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FULL PAPER 


Polysaccharides of Intracrystalline Glycoproteins Modulate 
Calcite Crystal Growth In Vitro 


Shira Albeck, Steve Weiner, and Lia Addadi* 


Abstract: Assemblies of glycoproteins 
from within the mineralized tissues of sea 
urchins and mollusks both interact in vit- 
ro in a similar manner with growing cal- 
cite crystals. A protein-rich fraction, a 
polysaccharide-rich fraction, and a frac- 
tion composed of densely glycosylated 
peptide cores were obtained by chemical 
and enzymatic treatment of the glyco- 
proteins from sea-urchin spines. Each 
fraction was partially purified and charac- 


terized (amino acid composition, FTIR 
and NMR spectroscopy). A comparison 
of the interactions of these fractions with 
growing calcite crystals in vitro shows 
that the polysaccharide moieties of these 


Introduction 


Organisms form their mineralized tissues in a wide variety of 
different ways and from different minerals. In some cases the 
mineral is amorphous, whereas in others it is crystalline. In the 
latter, the mineral may be deposited as large, unusually shaped 
single crystals, or as an array of usually smaller organized crys- 
tals, each with a well-defined shape. Thus, many organisms 
exert control over the mineral phase precipitated, the orienta- 
tion of the crystals, as well as their shapes and textures.''] 


Dissolution of the externally cleaned crystal elements from 
various mineralized tissues releases into solution an ensemble of 
intracrystalline macromolecules.[21 These macromolecules 
clearly reside within the crystalline phase, where they create 
defe~ts.1~1 The distribution of these defects has been relatively 
well studied by X-ray diffraction, but much still remains to be 
learned about the macromolecules themselves. The distributions 
and compositions of these intracrystalline macromolecules vary 
between skeletal elements, suggesting that they may be em- 
ployed by the organisms in a variety of ways, such as to control 
the morphology of the growing crystal and to improve its me- 
chanical properties. 


Information on possible modes of action of the intracrys- 
talline macromolecules can be obtained by studying the interac- 
tion of solutions of the extracted macromolecules with growing 
calcite crystals in vitro. This interaction causes inhibition of 
crystal growth in the direction perpendicular to the plane of 
interaction, resulting in the expression of a new set of faces or 
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glycoproteins are intimately involved in 
the interaction with growing calcite crys- 
tals on planes approximately parallel to 
the c crystallographic axis. Presumably 
the polysaccharides in the mollusk-shell 
glycoproteins are likewise responsible for 
the similar interactions of these macro- 
molecules with calcite. We suggest that 
structured polysaccharide moieties of gly- 
coproteins are important in controlling 
aspects of crystal growth in vivo as well. 


the enhancement of existing ones. This in turn causes a macro- 
scopic change in the morphology of the synthetic calcite crystal, 
which provides information on the molecular nature of the in- 
teraction.t4] Furthermore, by correlating the molecular motifs 
which characterize the affected crystal planes with the structures 
of the interacting moieties on the macromolecule, more insight 
can be obtained into the basic processes involved. 


When macromolecules extracted from within the spines of the 
sea urchin (echinoderm) Paracentrotus lividus were introduced 
into solutions of growing calcite crystals, new faces other than 
the stable {104} faces were expres~ed .~~]  These additional calcite 
planes are roughly parallel to the c crystallographic axis and 
correspond to the {TOl} sets of faces, with 1 ranging between 1 
and 1.5.t63 '9 A similar study of macromolecules extracted 
from within the calcitic prisms of the mollusk Atrina rigida 
showed that the quantitatively abundant proteins rich in aspar- 
tic acid interacted with planes perpendicular to the c crystallo- 
graphic axis. In contrast, a minor fraction rich in glutamic acid 
and serine interacted with the same set of planes as did the 
sea-urchin macromolecules.[61 The latter observation was sur- 
prising, as the protein moieties are quite different in amino acid 
composition, yet the nature of the in vitro interactions appears 
to be the same. 


The present work was therefore undertaken to investigate 
which moieties common to both the sea-urchin and the minor 
fraction of mollusk macromolecules are involved in the interac- 
tion with growing calcite crystals. The macromolecular assem- 
blies were characterized by 'H NMR and FTIR spectroscopy. 
This in turn required the development of a new decalcification 
method which does not utilize ethylenediaminetetraacetic acid 
(EDTA), as the presence of traces of EDTA in the preparation 
interferes with the interpretation of the spectroscopic data. 


Here we show that both assemblies of macromolecules which 
interact with planes parallel to the c axis are glycosylated, while 
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those which interact with calcite planes perpendicular 
to the c axis are not. Furthermore, the protein-assem- 
bled polysaccharide moieties of the sea-urchin glyco- 
proteins interact with distinct calcite planes which are 
almost parallel to the c axis, whereas the deglycosylated 
protein moieties of the same ensemble of macro- 
molecules interact with planes oblique to the c axis. 
This detailed information on the various interacting 
moieties and their modes of interaction with synthetic 
calcite crystals contributes to our understanding of the 
mechanisms by which intracrystalline macromolecules 
regulate biological crystal growth. 


Results 


Dissolution of the Mineral Phase by an Ion-Exchange 
Resin: The first essential step in almost all studies of 
macromolecules from mineralized tissue is the dissolu- 
tion of the mineral phase. Most studies use the calcium 
chelator EDTA at slightly basic pH or various types of 
acid. The former is very difficult to remove complete- 
lyr9I and is usually very slow, and the latter denatures 
and possibly damages the proteins. Here, we employed 
a modification of a technique used to decalcify thin 
sections of bone for histology.["] This method uses a 
cation-exchange resin that binds the calcium ions that 
are slowly released from the mineral into the undersat- 
urated solution, and effectively removes them. By 
changing the solution daily, the pH is maintained be- 
tween 4-5. This method is relatively rapid and does not 
introduce extraneous molecules which remain associat- 
ed to the protein and which modify its properties. We 
were thus able to characterize the material extracted by 
this method spectroscopically, as well as analyze its in- 
teraction with growing calcite crystals in vitro. 
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The total ensembles of macromolecules were extracted 
from within the mineral phase of the spines of the sea urchin 
Paracentrotus lividus and from within isolated prisms from the 
prismatic layer of the mollusk Atrina rigida. Amino acid analy- 
ses and 'H NMR and FTIR spectroscopy were used to charac- 
terize the extracted soluble macromolecules from each of the 
mineralized tissues. 


Fig. 1. Selected regions of IR and 'HNMR spectra of glycoproteins extracted from within 
sea-urchin spines. A and B) IR and 'HNMR spectra, respectively, of the untreated ensemble 
of glycoproteins. C and D) IR and 'H NMR spectra, respectively, of polypeptides obtained 
by HF cleavage of saccharides from the glycoprotein ensemble. E and F) IR and 'H NMR 
spectra, respectively, of glycopeptides obtained by treatment of the glycoproteins with 
proteases. 


The Untreated Intracrystalline Macromolecules from the Spines 
of the Sea Urchin: There are two dominant features in the in- 
frared spectrum of the ensemble of macromolecules from sea- 
urchin spines (Fig. l A): A protein amide I absorption band at 
1653 cm-' and the large absorption band occurring at around 
1066 cm-'. The latter suggests that these proteins are heavily 
glycosylated. The small peak at 1255 cm- ' may imply that some 
of the saccharide moieties are sulfated.["] 


Complementary results were obtained from the 'H NMR 
spectrum of the same ensemble of macromolecules (Fig. 1 B). 
The relatively strong complex set of peaks in the region between 
6 = 3.3-3.9 is caused by the overlap of most of the saccharide 
ring protons and some amino acid protons. The 'H NMR spec- 
trum provides a quantitative measure of the ratio between the 
saccharide and the protein in the glycoproteins. We took advan- 
tage of the fact that the resonance of each of the amino acid 
protons is well-known and that some of the peaks result from 
these resonances only (Table 2).[12] From this, and from the 
relative amount of the specific amino acid in the protein (known 
from amino acid analysis, Table l), we calculated the average 
integrated area due to 1 mole of protons. Subtraction of the 


Table 1. Amino-acid compositions and calculated saccharide/protein ratios for treated 
and untreated glycoproteins from the mineralized tissues of sea urchins and mollusks. The 
type of macromolecules obtained from the tissue and the procedure used in each case are 
shown in the head of the table. 


Sea-urchin spines Mollusk prisms 
Untreated HF Protease Ion exchange 


Glyco- Proteins Glycopeptides Total protein Minor fraction 
proteins ensemble glycoproteins 


Asx 12.5 12.7 
Thr 6.3 8.4 
Ser 3.8 3.4 
Glx 8.3 14.4 
Pro 13.0 14.0 
G ~ Y  17.8 17.5 
Ala 10.8 11.0 
CYS 0.2 
Val 4.5 4.3 
Met 4.4 3.0 
Ile 3.1 2.1 
Leu 4.3 2.8 
TY r 2.1 0.8 
Phe 3.7 3.4 
LYS 1.3 0.4 
His 1.1 0.6 
Arg 2.2 1.1 
% aa [a] 100 > 50 
r/100 aa [b] 38f14  8 + 1  


(n = 6) (n =1) 


12.1 
12.1 
5.6 
5.9 
9.3 


13.5 
11.4 
0.5 
3.9 


12.7 
3.0 
2.2 
1.9 
2.0 
2.0 


2.9 
20 
67f13  
(n =1) 


54 
1.9 
3.3 


20.7 
1.6 
3.4 
8.2 
0.4 
1.9 
0.3 
0.5 
1 .o 
0.5 
0.5 
1 .o 
0.2 
0.5 


100 
I f 1  


(n = 2) 


12.0 
9.3 
7.1 


21.2 
6.1 
5.7 


14.0 
2.5 
4.5 
0.8 
2.8 
4.0 
1.6 
2.4 
3.4 
0.8 
1.8 


< I 0  
2 9 k 4  
(n = 2) 


[a] % aa = Mole% amino acids of total extracted material. [b] r/100 aa = Calculated 
number of saccharide residues per 100 amino acids based on NMR data, presented as 
averagefestimated error; n = number of spectra. 


Chem. Eur. J.  1996, 2. No.  3 Q VCH Verlugsgesellschuft mbH, 0-69451 Weinheim, 1996 0947-6S39/96/0203-0279 $ iS.OO+ .2S/0 279 







FULL PAPER L. Addadi et al. 


calculated contribution of amino acids from the integrated area 
of the peaks between 6 = 3.3-3.9 yielded the integrated area 
due to the resonance of the saccharide ring protons, which in 
turn allowed a rough evaluation of the number of saccharide 
residues per 100 amino acids (see Experimental Procedure). In- 
tracrystalline macromolecules from the sea-urchin spines con- 
tained an average of 38 saccharide residues per 100 amino acids. 


The extracted sea-urchin macromolecules were shown to in- 
teract with planes roughly parallel to the c crystallographic axis 
of calcite (Fig. 2A).[51 The fact that the sea-urchin macro- 


Fig. 2. Scanning electron micrographs of synthetic calcite crystals grown in the 
presence of fractions obtained by various treatments of glycoproteins extracted 
from sea-urchin spines. Note that the new faces induced by the additives express 
many steps, while the stable { 104) faces are smooth. The scale bars represent 10 fim. 
A) Total untreated ensemble of glycoproteins (2 pgmL- '). Note that the new faces 
produced are not well-defined. B) Polypeptides obtained by HF cleavage of saccha- 
rides from the glycoprotein ensemble. The new well-developed faces are oblique to 
the c crystallographic axis (in this crystal a is close to 21", which corresponds to the 
1203) set of planes). Insert: computer simulation of the morphology of a crystal 
expressing the {203) faces (designated by circles). C) Pure polysaccharides removed 
from the glycoproteins by PNGase F. D) Glycopeptides obtained by treatment of 
the glycoprotein ensemble with proteases. The new well-developed faces are almost 
parallel to the c axis. In this crystal u is close to 5", which corresponds to the j401) 
set of faces. Note that the inclination of the new planes relative to the c axis is in the 
opposite direction to those produced by the total untreated ensemble of glyco- 
proteins and the deglycosylated proteins. Insert: computer simulation of the mor- 
phology of a crystal expressing the {401} faces (designated by circles). 


molecules contain a significant amount of polysaccharide raised 
the possibility that the saccharide moieties may be involved 
directly in this mode of interaction. With this in mind, we inves- 
tigated how the saccharide and protein moieties of the sea- 
urchin glycoproteins interact separately with calcite crystal 
planes. This involved three different preparation procedures : 
treatment of the glycoproteins with H F  to remove the polysac- 
charide and to obtain the deglycosylated protein, treatment with 
an endoglycosidase to remove whole polysaccharide chains, and 
treatment with a mixture of proteases to yield densely glycosy- 
lated peptides. The resulting materials were characterized in 
terms of their amino acid contents, their saccharide/protein ra- 
tios based on 'H NMR and FTIR, and the ways in which they 
interact with growing calcite crystals. 


Deglycosylated Protein: The sea urchin spine glycoproteins were 
subjected to HF cleavage followed by extensive dialysis. H F  


splits all 0-glycosyl bonds gently to yield the corresponding 
monosaccharide fluorides, which spontaneously convert into 
the free monosaccharides after exposure to water.['31 N-Glyco- 
syl bonds and peptide bonds are stable to H F  under the condi- 
tions used. The HF-treated glycoproteins from the sea-urchin 
spines contained very little sugar, to judge by the IR spectrum 
(Fig. 1 C). Analysis of the 'H NMR spectrum (Fig. 1 D) showed 
that at most 9 sugar residues per 100 amino acids remained at- 
tached to the protein. These saccharides may correspond to 
monosaccharides linked to Asn in cases where the polysaccha- 
rides are N-linked. 


Calcite crystals grown in the presence of the deglycosylated 
protein at concentrations between 0.5-3 pgmL-' (amino acids, 
as determined by amino acid analysis) induced the formation of 
large well-developed rough faces inclined to the c crystallo- 
graphic axis, in addition to the stable (104) faces. In several 
crystals an average inclination (a) of 21" was measured for the 
additional faces corresponding to the (203) set of crystallo- 
graphic planes (Figs. 2 B, 3). Note that large, well-defined faces 
are expressed at relatively low concentrations of protein com- 
pared with the untreated material. 


I 


Fig. 3. Molecular structure of calcite viewed perpendicular to the c axis. The large 
atoms are calcium ions and the small atoms are the oxygen atoms of the carbonate 
molecules. a is the angle between the c axis and the newly developed face. The (104), 
( O O l ) ,  (203) and (401) faces are viewed edge-on. 


Isolated Polysaccharides: PNGase F has a broad specificity, 
cleaving N-linked oligosaccharides at the N-glycosidic bond.['41 
However, the polysaccharide moieties of the sea urchin spine 
glycoproteins were relatively resistant to treatment with this 
enzyme. They were, however, also resistant to base under reduc- 
tive conditions. The latter treatment should remove saccharides 
which are 0-linked to Ser or Thr.[''] Therefore, we attribute the 
relative lack of reactivity of the enzyme to steric hindrance, 
rather than to the dominance of 0-linked saccharide moieties. 


Partial purification of the PNGase F-treated material on a 
C18 Sep-Pak mini-column yielded a large fraction which con- 
tained a mixture of the unaffected glycoproteins and the partial- 
ly deglycosylated glycoproteins, and a fraction which contained 
a small amount of pure polysaccharide. The pure polysaccha- 
ride was identified both by IR and 'H NMR spectroscopy (not 
shown), and by the absence of protein in the amino acid analy- 
sis. When the polysaccharide was introduced into solutions of 
growing calcite, it interacted with a subset of all planes oriented 
approximately parallel to the c axis (Fig. 2 C). This resulted in 


280 - 0 VCH Veriagsgeseilschaji mbH, 0-69451 Weinheim, 1996 0947-6539/96/0203-0280 $ 15.00+ ,2510 Chem. Eur. J.  1996, 2, No. 3 







Calcite Crystal Growth 278-284 


the formation of crystals with rough curved sur- 
faces, capped by rhombohedral faces. Note that a 
variety of monosaccharides at concentrations of up 
to 700 pgmL-' did not affect the crystallization of 
calcite, and produced perfect rhombohedral crys- 
tals. 


Densely Glycosylated Peptides: Protease activity is 
restricted in the vicinity of densely glycosylated re- 
gions of the protein, presumably because of steric 
hindrance. Therefore, treatment of glycoproteins 
with a mixture of proteases is expected to hydrolyze 
the protein, but will still leave short peptides to 
which polysaccharides are attached. Sea-urchin 
glycoproteins treated with proteases followed by 
extensive dialysis lost 80% of their amino acids 
relative to the starting material. The IR spectrum of 
the product (Fig. 1 E) containing 20 'YO of the amino 
acids showed a sharp increase in the proportion of 
polysaccharide, as judged by the enhancement of 
the peak around 1064 cm- ' relative to the amide I 
peak at 1637 cm-'. The 'HNMR spectrum of this 
product confirmed the loss of protein and the pres- 
ence of a large saccharide component, with about 
67 saccharide residues per 100 amino acids 
(Fig. 1 F). The amino acid composition of this mix- 
ture of glycopeptides (Table 1) exhibits several ob- 
vious differences compared with the composition 


m e 
2 
5: 
9 


1500 1000 500 
Wavenumbers (cm-1) 
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of the starting material. The decrease in the proportion of Glx, 
the increase in the proportion of Thr, and the 1 : 1 ratio of the 
amount of Asx and Thr suggest the presence of N-linked sugars, 
in the typical sequence Asn-X-Thr. Note that in the amino acid 
analysis the large increase in the region where Met elutes is 
probably caused by amino sugars. 


Calcite crystals grown in the presence of the glycopeptides 
thus obtained at concentrations between 0.1 -2.0 pgmL- ' 
(amino acids, determined by amino acid analysis) expressed 
well-developed faces other than the stable {104) faces. The new 
rough faces are very close to (010). The slight inclination 
(around 5") of the new faces with respect to the c axis is in the 
opposite direction to that produced by the ensemble of glyco- 
proteins (Fig. 2D, 3). At a concentration of over 2 pgmL-' 
(amino acids) inhibition of calcite crystallization occurred. Note 
that the effective concentration of the glycopeptide is signifi- 
cantly smaller than that of the ensemble of glycoproteins. 


Intracrystalline Macromolecules from the Mollusk Prisms: The 
infrared spectrum of the Atrina ensemble of macromolecules 
(Fig. 4A) has a protein amide I absorption at 1653 cm-', as 
well as relatively strong carboxylate absorption bands at around 
1575 and 1417 cm-'. The latter absorption bands are consistent 
with the high Asp and Glu content of the intraprismatic proteins 
(Table 1). The infrared absorption bands associated with 
polysaccharide at around 1050cm-' are very small in this 
ensemble of macromolecules. Furthermore, the typical peaks 
associated with saccharides in the region between 6 = 3.3-3.9 
are almost absent in the 'H NMR spectrum (Fig. 4B); this rein- 
forces the notion that these macromolecules contain very little 
saccharide, if any at all. 


While the quantitatively major acidic fraction of this ensem- 
ble was shown to interact with planes perpendicular to the c 
crystallographic axis of calcite, a minor fraction interacted in a 
way similar to the sea-urchin ensemble of glycoproteins, pro- 
ducing new calcite faces roughly parallel to the c crystallograph- 
ic axis.[61 The large infrared absorption band at around 


Fig. 4. Selected regions of IR and 'H NMR spectra of macromolecules extracted from within prisms 
of Arrina. A and B) IR and 'H NMR spectra, respectively, of the total ensemble of macromolecules. 
C and D) IR and 'H NMR spectra, respectively, of the minor fraction of macromolecules containing 
glycoproteins, obtained by anion exchange separation of the total ensemble of macromolecules. 


1057 cm-' (Fig. 4 C) and the relatively large peaks in the region 
between 6 = 3.3-3.9 of the 'HNMR spectrum (Fig. 4D) sug- 
gest that the minor fraction is glycosylated (with an average of 
29 saccharide residues per 100 amino acids). In contrast, the 
infrared spectrum of the major acidic fraction is almost identical 
to that of the total ensemble and contains little or no polysac- 
charide as inferred from the absence of peaks around 1050 cm- ' 
(data not shown). Thus, the interaction with planes parallel to 
the c axis of calcite involves the participation of glycoproteins, 
while the interaction with planes perpendicular to the c axis 
involves non-glycosylated proteins. 


Discussion 


We have shown that certain matrix glycoproteins from calcitic 
skeletal elements of mollusks and echinoderms interact in a 
similar manner with growing calcite crystals in vitro. The 
polysaccharide moieties of these macromolecules are intimately 
involved in these interactions, provided that they are still linked 
to a polypeptide core. We elucidated aspects of these interac- 
tions by investigating separately a polysaccharide fraction, 
densely glycosylated peptide cores, and a protein-rich fraction, 
and comparing these results with the interactions of the intact 
macromolecules. 


Small amounts of pure polysaccharides, removed enzymati- 
cally from the sea urchin spine glycoproteins, interacted with 
growing calcite in a nonspecific manner. They induced the for- 
mation of a subset of many faces oriented approximately paral- 
lel to the c axis. This type of interaction endows the crystal with 
a round and smooth appearance on surfaces parallel to the c 
axis. In contrast to the flat surfaces of inorganic calcite crystals, 
the sea-urchin skeletal calcite crystals are also smooth and 
rounded. It is conceivable that this type of nonspecific interac- 
tion of the polysaccharides is directly relevant to the formation 
of the smooth and rounded morphologies in vivo. We caution, 
however, that many polymeric and monomeric additives inter- 
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act in vitro in such a way with calcite crystals. Only the develop- 
ment of a defined set of faces in the presence of an additive is 
indicative of a specific interaction between the two and can be 
regarded as being characteristic of controlled 


It is not surprising that the free polysaccharides do not inter- 
act with a defined set of planes, since in the course of their 
release into solution these polymers probably lose any ordered 
conformation required for a cooperative interaction with a 
specific crystal plane. Unlike proteins and polynucleic acids, 
polysaccharides form very weak intramolecular interactions, 
which are required for the formation of ordered structures. Con- 
formational stability can, however, occur when a large number 
of polysaccharides acts cooperatively, usually by intermolecular 
interactions between two or more aligned chain segments.“ 71 


This can be achieved in part by the adjacent attachment of 
several polysaccharide chains to a protein core. 


Densely glycosylated peptide cores were produced by 
protease treatment of the glycoproteins. These cores did interact 
with well-defined crystal planes, producing faces which are very 
close to {OlO}. We suggest that the densely glycosylated regions 
of the peptide form assemblies of ordered structure that are 
capable of interacting with distinct crystal planes. This is consis- 
tent with the observations that polysaccharides extracted from 
within the coccoliths of E. huxleyi interacted in a nonspecific 
manner producing many faces roughly parallel to the c axis of 
calcite, while alginic acid interacted with distinct planes which 
were very close to (010) . [18] Unlike the coccolith polysaccha- 
ride, alginic acid forms dimers by alignment of two polymers in 
the presence of calcium. These in turn endow the polysaccharide 
with a regular secondary c~nformation.[’~] 


Treatment of the glycoproteins with HF produced a protein- 
rich fraction with only small amounts of Asn-linked monosac- 
charides. This protein moiety interacted very strongly with one 
set of calcite planes that is oblique to the c axis. While the 
purified protein moieties and the densely glycosylated peptide 
cores interact from solution with well-defined crystal planes, the 
intact glycoproteins do not. Instead they induce the formation 
of several closely related faces oblique and parallel to the c axis. 
Hence, the polysaccharide moieties on the protein contribute a 
spectrum of interactions which are not observed upon removal 
of most of the polysaccharide from the glycoproteins by HE In 
vivo, the glycoproteins are located within the calcite crystals and 
are intimately associated with the mineral phase. Upon dissolu- 
tion of the mineral, the released glycoproteins are probably 
partially denatured, exposing some moieties and concealing oth- 
ers in a non-native conformation. Consequently, exposed 
protein regions and assembled polysaccharide moieties may re- 
act simultaneously in an independent manner producing the 
combination of effects which we observe in vitro. It is interesting 
to note that calcite crystals grown epitaxially on the surfaces of 
sea-urchin skeletal elements develop the same faces as the glyco- 
proteins.[*] Under these conditions the glycoproteins released 
from the surfaces of the biogenic element by mild etching under- 
go minimal structural modification prior to being readsorbed on 
the newly crystallizing calcite. Thus the intact glycoproteins in- 
teract with calcite crystals in a manner similar to those in close- 
to-native conformation. We cannot rule out the possibility that 
some of these glycoproteins are partially associated with other 
macromolecules, surfaces or membranes in vivo. Therefore, our 
in vitro assay can identify interactions which may take place in 
vivo, but is unable to mimic the manner in which the organism 
coordinates the separate interactions to achieve the desired con- 
trol of crystal growth. 


Polysaccharides, and in particular sulfated mucopolysaccha- 
rides, are known to be closely associated with mineralization in 


 vertebrate^"^] and invertebrates.[”l Some studies clearly show 
their involvement in the nucleation process.[”] Among the best- 
characterized polysaccharide-containing macromolecules asso- 
ciated with mineralization are two of the many proteins in bone, 
bone sialoprotein and osteopontin.[”] In many mineralized tis- 
sues, a distinction is now made between matrix macromolecules 
located outside crystals (intercrystalline) and those located with- 
in crystals (intracrystalline). The former may also contain struc- 
tural polysaccharides such as  hiti in''^] as well as glycoproteins. 
Glycoproteins have also been identified in the intracrystalline 
macromolecules of sea-urchin larvae,[2a1 brachiopods,[2b1 and 
Coccolithophoridae.[”] 


The possible roles of glycoproteins in mineral formation have 
been investigated by several groups. Kinetic studies showed in- 
hibition of calcium carbonate precipitation in the presence of 
some glycoproteins in ~itro.[’~] Tunicamycin, an inhibitor of the 
formation of N-linkage of glycoproteins, inhibited gastrulation 
and spicule formation by sea-urchin embryos.[’ 51 A monoclonal 
antibody directed against a carbohydrate epitope of a glyco- 
protein isolated from sea-urchin larvae inhibited calcium uptake 
and spicule formation in vitro.[261 Very little was known, how- 
ever, about the direct involvement of the glycoproteins with the 
mineral or the role played by the carbohydrate side chains in the 
mode of action of glycoproteins. 


The two classes of matrix macromolecules present in the min- 
eralized tissues studied here, the Asp-rich proteins and the gly- 
coproteins, may perform different functions in crystal forma- 
tion in vivo. The Asp-rich proteins are capable in vitro of 
actively inducing, regulating, and inhibiting crystal growth 
along the c crystallographic axis by interacting with {OOl} 
planes.[271 The glycoproteins investigated, on the other hand, 
inhibit crystal growth in the direction perpendicular to the c 
axis. Hence, one possible function of the glycoproteins could be 
a stereochemical modulation of biological crystal morphology. 
Another demonstrated function of the sea-urchin glycoproteins 
is modification of the fracture properties of the calcite crystals. 
Inorganic calcite is very brittle and cleaves easily along {104} 
planes. Synthetic calcite crystals with occluded sea-urchin glyco- 
proteins fracture with a conchoidal cleavage reminiscent of 
amorphous materials. We have speculated that this is because of 
the deviation of crack propagation caused by glycoproteins lo- 
cated on crystal planes that are oblique to the { 104) cleavage 
planes.[s* 281 


Too little is known, as yet, about the composition and struc- 
tures of these polysaccharides even to speculate about the nature 
of their molecular interactions with calcite planes. Our results 
do, however, indicate that the interactions of glycoproteins with 
planes parallel to the c axis involve both rigid structural and 
stereochemical requirements, which are hard to mimic in our in 
vitro experiment. The organisms, on the other hand, can control 
the time, place, concentration and sequence in which macro- 
molecules are secreted into the mineralization site. It is most 
likely that they also take advantage of the fact that polysaccha- 
rides can form a variety of subtly different structures that could 
be used for “fine-tuning” the interactions. 


Concluding Remarks 


Until now many studies of matrix macromolecular functions 
have focused on the protein moieties. Schemes have been pre- 
sented which envisage protein surfaces with ordered arrays of 
charged amino acids that interact specifically with regularly 
structured crystal surfaces.“. The association of considerable 
numbers of polysaccharide chains with the protein backbone, 
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however, can endow the polypeptide portion with a high degree 
of chemical and physical diversity. Here we have shown that the 
polysaccharide moieties of these glycoproteins are also involved 
in certain types of interactions with calcite crystals. Much still 
remains to be understood, however, about the structural and 
stereochemical nature of these polysaccharide - crystal interac- 
tions. 


Experimental Procedure 


Skeletal Element Preparation: Adult specimens of the echinoid Paracentrotus lividus 
were collected alive from Atlit, Israel. The spines were removed and treated with 
2.5% NaOCl solution overnight on a rocking table to remove extraskeletal organic 
residues. They were then extensively washed with double distilled water (DDW) and 
stored dry at  room temperature. Shells of the bivalve mollusk Arrma rigida were 
collected alive off the coast of North Carolina, USA. The soft parts were removed 
and the shells stored dry. The calcitic prismatic layer was mechanically separated 
from the inner nacreous layer and treated with 12% NaOCl solution while stirred 
constantly for 4 days, with two changes of the solution. The crystal suspension was 
sonicated for 10min and allowed to settle (15min). and the NaOCl was then 
removed by decantation. The disaggregated crystals were washed with 10 changes 
of DDW. The crystalline skeletal elements were examined in a Jeol 6400 scanning 
electron microscope (SEM) to verify surface cleanliness and, in the case of the 
mollusk shells, to verify that the single-crystalline elements were completely disag- 
gregated. 


Decalcification by Ion Exchange Resin: The clean, dry single crystals were ground in 
a mortar. The fine powder was suspended in DDW (50 mL per 2 g mineral) and 
poured into a dialysis tube (Spectrapor 3 tubing with a molecular weight cutoff of 
3500 daltons, diameter 34 mm). The dialysis bag was placed in a glass tube 
(30 x 6 cm) and the two ends of the bag fastened to the rubber stoppers at the ends 
of the tube. Dowex 50 x 8 cation-exchange resin (Sigma, H +  form, mesh 50-100; 
100 g) prewashed with DDW was placed in the glass tube and DDW was added to 
fill it. The tube was continuously rotated (16 rpm) in a propeller-like mode at room 
temperature to keep the resin and mineral in suspension. The DDW was changed 
daily and the gas which accumulated inside the dialysis bag removed. The decalcifi- 
cation of 2 g of mineral takes 2- 5 days. After complete decalcification, the contents 
of the dialysis bag were extensively dialyzed against DDW and the soluble and 
insoluble materials were separated by centrifugation at 3000 g for 10 min. The 
soluble material was lyophilized and stored at -22°C for further analysis. 


Amino Acid Analysis: Aliquots of the protein solution were lyophilized and hy- 
drolyzed under vacuum in 6~ HCI (0.3 mL) at 112" for 24 h after flushing twice with 
nitrogen. Following evaporation of the HCI, the hydrolysates were analyzed on a 
Dionex BIOLC amino acid analyzer with ninhydrin detection. 


Crystal Growth Experiments: Synthetic calcite crystals were grown in Nunc multi- 
dishes with well diameters of 1.5 cm in which clean glass coverslips of 1.3 cm diame- 
ter (Fisons) were placed. A total volume of 0.75 mL of lOmM calcium chloride 
solution was introduced into each well, the wells were covered with aluminum foil 
and punctured by a needle. Calcite crystals were grown for 2 days by slow diffusion 
of ammonium carbonate in a closed desiccator [4c]. When the effect ofadditives was 
studied, aliquots of concentrated solutions of the additive were added to the above 
calcium chloride solution. Each crystallization experiment included controls of pure 
calcium chloride solution. The crystals grown in the absence of additives always had 
perfect rhombohedra1 morphology. 
The glass coverslips covered with calcite crystals were lightly rinsed with DDW, 
dried, and glued to SEM stubs. After gold coating, the crystals were observed in the 
SEM. In order to identify the new (h01) faces [7], the crystals were viewed with their 
{hOl) and corresponding (1041 faces both edge-on. In this position the c crystallo- 
graphic axis lies in the plane of the picture. allowing the measurement of the r angle, 
which is the angle between the c axis and the unknown {hOl} face. This angle 
unequivocally identifies the Miller indices of the face [8]. The sign of h and I is 
defined by the angle between the new face and the (104) face both in the edge-on 
position (Fig. 3). When h and I are of the same sign, the new face forms an angle of 
(135 +a)" with the (104) face, while a face for which h and I have opposite signs 
will form an angle of (135 - a)". Calcite crystals grown in the presence of the 
deglycosylated proteins expressed faces which formed an angle of less than 135" 
between the new face and (104) face in the edge-on position corresponding to {KO[} 
faces. In contrast, calcite grown in the presence of the glycopeptides expressed faces 
which formed an angle of over 135" in the same position corresponding to {hO/} 
faces. 


FTIR Spectrometry: A few tens of micrograms ofdry sample were uniformly ground 
in an agate mortar. The sample was mixed with about 70 mg of KBr (IR grade). A 
7-mm pellet was made without evacuation. The spectra were recorded (4cm-' 
resolution) with a computer-controlled spectrometer (MIDAC, Costa Mesa, CA. 


USA). The spectrum of pure KBr was subtracted from the spectrum of the sample 
in KBr. The band occurring at 1660-1630 cm-' is assigned to the amide I vibra- 
tional modes of the protein, and possibly to the N-acetyl groups of polysaccharide. 
The band at 1575 cm" could be caused by the a i d e  I1 absorption, but this has 
been observed to be weak in mollusk shell proteins [9b]. We suspect that it is due to 
absorption by the calcium-loaded carboxylate groups. IR bands around 1600 and 
1400cm-' are assigned to the carboxylate groups. The absorption bands in the 
1400- 1200 cm-' region can be assigned primarily to coupled vibrations of the 
C-C-H. 0-C-H, and C-0-H groups. Bands occurring around 1255 and 1230 cm-'  
are tentatively assigned to sulfate-related modes and/or the amide 111 absorption 
[l l] .  The region of the 1R spectrum from 1200- 1000 cm-' is associated mainly with 
C-C-0 and C-0-C stretchings of the pyranose ring structures of saccharides [30]. 


'H NMR Spectroscopy: Dry samples were dissolved in D,O (Merck) in a concentra- 
tion of at least 5 pmole amino acids per 500 pL, Spectra were run on a Bruker 
AMX400 spectrometer with the water peak at 6 = 4.8 as reference. Typically be- 
tween 500-1000 scans were collected at room temperature. Suppression of the 
water peak often resulted in the reduction or disappearance of some of the peaks 
corresponding to the anomeric protons of the sugar and a-H of protein, which 
resonate in this region. Regions where different amino acid protons are expected to 
resonate have been assigned (Table 2) [12]. The characteristic features of the 


Table 2. Measured integrated areas of NMR peaks and their assignment to resonating 
protons of treated and untreated macromolecules from sea-urchin and mollusk skeletal 
elements. 


Integrated area of NMR peaks 
Sea-urchin spines Mollusk prisms 


6 Resonating Protons Un- HF- Protease- Minor Total 
treated Treated Treated fraction ensemble 


4.23 1.83 0.8-1.0 y-CH,(Val), y-CH, (Ile), 0.85 1.39 4.28 


1.0-1.5 y-CH, (Thr), y-CH, (Lys), 1.26 1.62 4.46 2.60 


1.5-1.8 p-CH, (Leu), &CH, (Lys) 0.35 1.42 


1.8-2.4 B-CH (Ile), B-CH, (Lys), 2.72 3.61 6.13 7.33 8.38 


6-CH3 (lle), 6-CH, (Leu) 


B-CH, (Ala), y-CH, (Ile) 


y-CH, (Arg), y-CH (Leu) 


B - C H ,  (Arg), B-CH (Val), 
B,y-CH, (Pro), B,y-CH, 
(Glx). 8-CH, (Met), 
E-CH, (Met), CH,-NAc 


2.4-2.8 p-CH, (Asx), y-CH, (Met) 0.56 1.27 [a] 1.29 5.29 
2.8-3.3 8 - C H ,  (Lys), B-CH, (Phe), 1 .oo 


B-CH, (TW, 6-CH, (A%) 
3.3-3.9 &CH, (Pro), B-CH, (Ser), 4.34 [b] 2.20 27.41 11.30 [b] 1.31 


saccharide ring protons 
3.9-4.0 a-H (Gly), r - H  (Val) 1 .oo 


[a] Integrated area measured in the range 6 = 2.4-3.3. [b] Integrated area measured in 
the range 6 = 3.3-4.0. 


'H NMR spectra of polysaccharides are the overlap of most of the saccharide ring 
protons in the region 6 = 3.3-3.9, the methyl protons of N-acetyl group between 
6 = 1.9-2.1, and the occurrence of some well-resolved resonances associated with 
the anomeric protons between 6 = 4.0- 5.2 [31]. Calculation of the average integrat- 
ed area due to 1 mole of protons was carried out by dividing the measured integrated 
area of a given peak (Table 2) by the relative number of moles of amino acids 
(Table 1) and by the number of resonating protons contributing to that peak. Sub- 
traction of the calculated weighted integration due to the 6-CH, of Pro and S-CH, 
of Ser from the measured integrated area between 6 = 3.3-3.9 yielded the area 
associated with the resonance of saccharide protons only. This value divided by the 
average integrated area of 1 mole ofprotons and by six (the number of ring protons) 
yielded the number of saccharide residues per 100 amino acids. Owing to the broad 
and often convoluted peaks from resonating protons in mixtures of macro- 
molecules, it is very difficult to assign the peaks to specific protons. Furthermore, 
it is often difficult to obtain integrated areas of single peaks. Therefore, we have used 
groups of peaks both in the assignment to the resonating protons and in the mea- 
surement of the integrated area (Table 2). Consequently, this calculation yields only 
a rough estimate of the number of saccharide residues. 


Protease Digestion: Glycoprotein (5 pmole, determined by amino acid analysis) was 
dissolved in sodium phosphate buffer (100mM. pH 7.8, 1 mL). Pronase (protease 
type XIV from Streptomycesgriseus, Sigma; 10 pg) was added and the solution was 
left for 18 h at 37°C. Protease from Staphylococcus aureus V 8  (Sigma; 50 pg) and 
trypsin (Sigma; 10 pg) were added and left for an additional 12 h at 37 "C. Follow- 
ing centrifugation, the solution was extensively dialyzed against DDW. 
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PNGase F Treatment: Sea-urchin glycoprotein (9 pmole) was dissolved in denatur- 
ing buffer (700 pL) containing 0.5% SDS and 1 % mercaptoethanol by heating at 
100°C for 2 min. Reaction buffer was added to make a 0 . 0 5 ~  sodium phosphate 
solution (pH 7.5). 1 Yo NP-40 followed by 20 units of PNGase F (New England 
Biolabs) were added and incubated for 12 h at 37°C. An additional 20 units were 
added the next day and left for another 12 h under the same conditions. The product 
was dialyzed and separated by reverse phase chromatography on a Sep-Pak CIS 
cartridge (Waters Associates) [2d]. The mixture was dissolved in sodium acetate 
(5.0 mL, 0 . 0 5 ~ ,  pH 6.5) and then passed through the cartridge 5 times by means of 
a syringe. The cartridge was then flushed 5 times with 5.0 mL of 50% acetonitrile 
in sodium acetate (0.05~, pH 6.5). Finally the cartridge was flushed with 5.0 mL of 
dimethylsulfoxide. The three fractions were dialyzed separately against DDW, 
lyophilized and analyzed by FTIR, NMR and amino acid analysis. The first wash 
contained the glycoprotein, partially deglycosylated glycoprotein and the enzyme, 
while the second and the last washes contained small amounts of polysaccharide 
that had been removed. 


HF Treatment: Glycoproteins (5 pmole) were lyophilized in a Teflon tube. HF 
(3 mL) was allowed to condense in the tube, which was immersed in an ice bath 
under nitrogen. The solution was stirred for 3 h at 0 "C. Evaporation of HF was 
carried out under vacuum followed by extensive dialysis against DDW. 
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Mechanisms of Water Exchange between Lanthanide(II1) Aqua Ions 
[Ln(H,0),13 + and Bulk Water : A Molecular Dynamics Simulation Approach 
Including High-pressure Effects 


Thomas Kowall, Franqois Foglia, Lothar Helm and AndrC E. Merbach* 


Abstract: We studied the microscopic 
mechanisms of the water exchange reac- 
tion between the hydration shells of lan- 
thanide(rr1) ions (Ln = Nd, Sm, Yb) and 
bulk water by means of molecular dynam- 
ics simulations. In contrast to the resi- 
dence time of a water molecule in the first 
hydration shell (z,,, (1st shell) = 1577, 170 
and 410ps for Nd3+, Sm3+ and Yb3+, 
respectively), that in the second hydration 
shell is nearly independent of the type of 
the cation and amounts to 12-18ps. 
Along the lanthanide series a change in 
the coordination number from 9 to 8 is 
coupled to a changeover in the water ex- 
change mechanism. The observed water 
exchange events on the [Nd(H20)J3' 
aqua ion follow a dissociatively activat- 
ed I, mechanism via an eightfold-coordi- 
nated transition state of square antipris- 
matic geometry. The lifetime of the 


transitory square antiprism varies be- 
tween virtually 0 and lops. The assign- 
ment of an I, mechanism (instead of a 
limiting D mechanism) is supported by 
the existence of a preferential arrange- 
ment between the exchanging water mole- 
cules (1 SO0) and by the fact that the calcu- 
lated average activation volume A V *  
= + 4.5 cm3 mol- is clearly smaller than 
the estimated activation volume AV& 
%AVO = +7.2 cm3mol-' for a limiting 
D process. In the case of Sm3+ a ninth 
water molecule exchanges frequently be- 
tween the first hydration shell and the 


Keywords 
computer simulations * high-pressure 
chemistry - lanthanideeomplexes * lig- 
and exchange mechanistic studies 


Introduction 


This article is part of an overall project to present the micro- 
scopic picture of the water exchange reaction around tripositive 
lanthanide ions Ln3+ in aqueous solution [Eq. (l)] as it emerges 
from classical molecular dynamics (MD) simulations. In a 


[Ln(H,0)J3' +*H,O d [+]  d [Ln(H,0),_,*H,0]3t + H,O (1) 


a first attempt we used Monte Carlo simulations and empirical 
pair potentials to study both the hydration of Ln3+ ions and the 
mechanism of water exchange.['] For all Ln3+ ions studied we 
found an equilibrium between appreciable amounts of an eight- 
coordinated and a nine-coordinated aqua ion and no well-de- 
fined integer coordination numbers. Moreover, estimated acti- 
vation barriers for the exchange of coordinated water were 
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Institut de Chimie Minerale et Analytique 
Universite de Lausanne, Bitiment de Chimie (BCH) 
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Fax: Int. code +(21)692 3875 


bulk and maintains the coordination 
equilibrium between a [Sm(H,0)8]3+ and 
a [Sm(H20),]3' aqua ion. The resulting 
trajectory pattern of incoming and leaving 
water molecules is an alternation of elimi- 
nation and addition reactions and cannot 
be classified into the scheme of D, I or A 
mechanisms for substitution processes. 
The reaction volume AVO for the coordi- 
nation equilibrium [Sm(H,0),I3+ + H 2 0  
+ [Sm(H,0),l3' can be evaluated consis- 
tently both by a thermodynamic and a 
geometric approach. The observed ex- 
change events for [Yb(H20),]3' exhibit 
the characteristics of an I, mechanism. 
The water exchange takes place via a tran- 
sition-state geometry close to that of a tri- 
capped trigonal prism and involves a 
slightly negative activation volume. 


considerably smaller than the experimental values. In a subse- 
quent article[21 we presented an improved description of the 
Ln3 + -water interaction. Inclusion of a water polarization term 
specially adapted to the high positive charge of the cation and 
to the strong radial orientation of the water dipoles in the first 
hydration shell led to a much more balanced and better repro- 
duction of experimental structural[31 and kinetic datat4] com- 
pared with a nonpolarizable model.[s] 


Concerning the coordination of Ln3 + aqua ions, the follow- 
ing picture emerged from the simulations.['] Ln3+ ions are capa- 
ble of forming aqua ions of coordination number eight and nine. 
Along the lanthanide series with decreasing ionic radius the 
coordination equilibrium shifts from predominantly ninefold 
coordination for a light lanthanide (Nd3') to predominantly 
eightfold coordination for a heavy lanthanide (Yb3+). In the 
middle of the series (Sm3+) an equilibrium between comparable 
amounts of an octaaqua and a nonaaqua ion results in an in- 
creased water exchange rate, compared with those Ln3 + ions 
where the equilibrium is totally shifted to either the nona- or 
octaaqua ion. 


In a more recent paper@] we analysed the structure and the 
internal dynamics of the first hydration shell. Projecting the first 
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hydration shell onto the geometry of a regular polyhedron 
proved to be a valuable tool for the investigation of the local 
angular structure of the first hydration shell and its internal 
rearrangement. An octaaqua ion adopts a square antiprismatic 
geometry, whereas the water molecules of a nonaaqua ion have 
a strong tendency to form a tricapped trigonal prism. Tracing 
the orientation of the main symmetry axis of the hydration 
polyhedron as a function of time revealed internal rearrange- 
ments of the first hydration shell as spontaneous 90" pseudoro- 
tations of the polyhedron in the case of both a square antiprism 
and a tricapped trigonal prism. The simulated lifetime of a 
square antiprism between two rearrangements was in accord 
with the experimentally known timescale of symmetry fluctua- 
tions of the first hydration shell of the [Gd(H,0),]3+ aqua ion. 
From our simulations we were able to provide a mechanistic 
description of these symmetry fluctuations. 


Rates for the exchange of coordinated water were found to lie 
in the subnanosecond regime and are therefore within the reach 
of MD simulations carried out on today's workstations.[21 
Based on the insight gained into the equilibrium properties of 
the lanthanide aqua ions, the present article will focus on the 
mechanisms of their water exchange reactions and on the nature 
of the intermediates [+] in [Eq. (I)]. 


Experimentally the water exchange rate for Ln3+ ions can be 
obtained from NMR kinetic  measurement^.^'^ The microscopic 
nature of the underlying reaction mechanism, however, is only 
indirectly accessible to experimental methods. In general, reac- 
tion mechanisms are suggested from experimentally testing the 
sensitivity of the reaction rate to a variety of chemical and phys- 
ical parameters.['] For the water exchange around Ln3+ ions 
activation volumes A V *  can be accurately determined from 
variable-pressure NMR kinetic experiments.[4a1 A V *, a macro- 
scopic pseudothermodynamic quantity, is a measure of the de- 
gree of bond formation or bond breakage that occurs in the 
transformation to the transition state and constitutes a funda- 
mental clue as to the microscopic nature of substitution reac- 
tions and to their mechanistic classification.I'] For a general 
substitution reaction three simple pathways can be con- 
ceived:['. '' a dissociative (D) process with an intermediate of 
reduced coordination number; an associative (A) process with 
an intermediate of increased coordination number; an inter- 
change (I) process, with synchronous bond-making and bond- 
breaking and no intermediate of lower or higher coordination 
number. In aqueous solutions a A V *  of -6 cm3mol-' has 
been found for the heavy Ln3+ ions of coordination number 
eight (Tb3+ to Tm31)[4a1 and has been interpreted in terms of an 
associative interchange I, mechanism, with bond formation be- 
ing the primary step during the interchange of the water mole- 
cules. Unfortunately, experimental data from NMR kinetic 
measurements for the water exchange rates and for the activa- 
tion volumes are still lacking for the lighter Ln3+ ions of coor- 
dination number 9, owing to their less favourable magnetic 
properties. 


MD simulations, which are based on a reliable interaction 
potential function as the most crucial ingredient, provide an 
independent approach for studying the water exchange on Ln3 + 


ions directly on a microscopic scale. From a methodological 
point of view the hydration of Ln3+ ions constitutes an ideal 
problem for classical MD simulations, because the interaction 
between the Ln3 + ion and "hard" oxygen-donor ligands like 
water is nondirectional without covalent contributions, so that 
ion-water forces can be represented well by simple Coulomb 
and van der Waals terms.IiO] At the same time a change of the 
water exchange rate and of the water exchange mechanism 
along the series of Ln3 + ions should be mainly caused by steric 


packing effects and nonbonding interactions in the first hydra- 
tion shell, and not by differences in the electronic structure of 
the lanthanide cation. Eventually, the analysis of MD simula- 
tions should allow the interpretation of the experimental results 
for the heavy lanthanide ions (CN = 8) and to make predictions 
for the lighter lanthanides. 


In Section 2 the residence times of a shell water molecule 
along the lanthanide series are compared for the first and second 
hydration shell. For a direct classification of the exchange mech- 
anism, characteristic distance and angle trajectories for the ex- 
changing water molecules are presented in Sections 3 and 4. In 
Section 5 we look directly at the geometry of the intermediates 
and transition states involved. The usefulness of a quantitative 
geometric definition of the volume of a lanthanide aqua ion is 
tested in Section 6.  Full activation volume profiles for the water 
exchange reactions are then presented in Section 7. 


Results and Discussion 


1. Method of simulation: The change of properties along the 
series of Ln3+ ions was pursued by means of three molecular- 
dynamics simulation systems from our previous paper[21 that 
took into account the polarization of water molecules in the first 
hydration shell and were denoted as Nd, Sm and Yb. The simu- 
lated systems were taken as representative models for aqueous 
solutions of Nd3+, Sm3+ and Yb3+ ions, and yielded coordina- 
tion numbers (CN) of 9, 8.5 and 8, respectively. These simula- 
tions will be further analysed in this article in order to gain 
insight into the water exchange kinetics and the water exchange 
mechanisms. 


For Yb3+ and Sm3+ the simulation time was 1048 ps for a 
system of 1 cation and 300 water molecules. Because only three 
water exchange events occured on a Nd3+ ion during a simula- 
tion time of 1048 ps, we prolonged this simulation to achieve 
better statistics and all results for Nd3 + presented in this article 
are based on a total simulation time of 3146 ps. Further techni- 
cal details of the simulation procedure are given in ref. [2]. The 
procedure that assigned the regular polyhedron closest to the 
geometry of the first hydration shell (a square antiprism for 
CN = 8 and a tricapped trigonal prism for CN = 9) and was 
used in the following analysis was described in our last paper.[61 


2. Residence time of a water molecule in the first and the second 
hydration shell: The method by which exchange rates for water 
molecules in the first hydration shell were extracted from the 
simulations is described in ref. [2]. From simulations Sm and Yb 
we found 50 and 19 exchange events per nanosecond. From the 
prolonged simulation Nd, 15 exchange events occured within 
3.146 ns (Fig. 1 a), that is, 5 exchange events per nanosecond. 
The maximum in kinetic lability of the first hydration shell in the 
middle of the lanthanide series (Sm3 +) is in accord with experi- 
mental findings and is interpreted as  follow^.[^*^^] Along the 
series of the lanthanide ions with decreasing ionic radius the 
nonaaqua complex becomes more labile, whereas the kinetic 
lability of the octaaqua complex decreases. The fact that for a 
Ln3+ ion in the middle of the series comparable amounts of 
eight- and ninefold-coordinated aqua ions are in coexistence 
then favours fast kinetics between the two. In continuation it 
will be interesting to check whether an analogous effect is still 
observable for the water exchange in the second hydration shell. 
From our simulations, the picture of a still-structured second 
hydration shell emerged.[61 Water dipoles in the second shell still 
exhibit a marked radial alignment. Furthermore, when going 
from the first to the second shell the coordination number ap- 
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Fig. 1. a) Superposition of the trajectories for the fifteen exchange events observed 
for simulation Nd (CN = 9) in 3.146 ns after convolution with a Gauss function. 
b) As a) for the nineteen exchange events observed for simulation Yb (CN = 8) in 
1.048 ns. 


proximately doubles, with each water molecule of the first 
sphere binding two water molecules of the second sphere 
through linear hydrogen bonds. 


Because the number of exchange events is considerably 
higher for the second than for the first hydration shell, simply 
counting the exchange events is no longer convenient and it 
is more appropriate to calculate directly the time correlation 
functionp(t) for the residence probability of a water molecule in 
a particular shell. p ( t )  is the probability that after a time t a water 
molecule has never left its hydration shell; the mathematical 
definition can be found in ref. [I I]. plSt rhe,,(t) for the first hydra- 
tion shell is displayed in Figure 2 (dashed lines), and the times 
of residence of a particular water molecule from an exponential 
fit (zres (1st shell) = 1577, 170 and 410 ps for simulations Nd, Sm 


E 
4. 


0.4 


0.2 


0 


t / p s  


Fig. 2. Residence probability p ( t )  that a shell water molecule still belongs to its 
hydration shell after a correlation time r, calculated for the simulations Nd, Sm and 
Yb (dashed lines: first shell; solid lines: second shell). 


and Yb, respectively) are consistent with the above-mentioned 
number of exchange events. For the definition of the second 
hydration shell we a plied a geometric criterion that requires 


functions gian-oxygen(r) in ref. [2]. The relevant time correlation 
functions in Figure 2 (solid lines) yielded residence times z,,, 
(2nd shell) of 13, 12 and 18 ps for simulations Nd, Sm and Yb. 
The slightly higher value for Yb3+ is certainly caused by its 
smaller ionic radius, but taking into account the fact that geo- 
metric definition is less clear-cut for the second shell than for the 
first shell, there is no longer a marked dependence of z,,, (2nd 
shell) on the type of the lanthanide ion. Apparently, the slight 
differences in the ionic radii are no longer perceptible in the 
second shells, and the behaviour of the second shells is dominat- 
ed by the long-range Coulomb interaction with a point 
charge + 3  and by the hydrogen bonding with the first shell 
water molecules. This contrasts with the marked dependence of 
the residence time in the first hydration shells on the type of the 
lanthanide ion that stems from the ability of Ln3+ aqua ions to 
form two discrete and geometrically well-defined species of co- 
ordination number eight and nine. 


On the experimental side, kinetic exchange data for the sec- 
ond hydration shell of lanthanide ions were not available, but a 
comparison with the tripositive hexaaqua chromium complex 
[Cr(H,0),I3+ is instructive. Its six firmly bound water mole- 
cules in the first coordination sphere have a very long time of 
residence (tres2520 h["I). The fact that the [Cr(H,0),]3+ unit 
is interacting with a second hydration shell of about 13 water 


suggests that, much as with the hydration of the 
lanthanide ions,['] each water molecule of the first shell binds 
two water molecules in the second shell. Owing to the inertness 
of its first hydration shell and to its paramagnetism, the Cr3+ 
aqua ion is a favourable case in which a time of residence in the 
second hydration shell can be extracted from NMR measure- 
ments; a value of about 100 ps has been obtained.[l4I The fact 
that the simulated residence times z,,, (2nd shell) for the lan- 
thanide ions are one order of magnitude less than this value is 
in qualitative agreement with experimental findings from in- 
frared spectroscopy that indeed confirmed a more structured 
and less labile second sphere in the case of Cr3+ compared with 
the lanthanide ions." 51 


3.7 < rion-orygen< 5.4 8: with reference to the pair distribution 


3. Mechanistic classification of the water exchange in the first 
hydration sphere: In a basic approach all exchange events should 
be resolvable into pairs of mutually exchanging water molecules 
[cf. Eq. (I)]. The difference in time between the entry of a water 
molecule and the departure of a water molecule from the first 
hydration shell then allows the classification of the exchange 
process as an associative, dissociative or interchange mecha- 
nism. We identified from the simulations all transitions between 
the first hydration shell and the bulk and grouped them into 
pairs of water molecules that together form a coupled exchange. 
Subsequently, the exchange pathways of these pairs, that is, the 
ion-oxygen distance as a function of time, were convoluted 
with a Gauss function (a = 0.4 ps) in order to suppress stochas- 
tic detail (see ref. [2]) and were then superimposed with respect 
to a common origin in time. The origin is the average between 
the two times when the leaving and the incoming water mole- 
cules crossed the boundary between the first arid the second 
hydration shell. 


The result for simulation Nd is shown in Figure 1 a. The 
15 exchange events that took place on the [Nd(H20)J3+ aqua 
ion during the simulation time of 3.1 ns are of dissociative char- 
acter throughout and the assignment of a dissociative inter- 
change I, mechanism seems most adequate. However, a consid- 


~ 
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erable mechanistic variability between two limiting reaction 
pathways is evident. One limit is a pathway with rather strong 
dissociative character via an eightfold-coordinated transition 
state of a lifetime of 10 ps. The other extreme is a pathway with 
nearly synchronous leaving and entering of water molecules. 
Since in this case the crossing point between the trajectory of the 
incoming and the leaving water molecules (i.e., the transition 
state) is displaced towards the second shell, this pathway is still 
most appropriately classified as a dissociative I, interchange 
mechanism with weak dissociative character. A geometric ex- 
planation for the observed mechanistic exchange behaviour on 
~ d ( H , 0 ) , l 3 '  is provided in Section 5. 


The 19 exchange events observed for the [Yb(H,0)J3+ aqua 
ion are gathered in Figure 1 b. The entering and leaving of a 
water molecule takes place synchronously throughout with very 
little mechanistic variety, and therefore belongs to the group of 
interchange type I processes. From the experimental activation 
volume A V *  = - 6 cm3 mol-'[4a1 the exchange reactions for 
the heavy lanthanide ions of coordination number eight were 
classified as I, processes. In our simulation the crossing point 
between the trajectory of the incoming and the leaving water 
molecule lay not in the middle between the first and second 
hydration shell, but was slightly displaced towards the inner 
shell (Fig. 1 b), supporting an associative rather than a dissocia- 
tive interchange activation mode. This point will find further 
corroboration in Section 5 by direct visual inspection of an ex- 
change event on Yb3+ that indeed reveals a short-lived transi- 
tion state of coordination number nine and of well-defined ge- 
ometry. 


With 50 exchanges in 1048 ps the simulation Sm represents 
the maximum kinetic lability of the three lanthanide ions stud- 
ied. Figure 3 a gives an example of the trajectories of the water 
molecules of the first and second hydration shell for a 100 ps 
interval and illustrates the equilibrium between states of eight- 
fold and ninefold coordination. The equilibrium is main- 
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Fig. 3. a) Ion-oxygen distance for a 100 psinterval for simulation Sm (CN = 8.5) 
after convolution with a Gauss function (u = 0.4 ps). The plot illustrates the equi- 
librium between eight- and ninefold coordination. b) The volume V,,, that IS en- 
closed by the solvent-accessible surface of the [Sm(H,O),,,]'+ aqua ion is shown as 
a function of time. The time-averaged volume is 101.2 cm3mol-' for an octaaqua 
and 112.0cm3mol~'  for a nonaaqua ion. 


tained by a water molecule frequently exchanging between the 
first hydration shell and the bulk, and consequently the ex- 
change pattern is an alternation of addition and elimination 
reactions. At the same time it can no longer be resolved into 
coupled pairs of mutually exchanging water molecules and does 
not fit into the classification scheme for substitution reactions 
with associative, dissociative and interchange-type pathways. 
To extract an additional feature of the reaction mechanism for 
simulation Sm, in Figure 4 we have superimposed those "transi- 


xlnm 
-0.4 


ylnm 


Fig. 4. "Dot plot" for those transitory hydration shells from simulation Sm where 
an exchanging ninth water molecule is situated between the first and second shell. 
For the superposition square antiprismatic geometry has been assumed for the inner 
octaaqua ion. The geometric centres of the point clouds are connected to guide 
the eye. 


tory" hydration shells where an exchanging ninth water mole- 
cule is present between the first and second shell, that is, 
2.6< rion-oxygen < 3.4 A. For this plot we assumed square an- 
tiprismatic geometry for the eight inner water molecules and 
superimposed the coordination polyhedra to a maximum degree 
(cf. Fig. 4 in our last articleL6]). The ninth water molecules have 
been rotated correspondingly and are shown as crosses. The 
surface of a square antiprism consists of two square faces and 
eight smaller triangular faces and, obviously, the ninth water 
molecule approaches the ion exclusively at one of the more 
easily accessible square faces. As will become evident in Sec- 
tion 5 ,  this feature of the extracted configurations in Figure 4 
corresponds to the addition of a water molecule to an octaaqua 
ion Tyb(HzO),]3' and to the elimination of a water molecule 
from a nonaaqua ion [Nd(H,0),]3'. 


4. Preferential relative orientation of the two exchanging water 
molecules: In order to characterize the water exchange mecha- 
nism further geometrically we analysed the relative orientation 
between the two mutually exchanging water molecules for simu- 
lations Nd and Yb. For this purpose we calculated the angular 
distribution function for the angle 0 formed by the incoming 
water molecule, the cation and the leaving water molecule. We 
evaluated this distribution function separately for four time in- 
tervals around the moment of exchange ( f  = 0.0 ps), in order to 
illustrate the evolution over time of the preferential relative 
orientation of the exchanging water molecules (Fig. 5) .  For sim- 
ulation Nd (CN = 9) the angular distribution reveals that the 
two exchanging water molecules are striving for an opposing 
arrangement (cos B = - 1)  when approaching the moment of 
exchange. A geometrical explanation of this behaviour will be 
provided in the next section. 


In the case of a dissociatively activated exchange mechanism 
the decay of the angular correlations between the outgoing and 
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Fig. 5. Evolution in time of the angular distribution for the angle formed by the 
incoming water molecule, the cation and the leaving water molecule around the 
moment of an exchange event. Results are shown for simulation Nd (CN = 9) and 
simulation Yb (CN = 8). 


the later incoming water molecule is caused by the decoupled 
reorientational diffusion of the eight-coordinated transition 
state and the internal rearrangement of the first hydration shell 
by pseudorotations of the coordination polyhedron.[61 The fact 
that for [Nd(H,O)J3 + a preferential relative orientation is 
preserved at the moment of exchange is consistent with the fact 
that the lifetime of the transition state (up to 11 ps) is shorter 
than the simulated reorientational correlation time of a Ln3 + 


aqua ion (15 psr6]) and is at most equal to the simulated lifetime 
of a square antiprism between two 90" pseudorotations of the 
symmetry axis (11 psL6]). It supports the classification of the 
exchange reaction on [Nd(H,0),]3' as a dissociative inter- 
change I, mechanism that does not involve a free intermediate 
of coordination number eight. 


For simulation Yb (CN = 8) the first hydration shell adopted 
the geometry of a square antiprism and water exchange was 
linked to a pseudorotation of the C, axis of the coordination 
polyhedron by about 65" (see Fig. 6 of ref. [6]). As Figure 5 
reveals, the directions of the incoming and the leaving water 
molecule preferentially formed an angle of 120" (COSL~ = - 0.5) 
at the moment of exchange and therefore gave rise to another 
characteristic angle. In the next section we will visualize how the 
strong tendency of eight water molecules to form a square an- 
tiprism and of nine water molecules to form a tricapped trigonal 
prism when being assembled around a point charge + 3  ac- 
counts for these two characteristic angles. 


5. Visualization of a water exchange event for CN = 8 and 9: 
Figures 6 and 7 show sequences of three snapshots of the first 
hydration shell and of the exchanging water molecules for one 
exchange event on Yb3+ and for two exchange events on Nd3+. 
In these figures the orientation of the outer coordinate system 
has been fixed during a sequence and has been chosen in such a 
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c, 
Fig. 6. Visualization of a water exchange event on a Yb3+ ion (CN = 8) at 
f = 77.4 ps. The incoming water molecule (9) is shown in blue, the leaving one (8) in 
yellow. The initial and final geometry is a square antiprism, the geometry of the 
transition state of coordination number nine at 0 ps is a tricapped trigonal prism. 


way that the incoming and the leaving water molecules move in 
the plane of the paper. To guide the eye the corners of the 
coordination polyhedra have been connected by dashed lines 
and the main symmetry axis of the polyhedron is indicated. The 
oxygen of the incoming water molecule is rendered in blue and 
the oxygen of the leaving water molecule in yellow. The momen- 
tary ion-oxygen distances and oxygen-ion-oxygen angles are 
included for the exchanging water molecules. As has already 
been conjectured in Section 3, the water exchange on 
[Yb(H,0),l3 + proceeds via a transition state characteristic for 
an I, mechanism. The sequence in Figure 6 illustrates in addi- 
tion the previously mentioned oxygen-ion-oxygen angle of 
about 120" between the incoming water molecule (9) and the 
leaving water molecule (8) as well as the change in direction by 
about 65" of the symmetry axis C, of the square antiprism 
during an exchange event (cf. the peaks marked by a cross in 
Figure 6 of our last article,[61 which shows the reorientation of 
the C, axis as a function of time). The best way to pursue the 
exchange process is to regard the initial square antiprism at 
-2 ps (constituted by the square faces 1-2-3-4 and 5-6-7-8) as a 
dicapped trigonal prism. The vertices of the trigonal prism be- 
longing to it have been connected in Figure 6, with water mole- 
cules 6 and 8 being the two capping ligands that stay over the 
rectangular faces. At -2 ps the incoming water molecule (9) 
attacks the initial square antiprism at one of its more easily 
accessible square faces. In this way it forms the missing third 
capping ligand for the transition state of tricapped trigonal pris- 
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Fig. 7. Analogous plot to Figure 6 for two dissociative water exchange events on a 
Nd'+ ion (CN = 9). At r = 906 ps (left column) the transition state is a twocapped 
square antiprism with the leaving and incoming molecules 9 and 10 forming an angle 
of about 180". At f = 29.7 ps (right column) the transition state is a capped square 
antiprism with the incoming water molecule (10) attacking laterally at an angle of 
about 90" with respect to the leaving molecule (9). 


matic geometry at t = f 0.0 ps. Subsequently, the water mole- 
cule 8 is driven out of the primary hydration shell along a direc- 
tion perpendicular to the square face 1-4-7-5 of the newly 
formed square antiprism at + 2 ps, that is, in complete symme- 
try to the way water molecule 9 entered the first hydration shell. 
Interestingly, an exchange mechanism by way of the geometry 
of a tricapped trigonal prism has already been conjectured, from 
geometrical considerations and from the experimentally known 
activation parameters for the water exchange on the late lan- 
t han ide~ . '~~]  


The water exchange events on [Nd(H,0),]3' follow a dis- 
sociatively activated I, mechanism with considerable mechanis- 
tic variability between strong and weak dissociative character 
(Fig. 2a). A mechanism that involves an eightfold coordinated 
transition state of square antiprismatic geometry nicely explains 
this variability as well as the preferential angular arrangement 
between the two exchanging water molecules (Fig. 5 a). The se- 
quence in the left-hand column of Figure 7 is a typical example. 
After partial dissociation of the capping water molecule 9 at 
- 2  ps (yellow), the remaining eight water molecules adopt a 
geometry close to a square antiprism, with the leaving water 
molecule (9) staying over one of its square faces 1-4-5-2 through- 
out ( t  = +O.Ops). A newly entering water molecule (10, blue) 
approaches with the least steric hindrance by the opposite 
square face 3-7-6-8, in a certain sense analogously to the first 
step of the associative I, mechanism on the Yb3+ octaaqua ion. 


The observed mechanistic variability reflects the lifetime distri- 
bution of the square antiprismatic transition state. It takes be- 
tween roughly 0 ps (corresponding nearly to a synchronous 
leaving and entering of a water molecule) and approximately 
10 ps (involving nearly an eightfold coordinated intermediate) 
before a new water molecule enters the first hydration shell. 
Analogously, the maximum at 180" (cos 8 = - 1) in the angular 
distribution of Figure 5 a is a geometric result of the exchange by 
the two square faces of a square antiprism. A certain probability 
for angles smaller than 180" (cos 8 > - 1) in Figure 5 a indicates 
that the relative orientation between the exchanging water mol- 
ecules is not strictly limited to the opposing case. The right-hand 
column of Figure 7 shows an example where the newly entering 
water molecule attacks laterally in the direction of the region 
between the two square faces of the transient square antiprism. 
In both sequences presented in Figure 7 the tricapped trigonal 
prism is finally reestablished after complete expulsion of the 
molecule 9. 


6. The reaction volume A V" for the coordination equilibrium be- 
tween a Ln3+ octa- and nonaaqua ion: The activation volume 
AV* for the water exchange reaction has been accurately deter- 
mined for the eightfold coordinated heavy lanthanide ions from 
variable-pressure kinetic NMR experiments[4a1 and should con- 
stitute another useful linkage between simulation and experi- 
ment. Before calculating, in the next section, full activation vol- 
ume profiles along water exchange pathways, we will make use 
of the experimental and theoretical work on the reaction volume 
A V o  for the reaction [Ln(H,0),]3+ + H,O + [Ln(Hz0)J3 + to 
fine-tune a quantitative geometric definition of the effective vol- 
ume of a Ln3+ aqua ion. 


When activation volumes AV* are used to distinguish be- 
tween an I, and a limiting A exchange mechanism or between an 
I, and a limiting D mechanism, the activation volume AV;, for 
the (possibly hypothetical) limiting A or limiting D mechanism 
must be known. A V,:,,, for the lanthanide aqua ions can be esti- 
mated from thermodynamics : the reaction volume A Vo for the 
coordination equilibrium between an octaaqua and a nonaaqua 
ion [Ln(H,0),I3+ + H,O + [Ln(H,0),I3+ is close to the activa- 
tion volume AV& for a limiting associative A mechanism on an 
octaaqua ion via a nonaaqua ion as the intermediate or, like- 
wise, close to the negative activation volume for a limiting disso- 
ciative D mechanism on a nonaaqua ion via an octaaqua ion. 


The reaction volume A V o  for the coordination equilibrium in 
question can be estimated from geometric considerations. An 
example is Swaddle's semiempirical model for the partial molar 
volume of metal aqua ions at infinite dilution.['61 In this model 
the partial molar volume r& is calculated as the effective vol- 
ume of the aqua ion [M(H,O)J+ minus the molar volume of 
pure water (n x 18.07 cm3mol-') and minus the volume con- 
traction due to the electrostriction of the solvent beyond the first 
coordination sphere of the ion [Eq. (2), Vin cm3rnol-', r and  
Ar in pm]. The aqua ion is assumed to be spherical and 


- G s  = 'aqua ion - V d a r  VelectroSlriEtion 
(2) 


= 2.523 x 10-6(r  + A r ) 3  - 18.07n - 417.5zZ/(r +Ar) 


its effective volume is estimated from its effective radius 
( r  +AT), where r is the ionic radius and Ar is the effective diame- 
ter of a water molecule that allows for deviations from ideal 
close-packing in the first shell and for imperfect interfacing with 
the bulk solvent. With coordination number sensitive ionic radii 
r from Shannon"'] and by fitting Ar to some well-characterized 
aqua ions, Swaddle's model can successfully predict the partial 
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molar volumes of a variety of aqua ions of different ionic charge 
and coordination number. In particular the model can repro- 
duce the observed partial molar volumes for lanthanide(Ir1) oc- 
ta- and nonaaqua ions['81 and can supply separate values for 
those ions in the middle of the lanthanide series where both 
types of coordination coexist and only an average value can be 
measured. The difference between the partial molar volumes of 
the two types of coordinated ions, the reaction volume A V o  for 
the coordination equilibrium, is practically a constant along the 
lanthanide series (varying from -12.5 cm3mol-' for La3+ to 
-13.1 cm3mol-' for Lu3+). Experimentally, a value for AVO 
of - 10.9 cm3mol-' has been derived from the pressure depen- 
dence of the coordination equilibrium between [Ce(H,0)J3+ 
and [Ce(H,0),l3' .["I Swaddle's model gives absolute values 
for the partial molar volume of the lanthanide octaaqua ions 
that are too large by nearly 2cm3mol-' compared with the 
experimental values (see Fig. 2 of ref. [16b]). Therefore, the 
calculated absolute reaction volumes I A V o  I should naturally be 
overestimated by the same amount. 


From our MD simulations the reaction volume A V o  could be 
obtained in two ways. The first and rather computationally 
intensive possibility was a thermodynamic approach by means 
of K = KO exp (- P A  Vo/RT) by studying the pressure (density) 
dependence of the equilibrium constant K for the coordination 
equilibrium between the octaaqua and nonaaqua ion directly. 
For a reliable estimation of AVO we performed two additional 
NVT simulations for Sm3 + in aqueous solution at overall densi- 
ties of p = 0.90 and 1.10 gcm-j, in order to supplement our 
simulation at ambient pressure.r21 We assumed that the potential 
energy function model was still valid for densities other than 
1.0 g ~ m - ~  and applied the same simulation scenario as in 
ref. [2] for a simulation time of 512 ps. Figure 8 shows the result- 
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Fig. 8. Effect of the overall density p on the running coordination number of a 
Sm" ioninaqueoussolution. From bottom to top: p = 0.900,1.013,1.100 g ~ m - ~ .  


ing running coordination number of Sm3+, and Figure 9 dis- 
plays the distribution of the number of water molecules in differ- 
ent ion-oxygen distance ranges. In Table 1, densities have been 
converted into pressure values by the experimental compress- 
ibility of pure water (K = 4.58 x bar-'[201), and the equi- 
librium constant K has been calculated from the percentage of 
the eight- and ninefold coordinated Sm3+ aqua ions (Fig. 9, 
hatched bars). From the slope of a plot of In K ( p )  (Fig. 10) the 
reaction volume AVO emerges as -8.3 cm3mol-'. 


The success of Swaddle's model motivates an alternative esti- 
mation of AVO that is purely geometric. This approach makes 
use of the fact that the analysis of a MD simulation of one ion 
in solution distinguishes between configurations with either the 
octaaqua or the nonaaqua ion present. The reaction volume 
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Fig. 9. Distribution of the number of water molecules in three distance ranges 
around the Sm3' ion at three different overall densities. In each of the three distance 
ranges the sum of the mole fractions p equals 1. The inserted numbers are the mean 
numbers of water molecules in each distance range. 


Table 1. Pressure effect on the equilibrium constant K for the coordination equi- 
librium[Sm(H,0)8]3+ +H,0~[Sm(H,0) , ]3+.p,  andp,are themolefractionsof 
an eight- and a ninefold coordinated Sm3+ aqua ion from Figure 9. 


density, gcmS3 0.900 1.01 3 1.100 
Ap, bar - 2440 0 1880 
P S  0.283 0.481 0.622 
P8 0.717 0.519 0.378 
K = PSIP8 0.395 0.926 1.646 


-2000 -1000 0 1000 2000 


P f 105~a 


Fig. 10. Logarithm of the equilibrium constant K as a function of pressure for the 
coordination equilibrium [Sm(H,0),]3' + H,O S [Sm(H,0),]3'. 


AVO is then the difference KOt (CN = 9) - KO, (CN = 8) be- 
tween the mean total volume of the system for a ninefold- and 
an eightfold-coordinated ion. Unfortunately, as the volume is 
a widely fluctuating quantity in MD simulations, the effect 
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of the change in the coordination number on the overall den- 
sity will hardly be detectable. Nevertheless, as in Swaddle's 
model, it can be assumed firstly that the volume effect on the 
bulk consists only in the removal of a water molecule 
(- VHZo = - 18.07 cm3mol-') and secondly that the structural 
effects of a change in the coordination number are confined to 
a certain region around the cation. In this way the key difficulty 
is reduced to finding a reasonable quantitative definition of the 
effective volume of an aqua ion [Ln(H20),J3'. 


We abstained from treating the aqua ion as a hard sphere as 
in Swaddle's model and instead evaluated its volume as that 
which is enclosed by its solvent-accessible Connolly surface.[211 
Especially for bioorganic applications the solvent-accessible 
surface is widely used to interpret and correlate thermodynamic 
quantities and, in our case, it offers the additional advantage of 
giving access to the full volume profile along a water exchange 
pathway, which will be evaluated in the next section. Connolly 
surfaces were computed from the water oxygens in the first shell 
by means of the Cerius2 program[221 and a probe radius of 
1.40 8, was employed. The success of Swaddle's model and its 
superiority over former models is, among other things, based on 
the use of an effective density of water in the first hydration shell 
that has been fitted to experimental partial molar volumes of 
aqua ions. Analogously, we adjusted the hard-sphere radius of 
a water oxygen in the first shell, the key parameter for the 
construction of the Connolly surface, with reference to the effec- 
tive volumes of lanthanide aqua ions [Ln(H,0),l3 + from Swad- 
dle's model. In Table 2 the effective volumes from Swaddle's 
model and from our simulations (applying an optimized 
water-oxygen hard-sphere radius of 1.72 A) are compared. In 
Figure 3 b the Connolly volume hAs enclosed by the surface 
of the first hydration shell of the Sm3+ aqua ion is given as 
a function of time. With VsA,(CN = 9) =112.0cm3mol-' and 
VsAs (CN = 8) =101.2cm3mol-' we obtained AVO = (112.0 
-101.2 -18.07) cm3mol-' = -7.2 cm3rnol-' (Table 2). 


In conclusion, we have shown that the simulated thermody- 
namic value for AVO can be consistently reproduced from a 
geometric approach that uses calibrated Connolly surfaces. It 
has to be conceded that both calculated values are too positive 
by 3-4 cm3mol-' compared with an experimental value close 
to - 10.9 ~ r n ~ m o l - ' . ~ ' ~ ~  Nevertheless, taking into account that 
even a change of 0.01 8, in the mean radius of the aqua ion 
corresponds to a change of 1 cm3 mol- ' in the volume,['6] this 
deviation is still acceptable. In the next section we will use Con- 
nolly surfaces to calculate the profile of the relative volume 
change during a water exchange event. 


7. The volume profile AV*( t )  for water exchange: The recent 
calculation of A V* for the exchange of coordinated water from 
a quantum-mechanical study of metal-ion aqua clusters has 
caused some controversy and as a result some assumptions con- 
cerning the mechanistic interpretation of experimental activa- 
tion volumes have been questioned.[231 It has been suggested 
that the electrostriction of the incoming water molecule or the 
change in the bond distances of the nonparticipating ligands 


might aggravate the difficulties of reliable interpretation of 
small activation volumes and necessitate additional results from 
other methods. Whereas a quantum-mechanical study cannot 
explicitly take into account the statistical nature of the sur- 
rounding bulk water and assumes ground and transition states 
of ideal geometry at 0 K, a simulation approach to AV* avoids 
these limitations and at the same time provides more insight into 
the mechanistic variability of the full exchange pathway. 


The mean activation volume A V *  for the water exchange can 
be derived from MD simulations by k,, = kexs x exp ( - P A  V */ 
RT) by studying the pressure dependence of the water exchange 
rates k,, . This thermodynamic approach is hampered by its 
considerable computational demand : on the typical timescale of 
MD simulations (1 ns), water exchanges on lanthanide ions 
are still rare events and, as test calculations revealed, even for a 
simulation time of 1 ns the statistical uncertainty in the simulat- 
ed exchange rates was close to the effect of pressure on the rates. 
Consequently, a reliable evaluation of the activation volume 
would necessitate several long-time simulations of at least 1 ns 
for different pressures. 


As a more economical expedient we instead estimated geo- 
metrically the relative volume change along the detected water 
exchange reaction pathways in our constant pressure simula- 
tions. For the calculation of the detailed volume profile we 
assumed, as in the previous section, that density changes were 
confined to the first hydration shell, and defined the relevant 
region by its Connolly surface. An example of the surface en- 
closing both the aqua ion and the exchanging water molecule is 
given in Figure 11. The mean volume profiles A V * ( t )  from the 


Fig. 11. Example of the solvent-accessible surface enclosing the [Yh(HZO)J3+ 
aqua ion and an exchanging water molecule. The graphic was produced with the 
CERIUS' package [22]. 


water exchanges on a [Nd(H20)9]3' and a [Yb(H20),]3' aqua 
ion are shown in Figures 12a and 13a for a 10 ps interval 
around the moment of exchange. Volume changes are given with 
respect to the mean volume of an aqua ion in equilibrium plus 
one isolated water molecule, that is, V([Nd(H20)9]3' + H20)  
= 129.0cm3mol-' and V([Yb(H20),l3+ + H,O) = 
109.7 cm3mol-'. Furthermore, in Figures 12 band 13 b symme- 
try in time with respect to the moment of exchange has been 


Table 2. Comparison of characteristic volumes for lanthanide aqua ions from Swaddle's semiempirical model [16] and from the MD simulation with Connolly surfaces that 
enclose the first hydration shells (volume in cm3mol-'). AVO is the resulting reaction volume for the coordination equilibrium on a Sm3+ aqua ion. 


Swaddle [16] MD simulation 
"d(Hz0)9l3 + Wb(HzO)J'+ PJd(H~O)J3+ [Sm(H20)9I3+ [Sm(Hz0)J3+ [Yb(H20),I3 + 


Veil la1 112.9 96.1 114.97 112.00 101.17 96.02 
AVO [b] -7.24 


~ 


[dl Err = Effective volume of the aqua ion [b] AVO = V(CN = 9)  - V (CN = 8)  -18.07 for [Sm(H,O),I +HzO G [Sm(H,O)J 
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Fig. 12. a) Mean activation volume profile AVsas(t) from the water exchanges on 
Nd3+ (CN = 9). The volume is that enclosed by the solvent-accessible surface of the 
ten water molecules participating in the exchange process. b) Symmetrized volume 
profile after averaging the positive and the negative halves of the profile in a). 


imposed, by averaging the negative and the positive halves from 
Figures 12a and 13a, respectively. For wd(H2O),l3+ (Fig. 12) 
the dissociation of a water molecule from the primary hydration 
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shell corresponds to an increase in volume by about 
+4.5 cm3 mol- l .  This value is significantly smaller than the 
activation volume of 7-8 cm3mol-' for a limiting dissociative 
mechanism that was estimated in the previous paragraph, and 
corroborates the assignment of the mean exchange mechanism 
as I,. The picture that emerges from the volume profile for the 
water exchange on [Yb(H,0),]3' (Fig. 13) is as follows: the 
moment when a water molecule from the second hydration shell 
enters the region between the first and second sphere ( x 2  ps 
before the moment of exchange, Fig. 1 b) corresponds to a first 
transition state of slightly increased volume. This feature of the 
volume profile indicates that the square antiprismatic octaaqua 
ion prepares itself geometrically for the reception of a ninth 
water molecule before compacting again to a second transition 
state, that is, a more symmetric and less voluminous nonaaqua 
ion of tricapped trigonal prismatic geometry at t = 0 ps. The 
fact that the volume of the transition state at t = 0 ps is only 
slightly smaller than the volume of the octaaqua ion plus the 
volume of an isolated water molecule results in a slightly nega- 
tive mean activation volume and disagreed with the experimen- 
tal activation volume of -6 cm3 mol-' for octaaqua ions.[4b1 
This deficiency is probably due to the fact that the two exchang- 
ing water molecules are not penetrating deeply enough into the 
first hydration shell (Fig. 6) and reveals an insufficiency of the 
applied potential energy function, which cannot, however, be 
easily remedied. From ab initio cluster calculations of the water 
exchange reaction of the Be2+ aqua ion in vacuo, the calculated 
activation volume A V *  was found to be approximately equal to 
0, compared with the experimental value of -13.6 cm3mol-'; 
the discrepancy has been attributed to the incomplete descrip- 
tion of the second coordination shell.[241 In our case it is likewise 
conceivable that the neglect of volume effects in the second 
hydration sphere contributes to the discrepancy with the exper- 
imental value. 


Although the quantitative agreement with experimental reac- 
tion and activation volumes is not perfect, some interesting 
qualitative points from the simulation approach are worthy of 
note. Firstly, properties linked to the volume of aqua ions are 
rarely considered in simulation studies, but may be a useful 
criterion for the rigorous testing of the degree of reality of a 
simulation. Secondly, the full volume profile, which is not acces- 
sible by experimental methods or quantum mechanical calcula- 
tions, might contain more than one transition state/intermediate 
and might be poorly represented by an average activation vol- 
ume. This mayhamper mechanistic interpretations of an exper- 
imental mean A V *  value, especially for small activation vol- 
umes; in our case, the simulated volume profile for the exchange 
on [Yb(H,0),J3+ indicated a mean activation volume close to 
zero, whereas direct visual inspection revealed the charac- 
teristics of an associative interchange I, mechanism (Fig. 6). 
Finally, in the quantum mechanical study of ref. [23] aqua ions 
and water molecules were assumed to be hard spheres 
for the calculation of the volume of metal-ion aqua clusters 
and of activation volumes. Hence, without careful calibration 
of the effective hard-sphere radius, a geometric value for the 
activation volume might deviate from the true thermodynamic 
value. 


Summary and Outlook 
're1 IPS MD simulations were used to provide insight into geometric and 


mechanistic aspects of the water exchange reaction on Ln3+ 
aqua ions that cannot Or can only indirectly be inferred from 


Fig. 13. a) Mean activation volume profile AV,,(t) from the water exchanges on 
Yb3+ (CN = 8). The volume is that enclosed by the solvent-accessible surface of the 
nine water molecules participating in the exchange process. b) Symmetrized volume 
profile. experiment. 
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Along the series of the lanthanide ions a shift from predomi- 
nant ninefold to predominant eightfold coordination is ac- 
companied by a changeover concerning the water exchange 
mechanism. The water exchange on [Nd(H,0)J3+ can be as- 
signed a dissociative interchange I, mechanism from the mean 
activation volume A V * ,  which was clearly smaller than the 
estimated value AV& for a limiting dissociative D mechanism. 
Direct inspection of the exchange reaction pathways revealed 
considerable mechanistic variability between strong and weak 
dissociative character. This variability reflects the lifetime of the 
square antiprismatic transition state of a coordination number 
near eight. A limiting dissociative D mechanism involving a free 
eightfold coordinated state could be further excluded since the 
lifetime of the transition state was shorter than the reorienta- 
tional correlation time of the complex and the two exchanging 
water molecules preserved a preferential opposing orientation. 
For ry’b(H20),l3+ the exchange reaction followed an inter- 
change-type scheme involving a slightly negative mean activa- 
tion volume. Direct visual inspection of the reaction pathways 
revealed the characteristics of an I, mechanism: the exchange of 
two water molecules took place synchronously via a transition 
state geometry close to a tricapped trigonal prismatic coordina- 
tion polyhedron that was slightly more compact than the sepa- 
rate entities, that is, one octaaqua ion plus one isolated water 
molecule. The well-defined transition state geometry imposed a 
strong preferential relative orientation between the exchanging 
water molecules. For Sm3 +, a frequently exchanging water mol- 
ecule maintains the coordination equilibrium between eight- 
and ninefold coordination. The alternating of elimination and 
addition events could not be resolved into pairs of mutually 
exchanging water molecules and the concept of D, I or A pro- 
cesses for substitution processes does not apply. For all lan- 
thanide ions the details of the observed mechanisms and of the 
involved transition states could be geometrically rationalized by 
the strong tendency of eight water molecules to form a square 
antiprism and of nine water molecules to form a tricapped trig- 
onal prism around the cation. 


From a broader perspective one might ask whether the ob- 
served dependence of the solvent exchange mechanism on the 
coordination number is typical only for aqueous solutions or if 
it is more generally valid for polar solvents. To clarify this ques- 
tion, N,N-dimethylformamide (DMF) suggests itself as another 
solvent for further simulations. DMF, like water, is a “hard” 
oxygen-donor solvent with a high dipole moment, and the 
Ln3 + -DMF interaction should likewise be well represented by 
a point charge model. Furthermore, a simulation series with 
DMF could be used to test whether the approaches that have 


been developed for describing solvent polarization and for the 
analysis of aqueous solutions and that are specially adapted to 
the high positive charge of the cation are extendable to other 
solvents and are therefore of broader significance. 
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Synthesis, Conformational Analysis and Comparative Protein Binding of a 
Galabioside and Its Thioglycoside Analogues 


Ulf Nilsson, Roger Johansson and Goran Magnusson" 


Abstract: The two thio analogues (2 and 
3) of TMSEt galabioside [2-(trimethylsi- 
1yl)ethyl 4-O-(a-~-galactopyranosyl)-~-~- 
galactopyranoside, 11, having anomeric 
sulfur instead of anomeric oxygen atoms, 
were synthesized and their conformations 
investigated by NMR and computational 
(MM 3) methods. A spacer galabioside 
was covalently coupled to aminated mi- 
crotiter plates, and binding of a bacterial 
pilus adhesin (PapG) to the plates was in- 
hibited by the soluble ligands 1, 2 and 3. 


Introduction 


The ligand 2, which has an intersaccha- of 1. An NMR experiment with 1 and 2, in 
ridic sulfur linkage, was a much less em- which hydroxyl-group hydrogens had 
cient inhibitor than 1, which has the natu- been partially (50 YO) substituted by deu- 
ral oxygen linkage. The inhibitory power terium, demonstrated the presence (in 1) 
of ligand 3 was only slightly less than that and absence (in 2) of an intramolecular 


(HO 2'-HO 6) hydrogen bond. This result 
indicates that the conformations of 1 and 
2 are different and that the difference is 
sufficient to cause the observed ( FZ 30 
times) reduction of the saccharide- 
protein binding strength. 


of these proteins. It constitutes a bent knee in the larger saccha- 
rides of the globo series, and it seems reasonable that the ex- 


Glycolipids of the globo series"' (Fig. 1) are natural saccharide posed convex side is the preferential epitope recognized by the 
ligands for various receptor proteins (e.g., bacterial and viral proteins. 
lectins, toxins and antibodies).['] The virulence and organ We have synthesized a large number of saccharides corre- 
tropism of uropathogenic E. coli is a thoroughly studied ex- sponding to the globo series of glycolipids (all di- to pentasac- 
ample, and it is thought that bacterial attachment is a prerequi- charide fragments of the Forssman ~accharide,'~] as well as 
site for infectivity.L31 Galabiose (cc-D-Galp-(l + 4)-/?-~-Galp) is all monodeoxy analogues of galabiose,L51 lactoseL6] and 
the smallest saccharide moiety to retain affinity towards several globotrio~e~'~) and analyzed their conformational behaviour by 


NMR and computer simulations.L8l Each 
intersaccharidic @/Y angle was virtually 
the same in all the energy-minimized com- 
pounds; this shows that these structural UN f l  


.I_ 


-0 alterations only had a minor influence on 
the overall conformations. 


6H Several of the saccharides mentioned 
above were used as inhibitors in mapping 
of the receptor sites of four proteins with 
lectin activity, namely, the pilus-associat- 
ed PapG,,, adhesin of class I E. cofi,'yl the 
PapG,,,,, adhesin of class I1 E. c ~ l i , ~ ' ~ ]  
the surface lectin of S .  suis["] and vero- 
toxin of E. coli.["] It was thus demon- 


K 
strated that the two bacterial species use 
different galabiose-related epitopes for 


NAc: galactosylgloboside. their attachment. In the case of the 
PapG,,, and PapGADll0 adhesins, the 


four hydroxyls H06, HOT, H 0 4  and HO6' and the oxygen 
03 '  of the galabioside moiety were found to be essential for 


Fig, 1. Glycolipids of the globo series. R = H: globotriosyl ceramide (GbO,); R = P-D-GalNAc: globotetraosyl 
ceramide (GbO,); R = a-o-GalNAc-(l 3)-p-~-GalNAc: Forssman glycolipid; R = P-D-Gal-(l -+ 3)-P-o-Gal- 


[*I Dr. U. Nilsson, R. Johansson, Professor G. Magnusson 
Department of Organic Chemistry 2, Chemical Center 
The Lund Institute of Technology, University of Lund 
P. 0. Box 124, S-221 00 Lund (Sweden) 
Fax : Int. code + (46) 222-8209 
e-mail: Goran. Magnusson(dorgk2.lth.se 


bindning, probably owing to-the formation of intermolecular 
hydrogen bonds in the saccharide-protein complex. 


The intersaccharidic oxygen atom (0 1') is buried in the con- 
cave side of the galabioside structure and is probably not in- 
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volved in hydrogen bonding to the various proteins mentioned 
above. This is supported by the fact that in the larger saccha- 
rides (GbO, and GbO,), the oxygen atom is even less accessible, 
but the binding strength is retained or even increased. Substitut- 
ing the intersaccharidic oxygen in galabiosides by a sulfur atom 
would change the overall environment of the hydrogen-bonding 
hydroxyl groups slightly. The question that we want to address 
is whether such minor conformational changes would be suffi- 
cient for a significant change in binding strength to the PapG,,, 
adhesin. 


We now report the synthesis of two thiodisaccharide ana- 
logues (2 and 3) of the galabioside l (Fig. 2) and an investigation 
into their conformations and ability to inhibit the binding be- 
tween the PapG,,, adhesin and the galabioside 14 immobilized 
on microtiter plates. 


Fig. 2. TMSEt galabioside 1 and its thioanalogues 2 and 3. 


Results 


Synthesis of the thiogalabiosides 2 and 3: Disaccharide analogues 
with an interglycosidic sulfur linkage have been 


In the synthesis of 2, the 2-(trimethylsily1)ethyl (TMSEt) 
group was chosen for anomeric protection, because it is easily 
removed and transformed stereoselectively into a I-0-acyl 
or 1-chloro group," 'I thereby permitting further anomeric func- 
tionalization. The known TMSEt glucoside 4[161 was regioselec- 
tively benzoylated with benzoyl chloride at low temperature. A 
mixture was obtained with the desired tribenzoate 5 as the major 
product (Scheme 1). Treatment of 5 with trifluoromethane- 
sulfonic anhydride and addition of potassium thiocyanate to the 
crude 4-0-triflate gave the thiocyanate 6 (70 %) and the isothio- 
cyanate 7 (7 %). The CN signals in the 13C NMR spectra of 6 
and 7 (at 6 = 110.9 and 140.2, respectively) are in accord with 
the thiocyanate and isothiocyanate structures, respectively.'' *I 
Reduction of the thiocyanate group in 6 with zinc in acetic acid 
gave the thiol 8 (70 %), ready for glycosylation. 


Glycosylation of 8 with the galactosyl f l -~hlor ide~ '~]  9 was 
performed in the presence of caesium carbonate,[201 and the 
reaction seems to proceed by direct S,2 displacement of chloride 
ion. The slightly basic conditions thus prevent the formation of 
an intermediate acetoxonium ion (which is an accepted interme- 
diate towards ,B-glycosides), and the pure a-thioglycoside 10 
(85 %) was obtained. Attempted glycosylation of 8 with 9 failed 
to produce 10 when sodium hydride was used as base instead of 
caesium carbonate. The acetyl and benzoyl protecting groups in 
10 were removed by treatment with methanolic sodium methox- 
ide, which furnished the desired thiogalabioside 2 (85 %). 


Thioglycoside 3 was prepared from galabiose octaacetate 
( l l ) ,  either directly or via the bromosugar 12.["] Thus, treat- 
ment of 12 with 2-(trimethylsilyl)ethanethiol and sodium hy- 
dride furnished the thioglycoside 13 (67 %) (note that sodium 
hydride was successfully employed here, in contrast to the reac- 
tion with the P-chlorosugar 9 above). Alternatively, 13 was 
formed (66 %) when the octaacetate 11 was treated with 
(trimethylsily1)ethanethiol and borontrifluoride etherate.["] 
Removal of the protecting groups in 13 gave the thiogalabioside 
3 in quantitative yield (Scheme 2). 


synthesized by SN2-type displacements with sulfur- 


carbohydrate chemistry has been investigated to a 


of this and other work has appeared.[13] Recent 
examples of this reaction type show the unexpect- 
ed formation of an a-thioglycoside, despite the use 


containing sugars as nucleophiles. This area of 


large extent by the group of Defaye, and a review - b ACO!Msl,e3 AcO 


d l 9 5 9 6  


670% 
0 OAC 13 A& 


OAc 12 


a t  x 
of a glycosyl donor having a participating acetate 
group in the 2-p0sition,['~] and of a diglucoside in 
87 % yield, by displacement of a triflate ion from 
1,3,4,6-tetra-O-acetyl-2-O-trifly~-~-~-mannopyra- ACO 


by 2~3~4,6-tetra-o-acety1-1-thio-a-D-g1ucopy- Scheme 2. a) HBr, HOAc, Ac,O; see ref. [21]. h) HSCH,CH,SiMe,, NaH, DMF, 22 "C. 
c) HSCH,CH,SiMe,, BF,OEt,, CH,Cl,, 22°C. d) MeONa, MeOH. ranose, induced by sodium hydride." 


11:l Scheme 1. a) BzCI, CH,Cl,, 
pyridine, - 78 "C + - 50 "C. 
h) (F,CSO,),O, CH,Cl,, pyri- 
dine, 0"C, then KSCN, DMF, 
90°C. c) Zn, HOAc, reflux. 
d) Cs,CO,, DMF, 22°C. 
e) MeONa, MeOH. 
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Conformational analysis of 1 and 2: The 
conformations of galabiosides, as well as 
larger saccharides where galabiose is an in- 
tegral part (cf. Fig. l), have been thorough- 
ly investigated by NMR and computational 


It was found that the overall 
galabiose conformations were practically 
the same in all the structures, including de- 
oxygalabiosides. The H5’ NMR signal of 
galabiosides was found to be a useful con- 
formational probe, since H 5’ is deshielded 
by its van der Waals contact with 0 3. The 
chemical shift of H5’ is 6 ~ 4 . 4  in gala- 
biosides and ~ 3 . 9  in galactosides or 3-de- 
oxygalabiosides.[*] 


An NMR investigation of the thiogala- 
bioside 2 showed that its overall conforma- 
tion is similar to that of the parent com- 
pound 1, although the energy minimum of 
2 is less distinct than that of 1 (Fig. 3). The 
chemical shifts and coupling constants 
(Table 1) for the ring protons of both com- 
pounds are very similar, revealing that the 
normal pyranoside 4C, conformation is 
maintained in 2. Significant deviations are 
found for 6,,, a,,,, a,,,, JH3,4 and JH1,,2., 
which reflect the expected influence of the 
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Fig. 3. Calculated energy diagrams [24] showing the @lY angles of the various conformations of Gala4Gal and 
GalSa4Gal. Spacing between equi-energetic curves corresponds to 4.187 kJmol-I. a) Gala4Gal-gg; 


sulfur atom. The J5, values (x 5-7 Hz) are 


tion is obtained regarding the torsional an- 
gle 0 5-C 5-C 6-0 6, other than that all con- 
formations, including the gauche-gauche 
conformation (gg : torsional angle 0 5-C 5-C 6-0 6 = 60 and C 4- 
C 5-C 6-0  6 = 60”) are possible for both compounds. Further- 


for both and and little informa- 
b) ~ a l ~ a 4 ~ a ~ g g ;  C) Gala4Gal-tg; d) GalSa4Gal-tg. 


The conformations of the disaccharides Gala4Gal(4-O-a-~- 
galactopyranosyl-P-D-galactopyranose) and GalSct4Gal(4-S-a- 
~-ga~actopyranosy~-4-thio-~-D-ga~actopyranose), correspond- 
ing to 1 and 2, repectively, were calculated by molecular 
mechanics[231 [MM 3(92)] .Iz4] It is obvious from molecular Table 1. ‘H NMR data [a] for compounds 1 and 2. 


Proton Chemical shift (6) ’J(H,H) Coupling constant 
1 2 1 2 


H I  
H2  
H 3  
H 4  
H5 
H6a  
H 6 b  


H 1’ 
H2’ 
H3’ 
H 4  
H 5‘ 
H6a’ 
H 6 b  


4.47 4.40 
3.52 3.25 
3.11 3.92 
4.03 3.39 
3.14 3.88 
3.83 3.94 
3.88 3.85 


4.97 5.40 
3.83 4.12 
3.91 3.76 
4.03 4.01 
4.36 4.41 
3.70 3.74 
3.70 3.74 


J(1A 
J(2,3) 
J(3.4) 
J ( 4 3  
J(5,f-M 
J(5,6 b) 
J(6a,6b) 


J(l‘,2’) 
J(2’,3‘) 


J(4,S)  
J(5’,6 a‘) 
J(5’,6b) 
J(6a’,6b) 


J(3’,4‘) 


7.8 1.7 
10.2 10.0 
3.4 4.7 
1 .o < I  
6.6 4.8 
6.6 5.0 
11.8 8.6 


3.9 5.7 
10.5 10.4 
3.3 3.3 
1 .o < I  
6.1 5 .5  
6.9 5.5 
nd [bl nd 


[a] Measured at 500 MHz in D,O; data for compound 1 are taken from ref. [S b]. 
[b] nd, not determined. 


more, H 5’ of 2 is strongly deshielded (6 = 4.41) by its van der 
Waals contact with 0 3, as is normally the case in galabiosides,[*] 
and strong NOE’s are found for H 4  on irradiation of H l’, and 
vice versa. 


The strong deshielding of H 5’ in both 1 and 2 requires that the 
H 5’-0 3 distance be < 3 A in both compounds.[*] This was used 
as a conformational constraint in the analysis (see below) of 
whether an intramolecular hydrogen bond between HO 2’ and 
HO 6 exists in the two compounds. 


modelling that the gauche-gauche and trans-gauche conforma- 
tions (tg : torsional angle 0 5-C 5-C 6-0 6 = 180”) are potentially 
amenable to intramolecular hydrogen-bond formation between 
HO2’ and H06, whereas, in the gt conformation (torsional 
angle C4-C 5-C 6-0 6 = 180“), HO 6 is placed too far away from 
HOT (cf. Fig. 3 and 4, Table 2). Therefore, only the gg and tg 
conformations were used as input structures in the calculations. 
In order to obtain conformational energies that are directly 
comparable to each other, all hydroxyl-group protons were 
placed so as to avoid intramolecular hydrogen bonds. The cal- 
culations (dielectric constant setting: 80.0) were performed by 
varying the intersaccharidic glycosidic bond angles @ and Y (30” 
increments, using the dihedral-driver option of the MM 3 pro- 
gramtz4]), thereby creating 144 conformations for each starting 
structure. The energy maps for the four calculations are shown 
in Figure 3 and a least-squares fit of low-energy conformations 
in Figure 4, using all ring atoms of the Gala moiety. The energy 
minimum of GalSa4Gal (cf. 2) is less well defined than that of 
Gala4Gal (cf. l), which is not surprising since bond lengths are 
different (see below) and the anomeric effect is less pronounced 
in thioglyc~sides.[~~~ 


The 0 2 ‘ - 0 6  and H 5’-03 distances (hydrogen bonding and 
‘H NMR deshielding sites, respectively) were measured in the 
calculated conformations having total energies from 0 to 
20 kJ mol- relative to the minumum-energy conformations 
(Table 2). Thus, only gg conformations of the Galct4Gal struc- 
ture combines the required short distance (< x 2.8 A) between 
H5’ and 0 3  with a distance between 02’ and 0 6  that allows 
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b 


Fig. 4. Stereorepresentation of the least-squares fit between low- 
energy conformations of Gala4Gal (empty circles) and GalSa4Gal 
(grey circles), generated by using all ring atoms of the Gaia moiety 
in the fitting. Atoms that are important for the interactions dis- 
cussed in the text (02' and 0 6 ,  bottom part ofmolecules; H 5' and 
03 ,  top part) are shown as black dots. a) Gala4Gal-gg 
(143.8 kJmol-') and GalSa4Gal-gg (164.3 kJmol-I); 
b) Gala4Gal-tg (142.3 kJmol-') and GdlSa4Gakg 
(165.8 kJmol-I), see Table 2. 


Table 2. Calculated energies [a] and selected interatomic distances for conformations of Gala4Gal and GalSa4Gal 


Gala4Gal-gg [b] GalSa4Gal-gg [b] 
E [cl @IF [dl 0 2 - 0 6  [el H S - 0 3  [el E [CI W'J' [dl 0 2 - 0 6  [el H5'-03 [el 


138.9 - 10147 3.23 4.06 164.3 -521-13 3.56 2.75 
142.5 - 17/45 3.13 3.88 167.5 - 411 -20 3.13 3.29 
143.1 - 12/42 3.10 3.95 167.6 -421- 13 3.21 3.13 
143.8 -441-16 2.81 2.42 167.9 - 601 - 24 3.78 2.88 
144.0 -43115 2.76 2.46 168.9 - 6010 3.84 2.48 
146.5 0160 3.57 4.56 169.2 -601 -30 3.77 2.90 
147.1 0130 2.99 4.02 170.7 -3111 3.16 3.33 
147.1 - 30130 2.90 3.39 171.0 - 3010 3.14 3.34 
147.8 - 30160 3.31 3.92 172.0 - 301 - 30 2.87 3.59 
149.9 - 3010 2.65 2.71 172.3 0131 3.56 4.30 
152.1 - 60/0 2.96 2.27 172.3 - 27/30 3.79 3.58 
153.3 - 301 - 30 2.67 2.85 173.5 30130 3.56 5.07 


159.1 30160 4.15 5.18 177.8 -901- 30 4.58 2.77 
178.2 0160 4.48 4.68 
178.3 010 2.82 4.21 
178.7 60130 4.29 5.48 
181.2 6010 3.57 5.50 
181.5 - 30160 4.71 3.99 
182.3 30160 4.59 5.34 


154.8 -60/- 30 3.32 2.44 177.0 3010 2.84 5.00 


Gala4Gal-tg [b] GalSa4GalLtg [b] 
E [cl @l'J' [dl 0 2 - 0 6  [el H5'-03 [el E [CI 4iy [dl 0 2 - 0 6  [el H S - 0 3  [el 


142.1 
142.3 
144.4 
146.3 
147.2 
148.5 
149.3 
149.9 
150.7 
152.4 
152.8 
154.3 
157.1 
159.7 
162.0 


- 10139 


0130 
-23139 
~ 30/0 
- 361 - 25 
- 30130 


0160 
- 30160 
- 6010 


30130 


010 


-381- 13 


- 601 - 30 


- 601 - 60 
-301-60 


3.33 
4.55 
3.19 
3.74 
3.97 
4.63 
3.81 
4.00 
4.05 
4.84 
3.05 
5.25 
3.05 
5.66 
5.16 


3.93 
2.56 
4.01 
3.65 
2.77 
2.83 
3.41 
4.57 
3.93 
2.30 
4.78 
2.47 
3.54 
3.02 
3.11 


165.8 
168.8 
168.9 
169.1 
169.5 
170.4 
171.2 
171.7 
171.8 
172.2 
172.6 
175.2 
175.3 
176.4 
177.2 
178.1 
178.2 
179.3 
181.2 
182.4 
183.6 
185.2 
185.4 
186.0 


-521-11 
-621-25 
-431-11 


~ 601 - 30 
-311-2 
-771- 32 
~ 3/32 
- 30130 


-3O/-30 
-901 - 30 


- 6010 


0130 


60130 
30130 
0160 


3010 


- 30160 
30160 


- 601 - 60 
6010 


- 9010 


010 


0/180 
- 901-60 


5.15 
5.49 
4.90 
5.24 
5.47 
4.35 
5.75 
3.81 
4.54 
3.77 
4.73 
5.86 
3.28 
3.52 
4.52 
2.84 
3.32 
5.16 
4.17 
5.76 
2.86 
5.90 
3.01 
6.12 


2.72 
2.89 
3.09 
2.51 
2.90 
3.35 
2.88 
4.27 
3.55 
4.31 
3.63 
2.80 
5.50 
5.09 
4.70 
5.00 
4.23 
4.01 
5.36 
3.69 
5.51 
2.26 
5.58 
3.63 


[a] Conformations with energies of >20 kJmol-' above the lowest energy were excluded. [b] The initial torsional angle 05-C5-C6-06 was set at -60" for gg (gauche- 
gauche) and 180" for tg (trans-gauche).[c] Energy (kJmol-') as calculated by the MM3 program. [d] Torsional angles Hl'-C 1'-01'-C4 and C1'-0 1'-C4-H4; degrees. 
[el Interatomic distance (8); values expected to imply reasonable opportunity for hydrogen bonding and oxygen-induced deshielding of H 5' in the 'H NMR spectra are given 
in italics. 
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a 


hydrogen bonding (< z 3 A). Gala4Gal-gg has five low-energy 
conformations fulfilling these criteria, whereas no conforma- 
tions of Gala4Gal-tg, GalScr4Gal-gg or GalSa4Gal-tg display 
both 0 2'-0 6 and H 5'-0 3 distances of less than 3 A. Compar- 
ing Galcr4Gal-gg with GalScr4Gal-gg and Galcr4Gal-tg with 
GalScr4Gal-tg (Fig. 3 and 4, Table 2) shows that, in the confor- 
mations that display a reasonable H 5'-0 3 distance (as required 
by the 'HNMR data), the 02'-06 distance in GalSa4Gal is 
more than 0.8 A larger than in Galcr4Gal. This indicates that an 
07-06 hydrogen bond can only be formed in the natural 
galabiosides and not in the thio analogue. 


We have reportedr8a] that an intramolecular hydrogen bond 
exists (in [D,]DMSO solution) between HO 2' and HO 6 in the 
methyl galabioside corresponding to 1. To investigate whether 
this hydrogen bond had disappeared in 2 (due to the greater 
distance between HOT and HO6), we performed an NMR 
study (in [D,]DMSO) of the isotope-induced chemical shifts for 
the hydroxyl protons in 1 and 2 by partly ( x  50 'YO) replacing 


HO-2' 


b 


5.2 5.0 4.8 4.6 4.4 
r--*.....l.-r-lrrrl, ' ' I  ' " ' I " "-1' " " ' " '  - 


them with deuterium.[83 261 Where an intramolecular hydrogen 
bond existed, the proton signals involved were doubled, due to 
the slightly different inductive effects from hydrogen and deu- 
terium. As can be seen from Figure 5, there is an intramolecular 
hydrogen bond present in 1 but not in 2; this clearly demon- 
strates that there is a structural difference between them in 
[D,]DMSO. The signal intensity of the hydroxyl protons were in 
both cases reduced to ~ 5 0 %  on addition of MeOD, corre- 
sponding to the degree of deuterium exchange. It should be 
noted that there was a significant deshielding of H 5' in 2, both 
in D,O (6 = 4.41) and in [D,]DMSO (6 = 4.26), consistent with 
the situation for the corresponding methyl galabioside['"' 
(6 = 4.34 and 4.15, repectively). This increases the validity of 
the constraint of a short H 5 ' - 0  3 distance (< 3 A) in both 1 
and 2. 


Determination of the relative inhibitory power of compounds 1-3: 
The relative abilities of compounds 1-3 to inhibit the binding of 
PapG,,, adhesin (as the PapG/PapD,,, to gala- 
biose were investigated by a newly developed ELISA method 
(see Experimental Procedure). Briefly, the spacer galabioside 14 
was coupled covalently to microtiter plates (Fig. 6), and the 


Glycosylated microtiter plate 


NH 


Ho.2' HO-6 1 H-1' 


Fig. 6. Covalent coupling of galabioside 14 to aminated microtiter plates 


___. 
5.2 5.0 4.8 4 6  4 .4  


5.0 4 0  4 6  4 4  
_ I ,  


5 2  


Fig. 5. 'H NMR spectra of in [DJDMSO of a) 1, b) 1 + CD,OD, c) 2 and d) 2 
+CD,OD. Signal multiplicities demonstrate the presence of a hydrogen bond be- 
tween H02'  and H 0 6  in 1, but not in 2. Signal intensities for HO protons in the 
spectra with added CD,OD were reduced to -50% due to partial deuterium ex- 
change. 


\ 
P 


PapG/PapD,,, complex and a series of diluted inhibitors 1-3 
were added to the microtiter wells. The amount of bound 
protein was determined by using an anti-PapG/PapD,,, anti- 
body. As depicted in Figure 7, compounds 1 and 3 had similar 
inhibitory powers, whereas the thioanalogue 2 was much 
less efficient. With 1 as the reference inhibitor, the relative 
equilibrium constant Kre1r281 was obtained as the ratio of the 
IC,, value of 1 and each of the inhibitors 2 and 3. The Krel values 
were used for the calculation of difference free energies AAG, 
by using the expression AAG = - RTln(K,,,). Compound 2 
has a M G  value of +8.0 kJmol-', which is consistent with 
loss of one strong intermolecular hydrogen bond in the interac- 
tion with PapG,,, ad he sir^,[^^^ whereas AAG = + 1.6 kJ mol- ' 
for 3 indicates that 1 and 3 interact in a similar way with the 
adhesin. 
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Fig. 7. Efficiency of compounds 1-3 as inhibitors of the binding of the PapG/Pa- 
PD,~,  complex to microtiter plates carrying covalently bound 14. IC,, and BAG 
values: 1 (0 .16m~,  O.OkJmol-'), 3 (0.31 mM, +1.6kJmol-') and 2 ( 4 . 4 m ~ ,  
+8.0 kJmol-I). 


Discussion 


The structural difference between the TMSEt galabioside 1 and 
its thio analogues 2 and 3 is limited to a single atom (0 vs. S). 
Since the sulfur-carbon bond is longer than the oxygen-car- 
bon bond (z 1.8 vs. z 1.4 A) and the C-S-C and C-0-C bond 
angles are different (x 105 vs. x 11 lo), the relative spatial orien- 
tation of the galactopyranose rings is somewhat different in 
compounds 1 and 2. This influences their efficiency as inhibitors 
of the PapG,,, adhesin. We have earlier shown[91 that the hydro- 
gen bonding between PapG,,, and galabiosides requires three 
hydroxyl groups and one oxygen (HO 2', HO 4 ,  HO 6 and 0 3') 
in the Gala unit but only one hydroxyl group (HO 6) in the Gala 
unit. According to the molecular mechanics calculations, HO 6 
is moved away from HOT by approximately 1 A in 2 as com- 
pared to 1. This is confirmed by the NMR investigation (sum- 
marized in Fig. 5), which shows that the intramolecular hydro- 
gen bond between H 0 6  and HOT in 1 is no longer present 
in 2. 


The loss of inhibitory power of 2, as compared to 1, may be 
explained as follows: 1) The difference in the conformation of 
2 vs. 1 may be directly responsible for the loss of an intermolec- 
ular hydrogen bond between H 0 6  and PapG,,,. 2) The in- 
tramolecular hydrogen bond in 1 is of a cooperative naturer3'] 
and therefore necessary for strong binding between 1 and 
PapG,,, . In other words, the close proximity of HO 6 and HO 2' 
in 1 means that they behave like vicinal diols; this is not the case 
in 2, since the distance between H 0 6  and HOT is too long 
(Fig. 8). It has been pointed out by Q u i o c h ~ I ~ ~ ~  that the major- 
ity of intermolecular hydrogen bonds in crystals of protein-car- 
bohydrate complexes are formed between vicinal diols and polar 
amino acid side chains (e.g., a carboxyl, amido, or guanidino 
group). It is probable that such structural preferences also oper- 
ate in complexes formed in solution. 


It should be noted that the evidence for the loss of a crucial 
intramolecular hydrogen bond on moving from 1 to 2 rests on 
distance measurements in energy-minimized conformations and 
on NMR data obtained in [D,]DMSO solution. The situation 
might be different in an aqueous environment; on the other 
hand, the DMSO environment might be a good model of the 
semipolar interior of a hydrated protein receptor site. 


I 


PapC adhesin] 


%Me3 


H 0 ,$ H 


J 


Fig. 8. Suggested hydrogen bonding between the PapG adhesin and 1 and 2, respec- 
tively (cf. ref. [9]). 


Finally, the GalSct4Gal structure (cf. 2) seems to have a some- 
what less well-defined @/Y energy surface than Galct4Gal (cf. 1 ; 
Fig. 3). In addition, breaking the 0 2 - 0 6  hydrogen bond in 2 
lowers the rotational barrier of the HOCH,-6 group. These 
factors would imply that 2 has a somewhat less favourable en- 
tropy of binding to PapG,,, than 1. These are, however, subtle 
effects that largely derive from loss of the intramolecular hydro- 
gen bond in 2. 


The possibility that PapG,,, needs the intersaccharidic oxy- 
gen atom (0 1') in 1 for direct recognition can probably be ruled 
out since the oxygen atom is buried deep into the concave side 
of the galabiose structure; the binding site of PapG,,, is thought 
to recognize the convex side of g a l a b i o ~ e . ~ ~ ~  


Conclusions 


We have synthesized a sulfur analogue of an inhibitory gala- 
bioside. The analogue has a slightly altered conformation, 
which seems to preclude hydrogen bond(s) of importance for the 
recognition of galabiosides by the PapG,,, adhesin. The loss of 
binding strength for the thiogalabioside 2, compared to the par- 
ent 0-galabioside 1, corresponds well with what is expected for 
loss of one hydrogen bond between saccharide and protein. 


Our findings question the general use of thioglycosides as 
hydrolytically stabilized analogues of receptor-active saccha- 
ridic ligands. A subtle structural change in the ligand (1 -+ 2) 
was found to be detrimental to recognition by the receptor 
protein. The results also demonstrate what high degree of struc- 
tural precision is needed in the design of ligands for recognition 
by proteins and other receptor molecules. 


Experimental Procedure 
General methods: Melting points are uncorrected. Optical rotations were measured 
with a Perkin-Elmer 141 polarimeter. 'H and I3C NMR spectra were recorded with 
a Varian XL-300 spectrometer, except for compounds 1, 2, and 10, which were 
investigated with a Bruker ARX 500 spectrometer. 1 ,CDioxane or acetone was used 
as internal reference in I3C NMR experiments in D,O. Solutions were concentrated 
by using rotary evaporation with bath temperature at or below 40 "C. Anhydrous 
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Na,SO, was used as drying agent for the organic extracts in the workup procedures. 
TLC was performed on Kieselgel 60F2,, plates (Merck). Column chromatography 
was performed with SiO, (Matrex LC-gel; 60A, 35-70 MY, Grace). 


2(TrimethylsiIyl)ethyl ~~-(a-D-galactopyranosyl)-4-thio-~-~-galactopyranoside (2) : 
Compound 10 (22.5 mg, 0.0239 mmol) was treated with methanolic sodium 
methoxide (3 mL, 10 mM) for 5 h and 20 min, and then neutralized with Duolite 
C 26 (H') resin, filtered, and concentrated. Flash chromatography (CH,CI,/MeOH 
4: 1) of the residue gave 2 (9.3 mg, 85%); [a];' = + 128 (c = 0.14, H,O). 'HNMR: 
seeTable1. ''CNMR(D,O):6 =102.0,86.6,74.5,71.9,71.8,71.0,69.4,68.5,67.8, 
67.7, 61.1, 60.4, 50.0, 17.2, -2.9. HRMS: calcd for C,,H,,O,,SSi (M + l ) :  
459.1720; found: 459.1737. 


2-(Trimethylsilyl)ethyl4- O-(a-D-galactopyranosy1)- 1 -thio-b-o-gdactopyranoside 
(3): Compound 13 (303.2 mg, 0.40 mmol) was treated with methanolic sodium 
methoxide (40 mL, 0.0015 mM) for 5 h, neutralized with Amberlite IR-120 (H') 
resin, filtered and concentrated to give a quantitative yield of 3;  [a];' = + 45 (c = 1, 
H,O). 'HNMR(D,O): 6 = 4.92(d, l H ,  J = 3.7 Hz,H1'),4.52(d, 1 H , J =  9.5 Hz, 
H l), 4.30 (brt, 1 H, J = 6.2 Hz, HS) ,  3.53 (t, 1 H, J = 9.5 Hz, H2), 2.79 (m, 2H, 
SCH,), 0.89 (m, 2H, CH,Si), -0.02(s, 9H, SiMe,). I3C NMR (D,O): 6 =101.3, 


HRMS: calcd for C,,H,,O,,SSiNa (M +Na): 481.1540; found: 481.1535. 


2-(Trimethylsilyl)ethyl 2,3,6-tri-0-benzoyl-~-~-glucopyranoside (5): To a cooled 
(-78°C) solution of 4 [16] (0.96 g, 3.41 mmol) in CH,Cl, (9 mL) and pyridine 
(4.5 mL) was slowly added benzoyl chloride (1.31 mL, 12.5 mmol). The tempera- 
ture was raised to - 50 "C, and the reaction was carefully monitored by TLC (SiO,, 
toluene/Et,O 2:l). When the formation of 5 was at its optimum, the reaction 
mixture was quenched with MeOH (4.5 mL). The mixture was diluted with CHCI, 
(20 mL), washed twice with saturated aqueous NaCl (15 mL), dried, filtered, and 
concentrated. The residue was chromatographed (SiO,, toluene/Et,O 10: 1 + 4: 1) 
to give 5 (1.12 g, 55%). [a];' = + 48 (c = 1.3, CHCl,). 'H NMR(CDC1,): 6 = 5.43 
(m, 2H, H2,3), 4.75 (dd, 1 H, J = 12.0, 4.5 Hz, H6), 4.74 (d, 1 H, J =7.2 Hz, H l ) ,  
4.67 (dd, 1 H, J = 12.0.2.3 Hz, H6), 4.06-3.96 (m, 1 H, OCH,CH,), 3.92 (m, 1 H, 
H4),3.81(ddd,1H,J=9.7,4.4,2.3Hz,H5),3.66-3.56(m,1H,OCH,CH2),3.43 
(d, 1 H, J = 4.1 Hz. H04),  0.95-0.80 (m, 2H, CH,CH,Si), -0.05 (s, 9H, SiMe,). 
HRMS: calcd for C,,H,,O,Si (M + 1): 593.2207; found: 593.2218. Anal. calcd for 
C,,H,,O,Si: C 64.9, H 6.1; found: C 65.3, H 6.5. 


2-(Trhethylsilyl)ethyI 2,3,6-tri-O-benzoyl4deoxy4thiocyanato-~-~-galactopyra- 
noside (6) and 2-(trimethylsiyl)ethyl 2,3,6-tri-O-benzoyl4deoxy4isothiocyanato- 
B-D-gdactopyranoside (7): To an ice-cooled solution of 5 (2.7 g, 4.56 mmol) in 
CH,Cl, (20 mL) was added pyridine (9.74 mL, 120 mmol) and trifluoro- 
methanesulfonic anhydride (5.06 mL, 30 mmol) in CH,Cl, (30 mL). After 30 min, 
CHCl, (50mL) was added and the mixture was washed with 10% aqueous HCl 
(20 mL), saturated aqueous NaHCO, (20 mL), and saturated aqueous NaCl 
(20 mL). The organic phase was dried, filtered, and concentrated. The residue and 
KSCN (5.0 g, 0.05 mol) were dissolved in DMF (50 mL). The mixture was left 
overnight at 90°C. cooled, CH,Cl, (250 mL) and CHCI, (250 mL) were added, and 
the mixture was extracted with saturated aqueous NaCI. The organic phases were 
pooled, dried, filtered, and concentrated. The residue was chromatographed (SiO,, 
heptane/EtOAc 10:1+8:1) togive6(1.90g, 70%)and7(0.19g, 7%). 
6: [a];, = - 34 (c =1.2, CHCI,). 'HNMR (C,D,): 6 = 5.98 (dd, l H ,  J=10.1, 


86.5, 79.6, 78.5, 74.7, 71.7, 70.8, 70.0, 69.8, 69.6, 61.3, 60.9, 27.1, 18.1, -1.8. 


7.9H2, HZ), 5.56 (dd, 1H,J=10.1,  4.1 Hz, H3), 4.51 (dd, l H ,  J=11.7, 7.4Hz, 
H6), 4.26 (d, 1 H, J =7.9 Hz, H l), 4.15 (dd. 1 H, J=11.7, 4.9 Hz, H6), 3.96-3.86 
(m,lH,OCH,CH,),3.88(dd,1H,J=4.1,1.2Hz,H4),3.64(ddd,1H,J=7.3, 
4.9, 1.2 Hz, HS), 3.46-3.37 (m, 1 H, OCH,CH,), 0.80-0.70 (m. 2H, CH,CH,Si), 
-0.10 (s, 9H, SiMe,). I3C NMR (CDCI,): 6 =165.9, 165.7, 164.9, 110.8, 101.5, 
72.3, 70.9, 69.7, 67.9, 62.9, 53.7, 17.9, -1.6. HRMS: calcd for C,,H,,O,NSSi (M 
+ l ) :  634.1931; found: 634.1918. Anal. calcd for C,,H,,O,NSSi: C 62.5, H 5.6, N 
2.2; found: C 62.8, H 5.7, N 1.9. 
7: 'HNMR (CDCI,): 6=5.71 (dd, l H ,  J=10.3, 7.9Hz, H2), 5.45 (dd, l H ,  
J = 10.2,4.0 Hz, H 3). 4.76 (d, 1 H, J =7.9 Hz, H l ) ,  4.72 (dd, 1 H, J = 11.1,6.1 Hz, 
H6), 4.61 (dd, 1 H, J = 4.0,1.2 Hz, H4), 4.50 (dd, 1 H. J = 11.4, 7.0 Hz, H6), 4.09 
(m, l H ,  H5). 4.08-3.98 (m, l H ,  OCH,CH,), 3.68-3.58 (m, l H ,  OCH,CH,), 
0.90-0.70 (m, 2H, CH,CH,Si), -0.10 (s, 9H, SiMe,). 13C NMR (CDCI,): 
6 =140.2. HRMS: calcd for C,,H,,O,NSSi (M f l ) :  634.1931; found: 634.1949. 


2-(Trimethylsilyl)ethyl 2,3,6-tri-O-benzoyl4thio-~-~-galactopyranmide (8): To a 
solution of 6 (117.5 mg, 0.185mmol) in HOAc (3 mL) was added Zn (1 g, 
15.3 mmol). The mixture was refluxed at 130°C for 3 h, allowed to cool to room 
temperature, then filtered, and CHCl, (25 mL) was added. The mixture was extract- 
ed with saturated aqueous NaHCO, (10 mL) and saturated aqueous NaCl(l0 mL). 
The organic phase was dried, filtered, and concentrated. The residue was chro- 
matographed (SiO,, heptane/EtOAc 7: 1) to give 8 (79 mg, 70%); [a];, = + 54 
(C ~ 1 . 1 ,  CHCI,). 'HNMR(CDC1,): 6 = 5.73 (dd, 1 H , J  =10.1, 7.9 Hz, H2), 5.41 
(dd, l H ,  J=10.1, 4.6Hz, H3), 4.77 (d, l H ,  J=7.9Hz,  H l ) ,  4.74 (dd, l H ,  
J = 11A6.8 Hz, H 6). 4.64 (dd, 1 H, J = 1 I A5 .6  Hz, H 6). 4.29 (ddd, 1 H, J = 6.8, 
5.6, 1.5Hz. H5), 4.10-4.00 (m, l H ,  OCH,CH,), 3.88 (ddd, l H ,  J=9 .7 ,  4.6, 
1.5Hz,H4),3.70-3.60(m,1H,OCH,CH,),1.83(d,1H,J=9.7Hz,SH),0.97- 
0.82 (m. 2H. CH,CH,Si), -0.05 (s, 9H, SiMe,). The peak at 6 = 1.83 disappeared 


upon addition of D,O. HRMS: calcd for C,,H,,O,SSi (M + 1): 609.1978; found: 
609.1964. Anal. calcd for C,,H,,O,SSi: C 63.1, H 6.0, S 5.3; found: C 63.3, H 6.1, 
s 5.0. 


2-(Trimethylsiyl)ethyl 2,3,6-tri-O-benzoyl-4-S-(2,3,4,6-tetra-O-a~tyl-a-D-galac- 
topyranosyl)4thio-~-~-galactopyranoside (10): To a solution of 9 [I 91 (120 mg, 
0.0328 -01) and Cs,CO, (107 mg, 0.0328 mmol) in DMF (1 mL) was added 8 
(100 mg, 0.0164 mmol) in DMF (1 mL). The mixture was stirred for 3 h and then 
concentrated. The residue was chromatographed (SiO,, toluene/EtOAc 6: 1) to give 
10 (127.2 mg, 85%). [a];' = + 83 (C = 0.15, CHCI,). 'HNMR (CDCI,): 6 = 5.80 
(d, l H ,  J=5.1Hz,  Hl'),  5.60 (dd, l H ,  J=10.4, 4.7Hz, H3), 5.43 (dd, l H ,  
J = 10.4, 7.6 Hz, H 2), 5.31 (dd, 1 H, J = 11.0, 3.1 Hz, H 3'), 5.23 (dd, 1 H, J = 11.0, 
5.1 Hz, HT), 5.15 (dd, l H ,  J =  3.0, 1.2Hz, H 4 ) ,  4.88 (dd, l H ,  J=11.0, 6.1 Hz, 
H6),4.70(d,lH,J=7.6H~,Hl),4.40(dd,lH,J=11.0,6.1H~,H6),4.37(dd, 
lH,J=7.2,6.7Hz,HS),4.22(dd,lH,J=7.4,6.1Hz,H5),4.06-3.96(m,lH, 
OCH,CH,), 3.78 (d, l H ,  J =  4.6Hz, H4), 3.66-3.56 (m. l H ,  OCH,CH,), 3.48 


1.99, 1.75 (4s, 3H each, OAc), 0.95-0.81 (m. 2H, CH,CH,Si), -0.05 (s, 9H, 
SiMe,). Anal. calcd for C,,H,,O,,S: C 58.8, H 5.8, S 3.4; found: C 59.2, H 5.7, S 
3.3. 


2-(Trimethylsilyl)ethyl2,3,6tri-O-acetyl40-(2,3,4,6-teh.a-O-ace~l-a-~-gdactopy- 
ranosyl)-l-thio-B-D-galactopyr~mide (13): Method a:  To a solution of 2- 
(trimethylsilyl)ethanethiol(O.O44 mL, 0.27 mmol) in dry DMF (0.35 mL) was added 
NaH (15 mg, 0.3 mmol, 50% in mineral oil) under N,. After 6 min, the mixture was 
added to a solution of 2,3,6-tri-0-acetyl-4-0-(2,3,4,6-tetra-O-acetyl~a-~-galactopy- 
ranosy1)-a-D-galactopyranosyl bromide [21] (12,146.5 mg, 0.21 mmol) in dry DMF 
(1.8 mL). After 80 min, the mixture was diluted with CH,CI,, washed with saturat- 
ed aqueous NaCI, dried, and concentrated. Flash chromatography (heptanej 
EtOAc, 2:l) gave 13 (105.4 mg, 67%); [alp = + 62 (c =1 CHCl,). 
Method b: To a solution of 2-(trimethylsilyl)ethanethiol(O.O91 mL, 1.23 mmol) and 
1 ,~,~,6-tetra-O-acety1-4-0-(2,3,4,6-tetra-O-acetyl-a-~-ga~actopyranosy~)-~-D- 
galactopyranose [21] (11,416.2 mg, 0.61 mmol) in dry CH,Cl, (1.8 mL) was added 
BF,OEt, (0.093 mL, 0.73 mmol) under N,. After 1 h, the mixture was diluted with 
CH,CI,, washed with saturated aqueous NaHCO,, dried, and concentrated. Flash 
chromatography (heptane/EtOAc, 2:l) gave 13 (303.2 mg, 66%) together with 2- 
(trimethylsilyl)ethyl 2,3,6-tri-0-acetyl-4-0-(2,3,4,6-tetra-O-acetyl-a-~-galactopyra- 
nosy])-1-thio-a-o-galactopyranoside (56.7 mg, 12 %). 
13: 'HNMR(CDC1,): 6 = 5.56 (brd, 1 H , J  = 3.2 Hz, H4'), 5.35 (dd, l H , J =  3.2, 


(dd, l H ,  J=11.0, 7.1 Hz, H6'), 3.25 (dd, l H ,  J=11.0, 6.8Hz, H6'), 2.17, 2.03, 


11 .O Hz, H 3'), 5.25 (t, 1 H, J = 10.4 Hz, H 2), 5.20 (dd, 1 H, J = 3.5, 11 .O Hz, H T), 
5.00(d,1H,J=3.7H~,H1'),4.88(dd,lH,J=2.7,10.4Hz,H6),4.49(d,1H, 
J = 9.8 Hz,Hl) ,2 .76(t ,2H,J= 8.8 Hz,SCH,),2.13,2.11,2.08,2.062, 2.056,2.04, 
1.97 (6s, 3H each, OAc), 0.86 (m, 2H, CH,Si), 0.04 (s, 9H, SiMe,). HRMS: calcd 
for C,,H,,O,,SSiNa (M + Na): 775.2289; found: 775.2279. Anal. calcd for 
C,,H,,O,,SSi: C 49.5, H 6.4; found: C 49.5, H 6.4. 


2-(2 - Carboxyethylthio)ethyl4- O-(a-o-gslactopyranosyl)-B-~ -galactopyranmide 
(14): 2-(2-Methoxycarbonylethylthio)ethyl 4-O-(a-~-galactopyranosyl)-~-~-galac- 
topyranoside [32] (257 mg, 0.53 mmol) was hydrolyzed in aqueous NaOH (30 mL, 
0.04 mM) for 1 h, neutralized with Duolite C26 (Hi) resin, filtered, and concentrat- 
ed. Flash chromatography (CH,Cl,/MeOH/H,O, 65:35:5, 1 % AcOH) of the 
residue gave a quantitative yield of 14, [@ = +76 (c = 0.53, H,O). 'HNMR 
(D2O):6=4.96(d,1H,J=3.9Hz,Hl'),4.49(d,1H,J=7.8Hz,Hl),4.37(brt, 
lH,J=6.0Hz,HS),2.84(m,4H,CH,SCH2),2.58(t,2H,J=7.2Hz,CH,CO). 
"CNMR(D,O):S =103.8,101.1,77.9,75.9,73.2,71.8,71.6,69.8,69.6,61.4,60.8, 
31.7, 27.7. HRMS: calcd for C,,H,,O,,S (M +l ) :  475.1485; found: 475.1493. 


Covalent coupling of 14 to microtiter plates: Microtiter plates functionalized with 
secondary amino groups (CovaLinkm microtiter plates, A/S Nunc, P. 0. Box 280, 
Kamstrup, DK-4000 Roskilde, Denmark) were used for covalent coupling of the 
carboxylic acid functionalized galabioside 14, essentially as described by Nunc 
(Fig. 6). To each well was added 0.050 mL of an aqueous solution containing 14 
(4 111~) and N-hydroxy succinimide (8 mM) followed by 0.050 mL of a solution 
containing l-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (8 mM). The plate was 
shaken for 2-6 h and then washed three times with Covabuffer. In order to deter- 
mine the coupling concentration of 14 needed for the inhibition experiments de- 
scribed below, a dilution series of 14 in the coupling reaction was made. The optimal 
coupling concentration of 14 was found to be x 1 mM. 


ELISA assay-competitive inhibition of the PapC/PapD,,, complex by 1,2, and 3: 
The PapGjPapD,,, complex was purified as previously described [27]. The complex 
(0.1 mgmL-' in 2% BSA/PBS, 0.050 mL per microtiter well) was added to the 
microtiter plates carrying covalently linked 20 and containing 0.050 mL of the 
inhibitors 1-3 serially diluted three times between each well. Every inhibitor was 
investigated two or three times in order to obtain mean values. After 45 min incuba- 
tion, the plates were washed three times with PBS and then blocked for nonspecific 
binding by a 1 h incubation with 0.4 mL of 2% BSA in PBS. The PapG/PapD,,, 
complex was detected by incubation with primary anti-PapGiPapD,,, rabbit anti- 
serum (diluted lj500 in 2% BSA in PBS, 1OOpL per well) for 1 h, followed by 
washing (three times) with Covabuffer, and addition of alkaline phosphatase-con- 
jugated antirabbit IgG (Sigma A7539, diluted lj5000) and phosphatase substrate 
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104 (Sigma 104). The optical density was read at 405 nm. Incubations were at 24°C 
unless otherwise stated. 


NMR investigation of intramolecular hydrogen bonding in 1 and 2: Compounds 1 and 
2 were dried under vacuum in NMR tubes for several days and dry [DJDMSO was 
added. The 'HNMR spectra of 0 . 0 3 ~  solutions of 1 and 2 in [DJDMSO were 
recorded with a Bruker ARXSOO instrument at 294 K. Assignments were based on 
2D COSY experiments. To observe isotope-induced doubling of HO signals. 
CD,OD was added in 0.010 mL increments until half of the hydroxyl protons had 
been exchanged by deuterium (the intensity of the HO signals were reduced to 
~ 5 0 % ) .  
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Aryloxycarbonylcarbene Complexes of Bis(oxazoliny1)pyridineruthenium as 
Active Intermediates in Asymmetric Catalytic Cyclopropanations 


Soon-Bong Park, Naoya Sakata and Hisao Nishiyama" 
Dedicated to Professor Henri Brunner on the occasion of his 60th birthday 


Abstract: The reaction of [RuCl,(pybox)- 
(C,H,)] (1) (pybox = 2,6-bis[(4S)-iso- 
propyloxazolin-2'-yl]pyridine) and 2,6-di- 
tert-butyltolyl diazoacetate (4) (DBT- 
DA) in benzene at 50°C gave a stable 
2,6 - di - tert - butyltolylcarbonylcarbene - 
ruthenium complex 5 in 94% yield. The 
structure of 5 was characterized by NMR 
spectroscopy. 2,6-Diisopropylphenyl dia- 
zoacetate (6) and 2,4,6-trimethylphenyl 
diazoacetate (7) also gave the correspond- 
ing carbene complexes 9 and 10, respec- 
tively. Asymmetric carbene transfer from 


the carbene complexes to styrene resulted 
in formation of the trans isomer of 
phenylcyclopropanecarboxylates 2 with 
high enantioselectivity : 2 was obtained as 
the sole product in 80% yield (55% ee) 
from 5 at 80 "C and in 82 % yield (97 YO ee) 


from 9 at 60 "C; from 10 at 40 "C, a mix- 
ture of 2 and 3 in a ratio of 97:3 was 
formed in 91 740 yield (97% ee for 2 and 
99 % ee for 3). After the carbene transfer 
reaction, the ethylene complex 1 could be 
regenerated and isolated by treatment of 
the reaction mixture under an ethylene at- 
mosphere. The carbene complexes 9 and 
10 (2 mol%) exhibited catalytic activity in 
the asymmetric cyclopropanation of 
styrene with the corresponding diazoac- 
etates. 


Introduction 


The asymmetric cyclopropanation of olefins with diazoacetates 
catalysed by various transition metals complexed to nitrogen- 
based ligands has recently been explored.['] We have reported on 
a chiral catalytic system of this type consisting of dichlororuthe- 
nium complexed to pybox [pybox = 2,6-bis(4-isopropyloxa- 
zolinyl)pyridine] , which gives extremely high trans- cis selectiv- 
ities of up to 98 : 2 with high enantioselectivities (Scheme 1) 
We have also shown that the high trans selectivity can be at- 
tributed to the octahedral structure of the pybox-ruthenium 
system. 


Asymmetric induction in the catalytic asymmetric cyclo- 
propanation of olefins with diazoacetates has so far been ex- 
plained in terms of a mechanism involving the formation of an 
alkoxycarbonylcarbene complex and subsequent carbene trans- 
fer to the olefin. However, such carbene complexes have not yet 
been isolated as intermediates for chiral copper or rhodium 
catalysts, which exhibit high asymmetric induction. Very recent- 
ly some alkoxycarbene complexes have been reported for osmi- 
um and ruthenium porphyrin systems, which induce high trans 
selectivity in the carbene transfer to 01efins.~~~ 41 


We have been intrigued by the idea of obtaining a carbene 
complex of Ru-pybox, in order to explain the catalytic mecha- 


HZC=CHz 


1 


1 (2mol%) 


L in CH2Cl2 
+ NpCHC02R . Ph 


Ph 


2 3 


R = ethyl: 2:3 = 91:9,89 %ee and 79 %ee 
R = D-menthyl: 23 = 97:3,87 %ee and 97 %ee 
R = L-menthyl: 2:3 = 97:3,96 %ee and 80 %ee 


Scheme 1. Catalytic asymmetric cyclopropanation with the Ru-pybox catalyst. 


[*I Professor H. Nishiyama, S.-B Park, N. Sakata 
School of Materials Science, Toyohashi University of Technology 
Tempaku-cho, Toyohashi, 441 (Japan) 
Fax: Int. code +(532)48-5833 
e-mail: hnishi@tut.ac.jp 


nism of this system.r51 We disclose herein the details of the isola- 
tion of chiral aryloxycarbonylcarbene-ruthenium complexes and 
their role as active intermediates in the asymmetric carbene 
transfer to styrene. We also discuss the reaction mechanism of 
the cyclopropanation with pybox-ruthenium catalysts. 
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Results and Discussion 


We have already demonstrated the efficiency of our system in 
the asymmetric cyclopropanation with a variety of alkyl dia- 
zoacetates (Scheme l). In general, it is reported that diazoac- 
etates with bulky ester groups afford a high trans selectivity with 
any catalytic system. We therefore started with 2,6-di-tert-butyl- 
tolyl diazoacetate (DBT-DA) (4), which was previously report- 
ed by Doylet6] and Evans,['] as a promising candidate. However, 
no reaction was observed between 4 and styrene in di- 
chloroethane in the presence of [RuCl,(pybox)(C,H,)] (1) 
(2 mol %), even at 60 "C, that is, none of the desired cyclo- 
propanes or even dimerization products of the diazoacetates 
were detected. We supposed that the corresponding stable car- 
bene complex had been formed. Indeed, by careful examination 
of the reaction mixture by TLC, we were able to observe the 
disappearance of the complex 1 and the formation of a new 
ruthenium complex. 


The mixture of the complex 1 (0.3 mmol) and 4 (0.32 mmol) 
in benzene ( 5  mL) was heated at 50 "C for 2 h under an argon 
atmosphere. After concentration, the residue was purified on 
silica gel column at 0 "C with dichloromethane/methanol as elu- 
ent to give the new aryloxycarbonylcarbene complex 5 as a dark 
brown solid in 94% yield (Scheme 2). The complex 5 is thermal- 


HzC=CHz 


1 4 


in benzene 


50 "C, 2 h 
94 % yield 


* 


Scheme 2 


ly and air stable in the solid state but decomposes gradually in 
solution. 'H and 13C NMR spectra of 5 exhibited characteristic 
signals for the metal-carbene moiety (Ru=CHCO,): a signal at 
6 = 21.67 for Hcarbene and 6 = 305.7 for Ccarbene (Fig. 1.). The 
C-H coupling constant ( lJC-J is 142.4 Hz, indicating that hy- 
bridization of the carbene-carbon atom is close to sp'. 


Less bulky esters 6 and 7, with 2,6-diisopropylphenyl and 
2,4,6-trimethylphenyl substituents, respectively, reacted with 1 
at somewhat lower temperature (45 and 40 "C) to give the corre- 
sponding aryloxycarbonylcarbene complexes 9 and 10, respec- 
tively (Table 1). Phenyl diazoacetate 8 reacted with 1 at 0 "C to 
give the unstable carbene complex 11 in low isolated yield. 


Our interest then turned to the carbene transfer experiments 
with the complexes 5, 9 and 10 and to the degree of trans:cis 
selectivity and asymmetric induction that could be achieved 
with these complexes. The carbene transfer was examined in 


15 10 20 5 0 


-, 
3w 2% 200 153 1W 50 0 


Fig. 1 'H (top) and I3C NMR spectra (bottom) of the carbene complex 5 in 
CDCI, 


Table 1. Some carbene complexes isolated by reaction of [RuCl,(pybox)(C,H,)] (1) 
with aryl diazoacetates. 


Aryl diazoacetate Carbene complex 
(yield, %) 


i-Pr 


NzCHCO2 9 (90NaI 


i-Pr 


N 2 C H C 0 2 0  8 11 (30"l 


[a] 45 "C, 2 h. [b] 40 "C, 2 h. [c] 0 "c, 2 h. 


neat styrene (ca. 80 equiv to the complex) with heating. The 
reaction of 5 and styrene proceeded at 80 "C to produce only the 
trans-cyclopropane derivative 2 (R = DBT) in 80 % isolated 
yield (Scheme 3, Table 2). The enantiomeric excess of the 


R U C I ~ ( ~ ~ ~ O X ) ( = C H C O ~ R )  


5,9,10 


1) in styrene (neat) 


2) CHz=CHz (1 atm) 
room temp., 2 h 


heat 


Ph 
\2R 1R 2S IR  


2 3 
Scheme 3. Asymmetric carbene transfer to styrene. 
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Table 2. Carbene transfer from complexes 5, 9 and 10 to styrene to give cyclo- 
propanes 2 and 3 [a]. 


T / T  t/h Yield/% 2:3 % e e 2  % e e 3  


5 80 2 80 1oo:o 55 - 
9 60 2 82 1oo:o 97 - 


10 40 2 91 99:l 97 99 


[a] Carbene complex (0.2 mmol) in styrene (ca. 2 mL); the ethylene complex 1 is 
recovered in 60-88 % yields. 


(1 R,2R) product was 55 % (Scheme 3). The reaction of the diiso- 
propyl ester complex 9 proceeded smoothly at 60°C and also 
gave the trans isomer 2 as the sole product in 82 % yield and with 
high enantiomeric excess (97 %). The trimethylphenyl ester 
complex 10 gave a mixture of 2 and 3 (99: 1) with high enan- 
tiomeric excesses. When the reaction mixtures were treated with 
ethylene (1 atm) at room temperature after heating, the ethylene 
complex 1 could be isolated in 60-80% yield. This indicates 
that the skeleton of [RuCl,@ybox)(vacant or styrene)] was 
maintained in the reaction mixture. 


Thus asymmetric carbene transfer reactions from the aryloxy- 
carbonyl carbene complexes 5, 9 and 10 proceeded with high 
trans selectivity and asymmetric induction under stoichiometric 
conditions. These complexes are also expected to be intermedi- 
ates in catalytic asymmetric cyclopropanations with the Ru-py- 
box system. Moreover, we observed that the carbene transfer 
requires higher reaction temperatures than the formation of the 
corresponding carbene complexes. Therefore, the rate-deter- 
mining step of the catalytic reaction must occur as part of the 
carbene transfer pathway. 


Finally, the carbene complexes 9 and 10 (0.04 mmol, turnover 
number = 50) were found to act as catalysts in the reaction of 
styrene (10 mmol) with the corresponding diazoacetate 6 and 7 
(2.0 mmol), respectively (Scheme 4). The trans-cyclopropane 2 


9 or 10 (2 mol%) 
+ NzCHCOzR Ph + 


in benzene 
L 
Ph . .. 


2s IR  


2 
Scheme 4. 


3 


was obtained exclusively with 9 and a mixture of the trans- and 
cis-cyclopropanes 2 and 3 with 10 (Table 3). However, the enan- 
tioselectivity with which 2 was formed decreased slightly to 
around 92-93% with multiple use of the catalysts, because of 
unanticipated decomposition of the catalysts. The results ob- 
tained with 9 and 10 are almost as good as those obtained with 
the ethylene complex 1 as catalyst (Table 3). 


Table 3. Catalytic asymmetric cyclopropanations of styrene with aryl diazoacetates 
6 and 7 to give cyclopropanes 2 and 3 [a]. 


Cat. Diazo- T / T  Yield/% 2:3 % e e 2  % e e 3  
acetate 


9 6 60 90 1oo:o 92 - 


1 6 60 92 1oo:o 92 - 
10 7 50 95 98:2 93 > 98 


1 7 50 95 98:2 93 > 98 


[a] Catalyst (0.04 mmol, 2 mol%, styrene (10 mmol), diazoacetate (2 mmol), ben- 
zene. 


Conclusion 


We have explained the mechanism of the asymmetric cyclo- 
propanation of olefins with diazoacetates catalysed by Ru-py- - -  
box complexes, by isolation of the corresponding carbene com- 
plexes as active intermediates and realization of the asymmetric 
carbene transfer to styrene. 
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Experimental Section 
General: All reactions were carried out under nitrogen. 'H and I3C NMR spectra 
were recorded at 270 and 67.8 MHz, respectively, on a JEOL JNM-GX270 spec- 
trometer with tetramethylsilane as the internal reference in CDC1,. Infrared spectra 
were recorded on a JASCO A-3 spectrometer. Microanalyses were performed with 
a Yanagimoto MT-3 CHN corder. Column chromatography was performed with 
silica gel (Merck, Art 7734). Analytical TLC was performed on Merck (Art 5715) 
precoated silica gel plates (0.25 mm). Optical purity was determined by Shimadzu 
Capillary Gas Chromatograph 14A with a chiral capillary column (Astec Chiraldex 
B-DA, 30 m). Pybox (2,6-bis[(4'S)-isopropyloxazolin-2'-yl]pyridine and [Ru- 
Cl,(pybox)(C,H,)] were prepared by our previously reported method [2]. Aryloxy- 
carbonyl diazoacetates 6 and 7 were prepared by a literature method [6]. 6 :  yellow 
solid, m.p. 77°C; 'H NMR: 6 = 1.22 (d, J =7.3 Hz, 12H), 3.00 (m, 2H), 5.02 (br, 
IH),  7.10-7.25 (m, 3H). 7: yellow solid, m.p. 66°C; 'HNMR: S = 2.14 (s, 6H), 
2.25 (s, 3H), 5.00 (br, lH) ,  6.86 (s, 2H). 


[RuCI,@ybox)(=CHCO,DBT)I (5): A solution of [RuCI,@ybox)(C,H,)] (1) 
(150 mg, 0.30 mmol) and 2,6-di-tert-butyltolyl diazoacetate (4) (91 mg, 0.32 mmol) 
in benzene (5 mL) was heated at 50 "C for 2 h. The reaction was monitored by TLC 
(R,  = 0.53 for the product 5 and 0.60 for 1 with i€'rOH:CH,CI,:hexane 1:3:5). 
After concentration of benzene, the residue was transferred onto a silica gel (20 g) 
column at 0°C with CH,CI,:MeOH (1OO:l) as eluent. The dark brown band was 
collected and concentrated to give 5 as a brown solid (208 mg, 0.28 mmol) in 94% 
yield: m.p. 149°C (decomp.): 'HNMR: 6 = 0.63 (d, J=7.3 Hz, 6H), 0.76 (d, 
J =7.3 Hz, 6H), 1.46 (s, 9H), 1.54 (s, 9H), 2.04 (m, 2H), 2.35 (s, 3H), 4.27 (m, 
2H), 4.78 (t. J=8 .6Hz ,  2H), 4.94(t, J = 8 . 6 H z ,  2H), 7.21 (s, 2H), 7.99 (d, 
J = 8.6 Hz, 2H), 8.20 (t, J = 8.6 Hz, 1 H), 21.68 (s ,  1 H); 'jC NMR: 6 =14.63, 
18.99, 21.41, 27.86, 31.70, 31.89, 35.59, 71.22. 72.23, 122.9, 127.0, 134.2, 139.0, 
141.4, 142.9, 143.4, 145.9, 161.1, 183.2, 305.7 ('JCH =142.4Hz); IR (KBr disk): 
1705 cm-' ; Analysis calcd for C,,H,,N,O,RuCI, (O.SCH,CI,): C, 53.39; H, 6.23; 
N, 5.41; found: C, 53.48; H, 6.26; N, 5.30. 


~RuCI,@ybox)(=CHCO,-2,6diuwpropylphenyl)~ (9): The procedure was similar to 
that described above for 5 :  [RuCl,@ybox)(C,H,)] (1) (150 mg, 0.30 mmol), 2.6-di- 
isopropylphenyl diazoacetate (6) (81 mg, 0.33 mmol), benzene (5 mL), 45 "C, 2 h; 
monitored by TLC (R, = 0.53 for the product 9 with i€'rOH:CH,CI,:hexane 
1:3:5). Silica-gel column chromatography: 0°C with CH,CI,:MeOH (1OO:l). 9 :  
brown solid (186 mg, 0.27 mmol) in 90% yield: m.p. 113 "C (decomp.): 'HNMR: 
6 = 0.76 (d, J =7.3 Hz, 6H), 0.83 (d, J = 7.3 Hz, 6H), 1.26- 1.28 (m. 12H), 2.2 (m, 
2H), 3.64 (m, 2H), 4.19 (m, 2H), 4.78 (t. J = 7.3 Hz, 2H), 4.95 (t, J =7.3 Hz, 2H), 
7.20-7.30 (br, 3H), 8.01 (d, J=7.3Hz,  2H), 8.19 (t, J=7.3Hz,  lH) ,  21.11 (s, 
1H);  I3C NMR: 6 =14.22, 18.66, 22.69, 23.31, 23.64, 26.72, 27.48, 29.16, 36.38, 
70.83, 71.91, 122.6, 123.4, 125.0, 125.9, 138.6, 140.9, 144.4, 160.8, 184.9, 301.8 
('JCH = 143.4 Hz); IR (KBr disk): 1713 cm-'; Analysis calcd for 
C,,H,,N,O,RuCI, (0.4CH,C12): C, 51.97; H, 5.81; N, 5.79; found: C, 51.85; H, 
5.98; N, 5.65. 


[RuCI,@ybox)(=CHCO,-2,4,6-trimethylphenyl)J (10): The procedure was similar to 
that described for 5: [RuCI,@ybox)(C,H,)] (1) (150 mg, 0.30 mmol), 2,4,6- 
trimethylphenyl diazoacetate (7) (74 mg, 0.36 mmol), benzene (5 mL), 4 0 T ,  2 h; 
monitored by TLC (R, = 0.52 for the product 10 with i€'rOH:CH,CI,:hexane 
1:3:5). Silica-gelcolumnchromatographyat 0°C withCH,CI,:MeOH (1OO:i). 10 
(180mg, 0.28 mmol) in 92% yield: m.p. 120°C (decomp.): 'HNMR: 6 = 0.71 (d, 
J=7.9Hz,6H),0.84(d,J=7.9 Hz, 6H),2.21 (m,2H),2.28 (s, 3H),2.36(s, 6H), 
4.13(m,2H),4.77(t,J=7.9Hz,2H),4.93(t,J=7.9Hz,2H),6.91(~,2H),8.08 


17.25, 19.09, 20.69, 27.91, 71.34, 72.29, 122.9, 129.1, 130.9, 135.0, 138.6, 141.37, 
145.3, 161.2, 184.7, 302.8 ('Jm =143.4Hz); IR (KBr disk): 1706cm-'; Analysis 
calcd for C,,H,,N,O4RuC1,: C, 51.77; H, 5.43; N, 6.47; found: C, 51.78; H, 5.41; 
N, 6.26. 


(d, J=7.9Hz,  2H), 8.20 (t, J=7.9 Hz, IH),  21.11 (s,  1H); I3C NMR: 6 =14.71, 


Carbene transfer from 5 to styrene: A solution of the carbene complex 5 (147 mg, 
0.2 mmol) in styrene (2 m t )  was heated at 80 "C for 3 h under an argon atmosphere. 
After cooling to room temperature, the mixture was stirred under an ethylene 
atmosphere for 1 h. The mixture was concentrated and purified on a silica gel 
column with dichloromethane then dichloromethane/methanol. The last run 
(brown band) was collected to give 1 (82 mg, 0.164mmol) in 82% yield. The first 
run was again purified with hexanelether to give 2-DBT (59 mg, 0.16 mmol) in 
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80% yield: [a];' = -104 (c = 0.5, CH,CI,); 'HNMR: 6 =1.37 (brs, 18H), 1.52 
(m, 1 H), 1.73 (m, 1 H), 2.18 (m, 1 H), 2.32 (s, 3H). 2.70 (m, 1 H), 7.10 (s. ZH), 
7.15-7.35 (m, 5H). 2-DBT was converted with LiAIH,, CrO,/H,SO, (John's 
oxidation) and then diazomethane to the corresponding methyl ester 2-Me for the 
determination of % ee by GLPC: 55% ee (1R,2R); see ref. [2b]. 


Carbene transfer of 9 to styrene: The procedure was similar to that for 5: the carbene 
complex 9 (138 mg, 0.2 mmol), styrene (2 mL), 60°C. 3 h, under an argon atmo- 
sphere. The ethylene complex 1 (61 mg, 0.12 mmol) was recovered in 61 %. 2-2,6- 
diisopropylphenyl (53 mg. 0.164 mmol) was obtained in 82% yield; 'H NMR: 
6=1.15-1.27(m,12H),1.50(m,1H),1.79(m,lH),2.22(m,1H),2.83(m,1H), 
2.98 (m, 2H), 7.15-7.30 (m, 8 H). The ester was converted to themethyl ester 2-Me 
by hydrolysis with NaOH in refluxing ethanol followed by methylation with dia- 
zomethane for chiral GLPC analysis: 97% ee (lR,2R). 


Carbene transfer of 10 to styrene: The procedure was similar to that for 5: the 
carbene complex 10 (130 mg, 0.2 mmol), styrene (2 mL), 40°C, 3 h, under an argon 
atmosphere. The ethylene complex 1 (89 mg, 0.177 mmol) was recovered in 88%. 
2-2.4,6-trimethylphenyl(51 mg. 0.18 mmol) was obtained in 91 % yield; 'HNMR 
oftransisomer:6 =1.48(m, IH) ,  1.78(m,lH),2.13(~,6H),2.19(m, lH),2.26(s, 
3H),2.81 (m, lH),6.85(~,2H),7.15-7.37(m,5H).Amixtureofthetrunsandcis 
ester was converted to the methyl esters 2-Me by hydrolysis with NaOH in reflux- 
ing ethanol followed by methylation with diazomethane for chiral GLPC analysis, 
97% ee (1R,2R) for trans-2-Me and 99% ee (1R,2S) for cis-2-Me 
(trans:cis = 99:l). 


Catalytic reaction of styrene and 6 in the presence of 9: To a solution of the carbene 
complex 9 (28 mg, 0.04 mmol) and styrene (1.1 mL, 10 mmol) in benzene (1 mL) 
was added a solution of 2,6-diisopropylphenyI diazoacetate 6 (493 mg, 2.0 mmol) in 
benzene (2 mL) through a microsyringe pump (ca. 4 pL per drop) over 6 h at 60°C. 
After the mixture had been stirred for an additional 17 h, the benzene was removed 
under reduced pressure. The residual oil was purified by silica gel column chro- 
matography with hexaneiether. The desired product trans-2- 2,6-diisopropylphenyI 
(579 mg. 1.80 mmol) was obtained in 90%: [a];' = -184 (c = 0.8, CH,CI,): 92% 
ee (1R,2R), by GLPC of the corresponding methyl ester. 


Catalytic reaction of styrene and 7 in the presence of 10: To a solution of the carbene 
complex 10 (26 mg, 0.04 mmol) and styrene (1.1 mL, 10 mmol) in benzene (1 mL) 
was added a solution of 2,4,6-trimethylphenyI diazoacetate 7 (408 mg, 2.0 mmol) in 
benzene (2 mL) through a microsyringe pump (ca. 4 pL per drop) over 6 h at 50 "C. 
After the mixture had been stirred for an additional 19 h, benzene was removed 
under reduced pressure. The residual oil was purified by silica gel column chro- 
matography with hexane/ether. The desired product 2-2,4,6-trimethylphenyl 
(540 mg, 1.9 mmol) was obtained in 95 % yield : 93 % ee (1 R,2R) for the trans isomer 
and z 98 % ee for the cis isomer (1 R,2S) (ratio = 98:2) by GLPC of the correspond- 
ing methyl ester. 


Catalytic reaction of styrene with 1 :  The procedure was the same as described above 
with 1 (20 mg, 0.04 mmol) instead of 9 and 10. 
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Vanadium(I1)- and Niobium(rI1)-Induced, Diastereoselective Pinacol Coupling of 
Peptide Aldehydes to Give a C,-Symmetrical HIV Protease Inhibitor 
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Dedicated to Professor Richard Neidlein on the occasion of his 65th birthday 


Abstract: Peptide aldehydes 15a-c are protocol for the preparation and utiliza- 
prepared without epimerization from tion of THF solutions of 11, the isolation 
enantiomerically pure (S)-a-amino acids of air-sensitive intermediates can be 
(Scheme 3). Reductive pinacol homocou- 
pling of 15a-c, induced by vanadium 
complex 11 or niobium complex 16 in re- 
fluxing THF, yields C,-symmetrical 
(S,R,R,S)-configurated 6a,  6 b  and 2, re- 
spectively, with moderate to high 
stereoselectivity (Scheme 4). In a novel 


Introduction 


The design of HIV protease inhibitors that could serve as 
specific antiviral agents and arrest the progression of HIV infec- 
tion in patients with AIDS has been the subject of intense ef- 
forts."] At least three HIV protease inhibitors have entered 
phase I11 clinical trials;[', 3 a 3  3e1 others are in advanced preclini- 
cal de~elopment .~~]  The active form of HIV-1 protease is a C,- 
symmetric h~modimer. '~] It was therefore predicted that the 
axes of symmetry of an inhibitor with a (pseudo)-C,-symmetric 
diaminodiol core unit 1 would coalign with the C, axes of the 
enzyme and thus lead to particularly potent and specific inhibi- 
tion.15] Indeed, several peptidomimetic transition-state ana- 
logues of structure l have been identified as extremely potent, 
subnanomolar inhibitors in ~ i t ro , [ ' -~ ]  for example, HEY 793 
(2) (IC50 = 3.0 x 1 0 - " ~ ) . [ ~ ]  Unfortunately, these compounds 
show very low aqueous solubility and poor oral bioavailabili- 
ty;13, 6 ,  71 one such compound is nevertheless in intravenous clin- 
ical trial.t7p81 Nonpeptide cyclic urea 3 (Ki = 2.7 x 10-10~) , [3d1  
which also contains a C,-symmetric diaminodiol unit, shows 
significant oral bioavailability in both rat and dog;[3d1 however, 
it was withdrawn from development due to rapid metabolism 
and irreproducible blood levels in humans.[3c1 


The absolute configurations at the stereocentres of the diol 
core unit of inhibitors 1 have significant influence on the poten- 
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avoided and the potent HIV protease in- 
hibitor 2 prepared in enantio- and 
diastereomerically pure form on a kilo- 
gram scale without chromatographic pu- 
rification. The (S,R,R,S) selectivity of the 
pinacol homocouplings is confirmed by 
means of an independent, stereochemi- 
cally unequivocal synthesis of 6 a  and 2 
from D-mannitol4 (Scheme 1). 


1 


Pl 


w 2 


3 (DMP323) 


cy of enzyme inhibition[3d* 6-91 and on the aqueous solubility, 
which is usually highest for the (R,R)-di~l.[~] X-ray crystallo- 
graphic studies on inhibitors 1 cocrystallized with HIV protease 
indicate that the pseudo-C,-symmetric (R,S)-diol and the C,- 
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symmetric (R,R)-diol have an asymmetric binding mode with 
the enzyme,['] and the C,-symmetric (S,S)-diol has a symmetric 
binding mode,''] as originally predicted.[5] New efficient meth- 
ods for the diastereo- and enantioselective synthesis of C,-sym- 
metric 1,3-diamino-2-ols and (pseudo)-C,-symmetric 1,4-di- 
amino-2,3-diols are thus of particular interest.["- ' * I  


Results and Discussion 


1. Original chiral-pool synthesis of HBY 793 (2): By 1991 we had 
prepared inhibitor 2 from D-mannitol 4 as outlined in 
Scheme The synthesis of (S,R,R,S)-diaminodio15 with mi- 
nor modifications has been reported by other research 
groups.['31 Core unit 5 was coupled with N-benzyloxycarbonyl- 
L-valine (Cbz-L-Val-OH) with 0-[cyano(ethoxycarbonyl)- 


4 


I PdC 
HCl + 
85% 


6a 


5 


-.- Q 1  


7 


"(5')-DSNP-OOBt" 8 


Scheme 1. Original chiral pool synthesis of 2. 


Abstract in German: Die Peptidaldehyde 15a-c werden epi- 
merisierungsfrei aus enantiomerenreinen ( S )  -a-Aminosauren 
hergestellt (Schema 3)  . Durch reduktive Pinakol-Homokupp- 
lungen, induziert durch den Vanadium-Komplex 11 oder den Niob- 
Komplex 16 in siedendem T H E  entstehen die C,-symmetrischen 
(S,R,R,S)-l,4-Diamino-2,3-diole 6a,  66 und 2 mit mittlerer bis 
hoher Stereoselektivitat (Schema 4) . Bei einer neuen Methode 
zur Herstellung und Verwendung von THF-Lasungen des Vana- 
dium-Komplexes 11 kann auf die Isolierung luftempfindlicher 
Zwischenstufen verzichtet werden. Nach dieser Methode gelingt 
die Synthese des enantio- und diastereomerenreinen, hochwirksa- 
men HIV-Protease Inhibitors 2 im kg-Mapstab ohne chromato- 
graphische Reinigungsschritte. Die (S,R,R,S)-Selektivitat der 
Pinakol- Homokupplungen wird durch die stereochemisch eindeu- 
tig verlaufende Synthese von 6a und 2 aus D-Mannit bewiesen 
(Schema I ) .  


methylenaminol-N,N,N',N'-tetramethyluronium tetrafluoro- 
borate (TOTU)['41 as coupling reagent to give 6a. Hydrogenol- 
ysis of the Cbz protecting groups liberated the terminal amino 
groups, which could be coupled with (2S)-(I,l-dimethylethyl- 
sulfonylmethy1)-3-( 1 -naphthyl)propionic acid (DSNP-OH) [I 


after activation as 4-0~0-3,4-dihydr0-1,2,3-benzotriazine-3- 
oate (OOBt ester)['61 8. This synthesis was unsuitable for the 
preparation of inhibitor 2 on a kg scale. The nine steps from 
mannitol 4 to the core unit 5 proceed with an overall yield of 
10-12% on a laboratory scale; however, only 4% could be 
attained on a kg scale. Large-scale handling of a diazide (inter- 
mediate in the preparation of 5)  was an unacceptable hazard. 


2. Development of approaches based on reductive pinacol cou- 
pling: It was to be expected that the dimerization of the "molec- 
ular halves" would be a more efficient route to a C,-symmetric 
compound such as 2. However, this simple approach is compli- 
cated by the fact that the relative configurations of four vicinal 
stereocentres have to be controlled around the central bond to 
be formed. A conventional method for the preparation of C,- 
symmetrical diols is the reductive pinacol dimerization of the 
respective  aldehyde^."^' The customary conditions are not use- 
ful in this case: both titanium(0)-catalysed McMurry couplings 
(diastereoselectivity d.s. with 14b: (S,R,R,S): (S,R,S,S): 
(S,S,S,S) = 2 :  1 : l)[5b, "1 and samarium diiodide-induced 
dimerizations (d.s. with 14b: 1.6:0.7:1.0)[61 yield only diastereo- 
meric mixtures that are difficult to separate. A report of 
Pedersen et al. in 1990 gave a hint of how to attain the required 
diastereoselectivity : dinuclear vanadium(I1) complex 11 I 1  was 
found to promote highly syn,syn-selective cross-coupling of 
nonchelating aldehydes 9 with chelating N-Cbz- or N-Boc-cc- 
amino aldehydes 10 (Scheme 2). Pedersen rationalized the 
stereochemical preference in terms of intermediate 13." 


9 10a : COZC%Ph 
lob: C02tBu 


12 
d.s. = 5:1 - 50:l 


h R 4  


- ", phCH@H 2. deprotection 
H&O'A L - <  


H R4 
13 14a: C02C%Ph 


L= THF 14b: C02tBu 


R 
15a : CO2C3Ph (Cbz) 


15b: C02rBu (Boc) 


1%: (5')-DSNP 


16 


Scheme 2. Approaches based on reductive pinacol coupling (DME = 1,2- 
dimethoxyethane). 
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Based on this model we expected that reductive dimerization 
of N-Cbz- (or N-Boc)-protected phenylalaninals 14, promoted 
by 11, would give the required (S,R,R,S) core unit 5 after depro- 
tection. We also envisioned that the peptidic carbonyl group 
might endow a peptide aldehyde with chelating abilities similar 
to protected a-amino aldehyde 10. This would allow the prepa- 
ration of 2 by pinacol coupling of protected dipeptide aldehyde 
15a or 15b and even the synthesis of the entire inhibitor 2 in a 
single step from DSNP-Val-Phe aldehyde 15c. All three ap- 
proaches to 2 were quickly put into practice; the work was 
concluded and submitted for patent in march 1991.[z01 Shortly 
thereafter we also succeeded in inducing the respective stereose- 
lective couplings with niobium(m) complex 16,[' l1 which had 
been reported by Pederson et a1.[221 for the reductive coupling of 
imines with aldehydes. In the meantime, homocoupling of 14a 
promoted by vanadium complex 11 has been reported,["* ''I as 
well as several similar applications of 11[231 and 16.[241 In the 
following we report the details of the preparation of enan- 
tiomerically pure peptide aldehydes 15 a-c, and their 
diastereoselective pinacol couplings, promoted by vanadium 
complex 11 and niobium complex 16 to give HIV protease in- 
hibitor HBY 793.IZ5] 


3. Preparation of peptide aldehydes 15a-c: Amazingly, little is 
known about synthesis and chemistry of terminal peptide alde- 
hydes.[261 Condensation of N-Cbz- or N-Boc-protected L-valine 
17a or 17 b with L-phenylalaninall8, in the presence of n-propyl 
phosphonic anhydride and triethylamine, provided protected 
Val-Phe alcohols 19a or 19b in 86 and 94% yield, respectively 
(Scheme 3). Oxidation under Swern conditionsrz6] furnished the 


R 
17a: C02CH2Ph 18 
17b: co2mu 


+ 15a, b 


19a, b 


20 


X 


Scheme 3. Preparation of peptide aldehydes 15s-c: a) n-propyl phosphonic anhy- 
dride, NEt,, EtOAc, 20°C; b) (COCI),, DMSO, NEt,, CH,CI,, -70°C; 
c) MeOH/HCI (pH = 6), H,, Pd/C, 20°C; d) HC1 (gas), MeOH, 20-35°C; 
e) dicyclohexylcarbodiimide, (S)-DSNP-OH, EtOAc, 20-45 "C. 


corresponding crystalline protected dipeptide aldehydes 15 a 
and 15b without epimerization in 88-90% yield. The Cbz 
group of 19a or the Boc group of 19b could be cleaved by 
hydrogenolysis or protonolysis, respectively, to give the crys- 
talline dipeptide alcohol 20 as a pure diastereomer in 90-94% 
yield. Coupling with the sulfone carboxylic acid (S)-DSNP- 
OH r1 induced by dicyclohexylcarbodiimide furnished the crys- 
talline pseudo-tripeptide alcohol 21 as a pure diastereomer in 
74 % yield after purification by recrystallization. Oxidation un- 
der Swern conditions provided the crystalline pseudo-tripeptide 
aldehyde 15c in 72% yield on a kg scale (78-85% on laborato- 
ry scale). 


Peptide aldehydes are prone to epimerize in the a position to 
the aldehyde group,[z61 notably in the presence of base. Protect- 
ed dipeptide aldehyde Cbz-L-Ala-L-Leu aldehyde has been re- 
ported to epimerize slowly only 1 h after dissolution in CDCI, 
at ambient temperature, whereas its more sensitive D,L-iSOmer 
was already 10-15% epimerized after 1 h.[z61 We noticed that 
several precautions are necessary to obtain diastereomerically 
pure peptide aldehydes 15 a-c. The Swern oxidation must be 
conducted at - 60 to - 70 "C. Attempts to increase the reaction 
temperature above -40 "C led to significant epimerization. The 
workup must start with the addition of excess acid at low tem- 
perature, and it should be checked that the reaction medium is 
really slightly acidic before it is allowed to warm up. In the case 
of 15 a and 15 b the addition of excess glacial acetic acid and 
aqueous citric acid gives good results. However, these acids 
crystallize quickly at the low temperatures used, and the more 
sensitive aldehyde 15 c epimerized partially as the reaction 
warmed up, despite of the addition of these acids. This problem 
was overcome by the use of the low-melting chlorosulfonic acid. 
Workup must be conducted without interruption until the alde- 
hydes 15a-c have been precipitated, filtered and dried. The dry, 
crystalline aldehydes can be stored for several months at ambi- 
ent temperature without significant loss of quality. In contrast, 
crude solid aldehydes containing mother liquor and especially 
crude oily aldehydes epimerize partially within several hours. 
Solutions of the aldehyde in the presence of base epimerize 
quickly within a few minutes. Only crystalline peptide aldehydes 
should be used in the vanadium(i1)- or niobium(m)-induced 
pinacol couplings. Their diastereomeric purity must be verified 
by high field 'H NMR and (or) HPLC prior to use. The pres- 
ence of epimers in the peptide aldehyde gives rise to the forma- 
tion of additional diastereomers in the crude coupling product, 
and the (S,R,R,S) isomer crystallizes in significantly reduced 
yield or not at all. Provided that these precautions are taken, 
even the most sensitive aldehyde 15 c can be prepared conve- 
niently on a kg scale (see Experimental Procedure). 


4. Diastereoselective pinacol coupling of peptide aldehydes: All 
reported applications of vanadium(@ complex 11 for reductive 
pinacol couplingsr". " 9  z3* "I require the isolation of the very 
air-sentitive VC1,(THF),[z81 from THF solution by dry-box or 
Schlenk-tube techniques,[27. 281 its subsequent reduction with 
zinc dust in dichloromethane to give a solution of complex 
1 l,["] followed by the addition of a dichloromethane solution 
of the aldehyde(s) to be coupled at ambient temperature (proce- 
dure A). Obviously, this protocol is not practical on pilot-plant 
scale. We developed a new procedure that allows complex 11 to 
be formed and used in THF solution and avoids the isolation of 
intermediates: VCI, was refluxed in THF for 5 h, and zinc dust 
added at 20 O C ;  after 30 min the mixture was reheated to reflux, 
1,3-dimethylimidazolidin-2-one (DMI) added, followed by a 
THF solution of the aldehyde, and the mixture refluxed for 1 h 
(procedure B, for details see Experimental Procedure). Initial 
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experiments with Cbz- and Boc-protected L-phenylalaninal 14a 
and 14b, respectively, served to ascertain that procedures A and 
B are comparable as regards the yield and diastereoselectivity of 
the homocouplings (Table 1, entries 1-7). While the total yield 
of diol products is very similar for 14 a and 14 b, the diastereose- 
lectivity is significantly better for 14a, irrespective of the cou- 
pling protocol (compare entries 1-3 with entries 4-7). In the 


Table 1. Diastereoselective pinacol homocoupling of protected L-phenylalaninal 
and of peptide aldehydes with C-terminal L-phenylalaninal moieties. 


Entry Substr. Reagent, Yield (%) d.s.(S,R,R,S) Ref. 
procedure [a] (%) [bl 


1 14a 11,A 76 [c,d] ( z 85) [el 
2 14a 11, A 70 [cJI ( 2  88) [el 
3 14a 11, B 74 [cdl 
4 14b l l , A  82 [el 
5 14b 11, A [i] 85 [el 
6 14b 11, B [j] 80 [el 
7 14b 11, B 70 [el 
8 15a 11, B 64 [el 
9 15b 11, B 72 [ck] ( z  83) [el 
10 15c 11, B 70 [c,d] ( z  89) [el 
11 15b 16 52 [c,kl 
12 15c 16 35 [CAI 


z 90 
so 
91 
60 
70 
64 
66 


87 
79 
85 
80 


70 [hl 


S O 1  
[Il l  
this work 
this work 
this work 
this work 
this work 
this work 
this work 
this work 
this work 
this work 


A 


a) orb) 


c j  Table 
15a, b - 


R 
6a: CO2C3Ph 
6b: C021Bu 


t Pl 


Table v n n  


[a] For definition of procedures see text and Experimental Procedure. [b] Other 
diastereomers predominantly (S,R,S,S) and (S ,S ,S ,S)  configuration. [c] Isolated 
yield of (S,R,R,S) product. [d] Isolated by recrystallization of crude product. 
[el Total yield of diol products. [fl Isolated by derivatization of crude product. 
[g] Isolated by trituration of crude product. [h] Diastereomeric composition of 
isolated product. [i] Refluxing CH,CI,. [j] Reaction in THF at 20 "C. [k] Isolated 
by chromatography. 


2 
Scheme 4. Diastereoselective pinacol homocouplings of peptide aldehydes 15a-c. 
a) VCI,, Zn, 1,3-dimethyl-2-imidazolidinone (DMI), THF, reflux; b) [NbCI,- 
(DME)], THE reflux; c) see Scheme 1. 


relatively unselective homocouplings of 14 b, the diastereoselec- 
tivity attained in refluxing solvents is better than that at ambient 
temperature, with both the Pedersen protocol (procedure A) 
and our new protocol (procedure B) (compare entry 4 with 5 
and entry 6 with 7). There are two possible explanations for this 
observation. In contrast to the configurationally rather sta- 
ble[263 301 Cbz-protected a-amino aldehydes, Boc-protected a- 
amino aldehydes are prone to racemize.[26. 30 ,  l l  Racemization 
concomitant with the pinacol coupling will manifest itself in a 
decreased diastereoselectivity and in a diminished enantiomeric 
purity of the (S,R,R,S) isomer. Reaction times for quantitative 
pinacol coupling are considerably shorter in refluxing solvents. 
The ratio of reaction rates kcoupling/kracem, probably increases 
with temperature within the range examined. In addition, en- 
try 3 points to an intrinsically improved diastereoselectivity of 
the homocoupling in refluxing THF; however, the limited data 
available are clearly not sufficient to establish this effect. 


Peptide aldehydes 15a-c were homocoupled according to 
procedure B in refluxing THF (Scheme 4). The desired 
(S,R,R,S) diols 6a, 6b and 2 accounted for 70%, 87%, and 
79%, respectively, of all diol products formed (Table 1, en- 
tries 8-10). Diol6a obtained in entry 8 and diol 2 obtained in 
entry 10 had the same physical constants, spectra and specific 
rotations, after recrystallization, as products 6 a and 2 prepared 
in a stereochemically unambiguous manner from D-mannitol 
according to Scheme 1. Products 6a (entry 8) and 6b (entry 9) 
were converted to 2 according to the protocol outlined in 
Scheme 1 .  The resulting 2 was, after recrystallization, identical 
in all respects to 2 produced in entry 10. Stereoisomers of 6 a, 6 b 
and 2 with unambiguously definded configurations were avail- 
able as reference compounds from former work of Budt et a1.[61 
Using these reference samples, HPLC analysis of the crude 
products produced in entries 8- 10 indicated the main product 


to have (S,R,R,S) configuration in each case. Additionally, 
(S,R,S,S) and (S,S,S,S) isomers could be assigned in most cases 
(see Experimental Procedure). The efficient and high yielding 
homocoupling of 15c (entry 10) indicates that complex 11 in 
refluxing THF is a highly chemoselective reducing reagent. 
There is no significant reduction of the sulfone group, in line 
with the reaction of 11 with fi-sulfone aldehydes in dichloro- 
methane at ambient temperature.[23f1 In contrast, niobium(rI1) 
complex 16 in refluxing THF is a less selective agent. Although 
its diastereoselectivity is virtually the same as that of vanadium 
complex 11 (compare entry 9 with 11  and entry 10 with 12), the 
isolated yields of products 15 b and 15c are much lower. HPLC 
analyses of crude reaction products indicate considerable (non- 
diastereomeric) impurities. The peptide alcohols 19 b and 21, 
respectively, are prominent by-products. Very recently it has 
been reported that acetals, resulting from reaction of the vic-di- 
01s with the aldehydes, are important products in this type of 


In the case of pinacol homocoupling of peptide aldehydes 15 b 
and 15 c induced by vanadium(@, the diastereoselectivities and 
the isolated yields of pure (S,R,R,S) isomer are comparable with 
those of the reported homocoupling of Cbz-L-phenylalaninal 
(compare entries 1, 2 with entries 9 and 10). The steric condi- 
tions proximal to the reaction centre are very similar for these 
three substrates, since they all have a C-terminal L-phenylala- 
ninal unit. The results indicate that, under suitable conditions, 
the chelating abilities of peptide aldehydes towards vanadium 
complex 11 are comparable to those of Cbz-protected a-amino 
aldehydes. However, diastereoselectivity and yield for the cou- 
pling of Cbz-protected dipeptide aldehyde 15 a are significantly 
lower. At this time we do not know why Cbz-protection gives 
better stereoselectivity than Boc-protection with phenylala- 
ninal, but worse results with valinylphenylalaninal. 


In all examined cases 70-90% of all diol products have the 
required (S,R,R,S) configuration under optimal conditions (re- 
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fluxing solvents). As expected, the configuration of the diol 
centres is predominantly controlled by the neighbouring stereo- 
centre of the phenylalaninal unit (1,2-asymmetric induction). 
The influence of remote stereocentres (1,s- and 1 &asymmetric 
induction)[26' is minor. The good yield and diastereoselectivity 
attained in the coupling of 15 c induced by 11 (Table 1, entry 10) 
indicates that the method is not impaired by a growing chain 
length of the peptide aldehyde, nor by the presence of very bulky 
substituents. It should therefore give useful diastereoselectivities 
with a large number of different peptide aldehydes. 


Conclusion 


We have reported the preparation and (S,R,R,S)-diastereoselec- 
tive homocoupling of peptide aldehydes 15a-c. A novel proto- 
col for preparation and utilization of vanadium@) complex 11 
has been developed, avoiding any isolation of air-sensitive inter- 
mediates and rendering the method practical on pilot-plant 
scale. The homocoupling of pseudo-tripeptide aldehyde 15 c was 
applied on a kg scale to furnish enantiomerically and 
diastereomerically pure HIV-protease inhibitor 2 by simple re- 
crystallization. The method should be useful with a large num- 
ber of peptide aldehydes. 


Experimental Procedure 
Reagents, instrumentation and general methods: Cbz-L-Val-OH (17a) and Boc-L-Val- 
OH Nova Biochem, >99%), L-phenylalaninol (18) (Hoechst, 298%). DMI 
(Janssen, 98 %, 0.13 % H,O), HOOBt (22.5% on "Dicalite, Hoechst), n-propyl- 
phosphonic anhydride [Hoechst, 92% (,'P NMR), 6 %  terminal P, 2% iPr terminal 
PI, TOTU (Hoechst) and VCI, (Fluka purum, 99.5% argentometric) were used as 
purchased. All g-scale reactions were run in a dry-glass apparatus under a nitrogen 
or argon atmosphere. All kg-scale reactions were run in enamel-coated stainless 
steel reactors under a nitrogen atmosphere. Melting points (M.p.) were determined 
on a Biichi capillary melting point apparatus and are uncorrected. TLC: 5 x 10 cm 
glass plates precoated with silicagel 60 F-254 (E. Merck). HPLC: Kontron 420 or 
Beckman System Gold; peak areas were not corrected. 'HNMR: Varian Gemini 
200(200 MHz),BrukerAM270(270 MHz),andBrukerAM400(400MHz). hand 
Jvalues correspond to the common "first order analysis" of the spectra. 13C NMR: 
Bruker AM 300(75.429 MHz), multiplicity determined by DEPT 135'. MS: a) fast 
atom bombardment positive ionization (FAB): VGZAB SEQ, withp-nitrobenzylal- 
coho1 (NBA); b) dissociation chemical ionization (DCI): Kratos MS 80. Optical 
rotations were determined on a Perkin-Elmer 241 polarimeter in a lOcm long 
microcuvette. 


N,N'-Bis{ [ (S)-2-(tert-hutylsulfonylmethyl)-3-( 1 -naphthyl)-propionyl] -(S)-valinyl-di- 
amide}-(2S,SS)diamino-l,6diphenylhexane-(3R,4R)diol (HBY 793, 2): a) By pep- 
tide coupling of7 with 8: N-Ethylmorpholine (0.343 L, 2.695 mol) was added at 0 "C 
to a solution of dihydrochloride 7 (0.750 kg, 1.31 mol) in DMF (11.8 L), and the 
solution was stirred for 5 min. (S)-DSNP-OOBt ester 8 (1.354 kg, 2.82 mol) was 
added in portions within 30 min at 0 ° C  and the mixture was stirred for 1 h at 0°C 
and then for 30 rnin at 20 "C. HPLC (250 x 4 mm C 18 Nucleosil 5 pm. eluent A: 
AcOH/H,O 95:5  +0.1% CF,CO,H. eluent B: AcOH/H,O 5:95 +0.1% 
CF,CO,H, A:B = 65:35, flow l.OmLrnin-', 25°C  det. 224nm. injection of 
0.5 mgmL- ; t,,, = 2 15.03 min) indicated complete reaction. The DMF was evap- 
orated in V ~ C U O  (4mbar) over 3 h at a bath temperature of 40-50°C. The residue 
was dissolved in CH,CI, (6.6 L). The solution was washed with saturated aqueous 
NaHCO, solution (4.6 L), stirred for 15 rnin with Na,SO, (0.5 kg), and the drying 
agent was filtered off. The filtrate was allowed to stand overnight without any 
change. The solvent was evaporated in vacuo, and the residue (pale yellow oil) was 
triturated with water (6.6 L); this led to crystallization. The crystals were collected 
by suction filtration, washed with water (2 L) and dried for 4 d in vacuo (50 mbar) 
at 40°C to give a crude product (1.42 kg) with 2-3% H 2 0  content (Karl-Fischer 
titration) and 70-80% purity (HPLC). The crude product was dissolved in reflux- 
ing EtOH (98 %, denatured with toluene. 2.9 L). The temperature was decreased to 
7 4 T ,  active charcoal (50 g) added, the mixture refluxed for 5 rnin and the charcoal 
removed by suction filtration of the hot mixture through a Seitz filtering pad. The 
filtrate was cooled and stirred 2 h at 5 "C. The crystals were collected by suction 
filtration, washed with cold EtOH (0.5 L), and then dried for 18 h in vacuo 
(100 mbar) at 40°C to obtain a roughly purified product (0.90 kg) of 93-98% 
purity (HPLC). This was recrystallized from refluxing EtOAc (3.4 L) and dried in 


vacuo to give a product (0.78 kg, 53% yield) of 99-99.5% purity (HPLC); M.p. 
189-190°C; [.]go = - 23.8 (c =1.0 in MeOH); spectra and elemental analysis: 
vide infra. 


b) By vanadium(i1)-induced reductive pinacol coupling of 15c: A solution of VCI, 
(678 g,4.31 mol)inTHF(l8 L)washeatedat refluxfor5 h. Onlaboratoryscale this 
time could be reduced to 2 h without any influence on the quality of 2. Zinc dust 
(160 g, 2.45 mol) was added in one portion at 20°C. The mixture was stirred for 
30 min at 25 "C, then heated to reflux, and 1.3-dimethyl-2-imidazolidinone (1.6 L), 
followed by a solution of aldehyde 15c (1.20 kg, 2.12 mol) in THF (6 L) were added 
within 15 min. The reaction mixture was heated for 1 h at reflux. TLC (CH,CI,/ 
EtOAc/MeOH 15:5: 1, R,(2) = 0.3) indicates quantitative reaction. The mixture 
was cooled to 20 "C, diluted with 10% aqueous citric acid (19 L), stirred for 15 min, 
further diluted with EtOAc (18 L), and vigorously stirred for 10 min. The phases 
were separated, the organic phase was washed with water (3 x 3 L), dried over 
Na,SO, (2.5 kg) and filtered, and the solvent was evaporated in vacuo. The residue 
was stirred with water (4 L), filtered under suction, and dried in vacuo. HPLC 
[250x4.0mmRP18Nucleosil1207pmC18,eluent: H,O/CH,CN40:60 +0.1% 
KH,PO,, l.OmLmin-', 40°C  det. 225nm, f,,, = 2 ((S,R,R,S) configuration of 
central unit): 13.64 min, (S,R,S,S) diastereomer: 14.33 min, (S,S,S,S) diastereo- 
mer: 15.40 min] indicates a diastereomeric composition of (S,R,R,S)/(S,R,S,S)/ 
(S,S,S,S) = 8.7:1.3: 1.0. The crude product (2.4 kg) was dissolved in hot EtOH 
(8 L). Small amounts of undissolved solid were removed by filtration. The product 
was allowed to crystallize from the filtrate at 20°C overnight. It was collected by 
filtration and recrystallized (only partially dissolved at reflux) from hot EtOAc 
(1 L) . The colourless crystals were collected and dried in vacuo to give 2 (720 g, 60 % 
yield). M.p. 189-190°C; HPLC (RP18 Nucleosil 120, vide supra): purity >99%; 
HPLC (250 x 4.0 mm Spherisorb 5 pm ODS 3, eluent A: H,O/CH,CN/85 % aq. 
H,PO, 19:1:0.2 adjusted with NEt, to pH 3.0, eluent B: H,O/CH,CN/85% aq. 
H3P0,4:18:0.2adjusted withNEt, to pH 3.0,A:B = 38:62, l.OmLmin-', 30"C, 
det. 210nm. run time 160min, I, , ,  = 2 35.1 rnin): purity 98.8%; 'HNMR 
(400 MHz, [D,]DMSO, 32°C TMS): 6 = 0.68 (d, 'J(H,H) = 6 Hz, 6H,  CH,), 0.76 
(d, 'J(H,H) =7  Hz, 6H, CH,), 1.10 ( s ,  l8H,  tBu), 1.86 (oct, 'J(H,H) = 7  Hz, 2H, 
CH), 2.70 (dd, 'J(H,H) =14 Hz, ,J(H,H) = 5 Hz, 2H, CH), 2.79 (m, 4H, CH), 
3.10 (dd, 'J(H,H) =14Hz, 3J(H,H) =lOHz, 2H, CH), 3.26-3.42 (m, 6H,  CH, 
andCH),3.58(dd,3J(H,H)=13and8Hz,2H,CH),4.08(t,3J(H,H)=8Hz,2H, 
CH), 4.51 (td, 'J(H,H) = 9 and 5 Hz, 2H, CH), 4.58 (brs, 2H, OH), 7.02 (t, 
3J(H,H) =7  Hz, 2H, H,,,,), 7.16 (t. , J (H,H)  =7  Hz, 4H, H,,,,), 7.22 (d, 
'J(H,H) =7  Hz, 4H, H,,,,), 7.31 (d, ,J(H.H) =lOHz, 2H, H,,,,), 7.42 (m, 4H, 
H,,J, 7.51 (t. ,J(H,H) =7  Hz, 2H, H,,,,), 7.57 (t. 'J(H,H) =7Hz,  2H, H,,,,), 
7.79 (m, 2H, Ha,,,), 7.92 (d, 'J(H,H) =7 Hz, 2H, H,,,,), 8.12 (d, ,J(H,H) = 9 Hz, 
2H, NH), 8.19 (d, 'J(H,H) = 9 Hz, 2H, H,,,,); 13C NMR (75 MHz, [D,]DMSO, 
27°C. TMS): 6=18.18 ( ~ x C H , ) ,  19.23 ( ~ x C H , ) ,  22.34 ( ~ x C H , ) ,  30.16 
(2 x CH), 34.75 (2 x CH,), 38.59 (2 x CH,), 39.70 (2 x CH). 45.97 (2 x CH,), 50.28 
(2 x CH), 58.26 (2 x C), 58.54 (2 x CH), 73.13 (2 x CH), 123.96 (2 x CH), 125.27 
(2xCH), 125.58 (4xCH), 126.09 (2xCH),  127.13 (2xCH). 127.29 (2xCH),  
127.71 (4xCH). 128.44 (2xCH),  128.97(4xCH), 131.55(2xC), 133.34(2xC), 
134.03 (2 x C), 138.87 (2 x C), 170.27 (2 x C), 171.90 (2 x C); IR (KBr): B = 3660- 
3150 (0-H and N-H), 1675 (C=O), 1513 (N-C=O), 1295 and 1117cm-' (SO,); 
MS (FAB): m/z (%) =I153 (17) [ M  +Nat] ,  1131 (94) [ M  +H+],  1113 (19) [M 
+ H t  - H,O], 716 (100) [ M  + H +  - DSNP-NH-CH(iFr)-CO], 416 (70) [DSNP- 
NH-CH(iPr)-CO 'I, 388 (92) [DSNP-NH-CH(iPr)']; inductive coupled plasma 
(ICP) MS and atomic absorption spectrometry (AAS) measurements: 0.1 -0.2 ppm 
vanadium, 14-21 ppm zinc; C,,H,,N,0,,S2 (1131.52): calcd. C 67.94, H 7.30, N 
4.95, S 5.67; found C 68.0, H 7.4, N 4.8, S 5.6 . On laboratory scale 65-72% yield 
was routinely attained with this procedure. 


c) By niobium(ni)-induced reductive pinacol coupling of 15c: A solution of alde- 
hyde 1% (2.0 g, 3.54 mmol) in deaerated THF (5 mL) was added to a suspension of 
niobium complex 16 [22] (1.5 g, 5.18 mmol) in deaerated THF (50 mL). The mixture 
was refluxed and monitored by TLC (vide supra); this indicated quantitative reac- 
tion after 1 h. Workup as described for 6 h provides a crude product (1.8 g) with 
80 % (SJ7,R.S) configuration and considerable content of by-products (HPLC, vide 
supra). Purification by flash chromatography and recrystallization from hot EtOAc 
furnished 2 (0.70 g, 35% yield), with physical constants and spectra identical to 
those obtained for samples of 2 prepared by V"-induced pinacol coupling of 15c or 
from dihydrochloride 5. 


(~S,~R,~R,SXJ-~,S-B~S~ (N-benzyloxycarbonyl~S)-valinyl)amino~-3,4dihydroxy-l,~ 
diphenyhexane (6a): a) By peptide coupling of 5 with 17a: N-Benzyloxycarbonyl- 
(S)-valine (17a) (1.150 kg, 4.58 mol) was added to a suspension of (2S,3R,4R,5S)- 
2.5-diamino-l,6-diphenyl-3,4-hexanediol dihydrochloride (5) [lo, 13,201 (0.680 kg, 
1.82 mol) in DMF (20.4 L), and the mixture was cooled to 0°C. N-Ethyldiiso- 
propylamine (2.47 L, 1.88 kg, 14.57 mol) was added within 5 min, and the mixture 
was stirred for 15 rnin at 0 "C to obtain a pale-brown solution. Ethyl cyanooximo- 
acetate [14] (0.651 kg, 4.58 mol) was added, followed after 5 min by TOTU [14] 
(1 SO3 kg, 4.58 mol). This second addition was exothermic, and the reaction temper- 
ature rose to 7°C. The mixture was stirred for 20min at 10°C and 2 h at 20°C. 
DMF (-18 L) was evaporated in oil-pump vacuo (1 mbar). Saturated aqueous 
KHCO, solution (34.0 L) was added to the oily residue leading to a spontaneous 
crystallization. The suspension was stirred for 30 min at 20 "C and then filtered by 
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suction. The crystals were washed thoroughly with KHCO, solution (34.0 L) and 
with water (34.0 L) and then dried in vacuo at 35 "C, initially with introduction of 
nitrogen (400 Lh-') to give the crude product (1.44 kg). This was stirred with 
tert-hutyl methyl ether (tBuOMe, 5.0 L), filtered and dried in vacuo to give colour- 
less crystals (1.23 kg, 88% yield); M.p. 240-242°C; [a]:' = - 32.0 (c =1.0 in 
MeOH); [a];' = - 46.6 (c = 1.0 in THF); 'H NMR (200 MHz, [DJDMSO, 27 "C, 
TMS):S = 0.64(d, 'J(H,H) =7 Hz,6H,CH3),0.70(d, '4H.H) =7 Hz,6H,CH3), 
1.80 (m, 2H, CH), 2.60-2.83 (m. 4H. CH,), 3.27 (brs, 2H, CH), 3.78 (dd, 
'J(H,H) = 9 and 7 Hz, 2H, CH), 4.47 (brt, 3J(H.H) = 9 Hz, 2H, CH), 4.78 (brs, 
2H, OH), 5.04 (AB system, 'J(H,H) = I2  Hz, 4H, CH,), 7.00-7.23 (m, lOH, 
H,,,,), 7.23-7.42 (m, IOH, H,,,,); the amide NH resonance was very broad 
(6% 13-20); MS (FAB): m/z (%) =767 (100) [ M  + H'], 749 (15) [M +H + - H,O], 
534 (14) [M + H +  - Cbz-NH-CH(iPr)-CO], 383 (11) [(M/2)+]. 


b) By vanadium(r1)-induced reductive pinacol coupling of 15a: A solution of VCI, 
(12.5 g, 79.5 mmol) in THF (330 mL) was refluxed for 5 h and then cooled to 20 "C. 
Zinc powder (2.88 g, 44.0 mmol) was added and the mixture was stirred 30 min at 
20 "C. DMI (29.5 mL, 266 mmol) was added. The mixture was heated to reflux 
again and a solution of aldehyde 15a (15.0 g, 39.3 mmol) in THF (110 mL) was 
added dropwise within 10 min. After 1 h of reflux TLC (CH,Cl,/acetone 3:1, 
R,(15a) = 0.76, R,(6a) = 0.47, DMI 0.38) indicated quantitative, clean reaction. 
Saturated aqueous citric acid (200 mL) was added, and the mixture was allowed to 
stand for 12 h. EtOAc (300 mL) was added. The organic phase layer was separated, 
washed with water (2 x 300 mL), dried (MgSO,), and the solvent was evaporated in 
vacuo. The residue was triturated with tBuOMe (200 mL), the crystals were collect- 
ed by filtration and dried in vacuo (9.6g, 64% yield). M.p. 223-226°C; HPLC 
[250 x 4 mm RP18 Nucleosil 100 7 pm, eluent: CH,CN/H,O 54:46 +0.1% 
CF,CO,H, 1.0 mLmin-', 4 0 T ,  det. 210 nm, t,,, (S,R,R,S) dimer 6 a  = 19.70 min, 
(S,S,S,S) und (S,R,S,S) dimer 21.1 and 21.5 min (not separated)] indicated a ratio 
(S,R,R,S):[(S,S,S,S) +(S,R,S,S)] =70:30. Recrystallization from hot rBuOMe 
provides an analytical sample. M.p. 240-242 "C,with physical and spectral data 
identical with those of a sample prepared from 5 (vide supra). 


( ~ S , ~ R , ~ R , S S ) - ~ , S - S ~ S [  (N-tert- butoxycarbonyl-(9- valinyl)amino~-3,4-dihydroxy- 
1,6diphenylhexane (6b): a) By vanadium(i1)-induced reductive pinacol coupling of 
15b: A solution of VCI, (3.58 g, 22.8 mmol) in THF (95 mL) was refluxed for 5 h. 
It was cooled to 25 "C, zinc powder (0.82 g, 12.5 mmol) added and the mixture 
stirred for 30 min. DMI (8.4 mL, 76.8 mmol) was added, and the mixture was 
heated to reflux again. A solution of aldehyde 15b (4.6 g, 13.2 mmol) in THF 
(30 mL) was added, and the reaction mixture was refluxed for 1 h. HPLC 
(125 x 4.0 mm Hyperchrome Shandon Hypersil 5 pm, eluent: cyclohexane/EtOAc 
3:1, 1.5mLmin-', 2 5 T ,  det. 254nm, I,*, 15b=2.93min, (S,R,R,S) dimer 6h 
11.39 min, (S ,S ,S ,S)  dimer [6a] 13.97 min, 19b 16.38 min) indicated quantitative 
reaction and a (S,R,R,S):(S,S,S,S) ratio of 7: l .  RP-HPLC (250x4 mm RP18 
Nucleosil120 7 pm, eluent A: H,O +0.1% CF,CO,H, eluent B: CH,CN/H,O 4 : l  
+0.1% CF,CO,H, A:B = 35:65, I.OmLmin-', 30"C, det. 205 nm, I,=, (S,R,R,S) 
dimer 6b =17.97 min, (S ,S ,S ,S )  dimer [6a] 20.45 min, (S,R,S,S) dimer [6a] 
20.72 min) indicated a ratio (S,R,R,S):[(S,S,S.S) +(S,R,S,S)] = 6.5:l. The mix- 
ture was cooled to 20 "C. The organic solution was washed twice with a solution of 
citric acid (8.0 g, 41.6mmol) in water (20mL). The organic phase was dried 
(Na,SO,), the solvent evaporated in vacuo and the residue purified by flash chro- 
matography (SiO,, 35-70 pm, cyclohexane/EtOAc 6:4) to furnish colourless crys- 
tals (3.30 g, 72% yield). M.p. 201 "C; 'HNMR (270 MHz, [DJDMSO, 27°C  
TMS):6 =0.56(d,3J(H,H)=7Hz,6H,CH,),0.67(d,3J(H,H)=7H~,6H,CH3), 
1.40 (s, 18H, tBu), 1.68-1.82 (m, 2H, CH), 2.62 (dd, 'J(H,H)=lSHz, 
,J(H,H)=4Hz, 2H, CH,), 2.78 (dd, 2J(H,H)=18Hz, 'J(H,H)=4Hz, 2H, 
CH,), 3.24-3.28 (brs, 2H, CH), 3.62-3.72 (m, 2H, CH), 4.45-4.55 (hrm, 2H, 
CH), 4.70 (brs, 2H, OH), 6.55 (d, ,J(H.H) = 8 Hz, 2H, NH), 7.05-7.25 (m, lOH, 
H,,,,), 7.31 (d, 'J(H,H) = 8 Hz, 2H, NH); IR (CHCI,): i = 3340 (0-H), 1690 and 
1655 (C=O), 1520 at-' (N-C=O); MS (FAB): m/z(%) = 699 (77) [ M  +H+],  599 
(27) [ M  + H f  -Boc], 499 (100) [ M  + H +  - 2Boc], 400 (50). 249 (86); C,,H,,N,O, 
(698.9): calcd C 65.31, H 8.36, N 8.02; found C 65.6, H 8.5, N 7.7. 


b) By niobium(1rr)-induced reductive pinacol coupling of 15b: A solution of alde- 
hyde 15b (3.5 g, 10.0 mmol) in deaerated THF (10mL) was added to a suspension 
of niobium trichloride dimethoxyethane complex 16 1221 (4.0 g, 13.8 mmol) in 
deaerated THF (20 mL). The mixture was refluxed and monitored by HPLC (vide 
supra), which indicated quantitative reaction after 1 h and > 85 % (S,R,R,S) con- 
figuration of the pinacol products. Saturated aqueous citric acid (300 mL) and 
EtOAc (100 mL) were added. The mixture was stirred for 30 min. During this time 
a colour change from dark red to pale yellow was observed. The layers were separat- 
ed and the aqueous phase extracted with EtOAc (100 mL). The combined extracts 
were washed with 2~ aq. NaOH (20 mL), 2~ aq. HCI (20 mL) and brine (20 mL), 
and dried (Na,SO,). The solvent was evaporated in vacuo to give an oil that 
crystallized within 2 d at 0 "C. It was purified by flash chromatography to furnish 
colourless crystals (1.8 g, 52 % yield). 


(2S,3R,4R,S~-2,5-Bis~((S)-valinyl)-amino~-3,4-dihydroxy-l,~ipheny~exane dihy- 
drochloride (7): A suspension of 6 a  (1.20 kg, 1.56mol) in MeOH (37.5 L) was 
purged with nitrogen, 10% Pd on charcoal (containing 50% H,O w/w, Degussa 
type E 10 R/W, 185 g) added and the N, purge continued. At 20-25 "C, hydrogen 


(150 Lh-') was bubbled via a 5 pm frit through the suspension, and nitrogen 
(2000 Lh-') was introduced above the suspension to avoid the formation of haz- 
ardous hydrogen/air mixtures. The pH was kept constant at 6 by the dropwise 
addition of 1 N methanolic hydrogen chloride. The suspension turned into a clear 
solution. TLC (CH,CI,/MeOH 4:1, &(6a) = 0.80, R,(7) = 0.32) indicated quanti- 
tative hydrogenolysis after 2.5 h. The solution was purged thoroughly with nitro- 
gen. The catalyst was filtered off, and the solvent of the filtrate evaporated in vacuo. 
The residue was redissolved in MeOH (5.2 L), PrOH (26.0 L) was added and the 
solution was slowly concentrated in vacuo. Crystallization of the dihydrochloride 
commenced at a residual volume of 15-20 L. After the suspension had been concen- 
trated to 10 L, it was cooled for 1 h in an ice bath. The solid was filtered under 
suction, washed with &OH (2 x 1 L) and tBuOMe (2 x 2 L), and dried at 40 "C in 
vacuo to furnish colourless crystals (760 g, 85% yield); M.p. 195-210 "C decomp.; 
[a];' = + 32.0 (c =1.0 in 0 . 1 ~  HCI); HPLC (250 x 4.0 mm RPI8 Nucleosil 120 
7pm, eluentA: H,O +0.1% CF,CO,H, eluent B: CH,CN/H,O 4 : l  +0.1% 
CF,CO,H, A:B linear from 95:5 to 20:80 within 20 min, 1 mLmin-', 3 0 T ,  det. 
254 nm, I,,, = 11.93 min) : purity 92 %. An analytical sample was obtained by recrys- 
tallization of the crude product (9 g) from boiling &OH (30 mL), followed by 
cooling to 0 "C, filtration, washing of the crystals with MeOtBu (20 mL) and drying 
in vacuo; purity 98% (HPLC); M.p. 206-208°C decomp.; 'HNMR (270 MHz, 
[DJDMSO, 27"C, TMS): 6 = 0.82 (d, ,J(H,H) =7Hz, 6H, CH,), 0.87 (d, 
'J(H,H) =7Hz, 6H, CH,), 2.01 (m, 2H, CH), 2.72 (dd, 'J(H.H) =14Hz, 
'J(H,H) = 5 Hz, 2H, CH), 2.84(dd, 'J(H,H) = I4  Hz, 3J(H,H) = 9 Hz, 2H, CH), 
3.34 (brs, 2H, CH), 3.58 (d, 'J(H,H) = 4Hz, 2H, CH), 4.35 (m, 2H, CH), 5.04 
(brs, 2H, OH), 7.02-7.32 (m, IOH, H,,,), 8.00 (brs, 6H, NH), 8.27 (d, 
,J(H,H) = 9 Hz, 2H, NH); C,,H,,CI,N,O, (571.6): calcd C 58.84, H 7.76, CI 
12.40, N 9.80, 0 11.20; found C 59.0, H 7.9, CI 12.0, N 9.6. 


3-(S)-(tert-Butylsulfonylmethyl)-2-(l-naphthyl)propionic acid OOBt ester (8) : A so- 
lution of N,N'-dicyclohexylcarbodiimide (0.906 kg, 4.39 mol) in THF (2.1 L) was 
added dropwise to a precooled (- 5°C) solution of (S)-DSNP-OH [15] (1.50 kg, 
4.49 mol) in THF (8.4 L), at a speed that maintained the weakly exothermic reac- 
tion at between -5 and 0°C. Depending on the viscosity of the reaction mixture 
additional THF (3.0-5.0 L) was added and stirring was continued for 15 min at 
- 5 "C. 3-Hydroxy-4-oxo-3,4-dihydro-1,2,3-benzotriazine (HOOBt) [I61 (22.5 % on 
@Dicalite, 3.20 kg, 4.41 mol) was added at -5  to 0°C. The mixture was stirred for 
1 hatO"Candfor3 hat2OoC.ThereactionprogresswasmonitoredbyTLC(100% 
fBuOMe, R,(DSNP-OH) = 0.0-0.6 (tailing), R,(8) = 0.77). The mixture was 
cooled to 0 "C, the @Dicalite was filtered off and washed with THE The THF of the 
filtrate was evaporated in vacuo, and cBuOMe (10.0 L) added to the residue. The 
resulting suspension was stirred for 2 h at 0°C. The precipitate was collected by 
filtration, washed with cold tBuOMe (2.0 L) and dried in vacuo to give pale yellow 
crystals (2.03 kg, 95% yield) that were used in the subsequent preparation of 
HBY793 without further purification. 'HNMR (270 MHz, CDCI,, 2 7 T ,  TMS): 
6 = 1.38 ( s ,  9H, CH,), 3.25 (dd, 'J(H,H) = 13 Hz, 'J(H,H) = 6 Hz, 1 H, CH,), 3.77 
(m, 1 H, CH,), 3.77 [dd (superimposed on the multiplet with the same 6), 'JJ(H,H) = 
14, 'J(H,H)=7Hz, IH ,  CH, 1, 3.93 (dd, ,J(H,H)=14, 'J(H,H)=7Hz, IH ,  
CH,), 4.04 (qui, 'J(H,H) = 6-7 Hz, 1 H, CH), 7.42-7.56 (m, 3H, Hacorn), 7.62 (td, 
'J(H,H) = 8 Hz, 4J(H,H) = 2 Hz, 1 H, H,,,,), 8.26 (t, ,J(H,H) = 8 Hz, 2H, H,,,J, 
8.37 (dd, ,J(H,H) = 8 Hz, ,J(H,H) = 1 Hz, 1 H, Haram); IR (KBr): i = 1812 (C=O), 
1703 (C=O), 1295 and 1113 cm-' (SO,); MS (FAB): m/r (%) = 480 (100) [M 
+H+].  


Vanadium(i1)-induced reductive pinacol coupling of N-@enzyloxycarbonyl)-(S)- 
phenylalaninal (14a) (according to procedure B; Table 1, entry 3): A solution of 
VCI, (6.45 g, 41.0 mmol) in THF (170 mL) was refluxed for 3 h. Zinc dust (1.5 g, 
22.9 mmol) was added at 25 "C and the mixture was stirred for 30 min at 25 "C. The 
mixture was reheated to reflux, and DMI (16 mL) followed by a solution of alde- 
hyde 14a [10,11] (5.7 g, 20.1 mmol) in THF (50 mL) were added within 5 min. The 
reaction mixture was refluxed for 1 h. Aqueous citric acid (lo%, 200 mL) and 
EtOAc (200 mL) were added at 25 "C, and the mixture was vigorously stirred for 
30 min. The organic layer was washed with H,O (2 x 200 mL) and then evaporated 
in vacuo. HPLC ( 2 5 0 ~ 4 . 0  mm RP18 LiChrospher 100 5 p C18, eluent A: H,O 
+0.1% NH,OAc, eluent B: CH,CN/H,O 3.1 +0.1% NH,OAc, A:B = 35:65, 
I.OmLmin-', 4 0 T ,  det. 215nm) of the crude product indicated 91% of 
(2S,3R,4R,5S)-2,5-bis[N(benzyloxycarbonyl)amino]-3,4-dihydroxy-l,6-diphenyl- 
hexane (I,~, =16.47 min) and 9% for the sum of its (S,R,S,S) and (S,S,S,S) 
diastereomers (I ,~, =17.97 and 19.77 min). Trituration of the crude product with 
CH,CI, provided colourless crystals (4.2 g, 74% yield). M.p. 221 "C, [a];' = -13 
(c = 0.01 in THF), [a];' = - 59 (c =1.0 in MeOH); ref. [lo]: M.p. 219.5-220"C, 
[a];' = -12.8 (c = 0.0137 in THF). 


