 .l]corrole ligand 
has a strong thermodynamic preference for binding smaller metal 
ions of approximately the size of Ga"' rather than Sc"' or In"'. 


Finally, a comment is in order on the shape and local symme- 
of the N, core of normal corrole. As the C,, symmetry of 


[1.1 .l]metallocorroles implies, the central N, core has a trape- 
zoidal shape with C,, local symmetry. Also, the N, core of 
[l .I .l]corrole is rather close to square-planar. This minimizes 
nitrogen-metalbnitrogen bond-angle strain in [I. 1.11- 
metallocorroles relative to, for instance, [2.1 .O] and [3.0.0]- 
metallocorroles. 


3.2. 12.0.11- and 12.l.OjCorroles: Table 1 shows that the [2.0.1] 
and [2.1 .O] ring systems are of comparable stability. This is not 
surprising since both isomers have one one-carbon bridge and 
one two-carbon bridge, which are simply distributed differently 
among the pyrrole rings. Both isomers are thermodynamically 
less stable than analogous normal corrole derivatives by 10- 
20 kcalmol-I. These are rather small differences and it seems 
safe to predict on the basis of these calculations that both iso- 
mers should be isolable as stable materials. As mentioned be- 
fore, [2.0.l]corrole derivatives have already been synthesized.""' 
Both the [2.0.1] and [2.1.0] systems are generally more stable 
than the [3.O.O] isomers. 


Not surprisingly, many of the structural features of 
[l .l.l]corrole derivatives, such as most of the geometry parame- 
ters of the pyrrole rings, are essentially unchanged in the corrole 
isomers. What, then, are the features that make these two iso- 
mers less stable than normal corrole? While a variety of factors 
are at play, the main one seems to be that the two isomers each 
have two bipyrrole units or two direct C,-C, linkages, com- 
pared to only one in the [I .1.1] system. As mentioned before, 
these linkages, as part of the central C,,N, rings of corrole 
isomers, are a source of strain. In terms of their bond lengths. 
these C,-C, bonds are all rather elongated, being 1.42-1.45 A 
in the free-base and Ga"' derivatives and even longer (1.44- 
1.47 A) in the Sc"' and In"' complexes. The very wide exocyclic 
C,-C,-C, angles ( 2  140") are also a source of strain. 


The energetics results for [2.0.1]- and [2.1 .O]metallocorroles 
exhibit an interesting trend: the relative stability of the two ring 
systems undergoes a reversal iis the ionic radius of the com- 
plexed metal ion increases from Ga"' to In'", with the two 
corrole isomers being essentially equienergetic for their Sc"' 
complexes. An explanation for this can be found from an exam- 
ination of the optimized geometries. The [2.0.1] ring system has 
a significantly smaller core than the [2.1 .O] system. More precise- 
ly, the mean separation among nearest-neighbor nitrogen atoms 
is significantly smaller in various [2.0.1] free-base tautomers 
than in [2.1 .O] tautomers. The smaller core of either tautomer 
of [2.0.1]CorH3 is optimally suited for coordination to the rela- 
tively small Ga"' ion. All Ga-N bond lengths in [2.0.1]CorGa 
are 1.89 A, that is, about the same as those in [l.l.l]CorGa. 
In contrast, two Ga-N bonds in [2.1.0]CorGa are as long as 
1.93-1.94 A, and these elongated bonds appear to be a major 
factor contributing to the thermodynamic instability of 
[2.1 .O]CorGa relative to [2.0.1]CorGa. The opposite scenario 
holds for the largest ion, In"', which is better coordinated by the 
larger [2.1.0] core than by the 12.0.11 core. Thus, all but one 
In-N bonds in [2.1.0]CorIn are 2.03 8, or longer, whereas 
two In-N bonds, a t  2.00 A, are relatively compressed in 
[2.0.1]CorIn. The Sc"' ion appears to represent the crossover 
point between the two scenarios, with both the [2.0.1] and [2.1.0] 
complexes being of similar stability. Overall, for each of the 
three metal ions we have considered, the average metal-nitro- 
gen bond length is significantly shorter in the [2.0.1] complexes 
than in the [2.1.0] complexes. 


In view of the above discussion, caution must be exercised in 
comparing the thermodynamic stabilities of metallotetrapyrrole 
isomers solely on the basis of the coordination geometry of the 
metal center. This is successful for [2.0.1]- and [2.1.0]corrole 
complexes because most of their skeletal structural features are 
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identical, but simply distributed differently. Thus, there is no 
great mystery in the apparent paradox that [1.1 .l]corrole, which 
has a relatively small core size, forms thc most stable complexes 
for all three metal ions, Ga"', Sc"', and In"'. The [l.l.l]corrole 
ring system does not have the same degree of skeletal strain as 
the other isomers that have multiple direct C,- C, linkages. 


Finally, the molecular total encrgies of the two most stable 
free-base tautomers, [2.0.1]CorH,-a and [2.1 .O]CorH,-a, differ 
by almost 10 kcalmol-'. It is not yet clear how this energy 
difference can be divided into contributions from differences in 
skeletal geometry, H . . . H repulsions, and N H  . . N hydrogen- 
bonding interactions. 


3.3. (3.0.0JCorroles: Recently, LDF calculations similar to the 
present ones predicted that I3.0.1 .O] and [3.1 .0.0] porphyrin iso- 
mers should be thermodynamically stable. The three-carbon 
interpyrrole bridges in these compounds were predicted to ac- 
commodate a trans-CH=CH bond at  little or n o  energy cost.131 
These findings prompted us to  study both cis and trans 
[3.0.0]corroles. 


The energies listed in Table 1 refer to  perfectly planar cis- 
[3.0.0] structures and nonplanar C ,  or C, tran.s-[3.0.0] structures. 
These symmetry constraints were based on the finding that the 
cis-[3.0.0] compounds have relatively little tendency to buckle. 


With the exception of truns-[3.0.0]CorSc (discussed below), 
all the [3.0.0]corrole derivatives have substantially higher ener- 
gies than analogous [1.1.1], [2.0.1], or [2.1.0] derivatives. The 
reasons for this are rather diverse and are discussed in the fol- 
lowing. 


Bond-angle strain is rather severe in all the cis-[3.0.0] struc- 
tures, with nine very wide C-C-C angles of about 140" or greater. 
Six of these angles are exocyclic C,-C,-C, angles. The other three 
are endocyclic, one subtended at  each methine unit in the (CH), 
interpyrrole bridge. 


The especially high energies of both cis- and trans- 
[3.0.0]CorGa are partially attributable to the mismatch between 
the small ionic radius of Ga"' and the large core sizes of both 
stereoisomers of [3.0.0]corrole. 


Bond-angle strain is significantly less severe in trans-[3.0.0] 
structures than in the cis ones. The former have only about 
seven very wide C-C-C angles per molecule, six of these being 
exocyclic C,-C,-C, angles and the seventh being the exocyclic 
angle a t  the central methine unit of the (CH), bridge. A signifi- 
cant factor contributing to the high energy of trans-[3.0.0]CorIn 
appears to be steric interactions between the large In"' ion and 
the inward-pointing methine hydrogen atom. 


In addition to bond-angle strain, a destabilizing factor unique 
to the tautomers of tran.s-[3.0.0]CorH3 is that they have four 
hydrogen atoms, including the inner methine hydrogen, in the 
central cavity of the macrocycle. This results in as many as five 
H . . . H repulsive interactions. 


A curious result that warrants discussion is the low energy of 
truns-[3.0.0]CorSc. The size of the Sc"' ion appears to be such 
that both the Sc-N bond lengths are relatively unstrained 
(2.07A) and the repulsion between the Sc"' ion and inward- 
pointing methine hydrogen is not prohibitive. Note that only 
one of these criteria applies to  trunLs-[3.0.0]CorGa or  truns- 
[3.0.0]CorIn. The orientation of the inward-pointing C- H bond 
in trans-[3.0.0]CorSc can be seen from the ball-and-stick dia- 


grams shown in Fig- 
u r e 5  Thic C - H  bond 
makes an angle of 34 9 
with the least-suuares 
plane of the carbon and 
nitrogen atoms of the 
four pyrrolc rings, that 
IS, the planar portion of 
the molecule. The me- 
thine groups on either 


L J  sidc of the inward- 


The plane of the three ineaii plane of the Icbl ol'lhc iiiolei'cile (1017). 


carbon atoms of the 
(CH), bridge in trans-[3.0.0]CorSc makes an angle of 30.4 with 
the planar part of the molecule. The Sc"' ion and the central 
methine hydrogen are 0.47 A above and 0.28 A below the planar 
section of the molecule, respectively. These deviations from pla- 
narity are substantial but probably not severe enough to com- 
pletely disrupt the aromaticity of the molecule. 


It is interesting to  speculate what these results imply for the 
isolability of cis- or trans-[3.0.0]corrole derivatives. Based on an 
examinalion of the stabilities of the majority of [3.0.0]corrole 
molecules we have studied, one would make a bleak prognosis. 
Most of the [3.0.0]corrole derivatives examined here appear to 
be very unstable thermodynamically. If isolated, they would 
probably be considerably more vulnerable to decomposition 
than derivatives of the other corrole isomers. However, since 
tran.s-[3.0.0]CorSc appears to be surprisingly stable, a synthetic 
route involving a metal-ion template may ultimately provide 
access to the trans-[3.0.0]corrole ring system. Such a synthetic 
route would avoid some of the steric repulsion among 
the four central hydrogen atoms in the free-base trans- 
[3.0.0]CorH3 tautomers. Finally, in analogy to porphyrin iso- 
mer chemistry,[51 the truns stereoisomers of certain [3.0.0]- 
corrole derivatives are more stable than the corresponding cis 
stereoisomers. 


3.4. Free-Base Tautomers: X-ray crystallography provides only 
a rather inaccurate picture of the positions of hydrogen atoms. 
Quantum chemical approaches have an advantage in this regard 
and can provide a detailed description of the positions and 
dynamics of hydrogen atoms in molecules, information which 
may be difficult to obtain experimentally. Theoretical ap- 
proaches are therefore ideally suited for studies of tautomeric 
phenomena. This work is the first major study of the free-base 
tautomers of normal and isomeric corroles. 


Table 3 shows that all tautomers of any particular corrole 
isomer are of comparable energy. The maximum energy differ- 
ence between the tautomers of any particular corrole isomer is 
about 7 kcalmol-'. This is intuitively reasonable since, for a 
given corrole isomer, the central cavities of all the tautomers 
have approximately the same repulsive and attractive interac- 
tions. For instance, for tautomers of [1.1.1]- and [2.0.1]CorH3, 
there are three H . . H repulsions and two N-H . . . N hydro- 
gen-bonding interactions per molecule. Both tautomers of 
truns-[3.0.0]CorH3 have five H . . . H repulsions and two N- 
H . . N hydrogen-bonding interactions. 
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Table 3. Molecular total energies [kcalmol- '1 of C, symmetry-constrained opti- 
mized geomcti-ies of  free-base tautomein (a-d) of corrole isomers relative to 
[l.l.l]CorH,-a as zero level. The nomenclature of the tautomers follows that of 
Figure 3. 


Isomer a b c d 


[1.1.1] 0.00 2.45 
[2.0.1] 7.88 12.37 
[2.1.0] 18.08 20.80 23.21 24.66 


lr.nrl.r-[3 .0.0] 41.67 55.78 
ci,s-[.i.O.O] 50.65 55.45 


Can one predict the relative energetics of the tautomers by 
merely examining the optimized geometries? Given the small 
energy differences between the tautomers of any particular cor- 
role isomer, this is not easy in all cases. Morcover, we have made 
the simplifying assumption of perfectly planar structures for 
free-base corroles. Nevertheless, it is worthwhile to at  least at- 
tempt to answer the question posed above. 


For normal corrole, the small energy difference of 
2.45 kcalrnol- ' between the two tautomers does not seem to bc 
attributable to any particular structural difference. Indeed, it is 
unsafe to make B definitive prediction regarding which free-base 
[I . I  .l]corrole tautomer is more stable on the basis of these calcu- 
lations. In the crystallographic study by Harrison et aI.,['] the 
electron density was fitted with a "three-quarter" hydrogen at- 
tached to  each nitrogen. In other words, our calculated result 
that both tautomers of corrole are approximately equienergetic 
is supported by experimental data. 


I n  contrast, for [2.0.1]CorH3, the stability of tautomer a rela- 
tivc to tautomer b seems to be more or lcss safely attributable to 
the presence of a short strong hydrogen bond (1.58 A) in the 
former. Each of the four tautomers of [2.1 .O]CorH, has a rela- 
tively short hydrogen bond of about 1.7 A, and a simple struc- 
ture-based prediction of the most stable tautomer does not seem 
to be feasible. 


Both tautomers of cis-[3.0.0]CorH3 have one short 
N- H . . . N hydrogen-bonding contact of about 1.55 A. How- 
ever, only cis-[3.0.0]CorH3-a has a second N-H . ' .  N contact of 
moderate length (1.94 A), the second N-H . . N contact being 
as long as 2.38 8, in tautomer b. This may account for the stabil- 
ity of tautomer a relative to tautomer b. On a different note, one 
should observe that both tautomers of cis-[3.0.0]CorH3 have 
high energies relative to [I .1.1]CorH3-a and, accordingly, it is 
uncertain whether they can be synthesized. 


Both tautomers of tuan.v-[3.0.0]CorH3 have a short 
N-H . . N hydrogen-bonding contact of about 1.60 A. Once 
again, the energy difference of about 6 kcalmol-I between the 
two tautomers does not seem to be attributable to  any one 
specific structural difference. For the more stable tautomer (law 
tomer a). a completely symmetry-unconstrained geometry opti- 
mization lowered the molecular total energy to  43.9 kcalmol-' 
above [1.1.1]CorH3-a (Table 1 ) ;  which is about 4 kcalmol-I 
lower than the energy of the C, symmetry-constrained optimized 
geometry of tuan.s-[3.0.0]CorH,-a (Table 3). Thus, the existence 
of frans-[3.0.0]CorH3 as a stable substance is doubtful. 


The optimized free-base structures offer a very detailed pic- 
ture of N - H . . ' N hydrogen bonding geometries in the central 
cavities of the macrocycles. Structural features worth noting in 
this regard include many short and moderate hydrogen bonding 


contacts ranging from as short as 1.58 8, in [2.0.1]CorH3-a to 
2.04 i% in [2.1.0]CorH3-a. These contacts are appreciably shorter 
than the N-H . . N contact of 2.27 A that is found in the opti- 
mized geometry of PH, (Figure 2).  Of course, the bifurcated 
hydrogen bonding that is found in PH,, in which each N-H 
proton is symmetrically hydrogen bonded to the two nearest 
unprotonated nitrogen atoms, has no analogue in corrole chem- 
istry. Another noteworthy feature of the central regions of the 
free-base macrocycles is the considerable inequality of the H-N- 
C, angles a t  the hydrogen-bonded N - H  centers. For example. 
the H-N-C, angles a t  one of the N--H groups of [l.l.I]CorH,-a 
are 136.7 and 111.4", and thus differ by about 25". This is a 
consequence of both N- H . . . N hydrogen bonding and H . . . H 
repulsion in the interior of the macrocycle. 


Finally, although we have not addressed the dynamics of 
N - H  tautomerism in corroles here, some pertinent comments 
can be made on the basis of the calculated results. All the tau- 
tomeric structures can be reasonably expected to be minima on 
ground-state potential energy surfaces. Short hydrogen-bond- 
ing contacts and the very similar energies of the different tau- 
tomers suggests that N -H tautomerism should be extremely 
facile in all free-base corrole isomers. To put the energetics of the 
tautomers of corrole isomers in perspective, we recall that the 
two tautoniers of PH,, which have the central hydrogen atoms 
on opposite and adjacent pyrrole nitrogen atoms, differ in ener- 
gy by about 7-8 kcalmol-1.t5d1 For common porphyrins under 
normal conditions (Le., not matrix isolated or the like), the civ 
tautomer is only a fleeting intermediate, which does not exist in 
detectable amounts. Thus, for any corrole isomer, the tautomers 
differ less in energy than d o  the PH, tautomers. This, together 
with the short N - H . . . N  hydrogen bonds, suggests that N H  
tautomerism in free-base corrole isomers should be even faster 
than in PH,. However, it is more difficult to predict whether 
multiple tautomers should exist in observable quantities for any 
corrole isomer. Based on the energetics data in Table 3, the 
chances for this seem to be best for the free-base [1,1.1] and 
[2.1 .O]corrole isomers. 