Vanadium(n)-induced reductive pinacol coupling of N-(tert-butoxycarbonyl)-(S)- 
phenylalaninal(14b): a) According to procedure A (Table 1, entries 4 and 5 ) :  Un- 
der argon, Zn powder (360 mg, 5.5 mmol) was added at 20°C to a solution of 
VCI,(THF), [28] (3.4 g, 9.1 mmol) in CH,CI, (60 mL), and the mixture stirred for 
30 min. This caused a colour change from red to green. Hexamethyl phosphorous 
triamide (4 mL, 22.0 mmol) was added followed, after 1 h, by a solution of 14 b [32] 
(1.0 g, 4.0mmol) in CH,CI, (10mL). The mixture was stirred for 6 h at 20°C. 
Aqueous sodium tartrate solution (lo%, 100 mL) was added, and the mixture 
stirred for 30 min, leading to a decolourization of the organic layer. The layers were 
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separated, and the aqueous phase extracted with CH,CI, (2 x 50 mL). The com- 
bined organic layers were dried (MgSO,) and then evaporated in vacuo. HPLC 
(125 x 4.0 mm RP18 Purospher 5 pm, eluent A: MeOH/H,O 60:40, eluent B: 
MeOH/H,O 80:20, gradient: 100% A for 6min. then within 19min linearly to 
100% B; l.OmLmin-', 30°C  det. 215 nm) indicated a diastereomer composition 
of 60% of (2S,3R,4R,5S)-2,5-bis[N(tert-butoxycarbonyl)amino]-3,4-dihydroxy- 
1,6-diphenylhexane (fee, = 19.88 min), 20% of the (2S,3S,4S,5S)-isomer (I, , ,  = 
17.52 min) and 20% of the (2S,3R,4SSS)-isomer (I, , ,  =18.12 min). Column chro- 
matography (180 g SO,,  70-200 pm) led to the elution of a mixture of (S,S,S,S) 
and (S,R,S,S) isomer (325mg, 33% yield), followed by the elution of pure 
(S,R,R,S) isomer (490mg, 49% yield). M.p. 202°C (ref. [ l l] :  M.p. 200-202"C), 
[a]:8 = - 8.6 (e =1.0 in DMSO); 'HNMR in accord with ref. [ I l l .  When the 
reductive coupling of 14b was conducted in refluxing CH,CI,, HPLC indicated 
70% of (S,R.R,S),  10% of (S,S,S,S), 20% of (S,R,S,S) diastereomers, and the 
total yield of diol products was 85% 


b) According to procedure B (Table 1, entries 6 and 7): A protocol analogous to 
that described for the coupling of 14 a (vide supra) provided a crude product, which, 
according to HPLC, was made up of (S,R,R,S), (S,S,S,S) and (S,R,S,S) dia- 
steromers in a 66:11:23 ratio. When the coupling was conducted in THF at 20°C 
the ratio was 64:18:18. 


N-(Benzyloxycarbonyl)-o-valinyl-phenylalaninal amide (15 a) : DMSO (33 mL, 
458 mmol) was added dropwise within 15 min at -70 "C to a solution of oxalyl 
chloride (30 mL. 358 mmol) in CH,CI, (1.12 L). The solution was stirred for 15 min 
at -70°C. A solution of alcohol 19a (80.5 g, 209 mmol) in a mixture of DMSO 
(56 mL) and CH,CI, (140 mL) was added dropwise over 30 min at - 60 to - 70 "C. 
The mixture was stirred at - 70 "C for 30 min. NEt, (132 mL, 935 mmol) was added 
dropwise at - 70 "C, and the mixture stirred for 15 min at - 70 "C. The complete- 
ness of the oxidation may be verified by TLC (CH,CI,/EtOAc/MeOH 15:5:1, 
&(19a) = 0.48, &(15a) = 0.61) ofan aliquot that had previously been treated with 
an excess of aqueous citric acid. A solution of glacial acetic acid (53 mL, 926 mmol) 
in CH,CI, (160 mL) was added dropwise; this led to an increase in the reaction 
temperature to -50°C. A solution of citric acid (53.0 g, 276 mmol) in water 
(160 mL) was added in one go without cooling; this led to a further increase in the 
temperature to -10°C. The organic layer was separated, washed with water 
(2 x 500 mL), then with brine (300 mL), dried (Na,SO,), and the solvent was evap- 
orated in vacuo. The residue was triturated with il'r,O. The crystals were filtered 
and dried in vacuo (72.0g, 90% yield). M.p. 112-113'C, [cL]~" 51.0 (c=I.O in 
MeOH); HPLC (250x4.0mm RP28 Nucleosil 120 5pm Cl8,  eluent: H,O/ 
CH,CN 55:45 +0.1% CF,CO,H, l.OmLmin-', 40°C  det. 215nm, run time 
30 min, t,,, 15a =7.14 min): purity 91 %; 'H NMR (200 MHz, [D,]DMSO, 27 "C, 
TMS):~=O.~~(~,'J(H,H)=~HZ,~H,CH,),~.~~(~,~J(H,H) =7Hz,3H,CH3),  
1.91 (0% 'J(H,H) =7 Hz, 1 H, CH), 2.80 (dd, 'J(H,H) = 14 Hz, ,J(H,H) = 9 Hz, 
I H ,  CH,), 3.16 (dd, *J(H,H) =14 Hz, '4H.H) = 5 Hz, 1 H, CH,), 3.87 (dd, 
,J(H,H) = 8 and 7 Hz, 1 H, CHI, 4.33 (m. 1 H. CH), 5.02 (s, 2H, CH,), 7.07-7.40 
(m,llH,H,,,,andNH),8.38(d,3J(H.H)=8Hz,1H,NH),9.44(s,1H,CH);13C 


(CH), 33.31 (CH,), 59.52 (CHI, 60.00 (CH), 65.32 (CH,), 126.18 (CH), 127.56 
(2 x CH), 127.66 (CH), 128.09 (2 x CH), 128.21 (2 x CH), 129.03 (2 x CH), 136.94 
(C), 137.48 (C), 155.98 (C) ,  171.63 (C), 199.96 (CH); IR (KBr): i = 3300 (N-H), 
1732 (C=O). 1690 (C=O), 1640 (C=O), 1540 (N-C=O), 1250cm-' (C-0); MS 
(FAB): m/z (%) = 383 (100) [M + H t ] .  The aldehyde was used for the pinacol 
coupling reaction without further purification. Trituration with EtOAc/n-heptane 
(2:l)  furnished a sample (40% yield) of 96% purity (HPLC). M.p. 126°C [a]:' 
= - 56.0 (c =1.0 in MeOH). 


NMR (75 MHz, [DJDMSO, 27"C, TMS): 6 =17.93 (CH,), 19.10 (CH,), 30.07 


N-(tert-Butoxycarbonyl)-(S).valinyl-(S)-nal amide (15 b) : DMSO 
(2.4 mL, 33.4 mmol) was added dropwise within 15 min at - 70 "C to a solution of 
oxalyl chloride (2.1 mL, 25.0 mmol) in CH,CI, (80 mL). The solution was stirred 
15 min at -70°C. A solution of alcohol 19b (5.85 g, 16.7 mmol) in a mixture of 
DMSO (4.0 mL) and CH,Cl, (10.0 mL) was added dropwise and the reaction mix- 
ture was stirred for 30 min at - 70 "C. NEt, (9.4 mL, 66.8 mmol) was added drop- 
wise, and the reaction temperature increased to -60°C. The mixture was stirred at 
-70°C for 15 min. The completeness of the oxidation may be verified by TLC 
(cyclohexane/EtOAc 60:40, R,(19b) = 0.05-0.3, R,(15b) = 0.61; CH,Cl,/acetone 
3.1, R,(19b) = 0.46, R,(15b) = 0.77). Aqueous citric acid (15% wjw, 200 mL) was 
added dropwise without cooling, and the reaction temperature increased to -20 "C. 
The mixture was stirred for 15 rnin while it warmed to 0°C. The aqueous phase was 
separated. and the organic phase washed successively with saturated aqueous NaH- 
CO, solution (200 mL), water (200 mL). brine (200 mL), and was then stirred with 
Na,SO, (20 g) and active charcoal (1 g). The mixture was filtered under suction, and 
the filtrate was evaporated in vacuo to leave a colourless solid (5.13 g, 88% yield). 
M.p. 124-125 "C, [a]:" = - 55.4 (c = 1 .O in MeOH); HPLC (250 x 4.0 mm RP 18 
Nucleosil 120 7 pm, eluent: MeOH/H,O 56:44 +0.1% CF,CO,H, I.OmLmin-', 
4 0 T ,  det. 207 nm, run time 35 min, I,,, 15b = 9.76 min): purity 92%; 'HNMR 
(200 MHz, [D6]DMS0, 27"C, TMS): 6 = 0.79 (d, ,J(H,H) = 7  Hz, 6H, 2 x CH,), 
1.36 (s, 9H, tBu). 1.86 (act, 'J(H.H) = 7  Hz, 1 H. CH), 2.80 (dd, ,J(H,H) = 14 Hz, 
3J(H,H) = 9 Hz, 1 H, CH), 3.16 (dd, 'J(H,H) = 14 Hz, ,J(H.H) = 5 Hz, 1 H, CH), 
3.78 (t, 'J(H,H) =7 Hz, 1 H, CHI, 4.34 (m, 1 H, CH), 6.62 (d, 'J(H,H) = 9 Hz, 1 H, 
NH), 7.12-7.33 (m, 5H, H,,,,), 8.30 (d, 'J(H,H) =7 Hz, 1 H, NH), 9.47 (s, 1 H, 


CH); "C NMR (75 MHz, [DJDMSO, 27°C. TMS): 6 =18.01 (CH,), 19.09 
(CH,), 28.07 (3 x CH,), 30.17 (CH), 33.32 (CH,), 59.47 (CH), 59.60 (CH), 77.95 
(C); 126.18(CH), 128.10(2xCH), 129.01 (2xCH),  137.53(C), 155.27(C), 171.84 
(C), 199.98 (CH); IR (KBr): t = 1744 (C=O), 1668 (C=O), 1524 cm-' (N-C=O); 
MS (FAB): m / i  (%) = 349 (17) [ M  +H+],  293 (57) [ M  + H +  - (CH,),C=CH,], 
249 (41) [ M  +H'  - Boc], 150 (59), 120 (100). The aldehyde was used for the 
pinacol coupling reaction without further purification. Trituration with EtOAc/n- 
heptane (2:l) furnished a sample (54% yield) of 99% purity (HPLC). M.p. 125 "C, 
[cL]:' = - 61.9 (c = 1 in MeOH). 


{ [ (3S)- tert -Butylny~ethyl j -12- (  l-naphthyl)~-propionyl}-(S)-valinyl-(Sj-phenyl- 
alaninal diamide (15c): DMSO (0.98 L. 13.81 mol) was added dropwise within 
45 min at -60°C to a solution of oxalyl chloride (0.363 L, 4.23 mol) in CH,CI, 
(9 L). The solution was stirred 15 rnin at -60 "C. A solution of alcohol 21 (1.50 kg, 
2.65 mol) in CH,CI, (9 L) was added dropwise within 1 h at -60°C. The mixture 
was stirred 30 rnin at -60°C. NEt, (1.17 L, 8.47 mol) was added dropwise within 
30 rnin at - 60 to - 55 "C, and the mixture was stirred 1 h at - 60 "C. TLC (CH,CI,/ 
EtOAc/MeOH 15:5:1, R,(21) = 0.4, R,(15c) = 0.5; CH,Cl,/acetone 3:1, 
R,(21) = 0.35, R,(15c) = 0.66) ofa sample taken after45 min indicated quantitative 
reaction. Chlorosulfonic acid (85 mL, 1.28 mol) was added dropwise within 10 min 
at -60°C. The cold mixture was transferred into a separatory flask with stirrer, 
containing 20% aqueous citric acid (6 L), and the mixture was stirred vigorously for 
15 min. The organic layer was separated and the aqueous layer extracted with 
CH,CI, (3 L). The combined organic layers were washed with water (2 x 6 L), dried 
(Na,SO,) and filtered. The filtrate was concentrated in vacuo (bath temperature 
30-35 "C) to a volume of 4 L; no precipitate was observed at this stage. EtOAc/n- 
heptane (2: 1.10 L) was added, followed by seeding crystals of 15c. The mixture was 
cooled with continuous stirring (or rotation) for 1 h to + 3 "C. The precipitate was 
filtered under suction, washed with EtOAcln-heptane (2: 1, 3 L) and dried in vacuo 
to furnish colourless crystals (1.08 kg, 72% yield). M.p. 178-179°C; 
[a]:" = - 34.5 (c =1.0 in MeOH); HPLC (250 x 4.0 mm Si60 LiChrosorb 7 pm, 
eluent A: n-heptane/CHCI,/i?rOH 60:37:3 +0.1% CF,CO,H, eluent B: n-hep- 
tane/CHCl,/iPrOH 40:55:5 +0.1% CF,CO,H, 12min 100% A, within 1 min to 
100% B, then 20min 100% B. l.OmLmin-', 25"C, det. 282nm, I,,, 
15c = 9.74min, 21 23.10 min): purity >99%, <0.5% starting material, no 
diastereomers visible; 'HNMR (270MHz, CDCI,, 2 7 T ,  TMS): 6 = 0.67 (d, 
,J(H.H) =7 Hz, 3H, CH,), 0.83 (d, ,J(H.H) = 7  Hz, 3H, CH,), 1.33 (s, 9H, ~ B u ) ,  
2.08 (OCt, 'J(H,H) =6-7  Hz, I H, CH), 2.86 (dd, 2J(H,H) =14 Hz, 
'J(H,H) = 8 Hz, 1 H, CH,), 3.07 (dd, 'J(H,H) = 14 Hz, 'J(H,H) =7 Hz, 1 H, 
CH,), 3.16 (dd, 3J(H,H) =13 and 3 Hz. 1 H, CH), 3.34-3.59 (m, 4H, CH,), 4.16 
(dd,3J(H,H)=9and6Hz,1H,CH),4.49(qua.3J(H,H) =7Hz,lH,CH),5,92(d,  
,J(H,H) = 9 Hz, 1 H, NH), 6.02 (d, 'J(H,H) = 7  Hz, 1 H, NH), 7.00-7.07 (m, 2H, 
H,,,,), 7.18-7.33 (m. 5H. H,,,,), 7.51 (m. 1 H, H,,,,), 7.59 (m. 1 H, H,,,,), 7.73 (m. 
1 H, H,,,,), 7.87 (m. 1 H, H,,,,), 8.11 (d, 'J(H,H) = 8 Hz, 1 H, H,,,,), 9.48 (s, I H ,  
CH); "C NMR (75 MHz, [D6]DMS0, 27"C, TMS): 6 =18.22 (CH,), 19.13 
(CH,), 22.41 (3 x CH,), 30.35 (CH), 33.31 (CH,), 34.79 (CH,), 39.72 (CH), 46.35 
(CH,), 57.98 (CH), 58.36 (C), 59.47 (CH), 123.89 (CH), 125.22(CH), 125.55 (CH), 
126.01 (CH), 126.18 (CH), 127.08 (CH), 127.30 (CH), 128.11 (2 x CH), 128.46 
(CH), 128.98 (2 x CH), 131.55 (C), 133.33 (C), 134.02 (C), 137.48 (C), 171.25 (C), 
171.81 (C), 199.98 (CH); IR (KBr): t = 3295 (N-H), 1724 ((C=O of aldehyde), 
1633((C=Oofamide), 1530(N-C=O), 1298 and 1114cm-' (S0,);MS (FAB): m / i  
(%) = 565 (77) [M +H+] ,  416 (1001 [ M  + H +  - PhCH,CH(NH,)CHO], 388 (57) 
r'416" - CO]; C,,H,,N,O,S (564.8): calcd C 68.06, H 7.14, N 4.96, S 5.68; found 
C 68.2, H 7.2, N 4.9, S 5.5. On laboratory scale 78-85 % yield was routinely attained 
with this procedure. 


N-(Benzyloxycarbonyl)-o-valinyl~~-phenylalaninol amide (19a): Triethylamine 
(1.50 L, 10.8 mol) was added at 0 "C within 15 min to a solution of Cbz-valine (17a) 
(0.54 kg, 2.15 mol) in CH2C12 (5.5 L). L-Phenylalaninol (18) (0.328 kg, 2.17 mol) 
was added in portions. The mixture was stirred for 10 min to obtain a clear solution. 
A 50% solution of n-propyl phosphonic anhydride in EtOAc (1.79 kg, 1.72 L, 
2.80 mol) was added dropwise within 1 h. The mixture was warmed to 20 "C and 
stirred for 2 h. Reaction progress may be monitored by TLC (CH,CI,/MeOH 3: 1, 
R,(17a) = 0.80, R,(18) = 0.15, R,(19a) = 0.37). The mixture was poured into a 
stirred, cold (5 "C), saturated aqueous solution of NaHCO, (12.0 L) and vigorously 
stirred for 30 min. The organic layer was separated and washed with water 
(2 x 8 mL). The organic phase was stirred for 45 min with Na,SO, (1 kg) and active 
charcoal (50 g). It was filtered through Velite, and the solvent of the filtrate was 
evaporated in vacuo. The residue was triturated with n-heptane (5 L) to give a 
crystalline product that was collected by filtration and dried in vacuo (0.71 kg, 86% 
yield). M.p. 1 5 5 - 1 5 6 T : [ a ] ~  = -46.5(c=l.OinMeOH);HPLC(250~4.0mm 
RP18 Nucleosil 120 5 pm, eluent: H,O/CH,CN 55:45 +0.1% CF,CO,H, 
l.OmLmin-', 40"C, det. 215 nm, run time 30min, I,,, 19a = 6.50min): purity 
96%;'HNMR(200MHz,CDC13,27"C,TMS):6 = 0,82(d,,J(H,H) =7 Hz,3H, 
CH3),0.91 (d, 'J(H,H)=7Hz, 3H,CH3),2.10(0ct,  'J(H,H)=7Hz, l H , C H ) ,  
2.18(brs, 1 H,OH),2.84(ABpartofABXsystem,2H,CH,), 3.59(ABpart ofABX 
system, 2H, CH,), 3.92 (dd, 'J(H,H) = 8 and 7 Hz, l H ,  CH), 4.18 (m, l H ,  CH), 
5.09 (s, 2H, CH,), 5.15 (brd, 'J(H,H) = 8 Hz, l H ,  NH), 6.30 (brd, 
'J(H.H) = 8 Hz, I H ,  NH), 7.13-7.32 (m. 5H, H,,,), 7.36 (s, 5H, H,,,,); IR 
(KBr): i = 3318/ 3290 (N-H), 1696/ 1654 ( G O ) ,  1537 (N-C=O), 1248 cm-' (C- 
0); MS (FAB): m/z  (%) = 385 (100) [ M  +H+],  367 (5) [M + H +  - H,O], 341 (9) 
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[M - iPr]+ . An analytical sample was obtained by recrystallization from tBuOMe. 
C,,H,,N,O, (384S):calcd C 68.73, H 7.34, N 7.29; found C 68.9, H 7.5, N 7.2. 


N-(tert-Butoxycarbonyl)-(S)-vatinyl-(S)-Ialaninol amide (19 b): NEt, (9.6 L, 
68.9 mol) was added at 0 "C within 15 min to a solution of L-Bac-valine (17a) 
(3.0 kg, 13.8 moll in CH2CIz (3.4 L). L-Phenylalaninol(l8) (2.11 kg, 13.95 mol) was 
added in portions within 15 min, and the mixture was stirred until a clear solution 
was obtained (10 min). A 50% solution of n-propyi phosphonic acid anhydride in 
E t 0 - 4 ~  (11.04 kg, 10.6 L, 17.3 mol) was added at 0°C within 1 h. The mixture was 
warmed up to 20°C and allowed to stir for 3h. TLC (EtOAc/MeOH 95:5, 
R,(19b) = 0.82) indicated quantitative reaction. The mixture was poured into cold, 
saturated aqueous NaHCO, solution (80 L) and stirred for 1 h. The organic layer 
was separated, then washed with water (2 x 55 L). Na,SO, (1 kg) and active char- 
coal (0.25 kg) was added, the mixture was stirred for 30 min, filtered through 
Welite, and the filtrate was evaporated in vacuo. The solid residue was stirred with 
tBuOMe (25 L), filtered and dried in vacua to give colourless crystals (4.54 kg, 94% 
yield); M.p. 153 "C; [u]:~ 2 - 52.3 (c = 1.0 in MeOH); HPLC (250 x 4 mm CIS  
Nucleosil 100 7 pm, eluent A: H,O/MeOH 80:20 +0.1% CF,CO,H, eluent B: 
H,O/MeOH 20:80 +0.1% CF,CO,H, A:B = 40:60, flow l.OmLmin-', 40°C. 
det. 205 nm; t,,, 19b =11.04min): purity 98.4%; 'HNMR (270MHz, CDCI,, 
27"C,TMS):6 =0.82(d,'J(H,H) =~Hz,~H,CH,),O.~I(~,'J(H,H) =7Hz,3H, 
CH,), 1.45 (s, 9H, tBu), 2.10 (oct, 'J(H,H) = 7  Hz, 1 H. CH), 2.38 (brs, l H ,  OH), 
236(dd,,J(H,H)=13Hz,,J(H,H) = 8Hz,1H,CH2),2.91 (dd,'J(H,H)=13Hz, 
'J(H,H)=SHe, l H ,  CH,), 3.57 (dd, 'J(H,H)=12Hz, 'J(H,H)=5Hz, IH ,  
CH,), 3.68 (dd, 'J(H,H) =12 Hz, ,J(H,H) =4Hz ,  l H ,  CH,), 3.84 (dd, 
'J(H,H) = 8 Hz,, 'J(H,H) =7 Hz, 1 H, CH), 4.19 (m. l H ,  CH), 4.95 (brd, 
'J(H,H)=SHz, lH,NH),6.29(brd. 'J(H,H)=BHz, lH,NH),7.18-7.34(m, 
5H, IR (KBr): i = 3340/3295 (N-H), 168311658 (C=O), 1523m- '  (N- 
C=O); MS (FAB): in/r (%) =?51 (87) [ M  + H'], 295 (100) [M + H+ 
-(CH,),C=CH,], 251 (94) ["295" - CO,]. An analytical sample was obtained by 
recrystallization from rBuOMe; C,,Hj0N,O, (350.5): calcd C 65.12, H 8.63, N 
7.99; found C 65.3, H 8.8, N 7.9. 


(~-Vatinyl-Q-phenylalaninol amide bydrochloride (20): a) From 19 b by acidic 
cleavage of the Boc group: A gentle stream of HCI gas was bubbled through a 
suspension of 19b (3.85 kg, 10.98 mol) in MeOH (1 1 L). The reaction temperature 
climbed slowly to 35"C, gas evolution was observed, and a clear solution was 
formed. TLC (CH,CI,/MeOH 95:5, R,(20) = 0.05) after 2 h indicated quantitative 
reaction. The HCI stream was stopped and the solvent evaporated in vacuo. The 
solid residue was suspended in EtOAc (11 L) at 10°C. The solid was filtered, washed 
with EtOAc (3 L) and with iPr,O/EtOAc (4:l. 8 t). and dried in vacuo to give 
colourless crystals (2.85 kg, 91% yield); M.p. 83°C (decump.); [&O = +- 5.2 
(c = 1.0 in MeOH); [u];' = + 15.1 (c = 1.0 in 0.1 N HCI); HPLC (column eluent, see 
19b.A:B = 90:10, l.OmLmin-',4OzC,der. 205nm, rP,,20=7.54min): >99.5% 
purity; 'HNMR (200 MHz, CF,CO,D, 27°C  TMS): 6 = 1.14 (d. 3J(H.H) = 7  Hz, 
6H, CH,). 2.36 (oct. 3J(H,H) =7 Hz, 1 H, CH), 2.99 (d, '4H.H) = 8 Hz, 2H, 
CHJ, 3.98 (m, 2H, CH,), 4.27 (d, "J(H.H) = 6 Hz, 1 H, CH), 4.50 (m, 1 H, CH), 
7.17-7.43 (m, SH, H,,,,,J; IR (KBr): i = 3660-2400 (br, OH and NH3+), 
1687cm-' (C=O); MS (DCI): mjz ("A)= 251 (100) [ M  +Hi ] ,  233 (5) [ M  
+ H +  - H,Ol. 
The free amine 20 was prepared by adjusting an aqueous solution of the hydrochlor- 
ide to pH 9 with saturated aqueous Na,CO, solution, extraction with EtOAc, 
stirring of the extract with Na,SO, and active charcoal, filtration, concentration of 
the filtrate in vdcuo, followed by precipitation with iPr,O to furnish colourless 
crysta1s;M.p. llO"C;[&a = -22.0(C=1.0inMeOH);[a]~'= f 1 5 . 1  (c=l.Oin 
O.IN HCI); IHNMR ( ~ W M H ~ ,  CDCL,, 27°C  TMS): 6 =0.59 (d, 
'J(H.H) =7Hz,3H,CH3),0.88(d, JJ(H,H) =7Hz,3H,CH3),  1.97(hrs,3H,OH 
and NH,), 2.19 (m, l H ,  CH), 2.81 (dd, ZJ(H,H) = I 4  Hz. 'J(H,H) = 9Hz, I H ,  
CH,), 2.92 (dd, *J(H,H)=14Hz, 'J(H,H) =7Hz,  1H. CH,), 3.19 (d, 
3J(H.H)=4H~,1H,CH),3.62(dd,2J(H,H)=11 H z , ~ J ( H , H ) = ~ H z , ~ H , C H , ) ,  
3.91 (dd,2J(H,H)=11Hz,3J(H,H)=4Hz,1H.CH,),4.14(m,1H,CH),7.11- 
7.35 (m, 5H, H,,,), 7.56 (brd, ,J(H,H) = 6 Hz, 1 H. NH); IR (KBr): i = 3338 
(0-H), 1635 (C=O), 1548 cm-I (N-C=0); MS (DCI): m/r (%) = 251 (100) [M 
+Hi] ,  233 (7) [M + H +  - H,O]; C,,H,,N,O, (250.3): calcd C 67.f7, H 8.86, N 
11.19; found C 67.2, H 8.9, N 31.1. 
b) From 19a by hydrogenolysis of the Cbz group: A procedure analogous to that 
for hydrogenolysis of 6a (vide supra) furnishes 20 in 85 % yield. 


~I3(s)-tert-Butylsulfonybethyq-12-( l-naph~yl)~-propionyl~ -Q-valinyl-Q-phenyl- 
alaninol diamide (21): A solution of (S)-DSWP-OH [15] (1.21 kg, 3.61 mol) in 
EtOAc (5.0 L), followed by a solution of NEt, (0.50 L, 364 g, 3.61 mol) in EtOAc 
(5.0 L) were added at 22 "C to hydrochloride 20 (1.03 kg, 3.61 mol). At theresulting 
temperature of 27 "C N,N'-dicyclohexylcarhodiimide (0.85 kg, 4.1 mol) was added 
in two portions within 20 min, keeping the reaction temperature below 45°C. The 
mixture was stirred for 2 h and monitored by TLC (CH,CI,/MeOH/AcOH/H,O 
100: 10:1: 1, Rf(21) = 0.54) or by HPLC (250 x 4.0 mm C 18 Nucleosil 100 7 pm, 
eluent A: H,O/CH,OH 80:20 +0.1% CF,CO,H; eluent R: CH30H/H,0 80:20 
+0.1% CF,CO,H, A:B =26:74, l.OmLmin-', 40"C, det. 282nm, tret 
21 = 12.04 min) . The mixture was filtered under suction through a clarifying pad 
and the solid was washed with EtOAc (7 L). The combined filtrates were washed 
with 1 N H,SO, (2 x 5 L) and filtered again to attain a good phase separation. The 


organic layer was washed successively with NaHCO, solution (7 L), water (5 L) and 
brine (4 L). It was dried (NaZSO,), filtered, and the solvent was evaporated in vacuo 
to leave a solid residue (2.6 kg). It was largely dissolved in refluxing EtOAc (6 L) 
and filtered (while hot) to remove small amounts of residual solid. n-Heptane (6 L) 
was added to the hot filtrate, which was then allowed to slowly cool down to 
ambient temperature overnight. The suspension was stirred for 1 h at 5"C, the 
crystals were filtered under suction, washed with iPr,O/EtOAc (4:1, 4 L) and dried 
in vacuo to furnish a crude product (1.49 kg) of92% purity (HPLC, vide infra), The 
mother liquor was evaporated in vacuo, and the residue (400 g) recrystallized from 
hot EtOAc/Pr,O (1 L f2.5 L) to give a second batch f0.21 kg). The combined first 
and second batches were recrystallized from EtOAc/iPr,O to give the pure product 
(1.51 kg, 74% yield). M.p. 92°C  [a];'= - 20.5 (c =1.0 in MeOH); HPLC 
(25Ox4mm CIS Nncleosil100 7pm, eluentA: MeOH/H,O 20:80 +0.1% 
CF,CO,H, eluent B: MeOH/H,O 80:20 +0.1% CF,CO,H, A:B = 26:74, 
l.OmLmin-', 40°C  det. 224nm, t,,, 21 =12.14min): purity 99.3%; 'HNMR 
(270 MHz, CDCI,. 27°C. TMS): 6 = 0.68 (d, 'J(H,H) =7 Hz, 3H, CH,), 0.80 (d, 
3J(H,H) = 7  Hz, 3H, CH,), 1.33 (s, 9H, IBu), 2.08 (oct, 3J(H,H) =7 Hz, 1 H, CH), 
~.~~(~~,,J(H,H)=~~HZ,~J(H,H) = 8 Hz,1H,CH2),2.82(dd,*J(H,H) =14Hz, 
'5(H,H)=8Hz,~H,CH,),3.12(m,1H,CH),3.40-3.63(m,6H,CH,),4.02(dd, 
3J(H,H)=7and8Hz,1H,CH),4.07(m,1H,CH),6.18(d,3J(H,H)=8Hz,1H, 
NH), 6.24 (d, 'J(H,H) = 8 Hz, 1 H, NH). 7.05-7.12 (m, 2H, 7.15-7.29 (m, 
3H. H,,J, 7.30-7.40 (m,2H, Ha,,,), 7.47-7.63 (m. 2H, H,,,,), 7.73-7.82 (m, 1 H, 
H , , d  7.84-7.89 (m, 1 H, H.,,,), 8.10 (d, 'J(H,H) = 9 Hz, 1 H, H,,,,); "C NMR 
(75MHz, [DJDMSO, 27% TMS): 5 =18.35 (CH,), 19.11 (CH,), 22.40 
(3 x CH,), 30.43 (CH), 34.82 (CH,), 36.34 (CHJ, 39.72 (CH), 46.25 (CH,), 52.09 
(CH), 58.35(C), 58.52 (CH), 62.33 (CH,), 123.87 (CH), 125.24(CH), 125.57(CH), 
125.73 (CH), 126.04 (CH), 127.11 (CH). 127.28 (CH), 127.95 (2xCH). 128.48 
(CH), 128.96 (2xCH), 131.54 (C). 133.34 (C) ,  133.98 (C), 138.98 (C), 170.22(C). 
171.67 (C); IR (KBrj: = 3285 (0-H), 1642 (C=O), 1548 (N-C=O), 1290 
and 1111 cm-' (SO,); MS (FAB): m/z (%) = 567 (100) [M +H+]. 549 (15) 


["416" - CO]; C,,H,,N,O,S (566.8): calcd C 67.82, H 7.47, N 4.94, S 5.66; found 
C 61.9, H 1.4, N 4.9, S 5.5. 
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Gas-Phase Acid-Induced s N 2 ’  versus s N 2  Mechanism in Allylic Alcohols* * 
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Abstract: A first demonstration of the ex- 
istence of the concerted SN2’ mechanism 
in the gas phase was obtained by estab- 
lishing the regioselectivity of the attack of 
a neutral nucleophile, such as MeOH, on 
several allylic oxonium ions. These were 
generated in the gas phase by the reaction 
of radiolytically formed GA’ acids 
(GA+ = C,H: (n = I ,  2), iC,H:, and 
(CH,),F+) with trans- (1) and cis-2- 
buten-1-01 (2) as well as with I-buten-3-01 
(3). Firm evidence in favor of the concert- 
ed SN2’ pathway accompanying the classi- 
cal SN2 one in these systems was obtained 
after careful evaluation of the extent of 


conceivable intramolecular isomerization 
both of the primary oxonium ions from 
GA’ attack on 1-3 before nucleophilic 
displacement by MeOH and of their sub- 
stituted intermediates before neutraliza- 
tion. The intermediacy of free allylic ions 
in the nucleophilic substitution was ruled 
out by generating the ions by protonation 


of 1,3-butadiene and by investigating 
their behavior in exactly the same media 
employed in the substitution reactions. 
The regioselectivity of MeOH with the 
ionic substrates investigated showed the 
occurrence of nearly equally extensive 
SN2’ and SN2 pathways in the oxonium 
ions from 1 (SN2’ (57f2%) and SN2 
(43 2 YO)) and 3 (SN2’ (54 + 2 YO) and SN2 
(46+2%)), whereas, with 2, the SN2 
(66 2 YO) reaction prevailed over the SN2’ 
one (34 2 %). The role of intrinsic struc- 
tural factors in determining the SN2’/SN2 
branching in the selected oxonium ions is 
discussed. 


Introduction 


Nucleophilic substitution at saturated carbon proceeds either by 
a stepwise mechanism involving the intermediacy of ionic spe- 
cies (SN1) or through a concerted mechanism involving a single 
transition state between reactants and products (S,2) wherein 
the energy released in forming the new bond serves to break the 
old one. With allylic compounds, the attack of the nucleophile 
Y can occur at the C, center (SN2) [Eq. (1 a)] or at the C, one with 
concerted or stepwise departure of the leaving group LG and 
migration of the double bond (SN2) [Eq. (1 b)] .[I1 Alternatively, 


a 
~&H=cH- CH-RX 


I 


Y 
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Part 9: ref. [l]. 
[**I Gas-Phase Acid-Induced Nucleophilic Displacement Reactions, Part 10. 


rate-determining dissociation of LG may precede attachment of 
the nucleophile at either the C, (SN1) and the C, sites (SNl’). 


Since the SN2’ mechanism in allylic substitutions was first 
posited in the late thirties,”] the search for authentic examples 
has been intense but lacking in unequivocal success. This failure 
is mainly a result of the conceivable occurrence in solution of a 
variety of alternative substitution mechanisms in allylic com- 
pounds [Eqs. (2-6)], which makes the unambiguous assignment 
of the SN2’ one extremely rare.r31 Such mechanistic variety arises 
from interference of the reaction medium, which may induce a 
preliminary solvent-, counterion-, or nucleophile-assisted het- 
erolysis of the allylic reactant (and of its substitution products 
as well) to an intermediate ion pair. Among Equations (2-6), 
second-order reaction (2) involves rearrangement of the initially 
formed SN2 product. In pathways (3-6), formation of an allylic 
cation-leaving-group pair precedes the substitution process, 
which leads in reaction (4) to the isomerization of the starting 
substrate prior to substitution. It follows that observation of the 
substitution product shown in Equation (1 b) is insufficient per 
se for assigning the SN2’ label to its formation mechanism. In 
fact, firm demonstration of a SN2’ mechanism must rely also on 
the following mechanistic criteria: i) the reaction must follow 
second-order kinetics; ii) the formation of the substitution 
product of Equation (1 b) must not proceed through rearrange- 
ment of both the starting substrate before substitution and the 
initially formed SN2 product; iii) the fast preliminary formation 
of a free allylic cation must be ruled O U ~ . [ ~ ~ . ~ ~  


According to the sparse unambiguous evidence from solution 
studies, the efficiency of the concerted SN2’ pathway in allylic 
compounds appears determined by many factors, including the 
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R-CH=CH-CH-R~ - R-CH=CH-CH-R~ -R-CH-CH=CH-R~ (2) 
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+Y I I 
LG 


r l+ 
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nature of the reaction medium as well as the electronic and 
structural features of the reactants. Indeed, concerted S,2' reac- 
tions (1 b) were found to be best favored in apolar, aprotic me- 
dia with a-substituted allylic substrates in the presence of neu- 
tral nu~leophiles.[~] The approach to the electron-rich C=C 
moiety is indeed easier for neutral than for negatively charged 
nucleophiles, especially in apolar, aprotic media. Furthermore, 
when possible, apolar, aprotic solvents favor hydrogen bonding 
between the nucleophile and the leaving group, which could 
represent an important driving force for the reaction. 


In the search for a genuine SN2' process, we decided to under- 
take a comprehensive investigation of acid-catalyzed nucle- 
ophilic substitutions on some representative allylic compounds 
under selected conditions, such as in the gaseous phase and with 
a neutral nucleophile (MeOH), where the probability that the 
reaction takes place by the concerted SN2' pathway is greatest. 
The kinetic approach adopted, which has recently been re- 
viewed,@] was based upon the generation of stationary concen- 
trations of gaseous acids (GA' = C,Hi (n = 1,2), iC,H:, and 
(CH,),Ff) obtained in the gas phase by y-radiolysis (60Co 
source, T = 37.5 "C) of the corresponding neutral precursor 
(CH,, C,H,, and CH,F, respectively) (100-760 Torr), and 
their attack on the nucleophilic centers of allylic alcohols 1-3, 
in the presence of an external nucleophile (YH = MeOH). Pro- 
ton transfer from GA+ to the oxygen atom of 1-3 was expected 
to generate the corresponding oxonium ions I-III, wherein the 
potential leaving group, H,O (A = H), can be easily displaced 
by YH = MeOH [Eq. (7)]. 


We hoped thus to determine the regiochemistry of the gas- 
phase nucleophilic displacement on I-III by MeOH as a func- 
tion of the structural features of the oxonium intermediates, 
under conditions ensuring their efficient thermalization as well 
as neutralization of their substituted derivatives IV-VI, whose 
isomeric distribution could therefore be determined from the 
relative concentration of the corresponding deprotonated 
derivatives. The study was of special interest because it would 
allow identification of a genuine S,2' reaction and its dependence 
upon intrinsic structural factors under conditions excluding the 
complicating interference of the solvent and counterion effects. 


R. R' 


1 rmnr-Me.H 
2 cis-Me, H 
3 H.Me 


I ( A = H ) ;  IV (A=Me) 


111 (A = H) ; VI (A = Me) 
I1 (A=H):  V (A=Me) 


Experimental Section 


Materials: Methane, propane, methyl fluoride, oxygen and 
trimethylamine were supplied as high purity gases by Matheson and 
used without further purification. rrans-2-Buten-1-01 (l), cis-2- 
buten-1-01 (Z), 1-buten-3-01 (3), and 1.3-butadiene (7) were research- 
grade chemicals from Aldrich. trans-1-Methoxy-2-butene (4), cis-1- 
methoxy-2-butene (5), and 2-methoxy-3-butene (6) were synthesized 
by the sodium hydrideldimethyl sulfate method [7]. The alcohols 
1-3 were purified by preparative GLC on a 5 m long, 4 mm i.d. 
stainless steel column packed with 5% FFAP on Chromosorb 
G-AW-DMCS at 110 "C. Their final purity exceeded 99.95 %. The 
identity of the alcohols 1-3 and of ethers 4-6 was verified by NMR 
spectroscopy and their purity assayed by GLC and GLC-MS on the 
same columns employed for the analysis of the irradiated mixtures. 


Procedure: The gaseous mixtures were prepared by conventional 
techniques; a greaseless vacuum line was used. The reagents and the 
additives were introduced into carefully outgassed 250-mL Pyrex 
bulbs. each eauimed with a break-seal tiu. The bulbs were filled with . 1 1  


the required mixture of gases, cooled to liquid-nitrogen temperature, 
and sealed off. The irradiation was carried out at 37.5"C in a 


220Gammacell from Nuclear Canada to a dose of 2 x  104Gy at a rate of 
lo4 Gyh-', as determined by a neopentane dosimeter. Control experiments, carried 
out at doses ranging from 1 x lo4 to 1 x 10' Gy, showed that the relative yields of 
products are largely independent of the dose. The radiolytic products were analyzed 
by GLC by means of either a Hewlett-Packard 5890 series I1 or a HP 5730A 
gas chromatograph equipped with a flame ionization detector. The following 
columns were employed: i) a 30 m long, 0.32 mm i.d. Supelcowax 10 fused silica 
capillary column operated at temperatures ranging from 25 to 180°C 5 'Cmin-'; 
ii) a 3 m long, 2 mm i d  glass column, packed with 0.1 % SP 1000 on 80-100 
Carbopack C, operated at temperatures ranging from 50 to 150 "C, 4"Cmin-'. The 
products were identified by comparison of their retention volumes with those of 
authentic standard compounds and their identity confirmed by GLC-MS with a 
Hewlett-Packard HP 5971 A mass spectrometer. Their yields were determined 
from the areas of the corresponding eluted peaks by means of individual calibra- 
tion curves. 


Results 


Table 1 lists the absolute and relative yields of the products 
formed from allylic alcohols 1-3 and 1,3-butadiene (7) under- 
going gas-phase attack from the radiolytically generated GA + 


acids in the presence of H,O or MeOH as nucleophiles, and 
NMe, as a base when required. The table gives G(M) values, 
expressed as the number of molecules of the product M formed 
per 100 eV of energy absorbed by the gaseous mixture at the 
total dose of 2 x lo4 Gy (dose rate: 1 x lo4 Gy h-'). The report- 
ed figures represent the mean G(M) values obtained from several 
separate irradiations carried out under the same experimental 
conditions, whose reproducibility is expressed by the uncertain- 
ty level quoted. The table also summarizes the total absolute 
yields of products, expressed as a percentage ratio of their com- 
bined G(Ml values to the G(,,+, of their gaseous acid precursor 
available from the literature.''] 


The ionic character of these reactions was demonstrated by 
the sharp decrease of the overall product yields (over 60%) 
caused by the addition to the gaseous mixture of 0.4 mol% of 
NMe, , an efficient positive-ion interceptor. 


The experiments reported in Table 1 can be grouped in four 
categories: i) those to evaluate the extent of rearrangement in 
oxonium intermediates I-III from GA+ attack on 1-3 (en- 
tries 1-6); ii) those to estimate the extent of rearrangement in 
their substituted intermediates, namely, the 0-protonated trans- 
I-methoxy-2-butene (IV), cis-I-methoxy-2-butene (V), and 2- 
methoxy-3-butene (VI) prior to neutralization to the corre- 
sponding ethers 4-6 (entries 7-21); iii) those to investigate the 
behavior of free I-methylallyl cation (VII) towards selected 
gaseous nucleophiles (entries 22 -27); iv) those concerning the 
attack of MeOH on 1-111 (entries 28-36).  


The results of the first group of experiments indicated that 
protonation of allylic alcohol 1 in the presence of approximately 
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Table 1. Product yields from the gas-phase attack of GA' acids on allylic compounds. 


System composition [a] Product yields, G(,, (%) [b] Total 
Group Entry Substrate Bulk gas YH GA+ 4 or 1 5 or 2 6 or 3 Absolute 
No. No. (Torr) (Torr) (Torr) yield (%) [c] 


11 


iv 


i 1 
2 
3 
4 
5 
6 


7 
8 
9 


10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 


22 
23 
24 
25 
26 
27 


28 
29 
30 
31 
32 
33 
34 
35 
36 


... 
111 


l(0.5) 
2 (0.5) 
3 (0.5) 
l(0.5) 
2 (0.5) 
3 (0.5) 


4 (0.5) 
4 (0.6) 
4 (0.6) 
5 (0.6) 
5 (0.6) 
5 (0.6) 
6 (0.5) 
6 (0.5) 
6 (0.6) 
1 (0.4) 
2 (0.6) 
3 (0.5) 
l(0.4) 
2 (0.6) 
3 (0.6) 


l(1.5) 
l (1 .5)  
7 (1.6) 
7 (1.3) 
7 (1.2) 
l(1.2) 


l(0.5) 
2 (0.5) 
3 (0.5) 
l(0.4) 
2 (0.4) 
3 (0.5) 
l(0.6) 
2 (0.6) 
3 (0.5) 


CH, (760) 
CH, (760) 
CH, (760) 
C3Hn (760) 
CAH, (760) 
C3Hs (760) 


CH, (760) 
CH, (760) 
CH, (100) 
CH, (760) 
CH, (760) 
CH, (100) 


CH, (760) 
CH4 (100) 
CH,F (760) 
CH,F (760) 
CH,F (760) 
CH,F (100) 
CH,F (100) 
CH,F (100) 


CH, (760) 
CH, (760) 
CH, (100) 
CH, (760) 
CH, (760) 
CH, (100) 


CH, (760) 
CH, (760) 
CH, (760) 
CH, (760) 
CH, (760) 
CH, (760) 
CH, (100) 
CH, (100) 
CH, (100) 


CH, (760) [el 


[el 


H,O (2.0) [ e f  
HZ0 (2.0) [fl 
HzO (2.1) [fl 
MeOH (1.1) [el 
MeOH (1.0) 
MeOH (1.2) 


MeOH (0.6) [el 
MeOH (0.6) [el 
MeOH (0.5) [el 
MeOH (0.5) 
MeOH (0.5) 
MeOH (0.6) 
MeOH (0.7) 
MeOH (0.6) 
MeOH (0.5) 


0.23 (69) 
0.13 (100) 


0.10 (76) 
0.05 (100) 


0.02 (100) 
0.06 (67) 
0.12 (63) 


0.14 (100) 
0.24 (100) 
0.71 (72) 
0.08 (9) 
0.07 (6) 
1.18 (68) 
0.15 (15) 
0.26 (18) 


- 


0.14 (38) 
0.18 (32) 


0.08 (40) 
0.01 (6) 
0.09 (37) 
0.30 (35) 
0.09 (9) 
0.42 (42) 
0.64 (35) 
0.39 (22) 
0.75 (40) 


- 0.09 (100) 
0.10 (31) 


0.02 (100) 
0.03 (24) 


- 


0.06 (100) 


0.32 (100) 
0.20 (100) 


0.03 (33) 
0.07 (37) 


0.02 (2) 0.25 (26) 
0.74 (85) 0.05 (6) 


0.07 (4) 0.49 (28) 
- 1.05 (94) 


0.73 (74) 0.11 (11) 
- 1.17 (82) 


0.92 (100) 
2.32 (100) 
2.52 (100) 
- 


0.04 (10) 0.20 (52) 
0.08 (15) 0.29 (53) 


~ 0.12 (60) 
0.10 (59) 0.06 (35) 
- 0.16 (63) 
0.007(1) 0.55 (64) 
0.48 (51) 0.38 (40) 


0.02 (1) 1.19 (64) 
0.57 (32) 0.82 (46) 
- 1.12 (60) 


- 0.58 (58) 


3 
12 
5 
1 
4 
2 


2 
7 


11 
1 
3 
7 


10.2 
5 
9 


29 
26 
33 
51 
29 
42 


33 
83 
90 


10.2 
13 
20 


7 
6 
9 


31 
34 
36 
66 
64 
67 


[a] A racemic mixture o f3  and 6 was used. 0,: 4 Torr. Radiation dose 2 x lo4 Gy (dose rate: 1 x lo4 Gyh-'). [b] All figures in italics refer to alcohols 1-3 as the products; 
the other figures refer to ethers 4-6 as the products. For the sake of clarity, the yields of the elimination product 1,3-butadiene (up to 19% relative to those of substitution 
praducts) are omitted. G,,, as the number ofmolecules M produced per 100 eV of absorbed energy. Percentages as the ratios between the Go, of each product and the combined 
Go, values of all products identified. The dash (-) denotes that the absolute yield of the corresponding products is below the detection limit of approximately 0.2%. Each 
value is the average of several determinations, with an uncertainty level of about 5%. [c] Absolute yields estimated from the percentage ratio of the combined G,,, values 
of products and the literature GIGA+, values (ref. [El). [d] With H,'sO ("0 content >97%), no incorporation of the "0  label was observed. [el 3 Torr of NMe, added to 
the gaseous mixture. [fl With H , I 8 0  ("0 content >97%), over 70% incorporation of the lSO label was observed in allylic alcohol 3. 


2 Torr of H,O induces its isomerization exclusively to 3 to a very 
limited extent, which slightly increases with the strength of the 
gaseous acid employed (3% with C,H: (n =1, 2), 1 % with 
iC,H:). Similarly, protonation of 3 yielded comparably low 
amounts of its isomer 1 (5% with C,H: (n = 1, 2), 2 %  with 
iC,HT), whereas protonation of 2 produced slightly higher 
yieldsofboth1and3(l:8.3%withCnH: (n =1,2),3S%with 
iC,H:; 3: 3.7% with C,H: (n =1, 2), 1.1% with iC,HT). 
When the reactions were carried out in the presence of 
approximately 2 Torr of H2"0 ("0 content >97%) instead 
of H,O no detectable excess of the "0 label above the 
natural abundance was observed in the same rearranged prod- 
ucts. 


Inspection of the results of the experiments of group (ii) re- 
vealed that the nature and extent of the isomerization pattern 
triggered by the gas-phase C,,H:-protonation (n = 1, 2) of 
ethers 4-6 (entries 7-15) was fully comparable with that ob- 
served with alcohols 1-3. Thus, 4 produced low yields of 6 (7 %) 
exclusively and 6 gave rise only to 4  YO), while 5 slightly 
isomerized to both4(2.1 %)and6(1.1%). Theextent ofisomer- 
ization increased appreciably when the system pressure was de- 


creased from 760 to 100 Torr. An apparently different 4-6 iso- 
meric distribution was obtained by 0-methylation of alcohols 
1-3 by (CH,),F+ ions (entries 16-21) since, in these experi- 
ments, the major products were invariably the methyl ether 
corresponding to the starting alcohol (4 (68-72%, from 1); 5 
(74-85%, from 2); 6 (82-94%, from 3)). However, if the anal- 
ysis was restricted to the other isomeric ethers, the experiments 
demonstrated that their composition and absolute yields nearly 
coincided with those measured from the C,H:-protonation 
(n =1, 2) of ethers 4-6. Thus, the predominant isomer of 4 
formed from methylation of 1 by (CH,),F+ was 6 (7% (en- 
try 16), compared with 7 YO absolute isomerization yield of 6 in 
the C,H:-protonation (n = 1, 2) of ether 4 (entry 8)). In the 
same way, the only isomer of 6 from methylation of 3 by 
(CH3)2F+ was ether 4 (2% (entry 18) compared with 5 %  of 4 
from C,H:-protonation (n = 1, 2) of ether 6 (entry 14)). Final- 
ly, both 4 and 6 arose from methylation of 2 by (CH,),Ff 
(2.3% 4 and 1.6% 6 (entry 17), compared with 2.1 % of 4 and 
1.1 YO of 6 from C,H:-protonation (n = 1, 2) of ether 5 (en- 
try 11)). Decreasing the pressure of the gaseous mixtures from 
760 to 100Torr increased the rearrangement of the ethers 
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pressure to the same level. I 
The results of the experiments of 1-3 OH 


group (iii) (entries 22-27 of Table 1) 
refer to the regiochemistry of the at- 
tack of the selected nucleophile YH 
(H,O or MeOH) on free l-methyl- 
ally1 cation VII generated in the gas 
phase by C,H:-protonation (n = 1,2) of 1,3-butadiene (7). Ac- 
cordingly, both nucleophiles added to VII to form the corre- 
sponding products, that is, alcohols 1-3 (YH = H,O) or ethers 
4-6 (YH = MeOH), in considerable amounts. However, while 
the attack of VII on H,O yielded exclusively alcohol 3, addition 
of VII to MeOH gave rise to all isomeric ethers 4-6 (4: 32- 
38%, 5: 10-15Y0, 6: 52-53%). As expected, alcohol 3 from 
addition of VII to H,180 (l8O content >97%) displayed signif- 
icant 8O incorporation ( > 70 %) . 


The results of the experiments in group (iv) indicate that 
C,H:-protonation (n = 1,2) of 1-3 in the presence of approxi- 
mately 0.6 Torr of MeOH led to high yields of all isomeric ethers 
4-6 (31-36% at 760 Torr; 64-67% at 100 Torr), irrespective 
of the starting allylic alcohol (entries 28-36). Their distribution 
was strongly affected by the nature of the alcoholic substrate. 
Thus, at 760 Torr, C,,H:-protonation (n  = 1 ,  2) of 1 yielded 
both 6 (64 %) and 4 (35 %), as well as traces of 5 (0.3 %). Under 
the same conditions, alcohol 2 yielded ethers 5 (51 YO) and 6 
(~OYO), together with minor amounts of 4 (9%). Alcohol 3 
instead gave rise to 4 (42 %) and 6 (58 %) only. Addition of 
3 Torr of a powerful base, such as NMe,, to the gaseous mix- 
ture, while strongly decreasing the absolute yields of ethers 4-6 
(6-9 YO), did not substantially modify their isomeric distribu- 
tion. In these systems, 1,3-butadiene was also recovered in ap- 
preciable yields (up to ca. 19 YO of the overall absolute yield of 
ethers). 


(8a) 
IV-VI (A = Me) 


(W 
IX (R = H R'= Me ; A = H) 
X (R = Me: R'= H ;A  = Me) 


X I  (R = H R'= Me ;A =Me) 


formed by methylation of 1-3 by 
(CH3)*FC to an extent which was 


the C,H:-protonation (n  =1, 2) of 
ethers 4-6 by lowering the bulk gas 


fully comparable to that observed in AOH 


R-cH=CH-cH-R~ 


A OH - 
Ix_ R-;H-CH-CH-R' XII (R= Me; R'= H A = H) (SC) 1 A, 1 XII I (R=HR'=Me;A=H)  


XIV (R = Me; R'= H ;A  = Me) 
XV (R=HR'=Me;A=Me) 


VIII-XV. However, the application of well-established estima- 
tion procedures (outlined in the footnotes of Table 2) led to their 
approximate formation enthalpies, as reported in Table 2. On 
these grounds, reactions (8 a-c) were calculated to be thermo- 
chemically allowed, except perhaps the iC,H:-protonation of 
the K bond of 3 (Table 3). Among them, the gas-phase attack of 
GA' on the 0 atom of the allylic alcohol [Eq. (8 a)] appeared to 
prevail kinetically over attack at the n bond [Eqs. (8 b,c)], as 
testified by the absence of carbonylic compounds such as bu- 
tanone and butyraldehyde among the radiolytic products in 
Table 1.  Their 0-protonated precursors were, in fact, the stable 


Table 2. Thermochemical data (kcalmol- I )  (estimated values in italics). 


Discussion 


Gas-phase GA+ attack on allylic alcohols: The conditions typi- 
cal of the present experiments, in particular the low concentra- 
tions of alcohols 1-3 (< 0.6 mol YO) diluted with a large excess 
ofthe bulk gas (CH,, C,H,, or CH,F), exclude direct radiolysis 
of the alcoholic substrate as a significant route to the products 
of Table 1. The presence of an efficient thermal radical scav- 
enger, 0,, in about tenfold excess over the substrate inhibited 
possible free-radical pathways to products in favor of the com- 
peting ionic ones, whose large predominance was demonstrated 
by the marked effect of an ion trap such as NMe, on the overall 
product yield. 


The gaseous acids (GA' = C,H: (n  = 1, 2), iC,HT, and 
(CH,),F'), formed in known yields by y-radiolysis of the bulk 
gas (CH,, C,H,, and CH,F, respectively), were thermalized by 
many unreactive collisions with their parent molecules before 
attacking the nucleophiles present in the mixture, including the 
allylic alcohols 1-3. Two nucleophilic centers are present in the 
latter compounds, namely the oxygen atom and the K bond, 
both susceptible to attack by a proton or an alkyl cation from 
GA', if thermochemically allowed [Eq. (S)] . 


A major difficulty in determining the thermochemistry of the 
gas-phase reactions (8) arises from the lack of experimental 
thermochemical data for the involved ionic species IV-VI and 