4. Summary and Conclusions 


By using geometry optimizations with local density functional 
theory and double-c plus polarization basis sets, an extensive 
study has been carried out on the molecular structures and 
stabilities of free-base and metal-complexed corrole isomers. 
For each isomer, all possible N--H tautomers and Ga"', Sc"', 
and In"' complexes have been studied. 


The optimized structures of normal metallocorroles have 
been found to agree well with crystallographic results. These 
points of agreement between theory and experiment lend cre- 
dence to the remaining calculated results, which seek to investi- 
gate areas of corrole isomer chemistry that remain unexplored 
experimentally. 


The [2.0.1]- and [2.1 .O]corrole isomers are unequivocally pre- 
dicted to exist as stable materials. Various derivatives of these 
ring systems lie about 10-20 kcalrnol- ' above analogous 
derivatives of normal corrole. 


The N, cores of [1.1.1]- and [2.0.l]corrole isomers are signifi- 
cantly smaller than the porphyrin core. Thus, these corrole iso- 
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mers are predicted to have a strong preference for smaller metal 
ions such as Ga"'. The [2.1.0] core is somewhat larger, as 
evidenced by longer metal-nitrogen distances in [2.1 .O]- 
metallocorroles. These differences in core geometries account 
for an interesting reversal of the relative stabilities of [2.0.1]- and 
[2.1 .O]metallocorroles with increasing ionic radius of the com- 
plexed metal ion. 


Direct C,-C, linkages between pyrrole rings are identified as 
a principal source of strain in the molecular structures of corrole 
isomers, and the structural features of these strained zones have 
been examined in detail. 


Both cis- and trans-[3.0.0]corrole derivatives are predicted to 
be significantly more unstable than other corrole isomers. Both 
stereoisomers of [3.0.0]corrole are most stable for their Sc"' 
complexes and the surprising stability of trnns-[3.0.0]CorSc is 
examined in detail. The possible synthesis and isolation of cis- 
and trans-[3.0.0]corrole derivatives remains an intriguing goal 
for the synthetic chemist. 


In analogy to porphyrin isomer chemistry, the trans stereoiso- 
mer has been found to be more stable than the cis one for the 
free-base, Sc"', and In"' derivatives of [.?.O.O]corrole. This possi- 
bility has not been considered previously by experimental 
chemists. 


Extensive structural data have been obtained for the N-H 
tautomers of corrole isomers. For any particular isomer, the 
tautomers are quite similar in energy, differing by only 
2-7 kcalmol-'. This, coupled with the presence of short strong 
N-HI .. N hydrogen bonds, suggests that N-H tautomerism in 
at least some free-base corrole isomers should be considerably 
faster than that in porphyrins. 
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A Novel Synthetic Route to Tantalum - Zinc Neophylidyne Complexes 
Stabilized by ortho-Chelating Arylamine Ligands; The X-ray Structure of 
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Abstract: A dimeric tantalum-zinc neophylidyne complex proposed to be [{ {Ta- 
C12(p-CCMe2Ph)(p-CI)(THF)2}{Zn(p-C1)}},] (5a), which can be prepared easily on a 
scale of ~ 5 0  mmol, is an ideal starting material for the synthesis of mono- and 
bis(o7thu)-chelated arylamine alkylidyne species such as the red Ta- Zn neophylidyne 


{p-C,H3(CH2NMe2),-2,6)(p-CCMe,Ph)ZnC1] (7), which have been isolated in 
high yields. Reaction of 7 with tmeda affords the Ta" alkylidene complex 
[TaC1(=CHCMe2Ph){C,H3(CH2N(Me)CH,)-2-(CH2NMe2)-6}] (8), which shows cat- 
alytic activity in the ring-opening metathesis polymerization of norbornene. 


Keywords 
bridging ligands intramolecular 


plexes a tantalum - zinc 


[T~C'Z(~-C,H~CH,NM~,-')(~-CCM~ZP~)Z~C'(THF)I (6) and fTaC1Z- coordination . organometa]lic 


Introduction 


Alkylidyne complexes that contain a metal in its highest possible 
formal oxidation state are known for metal ions like MoV1, W"', 
Re"" and even OS"~'.[~] Some Ta" alkylidyne complexes have 
also been reported,r23 3a1 including, for example, the Ta-Zn 
neopentylidyne complexes 1 and 2IZa1 shown schematically in 
Figure 1. We have recently found that the aryldiamine ligand 
[C,H3(CH,NMe,),-2,6]- is also suitable for stabilizing tanta- 
lum alkylidyne species, and we have reported in a previous pa- 
per the tantalum-zinc neopentylidyne complex [TaCI,{p- 
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1 2 
Figure 1. The Ta-Zn neopentylidyne complexes 1 and 2 (R = tBu). 


C,H,(CH,NMe,),-2,6}(p-CtBu)ZnC1] (3), in which both a 
neopentylidyne group and an aryldiamine ligand bridge be- 
tween the metal atoms of the TaCI, and ZnCl units.[3a1 The 
reactivity of complex 3 is interesting: for example, the ZnC1, 
could be removed from it with tmeda to afford a very reactive 
alkylidyne species. Addition of tmeda to 3 in the presence of 
[Pd(C,H,CH,NMe,-2)(p-I)1, led to a new palladium-mediated 
alkylidyne functionalization reaction that afforded the func- 
tionalized alkylidene complex [TaCI,(C,H4CH,NMe,-2)(=C- 
tBu{C,H,(CH,NMe,),-2,6})] .[3a1 This was the first example of 
a metal-mediated C-C bond formation between a high-oxida- 
tion-state Schrock-type alkylidyne complex and a late-transi- 
tion-metal organometallic complex. This type of carbon-car- 
bon coupling between organopaIladium(ii) complexes and 
low-oxidation-state Fischer-type metallacarbynes (the metal be- 
ing Mo or W) has been extensively studied.[41 


The available syntheses of 3 are associated with some practi- 
cal problems that hamper the further study of its reactivity. 
First, the high-yield formation of 3 from the alkylidene complex 
[T~C~,(=CH~BU)(C,H,(CH~NM~,)~-~,~]] and neopentylzinc 
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chloride takes 5 days to reach completion,[331 whereas an alter- 
native approach, comprising the transmetallation reaction of 2 
with the aryllithium reagent [(Li(C,H3(CH,NMe,),-2,6} af- 
fords complex 3 in a poor yield of less than 50Y0.[~"] Conse- 
quently, we searched for a more convenient preparative route 
for the large-scale synthesis of tantalum alkylidyne complexes 
containing the [C,H,(CH,NMe,),-2,6] ligand. At the same 
time we changed from a neopentylidyne (-CtBu) to a neophyl- 
idyne (=CCMe,Ph) functionality not only to reduce costs but 
also because neophyl derivatives are generally more crystalline 
and more easily handled than their neopentyl the 
methyl groups in the neophylidyne ligand also offer an addition- 
al stereochemical NMR probe. 


We now report a new, fast, easy and low-cost synthetic proce- 
dure for synthesis of Ta-Zn neophylidyne complexes that con- 
tain [C,H,(CH,NMe,),-2,6]- and the mono(ortho)-chelating 
arylamine ligand [C,H,CH,NMe2-2]-. One neophylidyne com- 
plex stabilized by the latter ligand has been shown by an X-ray 
molecular structure determination to have zinc and tanlalum 
centres bridged by both the alkylidyne functionality and the aryl 
Cips,, carbon of [C,H,CH,NMe,-2]- with the nitrogen donor 
atom coordinated to tantalum. 


Results and Discussion 


Preparation and Characterization of Complexes 5 a  and 5 b: Ad- 
dition of one molar equivalent of neophylzinc chloride to a 
purple-red suspension of [TaC13(=CHCMe,Ph)(THF),1 (4) in 
diethyl ether gave a clear red solution from which a pink-purple 
precipitate of a new tantalum neophylidyne complex (5 a) 
formed (Scheme 1). Crude 5 a  was isolated by removal of the 


4 5b 
Scheme 1. Reactivity of complex 4 with neophylzinc chloride (R = CMe,Ph). Re- 
action conditions: i )  [ZnCI(CH,CMe,Ph)]. E t20 ,  RT, -CMe,Ph ii) THF, RT. 


solvent under reduced pressure followed by washing with pen- 
tane. Unfortunately 5 a has poor solubility in organic solvents 
such as benzene, chloroform and dichloromethane, and we have 
not been able to characterize it by solution NMR spectroscopy. 
Based on its further reactions (see below) we tentatively propose 
that 5 a  has the dimeric formulation shown schematically in 
Figure 2. Complex 5 a  can be prepared in batches of up to 
.= 50 mmol in approximately one day without any difficulty in 
conventional Schlenk equipment, and it was used for the high 


yield preparation of or- 
-. f? -, tho-chelated arylarnine 
LI : : LI 


tantalum-zinc com- 
plexes described below. 


Complex 5 a  dis- THF 
THF 


solved in THF to af- 


5 a. the solvent under re- 


5a 
Figure 2 Postulated structure for complex after Of 


duced pressure, a new red solid complex 5 b  (Scheme I ) ,  which 
could be obtained as large block-shaped red crystals by re- 
crystallization from a saturated THF solution at - 30 "C. Spec- 
troscopic and elemental microanalysis data for 5 b are in agree- 
ment with its formulation as a bimetallic Ta-Zn species 
[TaC12(THF),(p-CCMe2Ph)(p-C1)ZnCl(THF)]. The structure 
of 5 b  proposed in Scheme 1 is similar to that established for 
[TaCl,(dme)(p-CtBu)(pCl)ZnCH,rBu] (1) (Figure 1)  In this 
structure of 5 b the neopentyl group and dme of 1 are replaced 
by a neophyl group and THF, respectively, and the ZnCH,tBu 
unit is replaced by a ZnCl(THF) unit. Complex 5 b  was soluble 
not only in the coordinating solvent THF but also in weakly 
coordinating or noncoordinating solvents like diethyl ether, 
dichloromethane and benzene. However, in the latter solvents 
after ca. ten minutes a pink-purple precipitate of what appears 
to be 5 a  formed; this behaviour strongly indicates a solution 
equilibrium betwecn 5 a and 5 b. 


The 'HNMR (200.13 MHz, CD,CI,) spectrum for 5 b  at 
room temperature shows signals for three THF molecules, of 
which two are equivalent, and a clearly broadened Me reso- 
nance of the CMe,Ph unit at 6 = 1.72; this latter feature points 
to fluxional behaviour. The 'HNMR spectrum at -84°C is 
very complicated and shows broad signals for at least four dif- 
ferent THF molecules but unfortunately, owing to severe over- 
lap of the peaks in this spectrum, a full assignment was not 
possible. The 13C NMR spectrum of 5 b  at -84°C shows two 
CMc,Ph signals at 6 = 32.8 and 36.7 and three different THF 
molecules. Upon raising the temperature the CMe,Ph signals 
broaden and eventually become homotopic ( T ,  = - 70 "C, 
AG* = 37 kJmol-I); at room temperature there is only one 
signal at 6 = 34.6 for the CMe,Ph group. In the room tempera- 
ture 13C NMR spectrum there is a characteristic signal for the 
alkylidyne CI carbon at  6 = 275.2; this position is similar to that 
found for related tantalum -zinc neopentylidyne complexes : for 
complexes 1 and 2 these resonances occur at 6 = 277.7 and 
279.5, respectively.['"' 


The temperature-dependent solution NMR data for 5 b indi- 
cate a process in which the stereogenic zinc centre racemizes and 
one pair of THF molecules is rendered equivalent. Two process- 
es, both involving prior THF dissociation either from Zn or 
from Ta, are feasible. The first process involves dissociation of 
the THF molecule from the tetrahedrally surrounded stereo- 
genic Zn atom to lead to an intermediate in which the three-co- 
ordinate zinc atom adopts a planar geometry. This step is fol- 
lowed by association of THF on the opposite side of this plane 
to afford a four-coordinate zinc atom with an opposite stereo- 
chemistry. 


The second process that could also explain the observed com- 
plexity of the THF patterns in the 'HNMR spectrum at low 
temperature involves addition and dissociation reactions of 
THF with the tantalum centre (Scheme 2). This type of process 
was reported by Schrock and co-workers for the octahedral 
alkylidene complex [T~CI,(=CH~BU)(THF),].[~~ In solution 
there is an equilibrium between two species containing cis,rner 
and trans,mer bonded THF molecules that involves a five-coor- 
dinate tantalum intermediate (Scheme 2). The fluxionality oc- 
curring with 5 b  could also be explained by a different type of 
process, shown in Scheme 3, in which reversible TajCl 
bond dissociation/association together with rotation of the 
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Scheme 2. Possible interconversion mechanism of the &- and rruns-bonded T H F  
molecules o n  tantalum in complex 5b (R = CMe,Ph). 


t 1 Rotation 


THF I CI 
TH F 


5b' 
Scheme 3. Proposed mechanism for the racemiration of complex 5b by Ta C1 
dissociation (R = CMe,Ph). 


ZnCI,(THF) unit around the Zn-C bond could afford inver- 
sion of the Zn configuration. We have not carried out any 
detailed experiments to identify the operative mechanism with 
5b,  but we suspect that more than one of these processes is 
operative. 


The way in which 5 b is formed from 5 a by simple dissolution 
in THF led us to the structure proposed for 5 a (Figure 2), based 
on a dimeric species with the formula [{TaCI,(p-CCMe,Ph)- 
(p-Cl)(THF),Zn(p-Cl)},] . In this dimeric structure the two tan- 
talum neophylidyne units are connected by a central Zn- 
(p-CI),Zn unit and consequently the bulky neophyl substituents 
are well separated from each other. We consider alternative 
structures for 5 a based on the trimetallic ditantalazinc complex 
2 as unlikely. 


Preparation and Characterization of Complexes 6 and 7: The 
reaction of 5a  (vide supra) with [Zn(C,H,CH,NMe,-2),] af- 
fords the complex [TaCI2(p-C,H,CH,NMe,-2)(p-CCMe,Ph)- 
ZnCl(THF)] (6), and its reaction with [{ Li{C6H3(CH,NMe,),- 
2 ,6 ) ) , ]  similarly affords the species [TaCl,{p-C,H3(CH,- 
NMe,),-2,6}(p-CCMe2Ph)ZnC1] (7). These two new neophyl- 
idyne complexes have been isolated as red solids in high yield 
and have the overall structures shown in Scheme 4. The fact that 
batches of 7 in quantities of ca. 50 mmol can be prepared with- 
out difficulty and in high yield underlines the synthetic potential 
of 5 a  for the preparation of such ortho-chelated arylamine stabi- 
lized tantalum-zinc complexes. Complexes 6 and 7 are air- and 
moisture-sensitive but can be stored without noticeable decom- 
position under a nitrogen atmosphere at  room temperature for 
months. They are soluble in THF and moderately soluble in 
benzene and toluene, but insoluble in more apolar solvents like 
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5a 
r2 


THF 


Schenie4. Preparation of the Ta-Zn neophylidyne complexea 6 and 7 ( R  = 
CMe,Ph). Reaction conditions: i )  [Zn(C,H,CH2NMe,-2),]. Et,O, -78 'C .  
-ZnCI,, -2THF.  ii) [{Li(C,H,(CH,NMe2),-2,6j),l. Et,O. -78 C, - 2  LICI. 
-4THE 


diethyl ether, pentane and hexane. Complex 6 crystallizes from 
a saturated THF solution at  - 30 "C, while 7 can be recrystal- 
lized by layering a benzene solution with pentane. Complex 6 
has been characterized in the solid state by an X-ray crystal 
diffraction study. 


Molecular Structure of Complex 6: The molecular structure of 6 
is shown in Figure3, and relevant bond distances and bond 
angles are given in Table 1 .  Complex 6 exists in the solid state as 
a neutral heterobimetallic species in which the Ta and Zn centres 


c1 


3 
C 4  


Figure 3. ORTEP plot'"' (drawn at SO% probability level) of [TaCI,- 
(p-C,H,CH,NMe,-2)(fi-CCMe2Ph)ZnC1(THF)] (6). 