CH4 -17.8 


CIHb 12.5 


C3H6 4.8 


CHIF -59 


-OH (1) -37 


-OH (2) -36 


J (3)  -38 


A n  + OH (X) I51 


+OH (XIV) 144 


+J ID9 


(7) 26.3 


+J (XIII) I65 


(XI) I47 


+4 (XV) 1-50 


121 


216 


215.6 


190.9 


147 


I37 


I38 


I32 


I33 


134 


130 


202 


205 


I56 


IS2 


I49 


~~~ 


[a] S. G. Lias, J. E. Bartmess, J. E Liebmann, J. L. Holmes, R. D. Levin, W G. 
Mallard, J.  Phys. Chem. Ref. Data 1988, 17, Suppl. 1. [b] Estimated by A A Z  
= A& (cis) - A X  (trans) = 1 kcalmol-' for but-2-ene (cf. [a] and the calculation 
method reported in [d]). [c] D. R. Strull, E. F Westrum, Jr., G. C. Sinke, The Chem- 
ical Thermodynamics of Organic Compounds, Wiley, New York, 1969. [d] Estimated 
by the method illustrated in R. D. Bowen, D. H. Williams, J.  Am. Chem. SOC. 1977, 
99, 6822. [el R. D. Bowen, D. H. Williams, J. Am. Chem. SOC. 1978, 100, 7454. 
[fl Estimated by APA = PA (methyl ether) - PA (alcohol) = 10 kcalmol-' (PA 
= proton affinity) from [g] and R. D. Bowen, D. H. Williams, G. Hvistendahl, I. R. 
Kalman, Org. Muss Spectrom. 1978, 13,721. [g] Estimated by the calculated A A Z  
= AH; (endo) - AH," (exo) = 3 kcalmol-' (H. Mayr, W Forner, P. v. R. Schleyer, 
J. Am. Chem. Soc. 1979, 101,6032. 
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Table 3. Reaction enthalpies (kcalmol- '). 


Equation Ionic reactant (A) A P  (substrate) 


endo-VIl 


-60 (1) -60 (2) -64 (3) 
-29 (1) -29 (2) -33 (3) 
-12 (1) -12 (2) -16 (3) 
-36 (1) -36 (2) -38 (3) 


-41 (1) -42 (2) -44 (3) 
-10 (1) -11 (2) -13 (3) 


-18 (1) -19 (2) -21 (3) 
+ 7 (1) + 6 (2) + 4 (3) 


-48 (1) -49 (2) -31 (3) 
-17 (1) -18 (2) 0 (3) 


0 (1) - 1(2)  +17 (3) 
-25 (1) -26(2) - 8 (3) 


- 7 (HzO, yielding I )  
- 12 (H,O, yielding 111) 
-21 (MeOH, yielding IV) 
-24 (MeOH, yielding VI)  


- 9 (H,O, yielding II) 
-15 (H,O, yielding III) 
-23 (MeOH, yielding V )  
-27 (MeOH, yielding V I )  


structures to which the conceivable intermediates VIII-XV are 
known to isomerize without any significant activation barrier."] 
Therefore, the GA' acids selectively attack the n-electrons of 
1-3 yielding the corresponding oxonium intermediates 1-111 
(A = H) or IV-VI (A = Me), excited by the exothermicity of 
their formation process [Eq. (8 a)], increasing in the order: 
iC,H: < C,H: < (CH,),F+ < CH: (Table 3). Owing to their 
excess energy, the excited onium intermediates I-III (A = H) or 
IV-VI (A = Me) may undergo extensive interconversion to 
their isomeric structures [Eq. (9 c)], for example, IuIIttIII, or 
unimolecular fragmentation to the corresponding 1 -methylally1 
cation VII [Eq. (9b)], for example n-+ endo-VII, I and 
I11 + exo-VII, in competition with their collisional quenching 
with the bulk gas molecules N [Eq. (9a)l. 


L AOH 
1-111 


111-1 


Thus, in principle, the radiolytic products of entries 28-36 of 
Table 1 may originate from different reaction pathways, that is, 
from nucleophilic attack of MeOH on either the isomeric allylic 
ions VII and/or the isomeric oxonium ions I-III. In the latter 
case only, their formation proceeds by a rate-limiting step that 
involves departure of the leaving group (H,O) through the ac- 
tion of the nucleophile MeOH and, therefore, can be marked as 
concerted S,2 or S,2' processes. Thence, it follows that attribu- 
tion of kinetic and mechanistic significance to the results of 
entries 28 -36 of Table 1 is critically determined by the unequiv- 
ocal identification of the reactive intermediates involved in the 
substitution process. 


Nature of the substitution intermediates: As pointed out in the 
introduction, positive demonstration of a genuine S,2' mecha- 
nism in allylic substrates is made extremely difficult in solution 
by the incursion of a number of complicating phenomena. These 
may involve solvent-, counterion-, and nucleophile-assisted het- 
erolysis of the allylic compound in the solvent cage with forma- 
tion of ion pairs, which may either collapse with the nucleophile 
or recombine with the leaving moiety to yield an isomerized 
allylic compound before substitution by the nucleophile 
[Eqs. (2-6)].t3*41 


In the gas phase, mechanistic analysis is greatly facilitated by 
the absence of solvation and ion-pairing phenomena and by the 
capability of the radiolytic methodology to generate different 
intermediates by different approaches, such as 1-111 or VII, held 
responsible for the formation of the substituted products, and to 
investigate their behavior in the same gaseous medium. For 
instance, free I-methylallyl cation VII is conveniently prepared 
in the gas phase by C,H:-protonation (n = 1, 2) of 1,3-butadi- 
ene (7) (- AW = 58 (n =I ) ,  27 (n = 2)kcalmol-'). In 100- 
760 Torr of CH,, ion VII adds to H,O yielding exclusively 3 in 
sizable amounts (over 83 YO) (entries 23 and 24 of Table 1). In 
the same medium, addition of ion VII to MeOH yields all iso- 
meric ethers 4-6 (4: 32-3870, 5: 10-15Y0, 6: 52-53Y0) (en- 
tries 26 and 27 of Table 1). In compliance with the Hammond 
postulate, the higher regioselectivity of VII towards H,O is at- 
tributed to the lower exothermicity of the addition process 
(- AW =7-15 kcalmol-I), relative to that involving MeOH 
(- AH" = 21-27 kcalmol-') (Tabie 3). 


Comparison of these results with those of entries 1-6 of 
Table 1 provides the first piece of evidence against the interme- 
diacy of allylic ions VII in the substitution process [Eq. (9 b)]. In 
fact, were free ions VII abundantly generated by C,H:-proto- 
nation (n = 1, 2) of 1-3, they would attack H,O producing 
exclusively high yields of alcohol 3 (entries 22-24). Extensive 
1 + 3 and 2 -+ 3 isomerization would be observed from 1 and 2, 
respectively, whereas protonation of the starting alcohol 3 
would have no visible effects. In fact, at 760 Torr, C,H:-proto- 
nation (n = 1,2) of 3 led to limited, but easily detectable amounts 
of 1 (5 70, compared with the 0.2 70 sensitivity limit of the analyt- 
ical methodology used (Table 1, entry 3)). The same reaction 
with 1 yielded comparatively low quantities of 3 (3 YO, entry l), 
whereas 2 gave rise to appreciable yields of both 1 (8.3 YO) and 
3 (3.770, entry 2), in proportions opposite to those expected on 
the grounds of the relative stability of their oxonium ion precur- 
sors I and III (Table 2). Furthermore, replacement of C,H: 
with the milder iC,Hq ion as the acid catalyst not only reduced 
significantly the yield of the isomerized products (by over 60 YO), 
as predicted, but also their distribution (cf., e.g., entries 2 and 
5) ,  in contrast to what was expected for free allylic ions VII. In 
addition, while the free ions VII added to H,"0 to yield large 
amounts of "0-labeled 3 (I80-content > 70Y0), C,H:-proto- 
nation (n = 1, 2) of 1-3 in the presence of the same concentra- 
tion of H,"0 led to small yields of isomeric alcohols with no 
detectable excess of the "0 label above the natural abundance. 


A similar picture emerges from comparison of the relative 
distribution of isomeric methoxybutenes 4-6 (4: 32-38 %, 5: 
10-15 YO, 6: 52-53 YO) from attack of allylic ions VII on MeOH 
(entries 26 and 27 of Table 1) with that from C,H:-protonation 
(n =1, 2) of 4-6 (e.g., 4: 63-67Y0, 6: 33-37Y0 from protona- 
tion of 5)  (entries 7-15 of Table 1). 


An additional piece of evidence against significant unimolec- 
ular dissociation of oxonium ions I-III to free allylic ions VII 
[Eq. (9 b)] arises from comparison of the product distribution of 
entries 26 and 27 (4:5:6 = (0.62-0.70):(0.20-0.28): 1.00) with 
the corresponding results of entries 16-21 concerning methylat- 
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ed oxonium ions IV-VI. When generated in the gas phase by 
methylation of 1-3 by (CH,),F', the corresponding methylat- 
ed oxonium ion (IV or V or VI) yielded all isomeric methoxy- 
butenes 4-6, but in proportions markedly dependent upon the 
nature of the starting allylic alcohol: 4:5:6 = (2.41- 
2.84):(0.08-0.14): 1 .OO (from 1); (1.36- 1.60):(6.64- 14.8): 1 .OO 
(from 2); (6.67-22.2):( <0.006): 1.00 (from 3). Besides exclud- 
ing facile dissociation of oxonium ions 1-111 and IV-VI to the 
free ion VII, product distributions which differ by such large 
amounts speak against extensive IV+-+V-VI interconversion 
prior to their neutralization to ethers 4-6 [Eq. (9 b)]. It follows 
that the free ion VII plays a negligible role, if any, in determining 
the isomeric distribution of the substitution products in en- 
tries 28-36 of Table 1. Rather, this reflects the specific regiose- 
lectivity of the MeOH-induced displacement in the primary ox- 
onium ions 1-111, possibly altered by partial isomerization of 
ions 1-111 [Eq. (9c)], before YH attack, or their substitution 
derivatives IV-VI, before neutralization. The extent of these 
partial isomerizations reflects the structure and the excess ener- 
gy of the oxonium intermediate and hence it increased for any 
given starting alcohol with the strength of the gaseous acid GA' 
and with decreasing pressure of the gaseous mixture. 


Discrimination between the inter- or intramolecular charac- 
ter of rearrangement of oxonium ions 1-111 is permitted by 
analysis of the results of Table 1, in particular the limited yields 
of isomeric alcohols from C,Hl-protonation (n =1, 2) of 1-3 
(< 12 %) (entries 1 -3), despite the high concentration of added 
H,O (ca. 2 Torr) and the lack of detectable incorporation of the 
l 8 0  label when H,O is replaced by H,I80. These results indicate 
that rearrangement in oxonium ion 1-111 [Eq. (7); YH = 
AOH = H,O] proceeds essentially by consecutive [1,3] in- 
tramolecular shifts of the AOH (A = H) leaving moiety 
[Eq. (9c)l. That this conclusion is extensible to the case where 
A = Me was demonstrated by the isomeric product pattern 
from entries 16-21, which can only be accounted for by consec- 
utive [1,3] intramolecular shifts of the AOH (A = Me) group in 
the excited oxonium ions IV-VI. According to the available 
experimental evidence, unimolecular dissociation of 1-111 (and 
IV-VI) to free allylic ions VII [Eq. (9b)l is negligible under the 
conditions used. This excludes any significant contribution of 
unimolecular mechanisms to allylic nucleophilic displacements 
in 1-3 in the gaseous irradiated mixtures. 


Substitution pattern and orientation: The conclusions reached in 
the previous section point to a general reaction pattern for the 
gas-phase GA'-promoted nucleophilic substitution on allylic 
alcohols 1-3 by YH = MeOH as outlined in Scheme 1. In the 
first step of Scheme 1, the a', b', and c" terms (with a" +b' 
+ c" = 1) represent the interconversion factors for any given 
excited oxonium ion 1-111 [Eqs. (9a,c)]. Their values can be 
inferred from entries 1-3 of Table 1. Thus, for ion I (v = I) at 
760 Torr CH,, b' is given by the absolute yield factor of 3 (0.034, 
approximated to 0.03 in entry I) ,  while c' is equal to zero, owing 
to the complete absence of isomer 2 among the products. As a 
consequence, a' (= 1 - b' - c') amounts to 0.966. In the same 


_ _  
Scheme 1. 


way, for ion II, a" is inferred from the absolute yield factor of 
1 ( = 0.69 x 0.12 = 0.083) and b" from the absolute yield factor 
of 3 ( = 0.31 x 0.12 = 0.037) (entry 2). Therefore, c'' = 0.880. 
For ion 111, a"' = 0.046 (absolute yield factor of 1, approximat- 
ed to 0.05 in entry 3 of Table 1) and c"' = 0 and, therefore, 


The a', a", and a''' terms in the second step of Scheme 1 refer 
to the regioselectivity of the nucleophilic attack of MeOH on each 
individual oxonium ion I-III and, with the sensible assumption 
of equal rates for the gas-phase capture of isomeric (I)gr-(III)gr by 
MeOH,"'] they express the relative efficiency of MeOH-to-H,O 
substitution on their C, centers (a concerted SN2 process). Of 
course, the (1 - a'), (1 - a"), and (1 - a'") terms express the 
relative efficiency of MeOH-to-H,O substitution on the C, cen- 
ters of the same oxonium ions (a concerted SN2' process). In this 
context, it is reasonable to expect that the nucleophilic attack of 
MeOH on the C, of 111 leads predominantly to the trans isomer 
4, which is slightly more stable than the cis one 5.[' 'I 


The subsequent step of Scheme 1 concerns the structural in- 
terconversion among the substituted oxonium ions IV-VI prior 
to their neutralization to methoxybutenes 4-6."'] For any given 
oxonium ion Iv- VI, the interconversion factors are denoted by 
the terms "d,, with n indicating the starting oxonium ion and rn 
the rearranged one. Their values under different experimental 
conditions can be inferred from entries 16-18 (at 760 Torr) and 
entries 19-21 (at 100 Torr) of Table 1.  Accordingly, IVdv = 0.02 
(760 Torr), 0.04 (100 Torr), and lVdvl = 0.26 (760 Torr), 0.28 
(100 Torr) (entries 16 and 19); 'dIV = 0.09 (760 Torr), 0.15 
(100 Torr), and "d,, = 0.06 (760 Torr), 0.11 (100 Torr) (en- 
tries 17 and 20); "dIV = 0.06 (760 Torr), 0.18 (100 Torr), while 
'Idv is negligible under all conditions (entries 18 and 2l).[I31 


In the framework of the reaction pattern shown in Scheme 1, 
the fraction of each isomeric methoxybutene 4-6, arising from 
C,H:-protonation (n = 1, 2) of any given allylic alcohol 1-3 in 
the presence of MeOH (entries 28-36 of Table 1) can be ex- 
pressed by the following sets of equations (see Appendix). 


b"' = 0.954. 


4/(4 + 5  +6) = (1 - "dVI - ' ' d v ) { ~ ' [ ~ '  +"'d1v(1 - a')] 
+ 6" (1 - a'") + vldIva"1] 
+ C"[~'dIV(1 - a" + Vdv,all) + Vd,,a"]} 


' {cva" +"dv{aV[a' +v'dIv(l - 4 1  


(1 0) 


5/(4 + 5 + 6) = (1 - "dv, - 'dIv) 


+ 6" (I - a''') + v'dlv~'l'] + cv[v'dlv( 1 - a")]}} 


(1 1) 


6/(4 + 5  +6) = (1 - V1dIV){~'[(l -a') +a'('v~vI +'vdvvdvJ] 
+ b'[a"' + (1 - a"')('Vd,, + "dVVdVI)] 
+ CV[  (1 - al'> + .'l(VdVI + Vd,,'VdV,)]} (1 2) 


Nine equations are obtained (whereof only six are independent, 
since obviously 4/(4 + 5 + 6) + 5/(4 + 5 + 6) + 6/(4 + 5 + 6) = 
1) containing three unknowns, namely CL*, a", and a'". By solv- 
ing any system of three independent equations by the methoxy- 
butene fractions 4/(4 +5  +6), 5/(4 +5  +6), and 6/(4 + 5  +6) 
as calculated from entries 31 -33 of Table 1, the following values 
for the unknowns are obtained: a' = 0.43f0.02; a'' = 
0.66f0.04; a'" = 0.46f0.02. The quoted uncertainty ranges 
reflect the fluctuation of the derived a', a", and a'" values with 
different sets of independent equations. The obtained regiose- 
lectivity factors permit evaluation of the relative extent of com- 
peting SN2 and SN2' pathways involved in the gas-phase nucle- 
ophilic attack of MeOH on the oxonium ion 1-111 in CH, at 
760 Torr (Fig. 1). 
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Fig. 1. Regioselectivity of the acid-catalyzed nucleophilic substitution on allylic 
oxonium ions 1-11] by MeOH in CH, at 760Torr. 


Analysis of Figure 1 reveals the following points: 
i) In the gas phase, where solvation and ion-pairing effects are 


minimized, acid-promoted nucleophilic substitution by 
MeOH on allylic alcohols 1-3 proceeds by a concerted SN2' 
mechanism, which competes efficiently with the classical SN2 
process. Positive recognition of the concerted SN2' pathway 
was made possible in the gas phase by virtue of the specific 
radiolytic approach used, which allows generation of all 
ionic intermediates of Scheme 1 by independent procedures 
and investigation of their behavior towards the selected nu- 
cleophile YH in the same medium under exactly the same 
experimental conditions. 


ii) In the presence of a neutral nucleophile, such as MeOH, the 
isomeric oxonium ions I and Ill in the gas phase exhibit 
almost equally extensive concerted S,2' and SN2 reactions, 
with the former (52-59 %) slightly prevailing over the latter 
(41-48%). This demonstrates that, in the gas phase, both 
SN2' and SN2 substitutions are not appreciably hampered by 
the presence of a methyl substituent at the reaction center. It 
follows that the low SN2'/SN2 branching ratios commonly 
observed in solution with both unsubstituted allyl halides 
and crotyl  halide^[^-'^ only in part reflect intrinsic structural 
and electronic factors, the major effect arising from solva- 
tion and ion-pairing phenomena; 


iii) The role of intrinsic structural factors in nucleophilic substi- 
tution on allylic substrates emerges clearly from the com- 
parison of the SN2'/SN2 branching ratios concerning isomeric 
oxonium ions I and 11. In fact, the SN2'/SN2 branching ratio 
measured for the cis oxonium ion I1 (0.5-0.6) is markedly 
lower than that of the trans isomer I (1.2- 1.4). 


One reason for such a difference may be found in the enhanced 
steric strain in the cis isomer I1 caused by the presence of an 
endo-methyl group,['41 which may favor the distortive propensi- 
ty of the n-component of I1 and, thus, the elongation of its 
remote C,-C, bond and the shortening of the adjacent C,,-C, 


A consequence of this effect is the decreased activation 
enthalpy for the endo -+em stereomutation in the incipient allyl 
cation VII relative to the opposite process.[141 Another is the 
enhancement of the coefficient of the delocalized K* orbital at 
the C, center of I1 and, therefore, of the probability of the S,2 
pathway in the SN2'/SN2 competition. 


Appendix 
In Equations (10-12). the yield ratios of the ethers 4-6 (e g ,4/(4 + 5  +6)) reflect 
those of their ionic precursors immediately before neutralizat~on by proton transfer 
to a suitable base (e g , IV/(lV +V +VI)) These are estimated by deriving the 
stationary concentration of each tndividual intermediate relative to the combined 
concentration of all the intermediates (IV + V  +VI = 1) from Scheme 1 from the 
balance between the channels forming it and those destroying it Thus, by neglecting 
the upper-order terms, the overall extent of the channels forming IV is expressed by 
the sum uYai (the I,, + IV contribution) +u"v'div(l - a') (the I,, + VI + IV contri- 
bution) +b"(l - a''') (the UI,, - IV contribution) + bYvid~vaiii (the 111, + VI -+ IV 
contnbution) + ~ ' ~ ~ d , ~ ( l  - a'* +vdvla'i) (the II,, +VI  +IV contnbution) + 
cyvd,vall (the II,, + V + IV contribution), whch leads to d[ai  +vid,v(l - a')] + 
b"[ (1 - a"') + vldivaiii] + e'[V'dlV(l - a'' + vdvlaii) + Vd,vaii] The overall extent of 
the channels destroying 1V is given by the sum iVdvi{u'[ai +"'d,,(l - a')] + 
b"[(l - a'") +V1divaii'} +~'[~'d, ,( l  - a" +Vdviaii) +vdiVali]} (the IV + VI contri- 
bution) +'Vdv{u'[d +v'dlv(l - a')] +b"[(l - a'") +v'divai''] +c'[v'div(l - a" + 


vdviai') +'divai']} (the IV + V contribution), which leads to (ivdvi +'Vdv){a"[ai + 
"diV(l -ai)] +b'[(l - mi'') +Vidivaii'] + ~ " [ ~ ~ d ~ ~ ( l  -aii  +vdviaii) +'dIYa"]} .There- 
fore, the stationary concentration of IV immediately before neutralization by pro- 
ton transfer to a suitable base can be expressed by: (1 - "dVI - lvdv){u'[a' + 
vid,v(l - a')] + b"[ (1 - a''') + vidivai''] + ~ ' [ ~ ' d ~ ~ ( l  - a'' + vdviai') + vdlvai']). In 
the same way, the overall extent of the channels forming V is represented by the sum 
uviVdvai (the I,, + IV + V contribution) +uYivdvv'div(l - a') (the I,, + VI + V 
contribution) +b"ivdv(l - a"') (the III,, + IV + V contribution) +bvivdvvidiva"' 
(the III,, + VI + V contribution) +cVati (the II,, + V contribution) + 
c'iVdVvid,V(l - a") (the Ilsc - VI + V contribution), which leads to cVaii + 
iVdv{u'[ai +"'div[l - a')] +b'[(l -a'") +Vidivaiii] + C " [ ~ ~ ~ ~ ~ ( I  - a")]). The over- 
all extent of the channels destroying V is given by the sum vdvi{cya'i + 
lvdv{u'[ai +v'div(l -a')] +6'[(1 -aii') +v'diva'ii] + ~ " [ ~ ' d ~ ~ ( l  - ai')]}}(the V + VI 
contribution) +vd~v{cYai' +iVdv{u'[a' +vidiv(l - a')l +b"[(l - a''') +vidivaiii] + 
c'[vidiv(l - a")]}} (the V + IV contribution), which leads to ("dVI +vdiv){cva'i + 
'vdv{a"[a' +vidlv(l - a')] +b'[(l - a"') +"'divai''] +c"~vidiv(l - a" ) ] } } .  There- 
fore, the stationary concentration of V immediately before neutralization by proton 
transfer to a suitable base can be expressed by: (1 - "dVi - vdiv)(cyaii + 
'vdv{u'[a' +v'd,v(l - a')] + b'[(l - a'") +vid,Va"i] +c'[vidiv(l - a")]}} .  Finally, 
the overall extent of the channels forming VI is represented by the sum: a"(1 - a') 
(the I,, + VI contribution) +uYa'[ivdvi +lvdvvdvi] (the I,, + IV + V1 contribu- 
tion) +bva"' (the Ill,, + VI contribution) +b'(l - a'")['vdvi +'vdvvdv,] (the 
III,, - IV + VI contribution) +c'(l - a") (the II,, + VI contribution) + 
cva"[Vdvl + vdi,,'vdvl] (the 11,, + V + VI contribution), which leads to d [ ( l  - a') + 
a'('"dvl +'vdvvdvi)] +b'[ai'' + (1 - a'i')(ivdv, +ivdvvdvi)] + c'[(l - air) + ai'(vdVI 
+vdi,'vdv,)]. The extent of the only channel destroying VI (VI + IV) is given 
by vidiv{u'[(l -a ' )  +a'('vdvi +ivdvvdvI)] +b'[aii' +(1 - ai'i)(ivdv, +'vdvvdv,)] + 
c'[(l - a") +ai'(vdvi + 'dlV"dv,)]}. Therefore, the stationary concentration of VI 
immediately before neutralization by proton transfer to a suitable base can 
be expressed by (1 - V'div){a'[(l - a') +ai(ivdvi +ivdvvdvI)] +b"[a"' + 
(1 - ai'i)(ivdvi + 'vdvvdvI)] + c'[ (1 - a") + ~r~~("d , ,  + vdi,,'vdv,)]}. 
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Regioselectivity in the Gas-Phase Nucleophilic Attack on 0-Protonated 
3-Methyl-2-cyclohexen-1-01 and 1-Methyl-2-cyclohexen-l-ol* * 
Emanuela Dezi, Antonietta Lombardozzi, Gabriele Renzi, 
Adriano Pizzabiocca, and Maurizio Speranza" 


Abstract: Our radiolytic study of the oc- 
currence in the gas phase of concerted SN2' 
reactions on several open-chain allylic ox- 
onium ions generated in the gas phase 
from the attack of gaseous GA+ acids 
(GA' =C,Hi  ( n = l ,  2), iC,H:, and 
(CH,),F+) on suitable substrates is now 
continued with cyclic allylic alcohols, such 
as 3-methyl-2-cyclohexen-1-01 (1) and 1- 
methyl-2-cyclohexen-1-01 (2), with both 
MeOH and NMe, as neutral nucleo- 
philes. With MeOH as the nucleophile, 
the substitution reaction exclusively takes 
place on 1 as the starting compound, 
whereas when the substrate is 2 it is ac- 
companied by extensive elimination. With 
NMe,, only the elimination reaction is 
observed in the same systems. The analy- 
sis of the isomeric distribution of the sub- 


stitution and elimination products allows 
definition of the corresponding reaction 
patterns. As for open-chain oxonium 
ions, the nucleophilic attack on O-proto- 
nated 1 and 2 is preceded by significant 
intramolecular interconversion. Partial 
unimolecular dissociation of the same 
ionic intermediates also takes place. After 
careful evaluation of the extent of these 
side processes, it is demonstrated that the 
0-protonated 1 undergoes the concerted 
S,2 process with MeOH almost exclusive- 


ly (> 99 %). With 0-protonated 2, how- 
ever, the concerted SN2' pathway (84- 
95%) prevails over the classical S J  one 
(6-17%). Concomitant [1,2] (E2) and 
[1,4] elimination (E 2') pathways involve 
attack of the selected nucleophiles on the 
oxonium ions from 1 and 2. Their relative 
extent (E2'/E2:1.78-1.96 (1); 1.43-1.70 
(2)) appears only slightly dependent on 
the nature of the ionic substrate, the nu- 
cleophile (whether MeOH or NMe,), and 
the leaving group (whether H,O or 
MeOH). The effects of both intrinsic 
structural factors and experimental condi- 
tions in determining the SN2'/SN2 and E2'1 
E 2 branchings in the selected oxonium 
ions is discussed and compared with relat- 
ed gas-phase data. 


Introduction 


The first inquiry into the regioselectivity of gas- 
phase acid-catalyzed nucleophilic attack on 
some allylic compounds, that is, isomeric 2- 
buten-1-01s and I-buten-3-01, has been report- 
ed in the preceding paper in this issue.['] In 
these systems, the gas-phase nucleophilic sub- 
stitution proceeds by a concerted SN2' pathway [Eq. (1 b)] in 
competition with the classical SN2 one [Eq. (1 a)]. Their extent is 
insensitive to the presence of a methyl substituent at the reac- 
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tion center, as demonstrated by the comparable efficiency of the 
SN2' and the SN2 paths in 0-protonated trans-2-buten-1-01 
(57 f 2 YO S J ;  43 t- 2 % SN2) and 0-protonated 1-buten-3-01 
(54 f 2 % SN2;  46 f 2 "LO SN2) by MeOH. In contrast, structural 
effects on the shape and the energy of the R* antibonding orbital 
of the 0-protonated allylic substrate may appreciably affect the 
regiochemistry of the gas-phase nucleophilic substitution. In- 
deed, in 0-protonated cis-2-buten-1-01, where structural (and, 
thus, orbital) distortion is more pronounced than in the trans 
isomer, the concerted SN2 mechanism (66 & 2 YO) prevails over 
the SN2' one (34 f 2 YO). In general, the substitution reactions are 
accompanied in these systems by less efficient elimination pro- 
cesses (up to 19% relative to substitution), especially when a 
powerful base, such as NMe,, is added to the reaction mixture. 
The only elimination product from isomeric 2-buten-1-01s and 
1-buten-3-01 is obviously 1,3-butadiene, whose formation in- 
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volves necessarily a [1,4] mechanism in the first two substrates 
(a E2' process) [Eq. (2a)l and a [1,2] one in the latter (a E2  
process) [Eq. (2 b)]. 


I I1 
or III or IV 


5 Y B U V  
R-CH2-CH'CH- CH'CH-R' (2a) 


(b\ -AOH )/ib) 
- YH2+ 


6 Y p a i T  
R-CH=CH-CH= CH-CH2- R' (Zb) 


dA: 6 7 B U V  
R-CH2-CH=CH- CH-CH2-R' 


I 
LG 


E,' ;.I 
To gather more evidence about the concerted S J  reaction in 


encing its occurrence in competition with the classical bimolecu- 
lar SN2 and unimolecular SNl/sN1' pathways, the investigation is 
now extended to the determination Of the regiochemistry 
of gas-phase acid-induced nucleophilic substitution by YH = 
MeOH on methylcyclohexenols 1 and 2, wherein the C, and C, 
substitution centers present one or two alkyl substituents 
[Eq. (3)]. From a comparison with the results of the preceding 
paper, it is hoped to ascertain whether the increased number of 
alkyl groups at the reaction site affects S,2'/SN2 branching in 


unimolecular processes. 


the gas phase and to delineate the precise circumstances influ- V 


neutral products 3-7, whose isomeric distribution reflects that 
of their ionic precursors and, thus, may allow assessment of the 
regiochemistry of both the substitution [Eq. (3)] and elimination 
pathways [Eq. (411. 


Experimental Section 


bimolecular substitution and its extent relative to conceivable Materials: Methane, methyl fluoride, oxygen, and trimethylamine were purchased 
from Matheson, with a stated purity of at least 99.9 mol%, and were used without 
further purification. 3-Methyl-2-cyclohexen-1-01 (1) was obtained as a research- 


grade chemical from Aldrich. 1-Methyl-2-cyclohexen-l-ol(2) [3], 
3-methoxy-l -methyl-1 -cyclohexene (3) [4], 3-methoxy-3-methyl- 
I-cyclohexene (4) [4], 2-methyl-l,3-~yclohexadiene (5) IS], 1- 
methyl-1,3-cyclohexadiene (6) [6], and 3-methylenecyclohexene 5 +G,"' [REAH] - +MeOH [RBE] H+ *RBoa (3) (7) [7] were prepared according to established procedures. The 
crude products from the syntheses were purified by preparative 
GLC on a 5 m long, 4 mm i.d. stainless steel column packed with 
5 %  FFAP on Chromosorh G-AW-DCMS; the operation was 
repeated until analytical GLC of the purified samples failed to 1 M e , H  I ( A =  H) 


2 H , M e  I1 ( A = H )  IV 4 detect traces of unwanted impurities. The final purity exceeded 
99.95%. The identity of the alcohols 1 and 2, ethers 3 and 4, and 
dienes 5-7 was confirmed by NMR and mass spectrometry. 


- AOH 
R 


6 


R, R 
I l l  3 


A further problem tackled in the present investigation is the 
extent and the mechanism of the gas-phase elimination reaction 
accompanying acid-induced nucleophilic substitution on 
methylcyclohexenols 1 and 2. In particular, the study is ad- 
dressed to the evaluation of the intrinsic structural factors deter- 
mining the occurrence and the regiochemistry of the acid-in- 
duced elimination process (4) in oxonium ions I and 11 in the gas 
phase, where solvation and ion-pairing effects normally compli- 
cating similar processes in solution are excluded.['] 


L 
I - IV 5 6 I 


The same experimental procedure illustrated in the previous 
study is adopted here."] It is based upon preparation of station- 
ary concentrations of gaseous acids (GA' = C,Hl (n =1, 2) 
and (CH,),F ') from the y-radiolysis of the corresponding neu- 
tral precursors (CH, and CH,F, respectively). Attack of GA' 
ions on the oxygen atom of the allylic alcohols 1 and 2 is expect- 
ed to generate the corresponding oxonium ions I and 11, which 
may undergo several gas-phase processes, including isomeriza- 
tion [Eq. (5a)l and unimolecular dissociation [Eq. (5 b)], as well 
as attack by the present nucleophiles (YH = MeOH or NMe,) 
[Eqs. (3), (4)]. Neutralization of the ensuing intermediates by 
proton transfer to a suitable acceptor yields the corresponding 


Procedure: The gaseous samples were prepared by the same procedure illustrated in 
the preceding paper [l]. The irradiation was carried out at 37.5"C in a 
220Gammacell from Nuclear Canada to a dose of 2 x  104Gy at a rate of 
lo4 Gy h-', as determined by a neopentane dosimeter. Control experiments, carried 
out at doses ranging from 1 x lo4 to 1 x lo5 Gy, showed that the relative yields of 
products are largely independent of the dose. The irradiated mixtures were analyzed 
by GLC with a Hewlett-Packard 5890 series I1 gas chromatograph equipped with 
a flame ionization detector. The products were identified by comparison of their 
retention volumes with those of authentic standards on the following columns: i) a 
30 m long, 0.32 mm i.d. Supelcowax 10 fused silica capillary column, operated at 
temperatures ranging from 30 to 180 "C,  5 "Cmin- ; ii) a 50 m long, 0.32 mm i.d. 
crosslinked methyl silicone HP ultra-performance capillary column, operated at 
temperatures ranging from 25 to 160 "C, 5"Cmin-'. The identity of the products 
was further confirmed by GLC-MS with a Hewlett-Packard 5971 A mass-selective 
GLC detector. The yields of the products were deduced from the areas of the 
corresponding eluted peaks by the internal standard calibration method. 


Results 


Gas-phase attack of GA' acids on allylic alcohols 1 and 2 in the 
presence of the nucleophile YH = NMe, invariably yielded the 
isomeric dienes 5 and 6, in proportions depending upon the 
specific alcohol used. No detectable formation of the exocyclic 
isomer 7 was observed (absolute yield < 0.2 % under all condi- 
tions). In the presence of YH = MeOH, the gas-phase GA' 
attack on 1 and 2 led to formation of isomeric allylic ethers 3 
and 4. With 2 only, formation of these products was accompa- 
nied by minor quantities of isomeric dienes 5 and 6. 


Both the experimental conditions and the corresponding sub- 
stitution and elimination products are presented in detail in 
Table 1. The absolute yields of the radiolytic products are given 
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Table 1. Product yields from the gas-phase attack of GA' acids on allylic alcohols 1 and 2. 


Entry System composition [a] Product yields, GI,, (YO) [b] Total absolute 
No. Substrate Bulk gas YH GA' 3 4 5 6 yield (%) [c] 


(~lTorr)  (PlTorr) (PiTorr) 


1 l(0.5) 
2 l(0.5) 
3 l(0.5) 
4 l(0.5) 
5 l(0.5) 
6 l(0.5) 
7 l(0.5) 
8 l(0.5) 
9 l(0.5) 


10 l(0.5) 
11 l(0.5) 
12 l(0.5) 
13 l(0.5) 
14 l(0.5) 


15 2 (0.5) 
16 2 (0.5) 
17 2 (0.5) 
18 2 (0.5) 
19 2 (0.5) 
20 2 (0.5) 
21 2 (0.5) 
22 2 (0.5) 
23 2 (0.5) 
24 2 (0.5) 
25 2 (0.5) 
26 2 (0.5) 
27 2 (0.5) 
28 2 (0.5) 


CH, (760) 
CH, (760) 
CH, (100) 
CH, (100) 
CH, (760) 
CH, (760) 
CH, (100) 
CH, (100) 
CH, (760) 
CH,F (760) 
CH,F (760) 
CH,F (760) 
CH,F (100) 
CH,F (100) 


CH, (760) 
CH, (760) 
CH, (100) 
CH, (100) 
CH, (760) 
CH, (760) 
CH, (100) 
CH, (100) 
CH, (760) 
CH,F (760) 
CH,F (760) 
CH,F (760) 
CH,F (100) 
CH,F (100) 


0.36 (98) 
0.41 (98) 


1.62 (99) 
0.03 (98) 
0.15 (6) 
0.10 (18) 
0.07 (29) 


1.10 (99) 


0.02 (3) 
0.01 (3) 


0.35 (40) 
0.41 (43) 


1.61 (66) 
0.06 (22) 
0.03 (1) 


1.10 (57) 


0.00, (2) 
0.00, (2) 
0.00, (1) 
0.00, (0.5) 


0.00, (2) 
0.00, (2) 
0.00, (1) 
0.00, (1) 
0.00, (2) 
0.00, (0.04) 
0.00' (0.2) 
0.00, (0.8) 
0.00, (0.2) 
0.00, (0.6) 


0.06 (7) 
0.08 (8) 
0.09 (5) 
0.09 (4) 
0.00, (3) 
0.23 (8) 
0.12 (20) 
0.08 (22) 
0.10 (12) 
0.07 (17) 


0.29 (63) 
0.16 (64) 
0.53 (62) 
0.25 (62) 
- 
- 
- 


- 
- 


1.72 (66) 
0.28 (52) 
0.11 (45) 
0.47 (60) 
0.21 (61) 


0.20 (39) 
0.09 (39) 
0.43 (47) 
0.15 (45) 
0.18 (20) 
0.16 (17) 
0.31 (16) 
0.34 (14) 
0.08 (30) 
0.98 (35) 
0.17 (29) 
0.10 (28) 
0.28 (35) 
0.14 (34) 


0.17 (37) 16 


0.32 (38) 30 
0.15 (35) 14 


13 
- 15 
- 40 
- 58 


1 
0.74 (28) 77 
0.16 (30) 16 
0.06 (25) 1 
0.29 (37) 23 
0.12 (35) 10 


0.09 (36) 9 


- 


- 


0.31 (61) 18 
0.14 (61) 8 
0.49 (53) 33 
0.18 (55) 12 
0.29 (33) 31 
0.31 (32) 34 
0.42 (22) 69 
0.39 (16) 87 
0.12 (45) 9 
1.56 (56) 82 
0.29 (49) 17 
0.17 (48) 10 
0.41 (51) 23 
0.20 (48) 12 


[a] Racemic mixtures of 1 and 2 were used. 0,: 4 Torr. Radiation dose 2 x lo4 Gy (dose rate: 1 x 10, Gyh-I). [b] Go, as the number of molecules M produced per 100 eV 
of absorbed energy. Percentage values as the ratios between the G(,) of each product and the combined G(,.,, values of all products identified. The bars denote that the absolute 
yield of the corresponding products is below the detection limit, about 0.2%. Each value is the average of several determinations, with an uncertainty level around 5%. 
[c] Absolute yields estimated from the percentage ratio between the combined G,,, values of products and the literature GIG,*, values (ref. [8]). [d] 3 Torr of NMe, added 
to the gaseous mixture. 


as the percentage ratio of their combined G(M) values, expressed 
as the number of molecules M produced per 100 eV of energy 
absorbed by the gaseous mixture, to the G,,,,, of their acid 
precursors.[81 The product yields and distributions were mea- 
sured under different experimental conditions at a constant tem- 
perature of 37.5 "C and for a total dose of 2 x lo4 Gy (dose rate: 
1 x lo4 Gyh- '). The ionic origin of the radiolytic products was 
ensured by the presence in all mixtures of 0, (4 Torr), an effec- 
tive radical scavenger, and by the pronounced decrease of the 
absolute yield of the products (73 -93 %) observed on introduc- 
tion into the mixture of approximately 4 mol YO of NMe,, an 
effective interceptor of all cationic species, including the GA+ 
acids. 


Concerning the elimination products 5 and 6, entries 1-4 
point to the predominance of diene 5 (62-64%) from C,H:- 
protonation (n = 1, 2) of alcohol 1 in the presence of NMe,, 
whilst diene 6 was preferentially formed from alcohol 2 under 
the same conditions (53-61 %) (entries 15-18). The same pat- 
tern was observed for (CH,),F+ as the gaseous acid instead of 
C,H: (5:6 =1.2-1.9 from 1 (entries 11 -14); 0.6-0.7 from 2 
(entries 25-28)). When NMe, was replaced by the same con- 
centration of MeOH, C,H:-protonation of alcohol 2 (en- 
tries 19-23) yielded dienes 5 and 6 in proportions (0.5 to 0.9) 
close to those measured in the experiments with YH = NMe, 
(entries 1 5 - 18 and 25 - 28). 


Concerning the substitution products 3 and 4, entries 5-9 
indicate that C,H:-protonation (n = 1, 2) of 1 in the 
presence of variable concentrations of MeOH yielded almost 
exclusively ether 3 (> 98 YO). Predominance of this product 
was also observed after C,H:-protonation of 2 in the presence 


of MeOH (entries 19-23), although attenuated by the forma- 
tion of appreciable yields of its isomer 4 (5-16% relative 
to 3). 


Ethers 3 and 4 were also generated from direct attack of 
(CH,),F+ ions on allylic alcohols 1 and 2 (entries 10-14 
and 24-28). Here, the ether derived directly from the starting 
alcohol formed predominantly, together with minor amounts of 
the other isomer in yields that increased when the bulk gas 
pressure was decreased (up to 17 YO of 4 from 1 and 8 YO of 3 
from 2). 


To ascertain whether ionic intermediates other than I and I1 
could be responsible of the formation of the radiolytic products 
of Table 1, free allylic cations such as V [Eq. (5)]  were generated 
in the gas phase by C,Hl -protonation (n = 1,2) of 5-7 in exact- 
ly the same reaction media employed in the experiments in 
Table 1. The behavior of the carbocations thus formed towards 
the nucleophile YH = NMe, or MeOH was examined (the rele- 
vant results are given in Table 2). They were found to transfer 
protons to NMe, readily. Deprotonation of the allylic ions from 
5 yielded essentially diene 6 (81 -92 %) together with minor 
amounts of the exocyclic diene 7 (8-19%) (entries 9-12 of 
Table 2). The same yields of 7 (9-13 %) accompanied the for- 
mation of diene 5 (87-91 YO) from NMe,-deprotonation of the 
allylic cations from 6 (entries 5-8 of Table 2). Finally, both 
dienes 5 and 6 were generated in comparable yields (46-57 YO of 
5; 43 -54% of 6) from proton transfer from the allylic ions from 
7 to NMe, (entries 1-4 of Table 2). Combination of these re- 
sults reveals a distribution of isomeric products 5-7 (44-55 'YO 
of 5; 42-51 YO of 6 ;  3-6% of 7) that is relatively unaffected by 
the nature of the starting substrate. A most plausible reason for 
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Fdbk 2. Product yields from the gas-phase attack of C,H: ( n  = 1, 2) acids on dienes 5-7. 
~ 


Total absolute Entry System composition [a] Product yields, GI,) (%) [b] 
No. Substrate pCH,/ YH 3 4 5 6 7 yield (%) [c] 


(p/Torr) Torr (p1Torr) 


1 7 (0.5) 760 NMe, (2) 0.06, (46) 0.07, (54) 5 
2 7 (0.5) 760 NMe, (5) 0.03, (48) 0.04, (52) 3 
3 7 (0.5) 100 NMe, (2) 0.065 (56) 0.50 (44) 41 
4 7 (0.4) 100 NMe, (5) 0.29 (57) 0.22 (43) 18 


5 6 (0.5) 760 NMe, (2) 0.21 (91) 0.01, (9) 8 
6 6 (0.4) 760 NMe, (5) 0.11, (91) 0.01, (9) 4 
7 6 (0.4) 100 NMe, (2) 0.52 (87) 0.08 (13) 21 
8 6 (0.5) 100 NMe, (5) 0.30 (90) 0.03, (10) 12 
9 5 (0.5) 760 NMe, (2) 0.24 (92) 0.02, (8) 9 


10 5 (0.5) 760 NMe, (5) 0.10, (90) 0.01, (10) 4 
11 5 (0.5) 100 NMe, (2) 0.48 (84) 0.09 (16) 20 
12 5 (0.5) 100 NMe, ( 5 )  0.23 (81) 0.05, (19) 10 


14 5 (0.5) 760 MeOH (5) 0.26 (93) 0.02, (7) 10 


17 5 (0.5) 760 MeOH (5)[d] 0.06, (89) 0.01, (11) 3 


- - 13 5 (0.5) 760 MeOH (2) 0.35 (96) 0.01, (4) 13 


15 5 (0.5) 100 MeOH (2) 1.57 (96) 0.06 (4) 58 
16 5 (0.5) 100 MeOH (5) 1.35 (94) 0.08 (6) 51 


[a] See footnote [a] of Table 1. [b] See footnote [b] of Table 1. [c] See footnote [c] of Table 1. [d] See footnote [d] of Table 1. 


- - 
- - 
- ~ 


- - 


this constancy can be found in the generation of a unique cycle- Table 3. Thermochemical data (kcalmol-') (estimated values in italics) 
hexenyl cation structure (V) from the gas-phase C,H: iprotona- 
tion of 5-7, although alternative explanations, such as that 
involving the fortuitous occurrence of the same isomeric distri- 
bution of different cyclohexenyl ions from 5-7, though unlike- 
ly, cannot be excluded a priori. Within the first hypothesis, the 
results of entries 13- 16 of Table 2 refer to the isomeric distribu- 
tion of ethers 3 and 4 from the addition of MeOH to the cyclo- 
hexenyl cation V. Accordingly, the formation of ether 3 by far 
predominates over that of its isomer 4 under all conditions 
(3:4 =13-26). No detectable formation of dienes 6 and 7 was 
observed in these systems. 


Discussion 


The reaction pattern: Owing to the very limited concentration of 
the substrates 1 and 2 (< 0.5 mol%) and of the nucleophile(s) 
YH ( < 4.5 mol%) in the gaseous mixtures, all the ionic species 
generated from attack of the GA' acids on the allylic alcohols 
underwent many unreactive collisions with the bulk gas prior to 
reaction with the neutral species present. Thus rapid thermal 
equilibration of the ionic intermediates occurred by removal of 
their excess energy arising from the exothermicity of their for- 
mation process. The thermochemistry of Equations (3)-(5) 
cannot be precisely evaluated because of the lack of experimen- 
tal thermochemical data for the ionic intermediates I-V as well 
as for the neutrals 1-7. However, approximate values of the 
enthalpies of reactions 3 - 5  can be inferred from the thermo- 
chemical data reported in Table 3,  obtained by the widely recog- 
nized estimation procedures cited in footnotes [b-fl of the 
Table. From the relevant A P  values (Table 4), formation of the 
oxonium ions I and I1 by gas-phase C,H:-protonation (n = 1, 
2) of alcohols 1 and 2 [first step of Eq. (3)] is markedly exother- 
mic (- AHo = 34-72 kcalmol-'), as well as formation of oxo- 
nium ions 111 and IV by gas-phase methylation of the same 
substrates with (CH,),F+ (- AHo = 43-50 kcalmol-'). Pro- 
ton transfer from C,H: to the R bond of alcohols 1 and 2 
(first step of Eq. (6)) is exothermic as well (- AHo = 
1-64 kcalmol-I). In spite of this, GA+ attack at the R bond of 
1 and 2 is by far kinetically overwhelmed by attack at the 0 atom, 
as demonstrated by the complete absence of carbonylic prod- 
ucts such as 2- and 3-methylcyclohexanone among the radiolytic 
products. Their 0-protonated precursors would in fact repre- 


Spsics 


-17.8 [a] 


12.5 [a1 6 (V) 179 [d] 


Ms 8 (6) 17 [hl 


8 ( 7 )  17 PI 


f i ' (1 )  119 [cl 


Go:I) 113 [cl 


G y I V )  107 [fl 


5 124 [el 


5 143 [el +r 140 [el +r 140 [el 


[a] S .  G. Lias, J. E. Bartmess, J. E Liebmann, J. L. Holmes, R. D. Levin, W. G. 
Mallard, J.  Phys. Chem. Re5 Data 1988, 17, Suppl. 1. [b] Estimated by the group 
additivity method (S. W. Benson, Thermochemicul Kinetics, Wiley, New York, 1968. 
[c] Estimated from the proton affinity (PA) limits of secondary and tertiary alcohols 
(197 and 204 kcalmol-', respectively) (J. Long, B. Munson, J.  Am. Chem. Soc. 1973, 
95,2427). [d] Estimated from the proton affinity of 5 (ca. 204 kcalmol-') calculat- 
ed by correcting the PA of 1,3-cyclohexadiene (200 kcalmol-') for the contribution 
of the methyl group; APA = PA (3-methyl-l,3-pentadiene) - PA (1,3-pentadiene) 
= ca. 4 kcalmol-I (footnote [a]). [el Estimated by the method illustrated in R. D. 
Bowen, D. H. Williams, J.  Am. Chem. Soc. 1977.99, 6822. [fl Estimated by APA 
= PA (methyl ether) - PA (alcohol) = I 0  kcalmol-I (R. D. Bowen, D. H. 
Williams, J.  Am. Chem. Soc. 1978, 100, 7454; R. D. Bowen, D. H. Williams, G. 
Hvistendahl, J. R. Kalman, Org. Muss Spectrom. 1978, 13, 721). The heats of for- 
mation of neutral methyl ethers have been calculated as in footnote [b]. 


326 ~ 0 VCH Veriugsgesellschuft mbH. 0-69451 Weinheim, 1996 0947-6539/96/0203-0326 3 15.00+ ,2510 Chem. Eur. J.  1996, 2, No. 3 







Gas-Phase Nucleophilic Attack 323-334 


Table 4. Reaction enthalpies (kcalmol-') 


Equation Neutral Ionic Products AH' 
Reactant Reactant 


3 1 CH: I - 65 
1 C,H: I - 34 
1 (CHAF'  III - 43 


2 (CH3)zFt IV - 50 


2 CH: I1 -72 
2 CZH: I1 -41 


6 


5 b  


5 a  


3 


4 


VI 
VI 
VII 
VII 
VIII 
VIII 
IX 
IX 


- 45 
- 14 
- 46 
-15 
- 64 
- 33 
- 49 
- 18 


I V +H,O +2 
11 V +H,O +8 
I11 V +MeOH + 12 
IV V +MeOH +18 


I (or 111) I1 (or IV) -6 
I1 (or IV) I (or III) +6 


MeOH I 111 - 16 
MeOH I IV - 22 
MeOH I1 IV -16 
MeOH II I11 ~ 10 


NMe, 
NMe, 
NMe, 
NMe, 
MeOH 
MeOH 
MeOH 
MeOH 


I 
I1 
III 
IV 
I 
I1 
111 
IV 


5-7 
5-7 
5-7 
5-7 
5-7 
5-7 
5-7 
5-7 


- 19 
- 13 
-3 
+3 
+ 24 
+ 30 
+ 40 
+ 46 


sent the more stable structures to which carbenium ions VI-IX 
would rapidly isomerize if formed [Eq. (6)].['] 


1-2  VI-VII VIII-IX 


The estimated thermochemical data of Table 4 indicate that 
the enthalpy of unimolecular dissociation of the oxonium ion to 


Table 5. Maximum relative extent and regioselectivity of gas-phase elimination and 


AOH and the allylic cation V [Eq. (5 b)] varies significantly with 
the nature of the A moiety, whether H or Me, and with the 
structure of the oxonium ion. Thus, while unimolecular dissoci- 
ation of the oxonium intermediates III and IV needs 12 and 
18 kcalmol-', respectively, cleavage of the C - 0  bond in the 
0-protonated analogues requires only 2 (I) and 8 kcalmol-' 
(11). Taking into account the favorable entropic factors, uni- 
molecular fragmentation of oxonium intermediates I-IV to V 
and AOH cannot be excluded (especially for I), unless involving 
a significant activation barrier.["] Besides fragmentation, excit- 
ed oxonium ions 1-11 and In-IV may in principle undergo 
structural interconversion (AH" = f 6 kcalmol- ') (Table 5) 


Irrespective of the specific reaction site, whether the C, or the 
C, of the oxonium ions I and 11, nucleophilic displacement,of 
AOH by MeOH [second step of Eq. (3)] is thermochemically 
allowed (- AH" = 10-22 kcalmol-') (Table 4). TheNMe,-in- 
duced elimination reactions (4) (YH = NMe,) appear exother- 
mic as well (- AHo = 3 - 19 kcal mol - ') , with the possible ex- 
ception of that involving the oxonium ion IV (AH" = 
3 kcalmol- '). Nevertheless, taking into account the favorable 
entropic factors, the elimination reactions (4) (YH = NMe,), 
including that involving IV, can be regarded as thermodynami- 
cally accessible. Another factor allowing occurrence of elimina- 
tion reaction (4) may arise from conceivable clustering of the 
YH; fragment by the other elimination moieties (either the 
diene and/or the AOH leaving group) before its neutralization. 
In this way, the enthalpy of the NMe,-induced elimination reac- 
tions (4) (YH = NMe,), including that involving IV, may be 
lowered by several tens of kcalories per mol. The same consider- 
ations apply to the elimination reactions promoted by the attack 
of MeOH on the oxonium ions I-IV [Eq. (4); YH = MeOH]. 
Here, if the pertinent elimination enthalpies of Table 4 
(AH" = 24 (I), 30 kcalmol-' (11)) are corrected by the contribu- 
tion of the energy released by hydrogen bonding between H,O 
and MeOHl (ca. 30 kcalmol-'), the processes are thermody- 
namically allowed only for I and I1 (AH" = ca. -6 (I), 
0 kcalmol- (11)) .["I Even considering clustering between 


MeOH and MeOHl, MeOH-induced 
elimination on oxonium ions III and IV 
is thermochemically forbidden (AH" = 
ca. 10-16 kcalmol-', respectively). - On purely thermochemical grounds, 


-H* A (6) the substitution and elimination prod- 
ucts of Table 1 may arise from a variety 
of conceivable reaction pathways. These 
may involve attack of the nucleophile(s) 


YH (MeOH and/or NMe,), present in the gaseous mixture, on 
the oxonium ion (either I or 11) directly obtained from O-pro- 


[Eq. ( 5  41. 


R RJ5 


substitution reactions on oxonium ions I and 11. 


100 2 0.435 0.139 0.271 0.623 0.658 0.640k0.018 0.261 0.384 0.594 
760 2 0.536 0.139 0.271 0.630 0.692 0.661 k0.031 0.076 0.236 0.630 
100 5 0.431 0.139 0.135 0.625 0.660 0.642+0.018 0.183 0.267 0.588 
760 5 0.519 0.139 0.135 0.640 0.684 0.662k0.022 0.072 0.189 0.630 


100 2 0.038 0.092 0.184 0.993 1.000 0.996+0.004 0.177 0.268 0.076 0.091 0.083+0.008 
7 60 2 0.041 0.092 0.184 0.984 0.997 0.990f0.007 0.050 0.159 0.146 0.166 0.156+0.010 
100 5 0.056 0.092 0.089 0.995 1.000 0.997k0.003 0.121 0.181 0.053 0.060 0.056k0.004 
760 5 0.071 0.092 0.089 0.983 0.998 0.990+0.008 0.047 0.126 0.163 0.176 0.169k0.007 
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tonation of the starting cyclohexenol. The YH attack may be 
preceded by partial isomerization of the starting oxonium ion 
(1-11) as well as its fragmentation to allylic ion V. Both the 
isomers I and 11, as well as the allylic ion V, may react with YH, 
yielding the same substitution (the oxonium ions I11 and IV) and 
elimination products (the dienes 5 and 6). In principle, the sub- 
stituted intermediates (either I11 or IV) may also undergo partial 
isomerization (III-IV) and fragmentation to allylic ion V prior 
to neutralization. 


Among the above possibilities, those involving extensive 
111-IV interconversion as well as unimolecular dissociation of 
IV to V and MeOH can be safely excluded on the grounds of the 
following considerations. According to entries 13- 16 of 
Table 2, the allylic ion V added to MeOH yielding predominant- 
ly ether 3 (93-96%), together with very minor amounts of its 
isomer 4 (4-7%). A similar product pattern was observed in 
methylation of 1 by (CH,),F+ (3 (99%), 4 (1 %); entry 10 of 
Table 1). In contrast, methylation of 2 by (CH,),Ff yielded 
predominantly ether 4 (88 %), together with minor amounts of 
3 (12%) (entry 24 of Table 1). This demonstrates the reluctance 
of oxonium ions 111 and IV to interconvert and of isomer IV to 
fragment to V under the conditions used. 


Once both IV + 111 isomerization and IV -+ V fragmentation 
are excluded, the formation of ether 3 from C,H:-induced sub- 
stitution (n = 1, 2) on 2 by MeOH (entries 19-23 of Table 1) 
can be accounted for by either fast I1 + I isomerization before 
nucleophilic attack of MeOH or, alternatively, predominant 
attack of the nucleophile at the C, center of I1 (a SN2' process). 
Concomitant abundant formation of dienes 5 and 6 (30-53 %), 
which were instead completely absent from C,H: -protonation 
of 1 in the presence of MeOH (entries 5-9 of Table l ) ,  leads us 
to rule out the first hypothesis in favor of the latter. Even admit- 
ting the release of a MeOH: -MeOH proton-bound dimer, 
MeOH-induced elimination on I11 is endothermic (AH" = 
10 kcalmol- ') and, thus, insignificant under any conditions 
(entries 5-9 of Table 1). Hence, occurrence under the similar 
conditions of MeOH-induced elimination on IV, which is even 
more endothermic (AH" = 16 kcalmol-'), can be excluded a 
fortiori. It follows that the formation of dienes 5 and 6 in en- 
tries 19-23 of Table 1 must arise predominantly, if not exclu- 
sively, from MeOH-induced elimination of H,O from the oxo- 
nium ion 11, probably permitted by the release of a 
MeOH: -H,O cluster from the elimination product. 


The above considerations point to the general reaction pat- 
terns for the gas-phase C,H:-induced elimination and substitu- 
tion reactions on allylic alcohols 1 and 2 by YH ( = NMe,, 
MeOH) as outlined in Schemes 1 and 2. 


I 6V 


Scheme 1. 


Substitution Pattern 


L I V - 4  
a" -Hi I 


L I V - 4  
a" -Hf I 
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I I V - 4  
1-a' - H I  


Scheme 2. 


In analogy with the indications given in the preceding pa- 
per,''] the reaction networks are characterized by the partial 
isomerization and fragmentation of the 0-protonated starting 
substrate (first step of the networks of Schemes 1 and 2), yield- 
ing a variable distribution of the thermally equilibrated oxoni- 
um ions I and I1 as well as the free allylic cation V. The terms 
a", b", and c" (with a" +b" +c" = 1) appearing in the first step 
of Schemes 1 and 2 represent the relative extent of formation of 
ions 11, V, and I, respectively, for any given excited oxonium ion 
I and 11 from Equation (19-23). In the presence of YH, ions 11, 
V, and I undergo rate-determining elimination to dienes 5 and 
6 (Scheme 1) and/or substitution to oxonium ions 111 and IV 
(YH = MeOH) (Scheme 2), followed by their rapid neutraliza- 
tion by proton transfer to a suitable base.["' 


Orientation of the gas-phase YH attack: Discussion of the mech- 
anistic details of the YH-induced elimination [whether E 2  or 
E 2', Eqs. (2a,b)] and substitution reactions (whether S,2/SN2' 
[Eqs. (1 a,b)] or SNl/SNl') requires preliminary evaluation of the 
a", b", and cv terms of Schemes 1 and 2. 


Under conditions allowing more or less extensive 1-11 inter- 
conversion as well as fragmentation to V, the value of the a", b', 
and cv terms of Schemes 1 and 2 strongly depends upon several 
factors, such as i) the nature of the primary oxonium ion, either 
I or 11, excited by the exothermicity of its formation process; 
ii) its quenching efficiency, which is influenced by the nature 
and the pressure of the bulk gas; iii) the rate constants of the 
competing isomerization (ki) and fragmentation processes (kf); 
and iv) the time-lag between the formation of the primary excit- 
ed oxonium ion and its reaction (or those of its progeny) with 
YH. For a given starting allylic alcohol (v = I or II) in CH, at 
a specific pressure, the values of the a", b", and c" terms of 
Schemes 1 and 2 depend exclusively upon factor (iv) and, there- 
fore, upon the nature and the concentration of the YH nucleo- 
phile. The time interval between the initial formation of the 
excited oxonium ion and its first collision with YH can be esti- 
mated from the collision rate between the ion and the nucleo- 
phile calculated according to Su and Chesnavich's trajectory 
calculation method.[13] Accordingly, for both I and I1 isomers, 
this time-lag amounts to 8.5 x s at MeOH 
partial pressures of 2 and 5 Torr, respectively, and to 
13.2 x lo-' and 5.3 x sa t  aNMe, partial pressure of 2 and 
5 Torr, respectively. By virtue of their different lifetimes in the 
presence of the same concentration of YH = MeOH or NMe,, 
different sets of a", b", and c" values would be expected, one for 
the elimination (Scheme 1) and the other for the substitution 


and 3.4 x 
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network (Scheme 2 ) .  At the same YH concentration, a relation- 
ship can be established between the two sets of values on the 
grounds of the following considerations. In the extreme case 
wherein the only process active in Schemes 1 and 2, besides 
quenching of the starting excited oxonium ion (e.g., c' for I), is 
unimolecular fragmentation (a" = O), the relative concentration 
of the ion V immediately before it is trapped by the nucleophile 
YH (i.e., b" = 1 - c") can be expressed by Equation (7). When 
YH = NMe,, namely for the elimination (Scheme l ) ,  Equa- 
tion (7) becomes Equation (8), where k, is the oxonium ion frag- 


b" = 1 - c" = 1 - coy exp(- k,t) 
= 1 - exp (- k,t) (since coy = 1) (7) 


b&, = 1 - exp (- k,t) (8) 


mentation rate constant and t is the calculated ion lifetime in the 
corresponding NMe, concentration. When YH = MeOH, 
namely for the substitution (Scheme 2), Equation (7) becomes 
Equation (9), where z is the difference in oxonium ion lifetime 


b:ubs = 1 - exp (- k,(t - 7)) (9) 


between YH = NMe, to YH = MeOH. Combination of Equa- 
tions (8) and (9) leads to relationship (lo), linking the two sets 
of b' parameters of Schemes 1 and 2. 


b:,,,,, = 1 - exp (- k,z) + biubs exp (- k,r) (10) 


A similar expression is obtained by considering the other 
extreme case, wherein the only process active in Schemes 1 and 
2, besides quenching of the starting excited oxonium ion (e.g., cv 
for I), is unimolecular isomerization (b' = 0). In this case, the 
relationship linking the two sets of a" parameters of Schemes 1 
and 2 is given by Equation (1 I) ,  where k, is the oxonium ion 
isomerization rate constant. 


a:,,, = 1 - exp(- kiz) +a&,, exp(- kir) (1 1) 


The general procedure adopted to obtain the elimination (6") 
and substitution (a") regioselectivity factors of Schemes 1 and 2 
from the experimental results of Tables 1 and 2 involves expres- 
sion of the isomeric distribution of the elimination (dienes 5 and 
6) and substitution products (ethers 3 and 4) from the radiolytic 
experiments in terms of the parameters of Scheme 1 and 2, and 
definition of the minimum and maximum relative extent of iso- 
merization (either a" or c") and fragmentation (b") of a given 
primary excited oxonium ion v (either I or 11) under specific 
experimental conditions. 


In the framework of the elimination pattern of Scheme 1, the 
relative distribution of isomeric dienes 5 and 6, that is, 545 + 6 )  
and 6/(5 + 6), respectively, from C,H:-protonation (n = 1, 2) 
of alcohols 1 and 2 in the presence of YH can be expressed by 
Equations (1 2) and (1 3). 


5/(5 + 6) = ~:,~,,,(l - 6") +b:,,,(l - 6') +c~,,,6' 


6/(5 + 6) = a:,,,6" +b:,,,6' +c:,,,(I - 6') (13) 


When the fact that c:,,,,, = 1 - a:,,, - blli, is considered, these 
equations reduce to Equation (14). 


= + 6'' - 1)/(1 - 6' - 6') 
(14) + {[5/(5 + 6)] - 6'}/(l - 6' - 6') 


In the same way, according to the substitution network of 
Scheme2, the fractions of isomeric ethers 3 and 4, that is, 
3/(3 + 4) and 4/(3 + 4), respectively, obtained from C,Hl-in- 
duced nucleophilic displacement by MeOH on alcohols 1 and 2 
can be expressed as Equations (1 5) and (1 6). 


3/(3 + 4) = a;ub, (1 - a") + b;"bs (1 - a') + c:"bsLY1 


4/(3 + 4) = a ~ u b s ~ l '  + b:ub,av +Clubs (1 - a') 


(1 5 )  


(1 6) 


When the fact that clubs = 1 - aLbs - bLbs is taken in to ac- 
count, these become Equation (17). 


(17) 
b:"bs = a;"bs(aI + a" -1)/(1 - a' - a") 


+ { [3/(3 + 4)] -a'}/(  1 - LY' - a') 


By introducing the 3/(3 + 4) substitution ratio, the a'' regiose- 
lectivity factor taken from Table 1, and the a' factor taken from 
Table 2 into Equation (17), a general equation containing the 
unknowns a', alubs, and b:ubs is obtained, corresponding to a 
family of straight lines in a x = alubs/y = blubs graph. Only those 
straight lines for which aLbs and bRbs range from zero, which 
corresponds to the minimum value of LY' (a!,,,.), to their maxi- 
mum value (a:ubs and b:,,,, ,,,), which corresponds to the 
maximum value of LY' (a!,,ax), are physically meaningful and are 
used to calculate the substitution regioselectivity factor (af,) as 
the average of akin and a!,,,,. The same procedure is repeated 
with the elimination results by means of Equation (14). Of 
course, the ranges of physically acceptable values of a:,,,,, and 
bili,, 0 <av < a:,,,,, must satisfy the rela- 
tionships (10) and (11)  using the relevant a:ubsmax and b:,,bsmax 
parameters. Within these ranges, substitution of the 5/(5 + 6)  
elimination ratio, the 6" regioselectivity factor deduced from 
Table 1, and the 6' factor obtained from Table 2 into Equa- 
tion (12) leads to the elimination regioselectivity factor St, ob- 
tained from the average between the minimum (a!,,,,) and the 
maximum value of 6'. 


The most convenient way to treat the data of Tables 1 and 2 
in the light of the above general procedure consists in consider- 
ing first the experiments carried out on I at 100 Torr of CH, and 
in the presence of 2 Torr of YH, namely under conditions allow- 
ing most extensive fragmentation and isomerization aka. of 
the oxonium ion. Then the analysis is extended to the systems at 
760 Torr and in the presence of 5 Torr of YH, wherein the max- 
imum extent of fragmentation Vmax and isomerization akax of the 
relevant oxonium ion cannot exceed that estimated at 100 Torr 
of CH, and in the presence of 2 Torr of YH. 


and 0 < b" < b:,,,,, 


Nucleophilic substitution on I by MeOH (2 Torr): For the sys- 
tems containing 1 as the starting alcohol (v = I) in 100 Torr of 
CH, and in the presence of YH = MeOH (2 Torr) (entry 7 of 
Table l ) ,  the a' factor is 0.038 as reported in entry 15 of Table 2. 
As discussed in the previous section, the yield factor of ether 4 
from entry 21 of Table 1 provides the value of the a'' term direct- 
ly (a'' = 0.076). By introducing a' = 0.038, a" = 0.076, and 
3/(3 + 4) = 0.993 from entry 7 of Table 1 into Equation (17) the 
parametric linear Equation (1 8) is obtained, which corresponds 


baubs = afubs(a' - 0.924)/(0.962 - a') 


+ (0.993 - ~1')/(0.962 - a') 


to a bundle of straight lines, some of them shown in Figure 1 for 
several different values of the a' parameter. The a' value ranges 
from the minimum value of 0.993 (a!,,,), obtained by assuming 
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a1=0.998 


a1=0.996 


a'=0.994 
0 
0 


Fig. 1. Regioselectivity boundaries [Eq. (1 7)] for the nucleophilic displacement on 
I by MeOH (2  Torr) at 100 Torr of CH,. 


ufubs = bfubs = 0 and thus cfUbs = 1, to a maximum value of 1 
(a',,,) represented by the points on the thick straight line in 
Figure 1, whose intercepts with the axes corresponds to 
ufubsmax = 0.092 (bf,, = 0) and bfubsmar = 0.184 (ufubs = 0). 
From the average between aLin and a',,,, the substitution re- 
gioselectivity factor a!" = 0.996 * 0.004 is obtained. 


By applying the same procedure to the systems containing 1 
as the starting alcohol (v = I) in 760 Torr of CH, and in the 
presence of YH = MeOH (2 Torr) (entry 5 of Table I), with 
a" = 0.041 (entry 13 of Table 2), a'' = 0.146 (entry 19 of 
Table l ) ,  and 3/(3 + 4) = 0.984 from entry 5 of Table 1, an 
equation analogous to (18) is obtained, which is represented by 
the bundle of straight lines of Figure 2. 


I o, 1 \\ (a')av=0.990+_0.007 


a1=0.988 


0 


Fig. 2.  Regioselectivity boundaries [Eq. (17)] for the nucleophilic displacement on 
I by MeOH (2 Torr) at 760 Torr of CH,. 


The lower limit of these lines corresponds again to the condi- 
tion ufubs = bfubs = 0 and thus ctUbs = 1 (akin = 0.984), whereas 
the upper limit can be calculated by considering that, at 
760 Torr, the maximum extent of isomerization ufubsmax and 
fragmentation blubs max of I cannot exceed the corresponding val- 
ues measured at 100 Torr (see point (ii) above), namely 


= 0.092 and bfUbpmax = 0.184 (the broken line of Fig. 2). 
Accordingly, the maximum value of the a' factor (a!,,ax = 0.997) 
is represented by the thick straight line in Figure 2, correspond- 
ing to u~ubsmar = 0.092 and bfubs = 0. Therefore, for these sys- 
tems, a!" = 0.990 f 0.007. 


Elimination reaction on I by NMe, (2Torr): For the systems 
containing 1 as the starting alcohol (v = I) in 100 Torr of CH, 
and in the presence of YH = NMe, (2 Torr) (entry 3 of Table l) ,  
the 6' term amounts to 0.435 (entry 3 of Table 2). Concerning 
6", we can assume for a moment that the regioselectivity of 
NMe,-induced elimination on oxonium ions of Equation (4) is 
essentially unaffected by the nature of the leaving moiety AOH. 
Later on (see E2 versus E2' elimination on allylic alcohols 1 and 
2), this assumption will be proved to be fully acceptable. Along 


this line, 6" = 0.594 (entry 27 of Table 1). By substituting these 
values, as well as the 545 + 6) = 0.623 from entry 3 of Table 1, 
into Equation (14), the parametric linear Equation (19) is ob- 
tained, which corresponds to the bundle of straight lines 


b:lim = ~:~~,,,(6' - 0.406)/(0.565 - 6') 
+ (0.623 - 6')/(0.565 - 6') 


reported in Figure 3. As pointed out before for MeOH-substitu- 
tion on I, the lower extreme of these lines corresponds to the 


6 '=0.660 (bl)clm 
(61)av=0.640+0.018 1 


6'=0.640 


6'=0.630 


0 
0 


Fig. 3. Regioselectivity boundaries [Eq. (14)] for the elimination reaction on I in- 
duced by NMe, ( 2  Torr) at 100 Torr of CH,. 


origin of utIim and b:li,,, axes, where u:lim = baIim = 0 and thus 
ctIim = 1 (S',, = 0.623). The upper extreme can be obtained by 
considering that replacement of MeOH with the same concen- 
tration of NMe, appreciably affects the extent of isomerization 
and fragmentation of I (see point (iv) above), as shown by 
Equations (10) and (1 1). Accordingly, their maximum extent 
can be calculated from the corresponding = 0.092 and 
b~ubsmar = 0.184 and the relative kfma, and kimax maximum rate 
constants. These latter can be obtained from the corresponding 
values bfubsmax = 0.184 and ufubsmax = 0.092 by the general rate 
expression for unimolecular reactions (e.g., b',,, = 
1 - exp( - (kfmaxt)) and the ion lifetimes t estimated in MeOH. 
In this way, the values u~,~~,,,,, = 0.139 and b:limmax = 0.271 are 
obtained (the broken line of Fig. 3). Accordingly, the maximum 
value of the 6' factor (a',,, = 0.658) is represented by the thick 
straight line in Figure 3, corresponding to u:,immax = 0.139 and 
b:lim = 0. From the average of and baa,, the elimination 
regioselectivity factor 6:" = 0.640 f 0.01 8 is calculated. 


By applying the same procedure to the systems containing 1 
as the starting alcohol (v = I) in 760 Torr of CH, and in the 
presence of YH = NMe, (2Torr) (entry 1 of Table l) ,  
6' = 0.536 (entry 1 of Table 2) and 8'' = 0.630 (entry 25 of 
Table 1) give an equation analogous to (19), which is represent- 
ed by the bundle of straight lines of Figure 4. The lower 


6'=0 670 


0,15 


6'=0 650 


0 09'5 (delrrn 
Fig. 4. Regioselectivity boundaries [Eq. (14)] for the elimination reaction on I in- 
duced by NMe, ( 2  Torr) at 760 Torr of CH,. 
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boundary of these lines refers to utIi,,, = bilim = 0 and thus 
ctIi,,, = 1 (S',, = 0.630), whereas the upper boundary corre- 
sponds to = 0.139 and b!limmax = 0.271 (the broken line 
of Fig. 4) (see point (iv) above). Accordingly, the maximum 
value of the 6' factor (SLaX = 0.692) is represented by the thick 
straight line in Figure 4, corresponding to b~lim,,, = 0.271 and 
ul,,,, = 0. Therefore, for these systems, Sl, = 0.661 f0.031. 


Nucleophilic substitution on I by MeOH (5Torr): The entire 
procedure is repeated for the systems containing 1 in the pres- 
ence of 5 Torr of YH = MeOH or NMe,. In 100 Torr of CH, 
with YH = MeOH (entry 8 of Table l ) ,  the a' factor amounts 
to 0.056 as reported in entry 16 of Table 2. The c?' factor is equal 
to 0.053 (entry 22 of Table 1). By introducing these values and 
3/(3 + 4) = 0.995 from entry 8 of Table 1 into Equation (1 7), an 
equation analogous to (1 8) is obtained corresponding to the 
bundle of straight lines of Figure 5. Accordingly, the a' value 


Fig. 5.  Regioselectivity boundaries [Eq. (17)] for the nucleophilic displacement on 
I by MeOH ( 5  Torr) at 100 Torr of CH,. 


ranges from = 0.995, if u:ubs = btubs = 0 and thus cfubs = 1, 
to aiax = 1 (ufubsmax = 0.094, biubs = 0 and biubsmax = 0.089, 
u:,bs = 0), represented by the points on the thick straight line in 
Figure 5. In this context, it should be pointed out that in the 
presence of 5 Torr of MeOH, the maximum extent of isomeriza- 
tion atubsmax of I cannot exceed the corresponding value mea- 
sured at 100 Torr in the presence of 2 Torr of MeOH (point (iv) 
above), namely = 0.092. Even if the ufubsmax limit is re- 
duced from 0.094 to 0.092 (bfubs = 0), the aLax remains essential- 
ly equal to 1. Thus, & = 0.997 * 0.003. Use of the same upper 
boundaries = 0.092, b:ubs = 0 and b:ubsmax = 0.089, 


= 0) for the systems containing 1 in 760 Torr of CH, with 
YH = MeOH (5 Torr) (entry 6 of Table 1) yields a result of 
atv = 0.990k0.008 (Fig. 6) from 6' = 0.071 (entry 14 of 
Table 2), a'' = 0.163 (entry 20 of Table l ) ,  and 3/(3 + 4) 
= 0.983 (entry 6 of Table 1).  


a'=o 985 


0 


Fig. 6. Regioselectivity boundaries [Eq. (17)] for the nucleophilic displacement on 
I by MeOH ( 5  Torr) at 760 Torr of CH,. 


Elimination reaction on I by NMe, (5 Torr): As pointed out 
before, the upper extent of isomerization (utlim ,.J and fragmen- 
tation (b~limmax) of I in the experiments in CH, with 
YH = NMe, ( 5  Torr) can be obtained by applying Equa- 
tions (10) and (11). By introducing the corresponding values 
atubsmax = 0.092 and bfubsmax = 0.089 and the estimated kf,,, and 
kimax maximum rate constants, upper limits of u~limmar = 0.139 
and b~,i,,,, = 0.135 are obtained. Within these limits, the re- 
sults from the elimination experiments on 1 in 100 Torr of CH, 
with YH = NMe, (5 Torr) (entry4 of Table 1) lead to 
6;" = 0.642f0.018 (Fig. 7), whereas those relative to the sys- 


Fig. 7. Regioselectivity boundaries [Eq. (14)] for the elimination reaction on I in- 
duced by NMe, (5 Torr) at 100 Torr of CH,. 


tems in 760 Torr of CH, with YH = NMe, (5 Torr) (entry 2 of 
Table 1) yield 6:" = 0.662k0.022 (Fig. 8). As expected, increas- 
ing the concentration of the nucleophile YH from 2 to 5 Torr 
does not affect the substitution and elimination Sl, regiose- 
lectivity factors. They also seem essentially insensitive to varia- 
tions in the bulk gas pressure from 100 to 760 Torr. 


Fig. 8. Regioselectivity boundaries [Eq. (14)] for the elimination reaction on I in- 
duced by NMe, (5 Torr) at 760 Torr of CH,. 


Elimination reaction on I1 by NMe, (2 Torr): With 2 as the start- 
ing alcohol (v = 11), Equations (14) and (17) become (20) for 
elimination by YH = MeOH and NMe,, and (21) for nucle- 
ophilic substitution by MeOH, respectively. 


b:;im = C$,(l - 6' - 6")/(6" - S') 


bsubs = C,ltb$(l - c? - .")/(a" - a') 


+ {a'' - [6/(5 + 6)]}/(6" - S') 
I1 


+ {a'' - [4/(3 + 4)]}/(~(" - a') 


In the elimination reactions on I1 induced by NMe, (2 Torr) 
in 100 Torr of CH, (entry 17 of Table l), the same 6' and 6" 
values employed in the elimination reaction on 1 are used: 
6' = 0.435 (entry 3 of Table 2); 6" = 0.594 (entry 27 of 
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Table 1). As estimated above from the corresponding systems, 
6I = 6:" = 0.640 f 0.01 8. Substitution of these values, together 
with the yield factor 6/(5 + 6) = 0.533 from entry 17 of Table 1 
into Equation (20) gives Equation (22). 


bt:i,,, = - 1 . 4 7 2 ~ : ~ ~  + 0.384 (22) 


Accordingly, the maximum extents of isomerization c::~,,, max 


(when b::i,,, = 0) and fragmentation bt:im,,,ax of I1 (when c::~,,, = 0) 
at 100 Torr amount to 0.261 and 0.384, respectively. Consistent- 
ly lower values for the maximum extent of isomerization, 
c~:~,,,,,,~~ = 0.076, and fragmentation, bt:immax = 0.236, are ob- 
tained at 760 Torr of CH, with NMe, (2 Torr) (entry 15 of 
Table l ) ,  with 6" = 0.536 (entry 1 of Table 2), 6" = 0.630 (en- 
try 25 of Table l ) ,  and 6' = 6;" = 0.661 k0.031. 


Nucleophilic substitution on I1 by MeOH (2 Torr): The above 
boundaries allow one to estimate the upper extent of isomeriza- 
tion, (cftbsmax), and fragmentation, (batbsmax), of I1 in the exper- 
iments in CH, with YH = MeOH (2 Torr) by applying Equa- 
tions (10) and (11). By introducing the corresponding 
~ t : ~ ~ ~ ~ ~  = 0.261 and btjimmaX = 0.384 and the estimated kfmax and 
kimax maximum rate constants, upper limits of c:tbsmax = 0.177 
and batbsmar = 0.268 are obtained for the systems at 100 Torr of 
CH,. For those at 760 Torr of CH,, cftbsmax = 0.050 and 
bftbsmax = 0.159. These limiting values were introduced into 
Equation (23), obtained from rearrangement of Equation (21), 
to derive the value of the regioselectivity factor at; and to 
compare it with that of the a'' term used in Equation (17) to 
estimate afv. 


Accordingly, for the systems with 2 ( v  = 11) in 100 Torr of 
CH, and in the presence of 2 Torr of MeOH, Equation (23) 
becomes Equation (24) if the values a" = 0.038 (entry 15 of 


a" = (0.076 - 0.038bftb, - O.O04c~~,,)/(l - bft, - ctt,,) (24) 


Table 2), a' = af, = 0.996 f 0.004 (see above), and 4/(3 + 4) = 
0,076 (entry 21 of Table 1) are used. Solving Equation (24) at the 
lowest (cftbs = bftbs = 0) and highest limits (cftbsmax = 0.177 and 
batbsmax = 0.268) gives the minimum (a!,!in = 0.076) and maxi- 
mum value of a'' (& = 0.091, which corresponds to 
cftbsmax = 0.177 and batbs = 0). Thus, for these systems, 
aft = 0.083 f0.008. Incidentally, this value compares well with 
the one deduced from the results of entry 21 of Table 1 
(aa = 0.076) and used before in deriving a' from the correspond- 
ing systems with 1. 


At 760 Torr of CH, in the presence of 2 Torr of MeOH, Equa- 
tion (23) becomes Equation (25) if the values a" = 0.041 


- - (0.146 - 0.041 baths - o.oloc,'tb,)/(l - b f t b s  - cftb,) (25) 


(entry 13 of Table 2), a' = af, = 0.990f0.007 (see above), and 
4/(3 + 4) = 0.146 (entry 19 of Table 1) are introduced. Calcula- 
tion of a" in Equation (25) at the lowest (cftbs = batbs = 0) and 
highest boundary (cfLbsmax = 0.050 and bfibsmax = 0.159) gives 
the minimum (a:, = 0.146) and maximum values of a'' 
(a!,!ax = 0.166, which corresponds to batbsmax = 0.159 and 
cftbs = 0). Thus, for these systems, aft = 0.156+0.010. In this 
case too, the obtained aft value is close to that derived from the 
results of entry 19 of Table 1 (an = 0.146) already used in deriv- 
ing a' from the corresponding systems with 1. 


Elimination reaction on I1 by NMe, (5 Torr): The above proce- 
dure is repeated for the systems containing 2 in the presence of 
5 Torr of YH = MeOH or NMe,. For the systems with 
100 Torr of CH, and in the presence of YH = NMe, (5  Torr) 
(entry 18 of Table l ) ,  substitution of the terms 6" = 0.431 (en- 
try 4 of Table 2), # = 6:" = 0.642 * 0.01 8 (see above), 


= 0.588 (entry 28 of Table l ) ,  and 6/(5 + 6) = 0.546 (en- 
try 18 of Table 1) into Equation (20) gives c!:~,,,,,,~~ = 0.183 and 
bL{immax = 0.267. Consistently lower values for the maximum 
extent of isomerization, ctfim max = 0.072, and fragmentation, 
b:!i,,,,,,ax = 0.189, are obtained at 760 Torr of CH, with NMe, 
( 5  Torr) (entry 16 ofTable 1) with the values 6" = 0.519 (entry 2 
of Table 2), 6' = 6:" = 0.662If-0.022 (see above), = 0.630 
(entry 26 of Table l ) ,  and 6/(5 + 6) = 0.609 (entry 16 of 
Table 1) in Equation (20). 


Nucleophilic substitution on I1 by MeOH (5 Torr): The above 
boundaries are used to estimate the upper extent of isomeriza- 
tion (cftbsmax) and fragmentation (bfibsmax) of I1 in the experi- 
ments in CH, with YH = MeOH (2 Torr).by applying Equa- 
tions (10) and (11). The corresponding c::~,,,,,,~~ = 0.183 and 
bt!immax = 0.267 and the estimated ktmax and kimax maximum rate 
constants yields upper limits of cftbsmax = 0.121 and 
bftbsmax = 0.181 for the systems at 100 Torr of CH,. For those at 
760 Torr of CH,, ~ f ! , ~ ~ ~ ~ ~  = 0.047 and bftbsmar = 0.126. These 
limiting values were introduced into Equation (23), which was 
obtained from rearrangement of Equation (21), to derive the 
value of the regioselectivity factor aft and to compare it with 
that of the a'' term used in Equation (17) to estimate a:". 


At 100 Torr of CH, in the presence of 5 Torr of MeOH, Equa- 
tion (23) becomes Equation (26) if the values a" = 0.056 


a'' = (0.053 - 0.056bfdb, - 0 . 0 0 3 ~ ~ ~ ~ , ) / ( 1  - bftbs - catbs) (26) 


(entry 16 of Table 2), a' = afy = 0.997 f 0.003 (see above), and 
4/(3 + 4) = 0.053 (entry 22 of Table 1) are used. Solving Equa- 
tion (26) at the lowest (bf!,, = eft, = 0) and highest limits 
( ~ f ! , ~ ~ ~ ~ ~  = 0.121 and bt!,bsmax = 0.181) gives the minimum 
(a:, = 0.053) and maximum values of a'' (a:ax = 0.060, which 
corresponds to cftbsmax = 0.121 and bftbs = 0). Thus, for these 
systems, a',t = 0.056+0.004. Again, it should be noted that this 
value is in good agreement with that (a" = 0.053) used before in 
deriving a' from the corresponding systems with 1. 


At 760 Torr of CH, in the presence of 5 Torr of MeOH, Equa- 
tion (23) becomes Equation (27) if the values a" = 0.071 


a'' = (0.163 ~ 0.071 bf\bs - o.oloC,'tb,)/(l - baths - cftb,) (27) 


(entry 14 of Table 2), a' = a:, = 0.990f0.008 (see above), and 
4/(3 + 4) = 0.163 (entry 20 of Table 1) are introduced. Calcula- 
tion of aI1 in Equation (27) at the lowest (bft,, = cftb, = 0) and 
highest extremes (cftbrmax = 0.047 and bftbsmax = 0.126) gives 
the minimum (a!i, = 0.163) and maximum values of a'' 
(a:2x = 0.176, which corresponds to bftbSmax = 0.126 and 
cftbs = 0). Therefore, for these systems, aft = 0.169f0.007. In 
this case too the a: value obtained agrees well with the one 
(a'' = 0.163) used before in deriving a' from the corresponding 
systems with 1. 


As for 1, increasing the concentration of the nucleophile YH 
from 2 to 5 Torr does not have much effect on the substitution 
(a::) and elimination (6") regioselectivity factors in the systems 
with 2. Contrary to the insensitivity to pressure variations ob- 
served for a:,) and 6fv in the systems with 1, the substitution (aft) 
and elimination (6'I) regioselectivity factors measured in the 
runs with 2 increase appreciably with the system pressure. 
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SN2 versus SN2' substitution on allylic alcohols 1 and 2: Table 5 
reports the maximum limits of the C,Hl -induced isomerization 


(bfubs mar and b~limmax; b:tbsmax and b:jimmax) channels of 1 and 2 in 
Schemes 1 and 2 (n  = 1,2) and the regioselectivity factors of the 
nucleophilic displacement by MeOH (a:, and a::) and of NMe,- 
induced elimination (sf, and 6") on I and I1 at different CH, 
pressures. Analysis of Table 5 shows that gas-phase MeOH-sub- 
stitution on I and I1 predominantly involves a bimolecular 
mechanism (b:ubsmax = 0.184 (MeOH, 2 Torr); 0.089 (MeOH, 
5 Torr); b:tbsmax = 0.268 (CH,, 100 Torr; MeOH, 2 Torr); 0.159 
(CH,, 760 Torr; MeOH, 2 Torr); 0.181 (CH,, 100 Torr; MeOH, 
5 Torr); 0.126 (CH,, 760 Torr; MeOH, 5 Torr)). As shown by 


( d u b s  and d i i ,  C,'tb, and C:jim ,,,) and fragmentation 


=+&HA- 100% (1 00 torr) 


I 


Me 0 6  F P f i H I T  
16% (760 tom) 37% (760 tom) 


II 


Fig. 9. Regioselectivity of the acid-cata- 
lyzed nucleophilic substitution by MeOH 
and elimination by NMe, on oxonium ions I 
and I1 in CH, at 100-760 Torr. 


the regioselectivity results 
summarized in Figure 9, 
bimolecular nucleophilic 
displacement may follow 
the two competing SN2 and 
S J  pathways. After con- 
sideration of partial 1 4 1  
interconversion prior to 


0.092 and csubsmaX - 
0.177 (CH,, 100 Torr; 
MeOH, 2Torr); 0.050 
(CH,, 760 Torr; MeOH, 
2Torr); 0.121 (CH,, 
100 Torr; MeOH, 5 Torr); 
0.047 (CH,, 760 Torr; 
MeOH, 5 Torr)), it 
emerges that oxonium ion 
I follows almost exclusive- 
ly the concerted SN2 path- 
way (99-100%). In con- 
trast, oxonium ion I1 tends 
to follow the concerted 


substitution (a:ubsmax - - 
I1 - 


SN2' pathway (83-94%). This suggests that, in the gas phase, 
the preferred site of the nucleophilic attack by a neutral nucleo- 
phile, such as MeOH, on allylic substrates may strongly depend 
upon the number of alkyl groups at the reaction center. While 
the conclusions of the preceding paper suggest that the presence 
of one alkyl group at either the C, or the C, center of an allylic 
oxonium ion does not affect the corresponding MeOH diplace- 
ment rate much, the present results show that introduction of a 
second alkyl (or alkylene) substituent markedly decreases the 
efficiency of the nucleophilic attack. A plausible rationale for 
this effect involves a certain character of reversibility for the 
MeOH attack at the C, center of 11, as suggested by the fact that 
u substitution increases with the bulk gas pressure, whereas the 
extent of the competing elimination reactions decrease. At 
760 Torr, in fact, collisional quenching of the excited encounter 
complex between II and MeOH may effectively compete with 
back-dissociation of the nucleophile from the encumbered C, 
center of 11, thus favoring Walden inversion of the reaction 


and preventing reorientation of the nucleophile from the 
C, center to a neighboring ring H atom (1 - 6" > 1 - St,; 
Table 5). 


E2 versus E2' elimination on allylic alcohols 1 and 2: As for 
nucleophilic substitution, the baIi, and bL:im max values of 
Table 5 demonstrate that the gas-phase elimination on I and I1 
involves mostly a bimolecular mechanism. After consideration 
of a partial 1-11 interconversion before NMe,-induced elimina- 
tion (the a!,immax and c~~~~~~~ terms), the 6:" and 6" regioselectiv- 
ity factors of Figure 9 indicate that both oxonium ions I and I1 


follow preferentially the concerted [I ,4] elimination pathway 
[ET, Eq. (2b)l (I 64-66%; II 59-63%) instead of the [1,2] one 
[E2, Eq. (2a)l. The E2' mechanism appears slightly more fa- 
vored in I than in I1 under all conditions, probably as a result of 
a character of partial reversibility in MeOH at the C, center of 
I1 (see previous section). Besides, its extent increases with the 
bulk gas pressure. The similarity of the 6:" = 0.640-0.662 of 
Table 5 with the 5/(5 + 6) ratios (ranging between 0.618 and 
0.647) reported in entries I1 -14 of Table 1, relative to the 
NMe,-induced elimination on 111, indicates that the E 2/E 2' 
branching ratio in these gaseous systems does not depend much 
upon the nature of the AOH leaving moiety (A = H (1); Me 
(111)) [Eqs. (2a,b)], although a slight preference for the E2' 
mechanism can be perceived with A = H. By extension, these 
findings guarantee the soundness of the previous assumption 
about the coincidence between the NMe,-elimination regio- 
chemistry factor for II (6") and that obtained for IV from the 
6/(5 + 6) ratios of entries 25-28 of Table 1. Besides, the E2/E2' 
branching ratio in gas-phase elimination on I1 is found to be 
also rather insensitive to the nature of the YH nucleophile, as 
shown by the coincidence between the 6" values of Table 5 and 
the 6/(5 + 6) ratios (ranging between 0.534 and 0.660) reported 
in entries 19-22 of Table 1. In this context, it should be men- 
tioned that the extensive MeOH-induced elimination on I1 (en- 
tries 19-22 of Table 1) necessarily involves the release of a 
MeOH: -H,O proton-bound cluster from the elimination 
product, which is allowed only by a concerted syn elimination 
mechanism. 


Occurrence of competing E 2' and E 2 mechanisms in YH-in- 
duced elimination on the selected oxonium ions finds some 
analogies with gas-phase elimination reactions promoted by at- 
tack of negatively charged bases on methoxycyclohexenes, in- 
vestigated in a flowing afterglow apparatus." s] In these studies, 
in fact, it was demonstrated that [1,4] elimination is heavily 
favored over [1,2] elimination when strong bases, such as OH- 
and NH;, are used. The [1,2] pathway instead becomes more 
competitive when weaker bases, such as MeO-, are employed. 
The [1,4] selectivity observed with strong bases was attributed to 
the occurrence of a E 1 cB mechanism, whereas weaker bases 
may react only by the E 2 mechanism, which however can afford 
both [1,2] and [1,4] products through predominant syn path- 
ways. The present results fully conform to the general elimina- 
tion pattern induced by weak bases, thus reinforcing and com- 
pleting the view that, in similar systems, [1,4] elimination (E2') 
may efficiently compete with the classical [1,2] elimination (E 2 ) ,  
irrespective of whether the process involves neutral or negatively 
charged bases on positively charged or neutral substrates. Since 
measured in the gas phase, where the complicating effects of 
solvation, aggregation, and ion pairing are excluded, the relative 
extent of the competing E 2' and E 2 mechanisms exclusively 
reflects the intrinsic orienting properties of the substrate to- 
wards the base. 


Received: June 14, 1995 [F151] 


[l] Part 10: G. Renzi, A. Lombardozzi, E. Dezi, A. Pizzabiocca, M. Speranza, 
preceding paper in this issue. 


[2] a) R. J. Moss, B. Rickborn, J.  Org. Chem. 1986, 51, 1992; b) D. Tobia, B. 
Rickborn, ibid. 1986, 51, 3849; c) R. J. Moss, R. 0. White, B. Rickborn, ibid. 
1985,50,5132; d) R. K. Hill, M. G. Bock, L Am. Chem. Soc. 1978,100,637; 
e) E. G. Breitholle, C. H. Stammer, J.  Org. Chem. 1974, 39, 1311; f )  S. J. 
Cristol, Acc. Chem. Res. 1971, 4, 393; g) J. D. Park, R. J. McMurtry, J.  Org. 
Chem. 1967,32,2397; h) S. J. Cristol, W Barasch, C. H. Tieman, .I Am. Chem. 
Soc. 1955, 77, 583; i) M. Sellen, J. Backvall, P. Helquist, J.  Org. Chem. 1991, 
56, 835; j) M. Olwegard, P. Ahlberg, Acfa Chem. Scund. 1990,44,642; k) C. 
Margot, H. Matsuda, M. Schlosser, Tetrahedron 1990, 46, 2425; 1) R. P. 
Thummel, B. Rickborn, J.  Org. Chem. 1972, 37, 4250; m) P. B. D. De La 
Mare, R. Koenigsherger, J. S. Lomas, J.  Chem. Soc. ( B )  1966, 834; n) G. R. 


Chem. Eur. J.  1996, 2, No. 3 0 VCH Verlugsgeseiischu~ mbH. 0-69451 Weinheim, 1996 0947-653919610203-0333 $15.00+ ,2510 333 







M. Speranza et al. FULL PAPER 
Wenzinger, J. A. Williams, Terrahedron Lett. 1973, 24, 2167; 0) J. Baldwin, 
ibid. 1966, 2953; p) H. D. Orloff, A. J. Kolka, J.  Am. Chem. SOC. 1954, 76, 
54x4. 


[3] K. Mori, B. G. Hazra, R. J. Pfeiffer, A. K. Gupta, B. S. Lindgren, Tetrahedron 
1987.43, 2249. 


[4] U. C. Yoon, S. L. Quillen, P. S. Mariano, R. Swanson, J. L. Stavinoha, E. Bay, 
J.  Am. Chem. SOC. 1983, 105, 1204. 


[5] L. A. Paquette, F. Bellamy, G. J. Wells, C. Bohm, R. Gleiter, 1 Am. Chem. Soc. 
1981, 103, 7122. 


[6] R. L. Cargill, A. Bradford Sears, J. Boehm, M. R. Willcott, 1 Am. Chem. SOC. 
1973,95,4346. 


[7] T. L. Smithson, N. Ibrahim, H. Wleser. Can. J.  Chem 1983, 61, 442. 
[XI a) P. Ausloos, S. G. Lias, R. Gorden, Jr., J.  Chem. Phys. 1963,39,3341; b) P. 


Ausloos, Ion-Molecule Reactions (Ed.: J. L. Franklin), Plenum, New York, 
1970; c) P. Ausloos, S. G. Lias, J.  Chem. Phys. 1962, 36, 3163; d) S. G. Lias, 
P. Ausloos, ibid. 1962, 37, 877; e) I. B. Sandoval, P. Ausloos, ibid. 1963, 38, 
452; f) M. Speranza, N. Pepe, R. Cipollini, J.  Chem. SOC. Perkin Trans. 2 1979, 
1179. 


[9] R. D. Bowen, D. H. Williams, 1 Am. Chem. SOC. 1978, 100,7454. 
[lo] Gaumann et al. (T. Gaumann, R. Houriet, D. Stahl, J. C. Tabet, N. Heinrich, 


H. Schwarz, Org. Mass Spectrom. 1983, 18, 215) reported generation and 
observation of the oxonium intermediate from protonation of 2-cyclohexen-l- 


01 carried out under chemical ionization conditions, namely under conditions 
that normally favor ion fragmentation (the dissociation energy of O-protonat- 
ed 2-cyclohexen-1-01 to 2-cyclohexen-1-yl cation and H,O, estimated accord- 
ing to the procedures in footnotes [b] and [c] of Table 3, amounts to only ca. 
9 kcalmol-'). The persistence of the stable oxonium ion at relatively low 
pressures, coupled with the appreciable kinetic energy release (To.s 
(mev) = 26.8) in its metastable fragmentation, suggests that unimolecular dis- 
sociation probably involves an activation barrier. 


[ll] a) Y K. Lau, S. Ikuta, P. Kebarle, J.  Am. Chem. SOC. 1982,104,1462; b) E. P. 
Grimsrud, P. Kebarle, ibid. 1973, 95, 7939. 


[12] In the absence of NMe,, neutralization of the oxonium ions 111 and IV may 
occur by several pathways, including proton transfer to the starting alcohol, to 
the walls of the reaction vessel, or to clusters of YH molecules, either initially 
introduced into the gaseous mixture or generated by its radiolysis. 


(131 T. Su, W. J. Chesnavich, J.  Chem. Phys. 1982, 76, 5183. 
[14] a) G. Angelini, M. Speranza, J.  Chem. SOC. Chem. Commun. 1978,213; b) M. 


Speranza, G. Angelini, J .  Am. Chem. SOC. 1980,102,3115; c) G. Angelini, M. 
Speranza, ibid. 1981, 103, 3792; d) G. Angelini, M. Speranza, ibid. 1981, 103, 
3800. 


[15] a) J. J. Rabasco, S. R. Kass, Tetrahedron Letters 1991,32,4077; b) J. J. Rabas- 
co, S. R. Kass, ibid. 1993,34,765; c) J. J. Rdbasco, S. R. Kass, J.  Org. Chem. 
1993,58, 2633. 


334 - 0 VCH Verlagsgesellschafi mbH, 0-69451 Wcinheim, 1996 0947-6539196/0203-0334 $15.00+ ,2510 Chem. Eur. J.  1996, 2, No. 3 








FULL PAPER 


The Photochemical Formation of Fulvene from Benzene via Prefulvene- 
A Theoretical Study 


Jens Dreyer and Martin Klessinger" 
Dedicated to Professor Roy Mc Weeny on the occasion of his 70th birthday 


Abstract: Results of semiempirical MN- 
DOC-CI and ab initio CASSCF calcula- 
tions reveal that fulvene is a primary 
product of the photolysis of benzene. The 
photochemical step is assumed to lead to 
prefulvene, and both a synchronous con- 
version and a two-step process via 
bicyclo[3.1 .O]hexa-l,3-diene (isofulvene) 
could be ruled out as possible pathways 
from prefulvene to benzene. The most 


probable mechanism for the photochemi- and has to compete with the almost 
cal isomerization of benzene to fulvene in- barrierless formation of benzvalene and 
volves the intermediate structures pre- rearomatization to benzene. The short- 
fulvene and 1,3-~yclopentadienylcarbene lived intermediates are rather flexible 


structures with negligible barriers to in- 
version at the radical center in the three- 
membered ring of prefulvene and prebenz- 
valene and to rotation around the exo- 
cyclic single bond in 1,3-~yclopenta- 
dienyicarbene. 


Introduction 


Valence isomers of benzene have attracted much attention in 
experimental[' - as well as theoretical studiesC6 - ''I While the 
photochemical formation of dewarbenzene (l), prismane (2) 
and benzvalene (3) has been studied recently by detailed quan- 
tum chemical  calculation^,[^- lo] an investigation of the reaction 
mechanism for the photochemical formation of fulvene is still 
lacking. We therefore carried out a combined semiempirical 
MNDOC-CI (modified neglect of differential overlap plus con- 
figuration interaction) and ab initio CASSCF (complete active 
space self-consistent field) study of different possible reaction 
pathways as part of our examination of ground and excited 
states of fulvene and of its photochemical reactivity." 


Before going into more detail we briefly mention some exper- 
imental and theoretical data on photochemical valence isomer- 
izations of benzene, which are wavelength-dependent singlet 
reactions as shown in Scheme 1 .I1'] The first excited singlet state 
( lB2 , )  gives benzvalene (3) and fulvene (4), but no dewarben- 
zene (l).[13-16] In the liquid phase the second excited singlet 
state ('Ill") leads to the formation of dewarbenzene (1) in addi- 
tion to benzvalene (3) and fulvene (4),[17] while in the vapor 
phase only fulvene (and the open chain isomers cis- and trans- 
hexa-I ,3-diene-5-yne) could be detected.[I8 -"] It has been sug- 
gested that the benzene valence isomers are formed as hot mol- 
ecules in the liquid as well as in the gas phase.['] In the liquid 
phase the excess vibrational energy can be dissipated, whereas in 
the vapor phase dewarbenzene and benzvalene rearomatize to 
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Institut fur Organische Chemie der Westf. Wilhelms-Universitiit 
Corrensstrasse 40, D-48149 Miinster (Germany) 
Fax: Int. code +(251)83-9772 
e-mail : klessim@ uni-muenster.de 


s1 ('Ba) 5 


Scheme 1. Photochemical valence isomerizations of benzene. 


benzene, and only the thermodynamically more stable fulvene 
remains. Prismane (2) is not produced directly but rather results 
from an intramolecular [2 + 21 photocycloaddition of dewarben- 
~ e n e . [ ~ *  2'] Although no experimental evidence is available for 
the existence of transient species in the S, photochemistry of 
benzene, theoretical investigations clearly show that a birad- 
icaloid intermediate called prefulvene (5) plays an important 
role in the formation of benzvalene.[8- lo] On the basis of CAS- 
SCF/4-31 G calculations, Palmer et al. characterized the C,- 
symmetric prefulvene structure on the So surface as a transition 
state connecting two slightly distorted structures named preben- 
zvalene.[81 The CASSCF/3-21 G study of Sobolewski et 
who considered the benzene-prefulvene interconversion, con- 
firmed these results, although prefulvene was characterized as a 
minimum structure. 


Conical intersections have been shown in recent years to be 
common features in nonadiabatic singlet photoreactions.["* 221 
This is also true for benzene valence isomerizations : according 
to recent calculationsr8-'01 the S, (Ill") reaction path from ben- 
zene towards prefulvene starts at an excited state minimum with 
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D,, symmetry, proceeds over a transition state to an S,-So 
conical intersection, and continues on the So surface from the 
prefulvene geometry mostly back to benzene, but in part on to 
benzvalene. This mechanism also provides a very plausible ex- 
planation for the channel-three phenomenon of benzene.I8. 91 
The conversion of benzene into dewarbenzene proceeds from 
the S, state (at vertical geometries this is lB,, but it soon ac- 
quires the character of the E,, state as motion along the reaction 
path occurs). Calculations suggest that the molecule moves 
downhill on the S, surface to an S,-S, conical intersection and 
reaches the S, surface at the S, -So conical intersection region 
that provides further immediate conversion to the So state. The 
geometry at which the stacked conical intersections are located 
is calculated to be such that relaxation in So can produce dewar- 
benzene, benzvalene or benzene. 


It has been proposed that fulvene is formed either directly 
from prefulvene or by secondary isomerization from benzva- 
lene.['] The benzvalene pathway is supported by the fact that 
photolysis of benzene initially yields fulvene at a slower rate 
than ben~valene['~] and that benzvalene is converted into ful- 
vene by quartz catalysis.['51 It has also been suggested that acid- 
catalyzed rearrangement of benzvalene yields fulvene.[' '] On the 
other hand, rearomatization[14, 231 and, in contrast to an earlier 
study,"'] photolysis['] of benzvalene have been shown to yield 
only benzene and no fulvene. Prefulvene was therefore assumed 
to be the prec~rsor . [ '~~  261 More recent matrix photolysis exper- 
iments suggest that indeed benzvalene and fulvene are both 
primary products, although the possibility of secondary isomer- 
ization could not be definitely excluded.[241 The actual reaction 
mechanism leading to fulvene is still unknown. Here we report 
our investigations of the direct isomerization via prefulvene, 
which seems to be more likely since prefulvene is a highly reac- 
tive transient species and activation barriers towards isomeriza- 
tion are believed to be lower than barriers starting from benzva- 
lene. Nevertheless, the benzvalene pathway is being studied as 
well; results will be presented elsewhere.[271 


configurations Q,,, and the excitation indices are (k  - i) and [ (k  - i) + ( I  - 531, 
respectively. The truncation of the CI leads to inaccuracies in the calculated heats 
of formation, but yields reliable geometries and, most importantly, comparable 
accuracies for the ground state and the various excited states [28]. 


Ab initio CASSCF calculations were accomplished using the GAUSSIAN 92 [29] 
and MOLPRO [30] program systems. All stationary points were located and char- 
acterized as minima or transition states by vibrational analyses using GAUS- 
SIAN 92 and the 3-21 G basis set 1311. Natural orbitals (NO) generated from the 
total density of a previous UHF calculation were used as initial orbitals. An AS of 
three occupied and three unoccupied orbitals (six orbitals and six electrons) result- 
ing in 175 CSFs turned out to be suitable for all calculations. In order to estimate 
basis-set effects, single-point calculations using the 6-31 G +(d,p) basis set [32] were 
carried out at all 3-21 G-optimized geometries. MOLPRO, which does not provide 
the possibility of vibrational analysis, was used to calculate the potential energy 
surfaces for the reaction benzene-prefulvene and excitation energies of the interme- 
diates isofulvene and 1,3-cyclopentadienylcarbene using the DZ basis set [33]. These 
calculations are dubbed CAS/DZ. Active and closed orbitals were chosen for each 
irreducible representation of the point group under consideration and are quoted as 
n[n(A')n(A")] for C,, where n refers to the total number of either closed or active 
orbitals and n(r)  gives the number of orbitals of irreducible representation r. The 
CI wavefunctions are reported in terms of pseudocanonical orbitals. 


Results and Discussion 


Photoisomerization of benzene to fulvene via prefulvene in- 
volves the photochemical step from benzene to prefulvene and 
the subsequent thermal conversion of prefulvene to fulvene in- 
cluding a [1,2] H shift and the breaking of one CC bond. The 
photochemical step will be described first, whereas possible re- 
action pathways from prefulvene to fulvene will be presented in 
the following sections. The energies of all computed structures 
are collected in Table 1. 


Benzene to prefulvene: As the singlet photochemical conversion 
of benzene to prefulvene has recently been described in de- 
tail,18- lo] in Figure 1 we present for this first step of the reaction 
only the CAS/DZ potential energy hypersurfaces that were ob- 
tained for the lowest two singlet states and the lowest two triplet 


Computational Methods 


In order to ensure an economic use ofcomputer time, 
the semiempirical MNDOC-CI method [28], which 
is well-suited for investigating open-shell systems, ex- 
cited states, and photochemical reaction mechanisms 
[ll], was used to calculate potential energy hypersur- 
faces. Geometry optimizations were performed and 
the results together with approximate transition state 
geometries taken from the potential hypersurfaces 
served as initial guesses for more accurate ab initio 
calculations. Since semiempirical and ab initio ge- 
ometries turned out to be in good agreement, only ab 
initio results are reported for the stationary points. 


The MNDOC-CI calculations may be characterized 
as follows. For each state under consideration, one 
or a few reference configurations were used, and 
from these reference configurations single and 
double excitations within a properly chosen active 
space (AS) were considered in constructing spin- 
adapted configuration state functions (CSFs). In or- 
der to specify the active space and the reference con- 
figurations, the occupied ground state orbitals are 
numbered 1, 2, . . . starting at the HOMO, while the 
virtual orbitals are numbered l', 2'. . . . starting at the 
LUMO. Up to 200 CSFs were considered for config- 
uration interaction (CI). If the active space had to be 
chosen such that not all singly and doubly excited 
configurations could be included, the CI was further 
truncated by the use of excitation indices (EI) m,n, 
which specify the largest single and double excita- 
tions to be included; for singly and doubly excited 


Table 1. Total energies E 3 - 2 1 0  and E6+31c in Hartree (1 Hartree = 627.5095 kcalmol-'), relative energies E,.I in 
kcalmol-I with respect to benzene So,  and dipole moments p in D for all stationary points (MIN = minimum, 
TS = transition state, CI = conical intersection; state label, symmetry and point group are also indicated). 


Stationary Point E 3 - z , c  [a1 Ere,. E6-31G fbl Erek. P 


benzene 
benzene S ,  (vert.) 
benzene S, (adiab.) 
benzene prefulvene [c] 
conical intersection [c] 
prefulvene (down) 


prefulvene (up) 


prebenzvalene (down) 


prebenzvalene (up) 


TS 1 (prefulvene-isofulvene) 
isofulvene 
TS 2 (isofulvene-fulvene) 
TS 3 (prefulvene -carbene) 
1,3-cyclopentadienylcarbene 
inward 
inward (0") 
outward 
outward (180°) 
in ward-ou 1 ward 
TS4 (carhene-fulvene) 
fulvene 


MIN 


MIN 
TS 
CI 
TS 
MIN 
MIN 
MIN 
MIN 
MIN 
MIN 
MIN 
TS 
MIN 
TS 
TS 


MIN 
TS 
MIN 
TS 
TS 
TS 
MIN 


- 0.4942 0.0 
- 0.3037 119.5 
- 0.3155 121.1 
- 0.2407 - 
- 0.2368 - 


- 0.2980 123.1 
- 0.3044 119.1 
- 0.3019 120.7 
- 0.3051 118.7 
- 0.3031 [d] 119.9 
- 0.3048 11 8.8 
- 0.3018 120.7 
- 0.3052 118.6 
- 0.2285 166.7 
- 0.3445 93.9 
- 0.3432 94.8 
- 0.2903 127.9 


- 0.3051 118.7 
- 0.3045 119.0 
- 0.3018 120.7 
- 0.2989 122.6 
- 0.3009 121.3 
- 0.2802 134.3 
- 0.4301 [el 40.2 


- 0.7933 


- 0.6183 
- 0.6099 


- 
- 


- 0.6124 
- 0.6065 
- [fl 


- 0.6114 
- 0.6121 
- 0.61 17 
- 0.6076 
- 0.6145 
- 0.5433 
- 0.6556 
- 0.6524 
- 0.5998 


- [fl 


- [fl 


- 0.6140 
- 0.6143 


- 0.6117 
- 0.6036 
- 0.7365 


0.0 
115.1 
109.8 
- 
~ 


113.5 
117.2 


114.1 
113.7 
114.0 
116.5 
116.8 
156.9 
86.4 
88.4 


121.4 


- 


~ 


112.5 
112.3 


114.0 
119.0 
35.6 


~ 


0.0 
0.0 
0.0 
- 
- 


0.7 
0.6 
0.6 
0.5 
0.7 
0.7 
0.6 
0.5 
2.4 
1.1 
1.1 
1.8 


2.3 
1.9 
1.9 
1.6 
1.8 
3.3 
0.4 


[a] 3-21 G energies relative to -229.0000 Hartree. [b] 6-31 +G(d,p)/3-21 G energies relative to 
-230.0000 Hartree. [c] Ref. [8]. [d] 3-21 G/STO-3G. [el Ref. [ l l] ,  3-21 G/DZ. [fl No convergence. 


336 ~ 0 VCH Verlugsgeselischafl mbH, D-694S1 Weinheim, 1996 0947-6S39/96/0203-0336 $15.00+ .25/0 Chem. Eur. J.  1996, 2 ,  No.  3 







Fulvene Formation 335-341 


reached over a small barrier and through aconical 120 


intersection. In this diagram the (F-2)-dimensional 
intersection appears as a line. Optimiza- 
tion of the stationary points (energies and dipole 
moments in Table 1, geometries in Fig. 2) confirm 


At the semiempirical level, vibrational analysis 


as a minimum structure, in agreement with the 
CAS/3-21 G results reported in ref. [9]. For the 


tained one imaginary frequency (380i cm-') cor- 


100 


this picture. 80 


confirmed the C,-symmetric prefulvene geometry 
60 


CAS/3-21 G-optimized geometry, however, we ob- 


responding to an out-of-plane distortion of the 


40 


five-membered ring, in agreement with results of 20 


ref. [8]. Relaxation of the C, symmetric structure 
produces a slightly distorted C,-symmetric struc- 0 -  


110-243 


_- Prefulvene 


Sl -- 


144.5 -- 
_- 61.5 


_- (135.3) 


-- 


H-C 
-- 


_- 
-- 60.6 


_- 4 ;/[156.41 


140.6 (13;1; (148~~2~~"liB~71 (160) H-C 2" 139.5 -- 
_- 


140.3 151.7 111.3 - [lo761 


Fig. 1 ,  The photochemical conversion of benzene to prefulvene. CAS/DZ potential 
energy hypersurfaces with the C1 -C5 distance R and the interplanar angle 9 as 
coordinates: a) the lowest singlet and triplet A' und A" surfaces; b) singlet A' and 
A" surfaces only. All C-C bond distances and C-C-C bond angles as well as all bond 
and dihedral angles involving H 1 ,  H 5 and H 6 are linearly interpolated. (Symmetry 
C,; closed: 19 [12 71; active: 4 [ 2  21; A': 12 CSFs, A": 14 CSFs; state-averaged 
method). 


corresponding to prebenzvalene geometries. Although the ener- 
gy of the optimized prefulvene structure given in Table 1 agrees 
well with a literature value (- 229.29958 Hartree['I), we find a 
shorter C 1 -C 5 bond and correspondingly longer adjacent C- 
C bonds of the cyclopropane ring. This discrepancy results from 
the fact that, depending on the choice of the initial orbitals and 
the CI parameters described in the Methods section, the C 1 -C 5 
antibonding IS* MO is included in the calculations reported in 
ref. [9], but not in ours, although the size of the active space is 
the same. A larger active space would be needed for an unam- 
biguous determination of the geometry. 


In prefulvene as well as in prebenzvalene the radical center of 
the three-membered ring is nonplanar, leading to two different 
conformations with H 6  in either a down or an up position (cf. 
Scheme 2) .L3'1 According to our 3-21 G results the up conformer 
in prefulvene (C,) is more stable than the down form by 
2.4 kcalmol-'. The barriers between the two conformers are 
lower than 3 kcalmol-', in agreement with the RHF value of 
3.5 kcalmol- ' reported for a C, geometry.1351 The up conformer 
of prefulvene and both conformers of prebenzvalene are calcu- 
lated to be true minima, while the down form of prefulvene 
corresponds to a transition state. The conformational flexibility 
at C6 of these biradicaloid intermediates plays a role in the 
isofulvene mechanism discussed in the following section. The 
triplet ground state geometries (cf. Table 1 for energies and 
dipole moments) are nearly identical with the singlet geometries, 
as is to be expected from the similarity of the CI wavefunctions. 
The contribution of the biradical configuration I ' 1'' is larger 
than 85 % in all singlet and triplet states considered here. 


states by plotting the energy as a function of the interplanar 
angle 9 and the C 1 -C 5 distance R. Since C, symmetry is as- 
sumed, the states are labeled 'A',  'A" and 3A', 3A", respectively. 
From Figure 1 a it is seen that at benzene geometries the triplet 
states lie energetically between the two singlet states, while in the 
prefulvene region the 3A" surface is below the 'A" surface. Full 
geometry optimization confirmed the ground state of prefulvene 
to be in fact the 3A" state (Table 1). In Figure 1 b 


chemical conversion are shown from a slightly dif- 
ferent point of view. From the spectroscopic S, 
minimum of benzene ('B2* in D6,J near the left- 
hand corner, the So minimum of prefulvene ('A" in 
C.) at the right-hand corner of the diagram is 


only the singlet surfaces involved in the photo- E - 
kcal rnol-' 


140 t 


Prefulvene-fulvene pathways: In order to discover possible reac- 
tion pathways and intermediate structures for the interconver- 
sion of prefulvene and fulvene, a partially optimized MNDOC- 
CI singlet ground state surface was computed using the [1,2] H 
shift as one of the coordinates, and the combined CC bond- 
breaking and planarization as the other. The result is presented 
in Figure 3 and shows that a concerted isomerization of preful- 
vene to fulvene is extremely unlikely. Instead, the minimum at 


. .  ~ L 


led to benzvalene after a short stay on a plateau 
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for the up form in brackets. (TS = transition state, CI = conical intersection). 
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Fig. 3. MNDOC-CI potential energy hy- 
persurface (So) for the conversion of preful- 
vene to fulvene. All geometric parameters 
are optimized except CH bond distances 
other than that of the migrating hydrogen 
and dihedral angles of the planar ring. (AS: 
3-3’, EI: $10; referenceconfiguration 2’1*; 
55 CSFs). 


the left-hand front edge of 
the diagram suggests the 
occurrence of 1,3-cy- 
clopentadienylcarbene (7) 
as an intermediate in the 
reaction. The minimum at 
the rear corner, which rep- 
resents bicyclo[3.1 .O]hexa- 
1,3-diene (isofulvene, 6), 
could correspond to an- 
other possible intermedi- 
ate, if there exists a favor- 
able reaction path behind 
the maximum that is not 
included in the surface 
shown in the diagram. 
Therefore, two reaction 
pathways may be formu- 
lated, as indicated in 
Scheme 2. Detailed com- 
putational results for the 
“isofulvene mechanism” 
corresponding to a path- 
way from prefulvene to 


fulvene via 6 and for the “carbene mechanism” via 7 will be 
discussed in the following sections. 


\ 6  


6 * dL*J 4 


2 1  r121 - , ti-shift upform 
5 


Scheme 2. Possible mechanisms for the photochemical conversion of benzene to 
fulvene. 


Isofulvene mechanism: The isofulvene mechanism involves a 
[1,2] H shift to yield isofulvene from prefulvene or prebenzva- 
lene and subsequently an opening of the three-membered ring to 
form fulvene. MNDOC-CI singlet ground state surfaces have 
been calculated for both steps. In Figure 4 the transformation of 


a 


Fig. 4. MNDOC-CI potential 
energy hypersurface for the 
[1,2] H shift from prefulvene 
to isofulvene. The H 1-X-C 6- 
C 5  dihedral angle and the 
bond and dihedral angles in- 
volving H 6  are optimized, 
C-C bond distances and C-C- w, ,$ c angles are linearly interpo- 
lated. (AS: 3-3’; El: 6,lO; ref- 
erence configuration 22i2; 


c 


TS1 55 CSFs). 


prefulvene to isofulvene is shown 
for the coordinates R, , - ,  and 
RX-HI defined in Scheme 3. Ow- 
ing to the low inversion barrier 
for the radical center at C6  the 
11,21 H shift may start either 
from the down of from the up 
form of prefulvene. The transi- 


Scheme 3. Definition of geomet- 
ric parameters for the conversion 
of prefulvene to isofulvene. 


tion state TSI in the middle of 
the surface between the preful- 
vene and isofulvene minima is fairly high in energy, but the 
barrier is somewhat lower than that for C-H bond dissociation 
near the front corner of the diagram (large R,-”,). 


Figure 5 shows the MNDOC-CI surface for the final step 
from isofulvene to fulvene, with the interplanar angle ct and the 
rotation angle cp of the exo- 
cyclic CH, group as coordi- 
nates. In this diagram the re- 
action proceeds from the 
front corner on the right to 
the rear corner on the left. 
The transition state TS2 is 
located near the isofulvene 
minimum, and the barrier is 
low. CAS/3-21 G geometry 
optimizations of all station- 
ary points on these surfaces 
were carried out. Energies 
and dipole moments are col- 
lected in Table 1, geometries 
and relative energies are 
shown in Figure6. The re- 
sults fully confirm the 
semiempirical calculations. 
At TS 1 between prefulvene 
and isofulvene the migrat- 
ing hydrogen has moved 
halfway and forms a three- 
center bond with C 1 and C 6 


Fig. 5 .  MNDOC-CI potential energy 
hypersurface for the conversion of iso- 
fulvene (right front comer) to fulvene 
(left rear comer). All C-C bond 
lengths, C-C-C and H-C-C angles, and 
H dihedral angles are optimized. (AS: 
4-3’; EI: 6,iO; reference configuration: 
2*12; 176 CSFs). 


with a long C 1 -C 6 bond. It remains on the exo face, while H 6 
assumes the up position on the endo face of the three-membered 
ring, thus indicating a suprafacial [1,2] H shift. Houk et al. 
showed that the bond lengths of partially formed C-H bonds 
range from 129 to 161 pm.1361Thevalues 135.6and 136.2pmfor 
the C-H distances at TSI fall into the lower region of this 
range. The double bonds of the five-membered ring are already 
formed. The normal mode with a rather high imaginary fre- 
quency (1 728 i cm- ’) corresponds to the hydrogen-shift motion. 
3-21 G and 6-31 + G(d,p) calculations yield values of 
46.8 kcalmol-’ and 43.4 kcalmol-’, respectively, for the acti- 
vation barrier between prefulvene and the transition state. This 
barrier is obviously too high for a realistic reaction path. 


Isofulvene, which is confirmed by vibrational analysis to be a 
minimum structure, has two more-or-less localized double 
bonds and is approximately a closed-shell molecule with the 
ground configuration contributing 86.5 % to the CI wavefunc- 
tion. The closed-shell character is confirmed by the occupation 
numbers of the natural orbitals, which are 1.81 for the HOMO 
and 0.19 for the LUMO. CAS/DZ excited-state wavefunctions, 
excitation energies, and oscillator strengths f for isofulvene are 
given in Table 2 and might be useful in the interpretation of 
ultrafast transient absorption spectroscopy experiments. These 
data show the HOMO-LUMO transition (So -+ S,) to be al- 
lowed. Since ab initio CASSCF excitation energies are in gener- 
al too high, unless a large amount of dynamic correlation is 
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kcal rnol-' 


140 160 i 
I 


I 


143.5 


120 
Prefulvene 


loo 4 \A\ T 0.912.0) 
lsofulvene 


80 -!- \ ::I 20 \ Fulvene 


14- 


136.5 148.5 


0 1  


Fig. 6. The isofulvene mechanism of the conversion of prefulvene to fulvene. 3-21 G 
and 6-31G+(d,p) energy differences in kcalmol-', the latter in parentheses, and 
3-21 G optimized geometries in pm and degrees. (TS = transition state). 


Table 2. Isofulvene: CAS/DZ results for vertical singlet excitation energies (in eV) 
and oscillator strengthsf. 


~~ 


Configuration [a] CAS/DZ [b] f 


SO 221' 0.0 
S I  2'1"'' 4.9 


221'2'1 
S2 221'1" 6.3 
S3 2'121" 6.7 


221'2'' 
3123121'' 


- 


0.004 


0.190 
0.008 


[a] Principal configurations contributing to the wavefunction. [b] Closed: 18; ac- 
tive: 6; 175 CSFs; state-averaged method. 


taken into account by perturbation theory or multireference CI 
 correction^,'^'^ the actual excitation energies are assumed to be 
somewhat lower than the calculated values. 


The transition structure TS 2 between isofulvene and fulvene 
is similar to isofulvene itself, except that the C5-C6 bond is 
essentially broken and the CH, group has moved slightly to- 
wards its position in fulvene. The vibration with imaginary fre- 
quency (229 i cm- ') corresponds to such a combined planariza- 
tion and twist motion leading from isofulvene to fulvene. 
Calculated values for the energy barrier are 0.9 (3-21 G)  and 
2.0 kcalmol- ' (6-31 G+ (d,p)), respectively, and confirm the 
RHF results of Merz and who describe isofulvene as a 
shallow minimum that disappears if thermodynamic corrections 
are taken into account. 


Carbene mechanism: The MNDOC-CI results for the two stages 
of the prefulvene-to-fulvene conversion via 1,3-cyclopentadi- 
enylcarbene (7) are shown in Figures 7 and 8. As indicated in 
Scheme 2, the numbering of atoms in 7 is such that it corre- 
sponds to breaking the C 1 -C6 bond, which can conveniently 
be described with the dihedral angle 0 as reaction coordinate. 0 
= C 6-C 5-C 4-C 3 and varies from 62" in prefulvene to 130" in 


Fig. 7. MNDOC-CI potential energy 
diagram for the conversion of preful- 
vene to 1,3-cyclopentadienylcarbene, 
together with 3-21 G and 6-31 G+(d,p) 
energy differences in kcalmol- l ,  the 
latter in parentheses. All C-C bond 
distances, C-C-C angles, and bond and 
dihedral angles involving H4 and H5 
are optimized. (AS: 3-3'; EI: 5.10; ref- 
erence configurations: 2'12. 221'2; 
85 CSFs). 


Fig. 8. MNDOC-CI potential 
energy hypersurfaces for the 
[1,2] H shift converting 1,3-cy- 
clopentadienylcarbene into ful- 
vene. The H5-C5 and the C5- 
C 6  distances as well as the 
dihedral angle involving H 5 are 
optimized, the bond and dihe- 
dral angles involving C 6  are lin- 
early interpolated. (AS: 3-3'; EI: 
5.10; reference configurations: 
2'1', 2'1''; 85 CSFs). 


E 


0 = C6-C5-C4-C3 
8.0 (7.9) 


I / I \ 0 =  C6-C5-C4-C31 


130 


H 


1,3-cyclopentadienylcarbene. The potential diagram in Figure 7 
is therefore two-dimensional, with an early transition state 
(TS 3) near the prefulvene geometry. 


Potential energy surfaces for the [1,2] H shift from the car- 
bene to fulvene have been calculated using as coordinates the 
angles x and w defined in Scheme 4. From Figure 8 it is seen that 
the rotation x around the C 5-C6 bond is 
almost barrierless for large values of w at 
the beginning of the [1,2] H shift, while the .-+a/: 


transition state TS4, at which the planari- 5 @  
x = H6X645-X ty of the carbon framework is already es- 


tablished, is located in the middle of the 
Scheme 4. Definition 


rotation coordinate x. The stationary ofgeometric parame- 
points of this pathway were again opti- ters for the conver- 
mized by CAS/3-21 G calculations. Ener- sion of 1,3-cyclopen- 
gies and dipole moments are given in tadienylcarbene to 


fulvene. Table 1 and geometries are shown in 
Figure9. These data fully confirm the 
MNDOC-CI results. The transition state TS 3 between preful- 
vene and the carbene has a five-membered ring with bond 
lengths intermediate between those of the conjugated prefulvene 
and of the localized 1,3-~yclopentadienylcarbene. The C 1 -C 6 
bond is broken and the carbene center is already developed. 
With calculated energies of 8.0 (3-21 G) and 7.9 kcalmol-' 
(6-31 G + (d,p)), respectively, the barrier is easily overcome. The 
imaginary frequency of 817i cm- corresponds to the change 
from prefulvene to carbene. 


1,3-Cyclopentadienylcarbene is found to be a minimum struc- 
ture in agreement with previous RHF  calculation^.[^^^ 391 The 
five-membered ring is almost planar with localized double and 
single bonds similar to ground-state fulvene." The essentially 
free rotation x around the C 5-C 6 bond apparent from Figure 8 
has been confirmed by CAS/3-21 G calculations; optimized 
structures and energies are shown in Figure 10. Two minimum 
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Fig. 9. The carbene mechanism of the conversion of prefulvene to fulvene. 3-21 G 
and 6-31 G+(d,p) energy differences in kcalmol-', the latter in parentheses, and 
3-21 G optimized geometries in pm and degree. (TS = transition state). 


E 


kcal mot-' 


118 26.2' 


- 
1 SO" 


inward 
I 


0- 
0 50 100 150 


Rotation x [ ] 


Fig. 10. CAS/3-21 G optimized stationary points for the rotation ,y about the exo- 
cyclic single bond of 1,3-~yclopentadienylcarbene. Energy differences in kcalmol- '. 


structures, named the inward and outward form by Evanseck et 
al.,[391 and three transition states connecting the minima have 
been identified. In agreement with RHF calculations,[361 the 
inward form is calculated to be 2.0 kcalmol-' more stable than 
the outward form, and the largest barrier for inward-outward 
conversion is 2.6 kcal mol- '. 


In the CAS-optimized transition structure TS 4 connecting 
the carbene and fulvene, the migrating hydrogen has moved 
halfway from C 5 to C 6. Its distances from these atoms are 132.5 
and 133.5 pm, which are actually slightly less than the partially 
formed CH bonds in TS 1 connecting prefulvene and isofulvene. 
The dihedral angle x is 92.7", and the C 5-C6 bond, the length 
of which is between those of a single and a double bond, is still 
10" out of the molecular plane. The calculated values for the 
activation barrier show a considerable basis-set effect. Using as 
a reference point the energy of the outwardcarbene, which is the 
conformation closest to that of the transition state, barrier 
heights of 13.6 and 6.7 kcal mol - ' are obtained using the 3-21 G 
and the 6-31 + G(d,p) basis set, respectively. The reported RHF 
value for this barrier is 5.9 kcalmol-'.[381 After passing the 
transition state a steep descent to the fulvene structure occurs. 
The activation barrier appears to be low enough to be passed, 
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but large enough to expect a sufficient lifetime for 1,3-cyclopen- 
tadienylcarbene to be detected by transient absorption experi- 
ments. Therefore, excited-state wavefunctions, CAS/DZ excita- 
tion energies, and oscillator strengthsf are collected in Table 3. 
Although the lowest excitations are calculated to occur in the 
visible region (608 and 400 nm), these absorptions might be 
difficult to detect because of the small values of the calculated 
oscillator strengths. 


Table 3. 1,3-Cyclopentadienylcarbene: CAS/DZ results for vertical singlet excita- 
tion energies (in eV) and oscillator strengthsf. 


Configuration CAS/DZ [a] f 


SO 2212 0.0 ~ 


s, 
s* 


s3 


22111" 2.0 0.006 
3.1 0.0003 2111~,12?1 


22 101 "2'1 


3122111*12'1 4.8 0.0002 
211 11'13" 


[a] Closed: 18, active: 6; 175 CSFs; state-averaged method. 


Conclusion 


The results of our calculations have shown that the carbene 
mechanism offers an explanation for the direct photochemical 
formation of fulvenes from prefulvene. Alternatively it has been 
proposed that a secondary isomerization of benzvalene may 
yield fulvene. Preliminary results for different thermal pathways 
from benzvalene to fulvene indicate, however, that the lowest 
activation barrier is to be expected for the back reaction of 
benzvalene to prefulvene. For this barrier an experimental value 
of 25.9 kcalmol- has been found.[40] As it is extremely unlikely 
that sufficient excess energy will be available to cross an even 
higher barrier in the ground state it may be concluded that 
rearomatization to benzene is the only possible thermal isomer- 
ization reaction of benzvalene. The formation of fulvene from 
benzvalene can therefore be ruled out. 


The situation is quite different for the photochemical forma- 
tion of fulvene via prefulvene. The photochemically generated 
prefulvene will have sufficient excess energy to overcome the 
much smaller barrier on the pathway to 1,3-cyclopentadienyl- 
carbene. The barrier for the [1,2] H shift from 1,3-cyclopentadi- 
enylcarbene to fulvene is also low, in agreement with the finding 
that hydrogen migrations in singlet carbenes can be very 
fast.[39z41*421 Basis-set effects may be estimated from the 6- 
31 G + (d,p) single point calculations at 3-21 G optimized ge- 
o m e t r i e ~ . ~ ~ ~ ]  The larger basis leads to stabilizations by 5- 
10 kcalmol-' with respect to benzene So. Activation energies 
are hardly affected; only the barrier between 1,3-~yclopentadi- 
enylcarbene and fulvene is reduced considerably. In order to get 
more accurate results for the various stationary points, and in 
particular for the excitation energies, dynamic correlation 
should be taken into account.[371 


The conversion of prefulvene to fulvene has to compete with 
the formation of benzvalene and the rearomatization to ben- 
zene. Since these isomerizations are almost without barriers,18] 
the yield of fulvene should be low because of barriers of 7.9 and 
6.7 kcalmol- I .  To explain the actual experimental yield of ful- 
vene, arguments like dynamic reaction control and a superior 
dissipation of vibrational excess energy in the case of fulvene 
have to be taken into account. The calculated dipole moments 
(Table 1) indicate that in polar solvents activation barriers will 
be reduced, since the transition states TS 3 and TS 4 occurring in 
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the carbene mechanism have considerably higher dipole mo- 
ments than the intermediates prefulvene and 1,3-cyclopentadi- 
enylcarbene. 


In conclusion, our results indicate that fulvene is a primary 
product of the photolysis of benzene and is formed in a three- 
step process via prefulvene and 1,3-cyclopentadienylcarbene. 
This mechanism is in perfect agreement with the analogous 
mechanism for the photochemical conversion of benzocy- 
clobutene to 1,2- and 1,s-dihydropentalene that has been 
derived by Turro et al. on the basis of deuterium-labeling exper- 
iments. [441 
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Unexpected Basicity of a Hexacoordinate Silicon Compound, 
{ 2,6-Bis [ (dime t hy1amino)me t h y 11 phen y 1) bis( 1,2- benzenediola t o)silica t e 


Claude Chuit, Robert J. P. Corriu”, Ahmad Mehdi and Catherine ReyC 


Abstract: The high basicity of {2,6-bis- 
[ (dimethylamino) methyl] phenyl} bis (1,2- 
benzenedio1ato)silicate (1) was demon- 
strated by its quantitative protonation in 
methanol to give the zwitterion 2. It was 
found that 1 is much more basic (pK, in 
CH,CI, = 16.7) than the “proton sponge” 
1,8-bis(dimethylamino)naphthalene (3) 
and also much more basic than {2,6-bis- 
[(dimethylamino) methyllphenyl) bis (1,2- 


benzenedio1ato)phosphorane (4). The sta- 
bility of the zwitterion 2, the geometry of 
which corresponds to a more perfect octa- 
hedron than 1, can explain the high basic- 


ity of 1. Dynamic NMR studies of 2 in 
solution show that at low temperature the 
hydrogen-bonding interaction with one 
oxygen atom observed in the solid state is 
maintained. On raising the temperature, 
firstly the hydrogen bond breaks, then dy- 
namic coordination occurs, in which the 
NMe, groups displace each other in con- 
junction with transprotonation. 


Introduction 


In our investigation of hypercoordination at silicon,[’] we have 
already described the structure of the hexacoordinate silicate 
1 brZ1 originating from deprotonation of the zwitterionic l6 sili- 
cate 2, itself obtained in an unexpected manner from the classi- 
cal exchange reaction between catechol and {2,6-bis[ (dimethy- 
lamino)methyl]phenyl}trimethoxysilane under basic conditions 
(Scheme 1). The X-ray structural analysis of 2l31 has shown the 
hexacoordination of the silicon atom with an octahedral geome- 


HK / m2c12 1 


1 a :  M = K  
b :  M=PPN 


Scheme 1 
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try, one NMe, group being coordinated to the silicon atom 
while the other is protonated. Furthermore, the proton attached 
to nitrogen is involved in an intramolecular hydrogen-bonding 
interaction with an oxygen atom. The recognition of this rather 
strong NH . . 0 interaction prompted us to study thoroughly 
the formation of this zwitterion. 


In this paper we report further data concerning the synthesis 
of 2. The unusually high basic character of the silicate 1 is 
compared with that of the “proton sponge”[41 lJ-bis(dimethy- 
1amino)naphthalene (3) and also with that of the correspond- 
ing phosphorus compound, {2,6-bis[ (dimethylamino)methy1]- 
phenyl) bis(l,2-benzenediolato)phosphorane (4). Finally dy- 
namic NMR studies of 2 are reported which provide informa- 
tion concerning break- 
ing of the hydrogen MezN m e 2  


bond, intramolecular 
isomerization around 


Me2 


the silicon atom and & cp{:o) N 
2 


the dynamic N-Si-N Me2 


coordination mode. 3 4 


Results and Discussion 


Formation of the zwitterion 2: We have previously shown that 
the zwitterion 2 is obtained in methanol[31 according to 
Scheme 1. In that case it was prepared in 89% yield under the 
same conditions but without base. In order to find the limits for 
the formation of this compound we changed the experimental 
conditions and found that 2 is formed in methanol in the pres- 
ence of one molar equivalent of Me,NOH. It is also obtained in 
CH,C1, in the presence of one molar equivalent of MeOK and 
even in pyridine. Furthermore, treatment of 2,6-bis[ (dimethyl- 
amino)methyl]phenylsilane (5) with 2 molar equivalents of cate- 
chol and one molar equivalent of MeOK in THF also affords 2 
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\ r  5 


Me2 


la 


Scheme 2 


immediately and quantitatively (Scheme 2). In this reaction, the 
formation of the potassium salt 1 a prior to the zwitterion 2 is 
unlikely since one molar equivalent of methanol in THF does 
not protonate 1 a under these conditions, and a stoicheiometric 
mixture of 5 and catechol affords 2 quantitatively. So we suggest 
that the protonation of one amino group that gives rise to the 
zwitterion 2 originates from the catechol (Scheme 3). The prox- 
imity of the lone pair of the nitrogen atom and of the remaining 
acidic proton of the catechol leads to the formation of the hy- 
drogen bond. 


Dynamic NMR studies: The 29Si NMR chemical shift 6 for 2 is 
-134.9 in solution (CD,CI,) and -134.5 in 29Si CP MAS 
NMR. In addition, the 29Si NMR shift of 2 is temperature-inde- 
pendent in the temperature range studied (263-333 K in 
CD,CN). These values indicate that 2 is also hexacoordinated 
in solution. In 'H NMR at 243 K in solution (CD,CN, Fig. 1 g, 
Table 1) the two NMe, groups are distinct and appear as four 
signals of equal intensity. The two doublets (6 = 2.62 and 2.98) 
were assigned to the protonated NMe, group. The nonequiva- 
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2 


Scheme 3. 


* : Solvent 


a') Me(a) 


1 


348 K TT (b) 


350 K > (a) 
i I I I 


Fig. 1. 250 MHz 'HNMR spectra of 2 in CD,CN at different temperatures. 


PPM 4.5 3.5 2.5 1.5 


Table 1. 'H NMR (250 MHz) data for NMe, and CH,N groups of the zwitterionic 
silicate 2. 


T/K (solvent) 6 (NMe,) 6 (CHzN) 


243 2.09 (s, 3 H) 
(CD,CN) 


3.42 (d, 1 H, 'J(H,H) = 13.8 Hz) 
3.58 (dd, 1 H, *J(H,H) 
= 12.0 Hz, 'J(H,H) = 4.8 Hz) 


2.77 (s, 3H) 4.50 (d, 1 H, 'J(H,H) = 14.0 Hz) 
2.98(d,3H,'J(H,H)=4.8Hz) 4 .84 (d , lH , ' J (H ,H)= l2 .0H~)  


2.62 (d, 3H, 'J(H,H) = 4.6 Hz) 


363 2.54 (s, 12H) 4.00 (s, 4 H )  
(C,D,NOJ 
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lence of the methyl groups indicates that free rotation is hin- 
dered by the NH . . .O interaction observed in the solid state and 
maintained in solution without internal or external proton ex- 
change. The coupling with the NH proton confirms this inter- 
pretation. The two singlets at 6 = 2.09 and 2.77 were assigned to 
the other NMe, group coordinated to the silicon atom. The 
diastereotopy observed for the two NMe, groups results from 
the chirality of the silicon centre, chirality which indicates that 


there is no intramolecular nondis- 
? sociative isomerization process 


around the silicon centre. In con- dii("o)i o \  PPN+ trast the silicate 6,"l in which there - 
is no intramolecular hydrogen 


6 bonding, undergoes this in- 
tramolecular isomerization pro- 


cess with a very low activation energy (AG * <28 kJmol-'). 
This indicates that the isomerization process is hindered in 2 
because of the hydrogen bonding. At 243 K the two methylene 
groups connected to the nitrogen atoms are also quite distinct 
(Fig. 1 g, Table 1). The signals were assigned by proton irradia- 
tion: the methylene protons of the coordinated CH,NMe, 
group appear as an AX system owing to the chirality of the 
silicon centre. The methylene protons connected to the proto- 
nated amino group are different for the same reason. However, 
one appears as a doublet and the other as a doublet of doublets 
because of coupling with the ammonio proton. This also con- 
firms the absence of any inter- or intramolecular proton ex- 
change reaction at this temperature. As the temperature is raised 
(Fig. I) ,  a first coalescence of the N-methyl and methylene sig- 
nals was observed at T, = 295 K in [D,]acetonitrile, giving rise 
to two broad signals for the NMe, groups and two others for the 
methylene protons at 333 K (Fig. 1 d). One methyl signal 
(6 = 2.87) and one methylene signal (6 = 4.30) were assigned to 
the free protonated CH,NMe, unit while the other methyl 
(6 = 2.50) and methylene (6 = 4.00) signals were attributed to 
the CH,NMe, unit coordinated to the silicon centre. These two 
sets of two signals for each CH,NMe, group show that at this 
time the hydrogen bond breaks, allowing the intramolecular 
nondissociative isomerization process to occur as previously 
observed in 6.15] These two processes are synchronous. The AG' 
calculated from the coalescence temperature of the N-methyl 
signals was found to be 64.2 kJ mol - ' . This value corresponds 
to the breaking of the hydrogen bond and not to the isomeriza- 
tion process, which requires little energy.['] On further heating, 
a second coalescence of the N-methyl and the methylene signals 
was observed in [D,]acetonitrile at 350 K (Fig. 1 a). Sharp sin- 
glets for the methylene protons and for the methyl groups are 
observed at 363 K in [DJnitrobenzene (Fig. 2a). This pattern is 


t : Solvent 


* ., 
343 K d L @ )  


I I 
' 210 . I 


PPM 4.0 3.0 
Fig 2 250 MHz 'HNMR spectra of 2 in [D,]nitrobenzene 


indicative of the equivalence of the two CH,NMe, units. This 
equivalence is consistent with a rapid coordination-decoordi- 
nation process"71 involving the two NMe, groups along with 
transprotonation from one group to the other. The AG * for this 
coordination - decoordination process has been estimated to be 
73 kJ mol- ' from the coalescence temperature of N-methyl 
signals. 


Basic properties of the silicate 1 : Abstraction of the proton from 
2 is very difficult: 2 is deprotonated neither in pyridine nor with 
potassium methoxide or sodium hydride in CH,Cl,, nor even 
with 1,8 bis(dimethy1amino)naphthalene (3, proton sponge), 
which is a strong but bulky baset4] (Scheme 4). 2 is quantitative- 


e, f, g. or h 
I \ 


. 
Me2 HK I cHH,c12 
2 la M = K  


l b  M=PPN 


Scheme 4. Reactivity of 2 toward basic reagents and of 1 toward acidic reagents: 
a) pyridine (solvent); b) HNa (1 equiv) in CH,CI,; c) KOMe (1 equiv) in CH,CI,; 
d) 3 in CD,CI,; e) MeOH (solvent), M = PPN; f)  CH,CO,H (1 equiv) in 
CH,CI,; g) MeOH (1 equiv) in CH,Cl,, 15 h, 25°C M = PPN; h) 7 in CD,CI,, 
M = PPN. 


ly converted into 1 a only when treated with potassium hydride 
in CH,CI, (Scheme 4). Conversely the protonation of 1 b[81 is 
very easy. It occurs instantaneously in MeOH as a solvent or in 
the presence of one molar equivalent of CH,CO,H in CH,CI, 
and even in the presence of one molar equivalent of MeOH in 
CH,C1, but over a period of 15 hours. When 1 b is left in the air, 
atmospheric moisture induces its complete protonation over 
several days. Furthermore, in an equimolar 
mixture of 1 b and 7, immediate and com- 


action was monitored by 'HNMR spec- 
troscopy (see Experimental Procedure). ' 
nal of the ammonio proton of 2 (6 = 11.31) 
and the disappearance of the N . . . H . . . N  signal of 7 
(6 = 18.32). In addition, the spectrum shows a signal at 6 = 2.73 
(NCH, of 3) and the absence of a signal at 6 = 3.17 (NCH, of 
7). So the silicate 1 b is much more basic than the proton sponge 
3. The transprotonation equilibrium between 1 a and tBuOH 
(pK, 16.54[91) was studied in CD,Cl, by NMR spectroscopy. 
After 30 hours at room temperature an equilibrium was estab- 
lished. By comparing the integration value for the CH,N pro- 
tons in 1 a (6 = 3.40) with that for all the aromatic protons in the 
mixture, the 2: 1 a ratio was estimated to be 28: 22, giving a value 
of 16.7 for the pK, of 1 a. 


The basicity of the silicate 1 b has also been compared with 
that of the phosphorane 4, prepared according to Scheme 5. 
Reaction of 4 with a molar equivalent of HCI in CH,CI, yielded 
the corresponding ammonium salt 11 quantitatively. Subse- 
quent treatment of 11 with KPF, gave rise to the corresponding 
hexafluorophosphate 12. When equimolar amounts of 4 and 7 
were mixed in [DJDMSO, 'H NMR analysis indicated an in- 
complete proton exchange reaction that led after 10 min to an 
equilibrium between the four species 4,7,  11 and 3 (Scheme 6). 
Integration of the signals of the NMe, protons of 7 and 3 (7: 
6 = 3.17; 3: 6 = 2.73) indicates a 3:7 ratio of 13:8. Estimation 


M W - ~ ~ M ~  


plete proton exchange takes place. This re- 


The spectrum of the mixture shows the sig- 


& c1- 
7 
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Me, 
/-N 


HCI I CHzC12 


Me, 


' I  


Me2 
12 


Scheme 5. 


7 


DMSO (d& 25°C 


Scheme 6. 


3 


Me, 
11 


of the pK, of 4 gave a value of 12.8; the pK, value of 3 was 
12.34.['01 In contrast, evidence for a complete and immediate 
proton exchange reaction was obtained in 'H NMR spec- 
troscopy by mixing an equimolecular amount of 1 b and the salt 
12 in CD,CN. Integration of the signals of the NMe, protons 
shows the disappearance of the protonated phosphorane 12 
(6 = 2.46, 2.97 and 3.08) and of the NMe, signals of the phos- 
phorane 4 (6 = 2.28). These experiments indicate that 4 has a 
basicity comparable to that of the 1,8-bis(dimethyl- 
amino)naphthalene but above all that the silicate 1 b is much 
more basic than the phosphorane 4. 


The unexpected basicity of the silicate 1 has both structural 
and electronic causes. The comparison of the X-ray structures of 
1 b['] and of zt3] (Fig. 3) shows that the geometry of the zwitter- 
ion 2 approximates more to the "quasi-perfect octahedron" 
than that of the silicate 1 b, which is favourable to the formation 
of 2. Atoms N 1 and 0 2, C 1 and 0 3, 0 4  and 0 1 located on 


1 2 


Fig. 3. ORTEP drawing of the molecular structures of 1 band 2 showing the num- 
bering scheme. 


opposite sides of the central silicon atom give bond angles of 
174.6, 168.8 and 175.9", respectively, while 01-Si-N 1, 04-Si- 
0 2 and 0 3-Si-C 1 angles on silicate 1 b are 170.4, 164.9 and 
174.3", respectively. In this hexacoordinate complex the nega- 
tive charge is not centred on the silicon atom["' but distributed 
around the oxygen atoms. That could explain the easy forma- 
tion of the hydrogen-bonding interaction resulting in com- 
pound 2. This interpretation is consistent with the high reactiv- 
ity of anionic hypercoordinated silicon complexes toward 
nucleophilic reagents."'. 131  It is to be noted that the ammonio 
proton on 2 is located in between the nitrogen atom and the 
oxygen 0 4  with an N-H distance of 1.16 8, and an H . . . O  
distance of 1.62 A. This H . . . O  distance represents a significant 
bonding interaction, much stronger than the H .  . .O interac- 
tions observed on zwitterionic A5 spirosilicates such as 8, 9 and 
10, whether the H . . . O  interaction is intramolecular as in 81141 
(2.042 A) and 9[15] (1.819 A) or intermolecular as in 10"51 
(2.069 A). 


9 8 10 


Conclusion 


While several zwitterionic A5 spirosilicates have been report- 
ed,[16] few examples of zwitterionic A6 species are 17] 


The zwitterion 2 is particularly stable because of the hydrogen 
bonding between one NMe, group and one oxygen atom. Such 
an interaction allows an appreciable modification of the ar- 
rangement of the atoms around the silicon leading to an octahe- 
dron more perfect than in the silicate lb .  The stability of 2 
explains the very easy protonation of the silicate 1 b. Conversely 
the very difficult abstraction of the proton from the zwitterion 
2 results from the strength of the hydrogen bond and also to 
steric hindrance. 


Experimental Procedure 
All the reactions were performed under a dry nitrogen atmosphere by standard 
Schlenk techniques. 'H, "C, 29Si and ,'P NMR spectra were obtained with a 
Bruker WP-200-SY or a Bruker 250AC spectrometer. Solid-state NMR spectra 
were recorded on a Bruker AM-300 spectrometer. 'H, 29Si and I3C chemical shifts 
are reported relative to Me$, and 31P chemical shifts relative to H,PO,. Elemental 
analyses were performed by the Centre de Microanalyse du CNRS. 


{2,6-Bisl (dimethylamino)methyl~phenyl}silane (5): A solution of {2,6-bis[ (dimethyl- 
amino)methyl]phenyl}trimethoxysilane [2] (8 g, 25 mmol) in ether (60 mL) was 
added dropwise at 0°C to a suspension of LiAIH, (1.54 g, 40 mmol) in ether 
(60 mL). The mixture was stirred at room temperature for 2 d. The solvent was then 
removed under vacuum and the residue was taken up in pentane (40 mL). After 
filtration, the solution was concentrated and the oily residue was distilled to give 
5.4 g of 5 (23.8 mmol, 95%); b.p. 45-50°C/0.1 Torr; 29Si NMR (39.76 MHz, CD- 
CI,): -81.4 (t, 'J(Si,H) = 200 Hz); '5N('H} NMR (20.28 MHz. CDCI,, 
CH,NOz): -349 (s); 'HNMR (250 MHz, CDCI,): 2.11 (s, 12H, NCH,), 3.47 (s, 
4H, CH,N),4.05 (s, 3H. SiH,), 7.0-7.24(m, 3H, Ar); "C{'H} NMR (62.89 MHz, 
CDCI,,): 43.3 (NCH,), 63.8 (CH,N), 126.8, 127.8, 128.5, 232.8, 138.9, 147.9 (Ar); 
IR (CC1,): 2099,2122 and 2149 (SiH); MS (70 eV, EI) m/z  (%): 222 (63) [ M  'I, 58 
(100) [H,C=NMe:]: C,,H,,N,Si (222): calcd C 64.86, H 9.90, N 12.60; found C 
63.98, H 9.20, N 12.60. 
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{Z-1 (Dimethylammonio)methyl]-6-[ (dimethylamino)methyl]phenyl}bis( 1 ,Z-benzenedi- 
o1ato)silicate (2): A solution of {2,6-bis[(dimethylamino)methyl]phenyl}tri- 
methoxysiiane (2.25 g, 7.2 mmol) in ether (30 mL) was added dropwise at  room 
temperature to a solution of catechol (1.58 g, 14.4mmol). A white precipitate 
formed immediately. After half an hour of stirring, the precipitate was filtered and 
washed three times with ether. After drying under vacuum, 2.8 g (6.42 mmol, 89%) 
of 2 was obtained as a white solid; m.p. 219-221 "C; "Si NMR (39.76 MHz, 
CD,CI,): -134.9 (s); 29Si CP MAS NMR (59.62 MHz): -134.5 (s); 'HNMR 
(80 MHz, CD,CI,, 25°C): 2.30 (br, 6H, NCH,), 2.47 (br, 6H, NCH,), 3.92 (br, 
4H, CH,N), 6.20-6.48 (2m, 8H,  Ar), 6.70-7.03 (m, 3H, Ar), 11.3 (s, l H ,  NH); 
'HNMR (250MHZ. CDZCI,, -40°C): 2.13 (s ,  3H, NCH,), 2.65 (d, 3H, 
'J(H,H) = 4.8 Hz,NH(CH3)),2.82(s, 3H, NCH,), 3.01 (d, 3H, 'J(H,H) = 4.8 Hz, 
NH(CH,)), 3.34 (d, l H ,  'J(H,H) =13.8 Hz, CH,N), 3.40 (dd, l H ,  
2J(H.H) = 12 Hz, 'J(H,H) = 4.8 Hz, CH,N), 4.60 (d, 1 H, 'J(H,H) = 14 Hz, 
CH2N),4.96(d, l H ,  'J(H,H) =12 Hz, CH,N), 6.38-6.70(2m, 8H, Ar),6.9-7.15 
(m. 3H,  Ar), 11.29 (s, l H ,  NH); (250 MHz, C,D,NO,, 90°C): 2.54 (s, 12H. 
NCH,), 4.00 (s, 4H, CH,N), 6.33-6.48 (2m, 8H, Ar), 6.70-6.81 (m. 3H, Ar), 
11.39 (s, l H ,  NH); MS (positive-ion FAB, NBA) m / z  (%): 437 (100) [ ( M  +H)+]; 
MS (negative-ion FAB, NBA) m / r  (%): 435 (100) [ ( M  - H)-]; C,,H,,N,O,Si 
(436): calcd C 65.93, H 6.52, N 6.42; found C 66.05, H 6.42, N 6.42. 


Preparation of 2 in MeOH: A solution of catechol (0.76 g, 6.92 mmol) in MeOH 
(10mL) was added dropwise at room temperature to a solution of {2,6-bis- 
[(dimethylamino)methyl]phenyl}trimethoxysilane (1.08 g, 3.46 mmol) in MeOH 
(10 mL). A white precipitate appeared immediately. After stirring for 10 min, the 
reaction mixture was cooled to 0°C and 1.8 mL of a 20% Me,NOH solution in 
MeOH was added. The reaction mixture was stirred for 1 h at room temperature, 
and the solvent was then removed under vacuum. Recrystallization of the residue 
from CH,CN gave 1.1 g (2.52 mmol, 73%) of 2; m.p. 221-222°C; "Si NMR 
(39.76 MHz, CDCI,): - 134.4 (s). 


Preparation of 2 in CH,CI,: A solution of {2,6-bis[(dimethylamino)methyl]phenyl}- 
trimethoxysilane (0.79 g, 25.3 mmol) in CH,CI, was added dropwise at room tem- 
perature to a mixture of catechol (0.56 g, 5.06mmol) and KOMe (0.35 g, 
5.06 mmol) in CH,CI, (60 mL). The reaction mixture was stirred at room tempera- 
ture for 6 hours. After filtration to remove unreacted KOMe, half ofthe solvent was 
removed under vacuum. The concentrated solution was cooled overnight to give 
0.74 g (1.69 mmol, 67%) of 2; m.p. 218-220°C; 29Si NMR (39.76 MHz, CDCI,): 
-134.3 (s). 


Preparation of 2 in pyridine: A solution of {2,6-bis[(dimethylamino)methyI]phenyl)- 
trimethoxysilane (1.15 g, 3.7 mmol) in pyridine (20 mL) was added dropwise at 
room temperature to a solution of catechol (0.8 g, 7.4 mmol) in pyridine (20 mL). 
A light precipitate appeared after one hour of stirring. The reaction mixture was 
refluxed for 2 h. The pyridine was then removed and the residue was washed three 
times with ether. 1.4g (3.3 mmol, 87%) of 2 was obtained. M.p. 218-220°C; "Si 
NMR (39.76 MHz, CDCI,): -134.4 (s). 


Preparation of 2 from 5 :  A solution of {2,6-bis[(dimethylamino)methyI]phenyl}- 
silane 5 (0.6 g, 2.7 mmol) in THF (1 5 mL) was added dropwise at room temperature 
to a solution ofcatechol(O.6 g, 5.4 mmol) in THF (10 mL) in the presence of MeOK 
(0.19 g, 2.7 mmol). A white precipitate appeared immediately. The reaction mixture 
was stirred for 30 min at room temperature. The precipitate was then filtered and 
washed twice with ether (15 mL), giving 1.1 g (2.51 mmol, 93%) of 2; m.p. 222- 
223 "C; 'H NMR (80 MHz, CD,CI,): 2.29 (br, 6H,  NCH,). 2.56 (br, 6H, NCH,), 
3.85(br,4H,CH,N),6.17-6.50(m,8H,Ar),6.65-7.00(m,3H,Ar),11.31 (s , lH,  
NH). 


Monoprotonated 1,8-bis(dimethylamino)naphthalene (7): A solution of HCI in ether 
( 1 . 3 1 ~ ,  7mL) were added at 0°C to a solution of 1,8-bis(dimethylamino)- 
naphthalene (3) in ether (20 mL, 9.15 mmol). After half an hour of stirring, the 
precipitate formed was filtered off at room temperature, washed with ether and 
dried under vacuum to give 1.95 g (6.9 mmol, 85%) of 7 as a beige powder; m.p. 
208-209°C; 'HNMR (250MHz, [D6]DMSO): 3.17 (d, 12H, 'J(H,H) =1.9 Hz, 
NCH,), 7.71-8.15(2m, 6H, Ar), 18.32(s, l H , N H ) .  


Proton exchange reaction between the ammonium salt 7 and the silicate 1 b: Com- 
pound 1 b (38 mg, 39 x lo-' mmol) and salt 7 (9.8 mg, 39 x lo-' mmol) were dis- 
solved in CD,CI, (1 mL). The proton exchange reaction was monitored by 
'HNMR spectroscopy. It took place immediately. 'H NMR (250 MHz, CD,CI,, 
25°C): 2.48 (s, 6H, NCH, of2), 2.63 (s, 6H, NCH, of2),  2.69 (s, 12H, NCH, of 
3). 4.02 (br, 4H, CH,N of 2), 6.50-7.85 (3m, 47H. Ar), 11.31 (s, 1 H, NH of 2). 


Proton exchange reaction between 1 a and rBuOH: 1 a (42 mg, 94 x mmol) was 
mixed with a solution of tBuOH (7.0 mg, 94 x mmol) in CD,Cl, (1.2 mL). The 
proton exchange reaction, which was monitored by 'H NMR spectroscopy, oc- 
curred after 30 h a t  room temperature. 'H NMR (250 MHz, CD,CI,): 2.11 (s, 12H, 
NCH,of1a),2.72(br,6H,NCH,of2),2.96(br,6H,NCH3of2),3.35(br,1H. 
CH,N of 2), 3.40 (s, 4H, CH,N of la) ,  3.62 (br. 1 H, CH,N of Z), 4.65 (br. 1 H, 
CH2Nof2).5.04(br, lH,CH,Nof2),6.45-7.29(4m,22H,Aroflaand2),  11.51 
(br, 1 H, NH of 2). 


{2,6-Bis[(dimethylamino)methy4phenyl}(henzene-l,2-diolato)phosphorane (4): A so- 
lution of 2,6-bis[(dimethylamino)methyl]phenyllithium (5.24 mmol) in ether 
(30 mL) was added dropwise at - 30 "C to a suspension of chlorobis(l,2-benzenedi- 
o1ato)phosphorane [18] (1.48 g, 5.24 mmol) in ether (25 mL). The reaction mixture 
was stirred for 3 h at room temperature and the solvent was then removed under 
vacuum. The residue was taken up again with 20 mL of CH,CI,. The precipitate of 
LiCl was filtered through Celite and the solvent was evaporated under vacuum to 
leave a foam which was washed with ether (30 mL). The resulting solid was recrys- 
tallized from toluene to yield 4 as white crystals (1.3 g, 57%); m.p. 186 "C (de- 
camp.); 31P{1H) NMR (101.25 MHz, CDCI,): -73.9 (s), (121.49 MHz, solid 
slate): -77.0 (s); 'HNMR (250 MHz, CD,CN, 25°C): 2.28 (s, 12H, NCH,), 3.75 
(br, 2H,CH2N),4.04(br,2H,CH,N),6.04-6.60(2m,8H,Ar), 7.05-7.30(m, 3H, 
Ar); 'HNMR (250MHz, CD,CI,, -60°C): 2.22 (s, 6H, NCH,), 2.38 (d, 3H, 
'J(P,H)= 5.6Hz,NCH3),3.01 (s,3H,NCH3),3.60(dd, l H ,  'J(H,H)=13.9Hz; 
'J(P,H)=4.9Hz,CH2N).3.75(d, lH,2J(H,H)=15.9Hz,CH,N),3.96(d, l H ,  
'J(H,H) =15.9 Hz, CH,N), 4.82 (d. l H ,  'J(H,H) =15.8 Hz, CH,N), 6.60-7.62 
(Sm, 11H, Ar); (250MHz, C,D,N, 80°C): 2.56 (d, 12H, 'J(P,H) = 2.1 Hz, 
NCH,), 4.3 (s, 4H, CH,N), 6.75-6.95 (2m, 8H, Ar), 7.25-7.35 (m, 3H, Ar); 
I3C{'H} NMR(250 MHz, CDCI,): 47.3(NCH3),63.3; 63.4(CH2N), 110.0; 110.2; 
120.3; 126.0; 126.3; 128.5; 128.6; 139.8; 143.6; 145.0; 145.1 (Ar); MS (positive-ion 
FAB, 2-nitrophenyloctylether) m/z (%): 439 (100) [ ( M  +H)+]; C,,H,,N,O,P 
(438): calcd C 65.74, H 6.20, N 6.38; found C 65.92, H 6.30, N 6.41. 


{ 2- [ (dimethylammonio) methyl]- 6- [ (dimethy lamino) methyl] phenyl} (benzene - 1 ,2 - di- 
o1ato)phosphorane chloride (11): A solution of HCI (0 .08~,  20mL, 1.6mmol) in 
CH,CI, was added dropwise at 0 "C to a solution of 7 (0.72 g, 1.64 mmol) in CH,CI, 
(20 mL). The reaction mixture was stirred at room temperature for 1 h, then filtered 
off and the solvent removed under vacuum to leave 0.75 g (1.57 mmol, 96%) of a 
light violet solid; m.p. 221 "C. (decomp.); 3'P{'H} NMR (101.25 MHz, CDCI,): 
-78.6(s); "P('H] CPMASNMR(121.49 MHz): -82.4(s); 'HNMR(250MHz, 
CD,CN, 0°C): 2.42 (d, 3H,  'J(P,H) = 6.6Hz, NCH,), 2.78 (d, 3H, 
'J(H,H) = 4.8 Hz, NCH,), 2.82 (d, 3H, ,J(H,H) = 4.8 Hz, NCH,), 3.05 (d, 3H, 
'J(P,K)=3.7Hz. NCH,), 3.80 (dd, t H ,  'J(H,H)=14.8, 3J(P,H)=10.3Hz, 
CHZN),4.43(dd,1H,'J(H,H) =13.3H~,~.l(P,H) = 5.2Hz,CHZN),4.86(dd, l H ,  
'J(H,H) =14.8 Hz, 'J(P.H) = 3.3 Hz, CH,N). 5.10 (dd. l H ,  'J(H,H) ~ 1 3 . 3  Hz, 
3J(P,H)=7.0Hz,CH,N),6.56-8.0(3m, llH,Ar),11.35(s,fH,NH);(250MHz, 
CDBr,, 120°C): 2.65(s, 12H,N(CH3),),4.40(br,4H,CH,N), 6.2-8.2(3m, l l H ,  
Ar), 11.40 (s, l H ,  NH); MS (positive-ion FAB, NBA) mi-. (%): 439 (100) 
[ ( M  - CI)+]. 


{2-[(dimethylammonio)methyl]-6-~(dimetbylamino)methyl]phenyl}(benzene-1,2-dio- 
1ato)phosphorane hexafluorophosphate (12): A solution of KPF, (0.28 g, 1.51 mmol) 
in acetonitrile (7 mL) was added dropwise at room temperature to a solution of 11 
(0.72 g, 1.51 mmol) in acetonitrile (10 mL). The resulting mixture was stirred for 
18 h. The KC1 precipitate was then filtered off and the solvent removed under 
vacuum. The resulting solid was recrystallized from CH,CI, to give 0.4g 
(0.68mmo1, 45%) of light violet crystals of 12; m.p. 219-220°C; "P NMR 
(101.2MHz, CD,CN): -81.8 (s), -143.2 (sept, 'J(P,F) =706Hz); 'HNMR 
(250 MHz, CD,CN, 25 "C): 2.46 (d, 3H, ,J(P,H) = 4.9 Hz, NCH,), 2.97 (s ,  3H, 
NCH,), 3.08 (s ,  6H, NCH,), 3.90 (t. 1 H, J(H,H) = 12.4 Hz, CH,N), 4.09 (d, 1 H, 
'J(H,H) = 12.2 Hz, CH2N), 4.86 (d. 1 H, 2J(H,H) = 14.1 Hz, CH,N), 5.06 (d, 1 H, 
'J(H.H) =12.5 Hz, CHIN), 6.77-6.96 (m, 8H, Ar), 7.30-7.49 (m, 3H, Ar); MS 
(positive-ion FAB, NBA) m/z (%): 439 (100) [ ( M  - PF,)+]; MS (negative ion, 
NBA) m/z  (%): 145 (100) [(PFJ]; C,,H,,F6N,0,P, (584): calcd C 49.31, H 4.79, 
N 4.79; found C 49.41, H 4.74, N 4.82. 


Proton exchange reaction between 4 and 7: Phosphorane 4 (49 mg, 0.11 mmol) was 
added to a solution of 7 in [D,]DMSO (1 mL). The proton exchange reaction was 
monitored by 'H NMR. Equilibrium was reached after 10 min. 'H NMR 
(250MHz,[D6]DMS0,25"C): 2.1-3.0(br,24H,NCH30f4and 11),2.73(s, 12H, 
NCH, of 3), 3.15 (s, 12H, NCH, of 7), 3.65-5.05 (br, 8H,  CH,N of 4 and a), 
6.57-8.13 (4m, 34H, Ar). 


Proton exchange reaction between l b  and 12: Phosphorane 12 (10mg, 
1.7 x mmol) was added to a solution of l b  (16.5 mg, 1.7 x lo-' mmol) in 
CD,CN (1 mL). The transprotonation, monitored by 'HNMR, was immediate. 
'HNMR (250MHz, CD,CN, 25°C): 2.13 (br, 6H, NCH, o f t ) ,  2.29 (s, 12H, 
NCH, of 4), 2.63 (br, 6H, NCH, of 2). 3.75 (br, 2H, CH,N of 4), 4.05 (br, 2H, 
CH,N of 4). 3.10-4.87 (br, 4H, CH,N of 2). 6.26-7.47 (4m, 52H, Ar), 10.58 (s, 
1 H, NH of 2). 
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FULL PAPER 


NMR Chemical-Shift Anomaly and Bonding in Piano-Stool Carbonyl and 
Related Complexes-An Ab Initio ECP/DFT Study 


Martin Kaupp* 
Dedicated to Professor Hans Georg von Schnering on the occasion of his 65th birthday 


Abstract: The origin of the unusually 
large carbonyl 13C shifts and of unusual 
periodic trends in four-legged piano-stool 
complexes [M(qS-C,H,)(CO),]- (M = Ti, 
Zr, Hf) and in related species has been 
investigated by using a combination of ab 
initio effective-core potentials (ECPs) and 
density-functional theory (DFT). The 
ECP/SOS-DFPT(IGL0) calculations in- 
dicate a considerable reduction in the an- 
isotropy of the 13C(CO) chemical shift 
tensors compared to terminal carbonyl 
ligands in “normal” complexes. This is 
due to large paramagnetic contributions 
from metal d A 0  type (dZ2, dXy) orbitals to 
the parallel component, c3, ,  of the shield- 
ing tensors of the carbonyl carbon atoms. 
The neutral d4 Group 5 and 6 complexes 


[M(q5-C,H,)(CO),] (M = V, Nb, Ta) and 
[M(q5-C,H5)(CO),CH,] (M = Cr, Mo, 
W) exhibit successively smaller but still 
significant paramagnetic d-orbital contri- 
butions to c3,, consistent with the ob- 
served less dramatic deshielding. The 
three-legged d6 piano-stool complexes 
[M(r5-C,H,)(CO),] (M = Mn, Tc, Re) do 
not exhibit these reductions of the shield- 
ing anisotropy, but have carbonyl 13C 


shift tensors comparable to regular octa- 
hedral carbonyl complexes. The special 
situation for the four-legged complexes is 
related to the presence of high-lying occu- 
pied metal d orbitals, and particularly to 
the favorable spatial arrangement of these 
d orbitals with respect to the carbonyl lig- 
ands. Bent-sandwich d2 complexes like 
[Zr(q5-C,H,),(CO),] exhibit comparable 
deshielding contributions from an occu- 
pied metal d orbital. For similar reasons, 
the ”0 resonances for these piano-stool 
and bent-sandwich complexes are also 
predicted to be at unusually high frequen- 
cies, with low shift anisotropy. NMR 
shifts for the (q5-C,H,)-ligand atoms and 
the structures of the complexes are also 


Introduction 


Complementary to the 3(CO) vibrational frequencies, the I3C 
NMR chemical shifts are the most important experimental 
probes for the molecular and electronic structures in transition- 
metal carbonyl complexes. The 13C chemical shifts of terminal 
carbonyl groups in transition-metal complexes typically range 
from approximately 6 = 170 to 240 (vs. TMS).[1-41 However, 
during the last decade, several groups have prepared and char- 
acterized carbonyl complexes of the early transition metals 
with terminal carbonyl 13C resonances in the range of 6 = 260 
to 320 (cf. Table 1),[5-11] that is, with chemical shifts that are 
more characteristic for bridging rather than for terminal CO 
ligands. 


Most of these compounds are four-legged piano-stool d415 - 71 


or bent-sandwich d2 complexes[8.91 of the Group 4 metals Ti, 
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and 
Institut fur Theoretische Chemie, Universitaet Stuttgart 
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discussed. 


Zr, and Hf (Table 1). These complexes have very electron-rich 
metal centers and a high degree of M + CEO backbonding, as 
indicated by their relatively low carbonyl IR f req~encies .~~ - lo] 


Therefore, the large 6 3C(CO) has been related to backbond- 
ing.[5e,f3 71 However, there are several indications[5e,fl that this 


Table 1. Examples of unusually large 6(”CO terminal) in transition-metal carbonyl complex- 
es [a]. 


6(I3CO) Ref. 6(”CO) Ref. 


[TiCp(CO),I ~ 289 [5a,b,e,fl [Zr(qS-C,R,)(CO),(dmpe)CI] 279 
[ z rc~(co ) , l -  292 [5 a,b,e] [Hf(qS-C,R,)(CO),(drnpe)Cl] 283 
[H~CP(CO),I- 291 [ 5  d,e] [{HB(Pz),}Ti(CO),] ~ 286 
[T~(T’-C,M~,)(CO),]- 293 [5a,b,e,fl [Ti(trmpe)(CO),] 278 
[Zr(qS-C,Me,)(CO),]- 296 [5a,b,e] [Zr(trmpe)(CO),] 284 
[Hf(q5-C,Me,)(CO),]- 296 [5 d,e] [Hf(trmpe)(CO),] 282 
[Ti(Ind)(CO),]- 289 [5 g] [Ti(trimpsi)(CO),] 277 
[Ti($-C,R,)(CO),PR,]- 299-308 [5 f l  [ZrCp,(CO),] 265 
[Ti($-C,R,)(CO),(dmpe)]- 311 -320 [5Q [MCp,(CO)L] [b] 260- 


311 
[Ti(q5-C,R,)(CO),PR,H] 267-273 [ S f l  [V(CO),]’- 290 
[Ti(q’-C,R,)(CO),(dmpe)H] 267 [5c] [Ta(C0),l3- 293 
[Ti(q5-C,R,)(CO),(dmpe)I] 267,254 [5e] 


_ _ _ _ _ ~  ~ 


[a] In ppm vs. TMS. R = H, CH,; dmpe = 1,2-bis(dimethylphosphino)ethane; Ind = 


indenyl; Pz = pyrazolyl; trimpsi = tBuSi(CH,PMe,),; trmpe = 1,1,1-tris(dimethy1phosphi- 
nomethy1)ethane; Cp = qs-C,H,. [b] M =Ti,  Zr, Hf; L = PMe,, P(OMe),, CNR, ‘1,- 
Me,SiNtBu. 
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does not sufficiently explain the exceptionally large carbonyl 
13C NMR shifts: 


The trends in I3C(CO) chemical shifts are not always related 
to those of the IR frequencies. Thus, for example, the car- 
bony1 13C shifts in the half-sandwich carbonyl anions 
[FeCp(CO),]-, [CrCp(CO),]-, and [TiCp(CO),]- (Cp = q5-  
C,H,) span a very large range, while the IR-active S(C0) 
values for these three species are similar (cf. Table 2).[5f1 
There are a number of complexes closely related to those 
with the unusually high 13C shifts, such as [Hf(1,3,5- 
IBU,C,H,),(CO)][’~~ or the highly reduced carbonyl anions 
[M(CO),]2- (M = Ti, Zr, Hf),[I3l which exhibit much lower 
613C(CO) values (6x240-250). Note that the latter dian- 
ions have very low values for O(C0) (ca. 1750 cm-I), consis- 
tent with appreciable backbonding (Table 2). 


Table 2. Lack of correlation between shifts and IR frequencies 


compound 


[a] Y. Wielstra, S .  Gambarotta, J. B. Roedelof, M. Y Chiang, OrganometaNics 1988, 
7 ,  2177. [b] J. E. Ellis, E. A. Flom, J. Organornet. Chem. 1975, 99, 263. [c] G. M. 
Bodner, L. J. Todd, Inorg. Chem. 1974,13,1335. [d] P. Hackett, P. S .  ONeill, A. R. 
Manning, 1 Chem. SOC. Dalton Trans. 1974, 1625. [el Ref. [se]. [fl Ref. [13]. 


3) Normally, I3C shifts for terminal CO ligands decrease upon 
descending a given triad, for example, 6 = 212,204, and 192 
for Cr(CO),, Mo(CO), , and W(CO),, respectively.[’] How- 
ever, in cases where all Group 4 piano-stool complexes for a 
given set of ligands have been studied, namely, for [MCp- 
(CO)41-,[51 [M{C,(CH3)5}(CO),I-,[5’ and [M(trmpe)(CO),I 
(M = Ti, Zr, Hf),I6I 6 13C(CO) for the titanium complex is 
very similar to and even slightly smaller than that for the 
corresponding Zr and Hf analogues (cf. Table 1). 


These pecularities suggest that there is something special 
about the mechanisms determining 6 13C(CO) in the Group 4 
piano-stool d4 and bent-sandwich d2 carbonyl complexes. To 
increase our understanding of the unusual NMR features and 
the bonding in these compounds, as well as of the rules govern- 
ing NMR shifts in transition-metal carbonyl complexes in gen- 
eral, we have carried out ab initio calculations of the NMR 
chemical shift tensors for the ligands in [MCp(CO),]- (M = Ti, 
Zr, Hf), and in many related species. 


We have used quasirelativistic ab initio effective-core poten- 
tials (ECPs)[l4] for the metals together with sum-over-states 
density functional perturbation theory (SOS-DFPT) .[’ 51 This 
combination of methods has recently been shown to be the first 
approach that yields accurate isotropic shieldings and shielding 
tensors for ligand atoms in transition-metal complexes.[’ 6 -  I8I 


The calculated shielding tensors may then be analyzed in terms 
of contributions from localized molecular orbitals (LMOs), or 
be broken down into contributions from individual electronic 
excitations to the sum-over-states expression. We find that para- 
magnetic contributions from nonbonding metal d orbitals are 
responsible for the unusual deshielding in the four-legged com- 
plexes. This leads to a number of generalizations that should 
help in the prediction of shifts. 


Half-sandwich carbonyl complexes of the piano-stool type 
are important organometallic reagents. The bonding in this 
class of compounds has been studied extensively, usually at 
semiempirical levels of This previous work will be 
referred to in detail in our bonding interpretations (Section 5 ) .  


Computational Methods 


For consistency (experimental structures were not available for all species), all 
structures of the piano-stool complexes were fully optimized at the gradient-correct- 
ed density-functional theory (DFT) level, using the Becke-Perdew exchange-correla- 
tion functional combination [22] (experimental structures were only used for [Zr- 
Cp,(CO),] and for [M(CO),]2- (M = Ti, Zr, Hf); cf. Sections 7 and 8, respectively). 
The optimizations were carried out without any symmetry restrictions. Quasirela- 
tivistic energy-adjusted metal ECPs and (8s7p 6d)/[6s 5p3d] GTO valence basis sets 
[14] were used. For comparison, in the cases of [HfCp(CO),]- and [ReCp(CO),], 
nonrelativistic metal-ECP [I4 b] calculations were also carried out. In the optimiza- 
tions, ECPs were also used for C and 0, with (4s4p ld)/[2s 2p Id] valence bases [23] 
A (4s)/[2s] basis[24’ was employed for hydrogen. The ECPs have been transformed 
to nonlocal form [25] for technical reasons [26]. The transferability of this type of 
ab initio ECPs into DFT applications has been studied in detail and was found to 
be excellent [16-18,26,27]. Auxiliary basis sets [28] for the tit of the exchange-cor- 
relation potential and of the charge density were of the sizes 3,4 for the metals, 3,3 
for carbon and oxygen, and 4.0 for hydrogen (n,m stands for n s functions and m 
spd shells). A “FINE” integration grid [lS,28] was used throughout this study. 
For the chemical-shift calculations, the sum-over-states density-functional pertur- 
bation theory (SOS-DFPT) approach was used in its LOC 1 approximation [I51 
with individual gauges for localized orbitals (IGLO) [29]. The exchange-correlation 
functional of Perdew and Wang (1991) [30] was employed. The same metal ECPs 
and valence basis sets were used as for the structure optimizations (cf. above), but 
all electrons on the ligand atoms were included explicitly using IGLO-I1 basis sets 
[29]. We employed auxiliary bases of sizes 5,2 (0, C) and 5 , l  (H). 
The I3C and ‘H shifts are given with respect to TMS, and ”0  shifts with respect 
to H,OVaP. The structures of the reference molecules were optimized at the same 
computational levels as those of the complexes. The computed absolute shieldings 
of TMS are 187.5 (C) and 31.0 (H) ppm. The oxygen shielding of H,O is calculated 
to be 307.3 ppm. 
Most calculations were carried out with a modified version of the LCGTO-MCP- 
DFT program deMon [28]. NBO population analyses [31] were performed with the 
built-in NBO routines of the Gaussian92/DFT program [32]. These latter calcula- 
tions involve no fitting of charge density and exchange-correlation potential. They 
were based on the structures obtained with deMon. 


Results 


1. Structure Optimizations: A high accuracy of the optimized 
molecular structures is important for the chemical-shift calcula- 
tions, as shielding tensors are very sensitive to the structural 
parameters.r291 Apart from these considerations, the structures 
are interesting in their own right (not all of them are known 
experimentally) and will be discussed briefly before turning to 
the NMR results in the following section. 


Calculated and, where available, experimental bond lengths 
for the Group 4 [MCp(CO),]-, the Group 5 [MCp(CO),], and 
the Group7 [MCp(CO),] complexes are summarized in Ta- 
bles 3,4, and 5, respectively (the structures for Group 6 [MCp- 
(CO),CH,] species will be discussed in Section 6; see Fig. 1 for 
the atom labeling). Where experimental data are available (for 
the Ti,[’”] V,[33a1 Nb,[33b1 Mn,[33c1 and Re[33d1 complexes), the 
calculated distances from the metal to the cyclopentadienyl lig- 
ands are found to be slightly too long (by ca. 0.02-0.05 8, for 
the M . . . ring centroid separations). If we extrapolate the devi- 
ations from experiment to those complexes where no experimen- 
tal data are available, and keep in mind that the Group 4 species 
bear one negative charge (and the calculations on the free anions 
should thus exhibit an additional systematic error due to the 
neglect of solvation and counterion effects), we can expect that 
the calculated M-Cp separations for the Zr and Hf complexes 
are overestimated by approximately 0.06 A. 
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<C(O)-MC(O)U, 


' C(0) .... C ( 0 h  


<C(O)-M 


Fig. 1. Definition of internal coordinates and atom labels for piano-stool complex- 
es. Top: [MCp(CO),]; bottom: [MCp(CO),]. 


For all other bond lengths, the agreement with experiment is 
better than about 0.02A (one very short C - 0  bond length 
measured for the Nb complext33b1 is probably unreliable). The 
variation of the C-C distances within the Cp ligands is calculat- 
ed to be somewhat smaller than found in the experimental data. 
C - 0  bond lengths are very similar for all complexes (slightly 
greater in the Group 4 anions), as are the C-H bond lengths. 
Note that for the four-legged complexes the C-H bond that 
bisects a C(C0)-M-C(C0) angle (C,  -H, cf. Fig. 1 ,  top) is some- 
what longer than the other four C-H bonds and slightly bent 


Table 4. Calculated (experimental values in parentheses) bond lengths (A) and bond angles 
(") for [MCp(CO),] (M = V, Nb, Ta) [a]. 


M-Cp 1.932 (1.913) 2.137 (2.084) 


M-C,(Cp) 2.320 2.500 
M-C(C0) [c] 1.914 (1.940) 2.082 (2.096) 
c-0 [c] 1.162 (1.145) 1.161 (1.112 [d],1.145) 
C-H [b] 1.094 1.095 
C,-H 1.106 1.105 
C-C [el 1.422-1.428 (1.397- 1.432) 1.425-1.432 (1.390- 1.427) 


M-C(Cp) [b] 2.247-2.287 (2.226-2.321) 2.438-2.461 (2.377-2.408) 


C(C0)'. K(C0)  
cis [fl 2.360 2.523 
trans [g] 3.336 3.577 


C(C0)-M-C(C0) 
cis [fl 76.1 74.6 
trans [g] 121.2 117.8 


2.149 
2.438-2.470 
2.517 
2.098 
1.163 
1.095 
1.106 
1.423-1.433 


2.554 
3.615 


75.0 
118.9 


[a] Fully optimized structures, see computational details section. See Figure 1 (top) for 
internal coordinates and atom labeling. Experimental data from refs. [33a,b]. Cp = 11,- 
C,H,. [b] Range for carbon atoms 6-9. [c] Average for all carbonyl groups. [d] Value 
probably wrong, see text. [el Range for all C-C bonds. [fl Average for cis CO ligands. 
[g] Average for trunx CO ligands. 


Table 5. Calculated (experimental values in parentheses) bond lengths (A) and bond angles 
(") for three-legged piano-stool carbonyl complexes [a]. 


M-Cp 1.799 1.981 2.013 2.079 


M-C(Cp) [b] 2.170 2.324 2.355 2.408 


M-C(C0) [c] 1.786 1.917 1.932 1.976 


c-0 [c] 1.163 1.164 1.165 1.162 


C-H [b] 1.094 1.094 1.094 1.094 
C-C [d] 1.426-1.436 1.427-1.441 1.427- 1.441 1.427-1.436 


C(CO)...C(CO) [el 2.596 2.739 2.781 2.806 
C(C0)-M-C(C0) [el 93.3 91.4 92.1 90.5 


(1.775) (1.980) 


(2.149) (2.307) 


(1.808) (1.905) 


(1.148) (1.168) 


(1.424) (1.387- 1.443) 


Table 3. Calculated (experimental values in parentheses) bond lengths (A) and bond angles 
(") for [MCp(CO),]- (M = Ti, Zr, Hf) [a]. 


[a] Fully optimized structures, see computational details section; Cp = $-C,H,. See Fig- 
ure 1 (bottom) for internal coordinates and atom labeling. Experimental data from 
refs. [33c,d]. [b] Average for all Cp carbon atoms. [c] Average for all carbonyl groups. 
[d] Range for all C-C bonds. [el Average for all CO ligands. 


M-Cp 


M-Cs(Cp) 
M-C(CP) [dl 


M-C(C0) [el 
C - 0  [el 
C-H[d] 
C,-H 
c-c [fl 
c ( c o ) " ' c ( c o )  


cis kl 
Irans [h] 


cis [gl 
C(C0)-M-C(C0) 


trans [h] 


2.096 (2.049) 2.265 
2.403-2.422 (2.356) 2.536-2.582 
2.448 2.591 
1.994 (1.996) 2.184 
1.180 1.178 
1.095 1.095 
1.107 1.108 
1.417-1.427 1.419-1.430 


2.361 2.645 
3.339 3.374 


72.6 74.5 
113.7 117.8 


2.262 2.297 
2.530-2.585 2.563-2.616 
2.583 2.611 
2.182 2.214 
1.178 1.177 
1.096 1.096 
1.108 1.109 
1.419- 1.431 1.420- 1.430 


2.644 2.690 
3.738 3.804 


74.6 74.8 
117.8 118.4 


[a] Fully optimized structures; see computational details section. See Figure 1 (top) for 
internal coordinates and atom labeling. Experimental data for [TiCp(CO),] ~ from ref. [sa]. 
Cp = q5-C5H,. [b] Quasirelativistic Hf ECP. [c] Nonrelativistic Hf ECP. [d] Range for 
carbon atoms 6-9. [el Average for all carbonyl groups. [fl Range for all C-C bonds. 
[g] Average for cis CO ligands. [h] Average for trans CO ligands. 


(by ca. 4") towards the metal. This suggests agostic interactions 
which are, however, probably not very strong in view of the 
experimentally observed low barrier to rotation of the Cp ring 
relative to the M(CO), fragment (as indicated by averaged 
NMR signals and by disorder in the solid-state struc- 
t u r e ~ ' ~ ~  33a* bl). Average bond angles agree with experiment to an 
accuracy of better than about 3 "(only the calculated C(C0)-M- 
C(C0) angles are given in Tables 3-5). 


Metal-to-ligand bond lengths for the Zr and Hf complexes 
exhibit the expected similarities, as do those for the Nb and Ta 
species. The most significant structural feature that distinguish- 
es the four-legged from the three-legged piano-stool complexes 
are the small C-M-C angles for cis CO ligands (ca. 72-76' vs. ca. 
90-93" in the three-legged species). These small angles will be 
important in the interpretation of the chemical-shift tensors (see 
below). 


Comparison of quasirelativistic and nonrelativistic ECP re- 
sults for [ReCp(CO),] indicates that scalar relativistic effects 
contract the M-C(Cp) and M-C(C0) distances by approxi- 
mately 0.055 and 0.044 A, respectively. This is consistent with 
Re-L distances in other complexes.t34a1 As the relativistic con- 
traction for the Tc compounds is expected to be much smaller, 
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relativity accounts partially for the very similar Tc- L and Re- L 
distances (this also holds true for other 4d/5 d comparisons, to 
a varying degree[34b]). The corresponding relativistic contrac- 
tions of the metal-ligand distances for [HfCp(CO),]- are some- 
what smaller (ca. 0.03 A, see Table 3) than for the rhenium com- 
plex. 


2. Isotropic Chemical Shifts: Calculated isotropic carbon, oxy- 
gen, and hydrogen chemical shifts are summarized in Table 6. 
Where available, experimental data are given as well. The over- 
all agreement between calculated and experimental shifts is rea- 


Table 6. Calculated and experimental I3C, "0, and 'H isotropic chemical shifts (6) [a] for 
piano-stool carbonyl complexes 


6C(CO) 6 W P )  6 0  6H 
exp. calcd [b] exp. calcd [b] exp. calcd [b] exp. calcd [b] 


[TiCp(CO),]- [c] 289 275.3 93 96.5 474 5.05 5.4 


[HfCp(CO)J [c] 291 301.0 97 96.7 546 5.51 5.1 
[VCp(CO),] [d] 256.6 242.0 92.5 95.7 435 5.08 5.4 


[ZrCp(CO),]- [c] 292 298.8 98 95.2 541 5.55 5.7 


[NbCp(CO),] [el 251.0 250.3 94.7 97.9 469 5.9 
[TaCp(CO),I 253.6 91.2 416 5.9 
[MnCp(CO),] [fl 220-225 224.4 83.1 91.4 410 384 4.75 5.5 
[TCCP(C0)31 212.0 91.4 364 6.1 
[ReCp(CO),] [g] 195.0 208.0 84.5- 89.9 346 350 5.37 6.2 


85.9 


[a] Shifts referenced to TMS for carbon and hydrogen, and to H , W P  for oxygen, with 
positive sign-more deshielded convention. Experimental "0 data have been converted by 
adding the experimental gaslliquid shift (6 = 36) of water (R. E. Wasylishen, S. Mooibroek, 
J. B. Macdonald. J.  Chem. Phys. 1984,81. 1057). Cp = $-C,H,. [b] Average values for all 
C(C0). C(Cp), O(C0). and H(Cp) atoms. [c] Experimental data from ref. [5e]. 
[d] Experimental data from: D. Rehder, Inorg. Chim. Actu 1986, ill, L13 and A. N. Nes- 
meyanov, E. I .  Fedin, L. A. Fedorov, P. V. Petrovski, J.  Struct. Chem. 1972, 6 ,  964. 
[el Experimental data from D. Rehder, Chimiu 1986, 40, 186. [fl Experimental data from 
ref. [l]. [g] Experimental data from I. R. Lyatifov, G. I .  Gulieva, V. N. Babin, R. B. Ma- 
terikova, P. V. Petrovski, E. I. Fedin, J.  Orgunornet. Chem. 1987, 326, 93. 


sonable, and most of the periodic trends are reproduced faith- 
fully. In particular, the extreme deshielding in the 6 13C(CO) of 
the four-legged Group 4 piano-stool anions is reproduced by the 
calculations, as are the lower but still deshielded (ca. 6 = 250) 
values for the Group 5 analogues and the "normal" (ca. 
6 = 190-220) 13C(CO) shifts for the three-legged Group 7 com- 
plexes (see Fig. 2). It is gratifying to see that the calculations do 
describe these trends correctly. This permits the detailed analy- 
sis of factors which lead to the large deshielding (see below). 


270 :-1 
x 


I90 


MnCp(C0h ReCp(C0)J NbCp(CO), TiCp(C0); HfCp(C0h- 
TcCp(C0h VCp(CO), TsCp(CO), ZrCp(C0h- 


Fig. 2. Comparison of calculated (squares connected by lines) and experimental 
(crosses) isotropic "C(CO) NMR shifts in piano-stool carbonyl complexes (cf. 
Table 6). 


Some of the more subtle periodic trends observed within a 
given triad are not matched exactly by the calculations. This is 
only partly due to specific errors (electron correlation, neglect of 
spin-orbit coupling, and errors in the computed structures; see 
below) in the molecular calculations. A comparison with exper- 
imental solution data is also complicated by solvent and counte- 
rion effects, which are not taken into account in the present 
calculations on isolated molecules or anions. Additionally, the 
observed thermal averaging for similar atoms (for all carbonyl 
groups and for all carbon or hydrogen atoms in the cyclopenta- 
dienyl ligands) was simulated by simply taking the average of 
the calculated values for these groups of atoms. This is also a 
potential source of error, as is the neglect of rovibrational cor- 
rections. 


The calculations underestimate the I3C(CO) shifts for [TiCp- 
(C0)J and for [VCp(CO),] by approximately 12- 14 ppm, 
whereas those for the Hf and Re species are somewhat too large. 
This is consistent with our previous experience.[I6, la] Extension 
of the ligand basis sets from IGLO-I1 to IGLO-111 is expected 
to increase the 13C(CO) shifts by around 5-10ppm['63'81 and 
thus to bring the data for the Ti and V species into good agree- 
ment with experiment (the shifts for the Mn complex would thus 
come out somewhat too large). Basis-set extension would, how- 
ever, increase the errors for the 5d  complexes by a similar 
amount. We suspect that the overestimation of 6 13C(CO) for 
the 5 d carbonyl complexes is partly due to the neglect of spin- 
orbit coupling in the ''] The relatively large 
computed M-C(Cp) distances for the Zr and Hf complexes (cf. 
above) may also affect the shifts for these two species. Note that 
the influence of counterions is also nonnegligible for the 
Group 4 anions.'5'- 351 The difference between the calculated 
shift for the Ti anion and those of its Zr and Hf congeners is thus 
too large (the same holds for the difference between [VCp(CO),] 
and [NbCp(CO),J), and the shift for the Re complex is some- 
what too close to that calculated for its Mn analogue. Interest- 
ingly, theory and experiment agree, at least qualitatively, that 
the shifts decrease down the Group 7 triad (the typical "triad" 
effect". '9 ''I) but not down Group 4. 


The calculations predict that the "0 resonances for the 
Group 4 anions are also at unusually high frequencies, at 
around 6 = 500-550 (vs. H,OVaP). This is a range more typical 
for shifts of bridging than of terminal carbonyl  oxygen^.[^^] 
Resonances for the latter are expected[361 at around 6 = 
350-400, as calculated and observed for the three-legged 
Group 7 complexes (see Table 6). The four-legged Group 5 spe- 
cies are in an intermediate range of 6 = 430-480. Thus, the 
trends in the 13C(CO) shifts parallel those in the oxygen shifts. 
This is significant since substituents, which alter the degree of 
backbonding in transition-metal carbonyl complexes, usually 
influence the carbon and oxygen shifts in opposite ways.[36] 
Experimental oxygen shifts are available only for [MCp(CO),] 
(M = Mn, Re). For these two species, the calculated shifts agree 
well with experiment (Table 6). Calculations for M(CO), 
(M = Cr, Mo, W) at the same basis-set level give very similar 
accuracy." 'I 


The isotropic I3C shifts for the five cyclopentadienyl carbon 
atoms were averaged to allow comparison with the thermally 
averaged experimental data. As for the carbonyl carbon shifts, 
the calculations reproduce the general trends, but deviate from 
experiment in the more subtle details. Thus, the lower frequen- 
cies in the three-legged Group 7 species compared to the four- 
legged Group 4 and 5 species are predicted correctly by the 
calculations, whereas some of the smaller fluctuations in the 
experimental data within a given triad are not reproduced 
(Table 6). The calculated shifts for the five nonequivalent car- 
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bon atoms vary by approximately 2-7 ppm for the four-legged 
and by approximately 11 - 14 ppm for the three-legged complex- 
es. This is mainly due to the chemical inequivalence of the nuclei 
in the “clamped’ molecular structures employed for the calcula- 
tions, and to a smaller extent also to numerical (grid) reasons. 
Thus, we cannot expect better agreement of the averaged shifts 
with experiment. Low-temperature experiments might resolve 
the shifts for different carbon sites, provided that the rotation of 
the cyclopentadienyl ligands can be frozen out. 


The calculated ‘H shifts show differences of between 0.5 
(M = V) and 1.5 ppm (M = Mn) for nonequivalent atoms. 
Thus, there is some uncertainty connected with the averaged 
values. Moreover, the ‘H shifts are known to be very solvent 
dependent.r371 Thus, we should not expect the agreement be- 
tween theory and experiment to be very good. Where experi- 
mental data for Group 4 and 5 species is available, the calculat- 
ed ‘H shifts are found to be systematically overestimated by 
approximately 0.25-0.35 ppm. The deviations are larger (ca. 
0.75-0.8 ppm) for the Group 7 complexes. 


3. 13C(CO) Shielding Tensors: More information about the 
origin of the unusually large carbonyl 13C shifts, particularly for 
the Group 4 complexes, is provided by a detailed examination of 
the computed shielding tensors (cf. Table 7). The shielding an- 
isotropy [(gll + 0 ~ ~ ) / 2  - C T ~ ~ ]  is particularly striking: While the 
three-legged Group 7 complexes exhibit anisotropy values in the 
400-450 pprn range typical for terminal carbonyl ligands, the 
anisotropy for the four-legged Group 5 complexes is only 
around 320-370 ppm, and that for the Group 4 anions is only 
around 220-300 ppm. The latter results are close to values ob- 
served for bridging carbonyl groups.[381 Both with the Group 4 
anions and with the Group 5 molecules, the anisotropy for the 
4d and 5d species is calculated to be much smaller than that for 
the corresponding 3 d complex. Scalar relativistic effects reduce 
the shielding anisotropy for [HfCp(CO),]- and [ReCp(CO),] 
slightly (Table 7) but will be neglected in the following discus- 
sion. 


Table 7. Calculated absolute I3C(CO) shielding tensors (ppm) 


- 198.5 
-195.5 


-191.3 
- 196.0 
- 196.3 
- 183.0 
- 179.7 
- 177.5 
- 183.6 
-166.1 


~ 156.5 
-164.8 
-168.6 


-171.1 
- 179.5 


-176.5 
- 180.9 
- 182.0 
-171.1 
-167.0 
-165.1 
- 182.4 
-163.7 


- 155.7 
-164.5 
-165.5 


106.4 
41.0 


27.5 
46.8 
37.8 


192.5 
163.9 
148.0 
252.4 
256.4 


254.8 
257.1 
258.5 


-87.6 
-111.3 


-113.5 
-110.1 
-113.5 
-53.9 
-60.9 
- 64.9 
-37.9 
-24.5 


-19.1 
-24.1 
-25.2 


-291.2 
-228.5 


-211.4 
-235.3 
-227.0 
-369.6 
-337.3 
-319.9 
-435.4 
-421.3 


-410.9 
-421.8 
-425.6 


[a] Quasirelativistic ECP both in shift calculation and in structure optmization. 
[b] Nonrekdtivistic ECP in shift calculation at quasirelativistically optimized struc- 
ture. [c] Nonrelativistic ECP both in shift calculation and in structure optmization. 


The above results indicate remarkable deviations in the elec- 
tronic structure of the carbonyl moieties in the four-legged com- 
plexes from that typical for terminal carbonyl ligands. Inspec- 
tion of the individual shielding tensor elements (Table 7) 
indicates that the tensors still have approximately axial symme- 
try, with relatively unremarkable perpendicular components 


(02> is slightly less negative than oil). However, cr33r which is 
oriented roughly parallel to the M-C-0 direction, is consider- 
ably reduced compared to those for the three-legged Group 7 
complexes or for normal octahedrally coordinated spe- 
cies.[”, 391 For free CO (which for symmetry reasons has no 
paramagnetic contributions to a,,[401), C T ~ ~  is 274 ppm at this 
computational level.[’’1 This may be taken roughly as the “dia- 
magnetic limit”. Thus, there are appreciable paramagnetic con- 
tributions to the parallel tensor element in the four-legged car- 
bony1 complexes, particularly for the Group 4 species. 


Further information may be obtained by breaking the tensor 
elements down into contributions from the individual localized 
molecular orbitals (LMOs) employed in the IGLO proce- 
d~re.[~’] Results for two four-legged complexes (M = Ti, Zr), 
and for comparison for two three-legged complexes (M = Mn, 
Tc), are shown in Table 8. Contributions from predominantly 
ligand-centered orbitals (the carbon 1 s AO, the C(C0)-M 
o-bonding LMO, the oxygen lone-pair, and the three C - 0  
bonding LMOs) are listed separately from those with mainly 
metal (n - 1)p and (n - 1)d character. Among the first set of 
LMOs, the contributions from the C - 0  triple-bonding orbitals 
to c33 are somewhat larger (i.e., more diamagnetic) in the four- 
legged species than in the three-legged (or other “normal”) sys- 
tems.“’] The contributions from the oxygen lone pair and from 
the C-M bond do not differ very much in the four complexes 
(except for the slight metal-dependent variations in the o-C-M 
LMO contributions“’]). Strikingly large paramagnetic contri- 
butions to (r33 in the four-legged Group 4 anions come from the 
two LMOs resembling metal d orbitals (dz2 and dxy[191). With- 
out these contributions, the 3C(CO) shielding tensors for 
[TiCp(CO),]- and [ZrCp(CO),]- would look very much like 
those for “normal” terminal carbonyl groups, with an an- 
isotropy of approximately 450 ppm and C T ~ ~  elements close to 
the above-mentioned “diamagnetic limit” of around 270- 
280 ppm (cf. rows “C excluding p,d(M)” in Table 8). These 
metal-centered LMOs contribute a smaller yet significant share 
to cIl and C T ~ ~  elements. The slightly larger d,, LMO contribu- 
tion to 6, I compared to the d,, LMO contribution to G~~ partly 
accounts for the deviation of the shielding tensors from axial 
symmetry. Overall, the metal d-orbital contributions account 
for a dramatic decrease of the isotropic I3C shielding by ca. 125 
and ca. 90 ppm for the Zr and Ti complexes, respectively (there 
are also smaller, nonnegligible contributions from metal semi- 
core (n - 1)p orbitals, see Table 8). 


The contributions from LMOs resembling metal d orbitals 
(ca. - 20 to - 30 pprn for gav) are much smaller in the three- 
legged Group 7 complexes. They are similar for all three tensor 
components and thus do not affect the shift anisotropy very 
much (Table 8). The analysis for [MnCp(CO),] and [TcCp- 
(CO),] therefore gives very similar results to those found for the 
Group 6 hexacarbonyl compounds,[”] albeit with slightly larger 
contributions from metal-centered orbitals. We have not given 
detailed analyses for the Hf and Re systems, as the results are 
very similar to those for the Zr and Tc species, respectively. The 
Group 5 compounds show similar contributions from metal d 
orbitals to the Group 4 anions, but on a smaller scale (ca. -60 
to -95 ppm for L T ~ ~ ;  ca. - 30 to - 50 ppm for oaJ. 


A similar decomposition into contributions from canonical 
Kohn-Sham (KS) orbitals instead of localized MOs can also be 
achieved by performing calculations with a common gauge ori- 
gin (e.g., at the nucleus of interest”’]). We will not give the results 
for this type of analysis (which depends on whether the shifts 
obtained with common gauge origin exhibit the correct trends) 
in detail, but would like to point out that the two highest occu- 
pied canonical MOs in the four-legged complexes are related to 
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Table 8. LMO decomposition of carbon shielding tensors [a] 


LMO [TiCP(CO),l [ z r c ~ ( c o ) J  


MC, )  200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 
Bd( M -Cl) - 209.0 - 180.4 23.0 -122.1 -198.5 - 179.8 22.6 -118.5 
L W , )  - 53.0 -55.3 3.2 -35.0 -54.3 - 55.9 3.2 -35.7 


4 1 1  4 2 2  4 3 3  ua“ 4 1  I 4 2 2  4 3 3  


3 x Bd(C,=O,) -83.6 -96.6 80.6 -33.2 -87.4 -96.6 90.8 -31.1 


excluding p,d(M) [b] - 143.1 -129.8 309.3 12.2 - 137.7 - 129.8 319.2 17.2 


d,,(M) [cl -54.1 2.5 - 121.0 -57.5 - 56.4 0.9 - 148.2 -61.9 
dAM) [cl 2.6 -30.5 -71.7 -33.2 2.9 -39.1 - 110.0 -48.7 


- 5.4 -6.1 0.1 - 3.8 - 5.9 -8.0 - 10.1 -8.0 X n  - 1 ) ~  [dl 


X [el -200.0 -163.9 116.7 -82.3 -197.1 - 176.0 50.9 - 107.4 
total [fj -199.8 -173.0 110.2 -87.5 - 197.9 - 182.6 42.8 -112.6 


- ~- ~ ~~ - 


-~ -~ ~~~~ ~~~ 


~ ~. 


LMO 


W d  200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 
Bd(M -Cl) -201.6 -204.8 23.1 -127.8 - 192.1 - 189.3 22.8 -119.1 
L W l )  - 55.2 -52.4 3.3 -34.8 -49.6 - 52.8 3.4 -33.0 
3 x Bd(C,=O,) -88.0 - 86.5 49.2 -41.8 -83.1 -88.3 50.2 -40.4 


1 excluding p,d(M) [b] -144.8 - 143.7 275.6 -4.4 - 125.4 - 130.4 276.4 6.9 


X(a - l)d(M) [cl -33.6 - 34.0 -21.2 -31.5 - 33.7 -23.1 -14.8 -23.8 
Z n  - l)p(M) [dl - 4.0 -9.1 -0.5 -4.8 -9.7 - 10.4 - 7.0 -8.7 


.. ____ . .~ ~~ ~ ~ ~~~~ ~ ~. 


X [el 
total [fl 


-182.4 -187.3 247.8 -40.7 - 167.8 - 163.9 254.6 -25.6 
-183.6 - 182.4 252.4 - 37.9 -166.1 -163.7 256.4 -24.5 


[a] Absolute shieldings in ppm. Only LMOs with at least one individual contribution > 3 ppm have been included. [b] All contributions except LMOs resembling metal 
(n- l)p and d AOs. [c] Contributions from LMOs resembling metal d AOs. [d] Sum of contributions from LMOs resembling (n - 1)p AOs. [el Sum of all listed contributions. 
[fj Sum of all contributions. 


the metal dXy- and d,,-like LMOs discussed above. Their contri- 
butions to the shielding tensors behave very similar to those of 
the corresponding LMOs. Further decomposition into individu- 
al electronic “excitations” (i.e., occupied-virtual KS orbital 
combinations)[’*] shows that many different transitions con- 
tribute. The overall trend in the energy separation of these 
two highest occupied MOs from the virtual MO manifold is 
[HfCp(CO),]- x [ZrCp(CO),] - > [TiCp(CO),] - & [TaCp(CO),] 
z [NbCp(CO),] > WCp(CO),], consistent with the shielding 
trends. 


4. “0 Shielding Tensors: In view of the unusually large 
isotropic oxygen shifts found in the calculations for the four- 
legged carbonyl complexes (Section 2, Table 6), it is interesting 
to have a closer look at the oxygen shielding tensors as well 
(Table 9). In a similar manner as discussed above for the 
13C(CO) tensors, the shielding anisotropy gives the clearest indi- 
cation for unusual ”0 shielding tensors in the four-legged spe- 
cies, particularly for the Group 4 anions. Thus, while the 
three-legged Group 7 carbonyls exhibit “normal”[’8. 36, 391 an- 


Table 9. Calculated absolute oxygen shielding tensors (ppm). 


-268 -264 t 3 1  
-296 -289 -123 
-285 -275 -154 
-304 -291 +189 
-311 -295 t 9 2  


-330 -280 +360 
-291 -244 +345 


-302 -280 f49  


-261 -216 +329 


- 167 
- 236 
- 238 
- 135 
-171 
-177 
- 83 
- 63 
- 50 


- 297 
-169 
- 126 
-486 
- 394 
- 340 
- 665 
-613 
- 507 


isotropy values for terminal carbonyl ligands of around - 500 
to - 600 ppm, those for [MCp(CO),] (M = Nb, Ta) are around 
- 350 to -400 ppm, and those for [MCp(CO),]- (M = Zr, Hf) 
are only around - 125 to - 170 ppm. This means, the reduction 
in the anisotropy of the oxygen shielding tensors is even more 
dramatic than for the carbon shielding tensors (cf. above). The 
Ti and V complexes have a more negative anisotropy than their 
heavier congeners, but still much less so than the “normal” 
Group 7 complexes. No carbonyl oxygen shift tensors for bridg- 
ing ligands have been determined experimentally yet. Our own 
preliminary computational results indicate that a similar reduc- 
tion in the shielding anisotropy as found here for the Group 4 
piano-stool carbonyl complexes also takes place for bridging as 
compared to “normal” terminal carbonyl o~ygen.[~’’ 


As for the carbon shielding tensors (see above), the low c33 
elements (Table 9) account for the small anisotropy of the oxy- 
gen shielding tensors, and for the unusually large isotropic shifts 
(cf. Table 6), whereas the ell and c22 elements are comparable 
for the three-legged d6 and four-legged d4 systems (the “diamag- 
netic limit” 033 value for free CO is ca. 41 5 ppm at this level[’81). 
An LMO decomposition of the shielding tensors for the Ti, Zr, 
Mn, and Tc species (Table 10) reveals a similar but not identical 
situation as for the ”C(CO) tensors. In addition to large contri- 
butions from the metal d type LMOs for the former two sys- 
tems, considerable paramagnetic parts of 033 are also due to the 
CEO bonds. This suggests a significant distortion of the C - 0  
bond compared to “normal” bonding situations (see below). 
A similar situation with respect to LMO contributions from the 
C - 0 bonds holds in bridging carbonyl ligands, that is, more 
positive contributions to c33 of the carbon shielding tensors 
(as in Table 8) but significant negative contributions to the oxy- 
gen 033 (Table The decomposition into LMO contribu- 
tions may have reached the limit of its usefulness in this 
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Table 10. LMO decomposition of oxygen shielding tensors [a]. 


LMO 


270.1 270.1 270.1 270.1 


-150.1 -129.6 27.5 -84.1 
-116.3 - 120.7 1.9 - 78.4 


-232.3 -235.3 -69.0 -164.8 


270.1 270.1 270.1 270.1 
-119.6 - 120.8 -1.2 -80.5 
-161.8 - 132.2 23.0 -90.3 
-237.5 -238.8 - 109.0 - 195.2 


x excluding p,d(M) [b] -228.6 -215.5 230.3 -71.4 -248.8 -221.7 183.0 -95.9 


-8.2 -39.1 - 119.3 -55.6 
- 18.2 -4.5 -69.6 - 30.7 


-6.0 -3.0 -3.7 -4.2 


-2.3 -53.3 -174.1 -76.5 
-32.0 -11.5 -119.2 -54.2 
-5.7 -5.0 -13.4 - 8.0 


-261.0 -262.1 36.7 -161.9 -288.8 -291.5 -123.8 -234.6 
-268.2 - 264.0 31.3 - 167.0 - 296.4 -289.1 - 123.1 -236.2 


LMO [MnCp(W31 [TCCP(C0)31 
0 1 1  0 2 2  0 3 3  a&" 0 I I  0 2 2  0 3 3  Fa" 


ls(0,) 270.1 270.1 270.1 270.1 270.1 270.1 270.1 270.1 


L W , )  -170.7 - 152.0 34.7 -96.0 -158.7 - 137.5 34.6 -87.2 
3 x Bd(C,=O,) -268.0 -246.3 74.0 -146.8 -254.5 - 236.9 61.6 -141.3 


Bd(M -C,) -118.1 -118.4 2.9 -77.8 -112.2 -111.4 2.9 -73.5 


x excluding p,d(M) [b] - 286.7 - 246.6 381.8 -50.5 -255.3 -215.7 375.2 -31.9 


X(n-l)d(M) [cl -33.7 -29.1 -20.5 -27.6 -22.8 -24.6 -22.1 -23.1 
D- ~)P(M) [dl -6.1 -5.4 - 2.4 -4.6 - 10.4 -6.4 - 8.9 -8.6 


X [el -328.0 -281.1 359.5 -82.7 -288.5 -246.7 344.2 -63.6 
total [fj - 330.0 -279.9 359.6 -83.4 -291.2 -244.1 345.0 -63.4 


[a] Absolute shieldings in ppm. Only LMOs with at least one individual contribution > 5 ppm have been included. [b] All contributions except LMOs resembling metal 
(n-1)p and d AOs. [c] LMOs resembling metal d AOs. [d] LMOs resembling metal (n- l)p AOs. [el Sum of all listed contributions. [fl Sum of all contributions. 


context, as the metal d orbitals and the M-C and C - 0  anti- 
bonding orbitals mix extensively (i.e., the corresponding LMOs 
have significant tails at other centers; see below). 


5. Bonding Analyses: The results obtained above from LMO 
decomposition of the carbonyl shielding tensors fit nicely with 
previous qualitative MO pictures (based on extended Huckel 
calculations) for four-legged piano-stool carbonyl complex- 
es.[19-21] The work of Kubaeek, Hoffmann, and Havlas["] is 
fundamental in this respect. In particular, the dxy- and d,,-like 
orbitals, which are so important for the unusually large 
NMR shifts of the carbonyl ligands, also feature as the two 
highest occupied MOs in extended Huckel calculations (cf. 
Fig. 3).  Delocalization of these orbitals through backbonding 
into the carbonyl n-antibonding MOs has been discussed in 
detail." 91 


As a further illustration, natural bond orbital (NBO)[311 
analyses have been carried out, based on the Kohn-Sham calcu- 


Fig. 3. Schematic picture of occupied metal d orbitals in d4 [MCp(CO),]. a) (s)d,,: 
b) d,, (cf. refs. [19,20]). 


Table 11. Results of NBO analyses for four-legged piano-stool complexes [MCp- 
(CO),]- (M = Ti, Zr, Hf) and [MCp(CO),] (M = V, Nb, Ta) [a]. 


Nb Ta Ti Zr Hf V 


-0.697 
0.365 
0.017 
4.364 


+0.007 
+0.518 
-0.511 
-0.667 
-0.333 


-0.157 
0.357 
0.018 
3.836 


-0.100 
+ 0.404 
-0.504 
-0.552 
-0.448 


+0.151 
0.391 
0.014 
3.464 


-0.160 
+0.345 
-0.505 
-0.486 
-0.514 


-0.909 
0.381 
0.015 
5.555 


+0.210 
+ 0.636 
-0.426 
-0.068 
+0.068 


-0.398 
0.370 
0.015 
5.065 


+0.121 
+0.540 
-0.419 
+0.088 
-0.088 


-0.103 
0.422 
0.012 
4.693 


f0.061 
+0.478 
-0.417 
+0.143 
-0.143 


NBO [sdz4M)1 [cl 
% S  29 18 14 45 29 22 
Yo d 71 82 86 55 71 78 


NLMO Idr,.(M)l [dl 
% M 48.9 48.0 43.8 64.5 61.6 56.9 
% C [b] 9.4 9.4 10.1 6.3 6.7 7.5 
% O  3.0 3.1 3.3 2.1 2.3 2.7 
NLMO [sd,,(M)] [d] 
Yo M 47.2 46.8 42.9 60.2 57.7 53.8 
% C [b] 9.8 9.9 10.6 7.0 7.8 8.5 
% 0 3.0 3.2 3.5 2.2 2.4 2.8 
NLMO [d] (Bd M-CO [el) 
Yo M 28.4 22.7 21.2 35.1 30.0 28.6 
% C [b] 67.9 75.6 71.1 61.3 67.9 69.4 


[a] Based on KS calculations (Becke-Perdew functionals) with quasirelativistic ECPs 
and basis sets as employed for the structure optimizations (see computational details 
section). Q(X) = partial charge; s,p,d(X) = metal valence populations. [b] Carbonyl 
carbon. [c] Metal contributions to natural bond orbital. [d] Composition of natural 
localized MO. [el M-C o bond. 
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lations. Table 11 summarizes partial charges, metal valence 
populations, and compositions of natural localized orbitals 
(NLMOs) and NBOs for the four-legged piano-stool complexes 
considered. The NPA on the carbonyl ligands, 
Q(CO), are very instructive. They vary from appreciably 
negative to appreciably positive along the series [HfCp- 
(CO),]- < [ZrCp(CO),]- < [TiCp(CO),]- < [TaCp(CO),] < 
[NbCp(CO),] < [VCp(CO),]; this is consistent with the expected 
decrease in the backbonding properties of the metal centers. The 
metal d population increases considerably along the same series. 
These changes within the M(CO), fragment obviously influence 
the charges on the cyclopentadienyl ligands as well. The change 
in total charge from the Group 4 anions to the Group 5 neutral 
systems has to be kept in mind, however. 


The strictly localized natural bond orbital (NBO) with pre- 
dominantly metal d,, character (see Fig. 3 a) has some s contri- 
butions as well (Table 11). These decrease down a given triad 
and are larger for the Group 5 than for the Group 4 complexes. 
NLMOs may be constructed from this NBO and from the one 
corresponding to the metal d,, orbital (Fig. 3 b) by allowing 
delocalization tails on other centers to be formed. The coeffi- 
cients of these NLMOs on the carbonyl carbon and oxygen 
atoms are appreciable and decrease along the series [HfCp- 
(CO),]- > [ZrCp(CO),]- > [TiCp(CO),]- > [TaCp(CO),] > 
[NbCp(CO),] > [vCp(CO),] (Table 11). This further corrobo- 
rates the backbonding trends discussed above. 


6. The Complexes (MCp(CO),CH,] (M = Cr, Mo, W): 
Mann14’] found that WCp(CO),CH,] does not follow the cor- 
relation (6 13C is much too high) between I3C(CO) shifts and 
CO stretching force constants that holds for a series of 
[W(CO),L,-,] d6 complexes. The carbonyl shifts for this four- 
legged piano-stool d4 complex (see Fig. 4) are not as dramatical- 


Fig. 4. Definition of internal coordinates and atom labels for 
(M = Cr, Mo, W). 


ly large as for some complexes discussed above. Never- 
theless, Mann’s findingst421 suggest that metal d-orbital contri- 
butions may also strongly influence the shielding tensors in 
Group 6 d4 species. To verify this hypothesis, ECP/SOS-DF- 
PT(IGL0) calculations were carried out on [MCp(CO),CH,] 
(M = Cr, Mo, W). The presence of a methyl group instead of 
one CO “leg” in the piano stool gives rise to two different CO 
environments, with two CO groups “cis” and the third “diago- 
nal” to the methyl group (see Fig. 4). It is interesting to see how 
the calculations reproduce the differences in shielding between 
the different ligand nuclei. 


Results of the structure optimizations are given in Table 12. 
No experimental structures are known for these species, but the 
calculations are in good agreement with the structural parame- 
ters found for related, substituted complexes.120* 431 In particu- 


Table 12. Calculated bond lengths (A) and bond angles (“) for [MCp(CO),CH,] 
(M = Cr, Mo, W) [a]. 


~ 


M = Cr M = M o  M = W  


M-Cp 1.861 2.045 2.061 
M-C(CP) [bl 2.194-2.258 
M-C(C0) 


2.369-2.424 2.355-2.406 


cis [c] 1.827 1.978 2.003 
diag. [d] 1.823 1.982 2.013 


M-C(CHJ 2.250 2.339 2.345 
c-0 


cis [c] 1.162 1.162 1.164 
diag. [d] 1.163 1.162 1.163 


C(CH,)-M-Cp 112.0 109.3 107.4 
C(C0)-M-Cp 


cis [c] 124.7 126.5 125.7 
diag. [d] 118.6 114.7 114.7 


[a] Fully optimized structures, see computational details section. See Figure 4 for a 
definition of the internal coordinates. Cp = ~I’-C,H,. [b] Range for all C(Cp). 
[c] Average value for carbonyl ligands cis to the methyl group. [d] Carbonyl ligand 
“diagonal” to the methyl group. 


lar, the angles between the methyl group or the “diagonal” CO 
ligand and the Cp ring midpoint (Fig. 4) are smaller than those 
for the “cis” CO ligands, in agreement with experience and with 
arguments based on 0- and x-bonding contributions.[201 This 
leads to angles between cis and “diagonal” CO ligands of rough- 
ly 80°, and between cis CO ligands and the CH, group of around 
12”. 


Table 13 gives the 13C0 shielding tensors and compares ex- 
perimental and calculated chemical shifts for the Mo and W 
complexes. Agreement with experiment is good, comparable to 
our results for Mo(CO), and W(CO)6r’81 (the shifts for the 


Table 13. Calculated absolute I3CO shielding tensors (ppm) in [MCp(CO),CH,] 
(M = Cr, Mo, W) and comparison of calculated and experimental isotropic shifts. 


Cr cis[b] -186.2 -168.8 239.0 -38.7 -416.5 226.2 
diag. -179.0 -170.9 216.4 -44.5 -391.4 232.0 


Mo cis [b] -176.9 -161.0 230.2 -35.9 -399.2 223.4 226.1 [c] 
diag. -172.1 -170.6 197.2 -48.5 -368.6 236.0 239.2 [c] 


W cis[b] -173.2 -155.4 216.1 -37.5 -380.4 225.0 215.5[c] 
diag. -168.4 -169.2 184.1 -49.2 -349.9 236.7 228.6 [c] 


[a] Versus TMS. [b] Average value for both cis CO ligands. [c] L. J. Todd. J. R. 
Wilkinson, J. Organomer. Chem. 1978, 154, 151. 


tungsten complex are ca. 8-l0ppm too large). The larger 
deshielding found for the “diagonal” CO ligand is also repro- 
duced faithfully by the calculations. The absolute shielding an- 
isotropy for these more deshielded “diagonal” CO carbon nu- 
clei is consistently smaller than for the less deshielded “cis” 
ligands. For the Mo and W complexes, the anisotropy values are 
considerably reduced compared to the typical value of around 
400 ppm for terminal carbonyl complexes, but not to the same 
extent as for the Group 4 anions (cf. Table 7). As expected from 
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the previous discussion, the reduced anisotropy is due to low 03, 
values (Table 13). Similar trends are again found for the oxygen 
shielding tensors: the “diagonal” CO ligands exhibit lower CJ~~, 
and thus larger isotropic shifts and a lower absolute anisotropy 
(Table 14). 


Table 14. Calculated absolute oxygen shielding tensors (pprn) in [MCp(CO),CH,] 
(M = Cr, Mo, W). 


Cr cis [a] -291.8 -248.0 287.5 -84.1 - 557.4 
diag. -305.3 -268.5 271.8 -100.6 -558.7 


Mo cis [a] -268.2 -254.1 253.4 -89.6 -514.6 
diag. -326.6 -243.9 197.7 -124.3 -483.0 


W cis [a] -251.1 -242.8 219.1 -91.6 -466.1 
diag. -319.0 -220.1 162.9 -125.4 -432.5 


[a] Average value for both cis CO ligands. 


LMO decomposition of the shielding tensors shows very sim- 
ilar trends in deshielding d-orbital contributions (mainly to 033) 


as discussed above for the Group 4 and Group 5 species, but on 
a much smaller scale. There are nonnegligible (n - 1)p-orbital 
contributions suggesting that these semi-core orbitals are also 
polarized. Both (n - 1)d- and (n - 1)p-orbital contributions are 
larger for the “diagonal” than for the ‘‘cis” ligands. As a result 
of less deshielded u1 and ozz but more deshielded 033 compared 
to [MCp(CO),] (M = Mn, Tc, Re), the isotropic shifts for the 
Group 6 d4 species are only slightly larger than for the Group 7 
d6 ones (cf. Tables 6 and 13). Only the shielding tensor elements 
and the small anisotropy in this case reveal the peculiar electron- 
ic structure of the four-legged piano-stool complexes. 


The methyl groups exhibit decreasing 13C shifts down the 
group (6g?cd = + 5.5, -2.5, and -4.2 for [CrCp(CO),CH,], 
[MoCp(CO),CH,], and [WCp(CO),CH,], respectively). The 
calculated values are larger than the measured ones, which are 
-22.1 and -34.6 for M = Mo, W, respectively.[44] 


7. Bent-Sandwich Complex [ZrCp,(CO),] : Since some bent- 
sandwich d2 carbonyl complexes of Ti, Zr, and Hf also exhibit 
unusually large terminal 13C(CO) shifts (see Table l ) ,  one of the 
simplest of these, [ZrCp,(CO),], was also included in our inves- 
tigation. In this case, the structural parameters obtained from 
X-ray diffraction were used.[45] 


The carbonyl carbon and oxygen shielding tensors, and the 
corresponding contributions from the single metal d orbital type 
LMO (see Fig. 5 )  are given in Table 15. The calculated isotropic 
13C(CO) shift of 6 = 263 agrees well with the experimental val- 
uel8] of 265. The absolute values for the anisotropy of both 
carbon and oxygen shielding tensors are very low. The low 033 


of around 120 ppm for the carbon shielding is similar to the 


Table 15. Calculated absolute carbonyl carbon and oxygen shielding tensors (ppm) 
in [ZrCp,(CO),]. 


011  a 2 2  0 3 3  ( 0 1 1  f 0,,)/2-0,3 


I T  total -196.5 -151.4 120.6 -75.8 -294.6 
“dYi” [a] -53.8 -2.0 -172.0 -75.9 


”0  total -341.1 -260.0 39.1 -187.3 -339.6 
“d,,” [a] -7.3 -43.2 - 184.4 -78.3 


- ~ 


[a] Contribution from the LMO resembling the metal d A 0  (cf Fig 5) 


Fig. 5. Schematic picture of occupied metal d orbital in d‘ [MCp,(CO),] (cf. 
ref. [46]). 


results for [TiCp(CO)J or for [TaCp(CO),] (cf. Table 7), that 
is, much lower than the “diamagnetic limit” of around 270- 
280 ppm expected for a terminal carbonyl groupt18,38,391 (see 
above). The low 033 for the oxygen shielding also compares well 
to those for the above two complexes (cf. Table 9). 


One occupied d orbital has to be considered for this d2 com- 
plex. It may be identified with the orbital shown schematically 
in Figure 5 ,  in agreement with the results of previous MO stud- 
i e ~ . [ ~ ~ ]  In the axis system shown, it is best described as a d,,, 
orbital.[46] The overlap with the C - 0  antibonding orbitals and 
the small angles to the M-C-0 axes are apparent in Figure 5,  in 
a similar manner to that discussed for the d orbitals in the 
four-legged piano-stool complexes (see above and Fig. 3). There 
is only one instead of two occupied d orbitals as in the piano- 
stool d4 examples described above. However, the paramagnetic 
contributions from this orbital to the carbon and oxygen shield- 
ings (particularly to 033) are very large (Table 1 9 ,  placing the 
shielding tensors for this sandwich complex between those of the 
Group 4 and Group 5 piano-stool complexes (cf. Tables 7 and 
14). Substitution of one CO ligand by a stronger donor but 
weaker acceptor ligand like P(OMe)319a] or PMe,[””] obviously 
expands and polarizes this d orbital and thereby increases its 
influence even more (Table 1). 


8. The Anions [M(CO),lz- (M = Ti, Zr, Hf): The octahedral 
anions [M(C0),l2- (M = Ti, Zr, Hf) have even more reduced 
metal centers than the monoanions [MCP(CO)~]-. Neverthe- 
less, Ellis et al. found their 13C resonances to be rather unre- 
markable, in the 6 = 240-250 range.[131 Table 16 shows the 
computational results for the carbon and oxygen shielding ten- 
sors in the isolated dianions (using the experimental struc- 
ture~[’~]).  The calculated isotropic carbon shifts (6 = 227, 219, 
and 210 for M = Ti, Zr, Hf, respectively) are even lower than 
the experimental values, increasingly so for the heavier metals. 
The calculations suggest the presence of the typical “triad ef- 
fect”, that is, a decrease of the 13C shift from Ti to Hf; this shift 
is absent in the experimental data.[131 Possibly, solvent or coun- 
terion effects for these highly charged anions account for the 
discrepancies between calculation and experiment. In any case, 
the calculations confirm that these species have shifts in a “nor- 
mal” range, in contrast to the four-legged Group 4 piano-stool 
anions. 


Moreover, the 033 values and the anisotropy of the shielding 
tensors are close to “typical” values for terminal CO ligands 
(Table 16). The anions feature a very high-lying t2e set of occu- 
pied d orbitals with a small gap to the lowest-lying virtual or- 
bitals. This is consistent with the observed deep red or violet 


which are similar to those of the piano-stoolGroup 4 
~pecies.r~~] LMO decomposition of the shielding tensors indi- 
cates contributions from metal (n - l)p and d orbitals that are 
roughly twice as large as those for the neutral, isoelectronic 
complexes M(CO), (M = Cr, Mo, W).[’*] Thus, for example, 
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Table 16. Calculated chemical shielding tensors and isotropic shifts [a] for 
[M(CO),J2 (M = Ti, Zr, Hf) (ppm). 


~~ 


13C Ti -161 215 -40 -382 221 246 
Zr -155 215 -31 -310 219 245 
Hf -150 219 -21 -369 214 244 


I7O Ti -213 281 -41 -494 354 
Zr -203 281 -42 -484 349 
Hf -211 211 -52 -494 359 


[a] ‘’C shifts vs. TMS, ”0 shifts vs. H,O”P. [b] Ref. 1131. 


the sum of the metal d-orbital contributions to the isotropic 
carbon shielding in [Hf(CO),]’- is ca. - 25 ppm compared to 
ca. - 13 ppm for W(CO), .1181 However, compared to the d-or- 
bital influences discussed above for the four-legged piano-stool 
complexes or for [ZrCp,(CO),] (Tables 8, 15), these contribu- 
tions are small, and the anisotropy of the shielding tensors is not 
affected much by them. 


Discussion 


From the above results two conditions may be derived for the 
occurence of unusually large 13C and I’O shifts and of small 
shielding anisotropy values in terminal carbonyl ligands : 1) the 
presence of energetically high-lying and spatially extended occu- 
pied metal d orbitals; 2) a favorable spatial arrangement of these 
d orbitals with respect to the M-C-0 axis is needed to allow large 
contributions to 03,. 


The fact that 1) is a necessary condition may be seen easily by 
comparing the shifts for the Group4, 5, and 6 examples of 
four-legged piano-stool complexes (cf. Tables 7, 9, 13, 14). In 
going from Group 4 to Group 5 to Group 6, the metal d shells 
of these d4 complexes become stabilized and contracted (of 
course one also has to consider the negative charge for the 
Group 4 species), and the paramagnetic d-orbital contributions 
to the carbon and oxygen shifts (and thus the total shifts them- 
selves) decrease. Obviously, the donor capability of the ligands 
also influences the size, shape, and energy of the nonbonding d 
orbitals. This is apparent, for example, from the differences 
between “cis” and “diagonal” CO ligands in [MCp(CO),CH,] 
(M = Cr, Mo, W; see Tables 13, 14). 


However, condition 2) must also apply. The best example 
for this is given by the dianions [M(CO),12- (M = Ti, Zr, Hf). 
In spite of their high-lying, spatially extended set of d orbitals, 
these species exhibit comparably low shifts and a large shielding 
anisotropy (Table 16). The high symmetry in these complexes 
appears to prohibit larger paramagnetic contributions from the 
metal d orbitals to the ligand shielding tensors (particularly to 
(r3,). The present study thus suggests that shielding tensors for 
terminal carbonyl ligands may exhibit a very low anisotropy, 
and isotropic shifts are large, when the ligand substitution pat- 
tern leads to low symmetry in metal coordination and in d-or- 
bital occupation. Regular octahedral structures dominate for d6 
complexes (electronically, this situation holds for three-legged 
piano-stool complexes as well, if the polyhapto-bound n ligand 
is considered to occupy three coordination sitesr4’]). Lower sym- 
metry is preferred by d4 and d2 complexes owing to their prefer- 
ences for effective seven- and eight-coordination, respectively. 
These d-electron counts therefore often lead to lower symmetry 
for structures and d orbitals, that is, to conditions that 
favor large paramagnetic d-orbital contributions to the car- 
bony1 shielding tensors and thus large chemical shifts. Even 


in six-coordinate 16-electron complexes, d4 metal centers may 
feature distorted coordination (e.g., in [Mo(CO),{S,CN- 
z€’r2}2]148a1 or in [M0(0tBu),(CO),(py)~][~~~~). No carbonyl 
chemical shifts have been determined yet for these species, but 
one might expect unusual effects arising from polarized metal d 
orbitals. Rather spectacular deshielded carbonyl I3C shifts of 
6 = 453.6 and 456.7 have recently been reported by Spencer and 
Girolami for an intermediate in solution which they character- 
ized as a 16-electron d2 species [TiC12(CO),(dmpe)(~’-dm- 
pe)].[491 Whether this is a consequence of an extremely polarized 
d shell and low-lying virtual orbitals, or whether the species is 
paramagnetic, remains to be seen. 


As the 3d shell is of relatively small radial extent, the d-orbital 
contributions to the carbonyl shielding tensors are somewhat 
less pronounced for the Ti and V complexes than for their heav- 
ier congeners (see above). This explains at least partially the 
deviations from the usual “triad behavior” (i.e., increasing 
shielding of the ligand nuclei down a given triad) for many of 
these species (see Table 1). The calculations exaggerate the effect 
to some extent (probably in part due to the neglect of spin-orbit 
coupling; see Section 2), but the differences between four-legged 
and three-legged piano-stool complexes clearly support this ra- 
tionale. We have shown recently that in more “typical” carbonyl 
complexes like M(CO), (M = Cr, Mo, W) the normal “triad 
effect” is largely due to reduced paramagnetic contributions to 


from C-M o-bonding orbitals.1i81 In these examples, the 
contributions from occupied metal d orbitals were moderate 
and almost independent of the metal. This is not quite true for 
the three-legged d6 complexes [MCp(CO),] (the calculated d-or- 
bital contributions for M = Mn are ca. 10 ppm larger than for 
M = Tc, Re), and certainly not for the four-legged d4 complexes 
(Table 8). We thus should find deviations from the usual “triad 
behavior” when there are large, metal-dependent contributions 
from d orbitals. This may be expected to coincide with reduced 
shielding anisotropy, and to apply also to bridging CO ligands. 


Of course, we might expect that the above conditions not only 
apply to carbonyl ligand shifts, but also to similar ligands, such 
as isonitriles, thiocarbonyl, etc. Indeed, the bent-sandwich 
isonitrile complexes [MCp,(CO)(CN-C6H,Me2)] exhibit very 
large nitrile I3C shifts (6 = 220 and 237 for M = Ti, Zr, 
respectively; note the deviation from normal “triad” behav- 
ior). 1’ Obl 


We should comment on the relation between the NMR shifts 
and d(M)+n*(C = 0) backbonding. Obviously, the presence of 
suitable, energetically high-lying and spatially extended occu- 
pied metal d orbitals is important both for the unusually large 
CO ligand NMR shifts and for effective backbonding. Howev- 
er, the symmetry conditions involved differ somewhat: while 
backbonding simply requires good overlap (and energetic 
match) between metal d orbitals and x*-C = 0 orbitals, large 
paramagnetic contributions to the carbon and oxygen shielding 
tensors require the prior action of the magnetic vector potential 
on the occupied Within a sum-over-states ansatz 
this means that only rotationally allowed electronic transitions 
contribute to the paramagnetic shielding expression. Thus, 
while the frequencies of the C(C0) stretching vibrations are a 
somewhat more direct measure of backbonding (however, note 
ref. [SO]), the mechanism of I3C and ”0  shifts is more compli- 
cated (which is also due to the fact that shielding is a tensorial 
property). This explains the lack of correlation between these 
different quantities when the molecular structures involved are 
not similar (see, e.g., Table 2 and refs. [42,51]). 


Much smaller I3C and ”0  shielding anisotropy and larger 
isotropic shifts than in typical terminal carbonyl groups are also 
found for bridging carbonyl ligands in multinuclear clus- 
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ters.136.3S,411 Preliminary computational indicate that, 
depending on the bonding situation, this is due to paramagnetic 
contributions from either C-M bonding or from nonbonding 
or cluster-bonding metal d-orbitals. The latter two cases exhibit 
obvious analogies to the present work. 
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Self-Assembled Monolayers on Gold Nanoparticles** 


Antonella Badia, Shanti Singh, Linette Demers, Louis Cuccia, 
G. Ronald Brown, and R. Bruce Lennox* 


Abstract : Self-assembled monolayers 
(SAMs) of n-alkanethiolates on gold, sil- 
ver, and copper have been intensively 
studied both as model organic surfaces 
and as modulators of metal surface prop- 
erties. Sensitivity restrictions imposed by 
monolayer coverage and the low surface 
area of planar metal substrates, however, 
limit the characterization of these films in 
molecualar terms to surface enhancement 
techniques. As a result, key aspects such 
as film dynamics and alkyl chain ordering 
remain ill-defined. The characterization 
of the thermal behavior of SAMs is im- 
portant not only for the design of stable, 
well-ordered organic superlattices, but al- 
so for the fundamental understanding of 
the factors that drive molecular interac- 
tions in two dimensions. Phase properties 


in SAMs have been addressed here 
through the synthesis of gold nanoparti- 
cles of 20-30 A in diameter and fully cov- 
ered with alkylthiol chains. These thiol- 
modified gold nanoparticles with large 
surface areas have enabled the monolayer 
film structure to be uniquely character- 
ized by transmission FT-IR spectroscopy, 
NMR spectroscopy, and differential scan- 
ning calorimetry. Our studies reveal that 
for long-chain thiols (2 C,,), the alkyl 
chains exist predominantly in an extend- 
ed, all-trans ordered conformation at 
25 "C. Furthermore, calorimetry, variable 


Introduction 


The properties of organic molecules adsorbed on metal surfaces 
are of particular interest owing to the central role adsorbates 
play in catalysis, corrosion, and electrode processes. A number 
of studies, for example, have dealt with the structure and dy- 
namics of monolayer (or sub-monolayer) coverage where the 
adsorbate is an aromatic heterocycle or n-alkylthiol.[' -31 To 
date, little is known about the organizational state of chains in 
self-assembled monolayers (SAMs) of the otherwise much-stud- 
ied n-alkylthiols chemisorbed on gold (RS-Au). The conforma- 
tional lability of alkyl chains introduces the possibility that 
order -disorder transitions analogous to the gel-to-liquid crys- 
talline phase transitions observed in lipid assemblies may arise. 
A complex melting process which occurs within RS-Au SAMs 
has in fact been recently inferred by using both electrochemical 
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temperature transmission FT-IR spec- 
troscopy, and solid-state 13C NMR stud- 
ies have established that a cooperative 
chain melting process occurs in these alky- 
lated metal colloids. How this arises is not 
immediately evident, given the relation 
between the extended chain conformation 
and the geometry of the spherical 
nanoparticles. Transmission electron mi- 
croscopy (TEM) reveals that adjacent 
gold particles are separated by approxi- 
mately one chain length; this suggests that 
chain ordering arises from an interdigita- 
tion of chains on neighboring particles. 
The thermotropic behavior is sensitive to 
the alkyl chain length and chain packing 
density. The alkylated nanoparticles can 
thus serve as a highly dispersed analogue 
to the much-studied planar SAMs. 


and synchroton X-ray diffraction as reporting 51 


Of note in the former are the striking parallels between temper- 
ature-dependent ion fluxes in RS-Au SAMs and the phase- 
transition behavior of biomimetic lipid vesicles.[41 


In the following, we describe a characterization of the thermal 
properties of RSH-derivatized gold nanoparticles.t61 This sys- 
tem was chosen because of its obvious potential to serve as a 
high surface area analogue to SAMs formed on planar metal 
surfaces. Sensitivity restrictions imposed by monolayer cover- 
age greatly hinder the application of techniques such as 
calorimetry and NMR to the study of planar SAMs. As a result, 
issues such as chain dynamics, adsorbate phase diagrams, and 
relaxation processes remain open and ill-defined at the present 
time. We are especially interested in chain ordering and disor- 
dering in monolayers, and how this interplay manifests itself as 
grain boundaries and defect sites. If SAMs are to be ultimately 
used in molecular electronic and optoelectronic devices, then 
their structural integrity must be thoroughly understood, in 
both kinetic and thermodynamic terms. To this end, we have 
characterized the thermal properties of RSH monolayer-coated 
gold nanoparticles in macroscopic (by calorimetry and trans- 
mission electron microscopy) and microscopic (by infrared and 
NMR spectroscopy) terms. We show that these SAMs show 
strong parallels to monolayers formed at planar surfaces, but 
also distinct differences become apparent due to the large radius 
of curvature of these spherical gold particles. 
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Results and Discussion 


Investigation of the phase properties of monolayer films re- 
quires particular precautions to ensure the purity of their prepa- 
ration. After the initial synthesis, thin-layer chromatography 
(TLC) of the “recrystallized” colloidal particles shows the pres- 
ence of free disulfide. Extensive washing with ethanol to remove 
unbound disulfide surfactant leads to a disulfide-free ‘H NMR 
spectrum of the RSH-derivatized gold, and TLC shows no trace 
of either labile thiol and/or disulfide. The ‘H and 13C NMR 
resonances of the powders dispersed in solvent are considerably 
broadened for the RS- Au nanoparticles as compared to those 
of free RSH. This line broadening observed in the solution 
NMR spectra of the thiol-derivatized gold nanoparticles is con- 
sistent with the alkyl chains being bound to the colloidal gold 
surface.[’] For example, in the ‘H NMR spectrum of the C,,S- 
Au colloid (Fig. 1 A) the a, p, and y methylene proton signals 


~. 
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Fig. 1. A) Solution-state ‘HNMR spectra (270 MHz) of i) hulk n-C,,H,,SH in 
CDCI,, 64 transients and ii) C,,H,,S-Au colloid in [D,]henzene, 128 transients. 
B) Solution-state I3C NMR spectra (67.9 MHz) of i) hulk n-C,,H,,SH in CDCI,, 
1024 transients and ii) C,,H,,S-Au colloid in [D,]henzene, 13000 transients. 


are noticeably absent, whereas the resonances associated with 
the C,-C,, methylene hydrogens and the terminal methyl hy- 
drogens are observed as broad signals. In the 13C NMR spec- 
trum (Fig. 1 B), only the signals due to the carbons at positions 
15-18 are clearly resolved, and the CI, p, and y carbons (i.e., the 
carbons closest to the gold surface) are not apparent. These 
signals may be buried under the broad peak at 6 z 30 (assigned 
to the interior methylene carbons of the alkylthiol chain), 


shifted by virtue of their binding to the metal, or more likely, 
broadened because of the “solidlike” nature of these carbons in 
the immobilized alkylthiol, as suggested elsewhere.IE1 


TEM images (Fig. 2), in conjunction with elemental analyses, 
can be used to estimate the median coverage of thiols on the gold 
nanoparti~les.[~] The synthetic procedure of Brust et al.,@] com- 


Au=l8 
Average Diameter = 23 A 


S D = 4 A  


n=115 


111 I l m , ~  
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Fig. 2. A) Representative TEM image of C,,SH-derivatized Au nanoparticles. 
C L 2 .  C, , ,  C , , ,  and C, ,  samples were similar to the C , ,  sample. B) Histogram of 
particle diameters observed in (A). Mean particle diameters, standard deviations, 
and the particle population size (n)  are reported for each chain length; median 
diameters are given in parentheses. C,2: 1 9 + 5  A, n =I03 (18.5 A); C,4: 20f8  A, 
n = 126 (21.4 A); C16: 29 f6  A. n = 108 (28.0 A), C,*: 23+4 A, n = 115 (22.4 A), 
and C2,,: 41 f 14 A, n = 103 (35.8 A). 


bined with our purification process, yields a coverage (assuming 
the particles to be spherical) at the gold surface corresponding 
to 17.2k0.4 and 15.2k0.4 A’ per alkylthiol molecule for the 
C,,SH- and C, ,SH-derivatized Au colloid, respectively. A max- 
imum packing density of these chains on a planar gold surface 
would require an area of 17.8 to 23.6 A’ per chain,[”] depend- 
ing on the adsorption site (hollow or on-atom site) and the 
surface crystallography of the gold particle. Although these data 
are consistent with complete coverage by RSH, the ratio of the 
particle size to chain length precludes close packing of the chains 
along their entire length.“ This restriction, imposed by the 
substantial curvature of the gold particle surface, leads to inter- 
esting particle-particle interactions, which in turn manifests 
itself in the temperature-dependence studies described below. 


Variable-temperature NMR spectra of the dry powder sam- 
ples, obtained on a liquid spectrometer, suggest that these alky- 
lated nanoparticles undergo some form of melting transition. 
For instance, the 13C NMR spectrum of the C,,S-Au powder 
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shows a broad weak signal between 6 = 20-40 at 25°C 
(Fig. 3B). Between 55 and 65 "C a distinct peak (6=30), as- 
signed to the interior methylenes of the alkyl chain, appears and 
becomes relatively sharp. A signal consistent with the terminal 
methyl (6 = 15) also becomes apparent at elevated temperatures. 
Furthermore, for the C,,S - Au nanoparticles, the methylene 
signal is already apparent at 25 "C, and becomes substantially 
sharper (Fig. 3A) as the coated nanoparticles are heated to 
45 "C. It is notable nonetheless, that there is a discernable pop- 
ulation of mobile chains even at temperatures below the appar- 
ent phase-transition temperatures of these samples.['21 A de- 
tailed variable-temperature solid-state 13C NMR examination 
of these samples has shown a gradual change in the population 
of trans to gauche conformers, consistent with the temperature- 
dependent data presented here.['] 
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Fig. 4. A) Differential scanning calorimetry endathems of RS- Au powders. Heat 
cycle, scan rate STmin- ' ,  except for C,,S-Au, 2"Cmin-'. B) Heat (a), cool 
(=), reheat (*) cycling of a C,,S-Au sample. 
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Fig. 3. Variable-temperature 
der and B) C,,S-Au powder; internal D,O lack, 8400 transients. 


NMR (125 MHz) spectra of A) C,,S-Au pow- 


Differential scanning calorimetry (DSC) of C,,SH-, C,,SH-, 
C,,SH-, C,,SH-, and C,,SH-derivatized gold nanoparticles 
quantifies the temperature dependence of the changes qualita- 
tively observed by NMR. Each sample exhibits a broad en- 
dotherm (or a set of overlapping endotherms) in the heat cycle 
(Fig. 4A). The temperature of the peak maximum is clearly 
dependent on chain length, and the AH associated with this 
transition increases with increasing chain length. This trend par- 
allels that seen in materials undergoing gel-to-liquid crystalline 
transitions, given that an increasing chain length affords more 
extensive van der Waals interactions and resulting enthalpic 
contributions. On cooling, a sharp exotherm is observed at ap- 
proximately 7 "C below the endotherm (Fig. 4B). Although this 
hysteresis behavior is observed with all RS -Au samples studied, 
the thermal processes are evidently reversible given that the 
AHendo = AHexo. Upon reheating the cooled nanoparticles, a 
sharper endotherm results owing to annealing of the alkylated 
particles. However, the enthalpies and peak-maximum tempera- 
tures remain the same (i.e., AHheot = AHleheat, AT % 2 "C ); this 
indicates that the DSC-detected transition is reversible. Clearly, 
since the thermograms are reversible, thiol desorption does not 
compete with the thermal properties of the alklylated particles 
at temperatures 1 9 5  0C.[131 The DSC thermograms clearly 
show that these RS-Au particles, in the solid state, undergo 


The transition temperature associated with each chain closely 
parallels those found in both electrochemical SAM studies,[,] 
and in classic studies of phospholipid (PC) bilayer membranes 
(Table I) .I1,] 


FT-IR spectroscopy used in conjunction with NMR and DSC 
provides information concerning the conformation of chains 
adsorbed to surfaces. For example, surface infrared spec- 
troscopy (i .e., reflection absorption infrared spectroscopy, 
RAIRS) has been used to probe the chain conformation and 
orientation of thiol SAMs on planar gold.[151 However, the 
dispersed nature of the gold nanoparticle system allows us to use 
conventional transmission FT-IR, with the sample deposited as 
a thin film on an inert substrate. For example, Figure 5 tracks 
the CH, symmetric (d' : 2850 cm- ') and antisymmetric (d-  : 
2920 cm-') stretches of C,,S-Au as a function of temperature. 
Figure 6 thus shows that upon heating, the C,,S-, C,,S-, and 
C,,S -Au samples undergo a transition from a highly chain- 
ordered state to a chain-disordered state, where the CH, sym- 
metric (d' : 2850 cm- ') and antisymmetric (d- : 2920 cm- ') 
stretches are used as markers of trans and gauche bond popula- 
tions in the Although this process occurs over a 
relatively broad temperature range ('v 25 "C), as is the case in 
the NMR and calorimetry experiments (Figs. 3 and 4), the ap- 
parent transition temperatures are similar to those found by 
other techniques reported here. Also notable is the observation 
that the population of gauche bonds at 25 "C follows the trend 
of C,, >C16 > C,, . This is consistent with a differing extent of 
chain disordering in the samples when they are observed near to, 
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Fig. 5.  Variable-temperature transmission FT-IR spectra of the CH, stretching 
region (2750-3000cm-') for C,,S-Au particles. The dotted lines at 2917 and 
2GO cm- ' are visual aids. 
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Fig. 6 .  Peak position of the antisymmetric ( d - )  and symmetric (d') CH, stretches 
as a function of temperature for RS-Au powders of C,,S-, C,,S-, and C,,S-Au 
nanoparticles deposited on a NaCl crystal. 


or distant from, the DSC-determined phase-transition tempera- 
ture. These data are especially interesting, since several studies 
using RAIRS of RSH monolayers on planar gold substrates in 
UHV conditions have failed to detect phase transitions through 
the temperature dependence of either the d+ or d-  CH, stretch- 
ing peaks, which would otherwise be indicative of order-disor- 
der transitions." 


The DSC and FT-IR experiments establish that a cooperative 
chain-melting process occurs in these alkylated metal colloids, 
the mechanism of which is not immediately evident given the 
relationship between the extended chain conformation and the 
gold nanoparticle geometry. Extensive chain - chain interac- 
tions may arise in two ways, assuming a variation in density of 
the adsorbed surfactant. Chains may collectively tilt to form 
close-packed domains. Detailed diffraction studies established 
that RSH chains chemisorbed on planar Au(l11) are tilted by 
about 30" with respect to the surface normal so as to maximize 
van der Waals interactions.["] While this may in fact occur in 
the thiol-modified nanoparticles, close examination of TEM 
micrographs suggests that chain ordering arises from the inter- 
digitation of chain domains between neighboring particles 
(Fig. 7). Given that TEM images the gold nanoparticle, and not 
the organic adsorbate, the distances between the edges of many 
pairs of adjacent particles (Fig. 2) clearly are substantially less 
than twice an all-trans extended chain length, and indeed, are 
closer to being one chain in length (i.e., ~ 2 0  A). 


An interdigitated state is @eresting in that the void-filling 
process leads to a bilayerlike configuration of chains. Phase- 
tra-nsition temperatures (T,,'s) reflect the extent of van der Waals 
interactions, which depend on the chain-packing density. Thus, 
the agreement between the T, values of planar RS-Au SAMs 


Fig. 7. Schematic two-dimensional representation of the RS- Au nanoparticles in 
the solid state, as suggested by the data shown in Figures 1-6. In this description, 
a number of chain domains on a given gold particle will interdigitate into the chain 
domains of neighboring particles in order to compensate for the substantial decrease 
in the chain density which occurs towards the methyl chain end. Chains with large 
populations of gauche bonds may arise from i) those which occupy interstitial 
regions in the particle lattice and cannot efficiently overlap with adjacent chains or 
from ii) chains residing at domain boundaries. An alternative packing configura- 
tion, involving the interdigitation of individual chains from neighboring particles, 
is not likely given the large chain end to surface area ratio [I 11. 


Table 1, A comparison of the thermal properties of self-assembled films 


RS- Au nanoparticles Planar RS-Au Di-PC lipids 
T,""/T [a] AH[b] TAR/T [c] T:/T [d] T,/"C [el AH/kJmol-' 


- -1.1+0.4 - 


c16 41 (12) 42 39.3f0.6 41.4-10.5 - 


c,, 51 21 (23) 66 53.3f2.4 55.1 f 1.5 42.3k3.7 
Cm 64 (30) - 62.8 f 1.8 64.5f0.5 - 


c,, 3 (5) - 


c14 22 lO(11) 24 - 23.5&0.4 24.?&2.? 


[a] Tisc  refers to the peak-maximum temperature of the endotherm in the first heat cycle. 
[b] AHis reported in Jg- '  of RS-Au powder (values in parentheses) and in kJmol-' of 
alkylthiol for the samples subjected to elemental analyses. [c] Inflection points of these 
plots were determined by taking the second derivative of the best-fit polynomial in each 
case, and are used as apparent T, values reported by FT-IR spectroscopy. [d] T: values 
determined electrochemically for alkylthiols adsorbed on planar gold [4]. [el T ,  values of 
n-diacylphosphatidylcholine lipids determined by DSC [14]. 


(determined electro~hemically),~~~ phospholipid bilayers,[14] 
and RS- Au nanoparticles suggests that these order-disoder 
processes are structurally related. Changes in chain ordering 
could lead to broadening of the phase transitions and may cause 
shifts in the observed T, values. The RS-Au nanoparticle T, 
would also be influenced by the packing state of the RSH chains 
in the modified gold nanoparticles. In a related system, a C12- 
derivatized C,, fullerene (d = 11.3 A) exhibits a phase transition 
at z 24 "C (measured by DSC). In this particular case, an inter- 
digitated phase was determined by X-ray diffraction, and is 
thought to be the source of the observed phase transition.["] 


Conclusion 


These studies show that RS -Au nanoparticles can be prepared 
with monolayer coverage of the gold particles. They then have 
the same physical and chemical properties as thiol monolayers. 
An order-disorder transition is readily monitored by FT-IR 
spectroscopy and NMR spectroscopy,[81 and this transition cor- 
relates with DSC-detected endotherms. This thermally induced 
transition is associated with structural changes in the organic 
monolayer coating, given the distinct dependence of the phe- 
nomenon on chain length. Distinct phase transitions are de- 
tectable in these organic films; this suggests that the RS-Au 
nanoparticle can be considered to be a highly dispersed, large 
surface area analogue to the much-studied self-assembled thiol 
monolayers on planar gold. It is important to note that neither 


362 ____ Q VCH Verfugsgaell.whafi mhH. D-69451 Weinheim, 1996 0947-6S39/96/0203-0362 $ iS.00-t .25/0 Chem. Eitr. L 1996. 2, No. 3 







Self-Assembled Monolayers 359-363 


the calorimetry nor NMR experiments can be performed, at 
present, on SAMs supported on planar surfaces. The research 
presented here paves the way for the extension of a number of 
the biomimetic and optical applications being undertaken with 
RS- Au SAMs to these readily prepared colloidal systems. 


Experimental Procedure 


Materials: C12-, C,,-, C,,-, CIS-, and C,,SH were prepared and purified as previ- 
ously described [4]. Hydrogen tetrachlorodurate trihydrate, sodium borohydride 
(99%). and tetraoctylammonium bromide (98 %) were obtained from Aldrich and 
used as received. 


Synthesis: Gold nanoparticles derivatized with alkylthiols of chain lengths of 12,14, 
16,18, and 20 carbons were prepared following the method of Brust et al. [6a]. This 
procedure involves two phases (toluene/water), where Au"'CI; is transferred to the 
toluene layer with (C,H,,),NBr as a phase transfer reagent, and then reduced by 
NaBH, in the presence of the thiol surfactant at the toluene/water interface. The 
reactions were carried out under ambient atmosphere typically with 1.8 mmoles of 
HAuCI,.3H,O and mole ratios of NaBH,:(C,H,,),NBr:HAuCI,:RSH of 
12:4.8:1.1:1. Rigorous purification of the RS-Au colloid was found to be neces- 
sary as both the original preparation and the recrystallized sample showed large 
amounts of residual thiol and disulfide. Exhaustive washing/extraction of the col- 
loid preparation with ethanol served to quantitatively remove unbound species. 
Complete removal of residual thiol and disnlfide was verified by TLC using hexane 
as the mobile phase and iodine as the indicator. The final purified material used in 
calorimetry and spectroscopy experiments is a finely divided, crystalline (for n 2  16) 
or waxy ( n s  14) brown-black powder, which remains as a solid pellet in water, yet 
disperses to yield a colloidal solution in solvents such as hexane, benzene, toluene, 
and chloroform [6a]. Two samples of RSH-derivatized gold were subjected to ele- 
mental analysis (Galbraith Laboratories, Knoxville, USA). C,,H,,S-Au nanopar- 
ticles yield 75.67% Au, 3.40% S ,  18.30% C, and 3.03%H, while the C,,H,,SH- 
derivatized Au nanoparticles yield 69.32 % Au (by difference), 3.33 % S ,  23.49 % C, 
and 3.86% H. 


Transmission electron microscopy : Samples for TEM were prepared by dipping 
standard carbon-coated (200-300 8) Formvar copper grids (200 mesh) into a dilute 
hexane solution of the RS-Au nanoparticles for several seconds. The TEM grids 
were withdrawn from the solution and allowed to dry under ambient atmosphere for 
a few minutes. Phase contrast images of the particles were obtained with a top-entry 
Phillips EM410 electron microscope operated at an accelerating voltage of 80 keV. 
Micrographs were obtained at magnifications of 52000 x and 92000 x . The size 
distributions of the various RS- Au nanoparticles were determined from the diame- 
ters of at least 100 particles located in a representative region of the 17 x enlarged 
micrographs using a video image analysis software program (JAVA, Jandal Scientif- 
ic). 


NMR spectroscopy: Solution state NMR experiments were performed on a JEOL 
ECLIPSE-270 spectrometer at 2 5 T ,  on samples prepared by dispersion of 30- 
40 mg of the RSH-derivatized An colloid in 0.7 mL of [DJbenzene. Variable-tem- 
perature I3C NMR of the C,,S- and C,,S-Au powders were carried out on a 
Varian Unity 500 NMR spectrometer using D,O coaxial insert as a field/frequency 
lock. I3C NMR measurements were performed under conditions of broadband 'H 
decoupling. The proton and the I3C resonances are reported in ppm vs. TMS. 


Infrared spectroscopy: The RS- Au colloiddl particles were deposited dropwise onto 
a NaCl disc from a concentrated hexane solution. Except for the C,,H,,S-An case, 
evaporation of the solvent resulted in a uniform film. Infrared spectroscopy was 
carried out with a Perkin-Elmer FT-IR Microscope Model 16PC with a MCT 
detector. Spectra were collected in the transmission mode with an  nnpolarized 
beam, at a resolution of 2 cm-' with 32 scans, and a spectral window from 4000 to 
600 cm-'. The FT-IR microscope was equipped with a Mettler FP52 hot stage for 
variable-temperature experiments (5- 100 "C). The sample was purged continuous- 
ly with dry nitrogen and maintained at each temperature for 30 min before a spec- 
trum was acquired. Background spectra of the clean NaCl disc were collected at the 
same temperatures and subtracted from the sample spectra. 


Differential scanning calorimetry: DSC experiments were conducted with a Perkin- 
Elmer DSC-7 instrument calibrated for temperature and peak area by means of 


indium and octadecane standards. Thermograms were run on samples of2-8 mg of 
a RS- Au colloid in sealed aluminum pans under a nitrogen atmosphere at heat - 
cool rates ranging from 2 to 5 "Cmin-'. 
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A Modified Cyclodextrin with a Fully Encapsulated Dansyl Group : 
Self-Inclusion in the Solid State and in Solution 


Roberto Corradini,* Arnaldo Dossena, Rosangela Marchelli, Anna Panagia, Giorgio Sartor, 
Michele Saviano, Angela Lombardi, and Vincenzo Pavone* 


Abstract: A monofunctionalized p-cy- 
clodextrin containing a dansyl moiety, 6- 
deoxy - 6 - N - (N' - (5  - dimethylamino - 1 - 
naphthalenesu1fonyl)diaminoethane) - p - 
cyclodextrin (CD-en-DNS, 2), was syn- 
thesized and its crystal structure deter- 
mined. It was shown that the dansyl group 
is fully encapsulated within the cyclodex- 
trin cavity, with the dimethylamino and 
sulfonyl groups emerging from opposite 
sides. The shape of the cavity is consider- 
ably flattened, since O(4)-0(4) distances 
parallel to the naphthalene ring were 
found to be longer than the others. The 
conformation of the diaminoethane linker 
was found to be determined by the inclu- 
sion of the dansyl group and by a hydro- 
gen bond between the sulfonamide NH 


and one of the O(6)-H groups on the cy- 
clodextrin rim. The self-inclusion features 
of the aromatic moiety were found to be 
consistent with the solution data: 
'H NMR ROESY spectra suggested that 
the orientation of the dansyl moiety ob- 
served in the solid state was retained in 
aqueous solution; the circular dichroism 
spectrum was consistent with an axial 
complexation model. Fluorescence spec- 
tra showed that the inclusion of the dansyl 
group in the cyclodextrin cavity consider- 


ably increases the quantum yield; time-re- 
solved fluorescence experiments showed 
the presence of a long-lifetime component 
(16.1 ns), which was attributed to the in- 
cluded fluorophore. The ability of 2 to act 
as a fluorescence sensor was evaluated by 
the addition of several guests of different 
shape: fluorescence intensity was lowered, 
especially upon addition of adamantane- 
carboxylic acid. All the data obtained 
were consistent with the model of the in- 
out movement of the dansyl group from 
the self-included conformation observed 
in the solid state to a position more ex- 
posed to the bulk solvent. Copper(I1) was 
shown to enhance the difference in the flu- 
orescence of 2 in the presence of guests by 
additional static quenching. 


Introduction 


u-, j?-, and y-Cyclodextrins (cyclic oligosaccharides composed of 
six, seven, and eight D-( +)-glucopyranose units, respectively)['] 
in aqueous solution can include a variety of organic compounds 
within their hydrophobic cavities without formation of covalent 
bonds.['] Thus, they have been extensively used for molecular 
recognition of neutral molecules, being able to discriminate be- 
tween guests of different shapes and dimensions, and as building 
blocks for supramolecular structures.[31 In particular, /3-cy- 
clodextrins show a strong preference for compounds containing 
polycyclic aromatic groups, such as naphthaleneL4] or pyrene, 
and tricyclic aliphatic moieties, such as adamantanecarboxylic 
acid (ACA) .[51 It has yet to be resolved whether the inclusion of 
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lipophilic molecules within the cavity should be attributed to an 
entropic "hydrophobic" effect, or to dispersion forces giving 
rise to attractive interactions.L61 


A large number of cyclodextrins bearing substituents with 
specific functional groups have been synthesized in order to 
achieve a more eficient and/or selective binding of molecules 
with complementary fun~tionalities.[~' Recently, great attention 
has been paid to the use of cyclodextrins in luminescence stud- 
ies''] and in nonlinear optics.['] Unmodified cyclodextrins have 
been used as fluorescence-enhancing agents for analytical pur- 
poses,["] and the competitive binding of a fluorophore is a 
technique widely used for the determination of the stability con- 
stants of cyclodextrins host -guest inclusion complexes.["] 


In recent years, Ueno and his collaborators have utilized these 
properties for obtaining optical sensors based on molecular 
recognition,["] by covalently linking a chromophore or fluoro- 
phore to cyclodextrins. Cyclodextrins linked to ferr~cene,"~' 
anthra~ene,"~] pyrene," naphthalene,'l6I flu~rescein,"~] p-di- 
methylaminobenzoyl (DMAB) ,[l 'I or dan~yl["~ "1 units showed 
guest-induced variations in circular dichroic, absorption, and 
fluorescence spectra, and exhibited remarkable molecular selec- 
tivity toward steroidal systems. 


Bright and co-workers have investigated the time-resolved 
fluorescence of one of these molecules, a dansylglycine-modified 
/l-cyclodextrin!211 and shown it to be an optical sensor of re- 
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markable stability once trapped in a sol-gel matrix.[221 In this 
system, the self-inclusion of the fluorophore within the cy- 
clodextrin cavity was postulated to be an essential feature for 
the sensing properties, although complete self-inclusion was not 
observed in the available X-ray crystal structures of monofunc- 
tionalized p-cyclodextrins. 


Inclusion of dansyl derivatives within unmodified cyclodex- 
trins has also been proposed to be involved in the mechanism of 
chiral discrimination in high-performance liquid chromatogra- 
phy (HPLC) ,[231 thin-layer chromatography (TLC) ,[241 and 
capillary-zone electrophoresis (CZE) .Iz5] The use of j-cyclodex- 
trin for the enantioselective crystallization of N-dansyl a-amino 
acids has also been reported.[261 The observed enantioselectivity 
in these systems is generally attributed to the presence of some 
additional interaction (e.g., hydrogen bonding) between the in- 
cluded guest and the cyclodextrin rim. However, to our knowl- 
edge, very few structural data are available to support the nu- 
merous pictorial molecular models proposed. 


We report here the crystal structure of a p-cyclodextrin mono- 
functionalized at C(6) with N-dansylethylenediamine (en-DNS, 
l), 6-deoxy-6-N-(N'-(5-dimethylamino-l-naphthalenesulfonyl)- 
diaminoethane)-p-cyclodextrin (CD-en-DNS, 2; Scheme I) ,  
which for the first time provides direct evidence with full struc- 
tural details for the inclusion of the dansyl group within the 
cyclodextrin cavity. 


Scheme 1. General formula and numbering of 2. The cyclodextrin 
protons are indicated as C(m)n, where m is the glucose proton 
number and n is the number of the glucose unit. 


We carried out a spectroscopic investigation in 
aqueous solution, in order to determine whether 
or not the structural features observed in the solid 
state were retained. The preferred conformations 
of 2 in aqueous solution were studied by CD, 
NMR, and fluorescence spectroscopy, and com- 
pared with the crystal structure. The ability of 2 to 
act as a fluorescent sensor for neutral molecules, 
analogously to other dansyl-modified cyclo- 
dextrins, was also investigated. In fact, CD-en- 
DNS (2) should undergo a pronounced decrease in 
the fluorescence intensity upon expulsion of the 
DNS group from the cavity, mainly due to the 
dynamic (i.e., collisional) quenching by solvent 
molecules. 


We investigated the effect of copper(I1) ions on 
the sensing properties of 2, to establish whether 
additional (static) quenching effects occur on com- 
plexati~n,[~'] as recently demonstrated by some of 
us for the preferentially inclusion of D-tryptophan 
by the copper(r1) complex of a histamine-mono- 
functionalized ~ - c y c l ~ d e x t r i n . ~ ~ ~ ~ ~ [ ~ ~ ~  


Results and Discussion 


The synthesis of CD-en-DNS (2) was carried out (with a modi- 
fication of a literature procedure[301) by reaction of p-cyclodex- 
trin with tosyl chloride in pyridine, substitution of the resulting 
mono-6-0-tosylate with iodide, and reaction of the 6-deoxy-6- 
iodo-p-cyclodextrin with the amine en-DNS (1) (obtained by 
reaction of excess ethylenediamine with dansyl chloride). A 
good yield (50 %) was obtained for the last step of the synthesis, 
compared to that previously reported for a dansylglycine-p-cy- 
clodextrin.[l61 


Crystal structure of 2: The molecular structure of 2 is shown as 
stereoviews in Figure 1 .  The overall shape of the molecule corre- 
sponds to a distorted truncated cone. The en-DNS moiety forms 
a folded structure directing the terminal DNS group inside the 
cavity; the latter is fully encapsulated. Although many inclusion 
complexes of a-, p-, or y-cyclodextrins have been investigated, 
very few crystal structures of monofunctionalized cyclodextrins 
have been reported, and none of these provided evidence of 
complete self-inclusion of the substituent within the cyclodex- 
trin cavity. Inclusion of the side arm within the cavity of an 
adjacent cyclodextrin has been observed in the case of 6-deoxy- 
6-tert-butylthi0-,[~~] 6-deoxy-6-phenylthi0-,~~~] and 6-deoxy- 
6-phenylsulfinyl-~-cyclodextrin.~32] Self-inclusion of the leucine 
side chain has been observed in the case of 6-deoxy-6-cyclo- 
(~-histidyl-~-leucyl)-~-cyclodextrin.[~~~ Therefore, the crystal 
structure of 2 provides the first example of a fully self-included 
1-cyclodextrin derivative. 


The inclusion of the dansyl group causes a remarkable distor- 
tion of the heptagonal symmetry of the 8-cyclodextrin moiety, 
so that it is wider along the imaginary axis connecting the cen- 
ters of the G 3 and G 7 glucose units. The aromatic ring is nearly 
perpendicular to the mean square plane formed by the O(4) 
atoms (the dihedral angle is 79.6'); the longest side of the naph- 
thalene ring points toward the glucose rings G 3 and G7. The 
sulfonyl and dimethylamino groups point outward from the 


G7 


Fig. 1. Stereoview of the crystal structure of CD-en-DNS (2). G I  -7 refer to the glucose units 
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P-cyclodextrin truncated cone on opposite sides; the former is 
closer to the plane formed by the O(6) atoms. 


All the glucose residues have a 4C, chair conformation. All 
the secondary hydroxyl groups (O(2)-H and O(3)-H) form 
intramolecular hydrogen bonds with neighboring glucose 
residues (see Table l ) ,  thus maintaining the round shape of the 
P-cyclodextrin ring. The O(2)n. . . O(3)n - 1 distances are in the 
range 2.73-2.88 A, in agreement with other known P-cyclodex- 
trin crystal 


Table 1. Inter- and intramolecular H bonds in 2:  distances d between O(2)n and 
O(3)n - 1, between selected atoms in the b-CD moieties and water oxygen atoms 
(Ow), and between water molecules. 


d (A) Symmetry operation 


2.88 
2.79 
2.81 
2.77 
2.83 
2.78 
2.13 


2.78 
2.70 
2.93 
3.14 
3.08 
2.79 
2.76 
2.83 
2.79 
2.65 
2.72 
3.16 
3.28 
3.25 
2.83 
2.73 
2.96 
2.66 
2.75 
2.66 


2.77 
2.69 
2.74 
2.82 
2.78 
3.11 
2.83 
3.17 
2.92 
3.26 
3.30 
3.08 
2.84 
2.59 
2.81 
2.63 
2.51 
3.48 
3.02 
2.61 
2.75 


x - 112, 312 - y. 1 - z 
x - 1/2, 3/2 - J. 1 - z 
x. y ,  L 


x, y ,  z 
- .Y, y - 112, 312 - z 
x. y, z 
- x, J' + 112, 3/2 - z 
x - 1/2, 3/2 - y, 1 - z 


x, y ,  r 
x ,  y, z 
- .Y, y + 112, 312 - z 
.x, y, z 
x, y. = 
112 - I, 1 - ,y. 112 +z 
- x ,  y + 112, 312 - z 
Y ,  y ,  z + 1 
x. y. z 
112 - I, 1 - y. 112 +z 
x - 312, 312 - V ,  1 - z 
s. y, ? 


x.  y. i 
x, y ,  z 
x - 112, 312 - J. 2 - z 
112 - x, 2 - y. 112 +z 


5, y. z 
x, Y ,  = 
x, y ,  5 


I, I', z 


I, J. i 


x. y ,  z 


x, J, = 
x, y, i 
x, .v, z 
*, J, z 
x, y, z 
x, ,l'. 2 


x, I', z 


.Y. y. z 


112 - s, 1 --y, 112 + z  


112 - 'L, 1 - y .  112 +z 


x, J', z 


Table 2 reports in detail the P-cyclodextrin ring parameters. 
The seven glycosidic O(4) atoms are coplanar within 0.26& 
forming a distorted heptagon with sides of 4.10-4.61 A in 
length and radii of 4.54-5.45 A. It is worth noting that the sides 
of the heptagon facing the naphthalene plane are significantly 
longer than the other sides (the 0(4)7-O(4)l and 0(4)4-O(4)S 
distances are 4.6 A); in particular, they are longer than the mu- 
tually opposing sides 0(4)6-0(4)7 (4.1 A) and 0(4)2-0(4)3 


Table 2. Geometrical data concerning to the p-cyclodextrin rings in 2 (see Fig. 1 for 
numbering). 


G I  4.54 4.40 137.8 23.04 0.102 
G 2  5.22 4.22 122.8 4.99 0.208 
G 3  5.30 4.25 123.6 6.12 -0.265 
G 4  4.78 4.60 132.6 19.84 -0.042 
G 5  4.76 4.35 134.3 6.93 0.259 
G 6  5.45 4.10 118.4 4.37 -0.068 
G 7  5.03 4.61 128.5 8.36 -0.194 
average 5.01 4.36 128.3 10.52 0.163 
mean values [f] 5.1(1) 4.4(1) 118(l) 12(10) 0.178 


[a] The radius r is measured from the centre of gravity of the seven O(4) atoms to 
each O(4) atom. [b] Defined as the O(4)n.. . O(4)n + 1 distance. [c] Defined as the 
[0(4)n - 1]-[0(4)n]-[0(4)n + 11 angle. [d] The tilt angle &,is defined as the angle 
between the plane formed by the O(4) atoms and the plane formed by O(4)n + 1, 
C(l)n, C(4)n, and O(4)n atoms ofeach glucose residue. [el The planarity Pis defined 
as the O(4)n displacement from the mean plane formed by the O(4) atoms. [f] From 
ref. [34]; standard deviations are reported in parentheses. 


(4.2 A). The glucose residues are inclined towards the perpen- 
dicular axis of the plane formed by the O(4) atoms, making the 