Table 1. Selected geometrical data (bond lengths In A, bond angles In ') for 
[TaC1,(p-C,H,CH,NMe,-2)(fi-CCMe2Ph)ZnCI(THF)] (6 ) .  


T a - C 1 4  1.84(2) Zn-C 1 ?.2?(2) 


Ta-C1 2.23(2) Z n - 0 1  1 988(18) 
Ta-N1 2.26(2) Zn-C14 2.14 (2) 


Ta-C13 2.346(7) Zn-Cll  2.188 (7) 
Ta-CI2 2.354(7) Ta Zn 2.?40(5) 


Nl-Ta-CIZ 


C1-Ta-C14 
C 14-Ta-CI 3 
C1-Ta-C12 


C13-Ta-Cl2 
C I-Ta-N 1 
CI 3-Ta-N I 


C 1 -?d-C13 


C f4-Td-CI 2 


151.7(5) 
147.5 (7) 
103.4(9) 
106.0(7) 
90.6 (6) 


106.5 (8) 
94.1 (2) 
?S.2(8) 
86.0(5) 


C 14-Td-N I 
Zn-C I-Ta 
Zn-C 14-Ta 
0 I-Zn-C 14 
0 I-Zn-C 1 
0 I-Zn-CI 1 
C 14-Zn-C 1 
C I4-Zn-CI1 
C I-Zn-CI 1 


51 . I  ( 7 )  
75.0(7)  
Xh.7(9) 


115.1(8) 
106.9 (8) 
102.5 ( 5 )  
93.0(8) 


127.3 (6) 
110.3(6) 
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are bridged by the carbyne carbon C(14) of the neophylidyne 
functionality and the Cipso atom C(1) of the monoanionic aryl- 
aniine ligand. The four-coordinate zinc atom completes its lig- 
and coordination sphere with a chloride ligand and a donor 
THF molecule. whereas the five-coordinate Ta" centre is further 
ligatcd by two chloride ligands and the N donor atom of the 
aryldiamine; the latter is thus p-C,N chelatcd. The geometry 
around zinc can be described as being distorted tetrahedral, and 
that of tantalum is between square pyramidal and trigonal 
bipyramidal. The structure of 6 is closely related to that of the 
[C,H,(CH,NMe2),-2,6]--stabiIized neopentylidyne complex 
[TaCI,(,u-C6H,(CH,NMe~),-2,6}(p-CtBu)ZnCl] (3);[3a1 in par- 
ticular, in the bimetallic bridged moiety of 6 the bond distance 
between tantalum and the aikylidyne C, carbon, C(14), and the 
tantalum-zinc distance (with values of 1.84(2) and 2.740(5) A, 
respectively) compare closely to those of the corresponding 
bonds in 3.[3a1 


N M R  spectroscopy ofcomplexes 6 u n d  7 :  The solution 'H NMR 
data (300.13 MHz, CDCI,) of 6 are consistent with bidentate 
C,  N coordination of the ortho-chelating arylamine ligand ; coor- 
dination of the nitrogen donor and stereogenicity of the tanta- 
lum and zinc centres render the CH,NMe, groupings 
diastereotopic, thus resulting in an AB spin system for the CH, 
hydrogen atoms and two singlets for the NMe, groups. The 
diastereotopic CMe,Ph unit gives rise to two Me signals at 
ii = 1.66 and 1.74. In the I3C NMR spectrum (75.47 MHz. CD- 
C1,. 25 'C) the resonances for the bridging alkylidyne C, and the 
Cinao carbon of the arylamine ligand are found at 6 = 287.9 and 
171.7, respectively; these values are similar to those found for 
complex 3,[3al 


The 'HNMR spectrum (300.13MHz, CDCI,, 25°C) for 
aryldiamine complex 7 shows this complex to be highly asym- 
metric, and there are four methyl resonances for the two NMe, 
units and an AX pattern for each of the two CH,N units; that 
is, the two anisochronous CH,NMe, substituents each contain 
diastereotopic NMe, and CH, units. Furthermore, the two res- 
onances for the Me groups of the CMe,Ph unit at 6 = 1.72 and 
1.91 are also indicative of the presence of at least one stereogenic 
centre. These data are in accordance with a structure for 7 
(shown in Scheme 4) that is similar to that of 6, but in which the 
THF has been replaced by a nitrogen donor of the second 
CH,NMe, substitueiit of the aryldiamine ligand. Such an asym- 
metric structure with two chiral centres, tantalum and zinc, was 
found earlier for the analogous neopentylidyne complex 3.[3a1 
The '3C NMR (75.47 MHz, CDCI,, 25 "C) spectrum of 7 shows 
a resonance for the bridging alkylidyne C, carbon at 6 = 291.7, 
a value which is comparable to that found for complexes 6 
(287.9) and 3 (295.4).13"' The resonance for the Cipso carbon 
of the aryldiamine ligand at 6 =175.4 shows a highfield shift 
that indicates a C,,,, carbon bridging between tantalum and 
zinc (nonbridging Cipro carbons are found in the range 
190 5 6 ~ 2 1 0 ) . [ ~ !  


Reactivity of 7 with trneda: Treatment of the bimetallic neo- 
pentylidyne 7 with excess tmeda at 60 "C leads to clean elimina- 
tion of [ZnCI,(tnieda)] with concomitant formation of the tan- 
talum neophylidene complex [TaCI( =CHCMe,Ph){C,,H,- 
(CHZN(Me)CH,)-2-(CH,NMe,)-6}] (8), as depicted in 
Scheme 5.  Monitoring of this NMe C-H activation by 
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7 8 
Scheme 5 Formation of complex 8 by treatment of 7 with excess tmeda 
(R = CMe,Ph). 


'H NMR spectroscopy (300.13 MHz, C6D6, 60°C) shows the 
reaction to be highly selective. though isolated yields of 8 are 
low (40 %) primarily as a result of the difficulty of separating the 
product from the excess tmeda. Complex 8 is a yellow solid that 
is readily soluble in benzene and diethyl ether but is only mod- 
erately soluble in more apolar solvents like pentane or hexane. 


The 'HNMR (300.13 MHz, C,D,, 25 "C) spectrum for 8 
agrees with the structure depicted in Scheme 5 ,  that is, a six- 
coordinate Ta" alkylidene species in which a metalla-azacyclo- 
propane moiety TaCH,NMe is present. For example, there are 
two Me resonances for a diastereotopic NMe, unit, a Me reso- 
nance for the ArCH,N( Me)CH, unit, and three well-resolved 
AB patterns for the three CH, groups. The Me signals for the 
diastereotopic CMe,Ph unit are found as two singlets at 6 = 


1.51 and 1.54. The I3C NMR spectrum (50.32MHz, C,D,, 
25 "C) shows a signal for the Cipro carbon of the aryldiamine 
ligand [C,H3(CH2NMe,),-2,6] at S = 193.1, which is the same 
value as found for the neopentylidene analogue of 8, [TaCI- 
(=CH~SU){C,H,(CH,N(M~)CH,)-~-(CH,NM~~)-~}].[~~~ The 
alkylidene C,  carbon signal at 6 = 250.5 has a small 'J(C,H) 
value of 84 Hz, which is typical for electron-deficient alkylidene 
compIexe~. [~~ 71 The formation of 8 probably involves a 0-bond 
metathesis reaction between a carbyne function and a NMe, 
C-H bond in an initially formed tantalacarbyne intermediate. 
Similar C- H bond activation of a NMe, group has been report- 
ed for the formation of [TaCI,(C,H4(CH(Me)N(Me)CH,)-2)- 
(CH,Ph)(THF)] ,[8a1 [TaCI,{ 1-C,,H,(N(Me)CH,)-X)(CH,Ph)- 
(THF),][*"I and [Ir"'(C6H,NEt(CHMe)-2-C,N,C')I(cod)] .[8bl 


Recently a related C-H activation reaction has been reported 
by Roy0 and co-workers,ISC1 who found that addition of one 
equivalent of [Li{C,H,CH,NMe,-2}] to the trichloroaryltanta- 
lum(v) complex [TaCp*C1,(C,H4CH,NMe2-2)] caused C-H 
bond activation at one of the NMe, methyl groups with 8-H 
elimination, leading to the formation of the cyclometalated 
complex [TaCp*CI,{ C,H,CH,N(Me)CH,-2}]. Further reac- 
tion of this complex with 2 equivalents of [Li(C,H,CH,NMe,- 
2)] affords the alkylidene complex [TaCp*C1(C,H4CH,NMe,- 
2){C,H4CH,N(Me)CH-2}]. This type of C- H activation has 
also been shown to play a key role in the ligand rearrangements 
of some Ru" and Ir' species, namely in the conversion of 
[ R U C I - I C , H , ( C H , N M ~ , ) , - ~ , ~ } { ~ ~ - ( M ~ C , H , - ~ - ~ P ~ } ] [ ~ ~ ~  and 
[1r{C,H,(CH,NMe,),-2,6)(c0d)][*~~ to the more stable spe- 
cies [RuCI{C,H,(CH,NMe,),-2,4) iq6-(MeC,H,-4-iPr}] and 
[Ir{C6H,(CH,NMe,),-2,4}(cod)], respectively. 


Finally, preliminary reactivity studies of alkylidene complex 8 
have shown that it has activity as a ROMP catalyst; in 2 days 
250 equivalents of norbornene were polymerized to polycy- 
clopentenameric materials containing approximately 50 % cis- 
vinylene bonds. 
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Conclusions 


Tantalum -zinc neophylidyne complexes containing ortho- 
chelating arylamine ligands are readily accessible and can be 
obtained in high yield by a new, fast and easy synthetic proce- 
dure. We have shown that this procedure is not restricted to the 
N,C,N-terdentate aryldiamine ligand [C,H,(CH,NMe,),-2,6] - 


but can be extended to C,N-bonding arylamine ligand systems. 
We are currently investigating the C-C bond formation reac- 
tions between the high-oxidation-state metal alkylidyne corn- 
plexes described here and late-transition-metal species; the re- 
sults of this study will be reported in a subsequent paper.@I 


Experimental Section 


General: All experiments were performed in a dry nitrogen atmosphere with 
standard Schlenk techniques. Solvents were stored over sodium benzophc- 
none ketyl and distilled prior to  use. Elemental analyses were carried out by 
Dornis und Kolbe, Microanalytisches Labordtorium, Mulheim a.d. Ruhr 
(Germany) and the Service de Microanalyse, Strasbourg (France). 'H  and 
I 'C NMR spectra were rccorded on a Bruker AC 200 or  AC 300 spectrometer. 
Complex [TaCl,(CH,CMe,Ph),] was synthesized from TaC1, and [Zn(CH,- 
CMe,Ph),] in toluene at 0 ' C  following thc literature procedure""' for its 
neopentyl analogue at 25 "C. The lower temperature prevents formation of 
[TaCI,(CH,CMc,Ph),J. [TaCl,(CH,CMe,Ph),] was isolated in near-quanti- 
tativc yields as a yellow oil and characterized by comparison of its spcctro- 
scopic data with [TaCl,(CH,tBu),] ,[In1 The complexes [Zn(C,H,CH,NMc,- 
2),] and [{Li{C,H,(CH,NMe2),-2,6} ),] were prepared according to 
literature procedures.'", IZ1 


[TaCl,(=CHCMe,Ph)(THF),I (4): Complex 4 was rynthesized by a proce- 
dure similar to that dcscribed for its ncopentyl analogue,r61 A solution of 
[TaCI,(CH,CMc,Ph),] (7.99 g, 14 mmol) in a mixture of Et,O (50 mL) and 
T H F  (10 mL) was stirred for 12 h and the solvent then removed in vacuo. 
Washing of the residue with pentane (3 x 30 mL) yielded 4 as a purple micro- 
crystalline solid in >99% yield (8.14g). ' H N M R  (200.13 MH7, C,D,, 
25°C): 6 =1.25(in,8H:O(CH2CH,),), 1.74(~,6H:CMe,Ph),3.90(m, 8 H :  
O(CH,CH,),), 4.06 (s, 1 H;  Ta=CH),  7.08 (t. ,J(H,H) = 8 Hz, 1 H; Ar-H),  
7.22 (m. 2H, Ar-H), 7.62 (d, 'J(H,H) = 8 Hz, 2 H ;  Ar-H).  


[{TaCl,(p-CCMe,Ph)(p-CI)(THF),}ZnCI(THF)l (5b): A suspcnsion of 
[Zn(CH,CMe,Ph),] (1.69 g, 5.12 mmol) and ZnCI, (0.69 g. 5.06 mmol) in 
Et,O (30mL) was added over 5min to a purple-red suspension of 
[TaCl,(=CHCMe,Ph)(THF),] (4) (5.78 g, 10.25 mmol) in Et,O (100 mL). 
After ca. 1 h a clear red solution was formed, and stirring for a further 1 h 
resulted in the formation of a pink-purple precipitate. This suspension was 
stirred for 18 h, after which the solvent was removed in vacuo to afford a pale 
pink-purple solid. This solid, assumcd to be the Ta Zn neophylidyne com- 
plex [{ {TaC1,(pCCMe,Ph)(p-CI)(THF),}{Zn(p-CI)}},] (5a), was washed 
with pentane (2 x 50 mL) and used in the transmetallation reactions described 
below. Dissolution of 5 a  in THF affords a dark red solution. This solution 
was stirred for 1 h and the solvent then removed under reduced pressure to 
afford a dark red oil. Washing of this oil with pentane (3 x 20 mL) to remove 
excess T H F  and subsequent rigorous drying in vacuo afforded 5b as a dark 
red solid: yield 6.58 g (87% calculated from 4). Block-shaped red crystals of 
5b were obtained by cooling down a saturated solution in T H F  to -30°C. 
Anal. calcd. for 5b, C,,H,,CI,O,TaZn: C 35.92, H 4.80; found: C 35.67, H 
4.73; ' H N M R  (200.13 MHz, CD,CI,, 25°C): 6 ~ 1 . 7 2  (brs, 6H:  CMe,Ph), 
1.82 (m, 8 H ;  O(CH,CH,),), 2.10 (m, 4H:  O(CH,CH,),), 3.S3 (m, 8 H ;  
O(CH,CH,),), 4.51 (m, 4 H ;  O(CH,CH,),), 7.17 (t. 'J(H,H) = 6 Hz, 1 H ;  
Ar-H),  7.30 (m. 2H,  Ar-H), 7.65 (d, 'J(H,H) = 5 Hz, 2 H ;  Ar-H);  
13C{1H} NMR (75.47 MHz, CD,CI,, 25 'C):  6 = 25.6 (O(CH,CH,),), 26.6 
(O(CH,CH,),), 34.6 (CMr,Ph), 56.2 (CMe,Ph), 70.4 (O(CH,CH,),), 81.1 
(O(CH,CH,),), 126.1 (Ar), 127.1 (Ar), 127.5 (Ar), 153.1 (Ar), 275.2 
(Ta=C). 


[TaCl,(p-C,H4CH,NMe,-2)(p-CCMe,Ph)ZnC1(THF)I (6): A solution of 
[Zn(C,H,CH2NMe,-2),] (2.01 g, 7.20 mmol) in Et,O (50 mL) was added to 


a suspension of 5a (9.45 g, 7.12 mniol; prepared in situ as described above) 
in Et,O (100 mL) at -78 "C over 5 min. The resulting thick pink suspension 
was allowed to warm to room temperature and stirred for 3 h. during which 
time the colour gradually changed to red. Reinoval of the solvent i n  ~ a c u o  
gave a red solid, which was extracted with C,H, (3 x 50 inL). Subsequent 
removal of C,H, from the combined extracts in vacuo and washing of the 
solid residue with pcntane ( 2  x 30 mL) and cold Et,O (1 x -30 mL) affordcd 6 
as a red solid; yield 6.92 g (70%). Complex 6 can be recrystallized as block- 
shaped bright red crystals by cooling down a saturated T H F  solution 
from +25 to -30°C. Anal. calcd. for C,,H,,CI,NOTaZn: C 40.03, H 4.53, 
N 2.03; found: C 39.88, H 4.50, N 1.95: ' H N M R  (300.13 MHz, CDCI,, 
25 "C): b =1.66 (s, 3 H ;  C M q P h ) ,  1.74 (s, 3 H ;  CMe,Ph), 1.70-~ 1.80 (m, 4 H ;  
O(CH,CII,),), 2.48 (s, 3H;  NMe,), 3.04 (s, 3 H ;  NA4e2), 3.50 3.65 (m, 4 H ;  
O(CH,CH,),), 3.74 (d, 'J(H,H) = 14 Hz, 1 H, ArCHLN). 4.88 (d, 
,J(H,H) =14Hz,  1 H,  ArCH,N), 7.05-7.40 (in, 6H: Ar H ) ,  7.64 (d. 
,J(H,H) = 8 Hz, 2 H ;  CMe,Ph), 7.87 (d, ,.I(H,W) =7.1 Hz, 2H.  Ar -H) ;  


(CMe,Ph), 32.7 (CMe,Ph), 48.2 (NMe,), 53 3 (NMe,), 56.9 (CMe,Ph), 70.6 
(O(CH,CH,),), 72.6 (CH,N), 125.2 (Ar), 125.7 (Ar). 126.4 (Ar), 126.6 (Ar). 
128.2(Ar). 132.2(Ar), 150.2(Ar), 152.0(Ar). 153.1 (Ar), 171.7(C,,,,,),287.9 
(Ta = C) . 


[TaCl2{p-C,H,(CH,NMe,),-2,6}(p-CCMe,Ph)ZnCII (7): A solution of 
[{Li{C,H,(CH2NMe,),-2,6}),] (1.70 g, 8.60 mmol) in Et,O (50 mL) was 
added over 5 min to a suspension of 5 a  (5.65 g, 4.26 mmol; prepared i n  situ 
as described above) in Et,O (100 mL) at -78 "C. The suspension was allowed 
to warm up to room temperature, during which time the colour gradually 
changed from pink to brown-red. After 3 h the solvent was removed in ~ a c t i o  
and the dark red solid was extracted with C,H, ( 3  x 50 mL). The solvent was 
removed from the combined extracts in vacuo and washing of the residue with 
cold Et,O (3 x 10 mL) yieldcd 7 as a red solid: yield 4.99 g (87u/u). After 
recrystallization by layering a benzene solution with pentane, complex 7 IS  


obtained as block-shaped red crystals. Anal. calcd. for C,,H,,CI,N,TaZn: C 
39.14, H 4.48, N 4.15; found: C 39.02, H 4.45. N 4.09, ' H N M R  
(300.13 MHir, CDCI,, 25'C): 6 =1.72 ( 5 ,  3 H ,  CMc,Ph). 1.91 (s, 311; 
CMe,Ph), 2.00 (s, 3H; N M e ) ,  2.12 (s, 3 H :  NMe). 2.69 (s. 3 H ;  NM(>). 2.76 
(d, ' . I (H,H)=l3Hz,  I H ,  ArCH,N), 3.24 (s. 3 H ;  NMe). 3.79 (d,  
*J(H,H) = 13 Hz, 1 H;  ArCH,N), 4.72 (d, 'J(H,H) = 13 H7. 1 H ;  ArCH2N). 
4.86(d, 'J(H,H) =13Hz,  lH;ArCH,N),7.11 -7 .17 (m,3H:  Ar-H),7.23-  
7.36 (m, 3 H ;  Ar-H),  7.73 (d, ,J(H,H) = 8 Hz, 2H:  CMe,Ph): "C['H/ 
NMR (75.47 MHz, CDCI,, 25 C): 6 = 31.7 (CMe,Ph), 36.3 (CMr,Ph), 17.3 
(NMe), 47.6 (NMe), 49.0 ( N M r ) ,  54.3 ( N M P ) .  56.9 (CMe,Ph), 67.2 
(ArCH,N), 71.6 (ArCH,N), 125.8 (Ar), 126.4 (Ar), 126.6 (Ar), 129.0 (Ar), 
130.3(Ar), 131.1 (Ar),151.4(Ar), 152.3(Ar),153.7(Ar),175.4(C,,,,,),291.7 


"C{'H} NMR (75.47 MHz, CDCI,, 25'C): d = 25.1 (O(CH,CH,),), 36.1 


(TXEC). 


(TaCI(= CHCMe, Ph){ C6H,(CH,N(Me)CH,)-2-(CH,NiMe,)-6} I (8) : To a 
stirrcd purple-red solution of 7 (6.81 g, 10 mmol) in C,H, (100 m L )  iit  room 
temperature was added tmeda (6 mL, 26 mmol). The suspension was first 
stirred for 1 h at 60°C and then for 12 h at room temperaturc. during which 
the colour gradually changed from purple-red to yellow-broww. The solvent 
was removed in vacuo and the brown sticky solid residue was extracted with 
hexane (3 x 100 mL). The combined extracts were concentrated in voctio to 
10 mL, from which 7 crystallized overnight at - 30'C as sniall needle-shaped 
yellow crystals. Yield: 2.1 g (40%); Anal. calcd. for C,,H,,CIN,Ta- C 49.03, 
H 5.61, N 5.20; found: C 48.93, H 5.55, N 5.18: ' H N M R  (200.13 MHz, 


TaCH,NMe). 1.51 (s, 3H,  CMe,Ph), 1.54 (s, 3H.  CMelPh). 2.05 (s, 3H: 
NMe),2.66(~,3H;NMe),2.73(~,3H;NMe),3.07(d,'J(H,H)=IO Hz.1H: 
TaCH,NMe), 3.18-3.34 (m, 2 H ;  ArCH,N). 4.11 (d, ,J(H.H) = 16 Hz, 1 H: 
ArCH'N), 4.40 (d. 'J(H,H) = I 3  Hz, 1 H ;  ArCH,N), 693-7.03 (m. 3H:  
Ar-H),  7.09-7.17 (m, 3 H ;  Ar-H),  7.40 (d. , J (H.H)=XHz,  2 H ;  
CMe,Ph); I3C{'H} N M R  (50.32 MHz, C,D,, 25 ~ C ) :  h = 32.9 (CMe,Ph). 
34.1 (CMe,Ph), 47.1 ( N M r ) ,  51.8 (NMe). 52.7 (TaCH,N(Me)), 58.2 ( N M e ) ,  
73.0 (ArCH,N), 73.5 (ArCId2N), 84.9 (CMe,Ph). 121.4 (Ar). 122.4 (Ar). 
125.4 (Ar), 126.01 (Ar), 327.6 (Ar), 129.3 (Ar). 148.7(Ar), 152.2 (Ar), 153.0 
(Ar), 193.1 (Ci,,J, 250.5 (Ta=CH, ' J  (C,H) = 84 Hz). 


X-ray Data Collection and Structure Refinement for Complex 6:'' 'I Crystals 
were sampled and handled in inert oil (R3000). A suitablc red crystal was cut 
to shape and transrerrcd into the cold nitrogen stream (1 50 K)  of an Enraf 
Nouius C A D 4 T  diffractometer with rotating anode. Pertincnt data tire given 
in Table 2. Reflection profiles were structured. The somewhat higher than 


C,D,, 25 C ) :  6=1.11 (s, 1 H ;  Ta=CH),  1.32 (d, ' J (H.H)=IOHz,  I H ;  
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Table 2. Crystallographic data lor 6 
~~-~ 


formula 
mol wt 
crystal system 
space group 
(1. 1). c (A)  
p ( 
I '  ( A 3 j  


P..,k (pc111 ~ 3 ,  


Z 


F(000) [electrons) 
d M o K g )  (em-')  
crystal size (mm) 
T (K) 
radiation (A) 
L". L ( ) 
scan type. scan (' ) 
horiz. and vert. aperture [mm) 
reference [reflection 
data set 
total and unique rcils. 
obserbed reflr (1>2.Ori(l)j 


max. and a\'. shift;error 
mm max. resid. dens. (eiA') 


C,,H,,CI,NOTaZn 
690.20 
monoclinic 
P2Jr (No. 14) 
10.110[10). 12.98(2), 19.751 (16) 
105.65(9) 
249 6 ( 5 )  
4 
1837 
1352 
56.8 
0.30 x 0.30 x 0.30 
150 
Mo,, (monochroni.) 0.71073 
1.9. 25.3 
w, 0.80 t0 .35  tg (0) 
3.00, 4.00 
-3  - 3  2 
-11.11:  - l l : 0 ,  -23:23 
7982. 4048 
1877 
4042, 215 
0 0829, 0.2270. 1.04 


- 2.65, 1.90 
0.000. 0.000 


[a] ii = I , ( o z ( F ~ )  + (0.0632P)'). where P = (F,?+2F*'j/3 


usual R value reached is related to the nonideal quality of  the crystals avail- 
able. Data were corrected for absorption with the DIFABS"31 algorithm as  
implemented in PLATON.""' T h e  structure was  solved by automated l'atter- 
somFourier techniques with DlRDIF-92"s1 and  refined o n  F 2  with 
SHELXL-Y3.1161 Non-hydrogen atoms were refined with anisotropic dis- 
placement parameters. Hydrogen atoms were introduced at calculated posi- 
tions and refined riding on their carrier atoms with U,,,'s related to  U,, of the 
a tom to which they are altached. Geometrical calculations and the O R T E P  
plots wcrc done with PLATON."41 
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A Surprising Switch from the Myers-Saito Cyclization to a Novel Biradical 
Cyclization in Enyne- Allenes : Formal Diels-Alder and Ene Reactions with 
High Synthetic Potential** 
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Abstract: If there is an aryl substituent on the acetylene terminus of enyne-allenes, then 
its reaction mode may be changed from the Myers- Saito cyclization to a novel C 2-C 6 
cyclization resulting in a net intramolecular Diels-Alder or ene reaction. As a conse- 
quence, the thermal cyclization of readily accessible acyclic enyne- allenes can be uti- 
lized for the synthesis of complex benzofulvene and benzofluorene derivatives. Kinetic 
results of the C2-C6 cyclization reaction indicate a two-step reaction pathway with a 
benzofulvene biradical intermediate. 


Keywords 
allenes * biradicals - cycloaromatiza- 
tions * enynes - reaction mechanisms 


Introduction 


Ever since the disclosure of the spectacular structures and mode 
of action of the natural enediyne antitumor antibiotics,['] the 
thermal cycloaromatization of enediynes and enyne-cumulenes 
by the Bergman['] and the Myers- Saitor3] cyclizations to afford 
reactive biradicals has been extensively investigated (Scheme 1). 


Bergman 1972 Myers 1987. Saito I989 


Scheme 1. The Bergman and Myers-Saito cyclizations. 


Much current research is devoted to the total synthesis of the 
natural enediynes"] and to the preparation of simple model 
compounds[41 with analogous antitumor and antibiotic activity. 
Furthermore, the combination of such biradical cycloaroma- 
tization protocols and subsequent radical cyclizations provides 
an elegant approach to polycyclic ring systems,['. 61 particularly 


In the natural antitumor antibiotic neocarcinostatin an 
enyne[3]cumulene core is responsible for the thermal formation 
of a highly reactive ~ ,o -b i r ad ica l . [~~  The search for structural 
simplifications has led to the exploration of the much simpler 
enyne-allene~,[~% *I the thermal reaction of which produces CJT- 


b i r ad i~a l s , [~~]  which are less reactive than the o,a-biradicals 
resulting from enediynes or enyne[3]cumulenes. Nevertheless, 
N i c o l a o ~ [ ~ ]  and Saito["' were able to demonstrate the DNA- 
cleaving properties of phosphine oxide-substituted enyne- 
allenes, thus indicating their potential use as anticancer drugs. 


Since then enyne-cumulene[' ' 9  ''I and enyne- allene16] model 
compounds have been synthesized and their thermal reactions 
investigated by several groups. In spite of the use of different 
triggering modes, namely light," 31 oxidation with SeO, ,[I4] 
acid,"'] or base,['61 only Myers-Saito analogous products 
formed by the reaction between C 2 and C 7 have been reported, 
though enyne-allenes may offer a wide variety of other cycliza- 
tion modes as well.["] The only evidence for systems that do not 
follow the Myers- Saito format has been reported by 
Bruckner." 51 He discovered that enyne[3]cumulene 1 undergoes 
cyclization with bond formation between C 2  and C 7 to produce 
2 in 10% yield via a postulated intermediate biradical 
(Scheme 2) .  
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In preliminary communications reporting our investigations 
on the thermal reactions of enyne-allenes, we have very recently 
disclosed a remarkable switch from the well-known Myers- 
Saito C 2-C 7 cycloar~matization[~~ ’] to an unprecedented 
C 2-C 6 cyclization affording benzofulvenes in high yield.[18- j 9 ]  


We report the details in this paper. It seems that the C2-C6 
cyclization is a fairly general thermal reaction for enyne-allenes 
because, shortly after our first report, related C2-C6 cycliza- 
tions were also observed by two other groups.[2o3 


Results 


Synthesis of enyne-allenes 7:  Our efforts to trigger the Myers- 
Saito cyclization through electron transfer initiation[”’ depend- 
ed decisively on the availability of thermally stable enyne-al- 
lenes. Therefore, two well-known methods of increasing the 
thermal stability were tested by synthesizing the so-called 
“masked” enyne-allenes 7. Herc the ene moiety is made part of 
an aromatic system, and an aryl group is attached at the alkyne 
terminus. A convenient three- or four-step synthesis was devised 
for all enyne- allenes 7 starting from readily accessible precur- 
sors (Scheme 3). The alkynylated starting compounds 3-5 were 


qR BrMg-R” @ // . 
\ Et2O 


H O R  


3: R = H; R’ = H 
4: R = Tol; R‘ = H 
5: R = Ph: R’= Me 


Tahle 1. Preparation of propargylic alcohols 6 and enyne ~allenes 7. 


R R’ R” Alcohol Yield Enyne-allene Yield 


H 
H 
‘To1 
To I 
To1 
To1 
Ph 
Ph 


H 
H 
H 
H 
H 
H 
Me 
Me 


nBu 6a 50% 7a 
Ph 6b 84% 7b 
nBu 6~ 66% 7~ 
cyclopropyl 6d  40% 7d 
Ph 6e  64% 7e  
Me? 6f 71% [b] 7f  
nu 6g 62% 7 g  


6h 6 5 %  7h FAn 


30% 
not isolated [a] 
58 % 
34 “/o 
51 Yo 
66% [b] 
not isoiated [a] 
not isolated [a] 


[a] Not isolable at room temperature because of rapid thermal cycloaromatiration. 
[b] See ref. [ 191. 


disubstituted acetylenes. In contrast, for 7 a  the absorption oc- 
curred at 2105 cm-’, which indicates a terminal acetylene. Ad- 
ditionally, the cnyne-allenes exhibitcd a strong C=C=C 
stretching absorption between 1923 and 1932 cm-’ and a 13C 
NMR resonance for the central carbon of the allene moiety 
between 6 = 207 and 220 (Table 2). 


Table 2. Characteristic spectroscopic data of enyne-allenes 7 


Enyne-sllenes i’(C=C) [cm-‘1 I.(C=C=C) [cm-’1 ” C  NMR [6] 


7a 2105 
7 c  2214 
7 d  2227 
7 e  2212 
7f  [a] 2204 


1925 
1932 
1931 
1923 
1928 


209.4 
208.8 
207.6 
220.5 
210.2 


[a] See ref. [19] 
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7a,cf 


Scheme 3. Synthesis of enyne- allenes 7 starting from readily accessible precursors. 


synthesized in high yields using the Pdo-catalyzed coupling of 
RC-CH with o-bromobenzaldehyde and o-bromoacetophe- 
none.1231 Further reaction with various acetylides R”CrCMg-  
Br, prepared from the reaction of the corresponding acetylenes 
with EtMgBr, resulted in the formation of propargyl alcohols 
6a-h. In the final key step 6a-h were treated with 
chlorodiphenylphosphine to afford the diphenylphosphine ox- 
ide-substituted enync-allenes 7 a,c-f after a [2,3]-sigmatropic 
rearrangement of the intermediate propargylic ph~sph in i t e . ’~~]  
Because of their thermal instability, we were not able to isolate 
the enyne - allenes 7 b,g and h, but rather their follow-up prod- 
ucts (Table 1). 