upper rim with the primary hydroxyl groups smaller. The tilt 
angles[351 of the glucose residues are in the 4.37-23.04" range, 
with the larger values for the glucose units 1 and 4. The 
[0(4)n -1]-[0(4)n]-[0(4)n + I ]  angles are in the 118.4-137.8" 
range, and are wider around the 0(4)1,0(4)4, and O(4)S atoms. 
All the C(6)-0(6) groups are pointing outward from the torus, 
and are involved in hydrogen bonds with the surrounding 
cocrystallized water molecules, except that of glucose unit 7, 
which is rotated inward to allow the formation of a hydrogen 
bond with the sulfonamide N 2  atom of the en-DNS group (the 
N2-0(6)7 distance is 2.97 A). 


The encapsulation of the DNS group within the P-cyclodex- 
trin cavity is achieved by a folding of the ethylendiamine bridge 
with the C(6)l -N 1 bond pointing inward. The 0(5)1-C(5)1- 
C(6)l -N I torsion angle is gauche (+ ), while, along the chain 
from C(6)l to N2, a gauche(-)-trans-gauche( -)-skew suc- 
cession of torsion angles ensures the appropriate positioning of 
the DNS center near the center of the P-cyclodextrin cavity. This 
folded conformation is stabilized by a hydrogen bond between 
the unusually inward oriented 0(6)7 primary hydroxyl group 
and the N 2  atom, as mentioned above. Furthermore, the N1 
atom is involved in hydrogen bonding with a water molecule 
(the 0,4-N1 distance is 2.8 A). This water molecule is also 
hydrogen bonded with 0,7 and 0(3)6, belonging to a symmetry 
related molecule. In turn, 0,7 also participates in a hydrogen 
bond with 0(2)5, in a symmetry related molecule. Thus 0,4 
and 0,7 act as a bridge and stabilize columns of molecules 
along the b direction. Neither nitrogen nor oxygen atoms of the 
sulfonamide group form hydrogen bonds with solvent mole- 
cules. 


The aromatic part of DNS group is fully encapsulated within 
the cavity. Atoms C 11, C 12, and N 3 are below the O(4) plane 
(on the side of O(2)n and O(3)n secondary hydroxyl groups). 
Van der Waals contacts between the DNS group and the cy- 
clodextrin moiety are reported in Table 3, indicating that the 
DNS atoms C 3, C 4, C 5 ,  C 6, C 1 1, and C 12 are the main atoms 
involved in the inclusion phenomenon. 


The crystal packing along the b axis is reported in Figure 2. 
Columns oriented along the b axis are formed by macrocycles 
related by a 2, screw axis and are inclined with respect to this 
axis by about 28". In the crystal packing, no direct link between 
primary and secondary hydroxyl groups of symmetry related 
units are present. Sixteen equivalents of cocrystallized water 
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Table 3. Main van der Waals contacts (d<4.5 A) between the DNS moiety and the 
8-cyclodextrin in 2. 


N 2  C(5)7 4.29 
N 2  C(6)7 3.82 
S C(6)6 4.49 
S 0(6)7 4.30 
0 1  C(6)5 3.56 


0 1  0 ( 5 ) 6  4.41 
0 1  C(6)6 3.30 
0 1  0(6)7 4.24 
C t  C(6)5 4.40 
C 2  C(6)4 4.08 


0 1  C(5)6 3.74 


C 3  C(6)2 4.45 
C 3  0(4)3 4.33 
C 3  C(5)3 4.11 
C 3  C(6)3 4.16 
C 3  C(5)4 3.84 
C 3  0(5)4 4.38 
C 3  C(6)4 3.79 
C 4  0(4)2 4.23 
C 4  C(5)2 4.24 


C 4  C(6)2 
c 4  C(4)3 
C 4  0(4)3 
C 4  C(5)3 
C 4  C(6)4 
C5 0(4)1 
C5  C(5)l 
C 6  O(4)l 
C 6  C(5)l 
C11 C(3)2 
C11 0(3)2 
C11 0(4)2 
c 1 2  C(3)3 
C12 0(3)3 
c 1 2  C(4)3 
C12 0(4)3 
c 1 2  C(3)4 
c 12 C(4)4 
C12 0(4)4 
c 1 2  C(5)4 


4.39 
4.45 
3.90 
4.47 
4.21 
4.30 
4.41 
4.50 
4.23 
3.83 
4.29 
4.22 
3.91 
4.14 
4.35 
3.63 
3.77 
4.09 
3.66 
4.16 


ROESY [361 spectra. In particular, two series of signals corre- 
sponding to atoms connected through bonds were identified in 
the COSY spectrum and assigned to the naphthalene aromatic 
rings; the connectivity through space with the protons of the 
dimethylamino group allowed the identification of the protons 
H 4 and H 6 of the naphthalene unit and of the other aromatic 
signals. The combined use of TOCSY and ROESY experiments 
allowed us to assign all the protons of the ethylenediamino 
linker and most of the signals of the cyclodextrin protons. In 
particular, according to a strategy developed for cyclodextrins 
and oligosaccharides, the signals of each glucose unit could be 
identified from TOCSY cross-peaks; several spectra were 
recorded with increasing spin-lock times (from 30 to 90 ms), and 
the H(I)-H(2j, H(l)-H(3), H(l)-H(4), and H(l)-H(5) con- 
nectivities were thus progressively detected; H(6) protons were 
assigned from cross-peaks with the H(5) and H(4) protons. The 
sequence by which the glucose units are connected could be 
obtained from the 'H-IH ROESY cross-peaks between the 
H(1)i anomeric proton of one glucose unit and H(4)i - 1 of the 
preceding glucose residue.[371 The peak assignment of the cy- 
clodextrin protons obtained by this approach are reported in 
Table 4. 


Table4. ' H N M R  peak assignments based on TOCSY and ROESY spectra 
(400 MHz, D,O, 310 K). 


+ 
Fig. 2. Crystal packing viewed along the b axis. Water molecules (0 )  are also 
included. 


molecules are involved in a network of hydrogen bonds in the 
crystal. The water molecules also fill the lattice space. Table 1 
reports the hydrogen-bond distances. 


Spectroscopic evidence for self-inclusion in aqueous solution : The 
conformation of 2 in aqueous solution was investigated by 
NMR, CD, and fluorescence spectroscopy, in order to establish 
whether the self-inclusion features of the dansyl group within 
the cavity were retained. 


The 400 MHz 'H NMR spectrum in deuterium oxide exhibits 
severe overlapping of peaks in the aliphatic region. Seven sepa- 
rate resonances are observed for the anomeric H(1) protons; in 
j-cyclodextrin only one degenerate H( 1) resonance is observed. 
In the COSY and TOCSY spectra seven cross-peaks, corre- 
sponding to the correlation between H(l) and H(2) protons in 
a monosubstituted cyclodextrin, were observed, allowing the 
assignment of all the H(2) protons (data not shown). The aro- 
matic protons were assigned on the basis of the COSY and 


G I  5.00 3.64 3.65 3.17 2.69 2.42 
2.10 


G 2  4.99 3.73 4.05 3.72 3.36 3.63 
3.83 


G 3  5.32 3.91 4.47 3.93 4.47 4.16 
4.30 


G 4  5.19 3.71 3.86 3.58 3.49 3.70 
3.25 


G 5  4.94 3.62 3.55 3.50 2.58 3.20 
3.50 


G 6  5.18 3.82 4.17 3.75 4.17 4.20 
4.30 


G 7  5.34 3.85 4.32 3.71 4.32 3.83 
4.05 


The proton chemical shifts are spread over a wide range, 
owing to the magnetic anisotropic effect of the naphthalene 
ring: the shielding and deshielding effects observed suggest a 
disposition of the naphthalene ring similar to that observed in 
the solid state. In fact, the protons of the glucose units G 3, G 6, 
and G 7, which face the edge of the aromatic group in the crystal 
structure, generally have high chemical shifts, while those of G 1 
and G 5 ,  which are above and below the plane of the aromatic 
ring, have the lowest chemical shifts for all protons. The H(5) 
protons are particularly sensitive to anisotropic effects, since 
their chemical shifts vary from 2.58 for H(5)5 and 2.69 for H(5)l 
to 4.47 for H(5)3; a similar, but less pronounced, effect was 
found for H(3j protons. This is also in agreement with the solid- 
state structure, since both H(5) and H(3) are located inside the 
cavity and are close to the aromatic moiety, with the former 
being located close to the center of the naphthalene ring. A 
portion of the ROESY spectrum, containing cross-peaks be- 
tween the aromatic protons and those of the cyclodextrin cavity, 
is reported in Figure 3. 


In Table 5 the observed connectivities are compared with the 
distances observed in the solid state. Figure 4 shows the corre- 
sponding protons in the crystal structure. The aromatic H 2 and 
H 6  protons show no NOE with the cyclodextrin protons, in 
accordance with the solid-state structure, in which the two pro- 
tons are located near the cyclodextrin axis. The other connectiv- 
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Fig. 3. Contour plot of a portion of the 400 MHz ROESY spectrum of 2 in D,O at 
3 1 0 K .  


Table 5. ROESY cross-peaks and crystal-structure nearest-neighbor distances (6) 
between the naphthalene protons and protons within the cyclodextrin cavity 
(400 MHz, D,O, 310 K). 


DNS H /I-CD H Intensity 


H 2  W6)4 3.52 no signal 


H 3  W6)3 2.17 + 
W5)3 2.83 + 


H 4  W5)3 2.21 + t  
W5)4 2.84 + 


H 6  W3)7 3.7 no signal 


H 7  W3)7 2.35 + + + [a] 
H(5)7 2.40 + + + [a] 
W3)6 2.80 + [bl 
W5)6 2.90 + [bl 


H 8  W5)6 2.36 + 
W5)7 2.40 + 


[a] The signals of H(3)7 and H(5)7 overlap. [b] The signals of H(3)6 and H(5)6 
overlap. 


Fig. 4. Crystal Structure of 2. Magenta: dansylethylenediamine group; yellow: 
protons of the cyclodextrin cavity showing NOE with those of the dansyl moiety in 
solution. 


ities are also in agreement with this structure, since protons H 3  
and H4 are close to the glucose units G 3 and G4, and protons 
H 7 and H 8 are near the glucose units G 6 and G 7. 


Further insight into the self-inclusion was obtained from the 
UV and CD spectra, by taking advantage of the fact that an 
achiral guest molecule included in the chiral cyclodextrin cavity 
may exhibit an induced circular dichroism (ICD) in its absorp- 
tion regions. In an a-amino-substituted naphthalene such as the 
DNS group, the 'La and ' L, states are of similar energy, owing 
to the red-shift of the 'La band (depending on the polarity of the 
solvent) and are probably mixed for 1,5-DNS amides and relat- 
ed compounds in aqueous solution.[381 


For simple chromophores, such as substituted benzene and 
naphthalene rings, it has been possible to correlate, on a theoret- 
ical basis, the sign of the observed ICD with the orientation of 
the dipole transition moment of a given absorption band rela- 
tive to the /I-cyclodextrin sevenfold axis.[391 Substituted naph- 
thalenes included in cyclodextrins show CD bands for 'La and 
'L ,  of the same sign and opposite to that of the 'Bb transition. 
The following correlations have been derived : with axial com- 
plexation (i.e., with the long axis of naphthalene parallel to the 
/I-cyclodextrin sevenfold axis) ' B ,  has a positive and 'La a neg- 
ative sign; opposite signs are expected for equatorial complexa- 


UV and CD absorptions of 2 (Fig. 5) are consistent with the 
axial inclusion mode of naphthalene: the band at 350 nm can be 
attributed to the overlapping 'La and ' L ,  transitions, and the 
band at 260 nm to the 'Bb transition (long axis polarized). This 
observation is in agreement with the solid-state structure, in 
which the naphthalene long axis is inclined slightly away from 
the 8-cyclodextrin approximate sevenfold axis. 


tion.[4b. 401 


250 300 350 400 
1 (m 


Fig. 5. Absorption (. ~ .) and circular dichroism (-) spectra of 2 in H,O (tetraho- 
rate buffer, pH = 8.0). 


Fluorescence measurements were carried out on both the 
dansylated cyclodextrin 2 and on the parent en-DNS (1) in 
aqueous solution (Fig. 6). The intensity of the spectrum of 2 was 
found to be much greater than that of the reference amine. The 
relative quantum yield was found to be 28 times higher for 2 
than for 1. The effect of cyclodextrins on fluorescence intensity 
is generally attributed to the protection of the fluorophore in- 
cluded in the cavity from quenching by the solvent molecules or 
by other species present in solution. Enantioselective fluores- 
cence responses have also been observed for binaphthyl deriva- 
tives as a consequence of preferential 


The emission wavelength of dansyl derivatives has been re- 
ported to be dependent upon the solvent polarity: shorter wave- 
lengths are observed at low Dimroth's ET values, owing to the 
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Fig. 6. Fluorescence emission spectra of 1 (- -) and of 2 (-) in H,O (tetraborate 
buffer, pH = 8.0). 


polarity of the emitting 'L, state, which is thought to have 
charge-transfer In the present case, a blue-shift 
was observed in the emission maximum of 2 (522 nm) as com- 
pared to that of 1 (538 nm); this suggests that the fluorophore 
of 2 experiences a less polar environment. 


Time-resolved fluorescence experiments, carried out using the 
single-photon counting technique,t421 showed the presence of a 
component with a long lifetime for 2 (16.1 ns ), which was ab- 
sent in the case of 1 (Table 6). The higher fluorescence intensity 


Table 6. Fluorescence lifetime (I) and molar fractions (OL) for dansylated amines and 
cyclodextrins in aqueous solution (pH = 8.0) [a]. 


Guest 1 1  El 72 E Z  7 3  co 


1 -  3.3 0.40 2.2 0.40 1 0.20 
2 -  16.1 0.90 4.9 0.10 
2 ACA[b] 15.4 0.07 5.7 0.71 1.08 0.22 
2 (R)-camphor 17.99 0.25 7.05 0.55 1.86 0.20 
2 (S)-camphor 17.99 0.25 7.05 0.55 1.86 0.20 


[a] Data refer to the best-fitting model for each compound ~ ~ i l . 3 .  
[b] Adamantanecarboxylic acid. 


of 2 is correlated with a longer lifetime, since the steady-state 
fluorescence of the ith component can be expressed as F, = aiai, 
where wi is the molar fraction of fluorophore having the lifetime 
q: the enhancement of eOt is therefore due to the high popula- 
tion of long-lived components. These results are consistent with 
the inclusion of fluorescent guests within the fl-cyclodex- 


the longer lifetime in the case of inclusion complexes 
has been attributed to the protection of the excited state from 
dynamic quenching by water molecules. The present results are 
consistent with those previously reported for the dansylglycine- 
fl-cyclodextrin, which showed two components with lifetimes of 
16.9 and 5.6 ns.['ll The presence of a two well-defined exponen- 
tial components suggests an equilibrium between two confor- 
mations of 2: one with the dansyl group fully encapsulated, as 
observed in the solid state, and another one with the dansyl 
group outside the cavity and thus more exposed to the bulk 
solvent. This equilibrium is shifted towards the self-included 
form, as indicated by the molar fraction a, (0.9) of the long-lived 
component. The three different lifetimes obtained from the 
fluorescence decay experiments for 1 can be attributed to three 
different rotational isomers of 1 in solution. It is beyond the 
scope of this work to investigate the photophysical behavior of 
this molecule in solution. For compound 2 only two compo- 
nents are needed to fit the fluorescence decay. This may be due 
to the relative large fluorescence associated with the self-includ- 


ed species as compared to that of the short-lifetime component: 
owing to the small fraction of fluorescence associated with T ~ ,  
we could not resolve the conformational heterogeneity of 2 as 
well as for 1. 


All the above spectroscopic data strongly suggest that self-in- 
clusion of the dansyl moiety in the cyclodextrin cavity is also the 
preferred conformation in aqueous solution. 


Fluorescence sensing properties: In order to verify whether the 
structural features of 2 could be correlated to its host-guest 
sensory properties, analogous to those of previously reported 
dansyl-modified /?-cyclodextrins, we compared the fluorescence 
intensity of 2 in the absence and presence of various guests of 
different size and shape, present in excess (Table 7). The most 


Table 7. Fluorescence intensities (standard deviations 0.001 -0.004) of aqueous so- 
lutions of 2 in the absence and presence of copper(n) and with an excess (100: l )  of 
various guests (pH = 8.0, tetraborate buffer:ethanol = 10: 1). 


~ ~ _ _ _ _ _ _ _ _ _ ~  


F(2 +Cu") [a] (A. U.) Guest F(2) (A. U.) 


- 1.000 1.009 
ACA 0.311 0.259 
(R)-camphor 0.514 0.481 
(S)-camphor 0.518 0.484 
(S)-borneol 0.370 0.313 
(R)-fenchone 0.675 0.637 
(S)-fenchone 0.673 0.637 
cholesterol [b] 0.872 0.822 


[a] Cyclodextrin :copper(ii) = 1 : 1. [b] Cyc1odextrin:cholesterol = 1 : 3. 


effective guest was found to be adamantanecarboxylic acid 
(ACA). Its size and tricyclic rigid structure allows it to fit well 
into the P-cyclodextrin cavity, and it thus form a very stable 
inclusion complex. Indeed, the fluorescence lifetime distribution 
changed upon addition of ACA: a, for the component having a 
longer lifetime (zl =15.4 ns) was smaller than in free 2 
(Table 6); this suggests that the fraction of molecules with the 
dansyl group inside the cavity had decreased. A similar effect 
was observed in the presence of (R)- or (S)-camphor. Accord- 
ingly, the shorter components have a larger contribution to the 
total fluorescence; this allows a better resolution of the multiex- 
ponential decay. The negative circular dichroism band at 
340 nm progressively decreased in intensity upon addition of 
ACA (Fig. 7). The spectroscopic evidence presented above is 
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Fig. 7. Circular dichroism spectra of 2 (6 x 1 0 - 5 ~  in H,O) in the absence (a) and 
presence of ACA with ACA:2 ratios of 1:l (b), 2:l (c), and 3.5:l (d) (tetraborate 
buffer, pH = 8.0). 
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consistent with an in-out shift of the dansyl moiety induced by 
the guest, as previously proposed for analogous fluorescent cy- 
clodextrins. 


Effect of copper(1i) on fluorescence: The copper(r1) ion is known 
to induce fluorescence quenching in DNS amino acids and 
dipeptide~. '~~'  Recently, we have shown that static quenching 
occurs in the case of DNS amino acids in the presence of cop- 
per(I1) complexes. The quenching process is most likely promot- 
ed by complexation of the copper(I1) ion to a donor group adja- 
cent to the dansyl group, with subsequent abstraction of the 
sulfonamide hydrogen; coordination of the deprotonated sul- 
fonamidate group to Cu" has been shown to take place both in 
solution (by polarimetric and in the solid state (X- 
ray crystal structure analysis) 


In the presence of the copper(I1) ion at pH = 8, the fluores- 
cence of cyclodextrin 2 underwent only negligible quenching, in 
contrast to results observed for DNS-en (1). This suggests that 
the lack of quenching effect for 2 was not due to the absence of 
strongly complexing groups, but rather to conformational con- 
straints. In fact, the inclusion of the dansyl group modifies the 
conformation of the ethylenediamine linker, so that the two 
nitrogen atoms are unable to form a chelate ring. Furthermore, 
the quenching in 1 is strongly dependent upon pH: it is negli- 
gible at pH =7.0 and very large at pH = 8.0 (results not 
shown). This suggests that the interaction between copper(I1) 
and the dansyl group occurs through the deprotonated sulfon- 
amide nitrogen. 


Finally, we evaluated the possibility of enhancing the effect of 
a guest molecule on the fluorescence of 2 in solution, by addition 
of the copper(I1) ion. The expulsion of the dansyl moiety from 
the cyclodextrin cavity should allow the complexation of the 
copper(n) ion by the dansylethylenediamine moiety. This would 
produce an additional quenching effect. The fluorescence inten- 
sities of 2 with various guests in the presence or in the absence 
of copper(i1) are compared in Table 7. Indeed, the ability of 2 to 
act as a fluorescent optical sensor increases, since the difference 
between the fluorescence of free 2 and the host-guest complex 
is greater. 


The hydrophobic effect responsible for the formation of the 
self-inclusion complex is therefore very strong, since it is able to 
compete with the metal-ion complexation process. 


Conclusions 


In this work we have described the structural features of a fluo- 
rescent sensor based on b-cyclodextrin covalently linked to a 
dansyl group. For the first time, an inclusion complex of a 
dansyl moiety within a P-cyclodextrin cavity has been fully char- 
acterized both in the solid state and in solution. The present 
results could serve as a basis for the critical revision of the 
inclusion models proposed so far to explain the spectroscopic 
behavior, enantioselectivity, and other chromatographic prop- 
erties of dansyl derivatives in the presence of /I-cyclodextrins. 


The crystal structure reveals that P-cyclodextrin is able to 
fully encapsulate in its cavity a group of appropriate size, such 
as the DNS group, by folding the arm bridging the P-cyclodex- 
trin and the DNS group. To the best of our knowledge, this is 
the first example of self-inclusion causing a significant distortion 
of the heptagonal symmetry of the P-cyclodextrin ring. The 
elliptical shape of the molecule, with the direction of the longer 
principal axis almost parallel to the naphthalene plane, is 
achieved by a series of relatively small distortions in the bond 
geometry. 


A self-inclusion phenomenon has also been observed in 6- 
deoxy-6-cyclo(~-His-~-Leu)-~-cyclodextrin,~~~~ but the leucine 
side chain is only partially encapsulated and the isopropyl group 
is close to the plane formed by the C(5) atoms. Consequently, no 
significant distortion of the torus shape of the molecule was 
induced. The greater degree of encapsulation of the hydropho- 
bic functionality in 2 may partly be attributed to the size of the 
included group and to the greater flexibility of the linker. 


Detailed spectroscopic studies suggested that self-inclusion of 
the dansyl group was also retained in solution. Two-dimensional 
NMR showed that the fluorophore was most likely included in 
the cavity with the H6-H2 axis close to the cyclodextrin axis, 
in good agreement with the solid-state structure. Furthermore, 
the correspondence of the structural features derived by NMR 
and crystallographic studies with circular dichroism models al- 
lowed us to validate the existence of a direct relationship be- 
tween the sign of the CD bands and the orientation of the dansyl 
group within the cavity. 


The tight self-inclusion observed both in the solid state and in 
solution did not prevent compound 2 from acting as a fluores- 
cent optical sensor for neutral guests. The fluorescence of 2 was 
not quenched by copper(n), because the the conformation of the 
ethylenediamine linker prevented the two nitrogen atoms from 
forming a chelate ring. In the presence of a suitable guest, the 
expulsion of the DNS group increased the degrees of freedom of 
the linker, allowing the coordination of copper(I1) and hence 
fluorescence quenching. It is therefore possible, as a general 
strategy, to exploit conformational changes induced by the dis- 
placement of the aromatic moiety to enhance the sensitivity of 
the optical signal produced and thus to produce a more efficient 
fluorescent sensor. 


Experimental Section 


The following materials were used: b-cyclodextrin hydrate (Janssen), dansyl chlo- 
ride (Sigma), and ethylenediamine (Janssen). The latter reagent was distilled prior 
to use. TLC was conducted on precoated silica gel plates (60F-254, Merck); detec- 
tion of cyclodextrin derivatives was achieved by UV irradiation ( A  = 254 nm) or by 
using the anisaldehyde test. IR spectra were measured with a Perkin-Elmer 298 
spectrometer. All IR spectra were recorded at room temperature from i = 4000 to 
600 cn-'. CI and FAB mass spectra were obtained on a Finningan MATSSQ710 
(CG-MS) mass spectrometer. Melting points were measured on an electrothermal 
melting-point apparatus and are uncorrected. 'H and l3C NMR spectra were ob- 
tained on Bruker AMX400 (400 MHz), AC300 (300 MHz), or AClOO (100 MHz) 
spectrometers. 'H and I3C chemical shifts in D,O were measured with the sodium 
salt of 3-trimethylsilylpropionic acid as external reference. Optical rotations were 
recorded on a Autopol I1 (Rudolph Research) polarimeter with a sodium lamp 
(589 nm). UV spectra are obtained with a Kontron Uvicon 860 spectropbotometer. 
Fluorescence spectra were measured with a JASCO FP770 instrument in 0.2 x 1 cm 
quartz cell. CD spectra were recorded with a JASCO J-500A spectropolarimeter. 


Dansylethylenediamine (1): A solution of dansyl chloride (3.67 g, 13.6 mmol) in 
CH,CN (360 mL) was added at 0°C to ethylene diamine (9.1 mL, 136 mmol) with 
stirring. The mixture was then allowed to stir at room temperature for 3 h. Unreact- 
ed dansyl chloride was removed by acidification (pH = 4) and extraction with 
diethyl ether. The aqueous layer was basified with aqueous NaOH and extracted 
with CHCI,. The extract was dried over Na,SO,, concentrated, and dried in vacuo 
to provide 2.9 g (73%) of 1 as a solid: M.p. 135-137°C; 'HNMR (100 MHz, 
CDCI,, TMS): b =1.70 (brs, 2H;  NH,), 2.68 (m, 2H; CH,N-SO,), 2.88 (m, 2H; 
CH,NC), 2.89 (s, 6H; N(CH,),), 7.18 (d, 3J(H,H) =7.6 Hz, 1 H;  arom. H6), 7.55 
(m, 2H; arom. H7, H3), 8.28 (m, 2H; arom. H2, HS), 8.55 (d, 'J(H,H) =7.9 Hz, 
1 H; arom. H4); ''C NMR (100 MHz, CDCI,, TMS): b = 40.92 (CH,), 45.41 
(CH,), 45.55 (CH,), 115.24 (CH arom.), 118.81 (CH arom.), 123.19 (CH arom.), 
128.36 (CH arom.), 129.55 (CH arom.), 129.67 (C,,,, arom.), 129.96 (C,,,, arom.), 
130.39(CH arom.), 134.90 (Cqua, arom.), 152.04(Cquat arom.); IR(KBr): C = 3390 
(NH), 3050 (CH arom), 2970 (CH aliph.), 2800 (CH aliph.), 1590 (S=O asymm.), 
1330,1150 (S=O symm.), 11 10 cm-' ; MS (CI, CHJ: m/z  ("A): 294 (100) [M + 1 +], 
293 (33) [ M ' ] ,  235 (14) [(CH3),N-CloH,-S0,-Hf], 218 (8) [(CH3),N-C,,H6- 
SO'], 171 (19) [(CH3),N-CloH6-Ht]. 


6-O-(pTosyl)-B-cyclodextrin (CDOTs) and 6-deoxy-6-iodo-fi-cyclodextrin (CDI) 
were synthesized according to a literature procedure [30]. 
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6deoxy-6-N-(N'-(5-dimethylamino-l-naphthaien~ulfonyi)diaminoethane)-~-cycio- 
dextrin (2): Dried CDI (0.150 g , 0.12 mmol) was dissolved in anhydrous DMF 
(11 mL),and 1 wasadded(CD1:l molarratio =1:20).Thereaction wascarriedout 
at 50 "C under nitrogen. After 3 d the DMF was evaporated in vacuo at 40 "C. The 
yellow syrup obtained was washed with acetone. The solid obtained was dissolved 
in the minimum amount of water and precipitated again with acetone. The precip- 
itate collected by suction was dissolved in water and the solution was applied to a 
column ofCM-Sephadex C-25 resin (in NH; form). Thecolumn waseluted initially 
with water (120 mL) and then with increasing concentrations of aqueous ammoni- 
um hydrogen carbonate from 0 to 0.2M (800 mL, total volume). The collected 
fractions were assayed by TLC. Fractions that gave only one spot with R, = 0.7 
(eluent 5: 3: 1 propanol: water: ammonia) were combined and evaporated to dryness 
at 40 "C in vacuo to decompose ammonium hydrogencarbonate. The residue was a 
yellow powder (yield, 57% based on CDI). The purity was checked by HPLC on a 
Lichrosorb-NH, column (4.6 x 250 mm, 10 pm) and with a mixture of CH,CN and 
water (6: 4) as eluent. Crystals of the product for X-ray diffraction were obtained by 
dissolving the powder in the minimum amount of water at 40°C and allowing the 
solution to cool slowly first to room temperature, and then to 4°C. 
2: M.p. 117°C (decomp.); [a];' = 130 (c = 0.7. D,O); 'HNMR (400 MHz, D,O, 
37 "C): 6 = 2.09 (m, 1 H;  H 14), 2.10 (d, 'J(H,H) = 12.7 Hz, 1 H;  H(6)1), 2.30 (m. 
lH;H14),2.42(dd,'J(H,H)=11.3Hz, 'J(H,H)=12.2Hz, lH;H(6)1),2,52(d, 
'J(H,H) = 9.36 Hz, 1 H; H(5)5), 3.12 (s, 6H;  N(CH,),), 3.23 (m. 1H;  H13), 3.43 
(m. 1 H;  H13), 3.12-4.47 (m,41 H;  cyclodextrin protons, seeTable 4forfull assign- 
ment), 4.94 (d, 'J(H,H) = 3.6 Hz, 1 H; H(1)5), 4.99 (d, 'J(H,H) = 3.5 Hz, 1 H;  
H(1)2), 5.00 (d, ,J(H.H) = 3.1Hz. 1H;  H(1)1), 5.18 (d, 'J(H,H) = 3 . 4 H ~ .  1H;  
H(1)6), 5.19 (d, 'J(H,H) = 3.1 Hz, 1H;  H(1)4), 5.32 (d, 'J(H,H) = 3.2Hz, 1H;  
H(1)3), 5.34 (d, 'J(H,H) = 3.3 Hz,l H ;  H(1)7), 7.73 (d, 'J(H,H) =7.4 Hz, 1 H; 
H6),7.74(t,'J(H,H) = 6.4Hz, lH;H3),8,16(t,'J(H,H) = 8.4Hz, lH;H7),8.37 
(d, ,J(H,H)=8.7Hz, 1H; HE), 8.53 (d, 'J(H,H)=7.2Hz, 1H;  H2), 8.90 (d, 
'J(H,H) = 8.4Hz, 1H;  H4); "C NMR (300MHz, D,O, 37°C): 6=44.91 
(CH,N), 49.02 (CH,), 49.48 (CH,N), 51.84 (CH,N), 61.87, 62.45, 63.01, 63.14, 
63.28 (C(6)), 73.05, 74.14, 74.34, 74.55, 74.64, 74.80, 75.01, 75.28, 75.33, 75.42, 
75.50, 76.05,76.14,76.22,76.45(C(3),C(5),C(2)), 83.22,83.39,83.56,83.70,83.92, 
84.54, 87.58 (C(4)), 103.95, 104.09, 104.85, 104.93, 105.31, 105.45, 105.54 (C(l)), 
118.98 (CH arom.), 120.65 (CH arom.), 126.66 (CH arom.), 131.54 (C,,,, arom.), 
132.38 (Cqua, arom.), 132.99 (CH arom.), 133.16 (CH arom.), 133.39 (CH arom.), 
138.15 (C,,,, arom.), 156.43 (C,,,, arom.); IR (KBr): i = 3700-2800 (br, OH), 2940 
(CH), l630,1580(S=Oasymm.), l400,1320,1150(S=0symrn.), 1020cm-';MS 
(FAB) mjz:  1411 [ M  +1+]; Anal. (after drying under vacuum): 
C,,H,,N30,,S~9H,0 (1572.5): calcd C 42.77; H 6.73; N 2.67; found: C 42.98; H 
6.45: N 2.26. 


2DNMR spectra: COSY andTOCSY spectra (2 K, 512 experiments) were obtained 
at 310 K with the pulse programs COSYTP and MLEVTP supplied by Bruker, with 
TPPI phase cycling. ROESY spectra (2 K, 512 experiments) were obtained at 310 K 
using States phase cycling with 680 Hz downfield offset irradiation during spin- 
lock, in order to minimize scalar effects, with a 250 ms mixing time. Assignment of 
the cross-peaks in the ROESY spectra was not unambiguous for aromatic protons 
H 3 and H 6, since they overlap partially. A ROESY spectrum at lower temperature 
(293 K), at which the two signal are better separated, showed the occurrence of 
cross-peaks for proton H 3 and no cross-peaks for H6, except for with the methyl 
protons H 11 and H 12. 


Crystal structure: X-Ray study was performed using a graphite monochromated 
Cu,, radiation and a pulse-height discrimination on a CAD4 Turbo Enraf-Nonius 
diffractometer equipped with a Micro VAX3100 server of the "Centro di Studio di 
Biocristallografia del C N R ?  at the University of Naples. Transparent, pale green 
prismatic crystals of 2 were obtained from a saturated aqueous solution. Prelimi- 
nary oscillation and Weissenberg photographs were taken to establish the crystal 
symmetry and the space group. Unit cell parameters were obtained by a least- 
squares procedure on the angular parameters of 25 reflections in the B range of 
21 -29". A summary of the crystallographic data is given in Table 8. 
Intensity data were collected in the 0-2 B scan mode, with a scan angle of A 0  = (1.1 
+0.16 t a d ) ;  background counts were taken in an additional area of Awj4, on both 
sides of the main scan, using the same scan speed. Prescan runs were made at a speed 
of Yrnin-'. Reflections with a net intensity Z>OSu(I) were measured at lower 
speed depending on thea(Z)/fvalue, in the range 1 -4"min-'. Twointensity-control 
reflections were measured every 60 min of X-ray exposure time in order to monitor 
the crystal and the electronic stability; no significant change in intensity was ob- 
served during data collection. Orientation matrix checks were made with respect to 
the scattering vectors of two well-centered reflections every 400 reflections mea- 
sured. All reflections were corrected for Lorentz and polarization effects. 8266 
reflections were collected in a B range of 1 to 70"; 6188 had a net intensity greater 
than 3.0u(Z), and were considered observed and used for further calculation. The 
structure was solved by application of direct methods included in the crystallo- 
graphic package SIR92 1471. The direct phase expansion procedure of the best 
solution led to a molecular fragment containing all non-hydrogen atoms. Subse- 
quent difference Fourier analysis revealed 16 cocrystallized water molecules. The 
hydrogen atoms were introduced in their stereochemically expected positions with 
an isotropic temperature factor equal to the Be, of the heavy atom to which they are 
linked. Their parameters were kept fixed. Those hydrogen atoms linked to primary 


Table 8. Crystal Data of 2.16H20. 


molecular formula 
M ,  
crystal system 
space group 
Z 
a (A) 
b (A) 
c (A) 
v (A3) 
PdEO C P - 7  
radiation (I .  in A) 
measured reflections 
observed reflections 
(with I>3u(Z)) 
R 
Rw 
no. parameters refined 
T (K) 


C,,H,,N,O,,S. 16H,O 
1698.69 
orthorombic 


4 
27.293 (8) 
17.801 (2) 
15.881 (4) 
771 6 (3) 
1461 
Cu,, (1.5418) 
8266 


6188 
0.059 
0.059 
1010 
295 


p212121 


hydroxyl groups and to the water molecules were not included in structure factor 
calculations. No statistical occupancy for solvent oxygen atoms was observed. The 
structure was refined using the Molen package [48]. Full-matrix least-squares proce- 
dure was used, minimizing the quantity xw(Fo - F,)' with weights w equal to 
l/uz(Fo), and converged to a final R factor of 0.059 and Rw of 0.059 using anisotrop- 
ic temperature factors for the non-hydrogen atoms. Refinement was ended when the 
shifts in the atomic coordinates and temperature factors were less than l /5 and 1/3 
of the corresponding standard deviations, respectively. Atomic scattering factors 
for all atomic species were calculated from Cromer and Waber 1491. In the Supple- 
mentary Material the final atomic parameters are reported. 
Crystallographic data (excluding structure factors) for the structure reported in this 
paper have been deposited with the Cambridge Crystallographic Data Centre 
as supplementary publication no. CCDC-1220/1. Copies of the data can be ob- 
tained free of charge on application to The Director, CCDC, 12 Union Road, 
Cambridge CB21E2, UK (Fax: Int. code +(1223)336-033 or e-mail: 
teched@chemcrys.cam.ac.uk) . 


Fluorescence measurements: Concentrated stock solution of2 (6 x lo-' molL-'), I 
(6 x lo-' molL-') were prepared at pH = 8 in a 0.1 M aqueous tetraborate buffer. 
Solutions and various guests (60 x lo-, molL-') were prepared in ethanol. The 
aqueous solution of CuCI, had a concentration of 6 x lo-, molL-'. Solutions for 
fluorescence measurements were prepared by diluting standard solutions of 1,2, and 
ZjCuCI, (1 :1) to a final concentration of 6 x lo-' molL-'; 0.5 mL of these solu- 
tions were transferred to the cell and measured. Then 50 pL of a concentrated 
solution of guest or of ethanol was added with a Hamilton 100 pL syringe. Fluores- 
cence intensity corresponding to a maximum emission intensity was used instead of 
the area, since all samples showed the same peak shape and maxima. Alternate 
measurements of samples and of a reference solution of 2 (6 x lo-' mol L-') were 
performed at 25 "C, in order to compensate for lamp fluctuations. Ten measure- 
ments of each sample and of the reference were made for each point. The fluores- 
cence intensity of all the samples (6) was corrected, according to the expression: 
(FJco,, = (&)/F,eF, where (4) is the observed fluorescence intensity and F,,, is the 
intensity of the reference solution of 2, both measured at the same excitation and 
emission wavelength (corresponding to maximum fluorescence). In each measure, 
the corrected fluorescence intensity was normalized for Fo, the fluorescence of the 
fluorophore in the absence of any guest or metal ion, at the same concentration and 
in the same solvent (tetraborate buffer:ethanol =10:1) as all other samples. 


Time-resolved experiments: Lifetimes were measured on a single-proton counting 
instrument equipped with a nanosecond pulse flash lamp (Edimburg instrument, 
mod. F199), modified in order to allow N, flux at a rate of 1 Lmin-'; Jasco and 
Farrand monochromators and Philips XP20202 Q photomultiplier were used for 
fast detection. Fast NIM electronics were from EG & G, Tennelec and Silenox. 
Decays were recorded on a Silena BS27n multichannel analyser (512 channels). 
Alternate measurements of the sample and of the scattering solution (glycogen) were 
performed in order to compensate for lamp fluctuations and drift. The excitation 
wavelength was set at 350 nm, and measurements on each sample were recorded at 
different wavelengths in order to cover the emission spectrum. Deconvolution of the 
decay profile from the lamp profile was carried out, and fluorescence lifetimes were 
calculated from decay data, utilizing a global approach [SO] by means of two- or 
three-lifetime models, as previously reported 1511. For 1 and 2 in the presence of 
guests the fluorescence decay was analyzed using a three exponential decay model; 
a more simple model gave worse chi-square values. For compound 2 in the absence 
of guests a two exponential decay function allowed us to obtain a chi-square lower 
than 1.3. 


CD measurements: A solution of2 (0.1 x lo-, molL-') was obtained by dilution of 
freshly prepared concentrated solution (1 x lo-' molL-I). For the measurements 
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in the presence of guests, aliquots of a concentrated solution (1 x molL-' in 
ethanol) of the guest (ACA) were added to 2.5 mL of a solution of 2 to make up a 
final guest concentration of 1 x 
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Synthesis, Structure, and Stereoselective Reaction of a Chiral 
Hydroxy-Stabilized Metal-Free Enolate 


Manfred T. Reetz," Stephan Hiitte, Richard Goddard, and Chantal Robyr 


Abstract: The reaction of acetophenone with tetrabutylammonium hydroxide affords 
the tetrabutylammonium enolate of phenyl (2-hydroxy-2-pheny1)propyl ketone. The 
crystal structure of this chiral enolate shows intramolecular hydrogen bonding between 
the hydroxyl group and the enolate oxygen atom. Furthermore, the a-methylene units 
of the ammonium counterion form hydrogen bonds to the basic enolate C and 0 atoms 
and to the 0 atom of the hydroxy group. This three-point bonding occurs selectively on 
the Re,Re side, a phenomenon which may be responsible for the direction of diastereo- 
selectivity in the epoxide-forming reaction of the enolate with N-bromosuccinimide. 


K 
asymmetric synthmis * chirality * 


enolatcs hydrogen bonds structure 
eiucidation 


Enolates constitute a synthetically important class of reagents 
used in aldol, Michael, alkylation, bromination and amination 
reactions.['] The vast amount of research that has been invested 
in the development of stereoselective variations of such reac- 
tions['] has stimulated interest in the structure and aggregation 
state of the compounds.[31 The nature of the metal (or counter- 
ion) is known to play a crucial role. For example, X-ray struc- 
tural studies show that lithium enolates exist as dimers or higher 
aggregates, depending upon the carbonyl precursor, solvent and 
a d d i t i ~ e . ~ ~ . ~ ]  Of theoretical and practical interest is the propen- 
sity of certain lithium enolates to form hydrogen bonds with 
secondary amines R,NH in which the enolate carbon atom 
rather than the oxygen atom is involved.13b, 51 A rare case of an 
alcohol-solvated lithium enolate has recently been document- 
ed.16] Accordingly, the lithium enolate derived from 1,3-cyclo- 
hexanedione undergoes hydrogen bonding to methanol, as 
shown by X-ray crystallography. Although several X-ray struc- 
tural studies of chiral functionalized organolithium reagents 
have been reported,r71 the crystal structure of a chiral lithium 
enolate has not appeared in the literature thus far. 


Ketone and ester enolates having tetraalkylammonium coun- 
terions as used in phase-transfer catalysis were long believed to 
be "naked" monomeric species.[81 However, we recently showed 
that the tetraalkylammonium salts of such CH-acidic com- 
pounds as malonic acid diesters['] as well as phenylacetic and 
propionic acid esters"'] are in fact species in which anion and 
cation interact through hydrogen bonds,["] often in the form of 
discrete supramolecular dimeric ion pairs in solution and in the 
solid ~tate.1~1 In all of these cases the a-methylene hydrogens of 


[*I Prof. Dr. M. T. Reetz, Dr. S. Hutte, Dr. R. Goddard, Dr. C. Robyr 
Max-Planck-Institut fur Kohlenforschung 
Kaiser-Wilhelm-Platz 1 ,  D-45470 MulheimiRuhr (Germany) 
Fax: Int. code +(208)306-2985 
e-mail: reetz@mpi-muelheim.rnpg.d40O.de 


the tetraalkylammonium ion form hydrogen bonds with the 
basic oxygen atoms of the enolate~.[ ' - '~~ In this context it is 
important to point out that MO calculations of (CH,),N+ show 
the positive charge to be delocalized on the carbon and hydro- 
gen atoms,['31 that is, it is not localized on nitrogen as is often 
assumed. Indeed, the calculations show that nitrogen is neutral, 
which means that rep- 
resentation A describes 6+ S+ -- - 
the true state of affairs, "'J . 2 k 1 ~  ,<--./ 
whereas representation 'b! 


is in fact incorrect.['31 6+ A 6+ B 
B, while easy to draw, c H ~  'CH3 C d  'CHs 


It is therefore to be ex- 
pected that in homologs such as (nBu),N+ the positive charge 
is delocalized on the a-methylene entities, which also means that 
these positions are somewhat acidified. 


In this paper we describe the synthesis, X-ray structural anal- 
ysis, aggregation state and stereoselective bromination of a chi- 
ral metal-free ketone enolate having (nBu),N+ as the counter- 
ion. It is stabilized by a novel intramolecular hydrogen bond 
and by hydrogen bonds between anion and cation. 


Results and Discussion 


Synthesis and Crystal Structure : Upon treating a toluene solu- 
tion of acetophenone (1) with tetrabutylammonium hydroxide 
and removing the water azeotr~pically,~~* lo* 14] we failed to iso- 
late any of the expected enolate 2 (Scheme 1). Rather, the sole 
product turned out to be the chiral enolate 4, formed as a race- 
mate by aldol addition of 2 to acetophenone and subsequent 
proton transfer reaction of the intermediate aldolate 3. 


The X-ray structural analysis of compound 4 reveals several 
remarkable features.[15] The anion exists in the form of a six- 
membered ring in which the hydroxyl group (0 2) forms a hy- 
drogen bond to the enolate oxygen atom (0 16] the methyl 
and phenyl groups at the stereogenic center occupying the quasi- 
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solution is similar to the repeating ion pair units in the solid state 
(Fig. 1). Unfortunately, NMR studies in solution failed to 
provide conclusive evidence concerning this point." 91 


1 2 


3 


Scheme 1 .  


4 


axial and equatorial positions, respectively (Fig. 1). Anions and 
cations alternate in an infinite one-dimensional array, forming 
hydrogen bonds to one another. Here again it is the a-methylene 
groups of the tetrabutylammonium ion which participate in the 


Fig. 1. Structure of 4 in the crystal, showing the three-point bonding on the Re,Re 
face of the enolate anion. H atoms, except those bonded to 0 2, C 1 and C 5 omitted 
for clarity. Selected interatomic distances (A) and angles (") (symmetry-related 
atoms denoted by *): 0 1 - C 1 7  1.317(2), C17-C24 1.358(2), C24-C25 1.520(2), 
C 2 5 - 0 2  1.428(2), 0 1 " . 0 2  2.554(1), 0 1 " . C 9 *  3.240(2), C 1 . . , 0 1  3.289(2), 
C 1  . . . 0 2  3.367(2), C S . . . C 2 4  3.557(2); 02-C25-C24 110.7(1), C25-C24-C17 
122.6 (l), C 24-C 17-0 1 123.8 (l) ,  C I-N-C 5 106.1 (1). 


hydrogen  bond^.[^-'^] Importantly, the nature and extent of 
hydrogen bonding is rather different on the two dia- 
stereotopic sides of the enolate n. system. The Re,Re side under- 
goes two hydrogen bonds involving two a-methylene units of 
the ammonium ion and the oxygen and carbon atoms of the 
enolate moiety.["] Additionally, one of the a-methylene units 
forms a hydrogen bond to the oxygen atom of the hydroxyl 
group. In contrast, the Si,Si face of the enolate experiences only 
one contact to a tetrabutylammonium ion. The relevant C . . .O 
distance (0 1 . . . C9* 3.240(2) A) is similar to the corresponding 
C . . '0 distance (0 1 . . . C 1 3.289 (2) A) on the opposite side. 
Therefore, three-point bonding on the Re,Re side characterizes 
the actual ion pairs, which in turn interact with one another in 
the crystal through weaker single contacts. Interestingly, each 
infinite one-dimensional array contains only one enantiomer ; 
the other enantiomer occupies a similar but parallel chain run- 
ning in the opposite direction. 


Aggregation State in Solution: The aggregation state of com- 
pound 4 in THF was determined at - 108 "C by a freezing-point 
depression study.[181 The average degree of association in three 
runs turned out to be 1 .I ,  which means that 4 is monomeric. It 
is tempting to speculate that the structure of this monomer in 


Stereoselective Bromination of the Enolate : We were interested in 
discovering whether electrophiles react stereoselectively with the 
chiral enolate 4. However, we anticipated problems in the case 
of electrophiles of the type CHJ, because the products of alky- 
lations are sterically encumbered aldol adducts involving two 
ketones, intermediates which are likely to undergo stereochemi- 
cally equilibrating retro-aldolization[' 91 under basic conditions. 
In contrast, bromination should lead to bromohydrins which 
are expected to form epoxides irreversibly under basic condi- 
tions without loss of stereochemical information. Indeed, upon 
treating the enolate 4 with N-bromosuccinimide (NBS) at 
- 78 "C, rapid reaction took place. The products turned out to 
be the (E)- and (2)-configurated epoxides 7 and 10, formed in 
a ratio of 77: 23, respectively (Scheme 2). Following chromato- 
graphic separation the compounds were isolated in 50% and 
14 % yield, respectively, and identified by comparison with au- 
thentic samples.[201 


5 6 7 


0 


Scheme 2. 


9 10 


Epoxide formation must occur via the intermediate bromohy- 
drins 6 and 9, which undergo rapid base-induced (succinimide 
anion) intramolecular S,2 reactions with inversion of configura- 
tion at the newly created stereogenic center. Assuming an eno- 
late structure having the methyl group in the quasi-axial posi- 
tion as found in the solid state (Fig. 1) and neglecting the 
ammonium counterion, it would appear that NBS attacks pref- 
erentially the sterically more hindered Si,Si face of the enolate 
(cf. transition states 5 versus 8).["] Of course, in solution the 
most reactive conformer may be a different one. Alternatively, 
the monomeric enolate 4 in solution may, indeed, have the 
Re, Re side shielded by the hydrogen-bonded ammonium coun- 
terion within the context of three-point bonding, as in the crys- 
tal. In that case bromination would occur preferentially from 
the opposite Si,Si side, which is observed experimentally. A 
report by Dolling et al. is relevant; they postulated that chiral 
ammonium ions derived from alkaloids selectively shield one 
face of certain aromatic achiral ketone enolates in enantioselec- 
tive phase-transfer catalyzed alkylations.[221 Specifically, multi- 
point bonding between the enolate and a benzylcinchoninium 
ion involving electrostatic attraction, n-n interactions, and hy- 
drogen bonds between the enolate oxygen atom and the alcohol 
functional group of the catalyst was proposed.[z21 Our work 
shows that this postulate is not pure speculation, and that addi- 
tional bonding involving the basic positions of the enolates and 
the acidic CH moieties of the ammonium ions is likely. 
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Conclusion 


In summary, we have shown by X-ray crystallography that the 
chiral metal-free enolate 4 is stabilized by a unique intramolecu- 
lar hydrogen bond involving the enolate oxygen atom and the 
hydroxy group. Additionally, the a-methylene units of the tetra- 
butylammonium ions form hydrogen bonds with the enolate 
carbon and oxygen atoms and with the oxygen atom of the 
hydroxyl group. Such a novel type of three-point bonding oc- 
curs preferentially on one diastereotopic face of the enolate in 
the solid state. In solution it may well be the underlying factor 
in the selective shielding of one of the diastereotopic x faces of 
the monomeric enolate, this being the possible source of 
stereoselectivity in the NBS-induced bromination reaction. In- 
deed, the enolate 4 is monomeric in solution. Finally, the results 
described in this paper may be of help in the rational design of 
chiral phase-transfer catalysts. 


Experimental Procedure 
Preparation of Enolate 4: A 250 mL three-necked flask equipped with a 100 mL 
dropping funnel and a connection to a membrane pump was charged with dry 
toluene (50 mL) and a methanol solution of tetrabutylammonium hydroxide 
(20 mL of a 1 M solution, Aldrich). In order to remove the methanol, dry toluene 
(20 mL) was added and most of the solvents removed in vacuo at 15-19 Torr. In 
doing so, the total volume was not allowed to fall below 70 mL. The process was 
repeated 5 more times. Following the addition of toluene (50 mL), acetophenone 
(5.5 mL, 47 mmol) in toluene (60 mL) was slowly added, during which the reaction 
mixture was kept under vacuum in order to remove toluene and water azeotropical- 
ly. The total volume of the yellow solution was not allowed to fall below 100 mL. 
The total time for addition of acetophenone was about 2.5 h. The total volume was 
then reduced to about 50 mL and the concentrated mixture was tranferred into a 
Schlenk tube under argon. High vacuum was then applied until the mixture had 
turned into a thick paste. (If this drying phase is too long, partial decomposition of 
the desired product sets in.) Under an atmosphere of dry argon a small amount of 
dry dimethylfonnamide (DMF) was added. The orange solution was then kept at 
-60°C for two days, resulting in the formation of gold-yellow crystals of 4. The 
solvent was removed under vacuum, and the crystals were washed with dry ether 
and dried in vacuo. The yield was 20% (in some runs higher). 13C NMR (75 MHz, 
[DJTHF): 6 =161.7(s,C-5);157.6(s,C-8); 147.4(s,C-4); 127.4(d,C-2); 127.2(d, 
C-10); 126.3 (d, ‘2-3); 125.9 (d. C-9); 125.3 (d, C-11); 124.7 (d, C-1); 96.0 (d, C-6); 
76.0 (s, C-7); 58.7 (t. C-13); 35.6 (q, ‘2-12); 24.8 (t, ‘2-14); 20.5 (t, C-15); 14.1 (q, 
C-16) (Scheme 3). The spectrum also shows weak signals corresponding to ace- 
tophenone (6 = 196, 169, 149,129, 127). all appearing broad, indicating a retro-al- 
dol/aldol process. The IR band (in THF) of the enolate functional group occurs at 
1690 cm-’, additional peaks appearing at 1585 and 1550 cm-’. The 0 - H  band is 
buried under the signals of THF (3050-2750,2680 and 1980 cm-‘). 


Scheme 3. 


Reaction of Enolate 4 with NBS: The stirred solution of enolate 4 (362 mg, 
0.75 mmol) in dry THF (6.6 mL) was treated with powdered N-bromosuccinimide 
(NBS) at - 78 “C under an Ar atmosphere. After 3 h the reaction was quenched with 
water, and diethyl ether was added. The aqueous phase was extracted three times 
with diethyl ether, and the combined organic phases were washed with H,O and 
dried over MgSO,. Following removal of the solvent, the residue was examined by 
‘HNMR spectroscopy, and showed a 72:28 ratio of the (E)- and (2)-configurated 
epoxides 7 and 10, respectively. Chromatography over silica gel (hexane/ethyl ester 
97: 3) afforded 90 mg (50%) of 7 and 39 mg of a mixture of 10 and 3-hydroxy-1.3- 
diphenyl-1-butanone in a ratio of about 1.7:l (by ‘H NMR spectroscopy). Epoxide 
10 was separated from this mixture by crystallization from ethanol, providing 14% 
of pure product. Epoxides 7 and 10 were identified by comparison with authentic 
samples [20]. 
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Highly Selective Formation of tert-Butyl Hydroperoxide from the Reaction of 
Isobutane and 0, in a Zeolite under Visible Light 
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Abstract: Isobutane and oxygen gas loaded into zeolite BaY react upon irradiation with 
green or blue light to yield tert-butyl hydroperoxide in a single-photon process. This was 
discovered when monitoring the reaction at room temperature in situ by FT-infrared 
spectroscopy. Selectivity was 98%, even upon conversion of more than half of the 
reactants loaded into the zeolite. Diffuse reflectance spectra revealed a visible absorp- 
tion tail which originates from an isobutane.0, collision complex. It is attributed to the 
isobutane .O, contact charge-transfer absorption, whose onset is shifted from the UV 
into the visible region by the high electrostatic field of the zeolite. 


Introduction 


Tertiary butyl hydroperoxide is a major industrial oxidant for 
the transformation of small olefins to epoxides."] For example, 
propylene oxide is produced on a large scale by metal-catalyzed 
oxygen transfer from tert-butyl hydroperoxide to propylene.[21 
The hydroperoxide is generated by the reaction of isobutane 
with 0, at 100-140 "C. Despite the vast research effort expend- 
ed on this system, a selectivity of no more than 75 % is achieved 
in the liquid-phase autoxidation at low conversion (8 %) under 
practical conditions.13q 41 


We report here a method that affords, for the first time, oxida- 
tion of isobutane to tert-butyl hydroperoxide by 0, with nearly 
complete selectivity at high conversion. The approach takes ad- 
vantage of a very large red shift of the alkane.0, charge-trans- 
fer absorption in BaZ +-exchanged zeolite Y. This shift, which we 
observed previously in the case of alkene and toluene.0, com- 
plexes in alkali and alkaline earth zeolite Yrsl is attributed to an 
unprecedented stabilization of the excited charge-transfer state 
by the very high electrostatic field inside the zeolite cage. As a 
result, photoreaction of isobutane with 0, can be induced by 
visible instead of UV light. Access to this low-energy excited 
state, coupled with the positional constraint imposed by the 
zeolite nanocage,L61 furnishes a new, selective reaction path for 
this important alkane oxidation. In addition, synthesis in the 
zeolite environment offers an opportunity for in-situ use of the 
hydroperoxide as an oxidizing agent, thus avoiding the necessity 
for accumulation of this hazardous reagent in bulk quantities. 


Results and Discussion 


Gaseous isobutane and 0, were loaded into zeolite BaY at room 
temperature. The process was monitored in situ by Fourier- 
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transform infrared spectroscopy. Figure 1 a shows the infrared 
spectrum of the zeolite matrix after exposure to 5 Torr isobutane 
and 760 Torr 0,. While no thermal isobutane + 0, reaction was 
observed at room temperature even 24 h after loading of the 
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Fig. 1. a) FT-infrared difference spectrum before and after loading of isobutane 
and 0, into zeolite Bay  b) IR difference spectrum before and after photolysis at 
488 nm and 0 "C at 250 mWcm-* for 4 h; c) at 500 mWcm-2 for 2 h. Note that the 
larger decrease of the isobutane band at this higher laser power is due to the loss of 
about 1 % alkane by desorption from the zeolite into the gas phase. This desorption 
corresponds to a heating effect of approx. 10" [ S ] .  d) IR difference spectrum follow- 
ing warming of the photolysis product terf-butyl hydroperoxide to 50°C. 
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zeolite, irradiation with the green or blue emission of an Ar ion 
laser (514 or 488 nm) resulted in product growth and concurrent 
loss of the alkane. Infrared difference spectra following irradia- 
tion with 488 nm light at 0°C are shown by traces b and c of 
Figure 1. For a fixed number of photons absorbed, the product 
growth was independent of the photolysis power level, as can be 
seen from the two spectra. This shows that no thermal reaction 
that might be caused by a laser heating effect is detectable. From 
measurement of isobutane loss upon irradiation of loaded BaY 
matrices we infer an upper limit of 10" for laser heating effects 
at typical power levels used (500 mWcm-'). Reaction could 
also be induced by the visible emission of a conventional tung- 
sten lamp. Yields were independent of the light source and sim- 
ply reflect the number of light quanta absorbed by the reactants. 
The use of the laser allowed us to determine the wavelengths 
responsible for the observed chemistry readily. 


Except for the absorption at 1686 cm-', all infrared product 
bands originate from tert-butyl hydroperoxide. These bands, 
the corresponding "0  isotope shifts, and the frequencies of an 
authentic sample of tert-butyl hydroperoxide loaded into zeolite 
BaY are presented in Table 1. 


Table 1. Absorption frequencies ofisobutane + 0, reaction products and authentic 
samples in BaY (in cm-'). 


Reaction Product [a] Authentic Samples [b] 
TBHP [c] Acetone Methanol 


829 [d] 829 
1243 (- 2) 1243 
1252 (-1) 1252 
1268 (- 6) 1268 


1365 
1372 (-1) 1372 1375 
1376(-1) 1376 


1395 [el 


1420 
1452 


1686 


1398 (0) 1398 
1420 
1452 
1468 1468 
1472 1476 
1686 (- 28) 
2873 2873 
2938 293R 
2978 2979 
2988 2988 
3230 [el 3230 
3440 [el 3440 


[a] '*O frequency shifts (in parentheses) were obtained from isobutane + "0, 
studies. For the CH, bending modes (i> 1400 cm-') and the CH, stretching modes 
the isotope shifts could not be determined because of strong overlap with decreasing 
product bands. [b] Spectra recorded in Bay Italicized entries indicate assignment 
of the reaction product absorption of column 1. [c] TBHP = tert-Butyl hydroper- 
oxide. [d] Absorption of the "0  labeled product obscured by zeolite absorption 
(red shift >20cm-') .  [el Very broad. 


The product absorption at 1686 cm-' features a 28 cm-' "0  
isotope frequency shift, indicating that it originates from a C=O 
stretching mode. The band coincides with v(C=O) of an authen- 
tic sample of acetone recorded in BaY (but i s  not in agreement 
with the infrared absorption of other possible carbonyl products 
such as isobutyraldehyde or propionaldehyde). While the tert- 
butyl hydroperoxide absorptions follow first-order kinetics 
upon photolysis, the 1686 cm- feature showed an induction 
period. Speculating that acetone is produced by thermal re- 
arrangement of the hydroperoxide, we removed the excess 
isobutane from the zeolite after photolysis by brief evacuation 
and then raised the temperature of the pellet to 50 "C. Figure 1 d 
shows the infrared difference spectrum after the matrix had been 


maintained at that temperature for 6 h. Tert-butyl hydro- 
peroxide absorptions decreased, while the positive bands at 
1686, 1420, and 1243 cm-' indicate formation of acetone 
(Table 1). The intense OH stretching absorption at 3440 cm-' 
and a very weak but reproducible band at 1452 cm-' signal that 
methanol is also produced. We conclude that acetone and 
methanol are secondary thermal products of the hydroperoxide. 
Rearrangement of tert-butyl hydroperoxide to these products is 
a well-established process in solution.[71 However, in contrast to 
the behavior in fluid media, no concurrent 0-0 bond homoly- 
sis leading to tert-butanol was observed even at zeolite temper- 
atures as high as 100 "C. 


The selectivity for tert-butyl hydroperoxide is very high, 
namely 98 'YO even upon conversion of more than 50 'YO of the 
isobutane loaded into the zeolite, as shown in Figure 2. The 
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Fig. 2. FT-IR difference spectrum upon prolonged irradiation of an isobutane/O,/ 
BaY pellet. The loading pressure of isobutane was 1.6 Torr, that of oxygen was 
900 Torr. Irradiation for 9 ha t  488 nm (750 mWcm-') resulted in 57% conversion 
of the initially loaded alkane. 


result is based on the determination of the hydroperoxide-to- 
acetone branching ratio by the infrared measurements as de- 
scribed in the Experimental Procedure. This is very different 
from the thermal isobutane autoxidation in the gas or liquid 
phase, where secondary reactions degrade the selectivity at con- 
versions as low as a few percent.[lI It is important to note that 
the depletion of isobutane in the experiment shown in Figure 2 
corresponds to complete conversion of the reactants residing in 
the section of the pellet that is penetrated by visible light. The 
strong scattering of the photolysis light by the one-micron zeo- 
lite crystallites restricts penetration to the front section of the 
pellet (in contrast to infrared probe light, which is transmitted 
essentially without scattering). 


Figure 3 shows the electronic absorption responsible for the 
photochemistry measured by the diffuse reflectance method. 
The continuous tail extends through the short-wavelength visi- 
ble region to about 500 nm. The spectrum was obtained by first 
loading the zeolite pellet with the alkane by exposing it to 5 Torr 
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of the gas. No optical absorption caused by the isobutane was 
observed at 1>250 nm. In a second step, 700 Torr 0, gas was 
admitted to the UV/Vis cell. It is this difference in the spectra 
taken before and after adding 0, to the NaY pellet that is shown 
in Figure 3. Since the small but significant absorption requires 
the simultaneous presence of isobutane and oxygen, we con- 
clude that it originates from an isobutane.0, complex in the 
zeolite. It should be added that the diffuse reflectance band is 
weak because only a fraction of the isobutane.0, pairs are 
probed by visible light. 


The only assignment we can conceive of is an isobutane.0, 
charge-transfer transition.@] Corresponding absorptions of hy- 
drocarbons with similar ionization potential (10.57 eV) in high- 
pressure 0, gas or 0,-saturated liquid have an onset in the 
range 230-260nm.'91 Hence, a red shift of the onset by the 
zeolite matrix by about 2.5 eV is implied. We attribute the shift 
to the stabilization of the excited state with its large dipole 
moment ((CH,),CH '0 ; )  by the high electrostatic field inside 
the zeolite cage. Measurement of the induced infrared 0, and 
N, stretch fundamental in our laboratory signals cage fields in 
BaY of around 0.8 VA-l.[lo1 The field has its origin in the fact 
that the supercage of zeolite Y carries a formal negative charge 
of 7. This charge resides mainly on the framework oxygen atoms 
and is counterbalanced by 3-4 Ba2+ inside the supercage. The 
poor electrical shielding of the cations by the framework oxy- 
gens is responsible for the high electrostatic fields. Assuming a 
separation of 4 A  of the alkane+ and 0; charge centers, we 
calculate for a field of 0.8 V k '  a dipole stabilization (- p . E )  
of 3 eV. This rough estimate shows that the stabilization by the 
cage field lies in the range of the observed red shift. The quan- 
tum efficiency of the isobutane + 0, photoreaction with blue 
and green light is rather high, around 15%. 


The first step after excitation of the charge-transfer state is 
most probably proton transfer from the isobutane radical cation 
to 0; to form an isobutyl/O,H radical pair (Scheme 1) .  The 
isobutane radical cation is a spectroscopically established tran- 
sient.["] Hydrocarbon radical cations are known to be highly 
acidic in general.['21 In the neat liquid at room temperature, 
typical lifetimes of light alkane radical cations with respect to 
deprotonation are below 10 n ~ . ~ ' ~ ]  It is expected that the proton 
transfer is even faster in the presence of a base like 0;. An 
additional factor that may favor the formation of isobutyl/O,H 
radicals is the high exoergicity for electron back-transfer. It 
most likely places the transfer into the inverted Marcus region, 


r 1 


CH3 


Scheme 1. 


with the implication that it would be slow. This, coupled with 
efficient proton transfer, would explain the rather high quantum 
yield of the reaction. Isobutyl and hydroperoxy radicals so pro- 
duced are expected to undergo cage combination to yield the 
observed tert-butyl hydroperoxide without radical scrambling 
(Scheme 1). 


In Figures 4 and 5, we demonstrate in-situ epoxidation of 
trans and cis-2-butene by the photogenerated tert-butyl hy- 
droperoxide at room temperature. After the synthesis of the 
hydroperoxide shown in Figure 2, the oxygen and isobutane 
remaining in the zeolite were pumped off. Subsequently, trans-2- 
butene (1.5 Torr) was loaded from the gas phase into the zeolite, 
resulting in two molecules per supercage on average. Difference 
FT-infrared spectroscopy indicated formation of trans-2,3- 
epoxybutane and terf-butanol in the dark at room temperature 
just a few minutes after adsorption of the olefin. Figure 4 shows 
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Fig. 4. Infrared difference spectrum upon in-situ thermal epoxidation of rruns-2- 
butene by photochemically generated rert-butyl hydroperoxide in BaY. Reaction in 
the dark was recorded after 5 h, with 33 % of the hydroperoxide converted. 
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Fig. 5. Infrared difference spectra showing the diastereospecificity of the thermal 
2-butene epoxidation. The reaction was recorded 5 h after loading of 2-butene into 
the tert-butyl hydroperoxide-containing zeolite pellet: a) trans-2-butene epoxida- 
tion, b) cis-2-butene epoxidation. 


the product growth after reaction of 33 % of the tert-butyl hy- 
droperoxide, which took 5 h. As can be seen from Figure 4 and 
Table 2, all product bands can be assigned to trans-2,3-epoxybu- 
tane, tert-butanol and a small amount of acetone. The latter 
presumably originates from rearrangement of some tert-butyl 
hydroperoxide during the epoxidation reaction. No cis dia- 


Table 2. Absorption frequencies of tert-butyl hydroperoxide + fruns-2-butene reac- 
tion products and authentic samples in BaY (in cm-'). 


Reaction Product Authentic Samples [a] 
TBOH [b] 2,3-epoxybutane 


truns cis 


805 


877 
890 
1248 


1332 


1358 


1374 [c] 
1377 


1388 


1444 
1455 


1472 


1485 
1682 [d] 
2876 
2932 


2973 


3002 
3450 [fl 


[el 


890 
1248 


1358 


1377 


1473 


2876 


2940 


3450 


805 


877 


1250 


1332 


1362 
1374 


1388 


1444 
145s 


f472 


1483 


2932 


2973 


3002 


860 (shoulder) 
875 


1281 


1355 


1384 


1399 
1432 


1459 


1481 


2933 


2973 
2999 


[a] Spectra recorded in Bay. Entries in italic indicate assignment of the reaction 
product absorption of column 1. [b] TBOH = terf-Butyl alcohol. [c] Overlaps 
with decreasing tert-butyl hydroperoxide absorption. [d] C = 0 stretching absorp- 
tion consistent with acetone. The fact that no other infrared band of this species 
appears in the product spectrum is consistent with the very large extinction coefi- 
cient of the v(C=O) mode. Integrated absorbance measurements indicate an ace- 
tone-to-rrans-2,3-epoxybutane branching ratio of 0.09. [el Overlaps with decreas- 
ing trans-2-butene absorption. [Q Very broad. 


stereomer of the epoxide was observed. Thermal epoxidation of 
cis-2-butene in BaY by photogenerated tert-butyl hydroperox- 
ide gave exclusively the cis form of 2,3-epoxybutane. Spectral 
data showing the complete diastereospecificity of the 2-butene 
epoxidation reactions are presented in Figure 5. Trace a is the 
infrared difference spectrum before and after epoxidation of 
trans-2-butene, trace b the corresponding infrared spectrum of 
the cis-2-butene epoxidation. The characteristic trans-2,3- 
epoxybutane bands at 1485,877, and 805 cm-' are absent in the 
cis-2-butene product spectrum. In contrast, cis-2,3-epoxybutane 
absorptions at 1481, 1459, and 875cm-' are missing in the 
trans-2-butene product spectrum. We conclude that the thermal 
epoxidation of cis or trans-2-butene by tert-butyl hydroperoxide 
in BaY at room temperature is completely stereospecific. 


Extraction of small polar product molecules like epoxides or 
terz-butanol from zeolite Y is routinely performed with a polar 
organic However, solvent-free extraction methods 
would be preferable. We will explore conditions for desorption 
with the aid of an inert carrier gas, perhaps at modestly elevated 
temperature." 51 


Conclusion 


The work reported here demonstrates that isobutane can be 
oxidized by 0, to tert-butyl hydroperoxide with very high selec- 
tivity at high conversion. Partial oxidation by 0, in a zeolite 
with this photochemical method opens up a new approach for 
selective alkane C- H activation at ambient temperature.['61 In 
order to scale the reaction up from the micromolar scale shown 
here to practical quantities, important issues to be addressed are 
optically translucent zeolite membranes and optimization of the 
conditions for desorption of the products from the zeolite. 


Experimental Procedure 


Zeolite BaY was prepared by repeated ion exchange of NaY (Aldrich, Lot 
No. 04724P2) at 90 "C in a 0.5 M solution of BaC1,. The degree of ion exchange was 
determined by dissolution of the zeolite in 40% hydrofluoric acid and recording of 
the Na, Ba, and Al content by inductively-coupled plasma atomic emission spec- 
troscopy. Ninety-seven percent of the sodium ions were exchanged. Self-supporting 
zeolite wafers of 10 mg (1.2 cm diameter) were placed in a miniature infrared or 
UV/Vis vacuum cell described previously [5]. For infrared measurements, the cell 
was mounted inside a variable temperature vacuum system [Sa-c]. To dehydrate the 
zeolite, the cell was heated to 200°C for 12-15 h while being evacuated with a 
turbomolecular pump. The loading level of the reactants depended on the gas 
pressure and zeolite temperature. At room temperature and the pressures used (see 
results) there were 1-2 isobutane molecules per supercage and one 0, per 
5 supercages. 


The photochemistry was monitored in situ by Fourier-transform infrared spec- 
troscopy with a Bruker Model IFS 113 instrument. For photolysis, a prism-tuned Ar 
ion laser Coherent Model Innova 90-6 or the visible emission of a tungsten lamp was 
used. The output of the tungsten source was limited to L>430 nm by a Corning 
glass filter no. 3-72. Experiments were conducted at temperatures between -50 "C 
and 21 "C. Diffuse reflectance spectra in the UV-visible region were recorded with 
a Shimadzu Model 2100 spectrometer with an integrated sphere set-up Model ISR- 
260. Alkali or alkaline-earth-exchanged zeolites Y do not absorb in the visible 
spectral region [17], but diffuse reflectance spectra exhibit decreasing reflectance at 
the onset of the UV range, with a minimum around 250 nm (see insert of Fig. 3) 
While there is probably optical absorption by the zeolite at 1<300nm (171, the 
deviation of the reflectance curve from a horizontal line in the range 300- 1000 nm 
originates from the wavelength-dependence of the scattering coefficient that cannot 
be compensated for by the reference scatterer (BaSO,). 


For determination of the product ratio tert-butyl hydroperoxide to acetone, known 
amounts of authentic samples of the hydroperoxide and the ketone were loaded into 
BaY in separate experiments. Quantities adsorbed were measured by manometric 
methods. Together with the known dimensions of the zeolite pellet, this allowed us 
to calculate the infrared extinction coefficients of the two products in the zeolite 
pellet within five percent. For quantum yield determinations the total number of 
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product molecules generated was measured by the infrared absorbance growth, 
while the number of photolysis quanta absorbed by the charge-transfer band was 
obtained from the spectrum of Figure 3. We estimate an uncertainty of a factor of 
2 for the quantum efficiency because of the very small signal of the diffuse reflec- 
tance spectrum. 


Isobutane (Aldrich. 99 %), trans-2-butene (Matheson, 99 %), and cis-2-butene 
(Matheson, 95%) were purified by multiple freeze-pump-thaw cycles before use. 
Oxygen (Matheson, 99.997 %) was used as received. Likewise, compounds needed 
for recording of authentic spectra in the zeolite (tert-butanol (Aldrich. 99%), turf- 
butyl hydroperoxide (90%. with 10% water), cis and trans-2,3-epoxybutane 
(97%), acetone (Aldrich, 99.9%). and methanol (Aldrich, 99.9 %)) were subjected 
to vacuum distillation before use. 
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A 2,3-Connected Tellurium Net and the Cs,Te,, Phase 


Qiang Liu, Norman Goldberg, and Roald Hoffmann* 


Abstract: The bonding in the recently re- electron count. Both types of tellurium Several possible variations and distor- 
ported Cs,Te,, phase, which contains atoms are hypervalent; we make connec- tions of this net are discussed, all of which 
both Te, rings and remarkable Te, sheets, tions to other well known hypervalent are found to be less stable. The discrete 
is studied by approximate molecular or- molecules, such as XeF,, I;, and BrF,. crown-shaped Te, units that appear in the 
bital theory. Our focus is on the geometric phase show normal covalent bonding and 
and electronic features of the unique 2,3- should occur in smaller molecular entities, 
connected Te net found as a substructure too. According to our computations, 
in this phase. The calculations show that Cs,Te,, should be metallic. Two struc- 
both the linear and T-shaped Te ge- turally related phases, CsTe, and Cs,Te,, , 
ometries in the 2,3-connected Te net of are suggested. 


- 


Cs,Te,, are determined by their particular 


Introduction 


Over the past few years the chemistry of tellurium has blos- 
somed. In both discrete molecules and extended systems telluri- 
um has been found to display a wide range of unusual geomet- 
rical and bonding features.", 


An example of the richness of tellurium bondingr3] may be 
found in cesium tellurides. At least nine binary caesium telluride 
phases[,- 'I1 (CsTe,, CsTe,, Cs,Te, Cs,Te,, Cs,Te,, Cs,Te,, 


Cs,Te,, Cs,Te,, and 


===c 
0 


Fig. 1. The structure of Cs,Te,,. One unit 
cell is outlined. Small circles represent Te 
atoms; Cs atoms are marked black. The few 
Te, groupings in the unit cell are actually 
truncated fragments of Te, rings. 


Cs,Te,)1'21 had been re- 
ported earlier. In many 
of these there is Te-Te 
bonding, but quite dif- 
ferent in nature. For ex- 
ample, CsTe, contains 
isolated Tei- chains, T- 
shaped, and four-coor- 
dinate Te atoms;[81 in 
Cs,Te, there are one-di- 
mensional [Te4Te,,,l2 - 
chains containing both 
two- and four-coordi- 
nate Te atoms.t41 


Last year yet another 
binary phase (Cs,Te,,) 
was reported.['3. 14] The 
beautiful structure of 
this compound (Fig. 1) 
displays a number of un- 
usual features. Discrete 
crown Te, entities can 


[*I R. Hoffmann, Q. Liu, N. Goldberg 
Department of Chemistry and the Materials Science Center 
Cornell University, Ithaca, NY 14853-1301 (USA) 
Fax: Iut. code +(607)255-5707 


be easily identified in Figure 1. Though such eight-membered 
crown-shaped molecules are well known for sulfur and 
selenium, they had not been previously observed for tellurium. 
Also apparent are infinite two-dimensional sheets that are 
formed by Te atoms and which include one Cs atom per six 
telluriums. The Cs atom in the CsTe, sheet, located in the center 
of a large square of twelve Te atoms, also lies at the center of an 
almost perfect cube, which is built from two sets of four Te 
atoms each belonging to a Te, crown (one such Te,CsTe, unit is 
highlighted in Fig. 1). The structure may also be described as 
consisting of two different types of layers: CsTe, sheets separat- 
ed by layers of CsTe, crowns. 


Cs3Te,, can be written formally 
as [Csi+][Te:;]. If one assumes the Te, rings to be neutral 
molecular entities and assigns the valence electrons of caesium 
fully to the tellurium sheets, the compound may be described as 
[CST~,]:+[CST~,]~-. 


The pattern of the CsTe, sheet (Scheme 1) is interesting in that 
a C, axis is the principal symmetry element present (aside from 
twofold rotation axes and the mirror plane containing the sheet 
itself). The structure of this 2,3-connected sheet, constituted of 
linear and T-shaped tellurium atoms, belongs to the two- 
dimensional P4 snace ErouD 


Following Zintl's 


- -  
(no. 10). 


Several aspects of this new 
binary compound are of inter- 
est: the geometrical and elec- 
tronic nature of linear and T- 
shaped Te atoms in the CsTe, 
sheet; the electronic structure 
of the whole sheet, as unusual 
as it is; possible variants or dis- 
tortions of this sheet; the sta- 
bility of the crown Te,; and 


0 + 0 + 0 + 0 ~ 0  


o d o d o d o d o  
conducting properties 


of this C%T% phase. we ad- 
dress these questions below. 


Scheme 1. Pattern of the CsTe, sheet 
looking down the c axis (open circles 
are Cs, filled circles Te). 
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Results and Discussion 


Linear Te in the CsTe, Sheet: There are two kinds of Te atoms 
in the CsTe, sheet. One is linear, bound to two other Te atoms. 
We will call this Te2. The other, which we call Te3, is T-shaped 
and bound to three Te atoms (Scheme 2). It is important to note 


here that the Te2 and Te3 notation does 
not refer to a crystallographic numbering; 
it is our way of reminding ourselves of the 
coordination environment of each Te. We 
start our analysis of the planar net by sep- 
arately analyzing these building elements 
of the net, using molecular models. 


For two-coordinate main-group EX, 
molecules both bent (H,O, H,Se, H,Te, 
and Te:-) and linear configurations 


(XeF, and I; ) are possible. Why is Te2 linear in the sheet? 
We begin by looking at a simplified model, H,Te"- using the 


extended Huckel (EH) method.['61 The H-Te distance is set at 
1.69 Following the total energy while varying the H-Te-H 
bond angle, we find, not surprisingly, that the preferred geomet- 
rical configuration of H,Te depends strongly on its electron 
count (or the total charge). The molecule prefers a bent geome- 
try when it is neutral, as expected, and is linear for H,Te2-, 
analogous to a hypervalent H,Xe or F,Xe. 


A more realistic model for the atomic environment of Te2 in 
the solid might be Te;-. The Te-Te distance (3.077 A) for which 
we carried out the calculations is taken from the Cs,Te,, X-ray 
data. Again the computed structure depends strongly on the 
electron count. The linear configuration is favored for 3 - , 
4 - , and 5 - charges. 


Let us look at the Te:- model more closely. The Walsh dia- 
for the opening of the Te-Te-Te angle is depicted in 


Figure 2.  On the left side (90"), both the highest occupied molec- 


'iliir 
Scheme 2. 


-7 1 


c / I  


-15 
90 120 150 180 


Te-Te-Te angle (degrees) 


Fig. 2. Walsh diagram for the variation in bond angle in Te:-. 


ular orbital (HOMO) 4b, and the lowest unoccupied molecular 
orbital (LUMO) 5a, are slightly antibonding. As the angle in- 
creases from 90 to 180" the 5a1 becomes less antibonding, losing 
the p contribution from the central tellurium atom, and is stabi- 
lized significantly. On the other hand 4b, is destabilized as the 
(antibonding) p-p IS overlap between the tellurium orbitals in- 
creases. The 4b, and the 5a1 cross at approximately 110". The 
rapid stabilization of the 5 4  (now the HOMO) as 180" is ap- 
proached determines the preferred linear configuration for a 
Te:- electron count. 


A connection needs to be made here to the classical and well- 
characterized linear triiodide I;. This species is, of course, 
isoelectronic to Tet-, as is the related XeF,. The bonding in 1; 
or XeF, is very well u n d e r s t o ~ d [ ' ~ ~ ~ ~ ~ ~ ~ ~ - w e  have in these 
molecules an electron-rich three-center bond. If one omits the s 
orbital on the central atom from the bonding, one expects the 
level pattern shown on the left in Scheme 3, while if the s orbital 
is included, we get the pattern shown on the right. Note in either 
case that one and only one 1-1-1 antibonding orbital remains 
unfilled, 46, in Figure 2. The 5a, and 46, orbitals of our Te:- 
match, of course, the top two orbitals in Scheme 3 (right); coun- 
terparts of the other orbitals are also there in Figure 2, but are 
not specifically identified. 


Scheme 3. 


But what Te;- charge makes for a good model for Te2 in the 
fourfold sheet of interest to us? As we shall see later, the approx- 
imate charge on Te2 in Cs3Te2, is near to -1. Taking this 
computed charge seriously, and transferring it to the model at 
hand, this corresponds formally to [H,Te]- and Te:-. For these 
electron counts linear structures are energetically favored in the 
model compounds. What at first sight seems like a "normal" 
two-coordinate tellurium is actually a hypervalent atom, its ge- 
ometry determined by the electron count. Indeed it does not 
make sense to think of a linear Te as being involved in normal 
bonding, for the preferred angle at the heavier Group VI ele- 
ments in normal XEX compounds is close to 90". 


T-Shaped Te in the CsTe, Sheet: T-shaped subunits have been 
found in a number of tellurium compounds.['31 In this section, 
we will investigate the electronic reason for their appearance in 
the CsTe, sheet. 


We use two discrete molecular units, Te4Hz- and Te,Tez- 
(Scheme 4), as our models, based on the structural motif found 
in the sheet. The geometry of the 


Cs3Te,, , with a Te-Te bond length of 
3.003 A. Again X-Te distances of 
1.69 A for X = H and 3.077 8, for X 
= Te are used. 


Scheme 4) while maintaining fourfold 
symmetry, we calculate that the fl  
= 90" configuration (C,,) is more 
stable than the = 135" (D,,,) con- Scheme 4. = ", Te. 
former if the molecule possesses a to- 
tal charge of -1 to -5  (X = H) or -5 to -9 (X = Te). In all 
the cases studied, the total energy actually minimizes at p<90°. 
This might explain why the experimentally determined Te 2- 
Te3-Te3 angle in the sheet is found to be 88.5 instead of 90".[211 


Let's consider [Te,Te,]"- in some detail, and specify an 
8 - total charge for the molecule, for reasons that will become 
clear below. A number of frontier orbitals (see the Walsh dia- 


small Te, square is taken from X 


I 
Te-Te ~ X 


Varying the X-Te-Te angle (p  in x d e  - !e 


I 
X 
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gram, retaining a C, axis in Fig. 3) are involved in determining 
the structure of this molecule. Upon changing f l  from 90 to 135”. 
6a, is stabilized and turns into the LUMO (for that 8 - total 
charge), since the antibonding interaction between Te 2 and Te 3 
in that orbital disappears. The doubly degenerate 6e, does not 
change much. The 5b, orbital (HOMO at 90”) is much stabi- 
lized, mainly owing to the decrease in overlap between orbitals 
on Te2 and Te3. The 5e, orbital (doubly degenerate) goes up in 
energy only very little. The 5a, orbital, which is slightly anti- 
bonding between Te2 and Te 3, is greatly destabilized and ends 
up as a HOMO at 135”. As a result, the calculated HOMO-LU- 
MO gap of about 6 eV at p = 90” decreases to about 2 eV at p 
= 135”, and the f l  = 135” configuration turns out to be consider- 
ably less stable. It is interesting to note that the stable configura- 
tion is not determined by the HOMO, but by levels below it, not 
all of which are shown in the energy window of Figure 3. 


0 


LUM 


H 


Fig. 3. Walsh diagram for the variation in the Te-Te-Te angle p of [Te,TeJ- (see 
Scheme 4). 


Can we see a reasonable electron count in some related mole- 
cule, the way we correlated Te:- with I; or XeF,? There aren’t 
that many square or fourfold symmetric molecules around. E:+ 
species (E = S, Se, Te) are known,‘”] as is Bii-,[22’ and they are 
isoelectronic with the electronically happy C,Ht-. To our 
knowledge there are no square hypervalent molecular groupings 
with halogens, noble gases, or metals. If we take E:+ and te- 
traprotonate the lone pairs pointing radially out of the E, ring, 
we get E,H:+, for which one would expect a classical D,, struc- 
ture (p  = 135”). Clearly our Te, unit is much reduced relative to 
this hypothetical classical species. So hypervalent bonding, and 
the attendant T shape at Te is no surprise. 


The T shape reminds one of the BrF, molecule, whose bond- 
ing is described qualitatively in Scheme 5 (left). Note the formal 
F- nature of the “axial” fluorines. We see two lone pairs on the 


Br, a “normal” equatorial 
i 4- Br-F bond, and electron- a rich three-center F-Br-F 


I E a B r a  v I T ~ ~ T , ~  v axial bonding. BrF, is 
CI A clearly related to SF, and 
B 8 XeF,. A tellurium ana- 


I ?el logue (Scheme 5,  right) I El 


Scheme 5. would be Te:-. 


R. Hoffmann et al. 


Can we set up an analogous bonding pattern in the tellurium 
square? It is not obvious how one should do this, for a given 
Te3-Te3 bond which is “axial” with respect to one Te3 and 
“equatorial” with respect to the other. But if we simply make all 
the bonds initially covalent and add two lone pairs at each Te, 
we get [Te,H,I4- or [Te,Te,18- (Scheme 6). This is one extreme, 
and it is from this model that we derived the electron count used 
earlier. 


1 8 -  - 
I Tel 


1 4 -  H 
I 


H 


Scheme 6. 


- 
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Now let’s try an alternative approach to electron counting, 
beginning with the known solid-state structure. Formally, the 
sheet is [CsTe,]’- or, assuming a Zintl viewpoint, Te;-. We 
want to carve out, on paper, a Te, or Te,Te, unit out of the solid. 
Assuming a covalent Te2-Te3 bond, breaking that bond ho- 
molytically, and keeping all the charges on the ring, we end up 
with the tetraradical Te:-. Saturation of such radicals by H 
atoms leads to [Te,H,I3-. Replacing those H atoms by isovalent 
Te- anions, we arrive at a [Te,Te,]’- model. 


A third approach to electron counting is simply to look at the 
charge distribution per Te, square calculated for the Tez- or 
[CsTe,]’- net. This calculation, discussed in the next section, 
leads to an approximate (Te 3) ,  charge of - 1. If we break (on 
paper) the Te 2-Te 3 bonds homolytically, and then “passivate” 
the dangling bonds by H or Te-, we get to [Te,H,]- and 
[Te,Te,]’ -. 


Returning now to our models, for all of these electron counts 
the p = 90” configuration (or T-shaped Te3) is favored over 
large values of p. As in the case of the linear Te 2 structure, the 
geometry of the T-shaped Te3 is also determined by electron 
count. 


Let’s look at the structure at hand in still another way. Each 
Te 2 (linear) is hypervalent, and (if it were maximally hyperva- 
lent) could be assigned an elec- 
tronic structure such as that 1 2- 1 1- 


shown in Scheme 7 (left) and a 
formal charge of - 2. Each Te 3 
can be assigned a locally hyper- 
valent structure (Scheme 7, Scheme 7.  
right) and a - 1 formal charge. 
With these charges throughout the net, we would have a charge 
per formula unit, (Te 3),(Te 2),, of - 8. However, the actual 
charge is only -3! In other words, our Te2- net is hypervalent 
(as the T-shaped Te3 and linear Te2 indicate), but it is not 
“maximally hypervalent”, that is, it does not contain as many 
electrons as these hypervalent geometries would allow. It is this 
intermediate reduction stage that makes the electronic structure 
of Te; - truly nonclassical and requires a delocalized bonding 
description. 


The reader might think these electron counting arguments 
tortuous. Indeed they are, but they are attempts to relate known 
molecular electron structures to this strange yet simple net. To 
give up trying is to give up understanding. 


I 
I 


- - T e a  
I 
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The CsTe, Sheet: We have analyzed the bonding in the struc- 
tural subunits of the planar [CsTeJ- sheet and now consider 
the whole net. A calculation on the full [CsTeJ2- net gives a 
+0.78 charge on Cs. Obviously a Zintl viewpoint, with nearly 
full electron transfer from Cs to the Te net, is reasonable. We 
thus turn our attention to a Te2- net, whose band structure is 
shown in Figure 4.[231 Every point in our argument below was 
checked by calculations on [CsTe,12- as well; the analysis car- 
ries over, essentially unchanged. 


Te2 5pz 
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Fig. 4. Band structure of the Tei- sheet. The dotted line indicates the Fermi level. 


Most bands of the Tei- net are quite flat, indicating weak 
interactions among Te atoms. This is a result of the relatively 
large Te-Te distances of 3.003 and 3.077 A, as compared to 
2.84 8, in elemental helical Te,.[”I The band around the Fermi 
energy[241 is only half filled, since there is an odd number of 
valence electrons per Te2- unit. Above that band we find a gap 
of about 2 eV. 


Where are the electrons in this structure? We may partially 
answer the question and trace the nature of some bands by 
examining the contributions of individual atomic orbitals to the 
density of states (DOS).[251 


Most of the bonding in the valence region is accomplished by 
Te 5p  orbitals. The in-plane locally 7c-type 5p orbitals 
(Scheme 8a) of Te2 form a narrow band between - 16 and 


- 14 eV; these orbitals are 
98 % below the Fermi energy. 
We do not show their contri- 
bution to the DOS. The con- 
tributions of the 5p,’s of the 
Te atoms (the z axis is normal 
to the plane formed by the 
sheet) to the DOS are dis- 
played in Figure 5. For both 
Te 2 and Te 3, the p, bands are 


interactions between these or- 
Te3- relatively narrow; the 7c-type 


bitals are small. All contribu- 
tions from these orbitals occur 


dicates that these pz’s are filled 
with two electrons. 


Figure 6 shows the contributions of the remaining 5p  orbitals 
of Te2 and Te3 (Scheme8b-d) to the DOS. The projected 
DOS’s of the orbitals of Scheme 8 b (on Te 2) and 8 d (on Te 3) 
are surprisingly quite different. The former is less dispersed 
(probably a consequence of the slightly longer bond length), 
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Scheme 8. Te2 and Te3 5 p  orbitals. below the Fermi level; this in- 


-24 


Te3 5pz 


Fig. 5. Contributions (shaded areas) to the density of states (DOS) of the 5p, 
orbitals on Te2 (left) and on Te3 (right). The solid curve is the total DOS for the 
Tez- sheet. The F e d  energy is indicated by the dotted line. 
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Fig. 6. Contributions (shaded areas) to the DOS of the various 5p orbitals shown 
in Scheme 8: b (left), c (middle), and d (right). 


and is concentrated around - 18 eV as well as the F e d  energy. 
The orbitals of the type shown in Scheme 8 d contribute a lot to 
the states between -9 and -6 eV, but very few such levels are 
found around the Fermi energy. The orbital in Scheme 8 c (on 
Te 3), however, has significant contributions around the Fermi 
level. 


To understand this, we go back to the Te,Te, molecular mod- 
el. In Figure 3 (left), both orbitals of the type shown in 
Scheme 8 b (in the model the “Te 2” is actually a terminal telluri- 
um) and 8c  (on Te3) appear in the 5b, (HOMO), 5e,, and 5a, 
orbitals (and thus contribute to the DOS around the Fermi 
energy). The corresponding molecular orbitals in the sheet are 
bands no. 19 and 20 (numbered from the lowest energy band up, 
Fig. 4). Band no. 20 crosses the Fermi level around X. The 
crystal orbitals at r and M in these two bands are sketched in 
Scheme 9. Note the degeneracy of these bands at r. We see no 


r M 


Cx3  
Band #20 


P 


Band #I9 


Scheme 9. 
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contributions from the orbitals of the type shown in Scheme 8d. 
Small mixing of 5s' into 5p's can be seen; this is responsible for 
the increase in energy of band no. 20 at M. Note furthermore 
that interactions between Te 2-Te 3 and Te 3-Te3 are slightly 
antibonding or nonbonding in 5b, and in bands no. 19 and 20. 


The occupation of some Te-Te antibonding orbitals in the 
Te2- sheet can be easily discerned from a crystal orbital overlap 
population (COOP)1251 analysis. At lower energies the states of 
the net are both Te 2 -Te 3 and Te 3 -Te 3 bonding (Fig. 7), while 
the states near the Fermi level are antibonding. Note that there 
are more antibonding orbitals filled for Te2-Te3; this should 
lead to a smaller average overlap population (OP) .r261 Indeed 
the calculated average OP's are 0.17 for Te2-Te3 and 0.30 for 
Te 3 - Te 3. 


5% 
............ 


> 


- 


To put these overlap populations into perspective, we com- 
pare them with OP's of four reference systems in Figure 8. 
Analogous to oxygen (O,), Te, possesses a formal double bond 
between the two Te atoms. The models Tei- and Tet- are 
formally only singly bonded, and the three-center electron-rich 
Tei- possesses a formal half bond. The Te2-Te3 and Te3-Te3 
bonds in Te2- (the same values are computed in [CsTe,12-) are 
weak, with a bond order between 112 and 1. 


Filling antibonding orbitals should also result in a lengthen- 
ing of a bond, as observed for the Te-Te distances in the sheet. 
This can also be seen in the OP curves of Figure 8. 


for the Tei- sheet are 
-0.217onTe3 and -1.065 onTe2. Since theTe2- netcontains 
four Te3 and two Te2 atoms per unit cell, we are led to 


The Mulliken atomic 


1 ~. 1 . 0 0 7  


I -0.20 ' i 
2.4 2.6 218 3:O 312 314 3.6 


Te-Te distance (A) 
Fig. 8. Overlap population (OP) vs. distance for four reference systems. OP'S are 
shown for Te2-Te3 (e) and Te3-Te3 (o), as calculated in the Tei- net. 


[ (Te 3),] - O.'' and [ (Te 2)J - 2. 3 .  


This gives us another way to guess 
at the electron counts in the model 
we calculated earlier, the triatomic 
model for Te2 and the Te,Te, 
square for Te 3. 


What are the consequences of an 
electron density of ~ 6 . 2 5  on Te3? 
Consider Scheme 10. If we were to 
assume three covalent bonds and a 
p, lone pair at Te3, we have 1.25 
electrons on average to put into the Te 3 lobe (part of orbital in 
Scheme 8 c) that points toward the Cs atom. One could think of 
one such lobe filled with two electrons and three with one elec- 
tron; then one would think of four such resonance structures 
permuting the two-electron atoms around the 12-membered 
ring. If instead of adopting such a simple model, we look at the 
actual orbital populations in the net, we find that the orbital 
shown in Scheme 8c is occupied on the average by 1.40 elec- 
trons. There are also lone pairs on Te2 pointing toward the Cs; 
these are not shown here. Clearly there is radical character in the 
Te, plane. In the solid state, the bandwidths arising from inter- 
actions between partially occupied orbitals may result in a low- 
spin state (or a half-filled band). But the possibility of a magnet- 
ic state should not be dismissed, based in part on this perceived 
radical character. 


The negatively charged Te:- net is stabilized by Cs' cations, 
both within the [CsTe,]'- sheet and in the other layers of the 
Cs,Te,, phase. Our simple MO treatment yields an energy dif- 
ference of 0.67 eV between Te:- and [CsTe,12-, with the latter 
being more stable. Calculations including explicitly Madelung 
energy terms should give even more stabilization to [CsTe,12-. 


In summary, the electronic and geometrical structure of the 
CsTe, sheet is highly unusual. The bonds among Te atoms are 
weak and all tellurium atoms in the net are hypervalent. 


Scheme 10. 


Some Variations on the 2,3-Connected Net: The 2,3-connected 
Te, net (sheet) can be approximately derived from the 4-con- 
nected perfect square Te net (Scheme 11) by removing two-fifths 
of the Te squares (the open circles in Scheme 11). This neglects 
the 0.074 8, bond length 
difference and the 1.5" 
deviation of one Te-Te-Te 
angle from 90". Alterna- 
tively, one arrives at the 
pure tellurium square net 
by substituting the Cs 
atom in CsTe, by a Te, 
unit. 


Would such a square 
tellurium net be stable? 
Let's compare it with a 
Te2- model. To make the 
comuarison meaningful. - 
we assign the Same num- Scheme 11. 2,3-Connected Te, net derived 


from the 4-connected perfect square Te net. ber of electrons to every 
Te atom; that is, each tel- 
lurium bears a formal charge of -0.5, as in the Tei- net. This 
is not the charge distribution computed, but here just an expedi- 
ent formalism. Furthermore the Te2- net described in the previ- 
ous sections is idealized, with all bond lengths set to 3.003 P\ and 
angles taken as 90 and 180". 


The band structure for the square net is very simple, com- 
posed of only four bands.r251 The calculated energy per telluri- 
um atom (actually Te-0.5) in the square Te net is found to be 
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1.70 eV higher than that for tellurium atoms in the Te:- net.‘,’] 
Thus, the square net is indeed much less stable than the experi- 
mentally observed “defect structure”, in which some atoms are 
missing from a perfect square net. The reasons for the specific 
geometry assumed by the defect structure have been analyzed in 
the framework of a general study of such structures by Lee and 
Foran .Iz ‘1 


It should be mentioned that perfect square nets of Te have 
been reported to exist as sublattices in lanthanide tellurides of 
the type LnTe, (2 < n  I 3) . I 3 ,  ”I In these compounds the square 
Te net carries a formal charge from - 0.5 to - 1. The Te . . . Te 
distance in the more highly reduced material is expanded; 
Bottcherr3] reasoned that this would be consistent with the anti- 
bonding nature of the additional occupied orbitals. Indeed we 
find this region of COOP for the square net Te-Te antibonding. 
However, the semiconductivity reported for these phases has 
raised serious doubt about the structural assignment.[301 As 
found recently, these compounds do in fact possess an as yet 
unknown superstr~cture.[~ ‘I 


The 2,3-connected Te, net can also be viewed as a distortion 
from the more symmetrical net shown in Scheme 12. This net 
belongs to the plane group P4mm (no. 11; we will call it a D,, 


net since its unit cell is of 
this symmetry). By rotat- 
ing the small Te, squares in 
this structure, the experi- 
mentally observed Te, 
sheet can be generated. 
Yet, the experimental 
structure constitutes again 
the more stable configura- 
tion, according to our cal- 
culations. The energy in- 
creases monotonically 
upon rotating the small 


tally observed Tei- net to 
generate the D,, net. The 


difference in energy between the two structures is computed to 
be 3.30 eV per Te, unit for [CsTeJ- and 2.688 eV for Te;-. 
These are similar results to what we obtained for the Te,Te, 
model in previous sections. 


The band structure of this hypothetical D,, Te:- sheet is 
shown in Figure 9 (experimental Te-Te bond lengths used). It 
resembles slightly the band structure calculated for the experi- 
mentally observed sheet (Fig. 4). However, the band gap which 
occurred around - 10 eV in Figure 4 has disappeared here. One 


Scheme 12. Symmetrical net that can be 
related to the 2,3-connected Te, net. 


squares in the experimen- 


Enei 


c1 
-12 


-14 


-16 
‘1 


- 1  


I I 
k h 


-24 


Fig. 9. Band structure for the hypothetical D,, Te, sheet (p1 = 135”). The dotted line 
marks the Fermi level for the D,, Te2- net. Note the gaps that occur at two other 
marked electron counts. 
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more band which was higher in energy in the experimental struc- 
ture is lowered and moved into the window at about - 7 eV. The 
two bands immediately below the Fermi energy at r in Figure 4 
are raised by more than 1 eV, as is the Fermi energy. This is 
equivalent to a destabilization of 5e, and 5a, in the case of the 
molecular models (Fig. 3), and explains why the hypothetical 
sheet is less stable. One may also say that the D,, structure is 
destabilized due to the fact that several bands in this structure 
have moved towards the Fermi energy instead of away from it. 
Or to put it another way, a two-dimensional Peierls-like distor- 
tion stabilizes the less symmetrical structure. 


The instability of the D,, structure does not persist for all 
electron counts. In Figure 9 one sees that the D,, net has small 
gaps at two places, for Te, and Tei+ electron counts. Indeed 
calculations for both these electron counts predict that the D,, 
net is more stable than the Tei- net by ~ 0 . 5  eV. 


Returning to the observed structure, a referee has suggested 
that it might be worthwhile to consider distortions of the net to 
“isolate” certain Tei- substructures, perhaps in a way that one 
sees in polyiodide chains. Here are some of the more symmetri- 
cal partitionings that come to mind (see Scheme 13); each is 


illustrated as a substructure and can be thought of as propagat- 
ing through the whole two-dimensional net. We do not trust the 
extended Hiickel method to calculate the energetics of these 
distortions, especially in the absence of the caesiums. However, 
it is interesting to consider the electron counting possibilities of 
each. In Scheme 13 a the partitioning generates four angular Te, 
units. The charge that each would have classically is Tez- or -4 
per Te, unit, which is in excess of the electrons available. In 
Scheme 13b one would have large Te,, rings. Each “angular” 
Te would be formally neutral; each linear Te would have a - 2 
charge. This would then lead to Te:,6- or TeE-, again too re- 
duced. In Scheme 13c one gets Te, rings and isolated Tez- ions. 
The Te, ring could be neutral (or + 2, if one wants a Hiickel R 
system in the ring). This then leads to a - 4 charge per Te, (if the 
ring is neutral) or - 2 (if the ring is charged + 2). Scheme 13 a 
and c are closer than Scheme 13 b to the observed electronic 
content of the net. 


The Crown-Shaped Te, Unit and the Cs,Te,, Phase: The exper- 
imentally observed crown-shaped Te, unit is only of C, symme- 
try, instead of the ideal D4d. But the deviation is very small. Two 
factors are possibly responsible: the fact that the crystal only has 
a fourfold axis and the different environments of the two faces 
of the Te, crown. 


Figure 10 (left) shows the energy-level diagram for a molecu- 
lar crown Te, unit (geometry taken from Cs,Te,,). Not surpris- 
ingly, a HOMO-LUMO gap of about 6 eV is found; this indi- 
cates that the Te, configuration is rather stable. The addition of 
a Cs+ cation to the Te, unit (to formally give a [Cs(q4-1,3,5,7-cy- 
clo-Te,)]’ cation) lowers the total energy by 1.43 eV. Thus, the 
Te, rings in Cs3Te2’ are stabilized significantly by the Cs’ 
cation. 
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The crown Te, molecule should exist as a discrete molecule 
and in complexes containing the M(q4-l ,3,5,7-cyclo-Te8) group, 
where M could be a Cs’ cation or some other transition metal 
ML, fragment. 


The projected DOS for Te, in the complete Cs,Te,, structure 
is also shown in Figure 10 (right). The bands are dispersed a 
little as a result of small interactions with the Te, sheet; still the 


.............................. 


Te, ring Te, in Cs3Te2, 


r-1 
I I  I 


Energy -- 
I 


-18 


-221 I -- 
-24 I 


Fig. 10. Energy-level diagram (left) for the crown-shaped Te, molecule and contri- 
butions to the DOS of the Te, units (right) in Cs,Te,,. All the levels below the 
HOMO (tilling by electrons indicated) are occupied. The solid curve (right) indi- 
cates the total DOS for Cs,Te,, . 


energy level pattern for the Te, unit (shaded area, right panel) is 
readily recognizable. The interaction that is observed between 
Te subunits is probably caused by two relatively close contacts 
at 3.424 and 3.444 A between tellurium atoms of the Te, ring 
and the Te, sheet. The most interesting consequence of this 
interaction is a small contribution of the Te, units to the DOS 
around the Fermi energy. 


The changes in the DOS of the Te, sheet upon going to the 
three-dimensional structure are more pronounced. The large 
peaks around - 15 eV (Fig. 5), which originated mainly from 
the 5p,’s of Te2 and Te3, have disappeared (Fig. 11, shaded 
areas; z is normal to the sheet plane and parallel to the c axis). 
It is those 5p,’s that interact mostly with the crown Te, ring and 
become more dispersed (Fig. 11, right). The gap at - 10 eV, the 
DOS right above and below the Fermi energy, and the location 
of the Fermi energy itself are nevertheless mainly determined by 
the Te, sheet. 


Energy 


Each Te, sheet is one electron short of filling the band below 
the gap. Since there are two Te, unit in the unit cell, two more 
electrons are needed to fully occupy the bands below the gap in 
Cs,Te,,. Owing to this half-filled band the Cs,Te,, phase 
should be metallic. 


However, there is another possibility. We mentioned before 
that the Te3’s in the CsTe, sheet have radical lobes pointing 
toward the Cs atom. A group of four such lobes occupied by five 
electrons around a Cs is fairly isolated from other groups 
(though each interacting with a neighboring Te 2 5 p lone pair), 
and interaction among lobes within any such group is probably 
not very strong, either. This situation, shown schematically in 
Scheme 14 (left) for one Te2-Te3 group of four pointing to- 
ward a Cs, is reminiscent of a classical stable radical system, 
the nitroxyls (Scheme 14, 
right). This feature 


from should the persist sheet on to going the rf 8. >g 
whole Cs,Te,, phase. 
Thus the Cs,Te,, phase 
might show some inter- Scheme14. 
esting magnetic proper- 
ties. 


We calculate Mulliken charges of -0.82 on Te2, -0.16 on 
Te3, +0.77 on Cs (in the sheet), +0.72 on Cs (in Te, layers), 
and almost zero on the Te atoms which form the Te, rings. These 
charges are quite similar to those computed for [CsTe,]’- and 
[CsTe,]+, and justify the application of the Zintl concept to this 
Cs,Te,, phase. The O P s  of 0.17 for Te2-Te3 and 0.30 for 
Te3-Te3 are the same as those calculated for [CsTe,]’-. The 
average OPs between Cs and Te atoms are almost zero, a sign 
of the mainly ionic bonding between them. 


Summary 


The crown-shaped Te, unit in the Cs,Te,, phase is found to be 
a stable molecular entity which is further stabilized by the Cs’ 
cations. There is some interaction between the Tea ring and the 
Te, sheet, but a reasonable approximation is to regard them as 
nearly separate entities. The electronic structure of the phase is 
mainly determined by the Te2- sheet. The Cs,Te,, phase is 
predicted to be conducting or magnetic. 


Considering the nature of the layered structure of the Cs,Te,, 
phase and the character of the bonding in the solid prompts us 
to suggest two other possible phases: [CsTe,]-[CsTe,]+, or 
CsTe, and [CST~,]~- [CST~,]~+,  or Cs,Te,, . Both should have 
structures similar to that of Cs,Te,,, but composed of layers of 
CsTe, sheets and CsTe, units in 1 : 1 and 1 :3 ratios, respectively. 
The CsTe, phase should again be metallic. Cs,Te,, should be a 
semiconductor, however. Alternatively, a Cs,Te,, structure, 
should there be room for two Cs atoms in the structure, should 
be semiconducting. 


-6 


-8 
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Appendix 


Fig. 11. Contributions (shaded areas) to the DOS of the Te, sheets in Cs,Te,, (left) 
and of all the 5pz orbitals of the telluriums in the sheets (right). 


Table 1 shows the extended Hiickel parameters used in our calculations. For H, Cs, 
and Te, values are taken from earlier work [16,32,33]. Calculations were done using 
Greg Landrum’s wonderful YAeHMOP (V 1 .O) program, available on the WWW 
at: http://overlap.chem.corneIl.edu: 8080/ yaehmop.htm1. The CACAO program 
[34] was used to visualize some of the orbitals. In computlng average properties, the 
same 36 k-point set was used for the experimental Te2- net, the D,, structure, and 
the perfect square net. An 8 k-point set was chosen for the Cs,Te,, calculation 135). 
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Table 1. Parameters used in extended Huckel calculations. 


Atom Orbital H,, (ev) Ll 


H 1 s  - 13.60 1.30 
c s  6s  -3.88 1.06 


6P - 2.49 1.06 
Te 5s - 20.80 2.51 


5P - 14.80 2.16 
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Structural Principles of the Coordination Number Eight : 
WFi-,  ReFg-, and XeFg- 


Steffi Adam, Arkady Ellern, and Konrad Seppelt* 


Abstract: WF,, ReF, (n = 6 and 7), and XeF, combined with NOF to give 
(NO+),WFi-, (NO+),ReFi ~, and (NO+),XeFi-, respectively. Also NO,F reacted 
with ReF, to form (NO:),ReFi-. Cs,XeFS.4BrF, crystallized from a solution of 
Cs,XeF, in BrF,. These five compounds were subjected to X-ray structure determina- 
tions. The structure of [NO(NOF),]+IF; was used as a standard for comparison. All 
anions exhibit square-antiprismatic geometry, independent of their electronic configu- 
rations. Bond lengths in ReFi- and XeFi- are larger than in WFi- and IF;, owing 
to the presence of nonbonding electrons. Deviations from the ideal structure in XeFg- 
are attributed to cation-anion interactions. 


- 
Ir 


Introduction 


Compounds with coordination numbers (CN) exceeding six do 
not normally have a single typical geometry, since there are 
several geometries that are energetically close and can be inter- 
converted by small angular changes, with the possible exception 
of CN 12 (icosohedron). Many authors have dealt with the geo- 
metrical problems associated with higher coordination num- 
bers, especially for CN 8, and models of ligand repulsion have 
been developed for this case."l 


Burdett, Hoffmann, and Fay discussed the molecular orbital 
model of the CN 8 in all possible geometries (the square an- 
tiprism, trigonal dodecahedron, bicapped trigonal prism, cube, 
hexagonal bipyramid, square prism, and bicapped trigonal 
prism),''] but two principal structures remain for CN 8: from 
the electrostatic viewpoint the square antiprism and the trigonal 
dodecahedron are very similar in energy. The cube and all other 
possible geometries are higher in energy owing to fairly large 
ligand repulsion.['] 


There are many examples for both the square-antiprism and 
the trigonal-dodecahedron geometries. One of the better known 
cases is W(CN)i-, which is dodecahedra1 in K4W(CN),.2H,0 
and square-antiprismatic in H4W(CN),.6H,0.13-51 In these 
and many other cases the structures are in part dominated by 
strong interionic forces, resulting in considerable deviations 
from the ideal geometries. 


To establish the principal structure of CN 8, it would be 
preferable to determine the structures of uncharged AB, mole- 
cules, since cation-anion interactions, which may be stabilizing 
geometries that might not otherwise be energy minima, would 
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then be eliminated. However, no such molecules are known, and 
reports on the isolation of the most likely candidates, XeF, and 
OsF,, have been Our goal is therefore to study 
anions possessing the smallest possible charge. Previously, we 
have reported that IF; is a highly regular square antiprism.[81 
Its intraionic bond lengths and angles are used here as a stan- 
dard reference. ReF; should exist but so far all attempts to 
obtain single crystals have failed.''] If we include doubly 
charged anions in our study, the number of available octafluoro 
anions increases, but greater care is then needed to take into 
account possible influences of intermolecular forces on the 
structures. 


Since all the anions that were investigated in this study are 
square antiprismatic, we need only discuss this geometry. A 
square antiprism is a highly symmetric arrangement of ligands, 
which can be described fully by only two parameters, namely, 
the distance between central atom and ligand, 
and the angle describing the elongation or flat- 
ness of the square antiprism. Kepert suggested 
to use the angle M between the S, axis and the 
central atom ligand bond (Fig,l) .[ll This angle 


u 
is the angle between two adjacent ligands with- 
in one hemisphere and the central atom, or by 
M = y /2 ,  where y is the angle between opposite 
ligands within one hemisphere. If the inter- 
ligand distances between the two hemispheres 
is assumed to be equal to the interligand dis- 
tance within each of the hemispheres (hard-sphere model), than 
this angle a is 59.26". A soft-sphere model results in M = 57.1" if 
a repulsion energy law of l/r6 is assumed.[ll 


The structures presented here will be checked against this 
ideal behavior. In particular, we will address the following ques- 
tions: What are the possible differences in bond length? What is 
the torsional angle between the two squares (ideally 45")? To 
what extent do the four ligands in one hemisphere deviate from 


Fig. 1. Defini- 
tion of a in a 
regu1ar 'quare 
pyramid. 
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planarity? Are the two planes parallel to one another? How 
close is the angle u to the ideal value? The structures will also be 
discussed in terms of cation-anion interactions. Furthermore, 
an answer to the question of the steric activity of nonbonding 
electrons (in ReFg- and XeFi-) will be suggested. 


Results and Discussion 


IF,: The existence of NO+IF,, formed by the reaction of IF, 
with NOF, was first reported by Adams.[Io1 However, subse- 
quent crystal structure determination proved this product to be 
[NO(NOF),]+IF, Since the cation is quite large and short 
cation-anion contacts are absent, we will use the square- 
antiprismatic structure of IF, as a standard for comparison. In 
the unit cell there are two crystallographically independent IF, 
anions, which are virtually identical; the 16 different bond 
lengths are very much alike (187.9(5)-190.4(4) pm), as 
are the angles CI (57.65 and 57.61"). The IF, anion can also 
combine with the (CH,),N+ cation,[8a. b1 but a fourfold disorder 
of the anion prevents a precise structural description in this 


WFg-: The ability of WF, to react with alkali metal fluorides 
has previously been established!' ' 3  ''I but information on the 
structure of the resulting product is limited to the vibrational 
spectra, which are similar to those of Na,TaF,. The latter is 
square-pyramidal, according to its rather unreliable X-ray 
structure determination, and also exhibits very strong cation- 
anion interaction~.['~] WF, and NOF have been combined to 
give (NO'),WFi-. The Raman spectrum was tentatively as- 
signed in terms of a square antiprismatic symmetry.['41 


We synthesized (NO),WF, by reaction of WF, with NOF and 
obtained colorless single crystals. The crystal structure shows 
that the WFi- ion is a very regular square antiprism (Fig. 2). 
Owing to the mirror plane in the space group Pnma, the eight 
fluorine atoms are represented by five independent positions. 
Bond lengths are as regular as in IF,, and the slightly elongated 


Fig.2. Ortep plot of the anions WF2- and ReFi- in (NO+),WF;- and 
(NO+),ReF;-, respectively (ellipsoids at the 50% probability level). The vibra- 
tional amplitudes of WFg- are shown; those of ReFi- are marginally smaller. 


Table 1. Characteristics of square-antiprismatic geometries 


bonds have the shortest contacts to the nitrogen atom of the 
NO' cation. Owing to symmetry constraints, the first set of four 
fluorine atoms lie in plane; the second set are also close to 
planar. The average angle u for all fluorine atoms relative to the 
S,  axis is 57.50", virtually identical to the value found in IF,. 
The various criteria for ideal square-antiprismatic behavior and 
the actual values observed for this and all other anions are 
summarized in Table 1. 


ReFi-: Salts containing the ReFi- ion have been reported ear- 
lier.['', 1 4 3  l 5 I  The violet color that we found for (NO+),ReF;- 
and (NO:),ReFf raises some doubt as to whether the previ- 
ously reported yellow compounds contained the ReFi- anion. 
Preparing ReF, free of ReF, and ReOF, is not a trivial matter. 
Hence contamination by salts such as A+ReF, (yellow?), 
A+ReOF; (~olorless),"~~ A+ ReF; (orange),['61 and 
A'ReOF; (green)[''] may be occurring. In reports by Niko- 
laev["] pink salts of M,ReF, (M = Na, K, Rb, Cs) are de- 
scribed, which react with excess ReF, to give yellow ReF; com- 
pounds. A low-precision crystal structure determination for 
K,ReF, gave results similar to those reported here.[' 'I 


The violet color of the ReFi- salts facilitates their visual 
detection, even when large amounts of by-products are formed. 
In HF or CH,CN solution, the violet color is not observed, 
because the anion is present as ReF;; ReFi- is only formed 
upon crystallization. In this paper the crystal structures of 
(NO+),ReFf and (NOi),ReFi- are reported. The latter was 
prepared by reaction of ReF, with NO,F. The former was syn- 
thesized from ReF, and NOF. The reaction is slow, probably 
because ReF, is first reduced to ReF,. 


(NO+),ReFi- is isotypic to (NO+),WFi- (Fig. 2), but the 
Re-F bonds are on average 3 pm longer than the W-F bonds. 
This is attributed to the presence of a d' electron in ReFi-, 
which expands the anion. The square antiprism of ReFi- with 
CI = 57.80' differs very little from IF, and WFi-  ; this indicates 
that the d' electron has virtually no specific geometrical effect. 


(NO:),ReFi- has eight crystallographically independent 
fluorine atoms. The ReFi- anion is particularly regular with 
u = 57.87' (Table 1 and Fig. 3). 


Fig. 3. Ortep plot of the ReFg- anion in (NO:),ReF;- (ellipsoids at the 50% 
probability level). 


~ ~ 


(Cs+),(BrF.,),XeFg (NO:),ReFg- (NO'),XeFi- ideal [NO(NOF j2]+IF; (NO+j,WF:- (NO+),ReF;- 


bond lengths [pm] equal 187.9-190.4(4) 190.4-193.5(2) 191.8-198.6(3) 191.0-198.3(3) 193.8-215.1(1) 195.4-207.5(4) 
udV ["I [a1 57.16 [b] 57.65 [c] 57.50 57.80 51.87 87.93 57.85 


57.61 
max. dev. from 0 0  1(2) 1 (2) 0 [d] 3.1 (23) 0 [d] 2.3(17) 2.0(3) 0.8(3) 0 [d] 2.0(4) 0 [dl 3(1) 
best planes [pm] 3(3) 4(4) 
parallelity of 0 0.3(5) 1.6(3j 1.2 (2) 0.27(9) 1.71 (8) 0.9(3) 
best planes [41 1.0(5) 


~~ 


[a] il: angle as defined in Figure 1. [b] Calculated for a soft-sphere model with a repulsion energy law x l / r 6 .  [c] NO+(NOF),IF; contains two crystallographically 
independent anions. [d] Enforced by crystal symmetry. 
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XeFi-: As early as 1973 the crystal structure of (NO+),XeFi- 
was The large vibrational amplitudes and esti- 
mated standard deviations reported in this work left room for 
discussion as to whether the nonbonding electron pair was ster- 
ically active. Indeed the basically square-pyramidal geometry 
appeared to be somewhat distorted. We have redetermined the 
crystal structure with the best precision available to us, and have 
also obtained a structure of a solvate (Cs+),XeFi- .4BrF,. 


(NO+),XeFg- is crystallographically identical to 
(NO '),WFi- and (NO+),ReFi- (space group, special and 
general positions; see Fig. 4 and Table 2). This square antiprism 


Fig. 4. Ortep plot of the XeFi- anion in (NO'),XeF;- (ellipsoids at  the 50% 
probability level). 


is a little distorted. Bond lengths vary from 193.8(2) to 
215.1 (1) pm (cf. 194.6-209.9 reported p r e v i ~ u s l y ~ ' ~ ~ ) .  The av- 
erage angle a = 57.93", calculated from angles between 56.16 
and 59.34", may therefore not be meaningful. The two F 4  atoms 
with very long bonds to Xe are those that have three short 
contacts to the nitrogen atoms of NO+ (Table 3). The four F 
atoms in the one hemisphere with short bonds to Xe all have 
F . . . N contacts above 300 pm. 


In the crystal structure of (Cs+),XeFi-.4BrF5 the anion is 
less distorted. This material was obtained as colorless needles by 
crystallization of (Cs'),XeFi- from BrF, at 60°C with slow 
cooling. The incorporation of BrF, molecules into the structure 
has the fortunate effect that the XeFi- anion is much less dis- 
turbed by cation-anion interactions. The structure (Fig. 5 )  is 
almost tetragonal with the crystallographic pseudofourfold axis 
being identical to the S ,  axis of the square antiprism. Full tetra- 
gonal symmetry is not reached only because two BrF, units (Br 2 
and Br3) are rotated by approximately 45" (see Fig. 5 ) .  The five 
crystallographically different Xe-F bonds are in the 195.4(6)- 
207.5(4) pm range, and the two hemispheres of fluorine atoms 


Table 2. Crystallographic data 


Table 3. Selected bond lengths [pm], contact distances Ipm], and bond angles ["I 
with standard deviations in parentheses. 


(NO+),WF:- 
W - F l  192.4(4) 
W-F2 190.5(5) 
W-F3 190.4(4) 
W - F 4  193.1(3) 
W - F 5  194.2(4) 


(NO+),ReFi- 
Re-Fl  193.2(4) 
Re-F2 191.0(4) 
Re-F3 191.8(3) 
Re-F4 193.5(3) 
Re-F5 195.1(3) 


(NO:),ReF: 
R e - F l  191.8(2) 
Re-F2 190.5(2) 
Re-F3 194.6(2) 
Re-F4 194.0(2) 
Re-F5 194.3(2) 
Re-F6 191.8(2) 
Re-F7 192.7(2) 
Re-F8 193.2(2) 


(NO+),XeFi 
Xe-Fl 200.3(1) 
Xe-F2 193.8(1) 
Xe-F3 194.41 (9) 
X e e F 4  215.19(9) 
Xe-F5 203.9(1) 


(Cs+),XeF;- .4BrFj 
Xe-F1 195.4(6) 
Xe-F2 197.2(5) 
Xe-F3 196.3(4) 
X e e F 4  206.2(4) 
Xe-FS 207.5(4) 


F 2 . . . N 2  280.0(8) 
F 3 ,  . . N 2 242.0(7) 
F 4 . . . N l  246.6(7) 
F 5 .  . . N  1 258.7(8) 
F 5 .  . . N 2 249.8 (7) 


F 2 , , , N 2  281.0(7) 
F 3 , . . N 2  242.9(6) 
F 4 .  . . N  1 247.7(6) 
F 5 . . , N 1  257.2(6) 
F 5 .  . .  N 2  248.1 (6) 


F 1  . . . N 1  258.0(4) 
F 3 .  .. N 1 260.5(4) 
F 3 , . . N 2  254.6(4) 
F 4 . . . N 1  251.3(4) 
F 4 , .  . N 2 271.6(4) 
F.5. .. N 1 252.3 (4) 
F 5 . . . N 2  2.579(4) 
F 7 .  .. N 1 2.794(4) 
F 8 ,  , , N 2  2.530(4) 


F 4 .  ' N 1 237.0 (2) 
F 4 . . . N 2  240.8(2) 
F 4 , , . N 2  245.7(2) 
F 5 .  , , N 1 249.5(2) 


Brl  . . .  F 4  276.6(4) 
Br 1 , .. F 5 274.0(4) 
B r 2 ,  , .  F 4  276.0(4) 
Br3 .., F 5  281.0(4) 


F l -W-F3 73.2(1) 
F2-W-F3 73.3(2) 
F4-W-F5 71.9(2) 
F4-W-F4 75.4(2) 
F5-We-F5 73.4(2) 


F l -Re-F3 73.8(1) 
F2-Re-F3 73.6(1) 
F4-Re-F5 72.7(1) 
F4-Re-F4 74.9(3) 
F5-Re-F5 74.3(2) 


Fl-Re-F2 74.1 (1) 
F2-Re-F4 73.1(3) 
F3-Re-F4 73.4(1) 
F 1-Re-F 3 74.0(1) 
F5-Re-F6 73.6(1) 
F5-Re-F7 73.1 (1) 
F6-Re-F8 73.1(1) 
F7-Re-F8 74.1 (3) 


Fl-Xe-F3 73.32(4) 
F2-Xe-F3 73.70(4) 
F4-Xe-F 5 72.80(3) 
F4-Xe-F4 74.00 (5) 
F 5-Xe-F 5 75.45 (6) 


Fl-Xe-F3 74.2(2) 
F2-Xe-F3 73.4(1) 
F4-Xe-F5 74.3(2) 
F4-Xe-F4 73.0(2) 
F5-Xe-F5 71.9(2) 


are much more parallel to one another than in (NO+),XeFg- 
(see Table 1) .  One hemisphere of fluorine atoms has four shorter 
bond lengths, and the other four longer ones. As can be seen in 
the side view (Fig. 5, bottom), the structure is a layered one. 
The four lower F atoms are in a plane with a BrF, layer and 
(Xe)-F.. . Br contacts of 274-281 pm (Table 3) lengthen the 
Xe-F bonds. The four upper F atoms with shorter bonds to Xe 
are in a plane with Cs cations, but Cs . . . F contacts all exceed 
309.2 pm. The variation of Xe-F bond lengths is larger than in 
WFi- and ReFi-, but this seems to be typical for xenon. In the 
recently established crystal structure of pentagonal-prismatic 
XeOF; the chemically equivalent five basal fluorine atoms also 


Mr 
T [Kl 
space group 
a [pml 
b Ipml 
c [pml 
V [lo6 pm3] 
Z 
abs. coeff [mm-'1 
emax I"] 
reflns collected 
reflns observed 
refined parameters 
R 
wR2 
goodness of fit 


395.87 
125 
Pnmu 
888.6(2) 
575.0(1) 
1246.1 (2) 
636.7(2) 
4 
18.3 
30 
1061 
982 
70 
0.025 
0.064 
1.278 


398.22 
125 
Pnma 
893.6 (2) 
580.1 (3) 
1238.0 (4) 
641.1 (8) 
4 
19.1 
35 
1121 
1482 
70 
0.029 
0.070 
1.175 


430.22 
125 
Pbra 
977.7(2) 
1186.0(2) 
1236.7 (2) 
1434.0(4) 
8 
17.1 
40 
4164 
3910 
136 
0.027 
0.067 
1.103 


343.30 
120 
Pnma 
883.1(1) 
589.7(1) 
1286.9 (2) 
670.2(1) 
4 
5.3 
40 
2219 
2077 
71 
0.019 
0.055 
1.04 


1248.76 
120 
Pnma 
1209.9 (1) 
1240.4 (1) 
1554.9(2) 
2333.5 (3) 
4 
11.6 
30 
2342 
2339 
172 
0.032 
0.069 
1.04 
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Csla C S I C  0 


Fig. 5. XP plot of the XeF:- anion and its surroundings in Cs2XeF,.4BrF,: view 
along (top) and approximately perpendicular (bottom) to the pseudotetragonal c 
axis. 


exhibit bond-length variations between 195.6 and 203.2 pm, 
which can also be explained by cation-anion interactions.["] In 
the pentagonal anion XeF; the bond lengths vary between 
197.9 and 203.4 pm.t2'1 


The Xe-F bonds in XeFg- are considerably longer than the 
I-F bonds in IF,. This might be attributed to a shielding of the 
xenon atom by a centrosymmetric electron pair and an in- 
creased polarity of the central atom-fluorine bonds due to the 
double negative charge. 


Conclusion 


The structures presented here indicate that the square 
archimedean antiprism is the principal structure for coordina- 
tion number eight, especially for eight equivalent ligands that 
are not involved in chelation, bridging bonds to neighboring 
atoms, or other stronger interionic interactions. Furthermore, 
these square antiprisms are all very close to ideal geometries, 
that is, they are neither elongated nor compressed along the S, 
axis. The d' electron in ReFi- and the nonbonding electron 
pair in XeFi- have no apparent steric influence, apart from 
causing a general bond lengthening. Obviously, the steric activ- 
ity of the nonbonding pair diminishes drastically upon crowd- 
ing, as can be seen from the sequence XeF: c221 (strong effect), 


XeF, (effect still structurally determining),[231 XeF; (weak ef- 
f e ~ t ) , [ ~ ~ ]  and XeFg- (no effect). The same trend is observed 
when the number of ligands is held constant but the central 
atom size is reduced:[251 IF, and XeF,["I (effect structurally 
determining) SeFg- [261 (C3" structure, weak effect), and 
BrF, 271 (octahedral structure). Fluorine can be viewed as 
a ligand with o-acceptor and n-donor properties, and the con- 
clusions reached here for the CN 8 might be entirely different 
for ligands of different character. Not even the omnipresent 
octahedral structure for the CN 6 is retained in the case of 
W(CH,), .[*,I 


Experimental Procedure 
General: I9F NMR spectra were measured on a FX90Q instrument (JEOL, Japan) 
at 84.25 MHz, CFCI, as external standard. Raman spectra: Cary instruments, mod- 
el 82, argon ion laser excitation. IR spectra: Perkin Elmer 983. X-ray: Enraf Nonius 
CAD 4 four-cycle spectrometer, Mo,, graphite monochromator. Moisture-sensi- 
tive materials were handled in a dry-box with t 0 . 1  ppm H,O. Elemental analyses 
were performed by Beller, Gottingen (Germany). 


Starting materials: WF, (98%) was obtained commercially and used as such. Com- 
mercial BrF, was purified before use by fluorination with elemental fluorine in a 
stainless steel pressure vessel to free it from BrF, and Br,, and by subsequent 
vacuum distillation. Pure ReF, [29], ReF, [30], XeF, (311. NO,F [32], and NOF [33] 
were obtained by literature methods. Cs2XeF, was obtained by reaction of previous- 
ly melted and ground CsF with excess XeF,. as described in ref. [34]. 


(NO*),WF:-: WF, (0.91 g, 3.05 mmol) and NOF (0.29 g, 5.98 mol) were con- 
densed on a glass vacuum line into a Teflon-FEP (perfluoroethene-propene copoly- 
merizate) tube and sealed. Reaction started at -78 "C and was complete at -20°C. 
After the mixture had been maintained at this temperature for several days, all 
volatile components were pumped off, leaving a colorless powder. Recrystallization 
from dry CH,CN at -40°C afforded colorless single crystals. N,O,WF, (395.9); 
calcd N 7.08, 0 8.08, W 46.44, F 38.4; found N 7.0 (08.6 diff.), W 46.0, F 38.4. 
Raman (cryst.. cm-'): B = 2330.5 m, 2320.5 m, 1001.5 m, 983 m, 715.5 s, 661.5 vs, 
615 s. 490 brs. 416 s, 352 s, 327 m. 


(NO+),ReF:-: ReF, (1.2 g, 3.76 mmol) and NOF (0.45 g, 9.18 mmol) were con- 
densed on a metal vacuum line into a Teflon-FEP tube and sealed. Immediately a 
powder consisting of yellow and violet microcrystals was formed. After the mixture 
had been maintained at - 78 "C for 2 d, the tube was opened, and excess NOF was 
pumped off at -20°C. The solid was recrystallized from anhydrous H F  (bright 
green solution). H F  diffused over several weeks through the plastic wall, and violet 
(NOC),ReFf and green (N0')ReOF; crystals were formed. Raman (cryst., 
cm-I): 


(NO:),ReF:-:ReF,(l.5 g.15 mmol)andNO,F(l g, 15.38mmol)werecondensed 
on a metal vacuum line into a Teflon-FEP tube. The tube was sealed and maintained 
at -78°C overnight. The volatiles were then pumped off at -20°C. The re- 
maining powder was dissolved in a little anhydrous HF. The solution was an intense 
green. After diffusion of H F  through the plastic wall, large violet (NO:),ReFi- 
and green NOlReOF; crystals remained. N,O,ReF, (430.2); calcd. N 6.56, F 
35.33; found N 6.40, F 37.5. Raman (cryst., cm-'): C = 1406 s, 646.5 vs, 517 s, 420.5 
m, 143.5 s. 125 s. 


= 2332.5 m, 2325 m, 1021 s, 646.5 vs, 504 vs. 423 n, 357 vs, 317 vs. 


(NO+),XeF:- (cf. ref. [19]): XeF,, (0.9 g, 3.7 mmol) and NOF (0.3 g, 6 mmol) were 
condensed on a metal vacuum line into a Teflon-FEP tube. The tube was sealed and 
kept at 25 "C. A small temperature gradient was applied, and slow sublimation 
within days afforded colorless single crystals. 


(Cs+),XeF:- .4 BrF,: XeF, (1.7 g, 6.9 mmol) was condensed on a metal vacuum line 
into a Teflon-FEP tube, containing CsF (0.4 g, 2.6 mmol). The mixture was stored 
at room temperature for 3 d. The excess XeF, was pumped off at 0 "C, pure BrF, 
added ( 3  mL), and the tube sealed. Colorless needles were obtained by slowly 
cooling from 40 to 4 "C. 


Crystal structure determinations (see also Table 2): Tubes containing single crystals 
were opened into the mouth of a special apparatus for handling moisture, oxygen, 
and temperature sensitive compounds [35]. A suitable crystal was selected and 
mounted on a glass tip with perfluoropolyether and adjusted on the Enraf Nonius 
CAD4 diffractometer, Mo,, radiation, graphite monochromator. Cell dimensions 
were established by fine orientation of 25 reflections with 2018<25". Data were 
collected in the o-scan mode with a maximum of 60 s for each reflection, depending 
on intensity, and leaving 25 % of measuring time for background measurements. 
After Lorentz polarization correction the structures were solved with the program 
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SHELXS86 1361 and refined with SHELXL93 [37]. Absorption corrections were 
performed by the Difabs method [38]. 
Further details of the crystal structure investigation may be obtained from the 
Fachinformationszentrum Karlsruhe. D-76344 Eggenstein-Leopoldshafen (Ger- 
many), on quoting the depository number CSD-59138. 
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A New Experimental Method to Determine the Mutual Orientation of Helices 
in Coiled-Coil Proteins: Structural Information about the Dimeric Interface of 
cJun, CFOS, GCN4, and gp41** 


Wieslaw M. Kazmierski,* John McDermed, and Ann Aulabaugh 


Abstract: Disruption of protein dimers in- 
teracting by a leucine zipper motif repre- 
sents a new potential pharmaceutical 
target. However, structural information 
concerning the exact nature of the inter- 
acting helices is usually not available. 
Towards this end, we have developed a 
disulfide-trapping approach capable of 
distinguishing between the ad and gd 
modes of dimerization (Fig. l ) ,  thus 
providing information useful in the design 
of small molecules that interfere with he- 
lix-helix interactions. We designed and 
synthesized nine cysteine-substituted pep- 
tide fragments: GCN 4(g), GCN 4(a), 
GCN 4(d), cFos(g), cFos(a), cFos(d), 


cJun(g) , cJun(a), and cJun(d) , and evalu- 
ated the covalent crosslinking rates for 
them and their binary mixtures. Neither 
homogeneous cJun nor cFos dimerized 
and crosslinked, but their binary mixtures 
did with t1,2 of formation a>d>g ,  indi- 
cating cFos-cJun heterodimerization ac- 
cording to ad mode (Fig. 1 a). Similarly, 
GCN4 dimerized and crosslinked in the 
ad fashion; this result was in excellent 


Introduction 


Recent years have witnessed a surge of new and complex molec- 
ular targets of biomedical research. Recombinant DNA tech- 
niques have permitted the synthesis of many proteins and led to 
the development of several recombinant therapies based on 
proteins such as insulin, erythropoietin, and interleukins. The 
serious drawbacks of these genetically engineered drugs were 
soon recognized : poor oral activity, immunogenicity, and poor 
membrane penetration. In principle, these problems could be 
solved with small-molecule biomimetics designed from X-ray or 
NMR-derived structures of biomolecules. This paper describes 
a fast and robust method of generating tertiary structural infor- 
mation about proteins, which can then be applied to the design 
and synthesis of peptide mimetics. We describe a novel covalent 
trapping method, which will provide information about the mu- 
tual orientation of helices in coiled-coil proteins. 


The a-helical motif is often involved in the process of 
biorecognition. Thus, interleukins 2, 4, and 7 share the same 
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[**I Part of this paper was presented at the 13th American Peptide Symposium, 


agreement with the published X-ray struc- 
ture. Next, we investigated the mode of 
gp 41 dimerization, which appears critical 
for HIV-1 replication. The gp41 cysteine- 
substituted fragments gp41 (g), gp 41(a), 
and gp4l(d) also dimerized and cross- 
linked, but with a different order of tl,2 of 
formation g > d > a, thus providing evi- 
dence that gp41 dimerizes in the gd mode 
(Fig. 1 b). Thus, the crosslinking experi- 
ments allow rapid elucidation of struc- 
tural details of macromolecular interac- 
tions in aqueous media. These findings 
should prove useful in the design of com- 
pounds that inhibit macromolecular asso- 
ciation. 


receptor subunit, which consists of alpha, beta, and gamma 
chains.['] Similarly, human growth hormone interacts with its 
receptor through the a-helical surface.[21 A particular case in- 
volving a-helical recognition is the formation of protein dimers 
by coiled coils, which is often mediated by leucine zippers.[31 
This motif is present in some important viral and cellular 
proteins such as HIV-1 integra~e,'~] HIV-1 reverse transcrip- 
t a ~ e , [ ~ ]  topoisomerase,'61 HSV-1 ribonucleotide reductase,"] 
Epstein-Barr viral transactivator (ZEBRA),r8] and 8-adrenergic 
receptor kinase (PARK) . I9]  


Another important case where formation ofcoiled coils seems 
imperative for viral proliferation is the dimeric coat protein of 
HIV-1, gp41 .["I A recent paper describes peptides derived from 
the putative coiled-coil fragment of gp41 that are able to inhibit 
HIV-1 replication in cell cultures. While gp41(553- 590) forms 
highly a-helical species (by circular dichroism) in addition to 
dimers, formation of higher-order tetramers could not be ex- 
cluded by sedimentation equilibration.[' '] This result for a short 
peptide parallels result obtained for intact gp41, which is gener- 
ally thought to be a dimer, although under specific conditions 
formation of its tetramers has also been detected.["] 


A recently disclosed highly constrained peptide lead, 
RP71955, displays a modest sequence homology to gp41(592- 
612) (numbering from ref. [16a]) and appears to interfere with 
protein assembly within gp 41 itself, or between gp41 and gp 120 
but not between gp120 and CD4.[121 


Our goal has been to identify nonpeptide scaffolds that can 
mimic a-helical proteins for the purpose of disrupting protein 
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dimers (multimers) of pharmaceutical interest, such as gp41. 
The widely accepted leucine zipper structure proposed by Land- 
s~hul tz [ '~]  involves helical dimerization mediated by key amino 
acids on a and d positions of the helix['41 (Fig. 1). Analysis of 
many leucine zipper proteins suggested that the ad mode of 
dimerization may not be a general phenomenon and that other 
combinations are permissible. Indeed, molecular mechanics 
computations of the dimer stability of the fragment of GCN 4, 
a canonical leucine zipper transcription factor, suggest that the 
gd dimer is more stable than the ad dimer.t'51 


Fig. 1. A helical wheel representation of the peptide dimer: a) a and d amino acids 
are utilized for the dimerization; h) an alternative gd dimerization mode is obtained 
from the ad mode by clockwise rotation of both helices around their symmetry axes. 


Because 3D structures of gp41 and of its dimer are not avail- 
able, we devised a method to obtain macroscopic information 
about the spatial relationship of the interacting helices pre- 
sumed to be involved in dimerization.[". This paper de- 
scribes this method and its application to three well-known 
proteins: cJun, cFos, and GCN4. We also report our use of this 
method to postulate the dimerization mode of gp41. Our ap- 
proach involved the substitution of cysteine for single amino 
acids in model peptides derived from the putative leucine zipper 
fragment of gp41. We then allowed the peptides to associate and 
covalently crosslink, this being possible only if both cysteines 
were in register. For example, in an ad model of dimerization 
(Fig. l ) ,  placement of Cys on positions c, f, or b will prevent 
formation of the covalent dimer even if the peptides associate 
noncovalently. On the other hand, placement of cysteine on 
either position d or a in the ad model, or on g or d in the gd 
model, should result in efficient crosslinking. Indeed, while posi- 
tion d is nondiagnostic, a and g are diagnostic, and cysteines on 
these positions will or will not take part in crosslinking, depead- 
ing on which mode is utilized by the dimerizing proteins. 


Results 


We first investigated crosslinking of Cys-substituted GCN4 
fragments, GCN 4(g) : A C - [ C ~ S ~ ~ ~ ] - G C N  4(249 - 281)-NH,, 
GCN 4(a): AC-[C~S '~~]-GCN 4(249-281)-NH2, and GCN 4(d) : 
Ac-[Cy~~~~]-GCN4(249-281)-NH,. GCN 4(g) eluted at 10.41 


minutes on C,, RP HPLC (peak 2, Fig. 2a), and the covalent 
dimer (peak 1) formed with f1,2 > 78 h. In contrast, GCN4(a) 
formed a covalent dimer [GCN4(a) + GCN4(a)] (peak 1, 
Fig. 2 b) rapidly (t1,2 = 4 h), and in fact within <20 h the non- 
covalent form (peak 2, Fig. 2 b) was practically used up. Thus, 
cysteines in both chains of the parallel noncovalent dimer ap- 
peared positionally matched. The GCN 4(d) peptide crosslinked 
with an intermediate rate ( t l i 2  ca. 27 h, Fig. 2c). Comparison of 
the results summarized in Figures 2a-c suggests that the GCN4 
dimerized according to the rules depicted in Figure 1 a, which 
require the two hydrophobic positions a and d at the interface. 


b 
GCN4(a) 


r ; " -1  


C 


GCN4 (d) r'; 
~ 


- 


1- ' i  


peakkdhna peakl:dhoer pe&l:dima 
pePltrmommer peak2mmma p.12:- 


Fig. 2. HPLC traces of Ac-[Cys"]-GCN4(249-281)-NH2 under conditions I. 
a) CysZb9 (position 8);  b) Cysz50 (position a): c) C y P 3  (position d).  


We next investigated crosslinking of Cys-substituted cJun 
fragments cJun(g): A~-[Cys~'~]-cJun(276- 310)-NH,, cJun(a): 
Ac-[Cys' 77]-cJun(276 - 31 0)-NH, , and cJun(d) : Ac-[Cys2*']- 
cJun(276-310)-NH2. Peptide cJun(g) eluted at 9.92 min on C,, 
RP HPLC and did not form any discernible amount of covalent 
dimer after up to 75 h in an aqueous solution (figure not 
shown). The two remaining peptides, cJun(a) and cJun(d), also 
did not crosslink over the experiment time of > 75 h (figures not 
shown). This result is in good agreement with the known inabil- 
ity of the Jun protein to dimerize at or above room tempera- 
ture." 71 


We investigated crosslinking of Cys-substituted cFos frag- 
ments cFos(g): Ac-[Cys'61]-cFos(161 -195)-NH,, cFos(a): 
Ac-[Cys'62]-~Fos(161 -195)-NH,, and cFos(d): A~-[Cys'~'l- 
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cFos(l61-195)-NH,. As we observed with the cJun peptides, 
the cFos fragments showed no tendency to dimerize (figures not 
shown); this is consistent with the previously observed low ten- 
dency of the cFos protein to dimerize.[”] 


As an additional test of our method, we investigated possible 
crosslinking in heterogeneous mixtures involving all the binary 
combinations of GCN 4(g), GCN 4(a), GCN4(d), cJun(g), cJu- 
n(a), cJun(d), cFos(g), cFos(a), and cFos(d). Mixtures of pep- 
tides are indicated by names of both components joined with a 
+sign, for example, cJun(g) + cFos(g). In cases where a cova- 
lent dimer forms, a square bracket surrounds the name, for 
example, [cJun(g) + cFos(g)]. In the first such combination, 
GCN4(g)+GCN4(d) and GCN4(a)+GCN4(d) (figures not 
shown), formation of GCN4(a) dimer dominated over any 
other products, and neither [GCN 4(a) + GCN 4(d)] nor 
[GCN4(g)+GCN4(d)J were detected. On the other hand, in 
the mixture GCN 4(g) + GCN 4(a), about equal amounts 
of the homodimer [GCN 4(a) + GCN 4(a)] and heterodimer 
[GCN 4(g) + GCN 4(a)] were formed (not shown, but see 
the Experimental Section for the structural evidence for 
[GCN4(g)+GCN4(a)]), both allowed by the ad model of 
dimerization (Fig. 1 a). 


The second set of combinations, cJun(g) + cJun(a), cJun(g) 
+ cJun(d), and cJun(a) + cJun(d), displayed no crosslinking 
(figures not shown). This supports previous conclusions 
reached in studies of homogeneous cJun peptide fragments re- 
garding their inability to crosslink. In addition, this result indi- 
cates that the crosslinking reported here is highly sequence- 
specific; if it were not, scattering cysteines around the a-helical 
axis (g, a, d) would produce some background noise (nonspecific 
crosslinking) as a result of random collisions of the a-helical 
chains. 


In the cFos series, peptides cFos(g) and cFos(d) exhibited 
similar HPLC retention times, thus obscuring the analysis. By 
analogy to relationships observed between the retention times 
for GCN4 monomer and those for GCN4 dimer (Fig. 2 b), one 
would expect the putative cFos dimer to be more hydrophilic 
and thus to elute earlier from the HPLC column. Its absence 
suggests that pairs cFos(g) + cFos(a) and cFos(g) + cFos(d) do 
not produce any crosslinking products (Fig. 3a, 3 b). Perhaps 
surprisingly, the mixture cFos(a) + cFos(d) produces a clean 
heterodimer product (Fig. 3 c) as determined by mass spec- 
trometry. This result is in contrast to our observations concern- 
ing homogeneous cFos fragments, in which no crosslinking was 
detected, as well as to some previous studies, which failed to 
identify the dimeric F O S . [ ’ ~ ~  However, in agreement with our 
result, Kim et al. also observed the dimerization and crosslink- 
ing of cysteine-substituted Fos peptide fragments,[’’] with the 
difference that in their design cysteine was part of a flexible 
CGG linker, and not an intrinsic part of the a-helix, as in our 
peptides. The different outcome probably stems from the differ- 
ent concentration range (1 0-6 M) in which our dimerization 
studies were carried out compared with the in vitro method, 
which rarely yields protein concentrations higher than nanomo- 
lar. The dissociation constant for dimerization of Fos-p 1 was 
estimated at 6 p ~ , [ ” ]  and so at our range of ! O - 6 ~  cFos 
can dimerize. In the [cFos(a) + cFos(d)] dimer, both sulfhy- 
dry1 groups face each other in the ad (Fig. 1 a), but not gd 
(Fig. 1 b) configuration, suggesting that cFos dimerizes in an ad 
fashion. 


We next explored the crosslinking preferences of heteroge- 
neous mixtures of GCN4, cJun, and cFos peptide fragments. 
The trends observed in cJun and cFos cysteine-substituted pep- 
tide combinations generally matched those observed earlier. 
Both monomers in cJun(g) + cFos(g) (Fig. 4 a) eluted with simi- 


a b C 


cFos (8) + cFos (g) + cFos (a) + 
cFos (a) cFos (d) cFos (d) 


N.R. N.R peak 1: [@os (a) + 


Fig. 3. HPLC traces (conditions I) of binary mixtures of Ac-[Cysx]-cFos(161 - 195)- 
NH,. a) CYS’~’  and Cys16’; b) Cys16’ and C Y S ’ ~ ~ ;  c) Cysl6’ and CysI6’. 


cFos (dll 


lar retention times. While the individual components cJun(g) 
and cFos(g) did not crosslink, the heterogeneous mixture pro- 
duced a [cJun(g)+cFos(g)] covalent dimer with t I i z  >85.5 h. 
The same was observed for cJun(a)+cFos(a), with the t I j z  of 
formation of the covalent dimer [cJun(a) +cFos(a)] (peak 1, 
Fig. 4 b) < 30.5 h. The cJun(d) + cFos(d) mixture again pro- 
duced the covalent dimer [cJun(d)+ cFos(d)] (peak !, Fig. 4c) 
with tLi ,  = 33.5 h. 


We draw two important conclusions from these results. While 
individual homogeneous cJun and cFos fragments do not 
dimerize at or above room temperature, their heterogeneous 
mixtures do. This is in agreement with the published experimen- 
tal datat”] and it supports our assertion that the abridged pep- 
tides Ac-GCN4(249-281)-NH2, Ac-cJun(276-310)-NH,, and 
Ac-cFos(Z61- 195)-NH, are adequate models of dimerization 
of the coiled-coil transcription factor proteins. In addition, we 
observed similar crosslinking rates ( t I i z  formation) among 
cysteine-substituted GCN 4 and cJun/cFos mixtures [tl,,(a) 
< tli2(d) < tli2(g)], again suggesting that both chains of cJun and 
cFos interact through hydrophobic interactions between a and 
d (Fig. 1 a) and not mixed ionic-hydrophobic forces between g 
and d (Fig. 1 b), as suggested by the  computation^.^'^] 


We next explored the interaction between pairs of cysteine- 
substituted cJun and GCN4 peptides. The pair cJun(g) 
+GCN4(g) did not crosslink; we only observed the (slow) ho- 
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a b C 


cJun (g) + cJun (a) + dun (d) + 
cFos (g) cFos (a) cFos (d) 


. I. " 
I. I 1- . -  


. ~ ,. . I. I. 


. I  


~ 


5 10 15 


?----J-J 
5 10 15 


peak 1: [dun (a) + 


peak 2: d u n  (a) 
peak J: cFos (a) 


peak 1: [dun (d) + 


peak 2: cFas (d) 
CFOS (a)] cFos (d)] 


Fig. 4. HPLC traces (conditions I) of Ac-[CysX]-cJun(276-310)-NH, and Ac- 
[CysY]-cF~~(161-195)-NH,.a) , ~ = 2 7 6 , y = 1 6 1 ; b )  . x=277 ,y=162 ;~ )  x=280, 
y = 165. 


modimerization of GCN 4(g) (figure not shown), as previously 
observed for pure GCN4(g) (Fig. 2a). In a mixture of 
cJun(a) + GCN 4(a) (figure not shown), the GCN 4(a) compo- 
nent dimerized very fast to [GCN4(a)+GCN4(a)], and no 
heterodimer was observed. Similarly, in cJun(d) + GCN 4(d) 
(not shown), the GCN 4 component homodimerized and 
crosslinked much more rapidly and, indeed, no heterodimer was 
formed. 


Finally, similar experiments with a cFos and GCN4 binary 
mixture gave somewhat different results. First, cFos(g) 
+GCN4(g) did not form the heterodimer (not shown), while 
GCN 4(d) + cFos(d) did (not shown), resulting in [GCN 4(d) 
+ cFos(d)] (see the Experimental Section for structural evi- 
dence) with l , / ,  approximately equal to 40 h. A mixture of 
cFos(a) + GCN4(a) resulted in swift formation of the 
[GCN 4(a) + GCN 4(a)] homodimer, and so the heterodimer 
[cFos(a)+GCN4(a)] did not form (not shown). We concluded 
that cFos and GCN4 can form a heterodimer, but since cysteine 
on position d is not diagnostic, we were not able to distinguish 
between the possible modes of interaction. 


Dimerization of HIV-1 gp 41 : The coiled-coil gp 41 (555 - 590) is 
rich in hydrophobic residues, and so it is difficult to fit it a priori 


into a classical nomenclature of a leucine zipper. We have made 
a tentative alignment of its sequence with the heptad (Table 1) 
for purely conventional purposes and for the sake of discussion. 
To examine the mode of dimerization in gp41, we synthesized 
three model peptide fragments (numbering scheme according 


Table 1. Sequences of native and cysteine-substituted GCN4, c-Jun, c-Fos and 
gp41 fragments used In this study. 


GCN4(249-281) 
Ac-R MK Q L  E D K V E  E L L S K N Y  H L  E N E  V A R  L K K L V G E  R NU2 


'I GCN4(g) 
" GCN4(a) 


Ac- C 


" GCN4(d) 
Ac- R C 
A c - R M K Q C  " 


cJUN (276-310) 
Ac- R I A R L E E K V K T L K A Q N  S E L A S  T A N  M L  T E Q V  A Q L  K Q NHZ 
A c - C I  A R L  " cJun(g) 
A c - R C A R L  I' '' cJun(a) 
Ac-R I A R C  'I cJun(d) 


cFOS(161-195) 
Ac- L T D T L Q A E T D Q L E D K K S A L Q T  E I A N L L K E K E K L E F NHZ 
A c - C T D T L  " " cFos(g1 
Ac- L C D T L I' cFos(a) 
A c - L T D T C  " cFos(d) 


gp41(555-590) 
Ac- L L R A l  E A Q Q H L  L Q L  T V W G l  K Q L  Q A R  I L A V E  R Y  L K D Q  NHZ 
Ac- C I' ', 9P41(9) 
A c - L C  " ce 9P4l(a) 


'I ~ 4 1 ( d )  A c - L  L R A C  '' 


to ref. [16a]): A~-[Cys'~~]-gp41(555 -590)-NH, (gp41(g)), 
Ac-[Cys5 56]-gp 41 (555 - 590)-NH, (gp 41 (a)), and Ac-[Cys' 59]- 
gp 41 (555 - 590)-NH, (gp 41 (d)) . Disulfide crosslinking was per- 
formed in a manner similar to that described for the GCN4, 
cJun, and cFos peptide fragments. Fragment gp41(g) formed a 
covalent dimer very fast ( t l , ,  ca. 22 h, Fig. 5a). The covalent 
dimer of gp4l(a) was formed with t , / ,  approximately 73 h 
(Fig. 5b), and the dimer of gp4l(d) was formed with t1,,<73 h 
(Fig. 5 c). Among the binary mixtures of the different gp 41 pep- 
tides, gp 41 (g) + gp 41 (d) produced a covalent heterodimer 
[gp41 (g) + gp 41 (d)], Figure 5 d. This result, along with the ob- 
served fast formation of [gp 41(g) + gp 41(g)] and slow formation 
of [gp41(a)+gp41(a)], suggests that the gp41 protein dimerizes 
in accord with the putative gd model (Fig. 3 b). 


Discussion 


We utilized the established principles of the design of cysteine- 
substituted peptides to probe the recognition preferences among 
the cJun, cFos, GCN4 and gp41 peptides. We elected to substi- 
tute positions a, d, g in the N-terminal rather than in an internal 
part of these peptides. This follows the finding of Hodges et al., 
which provided strong evidence that N-terminally rather than 
internally linked dimers of a designer coiled-coil peptide pos- 
sessed the least perturbed or the most ordered coiled-coil con- 
formation.[201 While under strongly oxidative (K,Fe(CN),) 
conditions disulfides form very fast (minutes), the mild oxida- 
tive conditions used in the trapping experiments described here 
resulted in extremely slow oxidation, similar to conditions em- 
ployed in other studies.['g, 201 Although the disulfide formation 
is oxidative in nature, this process can be reversed because of the 
presence of unreacted thiols, thus providing near-equilibrium 
conditions. This applies in particular to binary mixtures of cys- 
teine mutants of cJun, cFos, GCN 4 and gp 41. Heterodimer XY, 
if more thermodynamically stable than the initially (kinetically) 
trapped homodimer X,, can form by HY-mediated reduction of 
X, to monomeric XH. There is a precedent for the use of disul- 
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Fig. 6. ad (top) and corresponding gd (bottom) helical wheel models of 
GCN 4(249 -28 I )  dimer. 
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peak 1: gp41 (g) 


peak 2: [@1 (g) + 
peak 1: gp41 (a) 
peak 2: [@1 (a) + 


peak 1: gp41 (d) 
peak 2: lgp41 (d) + 


peak 1: gp41 (g) 


peak 2: @1(d) 
gp41 gp41 (a)] g@l (d)l peak 3: [gp41 (g) + 


Fig. 5.  HPLC traces (conditions 11) of Ac-gp41(555-590)-NH2. a) Cyss5’ (posi- 
tion 8); b) C Y S ’ ~ ~  (position a); c) C ~ S ” ~  (position d); d) binary mixture of Ac- 
[CysSs5]-gp41(555- 590)-NH, and Ac-[CysSs9]-gp41(555-S90)-NH,. 


gp4lWl 


fide trapping to determine tertiary structure, for example of E. 
coli transmembrane receptor, by measurements of iodine- or 
Cu”(phenanthroline),-induced cross-linking rates.[2 Although 
macromolecular association of coiled coils is very fast, peptides 
described here required days to form covalent dimers, perhaps 
reflecting slow oxidative conditions coupled with conversion 
equilibria. The conditions applied provided ample time for the 
interacting helices to assemble in a thermodynamically pre- 
ferred fashion; consequently compounds isolated and charac- 
terized from HPLC traces reflect the thermodynamically stable 
coiled-coil dimers. 


Our crosslinking results for GCN4, cFos, and cJun are well 
supported by independent data obtained for intact proteins. 
While GCN4 forms homodimers, cFos and cJun do not (at or 
above room temperature), though they do form heterodimers. 
At the time we initiated these studies the mode of GCN4 dimer- 
ization was not known. Subsequently, X-ray structures of 
GCN4 dimer, free and complexed to DNA, were published.[221 
Both helices in the X-ray structures appear to interact through 
their ad faces; this is in excellent agreement with our results. 


The helical wheel representations of Figures 6- 10 help to 


explain the results of our experiments. First, Figure 6 explains 
why GCN4 dimerized according to the ad and not the gd model. 
In the top (ad) orientation, there is knob-into-hole packing be- 
tween mostly leucines (d) and valines (a), in addition to sec- 
ondary stabilization by the salt-bridge formation between pairs 
of acidic/basic amino acids on positions g and e. The bottom 
(gd) orientation was suggested as the more stable one on the 
basis of theoretical computations.‘’ Our results definitely ex- 
clude that orientation in an aqueous medium. The intuitive rea- 
sons for the ad preference are the repulsive forces between iden- 
tically charged amino acids on both positions g as well as lack 
of secondary stabilizing forces between c (mostly acidic) and a 
(mostly hydrophobic) side chains in the gd model. 


Figure 7 explains the inability of cJun to dimerize efficiently. 
First and foremost, auxiliary interactions between the helices 
are lacking. Position g features two basic amino acids, while the 
opposite position e also contains two basic and only one acidic 
residue, resulting in overall repulsion. In this model the specifici- 
ty of interaction in leucine zippers comes from facial positions 
g, d, a, and e, which determine whether a particular helical 
protein will dimerize or not. Early views suggested that the 
leucine zipper dimerization was mostly mediated by hydropho- 
bic interactions; recent findings, supported by our results, indi- 
cate that ionic forces also mediate such specificity and pair- 
ing.[231 


Figure 8 offers several reasons for low propensity of cFos to 
dimerize. The primary positions a each contain two basic amino 
acids, which repel each other. The secondary positions g (three 
acidic amino acids) and e (two acidic amino acids) also repel 
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Fig. 7 An ad helical wheel representation of the dimer of cJun(276-310) 
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Fig. 8. An ad helical wheel representation of the dimer of cFos(l61-195). 


each other and thus destabilize the dimer. In contrast, the 
[cJun + cFos] dimer is greatly stabilized by the corresponding 
secondary positions: g of cJun contains two basic amino acids 
that are attracted to the two acidic residues on position e of 
cFos, while position e of cJun contains two basic amino acids 
that are attracted to the three acidic residues on position g of 
cFos (Fig. 9). 


dUN(276-310) cFOS(161-195) 
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Fig. 9. An ad helical wheel representation of the heterodimer 
cFos(l61-195). 


ofcJun(276-310) and 


Having validated our trapping approach on d u n ,  cFos and 
GCN 4 peptides we extended our technique to gp 41, which me- 
diates HIV-1 cellular fusion, and fragments of which possess 
strong antiviral properties. By analogous arguments, in the ad 
model (Fig. 10, top), the primary a positions repel owing to the 
presence of glutamic acids. In addition, the secondary position 
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Fig. 10. ad (top) and corresponding gd (bottom) helical wheel models of gp41(562- 
597) dimer. 


e contains an array of both acidic and basic amino acids, which 
have no stabilizing counterpart in the corresponding position g. 
In contrast, model gd (Fig. 10, bottom), obtained by simulta- 
neous clockwise rotation of both helical wheels around their 
axes, features much improved interactions. The amino acids 
that constitute the primary contacts are all noncharged, while 
the secondary sphere of interactions includes arginine (position 
c), which pairs with the glutamic acid (position a). In summary, 
these qualitative arguments explain our disulfide trapping- 
based observations concerning the relative helical orientation 
preference in gp 41 of HIV-1. 


Finally, we attempted to use the generated information about 
the preferred dimerization mode of gp 41 to design a simplified 
coiled-coil gp41 peptide possessing the full biological activity of 
native gp41. According to the gd dimerization mode of gp41 
(Fig. 10, bottom), positions f, b, and e play only a structural role 
in maintaining the cr-helical framework, but are not involved in 
intermolecular interactions within the dimer. Consequently, the 
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current amino acids on these positions could be substituted by 
alanines, possibly without any effect on the ability of these ala- 
nine-rich peptides to form a-helical dimers. A simple and reli- 
able way to discover whether this is indeed true is to measure the 
biological properties of the alanine-rich peptides and compare 
them with the biological activities of the native peptides. 
The alanine-enriched (in position f, b, and e) peptide, Ac- 
[Ala(565,568,569,572,575,576,582,586,589,59O)]-gp41(553-590)- 
NH,, had an IC,, of about 3 0 p ~  against HIV-1 in MT4 cells. 
This compares favorably with the native gp41 fragment 
gp41(553-590)-NH2, which had an IC,, of 2 . 7 ~ ~  in the same 
assay. This result strongly suggests that positions f, b, and e do 
not participate in either primary or secondary interactions in the 
gp41 coiled coil and that their major role is to support the 
helical propensity of gp 41. 


Circular dichroism (CD) studies: We further characterized the 
solution conformation of the monomeric and dimeric peptides 
under a variety of buffer conditions. First, we determined for the 
example of covalent dimers [GCN 4(a) + GCN 4(a)] (Fig. 11) 
and [gp4l(g)+gp4l(g)] (Fig. 12) whether only one stable form 
(i.e., monomer vs. dimer) was present within the concentration 
range used for the disulfide trapping. The fluorescence intensity- 
of the dimer [GCN4(a) + GCN4(a)] increased linearly within 
the range of the CD experiments (5 -~FM)  as a function of 


y = 41.276 + 38.95% 'oool R"2 = 1 .OOO 


Buffer: PBS C 
0)  - -1 /d 22degC 


.OOV 
o - l - - . - . - - -  . . . .  . ,  - .  , - - - . . . . . . I  
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[GCNqa) + GCN4 (a)] FM 


Fig. 11. Fluorescence intensity as a function of concentration for the covalent 
dimer of GCN4(a). The fluorescence intensity of Tyr was monitored by excitation 
at 275 nm and measurement of the emission intensity at 305 nm, PBS buffer, 22°C. 
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Fig. 12. Tyrosine fluorescence intensity as a function ofconcentration for the cova- 
lent dimer of gp4l(g). The fluorescence intensity of Tyr was monitored by excitation 
at 275 nm and measurement of the emission intensity at 305 nm. 


concentration from 0.2 to 20 p~ in PBS. The fluorescence inten- 
sity of the dimer [gp41(g)+gp41(g)] also increased nearly lin- 
early-although there could be some quenching of the fluores- 
cence as the concentration increases. The apparent linearity of 
both plots suggests that one form, the dimer, prevails in solu- 
tion. The ratio of [O],,,/[Q],o, can be utilized to distinguish be- 
tween the monomeric cr-helices and dimeric coiled coils. An 
idealized value of [Q],,,/[Q],,, = 1.03 was found for coiled-coil 
conformation in aqueous buffers,[241 while [Q],,,/[Q],,, = 0.86 
for the single-stranded a-helix polypeptides.[24b. '*, 261 


In the light of the above, Figure 13 provides evidence that 
cFos(g), GCN4(g) (in 30 % 2,2,2-trifluoroethanoI (TFE)) are 
monomeric, while GCN4(g), GCN4(a) and gp4l(g) are (non- 
covalent) coiled coils. Addition of TFE to GCN 4(g) dissociates 
the dimer to monomer, as found for other proteins.[24b. 2 5 *  
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Fig. 13. CD ofmonomeric cFos(g), GCN4(g), GCN 4(a), gp 41(g) in a 5 0 m ~  phos- 
phate buffer, pH = 4.7, and GCN4(g) in 5 0 m ~  phosphate buffer, pH = 4.7/30% 
trifluoroetbanol. Concentrations used 5 - 7 p ~ .  


Figure 13 also demonstrates the helical character of cysteine- 
substituted Fos, GCN4 and gp41. The normalized intensity for 
100% a-helical content at 222 nm is -37400"cm2dmol-'.~271 
Thus, the percentage cr-helicity is 37.5 for cFos(g), 47.6 for 
GCN4(g), 58.3 for GCN4(a), 66.5 for gp4l(g) and 62.6 for 
GCN4(g) in 30% TFE. In addition, "mutant" peptides incor- 
porating cysteine at different positions maintain their high a-he- 
licity. 


As a positive control, the CD spectra of covalent dimers 
(Fig. 14) all show similar intensities at 222 and 208 nm, consis- 
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Fig. 14. CD of covalent dimers of GCN4(a) and gp4l(g) and of heterodimer [cJu- 
n(a)+cFos(a)], all at pH = 4.7 ( 5 0 m ~  phosphate buffer) as well as of covalent 
dimers of GCN4(a) in PBS and in 5 0 m ~  phosphate buffer, pH = 6.9. Concentra- 
tions used 5 - 7 p ~ .  
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tent with a dimeric zipper structure with a-helicities ranging 
between 65.0-47.9 YO. Thus, neither pH (4.7 vs. 6.9, both 5 0 m ~  
phosphate buffer) nor the ionic strength (50 mM phosphate 
buffer vs. 1 5 0 m ~  PBS, both pH = 6.9) greatly influences the 
a-helicity of [GCN4(a) + GCN 4(a)]. We also demonstrate that 
heterodimeric [cJun(a) + cFos(a)] and the covalent dimer of 
[gp41(g)+gp41(g)] are highly helical, 58.7% and 65.0%, re- 
spectively (Fig. 14). 


Similarly to the covalent dimer of GCN4, [GCN4(a) 
+ GCN 4(a)], [gp4l(g) + gp 41 (g)] is not very sensitive to envi- 
ronmental changes such as pH (64.5 YO helicity at 4.7 and 50.0 % 
at 6.9) or ionic strength (50.0% in PBS vs. 47.6% in 5 0 m ~  
phosphate buffer, both pH = 4.7). 


Conclusions 


The significance of our results, we believe, is twofold. 
First, we postulate that the cross-linking experiments de- 


scribed above can provide detailed structural information and 
distinguish between several possible models. We verified our 
technique by confirming the known properties of the transcrip- 
tion factors GCN 4, cJun, and cFos. We confirmed independent- 
ly that GCN4 dimerizes in solution through its ad rather than 
gd interface (as suggested by molecular dynamics[151), as it does 
in the solid state. We also demonstrated that the ad type of 
interaction is dominant for cJun-cFos heterodimers, while 
gp41 of HIV-1 dimerizes in the gd fashion. This kind of infor- 
mation can be utilized in the design of molecules able to interfere 
with coiled-coil-mediated macromolecular dimerization. 


Secondly, our approach, unlike X-ray or NMR structure de- 
termination, permits evaluation of the tertiary structure under a 
variety of experimental conditions, such as pH, solvent, temper- 
ature, presence of lipid phase, etc. Many of the coiled-coil 
proteins may present a different mutual orientation when they 
are membrane-bound. This could happen because the mem- 
brane might engage the hydrophobic amino acids (position a) 
while dehydrating the hydrophilic amino acids (position g) and 
forcing them to create salt bridges, thus facilitating gd face 
recognition, as depicted in Figure 6 (bottom). At present we are 
further exploiting this technique to gather structural informa- 
tion about proteins of medicinal interest under near-physiologi- 
cal conditions. 


During or after our work was completed, several X-ray struc- 
tures pertinent to our studies were published, namely those of 
cFos-cJun bound to DNA[281 and of GCN4.[22,291 All the 
structures show a good agreement with regard to the global fold 
of the leucine zipper proteins. Both GCN4 homodimer and 
Jun- Fos heterodimer in the solid state utilize their ad faces, 
which, again, is in complete agreement with our solution results 
from disulfide trapping as a structural tool. While the ad-type 
interaction is often thought to be favored in leucine-zipper 
dimer, no direct structural evidence of it existed for the 
Jun-Fos dimer at the time our work was completed. In fact, 
computations for the dimer of GCN4 suggested that the gd 
dimer is more stable than the ad dimer.r'51 Our results obtained 
in solution and in the solid statetz8] provide the first (and 
consistent) experimental details about the nature of Jun-Fos 
dimerization. 


Experimental Section 


Peptide synthesis: All the peptides were synthesized on a 0.1 mM scale with Rink 
amide resin. We utilized 9-fluorenylmethoxycarbonyl (Fmoc)/tBu chemistry on a 
431 ABI synthesizer in accordance with in-house synthetic protocols. Briefly, the 
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peptides were assembled by stepwise addition of Fmoc/tBu amino acids (10 equiv), 
the coupling was mediated by benzotriazol-1-yl-N-tetramethyluronium hexa- 
fluorophosphate (HBTU), and Fmoc-deprotection was effected by piperidinel 
N-methylpyrrolidone (NMP) solution. The N-terminal amino group was then 
acetylated (when indicated in the formula) by 1 M acetic anhydride/NMP/ 
1-hydroxybenzotriazole (HOBt), and the peptide resin was washed and dried in 
vacuo. The peptides were deprotected and cleaved from the resin with thioanisolei 
dithioethane/anisole/trifluoroacetic acid (TFA) 5:3:2:90 (v/v) (50 mL) for 3 h, after 
which the resin was filtered off, cold ethyl ether (200 mL) added to the filtrate, and 
the resulting white precipitate isolated and dried in vacuo. The crude peptides were 
purified to homogeneity on C,, reverse-phase HPLC with a 0.1 % TFA/acetonitrile 
(B) and 0.1 YO TFA/water (A) binary gradient. All the pure peptides gave correct 
amino acid analyses and molecular masses (FAB-MS or ion spray). The HPLC 
traces in Figures 2-4 were generated under conditions I: Waters C,, reverse-phase 
column RCM 8 x 10, flow 2.5mLmin-'. monitored at 220 nm, gradient 10-60% 
B over 10 min, followed by 60-90% B over 3 min and 90-10% B over 2 min. The 
HPLC traces in Figure 5 were generated under conditions 11: Vydac 218TP54 C,, 
RP column, 0-67% B over 30 min, monitored at 220 nm, flow 1.5 mlmin- ' .  
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Fig. 15. CD of covalent dimer of gp4l(g) m PBS, and at pH = 4 7 and pH = 6.9, 
both in 5 0 m ~  phosphate buffer. Concentrations used 5 - 7 p ~ .  


Disulfide trapping experiments: A stock solution of each peptide was prepared and 
an appropriate amount transferred to the final volume of 1 mL 5 0 m ~  sodium 
phosphate buffer (pH = 4.7), resulting in 5 p ~ L - l  concentration of each peptide. 
The disulfide bonds were then allowed to form spontaneously by use of buffer-dis- 
solved oxygen in septum-equipped vials. Under the experimental conditions the 
ratio of oxygen to thiol was about 250, and thus oxygen is not the rate-limiting 
component. The disulfide formation rates were monitored over time by RP-HPLC 
with a CL8 stationary phase. HPLC fractions were analyzed by FAB-MS and amino- 
acid analysis, resulting in full and unambiguous characterization of all components. 
The pH of 4.7 was chosen as a compromise between solubilities of the investigated 
compounds; indeed Figure I S  demonstrates that the a-helical content of gp4l(g) 
dimer is only slightly higher at pH = 4.7 (64.5%) than at pH 6.9 (53.0%). 


CD measurements: CD spectra were obtained with a Jasco 5-720 spectropolarimeter 
over the wavelength range 280 to 185 nm with a step resolution of 0.5 nm at 
50 nmmin-' in a 0.5-cm cell at room temperature (22°C). Eight scans were added 
together per spectrum, and a baseline spectrum was subtracted for each sample. 
Results are expressed in terms of mean residue ellipticity [tJ] in units of 'cm2 dmol-'. 
The helical contents were calculated by literature methods [27], Sample preparation: 
0.02 mg of each peptide was dissolved in 1 mL of buffer (indicated in figure leg- 
ends). The concentrations obtained were in the range of 5 - 7 p ~ L - I  and were 
experimentally confirmed (within 5 % deviation) by UV-determined peptide con- 
centrations. 


Abbreviations: M,: molecular mass calculated from isotopic values; M,: molecular 
mass found. Since 13C is about 1.1 % abundant, the molecular mass observed will 
be larger than that calculated on the basis of isotopic values; there is an increment 
of about 1 dalton per 100 carbon atoms. On average, the difference will he ca. 
1.5-2 daltons for the monomers and ca. 3-4 daltons for the dimers. 


2.97(3),Ser0.83(1),Glx7.01(7),Gly0.95(3),Ala 1.00(l),Val2.79(3),Met0.99 
(1).Leu6.03(6),Tyr0.94(1),His0.88(1),Lys4.60(5),Arg1.98(2),Cys0.83(1). 
Ac-[Cy~~~~]-GCN4(249-28l)-NH~ (GCN4(a)): M ,  = 4007.18, M ,  = 4008.8; Asx 
3.18(3),Ser0.90(1),Glx7.12(7),Gly1.06(1),Ala1.10(1),Val3.05(3),Leu6.03 
(6), Tyr 0.94 ( l ) ,  His 0.88 ( l ) ,  Lys 4.81 (S), Arg 3.13 (3). Cys 0.89 (1). 


A~-[Cys*~~]-GCN4(249-281)-NH~ (GCN4(g)): M ,  = 3982.12, Mf = 3983.4; ASX 
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A~-[CyS~~~l-GCN4(249-281)-NH~ (GCN4ld)): M, = 4025.13. M ,  = 4026; ASX 
3.08 (3). Ser 0.86 (11, Glx 7.29 (71, Gly 1.01 (1). Ala 1.05 ( l ) ,  Val 2.89 (3), Met 0.98 
(I),Leu 5.27(S),Tyr0.96(1), His0.85(1), Lys4.70(5), Arg3.07 (3), CysO.83 (1). 
Ac-[Cy~~~~J-cJun~276-310)-NH,  @Junk)): M, = 3927.10, Mi = 3927.6; Asx 2.04 
(21, Thr 3.01 (3), Scr 1.96 (2). Glx 8.08 (8), Ala 5.28 (3, Val 2.05 (2) ,  Met 0.99 (l), 
Ile 0.94 (I) ,  Leu 5.15 ( 5 ) .  Lys 3.72 (4). Arg 0.98 ( l ) ,  Cys 0.79 (1). 
Ac-{Cys2”I-cJun(276-310)-NH, (cJun(a)): M, = 3970.12, M, = 3970.9; Asx 2.03 
(3, Thr 2.99 (3), Ser 1.76 (2). Glx 8.28 (8 ) .  Ala 5.41 (9, Val 1.89 (2). Met 1.07 ( l ) ,  
Leu 5.04 ( 5 ) .  Lys 3.65 (4), Arg 1.87 (2), Cys 0.75 (1). 


A~-[Cys~~~]-cJun(276-310)-NH,: cJun(d) M ,  = 3970.11. M ,  = 3971.7; Asx 1.90 
(2), Thr 2.87 (3),  Ser 1.69 ( 2 ) ,  Glx 7.78 (8). Ala 5.21 (3, Val 1.85 (2) .  Met 1.01 (1). 
Ile 0.78 (1). Leu 3.94(4), Lys 3.36 (4), Arg 1.61 (2), Cys 0.80 ( I ) .  


(4). Thr 3.67 (4). Ser 0.86 (1). Glx 9.06 (9), Ala 3.05 (3) ,  Ile 1.00 (l), Leu 6.03 (6), 
Phe 1.02 (1). Lys 4.61 (9, Cys 0.82 (1) 
A~-[Cys‘~~]-cFos(l61- 195)-NH, (cFos(a)): M ,  = 4075.1 1, M ,  = 4076.4; Asx 4.06 
(4). Thr 2.89 (3), Ser 0.89 ( I ) ,  Glx 9.27 (9). Ala 3.10 (3), Ile 1.05 (1). Leu 7.16 (7), 
Phe 1.04 (I), Lys 4.68 (5) .  Cys 0.86 (1). 


(4)- Thr3.72 (4), Ser 0.92 (I) ,  Glx 9.33 (9), Gly 1.15 (I) ,  Ala 3.03 (3), Ile 1.08 (l), 
Leu 6.24 (6), Phe 1.04 ( l ) ,  Lys 4.78 (9, Cys 0.85 (1). 


(l), Thr 0.87 (1). Glx 8.24 (S), Gly 1.37 (I), Ala 3.88 (4), Val 2.05 (21. Ile 2.47 (3), 
Leu6.74(7),Tyr 1.04 (1).His 1.22(1), Lys1.90(2),Arg2.81 (3).Trp0.79(1),Cys 
0.76 (1). 
Ac-ICys5”1-gp41(5~5-59r))-~H~ (gp4l(a)): M ,  = 4285.41, Mi = 4287; Asx 1.18 
(I), Thr 1.00 (l), Glx 8.18 (8). Gly 1.39 (t), Ala 3.92 (4). Val 2.03 (2). Iie 2.47 (3), 
Leii6.66(7),Tyr1.03(1). His0.97(1). Lys 1.9012). Arg2.72(3),Trp0.66(1),Cys 
0.86 (I) .  


(l), Thr 0.88 (I), G k  8.38 (8), Gly 1.02 (1). Ala 3.91 (4), Val 2.13 ( 2 ) ,  lie 1.64 (2),  
Leu 7.62 (8). Tyr 1.1 1 ( l ) ,  His 0.98 (1). Lys 1.84 (21, Arg 2.78 (3), Trp 0.75 (l), Cys 
1.14 (1). 


Disulfide trapping experiments: 
Figureza, peak 1, [GCN4(g)+GCN4(g)j: M ,  =7962.2, M ,  r7965.9. 
Figure 2b. peak 1, [GCN4(a)+CiCN4(a)j: M ,  = 8012.4, M ,  = 8016.2. 
Figure 2c, peak 1, [GCN4(d)+GCN4(d)]: M ,  = 8048.3, M ,  = 8052.2. 
Figure4a. peak 1, IcJun(g)+cFos(g)]: M, 37988.2, M ,  =7992; Asx 6.14 (6), Thr 
6.96(7),Ser3.03(3),Glx17.44(17),Ala8.34~8),Va] 1.82(2).Met0.95(1),Ile1.77 
( 2 ) .  Leu 10.65 (11). Phe 0.93 ( I ) ,  Lys 9.03 (9), Arg 0.94 (1).  
Figure 4b ,  peak 1, [cJun(a)+cFos(a)J: M ,  = 8043.2, M ,  = 8047; Asx 6.26 (6) ,  Thr 
5.78 (6). Ser 2.70(3), Glx 17.16 (17).Ala 8.39(8), Val 1.99 (2). Met 1.00(1), Ile0.98 
( 1 ) .  Leu 12.12 (12). Phe 0.98 (l) ,  Lys 8.69 (9). Arg 1.94 (2). 
Figure4c.peak l.[cJun(d)+cFos(d)]: M ,  = 8031.18, M, = 8035;Asx6.21(6).Thr 
6.81 (7),Ser2.71 (3). Glx 17.43(17),Ala8.27(8),Val2.00(2), Met0.95(l),Ile 1.90 
(2). Leu 10.18 (10). Phe 0.94 (I), Lys 8.84 (9), Arg 1.77 (2). 
[cFos(d)+GCN4(d)]: M ,  = 8086.2, M ,  = 8090; Asx 6.96(7),T’hr3.73 (4), Ser 2.01 
(2),Glx 15.96(16),Gly 1.08(1),Ala 3.83 (4),Val3.39(3),Met0.84(l),lle1,32(1), 
Leu 10.95 (11),Tyr0.90(1).Phe0.94(1). His 1.13(1). Lys9.81 (10),Arg3.15(3). 
[GCN4(g)+GCN4(a)]: M .  =7987.3. M, =7992; Asx 6.05 (6). Ser 1.X5 (2), Clx 
14.18 (241, Gly2.16(2), Ala2.09(2),Val 5.78(6), Met0.88 (1). Leu 11.94 (12). Tyr 
1.94 (2). His 2.15 (2 ) .  Lys 10.25 (10). Arg 4.14 ( 5 ) .  
Figure5a, peak:. [gp41(g)+gp4l(g)): M ,  = 8568.8, M ,  = 8571.2; Asx 2.21 (2). 
Thr- 1.75 (2), Glx 16.44 (161, Gly 2.40(2), Ala 7.74 (8), W3.94  (4). Ile6.45 (6). Leu 
14.02 (14), Tyr 1.77 (2). His 1.94 (2), Lys 3.72 (4), Arg 5.65 (6). 
Figure 5b. peak2, [gp4l(a)+gp41(a)]: M ,  = 8568.8, M ,  = 8571.5; Asx 2.25 (2). 
Thr 1.73(2).GIx 16.35 (16),Gly2.49(2).Ala 7.85(X),~/al3.90(4),Ile 5.72(6),Leu 
14.07 (14), Tyr 1.98 (2) .  His 1.97 (2). Lys 3.82 (4). Arg 5.86 (6). 
Figure Sd, peak). (gp4l(g)+gp4l(d)l: M, = B568.X. M, = 8571.5; As% 2.50 (2), 
Thr 1.83 (2). Glx 16.37 (16). GJy2.32 (2).Ala 7.70(8), Vdl4.06(4). Ile4.76(5), Leu 
14 73 ( IS) ,  Tyr 1.75 (2). His 1.72 (2). Lys 3.86 (4). Arg 6.34 (6). 
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Zirconium(1r)- and Hafnium(1r)-Assisted Reductive Coupling of 
Coordinated Carbonyl Groups Leading to Ketenylidene Complexes of 
Zirconium(1v) and Hafnium(1v) 


Fausto Calderazzo, Ulli Englert, Alessandro Guarini, Fabio Marchetti, Guido Pampaloni,* 
Annalaura Segre and Giovanna Tripepi 


Abstract: The biscyclopentadienyldicar- 
bony1 derivatives of zirconium(i1) and 
hafnium(r1) ([MCp,(CO),]; M = Zr, Hf)  
promote the reductive coupling of coordi- 
nated carbon monoxide to give, in the 
presence of N,N-dialkylcarbamates of the 
tetravalent metals (M(02CNR2),]. the 
ketenylidene complexes [M,Cpz(p2-CCO)- 
(p3-O)(02CNR2)6] (1 a: M = Zr. R = Et; 
I b :  M = Z r .  R = i P r ;  2: M = Hf, 
R = iPr). The yields of the isolated zirco- 
nium complexes are as high as 60 YO. while 
that of the hafnium derivative is 40%. 
The X-ray crystal structure analysis of 1 b 
shows that it consists of trinuclear mole- 


Introduction 


cules, with the three zirconium atoms held 
together by the bidentate C,O ligand, by 
the tridentate bridging oxide and by the 
bidentate carbamato groups. Labelling 
experiments with [ZrCp2(’3C0),] show 
that the ketenylidene ligand originates 
from the coordinated CO groups. These 


Keywords 
carbon-carbon coupling * carbonyl 
complexes - hafnium complexes - 
ketmylidene complexes * zirconium 
complexes 


ketenylidene complexes, which are rare 
examples of compounds containing a 
CCO but no CO ligand. are characterized 
by an intense IR band at  about 
201 5 cm-  ’, associated with .the bridging 
C,O ligand. The ketenylidene group of I b 
was readily removed and replaced by a 
bidentate p-0x0 ligand of the same haptic- 
ity by reaction with carbon dioxide or ace- 
tone or by thermal decomposition. The 
resulting product [Zr,Cp,(p-O)(p,-0)- 
(O,CNiPr,),] (3) crystallizes in the same 
space group as 1 b and with similar cell 
constants and bond parameters. 


[Sm2Cp~(02CCCO)(THF)2],[51 where the ketenecarboxylato 
ligand is formed by reductive coupling of three CO molecules 
followed by further coupling and rearrangement. 


The ketenylidene ligand C 2 0 2 - ,  containing Carbon in an av- 
erage oxidation state of zero, is known in several transition 


Carbon-carbon bond formation is the most important elemen- 
tary process in the Fischer -- Tropsch reaction catalyzed by tran- 
sition metals.[’] Reductive coupling of CO can also be triggered 
by strong reducing agents such as alkali metals. This leads to the 
formation of a series of oxocarbon anions of general formula 
C,0n2- (n = 2. 3.4, 5 and 6 ) ,  all of which are cyclic except for 
the acetylendiolate [O-C-C-O]2 - (n = 2).12] Carbon monoxide 
C C coupling has been reported to  occur with some zirco- 
n i u m ( ~ ~ ) [ ~ ~  and tung~ten( rv)~~l  derivatives under mild conditions, 
by reductive elimination and by reductive coupling. respectively. 
It has, in addition, been reported that [SmCp:(THF),] reacts 
with CO under pressure at room temperature to give 


metal complexes. It can be formed by the following routes: 
a) reductive dehalogenation or simple dehalogenation of a 
metal-coordinated C-X, fragment. such as the reaction of 
[Co,(CO),C-CI] with AICI, in the presence of CO to give 
[CO,(CO),,CCO]A~CI,;~~~ b) reductive cleavage (by an external 
reducing agent such as an alkali metal) in a trinuclear or tetranu- 
clear metal cluster of a C - 0  bond. obtained by electrophilic 
activation of a metal-coordinated carbonyl group;L71 
c) reaction of a low-valent metal complex with C,0,.181 Fur- 
thermore. metal ketenides of general formula MzCCO have 
been prepared[’] from copper, silver or gold salts and ketene or 
ketene precursors. 


To the best of our knowledge, only one case has been reported 
where the ketenylidene ligand is obtained directly from CO (pre- 
sumably metal coordinated) through a metal-assisted reduc- 
tion : Wolczanski and co-workersrlol treated the tantalum(nr) 
complex [Ta(OSifBu),] with CO and thus obtained both the 0x0 
and the ketenylidene complexes of tantalum(v) . The idealized 
stoichiometry of this reaction is shown in Equation ( 1 ) .  The 
ketenylidene complex was identified spectroscopically and sug- 


Z[Ta(OSirBu),] + 2 C 0  -- + ~Ia(O)(OSilBu),]  + [Td(CCO)(OSilBu),] (1) 
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gested to be mononuclear. Presumably this four-electron pro- 
cess requires the concerted action of at least two metal centres; 
this suggests that the products of Equation (1) are the ultimate 
result of more complicated ligand modification and ligand 
transfer processes, which could not be identified under the con- 
ditions used in the tantalum(II1) system. 


In the course of our research into redox reactions involving 
early transition elements,["] we have found that the dicarbonyl 
complexes of zirconium(r1) and hafnium(Ir), [MCp,(CO),], but 
not [TiCp,(CO),], undergo rather selective redox processes 
leading to the formation of trinuclear complexes of the formally 
tetravalent metals and the ketenylidene ligand, which arises 
from the reductive coupling of coordinated CO. The presence 
of the N,N-dialkylcarbamate of the tetravalent metal 
[M(O,CNR,),] is essential in this process; it does not apparent- 
ly take part in the redox process, but simply cooperates in 
the assembly of the molecular fragments around the metal- 
coordinated ketenylidene ligand. We report the molecular struc- 
ture of the zirconium(rv) ketenylidene derivative [Zr,Cp,(p,- 
CCO)(p3-O)(O,CNiPr,),1 (1 b) and of its reaction product 
with CO, or acetone [Zr,Cp,(pz-O)(p,-O)(O~CNiPr~)6] (3). 
Part of this work has been communicated in a preliminary 
form.["] 


Results and Discussion 


When [ZrCp,(CO),] was treated with one equivalent of 
[Zr(O,CNR,),] (R = Et or iPr) at room temperature, no reac- 
tion was observed after 15 h of stirring. The photochemical 
irradiation of the toluene solution resulted in the complete de- 
composition of the Zr" carbonyl compound and the carbamato 
complex was recovered unchanged. In contrast, at reflux with 
exclusion of light a rapid colour change from red to deep brown 
was observed together with evolution of CO (monitored by IR 
spectroscopy[' 31). A colourless crystalline material separated 
out when the reaction mixture was cooled down to room tem- 
perature. An IR spectrum of the solution revealed a sharp ab- 
sorption band at 2016 cm-'. The yield of isolated product, 
based on the zirconium(1r) complex introduced, ranged from 30 
to 60% both in the case of R = Et (1 a) and R = zFr (1 b). 


The product did not evolve carbon monoxide upon contact 
with a saturated solution of iodine in pyridine; it was thus ruled 
out that the absorption at 2016 cm-' (slightly dependent on the 
solvent; 2013 cm- I in the solid state) was due to a CO stretching 
vibration. The compound was found to be diamagnetic and 
characterized by IR absorptions typical of ~a rbamato"~]  and 
cyclopentadienyl derivatives. 


The structure of the isopropyl compound 1 b was established 
unambiguously by X-ray crystal structure analysis. Figure 1 
shows the molecular structure of [Zr,Cp,(p,-CCO)(p,-0)- 
(O,CNiPr,),] (1 b). It consists of an oxygen-centred triangle of 
zirconium atoms [Zr . . . Zr distance (mean value), 3.597(1) A]. 
One of the zirconium atoms (Zr 1) is coordinated to four bridging 
carbamato groups and to the unique bidentate carbamato 
group; the other two atoms (Zr 2 and Zr 3) are each coordinated 
to three bridging carbamato ligands, to one cyclopentadienyl 
ring and to the bridging ketenylidene group. If the centroid of 
the Cp ligands is thought of as occupying one coordination site, 
the Zr2 and Zr3 atoms are in a distorted octahedral environ- 
ment. The coordination around Zr 1 can be envisaged as being 
a capped, distorted octahedron, where the capping atom is one 
of the two oxygens of the unique "terminal" bidentate carbam- 
ato ligand (containing the C 11 carbon atom). Table 1 contains 
a selected list of bond lengths and angles. 


Fig. 1. ORTEP 1411 projection of the molecular structure of 1 b.OSC,H, (thermal 
ellipsoids at the 50% probability level). The atoms of the carbamato and of the 
cyclopentadienyl ligands are represented by spheres of arbitrary radii. 


Table 1. Selected bond lengths (A) and angles (") of lb.0.5C,H8 (estimated stan- 
dard deviations in parentheses refer to the least significant digit). 


Z r l - 0 1  2.049 (5) Zr 3 -0 62 2.162 (6) 
Zr 1 - 0  11 2.237(7) Zr3-C1 2.138(8) 
Z r l -021  2.163(7) Zr 1 - 0  12 2.260 (7) 
Zr 1-041 2.121 (7) Z r l - 0 3 1  2.093 (5) 
Zr 1 -C11 2.61 (I)  Zr1-051 2.054(5) 
Zr 2 - 0  22 2.1 93 (7) Z r2 -01  2.140(5) 
Zr 2 - 0  61 2.149(6) Zr2-032 2.165 (6) 


Zr 3 - 0 4 2  2.108(6) 02-c2 1.24 (1) 
Zr3-052 2.203(6) c 1 - c 2  1.31 ( 2 )  


Zr3-01  2.126(5) Zr2-Cl 2.122(8) 


0 1-Zr 1-011 
0 1-Zr 1 -0  12 
0 I-Zr 1-0 21 
0 1-Zr 1-031 
0 1-Zrl-041 
0 1-Zr 1 - 0  51 
0 1-Zr 1-C 11 
0 1 1-Zr 1 -0  21 
0 1 1-Zr 1-041 
0 12-Zr 1-021 
012-Zr l -041  
01-Zr2-032 
01-Zr2-C1 
0 1-Zr3-052 
0 1-Zr3-C 1 
Zr3-C 1-C 2 


149.7 (3) 
152.2(3) 
80.1 (2) 
93.9(2) 
81.8(2) 
91.3(2) 


177.4(4) 
69.7(3) 


128.3 (3) 
127.3(3) 
70.9(3) 
84.0(2) 
13.7(2) 
83.8(2) 
73.6(2) 


12X.1(8) 


0 12-Zr 1 - 0  51 
0 21-Zr 1 -0  31 
0 21-Zr 1-0  41 
0 21-Zr 1-0  51 
0 31 -Zr 1-041 
0 31 -Zr 1-0 51 
0 1 1-Zr 1-0 12 
0 1 1-Zr 1-0  31 
0 1 1-Zr 1 -0  51 
0 12-Zr 1 -0  31 
0 1-Zr2-022 
0 1-Zr2-061 
01-Zr3-042 
0 1 -Zr 3-0  62 
Zr2-C 1-C 2 
0 2-c 2-c 1 


85.7(2) 
93.9(3) 


161.8(2) 
87.9(3) 
85.2(3) 


174.7(2) 
58.0(3) 
86.4(2) 
89.6(3) 
89.2(2) 
83.4(2) 
82.3(2) 
82.9(2) 
82.6(2) 


126.8 (8) 
179.0(1) 


The essentially planar Zr,(,u,-O) fragment [Zr 1 - 0  1 
2.049(5), Zr2-01  2.140(5), Zr3-01  2.126(5) A; Zrl-01-Zr2 
125.0(2), Z r l - 0  1-Zr3 130.0(3), Zr2-01-Zr3 103.8(2)"] has 
been observed in other zirconium(1v) complexes, for example, in 
[Zr,Cp,(p,-OH)3(p3-O)(p~-PhCOO)3]+PhCOO- .Et,O[' and 
[Zr,Cp~C1,(p-C1),(p3-O)] .[I6] The cyclopentadienyl rings are 
essentially planar [Zr-C average distance = 2.60(1) A] with an 
average C-C bond length of 1.38(2) A. 


The ketenylidene ligand is close to linear [C 1-C 2-0 2, 
179(1)"], and the C l L C 2  [1.31(2)A] and the C 2 - 0 2  
[1.24(1) A] bond lengths are similar to the values reported for 
the structurally characterized p,-ketenylidene carbonyl com- 
plexes reported in the literat~re.~"] It is noteworthy that com- 
pound 1 b represents the first example of a structurally charac- 
terized p,-CCO complex. Other complexes of this type for which 
the structure has been inferred on the basis of spectroscopic and 
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analytical data are {(C,H,,)(CO)Rh(p2-CCO)Cljn [I8]  and 
{ (C,H,)(acac)(CO)Rh(p,-CCO)}, .[I9] 


The surprising formation of 1 can be represented by Equa- 
tion (2) (1 a, R = Et; l b, R = iPr). In the case of l b the reaction 


3 [ZrCp,(CO),I + 3 [Zr(O,CNR,),I 


1 
- 2[Zr,Cp,(p,-CCO)(p,-O)(O~CNRz)~] +2CO +2Cp‘ (2) 


was studied in detail and the following facts were established: 
1) GC-MS analysis of the crude solution after separation of the 


zirconium complex and exposure to air showed the presence 
of dicyclopentadiene, probably formed by hydrogen addi- 
tion to Cp’ followed by dimerization. 


2) The reaction in mesitylene (1,3,5-Me,C,H3) begins at 
around 100 “C and is fast at 139 “C (see Experimental Proce- 
dure). 


3)  The quantity of gas evolved in the reaction corresponds to a 
CO/[ZrCp,(CO),] molar ratio of I .OO. The higher value with 
respect to the theoretical one [0.67, see Eq. (211 is due to the 
thermal decomposition of [ZrCp,(CO),]. In a blank experi- 
ment conducted with [ZrCp,(CO),] in the absence of the 
N,N-diisopropylcarbamato complex, CO was produced cor- 
responding to a CO/[ZrCp,(CO),] molar ratio of 0.41. The 
CO/[ZrCp,(CO),] molar ratio due to reaction (2) in the first 
experiment is therefore actually 0.59. 


4) Complex 1 b is not stable under the reaction conditions. The 
maximum concentration of the ketenylidene complex 1 b is 
achieved after approximately 30 min (see Fig. 2). 


0 
0 50 100 150 200 250 300 


t Im in  


Fig. 2. Reaction of [ZrCp,(CO),] with [Zr(O,CNiPr,),] in refluxing toluene. Plot of 
the absorbance of the stretching vibration of the ketenylidene ligand at 2016 cm- 
(8  = 1294 cm-’ M - ’ ,  b = 0.01 cm) as a function of time. 


[ZrCp:(CO),] was found to be unchanged after heating in the 
presence of an equimolar amount of [Zr(O,CNiPr,),] in toluene 
solution. Since the formation of l b  requires M-Cp dissocia- 
tion, the higher stability of the M-Cp* bond with respect to the 
unsubstituted ligandl2O1 may account for this observation. 


In order to throw some light onto the mechanism of 
formation of the ketenylidene group, we carried out some 
experiments using the ‘3C-labelled compounds [ZrCp,(‘ 3CO)2] 
or [Zr(0,’3CNz3’r,),]. With an equimolar mixture of 
[ZrCp,(CO),] and [Zr(0,13CNiPr,),], [Zr,Cp,(p,-CC0)- 
(p3-O)(02’ 3CNiPr,),] was formed; this was deduced from the 
fact that the absorption band at ? = 2016 cm-’ was not shifted, 
while the bands due to the C=O and C=N stretching vibrations 
of the carbamato ligand shifted from 1530,1510 and 1360 cm- ’ 
in the unlabelled compound to 1495, 1460 and 1335 cm-’, re- 
spectively, in the labelled compound. A similar shift of the car- 


bamato absorptions is observed on going from [Zr(O,CNiPr,),] 
(1535, 1500, 1360 cm-’)[211 to [Zr(0,’3CNiPr,),] (1505, 1465, 
1335 cm-I). 


The reaction of [ZrCp,(13CO),] with [Zr(O,CNiPr,),] under 
comparable conditions afforded a solution with a strong ab- 
sorption at 1951 cm-’ (A? = 62 cm-I). This result shows that 
the labelled ketenylidene complex [Zr,Cp,(pz-’3C’3CO)(p3- 
O)(O,CNiPr,),] ([‘,C]l b) had been formed. The 13C{1H) spec- 
trum of the product in solution shows two doublets at 6 = 181.5 
and 112.4 (.Icc = 78.9 Hz), attributed to the tl and f i  ketenylidene 
carbon atoms, respectively. Similar values have been reported 
for other ketenylidene complexes described in the literature.[”] 


In conclusion, the labelling experiments have shown that the 
p2-ketenylidene ligand in 1 is formed by reductive coupling of 
the zirconium-coordinated carbonyl groups; the four equiva- 
lents of electrons required by Equation ( 3 )  for each ketenylidene 


ligand formed are provided by zirconium(I1) and by the ho- 
molytic cleavage of the M-Cp bond [see Eq. (2)]. 


In the case of hafnium, the reaction between equimolar quan- 
tities of [HfCp,(CO),] with [Hf(O,CNiPr,),] proceeded slowly 
at the reflux temperature of the solution. This is consistent with 
the lower reactivity generally observed for 5d elements when 
compared to their 4d congeners.[22] The product 2 was isolated 


[Hf,CPz(~z-CCO)(~~,-O)(O,CNiPr,),I 2 


as crystalline material in an average yield of 40%. The some- 
what lower yield compared to the zirconium analogue is due to 
the slower rate of formation; in spite of the higher thermal 
stability of 2 under the reaction conditions, the net result is a 
lower concentration of the product in solution. One way of 
improving yields is to recover the less soluble reaction product 
by filtration after 24 h of refluxing in toluene, and to reflux the 
resulting solution for an additional 24 h in order to convert 
more starting material. A GC-MS analysis of the solution from 
the reaction, after exposure to air, showed the presence of dicy- 
clopentadiene and 1 ,l’-dihydrofulvalene as major products; this 
suggests that the reaction proceeds in a similar way to the zirco- 
nium case. In Table 2, the main spectroscopic data of 1 b and 2 


Table 2. Spectroscopic data of 1 b and 2 


I b  2 


IR [a1 


e(cc0) 2013 2021 
i (CP) 3110 3107 


i(0,CN) 


‘HNMR [b] 


b(CH) 3.8 3.8 
8 (CP) 6.7 6.1 


1580. 1530, 1510, 1385, 1360 1584, 1538, 1515, 1385, 1360 


J(CHJ 1.2 1.2 


[a] Nujol or polychlorotrifluoroethylene mulls; C/cm- ’. [b] [DJbenzene, 20 “C, 
6 (ppm with TMS as reference). 


are reported : their similarity leaves little doubt that the hafnium 
ketenylidene complex 2 has the same overall structure as 1 b. 


The IR spectra in the 2100-2000 cm- region of the ketenyli- 
dene compounds of zirconium and hafnium as well as those 
reported in the literature, deserve some comment. Owing to the 
fact that the CCO ligand absorbs in the same region as metal- 
bonded carbonyl groups, the assignment is not straightforward 
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when carbonyl ligands are also present.[23] Unfortunately, until 
now, no solid-state X-ray data have been available for complex- 
es where the carbonyl groups were absent“’] or where the car- 
bony1 stretching vibrations were easily assigned.”8* Com- 
pound 1 b therefore represents the first case where both the 
solid-state structure is known and carbonyl ligands are absent; 
it is also the first time the ketenylidene IR stretching vibration 
can be assigned unequivocally in a well-defined coordination 
geometry of the ligand. 


Table 3 reports the IR spectra in the 2100-2000 cm-’ region 
for some compounds containing the C,O sequence of atoms. 
The ketenylidene absorption bands lie within a range of around 
200 cm- and are almost independent of the substituent on the 


The isolation and characterization of compounds 1 and 2 
allows us to speculate on the reactions of CO adsorbed at metal 
surfaces. If the dicarbonyl complexes of zirconium(rr) and hafni- 
um(u) are taken as model compounds, CO chemisorption at 
metal surfaces or reduced metal oxides might be expected to lead 
to surface-coordinated ketenylidene groups as intermediates or 
as final products.[291 The proximity of metal atoms in 1 and 2 
may represent a situation similar to that of exposed atoms on a 
metal surface. Moreover, the strong IR absorption of the CCO 
ligand in the same spectral region as that of terminally bonded 
metal-coordinated carbonyl groups may be leading to misinter- 
pretation of the spectroscopic data for heterogeneous systems. 
Some years ago, Shriver and co-workers proposed that the CCO 


Table 3. Selected IR data in the 2200-1900 cm-l region of  compounds containing the C,O group. 


Compound CCO Coordination Mode IR Smctrum (cm-1) [a1 R c f e r c n c e  


1969 (argon matrix) 


2151 (gas phase) 


p&CO Ibl 2064 (nujol mull) 


2015 (nujol mull) 


2030 (nujol mull) 


P~2-CCo [cl 2016 (toluene) 


pz-cco [cl 2024 (toluene) 


terminal CCO [dl 2076 (cyclohexane) 


I~z-CCO [dl 


[el 2155 


Pz-CCO [dl 2100 (KBr) 


2020, 1953 (CO) (benzene) 


PZ-CCO [dl 2080, 2010 (CO) (KBr) 


E 
0 


1122-cCo Id1 2080, 2015 (CO) (KBr) 


M=Ni, 2086 (CHzCIz) 
M=Pt. 2080 (CHzC12) 


[a] Unless otherwise stated, the wavenumbers refer to the absorption of the ketenylidene ligand. [h] Coordination 
mode deduced from X-ray powder diffraction data. [c] Coordination mode from X-ray single-crystal structure 
analysis. [d] Coordination mode proposed on the basis of analytical and spectroscopic properties. 
[el Coordination mode proposed on the basis of analytical and spectroscopic properties of the adsorbed species. 


/&carbon atom. For example, the tantalum(Ir1) compound 
[ (IB~S~O),T~-CCO], thought to be mononuclear,[’ O1 shows a 
stretching vibration at 2076 cm- ’, while the silver ketenide 
Ag2CC0, containing “rod-like’’ CCO groups interacting with 
four silver atoms,[gc3d1 absorbs at 2060 cm-’. Moreover, it is 
important to note that ketene derivatives show a strong absorp- 
tion at 2151 cm-’ in the gas phase,[251 which is not strongly 
affected by the substitution at the P-carbon atom.[2s1 These 
data, which are at variance with the conclusions of Wolczanski 
and co-workers,[’’] suggest that the coupling between the C - 0  
and the C-C stretching vibrations within the C,O ligand is not 
strong. 


- -  
fragment may exist on a “carbide clos- 
est-packed metal surface in the presence 
of C O ’  and that “the surface carbide 
species on a Fischer-Tropsch catalyst 
may be present as CCO”.[231 In addi- 
tion, it has been suggested that IR-active 
CCO sequences absorbing around 
2100 cm- ’ form when MgO is exposed 
to carbon monoxide.[301 In an IR spec- 
troscopic study on the decomposition of 
carbon suboxide on an alumina-sup- 
ported rhodium surface,[271 Pei and 
Worley suggested that CCO groups were 
present. 


CO, or acetone reacted rapidly with 
the ketenylidene complex 1 b to replace 
the C,O ligand with a bridging oxide. 
The same product was obtained by ther- 
mal decomposition. A similar reaction 
with CO, was observed with the hafni- 
um derivative 2. The inorganic product 
of the reaction with CO, and the organic 
substances obtained in the reaction with 
acetone were studied in detail and are 
described below. 


The reaction of 1 b with carbon diox- 
ide in toluene at or below room temper- 
ature gave a deep orange solution within 
minutes; an IR spectrum of the solution 
did not show any absorption in the 
2100-2000 cm-’ region. By layering 
the toluene solution with heptane, crys- 
talline 3 was obtained in 48 % yield, and 
characterized by analytical and spectro- 
scopic methods. The mass spectrum of 3 
contains a peak at mjz = 1297 attributed 
to the protonated molecular ion 
[Zr,Cp,(O),(O,CNiPr,),H]+ ; this sug- 
gests that 3 is of the same nuclearity as 
1 b. 


A single-crystal X-ray structure analysis of 3 (Fig. 3, Table 4) 
confirmed its molecular structure. The main structural 


difference to 1 b is that the ketenylidene group has been replaced 
by a bridging oxide of the same hapticity and in the same posi- 
tion. Like 1 b, 3 also contains an 0x0-centred triangle of zirconi- 
um atoms, two of which are bound to cyclopentadienyl rings, 
bridging carbamates and the p2-oxo group; the third zirconium 
atom is linked to bridging carbamato ligands and to the unique 
terminal carbamato ligand. Again, the Zr 1 . . . Zr 2 and 
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Fig. 3. ORTEP [41] projection of the molecular structure of 3 (thermal ellipsoids at 
the SO% probability level). The atoms of the cdrbamato and of the cyclopentadienyl 
ligands are represented by spheres of arbitrary radii. 


Table 4. Selected bond lengths (A) and angles (“) of 3 (estimated standard devia- 
tions in parentheses refer to the least significant digit). 


Z r l - 0 1  
Zr 1-0 12 
Zr 1 - 0  31 
Zr 1 - 0  51 
Z r 2 - 0 1  
Zr 2 - 0  22 
Zr 2 - 0  61 
Z r 3 - 0 2  
Zr 3 -0 52 


0 1 - Z r l - 0 1 1  
0 1-Zr 1 - 0  12 
0 1 - Z r l - 0 2 1  
0 1-Zr 1 - 0  31 
0 1 - Z r l - 0 4 1  
0 1 -Zr 1 - 0  53 
0 1 I-Zr 1-0 12 
0 1 1 -Zr 1-0  21 
0 1 1-Zr 1-0 31 
0 1 1 -Zr 1 - 0  41 
0 1 I-Zr 1-0 51 
0 12-Zr 1-021 
0 12-Zr 1-0 31 
0 12-Zr 1-041 
021-Zr 1-041 
0 31-Zr 1 - 0  51 
0 2-Zr 2-0  61 
022-Zr2-061 
0 32-Zr 2 - 0  61 
0 1-Zr 3-0 2 
0 1 -Zr 3-0  52 


1.993 (2) 
2.253(3) 
2.145 (3) 
2.110(3) 
2.161(2) 
2.207 (3) 
2.163(3) 


2.187(3) 
1.955(3) 


140.2 (1) 
162.6 (1) 
87.6(1) 
88.0(1) 
89.0(1) 
88.1 (1) 
S7.2(1) 
70.6(1) 


120.1 (1) 
1 20.0 (1 ) 
71.9 (1) 


102.3(1) 
79.2(1) 
77.7(1) 


164.9(1) 
163.4(1) 
92.3(1) 
83.611) 


157.9(1) 
75.8(1) 
84.6 (1) 


Z r l - 0  11 
Z r l - 0 2 1  
Z r l - 0 4 1  
Z r l  -C 11 
Z r 2 - 0 2  
Zr2-032 
Z r 3 - 0 1  
Zr 3 - 0  42 


02-Zr3-042 
0 2-Zr 3 - 0  62 
0 42-Zr 3-0  62 
0 41-Zr 1 - 0  51 
0 1-Zr2-02 
01-Zr2-022 
0 1-Zr2-032 
0 1-Zr2-061 
02-Zr2-022 
0 12-Zr 1-051 
021-Zr l -031  
0 21-Zr 1 - 0  51 
031-Zr 1-041 
0 2-Zr 2-0  32 
0 22-Zr 2 - 0  32 
01-Zr3-042 
0 1-Zr 3-0  62 
0 2-Zr 3-0  52 
042-Zr3-052 
Zr 1-0 1-Zr 3 
Zr2-02-Zr3 


2.286(3) 
2.125 (3) 
2.1 50 (3) 
2.658 (4) 
1.953 (3) 
2.151 (3) 
2.189(2) 
2.138(3) 


95.4(1) 
91.8 (1) 


158.0(1) 
81.3(1) 
76.5 (1) 
84.7(1) 
82.6(1) 
79.4(1) 


161.2(1) 
100.8(1) 
82.6(1) 


113.3(1) 
82.5(1) 
95.9(1) 
82.0(1) 
82.7(1) 
79.0(1) 


160.2(1) 
84.0 (1) 


129.5 (1) 
110.0(1) 


Zr 1 . . . Zr 3 distances are very similar (3.72 and 3.76 A, respec- 
tively), and the Zr 2 .  . . Zr 3 distance somewhat shorter (3.36 A). 
It should be noted that the R value for 3 is 0.038 while the 
corresponding parameter for 1 b is 0.064. The difference may be 
related to the presence of disorder in the clathrated toluene and 
in one of the carbamato ligands in 1 b. 


The reaction of 1 b with CO, is fast even in the absence of 
solvents, and 3 can be obtained in analytically and spectroscop- 
ically pure form by recrystallization from toluene/heptane mix- 
tures with yields ranging from 50 to 60 %. It is important to note 
that, based on gas-volumetric experiments, 1 b in toluene ab- 
sorbs CO, in a COJl b molar ratios of up to 0.86. 


Similar observations were made in the case of the hafnium 
analogue. Compound 2 in toluene absorbed CO, in a CO,/2 
molar ratio of up to 0.80. Complex 4 was isolated on a prepar- 


[Hf3C~,(lrZ-O)(lr,-O)(OzCNiPrZ),l 4 


ative scale in 54% yield and characterized by analytical and 
spectroscopic methods. It was again possible to detect the 
protonated molecular ion [H~,C~,(O),(O,CNZF~,),H]~ at m/z 


Although the inorganic compounds formed in the reaction of 
1 b and 2 with carbon dioxide have been isolated and character- 
ized, we have not been able to follow the fate of the CCO group. 
In agreement with the nucleophilic character of the cc-carbon 
atom of organic ketenes,1311 a reaction such as that shown in 
Equation (4) might be taking place, but we do not, as yet, have 


=1563. 


any evidence for the formation of carbon suboxide or any of its 
derivatives.I3 la,  321 


The formation of the p-0x0 derivatives 3 and 4 shows that the 
ketenylidene fragment can be readily displaced. We decided to 
carry out a detailed investigation of the deep yellow solution 
obtained in the reaction of 1 b with acetone. An IR spectrum of 
the solution recorded shortly after dissolution of 1 b in neat 
acetone showed no absorption in the 2100-1900 cm- ’ region. 
After removal of the volatiles, the residue had the same analyt- 
ical and spectroscopic properties as 3, after recrystallization 
from toluene/heptane. 


The GC-MS analysis of the distillate collected from a reaction 
of the labelled compound [13C]lb with acetone revealed the 
presence of 5,6,7 and 8 (Scheme 1). Compound 5 contains the 


0 
(CH3)2C=’3CH13C< , 


5 N’Prz 


2 (CH,)zC=O 


Pr](pZ-O) + l3CHZ=l3C=O NHiprzl k = O ,  NH’Pr2 
- 


‘ 0  OH 0 
1 3 ~ ~ 1 3  3 c, // (CH3)&’3CH$3CT , 


N’Pr2 N’Prz 


[Zr] = Zr3Cp2(p3-O)(OZCN’Pr2)6 


Scheme 1. Reaction pathways proposed in the reaction of [l3C]l b with acetone. 


fragments derived from acetone and the ketenylidene ligand 
plus an NiPr, residue, and is probably formed by reaction of 
dimethylmethyleneketene (5 a)r31c1 with diisopropylamine. The 
presence of adventitious water, or water produced in the zirconi- 
um-assisted dehydration of acetone to give 8, leads to the forma- 
tion of free amine and compounds 6 and 7. In this connection, 
13C NMR spectroscopy has demonstrated that l b  reacts with 
water at low temperature to give acetic acid with the intermedi- 
ate formation of ketene. In fact, the I3C{ ‘H} NMR spectrum of 
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[Zr,Cp,(p,-13C'3CO)(p3-O)(0,CNiPr,),] ([13C]1 b) at -80 "C 
shows the two doublets due to the labelled carbon atoms at 
180.9 and 11 2.4. In the presence of air, immediate appearance of 
a doublet at 6 ~ 2  (Jc-c = 100.6 Hz) assigned to the methylenic 
carbon atom of ketene is observed. This assignment was con- 
firmed by recording a 'H-coupled 13C spectrum: a doublet of 
triplets (JC-" = 166.8 Hz) due to the coupling of I3C with hy- 
drogen was present at 6 ~ 2 .  On warming the solution, the 
ketene peak disappeared, and the proton-coupled 13C NMR 
spectrum showed a doublet at 6 = 179.1 (Jc-c = 70.4 Hz) and a 
doublet of quartets at 6 = 24.8 characteristic of acetic acid. 
These experimental observations are summarized in Scheme 1 .  


Conclusions 


This study has shown that CO precoordinated to zirconium or 
hafnium can be converted to a C,O ligand in a trinuclear zirco- 
nium or hafnium complex. The ketenylidene ligand is formally 
a dianion, and the metal cations in these complexes are therefore 
in the IV oxidation state. Dicarbon monoxide is an unstable 
molecule that can be produced from CO {Eq. ( 5 ) ] ,  for example, 


2co - c,o +o ( 5 )  


by pulse rddiolysis in the gas phase.[331 The enthalpy of the 
reaction has been estimated[341 to be 206 & 5 kcal mol- '. At 
least part of the driving force for the formation of C,O within 
the zirconium amd hafnium complexes evidently originates 
from the formation of the triply bridging 0x0 ligand. The trans- 
formation of CO to C,O is therefore made possible by the pres- 
ence of highly electrophilic elements. It should be noted in this 
context that the only other system known to trigger the reduc- 
tive coupling of CO to give a metal-bonded dicarbon monoxide 
ligand is a tantalum(rI1) 


Experimental Procedure 


Unless otherwise stated, all of the operations were carried out under an atmosphere 
of prepurified nitrogen or argon. Solvents were dried by conventional methods prior 
to use. IR spectra of solutions or mulls (nujol and/or polychlorotrifluoroethylene) 
prepared under rigorous exclusion of moisture and air were measured on Perkin- 
Elmer 283 and FT-1725X instruments. 'H and "C NMR spectra were measured on 
Varian Gemini 200 BB and Bruker AM 200 instruments. Mass spectra (desorption 
chemical ionization with isobutane as the reagent gas) were measured on a Finnigan 
MAT 8400 double-focusing reverse geometry instruments. GC-MS analyses were 
performed on a Finnigan INCOS 50 quadrupole instrument operated in the electron 
impact mode at 70 eV. Gas analyses were performed on a DAN1 3200 gas chro- 
matograph equipped with a molecular sieve 5A column. The zirconium and hafni- 
um content of the complexes was obtained by ICP-AES analysis or by gravimetric 
determination as ZrO, or HfO,. I3CO (Merck, Sharp and Dohme, 99.5% enrich- 
ment) was used without purification. I3CO, was obtained by treatment of BaI3CO, 
(Aldrich, 99.5 % enrichment) with concentrated sulfuric acid. Commercial ZrCI, 
(Fluka) and HfCI, (Cezus Chemie. zirconium content<0.2%) were treated in re- 
fluxing SOCI, and dried at 200°C under reduced pressure. [ZrCp,CI,] [35], 
[HfCp,Cl,] [35] and [M(O,CNR,),] (R = Et, iPr; M = Zr, Hf) (211 were prepared 
according to literature procedures. [Zr(0,i3CNiPr,),] was obtained [21] by using 
'3C-labelled carbon dioxide [IR (nujol and polychlorotrifluoro ethylene, wavenum- 
hers in italics shift in labelled compound): 5 = 2980 (m-s), 2960 (m), 2940 (m-w), 
1505 (vs) ,1465 (vs), 1380 (m) ,1370 (m-w) ,1335 (vs), 1200 (m). 1160 (m-s), 1140 
(m), 1060 (m-s), 810 (s), 770 (s), 620 (s) and 515 (m)cm-'I. The dicarbonyl 
derivatives [MCp,CO,] (M = Zr, Hf) were prepared by modifying the published 
procedure (361, by using a CO pressure of ca. 5 atmosphere in the reductive car- 
bonylation of [MCp,CI,]. [ZrCp,(CO),], 67% yield [IR (toluene): F ( E ,  c m - ' ~ - ' )  
=1969 (2537), 1876 (4330) cm-'1; [HfCp,(CO),], 46% yield [IR (toluene): d (6, 
cm-' M-') = 1959 (2293), 1862 (4024) cm-'I. [ZrCp,('3CO),] [IR (THF): i = 1921 
(s) and 1828 (s) cm-'; IR (heptane): ? = 1930 (s) and 1844 ( s )  cm-'1 was prepared 
in a 40% yield at atmospheric pressure of "CO by a similar procedure. 


Synthesis of IZr,Cp,glZ-CCO)Ol,-O~O~CNR~~~J (1 a: R = Et; 1 b: R = iPr): The 
preparation of 1 b is described in detail; 1 a was prepared by the same procedure. A 


solution of [ZrCp,(CO),] (1 89 g, 6 8 mmol) and [Zr(O,CNiPr,),] (4 83 g, 
7 2 mmol) in toluene (30 mL) was refluxed for 35 min After the reaction had cooled 
to room temperature, an IR spectrum of the solution showed a strong absorption 
at 2016 cm-' The IR spectrum of the gas phase had absorptions at 2173 and 
2117 cm-' typical ofcarbon monoxide [13] Colourlesscrystals separated out from 
the brown solution on standing They were collected by filtration, washed with 
heptane (3 x 5 mL) and dned in vacuo at room temperature (1 97 g) The solution 
was evaporated to dryness under reduced pressure at room temperature, and hep- 
tane (30 mL) added, the resulting suspension was filtered, and the colourless solid 
dned in vacuo (1 39 g) The diamagnetic, colourless solid was identified as 1 b 


1 b: total yield 56%, spectroscopic yield 80% Anal found C 48 4, H 7 2, N 6 1, 
CO, 19 0, Zr 20 1 Calcd for C,,H,,N,O,,Zr, C 48 9, H 7 1, N 6 3, CO, 19 9, Zr 
20 6 %  IR (nujol and polychlorotrifluoroethylene) i = 3110 (m-w), 2970 (m-s), 
2930(m).2870(~),2013(s), 1964(w), 1580(w), 1530(vs), 1510(vs), 1385(s), 1360 
(vs), 1210 (m) , 1 160 (m- w), 1135 (w), 1075 (m). 1020 (m- w) ,900 (w) ,870 (w). 820 
(m), BOO(m-s), 785(vs), 730(m-w),680(m-s),660(w), 6OO(m-s), 570(m-s), 
530 (m-sf and 470 (m-w) cm-' IR (THF) i = 2015 cm-I, IR (CH,CI,) 
G=2010cm-', IR (toluene) B (8 ,  c m - ' ~ - ' ) = 2 0 1 6  (1788)cm-' 'HNMR 
(200 MHz, [DJbenzene, 25°C) b = 6 7{s, 10H, Cp), 3 8 (multiplet, 6H,  CH), 1 2 
(multiplet, 72H, CH,), "C NMR ([D,]toluene, 25°C) 6 =181 5 (CCO), 169 5, 
162 4,161 0 (CO,), 112 4 (CCO), 114(Cp),46 9,45 7[CH(CH3),],22 (CH,, partlal 
overlap with solvent signals) The reaction was repeated several times, with repro- 
ducible yields ofaround 60 % The mass spectrum of the filtrate showed the presence 
of rPr,NCOCH, (m/z  = 143) and dicyclopentadiene (m/z  = 132) 


l a :  pale brown, 30-60% yield Anal found C 42 9, H 6 1, N 7 4, CO, 22 4, Zr 
21 4 Calcd for C,2H,,,N60,,Zr3 C 43 6, H 6 1, N 7 3, CO, 23 6, Zr 22 8% IR 
(nuJolandpolychlorotrifluoroethylene) i = 3110(m-w), 2990(m),2940(m), 2880 
(w),2013(s), 1964(w), 1580(s), 1530(vs), 1460(vs), 144O(vs), 1380(s), 1320(vs), 
1215(m s), 1095(m), 1070(m), lOlO(m),970(m),935(m-w),830(m),820(m), 
800(s), 795 (s), 785(s), 670(m-s),630(m-s), 540 (w) and430(m) cm-' 'H NMR 
(200 MHz, [D,]benzene, 25 "C) 6 = 6 6 (s, 10H, Cp), 3 12 (multiplet, 12H, CH,), 
0 94 (multiplet, 18H, CH,) 
Both compounds are slightly soluble in aliphatic hydrocarbons, and soluble in 
dromatic hydrocarbons and THF, they react slowly with CH,CI, and mstanta- 
neoulsly with acetone (vide infra) 


1Zr,Cp,~,-CCO)~,-O)(Oz13CN~~rz)6J was prepared by reactlon of [ZrCpz(CO),] 
with [Zr(02'3CNzPr2)4] and characterized by I3C NMR and IR spectroscopy IR 
(nujol and polychlorotrifluoroethylene mulls, wavenumbers m italics shft in la- 
belled compound) i = 3110 (m-w), 2970 (m-s), 2930 (m), 2870(w), 2013 (s), 1964 
(w). 1495(vs), 1460(vs),1385(s),1335(~~),1210(m),1160(m-w),1135(w), 1075 
(m), 1020 (m-w), 900 (w). 870 (w), 815 (m-s), 790 (s), 775 (m), 760 (m), 730 
(m-w), 680 (m-s), 660 (w), 600 (m s), 570 (m-s), 530 (m-s) and 470 (m 
w) cm-' 


~Zr3Cp,~,-'3C'3CO~,-OK0,CNiPr,), l  (["Cll b) was obtained by reachon of 
[Z~CP,('~CO),] with [Zr(O,CNfYr,),] The IR spectrum in toluene shows a strong 
absorption at 1951 cm- ' The IR spectrum in nujol/ polychlorotrifluoroethylene is 
supenmposable on that of the unlabelled compound, except for the strong absorp- 
tion at 2013 cm-' which was shfted to 1951 cm The I3C NMR (50 31 MHz, 
[D,]benzene, 25°C) spectrum shows two doublets at 6 =181 5 (CCO) and 112 4 
(CCO) (Jcc = 78 9 Hz) 


Gas-volumetric study of the reaction of [ZrCp,(CO)J with [Zr(O,CNtFr,),J: A solu- 
tion of [ZrCp,(CO),] (0 154 g, 0 55 mmol) and [Zr(O,CNPr,),] (0 521 g, 
0 78 mmol) in mesitylene (9 mL) was saturated with CO The temperature was 
slowly raised from 19 5 to 129°C The volume readings were corrected for the 
expansion with increasing temperature during the expenment by performmg sepa- 
rate expenments under identical conditions but without the nrconium complexes 
The corrected volumes of gas evolved were measured as a function of temperature 
and time, Figure 4 shows the CO/Zr" molar ratios as a function of temperature 
(top) and reaction time (bottom) After ca 2 h the heating was interrupted and the 
reaction mixture allowed to cool down to 19 5 "C It was found that 5 56 x mol 
of gas were produced (CO by gas chromatography) corresponding to a CO/[Zr- 
Cp,(CO),] molar ratio of 1 00 


Gas-volumetric study of the thermal stability of [ZrCp,(CO),J: A solution of 
[ZrCp,(CO),] (0 115 g, 0 41 mmol) in mesitylene (8 mL) was saturated with CO 
The temperature was slowly raised from 21 to 139 "C the volume of gas, corrected 
as described above, was measured as a function of time and temperature The 
volume difference at room temperature, at the end of the experment, corrected for 
the vapour pressure of the solvent gave the CO/[ZrCp,(CO),] molar ratio In the 
time between 44 and 135 nun and in the range of temperatures 98 < T I  120 "C, as 
for the synthesis of 1 b, 0 17 mmol of CO were produced corresponding to a CO/ 
[ZrCp,(CO),] molar ratio of 0 41 


Gas-volumetric study of the thermal stability of lb:  A suspension of 1 b (0 103 g, 
0 077 mmol) in mesitylene (10 mL) was saturated with CO The temperature was 
slowly raised from 21 to 139 "C The variation of the volume of gas evolved, correct- 
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Fig. 4. Reaction of [ZrCp,(CO),] with [Zr(O,CNiPr,),] in mesitylene under an 
atmosphere of CO. Plot of the CO/[ZrCp,(CO),] molar ratio as a function of 
temperature (top) and time (bottom). For details, see text. 


ed as described above, showed that the thermal decomposition took place without 
gas evolution. 


Synthesis of IHf3Cp,(~,-CCO)(p,-O)(O~CNiPrl)6~ (2): A solution of [HfCp,(CO),] 
(3.03 g. 8.3 mmol) and [Hf(O,CNi?r,),] (6.43 g, 8.5 mmol) in toluene (75 mL) was 
heated at reflux for 24 h and then allowed to cool to room temperature. An IR 
spectrum of the brown solution revealed a strong absorption at 2024cm-'. Pale 
colourless crystals separated out at -30°C. They were collected by filtration, 
washed with toluene (2 x 4  mL) and dried in vacuo at  room temperature (2.94 g). 
GC-MS analysis of the filtrate revealed the presence of iPr,NCOCH, (m/r = 143), 
dicyclopentadiene (mli  = 132) and cyclopentadiene (m/i = 66). The solution. still 
containing unchanged [HfCp,(CO),] (2.1 1 mmol) and [Hf(O,CNiPr,),], was heated 
again at reflux for 24 h and then allowed to cool to room temperature. The volume 
of the solution was reduced in vacuo: a colourless solid separated at - 30 "C and was 
collected by filtration, washed with toluene (4 mL) and dried in vacuo (0.56 g). The 
diamagnetic, colourless solid was identified as 2 (total yield 40%). Anal. found: C 
39.9, H 5.6, N 4.5. Calcd for C,,H,,N,O,,Hf,: C 40.9. H 5.9, N 5.3%. IR (nujol 
and polychlorotrifluoroethylene): a = 3107 (m-w), 2021 (s), 1967 (w). 1584 (w). 
1538(vs). 1515(vs), 1385(s),1206(m), 1162(m-w), 1137(w), 1024(m),971 (w). 
900 (w), 871 (w). 823 (m), 790 (m-s), 741 (vs), 690 (m-s), 672 (w), 654 (w), 606 
(m-s), 585 (m-s)cm-'. IR (toluene): 3 = 2024cm-'. 'HNMR (200MHz, 
[DJbenzene, 2 5 ' C ) :  d = 6.7 (s, 10H; Cp), 3.8 (m. 6H;  CH), 1.2 (m, 72H; CH,). 
The reaction was repeated several times; the yields were around 40%. A GC-MS 
analysis of the filtrate showed iPr,NCOCH, (mi. = 143), dicyclopentadiene (mi 
z = 132) and 1,l'-dihydrofulvalene (m/r = 130) to be present. 


Synthesis of [Zr,Cpl(~,-O)(p3-O)(0,CNmr,),l (3): A suspension of 1 b (3.36 g, 
2.5 mmol) in toluene (50 mL) was treated with an excess of CO,. An immediate 
change in the colour of the solution was observed from pale yellow to deep yellow 
to red. This was accompanied by the disappearance of the IR absorption at 
2013 cm-'. The volume of the solution was reduced to 10 mL, and heptane was 
layered on top of the toluene solution. A red powder together with colourless 
crystals formed. The crystals were decanted, washed with heptane ( 2  x 10 mL) and 
dried. Colourless crystals (0.535 g) were obtained. The solution was filtered and 
cooled to - 78 "C. affording a second crop (0.884 g) of a microcrystalline, colourless 
solid. The compound was identified as 3 (total yield 48%). Anal. found: C 48.1, H 
7.3,N6.5,Zr20.8.CalcdforC,,H,,N,O,,Zr3:C48.0,H7.3,N6.5.Zr21.0%.IR 


(nujol and polychlorotrifluoroethylene): 3 = 3110 (w), 2970 (m-s), 2930 (m-s), 
2870 (w), 1580 (s), 1500 (vs), 1450 (m-s), 1385 (m-s), 1350 (s), 1260 (w), 1210 
(m -s) ,1160 (s), 1 135 (m - w). 1070 (s), 1035 (w), 1020 (m - w) ,900 (m) ,870 (w). 8 10 
(w). 790 (s), 780 (s), 670 (m-s), 620 (w), 600 (m-s), 560 (m), 530 (m), 510 (w), 445 
(w) and 370 (m) cm-'. 'HNMR (200 MHz, [DJbenzene, 25 "C): 6 = 6.7 (m, 10H; 
Cp), 3.8 (m, 6H;  CH), 1.2 (m, 72H; CH,). I3C NMR (50.31 MHz, [DJbenzene, 
25°C): 6 =166.5, 162.4, 161.0 (CO,); 115.1, 114.3 (Cp);47.4, 45,6[CH(CH,),];22 
(CH,, partial overlap with solvent signals). MS: m / z :  1297 [ M  + H I + ,  588 [ZrCp- 
(O,CNiPr,), +HI +. 
In a gas-volumetric experiment, a known amount of the ketenylidene complex 
(0.61 g, 0.45 mmol) in a thin-walled ampoule was brought into contact with toluene 
presaturated with CO,; after 12 h of stirring at room temperature, 0.39 mmol of 
CO, was found to have reacted, corresponding to a CO,/l b molar ratio of 0.86. 


Reaction of 1 b with acetone: Solid 1 b (0.36 g, 0.27 mmol) was treated with acetone 
( 5  mL) at room temperature. A yellow solution was obtained after ca. 10 min. An 
IR spectrum of the solution did not show any absorption in the 2500-1800 cm-' 
region. After 2 h of stirring at room temperature. the solvent was removed in vacuo 
at room temperature. A GC-MS analysis of the distillate showed 
Me,C=CHC(O)Me to be present in a much higher quantity than in the acetone 
used for the reaction. The residue was treated with heptane and the solvent removed 
in vacuo at ca. 70 "C collecting 0.180 g (51 % yield) of 3 (IR and elemental analysis). 
The GC-MS of the distillate showed Me,C=CHC(O)NiPr,, iPr,NC(O)CH, and 
iPr,NC(O)CH,C(OH)Me to be present. 
When the reaction was repeated with [Zr,Cp,(pi,-' 3C'3CO)(pa-O)(O~CNiPr,),] un- 
der the same experimental conditions, the GC-MS of the heptane solution revealed 
the presence of Me,C='3CH'3C(0)NiPr,, iPr,N'3C(0)i3CH, and z?r,N- 
' 3C(0)i3CH,C(OH)Me. 
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Thermal decomposition of 1 b: A suspension of 1 b (0.46 g, 0.35 mmol) in toluene 
(25  mL) was refluxed for 3 h. After cooling to room temperature, the solution was 
evaporated to dryness under reduced pressure at room temperature. Heptane 
(20 mL) was added, and the resulting suspension filtered. The colourless solid was 
dried in vacuo (0.242g, 53% yield). The compound was identified as 3 (lR, 
'H  NMR, MS spectrum, elemental analysis). 


Synthesis of IHf,Cpl~,-O)(p3-O)(0,CNiPr,),j (4): A suspension of 2 (0.849 g, 
0.53 mmol) in toluene ( 5  mL) was treated with an excess of CO,. The pale brown 
suspension immediately turned into a red solution, and the absorption at 2024 cm-' 
disappeared. A colourless solid then precipitated out from the solution. The suspen- 
sion was filtered and the solid washed twice with heptane ( 2  mL) and dried, afford- 
ing 0.242 g of the title compound as a colourless microcrystalline solid. The filtrate 
was evaporated under reduced pressure at room temperature giving additional 
0.206 g of the product. The compound was identified as 4 (total yield 54%). Anal. 
found: Hf 35.0, CO, 15.9. Calcd for C5,H,,Hf,N,0,,: Hf 34.3, CO, 16.9%. IR 
(nujol and polychlorotrifluoroethylene): 3 = 3105 (w). 1586 (s), 1533 (s), 1510 (s), 
1505 (vs), 1212 (m-s), 1163 (s), 1137 (m-w), 1070 (s), 1020 (m-w), 973 (m). 903 
(w), 874 (w). 636 (w), 608 (m-s), 557m cm-'. 'HNMR (200 MHz, [DJbenzene, 
25"C):d = 6.7(m,10H;Cp),3.8(m,6H;CH), 1.5(m,72H;CH3).MS:m/;: 1563 
[ M  +HI+, 1498[M + H  - C,H,]+, 1721 [Hf,(O,CNPr,),(O), +HI+,  678[HfCp- 
(O,CNi?r,), +HI+, 757 [Hf(O,CNiPr,), + HI'. 
In a gas-volumetric experiment similar to that described for the analogous zirconi- 
um complex, the amount of CO, absorbed in the reaction corresponded to a COJ2 
molar ratio of 0.8. 


X-ray structures and data collection: The structures 1 band 3 were determined on an 
ENRAF Nonius CAD4 diffractometer with Mo,, radiation ( I  = 0.7107 A, 
graphite monochromator). Crystal data, data collection parameters and conver- 
gence results are compiled in Table 5. Both structures were solved by direct methods 
[37] and refined with the local version of the SDP program system [38]. 


1 b crystallized from toluene in the triclinic space group Pi with two trinuclear 
molecules and one toluene molecule in the unit cell. After completion of the isotrop- 
ic structural model, an empirical absorption correction with the program DIFABS 
[39] was applied before averaging over symmetrically equivalent reflections. The 
precision of the structure is reduced due to the disorder affecting one of the carbam- 
ato ligands (N4, C41-47) and the clathrated toluene molecule (close to a crystallo- 
graphic inversion centre). The disordered carbamato moiety was assigned on the 
basis of the isotropic displacement parameters in the final refinement stages. Hydro- 
gen atoms were not refined but included in the structure factor calculations; for the 
disordered part of the structural model, no hydrogen atom was taken into account. 
Further details of the crystal structure investigation may be obtained from the 
Fachinformationszentrum Karlsruhe. D-76344 Eggenstein-Leopoldshafen (Ger- 
many), on quoting the depository number CSD-58071. 


3: Single crystals were obtained by layering heptane over toluene solution of the 
compound at room temperature. The compound crystallized in the same space 
group and with similar lattice constants as 1 b, but without inclusion of solvent in 
the crystal. An empirical absorption correction on the basis of azimuthal scans [40] 
was applied to the intensity data. No disorder problems were encountered. In the 
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Table 5.  Crystal data and structure refinement of 1 b.0.5C,H8 and 3 


lb.O.SC,H, 3 


formula 
M, 
crystal dimensions (mm) 
T (K) 
space group 
a (4 
6 (A) 
c (4 


(") 
B (") 
7 (") 
volume (A3) 


D&d ( w - 7  
!J (cm-') 
F(000) 
0 (") 
scan type 
measured reflections 
absorption correction 
indep. refls 
refined parameters 
resd electron density (e A-') 


Z 


R [CI 
R,  [dl 
GOF 


C,,H,,N,O,,Zr, .0.5 C,H, 
1371.1 
0.2 x 0.2 x 0.2 
263 
P i  (no 2) 
13.636(5) 
13.634(5) 
20.882 (5) 
92.5512) 
97.61 (2) 
114.56 (3) 
3478 (5) 
2 
1.309 
4.90 
1434 
3-25 


10380 
DIFABS 
5340 [ I >  3 u(I)] 
739 
1.27 [a] 
0.064 
0.076 
1.897 


0 


0.25 x 0.2 x 0.2 
253 
PT (no 2) 
13.154 (3) 
13.632(3) 
24.444 (4) 
98.34(2) 
1 1  6.29(2) 
1 1  5.52(2) 
3226(2) 
2 
1.339 
5.25 
1360 
3-25 


11818 
PSI-SCAN 
7385 [I2 3 u(l)] 
676 
0.55 [b] 
0.038 
0.043 
1.161 


w 


[a] Close to the disordered ligand. [b] Close to Zr3. [c] XIAFl/CIF,I. 
[d] ~ . M ~ ( A F ) ~ / ~ W ~ F , ~ ~ ] " ~  ; H' = l/uz IF, 1. 


final refinement procedure, all non-hydrogen atoms were included in the structure 
factor calculations. Further details of the crystal structure investigation may be 
obtained from the Fachinfonnationszentrum Karlsruhe, D-76344 Eggenstein-Leo- 
poldshafen (Germany), on quoting the depository number CSD-59099. 
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Heterosupramolecular Chemistry : An Approach to Modulating 
Function in Molecular Devices 


Xavier Marguerettaz, Gareth Redmond, S. Nagaraja Rao, and Donald Fitzmaurice" 


Abstract: Linked viologen-anthra- 
quinone molecules are attached to TiO, 
nanocrystallites supported on a conduct- 
ing glass substrate. The resulting assembly 
is incorporated as the working electrode 
in an electrochemical cell. Under open- 
circuit conditions, band-gap excitation of 
the semiconductor nanocrystallite results 
in viologen-mediated electron transfer to 


anthraquinone. Prior application of a 2e-12 H +  reduction of anthraquinone, 
negative potential step, which results in permits electron transfer only to viologen. 


At positive applied potentials, electron 
transfer following band-gap excitation 
is largely suppressed. Some implications 
of these findings for modulation of 
function in molecular devices are consid- 
ered. 


Introduction 


Supramolecular chemistry is distinguished from large-molecule 
chemistry[" 21 by the the fact that the intrinsic properties of the 
molecular components are only slightly perturbed within the 
supermolecule, and the properties of the supermolecule are not 
a simple superposition of the properties of the molecular com- 
ponents (i.e., there exists a supramolecular function). Another 
important aspect of supramolecular chemistry is the organisa- 
tion of supermolecules and consequent addressability of func- 
tion. 


Addressable supramolecular function offers the prospect of 
constructing molecular de~ices.1~ - '1 The constituent supra- 
molecular entities may be photo-, electro-, iono-, magneto-, 
thermo-, mechano- or chemoactive, depending on whether they 
process photons, electrons or ions, respond to magnetic fields or 
to heat, undergo changes in mechanical properties or perform a 
chemical reaction. However, despite many beautiful examples 
of organised supramolecular assemblies, progress toward reali- 
sation of practical molecular devices has, in fact, been slow. 


The reasons for the limited progress to date are linked to the 
stringent requirements that must be met by practical devices: 
firstly, that they function at a supramolecular level within an 
organised assembly; secondly, that the function of each con- 
stituent supermolecule in a given assembly can be modulated 
independently; thirdly, that the state of modulation of each 
supermolecule in a given assembly can be determined individu- 
ally; and finally, that the resulting device meet speed, reliability 
and cost specifications. 


[*I D. Fitzmaurice, X. Marguerettaz, G. Redmond, S .  N. Rao 
Department of Chemistry, University College Dublin 
Dublin 4 (Ireland) 
Fax: Int. code +(1)283-7873 
e-mail: donfitzm~irlearn.uc.ie 


In practice, problems encountered include: - 51 firstly, con- 
stituent supramolecular units do not act independently; second- 
ly, attempts to modulate supramolecular function typically in- 
volve incorporation of subunits within a supermolecule that 
respond to external stimuli, an approach which to date has 
produced relatively small effects; thirdly, substrates supporting 
an organised assembly that are capable of affecting the stimulus 
of the above subunits and providing information concerning 
their modulation state have proved difficult to identify; finally, 
techniques that permit the constituent supermolecules of the 
molecular device to be addressed individually have not yet been 
realised, although recent progress is encouraging.t61 


Regarding substrates that are capable of modulating 
supramolecular function and providing information concerning 
modulation state, heterosupramolecular chemistry may offer 
new opportunities.[', '1 


By replacing a molecular component in a supermolecule by a 
condensed-phase component, referred to as a heterocomponent, 
a heterosupermolecule is formed. By analogy with supramolecu- 
lar chemistry, the properties of the heterosupermolecule are not 
a simple superposition of the properties of the heterocomponent 
and molecular components (i.e., there exists a hetero- 
supramolecular function). As for supermolecules, addressabili- 
ty is a consequence of organisation. Uniquely, however, because 
the assembled heterosupermolecules possess a condensed-phase 
component, organisation may yield an intrinsic substrate capa- 
ble of modulating function within the constituent heterosuper- 
molecules and providing information concerning their modula- 
tion state. 


Here, we report results for a heterosupramolecular assembly 
in which linked viologen-anthraquinone molecules are at- 
tached to TiO, nanocrystallites supported on a conducting glass 
substrate. The resulting assembly is incorporated as the working 
electrode in an electrochemical cell. Under open-circuit condi- 
tions, band-gap excitation of the semiconductor nanocrystallite 
results in viologen-mediated electron transfer to anthraquinone. 
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Prior application of a negative potential step, which results in 
2 e-12 H +  reduction of anthraquinone, permits electron transfer 
only to viologen. At positive applied potentials, electron trans- 
fer following band-gap excitation is largely suppressed. Some 
implications of these findings for modulation of function in 
molecular devices are considered. 


Results and Discussion 


Characterisation of Heterosupramolecular Assemblies: TiO, 
nanocrystallites, when deposited on conducting glass and fired, 
yield a transparent nanocrystalline semiconductor substrate in 
ohmic contact with the conducting support. Consequently, fol- 
lowing incorporation as the working electrode of an electro- 
chemical cell, potentiostatic control of the quasi-Fermi level 
within the substrate is possible.[g1 At applied potentials more 
negative than that of the conduction band edge at the semicon- 
ductor-liquid electrolyte solution interface ( t,), electrons are 
accumulated in the available states of the conduction band. By 
examining the dependence on potential of the optical absorp- 
tion assigned to such electrons, it is possible to determine V,, . 
Further, V,, exhibits the expected pH dependence, shifting to 
more negative potentials by 0.060 V per pH unit [Eq. (I)]. 


Vcb = - 0.40 - 0.060pH (V, SCE) ( 1 )  


It has been shown that molecules such as salicylic acid are 
strongly chemisorbed at TiO, .[", Therefore, this and related 
molecules are used to attach previously linked molecular com- 
ponents to the surface of the nanocrystallites of the semiconduc- 
tor substrate. Adsorption is monitored spectroscopically by 
means of a visible charge-transfer absorption assigned to sali- 
cylic acid and related molecules chemisorbed at TiO,.[", ''I It 
has been proposed that salicylic acid is chemisorbed by chela- 
tion to surface Ti4+ atoms.['O~"l The surface density of such 
sites has been determined to be 2 x 1013 cm-2.['21 The molecu- 
lar components S, SV, SVQ and SQ examined in this paper are 
shown in Scheme 1. The heterosupramolecular assemblies 
formed by linkage to nanocrystalline TiO, substrates are denot- 
ed H(Ti0,)-S, H(Ti0,)-SV, H(Ti0,)-SVQ and H(Ti0,)-SQ, 
respectively. 


no. 


0 s  


SVQ 
0 


0 


H o e  


0 HO 


SQ 


Scheme 1. Molecular components linked to the nanocrystalline TiO, substrate. 


Potential-Induced Vectorial Electron Flow in H(Ti0,)- SVQ: 
Recently, potential-induced vectorial electron flow in H(Ti0,)- 
SVQ at applied potentials more negative than V,, has been 
reported (Scheme 2) .[81 These findings are summarised briefly. 


Ti02 Electrolyte Solution (pH 3.0) 


Conduction Band I 


Eo: - 0.22 V \ 


Valence Band 
E, - +2.62 V 


Scheme 2. Potential-induced vectorial electron flow in H(Ti0,)-SVQ 


The first cathodic scan of a cyclic voltammogram (CV) 
recorded at pH 3.0 for H(Ti0,)-SVQ shows a wave at -0.6 V 
due to 1 e- reduction of viologen and 2e-/2HC viologen-medi- 
ated reduction of anthraquinone (Fig. 1 a).[*] The first anodic 
scan shows a wave at  -0.5 V. the result of l e -  oxidation of 
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Fig. 1 .  Cyclic voltammograms recorded for a) H(Ti0,)-SVQ (SVQ adsorbed dur- 
ing 30 min from a 1 x lo-' moldm-' aqueous solution) and b) H(Ti0,)-SQ (SQ 
adsorbed during 30 min from a 2 x moldm-' aqueous solution). A deaerated 
aqueous electrolyte was used (pH = 3) and the voltammogram for bare TiO, sub- 
strate subtracted (see Experimental Procedure for details). 
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viologen. Subsequent cathodic scans continue to show a wave at 
-0.6 V due to reduction of viologen, although no current due 
to viologen-mediated reduction of anthraquinone is observed. 
Subsequent anodic scans show a wave at -0.5 V due to 1 e- 
oxidation of viologen and are similar to the initial anodic scan. 
Analysis of the CVs in Figure 1 a indicates the integrated ca- 
thodic current due to direct reduction of viologen is about 40 'YO 
of that due to viologen-mediated reduction of anthraquinone, 
that is, close to the expected value of 33%. It is estimated, 
therefore, that reduction of anthraquinone is 90 % viologen-me- 
diated. When air is bubbled through the electrolyte for 20 min 
at the rest potential of t 0 . 2 0  V, anthraquinone is regenerated 
and CVs similar to those initially observed are recorded. The 
CVs shown in Figure 1 a are typical of many such experiments 
and consistent with previously reported CVs for polymeric vio- 
logens charge-compensated by anthraq~inone."~, 14] 


An alternative explanation that would also be consistent with 
the CVs shown in Figure 1 a is that viologen and anthraquinone 
are directly reduced on the first cathodic scan and that only 
viologen is reoxidised on the first and subsequent anodic scans. 
Specifically, on the second and subsequent cathodic scans only 
reduction of viologen would be observed. However, this possi- 
bility may be excluded on the basis of CVs recorded for the 
model compound H(Ti0,)-SQ (Fig. 1 b). On the first cathodic 
scan the peak reduction current is observed at about -0.6 V, 
consistent with a value of V,, of -0.58 V in aqueous solution at 
pH 3.0. The formal potential for anthraquinone in aqueous 
solution at pH 3.0 is estimated to be -0.2V.[151 On the first 
anodic scan significant reoxidation is observed, and the second 
cathodic scan consequently yields an integrated current in good 
agreement with that measured for the first cathodic scan. We 
note that the difference between the first and second cathodic 
scans is largely accounted for by deep-trap filling in the semicon- 
ductor electrode. These results demonstrate that anthraquinone 
molecules reduced directly at the semiconductor electrode are 
also re~xidised."~, 14] This, in turn, supports the interpretation 
of the loss of cathodic current in Figure 1 a as being due to 
viologen-mediated reduction of anthraquinone. 


A series of visible absorption spectra were also measured for 
H(Ti0,)-SVQ between 0.00 V and -0.80 V (Fig. 2a). At ap- 
plied potentials more negative than -0.4 V, but more positive 
than Vcb, an absorbance spectrum assigned to reduced an- 
thraquinone (i.e., dihydroanthraquinone) is observed." The 
measured spectrum necessarily corresponds to that of an- 
thraquinone molecules reduced directly at the semiconductor 
electrode, since the applied potentials is not sufficiently negative 
to reduce viologen. More quantitatively, the measured spectra 
indicate that about 15% of anthraquinone molecules are re- 
duced directly at the TiO, substrate. At potentials more nega- 
tive than Vcb, a spectrum, which may be assigned to the summed 
spectra of reduced viologen and anthraquinone, is mea- 
sured.[16-'91 Further, as can be seen from Figure 2 b, the contri- 
bution by reduced anthraquinone to a spectrum measured at 
-0.40V and -0.50V is significantly greater for the reverse 
potential sweep. Thus, the remaining anthraquinone molecules 
are reduced only at potentials sufficiently negative to reduce 
viologen. The observed potential-dependent spectra are there- 
fore consistent with viologen-mediated reduction of an- 
thraquinone. Finally, we note that at 0.00 V the spectrum as- 
signed to reduced anthraquinone persists for up to 5 min; this 
suggests long-lived charge trapping. The reduced an- 
thraquinone is oxidised by reaction with residual dissolved 
molecular oxygen, which is transformed to peroxide.'''] The 
final spectrum is indistinguishable from that measured initially 
at 0.00 V. 
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Fig. 2. a) Absorbance spectra of H(Ti0,)-SVQ (SVQ adsorbed during 60 min 
from a 1 x iO-3 m ~ l d m - ~  aqueous solution) at applied potentials between 0.00 and 
-0.80 V (aqueous electrolyte, pH = 3; see Experimental Procedure for details). 
b) Difference between the absorbance spectra in a) measured at -0.40 and 
-0.50 V on changing the applied potential first in the cathodic and then in the 
anodic directions. 


Light-Induced Vectorial Electron Flow in H(Ti0,)-SVQ: Based 
on the findings outlined above, it was expected that band-gap 
irradiation of H(Ti0,)-SVQ would result in viologen-mediated 
electron transfer to anthraquinone. Further, it was expected 
that the reduced anthraquinone would add hydrogen and long- 
lived charge-trapping result (Scheme 3). 


To test these predictions, H(Ti0,)-SVQ was placed in a 
deaerated acidified ethanolic solution (pH 3.0) and irradiated 
from the conducting glass side at 355 nm for 60 s with the pulsed 


Ti02 Electrolyte Solution (pH 3.0) 


I Conduction Band 


2e- 


E o l  - 0.56 V 


E O I  - 0.22 V 


Photon 


E, = +2.62 V -7 ' Ethanol 


Valence Band 0 1  
Scheme 3. Light-induced vectorial electron flow in H(Ti0,)-SVQ 
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E 
-200- 5 


output of a frequency-tripled Nd : Yag laser.[211 Following irra- 
diation, the measured visible absorption spectrum was princi- 
pally that of reduced viologen[16- and reduced an- 
thraquinone (Fig. 3 a) An ethanolic solution was used to 
ensure efficient trapping of photogenerated holes and electron 
transfer to the viologen.[221 The same experiment performed in 
aqueous electrolyte solution produced no detectable concentra- 
tion of reduced viologen or reduced anthraquinone. The decay 
of reduced viologen and anthraquinone was monitored by 
recording spectra at 60 s intervals (Fig. 3a). The absorbance 
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Fig. 3. Absorbance spectra following pulsed irradiation for 60 s with the frequency- 
tripled output (355 nm) of a Nd:Yag laser (IOHr, 4.3mJpulseC'): a) H(Ti0,)- 
SVQ (SVQ adsorbed during 60 rnin from a 1 x lo-' m ~ l d m - ~  aqueous solution), 
measured at 60 s intervals; and b) H(Ti0,)-SV (SV adsorbed during 60 rnin from 
a 2 x lo-' rnoldm-' aqueous solution), measured at 40 s intervals. A deaerated, 
acidified ethanolic electrolyte was used (see Experimental Procedure for details). 
Also shown are the baseline absorbauces recorded prior to irradiation. 


assigned to reduced viologen decays completely in about 5 min, 
presumably, by reaction with residual oxygen; however, the 
possibility of electron transfer by reduced viologen to surface 
states on the semiconductor substrate or to reoxidised an- 
thraquinone cannot be excluded. The spectrum assigned to re- 
duced anthraquinone is then apparent and decays in about 
12 min by reaction with residual oxygen to form peroxide.[201 


Spectra measured for H(Ti0,)- SV under similar conditions 
are entirely consistent with the above findings (Fig. 3 b). Briefly, 
for H(Ti0,) -SV the spectrum observed following irradiation 
was that of reduced viologen and decays over about 5 min. No 
long-lived residual absorbance, such as that assigned to reduced 
anthraquinone in Figure 3 a, is observed. In turn, this suggests 
decay of reduced viologen in H(Ti0,)-SVQ by electron transfer 
to reoxidised anthraquinone is not important. 


A series of CV experiments for H(Ti0,)-SVQ in a deaerated 
and acidified ethanolic solution (pH 3.0) were also performed, 
following 10 min irradiation with the frequency-tripled output 
(355 nm) of a Nd:Yag laser (Fig. 4a). No current is observed 
during the first cathodic scan that could be assigned to viologen- 
mediated reduction of anthraquinone. It is concluded that light- 
induced vectorial electron flow has previously reduced an- 
thraquinone. This is consistent with the fact that, following 
irradiation under similar conditions, the measured absorbance 
spectrum is that of reduced viologen and reduced an- 
thraquinone (Fig. 3 a). This interpretation is further supported 
by the fact that the regeneration of anthraquinone in situ, by 
first bubbling air through the electrolyte for 20 min and then 
argon for 30 min, results in the CVs shown in Figure 4 b. Specif- 
ically, during the next cathodic scan, current that can be as- 
signed to viologen-mediated reduction of anthraquinone is ob- 
served and is absent in subsequent cathodic scans. 
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Fig. 4. a) Cyclic voltammogram, following 10 rnin irradiation by the frequency- 
tripled output (355 nm) of a Nd:Yag laser (10 Hz, 2.0 mJpulse-'), of H(Ti0,)- 
SVQ (SVQ adsorbed during 30 min from a 1 x lo-' moldm-' aqueous solution) in  


a deaerated, acidified ethanolic electrolyte (see Experimental Procedure for details). 
b) Cyclic voltammogram of substrate in a) after bubbling air through the elec- 
trolyte for 20 rnin and then argon for 30 min. The background voltammogram 
measured for the bare TiO, substrate has been subtracted in a) and b). 


Based on the above results it may be concluded that 1) band- 
gap excitation does lead to formation of reduced viologen and 
reduced anthraquinone, and 2 )  following electron transfer to 
anthraquinone protonation results in long-lived charge trap- 
ping. Based on the results presented for potential-induced re- 
duction in H(Ti0,)-SVQ, we assume also that electron transfer 
to anthraquinone is viologen-mediated. Below we discuss kinet- 
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ic evidence that further supports this assertion and permits a 
mechanism to be proposed. 
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Kinetics of Light-Induced Vectorial Electron Flow in H(Ti0,)- 
SVQ: As reoxidation of H(Ti0,)-SVQ is incomplete in the 
0.1 s interval between 355 nm pulses, prolonged irradiation 
leads to accumulation of reduced viologen and anthraquinone 
and a corresponding increase in the measured absorbances at 
400 and 600 nm (Fig. 5a). Significantly, at short times, ab- 
sorbance growth is sigmoidal. The spectra shown in Figure 3, 
allow the absorbances at 400 nm and 600 nm to be assigned to 
reduced viologen and anthraquinone. 
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Fig. 5. a) Evolution of absorbance at 400 and 600 nm for H(Ti0,)-SVQ during 
pulsed irradiation by the frequency-tripled output (355 nm) of a Nd:Yag laser 
(IOHz, 4.3mJpulseC'). Conditions are as in Figure 3a. The arrow indicates the 
point at which irradiation was stopped and a positive potential (0.00 V) applied. 
b) The experimentally determined relative contributions to the absorbance mea- 
sured at 400 nm (Fig. 5a) by reduced viologen and anthraquinone, and the predict- 
ed absorbances based on Equations (2) to (4) . 


To quantify the relative contributions to the absorbance mea- 
sured at 400nm by reduced viologen and anthraquinone the 
following approach was adopted: Irradiation was stopped and 
a positive potential (0.00 V) applied. This resulted in complete 
reoxidation of reduced viologen within 1 s. Accordingly, there is 
complete loss of absorbance at 600 nm (Fig. 5 a). Similarly, the 
initial absorbance loss at 400 nm is assigned to reoxidation of 
reduced viologen. The residual absorbance at the same wave- 
length is, therefore, assigned to reduced anthraquinone. A series 
of experiments of this type were performed, and the results are 
summarised in Figure 5 b. 


It is evident from Figure 5 b that only after all SVZ+Q has 
been reduced to SVZ+QH, is SV.+QH, accumulated. It is pro- 
posed that the competing process is electron transfer from 
SV'QH, to adjacent SV"Q. The reactions (2)-(4) are there- 


SV"Q A SV2+QH, (2) 


SV,+QH, 2 SV.+QH~ 


SV2+Q +2SV'+QH, 3 3SV2+QH, (4) 


(3) 
k 


fore proposed. Values for k ,  (0.028 s-'), k ,  (0.035 s-l)  and k ,  
(200 mol-' dm6 s-  ') were determined by fitting the absorbance 
measured at 400 nm (Fig. 5 b). These rate constants were, in 
turn, used to predict the measured absorbance by reduced violo- 
gen and anthraquinone at 400 nm. The excellent agreement ob- 
served strongly supports the proposed mechanism. 


A similar kinetic study was performed at 600 nm for 
H(Ti0,)-SV (Fig. 6a). An appropriate reaction scheme, con- 
sistent with that for H(Ti0,)-SVQ above, is given by Equa- 
tion ( 5 ) .  The rate constant for formation of reduced viologen 


(5) sv2+ 3 SV'+ 


k', (0.020 s-') could be determined by a fit to the absorbance 
data measured at 600 nm, and was, in turn, used to predict the 
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Fig. 6. a) Evolution of absorbance at 400 nm and 600 nm for H(Ti0,)-SV during 
pulsed irradiation by the frequency-tripled output (355 nm) of a Nd:Yag laser 
(10 Hz, 4.3 mJpulse-'). Conditions are as in Figure 3b. The predicted absorbances 
based on Equation (5) are also plotted and are almost superimposable on the exper- 
imental plots. b) Evolution of absorbance at 400 nm and 600 nm for H(Ti0,)-SVQ 
potentiostatically reduced to SVQHl during pulsed irradiation by the frequency- 
tripled output (355 nm) of a Nd:Yag laser (10 Hz, 4.3 mJpulse-'). Conditions are 
as in Figure 3 a. Dashed h e :  predicted absorbance based on Equation (6) .  
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measured absorbance at 600 nm (Fig. 6a); the agreement is ex- 
cellent. 


Finally, a kinetic study was performed at 600nm for 
H(Ti0,)-SVQ following potentiostatic reduction of the an- 
thraquinone component (Fig. 6 b) . An appropriate reaction 
scheme, consistent with that for H(Ti0,)-SVQ above, is given 
by Equation (6). The rate constant for formation of reduced 


SV~+QH,  3 SV+QH, 


viologen k'l (0.038 s- ') could be determined by a fit to the ab- 
sorbance data measured at 600 nm, and was used to predict the 
measured absorbance at 600 nm (Fig. 6b); agreement is excel- 
lent. As expected, growth of the absorbance assigned to reduced 
viologen is no longer sigmoidal. 


Comparing the resulting rate constants in Figures 5 and 6 for 
H(Ti0,)-SVQ and H(Ti0,)-SVQH,, it is gratifying that the 
values determined for k,  and k'i are similar, as they describe 
closely related processes. The difference observed is likely to be 
a consequence of irreversible occupation of deep-trap states 
during the negative potential step used to reduce H(Ti0,)-SVQ 
to H(Ti0,)-SVQH,. 


The above studies have established the principal features of a 
kinetic model for light-induced vectorial electron flow in 
H(Ti0,)-SVQ. Importantly, in order to account for the ob- 
served kinetic behaviour it has been necessary to include elec- 
tron transfer from SV'QH, to SV2+Q, sometimes referred to 
as cross-talk. While this represents a limitation of the present 
system, it does nevertheless support the assertion that electron 
transfer to anthraquinone is viologen-mediated. Further, the 
proposed mechanism is consistent with the kinetic behaviour 
observed in the related systems, H(Ti0,)-SV and H(Ti0,)- 
SVQH,, and with the findings of kinetic studies for related 
molecular diads and triads in solution.r23. 241 Future work will 
involve the use of sub-ps transient absorption spectroscopy to 
resolve the real-time rise of the transients assigned to reduced 
viologen and reduced anthraquinone. Such studies will be un- 
dertaken for analogous systems prepared using Langmuir- 
Blodgett techniques in which cross-talk is expected to be largely 
eliminated. 


Finally, we note that in the course of the above discussion it 
has been assumed that reduction of anthraquinone is by a se- 
quential 2e-/2 H + process. The possibility that disproportiona- 
tion of H(Ti0,)-SVQH results in formation of H(Ti0,)- 
SVQH, cannot be excluded. However, we also note, that such a 
reaction would not be inconsistent with a principal conclusion 
of this study, namely, that reduction of anthraquinone is violo- 
gen-mediated. 


Modulation of Light-Induced Vectorial Electron Flow in 
H(Ti0,)-SVQ: As discussed above, vectorial electron flow in 
H(Ti0,)-SVQ may be initiated by band-gap excitation of the 
constituent semiconductor nanocrystallites, or potentiostatical- 
ly by applying a potential more negative than &.[*I The ques- 
tion then arises whether it is possible to modulate light-induced 
vectorial electron flow by controlling potentiostatically the en- 
ergy of the quasi-Fermi level in the constituent nanocrystallites 
of H(Ti0,)-SVQ. The results of some initial experiments to test 
this possibility are discussed below. 


H(Ti0,)-SVQ, forming the working electrode of an electro- 
chemical cell containing acidified ethanolic electrolyte solution 
(pH 3.0), was irradiated from the conducting glass side at 
355 nm for 90 s at the potential indicated in Figure 7 with the 
pulsed output of a frequency-tripled Nd:Yag laser. The ab- 
sorbance measured at 600 nm and assigned principally to re- 


Time (s) 


Fig. 7. Absorbance at 600 nm by H(Ti0,)-SVQ (SVQ adsorbed during 30 min 
from 1 x r n ~ l d m - ~  aqueous solution) in a deaerated, acidified ethanolic elec- 
trolyte (see Experimental Procedure for details) during irradiation by the frequency- 
tripled output (355 nm) of a Nd:Yag laser (10 Hz, 5.5 dpu l se - ' ) .  The applied 
potentials were 1) 0.70 V, 2) open circuit and 3) open circuit following application 
of a cathodic step from 0.00 to -0.70 V (60 s) returning to 0.00 V (15 s) prior to 
irradiation. 


duced viologen is plotted against irradiation time for different 
applied potentials. 


At the open-circuit potential (plot ( 2 ) ,  Fig. 7) we observe sig- 
moidal growth of the absorbance at 600 nm assigned to reduced 
viologen. This behaviour is consistent with viologen-mediated 
reduction of anthraquinone (Fig. 5 ) .  Following application of a 
cathodic potential step between 0.00 and -0.70 V (60 s) and 
returning to 0.00 V (15 s) (plot (3), Fig. 7),  formation of re- 
duced viologen at the open-circuit potential is significantly 
faster and growth of the associated absorbance no longer sig- 