Enyne-allenes 7 a,c-f were stable at ambient temperature 
and could be purified by column chromatography. Their struc- 
tural identity was deduced from their characteristic IR ,  
‘H NMR, and 13C NMR spectroscopic data as well as by liigh- 
rcsolution mass spectroscopy. In the IR spectra of 7 c ~ - f  the 
CEC stretching absorption was observed in a range typical for 


Thermolysis of enyne-allenes 7 :  In order to investigate their 
thermal behavior, the isolated enyne-allenes were heated with 
excess 1,4-cyclohexadiene, a hydrogen donor, in toluene for sev- 
eral hours. Whilst thermal rearrangement of 7 a  (90“C, 1 h) 
afforded 57% of the Myers-Saito cyclization product 8a,  we 
obtained the Myers-Saito cyclization product 8b (4%) directly 
from the reaction of the propargyl alcohol 6b with 
chlorodiphenylphosphinc. Isolation of enyne-allcne 7 b was not 
possible even at - 30 T. Obviously, the thermal instability of 
7b is a result of the phenyl substituent at the allene terminus, 
which is expected to lower the transition-state energy of the 
Myers - Saito biradical cyclization (Scheme 4). 


Surprisingly, the simple switch from a hydrogen to an aryl 
group at the acetylene terminus redirected the course of the 
reaction from the Myers - Saito cycloaromatization to an un- 


a” \ 


Ph20P’ xR’’ 


8a: R-’ = nBu (57 O h )  


8b: R-’ = Ph (4 ?4) 


7b 


Schemc 4. Formation of the Myers-Saito cyclization products 8a,b. 
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precedented C2-C 6-cyclization, a formal ene or Diels-Alder 
reaction. For example, when enyne-allenes 7c  and 7d were 
heated in toluene for 2 h at 100 "C in the presence of excess 
1,4-cyclohexadiene, the benzofulvenes 9 c  (76 %) and 9d (68 YO) 
were formed (Scheme 5). Enyne-allene 7 g  could not be isolated 
on account of its thermal instability. Instead, benzofulvene 9g 
was obtained in 63 % yield directly from the reaction of propar- 
gyl alcohol 6 g  with chlorodiphenylphosphine (Scheme 5). 


nBu 
I 
H 
7C 


L 


9c: R = Tol; R' = H q 6  %) 
99: R = Ph; R' = Me (63 %) 


J 


79 


7d 9d (68 %) 


Scheme 5. Thermal reactions of 7c,g, and d. 


Heating enyne-allene 7 e  in toluene with excess 1,4-cyclo- 
hexadiene for 3 h at 105 "C afforded the benzofluorene deriva- 
tive 11 e in 63 % yield. In the absence of the hydrogen donor, the 
benzofulvene 10e was detected by 'H NMR spectroscopy after 
2 h at 70 'C  along with the unreacted enyne-allene 7e  and the 
benzofluorene 11 e.[241 Further heating transformed 10e into the 
final product l l e .  A similar product, benzofluorene 11 h, was 
obtained directly from propargyl alcohol 6h upon reaction with 
chlorodiphenylphosphine, presumably via the intermediate 
enyne-allene 7h (Scheme 6). We should also mention at this 
point the thermal formation of benzofulvene 10f in 86% yield 
from enyne-allene 7f.[191 


Structural identification of the cyclization products: 
Benzofulvenes 9 :  The benzofulvene structure of 9c, 9d, and 9 g  
was unambiguously established from 1 D ('H, 13C, and 31P) and 
2 D (C,H-correlation and H,H-COSY) NMR experiments. Ad- 
ditionally, we were able to verify the structure of 9 c  by X-ray 
analysis (Figure 1) .[251 


The bond lengths in the fulvene moiety (C6-C7 1.35, C14- 
C15 1.34, and C6-C 14 1.48 A) indicate the presence of local- 
ized double and single bonds. The C-C bond distance between 
the benzofulvene core and the POPh,-substituted double bond 
C 5 -C 6 is 1.49 A, as expected for an allylic C - C single bond. 
The steric repulsion between the POPh, group and the benzoful- 
vene is reduced by twisting both parts of the molecule to a 
dihedral angle of 96" (C 7-C 6-C 5-P). Otherwise the bond 
lengths are in the expected range, as are most bond angles. A 
slight enlargement of the bond angles is observed about the 
tolyl-substituted double bond only (4(C 13-C 14-C 15) = 131" 


A 
Te 


7h 


A 


@R' PWhz 


I le :  R = Tol; R- = R" = H (63 %) 
l l h :  R = Ph; R' = Me: R" = OMe (68 %) 


,R' 


L 
J 1Oe: R = Tol; R' = R" = H 


10h: R = Ph; R' = Me; R" 


I 


Mes -----D 


H H 


7f 10f (86 X) 
(two rotarners) 


Scheme 6. Thermal reactions of 7e,h, and f. 


.? 


OMe 


Figure 1. S r m K A L  representation of the crystal structure of 9c 


and 4(C 14-C 15-C 16) = 128") in order to minimize the steric 
repulsion between the tolyl group and the benzofulvene core. 


The configuration of both the tolyl- and the phosphine oxide- 
substituted double bond is (E) .  The O=P-C5=C6 angle is 16", 
while the phenyl groups point towards the benzofulvene moiety. 


Benzofulvene 10e: The cross-conjugated structure of 1Oe was 
deduced from the four characteristic 'H NMR signals (Ha- 
Hd;  6 = 5.20, 5.35, 6.12, 6.43), their coupling pattern, and a 


1 Oe 1Of 
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comparison with the shifts for Hb and Hd in 10f (6 = 5.40, 
S.87).[1'1 In the 13C NMR spectrum a doublet (.J(P) = 56 Hz) at 
6 = 48 can be assigned to a CH (by 2 D experiments) represent- 
ing the bridgehead C' in 10e. 


Fluorenes 11: Despite exhaustive attempts, we have not yet been 
sucessful in obtaining crystals for X-ray analysis. Thus, the des- 


ignation of their structural identity 
has to rely on data from NMR inves- 


of the 'H NMR signals of these poly- 
aromatic compounds proved to be 
difficult, we were able to verilji their 
structures by H,H-COSY and H,C- 


trum of 11 h showed a characteristic 2000 ~ O I %  1,4-cyclohexadiene). 


I .  I .  I I. I .  I ,  I .  I 


tigations. Although the assignment 0 20 40 60 80 loo 120 


Temperature ["C] 


Figure 3. DSC of enyne-allene 7a  (0.2 M in mesitylene). 


COSY N~~ experiments, ~h~ spec- Table 3. Activation parameters for the thermal cyclization of enyne-allenes 7 in mesitylene 
(unless otherwise stated) determined by DSC and 'H NMR experiments (in the presence of l l h  


quartet at 6 = 5.09, which was assigned to proton Ha. We were 


from H,H-COSY NMR experiments (Figure 2). 


Reaction AG* [kcalmol-'1 k [sec-'1 AH * A S  * also able to unambiguously assign the protons from €Ib-Hh at 80 'C [a] at 73°C [b] [kcalmol-'1 [a] [e.u.] [a] 


I 
7 a + 8 a  +24.3 i 22.5 - 5.0 


+24.3 f21.9 -6.8 
+24.2 +21.6 -7.2 


7c --t 9c +26.4 [c] + 22.9 [c] -9.8 [c] 
+26.7 + 24.9 -5.3 
f26.7 [d] f22.9 [d] -8.7 [d] 


4.9 x ([D,]benzene) 
1 3.4 x ([DJDMSO) ~- r----1--- 


7d-9d +26.1 +20.1 -170 
+26.0 +?1.1 - 14.0 


7 e - l l e  +25.9 2.7 x ([DJbenrene) 
7f+10f +26.3 3.7 x ([D,]benzene) 


[a] Determined by DSC kinetics. [b] Determined by 'H NMR kinetics. [c] Determined in 
DMSO. [d] Determined in DMSO/CF,COOH 5:l .  


1.5 


- 


7.5 7.0 6.5 ppm 


Figure 2. Part of the H K C O S Y  NMR of benrofluorene 11 h. 


The proton He resides in the shielding region of the adjacent 
phenyl ring and appears upfield at b = 6.31 (d, 3J(H,H) = 


7.9Hz). The assignment of the protons Hf, Hg, and Hh is 
supported by an additional long-range coupling between the 
hydrogens of the methoxy group and the protons H' and Hg. 
A singlet was detected at 6 = 29.95 in the 31P NMR spectrum; 
this is a characteristic shift of a phosphine oxide group. Addi- 
tionally, the structure of the diphenylphosphine oxide moiety 
was established by its fragmentation pattern in the mass spec- 
trum. 


Kinetics: The kinetics of the thermolyses of 7a,c-f were investi- 
gated by measuring the heat evolution as a function of a linear 
temperature gradient in a DSC[261 experiment and/or the decay 
of enyne-allene signals in the 'HNMR spectrum at a defined 
temperature (Figure 3 and Table 3). Several independent DSC 
thermolyses were recorded to obtain reasonable accuracies in 
the activation data, because the large amount of data obtained 


in a single DSC experiment in general leads to unreasonably 
small standard deviations. Unfortunately, the DSC analyses of 
7e and 7f provided an overlap of two weak exothermic signals 
indicative of a thermal follow-up reaction. Separation of the two 
processes by the curve-fitting routine used was unsuccessful, 
thus precluding the determination of the reaction order and the 
separation of AG * into AH' and AS'. Therefore, we followed 
their kinetics additionally by 'H NMR at 73 "C. All kinetic 
traces followed a first-order decay pattern. 


Discussion 


Formal Ene and Diels-Alder Reactions : All the investigations 
described in this paper were prompted by the observation of a 
surprising switch from the Myers-Saito cycloaromatization of 
enyne-allene 7 a to a novel high yield C 2- C 6 cyclization in 7 c. 
This switch was triggered solely by replacing the hydrogen at  the 
acetylene terminus by an aryl group. The product of this formal 
ene reaction, the benzofulvene derivative 9 c, was isolated in 
76 % yield, and its structure was unambiguously determined by 
X-ray analysis. In our preliminary contribution[' we suggest- 
ed that the formal ene reaction proceeds via a novel benzoful- 
vene biradical intermediate, in order to explain the different 
reactivity of 7a and 7c  (Scheme 7).  


The same reaction mode was also found for other alkyl-sub- 
stituted enyne-allenes such as 7d and 7g, indicating that such 
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The mechanism: Two mechanistic conclusions can be drawn di- 
rectly from the kinetic data in Table 3: firstly. the failure to find 
any significant effect due to added acid definitely excludes a 
proton-catalyzed cyclization of 7c .  Secondly, the lack of a sol- 


7a.c 


I 


Scheme 7. The different reactivity of 7 a  and 7 c  may be a result of the formal ene 
reaction proceeding via a novel benzofulvene biradical intermediate 


a reaction constitutes a general reaction motif.['8b1 Even more 
impressively, when through the judicious choice of aryl instead 
of alkyl substituents at the allene terminus the formal ene reac- 
tion was rendered impossible, a C 2-C 6 cyclization reaction 
was observed again, this time leading to benzofulvene adducts 
that subsequently rearranged to the more stable benzofluorenes. 
However, when the aryl group at the alkyne terminus was re- 
placed by hydrogen, the reaction mode switched back to the 
Myers-Saito cycloaromatization (Scheme 8). 


7b 8b: 4% 


vent effect on the cyclization rate of 7 c  on switching from ben- 
zene to DMSO rules out a polar reaction mechanism. Hence, 
two mechanistic scenarios seem to be plausible for the forma- 
tion of benzofulvene products 9 and benzofluorene products l l : 
either a concerted, but certainly not synchronous pathway 
through ene and Diels-Alder reactions or a stepwise process via 
biradical B2' '. Importantly, two arguments against the one-step 
mechanism have emerged from the present investigations : first- 
ly, the existence of a common biradical intermediate convincing- 
ly explains why formally different reactions such as an ene reac- 
tion and a Did-Alder cycloaddition occur as alternative 
processes to the Myers-Saito cyclization. Secondly, a mere ten- 
fold difference in rate constants for the cycloaddition of the 
mesityl-substituted enyne-allenc 7 f  compared to 7 e  contradicts 
a concerted reaction pathway, but is readily explained by a 
stepwise process with formation of BZ* ' constituting the rate-de- 
termining step. Indeed, to the best of our knowledge there are no 
reports in the literature of Diels-Alder cycloadditions across a 
mesityl group as part of a diene system; this is probably caused 
by steric hindrance. In addition, the intermediacy of a biradical 
has been rigorously established through our recent mechanistic 
investigations on phenylcyclopropyl-substituted enyne - allenes. 
Here the C 2 - C 6 cyclization proved to be nonstereosp~cific.[~~~ 
Rate considerations have implied an approximate lifetime of the 
biradical of less than s. 


lifetime, the lack of cyclo- 
propyl ring opening in the reaction 7 d  .+ 9d  was not surprising 
in retrospect, because the phenylmethylcyclopropyl radical ring 
opening, with a rate constant of 1.3 x lo6 s-', cannot compete 
with intramolecular hydrogen transfer.[28] 


In view of the short biradical ph% Ph-, 


4 p h  105 'C ,  3 h & - [1,5-H] & 
POPh, POPh2 \ 


@I:Oph2 u toluene, CHD , 
" 7e k 1Oe H lie:63% 


I t 


The switch from the Myers-Saito to the C 2-C 6 cyclization: 
Intriguingly, shortly after our first publication on the benzoful- 
vene formation by an ene type reaction, Gillmann[201 and Ro- 
driguezr2'] also reported a switch from the Myers-Saito cy- 
cloaromatization to a C 2-C 6 cyclization. They replaced 
hydrogen by silyl substitutents, likewise at the alkynu terminus 


in enyne-allenes and in enyne-cumulenes. 


Scheme 8. When the formal ene reaction was rendered impossible by the use of aryl instead of alkyl 
substituents at the allene terminus, a C 2 - C 6  cyclization reaction leading to benzofulvene adducts 
(which subsequently rearranged to the more stable benzofluorenes) was observed: when the aryl 
group at the alkyne terminus was replaced by hydrogen, the reaction mode switched back to the 
Myers-Saito cycloaromatiration. 


However, in their examples they did not observe 
either a ene or Diels-Alder reaction, but a formal 
[2 + 21 cycloadditiou (Scheme 9). 


12 


SiMeJ 


70 "C 


3 h  
- 


13 (8%) 
SiMe3 
I 


f4 15 (62%; X-Ray) 


Scheme 9. Gillmann's reported formal [ 2  +2] cycloaddition. 
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Although no mechanistic investigations were described for 
either contribution, it seems reasonable to assume a stepwise 
process for the formal [2 + 21 cycloadditions as well. In the light 
of the donor-acceptor substitution pattern, however, a zwitter- 
ion may dominate over a biradical mechanism. 


Although the mechanistic situation, in terms of thermody- 
namics and kinetics, is far from being clear at present, the ques- 
tion still arises as to the reason why aryl and silyl substitution 
divert the reaction from the Myers-Saito reaction to the novel 
C 2- C 6 cyclization. 


In all enyne--allenes 7 the C2-C7 distances in the s-cis con- 
formation were calculated by AM to be around 330- 
350 pm. This is 130-150 pm greater than the C-C distance in 
the transition state of the Myers-Saito cycloarornatization, for 
which calculations have established a value of 196 pm.1301 In 
contrast, the C2-C6 distances in 7 are on average 50pm 
smaller than those for C 2-C 7. As a consequence, there is less 
structural reorganization when moving towards the transition 
state of  the C2-C6 than for the Myers-Saito cyclization. 


Our AM 1 calculations of biradical cyclizations of the two 
simple enyne-allenes 16 a,b identify fulvene biradicals 17 as 
minimum structures for the first time. Although AM 1 calcula- 
tions have not been explicitly parameterized for biradicals, 
they reproduce rather well the experimental heat of formation 
of 1,4-didehydrobenzene (with configuration interaction 
CI = 6).13'] From AM 1 calculations for the q3-didehydro- 
toluene 18a we found AH," =110 kcalmol-', which is close to 
the experimental values for q3-didehydrotoluene AH,"(exp.) = 


103-109 kcalniol-' determined in the gas phase.r321 This sug- 
gests that the energetics obtained for 16, 17, and 18 (Scheme 10) 
will be qualitatively correct. 


P 


17a: R = H 
17b: R = Ph 


Scheme 10 Intermediate biradicals 17 and 18 obtained from compounds 16 


16a: R = H 
16b: R = Ph 


18a: R = H 
lab: R = Ph 


According to AM 1 calculations (Table 4), both fulvene birad- 
icals 17a,b have a singlet ground state, the higher SOMO of 
which is best represented as a planar fulvene methyl radical. The 
lower SOMO is best described as a vinyl radical with mainly o 
character for 17 a and n character for 17 b. In the case of 17 b, the 
phenyl ring is orientated orthogonally to the plane of the fulvene 
system, thus aligning properly with the vinyl radical center for 
maximum stabilization. Such a stabilizing motif is known for 
simple arylvinyl radicals from ESR results[331. 


Table 4 Energetic stabilization resulting from the presence of a phenyl ring 


AH,(16) AH;(17) AH;(18) AHx(16-17) AH,(16+18) 
[kcalmol-'1 [kcalmol-'1 [kcalmol-'1 [kcalmol-'1 [kcalmol- '1 


a ' R = H  114.2 134.7 110 3 20.5 - 3.9 
b: R = Ph 135.1 152.5 140.1 17.4 5.0 


The enthalpy data in Table 4 suggests that the Myers-Saito 
cycloaromatization 16a -18a is slighly exothermic (AHK = 
- 3.9 kcalmol-I), which agrees with ab initio CASSCF and 
MRSDCI calculations (AHK = - 1.2 to 2.1 kcalmol-'),[301 
whilst it is endothermic for 16b -118b. Since phenyl substitution 
in alkynes is known to cause destabilization of the a l k ~ n e , [ ~ ~ ]  we 
conclude that enyne-allene 16b is also destabilized by the 
phenyl group. Hence, AHK (16b -18b) = + 5 kcalmol-' im- 
plies that the corresponding biradical 18 b becomes even more 
destabilized, presumably by the steric interaction of the two 
ortho substituents. This interaction should not be of any signifi- 
cance in the formation of the fulvene biradical. Obviously, such 
interaction will increase with increasing steric bulk of groups R 
and R' (Scheme 1 I), as realized in by model compounds 7. 


x 


Scheme 11. Destabilizing effect of two ortho substituents 


In contrast, the C2-C6 cyclization 16 +17 becomes less en- 
dothermic by 3 kcalmol-' on changing from R = H to Ph, 
presumably because the vinyl radical center can be stabilized by 
the attached phenyl group and steric effects are negligible. Nev- 
ertheless, for both substituents at the alkyne terminus, the 
Myers - Saito cycloaromatization is always thermodynamically 
much more favorable than the C2-C6 cyclization, simply be- 
cause of the gain in resonance energy. But why do we see a 
switch between the two modes of cyclization with compounds 
7a and 7c  as well as with 7 b  and 7e? Obviously, the activation 
barrier for the C2-C6 cyclization of 16b must fall below that 
of the Myers-Saito cycloaromatization (see Figure 4). This is 
currently being investigated by density functional theory calcu- 
I a t i ~ n s . [ ~ ~ ]  


AHf [kml mol-'1 Ph 
Ph n 


17b 
(R = Ph) 


17a 
(R = H) 


140.1 


110.3 


18b 
(R = Ph) 


1 Oa 
(R = H) 


Figure 4. A M  1 calculated reaction enthalpies for 16 + 17 or 18. Activation barriers 
are not calculated; they are arbitrarily approximated from experimental data of 
structurally related compounds (Table 3) to qualitatively illustrate the switch of the 
reaction type. 


To summarize, both the experimental data and calculations 
indicate the occurrence of a novel C 2-C 6 biradical cyclization 
as an alternative to the Myers- Saito cycloaromatization of 
enyne-allenes triggered by aryl substitution at the alkyne termi- 
nus. Interestingly, a related reaction switching operates for the 
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thermal rearrangement of 4-alkynylcyclobutenones, where 
enyne-ketenes have been postulated as intermediates.[36] If 
such a biradical intermediate is operative, however, we have to 
explain the highly stereoselective formation of an (E)-phosphine 
oxide-substituted double bond in 9c, g. It is significant that 
AM 1 calculations of biradical 19 indicate that the global mini- 
mum conformation (ucl-19 (unticlinal) is characterized by a 
hydrogen that is only 240 pm away from the vinyl radical site, 
the transfer of which will lead to the ( E )  double bond. The other 
hydrogen is much further away (d = 360 pm). The alternative 
conformation (sp)-19 (synpriplanar), which would lead to the 
( Z )  double bond, has a much higher energy-approximately 
8 kcalmol-I (Scheme 12). 


pTol RTOI 


ac-l9ac sp19 


Scheme 12. Anticlinal (uftcl-19 (minimum) and synperiplanar (sp)-19 conformations 
of biradical 19. 


A C2-C6 biradical cyclization is also in agreement with the 
almost identical activation data for the formal ene (of 7c) vs. 
Diels-Alder (of 7e) reaction, although in the latter the presence 
of a phenyl substituent at the allene would suggest a significant 
rate increase at the first glance. Apparently, stabilization of the 
allene functionality in 7e  by the phenyl group is of the same 
magnitude as the stabilization of the radical center by the phenyl 
group in the transition state of the C2-C6 cyclization, which 
should therefore exhibit only little biradical character. This as- 
sumption also agrees with the situation in the Bergman cycliza- 
tion. Very little biradical character was found for the transition 
state here too.[371 


The marked acceleration of the thermal C 2-C 6 cyclization 
of methyl-substituted enyne-allenes 7g and 7h vs. the hydro- 
gen-substituted 7c  and 7e  is most probably caused by a ground- 
state effect." 8h1 As already pointed out by Saito,['ol an increased 
s-cis to s-trans conformer ratio as well as some backward strain 
may cause a lower overall activation barrier for the cycloarom- 
atization. 


In conclusion, overwhelming evidence for a novel biradical 
cyclization in enyne- allenes has been described. The switch 
from the Myers- Saito cyclization is triggered by the presence of 
an aryl group at the alkyne terminus. Since this alternative ther- 
mal reaction mode could be also be triggered by other bulky 
radical stabilizing groups, the C 2-C 6 cyclization reaction may 
be quite general. Indeed, the seminal contribution of Sond- 
heimer in 1966 may have been the first example of a C2-C6 
cyclization, because a fulvene intermediate 21 was identified 
during the cyclization of 20 (Scheme 13).[381 


Experimental Section 


General techniques: All reactions were carried out under N, using freshly 
distilled, anhydrous solvents, unless otherwise stated. Tetrahydrofuran 
(THF) and diethyl ether (Et,O) were distilled from sodium;benzophenone. 
and triethylamine (NEt,) from calcium hydride. All reactions were followed 
by thin-layer chromatography on Merck silica gel plates (60 F-254). Merck 
silica gel (particle size 0.063-0.200 mm) was used for column chromatogra- 
phy. All yields correspond to analytically purc isolated material. unless other- 
wise stated. o-Ethinylbenzaldehyde (3) was prepared according to ref. [39]. 
'H and I3C NMR spectra were recorded on Bruker AC-200. AM-250 or 
DMX-600 instruments and calibrated with tetramethylsilane as an internal 
reference (TMS, 6 = 0.0). The following abbreviations are used to indicate 
the multiplicities: s, singlet; d, doublet; t, triplet: q, quartet: q, ,  quintet: m. 
multiplet. 31P NMR were recorded on a Bruker AMX-400 instrument and 
calibrated with 85 % phosphoric acid as an external reference (6 = 0.0). IR 
spectra were recorded on a Perkin-Elmer 1605 series FT-IR spectrometer. 
Melting points were recorded on a Biichi melting point apparatus and are 
uncorrected. High resolution mass spectra (HRMS) were recorded on a 
Finnigan MAT-90 mass spectrometer with electronic ionization (EI; 70 eV). 


2-(4-Tolylethinyl)benzaldehyde (4): A solution of p-iodotoluene (1.45 g. 
6.65 mmol), tetrakis(triphenylphosphine)palladium(o) (228 mg, 190 pmol) 
and copper(1) iodide (170 mg, 590 pmol) in NEt, (30 mL) was treated with 
o-ethinyIben~aldehyde['~] (0.10 g, 6.95 mmol) at 60 'C. The reaction mixturc 
was stirred at 50 "C for 1 h and quenched by adding water (SO mL). The 
organic layer was separated and the aqueous layer extracted with diethyl 
ether. The combined organic layers were dried (MgSO,), filtered and concen- 
trated. Purification of the residue by column chromatography 
(trichloromethane/cyclohexane 1 : l ;  R, = 0.62) afforded 4 (1.38 g, 94%) as 
yellow crystals. M.p. 38°C; IR (KBr): = 3059, 3027. 2920. 2845, 2745 
(CHO), 2214,1698 (C=O), 1593,1510,1264,1193,817,761 c m - ' ;  'HNMR 
(250 MHz, CDCI,): 6 = 2.31 (s, 3H),  7.13 (d, ,J(H,H) = 8.0 Hz, 2H), 7.38 
(d, ,J(H,H) = X.0 Hz, I H ) ,  7.39 (d, ,J(H.H) = 8.0Hr. 2H) ,  7.50 (t, 
'J(H,H) = 8.0 Hz, lH) ,  7.54 (t, 3J(H,H) = 8.0Hz. 1 H),  7.X8 (d, 
,J(H,H) = 8.0 Hz, 1 H),  10.57 (s, IH) ;  I3C NMR (63 MHz, CDCI,): 
6 = 20.6, 83.3, 98.6, 118.2, 123.5, 126.1, 127.3, 128.3, 130.5, 132.1, 132.7. 
134.7, 138.3, 190.8; C,,H,,O (220.1): calcd C 87.25, H 5.49. found C 87.25, 
H 5.50. 


2-(Phenylethinyl)acetophenone ( 5 ) :  A solution of o-bromoacetophenone 
(4.97 g, 25.0 mmol) and phenylacetylene (3.83 g, 37.5 mmol) in NEt, 
(120 mL) was treated with dichlorobis(triphenylphosphine)palladium(Ii) 
(1 80 mg, 300 pmol) and copper(1) iodide (100 mg, 500 pmol). After the reac- 
tion mixture had been stirred at 90°C for 15 h, water (200 mL) was added. 
The organic layer was then separated and the aqueous layer extracted with 
pentane (3 x 200 mL). The combined organic layers were dried (MgSO,). 
filtered, and concentrated. Purification of the residue by column chromatog- 
raphy (methylene chloride/cyclohexane 1 : 1;  R, = 0.3) furnished 5 (4.52 g. 
82%) as a brown oil. IR (neat): ? = 3060, 2925, 2850, 2214 (C=C), 1683 
(C=O), 1592, 1561, 1493, 1357, 757cm-'; ' H N M R  (250MH2, CDCI,): 
6 = 2.80 (s, 3H, CH,), 7.35-7.57 (m. 7H,  Ar-H), 7.63 (m, l H ) ,  7.76 (m, 
1 H); I3C NMR (63 MHz, CDCI,): 6 = 30.0, 88.5, 95.0, 121.7, 122.8. 128.3, 
128.5, 128.7, 128.8, 131.3, 131.5, 133.9, 140.7, 200.2; HRMS calcd for 
C,,H,,O [ M ' ] :  220.0888, found 220.0894. 


Compound 6a:  The Grignard reagent was prepared from a mixture of magne- 
sium (400 mg, 16.0 mmol) and I-bromoethane (2.60 g, 15.0 mmol) in Et,O 
(20 mL). After dropwise addition of a solution of 1-hexyne (1.23 g, 
15.0 mmol) in Et,O (10 mL) to the Grignard reagent, the mixture was re- 
fluxed until gas evolution ceased. The 1 -hexinylmagnesium bromide formed 
was then treated with a solution of o-ethinylbenzaldehyde (3)l3'1 (980 mg, 
8.00 mmol) in Et,O (20 mL). After stirring at RT for 1 h, the mixture was 


quenched with saturated aqueous NH,CI. The organic layer 
was separated and the aqueous layer extracted with Et,O 
(3 x 50 mL). The combined organic layers were dried (Mg- 
SO,), filtered, and concentrated. Purification of the residue by -Q column chromatography (trichloromethane/cyclohexane 1 : 1 ; 
R, = 0.62) provided 6a (810 mg, 50%) as a yellow oil. IR 


20 21 22 (neat): i = 3401 (OH), 3293, 3066, 2933, 2872. 2224 (C=C), 
2105,1448, 1379,1002 (C-0), 759 cm- ' ;  'H  NMR (250 MHz, 


identified by Sondheimer during the cyclization of 20. CDC1,): 6 = 0.77 (t, ,J(H,H) =7.2 Hz, 3H),  1.20 (sext. 


, , \ M 5 q ~ - m q Q ]  - -  MeOH 


Scheme 13. Possibly the first example of a C2-C6 cyclization: a fulvene intermediate 21 was 
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'J(H,H) =7.2 Hz. 2H),  1.35 (q, ,  'J(H,H) =7.2 Hz, 2H) ,  2.12 (td, 
3J(H,H) =7.2 Hz. 4J(H,H) = 2.0 Hz, 2 H ) .  3.04 (s, I H ,  OH). 3.25 (s, 1 H). 
5.76 ( t .  ' J ( H , H ) = ~ . O H L ,  I H ) ,  7.12 (td, ' J (H,H)=7,8Hz,  ,J(H,H)= 
1.5Hz, l H ) ,  7.24(td, ,J(H,H)=7.8Hz, 'J(H,H)=1.5Hz, I H ) ,  7.36 (dd, 
'J(H,H) =7.8 Hz. ,.I(H,H) ~ 1 . 5  Hz, 1 H),  7.60 (dd, 'J(H,H) -7.8 Hz, 
4.1(H.H)=1.5Hz. I H ) ;  I3C NMR (63MHr. CDCI,): 6 = 1 3 . 2 ,  18.1, 21.5, 
30.2, 62.4, 79.0, 80.7, 82.2, 87.0, 119.8, 126.2, 127.5, 128.9, 132.5, 143.1; 
HRMS calcd for C,,H,,O ( M '  - H) 211.1123, found 211.1120. 


Compound 6b: As described above for the synthesis of 6a,  3'391 (6.00 g, 
46.0 mmol) and 2-phenylethinylmagnesium bromide (92.0 mmol) wcrc 
brought to reaction. The crude product was purified by recrystallization from 
petroleum ether at  - 20 'C and column chromatography (ethyl acetati:/cyclo- 
hexane I : I ,  R, = 0.42) to afford 6b  (9.00 g, 84%) as a pale yellow oil. IR 
(neat): C = 3401 (OH), 3294 (-CH), 3063, 2926, 2872, 2231 ( C s C ) ,  2104 
(C-CH). 1596, 1488, 1379, 1273, 1031. 757 em- ' ; 'H NMR (250 MHz, 
CDC1,): 6 = 2.61 (d, ,J(H,H) = 5.2 Hz, 1 H, OH), 3.25 ( s ,  1 H), 6.00 (d, 
' J (H,H)=5.2Hz,  l H ) ,  7.10(m, l H ) ,  7.14-7.19 (m, 3 H ) ,  7.24(m, I H ) ,  
7.30 7.38(ni.2H),7.39(dd,.3.l(H,H)=7.5Hz,4J(H,H)=1.6Hz1FI),7.72 
(dd, 4J(H,H) = 8.1 Hz, ,J(H,H) =1.6 Hz, 1 H); ' 3 C  NMR (63 MHz, 
CDCI,): 6 = 62.3, 80.0, 81.8, 85.5, 87.1, 119.3. 121.4, 125.8.127.2, 127.5, 
127.6. 128.4, 130.1, 132.1, 141.9; HRMS calcd for C , ,H , ,O  (M' - H) 
231.0810. found 231.0807. 