moidal. The increased rate of formation of reduced viologen is, 
as stated above, likely to be a consequence of irreversible occu- 
pation of electron-trap states during the negative potential step. 
The absence of the sigmoidal feature is consistent with prior 
reduction of anthraquinone. At an applied potential of 0.70 V 
(plot (l), Fig. 7) there is a small initial increase in absorbance by 
reduced viologen, but the steady-state value is significantly less 
than that measured at the open-circuit potential. This continues 
to be the case for the first few pulses, although continued irradi- 
ation results in accumulation of electrons in deep traps and a 
shift in the quasi-Fermi level to more negative potentials. As a 
consequence, the efficiency of interfacial electron transfer ap- 
proaches that observed at the open-circuit potential. However, 
as the rate of reoxidation of reduced viologen is significantly 
faster at positive applied potentials, the reduced viologen gener- 
ated by a single pulse is almost entirely reoxidised in the interval 
between successive pulses. 


Similar experiments were performed with ns time resolution 
under single-shot conditions. The transient measured at the 
open-circuit potential (plot ( 2 ) ,  Fig. 8 a) is assigned to trapped 
electrons and to reduced viologen. The decay of this transient is 
assumed, on this timescale, to be due to electron transfer to 
anthraquinone. Support for this assertion is provided by mea- 
surement of a similar transient at the open-circuit potential fol- 
lowing prior application of a cathodic potential step to reduce 
the anthraquinone (plot (3), Fig. 8a). Under these conditions 
virtually no decay of the absorbance assigned to reduced violo- 
gen is observed on the same timescale. The increased efficiency 
of formation of reduced viologen is, as above, attributed to 
deep-trap filling and a consequent shift to more negative poten- 
tials of the quasi-Fermi level. Finally, the transient measured 
under similar conditions at 0.70 V (plot ( l ) ,  Fig. 8a) is assigned 
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Fig. 8. a) Transient absorbance at 600 nm by H(Ti0,)-SVQ (SVQ adsorbed dur- 
ing 30 min from 1 x lo-' moldm-' aqueous solution) in a deaerated, acidified 
ethanolic electrolyte (see Experimental Procedure for details) during irradiation by 
the frequency-tripled output (355 nm) of a Nd:Yag laser (10 Hz, 5.5 mJpulse-'). 
The applied potentials were 1) 0.70 V, 2) open circuit and 3) open circuit following 
application of a cathodic step from 0.00 to -0.70 V (60 s) returning to 0.00 V (15 s) 
prior to irradiation. b) Transient spectra measured after 2 ps at the indicated ap- 
plied potentials. 


principally to trapped electrons; a small residual absorbance by 
reduced viologen may also be present. 


The above interpretation of the transients in Figure 8 a  is 
confirmed by examination of the transient spectra recorded at 
the open-circuit potential both before and after reduction of 
anthraquinone and at 0.70 V (Fig. 8 b). These spectra clearly 
show that the spectrum at 0.70 V may be assigned principally to 
trapped electrons. At the open-circuit potential prior to reduc- 
tion of anthraquinone, the spectrum of reduced viologen is ap- 
parently superimposed on that of trapped electrons. Finally, at 
the open-circuit potential following reduction of anthra- 
quinone, a significantly enhanced absorbance by both trapped 
electrons and reduced viologen is observed. 


In short, at the open-circuit potential light-induced vectorial 
electron flow is observed as in Scheme 3. At an applied potential 
of 0.70V light-induced vectorial electron flow is, it appears, 
largely suppressed (Scheme 4). Following application of a nega- 
tive potential step anthraquinone is reduced and light-induced 
vectorial electron flow is only to the viologen (Scheme 5 ) .  
Therefore, depending on the potential applied to the intrinsic 
substrate, constituted from the heterocomponents of H(Ti0,)- 
SVQ, the function of the constituent heterosupermolecules may 
be modulated between three states. Further, the modulation 
state of the constituent heterosupermolecules of H(Ti0,)-SVQ 
may be inferred if the potential applied to the intrinsic substrate 
is known. 


Ti02 Electrolyte Solution (pH 3.0) 


I Conduction Band 


Ec = -0.58 V 


0 EoI  - 0.56 V 
Ef - 0.oov - 0 


Valence Band I 
Scheme 4. Suppression of light-induced vectorial electron flow in H(Ti0,)- SVQ at 
an applied potential of 0.70 V. 


Ti02 Electrolyte Solution (pH 3.0) 
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Ec = -0.58 V 


I 
Eol  - 0.56 V OH 


Eo1  - 0.22 V 


Photon -4- Valence Band Ethanol 


Ev = +2.62 V 


Scheme 5. Light-induced vectorial electron flow in H(Ti0,)-SVQ only to the vio- 
logen following application of a negative potential step leading to reduction of the 
anthraquinone moiety. 


Concluding Comments 


Progress toward realisation of practical devices based on or- 
ganised assemblies of supermolecules has been slow. Among the 
reasons for this have been difficulties associated with identifying 
substrates capable of modulating supramolecular function and 
providing information concerning modulation state. 


Here, we have described preparation of a heterosupramolecu- 
lar assembly for which the following has been demonstrated: 
1) the band-gap excitation of a semiconductor nanocrystallite 
results in light-induced vectorial electron flow; 2) the electro- 
chemical modulation of the bulk properties of the nanocrys- 
talline semiconductor substrate modulates heterosupramolecu- 
lar function; and 3) the electrochemical state of the semicon- 
ductor substrate provides information about the modulation 
state of the constituent heterosupermolecules. 


Future work will attempt to exploit further the interesting 
opportunities presented by this and related systems. 


Experimental Procedure 


Preparation of Transparent Nanocrystallite TiO, Substrates: All semiconductor sub- 
strates consisted of a 4 pm thick transparent layer of fused TiO, particles (12 nm 
diameter) supported on fluorine doped SnO, glass (0.5 pm) supplied by Glastron. 
Preparation of these substrates has been described in detail elsewhere [25] .  Briefly, 
TiO, was prepared by hydrolysis of titanium isopropoxide. The resulting dispersion 
was concentrated to about 160 g L- '  and Carbowax 20000 (40% weight equivalent 
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of TiO,) added yielding a white viscous liquid used to form a 4 pm thick layer on 
conducting glass. After drying in air for one hour, each substrate was fired at 450 "C 
for 12 h and stored in a vacuum dessicator. 


Synthesis of Linked Molecular Components: The linked molecular components in 
Scheme 1 were prepared as shown in Scheme 6 and characterised by NMR and 
elemental analysis. 


2-Hydroxy-4-methylbenzoic acid (S) was used as supplied by Aldrich 
1-Ethyl-1'-[ (4-carboxy-3-hydroxyphenyl)methyl]-4,4'-hipyridinium perchlorate 
(SV) was prepared as shown in Scheme 6. Detailed reaction conditions, microanal- 
ysis and characterisation by NMR have previously been described [7]. 
1 -[ (Anthraquinon-2-yl)methyl]-l'-[ (4-carboxy-3-hydroxyphenyl)methyl]-4.4'- 
hipyridinium perchlorate (SVQ) was prepared as shown in Scheme 6. Detailed reac- 
tion conditions, microanalysis and characterisation by NMR have previously been 
described [8]. 
(E)-2-[ (3,4-dihydroxyphenyl)ethenyl]anthraquinone (12) was prepared as shown in 
Scheme 6. Calculated for 12 (C2*HI4O4): C, 77.19; H, 4.09. Found: C, 76.73; H, 


J = 3.8 and 8.1 Hz, 1 H), 7.10-7.11 (d, J = 1.8 Hz, 1 H),  7.10-7.14 (d, J = 16.3 Hr, 
l H ) ,  7.34-7.38 (d,J=16.3,  l H ) ,  7.86-8.21 (m. aromatic, 7H).  
1-[(3,4-Dihydroxyphenyl)ethyl]anthraquinone (SQ) was prepared as shown in 
Scheme 6. Calculated for SQ (CZ2Hl6O4): C, 76.74; H, 4.65. Found: C, 76.73; H, 
4.65. 'HNMR ([DJDMSO): d = 2.80 (m, 2H), 2.98 (m, 2H), 6.46 (d, 5 ~ 7 . 9  Hr, 
lH),6.55(dd,J=2.2and7.9Hr,1H),6.61(d,J=7.9Hz,1H),7.69-8.17(m, 
aromatic, 7H). 9.51 (brs, 2H). 


Attachment of Linked Molecular Components to Transparent Nanocrystalline TiO, 
Substrates: To attach the linked molecular components in Scheme 1 to the surface 
of a transparent nanocrystalline TiO, substrate, an aqueous solution (typically 
2 x lo- '  moldm-3) of the required compound was prepared. The nanocrystalline 
substrate was placed in the above solution and adsorption monitored spectroscop- 
ically by means of the charge-transfer absorption assigned to chelation of salicylic 
acid at TiO, [l l] .  The derivatised substrate was washed carefully with distilled 
deionised water prior to being stored in a darkened desiccator. For all experiments 
for which results are reported, previously unused samples were employed. 


Potential-Dependent Optical Absorption Spectroscopy: A derivatised TiO, substrate 
formed the working electrode (2 cm2 surface area) of a closed three-electrode single- 
compartment cell; the counter electrode was platinum and the reference electrode a 
saturated calomel electrode (SCE). Aqueous electrolyte solutions contained LiCIO, 
(0.2 moldm-') at pH 3.0 (added HCIO,). Ethanolic electrolyte solutions contained 
LiCIO, (0.2m0ldrn-~) acidified by addition of 10% by vol. aqueous HCIO, 
(0.01 moldm-') solution. The potential was controlled with a Thompson Elec- 
trochem Ministat potentiostat and a Hewlett-Packard 33108 Function Generator. 
The above cell was incorporated into the sample compartment ofa Hewlett-Packard 
8452A diode array spectrometer. Difference absorbance spectra, recorded with 
respect to a background spectrum measured at 0.00 V, are plotted. 


4.19. 'HNMR ([DJDMSO): 6 = 6.77-6.79 (d, J =  8.1 Hz, IH),  6.98-7.02 (dd, 


Cyclic Voltammetry: All cyclic voltammograms were recorded under the following 
conditions: The working electrode was a transparent nanocrystalline TiO, substrate 
whose working area was defined by a hardened epoxyresin mask. The counter and 
reference electrodes were isolated platinum and SCE, respectively. The aqueous 
electrolyte solution contained LiCIO, (2 x lo-'  moldm-') at pH 3.0 (added 
HCIO,) and was deoxygenated by bubbling with argon for 30 min. All scans were 
recorded at a rate of 0.050 Vs-' in 0.005 V steps between 0.200 and -0.800 V. The 
wait time between scans was 30 s. In each case a background CV was recorded for 
the substrate prior to derivatisation. This CV was subtracted from that subsequently 
measured for the substrate following attachment of the linked molecular compo- 
nents. 


Band-gap Irradiation of Transparent Nanocrystalline TiO, Substrates: To study the 
effect of band-gap irradiation on potential-dependent absorption spectroscopy 
measured for a given heterosupramolecular assembly, a derivatised substrate was 
incorporated as a working electrode in the electrochemical cell described above. The 
ethanolic electrolyte solution employed contained LiCIO, (0.2 m ~ l d r n - ~ )  acidified 
by addition of 10% by vol. aqueous HCIO, (0.01 moldm-') solution and was 
deoxygenated by bubbling with argon for 30 min. The cell was placed in the sample 
compartment of a Hewlett-Packard 8452 A diode array spectrometer, and the semi- 
conductor substrate irradiated in situ from the conducting glass side with the pulsed 
output at 355 nm (10 Hz, stated pulse energy) of a Continuum-Surlite Nd: Yag laser. 
Stated pulse energies are not corrected for reflection losses. The applied potential 
was as stated, otherwise open-circuit conditions were applied. 
To study the effect of band-gap irradiation on the CV measured for a given hetero- 
supramolecular assembly, the derivatised substrate in question was removed from 
the electrochemical cell, washed carefully with distilled deionised water and placed 
in an ethanolic electrolyte solution containing LiCIO, (0.2 moldm-') acidified by 
addition of 10% by vol. aqueous HCIO, (0.01 moldm-') solution and deoxygenat- 
ed by bubbling with argon for 30 min. The derivatised substrate was irradiated from 
the conducting glass side with the pulsed output at 355 nm (10 Hz, stated pulse 
energy) of a Continuum-Surlite Nd:Yag laser. Stated pulse energies are not correct- 
ed for reflection losses. Following irradiation the derivatised substrate was again 
washed with distilled deionised water and replaced in the electrochemical cell used 
for CV measurements. 


Real-time Transient Absorbance Optical Spectroscopy: Real-time transient optical 
absorbance measurements were recorded on a spectrometer based on a previously 
described design [26]. Briefly, the continuous output of a Coherent Ar-ion laser 
(Innova 70-5) was used to pump a Coherent dye laser (Model 599-01 with Rho- 
damine 110, Rhodamine 6G and DCM). The dye laser output was split (40/60%) 
into two beams. One beam (40%) was allowed fall directly incident on one photo 
diode of a dual diode detector. The second beam (60%) passed through the sample 
before falling incident on the second photodiode ofthe detector. The detectors used 
were United Detector Technology PIN-1OD silicon photodiodes protected against 
scattered 355 nm or 532 nm light by a Melles Griot OG-550 optical cut-on filter. The 
associated circuitry was configured to generate a d.c. voltage proportional to the 
difference in intensity of the two beams incident on the dual-diode detector. This 
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Scheme 6. a) Toluene, 110 "C. b) MeCN, 
80°C. c) HCIO, (l.Omoldm-'), 
100°C. d) Toluene, 110°C. e) MeCN, 
80"C.f) HC10,(1.0moldm~',50% by 
vol. in DMSO). g) (C,H,),P, toluene, 
reflux 3 h. h) NaH. DMSO, 80T, 4 h. 
i) I , ,  toluene, reflux, 4 h. j) Methanolic 
NaOH (1:l by vol.). k) 10% Pd/C, H, 
at 3 atm. I) Methanolic NaOH (1: 3 by 
vol.). 
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signal was amplified and digitised by means of a Le Croy 9410 oscilloscope. The 
sample was excited at right angles to the probe beam with the pulsed output (single- 
shot or 10 Hz) at 355 nm or 532 nm of a Nd:YAG laser (Continuum-Surlite). 
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An Ab Initio Study of Structures and Energetics of Copper Sulfide Clusters 


Stefanie Dehnen, Ansgar Schafer, Reinhart Ahlrichs”, and Dieter Fenske” 


Abstract: The results of ab initio calcula- 
tions for the sulfur-bridged copper clus- 
ters [Cu,,S,(PR,),] (n  = 1-4, 6; rn = 0, 2, 
4 , 6 , 8 ;  R = H, CH,) were compared with 
those of theoretical investigations of the 
selenium-containing analogues that have 
been recently reported. The theoretical 
work was carried out in order to find 
a possible explanation for the experimen- 
tally observeddifferent-properties of 
both cluster types. The structural prin- 
ciples turned out to be independent of the 
chalcogen, except the necessary shorten- 


ing of the copper-chalcogen atomic dis- 
tance that results from the formal substi- 
tution of sulfur for selenium. Comparison 
of the energetics of the sulfur- and seleni- 
um-containing compounds showed that it 
is necessary to discuss the influence of the 
tertiary phosphine ligands that protect the 


Introduction 


Comprehensive theoretical investigations of selenium-bridged 
copper clusters of the general formula [Cu,,Se,(PR,),J (n = 
1-4, 6; rn = 0, 2, 4, 6, 8; R = H, CH,), with and without a 
ligand shell, have recently been reported.“] From these investi- 
gations, basic principles that govern the structure and stability 
of such molecules were determined. These rules were confirmed 
for the calculated structure of the hexamer [Cu,,Se,] (0, sym- 
metry), in which the undistorted Cu-Se framework corre- 
sponds to that found in the recently synthesised compound 
[Cu,,Se,(PEtPh,),], which has been characterised by X-ray 
crystallography.[2] The resulting tetragonal distortion of the 
cluster structure through the coordination of the tertiary phos- 
phine ligands can be predicted by calculating the corresponding 
eightfold PH,-substituted species. Both the calculated and the 
experimental results give comparable structural parameters 
within the limits of the methods used.t21 


The compound [Cu,,Se,(PEtPh,),] is the smallest known 
Cu-Se cluster and has been up till now the only example avail- 
able for a structural comparison between selenium and sulfur- 
containing copper clusters. Meanwhile a whole series of 
isostructural sulfur-bridged copper clusters of the formula 
[Cu,,S,(PRR;),] (R = Et, nPr, Ph; R = Et, Ph) has been re- 
ported.[,. 31 There is a larger number of bigger selenium-bridged 
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Institut fur Anorganische Chemie der Universitat 
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Kaiserstrasse 12, D-76128 Karlsruhe (Germany) 
Fax: Int. code +(721)66-1921 
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existing clusters from reaction to give the 
solids Cu,S and Cu,Se. However the re- 
sults of the calculations suggest that the 
different thermodynamic data of the clus- 
ter core and the Cu-P bonds-at least if 
PH, or PMe, are taken into account- 
cannot be the only cause for the differ- 
ences in the experimental behaviour. The 
responsibility rests rather with kinetic ef- 
fects, such as the steric demand of the ac- 
tual ligands or the activation energy of 
decomposition of the ligand shell during 
the cluster-forming reaction. 


clusters known, as opposed to the Cu-S clusters, of which only 
this single structure type has been reported as well as the formal 
condensation product [Cu,,S,,(PPh,),] .[2,41 [Cu,,Se,(PEtPh,),] 
is obviously an intermediate product formed during the reaction 
of the formation of larger aggregates. This cluster crystallises at 
low temperatures from a dark brown solution in the form of 
light red crystals, which decompose within a few hours at room 
temperature. The sulfur-bridged form of “Cu,,” appears to be 
the end-product of the respective cluster-forming reaction. The 
compound [Cu,,S,(PEtPh,),], in contrast to all other known 
chalcogen-bridged copper clusters, is not air- and water-sensi- 
tive.[’] One would therefore expect that the experimentally 
found sulfur-bridged hexamer would form a (meta)stable spe- 
cies with regard to growth into bigger clusters, while for seleni- 
um-containing clusters, ensuing uptake of further metal and 
chalcogen atoms-which always involves energy gain-is pre- 
ferred. On the other hand, Dance et al. deduced from mass 
spectroscopic investigations of S- and Se-containing copper 
cluster ions that the range of products is independent of the 
chalcogen.[61 


We present here the results of calculations on sulfur-bridged 
copper clusters which, in conjunction with the calculations for 
analogous selenium-bridged species, should help to explain the 
experimental results. The series of ligand-free Cu-Se and Cu-S 
clusters has been extended with the recent calculations for the 
pentamer [Cu,,E,] and the decamer [Cu,,Elo] (E = S, Se), the 
structures and energetics of which will be discussed here. 


Methods 


All the cluster structures presented were optimised within the framework of second- 
order Mdler-Plesset-perturbation theory (MP 2) [7] with analytically calculated 
energy gradients by means of the TURBOMOLE programme package [8]. To ascer- 
tain the minimum character, the SCF force constants of the compounds [Cu,.E.] 
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(E = S, Se; ns6) were calculated and the modes with wavenumbers less than 
50 cm-' were investigated by means of MP2 energy calculations for the structures 
distorted along these modes. For larger clusters, the energy minima were not char- 
acterised, but the structures of these molecules were calculated by following the 
structures of experimentally known species in the h~ghest possible point group 
symmetry. 
Effective core potentials (ECPs) were employed for all heavy atoms which described 
the inner shells (Cu: 18 core electrons [9a]; Se: 28 core electrons [9al: S, P: 10 core 
electrons [9bJ), the ECPs of Cu and Se including relativistic corrections. A decrease 
of the effective core ofcopper to 10 electrons has been discussed in ref. [lo] and need 
not be taken into account. The basis sets (Cu: (325)/[222]; Se, S, P: (331)/[221]; C: 
(63)/[21]; H: (3)/[lJ) were optimised for atoms and molecules [10,11]. 


Results and Discussion 


Structures: The structures of the calculated ligand-free clusters 
[Cu,,S,] ( n  =1-6, lo), with the isomers listed in order of de- 
creasing stability, are shown in Figure 1. This sequence is iden- 
tical, with the exception of species 7 and 8, for both S and Se 
bridging ligands (see Table 3). The most important atom dis- 
tances and angles are given in Table 1. The numbers in parenthe- 
ses in both the table and in the following text refer to the values 
of the analogous Se-bridged structures.['. 


The topology of the various cluster structures, with the excep- 
tion of the pentamer and decamer, have been discussed in detail 
in ref. [I], therefore only the pentamer and the decamer will be 
described here. The molecular structure of [Cu,,E,] (E = S: 
11 a; E = Se: 11 b) with D,, symmetry can be derived from the 
structure of the tetramer [Cu,E,] with C, symmetry (E = S: 9) 
in the following way: a further Cu,S unit can be formally added 
in the mirror plane of 9, so that in 11 a a Cu,S, heterocycle 
(Cu 2, S 1 and their symmetry equivalents) surrounds a central 
copper atom. In 9 the two Cu, triangles, situated above and 
below this plane, lean towards each other, thus facilitating an 
additional short Cu3-Cu3' contact of 250.7 pm (247.1 pm). As 
a result of the inclusion of three further atoms in 11  a, this 
Cu-Cu contact is no longer possible, and both the Cu, triangles 
lie parallel to each other. The distance from the central copper 
atom (Cul) to the surrounding copper atoms in the Cu,S, 
plane, in 11 a, is 214.2 pm (215.4 pm in 11 b), which is the short- 
est Cu-Cu distance found up till now in investigations of sulfur 
and selenium-bridged copper clusters. Nevertheless there does 
not appear to be a strong covalent binding force between the 
copper atoms. A population analysis of the SCF wavefunction 
after Ahlrichs and Ehrhardt[I3] results in a shared electron num- 
ber (s.e.n.) of only 0.25 for Cu 1 and Cu 2 in 11 b, as in Cu,Se, 
and thereby indicates a very weak covalent contribution to the 
bonding'''] (for comparison: in Cu,, one has a s.e.n. of 1.2 in 
the equilibrium (222 pm) and a s.e.n. of 1 .I for a Cu-Cu dis- 
tance of 252pm). The dispersion-like interaction of the d" 
shells causes only a weak interaction between the copper atoms. 
The grip of the surrounding chalcogen framework is the main 
cause of the shortest Cu-Cu distances (below 230 pm). 


The structure optimisation for the decamer [Cu,,E,,] (E = S: 
13a; E = Se: 13b) in D,, symmetry has been started with the 
structural parameters of the experimentally found molecule 
[Cu,,S,,(PPh,),] .lZ1 Again, as previously discussed in ref. [2], 
the resulting cluster framework can be derived from the hexa- 
mer [Cu,,E,] through formal condensation. 


Further consideration will be restricted to the comparison of 
sulfur and selenium-bridged copper clusters. Correlated to the 
smaller atom radius of sulfur to selenium (104 vs. 117 pm))14] 
the Cu-S distances are all smaller than the corresponding 
Cu-Se distances. The difference ranges from 8 (in 9) to 19 pm 
(in 13a). One finds shorter as well as longer Cu-Cu distances 
when making the comparison with the selenium analogues. The 
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Fig. 1. Calculated structures of the ligand-free clusters 1-13. 
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Table 1. Calculated distances and angles in the ligand-free clusters 1-13: values 
given in parentheses are for the corresponding selenium-bridged clusters [I]. 


n Structures [a] Symmetry Distances [pm] and angles [“I 


1 1  


2 2  


5 


3 6  


I 


8 


4 9  


10 


5 


6 12 


10 13a(13b) 


CU-CU’ = 251.6 (252.1). CU-S = 208.7 (220.0) 


C u l - C u l ’ = 2 1 8 . 5  (221.6), CuI-Cu2=260.8  
(260.2), C U Z - C U ~ ’  = 272.9 (261.2). CUZ-S = 


211.8 (222.8), C u l - S  = 226.4 (237.0). S-Cul-S‘ 
=122.l (123.9) 


CUl-CUl’= 217.2 (221.2), C u l - C u Z =  265.1 
(258.8), CU2-S = 211.4 (223.4). C U I - S  = 226.3 
(236.6), S-Cul-S‘ =122.7 (124.3) 


C u l - C u l ’  = 229.4 (235.3), C u l  -Cu3 = 232.3 
(233.2), Cul-CuZ = 252.8 (247.9). Cu2-S1 = 
212.2 (224.3), Cu3-S2 = 223.6 (238.5). CU 1-S2 
= 223.9 (233.8), C u l - S 1  = 236.6 (248.8), Cu3- 
S 1  = 247.4 (280.4), S l -Cul -S2  =110.8 (112.4). 
S 1 - C ~ 3 - S 2  = 107.1 (111.2) 


CU-CU’ = 221.3 (222.8). CU-S = 136.3 (245.8). 
S-CU-S‘ = 97.1 (100.3) 


CU-CU” = 217.7 (220.2), CU-CU‘ = 248.5 
(249.0), CU-S = 230.5 (240.4), S-CU-S‘ =121.7 
(124.4) 


CUl-CU2 = 248.3 (248.6), C ~ 2 - C u 2 ’  = 265.2 
(258.4), CUl-Cul’ = 265.5 (268.1). Cu2-S = 


217.6 (228.0), C u l - S  = 218.6 (229.5), S-Cul-S‘ 
= 165.2 (168.5) 


C ~ 2 - C u 2 ’  = 219.7 (223.2), C U I - C U ~  = 233.4 
(233.2), C u l - C u 2  = 249.2 (244.8), Cu2-Cu3 = 


270.1 (275.2), Cu3-Cu3’ = 278.9 (284.1), Cu2- 
S2  = 212.4 (223.1), Cu3-Sl  = 223.4 (233.5). 
C ~ 2 - S 2 = 2 2 6 . 2  (236.6), C u l - S I  = 231.4 
(242.3), Sl-Cu3-S2 =157.3 (159.9), S2-Cu2- 
S2’ =121.9 (123.7) 


Cu3-Cu4 = 222.3 (224.8), C ~ 2 - C u 5  = 231.7 
(232.2). Cul -CuS = 249.37 (253.2), Cu2-Cu3 
= 250.7 (247.9), Cu3-Cu3‘ = 250.7 (247.1). 
C u l - C u 4  = 257.0 (255.7). CU 1 - C U ~  = 264.4 
(260.6). C ~ 3 - C u 5  = 268.1 (274.9), Cu4-Cu5 = 
271.1 (267.1), C u l - C u 3  = 272.5 (275.7), Cu5- 
S 3  = 214.9 (225.3). Cu3-S3 = 220.3 (230.01, 
CUS-S2=221.7 (231.1), CUI-SI = 221.7 
(232.1), C u l - S 2  = 223.2 (233.3), Cu4-S3 = 
225.2 (236.6), Cu3-SI = 233.3 (243.6). Cu4- 
S 1  = 243.2 (251.1), Cu2-S2 = 240.9 (254.5). 
S2-CuS-S3 ~ 1 6 1 . 4  (164.0). S I - C U I - S ~  =l59.0 
(163.7), SI-Cu3-S3 =125.6 (127.5), SI-Cu4-S3 
=118.9 (120.9) 


CUI-CUZ = 220.6 (223.7). CUI-CUZ’ = 260.4 
(260.1). C U  1 -Cu I’ = 264.8 (262.2). Cu 1 -Cu 1” 
= 278.0 (275.4). Cu2-S = 223.4 (233.1). C u l  -S 
= 234.0(245.2).S-Cu2-S =126.3(127.6),S-C~l- 
s’=116.8 (117.1) 


C ~ l - C ~ 2 = 2 1 4 . 2  (215.4). C ~ I - C ~ 3 = 2 4 2 . 6  
( 2 4 5 . 6 ) . C ~ 3 - C ~ 3 ‘  = 262.8(262.9).CuZ-C~3 = 
268.7 (272.1), Cu3 -S 2 = 217.4 (227.1). Cu3-S 1 
= 219.0 (228.7). Cu2-S1 = 241.6 (250.2), 
CUl-S1 = 261.9 (274.4), SI-Cu3-SZ =165.9 
(170.6), Sl-Cu2-SI’ =139.7 (143.6) 


CU-CU’ = 249.3 (252.0), CU-S = 223.4 (233.3), 
S-CU-S = 165.8 (170.4) 


CUl-CUl‘=245.9 (251 2), C U I - C U Z  =258.5 
( 2 5 6 . 9 ) , C ~ 2 - C ~ 3  = 264.4(256.9),CuZ-C~2’ = 
297.3 (301.5), Cu3-Cu3’= 391.8 (326.0), Cu3- 
S 2  = 215.6 (234.9). C U I - S ~  = 219.7 (232.0), 
Cu2-S2 = 221.3 (229.2), C u l - S l  = 223.4 
(233.5), SI -Cul -S2  =166.7 (168.9), S2-Cu3-SY 
=163.2 (134.4), S2-Cu2-SZ’ ~ 1 6 0 . 7  (165.8) 


[a] See Figure 1. 


relatively loose copper substructures (compare the Cu-Cu force 
constant of 23 Nm-’ in Cu,Se)tlol are easily deformed and 
follow the changes of the chalcogen framework. For doubly 
bridged Cu-Cu contacts the metal-metal distances found in 
the S-bridged clusters are always shorter (a maximum of 6 pm 
in 4). With only one or no bridges the Cu-Cu contacts are, in 
general, longer (a maximum of 12 pm in 2) than those found in 
the corresponding Cu-Se clusters. The biggest difference is 
found forCu,,E,, (13a, 13b). TheCu3-Cu3’distanceis66 pm 
larger in 13a than in 13b; this can be explained in the following 
manner: in 13a the four equatorial copper atoms (Cu3 and its 
symmetry equivalents) are forced further out by the shortened 
copper -chalcogen bond Cu 3 - S 2 (1 9 pm shorter than Cu 3 - 
Se 2 in 13 b). No bridging chalcogen atoms that would stabilise 
shorter Cu-Cu distances exist around Cu3. At the same time, 
this enlargement of the equatorial Cu, ring in 13a causes an 
increase in the S2-Cu3-ST angle of 29” with respect to the 
Se2-Cu3-SeT angle in 13b. All other S-Cu-S angles in the 
Cu-S clusters discussed are smaller than those found in the 
analogous selenium-bridged species. The sulfur atoms are there- 
fore more closely packed around the copper framework than the 
selenium atoms in the corresponding structures, so the volumes 
of the sulfur-bridged clusters are smaller. 


As the isolated clusters always appear as ligand-protected 
molecules, it is necessary to discuss the influence of the phos- 
phine ligands as the deciding parameter for the structure of 
copper clusters. The influence of differently substituted tertiary 
phosphines can be seen from many experimental examples of 
copper selenide clusters.[41 Calculations for copper selenide clus- 
ters also show the typical deformation as soon as PR, groups 
coordinate to the copper atoms: the copper atoms affected are 
forced to move slightly out of the polyhedron, while the ligand- 
free copper atoms move towards the centre of the cluster. The 
Cu-Se bond lengths remain almost unchanged with respect to 
the “naked” clusters.[’] 


The structures of the sulfur-containing molecules with PH, 
ligands for which calculations were carried out are shown in 
Figure 2. The structure parameters are given in Table 2-again 
the values in parentheses are for the corresponding selenium 
clusters.[’ 5a1 For the ligand-coated species of the sulfur and sele- 
nium-bridged copper clusters, qualitatively identical structures 
with a corresponding order of energy were obtained. The above- 
mentioned changes in structure, based on the binding of PH, 
groups, affect both sulfur and selenium-containing structures in 
the same 


Energetics: By considering the calculated stabilisation energies 
per Cu,E monomeric unit [Eq. (I)], it is possible to make a 


E,, =l/nE(Cu,,E,) - E(Cu,E) 


comparison of the relative stabilities of sulfur- and selenium- 
bridged clusters. Table 3 shows the total energies, E, calculated 
with the MP2 method, the relative energies of different isomers 
AE,,, and the stabilisation energies per monomeric unit, En, for 
the “naked” clusters. The change in the stabilisation energy per 
monomeric unit for the most stable Cu-S and Cu-Se cluster 
isomers is shown in Figure 3. For clusters up to n l :  5, the differ- 
ence in stabilisation energy of the respective species of both 
cluster types is not large, with a maximum of * 5  kJmol-’ 
within the expected errors of the method. It is only from n = 6 
that a trend to higher binding energies in the sulfur-bridged 
clusters can clearly be seen, which is expected when one 
considers the higher enthalpy of formation of solid Cu,S 
(- 83.4 kJmol-’[’61) as compared with that of solid Cu,Se 
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S S Table 2. Calculated distances and angles in the ligand-free clusters 14-21; values 
given in parentheses are for the corresponding selenium-bridged clusters [I]. 


n Structure [a] Symmetry Distances [pm] and angles ["I 


1 14 CZ" CU-CU' = 268.7 (269.5), CU-S = 209.1 (220.3), 
CU-P = 213.6 (214.5), S-CU-P =176.6 (176.3) 


Cul-Cul '  = 256.5 (258.2), Cul-Cu3 = 261.5 
(258.1), Cul-Cu2 = 266.8 (261.8), Cu2-Sl = 
210.7 (223.0). Cu3-S2 = 218.8 (232.0), Cul-S2 
= 225.5 (234.9), CUI -S l  = 235.1 (247.2), Cu3- 
S1 ~ 2 5 0 . 6  (251.4). Cu l -P I  =213.7 (215.5). 
Cu2-P2 = 213.7 (2IS.l), Cu3-P3 = 213.9 
(215.3), Sl-Cul-S2 =100.1 (103.8), Sl-Cu3-S2 
= 97.3 (103.3), Sl-Cu2-P2 =175.4 (174.0), 
S2-CU3-P3 ~ 1 5 8 . 6  (147.8), S1-Cul-P1 =132.81 
(129.7). S2-CUl-Pl =127.1 (126.4). Sl-Cu3-P3 
= 104.1 (108.9) 
Cul-Cul '  = 247.9 (244.4), Cul-Cu2 = 256.6 
(251.0), C ~ 2 - C ~ 2 = 2 7 4 . 9  (260.4), Cul-CUT 
= 313.0 (323.9), Cu2-S = 210.5 (222.7), Cul'-S 
= 227.5 (237.7), Col-S = 231.7 (244.3), Cu2- 
P2 = 214.3 (216.0). Cu l -P I  = 217.6 (218.3), 
S-Cul-S' =112.3 (112.8), S-Cu2-P2 =166.4 
(172.1), S-Cul-PI =129.3 (126.7), S'-Cul-Pl = 
117.6 (120.3) 
CU-CU" = 262.9 (259.3). CU-CU' = 279.3 
(284.4). CU-S = 211.2 (222.3), CU-P = 217.3 
(218.3), S-CU-P = 168.9 (166.2) 


CU-CU" = 248.7 (248.9), CU-CU' = 265.6 
(267.0), CU'-S = 229.1 (239.2). CU-S = 230.3 
(240.5), CU-P = 218.7 (229.1), S-CU-S' ~ 1 0 9 . 8  
(114.3). S'-Cu-P =128.1 (125.7). S-CU-P =120 6 


14 2 15 C, 


15 16 


D 2 d  


D3 


(1 18.0) 


17 18 D2d CUI-CUZ = 231.6 (234.7). Cu l -Cu l"=  263.6 
(260.51, CUl-Cu2'= 271.9 (271.2). CUI-Cul' 
= 286.0 (280.4). CU 1 -S = 220.4 (232.2), C U ~ - - S  
=238.3(246.5),C~2-P=217.4(219.0),S-C~I-s' 
= 126.0 (1 25.1). S-Cu2-S' = 11 1 . I  (1 13.4), S-Cu2- 
P = 122.7 (120.7) 


Cul-Cu2 = 255.4 (256.5). Cul-Cul'=169.9 
(275.2). C U ~ - C U ~ ' =  291.5 (283.4). Cu2--S2 = 
215.7(227.6).Cul-S1 = 224.8(234.5),Cul-S2 
= 234.4 (242.1). Cul  -P = 230.5 (232.61, SZ- 
Cu2-S2=175.0 (167.0), SI-Cul-SZ =151.0 
(155.1). SI-CUl-P =110.8 (107.2), S2-Cul-P 
= 98.3 (97.7) 


CU-CU' = 268.0 (269.0). CU-S = 209.8 (221.2), 
CU-P = 215.6 (216.3), S-CU-P =176.0 (176.0) 


D4h 


1 21 C," 


. .. 
19 20 


Fig. 2. Calculated structures of the ligand-containing clusters 14-21. [a] See Figure 2. 


(- 59.3 kJmol-'['61). With reference to the stabilisation ener- 
gies En of the Cu-S clusters, the differences in stabilisation 
energy that result from the chalcogen substitution amount to 
less than 5% for the clusters investigated here. It is therefore 
understandable that Dance et al. observe basically chalcogen-in- 
dependent mass spectra from the laser ablation of the cluster 
ions from the respective solids.r61 


As previously mentioned, the sulfur-bridged copper clusters 
known up till now have only been isolated in the form of the 
hexamer and the formal condensation product, which distin- 
guishes them from the generally bigger selenium-bridged com- 
pounds. The energetics of the "naked" clusters offer no explana- 
tion for this; although the stabilisation energies En of clusters 
with n > 10 would be necessary in order to be able to interpret 
the course of the graph in Figure 2 with more certainty, it can 
still be clearly discerned that [Cu,,S,] does not have a substan- 
tially higher stability than [Cu,,Se,] . 


In order to find a relationship to the real cluster systems, one 
should consider the energetics of the PH,-coordinated species. 


17 


3 18 


4 19 


6 20 


Table 3. Total energies E, relative energies of isomers AE,,, and stabilisation ener- 
gies E. [c]. calculated on the M P 2  level for [Cu,.S,J, ICu,,Se,] and [Cu,,Se,,]; 
values given in parentheses are for the corresponding selenium-bridged clusters [l]. 


n Structure [a] Symmetry E [hartree] AE,,, [b] En 
[kJmol-'] [kJmol-'1 [c] 


1 
2 
3 
4 
5 
6 
7 
8 
9 


10 
l l a  ( l lb)  
12 
13a (13b) 


-111.173642 - 


-222.469127 0.0 (0.0) 
-222.466426 7.1 (6.6) 
-222.460446 22.8 (10.3) 
-222.449398 51.8 (23.7) 
-333.828105 0.0 (0.0) 
-333.823907 11.0 (47.7) 
-333.821597 17.1 (33.1) 
-445.184457 0.0 (0.0) 
-445.157056 72.0 (74.0) 
-556.630481 [d] - 


-668.040254 - 
-1113.492820 [d] - 


0.0 (0.0) 
159.9 (160.4) 
156.4 (157.1) 
148.6 (155.3) 
134.0 (148.5) 
268.8 (273.5) 
265.1 (257.6) 
263.1 (262.4) 
321.5 (320.8) 
303.6 (302.3) 
400.3 (396.4) 
436.9 (427.3) 
461.1 (442.0) 


[a] See Figure 1. [b] Energy relative to the most stable isomer. [c] En = 
l/nE(Cu,,S.)--E(Cu,S). [dl E for 11 b: -552.855945hartree, for 13b: 
- 1105.885435hartree. 
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Fig. 3. Calculated MP2 stabilisation energies En [Eq. (I)] against increasing cluster 
size n for [Cu,.E.] (E = S, Se). 


It is helpful when comparing the energies of the sulfur and 
selenium-bridged clusters to consider the calculated average 
Cu-P binding energies in Equation (2), which show the energy 


E, = l/m E(Cu,,E,(PR,),) - I/m E(Cu,,E,) - E(PR3)11'] (2) 


gain per Cu-P bond of the ligand-coated clusters as opposed to 
the unprotected species. Table 4 lists the total energies E calcu- 


Table 4. Total energies E, relative energies of the different isomers AE,el and Cu-P 
bonding energies EB [c], calculated on the MP2 level for [Cu,,S,(PR,),] (R = H  for 
14-20, R =CH, for 21); values given in parentheses are for the corresponding 
selenium-bridged clusters [I]. 


n rn Structure [a] Symmetry E [hartree] AE,,I [b] E,, [cl 
[kTmol- '1 [kJ mol - '1 


1 2 14 CZ" - 121.566686 - 140.2 (132.8) 
2 4 15 cs -255.215176 0.0 (0.0) 115.6 (111.1) 


4 16 C ,  -255.205241 26.1 (23.3) 106.0 (102.8) 
4 17 DZd -255.196914 48.0 (47.1) 100.6 (96.8) 


3 6 18 4 -382.899314 - 91.6 (86.0) 
4 4 19 DZd -411.887154 - 102.1 (98.3) 
6 8 20 D4h -733.356533 - 54.9 (50.0) 
1 2 21 C2" -361.656238 - 195.4 (189.9) 


~ 


[a] See Figure 2. [b] Energy relative to the most stable isomer. [c] E,, = 


I/mE(Cu,,S.(PR,),)-l/mE(Cuz.S.)-E(PR,) [d]. [d] E(PH,) = -8.143141 
hartree (MP2); E(P(CH,),) = -125.166886hartree (MP2). 


lated by the MP2 method, the relative energies of the different 
isomers AE,,, and the binding energies of the Cu-P bonds En. 
Figure 4 shows the graph of En against increasing number of 
monomeric units, n, for the most stable calculated PH,-protect- 
ed isomers. 


40 i 1 
1 2 3 4 5 G 


n 


Fig. 4. Calculated Cu-P binding energies E,[Eq. (2)] against increasing cluster size 
n for [Cu,.Se,(PR,),] (see text and Table 4). 


The qualitative course of E, is in agreement for both the 
copper sulfide and the copper selenide clusters. The binding 
energy for each PH, ligand decreases with increasing cluster 
size. At the same time the Cu-P bond length increases steadily 
from 213.6 (in 14) to 230.5 pm (in 20) (see Table 3). From an 
extrapolation of the initial almost linear drop of E, against n, it 
can be seen that around the tetramer, the coordination of 2n 
PH, molecules to [Cu,E], would be unfavourable, because of 
the low binding energy. From this it can be predicted that less 
than 2n PH, ligands will bind to the Cu-E framework. Another 
reason for the coordination of fewer phosphine ligands is the 
decreasing surface-to-volume ratio with increasing cluster size, 
as far as one considers spherical clusters. So far, all crystallo- 
graphically characterised Cu- S and Cu-Se clusters exhibit (not 
least because of the location of copper atoms within the central 
part of the molecule) Cu to P ratios of > 1 (1.5-4.9[2s41). This 
ratio increases with growing cluster size, in agreement with the 
theoretical results. 


The average Cu-P binding energies, E,, are about 4- 
7 kJmol-' higher for all the sulfur-containing clusters than in 
those with selenium; this agrees with the aforementioned short- 
er Cu-P bond lengths. Figure 5 shows a simplified reaction 


280.4 390.8 
(265.6) (379.8) 


Cu2S(PH3)2 C U ~ S  - Cu2S(P(CH3)3)2 


1 1990.0 + ('855.8) 


Cu2oS10 


Fig. 5. Simplified reaction scheme for both cluster-growth and ligand-coordination 
reactions starting from Cu,S. Values given for the reaction energies (see Tables 3 
and 4) in klmol-' correspond to the formation of the most stable isomers; if 
necessary, isomerisation has been assumed. Values given in brackets are for the 
corresponding selenium-bridged clusters [l]. 


scheme in which the calculated total binding energies, m x E,, 
and the energy values for the concurrent reaction of the formal 
uptake of further monomeric units are given. As with the seleni- 
um-containing analogues, one can determine that the cluster 
growth without ligands (with the exception of the trimer) is 
favoured with regard to the coordination of ligand shell, so 
that these compounds-at least with PH, as ligand-can at best 
contribute to the kinetic stabilisation of the cluster compound. 
Tertiary phosphines-for example P(CH,), in 21-result in 
larger binding energies here as well as in the Cu-Se compounds 
and can also contribute to energetic stabilisation, at least for 
[Cu,S(P(CH,),),] (21). The increase in the Cu-P binding ener- 


Chem. Eur. .I 1996, 2, No.  4 0 VCH Verlagsgeseiischafi mbH, 0-69451 Weinheim. 1996 0947-4539/96/0204-0433 $ iS.OO+ .25/0 433 







D. Fenske et al. FULL PAPER 


gy when R is changed from H to CH, of 55 vs. 57 kJmol-’ is 
nearly the same for both sulfur and selenium-containing 
monomers.“’ If one considers the Cu-P binding energies of 
the ligand-protected Cu-S and Cu-Se clusters as determined 
from MP2 calculations as well as the stabilisation energies of 
both types of clusters, one can ascertain that for the PH,-con- 
taining Cu-S clusters, the apparent energy advantages (ca. 
4-9% with regard to the binding energies for E = S) are some- 
what bigger than the apparent energy advantages for n > 4 for 
the “naked” sulfur-containing copper clusters (ca. 0.5 -6.5 % 
with regard to the stabilisation energies for E = S). This makes 
it easier to understand the discrepancy between the experimental 
result of Dance concerning ligand-free clusters and the experi- 
mentally found range of products and properties of PR,-pro- 
tected clusters. However, comparison of the calculated Cu-P 
binding energies of both cluster types does not show the PH,- 
coated sulfur-containing hexamer to be much more thermody- 
namically favoured than the selenium-containing one, which 
does not agree with the expectations based on the experimental 
experience mentioned above. Nevertheless, the biggest E, differ- 
ence (9 % with regard to the binding energies for E = s) does in 
fact appear in [Cu,,E,(PH,),] .[’I 


All theoretical investigations that have been carried out up till 
now suggest that the experimentally found significant “island of 
stability” is caused mainly by a kinetic effect: the different 
ranges of products which are obtained when reacting complexes 
of CU(I) salt and tertiary phosphines with sulfur- or selenium- 
containing compounds are caused by different steric effects of 
the more or less tailor-made ligand shell that surrounds each 
cluster compound. The copper selenide framework of “Cu, ,Se,” 
seems to be protected effectively only by the bulky PEtPh, lig- 
and, while sterically less effective substituents allow the further 
uptake of metal and chalcogen atoms. In contrast, as the Cu-S 
cluster cores have smaller volumes than the Cu-Se cluster cores 
because of the shortened Cu-E distances, even less bulky phos- 
phine ligands (e.g., PEt, , PEt,Ph) protect the sulfur-containing 
hexamer from cluster growth. If one reacts tertiary phosphines 
that are larger than PEtPh,, the ligand shell will be forced to 
move away from the copper chalcogenide cluster core, which 
causes breakage of the weak Cu-P bonds, permitting the for- 
mation of bigger aggregates. The only example known up till 
now for the case of Cu-S clusters is [CU,~S ,~ (PP~ , ) , ] . [~~  


In addition, another kinetic effect might be responsible for the 
phenomenon: since all differences in the Cu-P binding energies 
between ligand-coated Cu-S and Cu-Se clusters turn out to be 
approximately 5 kJ mol- ’, one could imagine that the activa- 
tion energies required to break the Cu-P bond of sulfur- or 
selenium-bridged copper clusters differ from each other by 
about the same amount. Thus, from the Arrhenius equation“’] 
[Eq. (3)], the increase in activation energy E, corresponds to a 


decrease in the reaction rates. At a temperature of 250 K (typical 
for the cluster formation), an additional 5 kJmol-’ is sufficient 
to decrease reaction rates for the hypothetical detachment of the 
ligand shell to one tenth of those for the Cu-Se cluster. 


Conclusion 


The structures and energetics of sulfur-bridged copper clusters 
with and without ligand shells, [Cu,,S,(PR,),] (n = 1-6, 10; 
m = 0, 2, 4, 6, 8;  R = H, CH,), were investigated by ab initio 
methods. The results were then compared with the selenium- 


containing analogues.“. ’, ’] Furthermore, the series of the cal- 
culated Cu-Se cluster structures was extended with the addition 
of the Cu,,Se, and Cu,,Se,, species. 


The structure parameters of both cluster types are qualitative- 
ly identical. Differences in bond lengths and angles are all un- 
derstandable given the smaller atomic radius of sulfur with re- 
gard to selenium. The shorter Cu-P distances that are found for 
the PH,-coated Cu-S molecules can be reconciled with the 
somewhat larger electronegativity of sulfur as opposed to seleni- 
um and thus the slightly stronger polarisation of the affected 
copper atoms. 


The calculated stabilisation energy per monomeric unit of the 
“naked” copper sulfide clusters is similar to that of the seleni- 
um-bridged species up to n = 5. From [Cu,,S,] a trend to higher 
binding energies in the Cu-S clusters can be seen that corre- 
sponds with the enthalpy data of the solids Cu,S and Cu,Se. 
The calculated average Cu-P binding energies of the PH,-con- 
taining compounds were found to amount to 4-7 kJmol-’ 
more in all the sulfur-bridged clusters. There is thus no indica- 
tion from the binding energies of a special preference for the 
formation of the hexamer in the series of sulfur-bridged copper 
clusters in comparison to the selenium-bridged species. 


A probable cause for the difference in the chemistry in the two 
families of chalcogen-bridged clusters lies rather in the different 
“atom densities” of the cluster cores found for the two chalco- 
gens. Thus it follows that the spatial requirements of the ligand 
shells, which stabilise the clusters kinetically, play an important 
role. For the more “compact” Cu-S clusters, less stencally 
demanding PR, ligands can provide effective protection for the 
hexamer core from further cluster growth, whereas in the seleni- 
um-containing compounds, there is only one example (with 
PEtPh,) in which the optimal shell is achieved. 


Another reason that follows from a kinetic effect concerning 
the already formed hexameric cluster might be the activation 
energy for the detachment of the ligand shell, which is necessary 
for the uptake of further copper and chalcogen atoms. If the 
activation energies for this hypothetical breaking of one Cu-P 
bond were about 5 kJmol-’ higher for the Cu-S clusters than 
the Cu-Se clusters-corresponding to the Cu-P binding 
energy differences-one would expect reaction rates for the de- 
tachment of the ligand shell of one tenth of the rate for selenium- 
bridged copper clusters at typical reaction temperatures. 


In order to be able to interpret the experimental observations 
better, it is necessary to continue the investigations with calcula- 
tions for larger cluster compounds, with and without the ligand 
shell and, where applicable, to include the actual ligands used. 
This might show the larger sulfur-bridged clusters to be at an 
energy disadvantage, which could be more marked than the 
gradual advantages of the smaller Cu-S clusters that can be 
inferred from the present calculations. However, the corre- 
sponding investigations at the necessary level cannot be carried 
out at the moment because of the huge computational expendi- 
ture. 
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1,3-AZternate Calix[4]arenecrown-5 Conformers: New Synthetic Ionophores 
with Better K +  /Na + Selectivity than Valinomycin 


Alessandro Casnati, Andrea Pochini, Rocco Ungaro,* Carlo Bocchi, Franco Ugozzoli, 
Richard J. M. Egberink, Helma Struijk, Ronny Lugtenberg, 
Feike de Jong, and David N. Reinhoudt* 


Abstract: New 25,27-dialkoxycalix- 
[4]arenecrown-5 conformers 8,10, and 11 
have been synthesized and studied. The 
compounds 8 a and 8 b, fixed in 1,3-alter- 
nate structure, have been obtained in 57 
and 40 YO yield, respectively, by reaction 
of the corresponding 25,27-dialkoxycal- 
ix[4]arenes 7 a-b with tetraethylene glycol 
di-p-toluenesulfonate in the presence of 
Cs,CO,. The cone 10a and 10b and the 
partial cone 11 conformers were obtained 
by selective demethylation of the 25,27- 
dimethoxycalix[4]arenecrown-5 (6a) and 


subsequent dialkylation with NaH/DMF 
and KOtBuITHF, respectively. In the 
solid state (X-ray), compound 6 a adopts 
a flattened cone conformation, which is 
also found to be most abundant in 
CD,CN and CD,OD solution. Upon 
complexation with potassium picrate 
compound 6a was converted quantita- 


Introduction 


The discovery that valinomycin (1) was able to facilitate the 
selective transport of K +  cations through the mitocondria[’I 
and the synthetic efforts that followed to develop new potassi- 
um-selective ionophores mark the beginning of supramolecular 
chemistry. In spite of the numerous new ionophores synthesized 
(over a thousand),[’I valinomycin (1) is still used as the active 
component of choice, for example, in potassium-selective sen- 
s o r ~ . [ ~ ]  This is because the K+/Na+ selectivity[41 of valino- 
mycin-based devices is still higher than that found with other 
ionophores. 


tively into the 1,3-alternate conformation. 
All new ligands synthesized were used in 
the extraction of alkali metal cations from 
H,O into CHCl,, and as active compo- 
nents in supported liquid membranes and 
in chemically modified field effect transis- 
tors. Results were compared to those ob- 
tained with with the natural antibiotic 
valinomycin 1. All ligands showed high 
selectivity for potassium. Ligand Sa, fixed 
in the 1,3-alternate conformation, is more 
selective than valinomycin and shows the 
highest K f / N a +  selectivity known so far. 
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1 


We have previously reported the synthesis, complexation, and 
ion-sensing propertiest5] of different conformers of calixcrown 
ethers derived from p-tert-butylcalix[4]arene. The ionophores, 
containing five oxygen atoms in the polyether ring (cal- 
ix[4]arenecrown-5), selectively bind potassium ions with a selec- 
tivity (K+/Na+) that decreases in the order 3 (partial cone con- 
former) > 4 (1,3-alternate conformer) > 2 (cone conformer). 


The corresponding crown-4 derivatives reported recently by 
Shinkai et aLL6] show a remarkable “inverse” selectivity for sodi- 
um over potassium (2  lo5).  We have recently discovered that 
the larger calixcrown-6 derived from unsubstituted calix[4]arene 
(5, Scheme l),  which lacks the p-tert-butyl substituents and is 
fixed in the 1,3-alternate conformation, is very selective for ce- 
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cone 
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parlial cone 
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toluenesulfonate, for R 


comparison with the pre- 
viously reported p-tert- 
butyl derivative 6b. 


Compound 6 a  is 
present mainly in the 
cone conformation in so- 
lution, as is the p-tert- 
butyl derivative 6b.[5b1 
This is evident from 
the two doublets of an R 6 a : n = 5 . R = H  
AX system at S = 4.41 
and 3.20 for the bridg- 


b: n = 5, R = t -BU 
C: n = 6, R = H 
d: n =7,  R = H 


ing methylenes in the 
'H NMR spectrum (CDCl,, 25 "C, 400 MHz) of 6a. At - 35 "C 
low-intensity signals of the 1,3-alternate and of the partial cone 
are present in the spectrum as observed previously for the 25,27- 
dimethoxycalix[4]arenecrown-6 (6 c) .[81 


At - 50 "C the ratio between cone, partial cone, and 1,3-alter- 
nate conformations is 86:7:7 in the case of 6a. The 'HNMR 
spectrum of 6 a  appears to be much sharper at room tempera- 


f,3-a/ternate ture than those of 25,27-dimethoxy-26,28-dialkoxycal- 
4 i~[4]arenes,['~] including calixcrowns with longer bridges 


(6c,d) .['I Only when the samples are warmed to 80 "C is it pos- 
sium ions.['. 8] This finding led to important applications in the sible to observe broadening (e.g., of the OCH, singlet and the 
field of cesium extraction from radioactive waste['-'] and of two doublets of the AX system) due to the interconversion 
cesium detection by chemically modified field effect transistors among the three conformations. This indicates that compound 
(CHEMFETs) .[lol Moreover, these studies revealed that the 6 a  is conformationally more rigid than 25,27-dimethoxy-26,28- 
1,3-aZternate conformation, being less polar than the other con- dialkoxycalix[4]arenes and 25,27-dimethoxycalix[4]arene- 
formations,[' '1 reduces the stability of the sodium complex but crown-6 (6c) and -crown-7 (6d). The X-ray crystal structure of 
increases that of the cesium complex, through cesium/n interac- compound 6 a  (Fig. 1) clearly shows that only the cone confor- 
tions. We have recently found that cationln: interactions are also mation is present in the solid state. 
present in potassium complexes of partial 
cone derivatives of 25,27-dialkoxy-p-tert- 
butylcalix[4]arenecrown-5 conformers (e.g., 


These results show that, in the family of 
calixcrown ethers, very small changes in 
substituents at the upper (aromatic nuclei) 
or at the lower rim (phenolic OH groups) 
and differences in the calix[4]arene confor- 
mation may result in dramatic changes in 
selectivity. In this respect calixarene-based 
ligands show distinct advantages over other 
classes of ionophores. They allow a stereo- 
electronic fine-tuning of the selectivity and 
efficiency of cation binding, because of their 


3) ,1121 


rigid framework, the different possible sub- CIS1 C(41 


stitution patterns, and the fact that their I I1 


conformation can be controlled during the Fig. 1. X-ray crystal structure of compound 6a: the two independent molecules I and II are shown. 


synthesis.[5s 
In this paper we report that 25,27-dialkoxycalix[4]arene- 


crown-5 ethers, derived from unsubstituted calix[4]arene 5 and 
fixed in the 1,3-alternate conformation, are exceptionally selec- 
tive for potassium ion with a K+/Na+ selectivity higher than 
valinomycin in extraction, membrane transport, and ion sensing 
by CHEMFETs. 


Compound 6 a crystallizes in the monoclinic system, space 
group P2,/c, with two independent calix[4]arene molecules (I 
and II, Fig. 1) and one chloroform solvent molecule in the asym- 
metric unit. Significant structural differences are observed be- 
tween the two independent calix[4]arenecrown-5 molecules. 
Both have a distorted cone conformation: the two phenolic units 
bearing the crown chain are almost orthogonal to the reference 
plane (least-squares plane through the four methylene groups), 


Results and Discussion and the other two almost parallel. For the two independent 
molecules the symbolic representation of the molecular confor- 


Synthesis and Conformational Properties of Ionophores and Their mation is C, + - , + - , + - , + - .[' The conformational 
Complexes: We first synthesized the conformationally mobile parameters 4 and x and the dihedral angles formed by the phe- 
25,27-dimethoxycalix[4]arenecrown-5 (6 a) by reacting the nolic rings with respect to the molecular reference plane in the 
25,27-dimethoxycalix[4]arene with tetraethylene glycol di-p- two independent calix[4]arene molecules are summarized in 
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Table 1. The most significant interatomic distances and torsion 
angles in the two molecules I and I1 are given in Tables 2 and 3,  
respectively. 


Table 1. Conformational parameters observed in the two independent molecules (I, 
11; Fig. 1) of compound 6 a  and in compound 6 b  [5b]. 


a) Confromational parameters f#J and x ("), defined according to ref.[l5]. 


'H NMR (400 MHz) complexation studies of potassium pi- 
crate (KPic) with compounds 6 a  and 6 b  in CD,CN reveal that, 
under saturation conditions, both ligands form 1 : 1 complexes, 
as determined from integration ratios between the protons of 
picrate anion and those of the aromatic nuclei of the calixarene. 
The potassium complex of 6 a  shows a different structure, both 
in CD,CN and in CD,OD solution (Table 4), compared to that 
of the potassium complex of 6b. 


6 ail 6a/II 6 b  
6 x f#J X 4 X 


A-B 66.8(6) -102.0(5) G-F 62.5(6) -109.7(6) 66(2) -92(2) 
B-C 105.8(5) -68.3(6) F-E 110.2(5) -64.0(6) 97(2) -62(2) 
C-D 62.9(6) -99.7(5) E-H 63.5(6) -106.2(5) 62(2) -106(2) 
D-A 103.4(5) -69.8(5) H-G 106.7(5) -64.5(6) 103(2) -63(2) 


b) Dihedral angles (") between the least-squares planes through the CH, bridges (R) 
and the phenolic rings, as defined in ref.[l5]. 


6 a/I 6a/II 6 b  


R-A 100.9(1) R-E 91.4(1) 93.7(4) 
R-B 140.7(1) R-F 146.5(1) 140.9(3) 
R-C 98.6(1) R-G 93.8(1) 94.1 (4) 
R-D 138.9(1) R-H 142.8(1) 132.4(3) 


Table 2. Interatomic 0 .  ' 0 separations (A) observed in the two independent mol- 
ecules of compounds 6a (I, LI; Fig. l )  and in compound 6b. 


6a/I 6a/II 6 b  


O(1A). . . O(1C) 5.085(4) O(1E). . .0(1G) 5.130(4) 5.12(2) 
O(1B). , , O(1D) 3.197 (4) O(1F). ' O(1H) 3.178(4) 3.28(2) 
O(1)' ' .  O(3) 5.258(4) O(1'). ' .  O(3') 5.335(4) 5.29(2) 


Table3. Torsion angles (") in the polyether crown chains of the two independent 
molecules of compound 6a.  


Molecule I Molecule 11 


O(lA)-C(l)-C(2)-0(1) 
C(l)-C(2)-O(l)-C(3) 
C(2)-0(1)-C(3)-C(4) 
O( l)-C(3)-C(4)-0(2) 
C(3)-C(4)-0(2)-C( 5) 
C(4)-0(2)-C(S)-C(6) 


C(5)-C(6)-0(3)-C(7) 
0(2)-C(5)-C(6)-0(3) 


C(6)-0(3)-C(7)-C(8) 
0(3)-C(7)-C(8)-0( 1C) 


-26(1) 
165.9(7) 


- 179.7 (6) 
83.7(5) 


169.2 (5) 
178.5 (5) 
- 69.3 (7) 
-74.1(6) 


-179.9(4) 
-66.1 (5) 


O( 1 E)-C(l')-C(2')-0( 1') 
C(l')-C(T)-O( l')-C(3') 
C(2)-0(l')-C(3')-C(4) 
O(l')-C(3')-C(4)-0(2') 
C(3')-C(4)-0(2)-C(S) 
C(4)-0(2')-C(S)-C(6) 
0(2')-C(S)-C(6)-0(3) 
C(S)-C(6,)-0(3)-C(~) 
C(6)-0(3')-C(7yC(S') 
0(3')-C(7')-C(S')-O(l G) 


55.4(7) 
-175.5(6) 


167.5(7) 
- 82.7 (9) 


-177.2(7) 
176.1 (6) 
75.9(6) 


-165.5(5) 
- 178.914) 
- 61.2 (5) 


For comparison, the corresponding valuestsb1 for the 
analogous p-tert-butyl derivative 6 b are included. The devia- 
tions of 4 and x from the theoretical values expected for a 
perfect cone conformation (I#J = + 90, x = - 900) show that 
molecule I has a more symmetrical structure than I1 and that 
compound 6 b is intermediate between the two independent mol- 
ecules of 6a. This indicates that the tert-butyl groups at thepara 
position of the calix have only a minor influence on the solid- 
state conformational preference of this class of compounds. 
Large structural differences are observed between the crown 
chains of molecule I and 11, although the size of the polar cavi- 
ties created by their oxygens are not significantly different. 


The molecular packing of the dimethoxycalix[4]arenecrown-5 
(6a) molecules, which is consistent with the van der Waals inter- 
actions, leaves voids in the crystal lattice of suitable size to 
accommodate one chloroform molecule in a 2 :  1 stoichiometry. 


Table 4. Isomer distibution for potassium complexes of 6 a  and 6 b  in CD,CN and 
CD,OD at 25 "C (400 MHz) (paco =parfia/ cone; 1,3-alt = 1,3-alternate). 


Compound Solvent 1,3-alt paco cone 
~ 


6 a  KPic CD,CN 80 20 - 
6 b  KPic CD,CN - 75 25 


6 b  KSCN CD,OD [a1 > 80 [a1 
6 a  KSCN CD,OD 85 15 - 


[a] Another conformer is clearly visible in the 'H NMR spectrum but due to overlap 
with other signals it is not possible to assign its stucture unequivocally to the cone 
or 1,3-alternate conformation. 


In acetonitrile, for example, the most stable conformation of 
the 6a.KPic complex (Fig. 2a) is the 1,3-alternate (80%) fol- 
lowed by the partial cone (20 %), but for tert-butylated analogue 
(6 b) the situation is completely different (Fig. 2 b). The 1,3-al- 
ternate conformer is not detected in the 'H NMR spectrum of 


n 


ppm 7 . 4  7 . 2  7.0 6.8 


Fig. 2. Aromatic regions of the 'H NMR (400 MHz, CD,CN, 25 "C) spectra for the 
potassium picrate complexes with a) compound 6 a  (0: partial cone; 0 :  1,3-alter- 
nate) and b) compound 6 b  (0: partial cone; e: cone). 


6 b.KPic, and the partial cone and cone are present, respectively, 
in a ratio of 3:l in agreement with the previously reported 
spectrum of the same complex in CDCl, These percentages 
were established by integration of the 'HNMR signals in the 
aromatic region, assigned to the stereoisomers on the basis of 
the symmetry of the spectra and by comparison with those of 
compound 3[5b1 and 11 (vide infra) fixed in the partial cone 
conformation, and 4LSb1 and 8 (vide infra) fixed in the 1,3-alter- 
nate conformation. 


These results indicate that, when tert-butyl groups are present 
at the para position of the calix[4]arene, the preferred conforma- 
tion for binding potassium ion is the partial cone, whereas 1,3- 
alternate is favored for the unsubstituted calix[4]arene deriva- 
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tives. This observation led us to synthesize the two crown-5 
derivatives of calix[4]arene 8a and 8 b, which are fixed in the 
1,3-alternate conformation. A synthetic sequence previously 
successfully used for the synthesis of calix[4]arenecrown-6 in the 
fixed 1,3-alternare conformation was adapted for this purpose 
(Scheme 1).[*] 


are all in agreement with the proposed structures. The three-step 
synthesis (25,27-dimethylation, bridging, and demethylation) of 
calix[4]arenecrown-5 (9) was chosen rather than direct bridg- 
ing[5b1 of calix[4]arene 5 (with KOtBu and tetraethylene glycol 
di-p-toluene sulfonate in dry benzene), because yields were bet- 
ter (73 vs. 30%) and purification more straightforward. 


Complexation Studies : The association con- 
stants and binding free energies of complexa- 
tion of the new ligands with alkali metal pi- 
crates in CHCI, saturated with water were 
determined by means of the picrate extraction 
method developed by Lein and Cram."'] To 
allow a comparison we also determined the 


Ts(0CH 2CH 2) 4OTs 
CH 3CN ' 


5 ?a: R = CC 3H 
b: R = C pH 5 


Scheme 1. Synthesis of 8a and 8b fixed in the 1,3-a/lrrnafe conformation. 


The isolated yields of 8a  and 8 b were 57 and 40 %, and other 
isomers could not be detected in the reaction mixture. The 
'HNMR spectra of compounds 8a  and 8b show a singlet at 
around 6 = 3.8 for the bridging methylene groups (ArCH,Ar) 
of the calix[4]arene, and the 13C NMR spectra a signal around 
6 = 39; both are indicative for a 1,3-alternate structure."61 For 
comparison we also synthesized compounds 10a and 10b both 
fixed in the cone and compound 11 fixed in the partial cone, 
starting from 25,27-dimethoxycalix[4]arenecrown-5 (6a) 
(Scheme 2). The 'H and I3C NMR data for compounds 10-11 


+ RI 
I 


10a: R =  CC 3H 7 
b: R = C gH 5 


Scheme 2. Synthesis of 10a and 10b both fixed in the cone and 11 fixed in thepartial 
cone structures. 


8a: R = i-C 3~ 
b: R = C 2H 5 


same data for valinomycin (I), since they have 
not previously been reported. The results are 
given in Table 5 and in Figure 3. 


As anticipated from the preliminary NMR 
studies on the conformationally mobile 25,27- 


dimethoxycalix[4]arenecrown-5 (6 a), the most efficient and se- 
lective ligands are 8 a and 8 b, which are fixed in the 1,3-alternate 
conformation. They show comparable binding properties and 
are both highly selective for potassium. This is mainly a conse- 


6o T 
55 


50 
I - 
:45 


E 35 


P 
I; 40 
D 


1 30 
it 


25 


a 1 (valinomycin) 


- * ~ 8b(1,3-al) 


A 8a (1.3-ah) 


11 (Pace) 


- - 6a (mobile) - 10b (cone) 


- - 1Oa (cone) 


20 4 I 


Li+ Na+ K+ F(b+ CS+ 


Cation 


Fig. 3. Binding free energy (ACT. kJmo1-l) of alkali picrate complexation in 
CHCI, saturated with H,O at 22°C (paco = parfral cone; 1.3-alf =1,3-alternate). 


quence of the fact that the sodium ion is hardly complexed by 
the apolar 1,3-alternate conformation and that potassium ions 
can interact not only with the crown ether moiety but also with 
the two rotated aromatic nuclei-this is not possible with the 
smaller Naf.['81 The three compounds 10a, b and 11 bind alkali 
metal ions less strongly. Particularly ineffective is the cone diiso- 
propoxy derivative 10a, probably because the two bulky groups 
facing the polyether ring destabilize the complexes. A more 


Table 5. Association constants (K,)  and binding free energies (- AC") of complexes of hosts with alkali picrates in CHCI, saturated with H,O at 22°C [a]. 


IogK, -AG" (kJmol-') 
Li + Na' K +  Rb' c s  + Li + Na' K +  Rb' c s  + 


1 
6a 
8a 
8b 


10a 
LO b 
11 
4 [bl 
2 Ibl 
3 [bl 


5.83 
4.71 
4.78 
4.93 
4.70 
4.74 
4.67 
[CI 
Icl 
[CI 


6.09 
4.31 
4.30 
4.38 
4.46 


4.74 
5.46 
5.11 
5.87 


< 4  


9.35 9.83 8.97 
7.20 7.09 5.13 
9.83 9.41 6.87 
9.77 9.29 7.52 
5.27 t 4  < 4  
5.71 4.88 < 4  
8.90 8.36 5.05 
8.15 7.73 5.97 
7.08 5.60 4.99 
9.95 9.18 6.20 


32.94 
26.58 
27.00 
27.84 
26.56 
26.79 
26.38 


34.37 
24.37 
24.28 
24.75 
25.20 


26.79 
31.40 
28.89 
33.49 


< 24 


52.80 
41.03 
55.52 
55.23 
29 78 
32.32 
50.28 
48.15 
40.19 
56.52 


~ 


55.51 50.66 
40.07 29.01 
53.17 38.76 
52.42 42.50 


< 24 < 24 
27.55 < 24 
47.18 28.55 
43.96 33.91 
31.82 28.47 
52.33 35.59 


[a] The association constants determination and the precision of the values obtained are described by Cram et al. [17]. [b] From ref. [5b]. [c] Not determined. 
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subtle steric effect of the alkyl substituents at the upper rim of 
the calix is also operating in these systems. The lower efficiency 
shown by the 1,3-alternate calixcrown derived from p-tert-butyl- 
calix[4]arene (e.g., 4)15] compared with the corresponding ster- 
eoisomers 8 a  and 8 b  obtained from calix[4]arene (AAG" ~ 7 . 1 -  
7.4 kJmol-' for K') is explained by the steric bulk of the 
tert-butyl groups at the para position of the two rotated aromat- 
ic nuclei reducing the space around the binding region. This also 
explains why the efficiency in the p-tert-butylcalix[4]arene- 
crown-5 seriesL5' decreases in the order partial cone (3) > 1,3-al- 
ternate (4) >cone (2). The partial cone structure is the best com- 
promise between negative steric effects of the tert-butyl groups 
at the upper rim (1,3-alternate structure) and the alkoxy groups 
at the lower rim (cone conformation), and positive cation/aro- 
matic interactions.['21 Solvent effects operate in the same direc- 
tion, since it has been shown by molecular dynamics that the 
cone conformation is the most solvated in methanol, water, and 
acetonitrile followed by partial cone and l,3-alternate.L'g1 There- 
fore the high efficiency and selectivity shown by calixcrowns 8 
in the 1,3-alternate conformation is a consequence of the simul- 
taneous operation of several effects, namely, the polarity of the 
calix conformation and its solvation, the size of the polyether 
ring, the steric effects of the substituents on the rotated aromatic 
nuclei, and the cationin: interactions. 


Table 5 and Figure 3 also show that the efficiency of ligands 
8a and 8 b  in binding Kf  is higher than valinomycin (l), which 
actually binds Rb' slightly better than potassium, in agreement 
with the K, values found in methanol[201 and acetonitrile.[211 
Interestingly, the K'/Na' selectivities exhibited both by ligands 
8a(AAGo = 31.2 kJmol-')andSb(AAG = 30.5 kJmol-')are 
higher than for valinomycin (1) under the same conditions 
(AAG = 18.4 kJmol-I), and they are the highest values report- 
ed in literature so far.[20b1 From our previous studies on cal- 
ix[4]arenecrownd in l ,3-alternate conformation"] and from 
what is generally known about solvent effects in complexation 
phenomena by macrocycles,[20b- 2 2 ]  we can anticipate that the 
K+/Na+  selectivity of ligands 8 a  and 8 b  would be even higher 
in more polar solvents such as methanol. 


Membrane Transport: In the evaluation of complexation prop- 
erties of synthetic ionophores, we have extensively used 
carrier-mediated transport of alkali metal and guanidinium ions 
as well as urea through bulk liquid membranes (BLM)[231 
and supported liquid membranes (SLM) .Is- 2 4 - 2 7 1  SLM s have 
the advantage of a much smaller membrane volume. The 
facilitated transport of salts through an SLM can be described 
as a sequential process including the phase transfer of the salt, 
complexation/decomplexation reactions, and diffusion steps 
(Scheme 3). 


El 
M++x * M++x 


El x + w *  M++x 


Scheme 3. Transport of salts (M'X-) through a supported liquid membrane facil- 
itated by ligand L. 


Until recently[281 it was generally accepted that the rate of 
diffusion of the complex and the extraction constant determine 
both the flux of transport and the We have recent- 
ly shown that for certain calix[4]arene crown ethers and calix- 
spherands the slow rate of decomplexation influences the rate 
and selectivity of transport of salts.[281 In the same publication 
we describe a general model for transport of free ions through 
supported liquid membranes, which accounts both for the diffu- 
sion and the rate of cation release [Eq. (l)]. D, is the apparent 


diffusion constant; Lo represents the total carrier concentration 
in the membrane; d,,, is the membrane thickness. The parameter 
CI describes the ratio D,/kd,,,B, a dimensionless number, where k 
denotes the rate of release at the membrane-water interface and 
0 is the porosity of the membrane. The parameter A is defined 
as A = K,,af, where K,, is the product of the association con- 
stant of the complex in the membrane and the partition coeffi- 
cient of the salt. The salt activity in the source phase is represent- 
ed by a,. When the carrier is fully loaded (by using a high salt 
concentration in the source phase), Equation (1) can be written 
as Equation(2). D, and k can now be obtained by plotting 
L,/J,,, vs. d,, and consequently CI can be calculated at any 
membrane thickness. 


Because of its high polarity ( E  = 24), ortho-nitrophenyl octyl 
ether (NPOE) was used as the membrane solvent. This means 
that the salt in the membrane is present as free ions. Fluxes were 
measured at different potassium perchlorate activities in the 
source phase for all calix[4]arenecrown ethers and valinomycin 
(Fig. 4). The initial fluxes were calculated from the increase in 
conductivity with time. By fitting the flux values from different 
source phase activities [using Eq. (l),  under diffusion-limited 
conditions (a = O ) ] ,  K,, and D, values for the carriers were 
obtained (Table 6). The very high Ke, values for both the 1,3- 
alternate conformers (8a and 8b) are remarkable, and are in 


1.4 


1 .o 


0.8 


0.2 I::: 0 


Fig. 4. KCIO, flux as a function of the salt activity a in the source phase ([carrier], 
=1 x ~ O - ' M ;  T = 298 K). The lines drawn are calculated with the model; the 
points are measured values. 
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Table 6. Calculated extraction constants and diffusion coefficients for different 
carriers in NPOE (T = 298 K) . 


0 


1 
6a 
8a 
8b 


10a 
10 b 
11 


2 900 1.06 
24 0.66 


40000 1.16 
28 000 1.06 


<0.01 ~ 


0.32 1.33 
6 500 0.37 


agreement with the high values of K, obtained in CHCI, solu- 
tion (see Table 5). 


The lower apparent D, values for the dimethoxy conformer 
6a and the partial cone diisopropoxycalix[4]arenecrown-5 (11) 
indicate that in these cases the transport is no longer diffusion- 
limited, but that the release of the potassium ion from the com- 
plex is also playing a role. By measuring the fluxes as a function 
of the membrane thickness, and plotting L,/J vs. d, (Fig. 5 ) ,  it 


80 1 


0 1 2 3 4 


Fig. 5. Influence of the membrane thickness (n x 100 pm) on L,/J (See Eq. (2): L,/J 
=(1  +a)D,-'d,)[28];[carrier], = I  xIO-'~,sourcephase: 1 X ~ O - ' M K C I O ~ ,  T 
= 298 K. 


was clearly shown that the transport of potassium ions by the 
1,3-alternate conformers 8a and 8b is diffusion-limited (no in- 
tercept). The plots for the partial cone 25,27-diisopropoxy-cal- 
ix[4]arenecrownd (11) and dimethoxy derivative 6a show a sub- 
stantial intercept; this indicates that kinetics is the limiting 
factor. 


The D,, k,  and a values calculated with Equation (2) (Fig. 5, 
Table 7) also clearly show that transport is diffusion-limited for 
8a-b (cr<O.l), and kinetically limited for 6a and 11 ( c r>O. l ) .  


Table 7. D,, k ,  and a values calculated from L,/J vs. d, (Fig. 5 )  


Carrier D, (lo-'' m's-I) k (IO-'ms-') a 
. . . . . . . . . . . . . . . . . . . . . . .  _______ _____ ~ 


6a 9.94 2.04 0 77 
8a 11.0 61.1 <0.1 
8 b  10.2 -37 6 10.1 


11 8 94 0 778 1 8 0  


The transport characteristics were also determined indepen- 
dently by measuring the flux as a function of temperature 
(Fig. 6). From these data the activation energies (EJ for the 
transport were determined (Table 8). The E, values for 8a-b are 
also in agreement with diffusion-limited transport, whereas an 
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Fig. 6. Relationship between InJ,(KClO,) and I jT  for ionophores 8a,b and 11 
(source phase: 1 x 1 0 - I ~  KCIO,, [Carrier], = 1 x ~O-'M). The symbols are mea- 
sured values, and the lines drawn from linear least-squares analysis. 


Table 8. Activation energies calculated from InJ vs. l/T. 


Carrier E, (kJmol-') 


8a 32+2 
8b 34+2 


11 59+7 


E, value for 11 nicely corresponds with kinetically limited 
transport. 


Correction for the kinetic component of the apparent trans- 
port parameters of 6a and 11, with the CI values from Table 7, 
resulted in diffusion constants of 1.10 x lo-" and 1.03 x 


, respectively. These values are much more in line 10-11 m12s-1 


with the diffusion constants from the other calix[4]crowns (see 
Table 6), as expected, assuming the potassium complexes of all 
the calix[4]crowns will have approximately the same volume and 
therefore the same resistance in the membrane. 


Comparison of the AC" values obtained for CHCI, from the 
extraction experiments with those for NPOE calculated from 
the transport measurements shows a very good correlation be- 
tween the two experiments (Fig. 7). 


1 I 
.& 
A a b  
* 6 0  


0 lo. 


V lob 
+ 11 
X l  


Fig. 7. Linear free energy relationship between Ace,  obtained from membrane 
transport through NPOE, and the association constant of K-picrates in CHC1,. 


To obtain high Kf /Na+  selectivities by membrane transport, 
it is obvious that diffusion-limited transport is a prerequisite 
(see Table 9). Selectivity experiments were performed with 
1 0 - 4 ~  KC10,/10-' M NaClO, as source phase. When the mea- 
surements were recorded with a conductivity electrode, after 







Table 9. Percentage of KCIO, and NaCIO, transported and K+/Na+ selectivity 
after 2 h (source phase: 1 0 - 4 ~  KC10,/10- '~ NaCIO,; T = 298 K). 


Carrier % KCIO, transported % NaCIO, transported Selectivity 


8 a  93.8 4 . 2 0 ~  lo-'  22 300 
8 b  94.8 4.72 x 10-3 20 100 


11 25.1 27.0 x10-3 930 
1 91.5 8.88 x 10300 


approximately 2 h a sharp leveling off in the conductivity was 
observed in the cases of 8a-b and valinomycin (1); this might 
indicate that in these cases virtually all the KCIO, had been 
removed from the source phase. Samples were therefore taken 
after 2 h and analyzed with atomic absorption spectroscopy. As 
can be seen from Table 9,  almost all of the potassium ions had 
indeed been transported by 8a-b and 1. The difference in K + /  
Na+ selectivity between 8a-b and valinomycin (1) is caused by 
the difference in Na+ fluxes. To the best of our knowledge, the 
K+/Na+ selectivities for 8a-b are the highest reported in liter- 
ature so far. 


CHEMFETs Measurements: Another way of evaluating the se- 
lectivities of new ionophores is the transduction of a chemical 
recognition process into an electronic signal. For this purpose 
we have developed CHEMFETS.[~ ' -~~]  


The new calix[4]arene crown ethers (8a-b, 10a-b, and 11) 
and valinomycin 1, incorporated into a plasticized PVC mem- 
brane, were studied by CHEMFET measurements. The poten- 
tiometric selectivities towards K +  were determined in presence 
of different alkali and alkaline earth ions (Table 10). All the 


TablelO. CHEMFET measurements with different K+-selective ionophores [a]: 
potentiometric selectivity coefficients KC: [b], slope in parentheses (mV decade-') 
[cl 
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Ligand 0.1 M Ca2+ 0.1 M Lit 0.1 M Mg2+ 0.1 M NH: 0.1 M Na' 1 M Na+ 


1 -3.7 (59) -3.5 (57) -3.7 (59) -2.0 (54) -3.1 (57) -3.9 (58) 
8a -4.0 (58) -3.7 (56) -4.0 (58) -1.4 (46) -3.2 (55) -4.2 (56) 
8b -3.5 (53) -3.7 (52) -3.7 (53) -1.4 (30) -3.1 (52)  -3.9 (54) 


10a -3.9 (58) -2.8 (56) -3.8 (58) -1.5 (54) -2.5 (54) [d] 
10b -3.6 (56) -3.2 (56) -3.8 (58) -1.9 (53) -2.0 (54) -2.2 (50) 
11 -3.6 ( 5 5 )  -3.6 (56) -3.7 (56) -1.5 (54) -3.2 (57) -3.9 ( 5 8 )  


[a] 1 wt% ionophore and 50~101% (with respect to ionophore) KTTFPB. 
[b] logKpK:': kO.1. [c] Slope: *2mVdecade-'[Kt]. [d] Not determined. 


ligands show a high K +  selectivity in presence of the alkaline 
earth ions Mg2+ and Ca2+ ( 5  - 3.5). These ions almost do not 
interfere at all. A rather low K +  selectivity and a sub-Nerstian 
behavior is obtained in the presence of NH: ions. This can be 
explained by the higher partition coefficient of this ion com- 
pared to K'. The differences in K +  selectivity of CHEMFETs 
with the new ligands are more pronounced in presence of Na+ 
ions. The cone conformers 10a and 10 b are selective for K C  ions 
in presence of Na' ions, but the discrimination between the ions 
is low. In contrast, a very high K+/Na+ selectivity is obtained 
for the partial cone conformer 11 and the 1,3-alternate conform- 
ers 8a and 8b (- 3.9, -4 .2 ,  and -3.9, respectively; Table 10). 
The Na+/K' selectivity for the calix[4]arene derivative 8a  in the 
1,3-alternate conformation (logKKi,, = - 4.2) (Fig. 8) is even 
better than that observed with CHEMFETs incorporating the 
natural ionophore valinomycin (IogKKINa = - 3.9). 


The results are in agreement with the data found for binding 
studies in chloroform (Table 5) and for the transport through 


llww 50 0 


-6.1 -5.1 -4.1 9.1 -2.1 -1.1 


Fig. 8. K' response of CHEMFETscontaining ionophore 8 a  in the presence of 1 M 
NaCI. 


SLMs. Although the difference in AAG" values between K +  and 
Na+ (Table 5 )  for the 1,3-alternate (8a) and partial cone (11) 
conformers (31.2 and 23.5 kJ mol-', respectively) is substantial 
for the picrate extraction experiments, this is not recognized 
with CHEMFETs measurements. In the case of CHEMFETs 
incorporating ligand 11, a very high K+/Na+ selectivity is al- 
ready obtained. A further enhancement of the selectivity by 
using ligand 8 a and 8 b can hardly be measured because of the 
detection limits of the sensors. 


Conclusions 


The antibiotic activity of the naturally occurring ionophore vali- 
nomycin (1) and the interest for this macrocycle in chemical 
technology are both due to the good lipophilicity of its cation 
complexes and the high K+/Na+ selectivity shown by the 
ligand. In this study we have synthesized new lipophilic 
ionophores, the 1,3-altevnate-calix[4]arenecrown-5 conformers 
8 a  and 8 b, which are the first ligands to show a K+/Na+ selec- 
tivity consistently better than valinomycin in extraction experi- 
ments from H,O to CHCl,, in transport through supported 
liquid membranes (NPOE), and in ion detection by chemically 
modified field effect transistors (CHEMFETs) . The eficiency 
and selectivity order found for the crown conformers derived 
from unsubstituted calix[4]arene (1,3-alternate >partial 
cone > cone) is different from that previously found (partial 
cone > 1,3-alternate > cone) for the crown-5 stereoisomers 
derived from p-tert-butylcalix[4]arene. This shows that the sub- 
stituents at the para position of the calix also have a subtle steric 
influence. 


Experimental Procedure 


General [34]: Melting points were determined with an electrothermal melting-point 
apparatus in a sealed capillary and are uncorrected. 'H and I3C NMR spectra were 
recorded with Bruker spectrometers of the Centro Interdipartimentale di Misure 
(C. I .  M.) of the Parma University and of the Organic Laboratories of the Twente 
University. Mass spectra were obtained with a Finnigan MATSSQ7 10 spectrome- 
ter (CH,, DCI) and with a Finnigan MAT90 (3-nitrobenzyl alcohol, FAB). Ace- 
tonitrile was dried over molecular sieves (3 ,&). Tetraethylene glycol ditosylate [35], 
25,27-dimethoxycalix[4~arenecrown-5 (6 a) [8], 25,27-bis(2-propyloxy)calix[4]arene 
(7a) [36] and 25,27-diethoxycalix[4]arene (7 b) [37] were prepared as described in 
literature. Analytical TLC were performed on precoated silica gel plates (Si02. 
Merck, 60FZs4). All reactions were performed in a nitrogen atmosphere. In the 
NMR spectra the phenolic oxygen is considered as the substituent to which the ipsu, 
orthu, mela, and para positions refer. 


General Procedure for the Preparation of 25,27-DiaUtoxycalix[4larenecrown-5 with 
IJ-Alternate Structure (8): A suspension of 25,27-dialkoxycalix[4]arene 7 
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(3.02 mmol), Cs,CO, (3.95 g, 12.12 mmol), and tetraethyleneglycol di-p-toluene- 
sulfonate (1.67 g, 3.32 mmol) in CH,CN (600 mL) was stirred for 24 h under reflux. 
Then CH,CN was removed under reduced pressure and the residue treated with 
50 mL of CH,CI, and 50 mL of 10% HCI. The organic phase was separated and 
washed three times with water. CH,CI, was removed under reduced pressure, and 
the product crystallized. 


25,27-Bis(2-propyloxy)ealix~4jarenecrown-5, 1,3-alternate (Sa) : Crystallized from 
ethanol (57% yield): M.p. 209-211 "C; 'H NMR (400 MHz, CDCI,, 25 "C, TMS): 
6 =7.05 (d, 'J(H,H) =7.5 Hz, 4H; ArH meta), 7.00 (d, 'J(H,H) =7.6 Hz, 4H;  
ArHmeta),6.83(t, 'J(H,H) =7.6Hz,2H;Arpara),6.80(t, 'J(H,H) =7.5 Hz,2H; 
ArH para), 4.20 (sept, 'J(H,H) = 6.1 Hz, 2H; OCH(CH,),). 3.82 (s, 8H;  
ArCH,Ar), 3.62-3.57 (m+ 8H;  ArOCH,CH,OCH,CH,), 3.20-3.10 (m. 8H;  
ArOCH,CH,OCH,CH,), 0.84 (d, '4H.H) = 6.1 Hz, 12H; OCH(CH,),); I3C 
NMR (75 MHz, CDCI,, 25 "C, TMS): 6 = 156.4, 154.9 (s; Ar ipso). 134.6, 133.6 (s; 
Ar ortho), 130.0, 129.5 (d; Ar meta), 122.1, 121.9 (d; Ar para), 70.3 (d; 
OCH(CH,),), 72.9, 70.5, 70.2, 68.0 (t; OCH,), 39.1 (t; ArCH,Ar), 21.7 (4; 
OCH(CH,),); MS (CH,, DCI): m/z (%): 667.2 (100) [ M +  + HI; C,,H,,O, 
(666.81): calcd C 75.65, H 7.55; found C 75.52, H 7.63. 


25,27-Diethoxycalix[4]arenecrown-5, 1,3-ulternate (Sb) : Crystallized from CH,CI,/ 
MeOH (1/4); (40% yield). For membrane transport measurements the product was 
purified by PTLC (SiO,, CH,CI,/EtOAc (4/1)): M.p. 188-190°C; 'HNMR 
(250 MHz, CDCI,, 2 S T ,  TMS): 6 =7.09 (d, 'J(H,H) =7.4 Hz, 4H; ArH meta), 
7.03 (d, ,J(H,H) =7.5 Hz, 4H; ArH meta), 6.87 (t. 'J(H,H) =7.4 Hz, 2H; ArH 
para), 6.83 (t. 'J(H,H) =7.4 Hz, 2H; ArH para), 3.84 (s, 8H;  ArCH,Ar), 3.55 (s, 
8 H; ArOCH,CH,OCH,CH,), 3.45- 3.34 (m, 8 H; ArOCH,CH,; ArOCH,CH,O), 
3.17 (t, 'J(H,H) = 6.3 Hz, 4H; ArOCH,CH,O), 0.69 (t. 'J(H,H) = 6.9 Hz, 6H;  
ArOCH,CH,); NMR (250 MHz, CDCI,, 25 "C, TMS): 6 = 156.8, 156.1 (s; Ar 
@so), 134.5, 134.1 (s; Ar ortho), 129.4, 129.2 (d; Ar meta), 122.5 (d; Arpura), 72.6, 
70.5, 70.1, 68.6, 65.1 (t; OCH,), 38.2 (t; ArCH,Ar), 14.6 (OCH,CH,); MS (NBA, 
FAB): m/r (%): 637.7 (100) [ M ' ] ;  C,,H,,O, (639.76): calcd C 75.21. H 7.25; found 
C 75.00, H 7.20. 


25,27-Dihydroxyc9x[4~arenecrown-5 (9): 
Method A: To a solution of compound 6 a  (0.46 g, 0.76 mmol) in CHCI, (30 mL), 
iodotrimethylsilane (0.22 mL, 1.52 mmol) was added under nitrogen. The reaction 
mixture was refluxed for 2 h, then quenched with 10% HCI (50 mL) and transferred 
to a separatory funnel. The organic phase was separated and washed with a saturat- 
ed solution of Na,S,O, (30 mL) and with water (2 x 50 mL). Chloroform was re- 
moved under reduced pressure and the product crystallized from methanol (90% 
yield). M.p. 279-281 "C; 'HNMR (400 MHz, CDCI,, 2 5 T ,  TMS): 6 =7.74 (s, 
2H; OH), 7.07 (d, ,J(H,H) =7.5 Hz, 4H;  ArH meta), 6.82 (d, 'J(H,H) =7.5 Hz, 
4H;  ArH meta), 6.70 (t, '5 =7.5 Hz, 2H; ArH para), 6.68 (t, 'J(H,H) =7.5 Hz, 
2H; ArH paru), 4.42 (d, 'J(H,H) =13.0 Hz, 4H;  ArCH,Ar), 4.08 (s, 8H;  
ArOCH,CH,OCH,CH,O), 4.0-3.8 (m, 8H; ArOCH,CH,OCH,CH,O), 3.35 (d, 
'J(H,H) =13.0Hz, 4H, ArCH,Ar); "C NMR (75 MHz, CDCI,, 2 5 T ,  TMS): 
6 =153.4, 152.0 (s; Ar ipso), 133.2, 128.1 (s; Ar orrho), 129.0, 128.5 (d; Ar meta), 
125.3, 118.8 (d; Arpara), 76.8, 71.1, 70.2(t; OCH,), 31.1 (t; ArCH,Ar); IR(KBr): 
i. = 3500-3100 cm-' (bs, OH); MS (CH,, DCI): m/r (%): 582.2 (100) [ M ' ] ;  
C36H3807 (582.66): calcd C 74.21, H 6.57; found C 74.10, H 6.64. 
Method B: A mixture of calix[4]arene (5) (3.50 g, 8.25 mmol) and KOtBu (1.86 g, 
16.6 mmol) in dry benzene (750 mL) was stirred for 0.5 hat  room temperature. The 
mixture was then heated under reflux, and a solution of tetraethylene glycol di-p- 
toluene sulfonate (4.14 g, 8.25 mmol) in dry benzene (250 mL) was subsequently 
added dropwise over a 6 h period. After 48 h the reaction was cooled and washed 
with 1 N HCI (0.5 L). The aqueous layer was extracted twice with diethyl ether 
(0.5 L). The combined organic layers were washed with water, dried with MgSO,, 
and the solvent was removed under reduced pressure. The residue was purified by 
column chromatography (SiO,, CH,Cl,:EtOAc. 4:l v/v) from which 9 was ob- 
trained as a white solid (30%). 


25,27-Bis(2-propyloxy)calix[4]arenecrown-5, cone (l0a): To a solution of 9 (0.35 g, 
0.60 mmol) in dry DMF (25 mL), NaH (50% in oil, 0.29 mg, 6.0 mmol) and 2-iodo- 
propane (1.20 mL, 12.0 mmol) were added under nitrogen. The reaction mixture 
was stirred at room temperature for 8 h. The reaction mixture was quenched by 
adding (CAUTION!) 10% HCI ( S O  mL) and extracted twice with dichloromethane 
(2 x 30 mL). The combined organic layers were washed twice with water, and 
dichloromethane was distilled off under reduced pressure. Pure product 10a 
was obtained by crystallization of the residue from methanol (40% yield). M.p. 
194-195°C; 'HNMR (250MHz, CDCI,, 25°C TMS): 6=7.13 (d, 
,J(H,H) =7.4Hz,4H;ArHmeta),6.94(t, ,J(H,H) =7.4Hz, 2H;ArHpara),6.18 
(t, 'J(H,H) =7.2Hz, 2H;  ArH para), 6.02 (d, 'J(H,H) =7.2 Hz, 4H; ArH 
meta), 4.36 (d, *J(H,H) =13.5 Hz, 4H; ArCH,Ar), 4.28 (t. 'J(H,H) 
=7.1 Hz, 4H;  ArOCH,CH,OCH,CH,O), 4.06 (t, 'J(H,H)=7.1 Hz, 4H;  
ArOCH,CH,OCH,CH,O), 3.91 (sept, 'J(H,H) = 6.1 Hz, 2H; OCH(CH,),), 3.8- 
3.7 (m, 8H; ArOCH,CH,OCH,CH,O), 3.15 (d, 'J(H,H) = 13.5 Hz, 4H; 
ArCH,Ar), 1.34 (d, 'J(H,H) = 6.1 Hz, 12H; OCH(CH,),); I3C NMR (75 MHz, 
CDCI,, 25 "C, TMS): 6 = 158.6, 153.3 (s; Ar ipso), 136.8, 133.6 (s; Ar ortho), 129.1, 
127.2 (d; Ar meta), 122.0 (d; Arpara), 76.8 (d; OCH(CH,),), 72.6, 71.7, 70.5,69.3 


(t; OCH,), 31.6 (t; ArCH,Ar), 22.4 (4; OCH(CH,),); MS (CH,, DCI): m/z (YO): 
666.6 (100) [M'] ;  C,,H,,O,: calcd C 75.65, H 7.55; found C 75.57, H 7.64. 


25,27-Diethoxycalix~44jarenecrown-5, cone (10 b): Calixarene 9 (1.00 g, 1.72 mmol), 
NaH (55% in oil, 3.44 g, 17.2 mmol), and ethyl-p-toluenesulfonate (3.44 g, 
17.2 mmol) were dissolved in DMF (50 mL) at 0 "C. The mixture was stirred at 
room temperature for 24 h. The reaction was quenched by adding a 10% HCI, and 
the resulting solid was filtered off. The residue was dissolved in CH,CI,, washed 
twice with sat. NH,CI solution, and once with water, dried over MgSO, and filtered. 
The solvent was then removed under reduced pressure. The product was crystallized 
from CH,CI,/MeOH (1/4); (81 % yield). For membrane transport measurements 
the product was purified by PTLC (SO,, CH,CI,/EtOAc (4/1)), M.p. 247-249°C; 


ArH meta), 6.93 (t. ,J(H,H) =7.4 Hz, 2H; ArH para), 6.21 (t, 'J(H,H) =7.5 Hz, 
2H;  ArH para), 6.09 (d, ,J(H,H) =7.5 Hz, 4H; ArH meta), 4.38 (d, 
'J(H,H) =13.4 Hz, 4H; ArCH,Ar), 4.34-4.27 (m, 4H;  ArOCH,CH,O), 
4.14-4.07 (m, 4H; ArOCH,CH,O), 3.87-3.78 (m, 12H; ArOCH,CH,, 
ArOCH,CH,OCH,CH,), 3.17 (d, 'J(H,H) =13.4 Hz, 4H; ArCH,Ar), 1.48 (t. 
'J(H,H) =7.0 Hz, 6H;  ArOCH,CH,); NMR (250 MHz, CDCI,, 25 "C, TMS): 
6 =158.5, 154.6 (s; Ar ipso), 136.6, 133.1 (s; Ar ortho), 129.0, 127.4 (d; Ar mera), 
122.2 (d; Ar para) ,  72.7, 71.4, 70.6, 69.2 (t; OCH,), 30.9 (1; ArCH,Ar), 15.8 (4; 
OCH,CH,); MS (NBA, FAB): m/z (100): 637.8 (100) [M ' ] ;  C,,H,,O, (638.808) 
calcd C 75.21, H 7.26; found C 75.62, H 7.36. 


'HNMR (250MH2, CDCl,, 25°C. TMS): 6 =7.13 (d, 'J(H,H) =7.4Hz, 4H;  


25,27-Bis(Z-propyloxy)calix[4]arenecrown-5, partial cone (11): To a solution of 9 
(0.40 g, 0.68 mmol) and 2-iodopropane (0.68 mL, 6.86 mmol) in dry THF (20 mL), 
a suspension of potassium terr-butoxide (0.31 g, 2.74 mmol) in dry THF (20 mL) 
was added. The reaction mixture was refluxed for 12 h. Then THF was removed 
under reduced pressure and the residue quenched with 3 N HCI. The aqueous phase 
was extracted with dichloromethane (2 x 25 mL). The combined organic extracts 
were washed with I M  Na,S,O, (50mL), 3~ HCI (2x SOmL), and water 
(3 x 50 mL). Dichloromethane was distilled off under reduced pressure and the 
residue treated with methanol to afford pure compound 11 as a white precipitate 
(48% yield). M.p. 197- 198 "C; 'H NMR (400 MHz, CDCI,, 25 "C, TMS): 6 =7.18 
(dd, ,J(H,H) = 6.0, ,J(H,H) = 2.0 Hz, 2H;  ArH-6,16), 7.12 (d, 'J(H,H) =7.5 Hz, 
2H; ArH-22,24), 6.93 (t, 'J(H,H) =7.5 Hz; ArH-23), 6.89 (dd, 2H; ArH-4,18). 
6.86 (d, 2H; ArH-l0,12), 6.85 (t. 2H;  ArH-5,17), 6.56 (t, 'J(H,H) =7.6 Hz, 1H;  
ArH-ll), 4.44 (d, *J(H,H) =12.2 Hz, 2H; ArCH,Ar, HJ, 3.97 (d, 
*J(H,H) =18.0 Hz, 2H; ArCH,Ar, HB), 3.94 (ddd, 2H; ArOCHHCH,), 3.89 (d, 
'J(H,H) =18.0 Hz, 2H; ArCH,Ar, HA), 3.86 (sept, *J(H,H) = 6.2 Hz; CH(CH,),, 
H,), 3.77 (ddd, J=10.4, 8.5, 5.6Hz, 2H; ArOCHHCH,), 3.75 (sept, 
'J(H,H) = 6.4 Hz, 1 H; OCH(CH,),, HJ, 3.74-3.70 (m, 4H;  OCH,CH,), 3.65 
(d,d,d. J = 10.4, 8.5, 5.6 Hz, 2H; ArOCHHCH,), 3.64-3.60 (m, 4H; OCH,CH,), 
3.35 (ddd, J(H,H) = 9.7, 9.7, 5.6Hz, 2H;  OCHHCH,, HJ, 3.26 (d, 
'J(H,H) =12.2 Hz, 2H; ArCH,Ar, He,,), 1.33 (d, ,J(H,H) = 6.0 Hz. 6H;  
OCH(CH3),, HJ, 0.08 (d, 'J(H,H) = 6.0 Hz, 6H;  OCH(CH,),, HE); I3C NMR 
(75 MHz, CDCI,, 25°C TMS): 6 =156.8, 155.4 (s; Ar ipso), 136.4, 134.2, 132.9, 
132.6 (s; Ar orrho), 129.5, 128.8, 128.3, 127.6 (d; Ar meta), 122.7, 122.1, 121.3 (d; 
Ar para), 77.6 (d; OCH(CH,),), 73.0, 71.1, 71.0, 70.0 (t; OCH,), 40.0, 30.3 (t; 
ArCH,Ar), 22.6, 21.3 (4; OCH(CH,),); MS (CH,, DCI): m/z 666.5 (100) [ M + ] ;  
C,,H,,O, (666.81): calcd C 75.65, H 7.55; found C 75.54, H 7.61. The complete 
peak assignment (Fig. 9) of the 'H NMR spectrum for compound 11 has been 


_ - _  . .  


Fig. 9. Proton labeling and selected through-space correlations in compound 11. 


achieved unequivocally on the basis of 2 D  NMR experiments (COSY and 
NOESY). A clear through-space correlation of the doublet at 6 = 1.33 (H,) with the 
axial protons (HJ of the bridge indicates that this propyl group is oriented syn with 
respect to the crown moiety. The methyl signal of the anti-oriented isopropyl group 
(AHE = 0.08) correlates in the NOESY spectrum with H,, and H, of the aromatic 
nuclei bearing the crown and experiencing the shielding effect of the calix cavity. A 
significant high-field shift (6 = 3.35) is also experienced by one (HJ of the two 
ArOCH, protons of the crown, which is facing the anti oriented aromatic nucleus. 
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X-ray structure determination of compound 6a: A single crystal of 0.2 x 0.1 x 0.3 mm 
suitable for X-ray diffraction measurements was mounted on a glass fiber without 
protection from the air. The crystal data and most relevant experimental parameters 
used in the crystal structure analysis are reported in Table 11. The intensities were 


Table 11. Experimental data for the X-ray diffraction studies on 6 a  


formula 
cryst. system 
space group 
cell parameters at 295 K [a] 
a,  A 
b, 8, 
c, A 
P ,  
v, A3 


DeaiCd, g 
F(OO0) 
mol. wt 
linear abs. coeff., cm-’ 
diffractometer 
scan type 
scan speed, degmin-’ 
scan width, ’ 
radiation 
20 range, ’ 
reflns measured 
total data measured 
criterion for observation 
observed data measured 
unique observed data 
agreement between equiv. observed reflns 
no. of variables 
max. &/c on last cycle 
R = XlA~lIXlFol 
R,  = ~ w ” * ~ A F ~ / ~ w ” z ~ F ~ ~  
GOF = EwlAF12/(N0 - NV)]”’ 


C3,H,,0,.0.5 CHCI, 
monoclinic 
P2,lc 


18.498(4) 
12.901 (3) 
29.1 75 (6) 
90.56(2) 
6962(2) 
8 
1.279 
2840 
670.43 
17.21 
Siemens AED 


3-12 
(0 - 0.65), [0 +(0.65 +ALL-’tg0] 
Cu,, (1.54178 A) 
6-140 


14148 


10376 
10 000 
0.107 
871 
0.07 
0.097 
0.097 
2.31 


spe 


+h,  +k,  + I  


122u(1) 


[a] Unit cell parameters were obtained by least-squares analysis of the setting angles 
of 30 carefully centered reflections chosen from diverse regions of reciprocal space. 


calculated by profile analysis according to Lehmann and Larsen [38] and corrected 
for Lorentz and polarization effects. One standard reflection, collected every 100 
reflections, showed no significant fluctuation. The structure was solved by direct 
methods using SIR92 [39] and completed by successive Fourier syntheses using 
SHELX76 [40]. The chloroform solvent molecule was affected by severe static 
disorder with the CCI, group distributed over three different positions. The struc- 
ture was refined by blocked full matrix least-squares methods, first with isotropic 
and then with anisotropic displacement parameters. All the hydrogen atoms were 
positioned on geometrical grounds (C-H = 1.0 A) and refined “riding” on their C 
atoms. Different displacement parameters were used for the H atoms of each 
phenolic ring and for those of each crown chain. The atomic scattering factors of the 
non-hydrogen atoms were taken from Cromer and Waber [41]; the values of Af and 
Af’ were those of Cromer [42]. The geometrical calculations were obtained by 
PARST [43]. All the crystallographic calculations were carried out on the Gould 
Encore91 of Centro di Studio per la Strutturistica Diffrattometrica, CNR Parma. 
Crystallographic data (excluding structure factors) for the structure reported in this 
paper have been deposited with the Cambridge Crystallographic Data Centre 
as supplementary publication no. CCDC-122012. 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 or e-mail: 
teched@chemcrys.cam.ac.uk). 


Membrane Transport: The polymeric film Accurel” was obtained from Enka Mem- 
brana. o-Nitrophenyl n-octyl ether (NPOE) was purchased from Fluka and was 
used without further purification. KCIO, and NaCIO, were of analytical grade and 
obtained from Janssen Chimica. The transport experiments were carried out in a 
permeation cell consisting of two identical cylindrical compartments (half-cell vol- 
ume: ca. 50mL; effective membrane area: ca. 13.5cm2). Details of this cell have 
been described elsewhere [MI. Aqueous solutions of KCIO, and NaCIO, were used 
as source phase. Doubly distilled and deionized water was used as receiving phase. 
Supported liquid membrane consisted of a thin microporous polypropylene film 
(AccureP, thickness d =lo0 mm, porosity 64%) immobilizing the solution of the 
carrier in NPOE. The measurements were performed at 25 kO.1 “C at least in dupli- 
cate. The transported perchlorate salts were determined by monitoring the conduc- 
tivity (radiometer CDM 83 conductivity meter and Unicam 9550160 electrode with 
a cell constant of 0.95 cm-I) of the receiving phase as a function of time in the case 


of single-ion transport and by atomic absorption in case of competitive transport. 
The standard deviation in the transport measurements is about 15 %. Salt activities 
were calculated according to Debye-Huckel theory [45]. 


Reagents for CHEMFETs: High molecular weight (HMW) PVC was obtained from 
Janssen Chimica; bis(2-ethylhexyl) sebacate (DOS), and potassium tetrakis[3,5- 
bis(trifluoromethyl)phenyl]borate (KTTFPB) were purchased from Fluka. The al- 
kali and alkaline earth chlorides used were of analytical grade (Merck-Schuchardt) , 
except potassium chloride and sodium chloride (Suprapur, Merck-Schuchardt). 
The pH 4 buffer was purchased from Yokogawa. Tetrahydrofuran (THF) was 
freshly distilled from sodium/benzophenone ketyl before use. All solutions were 
made with deionized, doubly distilled water. 


CHEMFETs: CHEMFETs were prepared from ISFETs (ion-sensitive field effect 
transistors) with dimensions of 1.2 x 3 mm. Details of the fabrication of the ISFETs 
modified with poly(hydroxyethy1 methacrylate) hydrogel (polyHEMA) have been 
described previously [46,47]. The modified ISFETs were mounted on a printed 
circuit hoard, wire-bonded, and encapsulated with epoxy resin (Hysol H-W796/C8 
W795). The polyHEMA-layer of the ISFETs was conditioned by immersion in a 
buffered (pH = 4) 0.1 M KCI solution for 1 h, prior to solvent casting. The ion-sen- 
sitive membrane was cast on the polyHEMA hydrogel by adding one drop of THF 
solution containing 100 mg of a mixture composed of HMW-PVC (33 wt %), plas- 
ticizer (65.5%), ionophore (1 wt%), and KTTFPB (50mol%, with respect to the 
ionophore) per mL of THE The THF was allowed to evaporate overnight. 


CHEMFET Measurements: The output signal of the CHEMFETs was measured in 
a constant drain-current mode (Id = 100 PA), with a constant drain-source potential 
(V,, = 0.5 V). This was achieved by using a CHEMFET amplifier of the source- 
drain follower type (Electro Medical Instrumentation, Enschede, The Netherlands). 
The developed membrane potential was compensated by an opposite potential 
(AVB8) via the reference electrode. A saturated calomel electrode (SCE) was used as 
reference, connected to the sample solution through a salt bridge filled with 1 . 0 ~  
LiOAc. Ten CHEMFETs were monitored simultaneously and the data were collect- 
ed and analyzed with an Apple IIGS microcomputer. Computer-controlled switches 
allowed disconnection of CHEMFETs that showed too high a leakage current 
(I, t 50 nA) . All equipment was placed in a dark and grounded metal box in order 
to eliminate any effects from static electricity and photosensitivity of the CHEM- 
FETs. The potentiometric selectivity coefficients, qq‘, were determined by the fixed 
interference method (FIM) [48]. The constant background concentration of the 
interfering ion was 0.1 or 1 M. Before starting the measurements the CHEMFETs 
were conditioned in 0.1 M KCI. All measurements were carried out by titration of 
25 mL of 0.1 or 1 M interfering cation with 0.01 and 1 . 0 ~  KCI solutions at a pH of 
7. CHEMFETs were stabilized for 15 min after immersion in the interfering cation 
solution before starting the titration. 
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Pulled Molecular Strings and Stacked Molecular Decks : 
Chelate-Ring Formation vs. Metal - Metal Bridging in Dicopper(1) Complexes 
of 2,2’-Bipyrimidine with Diphosphine Ligands of 
Variable Polymethylene Chain Length 


Manuela Schwach, H.-D. Hausen, and Wolfgang Kaim* 


Abstract: The “self-assembly” reaction troscopic results for the dissolved species polymethylene chain length 1s reduced 
between bischelating 2,T-bipynmidine, indicate a strained configuration in the one notch further to n = 5 (5), the diphos- 
metallic copper, Cu2+, and two equiva- case of complex [(p-bpym)Cu,{p-Ph,P- phines can no longer bridge but help to 
lents of bidentate Ph,P(CH,),PPh, pro- (CH,),PPh,),J2+ (6) with n = 6 Once the form eight-membered chelate rings (struc- 
duces crystallographically characterized ture I). In this complex there is a distor- 
dinuclear complexes with a [Cu’(p-bpym)- tion towards a trigonal-pyramidal coordi- 
CU’]~+ core and chelating (n = 5; type I) nation geometry at the copper(]) centers, 
or bridging diphosphine ligands (n = 6 , s ;  which is supported by the formation of 
type II). Structures I1 may be designated an “organic sandwich” arrangement be- 
as “inverse cryptate” arrangements. The tween the central bpym acceptor and two 
structural data of the solids and the spec- phosphino phenyl rings. 


Introduction 


Copper(1) centers are exceptionally well suited for structuring 
“metallasupramolecular” systems,“] as is now well documented 


by the example of catenatesL2] and molecular knots,13] helical 
41 and molecular grids.[’] Among the reasons for 


this are the geometrical flexibility of ligand coordination at this 
3 d” ion, including the ambiguity in the preferred coordination 
number between 4 and 3, and its ability to form rather stable 
bonds to LLnormal’’ ligands despite its low (i.e., monopositive) 
charge. Besides their structural significance in metalla- 
supramolecular chemistry, copper(1) complexes have found in- 
terest as models for biological Cu’ sites,[69 71 as tools in molecular 
biology,181 as pharmacologically active c~mpounds,’~] as cata- 
lysts for 0, activation,[”] as light-emitting species,[’ and as 
photocatalysts.[”] 


Within our program of studying molecule-bridged dinuclear 
complexes with unusual optical, magnetic, and electron transfer 
properties we have recently established a first “inverse cryptate” 
structure 1 involving a central bridging bischelating radical lig- 
and, two bridgehead Cu’ centers, and two bridging diphosphine 


I n 
l* 


3 Ph2P-(Ctian-PPh2 


Scheme 1. [(p-bpym)Cu,{p-Ph,P- 
fi (CH2).PPh,},]2+ with chelating 


(n = 5; type I) or bridging diphos- 
phine ligands (n = 6 , 8 ;  type 11, “in- N ’ N  


UJ verse cryptates”). 
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“straps”, p-Ph,P-(CH,),-PPh, .[I3] This structure was referred 
to as “inverse cryptate” because the metal ions rather than ni- 
trogen donor atoms serve as bridgehead centers while an encap- 
sulated donor-containing ligand occupies the central cavity in- 
stead of a metal cation. In a systematic study we have now tried 
to establish where the border lies between such “inverse 
cryptate” triply bridged dicopper(1) structures and the “nor- 
mal” situation, which involves chelating behavior of the diphos- 
phines.[14] 


The bischelate ligand used was the ‘‘linearly’’ bridging n-ac- 
ceptor 2,2’-bipyrimidine (bpym) ,[79 - and the variable in 
our study was the number n, the length of the polymethylene 
chain in the diphosphines Ph,P(CH,),PPh,. As a structural ref- 
erence system, we could use a related complex [(p-bpym)- 
Cu,(PPh,),](BF,), (2) with monodentate triphenylphosphine 
ligands.t7. ‘’‘I This complex is characterized in the solid by a not 
uncommon[2, 71 type of tetrahedral to trigonal pyramidal distor- 
tion at the copper@) centers, which results from an apparent 
attractive n-n-n interaction (“organic sandwich” structure) 
between the central bpym acceptor system and two of the phos- 
phino phenyl rings (Fig. 1) .[’ ‘‘I 


0 


2 (dication) 


Fig. 1. Stacked decks in the dication of 2. 


Recently, some species related to 1 were reported which in- 
volve weakly binding p-q’ : $-nitrate (3) or p - ~ l  :q’-perchlorate 
(4) as encapsulated bridging ligands.[’*] 


3 4 


Whereas dicopper(1) complexes with exclusively bridging lig- 
ands are considered there is an extensive body of recent 
structural data on bpym-bridged multinuclear copper(r1) com- 
pounds, which were primarily studied for their magnetic ex- 
change behavior.[’61 In this work we report the complexes [ (p- 
~PY~)C~,{P~~P(CH~),PP~,},I(BF~)~ [n = 5 (51, 6 (6), 7 (71, 


and 8 (S)], which were obtained as exclusive products from the 
comproportionative four-component “self-assembly” process 
summarized in Equation (1) .17, 1 3 ,  ’‘I 


Compounds 5, 6, and 8 could be crystallized for X-ray struc- 
ture analysis, revealing the transition between the chelate struc- 
ture (I) with “organic sandwich” support and the “inverse 
cryptate” alternative (11) (Scheme 1). 


Results and Discussion 


Structure: Compounds 5-8 were obtained according to Equa- 
tion (1) as orange-red materials which exhibit visible lumines- 
cence, particularly in the solid state.[”” ”I 


Crystallization of the complexes from methanol (5, 8) or 
dichloromethane (6) gave crystals suitable for X-ray diffraction 
and structure analysis. The crystal data, conditions of measure- 
ment, and refinement parameters are summarized in Table 1 .[”] 
Figures 2-4 show the molecular structures of the dications with 
some selected bond parameters. For an overall description and 
differentiation of the structures, some nonbonding distances 
and dihedral angles are valuable; these are listed for 2,5,6,  and 
8 in Table 2. 


All compounds [ (p-bpym)Cu,{~-Ph,P(CH,),PPh,},I(BF4), 
have discrete ions in the crystal with no special intermolecular 
interactions. Compounds 5 and 6 crystallize with solvent mole- 
cules. For 5 there are two crystallographically independent but 
otherwise quite similar dications in the crystal. In each case, the 
dication possesses a center of symmetry. 


Starting with compound 8, a relaxed “inverse cryptate” situa- 
tion was found, that is, bridging of both metal centers by bpym 
and the two diphosphine ligands (Fig. 2). The octamethylene 
chains are folded in order to fit into the available space. The 
complex dication of 6 exhibits a qualitatively similar structure 
(Fig. 3); however, there are significant structural differences 
with respect to the two other new structures reported here 
(Table 2). The distinct lengthening of the Cu-Cu and P I  -P2a 
distances and the shortening of the P 1 -P2 distance indicate 
that the hexaphos ligand Ph,P(CH,),PPh, has become a rather 
short “strap” for this particular arrangement. The resulting 
strain clearly involves the Cu-P bonds, which now differ by 
4.6 pm (1.4 pm in 8); on the other hand, it is not reflected in the 
bond parameters of the hexamethylene chain, which are still 
normal. There was no strain observable in compound 1, which 
also contains two hexaphos bridges but which involves a differ- 
ent bridging ligand that induces a smaller Cu-Cu distance of 
about 489 ~ m . [ ’ ~ ]  For Cu”(p-bpym)Cu” systems, the Cu-Cu 
distances vary between 545 and 568 pm.[’61 Considering the 
pulling together of the PPh, units by the shorter oligomethylene 
chain, it is clear that the Pl-Cu-P2 angle of 133.0’ for 6 is 
distinctly larger than the value of 122.2’ for 8. However, both 
compounds contain four-coordinate copper(1) centers with still 
similar bonds to both phosphorus donor atoms. 


Tightening the strap one notch further in 5, the 
oligomethylene link becomes too short to allow an “inverse 
cryptate” structure (11) with bridging diphosphine Iigands; in- 
stead, the diphosphines now act as chelate ligands (alterna- 
tive I). The resulting eight-membered chelate ring system is 
not unusual; a similar arrangement P-M~-P-(cH,),J was re- 
ported recently.[’4a1 There is also a high degree of asymmetry at 
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Table 1. Crystal data collection and refinement parameters. 


5 6 8 


emp. formula 
M [gmol-'1 
crystal size [mm] 
crystal system 
space group 
a bml 
b bml 
c [pml 


["I 
B ["I 
Y ["I 
v m31 
Z 
p (calcd) [ g ~ m - ~ ]  
no. reflections for unit cell determination 
2 8 range 
scan type 
scan width ["I 
scan speed ["min-'1 
index ranges 
standard reflections 
reflections collected 
independent reflections 
observed reflections (F<4o(F)) 
F(OO0) 
I1(MOKI) [mm-ll 
R, = C(IFol - IF,l)/CIFnl 
Rz = Ew(IFnl - I F , l ) z / C ~ ~ ~ l l ' z  
GoF = [w(lF0l - IF,I)'/n -PI"' 
max./min. electron-density residuals [ x 10 


C66H66C~lN,P4.2 BF;2 CH,OH 
1403.89 
0.25 x 0.2 x 0.1 
monoclinic 
P2Jn [ITC no. 141 
2468.4 (2) 
1079.9(1) 
2516.8(2) 
90.0 
100.16(1) 
90.0 
6603.7(11) x lo6 
4 
1.412 
70 (5128124")  
2 1 2 0 1 4 8 "  


1.3 
3-60 
O I h 1 2 7 ;  O I k 1 1 2 ;  -2411124 
2 measured every 98 reflections 
10592 
10325 
5510 
2904 
0.81 
0.065 
0.061 [W =l/u2(F) +0.0006F2] 
1.32 


w 


-' e ~ m - ~ ]  1.10/-0.67 


C6,H,,C~,N4P,.2 BF4.4CHzClz 
1707.6 
0.3 x 0.25 x 0.25 
monoclinic 
P2,/c [no. 141 
1060.9(2) 
1817.2(4) 
2112.4(4) 
90.0 
98.94(3) 
90.0 
3932.4(11)x lo6 
2 
1.442 
39 ( 1 0 ~ 2 0 1 2 4 ~ )  
3 1 2 0 ~ 4 8  


1.2 
variable, 8-60 
O I h S 1 2 ;  0 1 k 1 2 0 ;  -1711119 


w 


6553 
6178 
3958 
1748 
0.956 
0.077 
0.084 [K, =l /oZ(F)  +0.0036F2] 
1.31 
l.OS/- 1.23 


c /  


Fig. 2. Molecular structure of the dication in the crystal of 8. Selected bond lengths 
[pmlandangles["]:Cu-Nl 207.6(2),Cu-N2211.4(2),Cu-P1 227.2(1),Cu-P2 
225.8(1), C4-C4a 143.6(4), Nl-Cu-N2 76.7(1), P1-Cu-P2 122.2(1). 


C14 


C04 


Fig. 3. Molecular structure of the dication in the crystal of 6.4CHzC1,. Selected 
bond lengths [pm] and angles ["I: Cu-Nl  217.2(6), Cu-N2 214.1(6), Cu-Pl  
227.6(2), Cu-P2 223.0(2), C4-C4a 148.3(14), NI-Cu-N2 78.1(2), Pl-Cu-P2 
133.0 (1). 


C,2H,,CuzN4P4.2 BF4 
1424.0 
0.25 x 0.2 x 0.15 
triclinic 
PT [no. 21 
948.0(2) 
1344.9 (2) 
1393.8(3) 
74.00(1) 
71.17(1) 
77.96(1) 
1602.8(8) x lo6 
1 
1.475 
36 (20120130") 
3 <20<58°  
w (Wyckoff) 
1.2 
2-29 
O I h 1 1 3 ;  1 7 1 k 1 1 8 ;  -2811128 


8864 
8864 
7031 
738 
0.835 
0.041 
0.043 [w =l/uZ(F) + 0.0006F2] 
1.38 
033-0.53 


C64 


Fig. 4. Molecular structure of one crystallographically independent dication (no. 2) 
in the crystal of 5 .2CH30H (side and top views). Selected bond lengths [pm] and 
angles ["I, no. 1:  C u l - N l  211.2(7), Cu l -N2  209.1(7), Cu l -P I  222.5(2), C u l -  
P 2  229.0(2),C4-C4a 148.2(15),Nl-Cul-N2 79.1 (3), P2-Cul-PI 117.3(1); no 2: 


C 8a 148.7(16); N 3-Cu2-N4 79.0 (3), P 3-Cu2-P4 116.0(1). 
Cu2-N3 209.4(7), C~2-N4212.4(7),  Cu2-P3 222.1 (2), C~2-P4228.3(2),  C8- 
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Table2. Characteristic nonbonding distances d [pm] and angles H ['I in (2,2'- 
bipyrimidine)dicopper(r) complexes. 


4 ° C "  4 I P 2  & P l "  0 [a1 A0 


2 562.2 397.2 768.9 102.7, 134.7 32.0 
5 a  560.4 385.5 778.5 102.7, 140.2 37.5 
5 b  560.6 382.0 780.4 102.7, 142.1 39.4 
6 576.4 413.2 752.6 111.4. 115.8 4.4 
8 567.2 396.6 785.9 116.9, 122.9 6.0 


[a] Angles between Cu-P bonds and corresponding N-Cu-N planes 


the copper centers in 5.  The distorted tetrahedral coordination 
geometry as observed for 6 and 8 is further distorted in the 
direction of a trigonal pyramidal (3 + 1) coordination, involving 
the further lengthening of one Cu-P bond and the shortening of 
the other at each side of the centrosymmetric dications in 5. The 
most obvious feature of the distorted coordination geometry 
concerns the very different angles 0 between the two Cu-P 
bonds and the corresponding N 1-Cu-N 2 plane; the differences 
A0 are larger in 5 than in the triphenylphosphine derivative 2 
and, of course, much more pronounced than in either 6 or 8 
(Table 2). Such distortions reflect the rather facile change from 
four- to three-coordination at Cu' centers;[231 they have been 
observed similarly in bis(1 ,lo-phenanthroline)copper(r) com- 
p l exe~[~]  and the various subspecies of Type 1 copper centers in 
blue copper proteins.[61 


The distortion at the individual metal sites in 5 is also reflect- 
ed by the obvious nonplanarity of the [Cu(p-bpym)CuI2+ core 
(Fig. 4); these distortions are, perhaps cooperatively, supported 
by a n-type stacking interaction in which two (P-)phenyl rings 
almost sandwich the central 2,2'-bipyrimidine heterocycle. 
Whereas the bischelate-forming bpym is a n: acceptor,[7, 15] the 
phosphine-bound phenyl rings may rather be regarded as n-do- 
nating. The view from the top (Fig. 4) supports this notion of a 
n-n-n: interaction; the closest interatomic distance between the 
decks is d(C8a-C76) = 329.3 pm, and the dihedral angles be- 
tween decks are 11.4 and 12.3" for the two crystallographically 
independent dications. Whereas the stacking interaction is thus 
slightly weaker in 5 relative to the analogue 2 with PPh, lig- 
 and^,[^, IC1 the distortion towards a trigonal pyramidal coordi- 
nation geometry at Cu' is more pronouced in 5 (Table 2). Simi- 
lar but more extended stacking to form a "pleated" structure 
has recently been reported for a metal-free arrangement;[241 the 
structural role of the metal here is that of a hinge. 


The assignment of oxidation states Cul(bpymo)Cul for the 
central dicationic core is supported by the inter-ring distances of 
143.6- 148.7 pm for the 2,2'-bipyrimidine ligand in compounds 
2,[71 5,6 ,  and 8; the slight shortening in comparison to the value 
of 150 pm for free bpym["] signifies some amount of back-do- 
nation from the electron-rich metal centers to the x-acceptor 
ligand.[261 The two pyrimidine halves are coplanar; a very small 
dihedral angle of 1 .lo was found for 2I7I whereas Cu"(bpym)Cu" 
compounds exhibit higher values.[161 


a> 0.5 mTI73 271 indicates a certain amount of spin transfer from 
bpym'- to the Cu-P bonds, which should be influenced by the 
structure. 


While the static structures of the complex dications in the 
crystalline state were discussed and rationalized above, the dis- 
solved complexes may reveal linkage equilibria and other dy- 
namic behavior. We therefore analyzed the complexes 5, 6, and 
8 by 'H and 31P NMR in [D,]dichloromethane solution be- 
tween 190 and 300 K. The observed line-broadening effects at 
higher temperatures (see Fig. 5, Table 3, and Experimental Pro- 
cedure) indicate dynamic processes occurring on the NMR 
timescale; they also reveal the existence of two 31P resonances 
for 6 (Table 3) and the formation of triorganophosphine oxide 
signals at 6 = + 20- + 60 (31P NMR) after longer contact of 
the dissolved species with air (Cut catalysis). 


Table3. Spectroscopic and electrochemical data for complexes 


5 6 7 8 


31P NMR in CD,CI, 
6 -5.70 [a] 


363 
462sh 


-1.28 


2.0017 
0.467 
0.213 
0.71 
0.92 


- 2.33 [a] 
- 14.04 


348 
435sh 


-1.17 


2.0026 
0.50 
0.213 
0.79 
1 .oo 


-2.52 [a] -1.98 [b] 


365 357 
436sh 426sh 


-1.20 -1.13 


- [Jl 2.0020 
- 0.50 
- 0.213 
- 0.67 
- 0.90 


[a] Broad at 300K, narrowing at lower temperatures. [b] Very broad at 300K, 
narrowing at lower temperatures. [c] Molar extinction coefficient E = 
5000f 5 0 0 ~ - ' c m -  
[el Potentials in V vs. Cp,Fe'", IOOmVs-' scan rate, peak potential differences 
60-100mV. [f] Irreversible oxidation processes at about + 1.OV vs. Cp,Fe+". 
[g] EPR of one-electron reduced forms (cationic complexes) in CH,CI,/O.l M 


Bu,NPF,. [h] a(H-5.5') of bpym. [i] u ( ~ ~ C U )  = 1.07 x a(63Cu). [j] Not determined. 


[d] Molar extinction coefficient E = 3000k 500~- ' c rn -  


Both effects suggest equilibria based on the lability of the 
Cu-P bond; Scheme 2 illustrates how the subsequent cleavage 
and reformation of two Cu-P bonds could i) contribute to the 
conversion between structures I and 11, and ii) produce interme- 
diate arrangements with three-coordinate copper(i), coordinat- 
ed and uncoordinated triorganophosphine groups. 


and solid state materials[29] with 
both four- and three-coordinate Cu' centers are well known 
and so are oligocopper(1) systems with exclusive tricoordina- 
tion.[''. 231 The structural results described for complex 5 sug- 
gest that the inversion-symmetric arrangement should prevent 
the formation of significant amounts of completely free diphos- 


Dinuclear 


Correlation with spectroscopy and electrochem- 
istry: In addition to their luminescence in the 
solid state and in solution,[' the remark- 
able feature of dinuclear complexes like 2 is the 
chemically and electrochemically reversible 
one-electron reduction to paramagnetic mono- 
cations with the spin predominantly centered 
in the n* MO of the central bischelating hetero- 


6 3 c U ,  65cU, and 31P coupling constants Scheme 2 Interconversion of structures I and 11, showing intermediates with three-coordinate copper([) 


fx 
(.-oa * c o - " 3  u u 2- 
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cycle.[7, 271  Nevertheless, the presence of c n  4y4 3,4 373 3,4' 4', 4' 
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phine ligands; further decrease of the coordination number 
from three to two is also unlikely. Nevertheless, the appearance 
of two signals for dissolved 6 that are assigned to coordinated 
(6 = - 2.33,  broad) and free diphenylalkylphosphine groups 
(-14.04) in the 31P NMR spectrum indicates partial Cu-P 
bond cleavage (Scheme 2), probably to relieve the strain ob- 
served in solid 6 (Fig. 3, Table 2) and in agreement with the 
biologically relevantI6] ambivalence with regard to the preferred 
coordination number 3 or 4 of copper(1) .[7, 191 A third alterna- 
tive to recombination to either structure I or I1 would be the 
forniation of coordination polymers. This possibility has not 
been observed for the compounds discussed here; the entropi- 
cally favored formation of ring structures in either I or I1 seems 
to dominate over intermolecular linking by the diphosphine 
ligands. We consider the bonds between the copper(1) centers 
and rigid, basic, bischelating 2,2’-bipyrimidine more inert than 
the Cu-P bonds; a different situation exists when weakly coor- 
dinating anions such as nitrate (3) or perchlorate (4) serve as 
encapsulated p,q’  :?‘-bridges between copper(1) 


In addition to “on-off’ equilibria[“] as shown in Scheme 2 
and as assumed for the strained “borderline” structure 6,  the 
generally observed line-broadening processes can involve vibra- 
tional equilibration of Cu-P 1 and Cu-P2a bonds, and espe- 
cially the torsional motions within the partially flexible 
oligomethylene chains of the diphosphine ligands. A well-docu- 
mented example is complex 8, which exhibits one 6(H-4,6,4,6) 
signal in the ‘HNMR spectrum at 280 K in CD,Cl, but two 
split signals at 190 K (Fig. 5). 


- -  - 
3.0 8 . 0  7 . 0  


PPM 


Fig. 5.  ‘H NMR spectra of 8 in CD,CI, at 190, 260, and 280 K (from top to 
bottom). 


The EPR results of one-electron reduced, that is, monoca- 
tionic species (Table 3) clearly demonstrate the interaction of 
four equivalent 31P nuclei with the unpaired electron, which is 
primarly localized in the 2,2‘-bipyrimidine ligand IT system. 
There is also a hyperfine interaction with two equivalent copper 
centers, with 63Cu and 65Cu present in natural abundance 
of 69.2 % and 30.8 Yo, respectively. This situation produces 
three isotope combinations, 63Cu/63Cu (47.9 %), 63C~/65Cu 
(42.6Y0), and 65Cu/65Cu (9.5%), and thus three EPR sub-spec- 
tra; both isotopes have a nuclear spin of I = ”2, but the nuclear 
g factor and thus the hyperfine splitting is larger by about 7 % 
for 65cU.[7, 301 


What are the electrochemical and EPR spectroscopic features 
(Table 3) that correlate with the structural results? Compound 5 


is distinguished by a rather negative reduction potential, where- 
as the radical cation form of 6 stands out by large 63,65Cu and 
31P hyperfine coupling in the EPR spectrum. The low Ere* value 
of 5 agrees with a qualitatively different structure I, in which 
additional IT donation from P-phenyl rings (Fig. 4) can diminish 
the reducibility of the bpym IT system. Concerning the EPR 
results, we have shown above that 6 exhibits a distortion which 
creates large P-Cu-P angles of 133.0” and thus increased overlap 
between the Cu-P o bonds and the bpym IT system. This struc- 
turally caused interaction is responsible for the increased EPR 
hyperfine splitting of the 31P and 63s65Cu nuclei (Table 3). 


Conclusion 


We have presented a striking example of how the structural 
flexibility of Cu’ allows for the construction of topologically 
unusual arrangements within the concept of molecular architec- 
ture. The resulting structural variations affect physical proper- 
ties, and the most interesting effects were observed for those 
strained species situated at the border between two different 
linkage modes, I(5) and I1 (6) .  Within the set of three systemat- 
ically analyzed analogues presented, the effects of alkyl chain 
length restriction and stacking between metal-hinged aromatic 
“deck” ligands has been observed, demonstrating the excellent 
suitability of copper(1) for supporting noncovalent interactions. 


Experimental Procedure 


Materials: Compounds 5 and 6 [7] and the diphosphine ligands Ph,P(CH,),PPh, 
(n = 7  and 8 )  (311 were obtained following literature procedures. 


Compounds [(p-bpym)Cu,{p-Ph,P(CH,),PPhz}z~(BF,),, n =7 (7) and n = 8 (8): A 
suspension containing bpym (158 mg, 1 mmol), copper powder (95 mg, 1.5 mmol), 
Cu(BF,), (237 mg, 1 mmol), and Ph,P(CH,),PPh, (2 mmol) was heated under re- 
flux for 1 h in dichloromethane/methanol (50 mL, 5/l v / ~ ) .  The unreacted copper 
powder was filtered out of the hot orange-red solution, which was then reduced to 
25 mL, treated with n-hexane (25 mL) and left to crystallize at - 15 “C. The precip- 
itated microcrystals were washed with diethyl ether and dried under vacuum. Al- 
though the solid compounds are air-stable, the dissolved species produce ” P  NMR 
signals of phosphine oxides after prolonged contact with air. 
Compound 7: 564 mg, 40% (crystallized material). ‘H NMR (250 MHz, CD,OD): 
6 = 0.6-2.4 (brrn, 28 H, CH,), 7.28-7.78 (m, 42H, H-5,5’ and phenyl H),  9.04 (brs, 
4H. H-4.4.6.6); C,,H,,B,Cu,F,N,P, (1410.0): calcd C 59.63 H 5.29 N 3.97, found 


Compound 8: 708 mg, 50 % (crystallized material). ‘H NMR (250 MHz, CD,OD): 
6 =0.9-2.S(brm,32H,CH,),7.14-7.71 (m,42H,H-5,5’andphenylH),8.98(brs, 
4H, H-4.4.6.6‘); ‘HNMR (250 MHz, CD,CI,, 280 K): 6 = 0.8-2.4 (brrn, 32H. 
CH,), 7.0-7.8 (m. 42H, H-53’ and phenyl H), 8.90 (brs, 4H, H-4.46.6‘); ‘H NMR 
(250 MHz. CD,CI,, 190 K): 6 = 0.7-2.4 (brm, 32H. CH,), 6.8-7.9 (brm, 42H, 
H-5.5’ and phenyl H),  8.50 (brs, 2H, H-4,4‘), 9.02 (brs, 2H, H-6,6); 
C,,H,,BzCu2F,N,P, (1424.0): calcd C 60.73 H 5.52 N 3.93, found C 61.40, H 5.51, 


C 59.40 H 5.46 N 3.88 Yo. 


N 4.36%. 


Instrumentation: EPR spectra were recorded in the X band on a Bruker System 
ESP300 equipped with a Bruker ER035 M gaussmeter and a HP 5350B microwave 
counter. ‘H NMR spectra were recorded on a Bruker AC250 spectrometer, UV/Vis 
absorption spectra were recorded on Shimadzu UV 160 and Bruins Instruments 
Omega 10 spectrophotometers. Cyclic voltammetry was carried out in dichloro- 
methane/O.l M Bu,NPF, with a three-electrode configuration (glassy carbon elec- 
trode, Pt counter electrode Ag/AgCl reference) and a PAR M273 potentiostat and 
function generator. The ferrocenium/ferrocene couple served as internal reference. 


X-ray crystal structure determination: Crystals suitable for X-ray diffraction were 
grown by slow diffusion of n-hexane into dilute solutions (CH,OH for 5 and 8, 
CH,CI, for 6); they were selected in nujol and sealed in glass capillaries. Com- 
pounds 5 and 6 each crystallize with eight molecules of solvent per unit cell. During 
X-ray data collection of compound 6, a decrease of intensity of selected reflections 
was observed as a consequence of crystal decomposition (slow loss of solvent). 
Although the measurements, especially for weak reflections, were done with rela- 
tively high scan speed, two crystals of 6 were necessary to cover the 2 R range. 
Electron density distribution in AF maps for 6 as well as high thermal displacement 
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parameters and the extremely anisotropic behavior of the chlorine atoms suggest a 
disorder in orientation of the CH,CI, molecules; the best results were obtained by 
a more arbitrary splitting of the CI positions. There are also indications of disorder 
in the BF,- anions in compound 5; however, attempts to split the F positions were 
unsuccessful. 
Data collection: four circle Siemens P4 diffractometer (5,6); four circle Syntex P2, 
(8); Mo,, (graphite-monochromated) radiation; T = - 100°C. Structure solution: 
Patterson method (5). direct methods (6.8). Corrections: Lorentz and polarization 
effects. Refinement: blocked full-matrix least squares; 811 (5), 433 (6), 563 (8) 
parameters refined; quantity minimized ~ i v ( F ,  - c)2; anisotropic thermal dis- 
placement parameters for non-hydrogen atoms except those of CH,CI, molecules 
(isotropic); for 5 and 6, hydrogen atoms calculated in ideal geometrical positions 
with C-H bond length of 96 pm, fixed U,,, at 800 pm2 (“riding model”); for (8). 
after geom. positioning refined with isotropic thermal displacement parameters; 
scattering factors: Int. Tables for X-Ray Crystallography, Vol. IV ,  Kynoch, Birming- 
ham (UK), 1974; Shelxtl PC program system, Siemens Analytical X-Ray Instru- 
ments, Release 4.1, May 1990. 
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Solvent Effect on the NMR Chemical Shieldings in Water Calculated by 
a Combination of Molecular Dynamics and Density Functional Theory 


Vladimir G. Malkin,” Olga L. Malkina, Gerold Steinebrunner, and Hanspeter Huber* 


Abstract: The solvent effect on the NMR 
chemical shielding in liquid water is calcu- 
lated from a combination of molecular 
dynamics simulations and quantum 
chemical calculations for protons and 
1 7 0 .  The simulations are performed with 
three different potentials, ab initio as well 
as empirical ones, to study the influence of 
the force field. From the liquid configura- 
tions obtained in these simulations, mole- 
cules are randomly chosen together with 
neighbouring molecules to give clusters of 
water typical for the liquid at the selected 
temperature and density. Different cluster 


sizes are studied. The clusters are treated 
as supermolecules in quantum chemical 
calculations of chemical shifts by sum- 
over-states density functional perturba- 
tion theory with individual gauge for lo- 
calised orbitals. The influence of the 
quantum chemical method is studied with 


Keywords 
density-functional theory - liquid wa- 
ter * molecular dynamics simulations s 
NMR chemical shifts - solvent effects 


Introduction 


Practical chemistry in the laboratory or in industry is usually 
performed in the liquid phase, whereas our chemical thinking, 
but also models or quantum chemical calculations, are nearly 
always limited to single molecules. To bridge the gap chemists 
“invented” the solvent effects, for example, they think of a reac- 
tion mechanism in the molecular picture and add then the sol- 
vent effects to explain the real behaviour in the liquid. For this 
reason solvent effects play an important role in many fields of 
chemistry. 


It is this importance that made quantum chemists look for 
ways to include solvent effects in their calculations. One way, 
not to be discussed further here, is to include the solvent by some 
empirical reaction-field model. Such procedures are already 
part of some quantum chemical packages. However, to get bet- 
ter results, and if desired fully ab initio, we follow here a differ- 
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an ab initio coupled Hartree-Fock gauge 
including atomic orbitals calculations 
with different basis sets for a selected clus- 
ter. An average over clusters yields the 
chemical shielding in the liquid at the se- 
lected temperature and density. The cal- 
culated values for the gas-liquid shift, 
which are in best agreement with experi- 
ment, are -3.2ppm (exp. -4.26ppm) 
for the proton and -37.6ppm (exp. 
-36.1 ppm) for 1 7 0 ,  but the results de- 
pend strongly on the chosen interatomic 
potential. 


ent approach, which has been applied only in a few cases to date. 
In this approach a number of liquid configurations are obtained 
from simulations with empirical or ab initio force fields. In each 
configuration an atom or molecule of interest is selected ran- 
domly and neighbours are included to obtain clusters of desired 
size. Each cluster is then treated as a supermolecule in a quan- 
tum chemical calculation to get the desired property. Averaging 
over enough clusters yields the property in the liquid. The differ- 
ence to the same property in the gas phase (usually the single 
molecule) finally gives the solvent effect. 


This method was initially used to determine the solvent effect 
of vibrational frequencies in liquid water by Hermansson et 
a1.[l1 They employed pentamers of water obtained in Monte 
Carlo simulations and included further shells of water modelled 
by point charges. Related work was extended to ionic solutions 
and different potentials for water.[’, 31 Eggenberger et a1.[4-61 
applied it to the solvent shift of the nuclear quadrupole coupling 
of D and 1 7 0 .  Svishchev and Kusalik[’] used a similar method 
recently to examine the solvent effect of the proton chemical 
shift in water, utilising molecular dynamics simulations, but 
with a simple model instead of quantum chemical calculations 
to obtain chemical shifts. Chesnut and Rusiloski1’I then applied 
the full scheme to proton and 1 7 0  NMR chemical shieldings, 
performing simulations with the program DISCOVER utilising 
the CFF-91 (class 11) force field and calculating the NMR shifts 
with an ab initio coupled Hartree-Fock gauge including atomic 
orbitals (GIAO) calculations. 


Experimental NMR chemical shieldings have been measured 
for nearly all molecules of interest in the liquid phase, but there 
is also an increasing number of compounds, for which gas-phase 
measurements were performed and, therefore, the solvent effect 
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is known. Several reviews have been published about gas-phase 
measurement~.[~- ‘‘I For water, solvent effects of -4.26 ppm 
for protons[”. 1 3 ]  and -36.1 ppm for 1701143 were obtained. 


Nowadays modern post-Hartree-Fock (see ref. [16- 181 and 
references therein) and density-functional theory based ap- 
pro ache^['^^^^] have reached such a level of accuracy that the 
remaining computational error is comparable to or smaller than 
solvent effects on NMR chemical shifts. It is even less when 
different conformations of the same molecule are com- 
pared.[”. ’’1 Therefore, a proper description and deeper under- 
standing of solvent effects on chemical shifts become very topi- 


In this paper we extend the work of Chesnut and RusiloskiLE1 
on water. Their results were not completely satisfactory, yield- 
ing gas-liquid shifts of -2.28ppm for the proton and and 
-20.3 ppm for ”0.  Having applied only one force field, they 
point out that “. . .studies involving better documented force 
fields are desirable.” In addition their results showed very large 
statistical errors. Here we try to find the reasons for the dis- 
crepancies from systematic methodical studies. We discuss the 
influence of rovibration, cluster size, potential, basis sets, quan- 
tum chemical method and temperature on the gas-liquid shift. 
A separation of intramolecular and intermolecular effects, as 
already described by Chesnut and Rusiloski, gives further in- 
sights. 


Cdl . 


Method and Calculations 
Molecular dynamics simulations of water were performed within a microcanonical 
(constant NVE) ensemble. Flexible water molecules were placed in a cubic box with 
periodic boundary conditions. The velocities were scaled to yield the desired temper- 
ature. The densities were taken from experiment at standard pressure and the select- 
ed temperature. 


The equations of motions were solved classically by the leap-frog version of the 
velocity-Verlet algorithm [23]. For the calculation of the force on every molecule, all 
other molecules were considered that were found inside a sphere around this mole- 
cule. The radius of this sphere, the cut-radius. was chosen to be 1 nm for the liquid 
and 6 nm for the gas. The interactions outside this sphere were only considered for 
the calculation of the energy long-range integral and the Coulomb forces were 
treated separately by the Ewald method [23]. The parameter ti, which determines the 
width of the screening charge distribution, was set to the typical value of 5,’L, where 
L is the side of the cubic box. This requires 122 k vectors. 


Liquid water was simulated with 343 molecules using a time step of 0.25 fs. The 
equilibration took, at most. 10000 steps (i,e., 2.5 ps). During the equilibration the 
temperature was rescaled every 100 steps. After equilibration the simulation was run 
for another 10000 steps. Equally distributed snapshots were taken during this peri- 
od. From each snapshot a molecule was selected randomly and nearest neighbours 
were determined to produce clusters of the desired size. The distance from the 
oxygen of the central molecule to theclosest atom of the surrounding molecules was 
taken as criterion for the selection of the neighbours. For each cluster the chemical 
shielding in the central molecule was calculated quantum chemically (see below). 


The simulations of gaseous water were performed with 64 molecules. This is suffi- 
cient, because the box length is very large due to the low density (a thousand times 
smaller than for the liquid). The large box length ensures the decay of the non-Cou- 
lombic forces to a negligible size within the box. The same time step as for the liquid 
is taken because the internal vibrations are almost the same. On the other hand. due 
to the longermean free path a much longer simulation is required. The equilibration 
took about 200000 steps and the snapshots were taken over a ranze of another 
100000 steps. 


Both the gas and the liquid were studied with three different potentials at a temper- 
ature of 300 K. The three potentials were the ab initio potential by Lie and Clementi 
(LC) [24] and the two empirical potentials by Dang and Pettitt (DP) [25] and by 
Bopp et al. (BJH) (261. In addition the LC potential was used for simulations at 
350 K. 


The LC potential has a four-site water molecule with one site on each atom and an 
additional site on the bisector of the H-0-H bond angle. The DP potential IS a 
Lennard-Jones potential with an additional Coulomb interaction. The BJH poten- 
tial uses the central-force model of Stillinger and Rahman [27] for the intermolecular 
potential. The intramolecular potential is the one of Carney et al. [28]. 


The calculations of chemical shifts were carried out with a modified version of the 
program deMon 129,301. The sum-over-states density-functional perturbation theo- 
ry (SOS-DFPT) approach used has been described in detail in ref. [19,20]. We use 
its LOC 1 approximation [19,20]. Perdew and Wang’s exchange-correlation poten- 
tial [31-331 was used for the chemical shift calculations. A “FINE” grid 
[19,20,29,30] with 32 radial points was employed throughout this study. The orbital 
basis set IGLO-111 of Kutzelnigg et al. 1341 was used. The sizes of the auxiliary basis 
sets [29,30] for the fit of exchange-correlation potential and charge density were 5,2 
for oxygen and 5,l for hydrogen (n,m designates n s functions and in spd shells). The 
individual gauge for localised orbitals (IGLO) procedure [34] employed orbitals 
localised by the Foster-Boys scheme [35]. The 0 1 s orbitals were locahsed separate- 
ly from the valence orbitals. 


To study the influence of the quantum chemical method and the basis set applied, 
calculations for a selected cluster were performed with the coupled Hartree-Fock 
(CHF) GIAO method, utilising the Gaussian 94 program [36]. 


All statistical errors given in this paper are simple standard deviations. In the 
following the word “potential” is always used to mean “force-field” (and not ex- 
change-correlation potential). 


Results and Discussion 


The chemical shift in the gas phase can be divided into an equi- 
librium value o,, that is, the shift calculated at the static equi- 
librium structure, and a rovibrational part Aorv. Similarly, we 
divide the solvent effect on the shift into an intramolecular con- 
tribution due to the change of the structure of the molecule 
(including changes in the rovibrational part) Aoi and an inter- 
molecular or hydration contribution Ao,,. The total absolute 
shielding in the liquid is then given by Equation (l), whereas the 
corresponding value for the gas phase is given by Equation ( 2 ) .  
From Equations (1) and (2), the shift due to the solvent effects 
is then given by Equation (3). Note the different nomenclature 


oliq, = oe + AgrV + Aoi + ACT,, 


ogaa = 0, + Ag,, 


AosOlv = aliq - ogas = Aai + Ao,, 


(1) 


( 2 )  


(3) 


used by Chesnut and Rusiloski,[’] who treat the sum of the 
present doi +do,, as the rovibrational part in the liquid without 
detailed discussion of the role of Ao,, in the gas phase. We will 
now start with a discussion of this latter contribution. 


At the moment, a correct quantum mechanical treatment of 
the rovibrational contribution is not feasible for the liquid. For 
the gas phase, Fowler and Raynesr3’] calculated quantum chem- 
ically Aorv values of -0.57 ppm for ‘H and - 13.6 ppm for 170 


at 300 K. These values are quite large and far from negligible 
with respect to the shifts of interest. However, applying these 
values to the gas phase, while the liquid is treated classically, 
might even increase the error. Therefore, we assume that the 
rovibrational part is almost the same in both gas and liquid 
phase. 


We would like to note here, that one cannot compare directly 
these small classical rovibrational corrections with quantum ze- 
ro-order corrections, because the energy of the zero-order vibra- 
tion is much higher than the energy of classical intramolecular 
rovibrations at room temperature. As a result, the geometry of 
a molecule averaged over quantum zero-order vibrational states 
differs more noticeably from the equilibrium structure than the 
geometry averaged over classical sampling at the temperatures 
investigated here. 


In our molecular dynamics simulation of the liquid, all move- 
ments are treated classically, including the intramolecular rovi- 
brations. Therefore, a classical sampling of these rovibrations is 
automatically performed, when clusters from the snapshots are 
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chosen. We decided to proceed fully analogically for the gas 
phase, that is, a gas of low density ( 5 5  m ~ l m - ~ )  was simulated 
at the specific temperature and molecules randomly selected 
from the snapshots. The averaged results of the chemical shield- 
ings are given in Table 1 and compared with the equilibrium 
shielding ue. Although, this classical treatment is not exact, we 
assume it is the most accurate method feasible at present. 


Table 1. Chemical shieldings in the gas phase (average of 40 monomers) and the 
equilibrium value u,. 


LC (ai) 300 30.95i0.02 325.0f 0.5 
BJH (emp.) 300 31.04 k 0.02 325.8k0.3 
DP (emp.) 300 31.04 f 0.01 326.1 kO.1 
LC (ai) 350 31.02f0.04 326.0f0.7 
U. 31.06 325.6 


The small error bars for the DP potential are due to the harder 
bond in this potential (see Eggenberger et al.,I6] Table 1). The 
gas-phase shifts are very close to the equilibrium value ce, and 
the error introduced by applying 6, instead of the gas-phase 
values, as Chesnut and Rusiloski did, is negligible compared to 
the remaining errors even at the higher temperature. However, 
we should be aware that we do not know how accurate the 
assumption is that classical and quantum chemical effects for 
the gas and the liquid compensate each other to the same extent. 
Having already calculated the gas-phase values, we applied 
them in this work. 


In Table 2 the absolute chemical shieldings o and the shifts for 
the liquid relative to the gas Ac are listed for different cluster 
sizes. Forty central molecules were selected randomly from the 
simulations and were used with their neighbours to yield clusters 
of size 1 and 9 for the quantum chemical calculations. In addi- 
tion for ten of them, clusters of size 5 and 13 were produced to 
study dependence on the cluster size. 


Table 2. Chemical shifts (pprn) in the liquid as a function of cluster size at 300 K 
(LC potential). 


1 40 30.62Lt0.07 319.0k1.3 -0.33k0.07 -6.Ok1.4 
5 10 28.01 f0.44 293.9k2.3 -2.94k0.44 -31.0k2.4 
9 40 27.92k0.20 288.6f2.0 -3.03kO.20 -36.4k2.1 


13 10 27.34k0.39 286.9k2.7 -3.61f0.39 -38.1 k2 .8  
13 [a] 10 - 3.22f0.20 - 37.6k2.1 


~~ ~ ~ 


[a] Calculated from the sample of 40 clusters of size 9. and the differences between 
the 10 clusters of size 13 and the corresponding size 9 clusters (for details see text). 


In the last line of Table 2 further values for the clusters of 
size 13 are given with smaller error limits. These values were 
obtained in the following way: For each cluster of size 13 the 
difference between its shielding and the shielding of the corre- 
sponding cluster of size 9 was calculated. Then, for these ten 
differences a mean of -0.19 ppm (k0.05 ppm) for 'H and 
- 1.23 ppm (k0.45 ppmj for 7O was obtained. These numbers 
show that there is a clear decrease in the shieldings with increas- 
ing cluster size, as they are significantly different from zero (the 
numbers in parentheses being the standard deviations). 
Combining now these changes with the shieldings for the larger 
sample of 40 clusters of size 9 yields the values in the last line of 
Table 2, where the errors were obtained from a simple linear 


error propagation. This last line of Table 2 gives then the best 
predictions of the gas-liquid shift obtained from the ab initio 
potential. The numbers agree reasonably with the experimental 
values of Ao,,,(Hj = - 4.26 and Acexp(0)  = - 36.1 ppm. 


Figure 1 shows the relative shifts Ao versus the cluster size. 
Evidently, the hydrogen as well as the I7O shifts level at a cluster 
size of 13. This cluster size therefore makes a good approxima- 
tion for liquid water in calculations of chemical shifts. 


40, I 1 


10 1 


1 7 0  1 


= 
O i  5 9 13 


Cluster size 


Fig. 1. "0  (top) and 'H (bottom) calculated shifts Au versus cluster size showing 
the convergence of the shifts at clusters of size 13. 


To study the influence of the force field, we applied in addi- 
tion to the ab initio potential from Lie and Clementi (LC)[241 
two empirical force fields, the one by Bopp, Jancso and 
Heinzinger (BJH)[261 and the one by Dang and Pettitt (DP).[251 
In Table 3 we list the results obtained from 10 clusters of size 9. 
It should be pointed out, that all three force fields are dedicated 
force fields for water, whereas the force field used by Chesnut 
and Rusiloski is a general force field, not optimised specially for 
water. Therefore, if the results are force. field dependent, we 
expect better results from these force fields. 


Table 3. Chemical shifts obtained from 10 clusters of size 9 with different poten- 
tials. 


Potential TiK 4H)ippm 4O)ippm AdH)/ppm WO)/ppm 


LC (ai) 300 27.520.4 288.1k2.6 -3.4k0.4 -36.8k2.7 
BJH (emp.) 300 28.0k0.3 279.3k4.4 -3.0k0.3 -46.6k4.4 


CFF-91 (ernp.) [a] 300 -2.3k1.6 -20.3k9.6 
exp. Ibl 300 25.79 307.9 -4.26 -36.1 


DP (emp.) 300 28.3k0.3 281.3k2.3 -2.8k0.3 -44.8k2.3 


[a] Values obtained by Chesnut and Rusiloski [8] with the program DISCOVER 
using the CFF-91 (class 11) force field and ab initio coupled Hartree-Fock (GIAO) 
calculations. [b] From ref. [12-151. 


Obviously, an agreement between experiment and calculation 
as good as that obtained with the LC ab initio potential could 
not be obtained with the empirical potentials. A11 three poten- 
tials seem to be treated equally in the literature, and we have no 
empirical criterion to favour one of them. We tried to find some 
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structural difference, analysing the go, pair distribution func- 
tions of the three potentials, to explain the results in Table 3, but 
did not succeed. That fact that we do not know why some 
potentials are better than others is a real handicap for the fur- 
ther application of this method to the calculation of solvent 
effects on chemical shieldings and efforts should be made to 
learn more about it. The agreement with experiment for the 
results with the two empirical potentials is far from perfect, but 
even the worst values are still an improvement on previous val- 
ues,L8] given in Table 3 for comparison (CFF-91). 


In Table 4 experimental and calculated shifts at 350 K are 
compared with the shifts at 300 K. Although, 40 clusters of 
size 9 were calculated (LC ab initio potential), the error could 
not be decreased to make a significant statement about temper- 
ature dependence. All we can say is that the calculated values do 
not contradict the experimental values. 


Table 4. Temperature dependence of the chemical shifts obtained from 40 clusters 
of size 9. 


Potential T/K u(H)/ppm u(O)/ppm Au(H)lppm Aa(O)/ppm 
~- ~ ~ ~ ~~ ~ - ~ 


LC (ail 300 27.92k0.20 288.6k2.0 -3.03k0.20 -36.4k2.1 


LC (ai) 350 28.1k0.2 288.4k1.7 -2.9k0.3 -37.6k1.8 
exp. [a] 300 25.79 307.9 -4.26 -36.1 


exp. [b] 350 -3.77 -33.7 


[a] From ref. 112-151. [b] From ref. [12.14]. 


In Table 5 we list the intramolecular part of the gas-liquid 
shift A c i ,  obtained by subtracting the calculated shieldings for 
single molecules taken from the liquid and the gas simulation, 
respectively, and the intermolecular or hydration part Ach,  ob- 
tained by subtracting calculated shieldings for clusters of size 9 
and size 1, both taken from the liquid simulation. Here we find 
a quite different picture than did Chesnut and Rusiloski, whose 
values are also given in Table 5 for comparison (CFF-91). 


Table 5 .  Intra- und intermolecular effects on the shifts (ppm) at 300 K from clusters 
of size 9. 


Potential Sample Intramolecular Intermolecular 
size Au,(H) Au,(O) AcT,(H) Au,(O) 


LC (ai) 40 -0.33k0.07 -6.Ok1.4 -2.7OkO.21 -30.4k2.4 
BJH (emp.) 10 -0.25k0.06 -7.3k1.0 -2.78k0.34 -39.3k4.5 
DP (emp.) 10 -0.25k0.06 -7.5k1.0 -2.51_f0.35 -37.3+2.5 
CFF-91 (emp.)[a] 30 -0.34k0.77 -8.2k9.1 -1.93f1.14 -12.1k6.6 


[a] Values obtained by Chesnut and Rusiloski [8] with the program DISCOVER 
using the CFF-91 (class 11) force field and ah  initio gauge including atomic orbitals 
(GIAO) calculations. 


Whereas Chesnut and Rusiloski found the intra- and inter- 
molecular contributions to be of similar size for oxygen, we find 
the latter to be larger by a factor 5 for all three potentials we 
applied. For hydrogen the corresponding factors are roughly 5 
(Chesnut and Rusiloski) and 10 (our three potentials). The in- 
tramolecular part shows little dependence on the potential and 
is equal within error limits to the results of Chesnut and 
Rusiloski. The intermolecular part shows much larger fluctua- 
tions and is evidently the main source of the differences between 
the potentials applied in our study, as well as to the results of 
Chesnut and Rusiloski. In contrast to the D and "0 quadru- 
pole coupling constants, where the results hardly depend on the 
potential,[', 61 the chemical gas -liquid shifts evidently depend 


significantly on the quality of the intermolecular potential. In 
the D quadrupole coupling only 40 YO of the solvent 
shift is due to intermolecular effects, whereas here it is 85 '30 ; this 
yields a partial explanation for the different dependence of the 
quadrupole couplings and the NMR chemical shifts on the qual- 
ity of the intermolecular force field. Therefore, it will be impor- 
tant to improve the intermolecular potentials to get reliable 
NMR gas-liquid chemical shifts. Further work might show 
whether ab initio potentials are more reliable in this respect, 
since ab initio calculations of limited quality usually yield reli- 
able structures while energetic properties are still of low quality, 
whereas effective empirical potentials fitted to energetic proper- 
ties might not adequately reproduce the structure. 


To study the influence of the quantum chemical method and 
the basis set on the calculation of the chemical shieldings in such 
clusters, additional calculations for one selected cluster were 
performed. The results are collected in Table 6. The value for the 


Table 6. Shifts (ppm) relative to the equilibrium shielding u, for a selected cluster as 
a function of its size. calculated by different methods (GIAO or DFT) and basis sets 
(LD or IGLO-111). 


H [a1 "0 
GIAO GIAO DFT GIAO GIAO DFT 
LD [b] IGLO-I11 IGLO-III LD [b] IGLO-III IGLO-Ill 


0, 31.27 30.95 31.07 326.1 328.4 325.8 
-3.9 -4.1 -4.2 1 -0.15 -0.15 -0.13 


5 -1.40 -1.64 -1.94 -23.0 -25.2 -33.0 
9 - 1 . 1 3  -1.95 -24.6 - 37.3 
1 3  -1.43 -2.29 -23.0 -38.1 


[a] Average of the two hydrogen values. [b] Locally dense basis set used by Chesnut 
and Rusiloski [8], namely, a 6-311 + +G(d,p) basis set on  the central molecule and 
a 3-21G basis set on all other molecules. 


rigid equilibrium structure and clusters of growing size around 
the selected monomer are shown. The first column (for H and 
"0, respectively) shows values obtained on the Hartree- Fock 
level with a locally dense basis set, as described by Chesnut and 
Rusiloski.L81 The third column gives the values obtained with the 
method applied in the present paper, whereas the second 
column gives values obtained with the present basis set, but on 
the Hartree-Fock level only. Evidently, the monomer values 
are of comparable quality in all three cases, but for the clusters 
and, hence, for the calculation of the solvent effect, there is a 
striking difference. A minor improvement in the present calcula- 
tions is due to the larger basis set, but the outstanding improve- 
ment is due to the density-functional theory (DFT) method. 


To study hydrogen bonds, Hinton et al. calculated the chem- 
ical shielding of hydrogen in ice clusters of different 
However, it is difficult to judge the performance of the Hartree- 
Fock (HF) method in this study because the authors did not 
make a direct comparison with methods including electron cor- 
relation, and their comparison with experiment does not allow 
a definitive conclusion due to the large deviations between dif- 
ferent experimental data. 


In this context we would like to point out that in many cases 
electron correlation affects calculated chemical shifts notice- 
ably. Significant progress in the development and application of 
the post-Hartree-Fock approaches to NMR chemical shift cal- 
culations during the last five years (see ref. [16-181 and refer- 
ences therein) have led to a new understanding of the impor- 
tance of the correlation effects. It has been demonstrated that, 
even in cases where the correlation effects are expected to be 
small (water molecule, for example), the MP2 results are a 
significant improvement on the values calculated with H F  (the 
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170 shielding constant in water is 326.9 ppm calculated with HF 
and 344.8 pprn with MP 2 (quadruple-zeta double polarization 
basis set) ' 61). 


In the past, the performance of the HF method in calculation 
of chemical shifts was overrated for the following reasons: 
a) No post-HF results were available. 
b) Medium-size basis sets were used (often there is an error 


cancellation due to insufficiently large basis sets and lack of 
electron correlation; see, e.g., ref. [I61 and [39]). 


c) Experimental data mostly consisted only of chemical shift 
measurements (i.e., the difference between the shielding con- 
stants in a reference molecule and in the molecule under 
study); this often leads to a partial compensation of the 
influence of correlation effects on calculated chemical shifts. 


In addition, in some cases, the calculations on "difficult" mole- 
cules with strong electron correlation effects by means the H F  
method were consciously avoided; this also contributed to the 
HF method being greatly overrated. 


With the development of post-HF approaches for chemical 
shift calculations (mostly MP2 by J. Gauss['61) the interest in 
calculations at the HF level decreased. However, since the MP 2 
approach for chemical shift calculations is even more expensive 
than HF, there is a growing interest in alternatives to chemical 
shift calculations. 


Density-functional theory[40, 411 provides such an alternative 
by inclusion of correlation effects in an approximate manner 
with modest computational costs. Even though the DFT 
method is not a universal tool and has its own shortcomings, it 
is a well-accepted method for studying large-scale molecules, 
especially with nonnegligible correlation effects. The recently 
developed SOS-DFPT method for chemical shift calcula- 
tions[". ''I leads to superior results compared to those obtained 
with HF and is almost as good as the MP2 approach[20.421 for 
carbon chemical shifts in systems where correlation is not ex- 
tremely strong. Moreover, SOS-DFPT gives reasonable results 
even for systems with very strong correlation effects such as the 
ozone molecule and many transition metal complexes where the 
H F  and even the MP2 method fail completely [20*431. 


The SOS-DFPT method has already been successfully ap- 
plied to the study of intermolecular interactions in the a-glycine 


in the gramicidin channel[451 and in other biosys- 
However, it is still difficult to judge the accuracy of the 


SOS-DFPT method in this particular case, because there might 
be an error cancellation due to the geometries provided by 
molecular dynamics simulation and the method for chemical 
shift calculations. Therefore, at present we only can conclude 
that the SOS-DFPT approach leads to a better agreement with 
experiment; we do not have enough data to interpret this fact 
further. However, based on our experience, we believe that SOS- 
DFPT provides a better description of the influence of hydrogen 
bonding on chemical shift than the H F  method. 


For practical purposes it might be interesting to compare the 
cpu times used for the different calculations. For clusters of 
size 5, the times on a workstation and the number of contrac- 
tions were 14 min/88 contractions (CHF-GIAO/LD, Gaus- 
sian 94), 790 min/275 contractions (CHF-GIAO/IGLO-111, 
Gaussian 94) and 119 min/275 contractions (SOS-DFPT/ 
IGLO-111, deMon). 


To calculate accurate solvent effects on the NMR chemical 
shieldings, it is evidently crucial to apply an accurate quantum 
chemical method with a large enough basis sets. Apart from 
better potentials, the results should be improved by calculating 
larger samples of clusters, rather than by going beyond the 
cluster size of 13, as the statistical error is larger than the esti- 
mated error due to the limited cluster size. 


Conclusions 


The solvent effects on the NMR chemical shieldings of the pro- 
ton and "0 in water have been calculated by a combination of 
molecular dynamics simulations and quantum chemical calcula- 
tions. The values calculated for the gas -liquid shifts with the 
ab initio potential, namely, -3.2k0.2 ppm for 'H and 
- 37.6 2.1 ppm for ' 70, compare favourably with the experi- 
mental values of -4.26 ('H) and -36.1 ppm (170). However, 
in contrast to solvent effects of nuclear quadrupole couplings 
the results depend heavily on the applied force field and the 
influence of distant solvent molecules is larger. The latter prob- 
lem is taken care of by selecting larger clusters from the liquid, 
leading to more time-consuming quantum chemical calcula- 
tions. However, it is not an easy task to discriminate between the 
various force fields reported in the literature, in order to find the 
best one. A good choice of the quantum chemical method and 
the basis sets for the calculation of the shieldings is crucial. 
Whereas for a single water molecule the calculations on the H F  
and the DFT level give similar results, they diverge increasingly 
with larger clusters. This shows, in our opinion, that electron 
correlation (partially included in DFT) is important for the 
intermolecular induced shifts. 
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9-Borabarbaralanes 


Gerhard E. Herberich,* Hans-W. Marx, Stefan Moss, Paul von RaguC Schleyer," 
and Trixie Wagner 


Abstract: The reaction of MgCOT(thf), 
with tBuBF, or PhBCl, affords the 
first 9-borabarbaralanes 2 (C,H,BR, a :  
R = tBu; b: R =Ph).  With the 
aminoboron dihalides BCI,NiPr, and 
BCI,N(SiMe,)tBu 9-borabicyclo[4.2.1]- 
nona-2,4,7-trienes 3 (a: R = NiPr,, b: 
R = N(SiMe,)tBu) and the trans-9-bora- 
bicyclo[4.3.0]nona-2,4,7-triene 4 are ob- 
tained. The bicyclic compounds 3 a  and 
3 b  are converted into 9-borabarbaralanes 


Introduction 


2c  and 2d, respectively, by irradiation in 
solution as well as by heating. All 9- 
borabarbaralanes 2 are fluxional in solu- 
tion. In the crystalline state, the B-phenyl 
derivative 2 b displays a well-ordered van 


Keywords 
ab initio calculations * barbaralanes 6 


borabarbaralanes * Cope rearrange- 
ments 


Barbaralanes 1 [X = CH, (la),['] CO (1 b),['' CH' ( ~ c ) , [ ~ - ~ I  
CMef (1 d)[4'1] and their 9-hetero analogues (e.g., 
X = SiMe,,I6"I NCN,[6b1 NH,[6'1 PPh,[6dl PMe:,[6e] P(N- 
Me,)C1+,[6f1 S,[6g1 are fascinating molecules exhibiting 
fluxional behavior (Scheme 1). The completely degenerate bar- 


1 2 


Scheme 1. Barbardlanes: X = CH, ( l a ) ,  CO ( l b ) ,  CH' ( lc ) ,  CMe+ (Id) .  9- 
Borabarbaralanes: R = tBu (Za), Ph (Zb), NiPr, (Zc),  N(SiMe,)lBu (Zd), H (Ze), 
Me ( Z f ) ,  NH, ( 2 9 ) .  


baralyl cation (I  c) has been studied thoroughly, experimental- 
ly[3,41 as well as the~retically.[~. 51 The hitherto unknown 9- 
borabarbaralanes 2 are isoelectronic with 1 c,d. We now describe 
the first representatives 2a-d of this class of compound and 
report theoretical studies on the model compounds 2e-g.17] 


[*] Prof. Dr. G. E. Herherich, Dr. H.-W. Marx, Dip1.-Chem. T. Wagner 
Institut fur Anorganische Chemie 
RWTH Aachen, D-52056 Aachen (Germany) 
Fax: Int. code +(241)8888-288 
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Comp u ter-Chemie-Cen t rum 
Institut fur Organische Chemie der Universitit Erlangen-Numberg 
Henkestr. 42, D-91054 Erlangen (Germany) 
Fax: Int. code +(9131)85-9132 


der Waals crystal structure. The theoreti- 
cal prediction that the degenerate Cope 
rearrangement in barbaralanes will be re- 
tarded by n-acceptor groups in the 9 posi- 
tion has been verified. Quantum chemical 
calculations employing density functional 
theory support and help interpret the ex- 
perimental findings. The isoelectronic 9- 
barbaralyl cations, in contrast, have such 
high Cope barriers that other rearrange- 
ment pathways are followed instead. 


Results and Discussion 


The reaction of MgCOT(thf),[81 (COT = 1,3,5,7-~yclooctate- 
traene) with organoboron dihalides tBuBF, and PhBCl, gave 
the 9-borabarbaralanes 2 a,b, respectively. These compounds 
are extremely air- and moisture-sensitive. They are fluxional at 
ambient temperature in solution, as expected, showing apparent 
C,, symmetry in their 'H and 13C NMR spectra. 


The X-ray crystal structure determination of 2 b  (Table 1, 
Fig. reveals a well-ordered van der Waals crystal. Orienta- 
tional disorder of the C,B skeleton would result in apparent C,, 
molecular symmetry. However, disorder is ruled out by the ob- 
servation of the quite different interatomic distances for C2- 
C8  [152.9(1) pm] and C 4 . . . C 6  [239.1(1) pm]. Furthermore, 
the thermal parameters of the C 2, C 4, C 6, and C 8 atoms are 


Table 1. Selected bond lengths [pm] and bond angles ["I for Zb (experimental) and 
2e (calculated, RBecke3 LYP/6-3 11 G* *). 


2b 2 e  2b 2 e  


B-C 1 
B-CS 
B-Cli  
ClGC2 
Cl -C8  
C2-C8 
C2-C3 


C I-B-C 5 
B-Cl-C2 
B-Cl-CX 
C 2-C i-C 8 
c 1 x 2 - c  8 
c I - c  8 -c  2 
c I - c  2-c  3 
C 1-C 8-C 7 


153.7 (1) 
158.2(1) 
155.6 (1) 


153.1 (1) 
152.9 (1) 
147.0 (1) 


111.95 (6) 
113.25(7) 
114.68 (7) 
59.82(5) 
59.98(5) 
60.20(5) 


118.49(7) 
118.31 (7) 


153.5 (1) 


153.1 
158.3 


154.1 
154.1 
153.9 
147.9 


113.1 
113.4 
113.4 
59.9 
60.0 
60.0 


118.8 
118.8 


C7-C8 
c 3 - c 4  
C6-C7 
c 4 - c 5  
C5SC6 
C 4 , , . C 6  


C 2-C 3-C 4 
C 6-C 7-C 8 
c 3-c 4-c 5 
C 5-C 6-C 7 
C 4-C 5-C 6 
B-C 5-C4 
B-C 5-C 6 


147.0(1) 
132.8(1) 
132.6(1) 
151.8(1) 
152.0(1) 
239.1 (1) 


121.78(8) 
121.95 (8) 
120.50(8) 
120.14(8) 
103.78(7) 
107.30(7) 
108.63(7) 


147.9 
133.8 
133.8 
153.1 
153.1 
240.3 


121.6 
121.6 
119.8 
119.8 
103.4 
108.1 
108.1 
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inconspicuous and exhibit only 
slight anisotropies. Hence, the 
fluxional behavior is frozen out 
in the crystalline state. The 
structure of the parent com- 
pound 2e  was also calculated 
by means of density func- 
tional theory (RBecke3LYP/6- 
31 lG**).['O1 The bond lengths 
obtained for 2e  are in fair agree- 
ment with those observed exper- 
imentally for compound 2 b. 


The reaction of the amino- 
boron dihalide BCI,Nz?r, with 
MgCOT(thf), (in the dark, be- 
low 20 "C) yielded a mixture (ca. 
1 : 1) of the two isomeric bicyclic 


Fig. I .  Molecular structure of 2 b. compounds 3 a and 4 (Scheme 2 
and 3); varying small amounts 


of barbaralane 2c  were also present in the product mixture. The 
known triene 3a, originally synthesized by the reaction of 
K,C,H, with BCI,NiPr, ,[l 'I could be separated and purified by 
crystallization. The second isomer 4 could only be characterized 
by NMR spectroscopy and is the first example of a truns- 
9-borabicyclo[4.3.0]nona-2,4,7-triene. Irradiation (pentane, 
20 "C) converted 3a to aminoborabarbaralane 2c  in quantita- 
tive yield. When heated (100 T / 2 0  h), 3a decomposed in part 
but also underwent slow isomerization to 2c. 


R 
I 


3 4 


Scheme 2. R = NiPr, (3a), N(SiMe,)tBu (3b) 


+ RBX, 
MgCOT(thf), - 2 + 3 + (f)-4 


Scheme 3. 


The sterically crowded unsymmetrical aminoboron dihalide 
BCI,N(SiMe,)tBu reacted with MgCOT(thf), to produce the 
triene 3 b exclusively (Scheme 2).  The crystalline borabar- 
baralane 2d was formed quantitatively from 3b by irradiation in 
solution or by heating (150 "C, 3 h). 


The triene 3b exhibits effective C, symmetry despite the differ- 
ent substituents at the nitrogen atom. The B-N rotational bar- 
rier is lowered from the typical 60-100 kJmol-' range['" to 
AGZ7, = 51 (2) kJmol-'. Rotational barriers of [(trimethylsi- 
lyl)amino]boranes have not been measured before, but the ge- 
ometry of SC['~I also hints at a low rotational barrier. The 
aminoborane group of this compound is twisted by 45 O; the 
B-N bond length of 143.3 (6) pm is elongated ~onsiderably.['~] 
These results can be compared with DFT calculations 
(RBecke 3LYP/6-311 + G**) on the (si1ylamino)borane 5 b as a 
model compound. 


The B-N bond length determined experimentally for 5 c  is 
between that calculated for the energy minimum (140.4 pm) and 
the transition state (145.8 pm) for B-N rotation in 5b. Further- 
more the rotational barrier of the parent compound H,BNH, 
(5 a), 128 kJ mol- ' calculated at the same level, is only reduced 
to 11 1 kJ mol- ' [''I in the silyl derivative 5 b (via a C, transition 


H,B=NH, 5 a  H,B=NH(SiH,) 5 b  Ph,B=N(SiMe,)rBu 5c 


state). Hence, the electronic effect of a silyl substituent on the 
aminoborane rotational barriers is minor. Larger reductions, as 
in 5c, must be due to other, presumably steric, effects. 


Borabarbaralanes 2 undergo a dynamic skeletal rearrange- 
ment in solution; 2 b exhibits C, symmetry in its NMR spectra 
only at low temperatures (< - 60 "C). At room temperature 
effective C,, symmetry is observed. Hence, C 1 and C 5 are 
equivalent as are C2/8 and C4/6. The rearrangement of 2b is 
degenerate and nearly so for 2a and 2c, owing to the low sym- 
metries of the substituents at the boron atoms. The determina- 
tion of the rearrangement barriers in degenerate cases is 
straightforward by means of ' 3C NMR spectroscopy.['63 17] The 
free energies of activation AG' are 45.7(4) kJmol-' for 2a  
(AGZ:,) and 40.5(7) kJmol-' for 2b (AG:J. The dynamics of 
the B-diisopropylamino group in 2c  can be frozen out 
(T<250 K); on the other hand, the slow-exchange limit of the 
skeletal rearrangement could not be reached. Finally, the two 
structural isomers expected for 2d (Scheme 4) can be discerned 
spectroscopically in the slow-exchange region [ratio 2: 1 ,  
-95 "C/67.9 MHz]. 


Bu, ,SiMe3 
N 


Bu, ,SiMe3 
N 
II 


2d 2d 
Scheme 4. Skeletal rearrangement of compounds 2d. 


The skeletal rearrangements of compounds 1 with a bar- 
baralane skeleton show a mechanistic di~hotomy.[~.~']  Both 1 a 
and 1 b automerize through Cope rearrangements. When a 7t 
acceptor (like boron) is substituted at position9 of the 
borabaralane skeleton, the barrier to Cope rearrangement is 
raised. A different mechanism is followed in barbaralyl cations 
1 c,d, owing to the positive charge at C 9. For 1 c, two different 
dynamic processes can be distinguished by 13C NMR spec- 
tro~copy.[~.  41 At - 135 "C, 1 c is completely (!)-degenerate show- 
ing one signal for all nine carbon atoms,[4d1 while at - 150 "C 
two signals are found (6:3).[4'1 In a thorough theoretical study, 
Cremer, Ahlberg et al. have shown that the dynamic behavior of 
l c  at -150°C is due to a series of divinylcyclopropylmethyl 
cation rearrangements;['] Cope rearrangements are mimicked, 
but are not involved because of their much higher barrier.[51 The 
same situation holds for the 9-methylbarbaralyl cation 
ld,t4e,3d, "1 whose structure is even closer to that of 9-borabar- 
baralanes 2, especially to the tert-butyl derivative 2 a. 


The cyclopropyl group is a fairly strong TC donor.['g1 Calcula- 
tions by Clark, Schleyer et al. reveal that one of the two Walsh 
HOMOS interacts strongly with the LUMO of n acceptor 
groups such as BH, or CHZ .[Zoal This results in a stabilization 
of the ground state of 2, a shortening of the distal bond C 2-C 8, 
and an increase of the Cope barrier. 
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These predictions have been confirmed for the 9-borabar- 
baralanes, both experimentally and by a DFT computational 
investigation of the model compounds 2e-g (Table 2). The 
good performance of the Becke3LYP level of theory with the 
parent Cope suggests that it may also work 
well in the present case. The comparison of the calculated vicinal 


Table 2. Experimental and calculated (RBecke3LYP/6-311G*') bond lengths [pml 
and free activation energies AG* of the Cope rearrangement [kJmol-'I for 9- 
borabarbaralanes 2 (Scheme 1). 


C-C,,, la1 - 153.1, 153.5 153.9 153.7 152.7 
C-C,,,, la1 - 152.9 154.1 154.3 155.7 
A(C-C) - 0.2. 0.6 0.2 0.6 3.0 
AGf(0) 41.1 39.4 35.0 
AC*(T) 45.7(4) [b] 40.5(7) [c] 43.3 [dl 39.3 [dl 37.1 [d] 


[a] Vicinal bonds: ClGC2 and ClLC8;  distal bonds: C2-C8. [bl T =  278K. 
[c] T = 248 K. \dl T = 300 K. calculated. 


and distal C-C bond lengths shows that the BH group and a 
vinylic C -  C double bond are comparable acceptors. The cyclo- 
propane ring of the parent compound 2e is a nearly equilateral 
triangle. The acceptor strength of the BR group is reduced in the 
methyl compound 2f and much more so in the amino derivative 
2g. The distal C-C bond in 2g is 3.0 pm longer than the vicinal 
bond, while in 2e the difference is only 0.2 and in 2 f  0.6 pin. 
Hence, the amino group is a more powerful donor than the 
methyl group. The barrier to the Cope rearrangement follows 
the same trend: the free activation energy at  0 K varies as 
2e> 2f 8 2g. Consistent with these results, the Cope barriers of 
2a,b can be determined experimentally, whereas the slow ex- 
change temperature region is not reached for 2 b.NMe, even at 
-9OTj l25 .7  MHz. In addition, the theoretically predicted 
barriers are in good agreement with the experimental values. 


Although the 9-barbaralyl cations 1 c,d and the 9-borabar- 
baralanes 2 are isoelectronic, the latter are more akin to bar- 
baralane (I a) and barbaralone (1 b) in their dynamic behavior, 
and also undergo true Cope rearrangements. 


Experimental Section 


General: All manipulations of compounds were carried out by standard Schlenk 
techniques. All the products are extremely oxygen- and moisture-sensitive. NMR 
spectra were recorded on Varian VXR300 ('H 300 MHz), Varian Unity 500 ('H 
500, "C 125.7 MHz), Bruker WH-270, (I3C 67.9 MHz), and Jeol JNM-PS 100 ("B 
32 MHz) instruments. 


9-terf-Butyi-9-borabarbaralane (Za): rBuBF, (1.8 g, 17 mmol) was added to a sus- 
pension of MgCOT(thf),., (4.6 g, 14.9 rnmol) in pentane (50 mL) at -78 "C. The 
reaction mixture was allowed lo warm up to 20 'C and was stirred for 12 h. The salts 
that precipitated out were filtercd. Distillative workup gave 2a (1.2 g, 47%) as a 
yellowish liquid; b.p. 80-90CC/15mbar. MS, ni/r (%): 172 (82, M'), 139 (100, 
Mi - C,H,). 'HNMR (300 MHz, CDCI,, 25'C): 6 = 5.55 (m, 3-/7-H), 4.1 (br, 


NMR (67.9 MHz. CH,CI,/CD,CI,, 183 K. J in Hz): 6 = 128.78 (d, 164.6, C4/6), 
121.87(d, 159.6. C??). 35.24 (d, CS), 34.91 [d, 166.2. C2/8), 25.56(q, 124.5. Me), 
24.22 (s, CMe,), 18.05 (d, 156.2, C1); T,=278+15K, A v =  6371 Hz. 
ACT,, = 45.8k2.6 kJmol" for C2/4/6/8, 7; = 248+5 K, Av = 1167 Hz, 
AC-& = 44.1 k0.9 kJmol" for CIj5. Rateconstants were defermined by simula- 
tion of band shapes and gave AG,',8 = 45.7 t 0 . 4  kJmol-'. 


9-Phenyl-9-borabarbaralane (2b): As described for 2a, reaction of MgCOT(thf),, 
(6.42g, 20.8 mmol)arid PhBCI,(3.3 g, 20.8 mmol)gave2b(1.8 g,44%)as ayellow- 
ish oil that solidified very slowly; bp. 7O-8O0C/5 x lo-" bar. MS, mi-. (%): 192 (14, 
M ' ) ,  104 (100, C,H;). ' H  NMR (500 MHz, CD,CJ,. 183 K): d =7.90 (m, 2HJ. 
7.6-7.4 (m, H, and 2H,), 5.80 (m, 4-16-H), 5.59 (m, 3-/7-H), 3.25 (m, 5-H), 2.65 


2-/4-/6-/8-H), 2.17 (m. 1-/5-H), 0.92 (s, tBu). "R NMR (CDCI,): 6 = 83. I3C 


(rn, 2-/8-H), 7.10 (m, I-H). "B NMR (CDCI,): b -73. I3C NMR (67.9MH2, 
CH,CI,/CD,CI,, 178 K, J i n  Hz): 6 =136.68 (s, C,), 135.46 (d. 159.6, 2CJ, 132.70 
(d, hidden, C,,), 128.74 (d, 164.3. C4/6). 127.68 (d. 158.6, 2C,) ,  122.01 (d. 158.9, 
C3/7), 35.45 (d, 165.5. C2/8), 34.68 (d, 126, C5). 19.10 (d, 156.9, C1); 
T, = 248+15 K, Av = 6333 Hz, Af& = 40.7k2.6 kJmoJ for C2/4/6/8; 
T, =223+10K, Av=I096Hz, AG:,, = 39.6_+1.9kJmol-' for CljS. Rate con- 
sfants were determined by simulation of band shapes and gave AG248 = 
40.Sk0.7 kJmol-I. 


9-Phcnyl-9-boraharbaralane trimethylamine (2 b*NMe,): An excess of NMe, war 
added to a solution of 2b (0.4 g, 2.0 rnmol) in henane (10 mL) at -78°C. Crystal- 
lization of the resultingsolid from hot hexane gave 2b. NMe, (0.4 g, 80%) as a white 
powder; decomp. 110°C. MS, m/z (4h): 192 (35, M +  - NMe,), 114 (100, 
192 - C,H,). 'H NMR (500 MHz, CD,CI,, 25°C): 6 =7.50 (m, ZH,), 7.20 (m, 
2H,), 7.12 (m. H,,), 5.61 (br, 3-H, cis position to NMe,), 4.98 (br, 7-H. truns 
position to  NMe,), 4.17 and 3.93 (br, 2-/4-/6-/8-H), 2.43 (s, NMe,), 1.87 (m, 1-15 
H). ''B NMR (CDCI,): 6 = I .  "C('H1 NMR (125.7MHz, CD2CI,, 25°C): 
6 =I50 (br, CJ, 134.67 (Ice), 126.80 (ZC,), 125.35 (CJ, 123.6 and 120.9 (br, C 3  
andC7), 80.00and 78.57(C2/4 andC6/8), 51.24 (NMe,), 21.7(C1/5). Estimation 
o fan  upper limit for AG*:  Tc.t213K,A~i13.5 kHz, AG:,,<34kJrnol-'. 


Synthesis of 9-diiopropylarnino derivatives 2c/3a/4: As described for Za, MgCOT- 
(tho,., (5.36 g, 17.4 mmol) was treated with BC12NiPrl (3.0 g, 16.5 mmol) in  pen- 
cane (80 mt), and the mixture was stirred for 3 d at 20 "C. Workup gave a minture 
ofZc/3a/4 (2.98 g, 84%). Crystallization from ether yielded 3a (1.06 g, 30%)[11]. 
Distillative workup of the mother liquor gave a pale yellow oil (1.66 g, 47%) con- 
taining 3a and 4 (ratio 1:3.5) and a small amount of Zc (ca. 5% based on 
BCI,NiPr,. data given below). 4: 'HNMR (500MMz. CDCl,, 2 5 T ,  J in Hz): 
6 = 6.97 (brd, 8.3,7-H), 6.55 (ddm, 9.46, 3.05, 2-H), 6.39 (dm, 9.4, 5-H), 6.11 (dd, 
8.3, 2.9, 8-H),6.06(rn, 3-H), 5.98 (m, 4-H), 3.06(dm, 15.3, 6-H), 1.72(brdm, 15.3, 
I-H); for NiPr, 3.96 and 3.40 (both signals: sept, 6.9, NCH), 1.27, 1.22, 1.19, 1.18 
(all four signals: d, 6.9, Me). I 'B  NMR (CDCI,): 6 = 41. 13C(1Hi NMR 


126.52 (C3), 124.70 (C?), 50.07 (br, INC), 48.11 (C6), 45.56 (br, INC), 35 (br, 
C l J ,  25.32.24.73.22.56 and 22.28 (4Me); the assignment was confirmed byCOSY- 
and HETCOR experiments. 


9-~fer~-Butyl(trimethylsily~jamino~-9-bor~bicycla~4.2.1~nona-Z,4,7-triene (3b): As 
described for 2a,  MgCOT(thf), (4.0 g. 13.0 mmol) was treated with 
BCI,N(SiMe,)tBu (2.9 g, 12.8 mmol). The resulting oil was recrysta\lized from 
Et,Uand gave3b(2.98 g. 86%)ascolorlesscrystals; m.p. 39-41 "C, b.p. 70-80"C/ 
5 x 1 K 6  bar. MS. mlr ("A): 259 (2, M' ) ,  57 (100. C,H:). 'H NMR (500 MHz, 
CDCI,, 25'c): 6 = 5.90 (m. 2-/5-H). 5.70 (m, 3-/4-H), 5.56 (m, 7-/8-H), 2.44 (m, 
1-/6-H), 1.33 (s, fBu), 0.29 (s, SiMe,). 11i3 NMR (CDCI,): 6 = 54. 13C NMR 
(67.9hlHz, CDCI,. 25% J in Hz): 6 ~ 1 3 5 . 5  (d, 159.3, C2/5), 127.6 (d. 164.2, 
C7/8), 124.2 (d. 154.6, C3/4), 58.0 (s. CMe,). 39.2 (brd. Cl/6), 34.1 (q, 125.9, 
CMr,), 6.9 (9, 115.7, SiMe,): i 3 C ( i H }  NMR (213 K): 6 =136.7 and 135.1 (C2. 
C5). 128.8 and 124.0 (C7, C 8 ) .  125.0 and 122.1 (C3, C4), 57.9 ( m e , ) ,  38.8 and 
38.3 (C1, C6). 33.7 (CMe,), 6.7 (SiMe,); T, = 258flO K, Av =lo4 Hz. AC:s:8 
= 51.2k2.1 kJmol-' for C2/5, T, = 273klOK, AV =461 Hz, AG;,, = 


50.9?1.9kJmoI-' for C7/8; T,=263*10K, Av=193Hz, AG:,,= 
50.9 k 2.0 kJ mol-' for C 3J4; T, = 243 10 K, AV = 30.3 Hz, AG:,, = 
50.6k2.2 kJmol-' forC1/6. 


9-(Diisopmpylaminof-9-barabarba~alane (Zc): Compound 3 a  (0.89 g, 4.1 mmol) in 
pentane (50 mL) was irradiated for 5 d (mercury high pressure lamp TQISO, On- 
ginal Hanau, 150 W). Distillative workup and recrystallization from Et,O/hexane 
( 2 : t )  gave 2c (0.65g, 73%) as colorless crystals; m.p. 57-59"C, b.p. 6 5 T /  
j x  10-' bar. MS, m/r (%): 215 (87, M+) ,  200 (100. M' -Me). 'HNMR 
(300 MHz, CDCI,, 25°C J i n  Hz): d = 5.58 (m, 3-/7-H), 4.0 (br. 2-/4-/6-/8-H), 3.68 
(sept.6.8,2NCH),1.88(m,2-/5-H),1.15(d,6.8,4Me)."BNMR(CDCI,):6 = 45. 
"CILH) NMR(125.7 MHz,CDC1,,313K):6 =123.25 (C3/7),?9(br,C2/4/6/8), 
48.18 (NCH), 23.86 (Me), 21 (br, C lp) ;  13C(1H)  NMR (218K): 6 =I29 (br, 
C4/6), 122.96 (C3/7), 51.8 (br, NCH), 44.2 (br, NCH), 29 (very br, C 5  and C2/8), 
25.11 (2Me), 21.92 (2Me). 10.0 (br, Cl);  = 263210K, Av = 960 Hz. 
AG&, = 47.4k1.9 kJmol-' for NCH; = 253+10 K, Av = 401 Hz, AG&, = 
47.3k2.0 kJmol-' for Me. 


9-f~@rf-Butyl(trimefh~lsilyI~amino~-~-borabarharalane (2d): As described for Zc, 
irradiation of a solution of 3 b (2.46 g, 9.5 mmol) in pentane (100 mL) and workup 
asabovegavezd (2.21 g, 90%) ascolorlesscrysta1s;m.p. 54-56°C. b.p. 9O-l0O0C/ 
5 x 10-6 bar. MS, m/z (U ) :  259 (3, M'), 57 (100, C,H,I). 'H NMR (500 MHz, 
CDCI,, 25°C): d = 5.57 (m, 3-/7-H), 4.05 (br, 2-/4-/6-,8-H), 1.88 (m, 1-/S-H), 1.33 
(s, ~ B u ) .  0.24 (s, SiMe,). "B NMR (CDCI,): 6= 58. "C NMR (67.9MHz. 
CH,CI,/CD,CI,. 25 "C. fin Hz): b =123.15 (d, 157.9, C3/7), 80.8(brd, 359, C2/4/ 
6/8), 55.84 (s, CMe,). 33.67 (q. 125.3, CMe,), 27.2 (brd. C1/5) ,  6.16 fq, 118.8. 
SiMe,): 13C NMR (178 K),  major Isomer. 6 = 129.51 (d, 160.0, C4/6). 122.39 (d, 
158.9, C3/7), 54.76 (s, CMe,), 37.06 (d. 130.1, C 5 ) ,  32.27 (q, 124.8, CMr3), 31.09 
(d, 162.7. C2/8), 15.43 (d, 152.4, C l ) ,  5.60 (4. 118.6, SiMe,); minor isomer: 
6 =129.34 (d. 160, C4/6), 122.12 (d, 159.6, C3/7), 55.73 (s,  CMe,), 35.09 (d, 127, 
C5), 32.81 (4, 125.0, CA4t3). 28.86(d, C2/8), 17.34 (d, 153,0, Cl) ,  5.06 (q, 118.7, 
SiMe,). 


(125.7 MHZ, CDCI,): d =I55.25  ( C 7 ) .  134.5 (br, C8), 133.79(C5), 132.77 (C2J, 
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9-Borabarbaralanes 458-461 


Table3. Number of imaginary frequencies (NIMAG), total energies E,, [a.u.], vibrational energies Elh at 0 and 300K [kJmol-'1, entropies S [kJmol-'K-'] of Ze-g 
(Schemel) and their transition states Ze-ts to Zg-ts, and corresponding free activation energies AG* of the Cope rearrangement. 


Ze Ze-ts Zf Zf-ts zg 2g-ts 


c. C2" 


0 1 


372.3 367.1 
41.1 


388.8 383.2 


43.3 


-335.13139 ~ 335.11376 


0.326 0.318 


c, c, 
0 1 


442.3 437.0 
39.4 


463.3 457.6 


39.3 


-374.47534 - 374.45832 


0.371 0.370 


C,  C2" 


0 1 


420.6 415.6 
35.0 


439.8 434.3 


37.1 


- 390.56920 -390.55395 


0.349 0.341 


[a] RBecke3LYP/6-311G**. [b] RHF/6-31G* value, scaled by 0.89. [c] RHF/6-31G* 


Computational Details: Calculations were carried out with the Gaussian-92 Pro- 
gram package [lo]. Geometries were fully optimized at RHF/6-31G* and 
RBecke3LYP/6-311G** [lo]. Stationary points were characterized as minima or 
saddle points by analytic second-derivative computation of harmonic vibrational 
frequencies. These provided the zero-point vibrational energies (ZPE), entropies. 
and thermochemical data. The free activation energies AG* given in Table 3 are 
defined as AG* = AE,o, +AEfh(T)  - TAS(T)  for T =  300K. E,,, are the 
RBecke3LYP/6-311G** energies, and for E,, and S the RHF/6-31G* data were 
used. Elh and ZPE were scaled by an empirical factor of 0.89. 


Acknowledgement: We thank DipLChem. Matthias Hofmann for helpful discus- 
sions. This work was supported by the Volkswagen-Stiftung, the Deutsche 
Forschungsgemeinschaft, the Fonds der Chemischen Industrie, and the Convex 
Computer Corporation. 


Received : September 11, 1995 [F 2091 


[l] a) U. Biethan, H. Klusacek, H. Musso, Angew. Chem. 1967, 79, 152-153; 
Angew. Chem. Int. Ed. Engl. 1967, 6 ,  176; b) H. Tsuruta, K. Kurabayashi, 71 
Mukai, Tetrahedron Lett. 1967, 3775-3779. 


[2] a) I. B. Lamhert, Tetrahedron Leu. 1963, 1901 -1906; b) W. von E. Doering, 
W. R. Roth, Angew. Chem. 1963,75,27-35; Angew. Chem. Int. Ed. Engl. 1963, 
2, 115; W. von E. Doering, B. M. Ferrier, E. T. Fossel, J. H. Hartenstein, M. 
Jones, Jr., G. Klumpp, R. M. Rubin, M. Sdunders, Tetrahedron 1967, 23, 
3943 -3963. 


[3] Reviews: a) R. E. Leone, P. von R. Schleyer, Angew. Chem. 1970, 82, 889- 
919; Angew. Chem. Int .  Ed. Engl. 1970,9,860; b) R. E. Leone, J. C. Barborak, 
P. von R. Schleyer, in Carbonium Ions (Eds.: G. A. Olah. P. von R. Schleyer), 
Wiley Interscience, New York, 1973, Vol. 4, pp. 1837- 1899; c) P. Ahlberg, G. 
Jonsall, C. Engdahl, Adv. Phys. Org. Chem. 1983, 19,223-379. d) P. Ahlberg 
in Stable Curbocutions (Eds.: G. K. S. Prakash, P. von R. Schleyer), Wiley, 
1995, in press. 


[4] a) P. Ahlberg, D. L. Harris, S. Winstein, .I Am. Chem. Soc. 1970, 92, 4454- 
4456; h) C. Engdahl, G. JonsH11, P. Ahlberg, J.  Chem. Soc. Chem. Commun. 
1979,626-627; c) P. Ahlberg, C. Engdahl, G. Jonslll, J.  Am. Chem. Soc. 1981, 
103, 1583-1584; d) C .  Engdahl, G. Jonslll, P. Ahlberg, ihid. 1983, 105, 891- 
897; e) G. Jonsall, P. Ahlberg, J.  Chem. Soc. Chem. Commun. 1984, 1125- 
1127; f) Cf. ref. [5] and references therein. 


[5] D. Cremer, P. Svensson, E. Kraka, P. Ahlberg, .I .4m. Chem. Soc. 1993, 115. 
7445 -7456. 


[6] a) T. J. Barton, M. Juvet, Tetrahedron Lett. 1975, 30, 2561 -2564; b) A. G. 
Anastassiou, A. E. Winston, E. Reichmanis, J.  Chem. Sor. Chem. Commun. 
1973,779-780; c )  A. G. Anastassiou, E. Reichmanis, A. E. Winston, Angew. 
Chem. 1976,88, 382-383; Angew. Chem. Int .  Ed. Engl. 1976,16, 370; d) T. J. 
Katz. J. C. Carnahan, Jr., G. M. Clarke, N. Acton, J.  Am. Chem. Sor. 1970,92, 
734-735; e) G. Mirkl, B. Alig, Tetrahedron Lett. 1983, 24, 3981-3984; 
f) S. A. Weissman, S. G. Baxter, A. M. Arif, A. H. Cowley, J.  Am. Chem. Soc. 
1986, 108, 529-531; g) A. G. Anastassiou, B. Y.-H. Chao, .I Chem. Sor. 
Chem. Commun. 1972, 277; h) L. A. Paquette, U. Jacobsson, M. Oku, ihid. 
1975, 115-116; G. G. Christoph, S. Hardwick. U. Jacobsson, Y-B. Koh, R. 
Moerck, L. A. Paquette, Tetrahedron Lett. 1977, 1249-1252. 


[7] For other carbocation boron analogies. see J. M. Schulmann, R. L. Disch, 
P. von R. Schleyer, M. Biihl, M. Bremer, W. Koch, .I Am. Chem. SOC. 1992, 
114. 7897-7901. 


H. Lehmkuhl, S. Kintopf, K. Mehler, J.  Organomet. Chem. 1972,46, C 1 -C2; 
after drying in a high vacuum we find x = 2-2.5 for the composition of Mg- 
COT(thf),. 
a) X-ray structure determination of Zb: crystals of Z b  for the structure deter- 
mination were crystallized from pentane at - 30 "C. Crystal dimensions 
0.6 xO.6 x i.0mm3, formula C,,H,,B, formula weight 192.07 gmol-'; cell 
parameters a =1238.9(4), b = 651.9(2). c =1302.9(4)pm. P: =100.53(3)"; 
V =1.035(1)nm3; monoclinic, space group P2Jn (no. 14), Z = 4, d,,,,, = 
1.233 g ~ m - ~ ,  F(OO0) = 408.0, p = 4.74cm-'; ENRAF-Nonius CAD4, 
1 =154.18 pm, 2076 reflections measured (5<8<70", w - 8 scans), 1840 re- 
flections with 1>3u(I), 1795 independent reflections with 1>2u(1) for 189 
parameters, structure solution and refinement with SDP [9b]. All non-hydro- 
gen atoms were refined anisotropically, all hydrogen atoms were treated 
isotropically. Empirical absorption correction with DIFABS [Sc], sec. extinc- 
tion coefficient E = 4.82 x [9d], R = 0.045, R ,  = 0.062, GOF = 2.878, 
residual electron density 0.186 x e ~ m - ~ .  Further details of the crystal 
structure investigation may be obtained from the Fachinformationszentrnm 
Karlsruhe, D-76344 Eggenstein-Leopoldshafen (Germany), on quoting the 
depository number CSD-401605. b) B. A. Frenz, The ENRAF-Nonius CADI- 
SDP-a Real-Time System for Concurrent X-Ray Data Collection and Crystal 
Structure Determination, in Computing in Crystallography (Eds. : H. Schenk, R. 
Olthof-Hazekamp, H. van Koningsveld, G. C. Bassi), University of Delft 
1978; SDP-PLUS, Version 1.1 (1984) and VAXSDP, Version 2.2 (1985); c) N. 
Walker, D. Stuart, Acta Crystallogr. Sect. A 1983, 39, 158-166; d) W. H. 
Zachariasen, Arta Crystallogr. 1963, i6, 1139- 1144. 
a) Gaussian 92/DFT, Revision F.2, M. J. Frisch, G. W. Trucks, H. B. Schlegel, 
P. M. W. Gill, B. G. Johnson, M. W. Wong, J. B. Foreman, M. A. Robb, M. 
Head-Gordon, E. S. Replogle, R. Gomperts, J. L. Andres, K. Raghavachari. 
J. S. Binkley, C. Gonzalez, R. L. Martin, D. J. Fox, D. J. Defrees, J. Baker, 
J. J. P. Stewart, J. A. Pople, Gaussian, Pittsburgh PA, 1993; b) New Merhods 
and Features in Gaussian 92lDFT (adding density functional capabilities to 
Gaussian 921, Gaussian, Pittsburgh. PA, 1993; c) J. W Labanowski, J. 
Andzelm, Density FunctionalMethods in Chemistry, Springer, New York, 1991; 
d) R. G. Parr, W. Yang, Density Functional Theory of Atoms and Molecules, 
Oxford University Press, New York, 1989. 
W. Maringgele, D. Stalke. A. Heine, A. Meller. G. M. Sheldrick, Chem. Ber. 
1990. 123,489-490. 
D. Imbery, A. Jaeschke, H. Friebolin, Org. Magn. Reson. 1970, 2, 271 -281. 
D. Mannig, H. Noth, H. Prigge, A.-R. Rotsch, S. Gopinathan J. W. Wilson, 
J.  Organornet. Chem. 1986, 310, 1-20. 
Typical bond lengths for aminoboranes B-N 141 pm: P. Paetzold, Adv. Inorg. 
Chem. 1987, 31, 123-170. 
Data for H,BNH,: C,, ground state, B-N 139.1 pm, C,  transition state for 
internal rotation; data for H,BNHSiH,: C,  ground state, B-N 140.4 pm, C ,  
transition spate. 
H. Friebolin. Ein- und zneidimensiunale NMR-Spektroskopie, 2nd ed., VCH, 
Weinheim, 1992. 
J. Sandstrom, Dynamic N M R  Spectroscopy, Academic Press, London, 1984. 
P. Ahlberg, J. 8 .  Grutzner, D. L. Harris, S. Winstein, J.  Am. Chem. Soc. 1970. 
92, 3478 - 3480. 
Cf. ref. [20a] and references therein. 
a) T. Clark, G. W. Spitznagel, R. Klose, P. von R. Schleyer, J. Am. Chem. Sot.. 
1984, 106, 4412-4419; b) R. Hoffmdnn, W.-D. Stohrer, J.  Am. Chem. SOC. 
1971,93,6941-6948;~) F. H. Allen, Acta Crystallogr. Sect. 81980,36,81-96. 
H. Jiao, P. von R. Schleyer, Angew. Chem. 1995. 107,329-332; Angew. Chem. 
Int. Ed. Engl. 1995, 34, 334-337. 


Chem. Eur. .I 1996. 2, No. 4 0 VCH Verlagsgesellschaft mbH, 0-69451 Weinheim, 1996 0947-6S3YjY6~0204-0461~lS.00f .25/0 46 1 








FULL PAPER 


A Novel Route to Racemic and Nonracemic Products of the Ugi Reaction: 
Synthesis of Ugi’s Labile a-Adducts from Iminoaziridines and 
Carboxylic Acids, and Their Transformations ** 


Helmut Quast* and Sven Aldenkortt 
Dedicated to Professor Zvar Ugi on the occasion of his 65th birthday 


Abstract: Iminoaziridines (11) are highly 
reactive synthetic equivalents for three of 
the four components in the Ugi four-com- 
ponent condensation. Thus, iminoaziridi- 
nes react rapidly with carboxylic acids at 
temperatures as low as - 20 “C to afford 
a-amino isoimides (14), which are identi- 
cal to the elusive a-adducts of isocyanides 
in the Ugi reaction. 1,4-Migration of the 
acyl group (0 -+ a-N) in 14 furnishes the 


Introduction 


a-acylamino amides 15. Very little, if any, able. Mumm rearrangement by 0 -+ N- 
racemisation is observed when carboxylic acyl 1,3-migration to afford a-amino 
acids react with nonracemic iminoaziridi- imides (16e,f) competes if the 0 -+ a-N 
nes [(R)-lla,c], which are readily avail- 1,Cshift is slowed down by steric hin- 


drance. The latter acyl shift is catalysed by 
carboxylic acids while the former is not. 
The iminoaziridines (R)-11 a,c react quan- 
titatively and without racemisation 
with hydrazoic acid to produce the 5- 
aminoalkyltetrazoles (R)-21 a,c. 


During the second half of this century, only a handful of reac- 
tions have been discovered that have profoundly influenced or- 
ganic synthesis. A prominent member of this group is the Ugi 
reaction, a four-component condensation (4CC), reported for 
the first time in 195gL2] and thoroughly reviewed since then on 
several  occasion^.^^ - In reference [5] it is described as fol- 
lows: “Amines 1 and carbonyl compounds 2, such as aldehydes 
or ketones, react with isonitriles 3 and suitable acids 4 to form 
unstable a-adducts 5 which are converted by spontaneous sec- 
ondary reactions into stable a-amino acid derivatives 6. Instead 
of amines and the carbonyl compounds, it is also possible and 
often advisable to use their condensation products, such as am- 
inals, Schiff bases, and enamines” (Scheme 1). The stable a-acyl- 
amino amides 6 may be converted into true peptides by cleavage 
of the N-R bond. This last step completes a sequence generat- 
ing a new amino acid residue from an amine 1, an aldehyde and 
an isocyanide 3 (4CC peptide synthesis). Alternatively, cleavage 
of the a-C-N bond removes the auxiliary moiety formed from 
the ketone 2 and the isocyanide 3 (4CC peptide fragment con- 
densation).[l2I The importance of the Ugi condensation in a- 
amino acid and peptide chemistry was greatly enhanced by em- 
ploying nonracemic chiral amines [e.g., (5’)-a-phenylethan- 
amine,L33 31 a-amin~alkylferrocenes,[’~~ carbohydrate deriva- 


I*] Prof. Dr. H. Quast, Dr. S .  Aldenkortt 
Institut fur Organische Chemie, Universitat Wurzburg 
Am Hubland, D-97074 Wiirzburg (Germany) 
Fax: Int. code +(931)888-4606 


[**I Iminoaziridines, Part 7 [I]. Part 6: ref. [37]. 


1 2 3  4 L 5 


R’ = H 


6 1 


Scheme 1. The Ugi four-component condensation. 


tives[l5. 16] and methyl esters of a-amino as starting 
materials to induce diastereoselectivity in the reaction. A very 
recent report describes a combinatorial synthesis using a con- 
vertible isocyanide,” *] namely, cyclohexenyl isocyanide, de- 
vised and employed by Ugi and Rosendahl more than three 
decades ago.[lgl Not only can the enamine group in products 6 
(R2 = cyclohexenyl) be hydrolysed to afford the primary 
amides,[lgl but also converted into a variety of functional 


a-Acylamino N,N-dimethylamides 10, which closely resemble 
the Ugi products 6, are obtained in one step from carboxylic 
acids 4 and 3-dimethylamino-2H-azirines 8 (Scheme 2)  .I2’] The 
latter have thus evolved as synthons for a,a-substituted a-amino 
acids in peptide synthesis.[211 In the course of our initial studies 
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13a-15a 
13b-15b 
13c-15c 
13d-15d 


13e. 14e, 16e 
131-161 


4 R 


R 


R' R2 RE 


Me Me Ph 
Me Me CH2tBu 
Me Me CH2NHCOPh 


Me rBu Ph 


tBu Me CH(tBu), 
rBu Me Ph 


8 L 9 J 


0 


R R  
10 


Scheme 2. cc-Acylamino amides from aminoazirines and carboxylic acids. 


on iminoaziridines 11,[221 which are isomers of the 3-amino-2H- 
azirines reported around the same time,[231 we found that, sur- 
prisingly, iminoaziridines could not be titrated with 0.1 M 
perchloric acid in acetic acid,[241 though their structure would 
suggest that they are sufficiently basic.[251 This result was ex- 
plained in terms of the formation of nonbasic compounds, 
namely, a-acetylamino amides 15 (R' = Me), from 11 by reac- 
tion with acetic acid (Scheme 3, 11 +13 -+I4 +15).[261 Clearly, 
the cc-acetylamino amides 15 are identical to the products 6 


RZ-NC 3 
AT 


___) + 
or general 
acid catalysis tBuCH=NR' 12 


t B U  'R' 
11 


I 


Rc-C02H 4 1 Rc-C02H 4 I 
NRz RC 


R ' L i L O A O  


tBu 14 
- 


13 I 


14e, f 1 
R' NHR2 


RCyl?+ 0 *":GNL0 
I 


0 tBu tBu Me 
15 16e, f 


- 
4a 
4b 
4c 
4d 


- RC 


Ph lla 
CH2tBu I l b  
CH2NHCOPh llc 
CH(tBU), 


R' R2 


Me Me 
Me fBu 
fBu Me 


formed in the Ugi reaction of acetic acid and 2,2-dimethyl- 
propanal (pivaldehyde) . I z7 ]  We have now taken up these early 
observations and report here on the synthesis of racemic and 
nonracemic cc-acylamino amides 15 from iminoaziridines 11 and 
on the characterisation of the first observable intermediates, 
the a-amino isoimides 14, which are identical to the unstable 
cc-adducts of the Ugi reaction. We also disclose that the 0 -+ N- 
acyl 1,4-migration to the cc-amino group in 14 (R' = tBu) 
requires catalysis by the carboxylic acid. Otherwise, an 0 + N- 
acyl 1,3-shift (Mumm rearrangement) occurs to afford cc-amino 
imides 16. Finally, we report on the reaction of iminoaziridines 
11 with hydrazoic acid, which furnishes 5-(1 -aminoalkyl)- 
tetrazoles 21 in quantitative yield. 


Results 


The 2-imino-I -methylaziridine 11 a reacted with carboxylic 
acids 4a-c in inert solvents at 0-25°C to afford colourless 
crystalline 1: 1 adducts 15a-c (Table 1, entries 1-3). Similarly, 
11 b and 4a gave 15 d (entry 4). The yields of the crude products 
were virtually quantitative. The structures of the a-acylamino 
amides 15a-d were assigned on the basis of their IR, MS, 
'H NMR and I3C NMR spectra (Tables 2-4), and their lack of 
basicity alluded to in the Introduction. Furthermore, 15a was 
prepared independently by Ugi reaction from benzoic acid, 
methyl isocyanide and imine 12a (Table 1, entry 9). A 1 : 1 mix- 
ture of the latter two reactants was conveniently obtained by 
thermolysis of 11 Remarkably, hardly any racemisation 
occurred when the nonracemic iminoaziridine (R)-11 a[''] was 
treated with benzoic acid (entry 1). This was established from 
the 'HNMR spectrum of a solution of the product (R)-15a con- 
taining Pirkle's alcohol 22 as chiral shift reagent"'] (Table 3). 


The 2-imino-I -tert-butylaziridine 11 c reacted with benzoic 
acid under the same conditions as described above to afford a 
noncrystalline 1 : 1 adduct in quantitative yield (Table 1, en- 
try 6), which, surprisingly, was not identical with the crystalline 
main product 15f of the Ugi reaction of methyl isocyanide, 
imine 12b[251 and benzoic acid (entry 7). The NMR spectra of 
the noncrystalline 1 : l  adduct indicated the presence of a 
secondary N-tert-butylamino group, of an N-methyl group 
resonating at rather low field in both 'H and 13C NMR spectra 
and showing no sign of any coupling with a vicinal proton, and 
of two different amide groups absorbing at relatively low field 
in the 13C NMR spectrum. The IR spectrum was characterised 
by two carbonyl bands at around i = 1680 and 1690 cm- ', 
indicative of an N-alkyl imide moiety. The combined spectro- 
scopic evidence confirmed that the product was the cc-amino 
imide 16f. Symmetrical acyclic imides with large substituents 
preferentially adopt the (E ,Z)  configuration.[301 Only one of the 
two possible (E ,Z)  configurations of the unsymmetrical imides 
16 is displayed in Scheme 3 .  No racemisation of the imide (R)- 
16f was observed, when the starting material was the non- 
racemic iminoaziridine (R)-11 c.['~] 


With a view to observing intermediates of the reaction of 
iminoaziridines and carboxylic acids, we turned to the extremely 
hindered di-tert-butylacetic acid (4d).[311 As expected, 4d react- 
ed only slowly with 11 c (Table 1, entry 5). A single intermediate 
product was indeed formed in quantitative yield, which slowly 
rearranged to afford a low-melting crystalline material. In addi- 
tion, small amounts of methyl isocyanide, imine 12 b (some of 
which hydrolysed to 2,2-dimethylpropanal), and the acid 4d 
were formed from the intermediate product. The molecular for- 
mula of the final crystalline product corresponded to a 1 : l  
adduct of 4d and l l c .  Its IR spectrum resembled that of 16f 
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Table 1. Conditions and results of the Ugi reaction of 3,4 and 12, and the reaction 
of iminoaziridines 11 with carboxylic acids 4. The enantiomeric ratios were deter- 
mined by 'HNMR in the presence of Pirkle's alcohol 22 (2equiv). Entries 1-7 
describe preparative experiments: entries 8-16 describe experiments that were car- 
ried out in NMR tubes. 


Entry Cpd. R'C0,H Solvent T r C  t Products [a] Yield/% 
( R : S )  (equiv) (R: S )  [bl 


1 (R)-lla 4a(1) Et,O 0+25 5 h  (R)-15a 70 [CI 


2 l l a  4b(1) Et,O 0-25 1 d 15b 81 [CI 


4 l l b  4a (1) Et,O 0 0.5h 15d 95 lcl 


(83: 17) (81~19) 


3 l l a  4 c ( l )  MeOH 20-25 2 d  15c 51 [ci 


5 l l c  4d(1) Et,O 20-25 5 d  16e, 16e' 68 
6 (R)-llc [d] 4a (1) Et,O 0-25 4 h (R)-16f [d] 100 
7 3a+12b 4a(1.5) C,H, 20-25 2 d  15f,16f,19[e] 54(15f) 


8 l l c  4d(1) C,D,CD, 20-25 1 h 14e 100 
9 3a+12a 4a(1)  C,D, 20-25 3 d  1Sa 100 


15f161:17:19 151:16f 


10 (R)-llc [d] 4a (0.5) C,D,CD, -78-0 9 h 3:96[d]:l:- 3:97 
11 (R)-llc[d] 4a(1)  C,D, 20-25 1 h 14:81[f]:5:- 15:85 
12 (R)-llc [d] 4a (3) C,D,CD, -78-0 8 h 89[d]:IO[d]:l:- 90:lO 
13 (R)-llc [d] 4 a  (5) C,D,CD, -78-0 3 h 89[d]:8[d]:3:- 92:8 
14 3a+12b 4a(0.5) C,D, 20-25 15h  22:65:2:10 25:75 
15 3a+12b[g] 4a(1) C,D, 20-25 2 d  50:33:4:13 60:40 
16 3a+12b[h] 4a(4) C,D, 20-25 14h  64:20:5:11 76:24 


[a] The conversions were quantitative, except in two cases, see footnotes [g,h]. 
[b] The enantiomeric ratios of products were not determined when the yield was less 
than 5%. [c] Yield after recrystallisation; the yield of the crude product was quan- 
titative. [d] (R):(S)>99:1. [el Ratio of products: 71:16:13. [fl (R):(S) =95:5. 
[g] The conversion was 93%. [h] The conversion was 88%. 


indicating the presence of an imide moiety. The high-field 'H 
(600 MHz) and I3C (151 MHz) NMR spectra recorded at 20- 
25 "C showed signals broadened by exchange between 
nonequivalent sites of groups belonging to two diastereomers 
present in similar proportions, in addition to more or less broad 
signals that had already coalesced. The limit of slow exchange 
was reached for all signals, when the high-field NMR spectra, 
including a I3C,'H COSY spectrum, were recorded at -20 "C 
(Tables 3, 4). Two similar diastereomers A and B (ca. 3:2)  were 
then observed, and assigned the a-amino imide structures 16e 
and 16e', because, in accordance with the preferred (E,Z)  con- 
figuration of acyclic imide~,[~'I two equilibrating diastereomers 
are expected for a nonsymmetrical imide. In view of the bulky 
groups present, it comes as no surprise that the rate of 
16e+16e' equilibration occurs within the range of the NMR 
timescales. Of course, we cannot distinguish on the basis of the 
existing spectroscopic evidence whether the slightly more stable 
diastereomer A is 16e or 16e'. 


0 


16e " 16e' 


The preparative experiments (entries 1-7) show that the na- 
ture of the final products of the reactions between iminoaziridi- 
nes 11 and carboxylic acids 4 depends on the size of the alkyl 
group at the ring nitrogen atom of 11. Formation of the two 
types of products, the a-acylamino amides 15 and a-amino 
imides 16, can readily be explained in terms of the common 
intermediates 13 and 14. The latter belong to the unstable and 


hence hardly known class of acyclic isoimides ( = 0-acyl 
isoamides = 0-acyl imidates = imino anhydrides)[32. 331 and 
are identical to the elusive a-adducts of the Ugi reaction. 1,4- 
Transfer of the acyl to the methylamino group of the isoimides 
14a-d yields the expected Ugi products 15a-d. If there is a 
teut-butylamino group at the 4-position as in 14e,f, the 1,4-mi- 
gration appears to be too slow to compete successfully with the 
Mumm rearrangement (+16e,f). The Mumm rearrangement of 
isolated[321 and elusive[33 - 351 isoimides to yield imides has been 
observed in many cases, including in the Ugi reaction of tertiary 
e n a m i n e ~ . [ ~ ~ '  It should be noted that the (intramolecular) 
0 -+ N-acyl 1,3-migration occurs only if the C=N moiety of the 
isoimide adopts the ( E )  configuration.[351 


The interpretation of the results obtained from the imi- 
noaziridine 11 c (Table 1, entries 5 and 6) appeared to be incon- 
sistent with the fact that, in the Ugi reaction of methyl iso- 
cyanide, N-tert-butylimine 12b and benzoic acid (entry 7), a 
shift of the benzoyl group from 0 --t a-N did occur in the a-ad- 
duct 14f to yield the a-benzoylamino amide 15f. Only small 
amounts of the Mumm product 16f were observed under these 
conditions. In order to resolve this apparent contradiction and 
to characterise some of the hitherto unknown a-adducts 14 (a- 
amino isoimides) by NMR spectroscopy, we performed a num- 
ber of small-scale experiments and monitored them by 'H NMR 
spectroscopy. 


Immediately after mixing [DJbenzene solutions containing 
equivalent amounts of (R)-11 c and benzoic acid, the 'H NMR 
spectrum revealed the presence of an unstable intermediate 
product (14f) besides small amounts of 16f and traces of 15f. 
The proportion of the latter two compounds increased at the 
expense of the intermediate product until it had disappeared 
(Figs. 1 and 2). No further change in the 'H NMR spectrum of 
the mixture was observed after about three to four hours. The 
a-benzoylamino amide 15f and the a-amino imide (R)-16f were 
formed in the ratio 15 : 85 (Table 1, entry 11). In addition, small 
equivalent amounts of methyl isocyanide and imine 12 b, which 
probably arose from (R)-11 c by general acid-catalysed [2 + 11 
cyc lo reve r~ ion ,~~~~  and small amounts of the known a-amino 
amide 17[371 were detected. This result corresponded essentially 
to the outcome of the preparative experiment (Table 1, entry 6) 
performed under somewhat different conditions. 


60 
56 


. . . .  . . , .  


3 :5 3 10 2:5 . 6 .  


Fig. 1. N-Methyl signals in the 'HNMR spectra recorded for a solution in 
[D,]benzene of the intermediate product 14f formed in the reaction of the imi- 
noaziridine (R)-llc (1 equiv) and benzoic acid (1 equiv), and of the final products 
151 and 16f(cf. Table 1, entry 11). The 1 : 1 : 1 triplet (6 = 1.81, ca. IO%)arising from 
small amounts of methyl isocyanide is not shown. 
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Fig. 2. Consumption (conversion vs. time) of the intermediate product 14f, formed 
in the reaction of the iminoaziridine (R)-11 c (1 equiv) with benzoic acid (1 equiv), 
and the formation of the final products 15f and 16f. Small amounts of methyl 
isocyanide (3a), imine 12b and the hydrolysis product 17 result from side reactions 
(cf. Table 1, entry 11). The data were obtained from the N-methyl signals in 
'HNMR spectra recorded for a solution in [DJbenzene (Fig. 1). 


The initial step in the reaction of (R)-llc and benzoic acid 
could be monitored conveniently by 'H NMR spectroscopy 
when [DJtoluene solutions of the reactants were mixed at 
- 78 "C. The intermediate product made its appearance very 
slowly at - 40 "C, and at a convenient rate at - 20 "C. No earlier 
intermediate could be detected. The conversion to the interme- 
diate product went to completion within one hour at -20 "C, 
and it was found to be stable at this temperature. 


As expected, the reaction of the iminoaziridine 11 c with di- 
tert-butylacetic acid (4d) was slow enough to be monitored by 
'H NMR and IR spectroscopy at temperatures as high as room 
temperature (entry 8). Formation of the intermediate product 
was complete after one hour. It subsequently underwent a slow 
Mumm rearrangement to afford an equilibrated mixture of the 
diastereomeric imides 16e and 16e'. The hypothetical product 
of the 0 --t a-N-acyl 1,Cshift could not be detected, but, unex- 
pectedly, small amounts of methyl isocyanide, imine 12b and 
di-tert-butylacetic acid were observed, which increased when the 
solution of the intermediate product was briefly heated at 70 "C. 


The cc-amino isoimide structures 14e,f were assigned to the 
intermediate products on the basis of IR, 'HNMR and 13C 
NMR spectra (Tables 2-4). Unstable isoimides of this type, 
whose ( Z )  + ( E )  diastereomerisation preceding the Mumm re- 
arrangement is not retarded by special groups (-NRAr, -OR) at 
the nitrogen atom,[321 have hitherto been studied only by IR[33a1 
and UV s p e c t r o ~ c o p y . [ ~ ~ ~ ~  The 'H and 13C NMR spectra of 
14e,f are characterised by N-methyl signals at relatively low 
field. The carbon spectra exhibit absorptions of C=N (6 = 157) 
and carbonyl groups (6 = 170, 14e; 162, 14f). Comparison of 
the IR frequencies found for 14e in the range of the carbonyl 
and C=N bands (i; = 1747 and 1694 cm-') with those ofN-aryl- 
0-benzoyl isobenzamides (i; = 1737 and 1680 cm-')[33a1 leaves 
no doubt of the a-amino isoimide structure for the intermediate 
products. 


While exclusively 0 -+ N-acyl 1,3-migration occurred in the 
highly encumbered a-amino isoimide 14e, the fate of the a- 
amino isoimide 14f at higher temperatures (above 0 "C) surpris- 
ingly depended on the amount of benzoic acid present (Table 1, 
entries 10-13). Treatment of the iminoaziridine (R)-11 c with 
only 0.5 equivalents of benzoic acid at low temperature led al- 
most exclusively to Mumm rearrangement of the intermediate 
product 14f (entry 10). The process occurred very slowly below 
0 "C and at a convenient rate at + 10 "C. Only 3 % a-benzoyl- 


amino amide 15f and 96% Mumm product 16f were detected 
after three hours. One equivalent of benzoic acid gave rise to 15f 
and 16f in a ratio of 15 : 85 (entry 11). An excess of benzoic acid 
(entries 12 and 13) dramatically increased the rate of the 0 + N- 
acyl 1 ,Cmigration, which could now be monitored conveniently 
at 0 "C. With five equivalents of acid (entry 13), consumption of 
the intermediate product 14f was complete in one and a half 
hours, and the ratio of (R)-15f:(R)-16f was 92:8. This result 
indicates that only the 1,4-transfer of the acyl to the a-amino 
group is accelerated by the excess of benzoic acid, and not the 
Mumm rearrangement. Remarkably, both reactions occurred 
without any racemisation. Formation of small amounts of the 
a-amino amide 17 may be rationalised in terms of hydrolysis of 
the iminoaziridine 11 c, the a-amino isoimide 14f, or both. 


tBU 
L l l c  


tBU 


Ph-COZH - 
tBu 


14f 


NHMe Ph-COZH 


4a 
0 


tBu 17 
Scheme 4. Formation of the hydrolysis product 17. 


The surprising results obtained with the a-amino isoimide 
14f, which is equivalent to an a-adduct of the Ugi reaction but 
generated in a different way, prompted us to study the particular 
Ugi reaction in which 14f is the expected intermediate (Table 1, 
entries 14- 16). The experimental conditions chosen closely re- 
sembled those in the experiments with the iminoaziridine 11 c 
described in the preceding paragraph. Mixtures of equivalent 
amounts of methyl isocyanide and the imine 12 b were obtained 
by thermolysing solutions of 11 c in [DJbenzene. Benzoic acid 
was added, and the course of the Ugi reaction monitored by 
'H NMR spectroscopy (Fig. 3). Initially, a-adduct 14f was de- 
tected; this was followed by a slow rise in the concentrations of 
the stable products. One equivalent of benzoic acid gave the 
a-benzoylamino amide 15f and the a-amino imide 16f as major 
products in the proportion of 60:40 (entry 15). In addition, 


50 
14 21 


J- 0.1 [h] 
3.0 2.5 2.0 s 


Fig. 3. N-Methyl signals in 'H NMR spectra recorded during the course of the Ugi 
reaction of methyl isocyanide (3a), imine 12b and benzoic acid (1 equiv). Besides 
the major products 151 (50%) and 16f(33%), formed from the a-adduct 14f, the 
hydrolysis product 17 and the Passerini product 19 are formed in side reactions (cf. 
Table 1, entry 15). 
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(R)-lla, (R)-2Oa, (R)-21a 
l l b ,  20b, 21b 


(R)-llc, (R1-20~. (R)-Zlc 


small amounts of 17 were formed by hydrolysis of 14f; the 
product 19, formed in a Passerini reaction, was also identified by 
comparison with an authentic sample prepared from methyl 
isocyanide (3 a), 2,2-dimethylpropanal (18) and benzoic acid 
(4a) (Scheme 5 ) .  Some of the imine 12b had clearly been 


Me Me 
tBu Me 


Me tBu 


Me-NC 3a 
I 


100 4l 


90 


80 


70 


' 


' 


60 . 
I 


16f 
40 5 0 :  t 


[%I 
30 . ,-------------- 


NHMe 


~Bu-CHO 


lZb 7 18 I B U  


mu-MI, Ph-CO,H 4a 19 


Scheme 5. Formation of the Passerini product 19. 


hydrolysed by traces of moisture to afford 18. Use of less than 
one equivalent of benzoic acid (0.5 equiv) changed the ratio of 
the major products 15f:16f to 25:75 (Fig. 4, top; Table 1, en- 
try 14), while an excess of benzoic acid (4 equiv) reversed this 
ratio to 76:24 (Fig. 4, bottom; Table 1, entry 16). 


17 


0 2 4 6 8 10 
t [hl - 


100 t I 


7 


20 1 
lo ' / --- ....... ::L 0 


0 2 4 6 8 10 


r [hl - 
Fig. 4. The Ugi reaction of methyl isocyanide (3a), imine 12b and benzoic acid 
(0.5 equiv, top; 4 equiv, bottom) showing the disappearance (conversion vs. time) of 
the a-adduct 14f and the formation of the final products 151 and 161. Small 
amounts of the hydrolysis product 17 and the Passerini product 19 (not included) 
are formed in side reactions. The data were obtained as those of Figure 2 (cf. 
Table 1, entries 14 and 16). 


Finally, from the large number of weakly acidic com- 
pounds-besides carboxylic acids-that have so far been used in 
the Ugi four-component condensation,[3-"] we chose hydra- 
zoic acid as a further example for the reaction with iminoaziri- 
dines 11. Treatment of 11 with a solution of hydrazoic acid in 
diethyl ether afforded nice crystals of the 1 : 1 adducts in virtual- 
ly quantitative yield (Scheme 6). The 5-(~-arninoa~kyl)tetrazo~e 


11 


I R' R2 


20 21 


structures 21 were assigned to these products on the basis of the 
spectroscopic data (Tables 2-4). Very little, if any, racemisation 
occurred when the nonracemic iminoaziridines (R)-11 a and (R)- 
11 c were employed as starting materials. This was evident from 
'H NMR spectra recorded from solutions of 21 in the presence 
of Pirkle's alcohol 22.12'1 Similar tetrazole derivatives were ob- 
tained by Ugi et al.[3-61 and by Opitz and M e r ~ . [ ~ * ]  


Discussion 


Despite the impact of the Ugi four-component condensation, its 
crucial intermediates, the a-adducts of the isocyanides, have as 
yet remained elusive. This can be traced back to the fact that 
their formation is rate-limiting under the conditions of the Ugi 
reaction while their conversion by 0 + a-N-acyl 1 ,Cmigration 
is fast. The reaction of iminoaziridines 11 with carboxylic acids 
4 (Scheme 3) not only opens up a novel access to the products 
15 of the Ugi reaction, but also allows for the first time the 
spectroscopic characterisation of a-adducts because their for- 
mation from 4 and 11 is already fast at low temperatures. These 
a-adducts do indeed possess the anticipated" a-amino 
isoimide structure 14. The conversion vs. time diagrams (Figs. 2 
and 4) and stereochemical evidence confirm that the isoimides 
14 truly result from a direct attack of the carboxylic acid at the 
iminoaziridine 11 (or of the carboxylate ion at the iminoaziri- 
dinium ion l l . H + ) ,  and not from a general acid-catalysed 
[2 + I] cycloreversion of 11 to give isocyanide 3 and imine 12 
followed by Ugi reaction with the carboxylic acid. Very little, if 
any, racemisation is observed in the final products (R)-15f and 
(R)-16f obtained from (R)-11 c and benzoic acid. 


Acyclic isoimides undergo a 0 + N-acyl 1,3-shift to afford 
imides (Mumm rearrangement) ,I3,- 351 which are strongly fa- 
voured for energetic reasons. Ugi and Steinbriickner obtained 
the product of this rearrangement from piperidino isobutene, 
cyclohexyl isocyanide and benzoic acid, because a 0 + a-If-acyl 
1 ,Ctransfer is precluded in the corresponding  a ad duct.[^^] We 
have now found that both 1,3- and 1,4-migrations of the acyl 
group may become competitive if the latter is retarded by a 
bulky group at the a-amino group as in 14f. This structural 
feature allowed a study of external factors that influence the 
outcome of the competition 1,3- vs. 1,Cmigration in 14f. The 
results demonstrate that the latter is catalysed by benzoic acid 
while the former is not. 


In the a-amino isoimide 14e obtained from l l c  and di-tert- 
butylacetic acid, both the a-amino group and the 0-acyl moiety 
are highly hindered. As expected, only a slow Mumm rearrange- 
ment affording the imides 16e, Me' was observed. This is yet 
another demonstration of the long-known fact that this rear- 
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rangement is not significantly influenced by steric 
Apparently, the opposite is true for the 0 + a-N-acyl 1,Cmigra- 
tion of the Ugi reaction. We note in passing that small amounts 
of methyl isocyanide, the imine 12 b and di-tert-butylacetic acid 
from 14e are formed by reversion of the a-addition of an imine 
and a carboxylic acid at an isocyanide. 


Formation of the 5-(a-aminoalkyl)tetrazoles 21 (Scheme 6) is 
interpreted in terms of the addition of hydrazoic acid across the 
C=N double bond of the iminoaziridines 11 followed by rapid 
ring opening to afford the imidoyl azides 20, which are identical 
to the corresponding a-adducts formed by reaction of hydrazoic 
acid and the imines 12 with the isocyanides 3. Cyclisation of 20 
yields the final products. Remarkably, hardly any racemisation 
occurred in this sequence when nonracemic iminoaziridines (R)- 
11 a and (R)-11 c were used as starting materials. Analogous 
5-(a-aminoalkyl)tetrazoles obtained from nonracemic dipep- 
tides in the reaction of phosphorous pentachloride and hydra- 
zoic acid was completely racemic. Racemisation of the interme- 
diate imidoyl azides were invoked to rationalise this 
Structures of type 21 are interesting subunits of 1 ,5-disubstitut- 
ed tetrazole dipeptide analogues, which are conformational 
mimics of the cis amide bond.1391 


Concluding Remarks 


The results disclosed in this article demonstrate that imi- 
noaziridines are highly reactive and, if required, nonracemic 
chiral synthetic equivalents for three of the four components of 
the Ugi four-component condensation, namely, the primary 
amine, the carbonyl compound, and the isocyanide. In cases 
where the Ugi reaction is plagued by steric hindrance1401 or 
other retarding factors, the highly reactive iminoaziridines may 
be the reagents of choice. Nonracemic chiral iminoaziridines are 
readily available,[2s, ''1 and very little, if any, racemisation oc- 
curs in their reactions with two important classes of weak acids 
(carboxylic acids and hydrazoic acid) that have been used in the 
Ugi four-component condensation. Retention of the configura- 
tion of the iminoaziridine precursors was demonstrated[371 and 
is anticipated in other cases. Finally, we note that the high 
reactivity of iminoaziridines reverses the relative rates: forma- 
tion of a-amino isoimides in the novel route is very fast and their 
transformation to the final products the rate-limiting step. 
Thus, we have been able to characterise and study the interme- 
diate a-adducts of the Ugi reaction for the first time. 


Experimental Procedure 
General: Instrumentation, solvents and reagents: ref. [37]. Conditions and results: 
Table l.Meltingpoints,IRandMS(70eV):Table 2. 'HNMR:Table 3. ' T N M R :  
Tahle4. High-field 'H and 13C NMR: Bruker DMX600. The assignments are 
based on DEPT spectra and ',C,'H COSY spectra (15a-c, 16f). Ratios of enan- 
tiomers were determined from 5 integrations of signals in 200 MHz 'HNMR spec- 
tra recorded in the presence of 22 (2 equiv) [29]. 
The iminoaziridines (R)-lla [28], (R)-llb and llc [25] were prepared as reported 
recently. Solutions of equivalent amounts of 3a and 12 were obtained as described 
[25] by heatingdegassed [D,]henzene solutionsof Ila (IIO'C, 5 h)and llc (13O"C, 
10 h) in flame-sealed NMR sample tubes. 4d was prepared according to the pub- 
lished procedure [31] and sublimed three times at 95 "C/10-2 Torr; m.p. 73-74°C 


(ref. [31]: 74°C); IR (CCI,): =1745cm-' (C=O); 
'HNMR (CDCI,): S =1.13 (tBu), 2.18 (CH); 
(C,D,): 6 =1.08 (feu). 2.20 (CH); I3C NMR (CD- 
Cl,): b = 30.7. 34.5 (tBu). 64.6 (CH). 180.8 (C=O): 


HO ,+ C F ~  
, I  , ,  . ,  


(C,D,): 6 = 30.8, 34.6 (WU), 64.6 (CH), 181.1 & (C=O). 3a [41] and solutions of HN, in diethylether 
[42J were prepared according to published proce- 
dures. 4c and 22 (R:S = 99:l)  were obtained from 


22 
Aldrich, 18 from Riedel-de Haen. The petroleum 
ether (PE) had a boiling range of 30-50 'C. 


Table 2. Melting points, IR and MS data. 


Cpd. M.p. I R W r )  [cm-'] MS (70 eV, EI) m h  (46) 


R:S ["C] NH AmideI JI M* Fragments 


(R)-15a 126-128 3300 
81 : 19 


15b 


15c 


15d 


15f 


19 


108- 110 3350 


159-168 3320 


175-176 3310 


158- 159 3410 


165 (sub].) 3300 


(R)-2la 93-94 3360 
80 : 20 
21b 67-68 3320 
(R)-2lc 123 - 125 3320 
>99 : <1 


1665 1545 262 (1) 205 (3). 204 (12). 
1615 175 (2). 105 (421, 


1675 1540 256 (1) 225 (I), 210 (2), 
1630 198 (7), 169 (1). 


100 (31). 57 (6), 


77 (10). 42 (3) 


42 (1) 


1670 1555 
1640 
1670 1540 304 (1) 205 (3). 204 (16). 
1610 105 (42). 77 (9). 


1675 1490 304 (0.1) 247 (2). 246 (8). 
1620 190 (19). 105 (34). 


57 (2). 42 (3) 


77 (7). 57 (2) 
1655 1545 
1715 
(ester) 


c=x 


14e 1747 1694[a] 


16e, 16e'[b] 46 3400 @r.) 1696 1666 - 
3470 1692 1683[a] 
3280 


(R)-16f oil 3280 1686[a] - 
>99 : <1 3330 (br.) 1687 1679 [cl 


339 (0.2). 297 (2). 
155 (I), 142 (25). 
86 (19), 71 (4). 
57 (12). 41 (3) 
289 (0.3). 247 (6). 
191 (3). 142 (13). 
105 (12), 86 (20). 
57 (4). 41 (3) . .  . .  


la] Recorded from a solution in tetrachloromethane. [b] Mixture of equilibrating 
diastereomers. [c] Neat liquid. 


(R)-2-(N-Benzoyl-N-methylamino~N,3,3-trimethylbu~~mide [(R)-15a]: Under 
N, , a solution of 4 a (1 22 mg, 1 .O mmol) in diethyl ether (4 mL) was added dropwise 
to a stirred solution of (R)-lla ( R : S  = 83:17, 140mg, 1.0mmol) in diethyl ether 
(20 mL) cooled to 0°C. The solution was allowed to warm to 20-25 "C over 1.5 h 
and was stirred at this temperature for 3.5 h. Distillation of the solvent under 
vacuum yielded a colourless oil (264 mg, quant.) , which afforded colourless crystals 
(184 mg, 70%, R : S  = 81:19) on crystallisation from PE/ethyl acetate. 
C,,H,,N,O, (262.4): calcd C 68.67, H 8.45, N 10.68; found C 68.35, H 8.59, N 
10.57. 


2-[N-Methyl-N-(3,3d~etbyl)butanoylamino]-N,3,3-trimethylbu~namide (15 b): 
According to the procedure given for (R)-lSa, pale yellow crystals (256 mg, quant.), 
m.p. 102-106 "C, were obtained from 4b and lla after 1 d. Recrystallisation from 
PE afforded colourlesscrystals (207 mg, 81 %). C,,H,,N,O, (256.4): calcd C 65.59, 
H 11.01, N 10.93; found C 64.97, H 11.29, N 10.60. 


2-[N-(Benzoylaminoacetyl)-N-methylaminoJ-N,3,3-trimethylbntanamide (15 c) : A so- 
lution of 4c (179mg, 1.0mmol) and lla (140mg, 1.0mmol) in dry methanol 
(20 mL) was stirred for 2 d at 20-25 "C under N,, Distillation of the solvent under 
vacuum yielded a pale yellow oil (320 mg, quant.), which afforded colourless crys- 
tals (163 mg, 51 %) on crystallisation from PE/ethyl acetate (10 mL, 10:3) at 
-21 "C. C,,H,,N,O, (319.4): calcd C 63.93, H 7.89, N 13.16; found C 63.71. H 
7.91, N 12.94. 


2-(N-Benzoyl-N-methylamino)-~-tert-butyl-3,3-dimethylbutanamide (15d) : Accord- 
ing to the procedure given for (R)-15a, colourless crystals (292mg, 96%), m.p. 
174-175°C. were obtained from 4a (122mg, 1.Ommol) and llb (182mg, 
1 .O mmol) after 0.5 h. Recrystallisation from PE/ethyl acetate (20 mL, 3: 1) yielded 
colourless crystals (289 mg, 95%). C,,H,,N,O, (304.4): calcd C 71.02, H 9.27, N 
9.20; found C 71.28, H 9.29, N 9.11. 


2-(N-terr-Butyl-N-benzoylamino)-N,3,3-tr~ethylbutanamide (15f): A solution of 
3a and 12b ( 3  :1) in benzene was prepared by heating a degassed solution of llc 
(365 mg, 2.0 mmol) in dry benzene (5 mL) in a sealed, thick-walled glass tube at 
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Tdbk 3. Chemical shifts (6) in 'H NMR spectra (200 MHz). Spectra of  nonracemic 
compounds were also recorded in the presence of Pirkle's alcohol (22.2 equiv). The 
averages of the chemical shifts of the enantiomers [6(R) + 6(S)]/2 and (in italics) the 
differences of resonance frequencies v(R) - v(S)  [Hz], taken from these spectra, are 
listed. Similar values of chemical shifts (in italics) may be exchanged. 


Cpd. tBu -CH- NMe NK2 Jw Me NH [a] Re tbl 
(R') 


(R)-15a 1.17 5.00 3.09 2.72 4.8 6.6 7.42(m) C 
1.07 4.83 2.99 2.M) C 


15b 1.069 4.99 3.15 2.75 4.8 6.2 [c] C 


-21s -19.7 9.8 -72 


1.9 


15c 1.09 4.87 3.22 2.78 4.8 7.3 [dl C 
1.9 7.40-7.52 


7.79 - 7.81 
15d 1.18 4.89 3.07 1.35 6.0 7.42 (m) C 


(R)-21a 1.00 3.60 2.20 4.12 1.8 
0.92 3.50 2.06 4.02 


-2.4 -2.4 4.8 0.9 


Zlb 1.04 3.91 2.21 1.80 1.7 


tBu -CH- NtBu 


C 
C 


C 


14e 1.10 3.16[al 1.20 3.07 2.2 1.15 2.22 B 
(2rBu) (CH) 


(R)-14F 1.13 3.34 1.23 2.97 Ifl  
[el 1.13 3.46 1.28 2.89 rf l  
15f 1.21 3.87 1.24 2.86 4.8 9.0 


1.08 3.76 1.13 2.74 - -  - 8.4 
16e, 16e' [g] 


A 0.93 5.02 1.11 3.326 2.2 


B 0.96 4.44 1.074 3.332 2.2 


(R)-16f 0.95 4.48 1.08 3.15 2.1 
1.04 4.75 1.19 2.69 
3 3  - - 4.7 


19 1.07 5.19 2.36 4.8 5.5 


1.13 5.09 2.82 4.8 5.9 


(R)-2l~ 0.90 3.74 0.95 4.14 1.6 
0.85 3.72 0.91 4.09 
7 n  - - -  


tfl 
tfl 


7.34 - 7.54 


0.996 (tBu) 
1.077 (tBu) 
2.87 (CH) 


0.996 (tBu) 
1.146 (tBu) 
3.52 (CH) 


7.46 - 7.61 


7.01 -7.14 
8.10 - 8.15 
7.45 - 7.67 
8.07 - 8.12 


B 
T 


C 
C 


C 


C 


C 
B 


B 


C 


C 
C 


[a] Broad signal. [b] Solvent: B = [DJbenzene, C = [Dltrichloromethane, T = 
[DJtoluene. [c] 6 = 1.069 (tBu), 2.21,2.38 (AB, 'JAB = 14.4 Hz, CH,). [d] 6 = 4.34, 
4.25, 1.7 (ABX, 'J=18.0Hz, 3J0(,NH = 4.2, 4.0Hz, CH,NH). [e] Spectrum 
recorded at -20 "C. [fl Hidden under the signal of the solvent. [g] 600 MHz spec- 
trum recorded at -20°C from a solution of an equilibrated mixture of 
diastereomers A and B (3:2). 


130 "C for 10 h [25]. After addition of4a (366 mg, 3.0 mmol), the mixture was kept 
at 20-25 "C for 2 d with exclusion of air. Dichloromethane (30 mL) was added 
followed by extraction with saturated aqueous NaHCO, (2 x 30 mL) and water 
(2 x 20 mL). Drying ofthe organic layer with K,CO, and distillation of the solvent 
under vacuum yielded a pale yellow oil (542 mg) consisting of 15f, 16f and 19 
(71:16:13, 'HNMR). Recrystallisation from PE/ethyl acetate (lO:l, 10mL) at 
-20 "C yielded colourless crystals (329 mg, 54%). C,,H,,N,O, (304.4): calcd C 
71.02, H 9.27, N 9.20; found C 70.87, H 9.36, N 9.07. 
2-(N-tert-Butylamino)-N-(2-~ert-butyl-3,3~imethylb~tanoyl)-~,3,3-trime~ylbutan- 
amide (16e): A solution of 4d (172 mg, 1.0 mmol) in diethyl ether (5 ml) was added 
to a stirred solution of l l b  (I82 mg, 1.0 mmol) in diethyl ether (10 mL) under N,. 
The solution was stirred at 20-25 "C for 5 d. while the conversion was monitored 
by IR spectroscopy. The solution was extracted with saturated aqueous NaHCO, 
(2 x 20 mL) and water (2 x 20 mL). Drying of the organic layer with Na,SO, and 
distillation of the solvent under vacuum yielded colourless crystals (241 mg, 68%). 
C,,H,,N,O, (354.6): calcd C 71.14, H 11.94, N 7.90; found C 71.05, H 12.22, N 
7.84. 
(R)-2-(N-terf-Butylamino)-N-~nzoyl-N,3,~tnmethylbutanamide [(R)-16f]: Ac- 
cording to the procedure given for (R)-15a, a colourless oil ( R : S  = >99: < 1, 
304 mg, quant.) was obtained from 4a and (R)-llc (R:S = 99: 1) after 4 h. The 
product was pure ('HNMR). C,,H,,N,O, (304.4): calcd C 71.02, H 9.27. N 9.20; 
found C 71.01, H 9.50, N 9.15. 


Table 4. Chemical shifts (6) in I3C NMR spectra recorded from solutions of some 
derivatives of 3,3-dimethylbutanoic acid. Similar values (in italics) from carbon 
atoms that bear the same number of protons may be exchanged. 


Cpd. Me3C-CH-NMe NRz C=X CH, quat.C[a] 
(R') R C  


(R)-15a 


15b 


1% 


15d 


(R)-Zla 


21b 


14e 


27.9 35.3 62.7 36.6 


27.6 35.0 61.6 34.4 


27.7 35.5 63.1 32.5 


27.9 35.4 63.3 36.4 


26.6 35.9 65.1 35.4 


27.1 36.0 64.1 35.6 


Me3C-H - NCMel 


27.5 36.2 6425 50.8 30.5 


(R)-14f [b] 27.2 35.9 63.2 


(R)-lSI 30.2 36.4 74.3 


16e, 16e' [c] 


A 26.42 35.90 63.3 


B 26.42 35.90 61.4 


(R)-16f 26.9 35.3 61.4 


19 26.5 34.5 81.7 


(R)-21C 26.5 36.3 56.1 


25.8 170.2 
173.4 


25.8 170.6 
173.7 


26.0 167.2 
169.4 
170.0 


28.7 169.0 
51.2 173.5 


34.2 155.9 


36.0 157.1 
62.2 


35.8 157.1 
169.8 


50.9 30.1 35.1 156.8 
161.7 


60.1 31.1 26.0 174.8 
176.4 


50.01 30.73 34.3 177.2 
183.4 


50.10 31.05 32.8 179.3 
180.3 


50.8 30.0 36.0 173.8 
181.4 


- - 25.6 165.5 
168.5 


50.7 29.3 34.5 158.2 


126.8 136.4 C 
128.5 
129.8 (Ph) 


29.9 31.5 C 


45.0 
ftB4 


CHZ 
127.0 133.9 C 
128.5 
131.7 (Ph) 


126.8 136.5 C 
128.5 
129.7 (Ph) 


42.0 (CH2) 


C 


C 


6454(CH) B 
31.1 34.8 


(2 rB u) 


128.8 136.9 T 
130.3 
133.8 (Ph) 


127.7 140.8 C 
128.2 
130.5 (Ph) 


60.2 (CH) C 
29.69 36.35 
30.68 36.52 


61.2 (CH) C 
29.74 36.35 
30.71 36.26 


128.3 135.5 B 
128.7 
131.5 (Ph) 
128.7 130.4 B 
129.9 
133.3 (Ph) 


C 


[a] Solvent: B = [DJbenzene, C = [D]trichloromethane, T = [D,]toluene. [b] Spec- 
trum recorded at -50°C. [c] 151 MHz Spectrum recorded at -20°C from a solu- 
tion of an equilibrated mixture of diastereomers A and B (32 ) .  


2-(5-Benzoyloxy)-N,3,3-trimethylbutanamide (19): Methyl isocyanide (3a) (123 mg, 
3.0 mmol) was added under N, to a stirred solution of 4a (366 mg, 3.0 mmol) and 
18 (258 mg, 3.0 mmol) in diethyl ether (10 mL) cooled to 0 "C. The mixture was 
allowed to warm to 20-25 "C over 1.5 hand stirred at this temperature for 10 h. The 
solution was extracted with saturated aqueous NaHCO, (2 x 20 mL) and water 
(2 x 20 mL) and dried with Na,SO,. Distillation of the solvent under vacuum yield- 
ed a colourless solid (696 mg, 93%). Recrystallisation from cyclohexane (3 mL) 
afforded colourless needles (479 mg, 64%). C,,H,,NO, (249.3): calcd C 67.45, H 
7.68, N 5.62; found C 67.38, H 7.70, N 5.58. 


(R)-l-Methyl-5-[l-(~-metbyl)amino-2,2-dimetbylpropyl~-l~-tetr~ole [ (R)-21 a] : A 
solution of HN, in diethyl ether (10 mL, 0.2 M, 2.0 mmol) was added dropwise 
under N, to a stirred solution of (R)-11 a ( R : S  = 83: 17, 140 mg, 1 .0 mmol) cooled 
to 0°C. The solution was allowed to warm to 20-25°C over 1.5 h, following which 
the solvent was distilled under vacuum to afford colourless crystals (184 mg, 
quant.), m.p. 90-93 "C. Recrystallisation from PE/ethyl acetate (2: 1) yielded 
colourless crystals (R:S = 80:20, 154mg, 84%). C,H,,N, (183.2): calcd C 52.43, 
H 9.35, N 38.22; found C 52.39, H 9.35, N 38.35. 


l-tert-Butyld-[1~N-metbyl)amino-2,2-dimethylpropyl~-1H-e (21 b) : Accord- 
ing to the procedure described for (R)-21 a, colourless crystals (226 mg, quant.), 
m.p. 64-68"C, were obtained from 11 b and HN,. Recrystallisation from diethyl 
ether afforded colourless prisms (203 mg, 90%). C,,H,,N, (225.3): calcd C 58.63, 
H 10.29, N 31.08; found C 58.39, H 10.54, N 30.89. 
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(R)-5-~l-(N-terr-Butyl)aminn-2,2dimethylpropyl~-l-methyl-l~-tetr~nle [(R)-2lc]: 
According to the procedure described for (R)-21 a, colourless crystals (226 mg, 
quant.) were obtained from (R)-11 c ( R :  S = 99: 1) and HN,. Recrystallisation from 
PE/ethyl acetate afforded colourless needles (R: S = 99: 1, 203 mg, 90%). 
CL,Hz3NS (225.3): calcd C 58.63, H 10.29, N 31.08; found C 58.44, H 10.58, N 
30.74. 


Small-scale experiments were performed with l l c ,  (R)-llc or 3a + 12 in NMR 
sample tubes, which were dried at 200-300 "C and filled with Ar, and dry deuterated 
solvents (0.5 mL). The conversions were monitored by 'H NMR spectroscopy 
(200 MHz), and the ratios of the products were calculated from integrations of 
N-methyl signals. In low-temperature experiments carried out in [D,]toluene as 
solvent, the temperature of the samples (- 78 "C at the onset) was allowed to rise in 
steps of 10". After complete conversion, the ratios of enantiomers were determined 
from 'H NMR spectra recorded after addition of 22 (2 equiv). Ratios of reactants, 
conditions, and results: Table 1 (entries 8-16). 
a) (R)-llc (a pmol) and 4a (b pmol) in [DJbenzene: a = 96, b =lo0 (entry 11) 
(Figs. 1, 2); in [D,]toluene: a =134, b = 67 (entry 10); a = 50, b =151 (entry 12); 
a = 34, b =168 (entry 13). 
b) 3a (a pmol) +12b (a pmol) and 4a (b pmol) in [DJbenzene a =138,  b = 68 
(entry 14) (Fig.4, top); a =lor(, b =110 (entry 15) (Fig. 3); a = 38, b =150 (en- 
try 16) (Fig. 4, bottom). 
c) 3a (98 pmol) + 12a (98 pmol) and 4a (108 pmol) in [D,Jbenzene (entry 9) 
d) l l c  (6 mg, 33 pmol) and 4d (6 mg, 35 pmol) in [D,]toluene (entry 8). 
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Supramolecular Motifs: Concerted Multiple Phenyl Embraces between 
Ph4P+ Cations Are Attractive and Ubiquitous 


Ian Dance* and Marcia Scudder 


Abstract: Examination of the Cambridge 
Structural Database reveals that Ph,P+ 
cations in crystals associate through 
phenyl-phenyl nonbonded interactions 
which are attractive, concerted, and wide- 
spread. Intermolecular phenyl-phenyl 
conformations, which are offset-face-to- 
face (off), edge-to-face (ef) or vertex-to- 
face (vf), combine in five classes of 
supramolecular motifs for {Ph,P+j, 
pairs, namely the sextuple phenyl embrace 
(SPE) with (ef), and offset sextuple 
phenyl embrace (OSPE) containing 


(off), (ef),(ef/vf), , the translational 
quadruple phenyl embrace (TQPE) with 
(ef),, the parallel quadruple phenyl em- 
brace (PQPE) with (off),(vf),, and the 
double phenyl embrace (DPE) with (off), . 
Typical intermolecular attractive energies 
(kJ per mol of {Ph,P+},) for these motifs 


Introduction 


Research in supramolecular chemistry seeks to discover and 
understand the attractive motifs which determine the nonbond- 
ed associations of molecules in condensed phases, and to devel- 
op an ability to design and fabricate total supramolecular struc- 
tures.“] In this search there are two rich sources: the amazing 
materials and processes of evolved molecular biology provide 
the inspiration and incentive, while the recorded structures of 
molecular crystals, numbering about 130000, provide the fine 
detail of supramolecular architecture. 


A supramolecular system of multimolecular dimensions is 
conceptualised as an elaborate concert of interactions. The key 
objective in advancing knowledge and understanding of these 
concerts is to progress from the primary level of intermolecular 
forces (essentially atom-based[’]) to secondary and tertiary 
levels, as in molecular biology, and to recognise larger and more 
elaborate ensembles in the full symphony. This paper describes 
concerted attractive supramolecular motifs involving tetra- 
phenylphosphonium cations, Ph,P+. 


Following examination of the Cambridge Structural Data- 
(CSD) we recently reported[’] that molecules contain- 


ing PPh, ligands and compounds containing Ph,P+ cations 
commonly associate in crystals in a supramolecular pattern 
named the sextuple phenyl embrace (SPE, Figure 1). The SPE 
involves six of the well-known attractions between phenyl 


[*I Prof. Dr. 1. G. Dance, M. L. Scudder 
School of Chemistry, University of New South Wales 
Sydney 2052 (Australia) 
Fax: Int. code +(2)385-6141 
e-mail: i.dance(@unsw.edu.au 


are SPE 85, OSPE 57, TQPE 70, PQPE 
41, DPE 34. There is strong interpenetra- 
tion of the cations in these motifs: 489/ 
770 structures in the CSD have 
P .  . . PI  7 8, (spherical Ph,P+ has a van 
der Waals diameter of 13.6 A). Of the 
812instances of P . . .P<78 , ,  86% are 
SPE, 10% are OSPE, 2% are TQPE, and 
only 2 Yo are unclassified. Average P . . . P 
separations in the PQPE and DPE are 
8.3 8,. Centrosymmetry is prevalent in all 
except the TQPE, which has implications 
for the engineering of noncentric crystals. 


Fig. 1, A representative sextuple phenyl embrace, SPE, which is centrosymmetric 
and very close to colinear: the parallel rings are denoted 1 and l’ ,  2 and 2‘, 3 and 3’. 
Hydrogen atoms are omitted for clarity. The large arrows designate the six ef 
interactions, from hydrogen atoms (not shown) at the edge of one ring (arrow tail) 
to carbon atoms (arrow head) of a phenyl ring on the other molecule. Within each 
ef pair for phenyl rings, the donor hydrogen atoms occur at positions 2, 3 of the 
“donor” ring, and the carbon atoms at positions 3 , 4  of the “acceptor” ring. [CSD 
refcode BADCAK.] 


groups, arising because three phenyl groups on each molecule 
interleave with three from the other molecule in the interpene- 
tration domain. A net attraction of 60-85 kJmol-’ was calcu- 
lated for these SPE motifs. The Ph,P ligand occurs on the pe- 
riphery of a large number of inorganic compounds, and the 
Ph,P+ cation is frequently used in the crystallisation of inorgan- 
ic anions, and therefore these multiple phenyl embraces are of 
fundamental importance in supramolecular inorganic chem- 
istry.[61 It is not appropriate to regard Ph,P+ cations in crystals 
as mutually repulsive, and there are many molecular crystals in 
which the attractive interactions between Ph,P+ cations domi- 
nate the crystal structure and possibly the molecular structures 
of anions. 
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The source of the substantial attraction in these motifs is the 
attraction between phenyl groups, the phenyl factor, which has 
been documented and investigated for many other sys- 
t e m ~ ; [ ~ * ~ - ' ~ ~  the nature and magnitude of the attractive energy 
has been extensively probed both experimentallyt2' - 241 and 
the~retically."~. l6 - " 2  241 In addition to the dispersion attrac- 
tion, there is a significant and structure-directing coulombic 
component arising from the C'-/H'+ polarisation. Three types 
of relevant pairwise phenyl -phenyl configurations are recog- 
nised, namely the offset-face-to-face (off), the edge-to-face (ef) 
and the vertex-to-face (vf), shown in Figure 2. In the off interac- 
tion the two approximately parallel phenyl rings are offset such 
that H atoms of one ring project onto C atoms of the other; in 
the ef interaction the rings are steeply canted such that two H 
atoms on the edge of one ring are directed towards C atoms of 
the other; in the vf interaction, a variant of ef, one C-H bond on 
one ring is directed close to the centre of the other, and the rings 
are again steeply canted. 


offset face-to-face interaction off 


edge-to-face interaction ef vertex-to-face interaction vf 


Fig. 2. The three specific attractive interactions between pairs of phenyl rings: 
offset-face-to-face off, edge-to-face ef, vertex-to-face vf. 


While the SPE is the most prevalent concerted supramolecu- 
lar motif in Ph4P+ salts and in Ph,P-ligated complexes, there are 
others. In this paper we report on the full set of identifiable 
concerted phenyl embraces between pairs of Ph,P+ cations in 
crystals.['51 In the CSD (1994) there are 875 compounds con- 
taining the unsubstituted Ph4P+ cation, of which 770 entries 
have coordinates which permit analysis of supramolecular inter- 
actions. 


Methods 


The graphical version of the Cambridge Structural Database [3,4], 1994 release, was 
used. The first collection of structures containing Ph,P+ with significant interac- 
tions was selected according to the intermolecular P . . . P separation. This large set 
was then analysed according to the angles between the P-C bonds on each molecule 
and the P . . . P  vector, which revealed the broad classes of interaction and the 
number of phenyl groups in the interaction domain. At this stage bogus and unre- 
liable structures were eliminated, mainly on the basis of abnormal geometry. Fur- 
ther geometrical analyses were based on l) the intermolecular separations of phenyl 
rings (centroid to centroid), 2) the intermolecular inclinations of phenyl rings (an- 
gle between normals to ring planes) and 3) the angles between C-P-C planes on 
different cations. Concurrent with each of these numerical analyses, graphical dis- 
play of the intermolecular interactions confirmed qualitatively the characteristics 
and generalities of interaction geometries. The specific geometrical characteristics of 
each of the multiple phenyl embraces, and thus the search criteria, are included in 
the descriptions below. 


The calculations of intermolecular energies used standard atom-atom methodolo- 
gy, with the Lennard-Jones equation E;fW = e:j[(d;/dj,)l* - 2(4/dJ6] for the van 
der Waals components and the equation Elj = {R.qi)/(c.dij) for the coulombic 


components, for atoms i, j with partial charges G ,  q,. separated by d;,: d; is the 
distance at which the interaction energy is most negative (attractive) with the mag- 
nitude e;; d: = r," +?;; e; = (eQ.ef)'.'; the intermolecular dielectric constant E was 
set as d,, . The relevant parameters ra (A) and ea (kJmol- I )  for H, C and P are, 
respectively, (1.50,0.17), (2.00,0.21) and (2.07,0.84), and the atom partial charges 
used for Ph,P+ are Hi'.", C-' P+0.4 [26,27]. The intermolecular energies re- 
ported are for representative examples of each of the motifs. In the energy minimi- 
sations the intramolecular bonded force constants of the cvff force field [28] were 
used, except that the C-P-C angle bending constant was increased by an arbitrary 
factor in order to maintain these C-P-C angles close to 109.5: for 1090 Ph,P+ 
cations in the CSD the standard deviation of the C-P-C angle from its mean of 109.5 
is 10.1". 


Results 


Description of the multiple phenyl interactions: The following 
sections describe first the geometries of the recognisable and 
distinct motifs for (Ph,P+}, pairs, then the frequencies of oc- 
currence and the interaction energies. The motifs are named 
according to the total number of phenyl rings which are in- 
volved in the interaction domain and contribute to the inter- 
molecular energy of the {Ph,P+}* pair. 


The sextuple phenyl embrace, SPE: This concerted interaction 
involving six phenyl rings in the interaction domain is shown in 
Figure 1. The fourth phenyl group on each Ph4P+ is directed 
away from the interaction domain such that there is near colin- 
earity of the distal C-P vectors on the two P atoms. This trans 
colinearity of the P-Ph rings external to the interaction domain 
is the most recognisable characteristic of the SPE in crystal 
packing diagrams, and is the property searchable through the 
CSD. A scattergram of this colinearity (expressed as half the 
sum of the dista'C-P. . . P and P . . . P- Cdista' angles) versus the 
P . . . P distance shows[51 a distinct concentration of points in the 
colinearity range 160-180" and distance range 5.7-7.0 A, all of 
which are SPE motifs. Note that the actual example of an SPE 
shown in Figure 1 is not exactly colinear. The average P . . . P 
distance is 6.37 A. 


In most SPEs the six rings occur as three exactly parallel pairs 
(1,l'; 2,2'; 3,3' in Fig. l ) ,  a consequence of a centre of symmetry 
midway between the P atoms; in the remainder of the SPEs these 
pairs are approximately parallel. Analysis of 700 SPEs in the 
CSD reveals that the average intercentroid distance between 
each pair of parallel rings is 7.0 A. While these parallel pairs are 
a geometrical characteristic of the SPE they are not the main 
source of the attraction, which derives from the six ef interac- 
tions shown as large arrows 1 *2', 2'*3, 3=1' etc. in Figure 1. 
For the ring pairs involved in the ef interactions the intercen- 
troid distances are approximately 5.0 A, and the normals to the 
ring planes are inclined at approximately 65". Within the class 
of SPEs there is some variability of torsion around the six P-C 
bonds involved, and so close approach to local threefold sym- 
metry (or S, if the centre of inversion is present) in the interac- 
tion domain is not required and is not observed. Threefold crys- 
tallographic symmetry is not possible with ordered Ph4P+ 
cations, and crystallographic disorder is rare because the multi- 
ple phenyl embraces are strongly ordering influences. 


The offset sextuple phenyl embrace, OSPE: This is a variant of 
the SPE, less frequently encountered. A typical example is 
shown in Figure 3. It is recognised as a slippage or offset of the 
face of three phenyl rings on one cation relative to the face of 
three phenyl rings on the other cation, but all six phenyl rings 
are still involved in significant attractive interactions between 
the cations. In the OSPE the two distal P-C vectors are still 
parallel, but no longer almost colinear. Our extraction of OSPEs 
from the database targeted sextuple phenyl embraces in which 
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the dista’C-P. . . P and P . . . P-Cdista’ angles are both in the range 
140-160” and the P . .  . P  distance is less than 7 A. There are 
78 examples in the CSD, with an average P . ” P  distance of 
6.75 8,, and the minimum P . . . P distance was 6.3 A. The distri- 
bution of P .  . . P distances was not a normal distribution, and so 
instances of the OSPE could exist with the P . . . P  distance 
greater than 7 A. Most (53/78) of the OSPEs have three pairs of 
intermolecular parallel rings (like most SPEs), but there is nec- 
essary variation in the intercentroid distances in these pairs. The 
intercentroid distance for one pair of parallel rings decreases 
from about 7 A  in SPE to about 5.5A, while the other two 
increase in length to between 8 and 10 A. In Figure 3, the offset 
is clear, the parallel rings being 1 and 1’ (shortest), 2 and 2’, 3 
and 3’. In general, the OSPEs with larger offsets (i.e., lower 
dis*a‘C-P. . . P angles) have shorter 101’ intercentroid distances. 
The effects on the energies of these interactions are described 
below. 


Fig. 3. A representative offset sextuple phenyl embrace, OSPE. The dotted double 
arrow signifies an approach of rings 1 and 1’ to the offset-face-to-face (off) interac- 
tion, the interactions 2-1’ and 7-1 are edge-to-face (ef), and the interactions 
1‘-3 and 1-3‘ approach the vertex-to-face (vf) geometry. [CSD refcode 
BUMYUD.] 


In the OSPEs with the shorter 101’ intercentroid distances, 
the local interaction between rings 1 and 1’ approaches off. This 
is indicated in Figure 3 by the dashed double-ended arrow. 
There are also ef interactions (2-1’ and ?*I), while the 1’-3 
and 1 *3’ interactions approach the vertex-to-face conforma- 
tion in which the hydrogen atom on one vertex of the “donor” 
phenyl ring is approximately equidistant from all six carbon 
atoms of the “acceptor” ring.[291 


In the minority of OSPEs where the rings are not in three 
parallel pairs, there is a variety of edge-to-face interactions be- 
tween the six rings, and no virtual symmetry. The OSPE obvi- 
ously cannot permit close approach to threefold symmetry in 
the interaction domain. 


We have detected only a few instances where five phenyl rings 
(3 + 2) form a significant interaction domain between two 
Ph,P+ cations, but interaction domains containing four phenyl 
rings (2+ 2 )  are frequent and significant. There are two impor- 
tant and general subclasses, the translational quadruple em- 
brace (TQPE) and the parallel quadruple embrace (PQPE), and 
a number of other quadruple phenyl embraces which do not fit 
either of these patterns. 


The translational quadruple phenyl embrace, TQPE: The funda- 
mental phenyl embrace involving four phenyl rings in the 
phenyl-phenyl interaction domain is illustrated in Figure 4. 
There are four intermolecular edge-to-face interactions, signi- 
fied by the arrows in Figure4. In this motif the interacting 
Ph,P+ cations cannot be related by a centre of symmetry, but 


Fig. 4. A representative translational quadruple phenyl embrace, TQPE. Each of 
the interactions marked with an arrow is edge-to-face, ef. The two Ph,P’ cations 
shown are related by translation. [CSD refcode DEMYEZ.] 


the prominent relationship between them is translation : this is 
obvious in Figure 4 and provides the distinguishing name, the 
translational quadruple phenyl embrace. For the majority of the 
TQPEs in the CSD, the P . . . P vector is parallel to an edge of the 
unit cell, and in these cases the TQPE becomes an infinite linear 
sequence of quadruple phenyl embraces.[301 


A related characteristic of the TQPE is that the C-P-C planes 
involving the interacting rings on each cation are mutually per- 
pendicular or very close to perpendicular. This property pro- 
vides a valuable search criterion, and there are 116 TQPEs in the 
CSD where the angle between the normals to the C-P-C planes 
lies in the range 80-90”. The P . . . P distances average 7.6 A, but 
there is no clear peak in the distribution of P .  . . P distances, 
which range from 6.7 to 9.0 A (the upper limit of the search). In 
those QPEs where the C-P-C planes are exactly perpendicular, 
the range of P . . . P distances reduces to 6.7-7.9 A. The P . . . P 
distances for the TQPE are necessarily longer than those of the 
SPE, because the phenyl groups are directed more closely to the 
P . . . P vector and into the interaction domain. For each of the 
intermolecular pairs of phenyl rings involved in the ef interac- 
tions, the intercentroid distances and the interplanar angles av- 
erage 5.0 8, and 65”, which are the same as the ef interactions in 
the SPE. 


The parallel quadruple phenyl embrace, PQPE: This motif is 
illustrated in Figure 5. A distinctive geometrical characteristic is 
that the two intramolecular C-P-C planes for the four rings 


Fig. 5 .  A representative parallel quadruple phenyl embrace, PQPE. The off interac- 
tion occurs between rings 1 and 1’, while the interactions from 1=2’ and 1 ’ 3 2  are 
intermediate between vfand ef; the primes signify parallel rings, in this case related 
by a centre of inversion. [CSD refcode BUMYUD.] 


involved in the interaction are parallel or almost parallel (in 
contrast to the perpendicular planes of the TQPE). There are 
713 interactions in the CSD where the angle between the nor- 
mals to these planes is less than lo”. The P . . . P distances are 
usually longer than in the TQPE, with a mean value of 8.3 A, 
and are rarely less than 7 A. In addition to the C-P-C planes 
being parallel, the interacting phenyl rings usually also form two 
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parallel pairs-hence the name parallel quadruple phenyl em- 
brace. For the closer of the two parallel pairs of rings, the mean 
intercentroid distance is 5.4 A, but the range is wide, from 3.7 to 
8.0 A. At the lower end of the range, where the parallel rings are 
only approximately 4 A apart, an off interaction occurs-this is 
marked in Figure 5. The other pair of interactions in the PQPE 
is ef or vf. Of the 713 PQPEs, 89% have the defining C-P-C 
planes exactly perpendicular, indicating symmetry which is 
most probably a centre of inversion. 


In addition to the 116 TQPEs and the 713 PQPEs, there are 
378 further examples of quadruple phenyl embraces, in which 
the angle between the C-P-C planes lies in the range 10-80": in 
these variants of the QPE the inter-phenyl ring interactions are 
variable. 


The double phenyl embrace, DPE: In the double phenyl embrace 
only two phenyl rings with an off relationship are in the interac- 
tion domain, as illustrated in Figure 6. There are 25 examples of 
the DPE in the CSD (with a search limit of 9 A for the P . . . P 
distance). The mean P .  . . P  distance is 8.3 A, and the mean 
intercentroid distance between the rings is 3.9 8, (range 3.7- 
4.6 A). All instances of the DPE are centrosymmetric. 


Fig. 6. A representative double phenyl embrace, DPE. Offset face-to-face interac- 
tion occurs between rings 1 and l', with an intercentroid distance of 3.9 A. The 
prime signifies a centre of inversion. [CSD refcode JAGBUO.] 


As is apparent from comparison of Figures 5 and 6, the DPE 
can be considered to be a subset of the PQPE, in which the ends 
of rings 1 and 1' are directed between phenyl rings on the other 
cation, rather than towards rings 2' and 2 in the vf or ef interac- 
tion of the PQPE. 


Occurrence and distribution of the phenyl embrace motifs: Of the 
770 compounds in the CSD containing Ph,P+ (and with avail- 
able coordinates), 489 crystal structures give rise to 812 differ- 
ent instances of P . . . P separations less than 7 A. Although we 
have not made a rigorous assessment, it is our observation that 
no more than about 2% of these instances have interaction 
geometries which cannot be classified as one of the motifs we 
have described here. Of the 812 instances, 86% are SPE, 10% 
are OSPE and 2 9'0 are TQPE. At larger P . . . P separation the 
TQPE is more prominent, while as already described, the DPE 
and PQPE have idealised geometries which require a P .  . . P 
separation around 8.3 A. Obviously, at increasing P . . . P sepa- 
rations there are increasing numbers of interactions which are 
different from the classes we have described, but in many of 
these instances the reasons for the variations are apparent when 
more of the crystal structure than the pair of Ph4P+ is examined, 
as we will describe in detail in an analysis of extended multiple 
phenyl embraces in crystals.[301 We note that contacts are also 
possible in which one phenyl ring from the first Ph,P+ group 
interacts with two or three phenyl rings from the other, and 
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where two phenyl rings from one Ph4P+ group interact with 
three from the other. These interaction types are rare, but occur- 
rences have been found. 


interaction energies: The van der Waals and coulombic compo- 
nents of the nonbonded interaction energies between the Ph,P+ 
cations have been evaluated by means of standard atom-based 
calculations for a representative example of each of the motifs: 
the geometries and the CSD references are those of the figures. 
These energies are presented in Table 1 as matrices which show 
the intermolecular ring-ring energies, for the rings labelled as in 
the figures. The P . . . P energy at a distance of 7 8, is negligible, 
about + 4 kJmol- ', and the sum of the intermolecular P . . . ring 
energies is always less than about + 4  kJmo1-I and relatively 
unimportant in comparison with the ring-ring energies. 


Table 1, Calculated interaction energies (van der Waals plus coulombic) in kJ- 
mol-' for intermolecular pairs of rings in the multiple phenyl embraces, with ge- 
ometries defined by the CSD refcodes in parentheses. 
~~~~~~ ~ ~ 


Interaction energies of intermolecular ring pairs E,O,d 


SPE (BADCAK) 


1 -3.1 
2 - 14.0 
3 - 10.6 
4 -0.6 


OSPE (BUMYUD) 


1 -8.7 


3 -11.4 
4 -0.8 


ring no. 1' 


ring no. 1' 


2 -6.7 


TQPE (DEMYEZ) 


1 - 14.2 
2 -14.2 


4 - 2.7 


PQPE (BUMYUD) 
ring no. 1' 
1 -20.8 
2 -7.8 
3 -1 .7  
4 -0.6 


DPE (JAGBUO) 


1 - 12.5 
2 -6.3 
3 -0.8 


ring no. 1' 


3 -0.6 


ring no. I '  


4 -3.6 


2' 
- 14.0 


-1.9 
-13.3 


-0.4 


2 
- 6.7 
-1.1 
- 3.5 
- 0.4 


2' 
- 14.2 
- 14.2 
-2.1 
-0.6 


2' 
-7.8 
-0.2 
-0.1 


0 


2' 
-6.3 


0 
0 


-0.1 


3' 
- 10.6 
-13.3 


-2.0 
-0.5 


3' 
-11.4 


-3.5 
-0.8 
-0.3 


3 
-2.7 
-0.6 


0 
0 


3' 
-1.7 
-0.1 


0 
0 


3' 
-0.8 


0 
0 
0 


-85.8 
4 


-0.6 
-0.4 
-0.5 


0 


- 56.8 
4 


-0.8 
-0.4 
-0.3 


0 


4 
-0.6 
-2.7 


0 
0 


- 70.0 


-41.4 
4 


-0.6 
0 
0 
0 


4 
- 3.6 
-0.1 


0 
0 


-34.1 


The primary result from Table 1 is that the net attractive 
energy in these multiple phenyl embraces is substantial, and 
results from the intermolecular attractions of the phpyl rings in 
the interaction domain. These formal cations are strongly at- 
tractive, not repulsive. The P . . . P and P . . . ring energies are 
relatively constant and small, but the intermolecular ring-ring 
energies are the major contributors, and are variable with the 
details of the motif. The ef and vf interactions between pairs of 
phenyl rings contribute from 6.7 to 14.2 kJmol-' attractive 
energy per pair. The off interactions contribute 20.8 kJmol-' 
attractive energy in the PQPE depicted, and 12.5 kJmol-' in the 
DPE depicted. These phenyl-phenyl energies in ef, vf and off 
conformations are relatively sensitive to geometrical details, be- 
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cause the local attractive and repulsive coulombic components 
from Ha+ and C6- are substantial (vide infra). 