Compound 6c:  As described above for the synthesis of 6a ,  4 (1.39 g, 
6.32 mmol) and 1-hexinylmagnesium bromide (9.36 nimol) were brought to 
reaction. The crude product was purified by column chromatography (ethyl 
acetate:cyclohexane 1 :3;  R, = 0.38) to furnish 6 c  (1.25 g, 66%) as a yellow 
oil. IR (neat): i = 3379 (OH), 3028, 2956, 2876, 2216 ( C K ) .  1598, 1511, 
1454. 1056(C-O),X17.758cm~' ; 'HNMR(250 MH7,CDCIJ:S = 0.75(t, 
' J (H,H)  =7.2 Hz.3H), 1.31 (m,4H),2.13(t,3J(H,H) =7.2 Hz, 2H),2.21 (s, 
3H),2.88(s,lH,OH),5.83(~,1H)~7.04(d,~J(H,H)=8.0Hz,2H),7.15 
(td. 'J(H,H) =7.8 Hz, ,J(H,H) =1.5 Hz, I H ) ,  7.21 (td, 'J(H.H) =7.8 Hz, 
' J ( M , H ) = I . ~ H Z .  l H ) ,  7.33 (d, ' J (H,H)=8.0Hz,  2H),  7.40 (dd, 
' J ( H , H ) = ~ . ~ H L .  , J ( H , H ) - ~ . ~ H L ,  t H ) ,  7.63 (dd, 'J(H.H)=7.8Hz, 
'.I(H,H) =1.5 Hz. I H ) ;  13C NMR (63 MHz, CDC1,): 6 =13.2, 18.2, 21.1, 
21.6, 30.3, 63.0, 79.2, 85.8.87.0.94.7, 119.5. 121.1, 125.2, 127.6, 128.3, 128.8, 
131.1. 131.9, 138.3, 142.6; HMRS calcd for C,,H,,O (Mi - H):  301.1592. 
found 301.1591 


Compound 6d:  As described for the synthesis of 6a,  4 (2.50 g, 11.4 mmol) and 
2-cyclopropylethinylmagnesium bromide (16.5 mmol) were brought lo reac- 
tion. The resulting crude product was purified by column chromatography 
(ethyl acetateicyclohexane 1 :2; R, = 0.38) to afford 6d (1.30g. 4004) as a 
yellow oil. 1R (neat or film): i = 3408 (OH), 3062, 2923, 2872, 2235 ( C r C ) ,  
1511, 1449, 1050, 1004, 980, 893, 817, 761 c m . ' ;  ' H N M R  (200MHz, 
CDCI,): 8 = 0.61-0.65 (m, 4H) ,  1.18 (m, I H ) ,  2.25 (s, 3H) ,  2.70 (d. 
'4H.H) = 4.4 Hz. 1 H, OH),  5.78 (d, 3J(H,H) = 4.4 Hz, 1 H), 7.05 (d, 
,J(H.H) = 8.0Hz, 2H), 7.16(td, ,J(H,H) = 8.0 Hz, 'J(H,H) ~ 1 . 8  Hz, l H ) ,  
7.23 (td, 'J(H,H) = 8.0Hz, 4J(H,H) =1.8 Hz, I H ) ,  7.33 (d. 3J(11,H) = 


8.0Hz.2H).  7.40(dd. ~ J ( H . H ) = ~ . O H Z , ~ J ( H . H ) = I . ~ H Z ,  I H ) ,  7.57(dd, 
'J(H,H) = 8.0 HT. ,J(H,H) = 1.8 Hz. 1 H); I3C NMR (63 MHz, CDC1,): 
6 = -0.7, 8.0, 21.2, 63.0, 74.4, 85.8, 90.1, 84.7, 119.5, 121.1, 126.3, 127.7, 
128.2, 128.8. 131.0. 131.9, 138.4, 142.5; HRMS calcd for C:,H,,O 
( M  


Compound 6e :  As described for the synthesis of6a ,  4 (1.50 g. 6.82 mmol) and 
2-phenyl-ethinylrnagnesium bromide (7.84 mmol) were brought to reaction. 
Thc remaining residue was purified by column chromatography (ethyl ac- 
etate/cyclohexane 1 :3 ;  R, = 0.21) to furnish 6 e  (1.40 g. 64%) as brown crys- 
tals. M.p. 81 ' C ;  IR (KBr): i. = 3394 (OH). 3060,2925, 2850, 221.5 (C-C), 
I59X. 1510. 1443, 1034(C--O), 817, 756cin-';  'HNMR(250 MHz,C'DCl,): 
6 = 2.21 (s. 3 H). 6.04 (s, 1 H) ,  7.00 (d, 'J(H,H) = 8.0 Hz, 2 H), 7.14--7.20 (m, 
3H).7.20(td,'..I(€1,H) = ~ . ~ H z , ~ . I ( H , H )  =l .XHz,IH),7.29-7.33(rn,2H),  
7.31 (d, 3.1(H,H) = 8.0H2, 2H). 7.37 (td, 3J(H,H) =7.0 Hz, 
'J(H,H)=1,5Hz. lH) ,7 .42 (dd ,  3J(H,H)=7.0Hz,4J(H,H)=1.8 H z , l H ) ,  
7.64 (dd, '.I(H,H) =7.0 Hz, ,J(H,H) =1.5 Hz, 1 H ) ;  13C NMR (6.1 MHz, 
CDCI,): 6 = 21.4. 63.6, 88.4, 86.3. 86.9, 95.2, 119.6. 121.5. 122.4. 126.6, 
128 1, 128.3, 128.6. 129.1, 131.4, 131.6, 132.2, 138.7, 142.1; HMRScdcdfor  
C,,H,,O (M'  - H): 321.1279. found 321.1277. 


Compound 6 g :  As described for the synthesis of 6a,  5 (3.54 g, 16.1 mmol) and 
1 -hexinylinagnesium bromide (24.0 inmol) were brought to reaction. The 


- H): 285.1279, found 285.1278. 


crude product was purified by column chromatography (methylene chloride: 
cyclohexane 1 :1; Rr = 0.2) to furnish 6 g  (3.01 g, 62%) as a brown oil. IR 
(neat): 3 = 3426 (0-H),  3059, 2957, 2844, 2243 (C=C), 1599, 1571, 1492, 
757 cm- ' ; ' H  NMR (250 MHr, CDCI,): 6 = 0.79 (t,,J(H,H) = 7.2 Hz, 3 H), 
1.27-1.46 (m, 4H) ,  2.00 (s, 3H),  2.20 (t,,J(H,H) = 6.9 Hz, 3H) ,  3.56 (s. 
1 H), 7.24-7.37 (m, 5H),  7.53-7.60 (m, 3H),  7.75-7.77 (m. 1 H); 13C NMR 
(50 MHz, CDCI,): 6 =13.6, 18.6, 22.0, 30.5, 30.7, 69.7, 83.5, 85.4, 88.6, 96.3, 
119.9, 123.1, 124.9, 127.3, 128.4, 128.5, 131.3, 134.0, 147.0; HRMScalcd for 
C,,H,,O ( M +  - H): 303.1592, found 301.1592. 


Compound 6h: As described for the synthesis of 6a,  5 (1.54 g, 7.00 mmol) and 
(o-methoxyphenyl)ethinylmagnesium bromide (8.00 mmol) were brought to 
reaction. The crude product was purified by column chromatography 
(methylene chloride/cyclohexane 1 : 1 ; R, = 0.2) to afford 6h (1.62 g, 65 %) as 
a brown oil; 1R (neat): i. = 3443 (0-H),  3060, 2927, 2849, 2229 (C-C), 
1605,1570,1509 cm- ' ;  'H NMR (200 MHz, CDCI,): 6 = 2.09 (s, 3H),  3.61 
(s, I H ) ,  3.75 (s, 3H), 6.73 (m. 2H),  7.24-7.60 (m, IOH), 7.78 (m, 1H);  "C 
NMR (50 MHr, CDCI,): 6 = 30.2. 55.2, 69.8, 84.4, 88.6, 91.0, 96.5, 113.7, 
114.9, 120.2, 123.1, 124.7, 127.4. 128.4, 128.5, 131.4, 133.2, 134.1, 146.6, 
159.5; HRMS calcd for C,,H,,O, ( .M+ - H): 351.1385, found 351.1381. 


Compound 7a:  A mixture of 6 a  (486 mg, 2.29 niniol) and NEt, (358 pL3 
2.98 mmol) in  THF (10 niL) was cooled to -70'C and treated with 
chlorodiphenylphosphine (526 pL, 2.87 mmol). The yellow suspension was 
allowed to warm to -40 'C and stirring was continued for 1.5 h. After the 
reaction had been quenched by addition of water (20 mL), the organic layer 
was separated and the aqueous layer extracted with Et,O (3 x 30mL). The 
combined organic layers were dried (MgSO,), filtered and concentrated. 
Purification of the residue by column chromatography (Et,O, R, = 0.22) 
afforded 7 a  (271 mg, 30%). M.p. 29-33°C (decomp.); IR (KBr): 3 = 3295. 
3049, 2942, 2861, 2105, 1925 (C=C=C), 1478, 1431 (P-Ph), 1185 (P=O), 
1120, 914, 732, 703cm- ' ;  ' H N M R  (250MHz, CDC1,): 6 =OX2 (t, 
'4H.H) =7.2 Hz, 3H),  1.32 (sext, 'J(H,H) =7.2 Hz, 2H) ,  1.55 (qi, 
,J(H,H) =7.2 Hz, 2H) ,  2.40 (m, 2H) ,  3.22 (s, I H ) ,  6.66 (td, ,J(H,H) = 


11.2H2, ,J(H,H)=3.4Hz.  l H ) ,  7.10 (td, ,J(H,H)=7.8Hz, ,J(H.H)= 
1.5Hz, I H ) ,  7.17 (m, 2H) ,  7.27-7.54 (m, 7H) ,  7.62-7.83 (m, 4H);  13C 
NMR (63 MHz, CDCI,): 6 =13.3, 21.9, 27.4, 30.1, 80.9, 81.8, 94.9 (d, 
J(P) =14Hz), 102.7 (d, J(P) =I01 Hz). 119.4, 125.8. 126.6, 127.6, 128.0, 
128.1, 128.4, 130.9, 131.1, 131.1, 131.2, 131.3. 131.5, 131.6, 132.0, 132.6, 
134.4, 209.4 (d, J(P) = 6 Hz); HRMS calcd for C,,H,,OP [ M ' ] :  396.1643, 
found 396.1638. 


Compound 7 c :  As described above for the synthesis of 7 a  a mixture of 6c 
(840 mg, 2.78 mmol) and NEt, (500 pL, 4.16mmol) was treated with 
chlorodiphenylphosphine (710 pL, 3.87 mmol). The remaining residue was 
purified by column chromatography (Et,O, R, = 0.42) to furnish 7 c  (780 mg, 
5 8 % )  as yellow crystals. M.p. 35-C (decomp.); IR (KBr): i. = 3057, 2955, 
2871,2214 (CrC) ,  1932 (C=C=C), 3530, 1481. 1438 (P-Ph). 1185 (P=O), 
1118. 817, 755, 724, 696cm-'; ' H N M R  (250 MHz, CDCI,): b = 0.75 (t. 
'4H.H) =7.2 Hz, 3H),  1.25 (sext, ,J(H,H) =7.2 Hz, 2H),  1.50 (q,, 
,J(H.H) =7.2 Hz, 2H),  2.29 (s, 3H),  2.33 (m. 2H) ,  6.67 (td, 
'J(H.H)=~.~HZ,~J(H,H)=~.~HZ,~H),~.~~(~,~J(H,H)=~.~H~,~H), 
7.33 (d, 'J(H,H) = 8.0 Hz, 2H),  7.00-7.21 (m, 3H). 7.22--7.42 (m, 7H).  
7.54-7.75 (m. 4H);  " C  NMR (63 MHr. CDCI,): 6 =13.6. 21.2, 22.1, 27.5. 
30.3,86.2,94.2,95.2(d, 'J(H,P) = 1 3 H ~ ) , 1 0 2 , 8 ( d , ~ J ( H , P )  =98Hz).119.6, 
120.7, 126.0, 126.8, 127.8, 128.0, 128.1, 128.2, 128.8, 128.9, 131.1. 131.2, 
131.4, 131.5, 131.6, 131.7, 132.0, 134.0. 138.4, 208.8 (d, ,J(H,P) = 7  Hz,); 
HRMS calcd for C,,H,,OP [ M ' ] :  486.2110 , found 486.2113. 


Compound 7d: A mixture of 6d (90.0 mg, 320 pnol), 1,5-diazabicyclo- 
[4.3.0]non-5-ene (69.6 pL, 850 pnol) and silver benzoate (185 mg, 810 pmol) 
in DMF ( 1 0  mL) was cooled to  - 78 "C and treated with chlorodiphenylphos- 
phine (149 pL, 810 p o l ) .  The reaction mixture was allowed to warm to 
room temperature over 6 h. After the reaction had been quenched by addltion 
of water (20 mL), the organic laycr was separated and the aqueous layer 
extracted with Et,O (3 x 30 mL). The combined organic layers were dried 
(MgSO,), filtered and concentrated. Purification of the residue by column 
chromatography (Et,O, R, = 0.20) afforded 7d  (50.0 ins. 34°K) as yellow 
crystals. M.p. 46"-48"C (decomp.); IR (KBr): i = 3060, 3008, 2924. 2854, 
2227 ( C s C ) ,  1931 (C=C=C), 1510, 1438 (P-Ph), 1193, 1120,908, 817, 732. 
702cm- ' ;  ' H N M R  (250 MHz, CDC1,): 8 = 0.61 (m, 2H) ,  0.84 (m, 2H).  
1.58(m, lH),2.35(s,3H),6.76(dd.3J(H.H)=10.7Hz,4J(H,H)=1.3Hz, 
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l H ) ,  7.14 (d, 'J(H,H) = 8.3 Hz, 2H) ,  7.10-7.22 (m, 2H) ,  7.39 (d, 
,J(H,H) = 8.3 Hz, 2H),  7.31 -7.43 (m. 7H). 7.67-7.88 (m. 4H);  13C NMR 
(63 MHz, CDCI,): 6 = 8.6, 21.1, 29.3, 86.1, 94.3, 97.0 (d, J(P) =14Hz),  
107.0(d,J(P) =I00 Hz), 119.5, 121.0, 125.9, 127.0, 127.7, 127.8, 127.9, 128.0, 
128.8, 129.6, 131.0, 131.1, 131.3, 131.5, 131.5, 131.6, 131.9, 132.0, 133.5, 
138.3, 207.6 (d, .I(P) =7Hz);  HRMS calcd for C,,H,,PO ( M t  - H) 
469.1721, found 469.1721. 


Compound 7 e :  As described for the synthesis of 7 a  a mixture of 6 e  (300 nig, 
930 pmol) and NEt, (180 pL, 1 .SO mmol) was treated with chlorodi- 
phenylphosphine (260 pL, 1.40 mmol). The remaining residue was purified 
by column chromatography (Et,O, R, = 0.50) to furnish 7 e  (240 mg, 51 %) 
as yellow crystals. M.p. 67 "C (decomp.); IR (KBr): 3 = 3062, 2978, 2949, 
2212 (CGC), 1923 (C=C=C). 1594, 1509, 1480, 1438 (P-Ph), 1197 (P=O), 
1120, 817, 769, 732, 700cm-I; 'HNMR (250MHz, CDCI,): 6 = 2 . 3 8  (s, 
3H), 6.90 (d, ,J(H,H) =11.9 Hz, 1 H), 7.16 (d, ,J(H,H) = 8.0 Hz, 2H),  
7.16-7.55 (m, 17H), 7.65 -7.85 (m, 4H);  I3C NMR (63 MHz, CDCI,): 
6=21.0,88.9,93.3,96.4(d,  ,J(H,P)=12Hz), 104.8(d, ' J (H,H)=75Hz),  
119.7, 123.9, 126.4, 127.2, 127.9, 128.0, 128.1, 128.2, 128.3, 128.7, 129.2, 
129.4, 129.9, 131.4, 131.5, 131.6, 131.7, 131.8, 132.4, 135.2, 138.4, 220.5 (d, 
'J(H, P) = 6 Hz); HRMS calcd for C,,H,,PO (M' - H): 505.1721, found 
505.1721. 