The SPE is the most attractive interaction because it engages 
six of the favourable ef interactions. It is not surprising that the 
SPE is the most abundant of the multiple phenyl embraces. The 
DPE has the smallest attraction, and is the least abundant motif. 


Further insight into the contributions to and ranges of the 
energies in these multiple phenyl embraces comes from energy 
minimisation calculations. In these calculations the intramolec- 
ular C-P-C angles were restrained to maintain close tetrahedral 
geometry, but the C-P-C-C torsional angles were treated nor- 
mally in the force field, so that intramolecular conformations as 
well as intermolecular conformations could change. For two 
different examples of the SPE which appear similar in their 
crystal structures (CSD refcodes COVBOE and BADCAK), 
minimisation produces two slightly different {Ph,P+}, struc- 
tures, both slightly offset SPE: one has C-P . . . P and P . . . P-C 
angles of 173" and the other of 166". The intermolecular inter- 
ring energies of the minimised structures are similar, - 82.8 and 
-84.4 kJmol-', respectively (compared with -73.6 and 
-85.8 kJ mol-' prior to minimisation). Two different OSPEs 
(CSD refcodes BUMYUD and BEKYIZ, starting energies 
-56.8 and -54.7 kJmol-', respectively) also minimised to 
the same two slightly offset SPEs. A QPE (DEMYEZ, 
- 70.0 kJmol- ') underwent minor geometrical changes but 
could not improve its interaction energy. Two multiple phenyl 
embraces based on off phenyl-phenyl interaction geometry, 
namely a PQPE (CSD refcode JAGBUO, with intermolecular 
ring-ring total energy of -30.1 kJmol-' in the crystal struc- 
ture) and a DPE (JAGBUO, starting energy -33.9 kJmol-I), 
both minimised to the same PQPE structure with energy 
- 51.4 kJmol- '. 


While these energy minimisation calculations reveal the com- 
ponents and variabilities of the multiple phenyl embraces in 
pairwise {Ph,P+}, motifs, we do not attach significance to the 
optimised geometries, because the context of our analysis is the 
crystal lattice and the total supramolecular environment of the 
{Ph,P+}, moiety. 


Discussion and Conclusion 


The widespread occurrence of Ph,P+ cations in crystals is a 
consequence of the wisdom of synthetic chemists, who know 
that Ph4P+ and related phenylated cations provide quality crys- 
tals with favourable lattice energies leading to lower solubilities, 
and is tacit recognition of advantageous supramolecularity in 
their molecular crystals. In this paper we have identified and 
characterised the motifs which provide those advantages. All of 
the multiple phenyl embraces between Ph,P+ cations involve 
P .  . . P separations that are very much less than 13.6 A, which is 
twice the van der Waals radius of PPh, regarded as a sphere, and 
there is a large degree of supramolecular in te rpenet ra t i~n .~~ '~  
The intramolecular conformations of EPh, and Ph,P+ have 
been analysed p r e v i o ~ s l y : ~ ~ ~  321 we have not attempted to corre- 
late the intramolecular conformations with the extramolecular 
motifs described in this paper, nor to calibrate the barriers to 
intramolecular conformational change against the extramolecu- 
lar interaction energies. 


The analyses described here are restricted to {Ph,P+}, pairs 
in crystals. This requires some justification, because the inter- 
molecular contacts to each cation external to the interaction 
domain between the pair subtend a greater solid angle at each 
Ph,P+ than do the intrapair interactions, and it could be expect- 
ed that the extrapair interactions could dominate the intrapair 


interactions. However, the analyses of crystal structures in the 
CSD reveal well-defined patterns, and tight attractive intrapair 
motifs. In the range P .  . . P < 7 A, all but 2 % of the interactions 
can be classified as multiple phenyl embraces, contributing up to 
approximately 80 kJ mol- ' attractive energy per pair. It must be 
concluded that these are ubiquitous supramolecular motifs, that 
they are dominant in their crystal lattices, and consequently that 
they can be deployed for crystal engineering. 


What then of the extra-{Ph,P+}, interactions? As we shall 
demonstrate in an examination of extended arrays of Ph,P+ 
cations in crystals,[30] there is not necessarily competition be- 
tween intra-{Ph,P+}, and extra-{Ph,P'], interactions, and in- 
deed remarkable concert appears in extended multiple phenyl 
embraces. 


We have examined all structures in the CSD containing 
Ph,P+ for which there are coordinates available. The conclu- 
sion that we reach is that most structures containing Ph,P+ take 
part in one or more of the concerted interactions which we have 
defined here. What about the exceptions? We have observed 
that these tend to fall into two categories. Occasionally a large 
structure containing few Ph,P+ cations will pack so that the 
Ph,P+ groups are not near each other. In other instances there 
are interactions with phenyl rings from other sources, such as 
OPh, SPh, SbPh, and ligands such as Ph,P(CH,),PPh,. There 
are also attractive interactions involving H atoms from sources 
other than phenyl, such as terminal methyl groups. As we will 
describe in a future paper, these H-phenyl interactions are sur- 
prisingly common and strong. 


The pictures of the multiple phenyl embraces show that on the 
phenyl rings there are positions which are directed away from 
the P . . . P axis, positions where distal substituents should not 
interfere with the embrace. Such compounds should also engage 
in the multiple phenyl embraces described here. 


Finally, we draw attention to the fact that a substantial pro- 
portion of the multiple phenyl embraces are centrosymmetric: 
86% of the SPE, that is 88% of {Ph,P+}2 with separations less 
than 7 A, are centrosymmetric. It is reasonable to postulate that 
the centrosymmetric embraces provide a driving force for for- 
mation of a centrosymmetric lattice when anions are crystallised 
with Ph4P+, even though the cation is not centrosymmetric. In 
crystal engineering applications where a centrosymmetric lattice 
is undesirable, such as the crystallisation of materials with sec- 
ond-order nonlinear optical properties, it would be unwise to 
use Ph,P+ cations, or analogues which could form these multi- 
ple phenyl embraces. 
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Electron-Poor 2,3-Dihydro-l,3-diborolyl Complexes of Iron and Ruthenium : 
Synthesis, Reactivity, and Crystal and Electronic Structures of an 
Iron Sandwich Complex 


Ralph Hettrich, Michael Kaschke, Hubert Wadepohl, Wolfgang Weinmann, Martin Stephan, 
Hans Pritzkow, Walter Siebert,* Isabella Hyla-Kryspin, and Rolf Gleiter* 
Dedicated to Professor Herbert Schumann on the occasion of his 60th birthday 


Abstract: The addition product of sodium 
hydride and the 2,3-dihydro-1,3-diborole 
(CiPr),(BEt),CHMe (3c) reacted with 
[{(C,Me,)FeCI},J to produce the 
green sandwich complex [(C,Me,)Fe{q5- 
(CiPr),(BEt),CMe)] (Zc), which formally 
contains 16 valence electrons (VE). Com- 
plex 2c has unexpected structural proper- 
ties in the solid state: the 1,3-diborolyl 
ring is extremely folded (41"), and the 
Fe-C2 distance is short (1.90 A). 
Analogously, violet Ru complexes 4a,c,d 
were obtained from 3a,c, NaH or tBuLi, 
and [((C,Me,)RuCl},]. With the less 
bulky heterocycles 3b,e the new 30 V E  
triple-decker complexes [(CjMe,)Ru{p,q5- 
(CR'),(BR2),CMe)RuH(C,Me,)] (5b,e) 


were formed, which contain a Ru-H 
bond. Cyclic voltammetric studies re- 
vealed the existence of stable anions 2c- 
and 4d- formed by reversible one-elec- 
tron reduction at - 1.26 and - 1.40 V, re- 
spectively (vs. SCE). The red-brown 
anions were further characterized by ESR 
spectroscopy following stepwise reduc- 
tion of the neutral species with potassium 
in THE Addition of CO to 4a and 4d 


Group 8 colnplexes - 


led to formation of the monocarbonyl 
complexes [ (C,M~,)RU(CO)(~~-(CR')~- 
(BR2),CMe)] (6a,d), and 6d was charac- 
terized by X-ray structure analysis. The 
heterocycle in 6d is less folded (19") than 
in 2c.  Its CO ligand causes a 28.5" tilt of 
the cyclic ligands. Reaction of CO with 2c 
yielded a red product of unknown struc- 
ture. The electronic structure of 2 was 
studied by EH-MO theory, which re- 
vealed a unique bonding in the sandwich. 
The G electron density of the 3-C bonds 
participates in the bonding to the iron 
atom; this demonstrates that the number 
of bonding electrons is the same as in fer- 
rocene. Thus, the complexes 2 actually 
have 18 VE. 


There are few examples of organometallic complexes of the iron 
triad known that have less than 18 valence electrons." - 31 Co- 
condensation of iron vapor and cyclooctadiene (cod) leads to 
the 16 VE species [Fe(cod),J, which is stable only below 
-40 'C.[lal The 17 VE complexes [ ( C , H , ) F ~ ( C O ~ ) J ~ ~ ~  and 
the more recently reported [ (C,Me,)Fe(C,H,),] and 
[(C,Me,)Fe(~od)]~~' are valuable sources of the Fe(C,H,) and 
the Fe(C,Me,) moieties, respectively. Low-coordinate iron 
complexes such as [{(q'-2,4,6-Me,C,H,)Fe(p,q1-2,4,6- 
Me3C6H,)),][4a1 and [Fe(q'-2,4,6-tBu3C6H,),] are stabilized by 
the bulky substituents; in the latter complex the coordination 
number is two at the iron atom, which has a high-spin 


[*] Prof. Dr. W Siebert, PD Dr. H. Wadepohl, Dr. R. Hettrich, 
Dip1.-Chem. M. Kaschke, Dr. W. Weinmann, Dr. M. Stephan, Dr. H. Pritzkow 
Anorganisch-Chemisches Institut der Universitat Heidelberg 
Im Neuenheimer Feld 270, D-69120 Heidelberg (Germany) 
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Prof. Dr. R. Gleiter, Dr. I .  Hyla-Kryspin 
Organisch-Chemisches Institut der Universitat Heidelberg 
Im Neuenheimer Feld 270. D-69120 Heidelberg (Germany) 
Fax: Int. code +(6221)54-4205 


configuration.[4b1 The 16 VE complexes [{(C,Me,)Ru(XR)},] 
(X = 0,s) have coordinatively unsaturated Ru a t ~ r n s . [ ~ - ~ '  The 
sulfur compounds are active catalysts for the addition of thiols 
to polar alkynes.l8] Recently, 16 VE cationic complexes of 
Ru(C,Me,) with a 2,2'-bipyridylEga1 or a 1,4-dia~abutadienel~~] 
ligand have been prepared. 


In the synthesis of the paramagnetic 29 VE triple-decker 
sandwich complex 1 a, we proposed that the diamagnetic dou- 
ble-decker sandwich 2a  is the intermediate, which was obtained 


in low yield and identified by its mass and 'HNMR data."'] 
However, the structure of the complex 2a  with formally 16 VE 
could not be determined. In the related 16 VE complex (q3-cy- 
clooctenyl)(q5 - 1,3,4,5 - tetraethyl - 2 -methyl - 1,3 - diboroly1)pla- 
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tinum, the heterocycle exhibits a considerable fold angle along 
the B-B vector (28°).11'1 We speculated that 2a could either 
contain a similarly folded heterocycle or even adopt the closo 
structure 2 a'. According to the cluster electron count['21 2 a' 
has the required 14 framework electrons. The nido C,B, ligand 
would supply five electrons yielding an 18 VE configuration. 


Recently we unexpectedly obtained the iron sandwich [($- 
C ,Me,)Fe(q '-{ CiPr),( BEt),CMe}] (2 c) ; its formation and 
structure has been published in a preliminary communica- 
t i ~ n . [ ' ~ '  In this paper we describe the synthesis and reactivity of 
electron-poor complexes of iron (2) and ruthenium (4), as well 
as their crystal and electronic structures. 


Results and Discussion 


Synthesis and Reactivity: The reaction of the 2,3-dihydro-1,3-di- 
borole derivative 3a with [(C,H,)Fe(~od)l[~' in benzene at 60 "C 
led to the formation of a dark solution, from which the green 
diamagnetic sandwich 2a (7 YO) and the blue paramagnetic 
triple-decker 1 a (36%) were separated by chromatography 
(Scheme 1). The mononuclear complex 2 a was found to be ex- 


K- 
3a R'=R2=Et 


3b R'=R2=Me 
Q 1a.b 2a 


Scheme 1. 


tremely sensitive to oxygen, and it partly decomposed on silica 
during chromatography to form l a .  Because of the low yield, 
the reactivity of 2a could not be studied further. The synthesis 
of 2a  was difficult to reproduce owing to the ease of formation 
of 1 a. Oily 2a was only identified by its 'HNMR and its mass 
spectrum, which also contained the molecular ion of 1 a. The 
reaction of 1,2,3,4,5-pentamethyl-l,3-diborole (3 b) and 
[(C,H,)Fe(cod)] at 0 "C yielded neither 2 b nor 1 b; however, the 
blue paramagnetic triple-decker 1 b was obtained in low yield 
by heating a solution of 3b and [{(C,H,)Fe(cod)},Zn]12' in 
de~a l in .~ '~ ]  


Rather surprisingly we observed the formation of the bulky 
diborole 3c as a by-product in the hydroboration reaction of 
1,3-diethyl-2-methyl-4,5-diisopropylidene-1,3-diborolane with 
(HBEt,), to give the corresponding 2,3,5-tricarbahexabo- 
rane.[l3. "I The mixture of the nido C,B, carborane and 3c was 
treated with NaH, and the resulting anionic species were treated 
with [{(C,Me,)FeCI),] prepared in situ (Scheme 2).[16] A mix- 
ture of the green sandwich 2c and the green ferracarborane 
[2c.BEt] was obtained by chromatography. Complex 2c was 
separated by crystallization in 42 YO yield and identified by 
'H NMR, ' 'B NMR, and mass spectrometry. 


i t  
3c 


Scheme 2. 


1)NaH 


2) [(C5Me5)FeCII 
-NaCI, -[H,] 


Although the "B NMR shift of 2c  (6 = 19) lies up-field of 
those of related 1,3-diborolecobalt complexes (6 x28),["9 17] a 
closo structure analogous to 2a' can be ruled out since two 
high-field signals would then be expected. Surprisingly, the "B 
NMR shift of 2c is similar to that of the 30 VE triple-decker 
complexes [(q5-C,H,)Fe{p,q5-3( - H)}Co($-C,H,)][' 7* '*I with 
pentacoordinated boron atoms. On the other hand, the "B 
NMR shift is very different to that of the (q3-cyclooctenyl)(q5- 
1,3,4,5-tetraethyl-2-methyl-1,3-diborolyl)platinum complex[' 'I 
(6 = 50) with a folded 1,3-diborolyl ring (28" along the B-B 
vector). The X-ray structure analysis (see below) reveals that the 
heterocycle {3c( - H)} in 2c is even more folded (41") than in 
the platinum complex. The electronic reasons for this are dis- 
cussed below . 


In an analogous synthesis to that of 2c, the products formed 
by reaction of 3a,t and NaH were treated with 
[((C,Me,)RuCl),] to give the ruthenium complexes 4a,c in 
moderate yields (Scheme 3). The violet, extremely air-sensitive 


3a,c 40.c 


Scheme 3 


liquids could be isolated by chromatography on alumina at low 
temperature. When 3a was treated with tBuLi and then with 
[{(C,M~,)RUC~),],"~~ 4d was obtained, in which the ethyl 
group at one boron atom is replaced by a tert-butyl group 
(Scheme 4). The ' 'B NMR spectra of 4a,c,d show one signal for 
each compound in the region of 6 = 19-22, which is also found 
for 2c. This indicates that 2 and 4 have similar structures. 


4d kt 


Scheme 4. 


The reaction of the 1,2,3,4,5-~entamethyl- and the 1,2,3- 
trimethyl-4,5-diethyl-l,3-diborole derivatives 3 b,e with NaH 
and [{(C,Me,)RuClf,] did not lead to formation of 4b,e, but of 
the 30 VE triple-decker complexes 5 b,e with a hydrogen atom at 
one of the ruthenium atoms. Its formation may occur through 
stacking of the sandwich intermediates 4b,e by attack of a 
[(C,Me,)RuH] molecule (Scheme 5). 


Scheme 5. 
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For the reaction of 3 with a nucleophile and [{(C,Me,)MCl},] 
(M = Ru, x = 4;["1 M = Fe, x unknown[l6I) we propose the 
following mechanism: 3 reacts with one equivalent of either 
NaH or tBuLi to form the 1,3-diborolate (3-R3)- (R3 = H, 
tBu; Scheme 6). It is likely that the metal of [((C,Me,)MCl},] 


r 1 


L _I 


A' 
(3-Rs)-  


w - R ~ H  or 


2,4  


Scheme 6. 


B 0' 


interacts with the double bond of diborolate. This step is related 
to that reported for the interaction between [{(C,Me,Et)- 
RuCl},] and ethylene.['] Transfer of alkyl anion or hydride may 
then take place from the 1,3-diborolate to the metal to yield 
A/A', followed by an agostic bonding of the C-H groups with 
the metal to give the transient 18 VE complex B/B'. The final 
step is the elimination of H-R2 (R2 = Et) or H-R3 (R3 = H) 
with formation of the complexes 2 or 4, respectively. 


The reaction of violet 4a,d with carbon monoxide led to the 
formation of the yellow monocarbonyl complexes 6a,d 
(Scheme 7) as indicated by the mass spectra and a strong ab- 


4a.d + CO - Et. 
60 R1=R3=Et 


6d R'=Et,R3='Bu 


Scheme 7 


sorption in the IR spectrum. Interestingly, the "B NMR spec- 
tra exhibit two signals in a 1 : 1 ratio (6 = 23.0, 36.5 for 6a and 
25.9, 34.0 for 6d); this indicates that the CO ligand is asymmet- 
rically bound with respect to the heterocycle. In the X-ray struc- 
ture analysis of 6d we observe a relatively short B 1 -C 17 dis- 
tance (2.41 A), which may indicate a weak interaction. The 
coordination of CO results in the formation of "classic" 18 VE 
complexes, which is accompanied by a decrease in the folding of 
the heterocycle. Attempts to obtain a monocarbonyl complex 
by reacting green 2c with CO failed.[20] A red product of un- 
known structure was formed, presumably by insertion of CO 
into the heterocycle. 


Crystal Structures: The structure of 2 c differs from other known 
1,3-diborolyl sandwich structures[*'] since the diborolyl ring is 
severely folded along the vector B 1 -B 1' by an angle of 41.3" 
with the carbon atoms closer to the iron atom (Fig. 1) .  The 
coordination of C 2 deviates from that of an sp2 carbon in a II 
complex, tending towards an sp3 geometry with a small B I-C 2- 


B1' angle of 89.5" and a 
very short Fe 1 -C2 dis- 
tance of (1.899(6) A) 
(Table 1) .  In the 18VE 
complex [(C,H,)Ni- 
{3 a( - H)}] the Ni - C 2 
bond length is 0.19 8, 
longer and Ni-B 0.07 h; 
shorter. The folding in the 
nickel compounds is only 
10- 12".[2" 


Complex 2c can be 
compared with the 16 VE 
complex" [ (C,H, 3)Pt- 
{3a( - H)}], which also 
Shows a similar coordina- Fig. 1. The crystal structure of Zc. Selected 


{3a(- H)) to the metal. in 
The C2-Pt bond is short- 
er (2.09 A) than the Pt-C4/5 bonds (2.30-2.33 A), and the 
ring is folded along the B-B vector (28"). The folding is 


tion of the diborolyl ring interatomic distances and angles are listed 


Table I .  Some selected distances [A] and angles ["I in Zc. 


Fe 1-C 10-14 2.054-2.118 (5-7) Bl-C2 1.547(6) 
Fel-C2 1.899 (6) B1-C3 1.568(5) 
Fel-C3 2.116(3) C3-C3' 1.412(6) 
Fel-Bl  2.248(4) C2-C6 1.516(9) 


B 1K2-B 1' 89.7(3) C 3'-C 3-B 1 104.2(6) 
C3-B 1-C2 110.1 (3) C6-C2-B 1 126.1 (3) 


less than in 2c; this reflects the greater tendency of Pt to 
form 16 VE complexes. 


In 6d the CO group 
tilts the two rings by an 
angle of 28.5" (between 
the best planes through 
all the atoms of the di- 
borolyl and C,Me, 
rings) (Fig. 2, Table 2). 
A relatively short dis- 
tance between B1 and 
C17(241 A)andadevi- 
ation from linearity for 
the Ru-C=O group 
(167") are observed. A 
similar geometry is 
found for a bis(thia- 
diboro1e)ironcarbonyl 
complex' where the co Fig 2 The crystal structure of6d Selected in- 
group 1s situated be- teratomic distances and angles are listed In 


tween two boron atoms Table2 


Table 2. Some selected distances (A] and angles ["I in 6d 


Ru-C(C,Me,) 
Ru-C2 


Ru-C5 
Ru-Bl 
Ru-B3 


B 1-C2-B3 
C4-B3-C 2 
C 5-B I-C 2 


R u - C ~  


2.203 - 2.277 (2) 
2.265(2) 
2.293(2) 
2.318(2) 
2.456(2) 
2.424(2) 


107.1 (2) 
104.4 (2) 
106.1 (2) 


Ru-Cl7 
B1-C2 
B3-C2 
B1-C5 
B3-C4 
c 4 - c 5  


C 4-C 5-B 1 
c 5C4-83  


1.869 (2) 
1.522(3) 
1.538(3) 
1.556(3) 
1.590 (3) 
1.418(3) 


109.6(2) 
109.1 (2) 
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belonging to separate rings, with B-CO distances of 2.41 and 
2.42 A, but with an almost linear Fe-C=O group.t221 It is not 
obvious whether these distances can be interpreted in terms of 
weak bonding interactions. The diborolyl ring in 6d is much less 
folded than in 2c; the planes through B l-C2-B3 and Bl-B3- 
C 4-C 5 form an angle of 19.0’. The distances and angles in the 
diborolyl ring do not deviate from those expected of diborolyl 
complexes, while the distances to the Ru atom show larger dif- 
ferences; the distances from Ru to B are significantly larger than 
those to C. 


Electronic Structure and Bonding: We have performed extended 
Hiickel (EH) calculations1231 for the model compounds 2 and 2’, 
in which the substituents on both ligands were replaced by hy- 
drogen atoms. In the case of 2‘ we assumed a planar structure 
for the diborolyl ligand. The geometrical parameters of 2 were 
taken from the X-ray data of 2 c. Those used for the calculations 
on 2’ were deduced from the structures of related complexes 
having planar diborolyl ligands[”, “1 and from those of 2c. The 
parameters used in the EH calculations as well as the most 
important geometrical parameters of 2 and 2’ are collected in 
Table 3. The EH calculations on 2 and 2’ were carried out under 
the C, symmetry constraint. 


Table 3. Extended Huckel parameters. 