Compound 8a: A mixture of 7 a  (520 mg, 1.31 mmol) and 1,4-cyclohexadiene 
(500 pL, 5.00 mmol) in toluene (10 mL) was heated to 90 "C for 1 h. After 
evaporation of the solvent the crude residue was purified by column chro- 
matography (cyclohexane/ethyl acetate 1 : l ;  R, = 0.19) to furnish 8 a  
(330mg, 57%) as pale yellow crystals. M.p. 170;C (decornp.); IR (KBr): 
i = 3055, 2988,2836, 1599, 1437 (P-Ph), 1176 (P=O), 1118, 1099, 736, 723, 
698 cm ~ I ;  'HNMR (250 MHz, CDCI,): 6 = 0.63 (t, ,J(H,H) =7.2 Hz, 3H),  
1.01-1.15 (m, 4H), 1.87 (m, l H ,  12-H), 2.16 (m, I H ,  12-H), 3.50 (m. 1H. 
11-H), 7.04 (in, 2H),  7.16 (dd, 'J(H,H)=7.8Hz, ,J(H,H)=1.5Hz, l H ) ,  
7.28-7.48 (m, 8H),  7.57 (s, l H ) ,  7.60-7.70 (m, 3H), 7.84 (m, 2H); ' jC  
NMR (63 MHz, CDCI,): 6 =13.4,23.8,28.5, 29.6 (d, J(P) = 13 Hr), 46.6 (d, 
J(P) = 67Hz), 124.6, 124.8, 126.5, 126.8, 127.0, 127.4, 127.6, 127.7, 127.9, 
129.9, 130.2, 130.3, 130.7, 131.0, 131.3, 132.2, 132.6; HRMS calcd for 
C,,H,,PO [ M ' ] :  398.1799, found 398.1801. 


Compound 8b: A mixture of 6b  (220 mg, 948 pmol), 1,4-cyclohexadiene 
(1.90 mL, 19.0 mmol) and NEt, (600 pL, 4.75 mmol) in toluene/THF (1 : 1 ; 
100 mL) was cooled to -78 "C and treated with chlorodiphenylphosphine 
(600 pL, 3.56 mmol). The reaction mixture was allowed to warm to -40°C 
and stirred for 18 hours. After the reaction had been quenched with water 
(100 mL), the organic layer was separated and the aqueous layer extracted 
with Et,O (2 x 50 mL). The combined organic layers were dried (MgSO,), 
filtered, and concentrated. Purification of the residue by column chromatog- 
raphy (Et,O, R, = 0.50) afforded 8b (9.80 mg, 4%)  as pink crystals. 
M.p. >250"C (decomp.); IR (CCI,): i = 3364, 2964,2926, 2855, 1597, 1493, 


,J(H,H) = 8.6 Hz, 1 H), 7.08-7.14 (m, 3H), 7.22-7.34 (m, 5H), 7.38-7.43 
(m, 5H),  7.52-7.63 (m, 6H),  7.73-7.86 (m, 2H),  7.95 (s, IH) ;  13C NMR 
(63 MHz, CDCI,): 6 = 52.5 (d, .I(P) = 66 Hz), 124.8, 125.9, 126.4, 126.8, 
126.9, 127.0, 127.1, 127.2, 127.3, 127.4. 127.5, 127.5. 128.6, 128.8, 128.9, 
130.2, 130.3, 130.4, 130.5, 130.5, 130.6, 130.8, 130.9, 131.2, 132.3, 133.8, 
133.9; HRMS calcd for C,,H,,PO [ M ' ] :  418.1486, found 418.1490. 


Compound 9c: A mixture of 7 c  (302 mg, 620 pmol) and 1,4-cyclohexadiene 
(50.0 pL, 500 pmol) in toluene (20 mL) was heated to 100 "C for 2 h. After 
evaporation of the solvent the crude residue was purified by column chro- 
matography (cyclohexane/ethyl acetate 1 : 1 ; R, = 0.1 3) to provide 9 c  
(231 mg, 76%) as pale yellow crystals. M.p. 114°C (decomp.); IR (KBr): 
7' = 3055,2959,2928.2870,1622,1509, 1437 (P-Ph), 1190 (P=O), 1118,749, 
724, 698 cm 'HNMR (600 MHz, CDCI,): b = 0.83 (t, 'J(H,H) = 7.4 Hz, 
3 1 ~ ) .  1.44 (sext, 'J(H,H) =7.4 Hz, 2H),  2.11 (qd, ,J(H,H) = ~ . ~ H z , ~ J ( H ,  
P) = 2.3 Hz,2H),  2.29 (s, 3H),  6.24(d, ,J(H. P) = 2.3 Hz, I H ) ,  6.56(s, 1 H), 
6.81 (ddd, '.T(H,H) =7.7 Hz, 'J(H,H) = 6.1 Hz, ,J(H,H) = 2.3 Hz, 1 H) ,  
6.96 (d, 'J(H,H) = 8.0 Hz, 2H),  7.02 (ddd, 'J(H,H) = 6.8 Hz. 
'J(H,H) = 6.1 Hz, 'J(H,H) = 0.7 Hz, 1 H), 7.02 (dd, -'J(H,H) = 6.8 Hz, 
'J(H,H) = 2.3 Hz, IH) ,  7.05 (d, '..I(H,H) = 8.0 Hz, 2H) ,  7.14 (dt, 
'4H.P) =19.1 Hz, ,.I(H,H) =7.4Hz, l H ) ,  7.23 (s, 2H),  7.31 (dd, 
3J(H,H)=7.7H~,4J(H,H)=0.7Hz,1H),7.36(m,4H),7.65(m,4H);13C 
N M R ( I ~ O M H Z , C D C I , ) : ~  =13.9, 21.3, 22.0,33.1 (d,J(P) = 26Hz). 120.7, 


1438, 1183, 1114, 1032; ' H N M R  (250MHz, CDCI,): 6 =4.83 (d, 


123.0. 124.8, 127.7, 128.3, 128.9, 129.0, 130.0, 131.2, 131.7. 132.1, 133.2, 
134.0, 134.6, 137.4 (d, J(P) = 40 Hz), 138.0, 138.2. 139.4, 143.1, 151.3 (d, 
J(P) =32 Hz); "P NMR (162 MHz, CDCI,): 6 = 26.1 (s); HRMS calcd for 
C,,H,,OP [ M ' ] :  486.2112, found 486.2111. 


Compound 9d: A mixture of 7d  (50.0 mg, 110 pmol) and 1,4-cyclohexadiene 
(1.48 mL, 14.8 mmol) in toluene (20 mL) was heated to 100 C for 2 h. After 
evaporation of the solvent the crude residue was purified by column chro- 
matography (cyclohexane/ethyl acetate 1 : 1 ; R, = 0.17) to furnish 9d 
(35.0mg, 68%) as yellow crystals. M.p. 163°C; IR (KBr): i = 3051, 3020, 
2984,2918, 1630, 1508, 1436 (P-Ph), 1184 (P=O), 744, 723, 697. 542 cni- ' ,  
'HNMR (250 MHz, CDCI,): 6 = 0.93 (m, 2H), 1.28 (m, 2H).  2.33 (s, 3H),  
6.79 (td, ,J(H,H) =7.0 HL, ,J(H,H) = 2.0 Hz), 6.83 (d, '.I(H. P) = 2.3 Hz. 
1H),7.07(td,3.I(H,H)=7.0Hz,4J(H,H)=1.3Hz,lH),7.09(m,2H).7.1X 
(d, 3J(H,H) =7.6 Hz, 2H), 7.28 (d. 'J(H,H) =7.6Hz, 2H). 7.36-7.46 (m, 
7H), 7.47 (td, 'J(H,H) =7.0 Hz, 4J(H,H) = 2.0 Hz), 7.73 (dd. ,.T(H,H) = 


7.6 Hz, ,J(H,H) = 2.0 Hz, 2H), 7.79 (dd. ,J(H,H) =7.6 Hz, ".I(H.H) = 
2.0 Hz, 2H); 13C NMR (63 MHz, CDC1,): 8 = 4.3 (d, J(P) = 14 Hz), 6.4, 
21.4, 121.0, 123.0. 124.8, 127.8, 128.2, 128.4. 129.1. 129.2, 131.1, 131.6, 131.6. 
131.9, 132.0 , 133.5, 133.6, 134.3, 338.3, 138.4, 138.6, 139.3. 143.3. 147.4, 
C,,H,,PO (470.6) calcd C 84.23, H 5.78; found C X4.0X. H 6.01. 


Compound 9g:  A mixture of 6 g  (243 mg, 800 pmol). lithiumdiisopropylamide 
(1.00 mL, 820 pmol) and 1,4-cyclohexadiene (0.16 mL. 1.60 mmol) in THF 
( 5  mL) was cooled to -78 'C and treated with chlorodiphenylphosphine 
(150 pL, 800 pmol). After 6 h the reaction mixture was allowed to warm 
to -40 'C and then stirred for 18 h. After the reaction had been quenched 
with water ( 5  mL), the organic layer was separated and the aqueotis layer 
extracted with methylene chloride (3 x 20 mL).  The combined organic layers 
were dried (MgSO,), filtered, and concentrated. Purification ofthe residue by 
column chromatography (ethylacetate/cyclohexane 1 : 1 ; R, = 0.3) afforded 
9 g  (122mg, 63%) as a bright yellow oil. IR (neat): i. = 3058. 2958. 2929. 
1620, 1598, 1437 (P-Ph), 1180 (P=O), 909, 728, 697cm I: 'HNMR 
(600 MHz, CDCI,): 6 = 0.88 (t, 'J(H,H) =7.4 Hz, 3 H ) ,  1.46 (qL, '.I(H,H) = 
7.4Hz,2H),  1.64(d, ' J (H,P)=2.7Hz,  3H),2.12(dq. ' J (H,H)=7.4Hz.  
,J(H,P) = 2.7 Hz, ZH), 6.61 (s, 1 H), 6.93 (t. 'J(H,H) = 7.3 Hz. 1 H), 7.1 1 (d. 
, J (H,H)=6.9Hz,  2H) ,  7.15 (d, , J (H,H)=7.3Hz,  I H ) .  7.19 (t, 
3J(H,H)=7.4H~,1H),7.23(dt ,  3J (H,P)=18.5H~,3J(H.H)=7.4H~.  I H ) ,  
7.28-7.33 (m, 4H),  7.35-7.41 (m, 4H) ,  7.42-7.50 (m, 2H) ,  7.74-7.82 (m, 
4H);  13C NMR (151 MHz, CDCI,): 6 =11.3, 14.0, 21.8. 32.8, 118.5, 122.7, 
125.0, 127.6, 127.7, 128.0, 128.1, 128.9. 131.3, 131.5. 132.0. 132.1, 132.3. 
134.2, 136.6, 139.3, 139.9, 144.5, 152.4; 31P NMR (162 MHz, CDCI,): 
6 = 23.16 (s); HRMS calcd for C,,H,,OP [ M ' ] :  486.2112, found 486.21 10. 


Compound l l e :  A mixture of 7 e  (355 mg, 702 pmol) and 1.4-cyclohexadiene 
(1.23 g. 12.3 mmol) in toluene (20 mL) was heated at 105 'C for 3 h. After 
evaporation of the solvent, the crude residue was purified by column chro- 
matography (cyclohexane/ethyl acetate 1 : 1 ; R, = 0.65) to afford 11 e 
(224mg, 63%) as pale yellow crystals. M.p. 112 C (decomp.); 1R (KBr): 


808,762,725,696 cm . I ; 'H NMR (250 MHz, CDCI,): 6 = 2.46 (s. 3 H). 3.99 
= 3026,2919,2870,1501,1436 (P-Ph), 1391,1328,1181 (P=O). 1117.904. 


(s, 2H). 6.34 (d, ,J(H,H)=7.2Hz, l H ) ,  6.90 (td, 'J(H,H)=7,2Hz, 
, J ( H , H ) = I . ~ H z ,  lH) ,7 .04( td ,  ,J(H.H)=7,2Hz, 3 J ( H , H ) = 1 . 5 H ~ ,  I H ) ,  
7.08-7.25 (m, 6H). 7.36-7.53 (m, 8H) ,  7.65-7.71 (m, 4H).  8.22 (d. 
"J(H,H) = 9.3 Hz, 1H); I3C NMR (63 MHz, CDCI,): 6 = 21.1. 38.6, 123.3. 
124.0, 124.9, 125.3, 126.0, 126.8. 127.0, 128.3, 128.5. 129.0. 129.6. 131.5, 
131.6, 131.6, 131.7, 132.3, 133.4,135.0, 135.4. 137.4. 137.6, 138.0, 139.1 143.9, 
149.5; C,,H,,OP (494.6): calcd C 85.36, H 5.37; found C 85.71, H 5.29. 


Compound 1 1  h: A mixture of 6h (560 mg, 1.61 mmol), lithiumdiisopropyl- 
amide (4.2 mL, 1.8 mmol) and 1,4-cyclohexadiene (1.60 mL, 16.0 mniol) in 
THF (5 mL) was cooled to -40 "C and treated with chlorodiphenylphos- 
phine (332 pL, 1.61 mmol). After the mixture had been stirred at - 4 0 ' C  for 
18 h. the reaction was quenched by the addition of water (20 mL). The 
organic layer was separated and the aqueous layer was then extracted with 
methylene chloride (3 x 50 mL). The combined organic layers were dried 
(MgSO,), filtered. and conccntrated. Purification of the residue by column 
chromatography (ethyl acetate,'n-pentane 1 : 1; R, = 0.2) afforded I I h 
(597mg, 68%) as yellow crystals. M.p. 148-149°C; IR (CCI,): i = 3061. 
2933, 2853, 1619, 1509, 1438 (P Ph), 1180 (P=O). 908 cm I: '11 N M R  
(600MHz,CDC13):6 =1.41(d,'J(H,H) =7.1 Hz,3H).3.59(~.3H).S.O9(q,  
'J(H,H) =7.1 Hz, 1 H),  6.31 (d, 'J(H,H) =7.9 Hr. 1 H) ,  6.73 (dd, 'J(H,H) = 
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9.4Hz, "J(H.H)=2.8Hz,  I H ) ,  6.83 (m, IH) ,  6.96 (t, 3J(H,H)=7.9Hz,  
1H).7.21(t,3J(H,H)=7.9Hz,1H),7.35-7.39(in,3H),7.41~ 7.53(m,5H),  
7.56 7.66 (m, 6H),  7.68 (d, 'J(H,H) = 9.4Hz), 7.89-7.93 (m. 2 H ) ;  l3C 
NMR (151 MHz, CDCI,): ii = 24.3, 42.9, 54.9, 106.2, 116.8, 123.6, 123.7, 
126.3, 127.X, 128.1, 128.5, 128.6, 128.7, 128.8, 129.1, 129.4, 129.5, 129.7, 
131.3. 133.5. 131.6, 131.9, 132.2, 138.7, 151.3, 155.9, 156.9; "P NMR 
(162 MHz. CDCI,): 6 = 29.95 (s); HRMS calcd for C,,H,,O,P [ M + ] :  
536.1903, found 536.1906. 


Crystal structure determination of 9c: Enraf Nonius C A D 4  diffractometer, 
w -20  scan mode using Cu,, (i =1.54178A) radiation with a graphite 
monochromator; 5929 reflections measured, 5697 unique, giving 5697 with I 
>20(1). C,,H,,OP, M = 486.6. Monoclinic, u = 14.3820 A, h = 9.2890 A, 
c = 21.1651 A, /j = 98.980", V = 2792.9 A', space group P121/cl, L = 4, 
pcrlccI =1.157 m g m ~ n - ~ ,  yellow rhombic crystals. Crystal size: 0.5 x 11.35 x 
0.25 mm. 


DSC analysis: DSC measurements were carried out on differential scanning 
calorimeters DupontYlO and Perkin Elmer2C. In general, a 0 . 2 ~  solution of 
the enyne-allene (for details see Table 3) was heated in homemade capsules 
from -30 to 150 'C  at a rate of 5Kmin- I  and the heat evolution was 
recorded.r2h1 The kinetic reaction order and rate constants were extracted 
from the experimental data through comparison with a simulated DSC trace, 
the activation enthalpy and entropy of which were varied. (program written 
by E. Hickl, Freiburg). 


'H NMR kinetics: Tht: effective temperature in the N M R  spectrometer was 
determined by calibration with the chemical shifts of glycol and 
The enyne-allenes were heated in 4 x 1 0 - ' ~  solution in [DJbenzene in the 
presence of in-nitroacetophenone as an internal standard (in the absence of 
1,4-CHD). The disappearance of two or more significant hydrogen absorp- 
tions of the enyne-allene was followed over at least 2 halflives using about 
10 data points. Independent of which signal was analyzed, the data fitted a 
clean first-order kinetic decay curve, exhibiting identical rate constants and 
ctandard dcviations. 
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