H Is 
B 2s 


2P 
c 2s 


2P 
Fe 4s 


4P 
3d 


~~~~~G~ 


-13.60 1.30 (2321 
- 15.20 1.30 123 bl 


-21.40 1.625 [23 a1 
-8.50 1.30 


-11.40 1.625 


-5.32 1.90 
-9.10 1.90 123 CI 


-12.60 5.35 2.00 0.5505 0.6260 


[a] Contraction coefficients in the double 5 expansion. Chosen distances [%.I: 2: 
Fe-C(C,H,) 2.083; Fe-B1 2.248; Fe-C2 1.901; Fe-C3 2.115; BlGC2 1.542; 
Bl-C3 1.568;C3-C41.406;2’: Fe-C(C,H,)2.083; Fe-B12.125;Fe-C22.070; 
Fe-C3 2.111; B1-C2 1.580; B1-C3 1.570; C3-C4 1.412. 


To elucidate the electronic structure of 2, we will start by 
discussing briefly the electronic structure of the ferrocene mole- 
cule. Figure 3 (right) shows a simplified diagram of the interac- 
tions between the Cp- ion (Cp = C,H,) and the (FeCp)’ frag- 
ment to give [FeCp,]. The frontier orbitals of both molecular 
units are well-known.[24] For the sake of clarity three doubly 
occupied valence orbitals of the (FeCp)+ fragment describing 
the bonding between iron and the Cp ligand have been omitted 
from Figure 3. These levels do not change in character with the 
coordination of the second ligand and are not important for the 
discussion of the bonding between (FeCp)’ and the second 
ligand. 


The x , ,  x 2 ,  and x 3  MOs of Cp- interact with the LUMO 
(2eJ and the empty 3a, MO of (FeCp)+ to produce the bond- 
ing 1 a; and 1 e; levels of [FeCp,]. The “t,,”-like iron orbitals of 
(FeCp)’ (2a, and e, MOs) are not involved in stabilizing inter- 
actions with the Cp- ligand. In [FeCp,] six electrons are stabi- 
lized in the 1 a; and 1 e; levels. These electrons together with six 
electrons from the “t~,”-like iron levels and six Cp- donor elec- 
trons involved in the metal -1igand bonding in (FeCp)’ form 
the well-known stable 18 VE configuration of [FeCp,]. Let us 
now move to Figure 3 (left) describing the orbital interactions in 
the complex 2. An examination of the shapes of the frontier 
MOs shows that the LUMO and HOMO of the diborolyl anion 


1. Qualitative diagram showing the interactions between the valence MOs of 
molecular fragments to give the frontier MOs of 2 and ferrocene. 


correlate with the x 3  and x,  levels of Cp- and that the x double 
bond is similar to the x ,  level (Fig. 3). Thus in 2 the HOMO and 
the K level of the diborolyl anion are stabilized in the same 
manner as the x 2  and x1 levels of Cp- in [FeCp,]. 


In contrast to the zcj level of Cp-, the LUMO of the diborolyl 
anion cannot participate in stabilizing donor interactions with 
(FeCp)’ , and 2 thus lacks two stabilizing electrons with respect 
to [FeCp,]. However, the diborolyl ligand has a high-lying occu- 
pied o (B-C) orbital, which is able to interact with the d,,-like 
component of the LUMO of the (FeCp)+ unit. In Figure 4 we 
show the calculated shapes of the l a ”  MO of 2 and of the 
corresponding 1 e;, component of [FeCp,]. It can be seen that 
the character of the stabilizing interaction is essentially the same 
in both complexes. 


Fig. 4. MOs of the 1 e;. level of of ferrocene (left) and the 1 d level of 2 (right). 


Thus, in the interactions with (FeCp)’, the high-lying 
o (B-C) orbital of the diborolyl ligand plays the same role as 
the x 3  level of Cp-, and six electrons are stabilized in the 1 a’, 
1 a”, and 2 d  MOs of 2, as in [FeCp,]. Although the formal 
electron count yields a total of 16 valence electrons for 2, the 
number of stabilized electrons is the same as in ferrocene, and 
consequently the electronic structure of 2 shows the typical fea- 
tures of 18 VE complexes. 


In order to further explore the electronic structure of 2 and to 
examine the influence of the geometrical structure of the di- 
borolyl ligand on the stabilizing interactions, we performed 
the EH calculations on 2’ with the planar diborolyl ligand 
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{3'( - H)} . The calculations predict that the perturbation intro- 
duced by the folding of the diborolyl ligand destabilizes the free 
ligand by 12.2 kcalmol-'. The reason is the destabilization of 
the G (B-C) level in 3, due to the tilting of the p components 
away from the B-C axis. Thus in 2 the CJ (B-C) level of the 
diborolyl ligand is closer in energy and overlaps better with the 
LUMO of (FeCp)', and the stabilizing interactions are conse- 
quently stronger than in 2'. In Figure 5 we compare the stabi- 
lization energy of the 1 a', 1 a", and 2a' MOs of 2 and 2' with 
respect to the donor levels of the free ligands. The stabilizing 
interactions for all three levels are much stronger in 2 than in 2'. 
The large stabilization of the 2a' MO of 2 is not surprising if one 
takes into account the short Fe-C2 distance (1.90 A) in 2c. 


A& 
le V 


0 


10  


2 2' 


Fig. 5.  Stabilization energy of the 1 a', 1 u", and 2 u' MOs of 2 and 2' with respect to 
the corresponding levels of the free ligands. 


The calculations predict that 2 is more stable than 2' by 
9.8 kcalmol- '. In summary, we want to stress that the folding 
of the diborolyl ligand in 2 is electronic and not steric in origin. 
The geometrical perturbation of the diborolyl ligand allows 2 to 
achieve an electronic structure similar to those of 18 VE com- 
plexes. 


Electrochemistry: To evaluate the electrochemical behavior of 
the iron and ruthenium diborolyl complexes, cyclic voltam- 
mograms of 2c and 4d were recorded. The measurements were 
performed on 0.1 M nBu,NPF,/dimethoxyethane (DME) solu- 
tions With glassy carbon (GC) working electrodes.['61 The one- 
electron nature of the observed reversible redox processes was 
established by comparison with the one-electron standard 
[Cp,Fe+"]. Differences between cathodic and anodic peak po- 
tentials (BE,) were measured and compared to the results for 
[Cp,Fe] (70-100 mV for reversible waves at scan rates of 0.05- 
0.5 Vs-I). In DME we investigated a voltage range between 
+2.0 and -3.1 V vs. SCE (+ 2.6 to -2.2 V in CH,CI,) at a 
ground current sensitivity of 5 pAcm- '. 


The cyclic voltammograms of 2c (Fig. 6A) and 4d (Fig. 6B) 
both show reversible one-electron reductions to the monoanion 
(at - 1.26 and - 1.40 V, respectively). For 2c this process is 
followed by an irreversible reduction at -2.57V 
(v = 0.1 Vs-'). Both potentials are located well within the 


v v. SCE , I 


+0.5 0 -0.5 - 1  -1.5 -2 -2.5 


v vs SCE 


0 -0.5 -1.0 -1.5 -2.0 


Fig. 6. Cyclic voltammograms of 2 c  (A) and 4d (B) in 0 . 1 ~  Bu,NPF,/ 
dimethoxyethane (DME, 298 K) recorded at glassy carbon (GC) electrodes vs. 
saturated calomel electrode (SCE), u = 100 Vs-'. 


range of the reducing capacity of potassium. The behavior of 2c 
with respect to oxidation is irreversible; the first one-electron 
oxidation at +0.18 V is followed by multi-electron processes at 
around +0.5 V (+ 0.72 V for 4d). A very similar redox behav- 
ior is observed for 4d, with a reversible formation of the 
monoanion at - 1.40 V and a second irreversible reduction at 
- 1.96 V. In accordance with the extended Hiickel calculations, 
2c is easier to reduce than ferrocene. The LUMO of 2 is energet- 
ically lower than that of [Cp,Fe] . 
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Ruthenocenes have been the subject of various electrochemi- 
cal studies.[z51 Compared to the cathodic waves of sandwich 
complexes of the type [Cp,Fe], those of [ (arene),Fe] and mixed- 
ligand complexes [CpFe(arene)] are either found at extremely 
low potentialsrz6] or, in most cases, are not observed!251 The Ru 
analogues often exhibit a significantly lower stability.[271 The 
significant anodic shift of the reduction potentials of 2c and 4d 
Drovides further evidence for the fact that many mixed-ligand - 
carborane complexes can stabilize transition metals in high oxi- 
dation states.[16. 281 In sandwich complexes with carbocyclic lig- 
andsI2'. 301 only permethylated C, and C, rings lead to consider- 
able stabilization of the 19 VE complexes.czg1 Even for 
ruthenocene derivatives with an electron-withdrawing ligand as 
in [(C,Me,)Ru(C,F,)], cathodic waves are not observed within 
the accessible range of CH,CI, . Iz7]  


ESR Spectroscopy: The radical anions 2c- and 4a- were gener- 
ated by reduction of the neutral species in a sealed tube at a 
potassium mirror in THE The stepwise reactions, during which 
a color change occurred from green (purple for 4a) to red- 
brown, led to the formation of stable radicals, which were char- 
acterized by the ESR spectra (Fig. 7). The data are listed in 
Table 4. For both radical anions we found a rhombic g tensor 
showing no hyperfine splitting. Rhombic distortion of Fe' in 
sandwich complexes gives rise to three g values close to 2 with- 
out hyperfine coupling due to spin-lattice relaxati~n!~' - 3 1 1  
The mean g value <g> for the Ru compound is higher; this 
confirms that spin-orbit coupling increases on moving to heav- 
ier elements. Fe1"1321 and M"' complexes1331 are mainly charac- 
terized as being orbitally degenerate exhibiting g tensors of axial 
symmetry in their ESR spectra.[3z. 331 


Our spectra bear resemblance to those observed for 19 VE d7 
Fe' sandwich compounds such as [ (C,Me,)Fe(C,Me,)] 
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Fig. 7. X-band ESR spectra of 2c- (A) and 4d- (B) in THF glass at 110 K 


Table 4. X-band ESR data for 2c-, 4d-, and related complexes. 


g, g, g, T(K) Solvent Ref. 
~ ~~~~~~~~~~~~~ 


2c- 2.182 2.132 2.002 110 THF this work 
4d- 2.271 2.110 2.020 115 THF this work 
[(C,Me,)Fe(C,Me,)] 2.062 2.002 1.912 4 DME [30] 
[(C,H,Me)Fe(C,B,S)]- 2.086 2.000 1.985 110 THF [34a] 
[(C,H,Me)Fe(C,B,)]- 2.072 1.994 1.939 110 THF [34b] 


ESR data of structurally related Cp, arene, and mixed-ligand 
carboranyl Fe complexes are listed in Table 4. Based on calcula- 
tions combined with ESR 1311 and Mossbauer spectra,[291 one 
has to conclude that these sandwich complexes have a very 
similar electronic ground-state structure. 


Conclusions 


The addition of H- or tBu- to certain 2,3-dihydro-1,3-diborole 
derivatives followed by reaction with [{(C,Me,)MCl},] 
(M = Fe, Ru) leads to the new sandwich complexes 2c and 
4a,c,d. These highly sensitive compounds are susceptible to re- 
duction and oxidation. The steric requirements of the sub- 
stituents in the diborolyl ring for the stabilization of 2 and 4 
have been studied. If smaller groups are used, especially at C4  
and C 5, the sandwich complexes 2 and 4 are difficult to obtain 
because stacking reactions yield the triple-decker complexes 1 
and 5, respectively. This observation explains why the search for 
electron-poor sandwich complexes of the iron triad has been 
unsuccessful in the past. 


Complexes 2 and 4 show interesting structural and bonding 
patterns in the 2,3-dihydro-1,3-diborolyl ring, including a 
strong folding of the ring and a very short Fe-C2 distance in 
2c. The EH MO calculations indicate that the folding is due to 


interaction of o electron density of the boron-carbon bonds 
with the metal center. 


Addition of CO to 4d yields complex 6d containing a bent CO 
ligand. 


Experimental Section 


General Techniques: Experiments were carried out under nitrogen or argon, which 
had been dried and purified before use. Solvents were dried by conventional meth- 
ods and saturated with nitrogen. NMR spectra were recorded on Bruker AC-200 
('H: 200.13 MHz, ''C: 50.32 MHz, ''B: 64.21 MHz) with C,D, as solvent. Chem- 
ical shifts are relative to that of TMS and BF,. OEt,. The mass spectra were record- 
ed on a Varian MATCH7 and a Finnigan MAT8230. Elemental analyses were 
performed in the Institut fur Organische Chemie, Universitat Heidelberg. Alumina 
used for chromatography was dried and deactivated by addition of 5% water. 
Voltammetric experiments were conducted as described elsewhere [16]. Potentials 
are given in volts vs. an SCE reference electrode. X-band ESR spectra were obtained 
on a Bruker ESP300E spectrometer equipped with a liquid N, variable-temperature 
unit. Calibration of field frequency relied on a microwave frequency counter and a 
Bruker Hall probe; the offset was checked with DPPH. The procedure for the 
preparation of THF solutions of radical anions by stepwise reduction using a potas- ' 


sium mirror has been reported [16]. 


(q5-Cyclopentadienyl)(qs-l,3,4,5-tetraethyl-Z-methyl-Z,ld~ydr~l,34iborol-Z- 
y1)iron (Za): A solution of [CpFe(cod)] (870mg, 4.58mmol) and 3 a  (1.04g, 
4.54 mmol) in benzene (20 mL) was stirred at room temperature for 0.5 h. It was 
then heated to 60 "C for 2 h and then cooled to room temperature. The solvent was 
removed in vacuo, followed by some unredcted 3a. The residue was dissolved in 
petroleum ether and chromatographed on SiO,. The green fraction (200 mg after 
removal of solvent) contained the oily compound Za. This was followed by a blue 
fraction containing the triple-decker l a .  Yield: 355 mg (36%) of l a  after twofold 
recrystallization from petroleum ether. The crude 2a was again chromatographed 
(SiO,, petroleum ether) to remove some more 1 a. The product was then distilled at 
60"C/10-3 Torr togiveZa (100 mg, 7%), which was still slightlycontaminated with 
l a .  'HNMR ([D,]THF): 6 = 0.53 (brm, 10H, BCH,CH,)), 1.58 (t, 6H, 
CCH,CH,), 2.7 (s, 3H, CCH,), 4.13 and 4.29 (m, 4H, CCH,CH,), 4.37 (s, 5H, 
Cp);m/i(%): 310(84) [M' ] .  281 (29) [M' - C,H,], 252 (48)[Mt - 2C,H,]; 1 a: 
m.p. 210°C; M S  (EI): m/z (%): 431 (100) [M']. 


(qs-Pentamethylcyclopentadienyl)(q5-l ,34iethyI-4,5-diisopropyl-2-methyl-Z,3dihy- 
dro-1,3-diborol-Z-yl)iron (Zc): The diborole 3c (0.218 g, 1.0 mmol) was added to a 
suspension of NaH (0.065 g, 2.7 mmol) in THF (10 mL) at -20 "C and then stirred 
at room temperature for 2 h. The solution was filtered (to remove excess NaH) 
directly into a solution of [{(C,Me,)FeCI}J at -75 "C, prepared from C,Me,H 
(0.136 g, 1.0mmol), MeLi solution, and FeCI,.ZTHF [36] (0.27 g, 1.0 mmol). The 
reaction mixture was stirred for 20 h at room temperature, and the solvent (Et,O/ 
THF) was then removed under vacuum. The green residue was dissolved in a 
mixture of 0.5 mL toluene and 0.5 mL hexane and passed at - 10 "C through a 
chromatography column packed with AI,O, with hexane as eluant. The green 
fraction obtained contained 2c and a small amount of [(C,Me,),Fe]. Complex 2c 
crystallized at - 30 "C after concentration of the solution. Yield: 0.17 g (42 %); m.p. 
216-218°C (decomp.); 'HNMR: 6 = 0.42 (brm, 4H, BCH,CH,), 0.53 (brt, 6H, 
,J(H,H) = 6 Hz, BCH,CH,), 1.26 (d, 6H, 'J(H,H) = 6.5 Hz, CCH(CH,),), 1.45 
( s ,  15H, C,CH,), 1.91 (d, 6H, 'J(H,H) = 6.5Hz, CCH(CH,),), 2.77 ( s ,  3H, 
CCH,), 4.21 (sept, 2H, ,J(H.H) = 6.5 Hz, CCH(CH,),); "B NMR: 6 =19.4; 13C 
NMR: 6 = 5.7 (BCH,CH,, br), 10.0 (BCH,CH,), 10.5 (CS(CH&, 20.2 (CCH,), 
23.7,24.3 (CCH(CH,),), 33.6 (CCH(CH,),), 80.3 (C5(CH,)5), 132.5 (CCH(CH,),, 
C2(CCH,)notobserved; MS(EI):m/z(%):408(100)[Mfj, 393(4)[Mf - CH,], 
379 ( 5 )  [M' - C,H,], 365 (10) [M' - C,H,]; C,,H,,B,Fe (408.06): calcd C 70.64, 
H 10.38, found C 70.04, H 10.37. 


(q5-Pentamethylcyclopentadienyl)(q5-1,3,4,5-tetraethyl-Z-methyl-Z,~dihydro-l,3di- 
boroly1)rutheninm (4a): same procedure as described for 2c. From 3a (0.19 g, 
1 .O mmol), NaH (0.06 g, 2.5 mmol), and [{(C,M~,)RUCI),] (0.272 g, 0.25 mmol)4a 
was obtained as a dark violet oil. Yield 139 mg (32%); b.p. 52"C/lO-' Torr, 
'HNMR: 6 = 0.6-0.9 (m, 10H, BCH,CH,), 1.33 (t, 6H,  ,J(H.H) = 8.0Hz, 
CH,CH,), 1.49(s, 15H,C,(CH3),),2.45(m, 2H,CCHzCH,),2.79(s, 3H, CCH,), 
3.10 (m, 2H, CCH,CH,); 13C NMR: 6 = 6.9 (BCH,CH,. br), 10.0 (BCH,CH,), 
11.1 (C,(CH,),), 14.5 (CCH,CH,), 21.0 (CCH,), 25.1 (CCH,CH,), 84.9 
(C5(CH,)s), 122.8 (CCH,CH,), C2 (CCH,) not observed; "B NMR: 6 = 20.2; 
MS (EI): m/z (%): 426 (70) [ M ' ] ,  397 (100) [M' - C,H,], 368 (30) 
[M' - 2C,H,]. 


(~5-Pentamethylcyclopentadienyl)(q5-l,ldiethyl-4,5diisopropyl-Z-methyl-2,3dihy- 
dro-1,ldiborolyl)rutbenium (4c): Same procedure as described for 4 a. From 3c 
(0.22 g, 1.0 mmol), NaH (0.06 g, 2.5 mmol), and [{(C,Me,)RuCI}J (0.272 g, 
0.25 mmol) 4c was obtained as a dark violet oil. Yield: 237 mg (52%); b.p. 60°C/ 
lo-, Torr, 'HNMR: 6 = 0.6-1.05 (m, 10H, BCH,CH,). 1.10 (d, 6H, 'J(H,H) = 
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6.0Hz, CH(CH,),), 1.48 (s, 15H, C,(CH,),), 1.58 (d, 6H, 'J(H,H) = 6.0Hz, 
CH(CH3),),2.75(s, 3H,CCH3),3.45(sept,2H, 3J(H,H) = 6.0 Hz,CH(CH,),; ' 'B 
NMR: 6 ~ 1 7 . 7 ;  ',C NMR: 6 = 6.5 (BCH,CH,, br), 10.0 (BCH,CH,), 11.0 
(CdCHdJ, 20.8 (CCH,), 23.4 and 24.0 (CH(CH,),), 32.0 (CH(CH,),), 84.8 
(C5(CH3),), C2, C4, and C 5  not observed; MS (El): m/z (%): 453 (100) [ M ' ] ,  438 
(20)[M+ - CH3],424(22)[M' - C,HS],411(38)[M+ - C,H,].HRMScalcdfor 
C,,H,,B,Ru: 454.2516, found: 454.2568. 


(q5-Pentamethylcyclopentadienyl)(q5-l,4,5-triethyl-3-~er~-butyl-2-methyl-2,~dihy- 
dro-l,3dihoro?yl)ruthenium (4d): tBuLi ( 1 . 5 ~ ,  0.66 mL, 1 mmol) was added drop- 
wise to a solution 3a (120 mg) in THF (20 mL) at - 50 "C. The reaction mixture was 
allowed to warm to room temperature and then transferred through a canula into 
a flask containing [{(C,Me,)RuCI},] (272 mg, 0.25 mmol). After the reaction mix- 
ture had been stirred for 12 h, the solvents were removed under vacuum. The violet 
residue was dissolved in 2 mL hexane and passed at - 10°C through a chromato- 
graphy column packed with Al,O, with hexane as eluant. 4c was isolated as a dark 
violet oil. Yield: 170mg (37%); b.p. 85"C/10-'Torr; 'HNMR: 6 = 0.7-0.9 (m, 
5H. BCH2CH3), 0.92 (s, 9H, C(CH,),, 1.34 (t. 6H, 'J(H,H) = 6.5 Hz, CCH,CH,), 
1.48(s,15H,C,(CH,),),2.50(m,2H,CCH,CH,),2.9(s,3H,CCH3),3.15(m,2H, 
CH,CH,); 13C NMR: 6 =7.0 (BCH,CH, and BC(CH,),, br), 9.7 (BCHJH,). 
10.9 (C5(CH3)s), 14.3 (CCH,CH,), 15.4 (CCH,CH,), 24.1 (CCH,), 25.2 
(CCH,CH,),26.6(CCH,CH,).29.9(BC(CH3),). 84.9(C5CH,),). C2,C4,and C5 
not observed; "B NMR: 6 = 22.0; MS (EI): m/z (%): 454 (52) [ M ' ] ,  425 (30) 
[Mf-C2H,] ,  397 (71) [M+-C4H9],  56 (100) [C,H;]. HRMS calcd for 
C,,H,,B,Ru: 454.2516, found: 454.2489. 


(qs-Pentametbylcyclopentadienyl)(~5-l,3,4,5-tetraethyl-2-methyl-2,3-dihydro-l,3-di- 
horoly1)rutheniumcarbonyl (6a ): Complex 4a  (0.15 g, 0.46 mmol) was dissolved in 
hexane (20 mL), and CO gas was bubbled through the solution for 3 min at a flow 
rate of I0 mLmin-'. The color changed from violet to yellow-orange. After distil- 
lation, 6a was obtained as yellow oil. Yield: 0.083 g (52%), b.p. 81 "C/10-3 Torr, 
'HNMR: 6 = 0.9(m,4H, BCH,CH,), 1.09(t, 6H, 'J(H,H) =7.5 Hz, BCH,CH,), 
1.18 (t, 3H, 'J(H,H) =7.5 Hz, CCH,CH,), 1.37 (t. 3H, 'J(H,H) =7.5 Hz, 
CCH,CH,). 1.41 (s, 15H. C,(CH,),), 1.46 (s, 3H. CCH,), 1.85 and 2.15 (m. 4H, 
CCH,CH,); ',C NMR: 6 =7.0 (BCH,CH,, br), 10.1 (Cs(CH3)5), 12.8 
(BCH,CH,),12.9(BCH,CH,), 16.4(CCH3),17.4 (CCH,CH,), 17.9(CCH,CH3), 
22.2 (CCH,CH,), 23.1 (CCH,CH,), 95.3 (C,(CH,)J, 215.2 (RuCO), C2, C4, and 
C5 not observed; "B NMR: 6 = 23.0 (1 B) and 36.5 (1 B); MS (EI): m / i  (%): 454 


1933 cm-'. HRMS calcd for C,,H,,B,Ru: 426.2203, found 426.2220. 
(25) [M'] ,  426 (60) [M' -CO], 396 (100) [M' -2C,Hs], FT-IR: 5,,= 


(~5-Pentametbylcyclopentadienyl)(q5-l,4,5-triethyl-3-~e~~-butyl-2-methyl-2,3-dihy- 
dro-1,3-dihorol-Z-yl)rutheniumcarbonyl(6d): Same procedure as for 6a; 4d (0.135 g, 
0.30 mmol) in 10 mL hexane, 10 mLmin-' CO for 3 min. After removal of a part 
of the solvent in vacuum 6d crystallized at -20'C. Yield 0.053 g (37%) after 
recrystallization, m.p. = 143 "C, subl. 81 "C/lO-, Torr. 'HNMR: 6 = 1.07 (m, 2H, 
BCH,CH,), 1.08 (t. 3H, 'J(H,H) =7.1 Hz, BCH,CH,), 1.23 (t, 3H, 
'J(H,H) =7.6 Hz,CCH,CH,), 1.33(t,3H, ,J(H,H) =7.6Hz, CCH,CH,), 1.39(s, 
15H, C,(CH,),), 1.47 (s, 3H, CCH,), 1.55 (s, 9H, BC(CH,),), 1.73 and 2.38 (m, 
4H. CCH,CH,); 13C NMR: 6=6 .9  (BCH,CH, and BC(CH,),, br), 9.0 
(C,(CH,)J, 11.5 (BCH,CH,), 16.9(CCH,CH3 and CCH,), 17.5 (CCH,CH,), 20.4 
(CCH,CH,), 23.6 (CCH2CH3), 30.0 (BC(CH,),), 94.1 (C,(CH,)J, 215.0 (CO), 
C2, C4, and C5 not observed; "B NMR: 6 = 25.9 (1 B), 34.0 (1 B), MS (El): m/z 


[M' - (rBu +Et)]; FT-IR: Cco =1927cm-', for C,,H,,B,ORu (481.30) calcd C 
62.39 H 8.80; found C 61.90 H 9.03. 


(%): 482 (20) [M'], 454 (42) [M' - CO], 425 (40) [M' - ~Bu] ,  396 (100) 


(p,q5-Pentamethyl-2,3-dihydro-l ,3-diborolyl)(q5-pentamethylcyclopentadicnylruthe- 
ninm)(q5-pentamethylcyclopentadienylrutheniumhydride) (5 b): Same procedure as 
described for 4a; 3b  (0.134 g, 1.0 mmol), [{(C,Me,)RuCI),] (0.544 g, 0.5 mmol), 
NaH (0.06 g, 2.5 mmol), THF (20mL). 5b was obtained as red crystals. Yield: 
0.11 g (19.2%), m.p.>250"C; 'HNMR: 6 = - 8.27 (s, RuH), 1.21 (s, 6H, 
BCH,), 1.42 (s, 15H, C,(CH,),), 1.70 (s, 15H, C,(CH,),), 1.78 (s, 3H, B,CCH,), 
1.97(s,6H,CCH3): 13CNMR:6 = 9.9(C,(CH3),). 10.'7(C,(CH3),), 14.7(CCH3), 
16.9 (B,CCH3), 78.8 (C5(CHJs), 90.2 (C5(CH3),), C2, C4, C5, BCH, not observed; 
"B NMR: b = 2.8; MS (EI): m/z (%): 607 (51) [M'], 592 (100) [M+  - CH,.]; 
C28H46BzR~z (606.43): calcd C 55.45, H 7.65, found C 54.99, H 7.65. 


~,q5-1,2,3-TrimethyI-4,5-dicthyl-2,3-dihydro-l,3-dihorolyl)(q~-pentamethylcy- 
clopentadienylruthenium~~s-pentamethylcyclopentadieny~utheniumhydride) (5e): 
Same procedure as described for 5b. From 3e (0.162 g. 1 mmol), and 
[{(C,Me,)RuCI),] (0.544 g, 0.5 mmol) in THF (20 mL) 5b  was obtained as red 
crystals.Yield:0.230g(36%),m.p.r250"C; 'HNMR:6 = - 8.43(s,lH,RuH/, 
1.26 (s, 6H, BCH,), 1.44 (s, 15H, C,C(CH,),), 1.47 (t, 6H, 'J(H,H) = 8.2 Hz, 
CCH,CH,), 1.72(s,I5H,C,(CH3),), 1.76(s,3H,B,CCH3),2.l2and2.34(m,4H, 
CCH,CH,); 'T NMR: 6 = 9.9 (CS(CH3) , ) ,  10.3 (CCH,CH,), 10.8 (C5(CH3)5), 
16.9 (B,CCH,), 26.5 (CCH,CH,), 78.5 (C,(CH3)s), 90.3 (C,(CH3),). C2, C4, C 5, 
andBCH,notobserved; "BNMR:6 = 2.8; MS(EI):m/z(%): 635(80)[Mf],620 
(100) [M' - CH,]; C,oH,oB2Ru, (634.49) calcd C 56.79 H 7.94; found C 56.20 H 
8.02. 


Crystal Structure Determinations for 2c and 6d [36]: Diffraction data were collected 
on a Siemens-Stoe AED 2 diffractometer (Mo, radiation, graphite monochroma- 
tor) in the w-scan mode. Crystal data and details of the measurements are summa- 
rized in Table 5 .  The structures were solved by direct methods (SHELXS86) and 
refined by full-matrix least-squares (SHELXL 93) based on F2 using all reflections. 
Non-hydrogen atoms were refined anisotropically, hydrogen atoms were added in 
calculated positions. 


Table 5. Crystal and collection parameters for compounds 2c and 6d. 


Compound 2c 6d 


formula 
M, 
Fooo 
crystal system 
space group 
a "41 
b "41 
C [A1 


v [A3] 
B I"] 


4 [g cm 3l 
~r ( M o d  [mm-'I 


2k*, ["I 


z 


crystal size [mm] 
collection T 


h,k,l range 
reflns collected 
unique 
absorption correction 
transmission 
parameters refined 
R I  [on F, 1>20(1)] 
wR2 [on F Z ,  all reflns] 


C24H42B2Fe 


408.0 
888 
orthorhombic 
Pbnm 
10.752(5) 
14.481 (7) 
15.565(8) 


2423 
4 
1.12 
0.63 
0.4 x 0.5 x 0.5 
ambient 
55 
13,18,20 
3154 
2886 
empirical 
(0.72-0.80) 
116 
0.064 
0.200 


C25H42B20Ru 


481.3 
1016 
monoclinic 
P21/n 
11.422 (6) 
16.065 (8) 
13.903 (7) 


2540 
4 
1.26 
0.63 
0.3 x 0.5 x 0.6 
- 55 "C 
50 
k13, f19, +16 
5739 
4370 [R(int) = O.OlS] 
empirical 
(0.71 -0.84) 
279 
0.022 
0.062 


95.37(2) 


For Zc there are two possible space groups, Pbn2, and Pbnm. In Pbnm the sandwich 
has a crystallographic mirror plane through Fel  and C2. The C,Me, ring is disor- 
dered. The temperature factors of some atoms, especially the methyl carbon atoms 
of the C,Me, ring and at C2, become strongly anisotropic. Refinements in Pbn2, 
with some restrictions regarding the diborolyl ring yields better R values, but the 
anisotropic temperature factor for the methyl carbon atoms of the C5Me, ring do 
not improve. Refinement with two rigid C,Me, rings was onlypossible with restric- 
tions to the anisotropic temperature factors. The results of the refinements in Pbnm 
and Pbn2, are in good agreement for the geometry around the Fe atom and the 
diborolyl ring. 
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Ionic Fluorination of Carbon Monoxide as a Route to Gas-Phase 
Carbonylation of Inert C-H and N-H Bonds 


Felice Grandinetti," Federico Pepi, and Andreina Ricci 


Abstract: Gaseous FCO' ions from the 
ionization of mixtures of nitrogen trifluo- 
ride and carbon monoxide execute selec- 
tive and efficient CO-functionalization of 
the C-H bonds of benzene and toluene 
and of the N-H bond of ammonia. The 
occurrence of these carbonylation reac- 
tions has been unambiguously ascertained 
by Fourier-transform ion cyclotron reso- 
nance (FT-ICR) spectrometry, and the 
details of the structure and the mechanism 


of formation of the precursor FCO+ ions 
have been investigated. FT-ICR experi- 
ments show that these ions, structurally 
assigned as F -C - 0' by collisionally ac- 


Introduction 


The chemical activation of unreactive molecules and their con- 
version into useful products is still a challenging problem facing 
chemists. In particular, selective functionalization of inert C-C, 
C-H, or N-H bonds with species such as oxygen, carbon 
monoxide, carbon dioxide, and sulphur dioxide is legitimately 
regarded as an ultimate goal in the chemical activation of such 
small gaseous molecules. The high interest in this coupled acti- 
vation is not focused exclusively on reactions occurring in solu- 
tion or at interfaces. Rather, the attractive opportunity of inves- 
tigating intrinsic aspects of reactivity in the absence of the 
complicating effects of ligands, counterions, solvation, etc., 
stimulates the design of simple gas-phase model reactions, 
which can contribute substantially to the comprehension of the 
fundamental aspects of this chemistry, and, in addition, may 
provide suggestions for novel reactions in solution. Thus, the 
coupled activation of molecular oxygen and olefinic C-C and 
C-H bonds by gaseous transition-metal cations has recently 
been reported,['] and the formation of stable adducts of CO, 
with naked cations such as V',[2] Mg+,[31 and Fef[41is regarded 
with considerable interest with respect to the possible coupled 
activation of carbon dioxide and hydrocarbons. 


One of the general points emerging from our recent investiga- 
tion of the gas-phase chemistry of simple fluorinated cations 
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tivated dissociation (CAD) spectrometry, 
arise from the reaction of CO" with NF, 
and of NF: with CO. Combining the lat- 
ter F' transfer with the independently ob- 
served fluoride-ion abstraction by FCO' 
from NF, results in a catalytic cycle in 
which gaseous NF: ions promote the 
conversion of carbon monoxide into car- 
bonic difluoride, F,CO, with nitrogen tri- 
fluoride as the source of F. 


such as CF: SiFi ,I6] and NF: ['I by Fourier transform ion 
cyclotron resonance (FT-ICR) spectrometry[*] is the ability of 
these ions to undergo efficient H F  elimination following addi- 
tion to various hydrogenated molecules including water, alco- 
hols, amines, and aromatic substrates, with resultant formation 
of ionic fragments which incorporate the CF,, SiF,, or NF 
moieties. The main limitation to the actual occurrence of such 
addition-elimination reactions comes from the recombination 
energy of the fluorinated ion, which has to be low enough to 
prevent facile electron capture from the nucleophile. General- 
ization from these findings suggests the possibility of ionic fluo- 
rination of a small gaseous molecule, M, as a conceivable route 
to the functionalization of n-type or p-type nucleophiles, NuH, 
according to the reaction sequence of Equations (1 a,b). 


f F M +  (1 a) 
Ionic fluorination 


F M +  + NuH - Nu-M+ + H F  (1 b) 


Gaseous FM' ions (M = CO, CO,, SO,) could in principle 
be obtained from the ionization of appropriate neutral pre- 
cursors; this would permit investigation of reaction (1 b). 
However, in this paper, we wish to discuss the route to the 
coupled activation of M and NuH based on the ionic 
fluorination of M. The details of the coupled activation of car- 
bon monoxide and unreactive molecules such as benzene, 
toluene, and ammonia, based on the unprecedented gas- 
phase ionic fluorination of carbon monoxide, are described 
here. The latter process, conveniently performed under mass 
spectrometric conditions with nitrogen trifluoride as the source 
of F, adds to the number of strategies so far developed for 
promoting the extensively investigated carbonylation reac- 
tion.[" 
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Results and Discussion 


Ionic fluorination of carbon monoxide-preparation of gaseous 
FCO' ions: Although gaseous FCO' ions are detected in abun- 
dance from the electron-impact ionization of suitable neutral 
precursors such as HFCO,['oa] F2C0,[lob1 and CIFCO,['obl the 
gas-phase ionic fluorination of carbon monoxide is still unre- 
ported. We found that the latter process can be successfully 
accomplished under mass spectrometric conditions with nitro- 
gen trifluoride as the source of F. Gaseous FCO' ions are de- 
tected in abundance from the ionization of mixtures of NF, and 
CO introduced into the external source of the FT-ICR ( p  ca. 


mbar) at nominal ratios ranging from approximately 1 : 1 
to approximately 5: 1. A representative mass spectrum is shown 
in Figure 1. 


0.4 


0.2 


0.0 


Fig. 1. Mass spectrum (70 eV) of a NFJCO gaseous mixture ( p  ca. 
approximate ratio 5: 1). 


mbar; 


Besides the NF;' (m/z =71), NF: (m/z = 52), and CO" 
(m/z = 28) ions arising from the ionization of NF3["] and CO, 
only one additional intense peak was detected, at mjz = 47, and 
unambiguously assigned as FCO' by exact mass measure- 
ments. The relative intensity of this ion was found to be slightly 
sensitive to the composition of the gaseous mixture, increasing 
from about 20% to about 30% of the base peak when the 
NFJCO ratio was changed from approximately 5 : 1 to approx- 
imately 1 : 1. 


Structure of the gaseous FCO' ions: Before investigating the 
ionic routes responsible for the formation of the gaseous FCO' 
ions, we addressed the question of their structure.["] In fact, 
irrespective of its detailed mechanism (vide infra) , the ionic 
fluorination of carbon monoxide could lead, at least in prin- 
ciple, to a pure F(C0)' isomer or to a mixture of F-CO+ and 
F-OC'. Tentative evidence for the exclusive formation of the 
fluoroformyl cation, F-CO', comes from the results of ab ini- 
tio calculations. The structure of the two conceivable F(C0)' 
isomers has been optimized at the MP2(FULL)/6-31 G* level of 
theory and an accurate evaluation of their relative stability has 
been performed by means of the recently developed Gaussian-2 
(G 2) procedure.['31 Whereas the formal attachment of F' to the 
carbon atom of CO leads to the linear F-C-0'  isomer 
(r(C-F) =1.218 A, r(C-0) =1.140 A), previously investigat- 
ed1'41 by various theoretical methods, the F-0-C' isomer pos- 
sesses a bent structure (r(0-F) =1.401 A, r(C-0) =1.213 A, 
c[ = 129.2"), and, at the G 2 level of theory, the energy difference 
with F-CO' iscalculated to be as large as 157.1 kcalmol-'.['51 
Assuming that the quoted enthalpy of formation of F(CO)+, so 
far reported as 160 f 11 kcalmol- ' from the adiabatic ioniza- 


tion potential of the FCO' radical['6J and recently reevaluated 
as 178.1 k2.3 kcalmol-' from the energy of formation from 
F,CO,[' 71 refers to the more stable isomer, a theoretical enthalpy 
of formation of 335.2 kcalmol-' is obtained for the F-OC' 
isomer. The exclusive formation of F-CO' from the ionic fluo- 
rination of carbon monoxide is more convincingly supported by 
structurally diagnostic mass spectrometric experiments. The 
CAD['*] spectrum of the FCO' ions obtained from the ioniza- 
tion of an approximately 3 : 1 mixture of nitrogen trifluoride and 
carbon monoxide introduced into the chemical ionization 
source ( p  ca. lo - '  mbar) of the ZAB-2F spectrometer is shown 
in Figure 2. Consistent with a F-C-0' connectivity, it shows 


100, $F' 


501  c.+ F c o 2 + , ~ \  
0 
10 15 20 25 30 35 


mlz  


Fig. 2. CAD spectrum of the FCO' ions obtained from the ionization ofa  NFJCO 
gaseous mixture ( ~ 3 : l ; p  ca. lo-' mbar). 
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two intense CF' (m/z = 31; 61.1 YO) and CO" (mlz = 28; 
34.3%) fragments and a much less intense contribution from 
C" (m/z =12; 2.3%). In addition, the FCO" signal (mi 
z = 23.5; 2.3 YO) arising from charge-stripping is clearly visible. 
Moreover, an indistinguishable fragmentation pattern (similari- 
ty index['g1 13.3) is obtained from model ions, most likely char- 
acterized by the F-CO' connectivity, obtained from the elec- 
tron impact (70 eV) ionization of acetyl fluoride, CH,COF. The 
structural equivalence of the two ionic populations is indepen- 
dently supported by their identical reactivity. Irrespective of 
their formation process, thermalized FCO' ions from the exter- 
nal source of the FT-ICR undergo the same reaction sequences 
(vide infra) when allowed to react with various nucleophiles, 
introduced in the resonance cell at typical pressures of around 
lo-' mbar. Finally, our conclusion that fluoroformyl 
cations exclusively are formed from the gas-phase ionic fluori- 
nation of carbon monoxide is fully consistent with previous 
results from liquid-nitrogen-cooled discharge experiments of 
mixtures of F, and C0.[14d1 The observed ions were assigned as 
F-CO+ by their millimeter-wave spectrum, the details of which 
have been interpreted with the aid of high-level ab initio calcula- 
tions. 


Mechanism of formation of the gaseous FCO' ions: The detailed 
ion-molecule reactions responsible for the formation of FCO+ 
from the ionization of the NF3/C0 mixtures have been subse- 
quently investigated. In particular, the conceivable precursor 
ions CO", NF;' and NF:, produced in the external source of 
the FT-ICR by the electron-impact (70 eV) ionization of carbon 
monoxide and nitrogen trifluoride, were allowed to react with 
NF, or CO, introduced into the resonance cell at typical pres- 
sures of around 10-s-10-7 mbar. A representative plot of the 
time dependence of the abundances of all the ionic species 
formed from thermalized CO" ions reacting with NF, is shown 
in Figure 3. The intensity of the CO" signal decreases exponen- 
tially (correlation coefficient 1 .O) and, most significantly, FCO' 
is formed, together with NF3' and NF:, according to the 
branching ratio depicted in Scheme 1. From the average of dif- 
ferent independent runs, the overall rate constant k ,  = k,, + 
k,,, +k , ,  is evaluated as 8.0 x lo-'' cm3molecule-'s-', which 
leads to k,, = 4.7 x lo-", k,, = 2.1 x lo-", and k,, = 1.2 x 
lo-" cm3molecule-'s-'. From the collision rate constant of 
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Fig. 3. Time dependence of the relative intensities (I) of the ions observed when 
thermalized CO" ions are allowed to react with NF, (p = 1.6 x lo-* mbar). 


CO" with NF,, calculated as 1.01 x 10-9cm3molecule-'s-' 
by the average dipole orientation (ADO) theory,["] the efficien- 
cy of the overall decay of CO" is 0.79 from the k,/k,(ADO) 
ratio, which provides a reasonable explanation for the low in- 
tensity of the CO" signal observed in the mass spectrum of 
Figure 1. In addition, the efficiencies of reactions (2a-c) are 
evaluated as k,,/k,(ADO) = 0.47, k,,/k,(ADO) = 0.21 and 
k,,/k,(ADO) = 0.11, respectively. The high efficiency of the 
electron transfer reaction (2 a) is consistent with its exothermic- 
ity, evaluated as AH"(2a) = - 24.1 kcalmol-'.[211 In addition, 
the recombination energy of CO, 14.0eV, is higher tha6 the 
potential of formation of NF; from NF,, 13.71 eV,1221 which 
makes accessible the exothermic fluoride ion abstraction (2 b), 
AW(2 b) = - 27 kcalmol-'. Although the actual formation of 
the FCO' radical from (2 b) cannot be directly ascertained, the 
reaction would result as slightly endothermic (AW(2 b) = 
+ 1.9 kcalmol- I )  if formation of F' and CO were assumed, and 
should not occur to any significant extent under our FT-ICR 
conditions. The fluorine abstraction reaction (2c) leads to the 
formation of FCO' from the reaction of CO" with nitrogen 
trifluoride. Based on the thermochemical data discussed in the 
previous paragraph, this process results as exothermic 
(AH"(2c) = -79.6 kcalmol-') only if formation of F-CO' is 
assumed, which is fully consistent with the conclusions from the 
structurally diagnostic experiments. The observation of (2 c) is 
of interest if compared with the previously reported reactions of 
CO" with other conceivable fluorinating agents, including car- 
bon tetrafluoride and sulphur hexaflu~ride.[~~] The CO' + ion 
reacted with CF, and SF, nearly at the collision limit, but only 
CF; and SF:, respectively, were observed as the ionic products, 
although the formation of FCO' is energetically possible. The 
different reactivity of CO" toward the various fluorine donors 
probably reflects the difference between the relatively low F,N- 
F dissociation enthalpy, 58 kcalmol-', and the high F,C-F 
and F,S-F dissociation enthalpies, 132 and 92 kcalmol-', re- 
spectively, and suggests the possible use of nitrogen trifluoride 
as an effective fluorinating agent of gaseous radical cations. 


Whereas the NF;' ions were found to be unreactive toward 
carbon monoxide, thermalized NF; undergo the F +  transfer 
reaction of Equation (3) as the only observable ion-molecule 


NF; + CO -----* F-CO' + 3NF (3) 


reaction when allowed to react with CO introduced into the 
resonance cell of the FT-ICR at a typical pressure of about 
lo-' mbar. The formation of the triplet electronic state of the 
NF radical in Equation (3) is suggested by thermochemical con- 
siderations. In fact, large-scale MRD CI ab initio calcula- 
t i o n ~ [ ~ ~ '  predict the X 3 C -  ground state of N F  to be more stable 
than the a'd by 31.4 kcalmol-'. Assuming that the quoted 
enthalpy of formation of NF, 55.5 kcalmol-', refers to 
the triplet state, reaction (3) is exothermic (AW(3) = 
- 15 kcalmol-') only if formation of 'NF is assumed. The spin- 
forbidden character of (3) is fully consistent with the significant 
activation barrier suggested by its experimentally observed effi- 
ciency, calculated to be as low as 0.02 from the ratio of the 
measured rate constant, k,  = 1.5 x lo-'' cm3molecule-'s-', 
and the collision rate constant, k3(ADO) =7.67 x 
lo-'' cm3molecule-'s~'. The observation of reaction (3) is of 
interest. In fact, whereas numerous Ff transfer reactions in 
solution have already been reported,["] and have stimulated the 
development of a theoretical quantitative scale for the oxidizing 
strength of simple fluorinating agents,[261 to the best of our 
knowledge no gas-phase F+ transfer reactions have been report- 
ed to date. Thus, the observation of (3) invites further, indepen- 
dent work aimed at investigating the possible general occurrence 
of such processes under isolated conditions. 


Gas-phase reactivity of FCO + with NF,-the catalytic conver- 
sion of carbon monoxide into carbonic difluoride, F,CO: The 
FCO+ ions from the ionization of nitrogen trifluoride and car- 
bon monoxide can in principle undergo further ion-molecule 
reactions within the precursor gaseous mixture. To investigate 
the possible occurrence of such processes, thermalized FCO + 


ions from the external source of the FT-ICR were allowed to 
react with NF, or CO introduced separately into the resonance 
cell at typical pressures of around 10-8-10-7 mbar. The fluo- 
ride-ion abstraction [Eq. (4)] was the only observed reaction. 


FCO' f N F ,  ---t NF; +F,CO (4) 


Whereas the ionic product from reaction (4) can be unequivo- 
cally identified, one can only infer the formation of 
carbonic difluoride and accordingly calculate AW(4) as 
-25.1 kcal mol- '. However, the reaction would be strongly en- 
dothermic if neutral products other than F,CO were formed 
(e.g., AHO(4) = + 101.5 kcalmol-' if formation of F, and CO is 
assumed) and could not occur under our FT-ICR condi- 
tions. The efficiency of reaction (4) is obtained as 0.11 from 
the ratio of the measured rate constant, k ,  = 9 . 2 ~  
lo-" cm3molecule-'s-', and the collision rate constant, 
k,(ADO) = 8.49 x lo-'' cm3molecule-'s-'. In addition, we 
note here that an efficient fluoride-ion abstraction was also ob- 
served when thermalized FCO+ ions were allowed to react with 
CH,COF, which provides independent support for the explana- 
tion already provided by Olah and coworkers for the elusive 
character of FCO' in solution.[271 Thus, failure to observe per- 
sistent FCO' ions when oxalyl fluoride (FCO), was treated 
with SbF,/SO,CIF was attributed to their further reaction with 
(FCO),, with formation of the highly stable F,CO. 


The combined reactions (3) and (4) promote the catalytic 
cycle shown in Scheme 2, 
in which NF; ions medi- 
ate the conversion of car- c o ~ w ~ ~ ~  
bon monoxide into car- 
bonic difluoride with 
nitrogen trifluoride as the w FCO' 


source of F. Scheme 2. 


~~ 
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A typical example of the time dependence of the ionic abun- 
dances observed when thermalized NF: ions from the external 
source of the FT-ICR were allowed to react with a mixture of 
carbon monoxide and nitrogen trifluoride introduced into the 
resonance cell is shown in Figure 4. The marked deviation from 


; i  \ 


0 5 10 1 5  20  25 30 
!Is ------t 


Fig. 4. Time dependence of the relative intensities (I) of the NF: and FCO' signals 
observed when thermalized NF: ions are allowed to react with a mixture of NF, 
and CO (1 :lo). The open circles refer to the decrease of NF: in the presence of 
carbon monoxide only. 


the pseudo-first-order exponential decrease clearly demon- 
strates the operation of the above catalytic cycle, which causes 
the NFT and FCO' ions to approach a stationary concentra- 
tion and their observed ratio (Fig. 5)  to reach a constant asymp- 
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Fig. 5. Time dependence of the ratio (R) of the intensitles of the NF: and FCO' 
signals observed when thermalized NF: ions are allowed to react with a mixture of 
NF, and CO (1:lO). 


totic value fully consistent, within experimental uncertainties, 
with the ratio of the partial pressures of CO and NF, and with 
the independently measured k, /k ,  ratio. The observation of the 
above catalytic cycle is of considerable interest, in that it pro- 
vides the first experimental evidence for the ability of a gaseous 
main-group cation to promote a specific chemical transforma- 
tion. Since the first report of catalysis in gas-phase positive-ion 
chemistry,["] which was concerned with the observation of 
oxidation cycles involving transition-metal cations and their 
oxides, numerous examples of chemical reactions mediated by 
naked,[z91 ligated,r30] and even d-block cations 
have been reported, which adds to the large body of information 
currently available on gaseous transition-metal ions.[321 By con- 
trast, the catalytic ability of p-block ions has been much less 
explored, and, to the best of our knowledge, no catalytic cycles 
involving main-group cations have yet been described. The 
NFT-mediated fluorination of CO in the net reaction ( 5 )  


CO + NF, --* F,CO + 3NF ( 5 )  


amounts to the catalytic removal of carbon monoxide by a 
gaseous cation, an alternative to the repeatedly demonstrated 
oxidation process[". 321 based on the transition-metal-mediated 
conversion to carbon dioxide. In addition, reaction (5 )  is of 
interest because of the well-recognized role of carbonic difluo- 
ride in several atmospheric processes. In the troposphere, it is 
ultimately produced together with H F  from the CF; radical 
from the reaction of various hydrofluorocarbons with OH.[331 
In the stratosphere, photolysis of CF,Cl, produces CF,Cl', 
which yields F,CO by reaction with 0,, and, in fact, increasing 
amounts of F,CO have been observed in the upper strato- 
sphere.[341 
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Gas-phase reactivity of FCO' with n-type and ptype nucleo- 
philes-the carbonylation of ammonia and aromatic substrates : 
The gas-phase chemistry of the FCO' ions obtained from the 
ionic fluorination of carbon monoxide was subsequently investi- 
gated with the aim of ascertaining their ability to carbonylate 
simple hydrogenated molecules. In particular, thermalized 
FCO' ions from the external source of the FT-ICR were al- 
lowed to react with several nucleophiles, including hydrogen, 
water, methanol, ammonia, methane, ethane, benzene, and 
toluene, introduced into the resonance cell at typical pressures 
of around 10-R-10-7 mbar. In all cases, the elemental compo- 
sition of the observed ionic products was unambiguously as- 
signed by exact mass measurements, and, if two or more prod- 
ucts were detected, the reported branching ratios are the average 
of at least three independent runs. 


The FCO' ions were unreactive with H,, H,O, and CH,, but 
were observed to abstract hydride from CH,OH, with forma- 
tion of CH,OH' ions, which eventually transfer a proton to 
methanol. The enthalpy change of the reaction [Eq. (6)] is 


FCO+ + CH,OH ----t C H 2 0 H +  + HFCO (6) 


evaluated as AH"(6) = - 51.9 kcalmol-', and becomes 
AH"(6) = - 53.4 kcalmol- * if the equally likely formation of 
H F  and CO as neutral products is assumed. The tendency of the 
gaseous FCO' ions to undergo exothermic H- abstraction 
from simple saturated molecules is confirmed by their reaction 
with C,H,. The exclusive formation of the ethyl cation is ob- 
served [Equation (7)]; the change in reaction enthalpy changes 


FCO+ + C2H6 C,H,+ + HFCO (7) 


from AH"(7) = - 32.4 kcalmol-' to -33.8 kcalmol-', de- 
pending on the assumed neutral product(s). 


The reactivity of FCO' with NH, was subsequently investi- 
gated. The time dependence of the ionic abundances observed 
from isolated FCO' is shown in Figure 6. As the most signifi- 
cant result, H,N-CO' ions were detected, arising from reac- 
tion (8), whlch demonstrates the ionic fluorination of carbon 


FCO' +NH, - H,N-CO+ + H F  (8) 


monoxide as an effective route to the coupled activation of CO 
and NH, in the gas phase. From Figure 6, the intensity of the 
FCO' signal decreases exponentially (correlation coeffi- 
cient 1.0) according to a rate constant k,  =I.Ox 


cm3molecule-'s-', and the efficiency of reaction (8) is 
evaluated to be as high as 0.59 from the ratio of k,  and 
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Fig. 6. Time dependence of the relative intensities (I) of the signals observed when 
thermalized FCOt ions are allowed to react with NH, ( p  = 3.4 x mbar). 


k,(ADO), 1.69 x cm3molecule-'s-'. This finding is con- 
sistent with the exothermicity of reaction (8), calculated as 
AH0@) = - 65.2 kcalmol-'. From Figure 6, the H,N-CO' 
ions from reaction (8) are in turn able to transfer protons to 
NH,, and the formation of unreactive NH,+ ions is eventually 
detected at long reaction times. The occurrence of this reaction, 
unambiguously confirmed by independent isolation experi- 
ments with H2N-CO+ ions, is consistent with the difference 
between the proton affinity of HN-CO, 173 kcalmol-', and 
NH,, 204 kcalmol-'. Because of the low pressure in the FT- 
ICR cell, no adduct of H,N-CO+ and NH, was detected. The 
formation of such species, which could eventually lead by de- 
protonation to the formation of (H,N),CO, is, however, con- 
ceivable under higher pressures of ammonia. The suggestion 
that the ionic fluorination of carbon monoxide could promote, 
at least in principle, the conversion of ammonia to urea is of 
interest, if one thinks of the continuous search for alternative 
procedures to the commonly employed synthesis based on the 
reaction of CO, with liquid NH, at high temperature and pres- 
sure.[351 In particular, any practicable route based on the direct 
use of the easily available raw material CO without preliminary 
conversion to CO,, such as the recently proposed one based on 
a K[Ru"(EDTA-H)(CO)] is regarded with consider- 
able interest. 


Finally, the possible use of FCO+ as a reagent in aromatic 
carbonylation was investigated. The time dependence of the 
ionic abundances from the reaction of thermalized FCO' ions 
with C6H6 is shown in Figure 7. The FCO' signal decreases 
exponentially (correlation coefficient 1 . O ) ,  and the abundant 
formation of C6H5-CO+ ions is detected [Eq. (9a)], together 
with a minor contribution from the charge transfer reac- 


FCO+ + C,H, - C,H,-CO' +HF (9a) 
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Fig. 7.  Time dependence of the relative intensities (I) of the signals observed when 
thermalized FCOt ions are allowed to react with C6H6 ( p  = 1.8 x lo-' mbar). 


tion (9 b); the branching ratio of the two channels is evaluated 
as 9: 1. Thus, the exothermic reaction (9 a) amounts to the 


FCO' + C,H, - C,Hk+ + FCO' (9 b) 


gas-phase carbonylation of benzene, promoted by the ionic flu- 
orination of carbon monoxide. The selective functionalization 
of the benzene C-H bonds with CO is a process extensively 
investigated for both fundamental and practical r e a ~ 0 n s . I ~ ~  
Some of the procedures employed, such as the Gatterman- 
Koch f~rmylation,[~ 71 are already textbook examples of elec- 
trophilic aromatic substitution,[381 and the number of alterna- 
tive strategies so far developed is impressive, and only roughly 
recalled if one mentions the use of transition-metal-based cata- 
l y s t ~ , [ ~ ~ ]  organometallic reagents,[401 photo~hemical,[~'~ and 
radical1421 techniques. Reaction (9 a) probably occurs by the 
electrophilic addition of FCO+ to the aromatic substrate, 
followed by elimination of a H F  molecule from the a-complex 
presumed to be formed initially, excited by the exothermicity 
of its formation process and, in the low-pressure domain of 
the FT-ICR cell, not stabilized by unreactive collisions with 
the surrounding molecules. The very high efficiency of this 
process, calculated as 0.9 from the ratio of the experimen- 
tal k9,, 1.3x10-9cm3molecule-1s-', and k,(ADO), 1.4~ 


cm3mo1ecule-'s-', is fully consistent with its enthalpy 
change, as large as -95 kcalmol-'. In addition, the observa- 
tion of the minor charge transfer reaction (9 b) is compatible 
with the recently reevaluated recombination energy of FCO+, 
9.3 + O . l  eV,[I7] but would become endothermic if the previously 
reported value of 8.76k0.32 eV[161 were adopted (ionization 
potential of C6H6 9.24 eV). 


Carbonylation is also the most important channel in the reac- 
tion of FCO' with toluene, together with minor electron cap- 
ture and hydride transfer reactions. The time dependence of the 
observed ionic abundances is shown in Figure8, and the 
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Fig. 8. Time dependence of the relative intensities (I) of the signals observed 
when thermalized FCO' ions are allowed to react with C,H,-Me ( p  = 3.0 x 


mbar). 


branching ratio of the corresponding ion-molecule reactions is 
reported in Scheme 3. The decrease in intensity of the FCO' 
signal is exponential (correlation coefficient 1 .O) and the overall 


FCO*+ M e - q y  'lo lS4O c& -c@ + FHCO t lo% Me-C&' + FCCI 


Scheme 3 
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rate constant kto = k,,, + k,,, + k,,, is evaluated as 1.5 x 
lo-' cm3molecule-'s-', which leads to k,,, =1.1 x lo-', 
klo, = 2.7 x lo-", and klo, =1.5 x lo-'' cm3molecule-'s-'. 
From the collision rate constant of FCO' with C,H,-CH,, 
calculated as kto(ADO) =1.48 x lo-' ~ m ~ m o l e c u l e - ~ s - ~ ,  the 
efficiency of the carbonylation reaction (10a) is evaluated as 
kto,/klo(ADO) = 0.74, which is comparable, within experimen- 
tal uncertainties, with the eficiency of the benzene carbonyla- 
tion reaction (9 a). From Figure 8, the slight inflection of the 
signal of the C,H,-CH: ions obtained from the exothermic 
reaction (lob), AH"(l0b) = - 65.1 kcalmol-' if formation of 
HFCO is assumed, accompanied by the formation of C,H; 
ions, comes from the incursion of the secondary process (1 I), so 


C,H,-CHi + C,H,-CH, C,H,+ + C,H, (11) 


far reported to occur under the conditions of FT-ICR mass 
spectrometry and known to involve C,HT ions of benzyl struc- 
t~re . [~ , I  Lastly, we note here that the gaseous FCO' ions were 
also observed to carbonylate C,H,-X aromatic substrates, in- 
cluding X = F, C1, OCH,, and CN. However, the X-C,H,- 
CO' ions (X = F, C1) do not exceed about 30 % of the observed 
products, and ions from the direct attack of FCO' on X and 
from charge transfer reactions were detected. Thus, although 
ionic fluorination of carbon monoxide seems a general route to 
the gas-phase carbonylation of simple aromatics, the selectivity 
of the process dramatically decreases on passing from benzene 
and toluene to other substituted arenes. In addition, our find- 
ings are consistent with the recent observation of carbonylation 
products from the reaction of the ClCO' ions obtained from the 
electron-impact ionization of CH,COCI with simple aromatic 
substrates.[441 


Conclusions 


Our investigation of the gas-phase reactivity of the FCO' ions 
obtained from the ionic fluorination of carbon monoxide 
demonstrates the ability of the C-H bonds of benzene and 
toluene and of the N-H bond of ammonia to undergo efficient 
and selective CO-functionalization. The corresponding car- 
bonylated products arise from the electrophilic addition of 
FCO+ followed by elimination of a stable HF molecule. Thus, 
the attachment of F+ converts the unreactive CO molecule into 
a strong Lewis acid, which reacts almost exclusively as a C-elec- 
trophile because of the peculiar location of the empty p orbital 
and of the positive charge. Since structural rearrangements are 
also expected from the binding of F' to species such as CO, and 
SO, and, in addition, stable FSO: and FCO: fragments have 
been actually detected in the gas phase, our findings encourage 
the investigation of the ionic fluorination of these small gaseous 
molecules as a conceivable route to their chemical activation. 


Experimental and Theoretical Procedures 


The FT-ICR experiments were performed on a Bruker Spectrospin Apex 47e spec- 
trometer equipped with an external ion source [45] and a cylindrical "infinity cell" 
[46]. The NF: and FCO' ions, produced in the external source, were transferred 
into the resonance cell, trapped in the field of a 4.7 T superconducting magnet and 
isolated by "single shots'' and broad-band ejection techniques [47]. The ions were 
subsequently thermalized by unreactive collisions with pulsed-in argon gas and 
reisolated. The pseudo-first-order rate constants of the reactions investigated were 
derived from the decay of the precursor-ion signals and converted to absolute rate 
constants by calibration of the ionization gauge measurement with the tabulated 
rate constants of suitable ion-molecule processes [48], the estimated error in the 
absolute rates being i 3 0 % .  The CAD spectra were recorded on a VG Micromass 
ZAB-2F instrument of magnetic/electrostatic (B/E) configuration [49]. Typical op- 


erating conditions of the chemical ionization (electron-impact) source were as fol- 
lows: gas pressure lo- '  mbdr; source temperature 150 (15O)"C; emission 
current 0.5 mA (trap current: 100 PA); repeller voltage ca. 0 (0-5) V; electron 
energy 50 (70) eV. The FCO' ions, accelerated by 8 kV and magnetically mass-se- 
lected, were made to collide with helium introduced into the cell of the second 
field-free region at such a pressure as to reduce the main beam intensity to 70% of 
its initial value. The fragments arising were detected by varying the deflection 
voltage of the electrostatic analyzer. 


The ab initio calculations were performed with the Gaussian 92 set of programs 
[50]. The geometries of the investigated species were optimized at the HF/6-31 G* 
and the MP 2(FULL)/6-31 G* level of theory, and their zero-point vibrational ener- 
gies, AE(ZPE), were obtained by the HF/6-31G* frequencies scaled by 0.893. 
Approximate QCISD(T)/6-311 + G(3 df,2 p) energies were calculated at the 
MP2(FULL)/6-31 G* geometries by means of the Gaussian-Z(G 2) procedure [13]. 
Briefly, the MP4/6-311 G** energy, En, is modified with a series of additive correc- 
tions defined as follows: AE(+) = €(MP4/6-311 + G**) - Eo, AE(2df) = 
E(MP4/6-311 G**(2df)) ~ Eo, and 
AE(HLC) = ( -  0.00019n,,,,,, - 0.00614n,,,,) hartree, where nunDair and npni, repre- 
sent the numbers of unpaired valence electrons and valence pairs, respectively. 
The G 1 energy is defined as €(G 1) = E0 + AE( +) + AE(2df) + AE(QC1) + 
AE(HLC) + AE(ZPE). The further term A = E(MP2/6-311 + G(3df,2p)) - 
E(MP2/6-311 G**(2df)) - E(MP2/6-311 + G**) + E(MP2/6-311 G**) leads to 
the G 2  energy as E(G2) = E(G1) + A  +0.00114n,,,, hartree. 
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C-Disaccharides of Ketoses 


Hansjorg Streicher, Armin Geyer, and Richard R. Schmidt" 


Abstract: Reaction of gluconolactone 2 
with allylmagnesium bromide at low tem- 
peratures afforded ketopyranose 3, which 
could easily be converted into open-chain 
ketoses (R)-6 and (S)-6. Their reaction 
with lithioacetylide 9 afforded propar- 
gylic alcohol derivatives (R)-10 and (S)- 
10, which could not be cyclized directly to 
the desired C-ketosides. They were con- 
verted by standard procedures into (R)-14 
and (S)-14 and then into dicobalthexacar- 
bony1 complexes (R)-16 and (S)-16. A 


Introduction 


facile acid-catalyzed ring closure gave the 
desired C-ketosides (R)-lSct/p and (S ) -  
18a/P, respectively, in different ratios. In 
order to demonstrate that removal of the 
protective groups and hydrogenation of 


The manifold occurrence of complex oligosaccharide structures 
as epitopes at the cell and the various biological 
functions attributed to these rnolec~les[~~ 41 has led to a great 
interest in their synthesis, which has mainly been achieved by 
chemical and enzymatic means.['* '3 '3 6] To understand these 
functions, structural analogues that are, for instance, stable 
to glycosidases or inhibitors of glycosyl transferases are re- 
quired for biological testing. Carbon-bridged saccharide ana- 
logues['* *I should play an important role because they are 
thought to affect the activity of glycosidases mainly by compet- 
itive inhibition,['- as has meanwhile been confirmed for 
some representative examples.[10- ''I 


Of special interest are inhibitors of giycosyl transferases, 
which-as regio- and stereoselective catalysts-generate the 
complex oligosaccharide structures mainly with nucleoside 
mono- or diphosphate sugars as glycosyl 14] Al- 
though knowledge of the active site of glycosyl transferases is 
rather limited,[15s 16' investigations into some transferase in- 
h i b i t o r ~ ~ ~ ~ ]  indicate that the glycosyl donor and acceptor are in 
close proximity in the transition state in the active site of the 
enzyme (Scheme This structural orientation is also re- 
quired for the generation of antibodies catalyzing glycosylation 
reactions. In this context, carbon-bridged sugars of type A-C 
are of great interest; their synthesis also offers a general ap- 
proach for the formation of C-ketosides.["~ 18. ''I 
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the CC triple bond proceed smoothly, 
(R)-18a was transformed into the depro- 
tected target molecule (R)-1 CI. For the as- 
signment of the new chiral centers at C-2/ 
2' and at C-8, (S)-lScr was transformed 
into azido derivative (S)-22a, which un- 
derwent intramolecular cycloaddition to 
afford the spiro derivative (S)-25cc. Be- 
cause of the conformational constraints in 
this molecule, unequivocal configura- 
tional assignment was possible with the 
help of NMR data. 


A: X,Y= CH, 
B: 
C: 


X = CH2CH2. Y = CH, 
X = CH2, Y = CH$ 


Scheme 1. Schematic representation showing the generation of gentiobiose from 
UDP glucose and glucose. 
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Scheme 2. General approach to the 
synthesis of carbon-bndged sugars of . 
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Results and Discussion 


The strategy shown in Scheme 2 demonstrates that sugar lac- 
tones are promising starting materials for a general approach to 
carbon-bridged sugars. This scheme is based on the addition of 
two different functional carbon nucleophiles to the lactone car- 
bon atom in successive steps, followed by ring closure. To study 
this strategy, C-ketosides 1 were chosen as target molecules 
because they contain two sugar residues and a functional C, 
moiety available for further For instance, 
phosphonate residues could be attached to the C, moiety in 1, 
or “trisubstrate analogues”[’61 could be generated. 


Synthesis of the Target Molecules: Addition of a C-nucleophile 
to gluconolactone at low temperature followed by addition of a 
second equivalent of the nucleophile to the generated ketone 
moiety has already been reported.”’, ”1 Thus, addition of allyl- 
magnesium bromide to D-ghCOnOhCtOne 2 at - 80 “C led al- 
most exclusively to formation of compound 3[”] (Scheme 3). 
Addition of a second allyl group was not observed because ring- 
chain tautomerism liberating the ketone moiety was too slow. 


Dihydroxylation of 3 with catalytic amounts of OsO, and 
N-methylmorpholine N-oxide (NMO) as oxidizing agent af- 
forded an approximately 2: 3 mixture of (R)-4 and (S)-4. O-Iso- 
propylidenation with 2,2-dimethoxypropane in the presence of 
pyridinium p-toluenesulfonate as catalyst gave (R)-5 and (S)-5 
in high overall yield, and the enantiomers could then be separat- 
ed. Treatment of (R)-5 and (S)-5 with pivaloyl chloride (Piv-CI) 
in pyridine at 80 “C provided the open-chain compounds (R)-6 
and (S)-6, respectively, having the desired readily accessible 
ketone moiety. The configuration at C-2 [ ( R )  vs. (S)] was as- 
signed at a later stage (see below). 


Transformation of 6-0-deprotected glucose derivative 7 into 
dibromoolefin 8 and generation of lithioacetylide 9 was 
achieved by known procedures[231 (Scheme 4). As expected, 9 
did not react with ketopyranose derivative (R)-5; however, reac- 
tion with ketone (R)-6 in THF readily afforded (R)-lOh and 
(R)-101 in a ratio of 3:2 (h = higher-, 1 = lower-moving spot on 
TLC based on (R)-10). After removal of the pivaloyl group with 


‘OR 
2 


3 


0504, NMO (964&) 


PivGI, Pyr. 
RO 


OR’ 


soot R%% 


RO 


H OF? 
OR 


Scheme 3 


sodium methoxide in methanol at 50 “C [ -+ (R)-11 h and (R)- 
11 11, attempts at direct acid-catalyzed ring closure either result- 
ed in deisopropylidenation [ + (R)-121 and (R)-1211 or no reac- 
tion took place. For a more detailed structural characterization, 
compound (R)-12 h was transformed into tri-0-acetyl derivative 
(R)-13h with acetic anhydride in pyridine. In order to avoid 
deprotection during ring closure, compounds (R)-12h and (R)- 
121 were converted with diphosgene and pyridine into cyclic 
carbonates (R)-14h and (R)-141, respectively; however, their 
treatment with different Lewis acids, in order to obtain the 
cyclized products, gave either no reaction (ZnC1, . OEt,, 
BF, . OEt,) or led to decomposition (TiC14). 


Thus, it became clear that the generation of a carbonium ion 
from the propargyl moiety in these systems was not a trivial 
matter. We therefore decided to take advantage of the known 
stabilization of propargylic cations in dicobalthexacarbonyl 
complexes.1241 To this end, (R)- l lh,  (R)-14h, and (R)-141 were 
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Ref. 1231 hBr 2 BuLi. THF -5OoC 


7 8 OMe 9 OMe 


(R)-6. THF 
(61 %; NI = 3:2) I 


NaOMe. MeOH, 5OoC RO e o :  OPV 


RO RO *OMe . 
RO RO - OR' 


OH & 2  - OR' OH & 2  


Lewis 
Ring Closure +#-@!-(B)-llh: R',R2 = We2,  = H (84%) 


(B)-lll: R',R2 = CMe,, R3 = H (86%) 


AQO. Pyr 


(5)-12h: R' = R2 = R3 = H (qU) 
(B)-12l: R' = R2 = R3 = H (qu) 
(8)-13h: R1 = R2 = R3 = Ac (qu) 


*(R)-14h: R',R2 - CO, R3 = H (7%) .&bRing closure 
@)-MI: R',R2 = CO, R3 = H (76%) +b 


Scheme 4. R = benzyl 


(_R)-lOh : R',R2 = CMe2 
(B-101 : R1,R2=CMe, 


treated with dicobaltoctacarbonyl to generate the desired di- 
cobalthexacarbonyl complexes (R)-15h, (R)-16h, and (R)-161, 
respectively, in high yields (Scheme 5) ;  the complexes could be 
isolated and characterized, at least by FAB-MS. 


Complexes (R)-16h and (R)-161 were particularly prone to 
cyclization. Upon treatment with BF,.OEt, 1 : 1 mixtures of 
(R)-17cr and (R)-17P were obtained, independent of the config- 
uration at the carbinol carbon. The cyclized intermediates were 


(@)-ll h 
(_R)-14h 
(Q141 


Scheme 5. R = benzyl. 


OAc -%y- Aco OAC 
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separated after decomplexation with ceric ammonium nitrate 
(CAN) to yield compounds (R)-18a and (R)-lSP. The carbon- 
ate moiety was removed by treatment with triethylamine in pyri- 
dine/water to furnish (R)-19a and (R)-19P, respectively, in high 
yield. Ready access of target molecules 1 (Scheme2) was 
demonstrated for (R)-1 a by hydrogenolytic debenzylation and 
concomitant hydrogenation of the CC triple bond of (R)-19cr 
with palladium on carbon as catalyst to yield (R)-lct. To facili- 
tate structural characterization, the latter was transformed into 
the per-0-acetyl derivative (R)-20 a. Unequivocal assignment of 
the configuration at C-8 (.if-) of the C-disaccharides was 
achieved at a later stage (see below). 


The extension of the reaction sequence described above to the 
( S )  series to give the ring-closed products was quite straightfor- 
ward (Scheme 6). Surprisingly, reaction of (S)-6 with 9 gave a 
single isomer, namely, (S)-lO; again, the configuration at the 
carbinol carbon was not assigned. Depivaloylation followed by 
deisopropylidenation afforded (S)-12, which was transformed 
into (S)-14 with diphosgene carbonate. Treatment with 
Co,(CO), furnished dicobalt hexacarbonyl complex (S)-16. 
Treatment with BF, ‘OEt, and decomplexation with CAN yield- 
ed ( S ) - l S a  and (S)-lSfl in a 1O: l  ratio. The diastereoselectivity 
was thus much higher in the ( S )  series. 


Structural Assignment: The configurations at C-2 in 4 (or C-2 in 
10 or 18) and at C-8 in 18 and derived products could not be 
assigned unequivocally based on ‘H NMR data. However, in- 
tramolecular cyclization yields structurally restricted derivatives 
which frequently exhibit little conformational averaging of nu- 
clear Overhauser enhancements (NOE’s) and of three-bond 
couplings.1241 Thus, the configuration at C-2’ and at C-8 could 
be readily determined by NMR spectroscopy of spiro com- 
pound (S)-25a, which was readily obtained from (S)-lSa 
(Scheme 7). 


Removal of the carbonate group in (S)-l8a with triethyl- 
amine in pyridine/water afforded (S)-19 a;  treatment with 
methanesulfonyl (Ms) chloride in pyridine furnished di-0-mesyl 
derivative (9-21  a. Reaction with sodium azide in DMF in the 
presence of 15-crown-5 led to formation of a monoazido com- 
pound (S)-22 a, which underwent intramolecular cycloaddition 
on heating to provide the spiro compound (S)-23a. Hy- 
drogenolytic debenzylation with palladium on carbon as cata- 


R O Y  
Me0 


Scheme 7. For 18-22, R = benzyl. 


lyst [ -+ (S)-24a] followed by reaction with acetic anhydride in 
pyridine afforded (S)-25 a. 


Interproton couplings from the ‘H NMR spectra of com- 
pound (9-25  CI confirmed the expected 4C, chair conformations 
of the two pyranose rings. The 3Jc, couplings were interpreted 
in a qualitative manner from HMBC spectra.tz6I An intense 
heteronuclear three-bond correlation between C-7 (C-3a’ ; num- 
bering of spiro compound (S)-25 a is given in brackets) and H-9 
(H-3b) can only arise from a trans arrangement of C-7-C-8-C- 
9-H-9 (C-3a’-C-CC-3b-H-3b), that is, from a D-id0 configu- 
ration at C-8 (C-4‘). A 3Jc-,, H - 9  coupling of 7 Hz was extracted 
from a gated decoupled I3C NMR spectrum with selective irra- 
diation of H-l’proR (H-SProR). Interproton distances from a 
NOESY spectrum1271 (tmix = 150 ms) and three-bond homo- 
and heteronuclear couplings allow the assignment of the 
diastereotopic geminal proton pairs at 1’ (5’) and 3’ (7’).  The 


OMe 


Scheme 6. R = benzyl. 


Chem. Eur. J 1996, 2, No .  S ( i  VCH Verlagsgesellschaft mhH, 0-69451 Weinheim, 1996 0947-6S39196/020S-OSOS $ lS.00f .2Sj0 so5 







FULL PAPER R. R. Schmidt et al. 


Table 1. Interproton distances derived from a 2 D NOESY spectrum of spiro com- 
pound (S)-25a, and the distances after 25 ps of molecular dynamics (MD) simula- 
tion. Numbering of protons refers to (S)-25a (Scheme 7). 


H4b 
H 3b 
H3b 
H 6  
H 6  
H 6  
H 6  


H 2a 
H 4a 


H ~ ' w o R  


260 
230 
250 
220 
280 
260 
230 
270 
300 
300 


258 
222 
267 
242 
259 
246 
259 
265 
282 
282 


NOE distances are given in Table 1. From this we conclude that 
C-2' ((2-6') has an (S) configuration. 


Ten distances derived from NOES and three torsion angles 
were included as restraints in a molecular dynamics simula- 
tion.['*' The energy-minimized structure is shown in Figure 1. 
The piperidine ring with an exocyclic double bond exhibits an 
envelope conformation with C-1' ( 5 )  above the plane. The aver- 
age restraint violation of this structure is below 10%. 


Fig. 1. Energy-minimized structure of (S)-25c( 


To confirm the structural assignments, we also investigated 
the enantiomeric pairs (R)-18(c(/P) and (S)-lS(cc/P), and found 
the NMR data to be consistent with the absolute configuration 
at C-8 (no data given). 


Conclusion 


An efficient synthesis of C-ketosides has been developed, based 
on addition of a carbon nucleophile to 0-benzyl-protected glu- 
conolactone at low temperature to give the expected ketopyra- 
nose. The ketose ring could be readily opened to liberate the 
ketone, and addition of a second nucleophile generated a 
carbinol moiety. After protection of the propargylic alcohol as 
the dicobalt hexacarbonyl complex, the key ring-closure step 
could be readily performed to furnish the target molecules. 


Experimental Procedure 


Solvents were purified according to standard procedures. Melting points (uncor- 
rected): metal block. 'H and "C NMR spectra (22°C; TMS and the resonance of 
the deuterated solvent as internal standard; solvents: CDCI,, 99.8%, 6 =7.24; 
D,O, 99.95%. b = 4.63; MeOD, 99.95%, 6 = 3.30): Bruker AC250 Cryospec, Jeol 
JNM-(3x400, Bruker DRX 600. IR spectra: Mattson Polaris FT-IR spectrometer 
(22 "C). Column chromatography: flash silica gel 60 (0.040-0.063 mm). Medium- 
pressure liquid chromatography (MPLC): Merck silica gel LiChroprep Si 60, 15- 
25 pm. Thin-layer chromatography (TLC): Merck plates, silica gel 60F,,,, layer 


thickness 0.2 mm; detection by treatment with a solution of (NH,),Mo,0,;4H20 
(20g) and Ce(SO,), (0.4g) in 10% sulfuric acid (400mL). Optical rotations: 
Perkin-Elmer polarimeter 241/MS; 1 dm cell; 22°C. FAB-MS spectra: Finnigan 
MAT312; 70eV; 70°C. 


S,6,7,9-Tetra-0-benzyl-1,2,3-trideoxy-a-~-g~uco-non-l-en4ulopyranose (3) : 
2,3,4,6-Tetra-O-benzyl-o-glucono-l ,S-lactone 2 [29] was converted into nonenulose 
3 by the method of Kishi [21]. 


S,6,7,9-Tetra-O-benzyl-3-deoxy-a-~-g~uco-~-g~cer~-non-4-ulopyranose 1 (R)-4] and 
5,6,7,9-Tetra-0-be~yl-3-deoxy-cr-o-gluco-~-glycer~non-4-ulopyrano~ [ (S)-4] : Ke- 
tose 3 (30 g, 51.7 mmol) and N-methylmorpholine N-oxide (9.05 g) were dissolved 
in a mixture of acetone/water/tBuOH (3:1:0.1/300 mL). OsO, (100 mg), dissolved 
in 2 mL of the same mixture, was added, and the reaction stirred until TLC indicat- 
ed the absence of starting material (-7 h). After quenching with sodium bisulfite 
(1.5 g) in water (75 mL) the mixture was stirred for 15 min, and the precipitate was 
filtered off and washed carefully with the solvent mixture. The combined filtrates 
were diluted with water (150 mL), adjusted to pH 7 with 10% sulfuric acid, and 
extracted with ethyl acetate (3 x 100 mL). The combined extracts were dried 
(Na,SO,), filtered, and concentrated. Chromatography of the residue (eluant: 
toluene/ethyl acetate 1:3) gave a 2:3 mixture of diastereomers (R)-4 and ( 9 - 4  
(30.5 g, 96%) as colorless crystals; TLC: R, = 0.3 (toluene/ethyl acetate 1:2); 
'HNMR (250 MHz, CDCI,): 6 =1.38, 1.61, 1.86, 1.93 (4dd, 4H: 3a-, 3h-H (D,L)), 
3.24-3.64(m, 12H),3.93-4.08(m, 6H),4.42-4.94(m, 16H), 7.24-7.34(m, 40H). 
The crude mixture of diastereomers (R)-4 and (S)-4 was used for the next step 
without further purification. 


S,6,7,9-Tetra-0-benzyl-3-deoxy-l,~-0-isopropy~idene-a-D-gluco-D-glyce~~non-4- 
ulopyranose [(R)-5] and 5,6,7,9-Tetra-O-benzyl-3d~xy-1,2-O-isopropylidene-a-~- 
gluco-L-glycero-non-4-ulopyranose [(S)-S]: The mixture of diastereomers (R)-4 and 
(S)-4 (1 :1.4, 25 g, 43 mmol) was dissolved in dry, alcohol-free acetone (800 mL). 
2,2-Dimethoxypropane (62.5 mL) and pyridinium p-toluenesulfonate (1 g) were 
added, and the solution was stirred overnight. Following evaporation of the solvent, 
the residue was chromatographed (eluant: tolueneiethyl acetate 6: 1 -1 :I)  to give 
(R)-5 (10 g, colorless needles) and (S)-5 (14 g, colorless oil) in a total yield of 88%. 
(R)-5:Mp. 118"C;TLC: Rf = 0.3(toluene/ethylacetate6:l);[sr], = - 22.4(c =1.0 
in CHCI,); 'HNMR (250MHz, CDCI,): 6 =1.28 (dd, 'J(3a,2) = 2.5 Hz, 1 H ;  
3a-H), 1.32, 1.40 (2s, 6H;  C(Me),), 1.93 (dd, 2J(3b,3a) =14.1 Hz. 'J(3b,2) = 


(dd, 2J(la,lb) = 8.8 Hz, 'J(la,2) = 6.3 Hz, 1 H;  la-H), 3.62-3.78 (m, 3H;  7-, 9a-, 
9b-H),3.96-4.10(m,3H;Ib-,6-,8-H),4.46-4.97(m,9H:2-H,4PhCH,),4.76(d, 
1 H;  OH), 7.14-7.35 (m, 20H: 4Ph); C,,H,,O, .0.25H20 (659.3): calcd C 72.87, 
H 7.03: found C 72.92, H 7.07. 
(S)-S: TLC: R, = 0.2 (toluene/ethyl acetate 6: 1): [E], = + 17.2 ( c  = 1 .0 in CHCI,): 
'HNMR (250MHz, CDCI,): b =1.25, 1.30 (2s, 6H;  C(Me),), 1.82 (dd, 
2J(3h,3a)=14.5Hz, 'J(3h,2)=5.IHz, 1H:  3b-H), 1.98 (dd, 'J(3a,2)=6.2Hz, 
IH;3a-H),3.48-3.71 (m,6H;lb-,5-.7-,9a-,9b-H,OH),3.87-3.96(m,3H;la-, 
6-, 8-H), 4.20 (m, 'J(3b.2) = 5.1 Hz, 3J(3a.2) = 6.2 Hz, 1 H: 2-H), 4.40-4.91 (m, 
8H; 4PhCH,), 7.10-7.29 (m, 20H; 4Ph); C4,H,,O8~0.25H,O (659.3): calcd C 
72.87, H 7.03; found C 72.71 H 7.04. 


10.8 Hz, 1 H;  3b-H), 3.24(dd, 'J(5.6) = 9.5 Hz, 4J(5,0H) =1.3 Hz, 1 H; 5-H), 3.37 


5,6,7,9-Tetra-O-benzyl-3-deoxy- 1,2-O-~sopropylidene-8-O-pivaloyl-~-gluc~-D-g~~- 
ero-non-4-ulose [ (R) -6 ] :  (R)-5 (9 g, 14.5 mmol) and pivaloyl chloride (60 mL), dis- 
solved in pyridine (300 mL), were stirred at 80°C for 60 h. After removal of the 
solvent under reduced pressure (0.2 Torr) the resulting sirup was chromatograpbed 
(eluant. toluene/ethyl acetate 9: 1) to give ketone (R)-6 (9.2 g, 86%) as a colorless 
syrup: TLC: Rf = 0.38 (toluene/ethyl acetate 9: 1); [I], = + 19.5 (c = 1 .O in CHCI,); 
'H NMR (250 MHz, CDCI,): 6 = 1.12(s, 9H;  C(Me),), 1.20,1.22 (2s, 6H;  CMe,), 
2.29 (dd, 'J(3b,3a) = 17 Hz, 'J(3b.2) = 5.8 Hz, 1 H; 3b-H), 2.75 (dd, 'J(3a,2) = 
7.1 Hz,IH;3a-H),3.11(dd,2J(la,lb)=7.7Hz,3J(la,2)=7.7Hz,IH;la-H),3.62 
(dd, *J(9d,9b) =10.6 Hz, 'J(9a,8) = 5.7Hz, 1H;  9a-H), 3.76-3.86 (m. 3H; 1b-, 
6-. 9b-H), 3.93 (dd, 'J(7,6) = 4.6 Hz, 'J(7,8) = 4.6 Hz, 1 H;  7-H), 4.02-4.09 (m, 
2H;  2-, 5-H), 4.34-4.68 (m, 8 H ;  4PhCH,), 5.14 (ddd, 1H:  8-H), 7.08-7.27 (m, 
20H; 4Ph); C,,H,,O, (738.9): calcd C 73.14, H 7.37; found C 73.01, H 7.36. 


S,6,7,9-Tetra-O-henzyI-3-deoxy-l ,2-O-isopropylidene-8-O-pivaloyl-o-gluco-~-glyc- 
em-non-4-ulose [ ( S ) - 6 ] :  Ketose (S ) -5  was pivaloylated as described for (R)-5. Isola- 
tion and purification by the same procedure gave (S)-6 in 92% yield: TLC: R, = 0.5 
(toluene/etbyl acetate 9: 1); [I], = + 10.5 (c = 1.0 in CHCI,); 'H NMR (250 MHz, 
CDCI,): S =1.11 (s,9H;C(Me),), 1.18,1.22(2s, 6H; CMe,),2.41 (dd, 'J(3b,3a) = 
17.9 Hz, 'J(3b,2) = 6.9 Hr, 1H; 3b-H), 2.94 (dd, 'J(3a,2) = 5.8 Hz, 1 H ;  3a-H), 
3.20 (dd, 'J(la,lb) =7.8 Hz, 'J(la,2) =7.8 Hz, 1H:  la-H), 3.60 (dd, 'J(9a,9b) = 
10.5 Hz, 'J(9a,8) = 5.8 Hz, 1 H; 9a-H), 3.81 (dd, 'J(9b,8) = 4.3 Hz, 1 H; 9b-H), 
3.86-4.06 (m, 5H; Ib-, 2-, 5-, 6-, 7-H), 4.34-4.63 (m, 8H; 4PbCH,), 5.16 (ddd, 
'J(9a,8) = 5.8 Hz, 'J(9d.8) = 5.8 Hz, I H; 8-H), 7.09-7.29 (m, 20H; 4Ph); 
C,,H,,O, (738.9): calcd C 73.14, H 7.37: found C 73.01, H 7.34. 


Methyl 2,3,4-tri-O-benzyl-6-C-dibromomethylene-6-deoxy-a-~-glucopyranoside (8) : 
Methyl 2,3,4-tri-O-benzyI-a-~-glucopyranoside (7) [30] was converted into dibro- 
moolefine (8) [23,24] by a known two step procedure 130.311. 
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Methyl 2,3,4hi-0-benzyl-6,7-dideoxyu-~-glucohept-6-i~pyra~ide (9) : Tetrahy- 
drofuran solutions of lithioacetylide 9 [23] were generated by the following general 
procedure: A solution of dibromoolefin 8 in dry tetrahydrofuran was cooled to 
- 50 "C under an atmosphere of nitrogen. BuLi (1.6 M in hexane, 2.05 equiv) was 
added and the solution stirred for 1 h. 


Methyl 2,3,4,9,10,11,13-hepta-O-be~yl-6,7-~deoxy-&C-(2',3'-O-i~propylide~-~- 
glycero-propane-Z',3'diol- l'-yl)- lZ-O-pivaloyI-o-glycero-~gul~ido~a-D-gluc~ 
tridec-6-inopyranoside [(R)-lOh and (R)-101]: A solution of lithioacetylide 9 in dry 
tetrahydrofuran (10 mL), prepared from 8 (800 mg. 1.3 mmol) was cooled to 
-80°C. Ketone (R)-6 (920 mg, 1.4mmol) in dry tetrahydrofuran (I0 mL) was 
added, and the stirred solution slowly warmed to -20°C. After additional stirring 
for 30 min, the reaction was quenched with saturated ammonium chloride solution 
(20mL), warmed to room temperature, and diluted with water (30mL). After 
extraction with ethyl acetate (3 x 30 mL), the combined organic layers were dried 
(Na,SO,) and concentrated. Chromatography of the residue (eluant: toluene/ethyl 
acetate 9: 1) gave (R)-lOh (565 mg, colorless syrup) and (R)-101(375 mg, colorless 
syrup) in a total yield of 61 %: (R)-lOh: TLC: R, = 0.59 (toluene/ethyl acetate 9: 1) 
[a], = -7.3 (c =1.0 in CHCI,); 'HNMR (250MHz, CDCI,): 6 =1.11 (s, 9 H ,  
C(Me),), 1.17, 1.26 (2s. 6H;  CMe,), 1.78-1.98 (m, 2H; l'a-, l'b-H). 3.23 (s ,  3H: 
OMe), 3.33-3.44 (m, 3H; 2-, 3'a-, 4-H), 3.70-3.86 (m, 5H;  3-. 3'b-, 9-, 13a-. 
13b-H), 3.95 (m, I H ;  10-H), 4.01 (m, 1 H;  11-H), 4.22 (s, 1 H; OH), 4.31 -4.85 (m, 
17H; 7PhCH,. I-, 2'-, 5-H), 5.25 (m, 1H;  12-H), 7.11-7.28 (m, 35H; 7Ph); 
C,,H,,O,, (1192.4): calcd C 74.11, H 7.10; found C 73.74, H 7.08. 
(R)-lOl: TLC: & = 0.54 (toluene/ethyl acetate 9:l); [.ID = + 19.4 ( c  = 1.0 in 
CHCI,); 'HNMR (250MHz, CDCI,): 6 ~ 1 . 1 1  (s, 9H;  C(Me),), 1.15, 1.26 (2s, 
6H;  CMe,), 1.90-1.97 (2dd, 3J(l'a,2') = 5.8 Hz, ,J(l'b,2') =7.4 Hz, 2H; l'a-, l'b- 
H), 3.20 (s, 3H; OMe), 3.23-3.46 (m, 3 H), 3.61 -4.10 (m. 9 H), 4.29-4.93 (m. 16 H; 
7PhCH,, I-, 5-H), 5.36 (ddd, 1H; 12-H), 7.06-7.30 (m, 35H; 7Ph); C,,H,,O,, 
(1192.4): calcd C 74.11, H 7.10; found C 73.91, H 7.32. 


Methyl 2,3,4,9,10,11,13-hepta-O-henzyl-6,7-dideoxy-&C-(2',3'-O-i~propytidene-~- 
glycero-propane-2',3'diol-l'-yl)-12-O-p~valoyl-~-glycer~D-gulo(ido)-~-D-~~C~ 
tridec-6-inopyranoside [(S)-lo]: Dibromoolefin 8 (5.6 g) in dry tetrahydrofuran 
(130 mL) was converted into lithioacetylide 9 as described above. After being cooled 
to - 70 "C, a solution of ketone (S)-6 (5.74 g, 7.8 mmol) in tetrahydrofuran (50 mL) 
was added. The mixture was slowly warmed to -40°C and stirred for 1 h. The 
reaction was quenched with saturated ammonium chloride solution (100 mL), 
brought to room temperature, and diluted with water (200 mL). Following extrac- 
tion with ethyl acetate (3 x 100 mL), the combined organic layers were dried 
(Na,SO,) and concentrated. The sirupy residue was chromatographed (eluant: 
toluene/ethyl acetate 9:l) to give (S)-lO (6g. 65%) as a colorless oil: TLC: 
R, = 0.26 (toluene/ethyl acetate 9: 1); [.ID = + 6.8 (c = 1 .O in CHCI,); 'H NMR 
(250 MHz, CDCI,): 6 =3.10 (s, 9H;  C(Me),), 1.16, 1.26 (2% 6H;  CMe,), 1.76 (dd. 
'J(1'bJ'a) =13.4 Hz, 3J(l'b,2') = 5.6 Hz, 1 H ;  l'b-H), 2.02 (dd, 'J(l'a,2') = 4.5 Hz, 
'J(l'b,l'a) =13.4 Hz, 1 H: I'a-H), 3.18 (s, 3H;  OMe), 3.34-3.48 (m, 3H; 2-. 3'b-, 
4-H). 3.59 (d, ,J(9,10) = 4.4 Hz, 1 H ;  9-H), 3.64 (dd, 'J(13b,13a) =10.9 Hz, 
'J(13b,12) = 5.2 Hz, 1H;  13b-H), 3.74-3.83 (m, 2H; 3-, 13a-H), 3.88-3.96 (m. 
2H; 3'a-, 11-H), 4.21 (dd, 'J(10.9) = 4.9 Hz, 'J(lO,lI) = 4.8 Hz, 1 H;  10-H), 4.33- 
4.89 (m, 17H; 7PhCH,, 1-. 2'-, 5-H), 5.25 (ddd, 1 H ;  12-H), 7.13-7.30 (m. 35H; 
7Ph); C,,H,,O,, (1192.4): calcd C 74.11, H 7.10; found C 73.87, H 7.09. 


Methyl 2,3,4,9,10,11,13-hepta-O-benzyl-6,7-dideoxy-&C-(2',3'-O-isopropytidene-~- 
g~ycero-propan~-?,3'diol-l'-yl)-o-glyeer~~gulo~ido~a-~-g~co-tridec-6-inopyra- 
noside [(R)-llh]: Pivaloyl ester (R)-lOh (0.4 g, 0.34 mmol) was dissolved in a solu- 
tion of sodium methoxide in methanol ( O S M ,  30 mL), and the mixture was stirred 
at 50°C under an atmosphere of argon until TLC indicated the absence of starting 
material. The solution was cooled to room temperature and neutralized with Am- 
berlite ion-exchange resin. The resin was filtered off and washed with methanol. The 
combined filtrates were concentrated and chromatographed (eluant toluene/ethyl 
acetate 2.1) to give (R) - l lh  (318 mg, 84%) as a colorless syrup: TLC: R, = 0.4 
(toluene/ethyl acetate 4:l); [a], = - 24 (c  =1.0 in CHCI,); 'HNMR (250 MHz, 
CDCI,): 6 =1.17, 1.28 (2s, 6 H ;  CMe,), 1.63 (dd, 'J(l'b,l'a) =14.2Hz, 
'J(l'b,2') = 3.1 Hz, I H ;  l'b-H), 1.98 (dd, 'J(l'a,2') = 9.8 Hz, *J(l'b,l'a) = 14.2 Hz, 
t H; l'a-H), 2.96 (d, 'J(OH.12) = 6.4 Hz, 1 H; OH), 3.26 (s, 3H;  OMe), 3.30-3.58 
(m, 6H; 2-, 3'b-. 4-, 11-, 13a-, 13b-H), 3.66 (d, 'J(9,lO) = 5.8 Hz, 1 H; 9-H), 3.75- 
3.84 (m. 3H; 3-, 3'a-, 10-H), 3.98 (m, 1 H; 12-H), 4.21 (s, 1 H; OH). 4.23 (m. 1 H; 
2'-H), 4.34-4.84 (m, 16H; 7PhCH,, 1-, 5-H), 7.13-7.32 (m, 35H; 7Ph); 
C,,H,,O,, (1113.4): calcd C 74.44, H 6.88; found C 74.43 H 6.97. 


Methyl 2,3,4,9,10,11,13-hepta-O-benzyl-6,7-cJideoxy-&C-(2',3'-0-~opropylide~e-~- 
~~cero-propane-~',~'dioi-~'-y~)-D-g~cero-~-~ulo(i~~)u-~-~Zuc~-tridec-6-inopyra- 
noside [(R)-11 I]: Compound (R)-101 was deacylated and purified as described for 
(R)-lOh. Product (R)-111 (yield 86%, R, = 0.3, toluene/ethyl acetate 4.1) was di- 
rectly used for further transformations. 


Methyl 2,3,4,9,10,11,13-hepta-O-benzyl-6,7-didwxy-8-C-(~-glyce~~propane-2',3'- 
diol-l'-yl)-D-glycero-o-gulo(ido)u-D-gluc~tridec-6-i~pyranoside [(R)-lZh]: Pival- 
oyl ester (R)-lOh (3,5 g, 2.94 mmol) was cleaved following the procedure described 
for (R) - l lh  until no more starting material was present. The pH was adjusted to 4 
by addition of hydrochloric acid (2 M). Ethyl acetate was added to dissolve separated 


oil, and the mixture was stirred at 60 "C for 12 h. After neutralization with saturated 
aqueous hydrogen carbonate solution the mixture was concentrated to approxi- 
mately one third of total volume, diluted with water, and extracted several times 
with ethyl acetate. The organic layers were dried (Na,SO,), concentrated and re- 
peatedly coevaporated with dry toluene. The product (R)-12h (3.1 g, 98%) was 
sufficiently pure for further transformations: TLC: R, = 0.34 (toluene/ethyl acetate 
1:1);[a],= -1.3(c=1.0inCHC13); 'HNMR(250MH2, CDC13):6=1.39(dd, 
'J(l'b,l'a) =12.9 Hz, ,J(l'b,2') = I  Hz, 1 H;  l'b-H), 1.85 (dd, 'J(l'a,2') = I 0 3  Hz, 
zJ(l'b,l'a) = 12.9 Hz, 1 H;  I'a-H), 3.15 (dd, 'J(3'a,3'b) = 11.2 Hz, 'J(3'a.z) = 6 Hz, 
lH;3'a-H),3.27(s,3H;OMe)3.27-3.60(m,6H;2-,3'h-,4-,9-,13a-,13b-H),3.72 
(dd, 'J(10,9)=7.3Hz, 'J(lO,ll)=4Hz, 1H;  lO-H), 3.81 (dd, 3J(3,2)=9.3Hz, 
,J(3,4) = 9.3 Hz, I H ;  3-H), 3.95 (m, 1 H; 12-H), 4.16 (m. 1 H;  2'-H), 4.28 (dd, 
3J(ll,12) = 5 Hz, 'J(lO,lI) = 4 Hz, 1 H; 11-H), 4.36-4.84 (m, 16H; 7PhCH,, 1-, 
5-H), 7.14-7.29 (m. 35H; 7Ph): C,,H,,O,,~H,O (1091.3); calcd C 72.64, H 6.83; 
found C 72.78, H 6.88. 


Methyl 2,3,4,9,10,11,13-hepta-O-benzy1-6,7dideoxy~-C-(~-glycero-propa~-2',3'- 
diol-l'-yl)-D-glycero-o-gu~o(ido)-a-D-g~uco-tridec~~pyr~oside [ (R)-12 I] : (R)-10 1 
was converted into (R)-121 (colorless oil) under the conditions described for (R)-12 h 
with analogous reaction times and yields: TLC: R, = 0.29 (toluene/ethyl acetate 
1 : 1); [aID = + 11.3 (c = 1.0 in CHCI,); 'H NMR (250 MHz, CDCI,): 6 = 1.77 (dd. 
*J(l'b,l'a) =14.5 Hz, 'J(l'b,2') = 2.8 Hz, 1H;  l'b-H), 1.75-1.85 (brs, 1H; OH), 
1.95 (dd, 3J(l'a,2') = 8.8 Hz, 'J(I'h,l'a) = I 4 3  Hz, 1H;  l'a-H), 3.06 (brs, I H ;  
OH),3.24(~,3H;OMe),3.18-4.88(rn,28H),4.96(brs. lH;OH),7.08-7.28(m, 
35H; 7Ph); C6,H,,0,,~0.5H,0 (1082.3): calcd C 73.24, H 6.80; found C 73.13, 
H 6.81. 


Methyl 2,3,4,9,10,11,13-hepta-O-benzyl-6,7did~xy-&C-~-glycer~~opa~2',3'- 
dioi-l'-yl)-D-g~cero-o-gu~~ido)~-D-g~~c~tridec-6-inopyranoside [(S)-12]: Com- 
pound (S)-10 (8.5 g, 7.13 mmol) was deacylated and deisopropylidenated as de- 
scribed for (R)-12h. (S)-12 (6.5 g, colorless syrup) was isolated in 85% yield: TLC: 
R, = 0.39 (toluene/ethyl acetate 1 :I); [aID = + 4.5 (c = 1.0 in CHCI,); 'HNMR 
(250MHz,CDCI,): 6 =1.65-1.78(m,2H; l'a-, l'b-H), 1.81 (m, lH;OH),2,73(d, 
'J(OH,2') = 3.2 Hz, 1 H;  OH), 2.94 (d, 'J(OH.12) = 6.6 Hz, 1 H ;  OH), 3.27 (s, 3 H; 
OMe), 3.26-4.28 (m, 13H),4.35-4.86(m, 16H; 7PhCH2, 1-, 5-H), 7.12-7.28 (m, 
35H; 7Ph). Product (S)-12 was used in the next step without further purification. 


Methyl 12-O-acetyl-&C-(2',3'di-O-acetyl-~-glycer~propane-2',3'diol-l'-yl)- 
2,3,4,9,10,11,13-hepta-O-benzyl-6,7-dideoxy-~glycer~~-gulo(~do)u-~-gfuco- 
tridec-6-inopyranoside [(R)-13h]: (R)-12h (30 mg, 27 pmol) was dissolved in a mix- 
ture of pyridine and acetic anhydride (1: 1, 3 mL) and left overnight. The mixture 
was concentrated and the residue was chromatographed (eluant toluene/ethyl ac- 
etate 6.1) to give triacetate (R)-13h (32 mg) in quantitative yield: TLC: R, = 0.32 
(toluene/ethyl acetate 6:l); [ale = - 8.8 (c =1.0 in CHCI,); 'HNMR (250 MHz, 
CDCI,): 6 =1.81 (dd, 'J(l'b,l'a) = I 4 3  Hz, 'J(l'b,2') = 4.3 Hz, 1H;  I'b-H), 1.89, 
1.95, 1.96 (3s. 9H; 30Ac), 2.14(dd, 3J(l'a,2') =7.2 Hz, 'J(l'b,l'a) =14.8 Hz, 1 H; 
l'a-H), 3.29 (s, 3H;  OMe), 3.46-3.58 (m, 4H;  2-, 4-, 9-H, OH), 3.73 (dd, 
'J(13aJ3b) = 11 Hz, 'J(13a,12) = 5.3 Hz. I H ;  13a-H), 3.82-3.91 (m, 2H; 3-, 13b- 
H), 3.82-4.05 (m, 2H; 3'b-, ll-H),4.12(dd, 'J(10,9) = 4.7 Hz, 3J(10,11) = 4.7 Hz, 
1 H;  10-H). 4.22 (dd, 'J(3'a,3'b) =12 Hz, '5(3'a,2') = 3.2 Hz, 1 H; 3'a-H), 4.39- 
4.94 (m, 16H; 7PhCH2, I-, 5-H), 5.24(m. 1 H ;  12-H), 5.46(m, 1H; T-H), 7.18- 
7.34 (m, 35H; 7Ph); C,,H,,0,;2.5H20 (1244.4): calcd C 69.49, H 6.72; found C 
69.34. H 6.62. 


Methyl 2,3,4,9,10,11,13-hepta-O-beozyl-8-C-(2',3'-O-~arbonyl-~-glycer~propane- 
2',3'-dioI-1'-yl)-6,7dideoxy-~-glycer~~-gulo(ido)-a-~gluco-tridec-~i~pyranoside 
[(R)-14h]: A solution of (R)-lZh (640 mg, 0.6 mmol) in pyridine/dichloromethane 
(1 : 1.10 mL) was cooled to - 20 "C under an atmosphere of argon. Trichloromethyl 
chloroformate (70 pL), dissolved in dichloromethane (2 mL), was added, and the 
mixture was slowly warmed to room temperature. The reaction was quenched with 
saturated aqueous hydrogen carbonate solution (10 mL), diluted with water 
(10 mL), andextracted withethyl acetate (3 x 15 mL). The organic layers weredried 
(Na,SO,) and concentrated, and the residue was chromatographed (eluant toluene/ 
ethyl acetate 2: 1) to give carbonate (R)-14h (570 mg, 72%) as a colorless oil: TLC: 
R, = 0.43 (toluene/ethyl acetate 2:l); [a], = - 6.6 ( c  = 1.0 in CHCI,); 'H NMR 
(250 MHz, CDCI,): 6 = 1.66 (dd, 'J(l'h,l'a) = 14.3 Hz, 'J(l'b,2') =7.4 Hz, 1 H;  
I'b-H). 2.10 (dd, 'J(l'a,2') = 5.4 Hz, 'J(l'b,l'a) =14.3 Hz, 1 H; l'a-H), 2.91 (d, 
'J(OH,l2) = 6.2Hz,lH;OH),3.29(~,3H;OMe),3.34-3.43(m,3H;2-,4-,OH), 
3.50-3.58 (m, 3H; 3'a-, 9-. 13b-H), 3.71 (dd, 'J(ll,lO) = 4.1 Hz, 'J(lI.12) = 
7.5 Hz. 1H; It-H). 3.77-3.86 (m, 2H; 3-, 13a-H), 3.95 (m, 1H;  12-H), 4.10-4.19 
(m, 2H; 3'b-, lO-H), 4.34 (d, 3J(5,4) =10 Hz, 1H;  5-H), 4.39-4.87 (m. 16H; 
7PhCH,. I-, 2'-H), 7.12-7.27 (m, 35H: 7Ph); FAB-MS (positive mode, matrix: 
NBOH, NaI): m/z (%): 1121 (100) [MNa' -I]. Product (R)-14h was used in the 
next step without further purification. 


Methyl 2,3,4,9,10,11,13-hepta-O-~nzyl-8-C-(2',3'-O~ar~nyl-~-glycero-propan~ 
2',3'-diol-1'-yl)-6,7did~x~D-glycero-~gulo(ido)-a-~g~uco-~d~~inopyranoside 
[(R)-14l]: (R)-121 was converted into (R)-141 (colorless oil, 76%) in the same man- 
ner as described for (R)-14h: TLC: R, = 0.5 (toluene/ethyl acetate 2:l); 
[orb = + I 3 3  (c =1.0 in CHCI,); 'HNMR (250MHz, CDCI,): 6 =1.65 (dd, 
*J(l'a,l'b) =13.4Hz. 'J(l'a.2') =10.1 Hz, 1 H; I'a-H), 2.44(ddd, 'J(l'b,2') = 1  Hz, 
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4J(l’b,0H) =1 Hz, ’J(l‘a,l’b) = 13.4 Hz, 1 H; l‘b-H), 3.17 (d, ’J(OH,l2) = 5.6 Hz, 
1 H:OH), 3.27(s,3H;OMe), 3.26-3.52(m,4H;2-,4-, 13a-, 13b-H). 3.62-3.69(m, 
2H;9-, 11-H),3.81 (dd,’J(3,2)=9.3Hz, ’J(3,4)=9,3Hz, 1H;3-H),3.85-3.94 
(m, 2H: 3‘a-, 12-H), 4.09-4.21 (m, 3H; 3%. lO-H, OH), 4.29-4.83 (m, 17H: 
7PhCH2.1-, 2’-. 5-H), 6.99-7.28 (m, 35H; 7Ph); C6,H,,014~0.5H,0 (1108.3): 
calcd C 72.60, H 6.45; found C 72.38, H 6.43. 


Methyl 2,3,4,9,10,11,13-hepta-O-henzyl-8-C-(2’,3’-O~arbonyl-~g~ycero-propane- 
2‘,3’-diol-1 ‘-y~)-6,7-dideoxy-~-g~cero-~-gu~o(~do)-a-~-gfuco-trid~-~inopyranos~de 
[(S)-141: Carbonyl protection of compound (S)-12 (6.4 g, 6 mmol) with 
trichloromethyl chloroformate (725 pL) was carried out as described for (R)-14h. 
Product (S)-14 was isolated in 83% yield (5.3 g, colorless oil): TLC: R, = 0.5 
(toluene/ethyl acetate 2:l); [a], = +7.8 (c = 1.0 in CHCI,); ‘HNMR (250 MHz, 
CDCI,): 6 ~ 1 . 7 4  (dd, ’J(l’b,l’a) = 13.3 Hz, 3J(l’b,2’) = 9.7 Hz, 1H; I‘b-H), 1.92 
(dd, 3J(l‘a,2’) = 3.4 Hz, ’J(l’b,l’a) = 13.3 Hz, 1 H; l’a-H), 2.83 (d, ,J(OH,l2) = 


6.4 Hz, 1 H;  OH), 3.28 (s, 3H; OMe), 3.38-3.79 (m, 7H; 2-, 3’b-, 4-, 9-, 11-, 13b-H, 
OH), 3.80-3.94 (m, 3H; 3-, 12-, 13a-H), 4.19 (dd. ’J(Ya.3’b) = 9.4Hz, 
’J(3‘a.T) =7.7 Hz, 1 H; 3‘a-H), 4.25 (dd, ’J(10,9) = 5.4 Hz, ’J(lO.11) = 4.8 Hz, 
1 H;  lO-H), 4.36-4.87 (m, 17H; 7PhCH2, 1-, 2’-, 5-H), 7.10-7.22 (m, 35H; 7Ph); 
C,,H,,0,;0.5H20 (1108.3): calcd C 72.60. H 6.45; found C 72.30, H 6.42. 


Hexacarbonyll/c-~(6,7-$:6,7-q)-methyl 2,3,4,9,10,11,13-hepta-O-henzyl-6,7-dideoxy- 
8-C-(2’,3’-O-isopropylidene-~-glycero-propane-2’,3’-diol- 1’-y1)-D-glycero-D-gulo- 
(ido)-a-D-gluco-tridec-6-inopyranosidelldicobalt (Co-Co) [(R)-15 h]: Diol (R)-11 h 
(67 mg, 60 pmol) was dissolved in dry dichloromethane (2 mL) under an atmo- 
sphere of argon. A solution of dicobaltoctacarbonyl (38 mg, 1.5 equiv) in 
dichloromethane (2 mL) was added dropwise, and the solution was stirred for 3 h. 
Following removal of the solvent the residue was rapidly chromatographed (eluant: 
toluene/ethyl acetate 6: 1) to give (R)-ISb (68 mg, 76%) as a dark red oil. Cobalt 
complex (R)-lSh is stable for several days if kept at +4  “C under an atmosphere of 
dry argon, but nevertheless should be used as soon as possible: TLC: R, = 0.45 
(toluene/ethyl acetate 6:l); ‘HNMR (250MHz, CDCI,): b =1.35, 1.39 (2% 6H;  
CMe,),2.28(m,2H:l’a-,l’b-H),2.77(bd,3J(OH,12) =5.5Hz, lH:OH),3.13(~,  
3H;OMe),3.33(dd,3J(ll,10)=7.8Hz, 3J(ll,12)=7.8Hz, lH;ll-H).3.44-3.65 
(m, 5H; 2-, 3‘b-, 4-, 13a-, 13b-H), 3.84 (dd, ’J(lO,Y) = 6Hz, ’J(ll.10) =7.8 Hz, 
1H;  10-H), 3.96-4.11 (m, 3H; 3-, 3’a-, 12-H), 4.32 (m, 1H;  2’-H). 4.43-5.29 (m, 
18H; 7PhCH,, I-, 5-, 9-H, OH). 6.96-7.30 (m, 35H: 7Ph). Cobalt complexes 
(R)-15h, (R)-16h, (S)-16, (R)-17a, (R)-17p proved to be too labile to give correct 
elemental analyses, probably due to loss of carbon monoxide. 


Hexacarbonyl~p-((6,7-q:6,7-q)-methyl 2,3,4,9,10,11,13-hepta-O-benzyI-S-C-(2’,3’- 
O-carbonyl-~-glyeero-propane-2’,3’-diol- l’-yl)-6,7-dideoxy-~-glycero-~-gufo(ido)-a- 
o-gluco-tridec-6-inopyranoside]ldicobalt (Co-Co) [(R)-16h]: Carbonate (R)-14h 
was complexed and isolated as described for (R)-141. Complex (R)-16h (dark red 
oil, yield 76%) was directly used in the cyclization reaction. 


Hexacarbonyllp-I(6,7-q:6,7-$)-methyl 2,3,4,9,10,11,13-hepta-O-benzyl-8-C-(2’,3’- 
O-carbonyl-~-glycero-propane-2’,3’-diol-l’-yl)-6,7dideoxy-~-g~ycero-~-gu~o(~do)-a- 
o-g~uco-tridec-6-inopyranosidelldicobalt (Co- Co) [ (R)- 16 I] : A solution of carbona te 
(R)-141 (600 mg, 0.55 mmol) and dicobaltoctacarbonyl (470 mg, 1.375 mmol. 
2.5 equiv) in dry dichloromethane wasstirred overnight under an atmosphere ofdry 
argon. Removal of the solvent and rapid chromatography of the residue (eluant: 
toluene/ethyl acetate 9: l )  gave (R)-161 (628mg. 82%, dark red oil), which was 
handled in the same way as described for compound (R)-15h: TLC: R, = 0.28 
(toluene/ethyl acetate 20:l): ‘HNMR (250 MHz, CDCI,): 6 =1.58, 2.02 (2brs. 
2H: l’a-, l’b-H), 2.60 (d, ’J(OH,D) = 5.5 Hz, 1H; OH), 3.36 (s. 3H: OMe), 
3.00-5.40 (m, 25H), 6.96-7.30 (m, 35H: 7Ph); FAB-MS (positive mode, matrix: 
NBOH):m/r(%): 1216(100)[MHt -6CO-  HI, 1199(5)[1216-0H],1185(5) 
[I216 - OMe], 1126 (5 )  11216 - OMe - Co]. 


Hexacarhonyl~p((6,7-q:6,7-$)-methyI 2,3,4,9,10,11,13-hepta-O-benzyl-8-C-(2’,3’- 
O-earbonyl-D-gfycero-propane-2’,3’-diol-l’-yl)-6,7-dideoxy-D-g/~cero-~-~u~o(ido)-a- 
D-gluco-tridec-6-inopyranosideljdicobalt (Co- Co) [ (S)-161: The complexation of 
carbonate (5’)-14 (2.36 g, 2.1 5 mmol) was carried out under the conditions described 
for (R)-161. Complex (S)-16 was purified in the manner previously described and 
isolated in 80% yield (2.38 g, dark red oil). Its spectra were identical to those 
described for (R)-161. In addition, about 5 %  of starting material was recovered. 


Hexacarbonyl(pl(6,7-q:6,7-q)-methyl 8,12-anhydro-2,3,4,9,10,11,13-hepta-O-hen- 
zyl-8-C-(2’,3’-O-carbonyl-~-glycero-propane-2’,3‘-diol-~-yl)-6,7-dideoxy-D-g~cero- 
~-gufo(ido)-a-o-gf~co-~idec-6-inopyranoside~~dicobait (Co-Co) [(R)-17 ff and (R)- 
1781: Cobalt complex (R)-161 (628 mg, 0.46 mmol) and BF,.OEt, (4 equiv) in 
dichloromethane (10 mL) were stirred under an atmosphere ofdry argon until TLC 
indicated complete conversion to anhydro compounds (8- 12 h). The reaction was 
quenched by addition ofsaturated ammonium chloride solution (15 mL), the layers 
were separated, and the aqueous layer was again extracted with dichloromethane 
(10 mL). The combined organic layers were dried (Na,SO,), concentrated, and 
rapidly chromatographed (eluant toluene/ethyl acetate 20: 1) to give a 1 : 1 mixture 
ofcomplexated C-glycosides (R)-17a and (R)-17p (521 mg, 83 %)as a dark red oil: 
TLC: R, = 0.38 (toluene/ethyl acetate 20:l): ’HNMR (250 MHz, CDCI,): 
6 =1.92 (d, 2H; l‘a-, I’b-H((R)-17x,(R)-17p)), 2.34(dd, ’J(l’b,l’a) =16.7 Hz, 1 H; 


l’b-H((R)-17a,(R)-17/?)), 2.67 (dd, 3J(l‘a,T) = 8.5 Hz, 1 H;  l’a-H((R)-lJa,(R)- 
178)). 3.16,3.34(2~,6H;OMe((R)-l7a,(R)-17/l)), 3.31 -5.34(m, 28H), 6.92-7.31 
(m, 35H; 7Ph): FAB-MS (positive mode, matrix: NBOH): m / i  (%): 1198 (100) 
[MH’ - 6CO - HI, 1167 (10) [1198 - OMe], 1108 (5)  [I198 - OMe - Co]. 


Methyl 8,12-anhydro-2,3,4,9,10,11,13-hepta-O-benzy1-8-C-(2‘,3’-O-carhony1-~-gly- 
cero-propane-2’,3’d~ol-l’-yl)-6,7d~deoxy-~-g~ycero-~-~do-a-~-g/uco-tridec-~ioopy- 
ranoside [(R)-18or] and Methyl 8,12-anhydro-2,3,4,9,10,11,13-hepta-O-benzy1-8-C- 
(2’,3’-O-earbonyl-~-glycero-propane-2’,3’diol-l ’-yl)-6,7-dideoxy-D-glycero-D-gufo- 
Pr-D-gbco-tridec-6-inopyranoside [(R)-18 PI: From (R)-17 o r $ :  The 1 : 1 mixture of 
complexes (R)-17a and (R)-17p (500 mg, 0.37 mmol) was dissolved in acetone 
(15 mL). With stirring, 4 equiv of ceric ammonium nitrate were added in portions 
(gas evolution!). After 10 min the mixture was diluted with dichloromethane 
(50 mL) and extracted with saturated aqueous hydrogen carbonate solution 
(2 x 15 mL). The organic layer was dried (Na,SO,) and concentrated. Following 
filtration through silica gel (eluant: toluene/ethyl acetate 9: 1) the diastereomers 
were separated by MPLC (same eluant) to give (R)-18a (160 mg, colorless oil) and 
(R)-18fi (160 mg, colorless oil) in 81 % yield. 
From (R)-16h: Complex (R)-16h was cyclized under the conditions described 
above. When TLC indicated complete conversion to (R)-17 CCJ, the complexes were 
immediately cleaved by addition of 4 equiv of ceric ammonium nitrate. Isolation 
and purification in the manner already described gave C-glycosides (R)-lScr and 
(R)-18fi (1:l) in 88% yield. 
(R) - lSa:  TLC: R, = 0.39 (toluene/ethyl acetate 9: 1): = + 39.2 ( c  =1.0 in 
CHCI,). ‘HNMR (250MHz, CDCI,): b =1.63 (dd, 2J(l’b,l‘a) =13.3 Hz, 
’J(l’h,2’) =10.7 Hz, 1 H: l’b-H), 2.48 (dd, ’J(l’a,2’) = 2.6 Hz, ’J(l’b,l’a) = 
13.3 Hz, 1 H; l‘a-H), 3.15 (d, 3J(9,10) = 9.3 Hz, 1H;  9-H), 3.34 (s, 3H; OMe), 
3.34-3.49 (m, 5H; 2-, 4-, 11-, 13a-, 13b-H), 3.75-3.83 (m, 3H;  3-, lo-,  12-H), 3.97 
(dd, ’J(3’b,3’a) = 8.8 Hz, ’J(3’b,2’) = 8.8 Hz, ’J(3’bJa) = 8.8 Ha, 1 H;  3’b-H), 
4.18 (dd, ’J(3’a,2’) = 8.8 Hz, 1H;  3’a-H), 4.30-4.90 (m, 17H; 7PhCH2, 1-, 2’-, 
5-H), 7.06-7.29 [m, 35H; 7Ph); C,,H,,O,, (1081.2): calcd C 74.42, H 6.34; found 
C 74.42, H 6.94. 
(R)-18fi: TLC: R, = 0.32 (toluene/ethyl acetate 9: l ) ;  [a], = + I 7 3  (c =1.0 in 
CHCI,); ‘HNMR (250 MHz, CDCI,): 6 = 2.09 (dd, ’J(l’b,l‘a) =15.3 Hz, 
3J(l‘b,2’) = 6.4 Hz, 1 H;  l’b-H), 2.43 (dd. ’J(l’a,2’) = 5.5 Hz, ’J(l‘b,l‘a) =15.3 Hz, 
lH;l‘a-H),3.29(s,3H;OMe),3.36(dd,’J(4,3)=9.3Hz,’J(4,5)=9.3Hz, 1H; 
4-H).3.41(dd,35(2,l)=3.6Hz,35(2,3)=9.4Hz,1H;2-H),3.53-3.72(m,6H;9-, 
lo-, 11-, 12-, 13a-, 13b-H), 3.80 (dd, ,J(4,3) = 9.3 Hz, 3J(2,3) = 9.4 Hz, 1 H; 3-H), 
3.90 (dd, ’J(Yh,3’a) = 8.6 Hz, ’J(3’b,2’) = 8.4 Hz, 1 H;  3’b-H), 4.17 (dd, 
,J(3‘a,2) =7.9 Hz,’J(3‘b,3’a) = 8.6Hz, 1 H ;  3‘a-H),4.28-4.90(m, 17H;7PhCH2, 
1.. 2-, 5-H), 7.03-7.29 (m, 35H; 7Ph); ‘,C NMR (62.5 MHz, CDCI,): b = 34.38 
(1’-C), 55.75 (OCH,), 83.55, 85.24 (6-C, 7-C), 98.42 (I-C), 154.57 (CO,). 
C6,H6,0,, (1081.2): calcd C 74.42, H 6.34; found C 74.20, H 6.38. 


Methyl 8,12-anhydro-2,3,4,9,10,11,13-hepta-O-benzyl-8-C-(2’,3’-O-carbonyl-D-gfyc- 
ero-propane-2’,3’dioI- l’-yl)-6,7-dideoxy-~glycero-~-~~o-a-~-g~uco-tridec-~inopy- 
ranoside [(S)-18a] and Methyl 8,12-anhydro-2,3,4,9,10,11,13-hepta-O-benzy1-8-C- 
(2’,3’-Osarbonyl-~g~ycero-propane-2’,3’diol-l’-yl)-6,7d~deoxy-~-gfycero-~-gu~o-a- 
D-gfuco-tridec-6-inopyranoside [(S)-lSP]: Complex (S)-16 (2.38 g, 1.72 mmol) was 
dissolved in dry acetonitrile (100mL). BF,.OEt, (0.5 equiv, 100 pL) was added, 
and the mixture stirred under an atmosphere of dry argon for 4 h (TLC). Ceric 
ammonium nitrate (2.76 g) was added in portions. When the evolution of gas had 
completely ceased and the original dark red solution had turned light orange, satu- 
rated aqueous hydrogen carbonate solution (150 mL) was added and the mixture 
was stirred for 15 min. Following dilution with water (IOOmL), the mixture was 
extracted with dichloromethane (3 x 80 mL), and the combined organic layers were 
dried (Na,SO,) and concentrated. Chromatography of the residue (eluant toluene/ 
ethyl acetate 9: 1) gave (S)-18/3 (150 mg, colorless oil) and (S)-18a (1.48 g, colorless 
oil) in an overall yield of 88%: (S)-18a: TLC: R, = 0.5 (petroleum ether/ethyl 
acetate 2: 1); [ale = + 44.3 ( c  = 1.0 in CHCI,); ‘HNMR (600 MHz, CDCI,): 
6 = 2.08 (dd, ’J(l‘a,l’b) = 14.1 Hz, ’J(l’a,2’) = 8.6 Hz, 1 H; l’a-H), 2.18 (dd, 


OMe), 3.40 (dd, 3J(4,3) = 9.4 Hz, 3J(4,5) = 9.4 Hz, 1 H ;  4-H), 3.44 [dd, 
’J(2.l) = 3.6 Hz, ,J(2,3) = 9.7 Hz, 1 H: 2-H), 3.52 (dd, ,J(13a,33b) =11.0 Hz, 
,5(13a,12) =1.8Hz, 1H;13a-H).3.55(dd,3J(ll,10) = 9 . 6 H ~ , ~ J ( l l , 1 2 )  = 9.6Hz, 
1 H;  11-H), 3.63(dd, ’J(13b,12) = 3.6 Hz, ’J(13aJ3b) = 11.0 Hz, 1 H; 13b-H), 3.78 
(dd, ’J(9,lO) = 9.3 Hz, ’J(ll,lO) = 9.6 Hz, 1 H: lO-H), 3.80 (dd, ’5(4,3) = 9.4 Hz, 
3J(2,3) = 9.7 Hz, 1H;  3-H), 3.82 (ddd, ’J(11,lZ) = 9.6 Hz, ,J(13a,12) =1.8 Hz, 
,5(13b,12) = 3.6 Hz, 1 H: 12-H), 3.98 (dd, 2J(3’a,3‘b) = 8.6 Hz, ’J(3’a,2’) = 8.6 Hz, 
1 H ;  3’a-H), 4.33 (d, ’J(4,5) = 9.4 Hz, I H ;  5-H), 4.36 (dd, ’J(Yb,2’)=8.6 Hz, 
’J(3’a,3’b) = 8.6 Hz, 1 H; 3‘b-H), 4.48 (d, 1 H; 1-H), 4.65 (m, 1 H; 2’-H), 4.41-4.90 
(m, 14H; 7PhCH,), 7.08-7.27 (m, 35H; 7Ph); ”C NMR (150.9 MHz, CDC1,): 
8 = 42.18 (l‘-C), 55.91 (OCH,), 61.60 (5-C), 68.40 (13-C), 70.74 (3’-C), 73.26 (2’- 
C), 74.18 (8-C), 74.50 (1243, 77.76 (11-C), 79.16 (2-C), 80.89 (3-C), 81.25 (9-C), 
81.51 (7-C), 82.13 (4-C), 84.58 (10-C), 87.66 (6-C), 98.48 (1-C), 73.26-75.93 (7 
PhCH,), 127.14-128.48 (Ph-C), 137.60-138.52 (ipso-C), 154.6(C03); C,,H,,O,, 
(1081.2): calcd C 74.42, H 6.34; found C 71.44, H 6.25. 
(S)-18j?: TLC: R, = 0.55 (petroleum ether/ethyl acetate 2: 1); [.ID = + 20.7 (c = 1.0 
in CHCI,); .‘HNMR (600 MHz, CDCI,): 6 = 2.18 (dd, ’J(l’a,l’b) =14.6 Hz, 
’J(l’a,2’) = 9.9 Hz, 1 H; l’a-H), 2.52(dd, ,J(l’b,2’) = 3.8 Hz, ,J(l‘a,l’b) =14.6 Hz, 
1H; l’b-H). 3.29 (s, 3H; OMe), 3.32 (dd, ’J(l1,lO) = 9.5 Hz, 3J(11,12)~9.6Hz, 


’J( l ‘b ,2’)~8.6H~,  1 H ;  l’b-H), 3.24 (d, ’J(9,IO) = 9.3 Hz, 1 H ;  9-H), 3.35 (s, 3H;  


508 ___ 0 VCH Verlugsgesellschuff mbH, 0-69451 Weinheirn, 1996 0947-6539/96/0205-0508 $ 15.00+ .25/0 Chem. Eur. J.  1996, 2, No. 5 







C-Disaccharides of Ketoses 502-510 


1 H; 11-H), 3.39 (dd, ,J(4,3) = 9.2 Hz, 'J(4,5)%10.0 Hz, 1 H;  4-H), 3.41 (dd, 
'J(l3a,13b) = 10.1 Hz, 1 H;  13a-H), 3.42 (dd, ,J(2,l) = 3.6 Hz, 'J(2.3) = 9.2 Hz. 
lH;2-H),3.49(ddd, lH;12-H),3.54(dd,2J(13a,13b) =10.1 Hz,lH;13bPH),3.55 
(dd, 3J(10,9)=9.4Hz,3J(Il,10)=9.5Hz, 1H;  10-H), 3.63(d, 'J(10,9) =9.4Hz, 
1 H ;  9-H), 3.80 (dd, 'J(2.3)=9.2Hz, 'J(4,3)=9,2Hz, 1H;  3-H), 4.18 (dd, 
2J(3'a.3'b) = 8.6 Hz, 'J(3'a,2') = 8.6 Hz, 1H;  3'a-H). 4.32 (d, 'J(4,5)=10.0Hz, 
1 H; 5-H). 4.33 (dd, 'J(3'a,3'b) = 8.6 Hz, 1 H;  3'b-H), 4.46 (d. 'J(2,l) = 3.6 Hz, 
1 H;  I-H), 4.99 (m, 1 H;  2'-H), 4.30-4.82 (m, 14H; 7PhCH,), 7.05-7.25 (m, 35H; 


69.34 (13-C), 69.97 (3'-C). 73.43 (12-C), 73.87 (8-C), 75.35 (2'-C), 77.97 (11-C), 
79.26 (2-C), 80.96 (343, 81.75 (443, 82.16 (10-C), 84.10 (9-C), 84.19 (643,  84.47 
(7-C), 98.41 (1-C), 73.40, 73.51, 75.07, 75.23, 75.43, 75.74, 76.07 (7 PhCH,), 
127.42-128.51 (Ph-C), 137.57-138.54 (ipso-C), 154.62 (CO,); C,,H,,O,, 
(1081.2): calcd C 74.42, H 6.34; found C 74.44. H 6.52. 


Methyl 8,12-anhydro-2,3,4,9,10,11,13-hepta-O-benzyl-6,7dideoxy-8-C-f~-glycer~ 
propane-2',3'diol-l'-yl)-o-g~cero-o-id~a-D-g/uc~trid~-6-inopyranoside 
[(R)-19a]: A solution of carbonate (R)-18a (100 mg, 92 p o l )  in a mixture of 
pyridine, triethylamine, and water (1:l:l.  6 mL) was stirred at 100°C for 4 h. 
Evaporation of the solvent and repeated coevaporation with dry toluene gave (R)- 
19a (colorless syrup) in quantitative yield and excellent purity: TLC: R, = 0.22 
(toluene/ethyl acetate 4: 1); [.ID = + 34.5 (c = 1.0 in CHCI,); 'H NMR (250 MHz, 
CDCI,): 6 =1.27 (dd, 1 H; OH), 1.74 (dd. 'J(1'bJ'a) =14.5 Hz, 1 H; l'b-H). 2.08 
(dd, 'J(l'a,2') =7.5 Hz, 1H;  I'a-H). 3.04 (d, 1H;  OH), 3.36 (s, 3H;  OMe), 3.27- 
3.89 (m. 12H; 2-, 2'-. 3- ,  3'a-, 3'b-. 4-, 9-, lo-, 11-, 12-, 13a-, 13b-H), 4.35-5.00 (m, 
16H; 7PhCH,, 1-, 5-H). 7.10-7.27 (m, 35H; 7Ph). Product (R)-19a was used in 
the next step without further purification. 


Methyl 8,12-anhydro-2,3,4,9,10,11,13-hepta-O-benzyl-6,7-dideoxy~-C-(~-g~ycero- 
propane-2',3'-diol-l'-yl)-o-glyeero-o-gu~o-a-~-g~ucu-tr~d~-6-inopyranoside 
[(R)-19,9]: Carbonate (R)-18,9 was cleaved as described for (R)-19a. Diol (R)-19p 
was isolated in quantitative yield and sufficient purity for further transformations: 
TLC: R, = 0.25 (toluene/ethyl acetate 2:l); [all, = + 20.3 ( c  = 1.0 in CHCI,); 
'HNMR (250 MHz, CDCI,): 6 =1.27 (dd. 3J(OH,3'a(3'b)) =7.2Hz, 1H;  OH), 
1.76 (d, 'J(I'b,l'a) =14.7 Hz, 1 H; l'b-H), 2.16 (dd, ,J(l'a,2') = 9.5 Hz, 1 H; l'a- 
H), 2.8 (b, 1 H; OH), 3.18-3.89 (m, 11 H;  2-, 3-, 3'a-, 3'b-, 4-, 9-, lo-. 11-, 12-, 13a-, 
13b-H), 4.27 (m, 1H;  2-H), 4.46 (d, 'J(l,2)=3.5Hz, 1H;  1-H), 4.31-4.87 (m, 
15H;7PhCH2, 5-H), 7.01-7.28(m, 35H;7Ph).Product(R)-19p was used without 
further purification. 


Methyl 8,12-anhydro-2,3,4,9,10,11,13-hepta-O-benzyl-6,7-dideoxy-8-C-(~-glycer~ 
propane-Z',3'-diol- l'-yl)-D-glycero-o-ido-a-D-g/uco-tnd~-6-inopyranoside 
[(S)-19a]: Compound (S)-18a (2 g, 1.85 mmol) was dissolved in a mixture of pyri- 
dine, triethylamine, and water ( l : l : l ,  120 mL) and heated to 80°C for 3 h. The 
mixture was concentrated and coevaporated with dry toluene. Diol (S)-19a 
(R, = 0.45, toluene/ethyl acetate 1 :1) was directly used for mesylation. 


Methyl 8,12-anbydro-6,7-dideoxy-8-C-(~-glycer~propane-2',3'~iol-l'-yl~~-glyc- 
em-D-ido-a-D-gtuco-tridecapyranoside [ (R)-1 a]: A suspension of diol (R)-19a 
(42 mg, 40 gmol) and 10 % palladium on carbon (10 mg) in methanol (4 mL) and 
glacial acetic acid (0.5 mL) was stirred for 24 h under an atmosphere of hydrogen 
and then filtered through Celite. The Celite was washed with methanol, and the 
combined filtrates were evaporated to give (R)-1 a as a clear colorless syrup: TLC: 
R,  = 0.2 (methanol/ethyl acetate 1:l): 'HNMR (250 MHz, CD,OD): 6 =1.35- 
2.15 (m, 6H; l'a-, l'b-, 6a-, 6b-. 7a-, 7b-H), 2.94-3.69 (m, 12H: 2.. 3-, 3'a-, 3'b-, 4,. 
5-, 9-, lo-, 11.. 12-, 13a-, 13b-H), 3.30 (s, 3H; OMe), 3.82 (m, 1 H; 2'-H). 4.53 (d, 
'J(l,2) = 3.6 Hz, 1 H; 1-H). For the purpose of structure elucidation and elemental 
analysis compound (R)-1 a was acetylated to give (R)-20a. 


Methyl 2 , 3 , 4 , 9 , 1 0 , 1 1 , 1 3 - h e p t a - O - a c e t y l - 8 - C - ( Y , Y - -  
2',3'-diol-1'-yl)-8,12-anhydro-6,7-dideoxy-~-g/~c~~~~-~d~a-~-g~uc~tridecapyra- 
noside [(R)-ZOa]: Compound (R)-1 a was dissolved in pyridine/acetic anhydride 
(1 :1, 5 mL) and left overnight. Following removal of the solvent, the residue was 
chromatographed (eluant toluene/ethyl acetate 1: 1) to give (R)-ZOa (30 mg, 91 % 
from (R)-19a) as a colorless oil: TLC: R, = 0.29 (toluene/ethyl acetate 1:l); 
[a], = f75.6 (c =1.0 in CHCI,); 'HNMR (250 MHz, CDCI,): 6 =1.35-2.20 (m, 
6H;  l'a-, l'b-, 6a-, 6b-, 7a-, 7b-H), 1.97, 1.98, 1.99, 2.00, 2.01,2.03,2.04,2.07, 2.08 
(9s. 27H; 90Ac), 3.41 (s, 3H; OMe), 3.68-3.75 (m. 2H; 5-, 12-H). 3.94-4.14(m, 
4H; 3'a-. 3'b-, 13a-, 13b-H), 4.79-4.94 (m. 4H; I-, 2-, 4-, 11-H), 5.19 (d, 
3J(9,10)=9.8H~,1H;9-H),5.32(dd,3~(lO,l1)=9.6Hz,3~(9,10)=9.8Hz,1H; 
lO-H), 5.40 (m, 1 H; 2'-H), 5.44 (dd, 'J(3,2) = 9.3 Hz, 3J(3,4) = 9.3 Hz, 1 H;  3-H); 
C,,H,,O,, (806.8): calcd C 52.10, H 6.25; found C 52.40. H 6.31. 


7Ph); "CNMR(150.9 MHz, CDCI,): S = 32.41 (1-C), 55.74(OCH3),61.60(5-C), 


Methyl 8,12-anhydro-2,3,4,9,lO,ll,l~hepta-O-benzyl-6,7-dideoxy-8-C~Z',3'~i-O- 
methanesulfonyl-o-glycero-propane-2',3'-dioI- l'-yl)-o-glyCero-D-ido-or-o-Rlueo- 
tridec-Cinopyranoside [(S)-21a]: Diol(S)-l9a (2 g, 1.9 mmol) was dissolved in pyri- 
dine/dichloromethane (1:l. 100 mL), and the mixture was cooled to 0°C. 
Methanesulfonyl chloride (0.59 mL) in dichloromethane (10 mL) was added drop- 
wise under an atmosphere of dry argon. After being stirred at room temperature for 
3 h, the reaction was quenched with saturated aqueous hydrogen carbonate solution 
(100 mL), the layers were separated, and the aqueous layer was extracted with 


dichloromethane (2 x 50 mL). The combined organic layers were concentrated, and 
the residue chromatographed (eluant: toluene/ethyl acetate 6: 1). Mesylate (S)-21 a 
was isolated as a colorless oil (1.91 g, 83%): TLC: R, = 0.28 (toluene/ethyl acetate 
6:l); [aID = + 43.5(c =l.OinCHCI,); 'HNMR (250MHz. CDCI,): 6 =1.94(dd, 
'J(l'b,l'a) =15.1 Hz, 'J(l'b,2') = 4.7 Hz, 1 H;  l'b-H), 2.27(dd, 'J(l'aJ') = 6.3 Hz. 
'J(l'b,l'a) =15.1 Hz, 1 H; l'a-H), 2.82, 2.86 (2% 6H;  2Ms), 3.22 (d, ,J(9,10) = 
9.3Hz,1H;9-H),3.33(~,3H;OMe),3.40-3.63(m,5H;2-,4-,ll-,13a-,13b-H), 
3.74-3.88 (m, 3H;  3-, lo-, 12-H), 4.20 (dd, ,J(3'b,3'a) =11.7 Hz, ,J(3'b,2') = 
5.6 Hz, 1H;  3'b-H), 4.33-4.96 (m, 17H; 7PhCH,. 1-, 3'a-, 5-H), 5.06 (m, 1 H ;  
2-H), 7.04-7.30 (m, 35H; 7Ph); C,8H,,0,,S, (1211.5): calcd C 67.42, H 6.16; 
found C 66.62, H 6.33. 


Methyl 8,12-anhydro-8-C-(3'-azido-~d~xy-2'-O-methan~ulfonyl-~-glycer~- 
propane-Z',3'-dioI- 1'-yl)-2,3,4,9,10,11,13-hepta-O-heozyl-6,7-dideoxy-D-glycero-~- 
id~a-D-g/ucu-tridee-6-inopyranoside [(S)-ZZa]: A solution of (S)-21 a (2.2 g, 
1.82 mmol), 15-crown-5 ( lSmL),  and sodium azide (1.8 g) in dry dimethylfor- 
mamide (80 mL) was stirred at 55 "C until approximately half of starting material 
had reacted (TLC). Aftercooling to room temperature, themixture wasdiluted with 
water (80 mL) and extracted with diethyl ether (3  x 100 mL). The combined organic 
layers were washed with water, dried (Na,SO,), and concentrated. Chromatogra- 
phy of the residue (eluant: toluene/ethyl acetate 9.1 +4:1) gave (S)-22a (0.9g, 
43%. colorless syrup) and triazole (S)-23a (105 mg, 5%,  colorless syrup). In addi- 
tion, 50% of the starting material was recovered. Repeated treatment of starting 
material (S)-21x in the same manner led to azide (S)-22a in 8 5 %  overall yield. 
Attempts to carry out the reaction in one step led to triazole (S)-23a as the major 
product: TLC: R, = 0.59 (toluene/ethyl acetate 6: 1); [ab = + 45.6 (c = 1.0 in 
CHCI,); 'H NMR (250 MHz, CDCI,): 6 = 1.94 (dd, 'J(l'b,l'a) = 14.9 Hz, 
,J(l'b,2') = 4.9 Hz, 1 H;  l'b-H), 2.29 (dd, 'J(l'a,2') = 6.3 Hz, ,J(l'b,l'a) = 14.9 Hz, 
1H;  l'a-H), 2.88 (s, 3H; Ms), 3.24 (d, ,J(9,10) = 9.3 Hz, 1 H; 9-H), 3.36 (s, 3H; 
OMe),3.38-3.71 (m,7H;2-,3'a-,3'b-,4-,11-,13a-,13b-H),3.76-3.90(m,3H;3-, 
lo-. 12-H), 4.36-5.01 (m. 17H; 7PhCH,, 1-, 2'-, 5-H), 7.03-7.31 (m, 35H; 7Ph); 
IR (film): i. = 2106cm-' (azide); C,,H,,N,O,,S (1158.4): calcd C 69.47, H 6.18, 
N 3.63; found C 68.82, H 6.45, N 3.70. 


Methyl (5R)-5-C-[[2R-~2a(6'~),3a,4~,5a,6~]]-3,4,5-trihenzyloxydbenzyloxy- 
methyl-3,4,5,6,6',7'-hexahydro-6'~methan~ulfonyloxy)spiro~Z~-pyran-2,4'(5'~~- 
[1,2,3]-triazolo[l,5-a]pyndine~-3'-yl]-2,3,4-tri-O-beozyl~-~-xylopyranoside 
[(S)-23a]: Triazole (S)-23a was the minor product in the synthesis of azide (S)-ZZa. 
It can be produced in almost quantitave yield by prolonged heating of (S)-22a to 
60 "C with or without solvent: TLC: R, = 0.12 (toluene/ethyl acetate 4: l ) ;  
[ab = 85.6 (c =1.0 in CHCI,). 'HNMR (250 MHz, CDCI,): 6 = 2.01 (dd, 


3J(5'P'0R,6) = 8.2 Hz, I H ;  SProR-H), 2.65 (s, 3H;  OMS). 3.04 (m, 1 H; 6b-H), 3.30 
(dd, 'Jgem =10.6 Hz, ,J(H,6b-H) = 2.2 Hz, 1 H;  CH,OBn), 3.39 (dd, ,J(H,6b- 
H) = 5.5 Hz, 'Jgem = 10.6Hz, 1H; CH'OBn), 3.38 (s, 3H; OMe), 3.51 (dd, 


1 H;  3b-H). 3.72 (dd, 3J(2a,la) = 4.0 Hz, 'J(2a,3a) = 9.8 Hz, 1 H;  2a-H), 3.95 (dd, 
,J(3a,4a) = 9.5 Hz, 'J(2a.3a) = 9.8 Hz, 1 H;  3a-H), 4.15 (dd, 'J(3b,4b) = 9.2 Hz, 
'J(5b,4b) = 8.8 Hz, 1 H; 4b-H), 4.01 -5.49 (m, 19H; 7PhCH,. la-, 5b-, 5a-, 7'proR-.  


7'p'"S-H), 5.33 (m, 1 H; 6-H), 6.76-7.31 (m, 35H; 7Ph); 13C NMR (62.9 MHz, 
CDC1,): 6 =131.4, 142.9 (triazole C); C,,H,,N,O,,S (1158.4): calcd C 69.47, H 
6.18. N 3.63; found C 69.35, H 6.15, N 3.27. 


Methyl (SR)-5-C-[[ZR-IZa(6's),3a,4b,5a,6811-3,4,5,6,6',7'-hexahydro-3 
tetrshydroxy-6-~ydroxymethyl)spuo~2~-pyran-Z,~(S~~-~l,2,3J-triazolo~ 1,5-aJ- 
pyridine]-3'-yl)u-~-xylopyranoside [ (S)-24a]:  A suspension of (S)-23 a (50 mg, 
0.43 mmol), 10% palladium on carbon (20mg), and formic acid (20pL) in 
methanol (3 mL) was stirred under an atmosphere of hydrogen for 16 h. The mix- 
ture was filtered through Celite, and the Celite was carefully washed with methanol. 
The combined filtrates were neutralized by addition of aqueous ammonia and 
concentrated. The residue was freeze-dried (water) to remove ammonium formate: 
[a],<1 ( c  =1.0 in CHCI,); 'HNMR (250 MHz, CD,OD): 6 = 2.42 (dd, 
2J(5'P'"S,5'p'0R) =14.8 Hz, aJ(5'Pr0S,6) = 4.3 Hz, 1H;  5'proS-H), 2.79 (dd, 
3J(5'p'0R,6) = 8.1 Hz, 2J(5'p'0S,5'p'"R) = 14.8 Hz, 1 H; 5"'OR-H), 2.92 (m, 1 H; 6b- 
H), 3.15 (s, 3H; OMS), 3.31 -3.82 (m, 8H; 3b-, 5b-H, CH,OBn, TproR-, TPros-, 2a-, 
4a-H), 3.62 (s, 3H; OMe), 3.97, 4.04 (2m, 2H; 4b-, 3a-H), 4.79 (d, ,J(la,2a) = 
3.7Hz,1H;la-H),5.46(d,3J(5a,4a)=9.6Hz,1H;5a-H),5.61(m,1H;6-H).For 
the purpose of structure elucidation and elemental analysis, compound (S)-24a was 
acetylated to give (S)-25a. 


Methyl (5R)-5-C-~1ZR-~2a(6'~),~,4~,5a,6~~~-3,4,5-triaretoxy-6-aeetoxymethyl- 
3,4,5,6,6',7'-hexahydro-6'-(methawsulfonyloxy)spiro~Z~-pyran-2,4'(S~~-~ 1,2,31- 
triazololl,5-alpyridine]-3'-yl~-2,3,4-tri-~acetyl-a-~xylopyranoside [ (S)-25 a] : Com- 
pound (S ) - t l a  (20 mg, 0.38 pmol) was dissolved in pyridine/acetic anhydride (1 :1, 
2 mL) and left overnight. The mixture was concentrated and the residue chro- 
matographed (eluant: toluene/ethyl acetate 1 :2) to give (S)-24a (12 mg, 38%) as a 
colorless oil: TLC: Rt = 0.38 (toluene/ethyl acetate 1:2); [aID = + 101.2 (c  = 1.0 in 
CHCI3);'HNMR(600MHz,CDCI,):6 =1.68,1.88,1.95,1.98,2,01,2.03,2.16(7s, 
21H; 7 OAc), 2.03 (d, 2J(5rproS,5'proR) =15.8Hz, IH; SproS-H), 2.73 (dd, 
'J(5'proR,6') = 7.4 Hz, 2J(5'p'"s ,SProR) =15.8 Hz, 1 H ;  5'p'oR-H)s 2.91 (s, 3H; OMS), 
3.21 (ddd, 3J(6b.CH20Bn) = 6 Hz, 'J(6b,CH2OBn) = 2.3 Hz, 1H;  6b-H), 3.46 (s, 


'J(5'pr0S,5'pr0R) = 14.8 Hz, 3J(5'pr0s,6) = 3.9 Hz, 1 H; SProS-H), 2.41 (dd, 


'J(5b,4b) = 8.8 Hz, ,J(5b,6b) = 10.0 Hz, 1 H;  5b-H), 3.58 (d, ,J(3b,4b) = 9.2 Hz, 
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3H;  OMe), 3.89 (dd, 2J,,,(CH20Bn) =12.4 Hz, 'J(6b,CH20Bn) = 6 Hz, 1 H; 
CH,OBn), 3.95 (dd, 'J(6b,CH20Bn) = 2.3 Hz, 'J,.,(CH,OBn) =12.4 Hz, 1 H; 
CH,OBn), 4.63(dd, 2J(7'pr0S,7'p'"R) =14.1 Hz, 3J(7'p'0s.6) = 2.7 Hz, 1 H ;  7'proS-H), 
4.95 (d, 2J(7'p'os,7'p'0R) =14.1 Hz, I H ;  7"'OR-H), 5.10-5.14 (m, 3H;  la-, 5a-, 5b- 


'J(4b,3b) = 9.5 Hz, 1 H; 3b-H), 5.38 (m, 1 H; 6-H), 5.57 (dd, 'J(4a,3a) = 9.8 Hz, 
'J(4aSa) = 9.8 Hz. 1 H ;  4a-H), 5.59 (dd, ,J(2a,la) = 3.2 Hz, 'J(2a,3a) = 9.8 Hz, 
1 H; 2a-H), 5.75 (dd, ,J(4a,3a) = 9.8 Hz, 'J(2a,3a) = 9.8 Hz, 1 H; 3a-H); "C 


(5'-C), 50.05 (7'-C), 57.20 (OCH,), 61.71 (CH,OBn), 64.42 (2a-C), 68.03 (5a-C), 
69.72 (4a-C), 71.05 (6b-C), 71.12 (5h-C), 72.25 (3b-C), 72.63 (3a-C), 72.63 (6'-C), 
73.74 (4h-C), 74.94 (4'-C), 98.32 (la-C), 130.11 (3a'-C), 140.98 (Y-C), 168.26, 
169.03, 169.78, 170.00, 170.08, 170.09, 170.13 (7 COCH,); C,,H,3N,0,,S (821.8): 
cdlcd C 46.77, H 5.27, N 5.11: found C 46.72. H 5.26, N 4.18. 
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Stabilization of Octahedral Thorium Clusters by Interstitial Hydrogen 


Thomas P. Braun” and Arndt Simon 


Abstract: The synthesis, structure, and 
characterization of the cluster compounds 
Th,H,Br,, (x = 5 and 7) are reported. 
The compounds can be prepared by a re- 
versible hydrogenation/dehydrogenation 
process; their structures have been deter- 
mined by X-ray and neutron diffraction 
methods. Both compounds form a body- 


centered cubic structure of octahedral 
cluster units with five or seven hydrogen 


Introduction 


Several thorium cluster compounds have been synthesized over 
the last few years.‘’, 21 Like the discrete clusters of the rare earth 
and Group IV metals, they are all stabilized by interstitial 
atoms. The incorporation of the interstitial atoms formally adds 
to the total electron count of the clusters, often leading to the 
“magic” numbers for optimal stabilization of the respective 
cluster type. However, this descriptive counting scheme does not 
deal with the nature of the chemical bond in such compounds. 
As various calculations on the bonding in clusters occupied 
by interstitials demonstrate, the metal-metal bonds are weak- 
ened as a consequence of the incorporation of the interstitial 
atomsC3 - ’‘I Instead, the bonding interactions between the in- 
terstitial and the metal atoms stabilize the clusters as topological 
moieties. 


The compound Th,H,Br,,[21 offers the first example of a 
cluster in which the number of interstitial atoms exceeds the 
number of metal atoms. The arrangement of the heavy elements 
corresponds to the structure of Nb,F, , .[‘’I Th,Br,, clusters 
with an octahedral Th, core and twelve bromine atoms, one 
over each edge, are connected by linear bridges of additional 
bromine atoms above all six vertices of the octahedron. Two of 
the resulting primitive nets interpenetrate to build a body-cen- 
tered cubic cell. The hydrogen atoms in these clusters are disor- 
dered on eight positions slightly above the centers of the trian- 
gular faces of the Th, core (Fig. 1). 


According to the counting rule mentioned above, the total 
electron count for Th,H,Br, , is sixteen, corresponding to the 
“magic” number for M,X,, type clusters. Since the electron 
count can vary even for empty clusters (as in, e.g., Ta,Cl;i : for 
n = 2 the count is 16 electrons, and for n = 4 it is 14[’31), it has 
been speculated that it should be possible to alter the hydrogen 
content .Iz1 
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atoms in eight disordered positions above 
the faces of the octahedron. The chemical 
bonding in these diamagnetic compounds 
has been analyzed: the simple counting 
rules for octahedral cluster compounds 
are fulfilled, and MO and band structure 
calculations confirm the hydridic nature 
of the bonding. 


P 


Fig. 1. The structure of the Th,H,Br,, clusters 


Further investigation showed that Th,H,Br,, can be dehy- 
drogenated. In the following we report on the preparation and 
characterization of phases Th,H,Br, , and present a general 
scheme of the chemical bonding. 


Results and Discussion 


Synthesis: Samples of Th,H,Br,, prepared according to ref. [2] 
inevitably contain traces of ThBr,,,H, In the first step of 
that reaction sequence, a mixture of ThH, and ThBr, is homog- 
enized at 1200 K for several hours. Any traces of ThBr,,,H, 
formed during this prereaction apparently cannot be trans- 
formed into Th,H,Br, , in the subsequent hydrogenation reac- 
tion. However, if a thoroughly ground mixture of the two 
reagents is slowly heated under an atmosphere of hydrogen, the 
formation of the impurity can be suppressed. Due to the signif- 
icant vapor pressure of ThBr, ( x 5 mbar at 875 K“”) it is nec- 
essary to run the reaction in sealed tantalum ampoules. At 
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875 K hydrogen diffuses quickly through the container wall, 
while the thorium-to-bromine ratio can be kept constant. 


The dehydrogenation of Th,H,Br ,,-prepared by either 
method-is possible under similar conditions but under reduced 
pressure, and yields the new phase Th,H,Br,, as a fine black 
powder. There is no indication of the formation of any phase 
with intermediate hydrogen content. It is also not possible to 
incorporate more than seven hydrogen atoms per formula unit 
under the given conditions. An attempt to reduce the hydrogen 
content below the limit of five resulted in the decomposition of 
the sample. 


Characterization: From mass spectrometry experiments it was 
evident that a significant amount of hydrogen is released from 
a sample of Th,H,Br,, at temperatures .above 750 K under 
reduced pressure. However, the X-ray powder diffractogram of 
this supposedly dehydrogenated phase and that of the fully hy- 
drogenated one appear to be the same. Both show the simple 
pattern of a body-centered cubic arrangement and no significant 
changes in the relative intensities of the individual peaks. Even 
the strongest peaks of the pattern of ThBr,,,H, are missing 
in both diffractograms; this indicates that only traces of this 
impurity might be present in the investigated samples. 
The lattice constants (Th,H,Br,,: 1141.05(6) pm, Th,H,Br,,: 
1140.85 (9) pm) have been calculated by averaging over a num- 
ber of diagrams. The difference between the two phases is within 
a factor of only 1.5 of the standard deviation. Thus it is hardly 
possible to differentiate between them on the basis of X-ray 
crystallographic experiments alone. 


On the other hand, the determination of the magnetic proper- 
ties clearly indicates that the two phases are indeed different. 
Since both substances are diamagnetic above 100 K, it can be 
concluded that both compounds contain an even number of 
electrons.[’61 Consequently the number of hydrogen atoms 
per cluster unit must be odd for the fully hydrogenated as 
well as for the dehydrogenated phase. Detailed analysis of the 
low-temperature susceptibility data yields two significantly 
different values for the corrected diamagnetic susceptibilities 
xo (Th,H,Br,,: -260 x 10-6emumol-‘, Th,H,Br,,: -1350 
x I 0 -  emu moI - I ) .  


The sum of the diamagnetic increments for the hypothetical 
empty cluster “Th,Br,,” (calculated from the ionic values 
for Th4+ and Br- according to ref. [18]) is -678x 
lo-, emumol-’. This leads to a surprising distinction between 
the two phases: for the fully hydrogenated phase Th,H,Br,, the 
difference between the measured and the calculated values yields 
a temperature-independent paramagnetic contribution of about 
420 x emumol-’, which is a typical value for octahedral 
cluster compounds;[’91 however, for the dehydrogenated phase 
Th,H,Br,, the observed diamagnetic contribution is larger than 
the calculated one by a factor of two. Apparently there is an 
additional diamagnetic shielding component that can overcom- 
pensate for the weaker temperature-independent paramag- 
netism of these clusters. 


Solid-state NMR studies clearly confirmed the difference be- 
tween the fully hydrogenated and the dehydrogenated phase. 
These studies also showed that the disorder of the hydrogen 
atoms is dynamic even at very low temperatures. A rather com- 
plex temperature dependence of the dynamics of the hydrogen 
atoms has been determined and assigned to different modes of 
motion.[’’] 


The hydrogen content of various samples has been deter- 
mined analytically by means of combustion analysis.t211 As in 
the previous study of Th,H,Br,,, the hydrogen content as de- 
termined is somewhat lower than the actual value. However. 


Table1. Results of the analytical determination of the hydrogen content of 
Th,H,Br,,. 


Sample Amount [mg] H,O [mg] Y 


Th6H7Br15 [a1 238.4 4.529 5.48 
177.0 3.481 5.67 


Th6H7Br,, IbJ 65.3 1.313 5.80 
70.7 1.516 6.18 


87.9 1.143 3.75 
Th,HPr,5 [bl 105.7 1.298 3.54 


[a] Ref. [2]. [b] This work. 


the difference in the hydrogen content of Th,H,Br,, and 
Th,H,Br,, was found to be about two (see Table 1 ) .  


The composition of Th,D,Br,, has already been unambigu- 
ously established by a neutron diffraction experiment.[’* In 
order to confirm the assumed composition of the dehydrogenat- 
ed compound we performed an additional neutron diffraction 
study. Although the accuracy of this room-temperature struc- 
ture determination is not as good as in the case of Th,D,Br,,, 
the refined composition of Th,D5,0~z~Br15 clearly confirms the 
conclusions drawn from the determination of the magnetic sus- 
ceptibility and of the quantitative analysis of the hydrogen con- 
tent. 


Chemical bonding: For an appropriate description of the chem- 
ical bonding in these ternary cluster compounds it is very helpful 
to recall the bonding in the corresponding binary cluster com- 
pounds. These have been investigated since the early 1950’s and 
by various different theoretical methods.[” - 301 A pictorial 
summary of all these calculations for both M,X,- and M,X,,- 
type clusters has been given by Ander~en.‘~’. 321 According to 
his “d4 model” there are four d orbitals per metal center avail- 
able for metal-metal bonding (one d orbital being utilized in the 
bonds to the inner ligands). Complementary to the orientation 
of the inner ligand sphere these orbitals either form twelve two- 
center two-electron bonds above all edges (for M,X,-type clus- 
ters) or eight three-center two-electron bonds above all faces of 
the octahedron in the case of M,X,,-type clusters. This leads to 
the well-known “magic” numbers of twenty-four and sixteen 
electrons in metal-metal bonds for the closed shell configura- 
tions of M,X,- and M,X,,-type clusters, respectively. As Kettle 
has shown, these two types are isoelectronic forty-electron sys- 
tems if the inner Iigand sphere is included.[26] For M,X,-type 
clusters there are twenty-four metal-centered plus sixteen lig- 
and-centered electrons, whilst for M,X,,-type clusters the opti- 
mal electron count comprises sixteen metal-centered plus twen- 
ty-four ligand-centered electrons. 


It has been shown that the class of interstitially stabilized 
clusters can be treated in an analogous way if the valence elec- 
trons of the interstitial(s) are formally added to fill the available 
cluster 0rbita1s.I~ - 331 If this procedure is followed, it is found 
that Th,H,Br,, completely corresponds to binary cluster com- 
pounds such as Nb,Cl,,, with sixteen electrons available for 
metal -metal bonding.[‘91 The implied electron transfer from 
the hydrogen atoms to the cluster core does not reflect the actual 
polarity of the metal hydrogen bonds. In this model the hydro- 
gen atoms have been described as “covalent sensors” for elec- 
tron density “adorning” the three-center metal-metal bonds. 


Alternatively the cluster Th,H,Br,, can be regarded as a su- 
perposition of both a M,X,, and a M,X’, (or rather M6X70)  
type cluster. Following Kettle’s description, all forty valence 
electrons of this hypothetical M,X,X,, cluster would be local- 
ized on the ligands (sixteen electrons on the eight X atoms plus 
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twenty-four electrons on the twelve X atoms). Since Th,H,Br, , 
as the corresponding forty-electron system leaves one triangular 
position empty, the analogous counting scheme yields twenty- 
four electrons for the bromine atoms, fourteen electrons for the 
hydrogen atoms plus two additional electrons for one two-elec- 
tron three-center metal-metal bond. 


To achieve a deeper understanding of the chemical bonding in 
these ternary cluster compounds we performed Extended 
Huckel-type molecular orbital and band structure calcula- 
t i o n ~ . [ ~ ~ ,  351 While the MO calculations have been extended over 
the whole series Th,H,Br,, (x = 0-S), the band structures 
have only been calculated for the compounds Th,H,Br,, and 
Th,H,Br,, . There are three different isomers, that is, three dif- 
ferent static pictures of vacancies in the X, subunit of Th,H,Br, , 
with symmetry classes C,, ( x  1) and C, ( x 2). They are very 
similar in energy and most likely all three isomers are present in 
the solid state in a dynamic equilibrium. Thus all three have 
been included in the investigation. 


The energy diagrams of all MO 
calculations can be interpreted as 
interaction diagrams of two frag- 
ments. The eight cluster orbitals of 
the hypothetical empty Th,Br,, 
octahedron interact with the 
molecular orbitals of the amro- c 


dridic nature of the metal-hydrogen bonds. As anticipated by 
the description of these clusters as a superimposed ‘‘M, X’,X,,” 
cluster, there is only one directly metal-metal bonding orbital 
for Th,H,Br,,. As expected, this orbital is located above 
that trigonal face of the octahedron that is not capped by a 
hydrogen atom. 


For the three isomers of Th,H,Br,, there are two such 
metal-metal bonding orbitals. While they are degenerate in the 
high symmetry form, they split in two sets of symmetry a’ and 
a” for the other two isomers. In any case there are four electrons 
delocalized over more than just one octahedral face. Due to the 
dynamic disorder in the cubic structures for both compounds, 
this localization of metal-metal bonds is not observed as a 
distortion of the regular octahedron. 


The density of states for Th,H,Br,, as a result of the band 
structure calculation is shown in Figure 3. The respective dia- 
grams for the three isomers of Th,H,Br, ,-not given here-are 


0 0 -  


-50 - 


-. 
priate hydrogen polyhedron. This 
interaction requires that the re- 
spective wavefunctions have sig- 
nificant overlap and that they are 
of the same symmetry. The eight 
metal-centered orbitals man the 


- 15 0 -15 0 


symmetry classes alg,  f l u ,  t,,, and 
a,, in the octahedral point group 


the hydrogen-based orbitals in the 
0, G~~~~ the symmetry classes of Fig 3 Left Density of states (DOS) for Th,H,Br,,, right DOS including Th 5 f  states Atomic projections are shown 


as shaded areas The grey scale lightens in the order H 1 s (black), Th 7 s  +6d, Br 4 s  +4p, Th 5 f  (white) 
~- 


point groups of the appropriate 
polyhedra and the correlation of the symmetry classes of the 
octahedral point group, one can easily construct the interaction 
diagrams for all possible species. The results are summarized in 
the generalized interaction diagram given in Figure 2. 


While the antibonding Th 6d* states and the essentially 
bromine-centered block remain almost unchanged, the mixing 
of hydrogen 1 s states into some of the bonding cluster orbitals 
stabilizes these states significantly. Their energy is lowered be- 
low that of the bromine-centered orbitals, confirming the hy- 


TheBrl~ T~,TH,B~IS H. 
Fig. 2. General interaction diagram for Th,H,Br,, cluster units. 


very similar and follow the same general outline (see below). As 
the sharp peaks indicate, the dispersion is very weak in. these 
systems. This justifies the use of the molecular orbital calcula- 
tions, since the individual clusters are not only structurally but 
also electronically isolated. 


The pattern of the generalized energy diagram can be easily 
recognized. For Th,H,Br,, there is one metal-metal bonding 
band just below the Fermi level. This band is well separated 
from the block of bands that are predominantly centered at the 
bromine atoms. The four very sharp peaks below arising from 
seven hydrogen-centered bands are again clearly separated. The 
main difference in the density of states plots of Th,H,Br,, is 
found around the Fermi level. Firstly, there is one unoccupied 
but metal-metal bonding orbital above the Fermi level. This is 
equivalent to a lack of two electrons compared with the com- 
pound with the “magic” number of 16 electrons. Secondly, for 
the two low-symmetry forms the splitting of the two metal- 
metal bonding bands can clearly be seen. 


We started to study reduced thorium halides in order to find 
out whether 5f electrons could be participating in metal-metal 
bonding in contrast to the energetically low-lying 4f electrons of 
the reduced lanthanide halides. The inclusion of Th 5 f states in 
the band structure calculations yields two significant changes. 
As expected, the density of states just above the Fermi level is 
greatly enlarged; this leads to a reduced band gap. It seems that 
the 5 f orbitals contribute significantly to the metal -metal 
bonding states for both Th,H,Br,, and Th,H,Br,,. However, 
it must be stressed that this finding needs to be confirmed by 
calculations on a more sophisticated level. 
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Experimental Procedure 


The thorium hydride bromides decompose within minutes if 
exposed to air or moisture. Hence all relevant operations have 
to be carried out under inert conditions. All reactions and 
characterizations were performed under dry argon in specially 
dried glassware. 


Preparation: In a typical reaction ThBr, (1 g, 1.80 mmol, pre- 
pared by reaction of thorium (99.5%. Goodfellow) with a 
stoichiometric amount of bromine (p.a., Merck), purified by 
subsequent sublimation) was mixed with ThH, (253 mg, 
1 .OX mmol, made by direct reaction of thorium with hydro- 
gen) and sealed in tantalum ampoules of 1 cm diameter and 
5 cm length under an atmosphere of approximately 500 mbar 
of argon. These containers were transferred into a quartz 
glass tube and heated under an atmosphere of 1 bar of hydro- 
gen to 875 K within a few hours and kept under these condi- 
tions for three days. The resulting Th,H,Br,, can be dehydro- 
genated under similar conditions (sealed tantalum ampoules, 
quartz glass tube, 875 K, 3 d) by applying reduced pressure 
(5 x lo-' mbar) to yield Th,H,Br,,. 


Intensity(counts) 


t i  


I I I I I I I I 
I I I I 


I I I I 1  I I I I I I I I  I l l l l l l l  


1 I I I 


2 0 . 0  3 0 . 0  40.0 50 .0  6 0 . 0  70.0 8 0 . 0  90.0 
2 theta (deg.) 


Fig. 4. Simulated and measured neutron powder diffractogram of Th,D,Br,, including the difference 
function and the calculated positions of the Bragg reflections. 


Decomposition experiment: Th,D,Br,, (1.3 g. 0.5 mmol) was 
sealed into a tantalum ampoule and transferred into a quartz 
glass apparatus of a measured volume of 460mL equipped with a Bourdon 
manometer (0-1000 mbar). This apparatus was evacuated to 5 x mbar and 
sealed. The temperature was then slowly raised to 875 K and maintained overnight. 
The temperature was raised further in steps of 50 K and kept constant for 20 min 
each time. until the pressure began to increase at 1025 K. The evolution of hydrogen 
was very slow, and the system was kept under unchanged conditions for three days. 
After that period the final pressure was about 60 mbar, indicating that most of the 
hydrogen had been released from the sample (theoretical value: 61.8 mbar). The 
product was identified by its powder diffractogram as a mixture of Th, ThBr,, 
ThBr,.,H,, and other unidentified products, while the lines of the cubic lattice of 
Th,H,Br, were missing. We propose that the slow reaction proceeds via the forma- 
tion of ThH,, which is known to decompose by a kinetically controlled mechanism 
at temperatures below 1075 K 1361. 


X-ray diffractometry : All samples were characterized by the modified Guinier tech- 
nique, ref. [37], with silicon (a = 543.102 pm [38]) as internal standard. The films 
were exposed (Cu Kcr, radiation) and then read into an optical microdensitometer 
139,401. After correction for absorption and geometrical errors (program SCANPI 
[41]), the lattice constants could be refined by least-squares methods by means of the 
program PIRUM [42]. 


Neutron diffractometry: Structure determination of Th,D,Br,, was performed at 
the Hahn-Meitner Institut Berlin on the two-axis powder diffractometer E 3  (re- 
search proposal CHE-01-267). Owing to limited beam time it was only possible to 
collect the data at room temperature. A wavelength of approximately 2.4 8, was 
selected with a Ge(311) monochromator. The exact wavelength, calibrated against 
a recorded diffractogram of iron and also against the known lattice constant of the 
sample, was 2.453 A. Diffraction data were recorded with a 3He multidetector in a 
total of four measurements in the range from 13.0 to 93.1" in 28 within 19000 s for 
each run. The data were corrected for detector intensities and calibrated for total 
intensity before being merged into one data file. Because of its radioactivity, the 
thorium sample was enclosed in a special anhydrous quartz glass ampoule. The 
resulting background was subtracted manually. The background data were itera- 
tively smoothed at the end of the refinement. 


The structure was refined with the program DBW9006 [43] with a total of 
11 parameters (4 profile parameters, zero point correction plus 5 structural prame- 
ters) after exclusion of two small regions (18.5-20.0 and 48.5-50.0" in 20) that 
showed contaminating peaks (see Fig. 4). The refinement converged to values of 
R,, = 0.059 and R,,,,, = 0.064 with a Gaussian profile function with the profile 
parameters K =1.101(16), L' = - 0.485(12), and IP = 0.141 ( 2 ) ,  and an asymmetry 
parameter of 0.32(36). All standard deviations were multiplied by a factor of 1.836 
to account for local correlations [44]. The following structural parameters were 
obtained for Tb,D,Br,,: space group Im3m (no. 229), Z = 2. (I =1140.85 pm, x 
parameters: Th (12e),0.2428(20), Brl (24h) 0.2578(13), Br2 (6b), D (16f) 
0.0823 (20). The isotropic displacements were refined with one common value for 
the thorium and the bromine atoms, while the displacement of the deuterium atoms 
was set to five times that value. (& =1.65(61), BD = 8.26(61).) 


Thermal decomposition was investigated by means of a mass spectrometer (Balzers, 
QMG511). About 50 mg of the sample was transferred into the spectrometer and 
heated to 1000 K over three hours. 


Quantitative analysis of the hydrogen content was achieved by combustion analysis. 
The samples were heated in the presence of V20, as catalyst in an oxygen flow, and 
the emerging water was titrated by means of the Karl Fiscber method [21]. The 
results are summarized in Table 1. 


Magnetic susceptibilities of powder samples with masses of 10-50 mg were deter- 
mined with a SQUID magnetometer (Quantum Design). The samples were con- 
tained in carefully dried SUPRASIL ampoules that were long enough to extend over 
the coils of the magnetometer. Thus no explicit correction was necessary. For fixed 
temperatures the susceptibilities were recorded in external fields ranging from 0.5 to 
5 T. Honda-Owen plots were performed to correct for ferromagnetic impurities 
[45,46]. Finally, a xma, versus 1/Tplot as described in ref. 1471 and extrapolation to 
infinite temperature allowed an estimate of the contribution of spurious paramag- 
netic impurities. 


Band structure calculationr: Band structures and molecular orbital diagrams were 
calculated within the EH approximation with the program EHMACC [ e l .  The 
experimental values (X-ray and neutron diffraction) of the positional coordinates of 
Th,H,Br,, [2] were used. The disorder of the hydrogen atoms was not treated 
explicitly, that is, seven (for Th,H,Br,,) and five (for Tb,H,Br,,) of the partially 
occupied positions were used, respectively. 


The band structures were calculated at 55 k points within the unreducible wedge of 
the Brillouin zone of the body-centered cubic cell. To analyze the dispersion the 
bands were also calculated along the high symmetry lines. MO calculations were 
performed for the cluster units [Th,H,Br,J- for x = 0-8. Similar MO calcula- 
tions on the series of hydrogen-stabilized thorium clusters have been reported in a 
previous publication [I], Because of inappropriate basis functions (especially con- 
cerning the radial distribution of the Th 6d functions) those calculations yielded a 
reversed order of the metal-based molecular orbitals. Here we used parameters that 
had been adjusted to spectroscopic measurements on actinocenes by Pyykko et al. 
[49]. The following parameters were used for the Slater-type orbitals of the atoms 
(H,j [ev], c,, e l .  1,. c2): H i s :  -13.00, 1.3; Br4s: -27.01, 2.588; Br4p:  -12.44, 
2.131; Th 7s: -5.31, 1.834; Th 6p: -27.75. 3.55; Th 6d: -10.048, 2.462, 0.76, 
1.167, 0.408; Th 5f: -9.291, 4.48, 0.7677, 1.84, 0.4269. 
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Conformational Preference of 2-(Halomethyl)- and 2-(0xymethyl)pyridines: 
Microwave Spectrum, Ab Initio, and MM 3 Studies of 2-(Fluoromethyl)pyridine 


Christina Moberg,* Hans Adolfsson, Kenneth Warnmark, Per-Ola Norrby, 
Karl-Magnus Marstokk, and Harald Mallendal" 


Abstract: One single conformer was as- 
signed from the microwave spectrum of 
2-(fluoromethyl)pyridine, investigated in 
the gas phase in the 26.0-39.0 GHz spec- 
tral region at about -10°C. Its Ca-F 
bond was found to be coplanar with the 
ring and anti to the N-C2 bond (syn to 
the C 2-C 3 bond). There was no indica- 
tion in the microwave spectrum of the 
presence of other rotarneric forms of the 
molecule. 


The results of the spectroscopic study 


were backed up by ab initio calculations 
at the MP2/6-31 G** (frozen core) level. 
These calculations predict that the as- 
signed conformer is the only stable form 
of the molecule. The transition state was 
calculated to have the CH,F group 180" 


Introduction 


A variety of 2-(alkoxymethyl)pyridines (1) have been shown by 
X-ray crystallography to prefer an anti-periplanar conforma- 
tion, with a N-C-C-0 torsional angle close to l SO".['] The ten- 
dency to adopt this conformation turned out to be quite pro- 
nounced, and it has important consequences for the structure, 
and thereby the properties, of a number of compounds contain- 
ing this structural element. This is observed, for example, in 
1,1-bis(6-carboxy-2-pyridyl)-l-methoxyalkyl derivatives. The 
conformational preference results in a bowl-like shape for 
macrocyclic amides 2;["] it determines whether donating 
groups present in pendant arm-substituted derivatives, such as 
3, will take part in apical coordination to the metal ion or not,'"] 
and it permits bimetallic complexes of crown ether-substituted 
derivatives such as 4 to adopt an appropriate conformation for 
simultaneous coordination of the two metal ions to the two 
functional groups in suitable w-carboxyolefins.[21 


Ab initio calculations on 2-, 3-, and 4-(hydroxymethy1)- 
pyridine gave results in accordance with the observed conforma- 
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from the stable anti conformation. The 
energy of the transition state was comput- 
ed to be 20.2 kJrno1-I higher than the en- 
ergy of the anti rotamer. 


The results are interpreted in terms of a 
stereoelectronic effect, and the orbital 
overlaps responsible for the observed ef- 
fect are discussed. It is shown that 2- 
(fluoromethy1)pyridine serves as a good 
model for 2-(alkoxymethyl)pyridines, pre- 
viously found to show the same confor- 
mational preference. 


Q , x  H k  


I 


2 3 


tions,13] and suggested that the effect originates from orbital 
overlap between the antibonding carbon -oxygen c3-bond and 
the carbon-nitrogen o-bond (A, or carbon-carbon o-bond in 
3- and 4-substituted isomers) and, in the 2-substituted isomer, 
between the antibonding carbon- 
oxygen o-bond and the nitrogen lone 
pair (B).L43 51 The conformational ef- 
fect was shown to be quite strong, 
with a rotational barrier of 20- 
25 kJmol-I. It is interesting to note 
that for (hydroxymethyl)benzene, a 


\G 


conformation with the oxymethyl A B 
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group situated perpendicular to the plane of the phenyl ring was 
instead found to be the most stable one.[41 


The observed effect is expected to have consequences also in 
other situations, since 1 is a common structural element in var- 
ious types of compounds. Examples are provided by 2- 
(oxymethy1)-substituted calixarenes,[61 by 2,6-disubstituted 
pyridine moieties (5) in pyridine containing crown-ether-type 
cornpo~nds,~'~ and by 2,2'-disubstituted bipyridines (6) present 


5 


RO LOR 


6 


in double-helical complexes made up from oligobipyridine 
strands[*] and in bipyridine containing crown ethers.[g1 The 
same tendency to prefer a planar conformation was found ex- 
perimentally also in a 3-substituted oxymethylpyridine 
group,["] a structural element present in, for example, crown 
ethers incorporating 3,3'-disubstituted bipyridine residues.["] 


Pyridine compounds carrying chiral substituents are current- 
ly attracting much attention in asymmetric synthesis.[' '] The 
conformation of the chiral ligand has important implications 
for the selectivity in the reactions. Since 1 is an important struc- 
tural element present in many asymmetric ligands, the confor- 
mational preference discussed here may be important, at least in 
the free ligand and in cases where the oxygen does not take part 
in complexation to the metal ion. A preference for coplanarity 
of the oxymethylquinoline system was thus observed in ligands 
used in the osmium-catalyzed dihydroxylation (7) .[' 21 


That the planar anti conformation is also preferred in solution 
is indicated by the coordination behavior of pendant arm lig- 
ands["] as well as by 'HNMR spectroscopic coupling con- 
stants.[lcl However, to gain further expe;imental evidence that 
the observed effect is not due to crystal packing forces, we want- 
ed to acquire gas-phase data for compounds containing the 
structural element of interest. We therefore decided to under- 
take a study using microwave spectroscopy, the appropriate 
technique for studying the C-C bond rotation. Alkoxy- 
methylpyridines were found not to be suitable for this purpose, 
owing to their high number of degrees of freedom and their low 
vapor pressure. The compound 2-fluoromethylpyridine, how- 
ever, was found to be a good model, since ab initio calculations 
indicated the same conformational preference as for oxy- 
methylpyridines. The results of the calculations and spectro- 
scopic studies are presented here. 


Results and Discussion 


Ab initio calculations: The ab initio computations were per- 
formed with the Gaussian 92 program package.['31 The stan- 
dard 6-31 G** basis set, as implemented with the program, was 
employed. Electron correlation was treated by the MP2 
(Mder-Plesset) procedure,['41 which is also included in the 
Gaussian 92 program. The atom numbering of the title com- 


pound is given in Figure 1, n H 4  
which shows the anti ro- 
tamer. Dihedral angles are 
0" when the four atoms N- 
C 2-Ccr-F are coplanar 
and syn, and 180" when 
they are anti. A positive di- 
hedral angle corresponds 
to clockwise rotation. 


The geometry of the con- 
former with the chain of 
atoms in the anti position 


K 


F 


Fig. 1 .  Atom numbering of 2-(fluoro- 
methy1)pyridine. 


(the N-C 2-Cx-F dihedral 
angle is 180") was fully optimized. It was not initially assumed 
that this conformer has a symmetry plane (C, symmetry), but 
the calculations refined to this geometry within the computa- 
tional accuracy. No imaginary vibrational frequencies were 
computed for this rotamer, which indicates that this conformer 
represents a minimum on the conformational energy surface." 51 


The geometry of this rotamer and some other parameters of 
interest are given in Table 1. 


The potential function for rotation around the C 2-Ca bond 
was then calculated. These computations, which were also per- 
formed at the MP 2/6-31 G** level, were carried out at intervals 


Table 1 .  Structure (bond lengths in A, angles in '), rotational constants (MHz), 
dipole moment components (Debye), and energy differences (kJmol-') of two 
selected rotameis of 2-(fluoromethyl)pyridine obtained in ah initio computations at 
the MP2/6-31 G** (frozen core) level. 


Rotamer anti syn anti S)" 


N-C2 
c 2 - c 3  
c 3 - c 4  
c 4 - c 5  
c 4 - C S  
C 3 - H 3  
C 4 - H 4  
C 5 - H 5  
C 6 - H 6  
C2-Ca 
Ca-F 
Ca-Hi  
Cr-Ha'  


N-C2-C3 
C2-C3-C4 
c 3C4-C 5 
C4-C5-C6 
C2-C3-H3 
C3-C4-H4 
C 4-C 5-H 5 
C 5-C 6-H 6 
N-C2-Ca 
c 2-Ca-F 
C 2-Ca-Ha 
C2-Ca-Ha' 


A 
B 
C 


+Ib - I, Ial 


P8 


P, 
P h  


A E  [bl 


1.345 
1.395 
3.394 
1.394 
1.395 
1 .ox0 
1 ,083 
1.082 
1.084 
1.505 
1.396 
1.091 
1.091 


123.8 
118.3 
118.8 
118.5 
119.9 
120.5 
121.3 
120.6 
114.3 
110.6 
110.2 
110.2 


5 023.3 
1 512.8 
I 171.2 


3.165 


1.89 
0.65 
0.00 


0 0  


1.341 
1.400 
1.391 
1.395 
1.393 
1.084 
1.082 
1.082 
1.084 
1.512 
1.382 
1.093 
1.093 


123.3 
118.9 
11 8.5 
118.4 
120.4 
120.6 
121.3 
120.5 
117.5 
111.6 
110.0 
110.0 


5 105.2 
1 503.9 
1 170.2 


3.158 


2.12 
3.02 
0.00 


20.2 


N-C2-C3-C4 
c 2 - c 3 - c 4 - c 5  
C 3-C 4-C 5-C 6 
N-C 2-C 3-H 3 
C2-C3-C4-H4 
C3-C4-CS-H5 
C 4-C 5-C 6-H 6 
N-C 2-Ca-F 
N-C2-Ca-Hu 
N-C 2-Ca-Ha' 


0.0 0.0 
0.0 0.0 
0.0 0.0 


180.0 180.0 
180.0 180.0 
180.0 180.0 
180.0 180.0 
180.0 0.0 


-60.0 120.5 
+60.0 -120.5 


[a] In uA'. / a ,  I b ,  and I, are the principal moments of inertia. Conversion 
fidctor: 505379.05 MHzuA'. [b] Energy difference; total energy of anti: 
-385.715945 hartree. 
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of 30" for the N-C2-Ca-F dihedral angle with full geometry 
optimization for the remaining structural parameters in each 
case. The potential function obtained in this manner is drawn in 
Figure 2. Note that this potential function has only one mini- 
mum, which corresponds to the anti conformer as mentioned 
above. No other minimum was located at this level of theory, 
which indicates that one stable rotamer, the anti, exists for 2- 
(fluoromethy1)pyridine. The shape of this curve is very similar to 
the one for 2-(alko~ymethyl)pyridine.~~~ 


transitions were then straightforward with these pile-up transi- 
tions as the starting point. 


The strongest lines of the 6-type are the Q-branch transitions, 
and they were searched for next and found with ease. These 
transitions were much weaker than the "R transitions. This is 
consistent with the ab initio prediction that pa is much larger 
than p b  (see Table 1) .  The bR transitions were then searched for, 
but no unambiguous assignments could be made, presumably 
because these transitions were too weak to be identified with 
certainty. A total of 124 transitions were measured for the 
ground state. A portion of this spectrum is listed in Table 2. 


0 60 120 180 240 300 360 


NC2-Cu-F dihedral angle/" 


Fig. 2. Potential function for torsion around the C2-Cor bond calculated at the 
MP2/6-31 G** level. The shape of this curve Is very similar to that calculated for 
2-(hydroxymethy1)pyridine. 


The transition state was located at the syn (N-C2-Ca-F dihe- 
dral angle is 00) conformation with an energy of 20.2 kJmol-' 
above the energy of the stable anti form, quite similar to the 
transition state for (alko~ymethyl)pyridines,~~] which further 
supports the choice of 2-(fluoromethy1)pyridine as a model 
compound. This represents the maximum of the potential func- 
tion drawn in Figure 2. The geometry of the syn transition state 
is given in Table 1.  The vibrational frequencies of this conformer 
were computed and one of them, corresponding to torsion 
around the C2-Ccl bond, was calculated to have an imaginary 
value. This corresponds to a first-order saddle point, that is, in 
this case a transition state.['51 


MW spectrum and assignment: The ab initio calculations predict 
that the conformation having the Ccl-F bond anti to the N-C2 
bond of the ring is the most stable form of the molecule. The 
rotational constants calculated (Table 1) for this conformer 
were A = 5.02, B =1.51, and C = 1.17 GHz, respectively. The 
asymmetry parameter K calculated from these constants is 
-0.82. The components of the dipole moments along the prin- 
cipal inertial axes were calculated by ab initio methods to be 
p,, = 1.9, p b  = 0.7, and (for symmetry reasons) pc = 0 Debye. 
This prolate conformer was then predicted to possess the strong 
and characteristic a-type R-branch pile-ups of high K - ,  lines 
separated by approximately B + C = 2.68 GHz. Such pile-up 
transitions are modulated at low Stark voltages and generally 
easy to assign. The microwave spectra taken in the 26-39 GHz 
spectral region at low field strengths (about 100 Vcm-') re- 
vealed such typical pile-ups very close to their predicted fre- 
quencies. The assignments of the a-type ground vibrational state 


Table 2. Selected transitions of the microwave.spectrum of the ground vibrational 
state of 2-(fluoromethyl)pyridine (frequencies in MHz). 


- -  
Transition ^YO& [a1 "obs- ' d c d  


YK,, . l ,K+, + Y K - l , X ' + l  


101.9 + 91.8 21238.31 -0.09 


107.3 + 97.2 26925.65 -0.06 
107.6 +- 97.3 26925.65 -0.06 
110.11 + 1~0.10 26973.43 -0.14 


103.7 93,6 27658.69 -0.08 


112,10 + IO2.9 28 141.39 0.02 
11S.6 + 105.5 29741.92 -0.12 
119.2 + 109.1 29 594.00 0.10 
219.3 + 10q.z 29594.00 0.10 
12Lll + 111.10 31 958.63 -0.02 
125.8 + 11s.7 32488.95 -0.01 
228.4 +- 118.3 32 319.92 -0.10 
128.5 + 118.4 32319.92 -0.10 


132,11 + G , , ~  36532.34 0.00 
134,10 + 35322.28 0.00 
139,4 + 1~ 35004.58 0.08 
139.5 + 129.4 35004.58 0.08 
140,,4 + 130,13 33959.00 0.01 
14s,,0 + 135,9 38009.48 -0.01 
151.14 + 141.13 38198.73 0.04 
160,,6 + 150.1s 38633.82 0.02 


195,15 + 194,16 33687.82 0.00 


25,,19 + 255.20 30003.62 -0.12 
317,24 + 3 k Z s  33435.14 0.08 


131,12 + 34 248.65 0.08 


164.13 + 163.14 28680.65 0.06 


223.19 +- 2%. zo 33360.69 0.05 


347.27 + 346.2, 31 190.97 0.04 
378,29 377.30 36698.13 -0.04 
418.33 + 417.34 . 36413.80 -0.03 


[a] Cobs = observed frequency; tcE,c4 = calculated frequency; fO.10 MHz. 


The maximum value of the J quantum number for the "R tran- 
sitions is 16, and the maximum value of J for the bQ transitions 
is 41. A least-squares fit involving all the five Watson quartic 
centrifugal distortion constants in the A reduction I' representa- 
tion1'61 was first made. However, it turned out that the value of 
A,, obtained in this way was very uncertain. This constant was 
therefore preset to zero in the final fit, which has'a root-mean- 
square deviation comparable to the experimental uncertainty 
(& 0.1 0 MHz). Inclusion of sextic centrifugal distortion con- 
stants"61 yielded no improvement. The spectroscopic constants 
are listed in Table 3. 


As observed in Table 3, A = Z, + I b  - I, = 3.46954(36) uA' 
(Z,,, Z,,, and Z, are the principal moments of inertia). This value 
is typical for molecules having a symmetry plane and two out- 
of-plane methylene  hydrogen^.^"^ Two conformations of 2- 
(fluoromethy1)pyridine are compatible with this, namely the syn 
and the anti forms, as observed in Table 1, where A is calculated 
to be about 3.2uA2 for both syn and anti conformers. The 
rotational constants are generally rather different for different 
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Table 3. Spectroscopic constants [a,b] of the ground and vibratronally excited states v of 2-(fluoromethyl)pyridine. 


Vibrational state VT = 0 VT =1 vr = 2  VT = 3 vr = 4  vr = 5 V0.P. = 1 


no. of transitions 
r.m.s. dev. [c]/MHz 


A,/MHz 
BJMHz 
CJMHz 
A,/kHz 
A,K/kHz 
A,/kHz 
b,/kHz 
6JkHz 
(1, + 4 - 1,) [el 


la1 A reduction. I' 


124 108 91 51 46 52 51 
0.074 0.088 0.091 0.088 0.080 0.082 0.073 


5047.0583(74) 5035.7138(92) 5024.038(14) 501 1.89(10) 4999.685 (81) 4986.956 (82) 5018.15(11) 
1509.4357 (14) 1508.6457 (1 8) 1507.8334 (21) 1506.9883 (29) 1506.11 51 (28) 1505.1961 (27) 1509.5352 (24) 
1171.2767(14) 1173.0385(19) 1174.9303 (21) 1176.9437(39) 1179.1086(36) 1181.4366(34) 1172.0806(32) 
0.1022 (40) 0.0975(53) 0.1031 (63) 0.0749(86) 0.0821 (87) 0.0866(83) 0.0537(75) 
0.0 [d] 0.0 [d] 0.0 [d] 0.126(16) 0.136(20) 0.1 18 (16) 0.1 17 (17) 
1.49 (14) 1.93(19) 1.39(27) 0.0 [d] 0.0 [d] 0.0 Id] 0.0 [d] 
0.020072 (33) 0.02303(45) 0.02007(61) 0.0 [d] 0.0 [d] 0.0 [d] 0.0 [d] 
0.195(12) 0.169(16) 0.198 (25) 0.0 [d] 0.0 [d] 0.0 [d] 0.0 [d] 
3.46954(36) 4.51851(48) 5.62589(58) 6.7936(31) 8.0225(25) 9.3298(25) 4.3202(31) 


reoresentation. Ibl Uncertainties rearesent one standard deviation. [c] Root-mean-square deviation. [d] Preset at zero. [el Conversion factor 
L .  . _  
505379.05 MHzuA'. 


conformations and can often be used in a straightforward man- 
ner to decide which conformer has been assigned. Fortuitously, 
the rotational constants of syn and anti obtained by ab initio 
computations do not differ greatly in this case (Table 1) and 
some other evidence must be employed in addition to the rota- 
tional constants to make an unambiguous conformational as- 
signment. One such piece of evidence is the spectral line intensi- 
ty, which shows that pa is considerably larger than pb.  This is 
predicted for anti, while the opposite is the case for syn 
(Table 1). In addition, the ab initio predictions (above) indicate 
that anti is the only stable form of the molecule, whereas syn 
represents a transition state. 


Several attempts were made to resolve the Stark effects of 
some of the transitions in order to determine the dipole moment. 
However, the spectrum was not intense enough to display well- 
resolved Stark components that could be used for quantitative 
measurements, and only some semiquantitative measurements 
could be made yielding dipole moment components of approxi- 
mately 2.2 Debye for pa and 0.7 Debye for pb. These values are 
in good agreement with the ab initio results (Table 1) and give 
an additional indication that the anti conformer has indeed been 
assigned and not confused with syn which would have had a 
similar value for A, but a rather different dipole moment. The 
final conclusion is that the spectrum in Table 2 undoubtedly 
belongs to the anti conformer. 


Vibrationally excited states: The ground-state spectrum was ac- 
companied by several satellite spectra which could readily be 
ascribed to vibrationally excited states of the C 2-Ccr torsional 
fundamental vibration. The rotational transitions of the succes- 
sively excited states of this mode were shown to be separated by 
roughly constant frequency intervals with the intensities de- 
creasing by about 25% upon excitation by one vibrational 
quantum. This behavior is typical for a nearly harmonic vibra- 
tion.[l81 


Five excited states of the torsion were ultimately assigped, as 
shown in Table 3. a- and b-type transitions were assigned for the 
first and second excited states, whereas only a-type lines were 
assigned for the remaining excited states. Four of Watson's 
quartic centrifugal distortion were used in the 
least-squares fit of the first and second excited states, while only 
two such constants were used for the remaining excited states. A 
satisfactory fit was achieved in each case. 


In Table 3 it is shown that A increases rather smoothly with 
the vibrational quantum number. Again, this is typical for a 
near-harmonic out-of-plane mode,"*] which must be the C 2- 
Ccr torsional mode. Relative intensity measurements performed 
largely as described in ref. [19] with carefully selected lines of the 


ground and first excited state yielded 53(15) cm-' for the tor- 
sional fundamental. This is close to the 57 cm-' that was pre- 
dicted in the MP2/6-31 G** computations (not given in 
Table 1). 


The changes in A upon excitation can be used to calculate the 
torsional vibration frequency, provided it is well separated from 
other vibrational modes.r201 This criterion is met rather well in 
the present case, as the second lowest vlbration is found exper- 
imentally to be 162(20) cm-' (see below). From ref. [20], we 
know that the torsional frequency oT in such cases is approxi- 
mated by wTz67.45/6AuA2m-'  where 6A is taken as the 
change in A between the first excited and ground state. From the 
values given in Table 3, the torsional fundamental frequency is 
found to be 0 ~ x 6 4  cm-', close to 53(15) cm-' obtained by 
relative intensity measurements above. The uncertainty limit of 
the torsional fundamental obtained in this manner is hard to 
estimate, but 8 cn- seems plausible. Our best estimate of the 
torsional frequency wT is thus 64(8) cm- ', and this frequency is 
used below to derive the shape of the potential well for torsion 
near the well bottom. 


It is seen in Table 3 that in addition to the five excited torsion- 
al states, the first excited state of what is presumed to be the 
second lowest out-of-plane vibration has been identified. Our 
reason for assign& this excited state as an out-of-plane vibra- 
tion is the fact that A Relative intensity mea- 
s u r e m e n t ~ ~ ' ~ ]  yielded 162(20) cm- l for this vibration, com- 
pared with 189 cm-' from the MP2/6-31 G** computations. 
The only other vibration with a calculated frequency below 
300 cm- ' is an in-plane substituent bending (at 220 cm-', or 
214 cm- ' from MM 3, videintra), with 6A expected to be nega- 
tive.["] 


All the strong lines as well as nearly all transitions of interme- 
diate intensities in this spectrum were assigned to the ground 
and the six excited states of the anti rotamer. This is  one indica- 
tion that the anti is much more stable than any other hypothet- 
ical rotameric form, because the ab initio calculations reported 
above predict that such forms -will have comparatively large 
dipole moments and would hencg have strong MW spectra pro- 
vided they were present in significant amounts. In fact, the 
MP2/6-31 G** prediction that anti is the only stable conformer 
is in agreement with the MW observations. 


The C, symmetry of 2-(fluoromethyl)pyridine : The nonzigzag- 
ging behavior of the rotational constants described in the previ- 
ous section rules out a low or intermediate barrier to the planar 
form,lz0,211 but instead indicates that the torsional mode is 
nearly harmonic and that anti 2-(fluoromethy1)pyridine thus has 
a planar (with the exception of the two methylene hydrogen 
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atoms) equilibrium conformation. Gwinn and co-workers[2 ‘ 9  ”1 
have given a quantitative treatment of this problem. They have 
shown that it is possible to define a potential function for the 
torsion of the form given in Equation (I) ,  where z is a dimen- 


v = A ((z“) + B ( Z 2 ) )  


sionless coordinate. If B ispositive, the molecule has a symmetry 
plane; if B is negative a potential hump exists at the planar 
conformation and the potential function of the anti conformer 
would be of the double-minimum type. The equilibrium confor- 
mation would in such a case be nonplanar. 


implies that rotational constants can 
be expanded in a power series of the expectation values of z2 and 
z4, where b, is the A, ,  B, or C, rotational constant in the nth 
excited state of the torsion. bo, b,, and 6, are empirical parame- 
ters adjusted to give the best fit to the data. The values of (2’). 


and (z“),,  depend only on the value of B constant of Equa- 
tion (1). 


The rotational constants of successively excited states of the 
torsional vibration were least-squares fitted to Equation (2) em- 


The Gwinn theory[’’. 


b, = b, + b, ( 2 9 ,  + b, (z“) ,  


ploying the computer programs described in ref. [23] for a series 
of B values. It was found that the value B = 2.8 yielded the best 
overall fit (Table 4). This positive value of B is further evidence 
that the anti conformer indeed has C, symmetry with no poten- 
tial hump at the planar form. 
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Fig. 3. Potential function V =15.7((z4) f2.8 (2)) cm-’ presumed to describe 
the bottom of the potential well near its unti minimum quite accurately. The ground 
state lies 30 cm-’ above the bottom. Eigenstates of the first six torsional states are 
indicated. Microwave spectra of these states have been assigned. 


z 


agreement seen here is one indication that the MP2/6-31 G** 
structure is close to the “real” equilibrium structure. 


Further evidence supporting the anti structure in Table 1 is 
the fact that the structural parameters of the pyridine ring are all 
close to the highly accurate structure of pyridine.r241 The struc- 
tural parameters of the -CH2F group are close to their counter- 
parts in CH,F.[251 It is presumed that the structure of anti in 
Table 1 will prove to be very close to any experimental structure 
that might be determined in the future. 


MM3 calculations: MM 3 is a recent molecular me- 
chanics force field developed by Allinger et a1.[261 As Table 4. Comparison of calculated and observed rotational constants (MHz); B is taken to be 


2 8  
opposed to the ab initio approach described above, 


A ,  [a] A ,  calcd - obs [b] 5, [a] 5, calcd - obs [b] C, [a] C, calcd - obs [b] the molecular mechanics method, which is based on 
a classic treatment of interatomic forces, requires 
specific parameters for each unique structural unit 


2 5023.893 -0.145 1507.826 -0.007 1174.939 0.009 appearing in the molecule of interest. As was shown 


0.043 1509.430 -0.005 1171.289 0.013 0 5047.102 
1 5035.665 -0.049 1508.648 0.003 1173.006 -0.032 


3 5012.002 0.112 1506.988 0.000 11 76.966 0.022 previously,[41 the wsubstituted 2-methylpyridine 
4 4999.754 0.069 1506.118 0.003 1179.114 0.005 ’ motif is not parameterized in MM3.[261 For the 


alkoxymethylpyridines, it was found that the com- 
A ,  [a] = 5052.85(19) -19.66(42)(zz), - 5.38(13)(z4), mon practice of “similarity parameterization” (i.e., 
B, [a] =1509.818(8) -1.297(18)(i2), - 0.404(5)(i4), copying torsional parameters from similar sub- 
C, [a] = 2 233.29(13) +24.20(35)(z2), +4.79(11)(z4), unitst2’]) gave very bad results. New parameters 


were developed for the specific 2-oxymethylpyridine 
With the calculated rotational Profile at 


hand, we decided to perform a similar parameteriza- 
tion of the torsional parameters for the F-Csp3-CSp2- 
N,,, moiety. It should be noted here that the torsion- 
al parameters for the F-Csp3-Csp2-Csp~ moiety,t281 


which influences the same rotational profile, are tentative. Any 
future update of the F-Csp3-Csp,-Csp, moiety will require a corre- 
sponding change in the F-Csp3-Csp2-Nsp~ moiety. 


A fully optimized rotational profile[291 was determined at the 
MP2 level. Therefore, it was not necessary to utilize the re- 
source-saving methodology described in our earlier work.[41 In- 
stead, the initial values of the three new torsional parameters 
were Set to zero, and the fully optimized rotational profile was 
calculated by MM 3 with the same resolution as for the ab initio 
work. A new set of Parameters was calculated by fitting the 
difSerence between the two profiles to the MM 3 torsional energy 
function [Eq. (3)1.[261 The Procedure was repeated iteratively 
until no further improvement in the parameters could be ob- 


5 4986.866 -0.090 1505.197 0.001 1181.432 -0.004 


[a] Calculated rotational constants (MHz) for the vT = 0 through vT = 5 torsional states; see text. 
[b] Observed values, “obs”, refer to the experimental rotational constants listed in Table 3. The 
values of the calculated rotational constants were obtained from the equations appearing at the 
bottom of this table. 


The A constant [Eq. (I)] was then adjusted to reproduce the 
torsional fundamental frequency of 64 cm- ’. This was achieved 
with A = 15.7 cm- ’. The potential function derived in this man- 
neris V=15.7((z4) +2.8(z2>) cm-’. ItissketchedinFigure 3 
and presumed to give a fairly accurate description of the poten- 
tial function near the bottom of the potential well (anli). 


Structure of antj-2-(fluoromethyl)pyridine : The experimental ro- 
tational constants shown in Table 3 are quite close (better than 
1 %) to their theoretical counterparts in Table 1. Some dis- 
crepancies are to be expected because the theoretical rotational 
constants are approximations of the equilibrium structure, 
while the experimental rotational constants are “contaminated’ 
by zero-point vibrational effects. A “methodological” differ- 
ence of roughly 1-3% is therefore to be expected. The good E,,, = 0.5(u1cosw - u2cos2w + u,cos3w) (3) 
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tained..The final set of optimized parameters was: v1 = 2.8260, 


MM 3 has been parameterized to reproduce microwave data 
whenever possible.[261 It was therefore expected that calcula- 
tions with MM 3 including the additional parameters deter- 
mined here would yield results corresponding very well to the 
experimental observations. In order to verify this assumption, 
rotational constants and vibrational frequencies were calculated 
for the anti isomer. The obtained rotational constants were 
A = 5.09, B = 1.50, and C = I .  16 GHz. These values are very 
close to the experimental results (Table 3), and indeed give an 
even better agreement than the ab initio calculated values 
(Table 1). It should be noted here that part of the better corre- 
spondence in the MM3 calculations comes from the use of r, 
bond lengths in the determination of moments of inertia, not the 
re values generally resulting from ab initio geometry optimiza- 
tions. The torsional harmonic frequency is calculated to be 
57.5 cm-'. This of course corresponds almost exactly to the 
MP 2/6-31 G** calculations used in the parameterization of this 
specific potential. The other experimentally determined vibra- 
tion, the out-of-plane bending that was observed at 162 cm-', 
was calculated at 180 cm-' by MM3, as compared with 
189 cm-' from the ab initio calculations. 


v2 = - 0.4920, v3 = - 0.5430. 


Stereoelectronic effects: The strong preference for anti con- 
formation in 2-oxymethylpyridines (the homoanomeric effect) 
was interpreted mainly in terms of orbital overlap between the 
ring nitrogen and the C - 0  antibonding orbital. Purely electro- 
static effects and lone-pair repulsion (disfavoring the syn con- 
formation) were found to contribute strongly whereas hyper- 
conjugation (favoring out-of-plane conformations) only had 
a small influence on the torsional potential. For 2-fluoro- 
methylpyridines, a similar analysis was performed by studying 
the variation in Mulliken populations along the rotational pro- 
file. In addition to the C,-symmetrical syn and anti conforma- 
tions, the perpendicular conformation (with a fixed N-C-C-F 
dihedral angle of 90") will be discussed. 


Compared with the previously studied oxymethylpyridines, 
the effect of hyperconjugation seems to be more pronounced in 
fluoromethylpyridine. The Mulliken overlap population in- 
creases between C2  and Ca when going from a planar to a 
perpendicular conformation. At the same time, Mulliken elec- 
tron density is relocated to fluorine from the aromatic ring, 
especially C 3 and C 5. However, the perpendicular conforma- 
tion is not a minimum; the effect of hyperconjugation is only to 
widen the potential well, giving a small negative v Z  parameter in 
the MM 3 torsional energy expression [Eq. (3)]. 


The overlap between Ca and F is at a maximum in the syn 
conformation, and decreases because of hyperconjugation when 
going to the perpendicular conformation. The decrease contin- 
ues (albeit only slightly) when going to the anti conformation, 
showing that electron donation to the antibonding Ca-F or- 
bital is even more efficient from the nitrogen than from the 
aromatic ring, explaining the low energy of the anti conforma- 
tion. In addition to this, there is also a strong electrostatic repul- 
sion between F and N, which further destabilizes the syn confor- 
mation. This repulsion causes a reduction of the electron density 
on the proximal heteroatoms in the syn conformation, in effect 
depolarizing the C-N and C-F bonds slightly. 


Conclusions 


2-(Fluoromethyl)pyridine serves as a good model for 2-(alkoxy- 
methyl)pyridines, as shown by the similar theoretical potential 


curve shapes and similar rotational barriers. The compound has 
one single stable conformation in which the N-C-C-F dihedral 
angle is 180" (C, symmetry), as shown theoretically as well as 
experimentally in this work. This conformation is similar to that 
observed experimentally also in 2-(alkoxymethyl)pyridines. The 
tendency to adopt this conformation is due to stereoelectronic 
interactions resulting from orbital overlap between the anti- 
bonding carbon heteroatom (0, F) bond and both the C2-N 
o-bond and nitrogen lone pair in the anti conformation, as well 
as from electrostatic repulsion in the syn conformation, thus 
representing a homoanomeric effect. The observed effect has 
important consequences for the design of conformationally re- 
stricted compounds containing these structural elements. 


As expected, MM 3 calculations with well-determined 
parameters give at least as good gas-phase structures and en- 
ergetics as ab initio calculations at the MP2/6-31 G** level. 


Experimental Section 


General: 'H, I3C, and I9F NMR spectra were recorded at 400 MHz, 100.6 MHz, 
and 376.5 MHz, respectively. The ab initio computations were run on the Cray 
Y-MP computer in Trondheim and the IBM-RS6000 cluster in Oslo. 


2+luoromethyl)pyridine: To a solution of 18-crown-6 (1.12 g, 4.25 mmol) in 
80mL acetonitrile was added potassium fluoride (9.9g, 170mmol) and 2- 
(chloromethy1)pyridine (10.8 g, 85 mmol) in 20 mL acetonitrile. The reaction mix- 
ture was refluxed for 7 d ;  after cooling, aq. NaHCO, (150 mL) was added and the 
mixture was extracted with diethyl ether (3 x 150 mL). The combined ether phases 
were washed with H,O (3 x 200 mL) and dried (Na,SO,), and the solvent was 
distilled off under atmospheric pressure. Distillation of the remaining crude product 
yielded 2-(fluoromethyl)pyridine as a colorless oil (993 mg, 11 X); b.p. 80 "C 
(12 mmHg); 'HNMR (400 MHz/CDCI,/TMS): 6 = 5.48 (d, 2H, JH,F = 47.7 Hz, 
CH,), 7.24 (dd, l H ,  J = 7 . 7  and 4.8 Hz, Spyridyl), 7.45 (d, l H ,  J=7 .7  Hz, 3- 
pyridyl), 7.74 (td, I H ,  J = 7 . 7  and 1.5Hz, 4-pyridyl), 8.57 (d, l H ,  J = 4 . 8 H z ,  
6-pyridyl); I3CNMR (100.6 MHz/CDCl,/TMS): 6 = 84.47 (d, JI,F =169.5 Hz, C- 
a), 120.55 (d, J3,F = 6.0 Hz, C-3), 123.05 ( s ,  C-5), 136.89 ( s ,  C-4), 149.27 ( s ,  C-6), 
156.44 (d, J2,F = 21.4 Hz, C-2); I9F NMR (376.5 MHz/CDC13/CFC13): S = 
- 203.42 (t, JF,Hz = 47.7 Hz). The compound was stored as its hydrochloride salt 
and liberated with sodium carbonate prior to use [30]. 


Microwave spectrosropy : The MW spectrum was studied with the Oslo spectrometer 
described in ref. [31]. The 26.0-39.0 GHz spectral region was investigated with the 
microwave absorption cell cooled to about - 10 "C. Some measurements were also 
made in lower frequency regions. Lower temperatures, which would have increased 
the intensities of the spectral lines, were not employed, owing to the low vapor 
pressure of the compound. The pressure was about 3-9 Pa when the spectra were 
recorded and stored electronically by means of the computer programs written by 
Waal[32]. The accuracy of the spectral measurements is presumed to be better than 
fO.10 MHz. The I4N nucleus can display quadrupole interaction with the molecu- 
lar rotation. However, no transitions were found to be split by this interaction [33]. 
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Nucleophilic Addition of Secondary Phosphines to Cationic Dienyl 
Tricarbonyliron Complexes : A Novel Route to Optically Active Phosphines* * 


Ulli Englert, Beate Ganter, Markus Kaser, Eke  Klinkhammer, Trixie Wagner and 
Albrecht Salzer* 


Abstract: Secondary phosphines such as 
HPPh, add to the cationic iron dienyl 
complex [ ($-( 1 R)-ethylnopadieny1)Fe- 
(CO),]' (1) by nucleophilic addition. The 
phosphonium salt initially formed is read- 
ily deprotonated to yield an optically ac- 
tive tertiary phosphine [ (q4-(1R)-ethyl- 
nopadienePPh,)Fe(CO),] (2 b). A similar 
reaction also occurs with [C,H,Fe- 
(CO),]' (3) and [C,H,Fe(CO),]+ (4) to 
give [(C,H,PPh,)Fe(CO),] (5) and 


[(C,H,PPh,)Fe(CO),] (6) in good yields. P2Jc (no. 14). Like other monodentate 
The mechanism of formation of these optically active phosphines, 2 b is capable 
novel phosphines is discussed. Complex of coordinating to transition metal com- 
2 b crystallizes in the space group P2,2,2, plexes. It forms palladium complexes 
(no. 19); 5 crystallizes in the space group on reaction with [{p-chloro(allyl)palla- 


dum},] as well as with [{p-chloro- 
[ (N,N-dimethylamino- KN-2-methyl)phe- 
nyl-rcC]palladium) 2 ]  (11). The latter reac- 
tion product crystallizes in the space 
group P3, (no. 144). 


Introduction 


There has been considerable recent interest in the synthesis and 
reactivity of tricarbonyl(q5-pentadienyl)iron(l +) complexes. 
Their usefulness as intermediates and reactants in organic syn- 
thesis, specifically in highly diastereoselective addition reactions 
of various nucleophiles, is well documented.['] These addition 
reactions have also been the subject of detailed kinetic studies.[2] 


Addition of N- and P-nucleophiles is generally very fast and 
reversible. We have used these reactions in the past to prepare a 
number of free or coordinated phosphonium salts and phospho- 
natest3' and to study their reactivity with respect to Wittig reac- 
t ion~. '~ '  


In a recent paper,[51 we also investigated the reactivity of an 
optically active dienyl complex, the easily accessible [ (1 R)- 
(ethylnopadienyl)Fe(CO),]+ cation (1) ,I6] towards a variety of 
primary and secondary amines and were able to prepare a series 
of optically active amines in this manner. In the reaction with 
racemic phenylethylamine, we observed a kinetic resolution of 
the amine, the first example for this type of reaction. The addi- 
tion of an amine to 1 leads to formation of an ammonium salt, 
which is then deprotonated by a second molecule of the amine 
or by another nonnucleophilic amine added to the reaction mix- 


ture. With longer reaction times, the inital (E,Z)-ammoniodi- 
olefin complex A+ rearranges to the thermodynamically more 
stable (E,E)-isomer B+ (Scheme 1). 


We have now investigated the same reaction, using secondary 
phosphines instead of amines with a view to extending this reac- 
tion to the synthesis of optically active, tertiary phosphines. 


1 


Scheme 1. 


[*I Prof. Dr. A. Salzer, Dr. U. Englert)tlDipl.-Chem. B. Ganter,"'Dr. M. Kaser, 
Dip1.-Chem. E. Klinkhammer, DipLChem. T. Wagner''' 
Institut fur Anorganische Chemie der 
Rheinisch Westfilischen Technischen Hochschule 
D-52056 Aachen (Germany) 
Fax: Int. code + (241)8888-288 
e-mail: a.salzer@rwth-aachen.de 


['I X-ray crystal structure analyses. 
[**I Optically Active Transition Metal Complexes, Part 6. Part 5 :  U.  Englert, M. 


Kaser, A. Salzer, Inorg. Chem. 1995, 34, 6231 -6232. 


Results and Discussion 


Treatment of 1 with the secondary phosphine HPPh, and subse- 
quent deprotonation of the very rapidly formed phosphonium 
salt with the nonnucleophilic base NEt, led to formation of a 
diolefin complex with a diphenylphosphino substituent, but as 
a mixture of ( E , Z )  and (E,E) isomers (Scheme 2 ) .  The 31P 
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Scheme2. a :  1) HPPh, (l.Iequiv), CH,CI,, - 3 0 ° C  1.5h; 2) Na,CO,. 
b: 1) HPPh, (1.1 equiv), CH,Cl,, RT, 4 d;  2) Et,O, NEt,. 


NMR (CDCI,) shows two signals at 6 = 2.22 and 11.13. We 
assigned the signal at 6 = 11.1 3 to 2 a and that at 6 = 2.22 to 2 b. 
As with some of the amines investigated previously, it proved 
beneficial to extend reaction times to four days to allow the 
system to reach thermodynamic equilibrium. After this time, the 
only product isolated in good yields was the (E,E) diolefin com- 
plex 2 b as yellow crystals. The 31P NMR (C,D,) shows only one 
signal at 6 = 1.33. The reaction therefore proceeds in a manner 
similar to that of primary and secondary amines (Scheme 3). 
The intermediate phosphonium salts were precipitated as solids 
and washed with ether. They were then immediately deproto- 
nated, as they did not appear to be very stable even in the solid 
state in the absence of excess phosphine. 


H 


1 base 1 base 


2a 2b 


Scheme 3. 


We have to postulate that the U-shaped dienyl complex 1 a is 
in a dynamic equilibrium with the S-shaped dienyl complex 1 b 
and that through a series of reversible equilibria the final (E ,E)  
product 2 b is slowly formed, although the (E,Z) complex 2a  is 
initially favoured as the kinetically controlled product 
(Scheme 3). Such equilibria between U- and S-shaped dienyl 


complexes were first postulated by Pettit"] and later extensively 
studied by Sorensen.''] The addition of the phosphine occurs 
truns to the metal in both cases, establishing the ( S )  stereochem- 
istry at the new chiral centre for the (E,Z)-diolefin complex[91 
and ( R )  stereochemistry for the (E,E)-diolefin compound (see 
below). It is well established that phosphine addition to cationic 
metal complexes is still reversible at the phosphonium-ion 
stage.['] In contrast to some amines, the basicity of the sec- 
ondary phosphine is not high enough to deprotonate the phos- 
phonium salt in situ. The addition of a strong, nonnucleophilic 
base is therefore required. 


Cation l a  offers various advantages over other dienyl 
cations: a) due to the central chirality introduced by the organic 
precursor and the planar chirality established by complex for- 
mation, the diastereoselectivity of addition and therefore the 
enantioselective formation of a new chiral centre is easily veri- 
fied by NMR spectroscopy, and b) addition reactions occur 
exclusively at C-12 of the dienyl system, thereby limiting the 
number of possible addition products to the two observed. 


As spectroscopic data were not sufficient to unequivocally 
establish the proposed stereochemistry of phosphine addition, 
crystals of 2b were grown from a saturated hexane solution, 
cooled to - 30 "C (Fig. 1) .[''I The stereochemistry of 2 b in the 
solid state is in agreement with the proposed rearrangement 
mechanism and the truns addition of the secondary phosphine 
to the S-shaped dienyl complex. 


Fig. 1. Crystal structure of 2b (PLATON plot, ellipsoids at the 30% probability 
level). 


In order to test whether this reaction could be extended to 
other dienyl complexes and therefore be used as a general 
method to prepare phosphines with organometallic sub- 
stituents, we also treated the well-known cyclic cations 
[C,H,Fe(CO),]+ (3) and [C,H,Fe(CO),]+ (4) with HPPh, un- 
der similiar conditions. As before, we observed a smooth forma- 
tion of organometallic phosphines [C,H,PPh,Fe(CO),] (5) and 
[C,H,PPh,Fe(CO),] (6) in good yields (Scheme 4). In both cas- 
es, no rearrangement is possible and only one racemic product 
can be formed, since attack of the phosphine occurs trans to the 
metal and at both terminal carbons of the dienyl system. In 
principle, it should be possible to prepare optically active phos- 
phines of this type, as optically active (cyclohexadienyl)Fe(CO), 
derivatives are also known." 


3:n=1 5:n=1 
4:n=2 6:n=2 


Scheme 4. 1) HPPh, (1.1 equiv), CH,Cl,, RT, 1 h; 2) NEt,, CH,CI,, RT, 2 h. 
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This reaction can be further extended to other secondary 
phosphines, such as the bicyclic phosphabicyclononane 
("phobane") C,H,,PH.[lZ1 However, this phosphine, being a 
mixture of the [3.3.1] and [4.2.1] isomers, yielded a mixture of 
two phosphines, which could not be separated, and unlike other 
authors, we did not observe a preferential accumulation of one 
of these isomers.[131 


As an alternate method, it is also possible to first isolate the 
addition product with dimethylamine 7 and then substitute this 
amine by further reaction with HPPh, (Scheme 5). This syn- 


3 7 5 


Schemes. a: excess HNMe,, CH,CI,, -30°C. ISmin.; b: HPPh, (1.1 equiv), 
AcOH, 60"C, 2 h. 


thetic approach resembles the methology successfully employed 
by Haya~hi ' '~] and T ~ g n i [ ' ~ .  ''I in the synthesis of chiral ferro- 
cenylphosphines, where NMe, and acetate substituents in chiral 
ferrocenes were replaced by secondary phosphines at elevated 
temperatures. This substitution proceeds with retention of con- 
figuration at carbon in optically active ferrocenes having both 
central and planar chirality, and it must be assumed that metal- 
stabilized carbocations are formed as short-lived configura- 
tionally stable intermediates. We prepared the ferrocenyl carbo- 
cation 8 and treated it immediately with HPPh,; we also 
observed the formation of the ferrocenylphosphine 9 in good 
yields (Scheme 6). 


PPh, 
I 


WMe 
8 9 


Scheme6 1) HPPh, (1.2equiv), CH,CI,, 0 ° C  12h; 2) NEt,, CH,CI,, RT, 2 h. 


The Hayashi method via the amine adduct offers no advan- 
tages in our dienyl iron complexes, as the metal dienyl complex- 
es 1, 3 and 4 are themselves very stable and can therefore be 
stored indefinitely and used as required. A further advantage 
with these substrates is the fact that the chirality of 1 and 2b 


originates from the "chiral 
pool" and no resolution is re- 
quired at any stage. The 
methology of Lewis-base ex- 
change also does not appear 
to work with 1, as the 
dimethylamine adduct of 1 
cannot be thermally convert- 
ed to 2a  with HPPh,, most 
probably because of the com- 
plicated rearrangement mech- 
anisms involving U- and S- 


Complex 5 has also been 
characterized by an X-ray 


0 shaped dienyl complexes. 


structure analysis. Single crys- Fig. 2. Crystal structure of5 (ORTEP 
olot. elliosoids at the 30% Drobabilitv tals were grown from hexane 
I , I  


level). (Fig. 2).[16] The crystal struc- 


523-528 


ture of 5 also confirms the trans geometry of the diphenylphos- 
phino group with respect to the Fe(CO), moiety. 


The reactions of secondary phosphines with cationic dienyl 
complexes therefore emerge as a useful and versatile method for 
the synthesis of novel chiral phosphines with bulky organo- 
metallic substituents. 


We have also made several attempts to synthesize chelat- 
ing diphosphines in this manner, starting from HPh- 
PCH,CH,PPhH and treating this with two equivalents of the 
respective cationic dienyl complexes. However, because these 
reactions generate chiral centres both at carbon and at phospho- 
rus, complicated mixtures of single and double addition prod- 
ucts and also diastereomeric mixtures were generated. We have 
not yet been able to separate these mixtures. 


Hayashi has found several applications for monodentate op- 
tically active phosphine (MOP) ligands["] in enantioselective 
catalysis," *I particularly in connection with palladium complex- 
es. In order to establish whether 2b can act as an optically active 
ligand by coordinating to a second metal centre, despite its 
bulky Fe(CO), substituent, we treated 2 b with two palladium 
complexes that normally form adducts with tertiary phosphines. 
The allyl palladium chloride dimer [ (C,H,PdCl),] is known to 
form monomeric complexes [(allyl)Pd(PR,)Cl] on reaction with 
phosphines. In this respect, 2b appears to behave like other 
phosphines. The monomeric complex 10 was formed at room 
temperature and isolated as pale yellow crystals. Like other allyl 
palladium complexes with a chiral ligand, it shows dynamic 
behaviour in solution, most likely due to fast K-0--K rearrange- 
ments of the allylic ligand, leading to an equilibrium between 
diastereomers 10a and 10 b (Scheme 7). At - 20 "C this rear- 


CI , pdc PPh2R' - - 
C1°Pd*PPh2R* A 


1Oa lob 
Scheme 7. R* = (q4-(l R)-ethylnopadiene)Fe(CO), . 


rangement is sufficiently slow on the NMR time scale to allow 
the observation of two signals at 6 = 32.92 and 34.97 in the 31P 
NMR spectrum. We were unable to grow single crystals of 10. 
Nor could a similar palladium allyl complex of 5 be crystallized. 
Possibly, crystal formation is inhibited by the presence of 
diastereomers. 


While we were now certain that organometallic phosphines 
such as 2 b were capable of reacting like regular phosphines, we 
still wanted structural evidence for the overall geometry of a 
coordinated phosphine complex of the type 2 b, in order to study 
the geometric restraints that might be imposed by this bulky 
phosphine on complexation. 


Another well-known palladium system that is known to give 
crystalline phosphine adducts and has found some application 
in homogeneous catalysis is the dimeric complex [{p-chloro- 
[ (N,N-dimethylamino-~cN-2-methyl)phenyl-~C]palladium} ,] .I1 91 
This compound was therefore treated with two equivalents of 
2b at room temperature. After one day we isolated the addition 
product 11 in good yields as an orange powder (Scheme 8). This 
complex shows no dynamic behaviour in solution and is readily 
characterized by 'H, I3C and 31P NMR spectroscopy as a single 
isomer. The 31P NMR signal is strongly shifted to lower field 
compared to that of the uncoordinated phosphine 2 b (6 = 50.1 
vs. 2.22). 


Single crystals of 11 could be grown from benzene.["] The 
crystal structure of 11 (Fig. 3) clearly proves that a sterically 
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PPh, 
I 


2b 


Scheme 8. 


9 036 


Fig. 3. Crystal structure of 11 (OR- 
TEP plot, ellipsoids at the 30% prob- 
ability level). 


H3C CH3 
\ /  


CH), 0.72 ( S ,  3H; CH,), 0.36 (ddd, 'J(H,H) = 8.5, 
6.1 Hz, 3J(P,H) =10.7 Hz, 1H;  =CH). "C NMR 
(125 MHz, C,D,): 6 = 213.67, 138.30 (d, 'J(C,P) = 
18.1 Hz), 136.51 (d, 'J(C,P) =17.5 Hz), 134.85, 133.92 
(2d, ,J(C,P) =19.7 Hz), the other Ph signals are ob- 
scured by C,D,, 116.04, 84.13 (d, 3J(C,P) = 3.3 Hz), 
60.34 (d, ,J(C,P) =16.9 Hz), 54.09, 47.39, 42.57, 40.08, 
38.43 (d, 'J(C,P)=15.9Hz), 37.18, 29.72, 26.10, 22.14, 


C,D,): 6 =1.33; IR (hexane): t(C0) = 2037, 1973, 
1959cm-'; C,,H,,FeO,P (500.36): calcd C 67.21, H 


21.20 (d, 'J(C,P) =19.7 Hz). "P NMR (202 MHz, 


r.t., 1 d, CH2C12 11 


[70%1 


demanding phosphine such 
as 2 b can serve as a ligand in 
palladium chemistry. The 
bulky (diene)Fe(CO), unit in 
the crystal adopts a position 
above the square plane de- 
fined by the ligands around 
palladium, and therefore 
should be perfectly suitable 
to serve as an MOP ligand. 


We have established that 
bulky chiral phosphines can 
be generated from the reac- 
tion of secondary phosphines 
with cationic iron dienyl com- 
plexes. In addition, we have 
shown that such organo- 
metallic phosphines remain 


capable of coordinating to transition metals. Currently, we are 
investigating whether they might find some applications in ho- 
mogeneous catalysis. 


Experimental Procedure 


All experiments were carried out under an atmosphere of nitrogen with standard 
Schlenk techniques. Diethyl ether was distilled from sodium benzophenone ketyl. 
Benzene was distilled over sodium. Dichloromethane and hexane were dried over 
molecular sieves 4 A. The starting pentadienyl cation complex 1 161, the cyclohexa- 
dienyl cation complex 3 [21], the cycloheptadienyl cation complex 4 [22], the ferro- 
cenyl cation complex (8) [23] and the dimeric [{p-chloro[(N,N-dimethylamino-KN- 
2-methyl)phenyl-~C]paIladium),l (241 were prepared according to literature 
procedures. The dimeric [{p-(chloro)(r~~-allyI)-palladium} J was purchased from 
Strem Chemicals. Diphenylphosphine was purchased from Fluka. 'H NMR (300, 
500 MHz) and I3C NMR (75,125 MHz) spectra were measured on a Varian VXR 
300 and Varian Unity 500 instruments, respectively, with tetramethylsilane [6 = 0.0, 
'H NMR, 13C NMR (C,D,)] or CDCl, (6 = 77.00, 13C NMR) as internal standard. 
Carbon multiplicities were assigned by APT techniques. Phosphorus chemical shifts 
were externally referenced to 85 % H3P0, with downfield shifts reported as positive. 
IR spectra were recorded on a Perkin Elmer 172OX infrared spectrophotometer. 
The elemental analyses were performed by the microanalytical laboratory of our 
department 


(R)-Tricarbonyl{ q4-4-[( 1R)-6,6-dimethylbicyclo~3.l.l~bept-2-ene-2-yl~-(~2R)-2- 
diphenylphosphinn-but-3sne)iron (2 b): The pentadienyl cation 1 (0.66 g, 1.64 mmol) 
was dissolved in dichloromethane (10 mL). Diphenylphosphine (0.3 mL, 
1.81 mmol) was added, and the reaction mixture stirred for four days at room 
temperature. The solvent was removed under vacuum, and the residue washed with 
two portions of diethyl ether. The residue was redissolved in dichloromethane 
(10 mL), and triethylamine (0.25 mL, 1.81 mmol) added dropwise. After the mix- 
ture had been stirred for a further hour, the solvent was removed in vacuum and the 
product was extracted into hexane. After filtration to remove the ammonium salt, 
2 b crystallized from the filtrate at - 30 "C as a yellowish orange solid; yield 0.41 g 
(50%). 'HNMR (500 MHz, C,D,): 6 =7.58-7.53, 7.42-7.37, 7.12-7.01 [3m, 
IOH;2xPh],4.06(d, 'J(H,H) = 8.5Hz; =CH),2.29-2.20, 1.85-1.75(2m, SH), 
1.71-1.66 (m, 1H;  CH), 1.45 (dd, 'J(H,H)=6,8Hz, 'J(P,H)=15.3Hz, 3H; 
CH3),1.39(d,2J(H,H)=10.3Hz,1H;CH),1.18(s,3H;CH,),1.06-1.03(m,1H; 


5.84; found C 67.87. H 5.91 


TriearbonyIlq'-l diphenylphosphinocyclohexa-2,4dienej- 
iron (5): Method A: The diphenylphosphine (0.59 mL, 
3.40 mmol) was added at room temperature to a suspen- 
sion of the cyclohexadienyl cation complex 3 (0.95 g, 
3.10 mmol) in dichloromethane (15 mL). After the reac- 


tion mixture had been stirred for 1 h, the solvent was removed in vacuo. The residue 
was carefully washed with ether and dried under vacuum. The residue was redis- 
solved in dichloromethane (15 mL), and triethylamine (0.65 mL, 4.65 mmol) added 
dropwise. After a further 2 h of stirring, the solvent was removed in vacuo, and the 
product extracted into hexane. After filtration to remove the ammonium salt, the 
filtrate was cooled and 5 crystallized as yellow needles; yield 0.82 g (65%). 
Method B: Diphenylphosphine (0.42 mL, 2.4 mmol) was added to a solution of 7 
(0.60 g, 2.40 mmol) in glacial acetic acid (15 mL). The temperature was maintained 
at 60°C for 2 h, and the solvent was then removed in vacuo. The residue was 
extracted into hexane, and the product (5) crystallized when the solution was cooled, 
yield0.76g(79%). 'HNMR(SOOMHz, C,D,): 6 =7.50-7.00(m, 10H; 2xPh),  
4.73,4.55,3.03,2.83 (4m,4H;4x =CH),2.66(m, IH,CH(PPh,)), 1.88,1.46(2m, 


4) 
4""' 


2H; C H , ) .  I3C NMR(125 MHz, C,D,): 6 = 212,24,139.08 (d, 'J(C,P) =18.2 Hz), 
138.12 (d, 'J(C,P) =17.0 Hz), 134.14 (d, ,J(C,P) =19.7 Hz), 132.92 (d, *J(C,P) = 
18.6Hz), the other Ph signals are obscured by C,D,, 85.39, 85.32, 63.41 (d, 
,J(C,P) =10.4Hz),61.24(d,'J(C,P) = 5.5Hz),35.76(d,'J(C,P) =15.9Hz),30.53 
(d, 'J(C,P) = 25.8 Hz). "P NMR (202 MHz, C,D,): 6 = 8.03. IR (CH,CI,): 
i (C0) = 2048, 1980 cm-'; C,,H1,FeO3P(404.22): calcd C 62.40, H 4.24; found C 
63.07, H 4.58. 


Tri~arbonyl~~~-ldipbenylphosphinocyclohepta-2,4-diene]iron (6) : The diphenylphos- 
phine (0.42 mL, 2.40 mmol) was added at room temperature to a suspension of the 
cycloheptadieuyl cation complex 4 (0.70 g, 2.20 mmol) in dichloromethane (1 5 mL). 
After the mixture had been stirred for 1 h, the solvent was removed in vacuo. The 
residue was carefully washed with ether and dried under vacuum. The residue was 
dissolved in dichloromethane (10 mL), and triethylamine (0.35 mL, 2.40 mmol) 
added dropwise. After a further 2 h of stirring, the solvent was removed in vacuo, 
and the product extracted into hexane. After filtration to remove the ammonium 
salt, 6crystallized from thecooled filtrate; yield 0.60 g (65%). 'H NMR (500 MHz, 
C6D,):6=7.60-7.00(m,10H,2xPh),4.56,4.46,3.11,2.90(4m,4H;4x=CH), 
2.52[m, lH;CH(PPh,)], 1.60(m.2H;CH2), 1.03,0.88(2m,2H;CH2). 13CNMR 
(125 MHz, C,D,): 6 = 211.92,137.85 (d, 'J(C,P) =19.0 Hz), 136.83 (d, 'J(C,P) = 
17.2 Hz), 134.23 (d, 'J(C,P) =19.2 Hz), 133.31 (d, 'J(C,P) =18.4 Hz), the other 
Ph-signals are obscured by C,D,, 88.83, 87.34,60.07 (d, 'J(C,P) = 9.2 Hz), 59.40, 
37.75 (d, 'J(C.P) =17.8 Hz), 28.65 (d, 'J(C,P) =12.8 Hz), 27.03 (d, 'J(C,P) = 
19.4 Hz). "P NMR (202 MHz, C,D,): 6 = 9.00. IR (CH,CI,): t(C0) = 2043, 
1972 cm- '; C,,H,,FeO,P (418.22): calcd C 63.18, H 4.57; found C 63.67, H 4.63. 


Tricarbonyl~~4-l-dimethylaminocyclohexa-2,4-diene)iron (7): The cyclohexadienyl 
cation complex 3 (1.00 g, 3.2 mmol) was suspended in dichloromethane (20 mL), 
and the suspension cooled to -30°C. An excess of N,N-dimethylamine was con- 
densed into the suspension, and the resulting solution was stirred for 15 min, before 
being allowed to warm to room temperature. The solvent was then removed in 
vacuo, and the product extracted into hexane. After filtration to remove the ammo- 
nium salt, the product crystallized from the cooled filtrate; yield 0.67 g (81 %). 
'HNMR(500MHz,C6D,):6 =4.78,4.68,3.09,2.52(4m,4H;4x =CH),2.41[m, 
1 H;  CH(N(CH,),)], 1.85 [a 6H;  N(CH,),], 1.76, 1.14 (2m, 2H; CH,). I3C NMR 
(125 MHz, C,D,): 6 = 212.36, 86.15, 85.06, 63.79, 58.61, 58.04, 40.99, 26.68. IR 
(hexane): i (C0 )  = 2050, 1980cm-'; C,,H,,FeNO, (262.07): calcd C 50.41, H 
4.62; N 5.35, found C 50.60, H 4.64, N 5.39. 


11-(Dipheny1phospbino)ethyllferrocene (9): The freshly prepared ferrocenyl cation 
complex 8 (0.52 g, 1.70 mmol) was dissolved in dichloromethane (15 mL), and the 
solution was cooled to O"C, prior to the addition of diphenylphosphine (0.35 mL, 
2.04 mmol). After being stirred for an hour at this temperature, the solution was 
warmed to room temperature and stirred overnight. The solvent was removed in 
vacuo, and the residue was washed with ether and dried under vacuum. The residue 
was dissolved in dichloromethane (10 mL), and triethylamine (0.28 mL, 2.04 mmol) 
added dropwise. After a further 2 h of stirring, the solvent was removed in vacuo 
and the product extracted into toluene. After filtration to remove the ammonium 
salt, 9 was purified by chromatography (toluene, A1,0,) and obtained as a orange 
oil, yield 0.50 g (73%) 'HNMR (500 MHz, C,D,): 6 =7.60-7.20 (m, 1OH; 
2 x Ph), 4.00 (s, 5H; Cp), 3.93, 3.88, 3.77, 3.54 (4m, 4 H;  Cp-R), 3.25 [m, 1 H;  
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CH(PPh,)], 1.48 (dd, 'J(P,H) =14.3 Hz, 'J(H.H) =7.2 Hz, 3H; CH,). 13C NMR 
(125 MHz, C,D6): 6 =138.20 (d, 'J(C,P) = 6.7 Hz), 137.88 (d, 'J(C,P) = 8.0 Hz), 
134.52.133.90 (2d, ,J(C,P) = 19.6 Hz), the other Ph signals are obscured by C,D,, 
91.73 (d. 'J(C,P) =14.7 Hz), 68.64,69.17,67.36, 66.99. 66.80, 32.66(d, 'J(C,P) = 
15.3 Hz), 18.17 (d, 'J(C,P) =19.0 Hz). "P NMR (202MHz, C,D,): 6 = 4.59; 
C,,H,,FeP (398.27): calcd C 72.38, H 5.82; found C 72.15, H 5.79. 


I (R)-Tricarbonyl-~q4-4-(( lR)-6,6-dimethylbicycl0-[3.1.1~-hept-2soe-2-yl~~E)-(ZR)- 
2-diphenylphosphino-l~~-but-3-ene}iron~chloro(q~-~yl)palladinrn (10): Complex 2 h 
(0.36 g, 0.72 mmol) was dissolved in dichloromethane (15 mL). Bis[p-(chloro)(q3- 
allyl)palladium] (0.13 g, 0.36 mmol) was added in one portion, and the reaction 
mixture stirred for 2 d at room temperature. After removal of the solvent in vacuo, 
the residue was dissolved in toluene/hexane (1 :2) and filtered through Celite. After 
removal of the solvent and drying under vacuum, 10 was obtained as a yellow solid; 
yield0.33g(67%). 'HNMR(300MHz, C,D,): 6=8.00-7.00(m, 10H;2xPh) ,  
5.00-4.20, 3.40-2.80 [4m. 5H; CH-(allyl), 2xCH,-(allyl)], 2.40-1.56 (m, 11 H), 
1.43 (d, 'J(H,H) =10.4 Hz, 1 H;  CH), 1.14 ( s ,  3H; CH,), 0.88 (s, 3H;  CH,); 13C 
NMR(75 MHz, C,D,): 6 = 213.55, 134.85,133.26(2d. 'J(C,P) =11.6 Hz), 132.94, 
the other Ph signals are obscured by C,D,, 116.81, 84.30 (d, 'J(C,P) = 3.6 Hz), 
79.31. 59.57, 57.51, 55.41, 47.56,42.61,40.18, 38.06 (d, 'J(C,P) =15.3 Hz), 37.29, 
29.83, 26.14, 22.58, 21.07 (d, 'J(C,P) = 6.7Hz); "P NMR (253 K, 202MHz, 
C,D,): 6 = 34.97,32.92; IR (hexane): C(C0) = 2039,2034,1970,1963,1951 cm-' ;  
C,,H,,CIFeO,PPd (683.80): calcd C 54.49, H 5.01; found: C 54.56; H 5.30. 


I(RtTricarbonyl{q'-4I(1R)-6,6dimethylbicyclo~3.l.l~hept-2ene-2ylj-(~~2~~2- 
diphenylphosphino-lKP-but-3-ene}ironjchloro[ (N,N-dirnethylamino-~N-2-methyl)- 
phenydlrqpalladiurn (11): 2 b  (1.08 g, 2.16 mmol) was dissolved in dichloromethane 
(40 mL) . Bis[p-chloro{( N,N-dimet hylamino-~N-2-methyl)phenyl-~C}palladium] 
(0.60 g, 1.08 mmol) was added, and the reaction mixture stirred overnight a t  room 
temperature. The solvent was removed in vdcuo, and the residue dissolved in hex- 
ane/dichloromethane (1 : 1). After crystallization at - 30 "C and drying under vacu- 
um, 11 was obtained as an orange solid; yield 1.30 g (70%). 'HNMR (500 MHz, 
CDCI,): 6 =7.91-7.87, 7.74-7.71, 7.47-7.39, 7.31-7.28 (4m, 10H; Ph), 6.96- 
6.95, 6.81-6.77, 6.48-6.44 [3m, 4H;  CH-(Bz)], 5.94 (d. ,J(H,H) = 8.5 Hz, 1 H; 
=CH), 4.18 [d, 4J(P,H) =13.2 Hz, 1 H; CHH-(Bz)], 3.85 [dd, 4J(P.H) =13.2 Hz, 
'J(H.H)=2.3Hz.lH;CHH-(B~)],3.62-3.54(m,IH),2.90,2.69[2d,~J(P,H)= 
2.1 Hz,6H;N(CH3),],2.58-2.47, 2.15-2.08,2.06-2.00,1.97-1.90(4m,5H), 1.42 
(~,3H;CH,),1.42(d,~J(H,H)=10.1 Hz,IH),1.30-1.22(m,1H;=CH),l.ll(dd, 
'J(P,H) =15.1 Hz. 'J(H,H) = 6.9Hz. 3H; CH,), 0.95 (s, 3H;  CH,), -0.05 (ddd, 
,J(H,H) = 8.8, 5.5 Hz, 'J(P,H) =10.3 Hz, 1 H;  = C H ) ;  13C NMR (125 MHz, CD- 
CI,): 6 = 212.48, 151.96, 147.88 (d, 'J(C,P) = 2.1 Hz), 137.10 (d, J(C,P) = 
10.4 Hz), 135.50 (d, J(C,P) = 10.4 Hz), 133.86 (d, J(C,P) = 9.9 Hz), 130.81,130.42 
(2d, J(C,P) = 2.1 Hz), 128.54, 128.22 (d, J(C,P) =10.4Hz), 127.57 (d, J(C,P) = 
9.8 HZ), 126.30 (d, 'J(C,P) = 43 Hz). 125.23 (d, J(C,P) = 6 Hz), 123.77, 122.26, 
115.85, 83.24 (d. 'J(C,P) = 3.8 Hz), 72.20 (d, 'J(C,P) = 2.5 Hz), 57.27 (d, 
'J(C,P) = 2.8 Hz), 53.58, 50.59, 49.65 (d, 'J(C,P) = 2.1 Hz), 47.58, 42.23, 40.09. 
37.09 (d, 'J(C,P) =21.5Hz), 36.62. 29.66, 26.14, 22.20, 19.12; "P NMR 
(202 MHz, CDCI,): 6 = 50.08; 1R (CH'CI,): i (C0) = 2034, 1966 cm-'; 
i(C=C) =1637 cm-I; C,,H,,CIFeNO,PPd x CH,CI, (862.37): calcd C 52.98, H 
5.03, N 1.63; found C 51.68, H 5.09, N 1.48. 
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Abstract: Infrared and ultraviolet spectra tronic states. According to this, it is not between OD* and on* states. Implications 
of the gauche and anti conformers of ma- the energy but the intensity of the lowest for the general understanding of sigma 
trix-isolated permethyl-n-tetrasilane have singlet excitation that changes dramati- conjugation in simple terms are discussed. 
been obtained separately by taking ad- cally as the SiSiSiSi dihedral angle is Unconstrained MP2/6-31 G* optimiza- 
vantage of thermally induced gauche-to- varied, as a result of an avoided crossing tion predicts the existence of a third back- 
anti conversion and of wavelength-selec- bone conformer (ortho), with a dihedral 
tive photochemical destruction of either angle of about 90' Its predicted (HF/3- 
conformer. The resolved UV spectrum of 21 G*) mid-IR spectrum is indistinguish- 
the gauche conformer provides the first able from that of the gauthr conformer, 
piece of experimental evidence in favor of * * and the matrix-isolation spectra thus 
the recently proposed reinterpretation of provide no evidence for or against its pres- 


abhi  


conformational effects on tetrasilane elec- 


Introduction 


The conformations of the silicon-backbone polymers, peral- 
kylated polysilanes"] (SiRR),, have been of considerable inter- 
est both for fundamental reasons and because of the potential 
utility of these materials, and have been the subject of numerous 
studies." - 31 Peralkylation endows polysilanes with stability and 
makes their use practical. 


Conformational effects on the electronic spectra of these sat- 
urated polymers in the near-UV region are striking, particularly 
considering that the interconversion of conformers merely in- 
volves rotations around single bonds. In neat solids,[', 41 consid- 
erable shifts in the absorption bands have been noted as a func- 
tion of backbone conformation, which depends both on the 
nature of the alkyl substituents and on temperature. In solution, 
photophysical behavior suggests that singlet excitation in 
polysilanes tends to localize on a relatively small number of 
silicon atoms in a way dictated by chain conformation.['. It 
is therefore important to develop an understanding of the con- 
formational properties and electronic spectra of the short chain 
analogues, peralkylated oligosilanes. 
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ence. 


Decamethyl-n-tetrasilane, Me,SiMe,SiSiMe,SiMe, , is the 
shortest peralkylated chain expected to show conformational 
isomerism in the backbone. It is natural to assume that the 
fundamental conformational properties of all saturated linear 
chains will be similar, and discussions of polysilane conforma- 
tions have so far been couched in terms of the two forms usual 
in hydrocarbons, gauche and anti (often called trans), with both 
typically deviating somewhat from the ideal angles of 60 and 
180", respectively. Prior to work in this laboratory, the only 
spectroscopic of the conformers of decamethyl- 
n-tetrasilane (n-Si,Me,,) that we are aware of assumed the exis- 
tence of a twisted gauche and a planar (C2J anti form. From the 
temperature dependence of solution IR and Raman spectra, it 
was concluded that the anti form is more stable by about 
0.5 kcal mol - ' . 


In a preliminary communication,[g1 we reported that, accord- 
ing to Hartree-Fock ab initio theory with the 3-21 G* basis set, 
the standard assumption is wrong in the case of Si,Me,,, in that 
this chain has three pairs of enantiomeric conformers, with SiSi- 
SiSi dihedral angles of about +60 (gauche), +90 (ortho), and 
& 165" (anti). We now report that this surprising result remains 
unchanged even in an unconstrained MP 2/6-31 G* optimiza- 
tion, which should provide a better description of nonbonded 
methyl -methyl interactions, as it permits some electron correla- 
tion. The result has received further support from ab initio cal- 
culations performed for another only moderately hindered four- 
atom chain, C,F,, . These also predicted three conformers,"01 
and their existence has recently been confirmed experimental- 
l ~ . ~ " ]  We are currently attempting to establish the scope of these 
unexpected results and to rationalize them in terms that are 
standard in molecular mechanics, that is, van der Waals and 
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electrostatic interactions, superimposed on an intrinsic barrier 
to rotation.["] 


In a more general context, saturated silicon-based chains can 
be viewed as models for all saturated linear skeletons built from 
atoms of elements in Group 14 of the periodic table. Their struc- 
tured and easily accessible electronic absorption and emission 
spectra make the conformational dependence of their electronic 
structure easier to investigate than that of hydrocarbons, yet, 
the underlying principles are presumably identical. The sensitiv- 
ity of the oligosilane spectra to chain length, branching, and 
conformation calls attention to o conjugation, that is, to the fact 
that o bonds are not fully localized and thus have more in 
common with n bonds than often thought. It has been pro- 
posed['31 that bond delocalization is the root cause of the small 
intrinsic threefold barriers to rotation separating the confor- 
mers of saturated o skeletons in the ground state even in the 
absence of steric encumbrance, and it clearly affects many of 
their other important properties, too. 


Although the properties of small model systems can nowa- 
days be calculated reliably by ab initio methods, these do not 
necessarily provide the degree of intuitive understanding that 
permits an immediate qualitative prediction for the next system 
of interest. Such understanding was largely provided for n: sys- 
tems by the Hii~kel,[ '~] PMO,[l5I and Pariser-Parr-Pople"61 
models. To some degree, it has been provided for CY systems by 
the extended Hiickel model (cf. the concept of through-bond 
coupling[' 71), by semiempirical models of the zero differential 
overlap type,['*] and by the natural bond analysis of ab initio 
wave functions.['91 However, particularly for long chains, most 
of these models are sufficiently complicated that they do not 
really provide the simple insight that is available for K systems 
from the Hiickel model or the PMO model, which requires no 
computer at all. Perhaps it is impossible to account for the 
properties of the much more complicated o systems in as lucid 
a manner, and efforts in this direction may be doomed. 


Certainly the very simple Sandorfy C model,[201 immensely 
popular among physicists interested in polysilanes because it 
finds these o orbital chains to be isoelectronic with the familiar 
n: orbital chains of polyacetylene, is inadequate. Since it consid- 
ers only the geminal and the vicinal resonance integrals between 
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the sp3 hybrid orbitals in the polymer backbone, which are 
invariant to rotation about bonds, it incorrectly predicts the 
electronic structure of polysilanes to be independent of their 
conformation. 


We have been intrigued by o conjugation and have already 
published some initial results for model o l ig~s i l anes ,~~~  21 -271  


along three lines. First, we are measuring their spectroscopic 
and photophysical properties as a function of chain length and 
conformation; second, we are computing these properties by ab 
initio methods; and third, we are searching for simple models 
that would reproduce the results and would be helpful for high 
molecular weight polysilanes.['] 


261 a gener- 
alization of the Sandorfy C model that considers all resonance 
integrals between the backbone hybrid orbitals located at  neigh- 
boring silicons in the polysilane chain, looked promising for a 
while. It reproduced the chain-length dependence of the energies 
of the intense DO* transitions of permethylated oligosilanes, 
and their conformational dependence.[261 Unfortunately, ab ini- 
tio calculations showed subsequently that the agreement was 


Presently, we provide full details of our experimental and 
computational results for the IR and UV spectra of Si4Me,,. 
They confirm the suspicion[271 that the much more complicated 
ladder H model, which is not restricted to the backbone hybrid 
orbitals, is the simplest that could possibly describe the electron- 
ic structure of saturated skeletons correctly for all chain lengths 
and conformations. 


Among the simple models, the ladder C 


Experimental Section and Methods of Calculation 


Argon, nitrogen (both from US Welding, 99.999% purity), or xenon (Spectra Gas- 
es, 99.99 % purity) gas were used in the matrix isolation experiments. The matrix gas 
was deposited on a polished CsI or sapphire deposition window, depending on 
whether IR or UV spectra were to be recorded. Simultaneous IR and UV experi- 
ments were carried out by depositing the matrix mixture on a polished BaF, depo- 
sition window (UV cut-off at 150 nm and IR cut-off at 650cm-I). The deposition 
windows were mounted on the second stage of a closed-cycle helium refrigerator 
(Air Products Displex 202) in an oxygen-free copper sample holder which was 
maintained at temperatures between 12 and 30 K during deposition, depending on 
the particular experiment (vide infra). Si,Me,, [28] held at temperatures between 
- 20 and 0 "C was evaporated into the stream of inert gas at a flow rate of about 
2 mmol h- ' producing matrices with matrix ratios estimated to be between I :2000 
(mid-1R and UV) and 1 : 100 (far IR). The matrix was irradiated at 12 K with either 
a low-pressure cadmium spectral lamp (Phillips 931078; 43710 cm-I) or a home- 
built microwave-powered low-pressure iodine lamp (48 500 cm- ') with a Suprasil 
quartz window. A 1 inch air-saturated water filter was used with both lamps to 
reduce the heat load on the sample and to block unwanted 56090 cm-' radiation 
from the iodine lamp. 


Mid-IR and far-IR spectra were measured at 1 cm- ' resolution on Nicolet 800 and 
20F FTIR spectrometers, respectively. The mid-IR spectrometer was equipped with 
a wide-range nitrogen-cooled MCT detector and the far-IR vacuum spectrometer 
with a helium-cooled Ge bolometer (Infrared Laboratories). UV/Vis spectra were 
measured on a modified 1291 Cary 17 spectrophotometer at a spectral bandwidth of 
2 nm. 


Quantum mechanical calculations were done on IBM RS6000-550 and 590 work- 
stations using the Turbomole [30] program and on a CRAY C90-16/512 supercom- 
puter at the Pittsburgh Computing Center using the Gaussian92 program [31]. The 
basis sets were 3-21 G* [32], 6-31 G* [33], and 6-311 G**(MC) (341, with Cartesian 
d functions. All MP2 calculations were done without freezing the core electrons. 
The geometry was optimized with and without the assumption of C, symmetry, with 
negligible differences in the results. 


The potential energy as a function of the SiSiSiSi dihedral angle w was calculated 
first with the HF/3-21 G* method by freezing w at different values and optimizing 
all the other coordinates, starting with the optimized geometry at a previous value 
of w. The initial choice of the other twelve dihedral angles was arbitrary. The 
potential energy curve was subsequently recomputed in the same fashion with the 
MP2/3-21 G* method, starting with the HF/3-21 G* geometries. Because of pos- 
sible "chemical hysteresis" [35], this procedure does not guarantee that the lowest 
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energy path from one conformer to the next, and from a 180" dihedral angle to a 0" 
dihedral angle, will be found. However, unconstrained optimization was performed 
at both levels ofcalculation for the three significant local minima thus found. In the 
HF/3-21 G* results, all second derivatives were positive, and vibrational spectra of 
the conformers were calculated in the double harmonic approximation. We were 
unable to calculate the second derivatives at the MP2 level. 


The backbone dihedral angles and energies of the conformers reported here are 
therefore correct at the levels of calculation used, but the lowest barriers between 
them may be even lower than those found presently. A very shallow fourth mini- 
mum initially appeared to be present at a dihedral angle of 0", but it was soon found 
to have one negative second derivative in the HF/3-21 G* calculation. A purely 
downhill path was then found that joined this saddle point to the gauche minimum; 
this illustrates the pitfalls of the presently adopted procedure for searching for the 
lowest energy path. It was felt, however, that the use of more sophisticated proce- 
dures was not warranted for a molecule of this size. After all, the exact size of the 
very small computed barriers between the conformer minima has little credibility in 
view of the still rather approximate nature of the calculation. 


The geometries of the three conformers were subsequently reoptimized with the 
MP2/6-31 G* method, and nearly identical results were obtained. Finally, their 
energies were calculated with the MP2/6-311 G** (MC) method using the MP2/6- 
31 G* geometries. The dihedral angles and energies are collected in Table 1. 


It is quite probable that there are other low-energy conformers that differ by rota- 
tions of the methyl groups, and possibly even of the terminal trimethylsilyl groups. 
Since our primary interest is in the conformation of the silicon backbone, we made 
no attempt to investigate the existence of these additional conformers, and view the 
three conformer minima that have been identified as representatives of three 
families of conformers. 


The CI calculation of the electronic excitation energy and oscillator strength as 
function of dihedral angle used the optimized ground-state geometries and included 
all single excitations from valence orbitals (CIS/3-21 G*). 


Results 


We have investigated the IR and UV spectra of matrix-isolated 
n-Si,Me,, and resolved the contribution due to the anti con- 
former from those due to other conformers. All spectral assign- 
ments are based on ab initio calculations. The material is orga- 
nized as follows: 
1) Calculations suggest that three stable conformers separated 


by small barriers are to be expected. 
2) Their computed IR spectra suggest that two of the three will 


be spectrally indistinguishable in the mid-IR region. 
3) A matrix annealing study reveals evidence for the presence of 


two spectrally distinct sets of conformers, as anticipated 
from the calculations. 


4) A search for the predicted distinctive but very weak far-IR 
peaks that would permit a further differentiation between 
the two expected twisted conformers fails and the separate 
existence of the two twisted conformers of Si,Me,, remains 
experimentally unproven for the time being. 


5) A matrix photochemistry study confirms the presence of two 
spectrally distinct conformers and permits a quantitative 
separation of their UV and IR spectra. 


6) The resolved IR spectra are compared with those predicted; 
the more stable conformer is identified as anti (calculated 
dihedral angle, 162"), and the less stable conformer as a 
mixture of gauche (calculated dihedral angle, 53") and ortho 
(calculated dihedral angle, 91 ") forms, spectrally indistin- 
guishable in the mid-IR and probably also the UV regions. 


7) The resolved UV spectra provide the first piece of experimen- 
tal evidence for the recently proposed reinterpretationtg. 271 


of the effect of conformation on electronic excitation in 
Si,Me,,. 


1. The Calculated Potential Energy Curve: Figure 1 shows the 
relative potential energy (uncorrected for the negligible differ- 
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Fig. 1. Calculated ground-state potential energy of n-Si,Me,o as a function of the 
SiSiSiSi dihedralangle, w .  From top to bottom: full HF/3-21 G* optimization. MP2 
(frozen core) single-point energies for the H F  optimized geometries, and full MP2/ 
3-21G* optimization. The three curves are offset by 1 kcalmol-' at w =180" for 
clarity. The MP2/3-21 G* optimized values for the dihedral angle are 162.1 (antQ, 
93.4 (ortho), and 52.7" (gauche). 


ence in zero-point energy) of Si4Me,, as a function of the dihe- 
dral angle, w. The geometry is optimized without constraints in 
the potential energy minima, and all coordinates except w are 
optimized in the nonstationary points along the curve. The three 
curves were all obtained with the 3-21 G* basis set, with uncon- 
strained HF optimization, MP2 (frozen core) single-point ener- 
gies for the optimized H F  geometries, and unconstrained MP2 
optimization, respectively. Unconstrained optimization of the 
equilibrium geometries at the MP2/6-31 G* level did not change 
the results significantly. The optimized geometries are shown in 
Figure 2 and are similar to the HF/3-21 G* geometries commu- 
nicated earlier.['] The energies are collected in Table 1. 


GAUCHE ORTHO ANTI 


Fig. 2. Newman projections of the calculated geometries of the gauche, ortho, and 
anti conformers of Si,Me,, (MP2/3-21 G*). 


Table 1. Energies of the conformers of Si,Me,,. 


anri ortho gauche 


HF/3-21 G* [a] 
W l "  163.5 92.0 53.7 
EJhartree - 1544.088312 - 1544.086894 - 1544.087204 
E,,,/kcal mol-' 0.00 0.89 0.70 


MP2/3-21 G* [a] 
oi" 162.1 93.1 52.7 
EJhartree - 1545.403971 -1545.402708 -1545.403788 
EJkcal mol- ' 0.00 0.79 0.11 


MP2/6-31 G* [a] 
01" 161.7 91.4 52.6 


E,,,/kcalmol-' 0.00 0.65 0.09 


MP2/6-311 G** [b] 
Wi" 161.7 91.4 52.6 


E,,,/kcalmol-' 0.00 0.50 0.17 


[a] Fully optimized. [b] Single-point calculations at MP 2/6-31 G* geometries. 


E,,,/hartree - 1553.671902 -1553.670861 -1553.671761 


E,,,/hartree -1554.781281 - 1554.780481 -1554.781004 
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The constancy of the results at all levels of theory suggests 
strongly that Si,Me,, indeed has a total of at least six conforma- 
tional minima whose energies lie within l kcalmol-' of each 
other, and whose dihedral angles are near 2 162 (anti, a), _+91 
(ortho, o), and f 53" (gauche, g). This can be contrasted with the 
situation in both n-butane and n-tetra~ilane,[~~I which have only 
three minima at 180 (anti, a) and about 60" (gauche, g) . Else- 


we attribute the origin of the splitting of the usual 
single twisted minimum into a pair of minima to 1,Csubstituent 
interactions, as suggested for C4Flo.[101 


2. Calculated IR Spectra: Since the best calculation (MP2/6- 
311 G**//MP2/6-31 G*) places the gauche conformer only 
0.2 kcal mol- and the ortho conformer 0.5 kcal mol - ' above 
the anti conformer in energy, and predicts similar moments of 
inertia and vibrational frequencies, that is, small differences in 
entropy, all three conformers are expected to be detectable in 
gaseous Si,Meto at room temperature. As perfect annealing 
upon deposition on the cold window is unlikely,1371 they should 
all contribute to the observed matrix spectra. 


Figure 3 shows the calculated (HF/3-21 G*) and observed IR 
spectrum of Si,Me,, deposited together with excess Xe on a 
30 K CsI window. Most of the peaks are heavily overlapped, 
particularly in the methyl stretching (3000-2850 cm- ') and de- 
formation (1450- 1200 cm- ') regions, and also many of the 
silicon backbone modes. These provide no immediate informa- 
tion on individual conformers. However, in the 900-600 cm-' 
region, where SiCH deformation and SIC stretching vibrations 
dominate, and in particular in the far-IR Si-Si stretching region 


(500- 300 cm- '), the three conformers have bands calculated to 
be separated by up to 5 cm-' (Table 2). The anti species is 
easiest to distinguish in the spectra since its geometry is nearly 
inversion symmetric (at w = 1 SO", C,,, all transitions to gerade 
states would be forbidden), and also because it differs the most 
in structure from the other two fairly compact forms. Unfortu- 
nately, in the far-IR Si-Si stretch region, where the spectra of 
all three conformers should be different enough to be observed 
directly, the calculated intensities are two orders of magnitude 
weaker than in the mid-IR region. 


Table 2. Vibrations of anti, ortho, and gauche Si,Me,, 


Calcd [a] Obsd [b] 
no. [c] i./cm-' I/kmmol-' Clem-' A [d] 


asym. CH, str. 20 
sym. CH, str. 10 
asym. CH, def. 20 


sym. CH, def. 10 


SiCH def. 20 


200, r- 200 


Sic  stretch 10 


0.1 0 c I t  i 


Lllll d[ - - 1 1::: 
3000 2800 2800 1500 1400 1300 1200 


0.00 


N v I cm' 


400 
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E 
E 200 x . 10 - 
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V I cm-' 
Fig. 3. IR absorption spectrum of n-Si,Me,, in solid Xe. Measurements below 
600cm-' were made on a matrix about 100 times more concentrated. The top 
panels show the IR spectrum calculated (HF/3-21 G*, frequencies scaled by 0.86) 
for the anti (white sticks), gauche (hatched right up), and ortho (hatched left up) 
conformers of Si,Me,,. 


sym. SiSi str. 1 
(A) [hl 
asym. SiSi str. 1 
(B) [hl 
sym. SiSi str. 1 
(A) Ihl 
SiSiC def. 18 
CSiC def. 
SiSiSi def. 2 


Si-CH, torsion 10 
SiMe, torsion 2 
dihed. torsion 1 


2166-2788 
271 5-2721 
1395-1414 


1260- 1276 


863.6 (g) ,  863.2 (0) 
862.8 (a) 
856.3 (g), 856.2 (0) 
855.1 (a)  
825-835 (a,  o, g )  
823.4 (a)  
806.5 (a)  
805.5 (o), 804.3 (g)  
781.0 (g), 780.5 (0) 


776.1 (a) 
750-700 [fl 


561 -640 [g] 


442.7 (g), 439.1 (0) 
439.1 (a) 
388.0 (g), 382.9 (0) 


315.6 (a)  
334.3 (a)  
327.0 (o), 322.5 (g)  
25-235 [I] 
[gl 


160 [el 


69,46 
2.1 
80, 147 
219 
270 [el 
101 
8.0 
88,112 
312, 357 
376 


60 [el 


1.2, 0.9 
0.03 
2.6, 1.8 
1.1 
0.03 
1.2, 2.9 
27 [el 


2949 26 
2892 10 
1435.8 4 
1431.7 4 
1413.7 5 
1394.4 5 
1386.1 3 
1383.2 3 
1244.5 59 
1238.8 12 
867.4 (o + g )  8 


859.1 (o +g) 10 


835.2 76 
824.9 (a)  28 
806.8 (a) 5 
804.7 (o +g) 16 
777.4 (0 + g )  61 
773.8 (a)  100 
724.9 (a)  24 
123.2 (o + g )  26 
686.1 13 
638 8 
617.6 11 
612.0 8 
465 (o +g) 0.05 


415.6 (o +g) 0.1 
406.6 (a)  0.2 


354.4 (0 +g)  0.1 
248.7 2 
244.3 1 
222.8 3 
210.0 2 


857.5 (a)  22 


[a] HF/3-21 G* frequencies scaled with 0.86. [b] In solid Xe at 12 K; bands assigned to the 
anri, orrho, and gauche conformers are indicated with a, a, and g, respectively. [c] Number 
of normal modes for each conformer. [d] Intensities relative to the 774cm-' band. 
[el Calculated intensity of strongest transition in the region. [fl See Figure 8. [g] See 
Figure 3. [h] Irreducible representations in the C ,  point group. [i] Modes of frequencies 
below 235cm-I are mixtures of SiSiC, CSiC, and SiSiSi deformations and methyl, 
trimethylsilyl, and dihedral torsions. The deformations dominate the higher frequency 
part of the region and the torsions the lower frequency part. No transition below 175 cm- ' 
has a calculated intensity in excess of 3 kmmol-'. 


3. Matrix Annealing Experiments: Figure 4 shows the IR spec- 
tra from an experiment where Si,Me,, is deposited together 
with Xe at 10 K and thereafter annealed in steps. The spectrum 
changes gradually and irreversibly as the temperature is raised, 
with some peaks increasing and others decreasing in intensity. 
This indicates that the deposited Si,Meto is indeed trapped as a 
mixture of related conformers and we will, for the time being, 
use the label A for the more stable conformer associated with the 
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I a i  


3 / cm4 
Fig. 4. a) IR absorption spectrum of n-Si,Me,, in solid Xe deposited at 10 K (-) 
and annealed to steady-state condition at 50 K (- -) and 65 K (- - -). b) Difference 
of spectra measured after annealing to 50 K (- . -) or 65 K (- ~ -) and that recorded 
immediately after deposition. 


growing peaks, and the label G for the less stable one, whose 
peaks decrease. Heating the matrix lowers its viscosity and per- 
mits a transformation of G into A .  Even at 65 K, the highest 
temperature at which the matrix is stable, some G conformer 
remains. Such dispersive kinetics with a whole range of site- 
dependent activation energies are usual in matrices. 


We have not been able to record difference UV spectra as 
accurately. Even gentle annealing changes the base-line, since 
light scattering in this spectral region is substantial. 


4. Search for a Third Conformer: In the far-IR region calcula- 
tions predict three groups of weak symmetric and asymmetric 
Si-Si stretching modes, well separated in frequency from oth- 
ers, and presumably easy to identify. The calculated peak posi- 
tions for the three calculated conformers are separated by about 
5 cm-' (Table 2), and all three have at least some predicted 
intensity for the asymmetrical stretching mode. 


In the Xe matrix, we observe very weak bands at 354, 406, 
416, and 465 cm- (Fig. 5). Their intensities are about three 
orders of magnitude below those of the most intense mid-IR 
peaks, and their observation required the use of thick matrices 


C 1 cm-' 
Fig. 5. Far-IR spectrum of n-Si,Me,, in solid Xe deposited at 10 K (bottom) and 
annealed to 70 K (top, offset by 0.5 absorbance units for clarity). 


with a low matrix isolation ratio. Only the band at 406 cm-' in 
the Si -Si stretch region definitely remains after annealing to 
70 K. It therefore surely belongs to the A conformer. The peaks 
at 354 and 416 cm-' definitely decrease, and the 465 cm-' band 
perhaps does as well; this suggests an assignment to the G con- 
former at least for the former two, and possibly for all three. The 
calculations suggest that the 406 cm-' band is associated with 
asymmetric Si-Si stretching in the anti conformer, and that the 
other three bands are due jointly to the ortho and the gauche 
conformers (asymmetric Si-Si stretching at 416 cm- ' and two 
bands due to symmetric Si-Si stretching at 354 and 465 cm- '). 


Repeated attempts to use similar annealing experiments to 
uncover changes in spectral shape suggestive of the presence of 
three as opposed to two spectrally distinct conformers failed. 
Unfortunately, the base-line was frequently heavily distorted by 
intense interference fringes, which are a fairly common problem 
in far-IR matrix spectroscopy. 


5. Photochemical Transformations : Further evidence for the as- 
signment of the A and G conformers of %,Me,, was obtained in 
irradiation experiments with light preferentially absorbed by 
one or another conformer. At each wavelength of irradiation the 
most strongly absorbing conformer is destroyed selectively, 
leaving a matrix enriched in the less absorbing conformers and 
in photoproducts. These experiments were only possible with 
relatively dilute and thin matrices, well penetrated by the UV 
light, and not on those suitable for measurements in the far IR 
region. 


The dominant photochemical reaction involves a chain 
abridgement"] in which octamethyltrisilane (Si,Me,) and 
dimethylsilylene (SiMe,) are formed. Both of these products 
were easily identified by their characteristic most intense UV 
and IR bands, which occur at 209 nm and 785 cm-' for %,Me,, 
based on a comparison with an authentic sample,[24s251 and 
445 nm and 1210 cm-' for SiMe,.t38*251An unidentified photo- 
product absorbing at 280 nm was also formed, but only in minor 
amounts, and we were not able to detect any of its IR bands. 
Peaks with similar absorption were also noted in the irradiation 
of matrix-isolated %,Me, and Si,Me,, . They are perhaps due to 
radicals, known to be produced by irradiation of permethylated 
oligosilanes in room-temperature solutions.['] 


Figures 6 and 7 
present the results 
of a photodestruction 
experiment. Figure 6 
shows an excerpt from a 
family of UV spectra 
taken after increasing 
times of irradiation. In 
Figure 7 the corre- 
sponding IR spectra of 
the same sample are 
shown. In Figures 6a  
and 7 a  an Ar matrix 
containing Si,Me,, is 
irradiated with an iodine 
lamp, which primarily 
emits 48 500 cm- ' 
(206.2 nm) radiation. In 
Figures 6 b  and 7b, re- 
sults of similar experi- 
ments performed with a 
cadmium lamp emitting 
primarily 43 71 0 cm - ' 
(228.8 nm) radiation 


G i I oScmi 
Fig. 6. UV absorption spectrum of n-Si,Me,, 
in Ar (12 K) , as deposited (-) and after irradi- 
ation at a) 48500cm-' or b) 43710cm-' 
(- . - 10 min, - - - 20 min). Irradiation wave- 
numbers are indicated by arrows. 
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v" / em-' 
Fig. 7. IR absorption spectrum of n-Si,Me,, in Ar (12 K, the same sample as in 
Fig. 6) ,  asdeposited(-)andafterirradiationata) 485OOcm-'orb) 43710cm-' 
(- . - 10 min, - - - 20 min). 


are shown. It is clearly seen in the IR spectrum that peaks 
associated with the A conformer (cf. Fig. 3) decrease faster than 
those associated with the G conformer or conformers when irra- 
diated at 43 710 cm-', whereas the opposite is true for high-fre- 
quency irradiation at 48 500 cm- '. Hence, absorption by the A 
form dominates at low frequency and absorption by the G form 
at high frequency. However, the peaks that belong to the G 
conformer also decrease when irradiated with the Cd lamp, 
which shows that the low-frequency light (43710 cm-') is ab- 
sorbed by the less stable conformer also, albeit weakly. 


Figures 6 and 7 also reveal differences in product formation 
upon irradiation with the two different lamps. The characteris- 
tic UV and IR peaks of Si,Me, and SiMe, grow in parallel to the 
removal of Si,Me,, when the Cd lamp is used, whereas they are 
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C i cm-' 
Fig. 8. Observed IR spectrum of Si,Me,, (bot- 
tom, in Ar at 12 K) resolved into anti and ortho 
+gauche contributions (offset for clarity). The 
top panel shows the calculated IR spectra of anri, 
ortho, and gauche Si,Me,, (HF/3-21 G*, frequen- 
cy scaling factor 0.86). 


formed only in the 
early stage of irradia- 
tion with the iodine 
lamp. The light pro- 
duced by the latter has 
high enough frequen- 
cy to photolyze 
Si,Me,. It also de- 
stroys SiMe,, and 
peaks associated with 
its known matrix pho- 
toproduct, l-methyl- 
~ i l e n e , [ ~ ~ ]  are formed 
(Figs. 6a  and 7a). 


The presence of 
clearly distinguishable 
IR peaks of two spec- 
trally distinct con- 
formers, and of the 
photoproducts, was 
used to separate their 
IR and UV spectra 
(Figs. 8 and 9). The 
decomposition was 
achieved by forming 
linear combinations 
of the spectrum of the 
deposited matrix and 


I 
52 48 44 40 


G I i 03cm-1 
Fig. 9. Observed (-) UV spectrum of the sample of Figure 8 resolved into anti 
(- ~ -)and ortho +gauche (- . -) Si,Me,, contributions. Top: calculated (CIS/3-21 G*) 
wave numbers (scaled by 0.78) and oscillator strengths (f) of transitions to the two 
lowest singlet excited B states of anti, ortho, and gauche &Me,,. 


of the spectra obtained after irradiation with the different lamps 
at various stages of phototransformation. First, the peaks due 
to products were removed by forming a suitable linear combina- 
tion of spectra obtained after irradiation by the two different 
lamps. The weighting factors were found by inspection of the 
disappearance of product IR peaks. The resulting spectrum of a 
mixture of %,Melo conformers is linearly independent of the 
spectrum of the originally deposited matrix. Next, linear combi- 
nations of these two spectra are formed until peaks due to the 
A or the G conformer just disappear, leaving the spectrum of the 
pure G or A conformer, respectively. 


The UV spectra of the A and G forms (Fig. 9) were derived 
from the spectra recorded on the same samples by forming lin- 
ear combinations with the weighting factors deduced from the 
above analysis of the IR spectra. While it could be argued that 
the IR matrix spectra of A and G are so similar that the two 
species represent two distinct matrix sites and not two confor- 
mers, the very different UV spectra cannot be accounted for in 
this manner and prove that A and G differ in more than just the 
matrix environment. 


The spectral decomposition relies on the assumption that the 
system is composed of three and only three spectrally distinct 
principal components, namely, A ,  G + 0, and photoproducts. It 
works perfectly in the IR region shown (Fig. 8) and gives a 
reasonable result for the UV spectrum (Fig. 9), although in the 
latter some base-line distortion is due to photoproducts that are 
not formed in a simple 1 : 1 relation to Si,Me, and SiMe,. Since 
the photodestruction experiment showed that G + 0 absorbs at 
43 710 cm- ', the weak shoulder reproducibly present near 
45 500 cm- ' in the spectrum attributed to G + 0 is surely real, 
even though its shape may be somewhat distorted in Figure 9. 


6. IR Spectra, Comparison with Calculations: The calculated IR 
spectra (HF/3-21 G*) for anti, ortho, and gauche Si,Me,, are 
shown in Figure 3. The critical spectral region is also shown in 
Figure 8, together with the decomposed spectra derived from 
experiment. The agreement between the spectrum calculated for 
a and that observed for A ,  and the agreement between the virtu- 
ally identical mid-IR spectra calculated for o and g and that 
observed for G, are convincing enough to be used as a basis for 
spectral assignments. In the 900-300 cm-' region quite a few 
observed bands can be assigned separately to either the anti or 
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gauche/ortho conformers. Table 2 provides a general summary 
of the observed and calculated frequencies and their assign- 
ments. 


7. UV Spectra, Comparison with Calculations: The UV spectra 
of the anti and ortholgauche conformers of Si,Melo obtained 
from the spectral resolution are shown in Figure 9. They are 
qualitatively similar to but quantitatively more reliable than the 
spectra reported in our preliminary  communication^.[^^^ The 
absorption of the anti form, with its intense peak at 
43 700 cm- ', represents no surprise. This is the peak that dom- 
inates the known ordinary solution spectrum. In contrast, the 
absorption of the ortholgauche conformer contains not only the 
anticipated fairly intense peak at 49700 cm-', responsible for 
the shoulder familiar from ordinary solution spectra, but also a 
second weaker peak at 44-46 000 cm- ', usually hidden by the 
intense absorption of the anti form. 


Figure 9 also shows results of CIS/3-21 G* calculations of 
excitation energies, scaled by a factor of 0.78. Excited state 
calculations with such small CI and poor basis set have only 
qualitative significance, but it is encouraging that the trends are 
essentially identical with those for Si,H,, .['3 2 7 1  Within the ac- 
knowledged limitations, the agreement with the observed differ- 
ence between the two conformers is satisfactory and suggests 
that the rendition of the conformational dependence of the ex- 
cited-state wave functions provided by this level of calculation 
is meaningful. Figure 10 shows the computed excitation energy 
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Fig. 10. Calculated (CIS/3-21 G*) singlet a) excitation energies and b) oscillator 
strengths of .%,Me,, as a function of the SiSiSiSi dihedral angle w. 


and oscillator strength for Si,Me,, as a function of the back- 
bone dihedral angle. Since the size of the molecule precludes the 
inclusion of diffuse functions in the basis set, Rydberg states are 
missing in the results. In condensed media these are ordinarily 
not observable, and we expect the results to be qualitatively 
significant for predominantly valence states. 


The calculation places transitions to two A states and two B 
states into the region of interest. Because of the lower transition 
probability to the A states in one-photon absorption, the B 
states are the ones most likely to be observed. The excitation 
energies of the two lowest transitions are calculated to be almost 


independent of the dihedral angle, whereas the oscillator 
strengths vary significantly. At the anti geometry the transition 
to the I B state is intense and the transition to the 2 B state is very 
weak. For a twisted geometry both transitions into B states are 
predicted to have fairly high intensities, with the second being 
stronger at dihedral angles smaller than 120". This agrees with 
the observation that the UV spectra of the anti and twisted 
conformers overlap at all wavelengths, and that the anti con- 
former dominates the absorption at lower and the twisted ones 
at higher energies. 


The computed behavior is due to an avoided crossing between 
the two lowest B states as the dihedral angle is varied from 180 
to 0". At these two angles, the molecule has a plane of symmetry 
and its orbitals can be classified as being of ci or n: symmetry. 
Inspection of the wave functions shows that the lower B state at 
w = 180" and the upper B state at w = 0" are of the GO* type and 
intense, while the other B state in each case is of the OR* type 
and very weak. A true crossing of the two B states with changing 
dihedral angle is avoided, since at intermediate dihedral angles, 
the plane of symmetry is absent. Thus, in the anti conformer, 
one expects to observe a single intense transition at low energies, 
and a weak upper transition. In either the ortho or the gauche 
conformer, one expects to observe a weaker transition at low 
energies and an intense one at higher energies. In a hypothetical 
syn conformer (w = O O ) ,  we would expect an extremely weak 
transition at low energies and a very intense one at higher ener- 
gies. 


The A states also are one of the oci* type and one of the OK* 
type, and are calculated to undergo a similar avoided crossing. 
We have no experimental evidence for their presence, and in 
view of their very low calculated absorption cross-sections, this 
is not surprising. Perhaps they could be detected by two-photon 
absorption spectroscopy. 


Discussion 


Ground-State Conformations: The first calculations that sug- 
gested that something is out of the ordinary in the conforma- 
tional behavior of permethylated linear oligosilanes and predict- 
ed the existence of six conformational minima as a function of 
the SiSiSiSi dihedral angle used the empirical MM 21401 and 
semiempirical MND0/2L41] methods. These levels of calcula- 
tion are not very reliable. For instance, the latter also predicted 
six minima for Si,H,,, where there is little doubt that there are 
only three in 


The unusual results for permethylated chains were therefore 
apparently not taken very seriously. Yet, the present work does 
not leave much doubt that they were correct in the case of 
Si,Me,,, whose backbone indeed has at least six conformation- 
a1 minima. This conviction is based not only on our calculations 
for these molecules, which show no indication whatever that an 
improvement of the wave function quality will restore the usual 
situation with only three or four minima, but also on the compu- 
tationall'O1 and experimental["1 evidence that was obtained for 
the existence of three distinct conformers of C4F,,. 


The geometries of two of the minima are those anticipated for 
the usual pair of gauche enantiomers, with a dihedral angle of 
about ? 60", and another two are those anticipated for the usual 
pair of anti enantiomers, with a dihedral angle of about 165". 
In n-butane and n-tetrasilane, there is only one anti minimum, 
with a dihedral angle of 180", but in substituted hydrocarbon 
chains the anti minimum often splits into a pair of enantiomeric 
minima separated by a very small barrier, presumably due to 
1,3-interactions. 
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The unusual conformation is the one with dihedral angles of 
about +_90", for which we have proposed["' the designation 
"ortho". Previous ab initio calculations identified this value of 
dihedral angle as a minimum,[249 26. 271 but the authors assumed 
that this was merely a distorted gauche conformer, rather than 
a separate minimum. 


Although there is at present no experimental evidence for 
the existence of three conformational forms of Si,Me,, itself, 
the available crystal structures of permethylated silicon 
chains are certainly compatible with f60, +90, and $-165" 
being the favored values of the SiSiSiSi dihedral angle. 
Both the monocyclic ring Si16Me,,[42] and the branched struc- 
tures [ (Me3Si)3SiSiMe,],SiMe,[431 [ (Me,Si),SiSiMe,J, ,I4,] 
[(Me3Si),SiMeSiMe,]3SiH,[451 and [(Me,Si),SiMe]3SiMe[451 
exhibit dihedral angles that cluster around the values 40-60, 
80-100, and 150-180". In the solid polymer (SiMe,),, the dihe- 
dral angle is 180°,[461 but since the calculated energy increase 
from the dihedral angle of 165 to 180" is only about 
0.4 kcalmol-', this discrepancy could easily be due to crystal 
packing forces. 


The energies calculated for the three conformers of Si,Me,, 
are very close. The MP2/6-311 G** calculation predicts the anti 
minimum to be the most stable. The gauche minimum lies 
0.17 kcal mol - ' and the ortho minimum 0.50 kcal mol - ' higher, 
and this can be compared with the results of lower quality ab 
initio calculations (Table I), and with the earlier MND0/2 re- 
sults, which place the gauche and ortho energies 1.4 and 
1.1 kcal mol- ' above the anti minimum, re~pectively.[~'] These 
relative energies apply to isolated molecules and do not reflect 
differential stabilization in the solid. We would expect the anti 
form, which is the most spatially extended, to be generally stabi- 
lized the most by van der Waals interactions with solute mole- 
cules in condensed phase, but more specific interactions related 
to the size of host matrix cavities, etc., may complicate matters. 


The calculated barriers are very small as well. It takes a little 
over 0.5 kcalmol-' to go from the ortho minimum to the nearby 
gauche minimum, and a little less than 1 kcal mol-' to go to the 
nearby anti minimum. The interconversion of the two anti forms 
involves a barrier of only about 0.4 kcalmol-', and the direct 
interconversion of the two gauche forms, a barrier of a little less 
than 3 kcalmol- '. Assuming reasonable frequency factors, 
these barriers are too small to account for the stability of the 
observed IR spectra to annealing, and we believe that the rate of 
interconversion of the conformers in the matrix is dictated by 
the viscosity of the medium. This is supported by the very non- 
exponential kinetic behavior observed. The only minute adjust- 
ment needed for the transformation from an ortho to a gauche 
geometry makes it likely that much of the ortho form present in 
the gas phase is lost by conversion into the gauche form in the 
process of matrix trapping. 


In spite of the fairly unambiguous computational results, the 
data for C,Fl0, and the supporting evidence from the X-ray 
structures of other permethylated structures containing silicon 
chains, it clearly remains most desirable to provide a direct 
experimental proof of the existence of three distinct conformers 
in Si,Me,, itself. In our hands, the tool employed in the present 
study, IR spectroscopy, turned out not to be up to the task. 
Fortunately, we could decompose the IR and UV spectra at 
least into those of the anti form and those of the sum of the 
gauche and ortho forms, by annealing and by selective photode- 
struction. Each has pros and cons. The former does not increase 
the total number of constituents in the matrix but tends to 
change the base-line, making spectral subtractions less reliable. 
The latter does not perturb the base-line, but introduces new 
constituents. 


Infrared Spectra: The mid-IR region is calculated to contain no 
peaks that are at distinctly different frequencies in the gauche 
and the ortho form, with the largest separations on the order of 
1 cm- '. This is not surprising, considering their extremely close 
structural similarity, the involvement of substituent motions in 
the normal modes that occur in this spectral region, and the 
ability of the relatively heavy silicon atoms to act as vibrational 
insulators. The frequencies calculated for the spectrum of the 
anti form are nearly identical as well, with the exception of the 
intense vibration near 780 cm-'. Even this largest calculated 
difference amounts only to 4.5 cm-' (observed, 3.6 cm-I). 


The far-IR peaks due to vibrations of the silicon skeleton 
itself are more sensitive to molecular conformation, but are 
orders of magnitude weaker. To observe them at all, we used 
thick and concentrated matrices, impenetrable to UV light and 
precluding the use of the selective photodestruction method. 
The annealing method failed to identify a third conformer, both 
because uniform annealing of thick matrices is dificult and 
because much annealing and loss of the least stable ortho con- 
former probably occur during the initial deposition, when it is 
hard to keep the surface of a thick matrix at the desired low 
temperature. After all, in our experiments with the three con- 
formers of C,F,,, the ortho form disappeared already upon 
annealing from 12 to 18 K.["] We concluded that it would be 
preferable to look for the third conformer of Si,Me,, by Raman 
spectroscopy, where the intensities of low-frequency skeletal 
vibrations are calculated to be very high. 


Si,Me,, has 126 normal modes. The silicon backbone alone 
has six normal modes, namely, three stretches, two deforma- 
tions, and one torsion. The other 120 normal modes involve 
methyl groups. Of these, 60 are pure methyl fundamentals-30 
stretches in the range 2850-3000 cm-' and 30 deformations in 
the range 1200-1450 cm- ' (Table 2 and Fig. 3). Little informa- 
tion about the conformers could be extracted from these methyl 
vibrations. 


The strongest IR transitions are found in the SiCH deforma- 
tion/SiC stretching region between 900 and 600 cm- '. These are 
generally mixtures of SiCH deformations and S ic  stretches, 
with the former dominating at higher frequencies and the latter 
at lower frequencies. Some of the bands are separated enough to 
make assignments to the anti conformer and jointly to ortho and 
gauche; this implies that motions of the silicon backbone are 
involved to some degree. The best separation is found for the 
mode close to 780 cm-', and these are the bands that have been 
used to guide the spectral decomposition. There are other bands 
in this region with similar separation between the individual 
conformers, but most are overlapped by other transitions and 
could not be observed individually. Those found to be separated 
enough are listed in Table 2. Other than the involvement of the 
silicon backbone in the normal modes, we have not found any 
particular feature that causes some transitions to be more sepa- 
rated in the individual conformers than others. 


The agreement between calculations and experimental obser- 
vations is surprisingly good, considering the size of the mole- 
cule. After scaling the calculated frequencies with a single factor 
of 0.86 (determined from the strongest band at 776 cm-'), most 
calculated frequencies fall within 20 cm-' of the observed 
bands. The largest deviations are found for the modes that are 
mostly of stretching character (CH, Sic, and SiSi stretches), 
which are all predicted to be too low, in agreement with expe- 
rience from other systems where stretching frequencies often 
require a larger scaling factor than deformations in order to 
agree with observation. This suggests that the region between 
900 and 700 cm- ' is dominated by SiCH deformations and the 
region between 700 and 600 cm-' by S ic  stretches, since the 
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agreement is good in the former region and increasingly worse 
in the latter. 


A final comment pertains to the observed separated spectra of 
the anti conformer (Fig. 8). The normal mode calculated for the 
weak band observed at 806.5 cm-’ is of gerade symmetry for 
the hypothetical centrosymmetric anti conformer, and would be 
expected to have zero intensity if the anti conformer were pla- 
nar. The fact that this band has observable intensity agrees with 
its computed nonplanarity (w+180”). The proof is not abso- 
lute, since the intensity could also be induced by a matrix pertur- 
bation. 


Ultraviolet Spectra: It is commonly believed that the all-anti 
form of a linear peralkylated silicon chain has the lowest singlet 
excitation energy of all and that the observed 
excited state is of no* nature, except perhaps in the shortest 
chains where it could be on* or R~dberg.‘,~] Our initial re- 
s u l t ~ ~ ~ ~ ~  on the spectral separation of the anti and the gauche 
conformers of Si,Me,, supported this view. The intense peak of 
the anti form was seen at 43 900 cm- ’, and that of the gauche 
form at 48 500 cm-’. Although we now believe that the gauche 
peak is due to overlapping contributions from two conformers, 
gauche and ortho, it is quite broad and a small difference in their 
excitation energies could be easily accommodated. Subsequent 
results for Si,Me,, suggested the presence of three conformers 
in this five-silicon chain, at the time believed to be aa, ag, and 
g+g+, and supported the notion that the first intense excitation 
in the twisted conformers occurs at higher energies. A compari- 
son of results for chains from two to five silicon atoms suggested 
that the addition of an anti link extends the conjugated system 
and the addition of a gauche link does not, at least as judged by 
the position of the first intense UV peak.[251 


A simple elaboration of the Sandorfy C model,[201 dubbed the 
ladder C since the topology of interactions included 
resembled a ladder, accounted for the observed energies of exci- 
tation.[261 With optimized values of the resonance integrals, the 
agreement was quantitative for all conformers of the %,Me,- 
Si,Me,, series, as well as the anti conformers of all known 
longer chains up to Si,,Me,,. At this point, it appeared that it 
would be possible to use this still quite simple four-parameter 
model to account for the positions of the first intense peaks of 
all conformers of linear Si,Me,,+, chains of all lengths. 


This high degree of putative understanding was short lived. 
Two vexing problems refused to disappear upon further elabo- 
ration. First, the optimized value of the 1,4 resonance integral 
for the gauche geometry required in the ladder C model was 
more negative than expected from simple considerations of its 
relation to the integral for the anti geometry based on the angu- 
lar dependence of orbital overlap[261 or from consideration of 
the elements of the Hartree-Fock operator in the basis of natu- 
ral hybrid orbitals.rg1 Its value corresponded to expectations for 
the syn geometry, with a zero SiSiSiSi dihedral angle. Second, 
preliminary results for the twisted conformers of Si,Me,, did 
not fit the predictions of the model we11.r26,271 While it could be 
argued that parameters in semiempirical models frequently hide 
a large number of neglected factors and do not always have a 
simple physical interpretation and the expected value, and while 
the number of conformers expected for Si,Me,, is large enough 
to make the preliminary spectral separations suspect, the doubts 
prompted additional investigation. They were strengthened af- 
ter our CASSCF/CIS/ccVDZ calculations for Si4H,, failed to 
show any significant increase in the energy of the lowest excited 
singlet state upon going from the anti to twisted geometries.r261 
When it became clear that various improvements of the ab initio 
method still did not show the expected qualitative behavior at 


all, we used a simpler ab initio method (CIS/6-31 G**) to calcu- 
late the energies and intensities of several electronic transitions 
of Si4H,, at a large number of geometries along the bond-twist- 
ing ~ a t h . 1 ~ .  ”1 


The resulting correlation diagram for Si,H,, was nearly iden- 
tical with that computed presently for the permethylated ana- 
logue, Si,Me,, (Fig. 10). We are aware of the shortcomings of 
the CIS level of calculation and are currently repeating the cal- 
culations for Si,H,, at higher levels of theory, but for the mo- 
ment assume that the new results will not change the diagram 
significantly, and that the results shown in Figure 10 are valid. 


Both in Si,H,, and in Si,Me,,, for SiSiSiSi dihedral angles 
close to 180” (the anti geometry), the ab initio calculation sup- 
ports the basic assumption of all the simple models and assigns 
the lowest excited singlet state as no* (B, symmetry, long-axis 
polarized) and the transition into it as strongly allowed, corre- 
sponding to the transition actually observed. The wave function 
of the excited state correspond well to expectations based on the 
simple ladder C or Sandorfy C models. However, for dihedral 
angles close to 0” (syn geometries), the ab initio calculation 
assigns the lowest strongly allowed on* transition to the second 
excited state (B,, long axis polarized), at significantly higher 
energies. The wave functions of this state again correspond to 
expectations based on the simple models, and those of the lower 
excited singlets do not. The unobserved transitions into these 
lower states are calculated to be of low intensity and could easily 
have been missed in the observed spectra. If the only observed 
conformations of the silicon chains were anti and syn, the ladder 
C model could then still be used successfully; it would predict 
the excitation energy of the first intense singlet-singlet transi- 
tion and say nothing about the weak transitions at higher ener- 
gies in the anti form and at lower energies in the syn form. 


In reality, however, the conformations populated next to anti 
are at intermediate dihedral angles, gauche and ortho. At these 
geometries, symmetry is lower, and as noted in the Results sec- 
tion, an avoided crossing of the on* and no* B symmetry states 
of the planar forms takes place upon proceeding from the syn to 
the anti geometry. The ab initio wavefunctions computed for 
both the lowest and the next higher excited singlet of B symme- 
try at these intermediate geometries therefore contain some of 
the strongly allowed backbone excitation treated by the simple 
models (“no*”), and some of the weakly allowed excitations 
involving bonds to lateral substituents and absent in the simple 
models (“ox*”).  Because of the strongly avoided crossing, the 
energies of both the lower and the upper resulting B state are 
nearly independent of the twist angle. It is thus the intensity and 
not the energy of the lowest two B states of the tetrasilane chain 
that is conformation-sensitive. 


This proposal accounts for the angular independence of the 
computed lowest excitation energy observed in our earlier ab 
initio work. It also accounts for the unexpected value of the 1,4 
resonance integral for the gauche link: we took the excitation 
energy of the intense, that is, the second excited B state of the 
gauche form for the fitting. This energy is that which would be 
observed for the syn form, and it is in the syn form that the wave 
function of the observed state is of the backbone no* type 
assumed in the ladder C model. Although the vexing problems 
with the ladder C model are thus explained, it is clear that a 
description of the electronic structure of saturated chains should 
not be restricted to the backbone. We are continuing our efforts 
to develop a parameter set for the next more complicated 
Hiickel model, ladder H, which considers the electrons of the 
bonds to substituents in addition to those in the backbone. Even 
the simplest picture of o conjugation will be quite complex if one 
insists on reproducing the effects of conformation. 
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In conclusion, we emphasize the fact that the new spectro- 
scopic results presented in Figure 9 provide the first piece of 
experimental evidence for the revised interpretation of the con- 
formational dependence of the UV spectrum of decamethyl-n- 
tetrasilane based on CIS ca l~ula t ions[~~ (Fig. lo), according 
to which changes in the SiSiSiSi dihedral angle affect band in- 
tensities rather than energies. This is likely to be valid for other 
substituted n-tetrasilanes as well. For longer silicon chains, the 
state reversal between the syn and anti planar geometries might 
not take place, since excitation energies of oo* type drop faster 
with increasing chain length than on*. In systems for which the 


state is the lowest at all conformations of interest, the 
ladder C model might be adequate. 


Conclusions 


The present study offers 1) computational evidence (MP 2/6- 
31 G*) that permethyltetrasilane has three rather than the usual 
two pairs of enantiomeric conformers at very similar energies 
(gauche, ortho, and anti); 2) separated IR spectra of the gauche 
and the anti conformers and their assignment in terms of modes 
of vibration (based on HF/3-21 G* calculations); 3) experimental 
evidence that, in a matrix, the anti conformer is the lowest in 
energy; 4) separated UV spectra of the gauche (+ ortho) and the 
anti conformers, the former of which does not fit traditional 
expectations and supports the recent reassignment based on 
on* - oo* mixing; 5) the conclusion that the usual Sandorfy C 
as well as the more recent ladder Cmodels are incapable of 
accounting for the dependence of o conjugation in saturated 
chains on their length and conformation, the more complex 
ladder H model being the simplest that might be able to do so. 


Note added in proof A recent report on the crystal structures of several branched 
oligosilanes classified conformations in three families: gauche (w = 30-64"), ortho 
(w = 80-106"), and anti (w = 131-177"); J. B. Lambert, J. L. Pflug, J. M. Denari, 
Organometallics 1996, 15, 615. 
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Separation of Diastereomeric and Enantiomeric Alkyl Nitrates-Systematic 
Approach to Chiral Discrimination on Cyclodextrin LIPODEX-D 


Manfred Schneider and Karlheinz Ballschmiter" 


Abstract: High-resolution gas chromato- 
graphic separation of all diastereomeric 
monomethyl-substituted cyclohexyl ni- 
trates is shown on a nonpolar methyl- 
polysiloxane stationary phase, and the 
first application of this procedure to the 
environmental diastereomeric analysis of 
alkyl nitrates is presented. Two character- 
istic signals in the achiral analysis of at- 
mospheric samples could be assigned to 
the smallest alkyl nitrate containing two 
asymmetric carbon atoms, 3-methyl- 
2-pentyl nitrate. Retention indices in 
the temperature-programmed separation 
based on the n-alkanes were determined. 
The homologous series of I-alkyl nitrates 


were found to be useful as ECD-visible 
n-alkanes. Enantiomeric separation of 
alkyl nitrates was achieved on heptakis(3- 
O-acetyl,-2,6-di-O-pentyl)-~-cyclodextrin 
(LIPODEX-D). The influence of the 
nitrooxy group and the alkyl chain 
length on the chiral discrimination on 
LIPODEX-D is discussed for 25 chiral 
alkyl nitrates. The absolute configura- 
tions of some alkyl nitrates were assigned 


Introduction 


Nitric acid alkyl esters (R-ONO,), conventionally named as 
alkyl nitrates, are one of the components of the photochemical 
smog (Los Angeles smog) formed by the reaction of alkylperoxy 
radicals with NO. They are also produced commercially and are 
used as diesel additives, propellants, explosives and pharmaceu- 
ticals.'', Atmospheric alkyl nitrates are produced by light-in- 
duced oxidation of anthropogenic and biogenic hydrocarbons 
by the OH radical/O 2 system and NO, emissions. The photo- 
chemical formation of alkyl nitrates has been intensively investi- 
gated in the last d e ~ a d e . [ ~ . ~ ]  C, to C,, alkyl nitrates are de- 
tectable as trace compounds in the t rop~sphere . [~-~l  Even in 
clean air of remote areas, alkyl nitrates could be detected, and 
evidence for their long-range transport has been reported.['- 'I 


Alkyl nitrates build a complex but defined class of chemical 
components only differing in the alkyl moiety. Most of them are 
chiral compounds. The hydrocarbon skeleton allows structure- 
related enantioselective studies by varying the chain length and 
the branching of the alkyl nitrates. Branched alkyl nitrates also 
exist as diastereomers if more than one asymmetric carbon atom 
is present. 


[*] Prof. Dr. K. Ballschmiter, Dip1.-Chem. M. Schneider 
Department of Analytical and Environmental Chemistry 
University of Ulm, 89069 Ulm (Germany) 
Fax: Int. code +(731)502-2763 
e-mail: karlheinz.ballschmiter(dchemie.uni-ulm.de 


by asymmetric synthesis of enantiomeri- 
cally pure references. The complexity of 
the alkyl nitrate mixtures present in air 
samples does not allow a direct chiral sep- 
aration as the alkyl nitrates partly coelute 
on the LIPODEX-D column. Column 
coupling of LIPODEX-D with a polar 
achiral stationary phase like poly- 
alkylenglycol (PAG) was successfully ap- 
plied to solve this problem, and the chiral 
alkyl nitrates present in a typical air 
sample were separated. A systematic 
nomenclature for alkyl nitrates is intro- 
duced to handle the steadily growing num- 
ber of branched and long-chain alkyl ni- 
trates detected in environmental analysis. 


Due to the unique properties of cyclodextrin (CD) derivatives 
chiral high-resolution gas chromatography (CHRGC) has been 
significantly improved in the last few years. Improvements in 
stereochemical discrimination of chiral environmental xenobi- 
otics have been achieved, and their enantioselective biotransfor- 
mation demonstrated.['2, 13] Discussions on the selector-selec- 
tand interaction mechanism in the case of cyclodextrins as chiral 
selectors are difficult, because CDs are able to separate chiral 
molecules with entirely different stereochemical properties. This 
is due to the manifold of potential combinations of interactions 
with cyclodextrins (inclusion, dipole-dipole, hydrogen bond- 
ing, van der Waals). Multiple enantioselective retention mecha- 
nisms for one cyclodextrin stationary phase have been de- 
scribed.['"' The state of the art in CHRGC has recently been 
reviewed." 'I The difficulties in characterising the interaction 
with CD derivatives due to multimodal recognition processes 
have also been pointed Interaction mechanisms can 
therefore only be applied to predict the suitability of a cyclodex- 
trin stationary phase (CSP) for the separation of chiral com- 
pounds within a class of structurally similar compounds or ho- 
mologues. Knowledge of structure-related enantioselectivity of 
a CSP can help reduce trial-and-error testing. For example, 
heptakis(3-O-acetyl-2,6-di-O-pentyl)-~-cyclodext~n 
(LIPODEX-D) is described as a chiral selector for y-lactones[161 
and was recently successfully tested in the enantiomeric separa- 
tion of a y-lactone metabolite of the insecticide end~sul fan .~ '~]  


Enantiomeric and diastereomeric separation of alkyl nitrates 
is not only of academic interest in the study of chiral recogni- 
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tion, but is also of substantial interest in environmental chem- 
istry. Hydrocarbons, which are precursors for alkyl nitrates, 
originate from anthropogenic and biogenic sources. Biogenic 
chiral alkanes may be produced as nonracemic mixtures. The 
corresponding mixtures of enantiomeric alkyl nitrates formed 
directly from these precursors can therefore also be non- 
racemic. 11 71 Hence, biogenic and anthropogenic hydrocarbon 
sources can be distinguished by the enantiomeric ratios of dis- 
tinct alkyl nitrates. Moreover, a biotic degradation of alkyl ni- 
trates, which are only slowly hydrolysed in an aqueous medi- 
um,['*] can be detected by determing the enantiomeric ratios of 
environmental samples. 


In this paper we describe the first example of stereoisomeric 
analysis of an environmental sample of alkyl nitrates. We show 
that two characteristic peaks almost always detected in environ- 
mental samples can be assigned to diastereomers of 3-methyl-2- 
pentyl nitrate, present in different proportions. 


Results and Discussions 


Nomenclature of alkyl nitrates based on the hydrocarbon precur- 
sor: In the IUPAC nomenclature the -ONO, group is called 
nitrooxy group. For characterising complex alkyl nitrate mix- 
tures we used a simple nomenclature correlated to the hydrocar- 
bon precursors. The longest nonbranched alkyl chain is taken as 
the skeleton of the molecule. In the case of branched alkyl ni- 
trates the alkyl side chains are given a higher priority than the 
nitrooxy group. As a general example the abbreviation, 
2,4M 5 C, represents 2,4-dimethyI-5-heptyl nitrate or, more gen- 
erally, a methyl-branched isononyl nitrate (Fig. 1). 


* * 
1 2 3 4 I 6 7 
CH3- CH - CH2 - CH - CH - CH2 - CH3 


I I I 
CH3 0 


I 
N 


0" '0 
Fig. 1. 2,4M 5C, nitrate 


We summarise the advantages of this new nomencla- 
ture as follows: 
1) With increasing length and 


branching of- the- alkyl 
chain, the number of pos- 
sible alkyl nitrates expands 
rapidly, and a simplified 
labelling system for the re- 
sulting complex mixtures 
is required. 


2) Mistakes and double la- 
belling can be avoided 
(e.g., 2M3C4= 3M2C4, 
but 2M3C5 3M2C5). 


3) The alkane precursor in 
the photochemical forma- 
tion of alkyl nitrates is im- 
plicit. 


Stereochemistry of alkyl ni- 
trates: The determination of 
the number of enantiomeric 
and diastereomeric alkyl ni- 


trates is straightforward, since only central chirality with one or 
more asymmetric carbon atoms (C*) is possible. Alkyl nitrates 
possessing at least two C* also form pairs of diastereomers, and 
the method for calculating the number of enantiomeric and 
diastereomeric pairs has long been known.[' 9, 


We studied systematically, for various numbers of carbon 
atoms (C, -C7), the number of possible positional isomers and 
what proportion of these have chiral centres (Table 1). Remark- 


Table 1. Number of positional isomers of alkyl nitrates up to C, and proportion of 
these with one and two chiral centres (C*). 


ERONO, 1C* 2 c *  xchiral  


c3 2 0 0 0 
C, 4 1 0 1 
c5 8 5 0 5 
C6 17 8 1 9 
c7 39 21 5 26 
X - C ,  12 35 6 41 


ably, this was only feasible up to the heptyl nitrates. Beyond the 
heptyl isomers, the number of isomers increases exponentially, 
and we could not model this behaviour mathematically. Alto- 
gether there are 72 positional isomers possible for C, to C,. This 
includes 41 chiral compounds, six of which have two C* where 
diastereomers are also possible. 


Alkyl nitrates were prepared by esterification of the corre- 
sponding alcohols (see Experimental Procedure). We synthe- 
sised alkyl nitrates from every commercially available alcohol. 
Alkyl nitrates up to C,, and some cycloaliphatic compounds 
were synthesised. Unfortunately tertiary alkyl nitrates give in- 
sufficient yields and could not be prepared in this way. General- 
ly, nonbranched alkyl nitrates are chiral, when the nitrooxy 
group is not at the 1-position and, for odd C numbers, not in the 
middle position (e.g., 1 C, and 4C, nitrates are achiral). The 
chirality of every branched alkyl nitrate had to be assigned 
separately. In total we synthesised more than 80 alkyl nitrates. 


Achiral separation of alkyl nitrates: Extending recent results in 
alkyl nitrate separation,[', 'I Figure 2 depicts the separation of 
more than 60 alkyl nitrates including some dinitrates. We deter 
mined the retention indices (RI) based on the n-alkanes accord- 


7n 


Fig. 2. Achiral separatron of C,-C,, alkyl nitrates and dinitrates. Conditions: HRGC (DBI)/ECD; temp. prog. 40°C ( 3  min), 
rate 3"min-', 250°C. 


! 


58 (min) 
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ing to Kovats' method, but in the temperature-programmed 
mode proposed by Van den DooI[ '~~  on a rnethylpolysiloxane 
capillary. The homologous series of the 1-nitrates showed a 
unique behaviour. With increasing carbon number ARI has a 
constant value of 101.5 0.5 RI units. The index increment on 
introducing the nitrooxy group at the 1-position is almost exact- 
ly 397 + 1 SC,  RI units; thus, a 1 C, alkyl nitrate has about the 
same retention index as an n + 4  n-alkane. This RI increment 
decreases for secondary alkyl nitrates as the nitrooxy group 
moves to the middle of the alkyl chain (e.g., 350 RI units for 
2-alkyl nitrates and 335 RI units for 3-alkyl nitrates). For prac- 
tical purposes the homologous series of 1 -alkyl nitrates can be 
used as retention-index markers for the electron-capture detec- 
tor, that is, as ECD-visible n-alkanes. 


Besides retention indices, relative retention times (RRT) are 
also a good measure for assigning retention, defined in chro- 
matography as the strength of interaction with the stationary 
phase. We therefore calculated RRT of the alkyl nitrates. Con- 
sidering the fact that secondary nitrates are the most abundant 
alkyl nitrates formed in the atmosphere,["] we chose the 2 C, 
and the 2C,, nitrates as the reference compounds for short- and 
long-chain alkyl nitrates, respectively. These two reference com- 
pounds are always abundant in atmospheric samples and easy 
to assign in the chromatogram. RRT of some alkyl nitrates have 
already been determined with tetrachloroethylene as the refer- 
en~e , [*~I  but this is only useful in assigning short-chain alkyl 
nitrates within roughly the same boiling range as tetra- 
chloroethene. Moreover, the reference marker should always be 
present in the sample. This is also a main reason for us choosing 
two alkyl nitrates as the marker molecules for the assignment of 
complex alkyl nitrate mixtures by their relative retentions. 
Table 2 summarises all the calculated retention indices and rela- 
tive retention times in the order of elution on the methyl- 
polysiloxane stationary phase (DB 1). 


Enantioselective separation of alkyl nitrates: In general the 
LIPODEX-D capillary column displayed very good enantiose- 
lectivity towards alkyl nitrates. In order to study characteristics 
of the retention mechanism, different mixtures of alkyl nitrates 
were synthesised. For the nonbranched alkyl nitrates, ho- 
mologous series of chiral 2-, 3- and 4-nitrates were prepared. 
The available branched alkyl nitrates were divided into corn- 
pounds with the nitrooxy group directly attached to the asyrn- 
metric centre C* and those where this was not the case. 


For the n-alkyl homologous series, the enantioselective sepa- 
ration of the 3-alkyl nitrates was remarkably straightforward 
(Fig. 3). Enantioselectivity factors a were calculated to be up to 
1.11. In general, a values are low for HRGC with cyclodextrin 
stationary phase~.' '~] Owing to the wide boiling range of the 
analytes, we had to use temperature-programmed gas chro- 
matography. The decrease in the a values within a homologous 


3% 


10 20 30 40 (min) 


Fig. 3. Chiral separation of 3-alkyl nitrates. Conditions: HRGC (LIPODEX-D)/ 
ECD; temp. prog. 40°C (2 min), rate 2"min-', 190°C. 


Table 2. RI and RRT (relative to 2C, or 2CI0) of alkyl nitrates on nonpolar DB 1. 


Nitrate RI RRT(2CJ Nitrate RI RRT(ZC,,) 


1 c3 
2M 1 C, 
2C4 
2,2M 1 C, 
1 C4 
2M 3 C, 
3 c s  
2c5 
2M4C4 
2,2M 3 C, 
1 c, 
2M4C, 
2M 3C, 
3M2C, (1) 
3M2C5 (2) 
3 c6 
2c6 


2M 1 C, 
4M 1 C, 
3M1C5 


2M3C6 
V C ,  


132 C3 
c6 


2M5Cb 
4c7 
3c7 


23C4 
2c7 
4M3C7 (1) 
I J C 3  
4M3C7 (2) 


2M6C, 
2,6M 4 C, 


cYc6 


1 c, 


4C8 
133 C4 
3 C8 
2E1Cb 
2 C8 
C Y G  


1 C8 


700 
739 
739 
798 
801 
819 
844 
847 
862 
873 
903 
903 
908 
927 
931 
935 
949 
956 
969 
972 
975 
996 


1004 
1004 
1014 
1025 
1034 
1034 
1043 
1049 
1093 
1093 
1096 
1106 
1112 
1119 
1122 
1123 
1133 
1145 
1150 
1173 
1208 


0.512 
0.643 
0.643 
0.782 
0.788 
0.901 
0.982 
1.000 
1.064 
1.113 
1.257 
1.257 
1.284 
1.395 
1.416 
1.435 
1.511 
1.549 
1.621 
1.636 
1.678 
1.769 
1.818 
1.818 
1.875 
1.939 
1.992 
1.992 
2.053 
2.080 
2.329 
2.329 
2.349 
2.409 
2.442 
2.477 
2.499 
2.513 
2.562 
2.634 
2.661 
2.751 
2.987 


1093 
1093 
1096 
1106 
1112 
1119 
1122 
1123 
1133 
1145 
1150 
1173 
1208 
1213 
1217 
1219 
1233 
1251 
1261 
1294 
1310 
1319 
1329 
1352 
1411 
1411 
1434 
1438 
1453 
1513 
1543 
1554 
1615 
1647 
1711 
1756 
1819 
1857 
1920 


0.619 
0.619 
0.624 
0.640 
0.649 
0.658 
0.664 
0.668 
0.681 
0.700 
0.707 
0.731 
0.794 
0.803 
0.808 
0.81 1 
0.833 
0.857 
0.874 
0.909 
0.941 
0.954 
0.969 
1.000 
1.081 
1.081 
1.111 
1.114 
1.135 
1.213 
1.248 
1.264 
1.338 
1.373 
1.457 
1.502 
1.570 
1.602 
1.678 


Table 3. Comparison of enantioselectivity factors ct for n-alkyl nitrates of a given 
chain length for different positions of the NO, group. 


position 3 2 4 


1.106 1.032 - 
1.083 1.019 1.012 
1.048 1.012 1.010 
1.029 1.009 1.007 
[a1 1.007 1.005 
1.013 1.004 [a1 


[a] Not available. 


series results mostly from the temperature-dependence of a. 
However, the results from different homologous series can be 
compared for the same chain length (Table 3). There 
is some indication of a collective retention mechanism for the 
chiral discrimination of alkyl nitrates at least within the ho- 
mologous series. Without exception the enantioselectivity a of 
a 3-alkyl nitrate is higher than the corre- 
sponding values for 2- and 4-alkyl 
nitrates, and the order is always 
the same, 3 C, > 2 C, > 4 C,. Therefore, 
properties common to the 3-nitrates 
must cause the higher enantioselectivity. 
All 3-nitrates have an ethyl group at 
the chiral centre (Fig. 4). It seems that 


H 


1 


1 
R' 


CH;CH, - C*- O N 4  


Fig. 4. 3-n-Alkyl nitrates. 
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the ethyl group contributes very strongly to the total enan- 
tiomeric discrimination. If the chain length R' is increased (ho- 
mologous series of 3-nitrates) the enantioselective discrimina- 
tion remains fairly constant. Regardless of whether the ethyl 
chain is shortened (2-nitrates) or lengthened (4-nitrates) chiral 
discrimination decreases. 


The influence of the nitrooxy group on chiral separation is 
also significant. Alkyl nitrates in which the nitrooxy group is not 
directly attached to the asymmetric carbon atom (group 1 in 
Fig. 5)  showed low enantioselective discrimination on 
LIPODEX-D. Branched alkyl nitrates with the nitrooxy group 


directly fixed at the C* (group 2) showed better enantioselectiv- 
ities, similar to those of the nonbranched alkyl nitrates, where 
the nitrooxy group is always fixed at C*. Direct comparison of 
alkyl nitrates with the same number of carbons invariably re- 
veals a better separation for group 2 nitrates (2M 3 C, > 2M 1 C, 
and 2M3C5>2M1C,). 


Since the asymmetric synthesis of 2 C,, 2 C, and 2 C, nitrates 
was possible (see Experimental Procedure), we were able to 
assign the absolute configuration of these alkyl nitrates (Fig. 6). 
The (S) enantiomer elutes prior to the (R) enantiomer. The 
absolute configurations of the other nitrates could not be deter- 
mined, owing to the lack of enantiomerically pure reference 
alcohols, but we assume that the (S) enantiomer always elutes 
first for the homologous 2C, nitrates. There are several ex- 
amples of stationary phases (including LIPODEX-D) where 
the elution order within a homologous series remains con- 
~ t a n t , I ' ~ - ' ~ ~  but there are also examples that show that the 


-.. 
I I , I 


15 20 30 40 (rnin) 


Fig. 6. Chiral separation of 2-alkyl nitrates. The ( S )  enantiomers elute before the 
( R )  enantiomers. Conditions: HRGC(LIP0DEX-D)/ECD; temp. prog. 40 "C 
(2 min), rate Z"min-', 190°C. 


elution orders cannot be predicted definitively without having 
the pure  reference^.^"^ 


Considering the results presented above, there are at least two 
factors responsible for chiral recognition of alkyl nitrates on 
LIPODEX-D : a polar component, the nitrooxy group directly 
fixed at C*, combined with nonpolar dispersion interactions of 
the alkyl chains, in particular with the ethyl group at C*. 


In addition, it should be noted that at low temperatures 
( < 60 "C) separation behaviour on LIPODEX-D showed some 
curiosities. The homologous series of the 2-alkyl nitrates starts 
with 2C,. All alkyl nitrates C, with n < 6 show a strong temper- 
ature dependence in chiral and achiral separation. Recent re- 
sults in the area of thermodynamics of separation indicate that 
a cyclodextrin stationary phase can exhibit enthalpy-entropy 
compensation for some, but not all, compound types.['41 


Separation of diastereomeric alkyl nitrates: Diastereomers of 
aliphatic and alicyclic alkyl nitrates can be separated on methyl- 
polysiloxane (DB 1). Each monomethylcyclohexyl nitrate has 
cis (c) and trans (t) isomers. Hence, there are six diastereomers 
in total. In the t-1,2, c-1,3 and t-1,4 compounds the two sub- 
stituents can either both be equatorial (e,e) or both be axial 
(a,a); the latter conformation is less stable. In the c-I ,2, &1,3 and 
c-l,4 compounds the substituents are a,e or e,a, and both con- 
formations are present in dynamic equilibrium, but not separa- 
ble by gas chromatography. The structures oft-  and c-2McyC6 
are given in Figure 7. The conformation of t-2McyC6 (e,e) is 


Fig. 7. Conformations of trans- and cis-2-methylcyclohexyl nitrate 


more stable than that of c-2M cyC, . 
The reactivity of an equatorial sub- 
stituent is known to be higher when 


I" 
PI 1. 


it is involved in electrophilic substi- 
tutions.1281 This is the case here be- 
cause, in our synthesis via the alco- 
hol, the proton is replaced by a 
nitryl cation. We synthesised all 
three monomethylcyclohexyl ni- 
trates individually and could sepa- 
rate each of them into their cis and 
trans diastereomers. It was even 
possible to separate all six 
diastereomers without coelution 
from a mixture of all three (Fig. 8). 
One peak is always more abundant, 
which obviously corresponds to the 
all-equatorial diastereorners. The 
trans diastereomers of 2M cyC, and 
3McyC, are also optically active. 
However, the separation of the 
enantiomers could not be achieved 
on LIPODEX-D. 


Two available branched aliphatic 


30 32 (rnin) 


Fig. 8. Diastereomeric separa- 
alkyl nitrates, the 3M 2C, and the tion of all monomethylcyclo- 


hexyl nitrates. Conditions: 
4M 3C,, have two asymmetric car- HRGC (DB,)lECD; temp, 
bon atoms. Both alkyl nitrates prog, 4 0 0 ~  (3min), rate 
could be separated into their dia- 3"min-', 250°C 
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' DR=0.88 


4m3c7 


stereomers. The dia- 
stereomeric ratios 
(DR = peak 2/peak 1) 
are 0.88 and 0.80, 
respectively (Fig. 9). 
There is no symmetry 
plane in both nitrates 
(i.e., no meso com- 
pound) and so each 
peak corresponds to a 
racemic mixture. 


I I I -  


10 20 30 (min) 


Fig. 9. Diastereomeric separation of 3M 2C, 
and 4M 3C,. Conditions: HRGC(DBI)/ECD; 
temp. prog. 40"C(3 min), rate 3"min-I. 
250 "C. 


Diastereomeric and chi- 
ral alkyl nitrates in air 
samples: We were able 
to demonstrate the first 
application of stereo- 
isomeric separation to 


the analysis of alkyl nitrates in environmental samples. The 
separated diastereomers of 3M 2 C, eluted just before the "3 C,/ 
2 C6" doublet (Fig. 2) on nonpolar and slightly polar stationary 
phases (DB 1, CP Si 18). Until now, two peaks in this character- 
istic four-peak pattern were always assigned to be hexyl nitrate 
isomers.r5* ', '9 23* "1 Actually, they are the two diastereomers of 
the 3M 2C, nitrate. The diastereomeric ratios in the air samples 
are the same as the DR value of 0.88 for the synthesised 3M 2 C, 
(first peak more abundant than second). The synthesis used 
differs entirely from the atmospheric reaction pathway. Hence, 
it is likely that in both cases the same cause must be responsible 
for the fact that the diastereomeric ratio is not equal to 1. One 
explanation could be that the DR value represents the stability 
of the diastereomers and does not reflect the rates of formation. 


For the environmental analysis of chiral alkyl nitrates a sub- 
stantial difficulty has to be overcome. The complexity of mix- 
tures present in air samples does not allow a direct chiral sepa- 
ration, because alkyl nitrates partly coelute on the LIPODEX-D 
column. Moreover, initial separation from other interfering 
molecules is necessary. We successfully preseparated alkyl ni- 
trates from the bulk of compounds also present in air samples 
and detectable by the electron-capture detector, in order to im- 
prove the detection limits, especially for the long-chain alkyl 
nitrates." The coelution of different alkyl nitrates up to chiral 
C,, could be avoided by column coupling of LTPODEX-D with 
a polar achiral stationary phase like polyalkylenglycol (PAG) . 
Figure 10 depicts the first chiral separation of C,-C,, alkyl 


I I I - 
40 50 60 (min) 


Fig. 10. Chiral separation of C,-C,, alkyl nitrates present in a sample of rural air 
(from the vicinity of Ulm). Conditions: CHRGC(LIP0DEX-D +PAG)/ECD; 
temp. prog. 40°C (2min), rateA 2"min-', 140°C (1 min), rateB IOTmin- ' ,  
220 "C. 


nitrates present in a sample of rural air (from the vicinity of 
Ulm, Germany). The ratio of the separated enantiomers of alkyl 
nitrates show that they are present as a racemic mixture. This 
might have been expected, but has never been proven before. 
Further samples of alkyl nitrates exposed to higher bioactivity 
(e.g., from the microlayer of oceans or lakes) will be analysed in 
this way. It should be pointed out that the resulting chro- 
matogram was only possible by preseparation and chiral separa- 
tion, combined with column coupling to an achiral stationary 
phase. 


Conclusions 


The lack of a consolidated nomenclature for abundant alkyl 
nitrates was not a critical issue until now, because the number of 
alkyl nitrates identified in environmental analysis was limited. 
The recent rapid increase in the number of alkyl nitrates detect- 
ed in environmental samples, up to C,, and possibly higher and 
including the branched compounds, makes a general and sys- 
tematic labelling necessary. The suggested system provides a 
simple procedure for labelling complex mixtures (Fig. 2) and 
allows the hydrocarbon precursor to be identified directly. 


In electron-capture detection the homologous series of 1-alkyl 
nitrates can be used directly as retention-index markers for the 
estimation of the Kovats Index in gas chromatography. A simi- 
lar approach has been used in liquid chromatography based on 
the UV absorption of the alkyl nitrates.r301 


We have been able to separate diastereomers of alkyl nitrates, 
including aliphatic and alicyclic components, and in one case 
this method was applied to environmental samples. 


We were able to show that a systematic approach to the study 
of structure-related chiral recognition in cyclodextrin stationary 
phases is possible. The chiral separation of alkyl nitrates has 
great potential for future work in atmospheric chemistry. It 
adds a large number of specific anthropogenic and geogenic 
markers to the well-established a-hexachlorocyclohexane enan- 
tiomers.['23 3 9  3 1 1  Hydrocarbon precursors can be indentified as 
being of biogenic or anthropogenic origin, and the biotic degra- 
dation of alkyl nitrates can be investigated. Further potential 
applications include the pharmaceutical investigation of chiral 
alkyl nitrates. 


The complexity of the alkyl nitrate mixtures present in air 
samples does not allow a direct chiral separation, since alkyl 
nitrates partly coelute on the LIPODEX-D column. Coupling 
of columns with LIPODEX-D and a polar achiral stationary 
phase like polyalkylenglycol (PAG) has been successfully ap- 
plied to solve this problem. Two-dimensional gas chromatogra- 
phy would be a more demanding alternative in terms of instru- 
mentation. 


Experimental Procedure 
Gas chromatography: A Hewlett Packard (Palo Alto, USA) gas chromatograph 
5890 series I1 with an 63Ni electron capture detector (ECD) was used for analysis. 
Argon/methane (9: 1) was used as the ECD carrier gas (35 rnlmin-') at a detector 
temperature of 240 "C for the LIPODEX-D and 260 "C for the DB 1 and the 
LIPODEX-D/PAG-coupled capillary column. The lower temperature for the 
LIPODEX-D stationary phase was used to avoid phase destruction in the detector. 
Data acquisition was carried out with a Shimadzu C-R4A integrator (Kyoto, 
Japan). Hydrogen (purified 5.0) from Linde (Munich, Germany) was used as carrier 
gas. 


Capillary columns and conditions: For stereoselective high-resolution gas chro- 
matography three capillary columns were applied with on-column injection: 
A) LIPODEX-D capillary (Macherey Nagel, Diiren, Germany); stationary phase: 
heptakis(3-O-acetyl-2,6-di-~-~ntyI)-~-cyc~odextrin; 2 m retention gap + 25 m, 


~~ 
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i.d.: 0.25mm, 4: not given by supplier; temp. program: 40°C (2min), rate 
2"Cmin-', 1 9 0 T ;  hydrogen: 48cms-' (150°C); 70 kPa. 
B) DBI capillary (J & W Scientific. Rancho Cordova, USA); stationary phase: 
100% dimethylpolysilaxane; 2 m retention gap +60 m, i.d.: 0.25 mm, d,: 0.25 pm; 
temp. program: 40°C (3 min), rate 3"Cmin-', 250°C; hydrogen: 38cms-' 
(150"C), 95 kPa. 
C) LIPODEX-D/PAG-coupled capillary (PAC: Supelco, Bellefonte, USA); 
LIPODEX-D was the same as capillary A; stationary phase: LIPODEX-D/ 
polyalkylenglycol (PAG); 2 m retention gap +25 m LIPODEX-D +30m PAG, 
i.d.: 0.25mm. dF: 0.25 pm); temp. program: 40°C (2min), rate A: ZOCmin-', 
140°C (1 min), rateB: 10"Cmin-', 220°C; hydrogen: 40cms-' (150"C), 
100 kPa. 


Preparation of racemic and optically pure alkyl nitrates: Standard mixtures of alkyl 
nitrates of any desired composition can readily be derived by using a recently 
described method based on microsynthetic esterification of the alcohol precursors 
[29] with a mixture of HNO, and H,SO,. The alcohols were obtained from Aldrich 
(Steinheim, Germany), Fluka (Buchs, Switzerland), Janssen Chimica (Geel, Bel- 
gium), Merck (Darmstadt, Germany), Merck-Schuchardt (Hohenbrunn, Ger- 
many) and Riedi de Haen (Seelze, Germany). The reaction mechanism is known to 
be an electrophilic substitution of the proton for the nitryl cation NO: [32,33]. The 
advantage of this reaction is that the oxygen atom remains attached to the alcohol, 
and the configuration of the asymmetric carbon atom is thus preserved. Thus, when 
the absolute configuration of an optically pure alcohol precursor is known, the 
absolute configuration of the resulting alkyl nitrate can be inferred. The configura- 
tion retains the same label, because the nitrooxy group has the same priority as the 
hydroxyl group in relation to alkyl moieties. This correlation was recently described 
as "corresponding enantiomers" [17]. Hence, asymmetric synthesis of alkyl nitrates 
is possible starting from the optically pure alcohols (34,351. Optically pure (S)-( +)- 
2-hexanol and (S)-( +)-2-heptanol were obtained from Aldrich (Steinheim, Ger- 
many), and (S)-( +)-2-octanol from Merck-Schuchardt (Hohenbrunn, Germany). 


Acknowledgements: The support of the Deutsche Forschungsgemeinschaft (Ba 3711 
14-2) is gratefully acknowledged. 


Received: June 16, 1995 (F1521 


[I] P. Q. E. Clothier, B. D. Aguda, A. Moise, H. 0. Pritchard, Chem. Soc. Rev. 


[2] R. Meyer, Explosivsloffe 1973, VCH, Weinheim. 
[3] J. M. Roberts, Atmos. Environ. 1990, 24A, 243-287. 
[4] R. Atkinson, S. M. Aschmann, W. P. L. Carter, A.M. Winer, J. N. Pitts, J.  


(51 0. Luxenhofer, K. Ballschmiter, Fresenius 1 Anal. Chem. 1994, 350, 395-402. 


1993,22, 101-108. 


Phys. Chem. 1982,86,4563 -4569. 


(61 F. Flocke, A. Volz-Thomas, D. Kley. Afmos. EniG-on. 1991,25A, 1951-1960. 
[7] 0. Luxenhofer, Dr. rer. nut. Dissertation 1995, University of Ulm, Germany. 
[8] A. C. de Kock, C. R. Anderson, Chemosphere 1994, 29, 299-310. 
[9] E. Atlas, Nature 1988, 331, 426-428. 


(101 C. S. Atherton, Geophys. Res. Letfers 1989, 16, 1289-1292. 
[ l l ]  R. Rieger, M. Schneider, K .  Ballschmiter, Meteor Berichte 95-1 1995, Univer- 


[12] J. Faller, H. Hiihnerfuss, W. A. Konig, R. Krebber, P. Ludwig, Environ. Sci. 


[13] S .  Mossner, T. R. Sparker, P. R. Becker, K. Ballschmiter, Chemosphere 1992, 


1141 A. Berthod, W. Li, D. W. Armstrong, Anal. Chem. 1992,64, 873-879. 
[15] V. Schurig, J.  Chromutogr. 1994, 666, 111-129. 
[16] W. A. Konig, Nachr. Chem. Tech. Lab. 1989,37, 471-476. 
1171 M. Schneider, K. Ballschmiter, Fresenius 1 Anal. Chem. 1995,352, 756-762. 
I181 J. Kames, U. Schurath, J.  Atmos. Chem. 1992, 15, 79-92. 
[19] Y. Iznmi, A. Tai, Stereodijjferentiating Reactions 1977, Kodansha Scientific 


[20] H. Kamp, Einfiihrurig in die Slereoclrernie 1981, VCH, Weinheim. 
[21] a)E. Kovats, Helv. Chim. Acta1958,41,1915-1932; b)H.VandenDool, P. D. 


(221 R. Atkinson, S. M. Aschmann, W. P. L. Carter, A.M. Winer, J. N.  Pitts, J.  


[23] E. Atlas, S. Schauffler, Environ. Sci. Techno/. 1991, 25, 61-67. 
[241 K. Grob, H. Neukom, H. Schmarr, A. Mosandl, HRGC & CC 1990, 13, 


433-436. 
[251 W. A. Konig, S. Lutz, C. Colberg, N. Schmidt, G. Wenz, E. von der Bey, A. 


Mosandl, C. Giinther, A. Kustermann, HRGC & CC 1988, 11, 621-625. 
[26] W. A. Konig, S .  Lutz, G. Wenz, E. von der Bey, HRGC & CC 1988, if, 


506-509. 
1271 A. Mosandl, K. Rettinger, K. Fischer, V. Schubert, J. Schmarr, B. Maas. 


HRGC & CC 1990, 13, 382-385. 
[281 H. Bayer, Lehrbuch der organischen Chemie 1973, 17th ed., Hirzel, Stuttgart. 
[29] 0. Luxenhofer, E. Schneider, K. Ballschmiter, Fresenircs J.  Anal. Chem. 1994, 


[301 M. Wachsmann, Diploma Thesis 1991, University of Ulm, Germany. 
[311 R. L. Falconer, T. F. Bidleman, D. J. Gregor, R. Semkin, C. Teixeira, Environ. 


[32] E. L. Blackall, E. D. Hughes, Nature 1952, 170, 972-973. 
[33] E. L. Blackall, E. D. Hughes, C. Ingold, R. B. Pearson, J.  Chem. Soc. 1958, 


[34] G. A. Olah, R. Malhotra, S. C. Narang. Nitraliont Methods and Mechanisms 


[35] R. L. Shriner. E. A. Parker, J.  Am. Chem. Soc. 1933,55, 766-771. 


sit2t Hamburg, 118-130. 


Technol. 1991,25, 676-678. 


24, 1171-1180. 


Books, Tokio,. 


Kratz, J.  Chromatogr. 1963, 11,  463-471. 


Phys. Chem. 1982,86,4563-4569. 


350, 384-394. 


Sci. Technol. 1995,29, 1297-1302. 


4366-4374. 


1989, VCH, New York. 


544 ___ 0 VCH Verlagsgesellschaft mbH, 0-69451 Weinheim, 1996 0947-6539196i0205-0544 $ 15.00+ ,2510 Chem. Eur. J.  1996, 2, No. 5 








FULL PAPER 


Versatile Synthesis of Enantiomerically Pure 2-Alkoxy-1-ethynylcyclopropanes 
and Their Application in the Synthesis of Enantiomerically Pure 
Bic yclo-[ 3.3.0 ]oct-l-en-3-ones* * 


Stefan Brase, Sten Schomenauer, Gregory McGaffin, Andreas Stolle, and 
Armin de Meijere” 
Dedicated to Professor Manfred Regitz on the occasion of his 60th birthday 


Abstract: A variety of chiral, nonracemic 
2-alkoxy-1-alkynylcyclopropanes 7 were 
synthesized in good to very good yields 
from enantiomerically pure glycidol 
derivatives (glycidol tosylate, epichloro- 
hydrin) by boron trifluoride promoted ad- 
dition of lithium trimethylsilylacetylide 
followed by protection of the secondary 
hydroxyl group and finally a diastereose- 
lective y-elimination. The 2-ethoxy deri- 
vative (S,R)-7b was deprotonated with 


n-butyllithium, and the resulting I-lithio- nished I-ethenylcyclopropyl sulfonates, 
2-ethoxy derivative (S,R)-20 functional- which underwent a clean Pdo-catalyzed 
ized by treatment with oxygen followed S,Z’-type substitution with dimethyl pro- 
by tosyl chloride. Protodesilylation and pargylsodiummalonate to give the (E)- 
catalytic hydrogenation smoothly fur- configurated enyne (R,E)-26 with a 


methylenecyclopropane end group. A 
diastereoselective Pauson -Khand reac- 
tion completed the sequence to give the 
enantiomerically pure spirocyclopropane- 
annelated bicyclo[3.3.0]octane derivative 
31. 


Introduction 


Multifunctional cyclopropane derivatives have established their 
potential as useful building blocks in organic synthesis.[’] Espe- 
cially functionally substituted methylenecyclopropanes,[2‘ 
ethenylcycl~propanes,[~~~~ and ethynylcyc10propanes~~- 51 can 
serve as so-called “composite fun~tionalities”,’~] in which the 
cyclopropane moiety itself takes part in the sequence of chemi- 
cal transformations. In this context, we have demonstrated the 
utility of 1-[6b1 and 2-substituted ethynylcyclopropanes,[‘] and 
have developed an efficient, high-yielding synthesis for racemic 
2-alkoxy-1-ethynylcyclopropanes.~Gd] Ethynylcyclopropanes can 
in general be deprotonated and substituted at the 1-position-in 
the case of 2-alkoxy-substituted derivatives, with a high degree 
of diastereoselectivity-and, after partial catalytic hydrogena- 
tion to I-substituted ethenylcyclopropanes, can be transformed 
to functionally substituted methylenecyclopropanes, which in 
turn can serve as substrates in inter-[’. 71 and intramolecular[s1 
cycloaddition reactions. Therefore it appeared essential to de- 
velop a simple synthesis of enantiomerically pure 2-alkoxy-I - 


[*] Prof. Dr. A. de Meijere, Dr. S. BrPse, Dr. G. McGaffin, Dr. A. Stolle 
Institut fur Organische Chemie, Georg-August-UniversitPt Gottingen 
Tammannstrasse 2, D-37077 Gottingen (Germany) 
Fax: Int. code +(551)39-9475 
Dr. S. Schomenauer 
lnstitut fur Organische Chemie, Universitlt Hamburg 
D-20146 Hamburg (Germany) 


[**I Cyclopropyl Building Blocks for Organic Synthesis, Part 31. Part 30: T. Hein- 
er, S. Michalski, K. Gerke, G. Kuchta, M. Buback, A. de Meijere, Synlett 1995, 
335; Part 29: J. L. Coudret, K. Ernst, A. de Meijere, B. Waegell, Synthesis 1994, 
920. 


ethynylcyclopropanes and test their applicability in sequential 
organic transformations. The most straightforward approach is 
based on our previously reportedLGd1 synthesis of the racemic 
materials, but uses enantiopure glycidol derivatives as starting 
materials, which are readily accessible by the Sharpless epoxida- 
tion of ally1 alcohols.[q1 


Results and Discussion 


Preparation of Enantiomerically Pure 2-Alkoxy-1-ethynylcyclo- 
propanes: Racemic 4-alkoxy-5-bromo-1 -pentynes as precursors 
to 2-alkoxy-I-ethynylcyclopropanes have been prepared by 
coupling bromine adducts of enol ethers with propargylmagne- 
sium bromide.[6d1 The same intermediates should also be acces- 
sible by adding lithium acetylide to epihalohydrins or analogous 
glycidol derivatives with subsequent protection of the secondary 
hydroxyl group. Such additions are known to proceed regiose- 
lectively in the presence of boron trifluoride etherate,” O1 and as 
epichlorohydrin (1) and glycidyl tosylate (2) are readily avail- 
able in enantiomerically pure form, this sequence was extended 
to the synthesis of enantiomerically pure 2-alkoxy-1 -ethynylcy- 
clopropanes. 


In order to control the chemoselectivity, lithium trimethylsi- 
lylacetylide in the presence of 1 equiv of BF,.OEt, was treated 
with (S)-epichlorohydrin ((S)-1) or (S)-glycidyl tosylate ( (S)-2)  
at low temperature (- 78 “C). Under these conditions the alco- 
hols (S)-3a and (S)-4a were obtained in 98% and 97% yield, 
respectively (Scheme 1 ) .  The opening of the oxirane ring in (S)- 
2 with 1-lithio-2-phenylethyne or l-lithio-3,3-dimethyIbutyne, 
respectively, gave the desired products (S)-lOa or (S)-11 a, re- 
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spectively, in excellent yields, too (92 and 90 %, respectively). In 
the reaction of l-lithio-3,3-dimethylbutyne, an unpolar by- 
product was isolated in 35% yield, when the reaction mixture 
was warmed up to room temperature. The spectroscopic data 
("B, 13C, 'HNMR; HRMS) and elemental analysis showed 
this to be tris(3,3-dimethylbut-l-ynyl)borane, which must have 
been formed by substitution of fluoride on boron trifluoride 
with lithiobutyne. 


Protection of the secondary alcohols (S)-3a and (S)-4a could 
only be achieved under acidic or neutral conditions (Scheme 1, 
Table 1). Although thallium(1) ethoxide/ethyl iodide has suc- 
cessfully been used to protect sensitive alcohols," the reaction 
of (S)-4a under these conditions gave only the oxirane (S)-8. 


SiMea L i l S i M e , ,  BF, OEt2 
THF, -78 'C 


(9-1 X = C I  
(3-2 X=OTS 


(3-3a X = C I  
(3-4a X=OTs 


conditions I in Table 1 


SiMe3 LiBr (6 equiv.) 


4 


or Nal (6.7 equiv.) 


Me2C0, A, 24-72 h 


(S)-5b-e Y = Br (3-3d X=CI  
(3-6d Y = l  (3-4b-f X=OTS 


\base base 1 


Rob...,,ws-SiMe, + 


(S, R)-7ts-f (R,R)-7kf 


Scheme 1. For further details see Tables 1 and 2. Compounds are labeled as fol- 
lows: a, R = H;  b, R = Et; c, R = rBu; d, R = rBuMe,Si; e, R = (MeO)Me,C; 
f. R = Bn. 


With ethyl trichloroacetimidate"21 in dichloromethane, only 
the desilylated product (S)-9b was observed. However, upon 


reaction of (S)-4a with 
OEt one equivalent of triethyl- Tsou oxonium tetrafluorobo- 


rate, the desired product 
(59-8 (S)-9b (S)-4 b was formed slowly 


in low yield and with (S)-9b as a by-product. A large excess 
(5-10equiv) of the Meerwein salt gave the product 
in 74% yield when the reaction was stopped at 76% conversion, 
in order to avoid deprotection of the alkyne terminus. 


Protection of (S)-3a and (S)-4a with isobutene in the pres- 
ence of a catalytic amount of sulfuric acid gave the tert-butyl 
ethers 3c and 4c in 88 and 76% yield, respectively. The tert- 
butyldimethylsilyl group (TBDMS) was easily attached by stir- 
ring the alcohol in DMF with TBDMSCI in the presence of 
imidazole (ImH) to give (S)-3d and (S)-4d in 80 and 91 'YO yield, 
respectively (Scheme 1, Table 1).  


The reaction of (S)-4 a with 2-methoxypropene and catalytic 
amounts of phosphoryl chloride" 31 proceeded with quantitative 
yield to give (S)-4e. The benzyl group was introduced by using 
benzyl trichloroacetimidate"21 in dichloromethane and catalyt- 
ic amounts of methanesulfonic acid. The resulting benzyl ether 
(S)-4f was isolated in 68 O h  yield with 75 O h  conversion of the 
alcohol. The conversion could be increased by using a larger 
amount of acid, but polymerization of the product was then also 
observed. 


The 1-phenyl- (10a) and 1-tert-butylpentynol (11 a) could be 
converted to the corresponding benzyl ethers 10f and 11 f in  80 
and 89 YO yield, respectively, by using catalytic amounts of triflic 
acid (Scheme 2 ) .  


(S,R)/(R,R)-lZf 21% J 80% 


J 89% 
R' = Ph, R = H (3-lOa 


R = B n  (59-101 
R'= Bu, R = H ( 9 - l l a  


R = Bn (S)-llf 
(S,R)I(R,R)-l 3f 32% 


Scheme 2. Protection and cyclization pentynols IOa and l l a  


It would certainly be convenient if the addition of the 
acetylide to the epoxide 1 or 2 and alkylation of the resulting 
alkoxide could be carried out sequentially in one pot. Unfortu- 
nately, the intermediate difluoroalkoxyboranes were totally un- 
reactive towards alkylating agents (e.g., benzyl bromide, methyl 
iodide, and ethyl trichloroacetimidate) and silylating agents 
(e.g., trimethylsilyl chloride and trimethylsilyl triflate) under the 
reaction conditions used. With SnCI, and Li,CuCl, instead of 
BF,.OEt, as catalysts in the addition of lithium (trimethylsi- 
1yl)acetylide to (9 -2 ,  the alcohol (S)-4 a was obtained after 
hydrolysis (39 and 29% yield), but here too the intermediate 
alkoxide could not be alkylated directly. 


The cyclizations of the TBDMS-protected chloride (S)-3d or 
tosylate (S)-4d with lithium diisopropylamide (LDA) in THF 
according to the published procedure r6d1 gave poor yields (42 
and 31 %, respectively; Table 2). A number of chlorides and 


Table 1. Formation of protected 4-hydroxy-5-halo- (3, 5, and 6) and 4-hydroxy-5-tosyloxy-1-pentynes (4, 10, and 11) (see Schemes 1 and 2) 


SM Conditions [a] Product R Yield Conditions [b] Product Yield 
(Yo) Halide r/h (%) 


~~ 


(S)-4a Et,O.BF,, Et(iPr),N. CH,CI, (S)-4b Et 74 Icl LiBr 24 (57-5 b 
(S)-3a Me,C=CH,, H,SO,, CH,CI, (S)-3C rBu 88 - [dl - - 


(S)-4a Me,C=CH,, H,SO,, CH,CI, (S)-4C rBu 76 LiBr 24 (S)-5C 
(S)-3a TBDMSCI, ImH, DMF (S)-3d fBuMe,Si 80 - - - 


(S)-4a TBDMSCI, ImH, DMF (S)-4d rBuMe,Si 91 LiBr 24 (S)-5d 


(S)-4 a MeC(OMe)=CH,, CI,PO (S)-4e (MeO)Me,C to0 LiBr 24 (S)-5e 


(S)-lOa CI,CC(NH)OBn, CF,SO,H, CH,CI, (S)-lOf Bn 80 - - - 


(S)-lla CI,CC(NH)OBn, CF,SO,H, CH,C12 (S)-llf Bn 89 - - - 


[a] ImH = imidazole, TBDMS = rert-butyldimethylsilyl. [b] All conversions were performed in refluxing acetone. [c] 76% conversion. [d] Not carried out. 
conversion. 


NaI 72 (S)-6d 


(S)-4 a CI,CC(NH)OBn, MeSO,H, CH,CI, (9-41  Bn 68 [el LiBr 24 (S)-5f 


97 


96 


92 
98 
92 
94 


[el 75% 
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Table 2. Cyclization of 4-alkoxy-5-halo- and 4-alkoxy-5-tosyloxy-1 -trimethylsilyl-1- 
pentynes to 2-alkoxy-I-ethynylcyclopropanes 7b-f, lZf, and 13f (b, R = Et: c, R 
= tBu; d, R = tBuMe,Si; e, R = (MeO)Me,C; f, R = Bn) (see Schemes 1 and 2 ) .  


Substrate Reagent (equiv) Product T I T  Yield(%) (S,R)I(R,R) [a] ee [b](%) 


(S)-4b 
(S)-5b 
(S)-5C 
(S)-3d 
(S)-4d 
(S)-5d 
(S)-6d 
(S)-5e 
(S)-4f 
(S)-5f 
(S)-lOf 
(S)-11 f 


LiHMDS (2.5) (S)-7b 
LiHMDS [c] (2.5) (S)-7b 
LDA [d] (3.0) (S)-7c 
LDA (1.6) [el (S)-7d 
LDA (2.0) [el (S)-7d 
LDA (1.16) [el (S)-7d 
LDA (1.2) [el (S)-7d 
LDA (3.0) (S)-7e 
LiHMDS (3.0) (S)-7f 
LiHMDS (3.0) (S)-7f 
LiHMDS (3.0) (S)-12f 
LiHMDS (3.0) (S)-13f 


0 89 
0 89 


-78 92 . , 
-78 42 
-78 31 
-78 7s 
-78 14 
-78 83 


0 73 
0 85 
0 21 
0 32 


2.0: 1 95 
2.0: 1 95 


.40:1 96 
20: 1 98 
16: l  98 
2.6: 1 98 
1 : l  98 
30:l 94 
2.2: 1 98 
2.3: 1 96 
2.5: I 95 
2.6: 1 97 


[a] Determined by GC and/or 'HNMR spectroscopy. [b] Determined by GC on a 
chiral column [14]. [c] Lithium hexamethyldisilazide. [d] Lithium diisopropylamide. 
[el Inverse addition. 


tosylates were therefore converted to the corresponding bro- 
mides 5 or iodides 6 in high yields by treatment with lithium 
bromide or sodium iodide in refluxing acetone (Table 1 ) .  


The cyclization of the bromide (S)-5b with lithium hexa- 
methyldisilazide (LiHMDS) in THF gave a yield of 89%, but 
a diastereomeric excess of only 33 YO ((S,R)/(R,R) = 2.0: 1 ; 
Table 2) .[6d1 However, this mixture could be converted to pure 
(S,R)-7b by treatment with 4 equiv of LDA at -78°C. The 
bromide (S)-5c was converted to the corresponding cyclo- 
propane 7 c  ((S,R)/(R,R)>40:1) in 92% yield with 3 equiv of 
LDA. 


The TBDMS-protected precursors [ (S)-3d, (S)-4d, (S)-5 d, 
and (S)-6d] all had to be cyclized with inverse addition of only 
one equivalent of LDA; a temporary or permanent excess of 
base led to deprotonation of the product 7 d, and the anion 14d 
thus formed underwent a retro-Brook rearrangement followed 
by ring-opening of the cyclopropanolate to give, after aqueous 
workup, the pentadienal 16, which polymerized readily 
(Scheme 3). With the better leaving groups bromide in (S)-5d 
and iodide in (S)-6d the yields were better (75 and 74%), but the 
diastereoselectivity was lower (Table 2). 


16 


Scheme 3. Reaction of 7d in the presence of excess base. 


The acetal-protected precursor bromide (S)-5e was cyclized 
with 3 equiv of LDA in 83% yield and with a diastereomeric 
excess of more than 93 % ((S,R)/(R,R) > 30: 1 ) .  Cyclization of 
the stable benzyl-protected tosylate (S)-4f could be achieved in 
73 Yo yield by using LiHMDS in THF, but proceeded with poor 
diastereoselectivity ((S,R)/(R,R) = 2.2: i), like the reaction with 
the ethoxy analogue (S)-4b . Again, a subsequent isomerization 
of the product with 4 equiv of LDA produced diastereomerical- 
ly pure (S,R)-7f. The cyclizations of the benzyl-protected 


derivatives (S)-lOf and ( S ) - l l f  with LiHMDS gave only low 
yields (21 and 32 YO, respectively), obviously due to the lower 
acidity of the propargylic protons and/or polymerization. 


The enantiomeric excesses of all the products were deter- 
mined by gas chromatography on a chiral column['41 to be in 
the range between 94 and 98 YO. This proves that all the transfor- 
mations with the epoxides (S)-1 and (S)-2 proceeded without 
any racemization. 


Preparation of 1-Substituted 2-Alkoxy-1-ethynylcyclopropane 
Derivatives and Their Further Transformations: For one of the 
intended uses of the enantiomerically pure cyclopropanes (S)-7, 
an appropiate leaving group had to be introduced at the propar- 
gylic 1 -position. As recent work has shown,[6d1 2-alkoxy-l- 
(trimethylsilylethyny1)cyclopropanes can readily be deprotonat- 
ed at the 1-position, and substituents introduced as 
electrophiles. This worked particularly well with the ethoxy 
derivative 7 b  (to give, e.g., 17), but problems were encountered 
with the tert-butyloxy compound 7c and the (1'-methoxyiso- 
propyl)oxy derivative 7 e ;  the benzyloxy compound 7 f  has not 
yet been tested. 


In a first attempt, the previously described ethynylcyclo- 
propane (R/S,S/R)-17r6d1 was desilylated with tetra-n-butylam- 
monium fluoride (TBAF) in THF, and (R/S,S/R)-18 was hydro- 
genated over Lindlar catalyst to give the ethenylcyclopropane 
(R/S,S/R)-19 (Scheme 4,86 % over two steps). Upon attempted 
substitution of this allylic chloride with the sodium enolate of 
dimethyl propargylmalonate in the presence of different palladi- 
um(o) catalysts at ambient or elevated temperatures, only ring- 
opening products were obtained. The bromo analogue of (R/  
S,S/R)-17[6d1 did not survive the desilylation step. 


EtO 
TBAF, THF - 


95% 
SiMe, 


EtO 


* 
HP, Pd-BaSO, 


90% 
( ws, S/R)-l9 


Scheme 4 


Efforts were therefore focused on the introduction of oxygen- 
based leaving groups into 2-alkoxy-1 -ethynylcyclopropanes 7. 
As 7 can cleanly be deprotonated in the I-position with butyl- 
lithium,16d] some of the few oxygen electrophiles known in the 
literature['51 were tried out on the lithium derivative (S,R)-20. 
Bis(trimethylsilyl)peroxide['61 gave only 30 % of the silyloxy 
derivative (S,R)/(R,R)-21 in addition to 65% of the silylated 
product (S,R)/(R,R)-22 (Scheme 5). Treatment of (S,R)-20 with 
bis(pnitrophenylsulfony1)peroxide led to its complete decom- 
position. 


As oxygen has successfully been used for the preparation of 
cyclopropanols in reactions with organometallic cyclopropyl 
derivatives,['7b. d, the lithium derivative (S,R)-20 was treated 
at -78°C with dry air or oxygen, free of carbon dioxide.["] 
After approximately 10 min the dark solution turned light yel- 
low, and an electrophile (ElX) was added after l h at - 78 "C 
(Scheme 5 and Table 3). The products 24 were obtained as mix- 
tures of (S,R) and (R,R) diastereomers (ratio 2 : l ) .  


The diastereomeric excess could be increased to 50% (ratio 
3: 1) when the anion (S,R)-20 was cooled to -90°C during the 
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ps+ 
Ro (2'R,E)-26 


\ 1) 02, 1 h 
2) EIX, -78 + 20 oc 


N E  
RO E 


(2'R,z)-26 


Scheme 5 .  For conditions see Table 3 (E = CO,Me; R = Et; El = SiMe,, Ac, Ms, 
Ts, Ns, or Me). 


Table 3. Electrophilic substitution of (S ,R) / (R ,R) -7b ,  and protodesilylation and cata- 
lytic hydrogenation of (S,R)/(R,R)-23 (see Scheme 3). 


Entry Electrophile OEl Yield Protodesilylation Hydrogenation 
la1 (%) Yield (%), Method [b] Yield (YO) 


24 (S,R)-23 (R,R)-23 (S,R)-25 (R,R)-25 
~ ~~ 


1 Me,SiCI OSIMe, 93 ~ [c] - - - 


2 Ac,O OAc 83 95, A 90, A - ~ 


3 MsCl OMS 13 94, A 92, A 79 87 
4 TsCl OTs 78 94, B 92, B 94 94 
5 NsCl ONs 65 85, B 83, B 85 83 
6 Me,O+BF; OMe 81 88, B [dl >90, B [d] >90[d] >90 [d] 


[a] Ms = methanesulfonyl, Ts = p-toluenesulfonyl, Ns = p-nitrobenzenesulfonyl. 
[b] Method A: Bu,N+F-/THF, 5 min; Method B: K,CO,/MeOH; 15 min. [c] Not 
carried out. [d] Mixture of (S ,R)  and (R,R)  derivative. 


treatment with oxygen, and to 60% (ratio 4:l)  when precooled 
(- 78 "C) oxygen was applied at -90 "C. The low diastereose- 
lectivity obviously results from partial inversion of configura- 
tion during the oxygenation process; this is surprising in view of 
the fact that other electrophiles gave high diastereoselectivities 
in the reaction with (S,R)-20.r6d1 Warner et al. have invoked 
a radical process in the oxygenation of a bicyclo[4.1 .O]- 
heptyllithium derivative as being responsible for the formation 
of a mixture of endo- and exo-alcohols.~'7d1 A radical center in 
the I-position of (S,R)-7 would be stabilized by the adjacent 
(trimethylsilylethynyl) group, but not by chelation with the 2- 
alkoxy substituent, which is operative for the lithium derivative 
(S,R)-20. The radical might therefore relax configurationally 
before combining with an oxygen molecule. The primary oxy- 
genation products, the 2-ethoxy-I -(trimethylsilylethynyl)-l -cy- 
clopropanolates, could not only be acylated and sulfonated 
(Table 3, entries 2-5), but also silylated and alkylated (entries 1 
and 6). This method can thus be used to prepare unsymmetrical- 
ly substituted 1,2-dialkoxycyclopropane derivatives with 1 - 
ethynyl and other substituents derived therefrom.['g1 


To test whether this methodology can also be applied to other 
cyclopropanes without the 2-alkoxy substituent, cyclopropyl- 


trimethylsilylethyne (27)[6d1 was deprotonated with butyllithi- 
um, and the resulting solution treated with dry oxygen followed 
by tosyl chloride (Scheme 6). The resulting propargyl tosylate 
28 could be protodesilylated and the terminal alkyne then con- 
verted to 1-ethenylcyclopropyl tosylate 29 by catalytic hydro- 
genation over Lindlar catalyst (Pd on BaSO,, additionally poi- 
soned with 1 YO quinoline) . The overall yield in this three-step 
transformation was 73 %. 


1) MuLi, Et,O 1) nBu,NF, THF 
2) 02, -78 OC pGy 2) HP, Pd-BaSO, - - 


SiMe, 90% 
27 28 29 


Scheme 6. 
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The derivatives 24 could easily be protodesilylated with tetra- 
n-butylammonium fluoride (TBAF) in THF or with potassium 
carbonate in methanol (Scheme 5, Table 3). The TBAF method 
consistently gave better results, especially with the mesylate (en- 
try 3). Catalytic hydrogenation of the sulfonates (S,R)/(R,R)-23 
could be achieved without problems and gave the desired allylic 
sulfonates (S,R)/(R,R)-25 in remarkably good to excellent yields 
(Table 3). 


The tosylate (2R)-25-OTs reacted smoothly at room tempera- 
ture with dimethyl sodiumpropargylmalonate in the presence of 
catalytic Pd(dppb), generated in situ from Pd(dba), (dba = 
dibenzylideneacetone) and 1,4-bis(diphenyIphosphano)butane 
(dppb). Both diastereomers gave the same single product 
(2R,E)-26; the trans isomer, however, reacted more slowly. The 
same product was obtained from the mesylate (R,R)-25-OMs 
and the nosylate (R,R)-25-ONs, but the yields were significantly 
lower (45 YO and 32 YO, respectively). 


The ( E )  configuration of the product was assigned on the 
basis of NOESY spectra and by comparison with other re- 


slow 1 fast 


7 .  
t. e n. 


- \ =  


Scheme 7. Formation of a single diastereomer (2R,E)-26 from both diastereomers 
(S,R)-  and (R,R)-25.  
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sults.[Zoel The formation of a single diastereomer (2R,E)-26 
from both diastereomers (S,R)- and (R,R)-25 can be rational- 
ized by invoking a reasonably rapid isomerization of the four 
diastereomeric n-ally1 complexes via the corresponding o-ally1 
complexes (Scheme 7) and the rapid reaction of the two pre- 
dominant (2 'RJ)  diastereomers with the malonate enolate.[20e1 
The enantiomeric excess of the product (2'R,E)-26 was deter- 
mined by gas chromatography on a chiral column to be virtually 
the same (94%) as that of the starting material (S,R)-7b. 


(REj-26 (15,2R,5'5)-31 (IR,2R,5'@-31 


SchemeX. a) 1) Co,(CO),, CH,CI,, 2 0 T ,  2 h; 2) 7equiv Me,NO, -78°C or 
2 0 T ,  50-100% de, 80-85% (E = C0,Me). 


Compound (R,E)-26 was subjected to an intramolecular Pau- 
son-Khand reaction by treatment with a stoichiometric 
amount of Co,(CO), in dichloromethane at room temperature 
followed by trimethylamine-N-oxide (TMANO)[''] at - 78 "C 
to give a single enantiomer ('HNMR, GC-MS) of the spirocy- 
clopropanebicyclo[3.3.0]octane derivative 31 (Scheme 8). The 
relative configuration of the product was confirmed by NOESY 
spectra (NOE between the ethoxy group and the 5'-bridgehead 
hydrogen; no NOE between the cyclopropyl proton 2-H and the 
bridgehead hydrogen) and comparison with the spectra of other 
derivatives. When the cycloaddition was carried out by adding 
TMANO at room temperature, two diastereomers of 31 were 
obtained in a ratio of 3 : 1. In the NOESY spectrum of the minor 
isomer, no NOE was observed between the ethoxy group and 
the 5'-bridgehead hydrogen, but between 2-H and 5'-H. 


rac-32 rac-33a rao33b 


rac-34 rac35a rac35b 
Scheme 9. a) 1) Co,(CO),, CH,CI,, 20 "C, 2 h; 2) 7 equiv Me,NO, ~ 78 - 20 "C; 
yields: 45% rac-33a, 15% rue-33h; de = 50%. b) asin a), but yields 72% rat-35a. 
8 %  ruc-35b, de = 82% (E = C0,Me). 


The diastereoselectivity observed with the ethoxy derivative 
26 at room temperature (de = 50%) compares favorably with 
that of the vic-dimethyl derivative rac-32 (de = 50 YO), while that 
of the derivative rac-34 with the yet bulkier trimethylsilyl group 
is even larger (de = 82%) (Scheme 9). 


Experimental Section 
General: 'H and I3C NMR spectra were recorded on Bruker AW250 or WM500 
instruments at 250 or 500 M H z  and 62.9 MHz or 125 MHz, respectively. Chemical 
shifts in CDCI, or [DJbenzene are reported in ppm relative to tetramethylsilane 
(TMS), chloroform or benzene as internal reference unless otherwise stated. IR 
spectra were registrered on a Perkin Elmer 1720FTIR or a Bruker IFS66. Low 


resolution EI mass spectra were obtained on a Varian MATCH-7 with Varian 
Aerograph 1740 with an ionizing voltage of 70 eV. High-resolution MS were ob- 
tained on a VG-70-250s. Optical rotations were measured with Perkin-Elmer 241 
and 243 digital polarimeters. Elemental analyses were performed by the Institut fur 
Organische Chemie der Universitat Hamburg and the Mikroanalytisches Labor der 
Universitit Gottingen, Germany. Melting points are uncorrected. Solvents for ex- 
traction and chromatography were technical grade and distilled before use. Flash 
chromatography was performed using Merck Kieselgel60 (200-400 mesh). Analyt- 
ical gas chromatography (GC) was performed on a Siemens Sichromat 4 with a 25 m 
capillary column coated with CP-Sil-55-5B (column A), 6-Me-2,3-y-CD (chiral, 
column B), 6-Me-2,3-pe-P-CD (chiral, column C) [22], or heptakis(6-0-Me-2.3-di- 
0-pe-8-CD) (chiral, column D) [22]. Organolithium compounds were titrated by 
the method of Suffert [23]. All reactions were carried out under an atmosphere of 
dry nitrogen or argon in oven- and/or flame-dried glassware. Unless otherwise 
specified, solutions of NH,CI and NaHCO, are saturated aqueous solutions. Te- 
trahydrofuran and diethyl ether were distilled from potassium benzophenone ketyl, 
and CH,CI, was distilled from CaH,. 


Starting Materials: ( 2 9 4  +)-Glycidyl tosylate [(S)-2], trimethylsilylethyne, and 
bis(dibenzy1ideneacetone)palladium [Pdfdba),] were prepared according to stan- 
dard methods [9,24,25]. 1,4-Bis(diphenylphosphano)butane (dppb), 1,2-bis- 
(dipheny1phosphano)ethane (dppe). Co,(CO), , (S)-epichlorohydrin [(S)-I], and 
dimethyl propargylmalonate are commercially avaible (Aldrich) . 


(S)-(2-Hydroxy-5-trimethylsilyl-4-pentynyI) Tosylate [(S)-4a]: A solution of tri- 
methylsilylethyne (4.42 g, 45 mmol) in dry THF (120 mL) was treated at -78 "C 
with nBuLi (1 S O U  in hexane, 28 mL, 42 mmol). The mixture was stirred for 30 min, 
and BF,,OEt, (5.6 mL, 45 mmol) then added. After another 30 min, a solution of 
(S) -2  (6.85 g, 30 mmol) in dry THF (30 mL) was added dropwise, and the mixture 
stirred for 3 h at ~ 78 "C. A solution of NH,CI ( 5  mL) was added, the cooling bath 
removed, and the reaction allowed to warm to RT. The reaction mixture was poured 
into a solution of NH,CI (300 mL) and extracted with diethyl ether (5  x 150 mL). 
The combined organic layers were washed with sat. NaHCO, and brine, dried 
(MgSO,), concentrated under reduced pressure, and the residue purified by column 
chromatography on silica gel [petroleum ether (60/80)/diethyl ether = 1 Ojl] yielding 
9.50 g (97%) of (S)-4a: M.p. 51 'C: [XI;' = + 21.0 (c = 1.75 in CHCI,): IR (KBr): 
i. = 3529 (0 -H) ,  2959 (C-H), 2178 (CIC), 1599 (C=C), 1496, 1363 (SO,), 1250 
(Si-C), 1178 (SO,), 1098,989,930,845,762,734,668 cm-I; 'HNMR (500 MHz, 
CDCI,): 6 = 0.09 [s, 9H;  Si(CH,),], 2.28 (d, 3J = 5.3 Hz, 1 H;  OH), 2.43 (s, 3H; 
CHJ, 2.42, 2.47 (ABX, '.IAx = 'JBX = 5.9, 'JAB = 12.2 Hz, 2H; 3-H), 3.93-3.99 
(mc, lH;CHOH),4.01 (dd ,3J=6 .3 ,2J=10 .0Hr ,1H;  l-H),4.12(dd, 'J=3.9,  
'J=lO.O Hz, 1 H;1-H),7.34(d,3J = 8 . 4 H ~ , 2 H ; A r - H ) , 7 , 7 9 ( d , ~ J  = 8.4 Hz,2H; 
Ar-H); "C NMR (62.9 MHz, CDCI,): 6 = - 0.15 [ +, Si(CH,),], 21.61 (+, CH,), 


C-4), 127.98 (+, C-Ar). 129.92 (+. C-Ar), 132.55 (C,,,,, C-Ar), 145.08 (C,,.,, 
C-Ar); MS (70eV, El): m:z (Yo): 311 (3.1) [ M +  - CH,], 230 (16), 229 (100) 
[M' - C,SiMe,], 215 (16), 155 (49), 149 (16), 139 (lX), 109 (12). 92 (11). 91 (78) 
[C,H:], 83 (161, 75 (17), 73 (63) [SiMe:], 65 (24), 45 (10); C,,H,,O,SSi (326.5): 
calcd C 55.18, H 6.79, S 9.82: found C 55.42, H 6.92, S 10.00. 


(S)-l-Chloro-2-hydroxy-5-trimethylsilyl-4-pentyne [(S)-3a]: A solution of tri- 
methylsilylethyne (4.42 g, 45 mmol) in dry THF (120 mL) was treated at -78 ' C  
with nBuLi (1 S O M  in hexane, 28 mL, 42 mmol). The mixture was stirred for 30 min, 
and BF,.OEt, (5.6 mL, 45 mmol) then added. After another 30 min, a solution of 
(S)-l (2.68 g. 29 mmol) in dry THF (30 mL) was added dropwise, and the mixture 
stirred for 3 h at - 78 C. A solution of NH,CI ( 5  mL) was added, the cooling bath 
removed, and the reaction warmed to RT. The reaction mixture was poured into a 
solution of NH,CI (300 mL) and extracted with diethyl ether ( 5  x 150 mL). The 
combined organic layers were washed with sat. NaHCO, and brine, dried (MgSO,), 
and concentrated under reduced pressure to afford 5.41 g (98%) of (S)-3a: 
[XI:* = + 19.3 (c = 1.21 in CHCI,): IR (neat): C = 3401 (0-H),  2960 (C-H), 2178 
(C=C), 1430, 1251 (Si-C), 1030, 844, 761, 702, 647cm-I; 'HNMR (250MHz, 
CDCI,): 6 = 0.12 [s. 9H;  Si(CH,),], 2.50, 2.59 (ABX, 2JAB = -17.0, 3JAx = 6.6, 


3JAx = 6.0, ,JBX = 4.8 Hr, 2H;  1-H), 3.94 (mc, 1 H;  2-H); I3C NMR (62.9 MHz, 
CDCI,): d = -0.10 [ +, Si(CH,),], 25.68 (-, C-3), 48.17 (-. C-l),  69.59 (+, 
C-2). 88.14 (C,,,,, C-5), 101.24 (C,,.,, C-4); MS (70eV, EI): m/; (%): 1921190 
(0.0110.02) [Mt], 177/175 (0.410.9) [M' -CH,], 112 (13), 100 (16), 97 (12), 95 
(23), 93 (47). 91 (12). 83 ( l l ) ,  81 (13), 79 (11). 75 (27), 73 (100) [SiMe:], 65 (34), 
55(15), 53(17),45(20):C,H,,CIOSi(190.7): calcdC 50.38, H7.93, C118.59;found 
C 50.41, H 7.91, CI 18.33. 


24.65 ( - ,  C-3). 67.65 (-, C-1). 72.01 (+, C-2), 88.43 (C,,,,, C-5), 100.74 (C,,,,, 


'JBX=5.8Hz, 2H;  3-H), 2.66 (bs, 1H; OH), 3.60, 3.71 (ABX, 'JAB= -11.1, 


(S)-(2-Hydroxy-5-phenyl-4-pentynyl) Tosylate [(S)-lOa]: A solution of phenyl- 
ethyne (4.6 g. 45 mmol) in dry THF (120 mL) was treated at -78 "C with nBuLi 
(1.50~ in hexane, 28 mL, 42 mmol). The mixture was stirred for 30 min, and 
BF,.OEt, (5.6 mL. 45 mmol) then added. After another 30 min, a solution of(S)-2 
(6.85 g, 30 mmol) in dry THF (30 mL) was added dropwise, and the mixture stirred 
for 3 h at -78 'C. A solution of NH,CI (5 mL) was added, the cooling bath re- 
moved, and the reaction allowed to warm to RT. The reaction mixture was poured 
into a solution of NH,CI (300 mL) and extracted with diethyl ether ( 5  x 150 mL). 
The combined organic layers were washed with sat. NaHCO, and brine, dried 
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(MgSO,), concentrated under reduced pressure, and the residue purified by column 
chromatography on silica gel [petroleum ether (60/80)/diethyl ether = lOjl] yielding 
9.13g(92%)of(S)-lOa: M.p. 72"C;[a];' = + 34.8(c=1.6inCHC13);IR(KBr): 
(SO,), 1102, 992, 762. 755, 668 cm-I;  'HNMR (500 MHz, CDCI,): 6 = 2.32 (d, 


'JAB =12.3 Hz, 2H: 3-H). 3.90-4.00 (mc, 1H;  CHOH), 4.08 (dd, ,J= 6.3, 
'3 = 10.2 Hz, 1 H; I-H), 4.19 (dd, 'J = 3.9, ,J = 10.2 Hz, 1 H ;  I-H), 7.21 -7.80 (m, 
9H;Ar-H);  "CNMR(62.9 MHz,CDCI,):b = 21.88(+,CH3),24.77(-,C-3), 


C-Ar), 127.98 (+, C-Ar), 128.15 (+, C-Ar), 128.44 (+, C-Ar), 129.92 (+, 
C-Ar),132.34(+,C-Ar),132.55(C,,,,,C-Ar),145.08(C,,,,,C-Ar);MS(70eV, 
EI): m/z (Oh): 315 (8) [ M +  - CH,], 280 (16). 209 ( 5 5 ) ,  155 (23), 149 (16), 91 (100) 
[C,H:]: C1,H,,O,S (330.4): calcd C 65.44, H 5.49: found C 65.69, H 5.25. 


(S)-(6,6-Dimethyl-2-hydroxy4beptynyl) Tosylate [(S)-11 a]: A solution of 3,3- 
dimethylbutyne (3.7 g, 45 mmol) in dry THF (120 mL) was treated at -78 "C with 
nBuLi ( 1 . 5 0 ~  in hexane, 28 mL, 42 mmol). The mixture was stirred for 30 min, and 
BF,.OEt, (5.6 mL, 45 mmol) then added. After another 30 min, a solution of(S)-2 
(6.85 g. 30 mmol) in dry THF (30 mL) was added dropwise, and the mixture stirred 
for 3 h at -78 "C. A solution of NH4CI ( 5  mL) was added, the cooling bath re- 
moved, and the reaction allowed to warm to RT. The reaction mixture was poured 
into a solution of NH,CI (300 mL) and extracted with diethyl ether ( 5  x 150 mL). 
The combined organic layers were washed with sat. NaHCO, and brhe. dried 
(MgSO,), concentrated under reduced pressure. and the residue purified by column 
chromatography on silica gel [petroleum ether (60/80)/diethyl ether = lO/l] yielding 
8.40g(90%)of(S)-lla:  M.p. 35°C; [a];' = +7.80(c =1.2inCHC13);IR(KBr): 


(SO,), 1102,990,935, 845, 734, 672 cm-' ;  'HNMR (500 MHz, CDCI,): 6 =1.55 
[s, 9H;  C(CH,),], 2.28 (d, 3J = 5.3 Hz, 1 H: OH), 2.44 (s, 3H: CH,), 2.40, 2.49 
(ABX, 'Jax = ,JBX = 5.9, 'JAB =12.2 Hz, 2H; 3-H), 3.90-4.04 (mc, 1 H;  CHOH), 
4.07(dd,'J=6.3,2J~10.0H~,lH~1-H),4.18(dd,3J=3.9,2J=l0.0H~,1H; 
1-H), 7.39 (d, 'J = 8.4 Hz, 2H;  Ar-H). 7.82 (d. ' J  = 8.4 Hz, 2H; Ar-H); I3C 
NMR (62.9 MHz, CDCI,): 6 =14.95 [ +, (C(CH,)], 20.45 [C,.,,, C(CH,),], 21.55 


(C,,,,, C-4). 128.03 (+,  C-Ar), 130.56 (+ ,  C-Ar), 132.34 (C,,.,, C-Ar), 145.10 
(C,,,,, C-Ar); MS(70 eV, EI):m/z(%): 310(3.1)[M +],230(16), 155(22), 149(12), 
139 (18), 92 (16), 91 (100) [C,H:], 83 (12), 75 (39). 65 (44), 45 (13); C,,H,,O,S 
(310.4): calcd C 61.91, H 7.14; found C 61.72, H 6.92. 


(S)-2-Ethnxy-5-trimethylsilyl4pentynyl Tosylate [(S)-4 b]: The alcohol (S)-4a 
(1 64 mg, 0.5 mmol) and ethyldiisopropylamine (162 mg, 1.3 mmol) were added to a 
solution of triethyloxonium tetrafluoroborate (190 mg, 1 mmol) in dry CH,CI, 
(20 mL). After 24 h of stirring at RT, the reaction mixture was poured into a 
solution of NaHCO, (20 mL) and extracted with diethyl ether ( 5  x 20 mL). The 
combined organic layers were dried (MgSO,) and concentrated under reduced pres- 
sure. Purification by flash chromatography on silica gel [petroleum ether (60/80)/di- 
ethyl ether = 10/1] yielded 99 mg (56%, 74% based on conversion) of (S)-4b as a 
white solid: M.p. 48.5"C; [a];' = + 24.3 (c = 0.98 in CHCI,); IR (KBr): i = 2959 
(C-H), 2178 (C=C), 1599 (C=C), 1496, 1363 (SO,), 1250 (Si-C), 1178 (SO,), 
1098,989,930, 845,762,734,668 cm-'; 'HNMR (250 MHz, CDCI,): 6 = 0.11 [s, 
9H;  Si(CH,),], 1.13 (t, 'J=7.0Hz, 3H; CH,CH,O), 2.41. 2.44 (ABX, 
'JAB = -17.0, 'JAX =7.3, ,JB, = 6.2Hz. 2H; 3-H), 2.44 (s, 3H; Ar-CH,), 3.45- 
3.70 (m, 3H; CH,CH,O, 2-H), 4.03, 4.16 (ABX, 'JAB = -10.4. 'JAX = 4.0, 
'JBX = 4.0 Hz, 2H; 1-H), 7.33 (d, 'J = 8.0 Hz, 2H;  Ar-H), 7.80 (d, '5 = 8.0 Hz, 
2H:Ar-H);13CNMR(62.9MHz,CDC1,):6 = -0.17[ +,Si(CH,),],15.20(+, 
Ar-CH,), 21.52 (+, CH,CH,), 22.63 (-, C-3), 65.79 (-, CHJH,). 70.55 (-, 
C-1). 74.96 (+, C-2), 87.25 (C,.,,, C-5) ,  101.73 (C,,,,,, C-4), 127.92 (+, C-Ar), 
129.74 ( + . C - Ar) ,133.04 (C,,,, , C - Ar), 144.50 (C,,,, , C - Ar); MS (70 eV, El) : wijr 
(YO): 243 (100) [M' - C,H,Si(CH,),], 155 (95) [C,H,SO:], 91 (74) [C,H:]. 73 
(52) [SiMe:]; C,,H,,O,SSi (354.5): calcd C 57.59, H 7.39; found C 57.72, H 7.56. 


Further elution afforded first 7 mg ( 5  %) of (S)-2-ethoxy-4-pentynyl tosylate [ ( S ) -  
9b] and then 40 mg (24%) (S)-4b. (S)-9b: [XI;' = + 5.3 ( c  = 0.89 in  CHCI,); IR 
(neat): t = 3280 ( C d - H ) ,  2959 (C-H), 2178 (CEC), 1599 (C=C). 1496, 1363 
(SO,), 1178 (SO,), 1098, 989, 930, 845, 762. 734, 668cm-'; 'HNMR (250 MHz, 
CDCI,): 6 =1.14 (t. 'J =7.0 Hz, 3H;  CH,CH,O), 1.93 (t. 4J3.5 = 2.6Hz, 1 H; 
5-H),2.41 (dd,4J,,5=2.6,3J2.3=6.2Hz,2H;3-H),2.44(s,3H;Ar-CH,),3.52 
(1, ' J  =7.0 Hz, 2H: CH,CH,O), 3.50-3.65 (mc, 1 H;  2-H), 4.03, 4.16 (ABX, 
'JAR= -11.3,3JA,=5.6,3JBx=4.5Hz,2H;1-H),7.33(d,3J=8.3Hz,2H;Ar- 
H), 7.80 (d, 'J= 8.3 Hz, 2H;  Ar-H); "C NMR (62.9 MHz. CDCI,): 6 =15.19 
(+. CH,CH,), 21.14(-, C-3),21.55 (+,Ar-CH,),  65.84(-,CH,CH,O), 70.03 
(-, C-I), 70.64 (C,,,,, C-4), 74.96 (+, C-2), 79.22 (+, '2-3, 127.90 (+, C-Ar), 
129.77 (+, C-Ar). 232.77(Cq,,,,C-Ar), 144.82 (C,,,,, C-Ar); MS (70 eV, El): m/z 


(282.3): calcd C 59.55. H 6.43; found C 59.37, H 6.57. 


(S)-Z-terf-Bntoxy-S-trimethylsilyl4pentynyl Tosylate [ (S)-4c]: A solution of (S)-4 a 
(19.0 g, 58.2 mmol) in CH,CI, (400 mL) was treated at -78°C with a mixture of 
precooled (- 20 "C) 2-methylpropene (500 mL, 350 g, 6.2 mol) and conc. sulfuric 
acid (464 mg, 4.5 mmol). The flask was stoppered, and the reaction mixture allowed 


5 = 3541 (0-H),  2955 (C-H), 2185 (CsC),  1605 (C=C), 1500,1359 (SO,), 1182 


3J~55.2H~,lH;OH),2.44(~,3H~CH,),2.43,2.48(ABX,3JAx=3JBX=5.9, 


67.45(-.C-l),75.04(+,C-2),89.45(C,,,,,C-5),101.23(C,,,,,C-4),122.45(C,,,,, 


i = 3520 (0-H),  2961 (C-H), 2169 (CSC), 1604 (C=C), 1502, 1371 (SO,), 1382 


(+,CH,),25.03(-,C-3).67.88(-,C-l),72.09(+,C-2),86.78(C,,,,,C-5), 101.67 


1%): 243 (62) [M' - C3H3], 155 (82) [C,H,SO:]. 91 (100) [C,H:]; Cl4HI,O,S 


to warm to RT. After 2 d it was recooled to -78 "C and then cautiously poured into 
a solution of NaHCO,. Extraction with diethyl ether (3 x 100 mL) was followed by 
drying (MgSO,) of the combined organic layers. Concentration under reduced 
pressure and purification of the crude material by flash chromatography on silica 
gel [petroleum ether (60/80)/diethyl ether = 10/1], yielded 17.0 g (76%) of ( S j - 4 ~ :  
[a];'= +18.7(c=1.33inCHC13);IR(neat): t =2972(C-H),2177(C-C),1598 
(C=C), 1453, 1366 (SO,), 1250. 1177 (SO,), 1029, 982, 940, 843, 760, 735cm-I; 
'HNMR (250MHz, CDCI,): 6 = 0.11 [s, 9H; Si(CH,),], 1.15 [s, 9H;  C(CH,),] 


Ar-CH,). 3.82 (mc, 1 H ;  2-H), 3.92 (ABX, 'JAB = -10.0, ,JAX = 5.5,  
3JBx=5.0Hz,2H;l-H),  7.35(d, , J=8.0Hz,  2H;Ar--H),7.80(d,  3 J=8 .0Hz ,  
2H;  Ar-H); I3C NMR (62.9MHz, CDCI,): 6 = 0.14 [ +, Si(CH,),], 21.55 (+, 
Ar-CH,), 24.93 (-, C-3), 28.14 [ +, C(CH,),], 68.08 (+, C-2). 71.57 (-, C-l),  
75.56 [C,,,,, C(CH,),], 86.98 (C,,,,, C-5), 102.49 (C,,,,, C-4), 127.93 (+, C--Ar), 
129.74 (+ , C- Ar), 132.96 (C,,,,, C- Ar), 144.67 (C,,,,, C-  Ar); MS (70 eV, El): mi; 


(SiMe:]; C,,H,,O,SSi (382.6): calcd C 59.65, H 7.90, S 8.38; found C 59.84, H 
7.99. S 8.44. 


(S)-2-fert-Butyldimethylsilyloxy-S-trimetbylsilyl~-~ntynyl Tosylate [ (S)-4d] : To a 
solution of (S)-4a (8.16 g, 25 mmol) in dry dimethylformamide (DMF) (100 mL) 
ferf-butyldimethylsilylchloride (TBDMSCI) (1 1.25 g, 75 mmol) and imidazole 
(10.4 g, 153 mmol) were added, and the mixture was stirred for 16 h at RT. The 
solution was poured into a solution of NH,CI (100 mL), the aqueous layer was 
extracted with diethyl ether ( 3  x 100 mL), and the combined organic layers were 
dried (MgSO,) and concentrated under reduced pressure. The residue was purified 
by flash chromatography on silica gel (pentane/diethyl ether = 5jl) to yield 10.03 g 
(91 %)of (S)-4d as a white solid: M.p. 69°C; [a];' = + 10.4(c = 2.0 in CHCI,); IR 
(KBr): t = 2958-2855 (C-H), 2180 ( C d ) ,  1597 (C=C), 1471,1349 (SO,), 1286, 
1251 (Si-C), 1191, 1173(SO2), 1124,1095,1045,1006,981,927,888.842,814,780, 
759,732.706,681,661,629, 566,554cm-I; 'HNMR(25OMHz,CDCI3):6 =0.05 
(s. 3H; SiCH,), 0.08 (s, 3H;  SiCH,), 0.10 [s, 9H; Si(CH,),], 0.83 [s, 9 H ;  
SiC(CH,),], 2.36 (m, 2H;  3-H), 2.44 (s, 3H;  CH,), 3.88-4.05 (m, 3H; I-H, 2-H), 
7.34 (d, 3J = 8.3 Hz, 2 H ;  Ar-H), 7.80 (d, 'J = 8.3 Hz, 2H; Ar-H); I3C NMR 
(62.9MHz, CDCI,): 6 = -4.81 (+. SiCH,), -4.77 (+, SiCH,), -1.00 [ +, 
Si(CH,),], 17.95 [C,,.,, SiC(CH,),], 21.61 (+, CH,), 25.65 (-, C-3), 25.72 [ +, 
SiC(CH3),],68.96(+,C-2),72.34(-,C-l), 87.27(Cq,,,,C-5), 1O2.15(Cq,,,,C-4), 
127.98 (+, C-Ar), 129.83 (+, C-Ar), 133.00 (C,,.,, C-Ar), 144.79 (C,,,,, 
C-Ar); MS (70eV, EI): m/: (%): 383 (9.9) [M' - tBu], 329 (13). 231 ( l l ) ,  230 


[SiMe:]; C,,H,,O,SSi, (440.8): calcd C 57.23, H 8.23, S 7.27; found C 57.27, H 
8.31. S 7.22. 


(~-2-terf-Butyldimethylsilyloxy-l-chlnro-S-trimethylsilyl~-pen~ne [ (S)-3d] : To a 
solution of (S)-3a (5.42 g, 28 mmol) in dry DMF (100 mL) TBDMSCI (12.7 g, 
84 mmol, 3 equiv) and imidazole (10.4 g, 153 mmol) were added, and the mixture 
was stirred for 24 h at RT. The solution was poured into a solution of NH,CI 
(300 mL), and the aqueous layer extracted with pentane (3 x 200 mL). The com- 
bined organic layers were dried (Na,SO,) and concentrated under reduced pressure. 
The residue was purified by flash chromatography on silica gel [petroleum ether 
(30/50)/diethyl ether = 20/1] to yield 6.90 g (80%) of (S)-3d: R, = 0.2; 
[XI;' = + 3.4 (c =1.725 in CHCI,): IR (neat): i = 2958-2859 (C-H), 2180 
(C-C), 1473, 1362, 1252 (Si-C), 1115, 1038, 935, 842, 778, 643cm-'; 'HNMR 
(250MHz,CDC13):6 = 0.11 [s,6H;Si(CH3),],0.16[s,9H;Si(CH,),],O.81 [s,9H: 
SiC(CH,),], 2.43, 2.55 (ABX, 'JAB = -16.7, 'JAX = 5.8, 'JBx = 6.1 Hz, 2H; 3-H), 
3.50,3.59(ABX,'JA, = -10.9, 3JAX = 5.4, 'JBX = 5.1 Hz,2H; 1-H),3.97(mC, 1 H; 
2-H); "C NMR (62.9 MHz, CDCI,): 6 = - 4.64 [ +, Si(CH,),], -0.15 [ +, 
Si(CH,),], 18.06 [C,,,,, SiC(CH,),]. 25.72 [ +, SiC(CH,),], 26.71 (-, C-3), 48.09 
( - , G I ) ,  71.28 (+, C-2), 86.99 (C,,,,, C-5),  102.82 (C,.,,, C-4); MS (70 eV, EI): m / i  
(%): 289 (2.0) [M' - CH,], 249/247 (29/69) [M' - IBu], 195 (16), 193 (49 ,  169 
(36), 167 (70), 147 (27), 139 (loo), 115 (31), 93 (49 ,  83 (29). 75 (38), 73 (100) 
[SiMe:]. 65 (54), 59 (33); C,,H,,CIOSi, (305.0): calcd C 55.13, H 9.58, CI 11.62: 
found C 55.22, H 9.69, CI 11.45. 


(S)-2~2-Methoxyprnpyl-Z-nxy)-5-trimethylsilyl~-~ntynyl Tosylate [ (S)-4e] : To a 
solution of (S)-4a (4.897 g, 15 mmol) in dry 2-methoxypropene (10 mL) was added 
1 drop of phosphorylchloride, and the mixture was stirred for 1 h at RT. Triethyl- 
amine (3 drops) was added, and the mixture concentrated under reduced pressure to 
yield6.002 g(lOO%) of(S)-4e, which wasanalytically pure. [a];' = + 12.3 ( c  = 1.03 
in CHCI,); IR (neat): 3 = 2959 (C-H), 2178 (C=C), 1599 (C=C), 1460, 1367 
(SO,), 1251 (Si-C), 1175 (SO,), 1097, 1061, 982, 942, 843, 762, 667cm-'; 
'HNMR (250 MHz, CDCI,): b = 0.18 [s, 9H;  Si(CH,),], 1.12 (s, 3H;  CH,), 1.15 
(s, 3H; CH,), 1.87 (s, 3H; Ar-CH,), 2.41 (d. ,.I,., = 6.2 Hz, 2H;  3-H). 2.96 (s, 
3H;  OCH,), 4.04 (mc, 1 H; 2-H), 4.22, 4.29 (ABX, 'JAB = -10.1, '.Iax = 4.7, 
'JBx = 4.8 Hz, 2H;  I-H), 6.72 (d, 'J= 8.2 Hz, 2H; Ar-H), 7.79 (d, 3J = 8.2 Hz, 
2 H ;  Ar-H); I3C NMR (62.9 MHz, CDCI,): 6 = - 0.22 [ +, Si(CH,),], 20.84 (+, 
Ar-CH,), 23.99 (-, C-3), 24.66 (+, CH,), 24.77 (+, CH,), 48.93 (+, OCH,), 


C-4), 127.98 (+, C-Ar), 129.50 (+, C-Ar), 134.04 (C,.,,, C-Ar), 143.86 (C,,,,, 
C-Ar); MS (70eV. El): m/z (%): 383 (1.0) [ M +  - CH,], 229 (30). 155 (15) 
[C,H,SO:], 139 (26), 109 (17), 91 (17) [C,H:], 86 (12), 83 (22), 75 (14), 73 (36) 


2.35.2.3X(ABX,'JAB= -17 .0 ,3JAX=6.0 ,3JBx=4 .7H~,2H;3 -H) .2 .44 (~ ,3H 


(X): 367 (1) [M' - CH,], 215 (loo), 155 (43) [C,H,SO:], 91 (27) (C,H:], 73 (7) 


(18), 229 (100) [M' - C4H, - C,H,O,S], 139 (14), 91 (14) [C,H:], 73 (28) 


67.34(+.C-2).70.72(-,C-l),87.08(C,,,,,C-5),101.17(C,,,,,C-2),102.81 (C,,,,, 
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[SiMe;], 65 (14). 59 (21). 58 (23), 55 (lo), 43 (100); C,,H,,05SSi (398.6): calcd C 
57.25, H 7.59; found C 57.01. H 7.32. 


(S)-2-Benzyloxy-5-trimethylsilyl-4-pentynyl Tosytate [(S)-4fl: To a solution of the 
alcohol (S)-4a (327 mg, 1 .O mmol) and benzyloxytrichloroacetimidale (2.52 g, 
10 mmol) in dry CH,CI, (20 mL) at 0 "C was added a solution of methanesulfonic 
acid (11 mg. 0.1 mmol) in dry CH,CI, (2 mL). After stirring for 24 h at RT, the 
reaction mixture was poured intoa solution ofNaHCO, (20 mL)and extracted with 
diethyl ether ( 5  x 20 mL). The combined organic layers were dried (MgSO,) and 
concentrated under reduced pressure. The residue was purified by flash chromatog- 
raphy on silica gel [petroleum ether (60/80)/diethyl ether = 10/1] affording 212 mg 
(51% 68% based on conversion) (SMf as a white solid: M.p. 55°C; 
[a];'= +45.2(c=1.1 inCHC13);IR(KBr):i.=2990-2860(C-H),2182(CrC), 
1592 (C=C), 1473.1349 (SO,), 1291.1255 (S i -C) ,  1193, 1175 (SO,), 1120, 1097, 
1040,1004,986,929.890,840,818,782,761,708,689,670,630,570 at-': 'H NMR 
(250MHz. CDCI,): b = 0.12 [s, 9H; Si(CH,),]. 2.43 (s, 3H; CH,). 2.48 (d, 
J=5.6Hz,2H;3-H),3.72-3.81 ( m , , l H ; 2 - H ) , 4 . 0 6 ( d d , J = 5 . X , J = 1 0 . 4 ,  IH ;  
l-H),4.34(dd, J=6.3,J=10.4,1H;l-H),4.6-4.8(m,2H:CH,O),7.1-7.9(m, 
9H;Ar-H); *'CNMR(62.9MHz.CDCI3):6 = -0.17[ +,Si(CH,),],15.20(+, 
Ar-CH,). 22.63 (-, C-3). 65.93 ( - ,  CH,O), 70.55 ( - ,  C-l),  74.96 (+, C-?). 87.25 
(CqUa,,C-5), fO1.73(Cq,,,.C-4), 127.27 (+,C-Ar) ,  127.92(+.C~Ar),128.65(+. 
C-Ar),128.78(+,C-Ar), 129.74(+,C-Ar), 133.04(Cq,,,,C-Ar), 14O.85(Cq,,,, 
C-Ar). 144.5 (C,,,,, C-Ar); MS (70eV, EI): m / z  ( O h ) :  416 (1) [M'], 155 (43), 91 
(100) [C,H:]; C2,H,80,SSi (416.6): calcd C 63.43, H 6.77; found C 63.70, H 6.55. 


General Procedure for the Preparation of Bromides from the Corresponding Tosyl- 
ates:A solut1onofthetosylate(20mmol),drytiBr(27.3g,315 mmol),andethyldi- 
isopyopylamine (1.3 mL) in dry acetone (300 mL) was heated under reflux for 24 h. 
After cooling to RT, the solvent was removed carefully, and the residue poured into 
a solution ofNH,CI (500 mL) and extracted with pentane (3 x 200 mL). The com- 
bined organic layers were dried (MgSO,) and concentrated under reduced pressure. 
The residue was purified by flash chromatography on silica gel [petroleum ether 
(60/80)/diethyl ether = 6/11 


(S)-I-Bromo-2-ethoxy-Strimethylsilyl-4-peyne [(S)-S b] was obtained in 97 % 
yield (5.11 g): [4 i0  = + 20.13 (c=1.09 in CHCI,); IR (neat): i = 2965 (C-H), 
2179(C=C), 1467,1422.1391,1367,1250(Si-C), 1190,1060.843,761,646 cm-' ;  
'H NMR (250 MHz, CDCI,): 6 = 0.14 [s, 9H;  Si(CH,),], 1.22 (t. 3J =7.0 Hz, 3H; 
CH,),2.55(dS3J= 6.1 Hz,2H; 3-H).3.44-3.65(m,5H;CH,CH3. 1-H.2-H); l3C 


NMR (62.9 MHz. CDCI,): 6 = - 0.33 [ +, iJs,.c = 56 Hz, Si(CH,),]. 15.30 (+, 
CH,), 24.57 (-,  C-3). 34.39 (-,  C-l), 65.56 (-, CH,O). 77.00 (+ ,  C-2). 87.07 
(C,,,,. 'Jsi,c = 84 Hz, C-5), 102.35 (C,,,,, 2J,.c = 16 Hz, C-4); MS (70eV, EI): niii 
(%): 2641262 (0.3/0.3) [ M ' ] ,  183 (17) [ M +  - Br], 153/151 (97,/100) 
[M' - C,H2Si(CH3),], 125 ( 4 9 ,  123 (46), 73 (65) [Si(CH,);]; C,oH,,BrOSi 
(263.3): calcd C 45.63, H 7.27; found C 45.31, H 7.01. 


( ~ - l - B r o m o - Z t e r f - b u t o x y - 5 - t r i m e t h y l s i l y  [ (S)-Sc] was obiained in 96 % 
yield (5.59 g): [z]:' = +lO.O(c =1.I0inCHCI3); IR(neat):? = 2965 (C-H). 2179 
(CzC), 1467, 1422, 1391, 1367, 1250 (Si-C), 1190, 1060, 843, 761, 646cm-I; 
'HNMR (250 MHz. CDCI,): S = 0.12 [s. 9H;  SilCH,),], 1.20 [s, 9H; C(CH,),], 


(ABX, 'JAll = - 10, 3J,x = 5.0. 'JBX = 3.3 Hz, 2H;  I-H), 3.78 (m, 1 H; 2-H); ' jC 
NMR (62.9 MHz. CDCI,): 6 = 0.00 [ +, Si(CH,),[. 26.45 (-. C-3), 28.43 [ +. 
C-5), 103.34 (C,,,,, '2-4); MS (70 eV, EI): mjt (%): 21 1 (1.2) [Mi - Br]. 210 (3.7) 
[M' - HBr], 195 (2) [ M +  - HBr - CH,], 179 (6). 139 (2 ) .  124 (3), 122 ( 4 ) .  109 


2.41, 2.59 (ABX, 'JAB = -17, 'JAX = 6.0, 'JBX = 6.2 Hz, 2H;  3-H). 3.39, 3.42 


C(CXJJ, 36.35 (-,  C-l),  69.96 (+, C-2), 74.60 [C,,,,, C(CH3),], 86.63 (C,,,,. 


( l l) ,  83 ( l l ) ,  73 (100) [Si(CH,):]; C,,Hi,BrOSi (291.3): calcd C 49.48, H 7.96; 
found C 49.21, H 7.77. 


(S)-L-Bromo-2-tert-butyldimathylsilyloxy-S-trimet~yl~~yl~-~~yne [(S)-Sd] was 
obtained in 92% yield (6.43g): B.p. 94"C/4mbar; [r]:' = + 5.8 ( c =  0.5 in 
CHCI,); IR (neat): i = 2958-2858 (C-H), 2180 (CEC), 1473, 1421. 1362, 1251 
(Si-C~,1214,1112.1035,1007,931,841,778,676.644cm~'; 'HNMR(250MHz 
CDCI,): 6 = 0.12 [s, YH; Si(CH,),], 0.15 [s, 6H;  SI(CH,),], 0.92 [s, YH; 
SiC(CH,),), 2.47. 2.59 (ABX, 'JAB = -17.0, 3JAx = 5.9, ,JBX = 6.1 Hz, 2H;  3-H), 
3.40,3.48(ABX,*JA,= -10.2,3JA,= fr.0.3J~,=5.4Nz,2H;I-H),3.98(m,.lH; 
2-H); "C NMR (62.9 MHz, CDCI,): 6 = - 4.59 [ +, Si(CH,),]. 0.02 [ +, 
Si(CH,),], 18.07 [C,,,,. SiC(CH,),]. 25.74 [ +. SiC(CH,),], 27.49 ( - .  C-3). 37.20 
( - ~  C-l),  70.78 (+, C-2), 87.02 (C,,,,, C-5). 102.85 (Csu.,, C-4); MS (70 eV. EI): m/: 
(Yo): 2931291 (4.0/4.0) [Mt - tBu], 239/237 (13115) [M' -SiMe, - C,H,], 169 
(15). 139 (82), 137 (ZI),  97(10), 96(11). 83(12), 75(26), 73 (100) [%Me;], 65(10), 
57 (15) [C(CH,):]; C,,H,9BrOSi, (349.5): calcd C 48.12. H 8.36, Br 22.86: found 
C 48.26. H 8.52, Br 22.97. 


(~-l-Bromo-2-(2-methoxypropyl-2-oxy)-5-trimethylsilyi~-~ntyne [ (S)-5e] was ob- 
tained in 92% yield (5.65 g). [a];' = + 20.4 (c = 1.325 in CHCI,); R, = 0.28; IR 
(neat): G = 2992-2831 (C-H), 2179 (C=C), 1463. 1423.1376, 1250 (SI-C), 1208, 
1183, 1145, 1067, 1030. 955, 844, 807, 761, 699, 646c1W'; 'HNMR (250MH2, 
CDCI,): 6 = 0.14 {s, 9H;  Si(CH,),], 1.39 (s, 3H; CH,), 1.40 (s, 3H; CH,), 2.54, 
2.63 (ABX, *JAE = -17.0, ,JAx = 5.6, 3JBx = 6.8 Hz, 2H; 3-H). 3.26 (s, 3H; 
OCH,), 3.52, 3.59 (ABX, 'JAB = -10.4, 'JAX = 3.9, 'JBX = 5.3 Hz, 2H;  1-H), 4.04 
(mc, 1 H; 2-H); NMR (62.9 MHz, CDCI,3): b = 0.00 [ +, Si(CH,),], 25.09 [ +. 


C(CH,)2],25.59(-,C-3),36.15(-,C-l),49.51 (+,OCH3),68.69(+,C-2),X7.01 
(C,,,,, C-5), 101.41 (C,,,,, C-4*), 102.80 (C,,,,, C-2'*); MS (70eV, EI): m/z (%): 
293/291 (1.2/1.2) [M' - CHJ, 277/275 (2.1/2.0) [ M *  - OMe], 139 (27), 137 (27), 
123(12),75(14), 74(19).73(100)[SiMe~],65(18),43(24);C,,H,,BrO,Si(307.3): 
calcd C 46.90. H 7.54, Br 26.00; found: C 47.24. H 7.57, Br 26.01. 


(S)-2-tert-Butyldimethylsilyloxy-l-iMfo-S-tnmethylsilyl4~n~y~ [ (S)-6d]: A solu- 
tion ofthe tosylate (S)-4d (3.306 g, 7.5 mmol), NaI (7.5 g, 50 mmoi, 6.7 equiv), and 
ethyldiisopropylamine (15OpL) in dry acetone (30 mL) was refluxed for 72 h. After 
cooling to RT, the solvent was removed carefully, and the residue poured into ethyl 
acetate (100 mL) and extracted with aqueous sodium thiosulfate (lo%, SO mL) and 
brine ( S O  mL). The combined organic layers were dried (MgSO,). Concentration 
under reduced pressure yielded 2.914g (98%) of iodide (S)-6d: [@ = + 6.2 
(c = I 3  in CHCI,): IR (neat): C = 2958-2858 (C-H), 2180 (C=C), 1472, 1412, 


645cm-'; 'HNMR (250MHz, CDCI,): 6 = 0.11 (s, 3H;  SiCH,), 0.12 (s, 3H; 
SiCH,), 0.14 [s, 9H;  Si(CH,),J, 0.83 [s, 9H;  SiC(CH,),]. 2.45, 2.55 (ABX, 


1-HI, 3.67 (mc, 1H; 2-H); I3C NMR (62.9 MHz, CDCI,): 6 = - 4.54 [ +, 
Si(CH3),1.0.001 +.Si(CH,),], 13.07(-,C-l), 18.04[C,,,,,SiC(CH3),],25.75[ +, 
SiC(CH,),I. 28.95 (-, C-3). 70.17(+, C-Z), 87.08 (Cqus,, C-5), 102.88 (C,,,,. C-4); 
MS (70eV, EI): mlz (%): 381 (1.0) [ M +  - CH,], 339 (68) [ M i  - tBu], 169 (34), 
139 (91), 73 (100) [SiMe:]; Ci,H2910Si, (396.5): calcd C 42.41, H 7.37. I 32.01; 
found C 42.45. H 7.29, 133.81. 


(~,R)/(R,R)-2-Ethoxy-1-(2-trimethylsilylethynyl)cyclopropane [ (S,R)/(R,R)-7 b] was 
prepared according to the literature procedure [17a] for racemic alkoxycyclo- 
propanes to afford (.S,R)-7b (59%) and (R,R)-7b (30%) as colorless liquids. (S,R)- 
7b: [Y];' = +76.83 (c =1.54 in CHCI,). Enantiomeric purity (GC, column C): 
95% re: IR (neat): i = 2973 (C-H), 2175 (C=C), 1449, 1375, 1257 (Si-C), 1212, 
1097, 847, 764, 647cm-'; 'HNMR (250MHz, CDCI,): 6 = 0.11 [s, YH; 
Si(CH,),]. 0.86-0.93 (m. 1 H; (Z)-3-H), 0.90 (t, 'J =7.2 Hz, 3H: CH,CH,), 1.06 
(ddd, 'J,.,=9.9. 'JE..,,,=5.6, 'JE.,.,=3.9Hz, I H ;  (Ek3-H). 1.26-1.42 (m, 
IH:  l-H).3.39(ddd, , J i , 2  =2.5,'J,., ,=3 .9 ,  'JZ-,,, =6.4Hz, lH;2-H),3.52.  
3.54 (ABX,, 'JAR = - 9.4, 'JAX = 7.2. 'JBx =7.2 Hz, 2H; OCH,CH,); "C NMR 
(62.9 MHz, CDCI,): 6 = 0.13 [ +, Si(CH,),], 8.79 (+, C-l), 13.78 ( f ,  CH,CH,), 
16.57 (-,  C-3), 60.79 (+, C-2), 70.76 (-,  OCH,CH,). 80.76 (C, C-2'), 107.47 
(C,.,,, C-1'); MS (70 eV, EI): mi-. (%): 182(5) [Mi].  73 (100) [SiMe:]: C,,H,,OSi 
(182.3): calcd C 65.87, H 9.95; found C 65.64, H 9.83. 


(R,R)-7b: [a]:" = + 153.6 ( c  = 1.26 in CHCI,). Fnantiomeric purity (GC. 
column C): 95% ee; IR (neat): C = 2972, 2883 (C-H), 2178 (C&), 1447, 1357, 
1256(Si-C). 1222.1130,1100,1028,848,763,703,681 cm-' ;  'HNMR(250MH2, 
CDCI,): 6 = 0.13 [s, 9H;  Si(CH,),], 0.89 (t, ' J  =7.3 Hz, 3H; CH,CH,), 1.53-1.65 
(m. 3H;  3-H. 1-H), 3.30(ddd, 'J,-,., = 3 J z - 3 , 2  = 'J,., = 5.4Hz, 1 H ;  2-H), 3.47, 
3.56 (ABX,, 'JAB = - 8.9, 'J,x =7.3. 'JA, =7.3 Hz, 2H; OCH,CH,); I3C NMR 
(62.9MHz. CDCI,):d = O.lO[+,Si(CH,),], 8 .23(+,C-l) ,  13.92(+,CH2CH,). 
15.48 (-, C-3), 57.26 (+, C-2), 70.69 (-,  OCH,CH3), 82.50 (C,,.,, C-2'). 105.53 
(C,,,,. C-1'); MS (70 eV, El): m / z  W): 182 ( 5 )  [Mi],  73 (100) [SiMe:]; C,,,H,,OSi 
(182.3): calcd C 65.87, H 9.95; found C 65.82, H 9.66. 


(S,R)/(R,R)-2fert-Butoxy-l-(2-trimethylsilylethynyl)cyclopropane [ (S,R)/(R,R)-7c] 
was prepared according to the literature procedure [I 7a] for racemic alkoxycyclo- 
propanes to afford (S,R)-7c (90%) and (R.R)-7c (2%) as colorless liquids. (S,R)- 
7c: [a]i" = -112.2 ( c  = 2.24 in CHCI,): IR (neat): i. = 3092, 2976 (C-~H),  2158 
(C-C), 1440, 1391. 1365, 1250 (Si-C). 1196, 1163, 1088, 945, 844, 760cm-'; 
'HNMR (250 MHz. CDCI,): 6 = 0.13 Is, 9H: Si(CH,),]. 0.90 (ddd, *J = -- 5.6, 


3Jz-1., = 4.1, 'J,., I = 9.8 Hz. 1W; iZ)-3-H), 1.28 Is, 9H; C(CH,),], 1.32 (ddd. 


1362, 1251 (Si-C), 1220, 1184, 1107, 1033, 929. 888, 842, 805. 778, 761. 699. 


2 J A B =  -16.9, , J A X = 5 . 9 ,  'JB,=6.3Hz, 2H; 3-H). 3.32(d, 3 J i , 1 = 4 . 8 H ~ , 2 H ;  


3JE-2,1=6.6,  3J,.,,,=6.6Hz, I H :  (E)-3-H). 0.99 (ddd, ' J =  -S.6, 


'J,,,=2.6, 3 J E . 3 , 1 = 6 . 6 .  3J7 . .3 . t=9 .8H~,  1H; 1 - H ) ~  3.33  (ddd, 'JI , ,=2.6.  
3 J E ~ , , 1  = 6.6. 'JZ-,,> = 4.1 Hz, 1H; 2-H); ',C NMR (62.9MHz. CDCI,): 
6 = 0.191 +.SiiC,H,),], 10.07 (+,C-l l .  15.75( -, C-3),28.10[ +,C(CH,),], 54.37 
(+.C-2).75.46[CqU,,, C(CH3),].80.76(C,,,,.C-2'), 107.49(Cq,,,,C-l');MS(70eV, 
El): m!- (%): 154 (1.6) [M' - C,H,]. 139 (25) [M' - C,H, - CH,], 137 ( 3 5 )  
[M' - SiMe,. M i  - OC(CH,),], 83 (17), 75 (31). 73 (43)  [SiMe:], 57 (100) 
[C,H:]: C,,H,,OSi (210.4): calcd C 6851. H 10.54; found C 68.61, H 10.64. 


(S, R)/(R, R)-2 -rert-Butyldimethylsilyloxy- 1 -(trimethylsilylethynyl)cyclopropane 
[(S,R)/(R,R)-7d]: To a solution of (S)-Sd (301 mg, 0.86 mmol) in THF (10 m t )  and 
HMPA (1 mL) was added a 0 . 5 ~  solution of LDA in THF (2.0 mL, 1 mmol) 
at - 78 "C (monitored by GC, SO mh).  The mixture was poured into a vigorously 
stirred solution ofNH,Ci (10 mL) and pentane (10 mL).  and extracted with pentane 
(3 x 10 mL). The combined organic layers were dried (MgSO,) and concentrated 
under reduced pressure. The residue was purified by flash chromatography on silica 
gel (pentane) to yield 125 mg (54%) of (S,R)-7d: Rr = 0.07; B.p. 49 "C/4 mbar; 
[XI;' = - 99.8 i c  =1.00 in CHCI,); IR (neat): 3 = 2958-2859 (C-H). 2162 
(CsC) ,  1473, 1439, 1364, 1251 (Si-C), 1209, 1165, 1086, 996, 940, 840. 779, 
76Ocm-'; 'HNMR (400MHz, CDCI,): a =  0.12 [s, 15H: Si(CH,),, Si(CH,),], 
0.81-1.03(m, 2H;  3-H), 0.89[s, 9 H ;  SiC(CH,),], 1.29-1.48 (m, 1 H ;  I-H). 3.50.- 
3.60 (m, 1 H;  2-H); I3C NMR (100.6 MHz, CDCI,): 6 = - 4.98 [ +, Si(CH,),], 
0.15[ +.Si(CH,),], 10.21 (+ ,C- l ) ,  17.89(-,C-3), 18.14[C,,,,,SiC(CH,),].25.73 
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[ +, SiC(CHJ31.55.34 (+, C-2), 80.71 (C,,,,, C-2'). 107.61 (C,.,,, C-1'); MS (70 eV. 
Ei): M / Z  ("/a): 268 (2.0) IA4'],211 (59j(M+ - iBu], 154(57), 147 (12), 133 (64). 75 
(20),73 (100) [SiMell, 59 (17); C,,H,,OSi, (268.6): calcd C 62.62, H 10.51; found 
c 62.71. fr 10.~8.  


Further elution yielded 48 mg (23 Oh) of (R,R)-7d: R, = 0.05; [a]:' = + 90.7 
(c = 0.75 in CHCI,); IR (neat): C = 2960-2855 (C-H), 2165 (CsC),  1485. 1440, 
1360, 1255 (Si-C), 1211, 1165, 1089, 996, 950. 840, 780, 764cm''; 'HNMR 
(250 MHz, CDCI,): 6 = 0.11 [s, 9H; Si(CH,),]. 0.15 [s, 6H; Si(CH,),], 0.83 (ddd, 
' J j , i=~--5.6,  3J~-3.1=6.6,  3 J E - 3 , 2 = 4 . 1 H ~ 3  3H: (E)-3-H), 0.90 [s, 9H;  
SiC(CH1),I, 0.93 (ddd, ' J , . ,  = - 5.6, ' J Z - ] ,  = 9.8, 3J2-3.2 = 6.2 Hz, 1 H ;  (Z)-3- 
H),1.32(ddd,3Jz.l=6.1,3JE~3,,=6.6,3JL~31=9.8Hz,lH;l-H),3.48(ddd, 
'J,, 2 = 6.1, ,Jr - 3 . 2  = 4.1, ' J p  3 ,  , = 6.2 Hz, 3 f i .  2-H); I3C NMR (62.9 MHz. CD- 
CI,): 6 = - 5.12 (+. SiCH,), -4.57 (+, SiCH,). 0.19 [ +, Si(CH,),], 8.82 
(+, C-l), 16.67 (-, C-3), 18.15 [C,,,,, SiC(CH,),], 25.83 [ +, SiC(CH,),], 
51.57 (i, C-2). 83 04 (C,,,,, C-2'), 105.76 (Cq7 ,*,, C-1'); MS (70 eV, El): m/z (%): 


[SiMe;]. 59 (18); C,,H,,OSi, (268.6): calcd C 62.62, H 10.51; found C 62.52, 
268(2.0)[Mt],211 (50)[Mt - tBo], l54(51),147(16),133(67),75(19),73(100) 


H 10.43. 


(S,R)-2-(2-Me~hoxypropyl-2-oxy)-l-(trimethylsi~~lethynyl)cyclopropane [(S,R)-7e]: 
To a solution of LDA (15 mmol) in THF (50mL) was added at -78°C (S)-Se 
(1.54 g, 5 mmol) in THF (10 mL). After stirring for 30 min, the mixture was poured 
into a solution of NH,CI (100 mL) and pentane (l00mL), and the aqueous layer 
was extracted with pentane (3 x 10 mL). The combined organic layers were dried 
(MgSO,) After concentration under reduced pressure, the residue was purified by 
flash chromatography on silica gel (pentane/diethyl ether = 30/1) to yield 942 mg 
(83%) of (S,R)-7e: R,  = 0.23; [a]:" = - 57.8 (c = 0.8 in CHCI,); IR (neat): 
i = 2994-2531 (C-H). 2159 ( G C ) ,  1440, 1372, 1251 (Si-C), 1214, 1186, 1142, 
1067,954,907, 845, 761,699,642 cm-';  'H NMR (250 MHz, CDCI,): 6 = 0.05 [s, 
9H;Si(CH,),I,0.83(ddd,ZJ3,,= -5.6,3J2.,, = 6 . 3 , 3 J z ~ l , , = 6 . 8 H z , l H ; ( Z ) -  
3 -H) ,0 .95 (ddd ,2J3 ,~=-5 .6 ,3JE~3 ,1~9 .8 .3JE . j , 2=4 .1H~,1H; (E) -3 -H) ,1 .33  
(s, 3H; CH,), 1.37 (ddd, 'J1,, = 2.7, 3Jz .~1 ,1  = 6.3, 3JE~.l = 9.8 Hz, 1 H ;  I-H), 
1.40 (s, 3H; CHI). 3.21 (s, 3H; OCH,), 3.45 (ddd, ,J1., = 2.7, 'J6-3.2 = 4.1, 
,Jz-],, = 6.8Hz, 1 H ;  2-H); ',C NMR (62.9 MHz, CDCI,): 6 = 0.12 [ +, 
Si(CH,),], 9.30 ( + , G I ) ,  15.14 (-, C-3), 24.29 (+. CH,), 25.17 (+, CH,), 48.61 
(+,OCH,), 53.19 (+, C-2), 8O.90(Cq,,,, C-2'1, 101.60(Cq,,,, C-2"*), 107.04(Cq,,,, 
C-l'*);MS(70eV,EI):mir(%):211 (0.5)[Mt - CH,j,196(4.3)[Mt - Me,],195 
(26), 139 (14). 137 (641,109 (72). 97 (18), 95 (1 8), 83 (28), 75 (12), 74 (45), 73 (100) 
[SiMe:], 59 (741, 55 (13), 45 (25), 43 (87): C,,H,,O,Si (226.4): cdlcd C 63.67, H 
9.80; found C 63.73, H 9.91. 


(S,R~I-Benzyloxy-2-(trimethylsilylethynyI)cycIop~pane ( (S ,R)-7f l :  To a solution 
of LiHMDS (2.5 g, 1 5  mmol) in THF (100 mL) was added at 0'C (S)-4f (2.08 g, 
5.0 mmol) in THF (I0 mL). After stirring for 30 min, the mixture was poured into 
a solution ofNH,CI (100 mL)andpentane (100 mL),and theaqueouslayerextract- 
ed with pentane (3 x 10 mL). The combined organic layers were dried (MgSO,). 
After concentration under reduced pressore, the residue was purified by flash chro- 
matography on silica gel fpentane/diethyl ether = 30/1), to yield 610mg (50%) 
(S,R)-7f: R, = 0.23; [4t0 = + 34.4 (c =1.0, CHCI,); IR (neat): i = 2994-2831 


845,761,699,642cm-'; 'HNMR(250MHz,CDCI,):6 =0.05[s,9H;Si(CH3),], 
(C-H), 2159 (CsC), 1440. 1372, 1251 (si-'4, 1214,1186. 1142, 1067, 954,907, 


0.83 (ddd. ' J 3 . 3  = - 5.6. 3Jz.,, = 6.8 Hz, 1 H: (Z)-3-H), 0.95 (ddd. 
' J , , ,=-5.6,  1 J ~ - a , l = 9 . 8 ,  ' J E - , , , = 4 . 1 H ~ ,  1H; (E)-3-H), 1.37 (ddd, 
'J;,2=2.7, 3 J 2 - 3 , , = 6 . 3 ,  ' JE-, , ,=9.8Hz, 1 H ;  1-€1). 3.45 (ddd, 3J1,2=2.7,  


= 6.3, 3Jz-,, 


'JE-,, , = 4.1, i & - 3 . 1  = 6.8 Hz, 1 H;  2-H), 4.2-4.6 (m, 2 H; OCH,). 7.1 -7.55 (m. 
5H: Ar-H): "C NMR (62.9MHz. CDCI,): 6 = 0.12 [ +, Si(CH,),I, 9.30 (+, 
c - I ) ,  15.14 (-, c-3), 53.19(+, c-2), 64.23 (-, O C H ~ ) ,  80.9o(cq.,,, C-z), 107.04 
(C,,,,, C-I,), 127.21 (+, C-Ar), 126.89(+, C-Ar), 128.22 (t, C-Ar), 140.79 
(C,,,, , C - Ar); MS (70 eV, EI) : m/z (%) : 244 (1) [ M  '],9 I (3 00) [C,H :] ; C, 5H ,,OSi 
(2444): calcd C 73.71. H 8.25: found C 74.02, H 7.99. 


General Procedure for the Oxygenation of (Trimethylsily1ethynyl)cycloprOpanes: The 
ethynylcyclopropdne (1 .0 mmol) was dissolved in either THF or diethyl ether 
(10mL) and the solution cooled to -78°C. After addition of nBuLi ( 2 . 3 6 ~  in 
hexane, 425 pL, 1 .0 mmol) and stirring for 15 - 60 min at - 78 'C or RT dry oxygen 
[18] was bubbled through the mixture for 1 h at -78 "C or -90"C, and the elec- 
trophile (1.0 mmol) was added. After 1 h the soiution was allowed to warm slowly 
to RT and poured into a mixture of waler and dierhyl ether (2 x 10 mL). The 
aqueous layer was extracted with diethyl ether (3 x 10 mL). The combined organic 
layers were washed with brine (10mL), dried (MgSO,), and concentrated under 
reduced pressure. The residue was purlfied by flash chromatography on silica gel 
[petroleum ether (60/80)/diethyI ether = 20/1] 


(S, R)/(R.R)-Z-Ethoxy- 1 -frimethylsilyloxy- 1 -(2 -trimethylsilylethynyl)cyclopropane 
[(S,R)i(R.R)-24-OTMS1 was obtained as a mixture of diastereomers (1 : 2) by depro- 
tonatiori of (S.R)-7b in THF at - 78 *C for 15 min and treatment with oxygen and 
TMSCI. (R,R)-U-OTMS ( R ,  = 0.12): Clear oil (168 mg. 62%); [ a ] i O =  -15.3 
(c =1.0 in  CHCI,); IR (neat): i. = 2950 (C-H), 2150 (CsC) ,  1240 (Si-C), 1190, 
840cm-I: 'HNMR (250 MHz, CDCI,): 6 = 0.13 [s, 9 H ;  Si(CH,),], 0.15 [s, 9H; 
OSi(CH,),], 1.05 (dd, 3Jz.3.2=5.9, 1J3.1=4.8Hz, 1H;  (Z)-3-H), 1.15 (dd, 


1 J J , ~ , ~ = 6 . 2 . 2 J l , , = 4 . 8 H ~ , l H ; ( E ) - 3 - H ) , 1 . 2 0 ( t . ' J = 7 . 0 H ~ , 3 H ; C H 3 ) , 3 . 2 0  
(dd, 3Jz-3.1 = 5.9, 'JE-,., = 6.2% 1 H: 2-H), 3.40 (dq, 2J=  - 9.2, 'J=7.0Hz, 
lH;CHZO),3.60(dq, 'J= - 9.2,3J=7.0H~,1H;CH20);'3CNMR(62.9MH~, 
(-,C-3), 57.30(C,,,,.C-l), 65.64(+,C-2),65.99(-,CH2O),80.72(C,,,,,C-2'), 
CDCI,): 6 = -1.55 [ +, Si(CH,),], 0.52 [ +, OSi(CH,),], 14.99 (+, CH,), 39.28 


109.20(C,,,,,C-l');MS(70eV, EI):m/i(%):270(1)[M+j,241 (13), 155(14), 178 
(32), 73 (100) [SiMe:]; C,,H,,O,Si, (270.5): calcd C 57.72, H 9.69; found C 57.41, 
H 10.03. 


(S,R)-24-OTMS (R, = 0.15): Clear oil (85 mg, 31 %); [a];' = + 4.7 (c =1.3 in 
CHCI,); IR (neat): B = 2940(C-H), 2145 (C=C), 3240 (Si-C), 1195, 840cm-'; 
'HNMR (250 MHz, C,D,): 6 = 0.18 [s, 9H;  Si(CH,),], 0.20 [s, 9H;  OSi(CH,),], 
1.19 (dd, 3Jp3,2=5.8,  'J1,,=4.9HZ, 1H; (Z)-3-H), 1.22 (dd, 3JL.3,2=6.2,  
2J3.3=4.9HZ, 1H; (E)-3-H), 2.24 (t. ' J=7.0Hz, 3 H ;  CH,), 3.35 (dd, 
' J ~ ~ , , , = S . X . 1 J ~ _ 3 , , = 6 . 2 € ~ z , 1 H ; 2 - H ) , 3 . 3 7 ( d q , Z J =  - 9 . 2 , 3 J = 7 . 0 H ~ , l H ;  
CH,O), 3.58 (dq, 'J = - 9.2, 3J =7.0 Hz, 1 H; CH,O); I3C NMR (62.9 MHz, 


C-3) .  58.59 (C,,,,, C-1). 66.89 (+, C-2). 67.51 ( - ,  CH,O), 83.62 C-2),  
C,D,):S = -1 .88 [  +,Si(CH,),J,0.67[ +,OSi(CH,),], 15.23(+,CH3), 19.44(-, 


l05 . j4(C, , . , , c - l ' ) ;h lS(70eV,EI) : r~ /~( (%):270(1) [ .~ ' ] ,241  ( l l ) ,  155(10),178 
(44), 73 (100) [SiMe:]; C,,H,,O,Si, (270.5): calcd C 57.72, H 9.69; found C 57.80, 
H 10.74. 


(S, R ) / ( R ,  R)- 1 -Acetoxy-l -ethoxy-l-(2-trimethylsilylethynyl)cyclopropane [ ( S . R ) /  
(R,R)-24-OAcl was obtained as a mixture of diastereomers (1 :2) by deprotonation 
of (R,S) -7b  in THF at -78 "C for 15 min and treatment with oxygen and acetic 
anhydride. (R.R)-24-OAc (R,  = 0.32): Clear oil (133 mg, 55%); [a];' = - 20.7 
(C = 1.1 in CHCI,); 1R (neat): i = 2960 (C-H), 2150 (CsC), 1720 (C=O), 1330, 
1200,84Ocm-'; 'HNMR(250MHz,CDC13):6 =O.22[s,9H;Si(CH3),], i.J5(t, 
' J = ~ . ~ H Z , ~ H ; C H , C H , ) , ~ . ~ ~ ~ ~ ~ , ~ J ~ . , = ~ . ~ , ~ J ~ ~ ~ , ~ = ~ . ~ H Z , I H ; ( € ) - ~ - H ) ,  
1.40 (dd, 2 J 3 , 3  = 6.9, 3J2.,,2 = 6.8Hz, 1 H; jZ)-3-H), 2.35 (s, 3H; CH,CO), 


,J2-,,, = 6.8 Hz, 1 H; 2-H), 3.92 (dq, *J = - 9.2, =7.2 Hz, 1 H; CH,O); MS 
3.50 (dq, ' J  = - 9.2, 3J =7.2 Hz, 1 H; CH,O), 3.55 (dd, 3J2-,.2 = 4.7, 


(70 eV, El): m/z (YO): 240 (3) [ M ' ] ,  225 (4), 21 1 (9, 197 (10) [M' -- CH,CO], 165 
(221, 125 (100) [M' - C,H,O - SiMe,], 73 (72) [SiMe:j, 43 (45) [CH,CO+l; 
C,,H,,O,Si (240.4): calcd C 59.96. H 8.39; found C 59.72, H 8.05. 


(S,R)-24-OAc (R, = 0.28): Clear oil (67 mg, 28%); [4i0 = +7.8 (c = 1.0 in 
CHCI,); IR (neat): = 2960 (C-H), 2155 (C=C), 1720 (C=O), 1335, 1205, 
840cm-'; 'HNMR (250MHz, CDCI,): 6=0.28 [s, 9H;  Si(CH,),J, 1.15 (t. 
'J =7.2 Hz, 3H; CH,CH,), 1.27 (dd, 'J,,, = 6.9, 3JE-1,2 = 4.6 Hz, 1 H; (E)-3-H), 
( .44(dd,2~~, ,=6.9,33,~, , ,=6.SH~,tH;(Z)-3-K1,2.27(~,3K;C~3CO),3.S1 
(dq, * J = - 9 . 2 ,  3 J = 7 . 2 H ~ ,  1 H ;  CHZO), 3.58 (dd, 3J,-3.,=4.6. 
3 J L - 3 , 2 = 6 . 5 H ~ , 1 H ; 2 - H ) , 3 . 9 8 ( d q , 2 J =  -9.2, ' J=7 .2Hz .1H;CH20) ;  MS 
(70eV,El):m/z(%):240(2)[M+],225(2),211 (8), 397(15)[M+ - CH,CO], 165 
(20), 125 (100) [ M I  - C,H,O - SiMe,], 73 (88) [SiMe:], 43 (58) [CH,CO+): 
C,,H,,O,Si (240.4): calcd C 59.96, H 8.39; found C 59.88, H 8.30. 


(S,R)/(R,R)-2-Ethoxy-I-p-toIuenesulfonyloxy- 1-(2'-trimethylsiIyIethynyi)cycIopmp 
ane [(S,R)/(R,R)-24-OTs] was obtained as a mixture of diastereomers (1 :5) by de- 
protonation of ( R , S ) - 7  b in THF at - 75 "C for 15 min, oxygenation at - 90 ''2, and 
treatment with tosyl chloride. (R,R)-24-OTs (R, = 0.35): Clear oil (230mg, 6 5 % ) ;  
[%I;'= +98.5(c=1.05inCHCIl);IR(neat): i .=2959(C-H),2178(C~C),1599 
(C=C), 1496, 1363 (SO,), 1250 (Si-C), 1178 (SO,), 1098, 989, 930, 845. 762. 734. 
66Xcm.': 'H NMR (250 MHz, C,D,): 6 = 0.15 [s, 9 H ;  Si(CH,),], 0.65 (dd, 
3 J E - 3 , 2  =7.1, 'J,., =7.0Hz, 1 H; (i3-3-H). 1.15 (t, 'J=7.1 Hz, 3H;  CH,CHz), 
1 .20(dd ,3J~ . , .1=4.9 ,2~ , ,=7 .0Hz, IH;(Z)-3-H) ,2 .00(s ,3H;Ar-CH,) ,3 .25  
(dd, 3Jz.3,2 = 4.9, ' J E - , , ,  =7.1 Hz, I H; 2-H), 3.25(dq, 3J =7.1, ,J= 9.1 Hz, 1 H; 
CHIO), 3.55 (dq, 'J=7.1, '5'9.1 Hz, 1H;  CHlO), 6.82 (d, ' J=9.3Hz,  2H; 
Ar-H), 8.00 (d, 'J= 9.3 Hz, 2H;  Ar-H); "C NMR (62.9 MHz, C,D,): 
6 = - 0.48 [ t, Si(CH,),], 15.05 (+, CHJH,), 21.23 (+, Ar-CH,). 22.69 (-, 


!02.42 (C,.,,, C-l'), 128.65 (+, o-C-Ar), 129.82 ( i ,  mC-Ar),  135.76 (C,,,,, 
p-C-Ar), 144.43 (Cqu,,, C-Ar); MS (70 eV, EI): m!r (%): 352 (1) [M+] ,  173 (loo), 
155 (77) IC,H,SO:], 91 (98) [C,H:]; C,,H,,O,SSi (352.5): calcd C 57.92, H 6.86; 
found C 57.92, H 6.84. 


C-3), 55.79 (C,,,,, C-l) ,  62.23 (+, C-2), 67.28 (-, CHZO). 90.84 (C,.,,, C-2'), 


(S,R)-24-OTs (R, = 0.30): White solid (46 mg, 13%), m.p. 62.5"C; [a];' = +7.3 
(c =1.2 in CHCI,); IR (KBrj: ? = 2959 (C-H), 2178 (C-C), 1599 (C=C), 1496, 
1363 (So,), 2250 (Si-C), 1178 (SO,), 1098, 989, 930, 845, 762, 734, 668cm-' .  
'HNMR (250MHz. C,D,): 6 = 0.12 [s, 9H; Si(CH,),], 1.00 (dd, 3Jz-,,2 = 6.9, 
'J3.3 =7.0 Hz, 1 H;  (Z)-3-H), 1.20 (t, ,J=7.1 Hz, 3 H ;  CH,CH,), 1.45 (dd. 
3J,-3.2=4.8, 2Jl.3=7.0Hz, 1 H ;  (E)-3-H), 2.05 (s, 3H; Ar-CH,), 3.70 (dd, 
3Jz-3.z ~ 6 . 9 ,  3JE-3.2 =4.8 Hz, 1 H; 2-H), 3.35 (dq, 'J27.1, 'J= - 9.1 Hz, 1 H ;  
C H ~ O ) , 3 . 4 5 ( d q , ~ J = 7 . 1 , ~ J =  -9 .1Hz , lH;CH2O) ,  6 .84 (d , , J=9Hz ,2H;  
At-H). 8.05(d, 'J = 9 Hz,2H; Ar-H); "CNMR (62.9 MHz, C,D,): 6 = - 0.37 
[ +, Si(CH,),J. 13.33 (+. CH,CH,), 21.15 (+, Ar-CHI), 24.15 (-, C-3), 58.32 
(C,.,,, C-l),  62.83 (+, C-2), 66.38 (-. CHZO), 93.02 (C,.,,, C-2'), 99.65 (C,,,,, 
c- l ' ) ,  128.69 (+, o-C-Ar), 129.92 (+, m-C-Ar), 135.55 (CqUa,,pC-Ar),  144.58 
(C,,,,.C-Ar);MS(70eV,EI):m/z(%): 352(1)[M+j, 173(100), 155(75),91 (92): 
C,,H,,O,SSi (352.5): cdlcd C 57.92. H 6.86; found C 58.02, H 6.97. 
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2-A1 koxy-I -ethynylcyclopropanes 545-555 


l-p-Toluenesulfonyloxy-l-(2'-trimethylsilylethynyl~ycloprnpane (28) was obtained 
in 80% yield by deprotonation of 27 in ether at RT for 1 h and treatment with 
oxygen and tosyl chloride. The substance corresponds in all respects with the com- 
pound described in ref. [~OC]. 


General Procedure for the Desilylation of (Trimethylsilyl)ethynylcyclopropanes: 
Method A, with tetrabutylammonium fluoride (TBAF): To a solution of the 
(trimethylsilylethynyl)cyclopropane (1 .O mmol), dissolved in moist THF (10 mL), 
was added TBAF (1.5 mmol). After having been stirred for 5 min at RT, the mixture 
was poured into a mixture of water and diethyl ether (20 mL each). The aqueous 
layer was extracted with diethyl ether (3 x 20 mL). The combined organic layers 
were washed with brine (10 mL). dried (MgSO,), and concentrated under reduced 
pressure. The residue was purified by flash chromatography on silica gel [petroleum 
ether (60/80)/ diethyl ether = 20/1]. 


Method B, with potassium carbonate in methanol: The (trimethysilyiethynyl)- 
cyclopropane (1 .O mmol) was dissolved in methanol (10 mL) saturated with 
K,CO,. After having been stirred for 15 min at RT, the mixture was filtered. The 
filtrate was poured into a mixture of water and diethyl ether (2 x 10 mL), and the 
aqueous layer was extracted with diethyl ether (20 mL each). The combined organic 
layers were washed with brine (lOmL), dried (MgSO,), and concentrated under 
reduced pressure. The residue was purified by flash Chromatography on silica gel 
[petroleum ether (60/80)/diethyl ether = 20111. 


(S,R)-l-Acetoxy-2-ethoxy-l-ethynylcyclopropane [ (S,R)-23-OAc] was obtained as a 
clear oil from (S,R)-24-OAc by Method A (160mg, 95%); IR (neat): t = 2960 
(C-H), 2150 (CIC), 1720 (C=O), 1330, 1200, 840cm-'; 'HNMR (250MHz, 
CDCI,): 6 =1.10 (t. ' J=7 .2Hz,  3 H ;  CH,CH,), 1.20 (dd, 'J,,, = 6.9, 
,JE-, z=6.8H~,lH;(E)-3-H),1.75(dd,2J,~,=6.9,3Jz.3,2 =4,7Hz, lH;(Z)-3-  
H), 2.27 ( s ,  1 H ;  2'-H), 2.35 (s, 3 H ;  CH,CO), 3.15 (dd, 'JE_,, ,=6.8,  
'JZ-, , ,=4.7Hz, l H ; 2 - H ) , 3 . 4 0 ( d q , ' J =  - 9 . 2 , 3 J = 7 . 2 H z ,  1 H ; C H 2 0 ) , 3 . 5 5  
(dq, 'J= -9.2, ' J=7 .2Hz,  1 H ;  CH,O); MS (70eV. El): mi; (%): 139 (5) 
[M' - C,H,], 125 (30) [M' - MeCO], 97 (22), 43 (100) [MeCO']; CgH,,O, 
(168.2): calcd C 64.27, H 7.19; found C 63.93, H 7.22. 


(R,R)-2-Ethoxy-1~thynyl-l-p-toluenesulfnnyloxycyclopropane [ (R,R)-23-OTs] was 
obtained as a clear oil from (R,R)-24-OTs by MethodA (258mg, 92%): 
[a];' = +122.00 (c = I S 0  in CHCI,); IR (neat): 3 = 2970 (C-H), 2180 (CEC). 
1602 (C=C), 1500, 1379 (SO,), 1179 (SO,), 1102, 998, 845, 768, 734cm-'; 
'HNMR (250MH2, CDCI,): 6 =1.20 (t, ' J=7 .1  Hz, 3 H ;  CH,CH,), 1.35 (dd, 
'J3.3 = 7.9, '52-3, 2 = 5.4 Hz, 1 H ;  (Z)-3-H), 1.55 (dd, 3JE-3, , = 8.0, '5,. , = 7.9 Hz. 
1 H ;  (E)-3-H), 1.95 (s, 3 H ;  Ar-CH,), 2.05 (s, 1 H; 2'-H), 3.62 (dq, 'J= - 9.4, 
' J = 7 . 1  H~,lH;CH,0),3.80(dd,~J,.,,, = 8.0, 'Jz~,. ,  = 5.4Hz, IH;2-H),4.00 
(dq, 'J= -9.4, ' J=7 .1Hz,  1 H ;  CH,O), 6.75 (d, ' J = 9 . 3 H z ,  2H;  m-Ar-H), 
8.00(d, ' J=9 .3Hz,2H;o-Ar-H) ;  "CNMR(62.9MHz,CDC13):6=15.10(+, 
CHlCH,),21.36(+,Ar-CH,),23.63(-,C-3), 57.64(Cq..,, C-l) ,62.43(+, C-2), 
66.53 (-, CH,O), 76.22 (+, C-2'), 78.22 (C,,,,. C-1'). 127.82 (+. C-Ar), 128.10 
(+, C-Ar), 135.53 (C,,,,, C-Ar), 144.41 (C,,,,. C-Ar); MS (70 eV, El): m/z (%): 
188 (100) [C,H,SO:]. 91 (82) [C,H:]: C,,H,,O,S (2X0.3): calcd C 89.98. H 5.75; 
found C 60.36. H 5.61. 


(S,R)-2-Ethoxy-l-ethynyl-l-p-toluenesulfnnylnxycyclnpropane [(S,R)-23-OTs] was 
obtained as a clear oil from (S,R)-24-OTs by Method B (263 mg, 94%): 
[XI:' = + 40.7 (c = 0.421 in CHCI,); IR (neat): 3 = 2970 (C-H), 2180 (CEC), 
1598 ( C = C ) ,  1502, 1371 (SO,), 1170 (SO,), 1101, 933, 839, 758, 735cm-'; 
'HNMR (250 MHz, CDCI,): 6 =1.10 (t, 'J =7.2 Hz, 3 H ;  CH,CH,), 1.23 (dd, 
'J3.3 = 6.9, ,JE-,,, = 4.9 Hz, 1 H; (E)-3-H), 1.85 (dd, *J,,, = 6.9, 'J,-,,, =7.3 Hz, 
1 H: (Z)-3-H), 1.85 (s, 3 H ;  Ar-CH,), 2.05 (s, I H ;  2'-H), 3.15 (dd, 3 J Z - 3 , i  =7.3, 
3 J , - , , 2 = 4 . 9 H ~ ,  lH;2-H) ,3 .42(dq ,  ' J = - 9 . 2 ,  ' J=7 .2Hz,  lH;CH,O) ,3 .55  
(dq, 'J= -9.2, ' J=7 .2Hz,  1 H ;  CH,O), 6.75 (d, 3 J = 9 . 2 H ~ ,  2 H ;  m-Ar-H), 
8.00 (d, ' J  = 9.2 Hz, 2 H ;  o-Ar-H); "C NMR (62.9 MHz, CDCI,): 6 = 14.71 (+, 
CH,CH,),20.91 (+, Ar-CH,), 21.71 (-,C-3). 54.67(C,.,,,C-l), 61.41 (+, C-2), 
66.97 (-, CH,O), 74.09 (C,.,,, C-l'), 80.62 (+, C-2'). 127.92 (+, C-Ar). 128.33 
(+,  C-Ar), 135.73 (C,.,,, C-Ar), 144.61 (C,,,,, C-Ar); MS (70 eV, El): m/r  (%): 
155 (100) [C,H,SO:], 91 (79) [C,H:]; C,,H,,O,S (280.3): calcd C 59.98, H 5.75: 
found C 60.21. H 5.83. 


l-Chloro-l-ethynyl-2,3-dimethylcyclnpropane was obtained from l-chloro-l-tri- 
chloroethenyl-2,3-dimethylcyclopropane [26] (10.0 g, 42.7 mmol) according to the 
previously published procedure [20e], yield 3.65 g (67%), ( E ) / ( Z )  = 1:5.5; 
'HNMR (250 MHz, CDCI,): 6 =1.09 (d, 'J= 6.2 Hz, 3H.  1"-H), 1.10 (d, 
'J= 6.4Hz, 3H,  2 - H ) ,  1.42-1.52 (m, 2H,  2-H, 3-H), 2.39 (s, 1 H, 2'-H). 


General Procedure for the Preparation of Ethenylcyclopropanes from Ethynylcyclo- 
propanes by Hydrogenation: The ethynylcyclopropane (1 .O mmol) was stirred in 
pentane or dichloromethane (10 mL) with quinoline (2 mg) and palladium (3 mol% 
on BaSO,, deactivated with lead, 0.005 mmol Pb) [28] under a hydrogen atmo- 
sphere (slightly pressurized by a rubber balloon). After having been stirred for 1 h 
to 3 d at RT, the mixture was filtered. Then the filtrate was concentrated under 
reduced pressure, and the residue purified by flash chromatography on silica gel 
[petroleum ether (60/80)/ diethyl ether = 20/1]. 


( 1R*,2RX)/( 1S*,2R*)-l-Chloro-l~thenyl-2-trimethylsilylcycloprnpane was obtained 
as a colorless oil from I-chloro-1-ethynyl-2-trirnethylsilylcyclopropane [28] (1 .OO g, 
5.79 mrnol) [ (E) / (Z )  = 1 :2.3] by hydrogenation in dichloromethane for 24 h ac- 
cording to the general procedure (0.74 g, 73%); IR (neat): 3 = 3310, 2950, 1730, 
1640 (C=C), 1418, 1250. 1190, 1140, 830cm-'; ' H N M R  (250MHz, CDCI,): 
b = 0.12 (s, 9H,  SiMe,), 0.27 (dd, 3J = 9.5 ,  'J = 11.5 Hz, 1 H, 2-H), 1.23, (m. 2H, 
3-H), 5.06 (dd, J,,,=lO.5, Jg,,=1.3Hz, l H ,  2'-H), 5.34 (dd, J,,,,,=17.0, 
J , , , = ~ . ~ H Z , ~ H , ~ ' - H ) , ~ . ~ ~ ( ~ ~ , ~ , , , , = I ~ . O , J , , , = I O . ~ H Z ,  l H , l ' - H ) .  


(1R*,2R*,3S*)/(IS*,2R*,3S*)-1-Chloro-2,3-dimethyl-l~thenylcyclnprnpane was 
obtained as a colorless oil from l-chloro-l-ethynyl-2,3-dimethylcyclopropane 
(1.28 g, 10.0 mmol) [ ( E ) / ( Z )  = 1 :5.5] by hydrogenation in dichloromethane for 24 h 
according to the general procedure (1.19g, 91%); ' H N M R  (250 MHz, CDCI,): 
S =1.09-1.10 [m, 6 H ,  l"(2")-HI, 1.22 [m., 2H, 2(3)-HI, 5.00 (dd, Jgem =1.0, 
J,,, = 10.2 Hz. 1 H, 2'-H), 8.30 (dd, Jglm = 1.0. J,,""= = 16.5 Hz, 1 H, 2'-H), 5.62 (dd, 
J,,s = 10 2. J,,,., = 16.5 Hz, 1 H, I'-H). 


(R,R)-I-Ethenyl-1-ethoxy-1-p-toluenesulf [(R,R)-25-OTs] was 
obtained as a clear oil from (R,R)-23-OTs by hydrogenation for 24h in 
dichloromethane (266 mg, 94%): [a]$,' = + 243.8 (c = 0.390 in CHCI,); IR (neat): 
3 = 2965 (C-H), 1602 (C=C), 1496, 1370 (SO,), 1170 (SO,), 1100,994,932,843, 
737, 670cm-';  'HNMR (250MHz, CDCI,): 6=1.15  (t, 3 J = 7 . 0 H ~ ,  3 H ;  
CH,CH,). 1.25 (dd, 'J,_,,,=7.5, 2J , , l=8 .5Hz,  1 H ;  (E)-3-H), 1.70 (dd, 
'J , , ,=8.5,  3Jz . , , ,=4 .7H~,  1 H ;  (Z)-3-H), 2.67 (s, 3 H ;  Ar-CH,), 3.20 (dd, 
3J,-3,,=7.5, 'JL-, , ,=4.7Hz, 1 H ;  2-H), 3.55 (dq, ' J = 9 . 0 ,  , J = ~ . O H Z ,  1 H ;  
CH1O).3.65(dq, z J = 9 . 0 .  , J=7 .0Hz,  l H ; C H , 0 ) , 5 . 1 0 ( d , 3 J z  .*,,,, =16.9Hz, 
I H ;  (Z)-2'-H), 5.23 (d, 3JE-2., = 16.9, 
3JE-2,., = l o 2  Hz, 1 H;  1'-H), 7.24 (d, ,J = 8.3 Hz, 2 H ;  Ar-H), 7.79 (d, 
'5' 8.3 Hz, 2 H ;  Ar-H); "C NMR (62.9MHz. C,D,): 6 =14.61 (+. 
CH,CH,O), 18.52 (-, C-3), 20.78 (+, Ar-CH,), 62.18 (+, C-2). 66.03 (C,,.,, 
C-l),66.22(-.CH,O),114.27(-,C-2'),126.15(+,C-Ar),129.30(+,C-Ar), 
132.65 (+. C-I,), 136.26 (C,,,,, C-Ar), 144.03 (C,.,,, C-Ar); MS (70 eV, El): m/z 
("Yo): 155 (300) [C,H,SO:], 91 (82) [C,H:]; C,,H,,O,S (282.4): calcd C 59.55, H 
6.43; found C 59.37, H 6.21. 


(S,R)-l-Ethenyl-2-ethoxy-l-p-tolnen~ulfonyloxycyclopropa~e [(S,R)-25-OTs] was 
obtained as a clear oil from (S,R)-23-OTs by hydrogenation for 48 h in 
dichloromethane (265 mg, 94%): [a]:' = + 8.79 (c = 1.40 in CHCI,); IR (neat): 


762. 734, 668 cm-I;  'H NMR (250 MHz, CDCI,): 6 = 1.20 (t, ' J=7 .0  Hz, 3 H ;  


'J,,,=8.5, 3JE., ,z=4.7Hz, 1 H ;  (E)-3-H), 2.67 (s, 3 H ;  Ar-CH,), 3.02 (dd, 


= 10.2 Hz, I H;  (E)-2-H), 5.87 (dd, 'J,.,., 


i. = 2962 (C-H), 1600 (C=C), 1496,1369 (SO,), 1174 (SO,), 1092,993,930, 845, 


CH,CH,), 1.35 (dd, 3J2-3,2 =7.5, ' J 3 , 3  = 8 .5  Hz, 1 H ;  (Z)-3-H), 1.50 (dd, 


,JL-3 = 4.7 Hz, 1 H ;  2-H), 3.45 (dq, 'J = - 9.0, 3J = 7.0 Hz, 1 H;  
CH20),3.65(dq, 'J= -9.0,3J=7.0Hz,1H;CH20),5.05(d,3Jz~2.,, =16.9Hz, 
1 H ;  (Z)-2-H),  5.06 (dd, 3JE.2.,1. ~ 1 0 . 2  Hz, 1 H ;  (E)-2'-H), 5.95 (dd, 


= 7.5, , JE- , ,  


3 J ,~2 . , , .=16 .9 ,3J ,~1 . , I .=10 .2H~, lH;  l ' -Hf,7.30(d, 'J=8.3Hz,2H;Ar-H),  
7.84 (d, 'J= 8.3 Hz, 2H:  Ar-H); ''C NMR (62.9 MHz, C,D,): 6 =14.71 (+,  
CH,CH,O), 18.55 (-,  C-3), 20.81 (+, Ar-CH,), 61.85 (+, C-2), 66.03 (Cqumt, 
C-l),66.99(-.CH,O),111.94(-,C-2'),128.25(+,C-Ar),129.28(+,C-Ar), 
136.06 (C,,,,, C-Ar), 136.81 (+, C-1'). 143.74 (C,,,,, C-Ar); MS (70 eV, EI): mi; 
(Yo): 155 (100) [C,H,SO:], 91 (87) [C,H:]; C,,H,,O,S (282.4): calcd C 59.55, H 
6.43; found C 59.32, H 6.14. 


1-Ethenyl-1-p-toluenesulfonyloxycycloprnpane (29) was obtained in 90 YO yield over 
two steps by protodesilylation of 28 in THF and subsequent hydrogenation for 24 h 
in dichloromethane. The substance corresponds in all respects with the compound 
described in ref. [~OC]. 


Dimethyl (R)-12-(2-Ethoxycyclopropylidene)ethyl~(2-propyn-l-yl)malonate [(R,E)- 
261: The tosylate (R,R)-25-OTs (150 mg, 0.53 mmol) was dissolved in dry THF 
(10mL) under nitrogen and the catalyst [prepared in advance from Pd(dba), 
(5.2 mg, 0.010 mmol) and dppb (4.8 mg, 0.011 rnmol) in dry THF (4 mL). stirred for 
5 min] was added. After the mixture had turned green (1 -5 rnin), dimethyl l-sodi- 
um-I-propargylmalonate (153 mg, 0.8 mmol) in THF (5 mL) was added, and the 
mixture stirred at RT until the tosylate disappeared (TLC, 2 h). The mixture was 
poured into a mixture of water and diethyl ether (10 mL each), and the aqueous 
layer extracted with diethyl ether (3 x 15 mL). The combined organic layers were 
washed with brine (1 5 mL), dried (MgSO,), and concentrated under reduced pres- 
sure. The residue was purified by flash chromatography [petroleum ether (60/80)/di- 
ethyl ether = 20/1] affording (RS1-26 as a clear oil (1 1 I mg, 75%): [&" = -7.34 
(c = 0.99 in CHCI,); IR (neat): 3 = 3270 (CfC-H), 2950 (C-H), 1740 (C=O), 
1430,1190,1040,850cm~';'HNMR(62.9MHz,CDCI,):6 =1.16(t ,3J=7.1 Hz, 
3H;  CH,CH,O). 1.20-1.30 (m. 2H;  3'-H), 1.99 (t, 4J,.,3., = 2.7 Hz, 1 H; 3"-H), 


'J=7.1 Hz, 2 H ;  CH,O), 3.60-3.80 (m, 1 H ;  2-H),  3.70 (s, 3 H ;  CH,O), 3.71 (s, 
3 H ;  CH,O), 5.90 (m, 1 H ;  2-H); "C NMR (62.9MHz, CDCI,): 6 =11.48 (-. 


52.71 (+,  CH,O), 56.93 (C,,,,, CCO,), 62.45 (-, CH,O), 66.10 (+, C-2'). 71.32 


CO); MS(70eV. EI): m / ~ ( ~ h ) :  280(1)[M']. 191 (241, 161 (41), 1 1 1  (100). 83 (561, 
59 (56); C,,H,,O, (280.3): calcd C 64.27, H 7.19: found C 64.22, H 7.25. 


2.78 (d, 4J, ,-,, = 2.7 Hz, 2 H ;  I"-H), 2.94 (d, ' 5 ~ 7 . 6  Hz, 2H:  I-H), 3.54 (4, 


C-3'), 15.03 (+. CH,CH,O), 22.83 (-, C-l"), 34.51 (-, C-1). 52.55 (+, CH,O), 


(C,,,,, C-2"). 78.85 (+, C-3"), 118.33 (+, C-2). 129.37 (C,,.,, C-I,), 170.16 (C,.,,, 


~ ~ 
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FULL PAPER A. de Meijere et al. 


Dimethyl (ZR*,3S*)-[(t,3-Dimethyl)cyclopropylideneJethyl~(Z-propyn-l-yl)malonate 
(roc-32): According to the procedure far the preparation of (R,E)-26, the reaction 
Of (1R*,2R*,3S")/(lS*.2R*,3S*)-2,3-dimethyl-l-ethenyl-l-chlorocyclopropane 
(130.5 mg, 1.00 mmol) with dimethyl I-sodio-I-propdrgylmdonate (298 mg, 
1 .50 mmol) after 2 h at 66 "C, workup, and flash chromatography on silica gel (20 g) 
[petroleum ether (60/80)/Et,O lO,'l] yielded 190 mg (72%) of rut-32 as it colorless 
oil: IR (neat): i s  = 3290,2950,1740 (CO), 1430. 1280, 1200, 1080,900, 830cm-'; 
'HNMR (250 MHz, CDCI,): 6 = 1.00- 1.10(d, 3J = 6 Hz, 3H, CH,-Cpr), 1.10 (d, 
3J=6.1Hz,3H,CH,-Cpr),1.50-1.70(m,2H,Cpr-H),2.00(t,aJ=3.lHz,1H, 
3-H) ,2 .70(d ,4f=  3.1 Hz.2H, l"-H).2.83fd,'J =7.9 Hz,2H, l -H) ,3 ,70 (~ ,6H,  
CH,O), 5.47(m. lH,2-H) ;  "C NMR (62 .9MIk  CDCI,, DEPT): b=11.13 (+. 
CH,-Cpr), 11.43(+.CH3-Cpr), 13.00(+.C-3'), 13.55(+,C-2'),22.64(-,C-I"), 


(C,,,,. C-2"). 109.55 (+, C-2), 140.42 (C,.,,, C-1'). 170.42 (C,,,,. CO); MS (70eV, 
EI): m l i  ( " / p i :  264 (1) [M'], 204 (28), 189 (29), 165 (21), 145 (loo), 105 (40): 
ClSH,,O, (264.3): 264.1361 (HRMS correct). 


Dimethyl (6 - If2 -Trimeth~~silyl)cyclopropylidenelethyll(2-propyn- 1 - y1) malonate 
(roc-34): According to the procedure for the preparation of (R,E)-26, the reaction 
of (1 R*,2R*)/( I S*.2R*)-2-tr~methylsilyl-l-ethenyl-l-ch~oro~yclopropane (1 77 mg, 
1.01 mmol) with dimethyl 1-sodio-I-propargylmalonate after 4 h a t  20 "C, workup, 
and flash chromatography on silica gel (20 g) [petroleum ether (60/80)/Et20 5/11 
yielded 200 mg (64%) oTrac-34 as a colorless oil; IR (neat): C = 3300,2998,2950, 
2920, 2895, 2840, 2225, 1735, 1435, 1288, 1246, 1210, 1180, 1090, 1015, 975, 903, 
837,730,646 cm-I;  'HNMR (250 MHz, CDCI,): 6 = 0.03 [s, 9H, Si(CH,),], 0.59 
(m, 1 H, Cpr-H), 0.84 (m, 1 H, Cpr-H), 1.14 (m, 1 H, Cpr-H), 1.99 (t. 4J= 2.6 H2, 


OCH,), 5.33 (m, 1 H, 2-HI; I3C NMR (62.9 MHz, CDCI,, DEPT):J = - 2.57[ +, 
Si(CH,j,], 4.63 ( - ,  C-Cpr), 4.68 (+, C-Cpr), 22.59 (-, C-I"). 34.67 (-. G I ) ,  


(+. c-2). 131.10 (C,,,,, C-Cpr), 170.45 (C,,,,, C=O). 


(1 S,2R,SS)-7',7'-Bis(methosycarhonyl)-2-ethosy-3'~xospiro[cyclopropane- I .4'-hi- 
cyclol3.3.0loct-l'-enel [ ( l  S32R,5'S)-31]: A solution of  the enyne (R,E)-26 (280 mg, 
1 .0 mmol) in dry CH,CI, (10 mL) was stirred with Co,(CO), (342 mg, 1 .O mmol) in 
the dark. After complete conversion (monitored by TLC, 2 h) the mixture was 
cooled to - 78T, and ~r~metliyIamine-N-oxide (TMANO) (525 mg, 7.0 mmol, 
7 equiv) added. The mixture was stirred under an oxygen atmosphere. The solution 
was warmed slowly ( 1 5  h) to RT and filtered through Celite. After removal of the 
solvent in vacuo the residue was purified by flash chromatography on silica gel 
[petroleum ether (6OiXO)ldiethyl ether = 3: 11 to yield 262 mg (85%) of bicy- 
clooctene (lS,2RS'S)-31: M.p. 47?C; [s(]iO = c19.33 (e = 0.90 in CWCI,); IR 
(KBr): i. = 3060. 2980 (C-H), 1740 (C=O). 1700 (C=O), 1435. 1250, 1210, 840, 
750cm-I; 'HNMR (250MHz. CDCI,): 6 =  0.99 (dd, 3Jz-,.L =7.3, 
' J j ,  3 = 9.1 Hz, I H;  (Z)-3-H), 1.15 (dd, ' . j E - , , ,  = 5.1, 2J3,5 = 9.1 Hz, 1 H ;  (E)-3- 
H). 1.30(t, ' J ~ 6 . 9 H z . 3 H ;  CH,CH,O). 1.80(dd, 3Js.,,,=13.1, 2 J = 1 3 . 2 H ~ ,  
1H;  6-H,), 2.62 (dd, 'J=13.2, 'Js. , , . ,=9.3Hz. 1H;  6-H,), 3.16 (dd, 
' J s . , b , B  =13.1. 3JS.,6.A = 9.3 Hz, 1 H;  5'-H), 3.35 (d, ' J  = 14.3 Hz, 1 H ;  8'-H), 3.50 
(4, ' J=6.9Hz, 2H;  CHzO), 3.57 (d, 'J=14.3H2, 1H; 8'-H). 3.70 (dd, 
'J2.Z-, =7.3, 3 J 2 . z - 3  = 5.1 Hz, 1 H;  2-H), 3.76 (s, 3H: CO,CH,), 3.80 ( s .  3H: 
C02CH,), 6.00 ( S ,  I H ;  2'-H); I3C NMR (62.9 MHz, CDCI,): ii =14.10 (+, 
CH3CH2), 19.85 (-, C-3). 35.76 (-. (2-6'). 37.48 (--, C-8'), 39.53 (C,.,,, G I ) ?  


(+, C-2), 6677 ( - ,  CH,O), 125.13 (+ ,  C-2'), 171.15 (C,,,,, C02CH,), 171.23 


34.32 (-, C-1). 52.70 (+, CH30),  57.15 (C,,,, CCOJ,  71.12(+, C-3"). 79-15 


1H,3"-H),2.78(d,4J=2.6H~,2H,3"-H).2.94(d,3J=7.5H~,l-H),3.73(~,6H, 


53.72(+.0CH;),57.17(C,,,,,CCOZ),71.11 (C, C-3"),79.14(+,C-Z"),107.70 


46.92 (+,C-S),53.14(+.CO2CH,),53.27(+,CO,CH,),61.03(C, "=,, C-?'),62.11 


(C,,.,, CO,CH,), 182.96 (C,,*,, C-I) ) ,  207.57 (C,,,,, C-3'); MS (70 eV, EI): m/z (?;): 
308 (69) [M'].  248 (35), 219 (loo), 189 (99), 133 (58), 131 (97). 103 (93). 77 (83); 
C,,H,,O, (308.3): calcd C 62.33. H 6.54; found C 62.30. H 6.51. 


(1S*,2R*,5'~)-7',7'-Bis(metboxycarbonyl)-2-trimethylsiIyl-3'-oxospiro[cycloprop- 
ane-1,4'-bicyclo~3.3.O]oct-I'-eneJ (rac-35 a) and (lR*,2SX,SS-7',7'-Ris(rnethoxycar- 
bonyl)-2-trimethylsilyl-3'-o~~piro(cyclopropane-l,4'-b~cyclo~3.3.O~oct-I'-eflel (rur- 
35b): According to the procedure for the preparation of (1 S,2R,SS)-31, rue-34 
(62 mg, 0.20 mmol) was treated and purified by flash chromatography on silica gel 
(10 g) [petroleum ether (60/80)/Et20 9/11 affording 5.4 mg (8 %) of rac-35b (frac- 
tion I, R, = 0.30) and 48 mg (72%) of rirc-35a (fraction 11, Rr = 0.25) as colorless 
solids. 
rac-35h: IR  (KBr): V = 3060, 2980, 1740 (C=O). 1700 ( G O ) ,  1435, 1250. 1210, 
840, 740cn-  I, 'HNMR (250 MMz, CDCI,): 6 = 0.10 (s, 9H. Si(CH,),), 0.32 (dd, 
3.7,~,=10-7.'Ji-3=9.3Hz, 1H,2-H),  1.03(dd, 'J1-,=9.3, 'J=3.0Hz, IH,  
3H, ) ,  1.15 (dd, ' J , - ,= l l ,  ' J = 3 H z ,  lH ,  3-H,), 1.70 (t, '.Ij.-,.=12.5, 
'J=12.5Hz, l H ,  6-H), 2.52 (dd, *J=12.5, 3J5.- , .=7.511~, l H ,  6-H),  3.16 
(dddd, 3J5,-6. =12.5, 3Jj.-b, ~ 7 . 5 ,  4J2._;.  -1.1, 4Js.-8. =1.0 Hz, l H ,  5'-H), 3.26 
(ddd. 2 J = 1 8 . 4 H ~ ,  4J=1.1.  4J=1.1Hz,  I H ,  8'-H), 3.40 (ddd, zJ,,B=18.4, 
4 J = l . l ,  4J=1.1 Hz, 1 H. 8'-H), 3.72 (s, 3H, CO,CH,). 3.81 ( s ,  3H, CO,CH,), 
6.00-6.02 (m, l H ,  2-H); I3C NMR (62.9 MHz, CDCI,, APT): 6 = - 0.46 (+ ,  


(-. C-1). 52.54 (+, C-5'). 53.16 (+, CO,CH,). 53.29 (t, C0,CH3), 60.65 (-, 
C-7'). 126.28 (+,  C-2'), 171.22 (-, C02CH,), 172.01 (C,,,,, CO,CH,), 182.04 (-, 


[W - CHJ, 277 (13) (Mi - CO,CH,], 261 (14), 217 (12), 115 (14), 89 (12), 73 


Si(CH,),), 16.68 ( + , C - 2 ) ,  17.89(-,C-3). 36.57(--.C-6'),36.74(-,C-8'), 38.13 


C-l'), 203.16 (-. C-3'); MS (70eV, EI): nz/z (%): 336 (8) [M'], 321 (23) 


(100) [Si(CH&']; C,,H,,O,Si (336.5)- 336.1393 (HRMS conect). 


rue-35a: IR (KBr): i = 3060, 2980, 1740 (C=O), 1700 (C=O), 1435, 1250, 1210, 
840.750cm-': 'HNMR (250 MHz, CDCI,): 6 = 0.07 (s. 9H, Si(CH,),), 0.77(dd, 
3J~.~=11.4,3J2-3=9.0H~,1H.2-H),0.99(dd,3J2.3~9.0,2J~2.9H~, 1H. 
3-H,), 1.15 (dd, 'J,.3=11.4, 'J:2.9Hz, IH,  3-HE), 1.60 (t, 3J5._,.=12.8, 
2 J ~ 1 2 . 8 H ~ , 1 H , 6 - H ) , 2 . 6 2 ( d d , 2 J = 1 2 . 8 , J J s . ~ , . = 7 . 2 H ~ , 1 H , 6 - H ) , 3 . 1 6 ( d d ,  
3J,--6.=12.8, 'J1.~6.=7.2H~,1H,S-H),3.31 (d,ZJ,,=18.4Hz.1H,8'-H),3.42 
(d, 'JAB=18.4HZ, l H ,  8'-H), 3.72 (8, 3H, CO,CH,), 3.81 (s, 3H, CO,CH,), 6.05 
(s, 1 H, 2'-H); I3C NMR (62.9 MHz, CDCI,, APT): 6 = -1.59 (+, Si(CH,),), 
14.22(+,C-2), 18.0O(-,C-3).35.46(-,C-6'),37,13(-,C-l),~7.65(-,(C-8'), 
49.82(+,C-5'),53.16(+,CO,CH,), 53.22(+,CO,CH,), 60.60(-,C-7'), 125.47 
(+, C-2'), 171.06 (-, COZCHJ, 171.93 (-, C02CH,), 182.83 (-, C-l'), 208.93 
(-,C-3');MS(70eV3 EI) :m/z (%) :  336(1l)[M+],321 (90)[M' - CH,], 277(11) 
[ M +  -COICHJ, 261 (14). 217 (12), 115 (14), 89 (12j, 73 (100) [Si(CH,):]; 
C,,H,,O,SI (336.5): calcd C 60.69, H 7.19: found C 60.62, H 7.25. 


(1R*,5'R*,Z)-7',7'-Bis(methoxycarhonyl)- 2.3-dimethyl -3'-oxospiro(cyc1opropane- 
1,4'-bicyclo13.3.01oct-l'-enel (rue-33a) and (IS*,5'R*,Z)-7',7'-Bis(methoxycar- 
bonyl)-2,3-dimethyl-3'-oxospirolC~cl0propane-l,4'-bicyclo~3.3.O~oct-~'~ne] (ruc- 
33b): According to the procedure for the preparation of (IS,2R,5'S)-31, rac-32 
(15 mg, 0.06 mmol) was treated and purified by flash chromatography on silicagel 
(10 g) [petroleum ether (60/80j/Et20 9/11 affording 7.5 mg (45 %) of rar-33a (frac- 
tionI, R, = 0.30) and 2.6 mg (15%) of r(rc-33b (fraction 11, R, = 0.2) as colorless 
oils. 
rae-338: 'HNMR (250 MHz, CDCI,): 6 = 0.80-0.90 (m, 1 H, Cpr-H), 0.89 (d, 
'J= 6.8Hz. 3H, CH,-Cpr), 1.20 (d, ,J= 6.2 Hz, 3H, CH,-Cpr), 1.05-3.15 (m, 
IH .  Cpr-H), 1.68 (dd, 3J5.-,.,=13. * J - I3Hr ,  l H ,  6-HA), 2.47 (dd, 'J=13, 
3J5.-6 B =7.5,1 H, 6-HH), 3.05 (dd. 'J;-i8 =7.5. 'J,.- 6.A = 13 H2, 1 H. 5'-H), 3.40 
(d, 'J=18.5Hz, 1H. 8'-H), 3.53 (d, 'J=18.5Hz, 1H,  8'-H), 3.78 (s, 3H, 
CH,CO,), 3.82 (s, 3H, CH,CO,), 5.91 (m, I H, 2'-H); l3C NMR (50.3MHr, 
CDCI,. APT): 6 = 9.52 (+,  C-Cpr), 9.92 (+,  C-Cpr), 24.85 (+,  CH,-Cpr), 26.94 
(+, CH,-Cpr), 34.73 (-, C-6),37.51 (+, C-l), 37.84(-.C-8'),47.66(+,C-5'), 
53.08 (+, CO,CH,), 53.10 (+, CO,CH,), 60 94 ( - ,  c-7'),124.67( +, C-2'), 171.25 
(-, CO,CH,), 172.04 (-. CO,CH,), 182.40 (-. ~ - 1 ' ) .  209.3 (-, c-3'); c,,H,,o, 
(292.3): 292.1310 (HRMS correct). 
rac-33b: 'HNMR (250 MHz, CDCI,): 6 = 0.80-0.90 (m, 1 H, Cpr-H), 0.89 (d, 
' J=6 .8Hz,  3H,CH,-Cpr), 3.15(d, ' J=6 .2H2,3H,CH3-Cpr) ,  1.05-1.15(m, 
IH,  Cpr-H), 1.68 (dd, 3Js.-,,=13, ' J=13Hz,  l H ,  6-H,), 2.47 (dd, ' 5 ~ 1 3 .  
3J5.~6 .8=7.5 ,1H,6-HB) ,3 .05(dd,3Js , . , .H = 7 . 5 , 3 J s . . 6 . A = 1 3 H ~ , 1 H , S - H ) r 3 . 2 5  
(d, 2J, ,=18.5H~, l H ,  K H ) ,  3.37 (d, Z J = 1 8 . 5 H ~ ,  IH, 8'-H), 3.75 (s, 3H, 
CH,COJ, 3.78 (s, 3H, CH,CO,I, 5.91 (m, l H ,  2-H); I3C NMR (50.9MHz. 
CDCI,.APT): 6 = I 4 2  (+, C-Zj, 6.23 (+. C-3). 26.50(+. CH,-Cpr), 27.22 (+, 
CH,-Cpr). 35.51 (-, C-61, 36.01 (-, C-1),37.28 (--, C-8'). 46.99 (+, C-5) ,  53.80 
~+.cH,co,).~~.~~(+,cH,co,),~I.~~ (-.~-~),127.66(+.~-~),171.31 (-, 
C O J ,  171.99 ( - ,  COz), 180.43 (-, C-I,), 192.92 (-. C-3'). 
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Synthesis of Methyl 5'-Thio-a-isomaltoside via an Acyclic Monothioacetal and 
Its Behavior toward Glucoamylase 


Hironobu Hashimoto," Masashi Kawanishi, and Hideya Yuasa 


Abstract: Methyl 5'-thio-cc-isomaltoside 
(I), which contains the ring-sulfur ana- 
logue of the nonreducing glucoside of iso- 
maltose, was synthesized from gentio- 
biose through a novel ring open- 
ing-recyclization approach. The non- 
reducing glucoside of per-0-benzylated 
phenyl I-thio-P-gentiobioside underwent 
O-S'-C-I' bond cleavage with dimethyl- 
boron bromide and thiolacetic acid to give 
the acyclic monothioacetal 4 with the 1- 
thioglucopyranoside at the reducing end 
intact. The HO-5' group in 4 was inverted 
by a standard oxidation-reduction pro- 


cess with good efficiency. Recyclization 
under Mitsunobu condition allowed C- 
S'-S-l' bond formation with inversion of 
configuration at C-S', to give 1 after func- 
tional group interconversion. TLC analy- 
sis showed that 1, unlike isomaltose, was 
not hydrolyzed by glucoamylase from 


Introduction 


The ring oxygen of pyranose plays an essential role in biosynthe- 
ses and metabolisms of oligosaccharides by facilitating substitu- 
tion reactions at the anomeric carbon. A number of studies were 
accordingly performed on the bioactivity of sugar analogues 
having a heteroatom in the ring. Among them, azasugars have 
been drawing much attention, since they are usually strong in- 
hibitors of glycosidases.['] On the other hand, biological proper- 
ties of 5-thiosugars are not significantly different from those of 
the natural sugars.['] This suggests that 5-thiosugars can be used 
as probes for studying the biological role of the ring oxygen of 
carbohydrates by comparing, for example, binding abilities to 
sugar-binding proteins. In particular, disaccharides that have a 
S-thiosugar at the nonreducing end are of interest,13] because the 
ring sulfur may perturb the exo anomeric c~nformation,[~] 
which has an 0-5-C-1-0-1-C aglycon dihedral angle of 60", 
thereby altering its affinity to the proteins. 


In this report, we investigate the binding of methyl 5'-thio-cc- 
D-isomaltoside (1) to glucoamylase from Rhizopus niveus. The 
enzyme has seven subsites (subsites 1-7) that recognize the hep- 
tasaccharide [Glccr(l + 4)], at the nonreducing end of amylose 
(Fig. 1); the catalytic group that hydrolyzes the nonreducing 
glucoside is located in subsite I.['] Amylose initially binds only 
to subsite 2 with the nonreducing glucoside (nonproductive 
binding), and then rearranges to the heptasaccharide binding 
mode (productive binding) .Isa, b1 The enzyme has such a high 


Rhizopus niveus. A fluorometric assay 
confirmed that the dissociation constant 
(K,) for 1 with the enzyme was 39 mM at 
20°C, which is comparable with that for 
isomaltose. A binding assay involving flu- 
orescence titration of the enzyme1 com- 
plex with gluconolactone indicated that 
the disaccharide 1 was bound to the cata- 
lytic and noncatalytic subsites. Since iso- 
maltose is known to bind only to the non- 
catalytic subsites, this result indicates a 
relatively high affinity of the 5-thioglu- 
cose moiety for the catalytic subsite. 


-d 
subsites 1 2 3 4 5 6 7 


glucoamylase 


U 


Fig. 1. Schematic representation .v 
of glucoam the hydrolysis ylase. of amylose by 0 + o<)<)<>oo------- 


specificity that glucono-I ,5-lactone and glucose exclusively bind 
to subsites 1 and 2, respecti~ely.[~~~"] It is noteworthy that al- 
though isomaltose is hydrolyzed by the enzyme, it exclusively 
binds to the noncatalytic subsites (subsites 2 and 3) .Isd1 From 
the above examples, it seems that the grooves of subsites 1 and 
2 are complementary to the transition and ground states of the 
substrate, respectively. In this respect, it is of interest to deter- 
mine whether 1 acts as a substrate to the enzyme and, if so, at 
which subsites and to what degree 1 is bound to the enzyme. 
This study aims to provide information about the significance of 
the ring oxygen in the recognition of sugars by proteins. 


Results and Discussion 


[*I Prof. Dr. H. Hashimoto, Dr. H. Yuasa, M. Kawdnishi 
Department of Life Science, Faculty of  Bioscience and Biotechnology 
Tokyo Institute of Technology, Nagatsuta, Midori-ku, Yokohama 226 (Japan) 
e-mail: hhdshimo(a bio.titech.ac.jp 


Synthesis of 5'-thioisomaltose: A 5'-thioisomaltose derivative 
was synthesized by Mehta et al. through 5-thioglucosylation of 
a glucose derivative by the trichloroimidate The 
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standard synthesis of 5-thioglucose is rather cumbersome. We 
therefore developed a new methodr6] for synthesizing the disac- 
charide analogue. This method features the opening of the P- 
pyranoside ring with dimethylboron bromide and thiolacetic 
acid according to the method described by Guindon and Ander- 
son,['] yielding the 5-hydroxymonothioacetal derivative, and re- 
cyclization with formation of a C-5-S-1 bond. 


Gentiobiose was chosen as the starting material. The aglycon 
moiety must remain intact during the ring opening of the pyra- 
noside at the nonreducing glucoside. We therefore selected 
phenyl 1 -thio-P-D-glucopyranoside as an aglycon moiety, since 
a preliminary examination indicated that this substrate is nearly 
inert under the ring-opening reaction conditions. Thus, per-0- 
benzylated phenyl 1-thiogentiobioside (3), which was obtained 
from per-0-acetylated gentiobiose[81 in two steps, was treated 
with dimethylboron bromide followed by thiolacetic acid to give 
the monothioacetal as a diastereomeric mixture (4A and 4B; 
Scheme 1). Although we could not assign the configuration at 
C-1' at this stage, the ( S )  configuration was deduced for 4 A  at 
the end of the synthesis on recyclization. 


Table 1. Results of the reduction of 5. 


Reagent [a] T K) Yield (YO) 1:4A 


NaBH, 0 92 65:35 
NaBH, - 20 98 70 : 30 
Zn(BH,), 0 78 51:49 
Li(lBuO),AIH RT [bl 86 92 :8  
Li( tBuO),AlH - 10 91 9614 


[a] For details, see Experimental Procedure. [b] Room temperature. 


diastereoselectivities; Li(tBuO),AlH gave diastereoselectivities 
as high as 92 Yo. Zn(BH,), , which was expected to preferentially 
give the anti-Cram product 4 A  as a result of chelation, was 
incapable of bringing about a significant stereoselectivity. Cy- 
clization of 7 was successfully performed under Mitsunobu con- 
ditions with inversion of the configuration at C-5' to afford the 
disaccharide 8.['] 


Unfortunately, the Birch reduction of 8 with Na in liquid 
ammonia followed by acetylation exclusively gave the undesired 


2 R=Ac(75%)  4 (53 %, A : B = 85 : 15) 
ii 6 3  R=Bn(75%)  


En0 OBn En0 OBn 


iv 0 OBn' Table 1 HO i 
EnO+SAC BnO+SAc 


+ 4A 


En0 


4A - 
En0 


5 (92%) 7 


1 ou 


8 (77 %) 10 (47 %;a: p =61 : 39) 


6 9 


Scheme 1. Synthesis of 1:  i) PhSH, RF,OEt,; ii) NaOMe; NaH; RnBr; iii) Me,BBr, -78°C; AcSH, iPr,NEt; 
iv) (COCI),, DMSO, -78°C; TEA; v) Pb,P, DEAD; vi) MeOH, NBS; vii) Na, liq. NH,, -78°C; Ac,O, 
pyridine; viii) NaOMe. 


The first attempt at recyclization ended in failure: 4 A  was 
oxidized by the Swern method to give the ulose 5 in good yield; 
the thioacetyl group was deprotected with 2-aminoethanethiol, 
and the resulting thiol cyclized spontaneously to give the 
hemithioacetal6 in 92 % yield. However, attempts to remove the 
5'-OH of 6 by reduction with triethylsilane and trifluoroborane 
resulted in the formation of a multitude of products. A conven- 
tional oxidation-reduction method was therefore used to invert 
the configuration at C-5' of 4 A .  The results of the reduction of 
5 with three types of reagent, namely, nonchelating NaBH,, 
chelating Zn(BH,), , and nonchelating bulky Li(tBuO),AlH, 
are listed in Table 1. Both of the nonchelating reagents provided 
the desired Cram product 7 in good yields and with high 


isomaltal 9 in 57 % yield. Since the gly- 
cal formation seemed to be due to the 
sulfur atom at C-l', 8 was converted into 
methyl a-glycoside 1Oa by means of 
standard procedures; some P-glycoside 
10s was also formed (a:P = 3:2). De- 
protection of the benzyl groups of 10a 
by the Birch reduction followed by 
the usual acetylation gave the peracetate 
11. The 3JHH values for the 5-thioglu- 
coside moiety of 11 (3J , . . 2 .  = 3.0, 
3J2.,3,  = 9.9, 3J3.,4. = 3J4,,5. = 10.1 Hz) 
are indicative of a ,C, conformation 
with an a-anomeric configuration; this 
indicates that C-1' in 4 A  and C-5' in 7 
have the ( S )  configuration. The Zkm- 
plen deacetylation of 11 afforded 5'- 
thioisomaltose 1. 


Enzyme assays: The lability of 5'- 
thioisomaltose 1 toward the hydrolysis 
by glucoamylase from Rhizopus niveus 
was examined by TLC. Exposing 1 to 
the enzyme solution for as much as 
600 min produced no hydrolyzed prod- 
ucts, while isomaltose was completely 
hydrolyzed in 100min under the same 
conditions. This indicates that 5-thio- 
sugars are inferior hydrolase substrates, 
which is in agreement with the previous 
finding that 5'-thio-N-acetyllactosamine 
is hydrolyzed by a galactosidase at a re- 


tarded rate.[3a] These studies reveal a distinctive characteristic of 
the enzymes as catalysts, since the acid hydrolysis of methyl 
5-thio-~-xylopyranoside proceeds faster than that of the corre- 
sponding ring oxygen analogue.['*] 


The dissociation constant of 1 from the enzyme was evaluated 
by the change in fluorescence associated with enzyme-Cgand 
binding.[51 The fluorescence isotherm obtained in a titration of 
1 was applied to the Scatchard equation [Eq. (1)],["] where 


AF is the observed fluorescence change, Kd the dissociation con- 
stant, AF2ax the fluorescence change at saturation, and [I] is the 
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concentration of 1. From the regression analysis for the 
isotherm (Fig. 2), a Kd of 39 mM (at 20 "C)  and a AFiaX of 21 % 
were obtained. The affinity of 1 for the enzyme is comparable 
with that of isomaltose (Kd = 18 mM at 5 oC).rsdl 


7 I I I I I 


I I I I I I  
-40 -20 0 20 40 60 80 


[ I 1  (mM) 


Fig. 2. Scatchard plot for the binding of I with theglucoamylase [El, = 3.3 gM; pH 
4.5, 20 'C, iSz = 280 nm. 


The subsite specificity of the enzyme for 1 was investigated 
with the method of Hiromi et al.[sal This method is based on the 
analysis of a fluorescence change that occurs concomitantly 


with titration of the enzyme-1 complex 
with glucono-I ,5-la~tone!'*~ Since glu- 
cono-1,5-lactone (L) is known to bind 
exclusively to subsite 1, the dissociation 
constant (KL) for the binding of 1 (S) to 


ES ESL the enzyme-lactone complex (EL) rep- 
resents the affinity of 1 for the subsites 


KL 
E EL 


It K s  


Ki 


Scheme 2. Three possible 
complexes for the mixture 
of glucoamylase (E), glu- 
conolactone (L), and 1 


other than subsite-I (Scheme 2). If 1 has 
an affinity for subsite 1, KL should be 
larger than Ks (= K d ) ,  which represents 


6) the sum of the affinities of 1 for each 
subsite. 


AF values, obtained by titration of the mixture of 1 
([S], = 39 mM) and the enzyme with the lactone, were analyzed 
through the fluorescence isotherm['2] with a curve-fitting pro- 
gram (Fig. 3).r'31 Thus, a AFitx  of 51 %, a Kk of 128 mM, and a 
KL of 5.2 mM were obtained. The results indicate that 1 binds to 
subsites 1 and 2 as well as to the other subsites, because Ki is 
larger than K, (39mM). In addition, the affinity of 1 for the 
subsites other than subsite 1 is much lower than that of isomal- 
tose (Kk = 128 vs 18 mM); this in turn demonstrates the impor- 
tance of the ring oxygen of isomaltose for binding to the noncat- 
alytic subsites. On the other hand, the affinity of 1 for subsites 1 
and 2 is much higher than that of isomaltose. This indicates that 
5-thio-a-glucoside has a higher affinity for the catalytic subsite 
than does a-glucoside. It is noteworthy that this trend is similar 
to those found for 5- th iofuco~e[~~]  and 5 - th iog lu~ose~~~1  toward 
I-glycosidases. 


Experimental Procedure 
General: Melting points were measured with a Yanagimoto micro melting point 
apparatus and are uncorrected. Optical rotations were determined with a JASCO 
DIP-4 polarimeter. Column chromatography was performed on Merck Kieselgel60 
(Art 7734) or Wako gel C-300 with the solvent systems specified. 'HNMR spectra 
were recorded with a JEOL JNM-FX-90Q, JNM-PS-100, JNM-EX-270, or JNM- 
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Fig. 3. Dependence the fluorescence intensity decrease (%, AF) at 340 nm on the 
initial concentration of gluconolactone in the presence of 1 (39 mM) and the enzyme. 
[Elo = 3.3 g ~ ;  pH 4.5,2OoC, iSx = 280 nm The curve was fitted with the isotherm 
described in ref [12]. 


GX-500 spectrometer. "C NMR spectra were recorded with a JEOL JNM-FX-9OQ 
or JNM-EX-270 spectrometer. Chemical shifts were recorded as 6 values in parts 
per million (ppm) from tetramethylsilane as an internal standard in CDCI,. In D,O, 
acetone (6('H) = 2.23 and 6(I3Cj = 30.6) was used as an internal standard. 


Phenyl2,3,4,2',3',4',6'-Hepta-O-acetyl-l-thio-j-gentiobioside (2): To a stirred solu- 
tion of 1,2,3,4,2',3',4.6-octa-O-acetyl-~-gentiobiose [8] (19.88 g, 29.3 mmol) in 
CH,CI, (200 mL) was added thiophenol (3.8 mL, 35.2 mmol) and BF,.OEt, 
(18.4 mL, 147 mmol)atO'C. After 15 min,ice-waterwasaddedand themixturewas 
extracted with CH,CI,. The organic layer was washed successively with 1 YO NaOH 
and water, dried over MgSO,, and evaporated to give crystals, which were recrystal- 
lized from EtOH to give 2 (16.0g, 75%): M.p. 168-17O'C (from EtOH); 
(x ]k3  = -19.1 (c =1.07 in CHCI,); 'HNMR (CDCI,): b =7.5-7.2 (m, 5H;  aro- 
matic protons), 5.3-4.7 (m, 6H;  H-2, -3, -4, -7,-3', - 4 ) ,  4.67 (d, 'J,,* =12.2 Hz, 


3J6,r,6.b = 12.6 Hz, 1 H; H-caj, 4.08 (dd, 3J5 . , ,  = 2.9 Hz, 1 H; H-6b), 3.9-3.4 (m. 
4H;  H-S,-6a,-6b,-5'),2.1-1.9 (m.21 H;OAc);C,,H,,OI.S(728.7):calcdC 52.74. 
H 5.53, S 4.40; found C 52.96, H 5.64, S 4.39. 


Phenyl 2,3,4,2',3',4',6'-Hepta-0-~nzyl-l-thio-j-gentiobioside (3) : NaOMe/MeOH 
( 0 . 5 ~ ,  4.4 mL, 2.2 mmol) was added dropwise to a stirred solution of 2 (16.02 g, 
22.0 mmol) in methanol (200 mL). The solution was stirred for 3 h a t  room temper- 
ature. After neutralization with Dowex 50 (H'), the resin was removed by filtra- 
tion. The filtrate was evaporated and dried under high vacuum. The resultant 
amorphous solid was dissolved in DMF (500 mL). Benzyl bromide (36.6 mL. 
308 mmol) and 55% NaH (3.4 g, 77.9 mmol) were added at 0 "C,  and the reaction 
mixture was sonicated. After 20min, a larger portion of 55%' NaH (16.7g. 
384 mmol) was added. After a further 40 min, benryl bromide (18.3 mL, 154 mmol) 
was added, and the mixtnre was stirred for 3 h. Methanol was carefully added to 
quench the reagents, and neutralization was carried ont with acetic acid. The mix- 
ture was evaporated and chromatographed on a silica gel (n-hexane:ethyl acetate, 
10: 1-4: 1) to give crystals, which were recrystallized from EtOH to give 3 (17.59 g, 
75%): M.p. 120-122'C(fromEtOH);[r]~3 = +10.5(c =l.SinCHCI,); 'HNMR 
(CDCI,): 6 =7.6-7.1 (m, 40H; aromatic protons), 5.0-4.0 (m, 16H;  H-I, -I,, 
CH,Ph), 4.0-3.3 (m, 12H; H-2, -3, -4, -5 ,  -6, -2', -3', - 4 ,  -S', -6'); C,,H6,0,,S 
(1065.3): C 75.47, H 6.43, S 3.01; found C 75.90, H 6.49, S 3.44. 


Phenyl 6-0-{( 1%- and (1R)-l-C-Acetylthio-2,3,4,6-tetra-0-be~yl-~-glucitol-l-yl~- 
2,3,4-tri-0-benzyl-1-thio-j-D-glucopyranoside (4A, 4B): Me,BBr in CH,CI, (1 .OM, 
19.5 mL, 19.5 mmol) was added dropwise to a stirred solution of 3 (5.18 g, 
4.87 mmol) in CH,CI, (100 mL) under Ar at -78 "C. After 2 h, iPr,NEt (3.8 mL, 
21.9 mmol) and AcSH (1.4 mL, 19.5 mmol) were added successively, and the mix- 
ture was further stirred for 2 h at -78°C. Ice-water was added and the mixture 
extracted with CH,Cl,. The organic layer was successively washed with aq. NaH- 
CO,, 5 % HCI, and water, dried over MgSO,, and evaporated. The resultant syrup 
was chromatographed on a silica gel (n-hexane:ethyl acetate 10: 1 - 5: 1) to give 4A 
(2.49 g, 45%) and 48 (0.433 g, 7.8%) as a syrup, respectively. 
4 A :  [l]L1 = -7.9 (c = 3.2 in CHCI,); 'HNMR (CDCI,): 6 =7.6-7.1 (m, 40H; 
aromatic protons), 5.68 (d, 3Jl,.2, = 2.6 Hz, 1 H; H-l'), 5.0-3.2 (m, 27H; H-1, -2, 
-3,-4,-5,-6,-2',-3',-4,-5',-6'),2.96(brs,lH;OH-S .18 (s, 3 H; SAC); "C NMR 
(CDCI,): 6 = 195.4(SC=O). 138.6-127.4 (17 peaks omatic carbons), 87.8, 87.7, 


1H;  H-l) ,  4.53 (d, 3J , . ,1 .=7.7H~,  1H;  H-l'), 4.25 (dd, 'JS,.,6.,=4.5Hz, 
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86.7, 82.2, 80.9, 80.0, 78.1, 77.9, 77.3, 75.3, 75.2, 75.1, 74.8, 73.4, 73.2, 71.4, 70.5 


C,,H,,O, ,S, (1 141 3: calcd C 72.61, H 6.36, S 5.62; found C 72.63, H 6.67, S 4.96. 
4B: [a];' = + 3.3 (c = 4.9 in CHCI,): 'HNMR (CDCI,): 6 =7.6-7.1 (m, 40H; 
aromatic protons), 5.75 (d, 'J1.,, = 3.3 HZ, 1 H; H-1'), 5.0-3.2 (m, 27H; H-1, -2, 
-3, -4, -5, -6, -2'. -3', -4, -S, -6 ,  CH,Ph), 2.66 (brs, 1 H; OH-S), 2.27 (s, 3 H ;  SAC): 
i3CNMR(CDCI,): 6 =195.5(SC=O). 138.5-127.5 (17peaks; aromaticcarbons), 
88.2, 87.5, 86.6, 82.2, 80.8. 78.2, 78.1, 75.7, 75.5, 75.1, 75.0, 74.9, 73.4, 71.8, 71.2. 
70.5 (C-1, -2, -3, -4, -5, -I,, -7, -3', - 4 ,  -S, -6,  CH,Ph), 67.3 (C-6), 31.1 (SAC); 
C,,H,,O,,S,(1141.5):calcdC72.61,H6.36,S5.62;foundC72.75,H6.42.S6.08. 


Phenyl 6-O-[(1S)-l-C-Acetylthio-2,3,4,6-tetra-0-benzyl-~-~~~o-~hexulo~-l-yl}- 
2,3,4-tri-0-benzyl-1-thio-~-~-glucnpynlnoside (5): A solution of DMSO (3.9 mL, 
55.1 mmol) in CH,CI, (40 mL) was slowly added to a stirred solution of oxalyl 
chloride (2.4 mL, 27.6 mmol) in CH,CI, (40 mL) under Ar at -78 'C, followed by 
a solution of 4A (7.87 g, 6.89 mmol) in CH,CI, (40 mL). After 1 h, triethylamine 
(9.6 mL, 68.9 mmol) was slowly added, and the mixture allowed to reach room 
temperature over 1 h. Ice-water was added and the mixture extracted with CH,CI,. 
The organic layer was washed successively with 5 Yo HC1, sat. NaHCO,, and water, 
dried over MgSO,, and evaporated. The resultant syrup was chromatographed on 
silica gel (n-hexane:ethyl acetate 4 : l )  to give 5 (7.25g, 92%) as a syrup: 
[a];' = -17.9 (c = 2.8 in CHCI,); 'HNMR (CDCI,): 6 =7.6-7.1 (m, 40H: aro- 
matic protons), 5.53 (d, 'JI..,. = 3.3 Hz, 1H;  H-l'), 5.0-3.2 (m, 26H; H-1, -2, -3, 


(C-s), 195.5 ( s c = o ) ,  138.4-127.5 (14 peaks; aromatic carbons). 87.7, 86.9, 86.7. 
82.5, 81.6, 80.8, 78.0, 77.2, 75.4, 75.3, 74 8, 74.0, 73.3 ((2-1, -2, -3. -4, -5, - l ' ,  -7, -3'. 
-4 ,  -6, CH,Ph), 67.4 (C-6), 31.0 (SAC); C,,H,,O,,S, (1139.4): calcd C 72.73, H 
6.19, S 5.63; found C 72.79, H 6.03, S 5.97. 


Phenyl 6-O-[(1S)-l-C-Acetylthio-2,3,4,6-tetra-0-henzyl-~-iditol-l-yl}-2,3,4-tri-0- 
benzyl-1-thio-/?-o-gluco pyrannside (7): Method A: To a stirred suspension of 
NaBH, (9 mg, 229 pmol) in isopropanol/CH,CI, (2 mL, 1/1 v / v )  was added a solu- 
tion of 5 (65 mg, 57 pmol) in CH,CI, (1 mL) at 0°C. After 30 min. water and 5 %  
HCI were successively added, and the mixture was extracted three times with 
CH,CI,. The organic layer was dried over MgSO,, evaporated. and chro- 
matographed on silica gel (n-hexane:ethyl acetate 3 : l )  to give 7 and 4A (60mg, 
92%) in a ratio of65:35. 
Method B: To a stirred solution of 5 (126 mg, 11 1 pmol) in Et,O (2 mL) was added 
Zn(BH,),/Et,O ( 0 . 1 4 ~ ,  4.0 mL, 560 pmol) under Ar at 0°C. After 30 min, water 
and 30% AcOH were added, and the mixture was extracted twice with Et,O. The 
organic layer was washed with sat. NaHCO,, dried over MgSO,, evaporated, and 
chromatographed on silica gel (n-hexane: ethyl acetate 3: 1) to give 7 and 4A (98 mg, 
78% ) as a mixture in the ratio of 49:51. 
Method C: To a stirred solution of 5 (7.15 g, 6.28 mmol) in Et,O (300 mL) was 
added Li(rBuO),AIH (3.19 g, 12.6mmol) under Ar at -10°C. After 20min, the 
excess reagent was decomposed with cold 1 M HCI, and the mixture extracted with 
Et,O. The organic layer was washed with sat. NaCI, dried over MgSO,, evaporated 
to give a 96:4 mixture of 7 and 4A, which was chromatographed twice on silica gel 
(n-hexane: ethyl acetate 4: I )  to give 7 (6.1 1 g, 85 %)and a syrupy mixture of 7 and 


7: [a];' = - 0.9 (c = 4.1 in CHCI,); 'HNMR (CDCI,): 6 =7.6-7.2 (m, 40H; 
aromatic protons), 4.94 (d, 3J,,.2. = 3.3 Hz, 1 H;  H-l'), 5.0-3.2 (m, 27H; H-1, -2, 
-3, -4, -5, -6, -7, -3', -4 ,  -5', -6, CH,Ph), 2.66 (brs, 1 H; OH-5'), 2.18 (s, 3H;  SAC): 
I3C NMR(CDC1,): 6 =195.3(SC=O), 138.5-127.4(lBpeaks; aromaticcarbons). 
88.0, 87.4, 86.6, 81.7, 80.8, 79.3, 78.2, 71.6, 15.7, 75.4, 74.9, 74.6, 74.1, 73.2, 71.4, 
69.5, 67.2 ((2-1, -2, -3, -4, -5,  -6, -1'. -2', -3', -4 ,  -5', - 6 ,  CH,Ph), 30.9 (SAC); 
C6,H,,0,,S,(1141.5):calcdC72.61, H6.36,S5.62:foundC72.42,H6.14,S6.16. 


Phenyl 6-0-(2,3,4,6-Tetra-0-~nzyl-5-thio-a-o-glucopyranosyl)-2,3,4-tri-~-~nzyl- 
1-thio-fi-o-glucopyranoside (8): To a stirred solution of 7 (5.90 g, 5.17 mmol) and 
Ph,P (4.07 g, 15.5 mmol) in benzene (300 mL) was added diethyl azodicarboxylate 
(2.3 mL, 15.5 mmol) at 0 "C. The mixture was stirred for 20 h at room temperature, 
concentrated, and chromatographed on silica gel (n-hexane:ethyl acetate 9: 1 - 5: 1 )  
to give 8 (4.30 g, 77%) as a syrup: [a]:' = f72.6 ( c  = 3.7 in CHCI,); 'H NMR 
(CDCI,): 6 =7.6-7.0 (m, 40H; aromatic protons), 5.03-4.38 (m, 16H; H-1, -l', 
CH,Ph), 4.08-3.10 (m, 12H: H-2, -3, -4, -5 ,  -6, -7, -3', -4 ,  -5', -6); I3C NMR 
(CDCI,): 6 =139.0-127.5(14peaks: aromaticcarbons), 87.7,86.7, 84.8,83.1,82.1, 


-3', - 4 ,  -S, -6,  CH,Ph), 41.3 (C-5'); C,,H,,O,S, (1081.4): calcd C 74.42, H 6.34, S 
5.93: found C 74.64. H 6.41, S 5.94. 


(C-1, -2, -3, -4, -5,  -l', -2', -3'. -4, -S, -6, CH,Ph), 67.4 (C-6), 30.9 (SAC); 


-4, -5 ,  -6, -2'. -3', -4, - 6 ,  CH,Ph), 2.19 ( s ,  3H; SAC); '-'C NMR (CDCl,): 6 = 206.8 


4A (0.428 g, 6%). 


81.1, 80.6, 79.2, 77. .8, 76.1, 74.9, 73.2, 72.4, 68.0, 66.8 ( G I ,  -2, -3. -4, -5, -6, -1'. - 2 ,  


6-0-(2,3,4,6-Tetra-O-acetyl-5-thin-a-~-glucopyranns~l)-3,4-di-0-acetyl-l,~anhy- 
dro-2-deoxy-~-arahino-hex-l-enitol (9): A flask containing a stirred solution of 8 
(89 mg, 82 pmol) in THF (4 mL) was charged with liq. NH, under Ar at -78 "C. 
Sodium (100 mg, 4.3 mmol) was added in portions over 1 h. The mixture was stirred 
for a further 1 h, at which point the blue color did not disappear anymore. NH,CI 
(428 mg, 8 mmol) was carefully added, and the mixture was stirred for 30 min. After 
evaporation, the resultant syrup was acetylated in the usual manner with pyridine 
and acetic anhydride. The resultant compound was purified by column chromato- 
graphy on silica gel (n-hexane:ethyl acetate 3: l -1: i )  to give 9 (27mg, 57%) as 
crystals: M.p. 195-196°C (from EtOH); [XI;' = +176 ( c  = 0.89 in CHCI,); 


'H NMR (CDCI,): 6 = 6.46(dd, ,JI = 6.1 Hz, ,J,, = 1.2 Hz, 1 H; H-l),5.49 (bt, 
,J2., , = 10.2 Hz, 3J3.,4, = 9.3 Hz, 1 H;  H-3'), 5.34-5.19 (m, 3 H; H-3, -4, -4), 5.13 
(dd, 3 J 1 . , 2 ,  = 3.0 Hz, 1H;  H-2'), 4.87-4.84 (m. 2H: H-2, -l'), 4.39 (dd, 
3J, . ,h.a=4.6Hz, 3J,.,,b.b=12.2Hz, 1H;  H-6a),4.29(dt, 3J,.,=3J,.,,=5.9Hz, 
3J, , ,b=3.8Hz, 1H; H-5), 4.03 (dd, 3J,.,,.,=3.1Hz, 1H:  H-6b). 3.99 (dd, 
3J6,,6b =11.1 Hz, 1 H ;  H-6a), 3.64(dd, 1 H; H-6b), 3.50(ddd, 'J,..,. =10.9 Hz, 1 H;  
H-5'), 2.11-2.01 (m, 18H; OAc); I3C NMR (CDCI,): 6 =170.6, 170.3, 169.6 
(OC=O), 145.7(C-1),98.8(C-2),80.1 (C-l'), 74.8,74.6,72.3, 70.9, 67.7,67.1,66.5, 
61.7(C-3,-4, -5, -6,-2',-4,-6),38.6(C-5'),21.0,20.9,20.8, 20.6(0Ac);C,,H3,O,,S 
(576.6): calcd C 50.00, H 5.59, S 5.56; found C 50.27, H 5.56, S 5.69. 


Methyl 6-0-(2,3,4,6-Tetra-0-~enzyl-5-thio-a-~-glucopyranosyl)-2,3,~tri-~-~nzyl- 
a- and p-o-glucopyranoside (10a and 10s): N-Bromosuccinimide in CH,CI, (50 mM, 
3.2 mL, 0.1 75 mmol) was added dropwise to a stirred solution of 8 (76 mg, 70 kmol) 
and methanol (200 pL) in CH,CI, over 2 h under Ar at 0 "C. The reaction was 
quenched by adding 10% NaHSO, and the mixture extracted with CH,CI,. The 
organic layer was washed with water, dried over MgSO,, evaporated, and chro- 
matographed on silica gel (n-hexane: ethyl acetate 8: 1) to give lOa (20 mg, 28 %)and 
10s (13 mg, 18%) as crystals, respectively. 
10a:M.p. 118-120"C(fromEtOH);[a)~3 = +101.0(c =2.3inCHC13); 'HNMR 
(CDCI,): 6 =7.3-7.1 (m, 35H; aromatic protons), 4.98-4.45 (m, 16H; H-1, -l', 
CH,Ph),4.01-3.41(m,llH:H-2,-3,-4,-5,-6,-2',-3',-4',-6),3.35(S,3H;OMe), 
3.20 (m, 1 H;  H-5'): 13C NMR (CDCI,): 6 =138.9-127.4 (16 peaks: aromatic 
carbons), 98.0 (C-l), 84.5, 83.0, 82.2, 81.9, 80.1, 77.9, 76.0, 75.7. 75.5, 75.0, 73.4, 
73.2,72.4,70.5,67.8,66.9(C-2, -3, -4. -5,-6, -1',-2, -3',-4, -6, CH,Ph), 55.2(OMe). 
41.2 (C-5'): C,,H,,O,,S (1003.3): calcd C 74.23, H 6.63, S 3.20; found C 74.19, H 
6.64, S 3.37. 
10s: M.p. 110-111 'C (from EtOH); [a];' = + 97.9 (c = 1.8 in CHCI,): 'HNMR 
(CDCI,): 6 =7.4-7.1 (m, 35H; aromatic protons), 4.95-4.48 (m, 15H; H-1', 
CH,Ph), 4.27 (d, 3Jl,2 =7.9 Hz, 1 H;  H-l), 3.93-3.27 (m, 12H; H-2, -3, -4, -5, -6, 
-7, -3', - 4  -S, -6), 3.53 (s, 3H: OMe); I3C NMR (CDCI,): 6 =138.9-127.4 (21 
peaks; aromaticcarbons), 104.7 (C-l), 84.6, 83.1, 82.4, 82.0, 80.1, 78.0, 77.2, 76.1, 
75.6, 75.5, 75.0, 74.9, 74.8, 73.1, 72.4, 67.9, 66.6 (C-2, -3, -4, -5, -6, - l t 3  2, -3', -4, 
-6, CH,Ph), 57.0 (OMe), 41.1 (C-5'); C,,H,,O,,S (1003.3): calcd C 74.23, H 6.63, 
S 3.20; found C 73.85, H 6.62, S 3.17. 


Methyl 6-0-(2,3,4,6-Tetra-0-acetyl-5-t~n-a-~-glucopyranosyl)-2,3,~tri-0-acetyl~- 
o-glucopyranoside (11): The same method as that of the synthesis of 9 was employed 
for 11 (41 6 mg, 0.41 4 mmol) with 10a as starting material. The product was purified 
by silica gel column chromatography (benzene:acetone 8:l)  to give 11 (251 mg, 
91%)asanamorphoussolid:[a]~' = + 206(c =1.1 inCHCI,): 'HNMR(CDC1,): 
6=5.52-5.45(m,2H;H-3,-3'),5.29(t,3J3~,,~=3J~~,s.=10.1H~,1H;H-4),5.15 
(dd, 'J, ,,, = 3.0, ,J2.,, = 9.9 Hz, 1 H;  H-T), 5.04 (t, ,J3,, = 9.9, ,J4,, = 10.3 Hz, 
~H;H-4),4.93(d,3Ji,~=3.6Hz.1H:H-l),4.86(dd,3J2,3=10.2H~,lH;H-2), 
4.85(d, lH:H-l'),4.36(dd,3J,.,,.,=5.0Hz,3J,.,,.,=12.2Hz,1H;H-6a),4.05 
( d d , 3 J , , 6 . D = 3 . 0 H ~ , l H : H - 6 b ) , 3 . 9 9 ( d d d , 3 J s , 6 ~ = 5 . 6 H ~ , 3 J , , 6 b = 2 . 4 H ~ , l H ;  
H-5),3.89(dd.'J,..,,=10.9Hz,lH;H-6a),3.55-3.48(m,2H:H-5',-6b),3.44(s, 
3H; OMe), 2.1-2.0 (m, 21 H; OAc): "C NMR (CDCI,): 6 = 170.6, 170.3. 170.2, 
170.1, 169.6(OC=O),96.5(C-l), 79.9(C-I'),74.7,72.1, 70.9,70.8,70.2,69.3,67.9, 
67.0,61.2 (C-2, -3, -4, -5,  -6, -2', -3', - 4 ,  -5', -6). 55.4 (OMe), 38.4 (C-57, 20.8, 20.7, 
20..6(OAc);C,,H,,O,,S(666.7):calcdC48.65,H5.75,S4.81;foundC48.57,H 
5.91, S 4.72. 


Methyl 6-~-(5-Th~n~-~-glucopyranosyl)-a-~-glucopyrannside (1): To a stirred solu- 
tion of 11 (242 mg. 363 pmol) in methanol (5 mL) was added NaOMe/MeOH (0.5 M, 
36 pL, 18 pmol) at room temperature. The mixture was stirred for 3 h and neutral- 
ized with Dowex 50 (H+).  The resin was removed by filtration and the filtrate 
evaporated. The resultant syrup was purified by gel permeation column chromatog- 
raphy on Sephadex G-25 and lyophylized to give 1 (128 mg, 94%): [a]? = + 245 
( c  = 0.37 in H,O); 'HNMR (D,O): 6 = 4.8 (overlapped with HOD, 1 H;  H-1 or 
H- l ' ) , 4 .77 (d ,3J l , ,=5 .9Hz , lH;H- l  orH-l ' ) ,4 .16(dd3,J=4.5,  11.1 H z , l H ;  
H-6),3.96-3.46(m,lOH;H-2,-3,4,-5,-6,-2',-3',-4,-6),3.43(s,3H;OMe),3.10 
(ddd,3J,.,,.=10.0Hz,3J,.,,~=5.4,3.5Hz,1H;H-5');'3CNMR(D20):6=99.7 
(C-I),82.1 (C-1'),75.6,74.5,73.81,73.76,71.5, 70.4,69.8,66.7,60.4(C-2,-3, -4, -5,  
-6, -2'. -3', -4, -6). 55.5 (OMe), 43.4 (C-5'); C,,H,,O,,S (372.4): calcd C 41.93, H 
6.50, S 8.61; found C 41.48, H 6.81, S 8.93. 


Enzyme Assay and Materials: Glucoamylase from Rliizopus niveu.s was purchased 
from Seikagaku Kogyo and used without further purification. The enzyme concen- 
tration was determined spectrophotometrically by using the absorption coefficient. 
E:,,, of 16.3 cm-'  and a molecular weight of 58000 [5a]. Isomaltose (fine grade), 
maltose, and glucono-l,5-lactone were purchased from Seikagaku Kogyo, Kokusan 
Kagaku. and Nacalai Tesque, respectively. Gluconolactone was used within 20 min 
after its dissolution to minimize its hydrolysis into gluconic acid. Acetate buffer 
(20 mM, pH 4.5) was used for all cases. TLC analyses of the enzyme reaction were 
performed with an enzyme concentration of41 p~ and a substrate concentration of 
12 PM at 20°C. The reaction mixture was spotted with a capillary on Merck 
Kieselgel6O-F254, eluted with an n-butano1:ethanol:water (4:4:1) solvent system, 
and visualized by spraying aqueous Ce(SO,), (1 %)/(NH,),Mo,O,, (1.5%)/H,S04 
(10%) and heating. The enzyme fluorescence spectra and intensity at 340 nm were 
measured with a Hitachi 850 fluorescence spectrophotometer at an excitation wave- 
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length of 280 nm. To keep the enzyme concentration (3.3 ptd) constant, the enzyme- 
ligand mixture (10-40 pL) was added with a micropipet to the enzyme solution 
(200 pL) in the quartz cell thermostated at 20°C, and the fluorescence intensity was 
measured after each addition of the ligand solution. 
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Coordination and Coupling of OH-Functionalized C, Units at a Single 
Metal Center : The Synthesis of Alkynyl(vinylidene) , Alkynyl(enyne) , 
Bis(alkynyl)hydrido, Enynyl, and Hexapentaene Rhodium Complexes from 
Propargylic Alcohols as Precursors 
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Dedicated to Professor Martin A .  Bennett on the occasion of his 60th birthday 


Abstract: The reaction of [Rh(q3-C,H,)- 
(PiPr,),] (1) with HCd-CH(Ph)OH 
yields the alkynyl(viny1idene) complex 
trans-[Rh { C =C-CH(Ph)OH} { = C = CH - 
CH(Ph)OH}(PiPr,),] (2), while from 1 
and HGC-CPh,OH the alkynyl- 
(enyne)metal derivative trans-[Rh(C=C- 
CPh,0H){tT2-(E)-Ph,(OH)C-C=C-CH 
=CH-CPh,OH}(PiPr,),] (3) is obtained. 
On treatment with 1-alkyn-3-01s H C d -  
CR,OH (R = Me, Ph, iPr), the highly re- 
active n-benzyl compound [Rh(q3- 
CH,Ph)(PiPr,),] (4) yields the five- 
coordinate complexes [RhH(C-C- 
CR,OH),(PiPr,),] (5-7) of which those 
with R = Me and Ph can be converted to 
the alkynyl(viny1idene)metal isomers truns- 


(PiPr,),] (8,9). Compounds 8 and 9 react 
[Rh(C-C-CR,OH)( =C=CH-CR,OH)- 


with L' = CO and isocyanides by migra- 
tion of the alkynyl ligand to the vinylidene 
unit to give the enynylrhodium(1) com- 
plexes trans-[Rh{ ;r? '-(Z)-C(C =C - CR,- 
OH)=CH-CR,OH)(L')(Pz'Pr,),] (10, 11: 
L' = CO; 12-15: L' = CNR).  Cleavage 
of the Rh-C c3-bond of 10 with CF,- 
CO,H affords trans-[Rh(q'-O,CCF,)- 
(CO)(PiPr,),] (16) and the enyne (E)-  
Me,(OH)C- C-C-CH=CH-CMe,OH 
(17). Compounds 5-7 react with L' = CO 
and isocyanides to give the octahedral 1 : 1 
adducts [RhH(C=C-CR,OH),(L')(P- 


iPr,),] (18-20 and 24-27), of which the 
CO derivatives 18-20 readily eliminate 
HC-C-CR,OH to yield trans-[Rh- 
(CrC-CR,OH)(CO)(PiPr,),] (21-23). 
On treatment of 6 or 9 (R = Ph) with 
A1,0, in the presence of chloride ions, 
besides trans-[RhCl( =C =C=CPh,)(P- 
z€'r,),] (28) the hexapentaenerhodium(1) 
complex truns-[RhCl(q'-Ph,C=C=C= 
C=C=CPh,)(PiPr,),] (29) is formed. The 
kinetically preferred isomer trans- 


Zr,),] (33) has been prepared from 
[RhCl(PiPr,),], and Ph,C=C=C=C= 
C=CPh,; it rearranges smoothly at room 
temperature to the thermodynamically 
more stable isomer 29. The molecular 
structures of 7 and 29 have been deter- 
mined. 


[RhCl(q'-Ph,C=C= C=C=C=CPh,)(P- 


Introduction 


Derivatives of propargyl alcohol of the general composition 
HC=C-CR(R)OH are useful starting materials for the prepa- 
ration of transition-metal complexes containing the metallacu- 
mulene M=C=C=CRR as a molecular unit."] Following the 
synthetic route developed by SelegueC2] for cationic cyclopen- 
tadienylruthenium compounds [C 5H,Ru( =C = C=CRR')- 
(PMe,),]', we have recently shown that from the y-functional- 
ized 1-alkynes HC-C-CR(R)OH (R = H, alkyl, aryl; 
R = alkyl, aryl) the corresponding four-coordinate allenylidene- 
rhodium complexes trans-[RhCl(=C=C=CRR)(PiPr,),l can 
be obtained as well.[31 With [RhCl(PiPr,),], as starting material, 
a stepwise and almost quantitative conversion of the l-alkyn-3- 
01 to the isomeric vinylidene :C=CH-CR(R)OH and, on treat- 
ment with AI,O, or traces of acids, to the allenylidene 
:C=C=CRR' takes place.[31 


In continuation of these studies we now describe a method to 
bind two OH-functionalized C, units such as an alkyne, an 
alkynyl, or a vinylidene ligand to rhodium as a metal center. The 
most challenging aspect of this work was to find out whether in 
the coordination sphere two of these units can be coupled to- 
gether; this would provide a chance to generate a novel double 
OH-functionalized C, ligand. In this context, we were particu- 
larly interested in establishing a relationship with the reactivity 
of analogous vinylidenerhodium complexes trans-[Rh(R)- 
(=C=CHR)(PiPr,),] (R = Me, Ph, CH=CH,, CECR),  
which on treatment with CO or isocyanides undergo migratory 
insertion of the vinylidene moiety into the metal-carbon o 
bond.[41 Most recently, it was also observed that this coupling of 
two C-bonded ligands is even possible without the presence of a 
supporting substrate; this opens up a novel synthetic pathway to 
n-allyl- and n-butadienylrhodium compounds.[5] 


[*] Prof. Dr. H. Werner, R.  Wicdemann, N. Mahr, P. Stcinert, Dr. J. Wolf 
Institut fur Anorganische Chemie der Universitit Wiirzhurg 
Am Hubland, D-97074 Wiirzburg (Germany) 
Fax: Int. code +(931)888-4605 


Results and Discussion 


Reactions of [Rh(q3-C,H,)(PiPr,),] (1) with 1-akyn-3-01s: The 
n-ally1 rhodium complex 1, which has already been used for the 
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OH 
2 


L CPhzOH 
/ d  


C-CmC-Rh- Ill 
3 HC=C-CPh20H Ph// / /H 


L c=c 


1 


P h  


3 H' 'CPhzOH 


Scheme 1. L = PiPr,. 


that the initial step, which possibly involves the generation of an 
alkynyl(allyl)hydridorhodium(m) species as an intermediate by 
oxidative addition of H C d - C P h , O H  to 1, is rather slow and 
that therefore compound A (which, as discussed below, has been 
prepared by a different route and is in fact an intermediate in the 
formation of 3) reacts with a further molecule of the l-alkyn-3- 
01 by insertion into the Rh-H bond to give B. For the final step, 
the metal-assisted coupling of an alkynyl and a vinyl ligand, 
there is precedent insofar as we have recently shown that on 
treatment of an octahedral acetato(a1kynyl)vinylrhodium 
derivative with CO the corresponding enyne RC=C- 
CH=CHR is formed almost quantitatively along with an aceta- 
to(carbony1)rhodium complex.[g1 


CPh,OH 
3 HC-C-CPhzOH - HO\ / d  


TRh, ,C-CrC-Rh-lII 1p 1 ': pbL L / F , H  c=c 
preparation of monomeric carboxylate and 
alkynyl rhodium(1) derivatives,t61 reacted 
smoothly with the substituted propargylic alco- 
hol HC-C-CH(Ph)OH in neat triethylamine as 
solvent to give the four-coordinate alkynyl- 
(vinylidene)rhodium(I) compound 2 (Scheme 1) 
in about 80% yield. The dark-blue solid was 


H' 'CPh,OH 


CPh,OH 3 I  I 


2 HCIC-CPhzOH 


H,C&H 
L 


1 
only moderately air-sensitive and soluble in most HO LL I /  /OH /OH HC=C-CPh,OH HO 


\C--CEC--Rh--CC-C \C-CrC-Rh-C=C-C 
organic solvents (except for hexane and diethyl ph// / V P h  Ph? / VPh L Ph P h  P h  ether). Solutions of 2 in chlorinated hydrocar- 


and decomposed fairly rapidly at room tem- 
perature. 


Since the synthesis of complex 2 was carried 
out with a racemic mixture of the 1-alkyn-3-01, the isolated The advantage of the complex [Rh(q3-CH,Ph)(PzTr,),] (4) as 
product consisted of a mixture of two pairs of diastereoisomers. starting material: Since attempts to isolate the bis(alkyny1)- 
All attempts to separate these species by fractional crystalliza- hydridorhodium(m) compound A (Scheme 2) remained unsuc- 
tion or chromatographic techniques failed. Surprisingly, the ex- cessful, and further experiments to prepare alkynylrhodium(1) 
istence of the mixture of isomers cannot be observed either in the complexes related in structure to 2 and 3 from 1 and HC-C- 
31P NMR spectrum, which displays only one sharp doublet CR,OH (R = Me and iPr) also failed, we turned our attention 
caused by Rh-P coupling, or in the 'HNMR spectrum, in to the reactivity of the q3-benzyl compound [Rh(q3- 
which instead of two sets of signals for the CH, protons of the CH,Ph)(PiPr,),] (4) toward 1-alkyn-3-01s. We had already ob- 
isopropyl groups only two slightly broadened resonances at served that 4 reacts with phenylacetylene to yield trans- 
6 = 1.28 and 1.27 are observed. However, the I3C NMR spec- (Rh(C=CPh)(=C=CHPh)(Pll>r,),l via the isomeric alkyne- 
trum of 2 shows two separated signals for most of the carbon (alkynyl)rhodium(I) and bis(alkynyl)hydridorhodium(IIr) spe- 
atoms of the c, units, of which those at 6 = 304.19 and 304.10 cies as intermediates.c6"I With this in mind, it was not surprising 
are most typical for the a-carbon atom of the vinylidene lig- that on treatment of compound 4 with two equivalents of 
and.c7] The corresponding resonances of the metal-bound H C d - C R , O H  (R = Me, Ph, iPr) a rapid reaction occured 
alkynyl carbon atom appear at 6 = 121.93 and 121.88, respec- that led to the formation of white (5), yellow (6), or orange (7) 
tively, and like the signals of the Rh=C=C carbon are split into solids in 65-75% yield. The 'H as well as the I3C NMR spectra 
a doublet of triplets. of the products (which are only slightly air-sensitive) leave 


Under exactly the same conditions as those employed for the no doubt that instead of the expected trans-[Rh(C=CR)- 
preparation of 2, the reaction of 1 with HCd-CPh ,OH did (=C=CHR')(PiPr,),] ( R  = CR,OH) vinylidenerhodium(1) 
not lead to the formation of an alkynyl(vinylidene)rhodium(I) complexes, the bis(alkynyl)hydridorhodium(IIr) isomers 
complex but instead gave the alkynyl(enyne) compound 3. If (Scheme 3) are formed. The 'H NMR spectra of 5-7 display a 
three equivalents of the 1-alkyn-3-01 were used, the isolated doublet of triplets at around 6 = -30, which, together with the 
yield of 3 was 55%. One of the most typical features of the large Rh-H coupling of about 50 Hz, is most typical for a five- 
NMR spectroscopic data of 3 (which forms orange, almost air- coordinate hydridorhodium(1rr) species.["] Moreover, in the I3C 


stable crystals) is the doublet for the vinylic proton -CH=CHR NMR spectra, signals appear in the region for alkynyl (6 = 115- 
at 6 = 7.46 in the 'H NMR spectrum, which shows a H-H 118) but not for vinylidene carbon atoms. The 'H and I3C NMR 
coupling of 15.1 Hz. This value is characteristic for trans spectra of 7 illustrate a special feature insofar as they show two 
proton-proton coupling in disubstituted olefins[*] and thus sets of resonances for the protons and the carbon atoms of the 
supports the E configuration at the C=C double bond of isopropyl CH3 groups of the CiPr,OH substituents, which be- 
the enyne ligand. The IR spectrum of 3 displays two strong cause of the symmetry of the molecule are diastereotopic. We note 
bands at 2075 and 1910 cm-', which are assigned to the C=C that this phenomenon is observed for all complexes containing 
stretching frequencies of an alkynyl and an alkyne ligand, re- the alkynyl unit C=C-CiPr,OH as ligand. 
spectively . Compound 5 reacted slowly in benzene at room temperature to 


The proposed mechanism for the formation of the unusual give the OH-functionalized alkynyl(vinylidene)rhodium(l) com- 
alkynyl(enyne) complex 3 is outlined in Scheme 2. We assume plex 8 in about 65% isolated yield. This rearrangement, which 


Ph 


bons such as CHCl, or CH,Cl, were not stable A B 


Scheme 2.  Proposed mechanism for the formation of 3; L = PcF'r3. 
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was accompanied by a characteristic change of color from color- 
less to dark blue, could be significantly facilitated by addition of 
NEt,. In triethylamine as solvent, the vinylidene complex 8 
could also be prepared directly from 4 and two equivalents of 
HCEC-CMe,OH. In this case, the yield was 73 %. According 
to the IR and NMR spectroscopic data, the structure of 8 is 
completely analogous to that of 2, with trans disposed phos- 
phine and alkynyl/vinylidene ligands. 


In contrast to 5, the bis(alkyny1)hydrido complex 6 was rather 
inert in benzene solution. In neat triethylamine, a slow isomer- 
ization to the alkynyl(vinylidene)rhodium(i) derivative 9 oc- 
cured which, however, did not go to completion. After stirring 
for 2 hours, an equilibrium between 6 and 9 of 30: 70 was estab- 
lished, which remained almost constant even upon slightly in- 
creasing the temperature. A nearly quantitative rearrangement 
of 6 to 9 took place on irradiation of a solution of the 
bis(alkyny1)hydrido complex in benzene for 30 minutes. After 
removal of the solvent and recrystallization from toluene/pen- 
tane, a dark-blue, only modestly air-sensitive solid was isolated, 
the IR and NMR spectroscopic data of which are very similar 
to those of 2 and 8. It should be mentioned that compound 9 is 
not stable in benzene or toluene solution and partly rearranges 
to the isomer 6 until the equilibrium of 6:9 = 30:70 is reached. 
We furthermore note that in contrast to 5 and 6, complex 7 is 
completely inert and does not react to give trans- 
[Rh(C=CR)(=C=CHR)(PzFr,),] ( R  = CiPr,OH) ei- 
ther thermally or photochemically. 


The molecular structure of complex 7: Since it could not 
be unambiguously decided from the spectroscopic data 
of the bis(alkynyl)hydridorhodium(m) derivatives 5-7 
whether these compounds possess a square pyramidal 
or a trigonal bipyramidal configuration, an X-ray crys- 
tal structure analysis of 7 was carried out. The result is 
shown in Figure 1 along with the principal bond lengths 
and angles. The position of the hydride ligand was lo- 
cated by a difference Fourier analysis and was found to 
be disordered in the ratio of 1 : 1 above and below the 
plane of the rhodium, the phosphorus, and the metal- 
bonded carbon atoms. The structure therefore corre- 
sponds to that of a square pyramid with an exactly 
linear P-Rh-P and an almost linear C-C-Rh-C-C ar- 
rangement. The Rh-C1 and Rh-Cl0 bond lengths 


o c 3 3  


Fig. 1. Molecular structure of 7. The diagram shows only one of the two sites for 
the hydrido hydrogen atom, which is disordered above and below the coordination 
plane. Principal bond lengths [A] and angles ["I, with estimated standard deviations 
in parentheses: Rh-PI 2.332(1), Rh-P2 2.338(1), Rh-C1 2.032(4), Rh-ClO 
2.022(4), Rh-H 1.46, Rh-H* 1.56, C l -C2  1.206(4), C2-C3 1.479(5), C10- 
C11 1.203(4), C l l -C12  1.483(5), 0 1 - C 3  1.450(4), 02 -C12  1.457(4); PI-Rh- 
P2 179.49(4), PI-Rh-Cl 89.6(3), PI-Rh-C10 91.4(1), P2-Rh-C1 90.65(9), P2- 


Rh-C 10-C 11 176.3 (3), C 10-C 1 I-C 12 171.9 (4). 
Rh-C 10 88.35 (9), C I-Rh-C 10 178.9 (1 ), Rh-C I-C 2 177.6 (3). C 1 -C 2-C 3 176.6(4), 


[2.032(4) and 2.022(4) A] are nearly identical to those of the 
octahedral bis(alkyny1)hydrido complex [RhH(C&Ph),- 
(PMe,),] [2.019(4) A],["] but significantly longer than in the 
related compound [RhHC1{C=C-C(CH3)=CH,)(py)(PiPr3),] 
[1.958 (4) A],[7e1 in which chloride is trans to the alkynyl ligand. 
The distances Rh-P 1, Rh-P 2 and C 1 -C 2, C 10-C 11 are very 
similar to those in other mono- or bis(alkyny1) rhodium com- 
plexes containing [Rh(PzFr,),] as a building block[4* 7e, 9s lobs 


and thus deserve no further comments. 


Reactions of the alkynyl(vinylidene)rhodium(I) and bis- 
(alkynyl)hydridorhodium(m) complexes with CO and iso- 
cyanides-a smooth route for C-C coupling: Following the ob- 
servation that o-bonded alkyl, aryl, and vinyl groups as well as 
alkynyl ligands CGCR[~ .  13]  can migrate to the a-carbon atom 
of a metal-bonded vinylidene unit on reaction with carbon 
monoxide, the compounds 8 and 9 were likewise treated with 
CO. In benzene as solvent, a spontaneous reaction occurred that 
was indicated by a color change from dark blue to pale yellow. 
Removal of the solvent and recrystallization from pentane 
gave the products 10 and 11 (Scheme 4) in 80-85% yield. The 
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Scheme 4. L = PiPr,. 
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'H and 13C NMR spectroscopic data support the assumption 
that by coupling of the alkynyl and vinylidene moieties an 
enynyl ligand is formed. It is trans disposed to the CO group, 
since the 'H and 31P NMR spectra confirm that the PiPr, lig- 
ands are trans to each other. The most characteristic feature of 
the 'H NMR spectra of 10 and 11 is the sharp doublet of triplets 
at 6 = 6.94 (10) or 8.03 (ll), respectively, which is assigned to 
the vinylic proton C=CHCR,OH. In view of the similarity of 
the chemical shift and the Rh-H and P-H coupling constants 
of this signal with the corresponding data of the related complex 
trans-[Rh{~'-(Z)-C(C_CCO,Me)=CHCO~Me}(CO)(PiPr3)z], 
the structure of which has been determined by X-ray analysis,[4a1 
we assume that in 10 and 11 the substituents CR,OH and 
Rh(CO)(PiPr,), at the C=C double bond are also in the cis 
position. Owing to the steric requirements of the two bulky 
PiPr, groups, the rotation of the enynyl ligand around the Rh- 
C bond is probably seriously hindered, as is indicated by the 
double set of signals for the PCHCH, protons in the 'H NMR 
spectra. We furthermore note that the rate of the H/D exchange 
of the two hydroxy protons in 11 is remarkably different. While 
in the presence of D,O, the signal at 6 = 5.49 disappears rather 
quickly (i.e., in less than IOmin), the second resonance at 
6 = 2.48 loses only about 30% of its intensity in 12 hours; in 
this case, for the complete H/D exchange two days are neces- 
sary. 


The reactions of 8 and 9 with CNMe and CNtBu took place 
selectively as well and afforded the corresponding enynylrhodi- 
um(1) complexes 12-15 in 70-75% yield. In contrast to the 
carbonyl derivatives 10 and 11, the yellow crystalline isocyanide 
compounds 12-15, which for a short period of time can be 
handled in air, are only sparingly soluble in benzene, toluene, 
and acetone. In solution, they are fairly unstable and decompose 
to a variety of products, which have as yet not been identified. 
The IR spectra of 12 and 14 show an intense C=N stretching 
frequency at about 2160 cm-', while those of 13 and 15 display 
three bands between 2050 and 2160 cm- ', the assignment of 
which is not clear. This phenomenon has also been observed by 
Jones et al. in the case of other square planar isocyaniderhodiu- 
m(1) complexes['41 and still needs a convincing explanation. 


With CF,CO,H, the cleavage of the enynyl-rhodium bond in 
10 proceeded almost instantaneously and (as determined by 
NMR measurements) gave the trifluoracetatorhodium complex 
16[15] and the enyne 17 quantitatively. This result is noteworthy, 
since similar enynylrhodium compounds trans-[Rh{ q'-(Z)- 
C(C=CR)=CHR}(CO)(PiPr,),] with phenyl or tert-butyl in- 
stead of CMe,OH as substituents react with CF,CO,H in ben- 
zene or acetone to give the corresponding butatrienes 
RCH=C=C=CHR in 90-95 O h  yield.[4a1 As a possible explana- 
tion for the difference in behavior, it is conceivable that in the 
case of 10 the acid initially interacts with the OH functionalities 
and not with the triple bond, which prevents the formation of a 
butatriene moiety. 


In the presence of CO or isocyanides, the five-coordinate 
bis(alkyny1)hydridometal derivatives 5-7 added one more lig- 
and and afforded the octahedral complexes 18-20 and 24-27, 
respectively. As outlined in Scheme 5, the CO adducts 18-20 
(which are colorless, only slightly air-sensitive solids) further 
reacted in benzene at room temperature by elimination of 
HC-C-CR,OH to give the square planar rhodiuni(1) com- 
pounds 21-23. This behavior of 18-20 is similar to that of the 
trimethylstannyl complex [Rh(SnMe,)(C=CPh),(PPh,),], which 
on treatment with CO affords trans-[Rh(C=CPh)(CO)(PPh,),] 
and PhCGCSnMe, as well as triphenylphosphine.[' 61 


In contrast to the CO adducts 18-20, the analogous iso- 
cyanide compounds 24-27 were quite inert toward elimination 
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Scheme 5. L = PiPr, 


of H C d - C R , O H  and could not be transformed into trans- 
[Rh(C=C-CR,OH)(CNR)(PiPr,),]. With regard to the NMR 
spectroscopic data, it is worth mentioning that in the 'H NMR 
spectra of 24-27 the hydride signal appears at around 
6 = - 10.8, which means that in comparison with 5-7 it is shift- 
ed by about 20ppm to lower fields. The difference from the 
chemical shift of the parent five-coordinate hydrido complexes 
5-7 is even larger for the carbonyl derivatives 18-20, the 
'H NMR spectra of which display a signal at around 6 = - 9.0. 
A possible explanation of the remarkable difference is that in 
5-7 the position trans to the hydride is free, whereas in 18-20 
and 24-27 it is occupied by a CO or CNR ligand, which possess- 
es a strong trans influence upon the chemical shift. 


Coupling of two C ,  units to a C, ligand: Since it was known that 
the allenylidenerhodium complexes trans-[RhCl( =C=C= 
CRPh)(PiPr,),] can be prepared from propargylic alcohols 
HCEC-CR(Ph)OH via intermediately formed alkyne, alkynyl- 
(hydrido), and vinylidene metal  derivative^,'^] we attempted to 
use compounds6 and 9 for the same purpose. On passing a 
solution of 6 or 9 in benzene through a column filled with acidic 
alumina (which from the commercial sources we use always 
contains chloride), a fairly quick change of color from blue to 
red took place. If chromatography was continued, two red frac- 
tions were separated, of which the second (with a longer reten- 
tion time) contained the allenylidene complex 28.[,"] From the 
first fraction, a red solid was isolated that consisted of 29 
(Scheme 6) as the major and 33 (Scheme 7) as the minor compo- 
nent. Upon stirring a solution of 29/33 in benzene for 2 h at 
room temperature, a quantitative conversion of 33 to the more 
stable isomer 29 occurred. The yield of 29, the composition of 
which has been confirmed by elemental analysis and X-ray crys- 
tallography (see below), was 70 YO. The red air-stable compound 
is readily soluble in chloroform but only sparingly soluble in 
ether, benzene, toluene, and saturated hydrocarbons. 


The assumption that 33 is the kinetically preferred and 29 the 
thermodynamically preferred isomer could be confirmed by in- 
dependent synthesis of the two compounds from [RhCl- 
(PiPr,),], (32)'"l (see Scheme 7). The reaction of 32 with 
1,1,6,6-tetraphenylhexapentaene Ph,C=C=C=C=C=CPh, 
(31) in toluene at - 30 "C led exclusively to the formation of 33, 
provided that the solution was worked up quickly at low tem- 
perature. In contrast to 29, the more symmetrical compound 33 
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is a yellow solid, the solubility of which is quite similar to that 
of the more stable isomer. In benzene at 25 “C, 33 rearranged 
quantitatively to give 29. As far as the spectroscopic data of the 
two isomers are concerned, the ‘H NMR spectrum of 29 shows 
two sets of signals for the PCHCH, protons, while that of 33 
displays only one. In the 13C NMR spectrum of 29, six different 
signals at 6 =163.70, 135.33, 131.85, 123.29, 117.54 and 117.12 
for the hexapentaene carbon atoms appear, of which two (at 
6 =I3135 and 117.54), assigned to the coordinated carbon 
atoms, are split into doublets of triplets because of Rh-C and 
P-C coupling. As was expected from previous studies,[4a. ’I 
compound 29 reacted smoothly with CO by ligand displacement 
to give trans-[RhCl(CO)(PiPr,),] (3O)[l8l and the cumulene 31. 
We note that in organic (non-metal-assisted) synthesis the 
hexapentaene 31 is prepared either by reacting Ph,(OH)C- 
C=C-C-C-CPh,OH with Stephen’s reagent[”] or by treat- 
ment of HCEC-CPh,OH with KOH and acetic anhydride.[”] 


With regard to the mechanism of formation of 33 (and 29) 
from 6 or 9 we assume that, on analogy with the preparation of 
trans-[RhCl( = C=C= CPh,)(PiPr,),] from trans-[RhCl( = C = 


CH-CPh,OH)(PiPr,),] and AI,O, ,[3a1 an alkynyl(allenyli- 
dene)rhodium(I) intermediate C is formed initially (Scheme 8). 
This can either be converted by proton attack (and elimination 
of water) to the bis(alleny1idene)metal cation D or, alternative- 
ly, by migration of the alkynyl ligand to the cc-carbon of the 
allenylidene unit to give E. The migratory insertion step could 
be assisted by the solvent or, as has been shown in a similar 
case,[’’ by chloride ions. Coupling of the two C, fragments of D 
or acid-initiated abstraction of OH - from E could then generate 
the hexapentaene ligand and, on addition of CI-, give com- 
plex 33. We note that there is precedent for the linkage of two 
allenylidene moieties to give a tetrasubstituted hexapentaene as 
on heating of [C,H,Mn(CO),(=C=C=CtBuz)] small quantities 
of tBu,C=C=C=C=C=CtBu, are formed.[”] A related rhodi- 


I 
33 


Scheme 8. L = PiPr,, S = solvent. 


um-assisted coupling of two vinylidene ligands to give a coordi- 
nated butatriene is also known.[221 


The molecular structure of complex 29: To confirm the unsym- 
metrical coordination of the hexapentaene ligand, a single-crys- 
tal X-ray structural analysis of 29 was performed. The 
SCHAKAL diagram (Fig. 2) reveals that the coordination ge- 
ometry around the rhodium center is square planar, with the 
phosphine ligands trans to each other and thus the chloride and 
the hexapentaene are also in a trans disposition. While the 
Rh-P bond lengths are almost identical (see legend to Fig. 2), 
the Rh-C2 and Rh-C3 distances differ slightly by about 
0.015 A. The P-Rh-P axis is not exactly linear, possibly because 
of the unsymmetrical bonding situation of the cumulene unit. In 
agreement with previous findings,[231 the C, chain is bent, pos- 
sessing C-C-C angles that are similar to those in the related 


16 


c10 u 
Fig. 2. Molecular structure of 29. Principal bond lengths [A] and angles [“I, with 
estimated standard deviations in parentheses: Rh-PI  2.393(1), Rh-P2 2.389(1), 
Rh-C2 2.017(4), Rh-C3 2.031(4), Rh-CI 2.366(1), C l - C 2  1.352(6), C2-C3 
1.347(6), C3-C4 1.304(7), C4--C5 1.283(7), C 5 - C 6  1.321(7); PI-Rh-P2 
171.58 (9, P 1-Rh-C 2 94.1 ( l ) ,  P 1-Rh-C 3 90.6(1), P 1-Rh-CI 86.30(5), P2-Rh-C2 


161.4(2), C2-Rh-C3 38.9(2), Rh-C2-C3 71.1(3), Rh-C3-C2 70.0(3), Rh-C2-C1 
144.6(4), Rh-C3-C4 138.9(4), Cl -C2-C3 144.0(5), C2-C3-C4 151.1(5), C3-C4- 
C5  175.8(5), C4-C5-C6 179.7(7). 


93.4(1), P2-Rh-C3 92.7(1), P2-Rh-CI 88.11 (5). CI-Rh-C2 159.7(1), Cl-Rh-C3 
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hexapentaene and butatriene rhodium(]) complexes.[23* 241 The 
plane of the carbon atoms C 1 -C 6 is nearly perpendicular to the 
plane containing the metal, the chloride, and the phosphorus 
atoms, the dihedral angle being 89.8 (1)'. It should be mentioned 
that the distance C2-C3 is only slightly longer (by 0.05- 
0.06 A) than the distances C3-C4 and C4-C5, and almost 
identical to the bond length C 1-C2. 


Conclusion 


The present investigations have shown that not only allenyli- 
dene transition-metal complexes but also those having either 
two OH-functionalized alkynyl or one alkynyl and one vinyli- 
dene ligand coordinated to rhodium can be prepared from 
propargylic alcohols HCrC-CR(R)OH as starting materials. 
The substituents R and R from the 1-alkyn-3-01 mainly deter- 
mine which of the two types of compounds, the bis(alkyny1)- 
hydrido or the alkynyl(viny1idene) isomer, is the kinetically pre- 
ferred product. In contrast to the alkynyl(ch1oro)hydrido- 
rhodium complexes [RhH{ C =C -CR(R)OH}CI(PiPr,),], which 
quickly rearrange in toluene at room temperature to give the 
vinylidenemetal derivatives trans-[RhCl{ =C =CH -CR(R)OH}- 
(PZR- , )~]~[~ ,  the related complexes [RhH{C=C-CR(R)OH},- 
(PiFr,)J are quite inert under the same conditions. Only on 
photolysis or prolonged stirring in neat triethylamine can they 
be converted to the isomers trans-[Rh{C-C-CR(R)OH}- 
{ =C=CH-CR(R)OH)(PiPr,),]. These four-coordinate com- 
pounds react smoothly with CO or isocyanides by migration of 
the alkynyl group to the a-carbon of the vinylidene ligand to 
yield the corresponding 0-enynylrhodium(1) complexes. A par- 
ticularly striking aspect is the exclusive formation of the (Z)-iso- 
mers; this sets them apart from the previously reported enynyl 
complexes.r251 We assume that it is mainly for steric reasons that 
the attack of the alkynyl occurs only at the side of the 
Rh=C=CHX fragment (X = CR(R)OH) opposite to the sub- 
stituent X. The addition of CO or isocyanides to the metal 
center of the bis(alkyny1)hydrido compounds does not initiate 
C-C coupling of the two C, units as was observed in a similar 
case between an alkynyl and a vinyl ligand.['I 


The most remarkable feature of this work, however, is the 
generation of the hexapentaene Ph,C=C=C=C=C=CPh, by 
C-C coupling and acid-assisted elimination of OH- and H,O 
from either [RhH(C=C- CPh,OH),(PiPr,),] or trans-[Rh- 
(Cd-CPh,OH)(=C=CH-CPh,OH)(PiPr,),]. Although the 
synthesis of some tetraalkyl- and tetraarylhexapentaene transi- 
tion-metal complexes has been reported in the literature,[23. 261 


to the best of our knowledge the formation of such a compound 
by coupling of two C, units in the coordination sphere of a 
metal is without precedent. Studies in progress are aimed to find 
out whether starting materials such as [RhH(C=C-CR,OH)- 
(C&-CR,OH)L,] or trans-[Rh(CrC-CR,OH)(=C=CH- 
CR,OH)L,] are accessible and can be used both for the prepa- 
ration of metal complexes with unsymmetrical hexapentaenes 
R,C=C=C=C=C=CR, as ligands and of butenynylrhodium 
derivatives trans-[Rh{ q -C(C=C - CR,OH) =CH - CR,OH}- 
(CO)L,] with two different substituents R, R attached to the C, 
unit. 


Experimental Section 
All experiments were carried out under an atmosphere of argon by Schlenk tube 
techniques. The starting materials 1 [6b], 4 [6b], 31 [20], and 32 [17] were prepared 
as described in the literature. The I-alkyn-3-01s were commercial products from 
Aldrich and ABCR. NMR spectra were recorded at room temperature on Jeol 
FX90Q, Bruker AC200, and Bruker AMX400 instruments, IR spectra on a 


Perkin- Elmer 1420 spectrophotometer. Abbreviations used: s, singlet; d, doublet; 
t, triplet; vt, virtual triplet; spt, septet; m, multiplet; br, broadened signal. Melting 
points were measured by DTA. 


bans-[Rh{CrC-CH(Ph)OH}{=CH-CH(Ph)OH}(PiPr,),l (2): A solution of 
I ( l50  mg, 0.32 mmol) in 3 mL of triethylamine was treated at 10°C with HC-C- 
CH(Ph)OH (85 mg, 0.64 mmol) and stirred for 4 h. A slow change of color from 
orange 10 dark blue occurred. After the solvent had been removed in vacuo, the 
residue was extracted with 8 mL of toluene/pentane (1:4), and the extract was 
stored for 20 h at - 30 'T. Dark-blue crystals precipitated, which were washed three 
times with 3 mL of pentane (0°C) each and dried; yield 158 mg (78%); m.p. 95 "C 
(decomp.);IR(KBr):i. 3600(0-H),2090(C=C), 1635(C=C)cm-'; 'HNMR 
(C,D,, 200 MHz): 6 =7.53 and 7.14 (both m, 10H, C,H,), 5.66 [d, J(H,H) = 
9.6Hz, 1 H, =CH-CH(Ph)OH], 5.66 [s, l H ,  -C-CH(Ph)OH], 2.70 (m. 6H, 
PCHCH,), 1.28 and 1.27 [both dvt, N=13.3, J(H,H) = 6.6Hz, 18H each, 
PCHCH,], signal of =CHR proton probably covered by signal of PCHCH,, signal 
of OH protons not observed; ',C NMR (C,D,, 100.6 MHz): 6 = 304.19 [dt, 
J(Rh,C) = 54.1, J(P,C) = 20.6H2, Rh=C=CHR], 304.10 [dt, J(Rh,C) = 54.1, 
J(P,C) = 20.6 Hz, Rh=C=CHR], 145.93 and 144.84 (both s, @so-C,H,), 135.21 
(m,Rh-C=CR), 128.43, 128.16,127.47,127.11, 126.82, 126.02(alls,C,Hs), 121.93 
[dt, J(Rh,C) = 38.2, J(P,C) =19.1 Hz, Rh-C=CR], 121.88 [dt, J(Rh,C) = 38.2, 
J(P,C) =19.1 Hz, Rh-C=CR], 114.52 [brdt, J(Rh,C) =12.9, J(P,C) = 6.4Hz, 
Rh=C=CHR], 66.46 [s ,  =CH-CH(Ph)OH], 60.89[s, =C-CH(Ph)OH], 25.13 (vt, 
N = 20.5 Hz, PCHCH,), 20.47 and 20.39 (both s, PCHCH,); "P NMR (C,D,, 
162.0 MHz): 6 = 47.21 [d, J(RbP) =134.9 Hz]; C,,H,,O,P,Rh (686.7): calcd C 
62.97, H 8.37; found C 63.17, H 8.42. 


truns-lRh ( C r  C- CPh,OH) { q* -(@- Ph,(OH) C- Ca C- CH=CH-CPh,OH} (Pi- 


Method a:  A solution of 1 (55 mg, 0.12 mmol) in 3 mL of triethylamine was treated 
at 10 "C with HC=C-CPh,OH (74 mg, 0.36 mmol). After the reaction mixture had 
been stirred for 2 hat  room temperature, an orange air-stable solid precipitated. The 
mother liquor was decanted off, the precipitate was washed with 3 x 3 mL of pen- 
tane (0°C) and dried; yield 69 mg ( 5 5 % ) .  
Method h: A solution of 6 (60 mg, 0.07 mmol) in 2 mL of benzene was treated at 
room temperature with HC=C-CPh,OH (15 mg, 0.07 mmol) and stirred for 2 h. 
The solvent was removed, the residue was washed with 3 x 1 mL of pentane (0°C) 
and dried; yield 55 mg (75%); m.p. 86'C (decomp.); IR (KBr): ? = 3580 (0 -H) ,  
2075 (C=C), 1595 (C=C)cm-l ;  'HNMR (C6D6, 400 MHr): 6 =7.99, 7.79,7.63 
(all m, 4H each, o-C,H,), 7.46 [d, J(H,H) =15.1 Hz, 1 H, =C-CH=CHR], 7.07 
(m,18H,C,Hs),4.37,2.53,2.22(alls,1Heach,0H/,2.02(m,6H,PCHCH,),1.ll 
[dvt, Ns13.6,  J(H,H)=6,9Hz,  18H, PCHCH,], 0.96 [dvt, N=12.5, 
J(H,H) = 6.3 Hz, 18H, PCHCH,]; signal of rC-CH=CHR proton is probably 
covered by signals of CJ,; NMR (C,D,, 162.0MHz): 6 = 39.29 [d, 
J(RhP) =119.5 Hz];C,,H,,O,P,Rh(1047.2);calcdC72.26,H 7.41;foundC71.48, 
H 7.40. Compound 3can also be prepared from 6 (60 mg, 0.07 mmol) and HC=C- 
CPh,OH (15 mg, 0.07 mmol) in 3 mL of benzene; yield 55 mg (75%). 


[RhH(CrC-CMe,0H),(PiPr3),] ( 5 ) :  A solution of 4 (80 mg, 0.16 mmol) in 3 mL 
of benzene was treated at 10°C with HCd-CMe,OH (30 pL. 0.31 mmol). After 
the reaction mixture had been stirred for 5 min, the solution was layered with 5 mL 
of pentane and stored at 0 "C. A white microcrystalline solid precipitated, whch was 
separated from the solution, washed with 3 x 3 mL of pentane (0"C), and dried; 
yield 61 mg (65%); m.p. 91 "C (decomp.); IR (KBr): 5 = 3600 (0-H),  2140 (Rh- 
H), 2000. 1995 (C=C)cm-'; 'HNMR (C,D,, 90 MHz): 6 = 2.85 (m. 6H, 
PCHCH,), 1.61 [dvt, N=14.0, J(H,H) =7.3 Hz, 36H, PCHCH,], 1.25 [ s ,  12H, 
-C(CH,),OH], - 30.29 [dt, J(Rh,H) = 50.0, J(P,H) = 13.4 Hz, 1 H, RhH], signal of 
OH protons not observed; 31P NMR (C,D,, 36.2MHz): 6 = 53.25 [d, 
J(Rh,P) = 99.9 Hz]; C,,H,,O,P,Rh (590.6): calcd C 56.94, H 9.73; found C 56.66, 
H 9.96. 


Pr3M (3): 


[RhH(CrC-CPh,OH),(PiPr,),~ (6): This was prepared as described for 5, from 4 
(110 mg, 0.21 mmol) and HC-C-CPh,OH (89 mg, 0.42 mmol) as starting materi- 
als. Yellow, only moderately air-sensitive crystals; yield 125 mg (71 %); m.p. 101 "C 
(decomp.); IR (KBr): ? = 3600 (0-H),  2090,2080 (C=C)cm-l;  'H NMR (C,D,, 
200 MHz): 6 =7.84 and 7.12 (both m, 20H, C,H,), 2.72 (m, 6H, PCHCH,), 2.49 
(~,2H,OHl.1.10[dvt,N=14.5,J(H,H)=7.3Hz,36H,PCHCH,],-30.15[dt, 
J(Rh.H) = 50.9, J(P,H) =13.1 Hz, t H, RhH]; "C NMR (C,D,, 100.6 MHz): 


Rh-C=CR], 118.40 [dt, J(Rh,C) = 38.1, J(P,C) =15.3 Hz, Rh-C=CR], 75.94 (s, 
-CPh,OH), 24.75 (vt, N = 22.8 Hz, PCHCH,), 20.12 ( s ,  PCHCH,); "P NMR 


6 =148.32, 127.48, 127.16, 125.88 (all s, C,H,), 118.60 [d, J(Rh,C) = 8.9Hz, 


(C,D,, 81.0 MHz): 6 = 54.47 [d, J(Rh,P) = 97.4 Hz]; C,,H,,O,P,Rh (838.9): cal- 
cd C 68.72, H 7.81; found C 68.91, H 8.16. 


IRhH(C~C-CrPr2OH),(Pi~r,),l(7): This was prepared as described for 5 ,  from 4 
(120 mg, 0.23 mmol) and HC-C-CiPr,OH (65 mg, 0.47 mmol) as starting materi- 
als. Orange solid; yield 121 mg (75%); m.p. 108 "C (decomp.); IR (KBr): i. = 3620 
(0-H),  2070 (C=C)cm-';  'HNMR (C,D,, 400MHz): 6=2 .72  (m, 6H, 
PCHCH,), 2.01 [spt, J(H,H) =7.1 Hz, 4H, -C(CH(CH,),),OH], 1.46 (s, 2H, 
O H ) ,  1.25 [dvt, N =33.8, J(H,H) = 6.7 Hr, 36H, PCHCH,], 1.20 [d, 
J(H,H) = 6.7 Hz, 32H, -C(CH(CH,),),OH], 1.16 [d. J(H,H) = 6.8 Hz, 12H, 
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-C(CH(CH,),),OH], -30.45 [dt, J(Rh,H) = 49.6, J(P,H) =13.6 Hz, 1 H, RhH]; 
"C NMR (CeD,, 100.6 MHz): 6 ~118 .04  [d, J(Rh,C) = 8.8 Hz, Rh-CzCR]. 


35.36 [S, -C(CH(CH,),),OH], 24.95 (vt, N = 22.8 Hz, PCHCH,), 20.36 (s, 
114.80 [dt, J(Rh,C) = 38.1, J(P,C) =15.2Hz, Rh-C=CR], 78.66 (s, -CiPr,OH), 


PCHCH,), 18.70 and 17.29 [both s, -C(CH(CH,),),OH]; 31P NMR (C,D,, 
162.0 MHz): 6 = 53.16 id, J(Rh,P) = 100.2 Hz]; C,,H,,O,P,Rh (702.8): calcd C 
61.52, H 10.47; found C 61.48, H 10.79. 


truns-[Rh(C=C-CMe,OH)(=C=CH-CMeZOH)(PtPr,),~ (8): 
Method a: A solution of 5 (80 mg, 0. 14 mmot} in 3 mL of NEt, was stirred for 2 h 
at room temperature. The solvent was removed in vacuo. the residue was extracted 
with 5 mL of pentane and the extract was stored at -30°C for 10 h. A dark-blue 
microcrystalline solid precipitated, which was separated from the solution, washed 
with 3 x 3 mL of pentane (OT) ,  and dried; yield 71 mg (89%). 
Method b: A solution of 4 (100 mg, 0.19 mrnol) in 3 mL of NEt, was treated at 
10 "C with HC=C-CMe,OH (38 pL, 0.39 mmol) and stirred for 2 h. The color 
changed from orange to dark blue. The solvent was removed and the residue was 
worked up asdescribed for method a ;  yield 82 rng (73%); m.p. 86°C (decomp.); IR 
(KBr): a = 3600 (0-H),  2060 (CzC) ,  1650. 1625 (C=C) cm-' ;  'HNMR (C,D,, 
400 MHz): 6 = 2.81 (m. 6H. PCHCH,), 1.59 (s, 1 H, O H ) ,  1.53 [s, 6H, =CH- 
C(CH,),OH], 1.34 [dvt, N =13.4, J(H,H) =7.1 Hz, 36H, PCHCH,], 1.30 [s, 6H, 
rC-C(CH,),OH], 0.14 [t. J(P.1~) = 3.7 Hz, 1 H, =CHR], signal of second OH 
proton not observed; 13C NMR (C,D,. 100.6MHz): 6 = 304.51 [dt, 
J(Rh,C) ~ 4 9 . 6 ,  J(P,C) = 1 5 . 3 H ~ ,  Rh=C=CHR], 141.00 [d, J(Rh,C)=10.8Hz, 
Rh-CsCR], 121.08 [dt, J(Rh,C) =17.7, J(P,C) = 5.1 Hz, Rh=C=CHR], 113.57 
[dt, J(Rh,C) = 36.9, J(P,C) = 19.1 Hz, Rh-C=CR], 65.87 [s, =CH-C(CH,),OH], 
63.90 IS, d-C(CH,),OH], 32.54 [s, =CH-C(CH,),OH], 32.31 [s, zC- 


(C,D,, 162.0MHz): 6 = 46.03 [d, J(Rh,P) ~ 1 3 5 . 8  Hz]; C,,H,,0,P2Rh (590.6): 
C(CH,),OH]. 25.24 (vt. N = 20.4 Hz, PCHCH,), 20.56 (s, PCHCH,); "P NMR 


calcd C 56.94, H 9.73; found C 56.54, H 10.04. 


Yvuns-[Rh(C~C-CPh,OH)(=C=CH-CPh,OH)(PPr,),~ (9): A solution of 6 
(I00 mg. 0.12 mmol) in 15 mL of benzene was irradiated at 5°C for 35 min with a 
mercury lamp (Osram HBO 500 W). The color changed from yellow to dark blue. 
The solvent was removed, the residue was extracted with 5 mL of toluene/pentane 
(1 :4), and the extract was stored at - 30°C for 20 h. A dark-blue solid precipitated, 
which was separated from the solution, washed with 3 x 3 mL of pentane (0 T), and 
dried; yield 77 mg (77%); m.p. 108 "C (decomp.); IR (KBr): 1; = 3580 (0-H) ,  2065 
(C=C), 1635 (C=C) cm- ' ;  'H NMR (C,D,. 200 MHz): 6 =7.77.7.46,7.08 (all m, 
20H. C,H,), 2.90 (s, 1 H, O H ) ,  2.63 (m, 6H. PCHCH,), 2.42 (brs, 1 H. O H ) ,  1.20 
[dvt, N =13.5, J(H.H) = 6.9 Hz, 36H, PCHCH,]. 0.94 [t, J(P.H) = 3.6Hz, 1 H, 
=CHRl; "C NMR (C,D,, 100.6 MHz): 6 = 301.77 [dt, J(Rh.C) = 50.3. 
JtP,C) =1S.1  Hz, Rh=C=CHR], 138.33 [d. J(Rh,C) = 9.1 Hz. Rh-C=fR].  
127.85, 127.13, 127.09, 126.82, 126.77, 125.84 (all s, C,H,). 121.82 [dt. 
J(Rh.C) = 12.1, J(P,C) = 6.0 Hz, Rh=C=CHR], 75.96 (s, =CH- CPh,OH), 67.50 
i s ,  =C-CPh,OH), 25.25 (vt, N = 20.4 Hz. PCHCH,), 20.30 (s, PCHCH,): signal 
of Rh-CzCR probablycovered by signal of C6D,; "P NMR (C,D,. 81.0 MHz): 
6 = 46.94 [d, J(Rh,P) = 133.7 Hz]; C,8H,,0,P,Rh (838.9): calcd C 68.72, H 7.81; 
found C 68.48, H 7.80. 


trans-lRh(q'-(Z)-C(C~C-CMe,OH)=CH - CMe,OH}(CO)(PiPr3),l(10): A slow 
stream of CO was passed through a solution of 8 (70 mg, 0.12 mmol) in 3 mL of 
benzene for 30 s at 10 "C. The color changed from dark blue to bright yellow. After 
the solvent was removed in vacuo, the residue was worked up as described for 8. 
Yellow, only moderately air-sensitive crystals; yield 62 mg (85%); m.p. 10S"C; IR  
(KBr): 'v = 3600 (0-H),  2170 (C=C), 1940 (C=O), 1470 (C=C) cm-': 'H NMR 
(ChD,, 400 MHz): d = 6.94 [dt, J(Rh,H) = 2.9, J(P,H) = 2.9 Hz. 1 H, =CHR], 
4.38 (s, 1 H, O H ) ,  2.44(m, 6H,  PCHCH,), 1.59 [s, 6H. =CH-C(CH,),OH], 1.39 
[S, 6H, =C-C(CH,),OH], 1.36[dvt, N =13.8, J(H.H) =7.2Hz. 18H. PCHCH,], 
1.27[dvt,iV =13.3,J(H,H) =7.1 Hz. 18H, PCHCH,],signalofsecondOHproton 
not observed; I3C NMR (C,D,, 50.3 MHz): b = 195.46 [dt, J(Rh,C) = 56.3, 
J(p,C) ~ 1 5 . 9  Hz, Rh-CO], 151.34 [I, J(P,C) = 4.1 Hz, Rh-C(R)=C'HR], 140.62 
[dt, J(Rh,C) = 25.7, J(P,C) = 14.0 Hz, Rh-C(R)=CHR]. 106.71 i s ,  -C=CR), 
88.75 [dt, J(Rh,C)=1.9, J(P,C)=1.6Hz, -C=CR], 70.28 [dt, J(Rh,C)=1.3, 
J(P,C) =1.3Hz, =CH-CMe,OH]. 66.13 ( s ,  zC-CMe,OH), 32.14 (s, -CH- 
C(CH,),OH), 31.53 [t. J(P,C) = 1.9 Hz, =C-~C(CH,),OH], 26.42 [dvt, N = 20.1, 
J(Rh,C) =1.3 Hz, PCHCH,], 20.86 and 19.95 (both s, PCHCH,); "P NMR 
(C,D,. 162.0 MI-12): d = 42.13 [d, J(Rh,P) =134.85 Hz]; C,,H,,O,P,Rh (618.6): 
calcd C 56.31, H 9.29; found C 56.61, H 9.53 


Yrans-IRh~~1-(Z)-C(CIC-CPh,OH)=CH-CPh,OH}(CO)(PiPr,),l (11): This 
was prepared as described for LO, from 9 (110 mg. 0.13 mmol) as starting material. 
Yellow crystals; yield 87 mg (87%): m.p. 84°C. (decomp.); IR (KBr): B = 3595 
(O-H).2100fC-C}, 194O(CsO) cm-  I :  'HNMR(C,D,,200 MHz): 6 = 8.03[dt, 
J(Rh,H)=2.9,J(P,H)= 2.9Hz,lH,=CHR],7.82and7.00(bothm,20H,C,H,), 
5.49and2.48(boths,lHeach,ON/.2.11 (m.6H,PCHCH3),1.07[dvt,N=t3.7, 
J (H,H)=7. lHz,  18H, PCHCH,]. 1.05 [dvt, N=13.3. J (H,H)=6.9Hz,  18H, 
PCHCH,]; NMR (CeD,, 50.3 MHz): 6 =19S.81 [dt, J(Rh,C) = 56.8, 


J(P.C) ~ 4 . 3  Hz, Rh-C(R)=CHR], 143.74 [dt. J(Rh,C) = 26.2, J(P.C) =l3.1 Hz. 
Rh-C(R)=CHR], 128.15, 127.96, 127.32, 126.97. 125.93, 125.87 (all S, C,,H,), 


J(P,C) = I 5 9  Hz, Rh-CO], 150.79 and 147.01 (both s, ipso-C,H,). 147.76 It, 


102.57 (s, -CsCR) ,  93.41 [dt, J(Rh,C) =1.8, J(P,C) =1.8 Hz, -CzCR]. 76.14 (s, 
=CH-CPh,OH), 76.04 (s, =C-CPh,OH), 26.12 [dvt, N = 20.1, 


(C,D,, 162.0 MHz): S = 43.29 [d, J(Rh,P) =132.2 Hz]; C,9H,,0,P,Rh (866.9): 
J(Rh,C) =1.2Hz, PCHCH,], 20.54 and 19.86 (both s, PCHCH,); "P NMR 


calcd C 67.89, H 7.56; found C 68.26, H 7.62. 


trans-[Rh{q'-(Z)-C(C~C-CMe,OH)=CH-CMe,OH}(CNMe)(Pi~r,j,~ (12): A 
solution of 8 (120 mg, 0.20 mrnol) in 3 mL of benzene was treated at 10 "C with 
methylisocyanide (10 pL, 0 22 mrnol). Immediately. a color change from dark blue 
to light yellow occurred. After the reaction mixture had been stirred for 1 nun, the 
solvent was removed in vacuo, the residue was extracted with 5 mt of hexane, and 
the extract was stored at - 30 "C for 20 h. Yellow crystals precipitated, which were 
washed with 3 x 1 mL of pentane (0 "C) and dried; yield 93 mg (74%); m.p. 113 "C 
(decomp.); IR(KBr): i = 3600(O-H),2190(C~N),2105(C=C)cm~'; 'HNMR 
(C,D6,400MHz):6=7.02[dt,J(Rh,H) =2.5,J(P,H)=2.4Hz,lH,=CHRI,5.37 
(s, 1 H, O H ) .  2.40 (m, 6H. PCHCH,). 2.14 (brs, 3H, CNCH,), 1.88 (brs, 1H. 
O H ) ,  1.66 [S, 6H, =CH-C(CH,),OH], 1.46[s, 6H,  zC-C(CH,),OH], 1.41 [dvt, 
N=13.7,JiH,H)=7.5H~,18H,PCHCH,],1.31~dvt,N=12.6.J(H,H)=7.1 Hz, 
18H, PCHCHJ; "C NMR (C,D,, 50.3 MHz): 6 =162.34 [dt. J(Rh,C) = 50.0, 
J(P,C) =18.3 Hz, Rh-CNR], 149.44 [t. J(P,C) = 3.7 Hz. Rh-C(R)=CHR], 
142.32 [dt, J(Rh,C) 25.6, J(P,C) =13.4 Hz, Rh-C(R)=CHR], 106.69 (s, 
-C=CR), 90.83 [dt, J(Rh,C) =1.8, J(P,C) =1.8 Hz, -C=CR], 70.18 [dt, 
J(Rh,C) = 1.2.J(P,C) =1.2 Hz. =CH-CMe,OH]. 66.29 (s, =C-CMe,OH), 32.35 
[s, ?C-C(CH,)zOH], 31.89 [t. J(P,C) =1.8 Hz, =CH-C(C?I,),OH], 26.17 [dvt, 
N = 18.3. J(Rh,C) = 1.2 Hz, PCHCH,], 28.21 (br s, CNCH,), 21.01 and 20.10 (both 
S. PCHCH,); NMR (C6D6. 81.0 MHz): 6 = 42.08 [d, J(Rh,P) = 142.4 Hz]; 
C,,H,,NO,P,Rh (631.7): calcd C 57.05, H 9.58, N 2.22; found C 57.37, H 9.85, N 
2.05. 


Yruns-1Rh~~'-(Z)-C(C~C-CMe,OH)=CH-CMe,OH}(CNtBu~PiPr,),~ (13): 
This was prepared as described for 12, from 8 (180 mg, 0.30mmol) and CNtBu 
(35 pL, 0.31 mmol) as starting materials. Yellow crystals; yield 150 mg (73 Yo); m.p. 
96 'C (decomp.); IR (KBr): i. = 2160, 2080, 2050 [ (CzN)  +(C=C)] at-'; 


=CHR]. 5.35 (s. 1 H, OHJ ,  2.46 (m, 6H,  PCHCH,), 1.95 (brs, 1 H, O H ) ,  1.67 [s, 
'H  NMR (C6D6, 400 MHz): 6 =7.01 [dt, J(Rh,H) = 2.8. J(P,H) = 2.5 Hz, 1 H, 


6H. =CH-C(CH,),OH], 1.43 [s, 6H, =C-C(CH,)IOH], 1.43 [dvt, N =13.4, 
J (H,H)=~.OHZ,  18H, PCHCH,], 1.33 [dvt, N=12.7. J(H,H)=6.9Hz, 18H, 
PCHCH,], 0.95 [s .  9H, CNC(CH,),]; "C NMR (C,D,, 100.6 MHz): 6 =155.45 
[dt, J(Rh,C) = 51.0, J(P,C) ~ 1 7 . 3  Hz, Rh-CNR], 148.77 [t,J(P,C) = 3.5 Hz, Rh- 
C(R)=CHR], 142.77 [dt, J(Rh,C) = 25.6, J(P,C) =13.3 Hz, Rh-C(R)=CHR], 
102.38 (s. -C=CR), 90.49 (brs, -C-CR), 70.10 (s, =CH-CMe,OH], 66.34 (s. 
=C-CMe,OH), 55.04 [s, CNC(CH,),], 32.37 [s. =C-C(CH,),OH], 31.91 [s, 


21.70 and 20.06 (both s. PCHCH,); "P NMR (C,D,, 162.0 MHz): 6 = 41.26 [d, 
J(Rh,P) =142.9 Hz]; C,,H,,NO,P,Rh (673.8): calcd C 58.83, H 9.87, N 2.08; 
found C 59.12, H 10.07, N 1.91. 


~runr-IRh{q'-(Z)-C(C~C-CPh,OH)=CH-CPh,OH)(CNMe)(P~~r3),I (14): This 
was prepared as described for 12, from 9 ( I  76 mg, 0.21 mmol) and methylisocyanide 
(10 pL, 0.22 mmol) as starting materials. Yellow solid; yield 137 mg (74%); m.p. 
119°C (decomp.); IR (C,H,): i = 3595 (0 -H) ,  2100 (CEC), 2190 (CzN)cm- ' ;  
'HNMR (C,D,, 200 MHz): 6 = 8.11 [dt, J(Rh,H) = 2.9, J(P,H) = 2.5 Hz, 1 H, 
=CHR], 7.90and 7.87 (both m, 4 H  each, o-C,H,), 7.03 (m, 12H, C,H,), 6.53 and 
2.67 (both s, 1H each, O H ) ,  2.07 (m, 6H, PCHCH,), 1.17 [dvt. N =13.3, 
J<H,H)=6.9Hz, 18H. PCHCH,], 1.10 [dvt, N=l3.0 ,  J(H,H)=6.9Hz, IYH. 
PCHCHJ; "P NMR (C,D,. 162.0 MHz): 6 = 42.53 Id, J(Rh,P) =139.5 Hz]. 


=CH-C(CH,),OH], 29.78 [s, CNC(CH,)J, 26.18 (vt, N = 18.3 Hz, PCHCH,), 


Yruns-IRh(q'-(Z)-C(C~C-CPh,OH)=CH-CPh,OH}(CNrBu)(P~~r,),I (15): This 
was prepared as described for 12, from 9 (111 mg. 0.13 mmol) and CNtBu (16 pL, 
0.14 mmol) as starting materials. Yellow crystals; yield 84 mg (69%); m.p. 113 "C 
(decomp.); IR(C,H,): i = 3620(0-H),2160,2090,2060[(CzN) +(C=C)] cm-' ;  


=CHRl, 7.92 and 7.82 (both m, 4 H  each. o-C,Hj), 6.98 (m. 12H, C,H,), 6.48 [d, 
J(Rh.H) = 1.1 Hz. 1 H, OH], 2.66 (s, 1 H, OHJ ,  2.12 (m, 6H, PCHCH,), 1.22 [dvt, 


ISH, PCHCH,], OX7 [s. 9H, CNC(CH,),]; "P NMR (C,D,. 162.0 MHz): 
4 = 42.45 [d, 4Rh.P) = 141.0 Hz]; C,,H,,I$02P,Rh (922.0): calcd C 69.04, H 8.09, 
N 1.52; found C 69.06. H 8.00, N 1.43. 


Reaction of 10 with CF,CO,Y: A solution of 10 (40 mg. 0.06 mmol) in 0.5 mL of 
[DJacetone was treated in an NMR tube at 1 0 T  with CF,CO,H ( 5  pL, 
0.06 mmol). A quick change of color from bright yellow to pale yellow occurred. 
The resulting compounds were characterized by 'HNMR,  13C NMR, and "P 
NMR spectroscopy as t~an.~-[Rh(~i-O,CCF,)(CO)(PiPr,),] (16) [16] and ( E ) -  
Me,(OH)C-CzC-CH=CH--CMe,OH (17) [27]~ 


IRhH(C=C-CMe,OH),(CO)(PiPr,),I (18): A slow stream of CO was passed 
through a solution of 5 (90 mg, 0 1 5  mmol) in 3 mL of benzene for 30 s at 10°C. 
After the reaction mixture had been stirred for 1 min, the solvent was removed in 
VPCUO, and the residue was washed with 3 x 1 mL of pentane (0 'C) and dried. White 
microcrystalline solid; yield 85 mg (90%): m.p. 309°C (decomp.); IR (KBr): 
1. = 3600 (0- H) ,  2100, 2090, 2010, 1990 [ ( C K )  +(CzO)]  cm-' ;  'H NMR 


'HNMR (C6D6, 200 MHz): 6 = 8.11 [dt, J(Rh,H) = 3.1, J(P,H) = 2.9 Hz, 1 H, 


N = 13.5, J(H,H) = 6.9 Hz, 18 H, PCHCH,], 1.12 [dvt, N = 12.6, J(II,H) = 6.9 Hz, 
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(C6D6, 200 MHz): 6 = 2.79 (m, 6H, PCHCH,), 1.57 ( s ,  2H, O H ) ,  1.49 IS, 12H, 
C(CH,),OH], 1.28 [dvt, N=13.8, J(H.H) =7.3 Hz. 36H, PCHCHJ, -9.02 [dt, 
J(Rh,H) = 9.4, J(P,H) = 9.4 Hz, 1 H, RhH]; ,'P NMR (C,D,, 81.0 MHz): 
6 = 56.74 [d, J(Rh,P) = 90.1 Hz]; C,,H,,O,P,Rh (6lS.l): calcd C 56.31, H 9.30; 
found C 55.99, H 9.61. 


[RhH(CeC-CPh,OH),(CO)(PiPr,),l (19): This was prepared as described for 18. 
from 6 (80 mg. 0.10 mmol) as starting material. White, fairly air-stable crystals; 
yield 69 mg (84%); m.p. 94°C (decomp.); IR (KBt): : = 3580 (0- H), 2100,2010, 
200O[(C-C) t ( C s O ) ] c m -  '; 'HNMR(C,D6,200MHz):6 =7.73and 7.23(both 
in. 2OH, C6H,), 2.56 (in, 6H,  PCHCH,), 2.37 (s, 2H,  O H ) ,  1.13 [dvt, N =14.3, 
J(H,H)=7.3 Hz, 36H. PCHCH,], -8.91 [dt. J(Rh,H) 8.8, J(P,H) = 8.8 Hz, 
1 H. RhH]; 31P NMR (C,D,. 81.0 MHz): 6 = 57.62 [d, J(Rh,P) = 87.2HzI; 
C,9H650,PzRh (866.9): calcd C 67.89, H 7.56; found C 67.85, H 7.60. 


IRhH(C-=C-CiPr,OHf,(CO)(PiPr,),I (20): This was prepared as described for 18, 
from 7 (80 mg, 0.11 mmol) as starting material. White microcrystalline solid; yield 
77ing(92%);m.p. 114"C(decomp.); 1R (KBr):; = 3610(0-H),2100,2010,2000 
[ (CrC)  +(C-O)]cni-'; 'HNMR (C,D,, 200MHz): 6 = 2.77 (m, 6H,  
PCHCH,), 1.92 [m, 4H. -C(CH(CH,),),OH], 1.27 [dvt, N =14.3, 
J(H,H) = 7.3 Hz, 36H, PCHCH,], 1.15 and 1.11 [both d, J(H.H) = 6.4 Hz, 12 H 
each, -C(CH(CH,),),OH], -9.12 [dt, J(Rh,H) = 8.5, J(P,H) = 8.5 Hz, 1 H, RhH], 
signal of OH protons not observed; 31P NMR (C,D,. 81.0 MHz): 6 = 57.80 [d, 
J(Rh,P) = 90.1 Hz]:C,,H,,0,PzRh(730.8):calcdC60.81, H10.07;foundC61.12, 
H 9.84. 


tmns-[Rh(C~C-CiMe,OH)(CO)(PiPr,),I (21): A solution of 18 (85 mg, 
0.14 mmol) in 3 mL of benzene was stirred for 15 h a t  room temperature. The 
solvent was removed in vacuo, the residue was extracted with 4 mL ofpentane, and 
the extract was stored for 20 h at -30 'C. A yellow solid precipitated, which was 
separated from the solution, washed with 3 x 1 mL ofpenrdne (0 "C) and dried; yield 
67mg (91%); m.p. 125°C; IR (KBr): B = 3600 (0-H) .  2095 (C=C), 1940 
(C=O)cm-';  'HNMR (C,D,, 200 MHz): 6 = 2.49 (m, 6H, PCHCH,), 1.61 (s, 


PCHCHJ; 'IC NMR !C,D,, 100.6MHz): b =193.03 Idt, J(Rh,C) 58.8, 
1 H , O H ~ , 1 . 5 5 [ ~ , 6 H , C ( C H , ) , O H ] , 1 . 2 9 [ d ~ t . N ~ 1 3 . 9 , J ( H , H ) = 7 . 1 H ~ , 3 6 H ,  


J(P,C)=13.5Hz, Rh-CO], 123.56 [dt, J(Rh,C)=11.5, J(P,C)=2.7Hz. Rh- 
CECR], 111.72 [dt, J(Rh,C) = 41.4, J(P,C) = 21.7 HZ, Rh-C=CR]. 65.97 ( s ,  
tC-CMe20H) ,  32.60 [s, C(CH,),OH], 26.00 (vt, N = 21.4 Hz, PCHCH,), 20.44 
( s ,  PCHCH,); "P NMR (C,D,, 81.0 MHz): b = 53.90 [d. J(Rh,P) =127.9 Hz]; 
C,,H,,O,P,Rh (534.5): calcd C 53.93, H 9.24; found C 54.32, H 9.10. 


trans-lRh(C~C-CPh,oH)(CO)(P~~r,),] (22):  This was prepared as described for 
21, From 19 (95 mg, 0.1 1 mmol)as starting material. Yellow aIr-stable cryslals; yield 
64mg (88%); m.p. 121 "C; IR (KBr): ? = 3595 (0 -H) ,  2100 (CsC) ,  1935 
( C ~ O ) c r n - ' ;  'HNMR(C6D,,400MHz):6 =7.82,7.18.7.06(allm,10H,C,H5), 
2.47(m,6H,PCHCH,),2.40(s,lH,OH~.1.23~dvt,N=13.9,J(H,H)=7.1 Hz, 
36H, PCHCH,]; I3C NMR (C,D6, 100.6 MHz): 6 = 196.02 [dt, J(Rh,C) = 58.8, 
J(P.C) =13.0Hz, Rh-CO], 148.18, 127.81, 127.15, 126.76(alls,C6H5), 121.00[dt, 
J(Rh,C) = 42.4, J(P,C) = 21.2 Hz, Rh-C_CR]. 119.53 [dt, J(Rh,C) ~ 1 1 . 8 ,  
J(P,C) = 2.4 Hz, Rh-C-CR], 75.68 [s, EC-CPh,OH), 56.01 (vt, N = 21.4 Hz, 
PCHCH,), 20.35 (s, PCHCH,); NMR (C,D,, 162.0 MHz): 6 = 53.85 [d, 
J(Rh,P) = 126.8 Hz]; C,,H,,O,P,Rh (658.7): calcd C 62.00, H 8.1 1 ; found C 62.26, 
H 8.40. 


irffns-IRh(C~C-CiPr,OH)(CO)(Pi~r~),] (23): This was prepared as described for 
21, from 20 (75 mg, 0.10 mmol) as startirig material. Yellow air-stable crystals; yield 
54 mg (89%); m.p. 126°C (decomp.); IR (KBr): i. = 3610 (0-H) .  2080 (C-C), 
1945 ( C s O )  cm-';  'H  NMR (C,D,, 200 MHz): 6 = 2.52 (m. 6H, PCHCH,), 2.00 


Ns13 .9 ,  J (H,H)=7.3Hz,  36H, PCHCH,], 1.19 and 1.17 [both d, J(H,H)= 
6.6H2, 6H each, -C(CH(CH,),),DH]; I3C NMR (C,D,, 100.6MH~): b =195.82 


[spt, J(H,H) = 6 6 Hz, 2H, -C(CH(CH,),),OH], 1.45 ( s ,  l H ,  OH) ,  1.28 [dvt, 


[dt, J(Rh,C) = 58.2, J(P,C) = 1 4 . 0 H ~ ,  Rh-CO], 119.34 [dt, J(Rh,C) =11.6, 
J(P,C) 2.8 Hz, Rh-CsCR], 118.03 [dt, J(Rh.C) = 42.1, J(P,C) = 20.8 Hz, Rh- 
CsCRl ,  78.19 (s, eC-CiPr,OH), 35.29 [s, -C(CH(CH,),),OH], 26.13 (vt, 
N =  21.8 Hz, PCHCH,), 20.48 (s, PCHCH,), 18.59 and 17.20 [both s, 
-C(CH(CH,),),OH]; 'IP NMR (C,D6, 81.0 MHz): 6 = 53.31 [d% J(Rh,P) = 
127.5 Hz]; C,,H,,O,P,Rh (590.6): calcd C 56.94, H 9.73; found C 56.74, H 10.02. 


lRhH(C~C-CMe,OH),(CNMeXPiPr,),l (24): A solution of 5 (90 mg, 0.15 mmol) 
in 3 mL of benzene was treated with methylisocyanide (8 pL. 0.17 mmol) at 10°C; 
a color change from white to pale yellow resulted. After the reaction mixture had 
been stirred for 1 min, the solvent was removed in vacuo, the residue was washed 
with 3 x 1 mL ofpentane (0°C) and dried. Pale yellow crystals; yield 84 mg (87%); 
m.p. 127°C; IR (KBr): 5 = 3600 (0 -H) ,  2190 (C-N), 2105 ( C z C ) c m - ' ;  
'H  NMR (C,D,, 200 MHz): d = 2.90 (m, 6 H, PCHCH,), 1.99 (brs, 3 H, CNCH,), 
1.63 (brs, 2H,  Off),  1.56 [s, IZH, C(CH,),OH], 1.37 [dvt, Nz13.8 ,  
J(H,H) = 6.9 Hz, 36H, PCHCH,], -10.81 [dt, J(Rh,H) = 9.4, J(P,H) =10.8 Hz, 
1 H, RhH], "P NMR (C6D6, 81.0 MHz): 6 = 54.69 [d, J(Rh,P) = 93.0 Hz]; 
C,oH,oNO,PzRh (631.7): calcd C 57.05. H 9.58, N 2.22; found C 57.36, H 9.85, N 
2.28. 


IRhN(CIC-CPh,0H)z(CNMe)(PiPr3)2] (25): This was prepared as described for 
24, from 6 (70 mg, 0.08 mmol) and methylisocyanide (4 pL, 0.09 mmol) as starting 
materials. White air-stable crystals; yield 63 mg (86%); m.p. 128 "C (decomp.); IR 
(KBr): C = 3600 (O--H), 2190 (CKN), 2100 ( C d ) c m - ' ;  'HNMR (C,D,, 
200 MHz): 6 =7.83 and 7.10 (both rn, 20H, C,H,), 2.69 (m, 6H,  PCHCH,), 2.48 
(s, 2H, O H ) ,  2.10 (brs, 3 H, CNCH,), 1.22 [dvt, N 2 13.8, J(H,H) = 6.9 Hz, 36H, 
PCHCHJ. -10.69 [dt, J(Rh,H) = 10.4. J(P,H) = 10 3 Hz, 1 H. RhN]; "C NMR 
(C,D,, 50.3 MHz): 6 =148.94. 127.66, 127.08, 126.47 (all s, C6H,), 107.53 [d. 
J(Rh,C) 4 . 3  Hz, -C=CR]. 106.07 Idt. J(Rh.C) = 34.2, J(P,C) = 14.6 Hz, 
-CECR], 75.73 (S, sC-CPh,OtI ) ,  27.72 ( s ,  CNCH,), 25.27 (vt, N = 24.4 Hz, 
PCHCH,), 19.25 (s, PCHCH,): signal of CNMe carbon atom not observed; 3'P 
NMR (CGD,, 81.0 MHr):  6 = 55.23 [d, J(Rh.P) = 93.0 Hz]; C,,H,,N02P2Rh 
(880.0): calcd C 68.25, H 7.79, N 1.59; found C 68.55, H 7.82. N 1.53. 


fRhH(C~C-CPh,0H),(CNIBu)(P~~r~)2J (26): This was prepared as described for 
24, froni6(130mg,0,15mmol)andCNrBu (18pL. 0.16mmoI)asstartingmateri- 
als. White air-srable crystals; yield 129mg (90%); m.p. 127'C (decomp.); IR 
(KBr): = 3600,3580 (0-H) ,  2170 (CEN). 2100 (C=C) cm-' ;  'HNMR (C,D,, 
20OMHz): 6=7.85 (m, 8H,  o-C,H,), 7.07 (in, 12H, C,H,), 2.66 (m, 6H, 
PCHCH,), 2.46 (s, ZH. O H ) .  1.21 [dvt, N =13.8, J(H,H) = 6.9 Hz, 36H, 
PCHCHJ, 1.09 [ s ,  9H, CNC(CH,),] ~ 10.76 [dt, J(Rh,H) = 9.3, J(P,H) =10.8 Hz, 
1H,RhHI;'3CNM~(C6D6,S0.3 MHz):S =t49.03(s,ipso-C,Hj)127.66,127.13, 
126.45 (all s, C,H,), 107.58 [d, J(Rh?C) -7.3 Hz, -Cd 'R] ,  106.58 [dt, 
J(Rh,C) = 34.2, J(P,C) =14.7 Hz, -C=CR], 75.68 (s, =C-CPh,OH), 55.74 [ s ,  
CN-C(CH,),], 29.69 [s ,  CN-C(CH,),]. 25.44 (vt, N = 24.4 Hz, PCHCH,). 19.35 
( s ,  PCHCH,); signal of C " B u  carbon atom not observed; 3'P NMR (C,D,, 
81.0 MHz): 6 = 55.53 [d, J(Rh,P) = 91.5 Hz]; C,,H,,NO,P,Rh (922.0): calcd C 
69.04, H 8.09. N 1.52; found C 69.47, H 8.51, h' 1.41. 


IRhH(CBC-CiPr,OH),(CNMe)(PiPr,),] (27): This was prepared as described for 
24, from 7 (85 mg, 0.12 mmol) and methylisocyanide (8 pL, 0.12 mmol) as starting 
materials. White microcrystalline solid; yield 81 mg (90%); m.p. 131 "C; IR (KBr): 
a = 3610 (0-H),  2180 (C=N), 2100 (C=C)cm-';  'HNMR (C,D,, 200 MHz): 
6=2.86  (m, 6H, PCHCH,), 2.2% (brs, 3H, CNCH,), 1.98 [m, 4H, 
-C(CH(CH,),),OHI, 1.38 (brs, 2H,  O H ) .  2.34 (dvt, N=13.3, J(H,H) =6.9Hz, 
36H. PCHCH,], 1.20 and 1.16 [both d, J(H,H) = 8.4Hz, 12H each 


I3C NMR (C,D,, 50.3 MHz): 6 =152.92 [brd, J(Rh,C) = 38.2 Hz, Rh-CNR], 


15.3 Hz, Rh-CsCR], 78.09 (5, sC-CiFr,OH). 35.08 [s, -C(CH(CH,),),OHJ, 
27.24 (hrs, CN-CH,). 25.02 (vt. N = 25.4 Hz, PCHCH,), 19.21 (s, PCHCH,), 
18.37 and 17.01 Iboth s, -C(CH(CHJ,),OH]; 3iP NMR (C,D,, 81.0 MHz): 


N 1.88; found C 61.06, H 10.47, N 1.95. 


trens-IRhCl(q2-Ph,C=C=C=C=CPh,)(PiPr,)~j (29): 
Method a: A solution of 9 (140 mg, 0.17 mmol) in 1 mL of benzene was passed 
througha column ofAl,O, (acidic, activity grade I, height ofcolumn 8 cm). [Note: 


acidic, commercially available from Aldrich or Woelm Pharma, contains ca. 
2 mgof CI- for 1 g of AI,O, .I Almost instantaneously, the color changed from dark 
blue to red. With benzene, two red fractions were eluted, of which the second 
(slow-running) contained tranr-[RhCI(=C=C=CPh,)(P1Pr,),l (28); yield 21 mg 
(19%). The first fraction was brought to dryness in vacuo; the residue was washed 
with 2 x 3 mL of pentane (0°C) and than dissolved in 3 mL of benzene. After the 
soluhri had been stirred for 2 h at room temperatuIe, the solvent was removed, the 
residue was washed twice with 2 mL of pentane (0 "C) each and dried. Red air-stable 
crystals; yield 98 mg (70%). 
Method h: Analogous to the procedure described for method a but with 6 (120 mg, 
0.14 mmol) as starting material; yield 78 mg (65%). 
Method C :  A solution of 32 ( 1  00 mg, 0.1 1 mnml) in 2 mL of benzene was treated at 
10 "C with a solution of 31 (83 mg, 0.22 mmol) in 3 mL of benzene and, after it had 
been warmed to room temperature, stirred for 2 h. The solvent was removed, the 
residue was washed with 3 x 5 mL of pentane (0 T) and dried; yield 176 mg (96%). 
Method d:  A solution of 33 (50 mg, 0.06 mmol) in 1 mL of benzene was stirred for 
2 h at room temperature and worked up as described for method c. Red crystals 
were isolated; yield 49mg (98%); m.p. 185"; 1R (KBr): i. = 2000 
(C=C=C) cm-'; 'HNMR (C,D,, 200 MHz): b = 8.69.7.6L7.48 (all m, 2Heach, 
o-C,Hd, 7.20 (ni, 14H. C,H,), 2.03 (m, 6H,  PCHCHJ, 1.12 [dvt, N=14.2, 


-C(CH(CN,),)zOH], -10.95 [dt, J(Rh,H) =10.4, J(P,H) ~ 1 0 . 3  Hz, 1 H, RhH] 


105.10 Id, J(Rh,C) =7.6 Hz, Rh-C=CR], 99.81 [dt, J(Rh,C) = 34.3 Hz, J(P,C) = 


6 = 55.08 [d, J(Rh,Pj = 94.5 Hz]; C,,H,,NO,P,Rh 1743.9): cdcd C 61.36, H 10.30, 


J(H,H)=7.1Hz. 18H. PCHCH,], 0.87 [dvt, Nz12 .8 ,  J (H,H)=6.7Hz,  18H, 
PCHCH,I; 13C NMR (CGD,, 100.6MHz): 6 ~ 1 6 3 . 7 0  ( s ,  =C=), 141.54, 140.77, 
139.56, 138.99 (all s, ipso-C,H,), 135.33 (s, =C=), 131.85 [dt, J(Rh,C) = 20.2, 
J(P,C) = 4.9Hz, Rh-C], 130.08, 129.24. 128.87, 128.80, 128.61, 128.60, 128.54, 
128.44, 127.88, 127.45, 127.42, 126.90 (all s, C,H,), 123.29 (s, O h , ) .  117.54 [dt, 
J(Rh,C) = 16.6, J(P,C) = 4.9 Hz, Rh- C], 117.12 (s, O h , ) ,  23.88 (vt, N = 19.5 Hz, 
PCHCH,), 20.89 and 19.63 fboth s, PCHCH,); NMR (C,D,, 81.5 MHz): 
d = 32.49 [d, J(Kh,P) = 11 1.9 Hz]; C,,H,,CIP,Rh (839.3): calcd C 68.69, H 7.45; 
found C 68.61, H 7.79. 


rrans-IRhCl(~*-Ph,C=C=C=C=C=CPh,)(PiPr,)2~ (33): A solution of 32 (66 mg, 
0.07 mmol) in 0.5 mL of toluene was treated at -30 "C with a solution of31 (53 mg, 
0.14 mrnol) in I mL of toluene. The color changed from violet t o  yellow. After the 
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solution had been stirred for 1 min at ~ 30 "C, the solvent was removed, the residue 
was washed with 3 x 2 mL of pentane ( -  20 "C) and dried. Yellow air-stable crys- 
tals; yield 88mg (73%); m.p. 216°C; IR (KBr): i. =1590 (C=C=C)cm-':  
'HNMR (CDCI,, 200 MHc): b =7.33 (m, 20H, C,H,), 2.56 (ni, 6H. PCHCH,), 
1.19 [dvt, N = 13.0, J(H,H) = 6.4 Hz, 36H, PCHCH,]; 31P NMR (CDCI,, 
81.0 MHz): 6 = 36.89 [d, J(Rh,P) = 112.7 Hz]; C,,H,,CIP,Rh (839.3): calcd C 
68.69, H 7.45; found C 68.10, H 6.97. 


Reaction of 29 with CO: A slow stream of CO WAS passed through a solution of 29 
(75 mg, 0.09 mmol) in 1 mL of benzene for I min at room temperature. After the 
solution had been stirred for 30 min at 20 'C, a red solid precipitated, which was 
separated from the solution, washed with 2 x 2 mL of hexane, and dried; yield 
19 mg (57%). The solid was identified by elemental analysis and mass spectra as 31. 
The remaining solution was brought to dryness in vacuo, and the orange residue 
characterized by IR, 'H NMR, and "P NMR spectroscopy as 30 1181; yield 40 mg 
(91 Yo). 


X-ray structure determination of compounds 7 and 29 [28]: Single crystals of 7 were 
grown from diethyl ether at -20°C and from a solution of 29 in toluene at room 
temperature. Crystal data collection parameters are summarized in Table 1. Intensi- 
ty data were corrected for Lorentz and polarization effects. The structures were 
solved by direct methods (SHELXS-86). Atomic coordinates and anisotropic ther- 
mal parameters of the non-hydrogen atoms were refined by the full-matrix Ieast- 
squares method (Enraf-Nonius SDP) [29]. The positions of the hydrogen atoms 
were calculated according to ideal geometry (distance C-H = 0.95 A) and used 
only in structure factor calculation. The I : 1 disordered hydrides of 7 were found by 
a final Fourier synthesis and the corresponding positions were taken with a weight- 
ing scheme of 0.5 to 0.5 and refined isotropically. For other details see Table 1. 


Table 1. Crystal structure data of compounds 7 and 29 
~ 


7 29 


formula 
mol. mass 
cryst. size [mm] 
cryst. system 
space group 


6 IAI 


["I 
B I"] 


a [A1 


c [A1 


Y ["I 
v [A3] 
Z 


diffractometer 
radiation (graphite- 


monochromated) 
T [Kl 
P [cm- '1 
transmission min. [%I 
h, k,  1 
scan method 
20 (max) I"] 
absorption correction 
total reflections 
unique reflections 
observed reflections 


parameters refined 
R 
R, 
reflectionsiparameter ratio 
residual electron density 


F(OO0) 


dEzllCd [g cm - 'I 


[Fo > 3WO)l 


[eA-'] 


CxH,,O2P2Rh 
702.83 
0.35 x 0.2 x 0.15 
triclinic 
Pi (no. 2) 
8.1 896 (4) 
12.907 (1) 
19.589 (2) 
83.085(9) 
88.888 (8) 
76.393(8) 
3997.8(3) 
L 


1.17 
Enraf-Nonius CAD4 
MOK, 


295 
5.2 
98.4 
+ 8 , + 1 3 , * 2 0  


44 
not applied 
5327 
4903 
4060 


4 2 %  


378 
0.024 
0.028 
10.74 
+ 0.181 - 0.28 


760 


C,,H,,CIP,Rh 
839.33 
0.33 x 0.40 x 0.50 
monoclinic 
P2,ln (no. 14) 
13.21 7 (7) 
17.068 (6) 
20.251 1)  
90 
105.23(3) 
90 
4408(1) 
4 
1.26 
Enraf-Nonius CAD4 
MOK, 


295 
5.4 
96.5 
+13, +17, k 2 1  
4 0  
44 
$-scan 
5901 
5323 
3340 


469 
0.043 
0.053 
7.12 
+ 0.531 - 0.44 


1768 
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The Pagodane + Dodecahedrane Concept-Shorter Routes, Higher Yields 


Martin Bertau, Jurgen Leonhardt, Andreas Weiler, Klaus Weber, and Horst Prinzbach* 
Dedicated to Professor Vladimir Prelog on the occasion of his 90th birthday 


Abstract: Two variants of the “S,2 route” 
from pagodanes (A, B) to functionalized 
dodecahedranes (D, F)  and particularly 
dodecahedradienes (E) offer considerable 
improvements in the number of opera- 
tions (from nine to five to three) and yields 
(e.g., for diester F from 55-65 to 70-75 to 
85-91%). Key steps are the regio- and 
stereospecific introduction of four to six 
bromine substituents into dimethyl pago- 
dane-4-syn,9-syn-dicarboxylate (1 b) and 


a highly complex (thirteen bond-break- 
ing/bond-forming events in four partici- 
pating structures), yet very convenient 
(one-pot operation) and extremely effi- 
cient (nearly quantitative) transformation 
of secopagodane to bissecododecahedra- 


Keywords 
cage effects - dodecahedranes - organic 
synthesis - pagodanes 


Introduction 


Pentagonal dodecahedranes with broadly variable functional- 
ization patterns are accessible ultimately from isodrin“] along 
the “aldol route” and “SN2 route” (C,L2I DI3I) via the 4,9-di- and 
4,9,14,19-tetrasubstituted pagodanes A and B.[41 Prominent 
members of the D family are the disubstituted 3,16-dodecahe- 
dradienes E and their saturated analogues F, which we have 
used as the starting points of synthetically as well as theoretical- 
ly intriguing projects, such as preparatively superior access to 
the parent C,,H,, hydrocarbon, to totally substituted C,,X,, 
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diene with complete stereocontrol in 
transannular CH, functionalizations. The 
prohibitively low kinetic acidity of 
“caged” hydrogens has so far only been 
overcome with the recently reported P,F 
reagent (Schwesinger) . Further improve- 
ment of the overall economy of the pago- 
dane -+ dodecahedrane scheme has been 
achieved by efficiently channeling a by- 
product of the pagodane synthesis (ca. 
10 %) back into the SN2 track. 


derivati~es,~~] to nonpentagonal dodecahedranes,[61 to novel 
C,, and C,, cage  structure^,['^ to caged radical cations[81 and 
dications[’] with unusual properties and novel electronic config- 
urations, and potentially to the C,, f~llerene.[~I Interest in the 
last has resulted in expanding demand for basic dodecahedra1 
compounds, which has heightened the pressure for more prepar- 
ative economy and for the improvement of synthetic processes 
not long ago hailed as nearly optimal. 


In this paper we describe successful efforts in this direction 
and present two variations of the SN2 route, which are not only 
much less time-consuming, but also significantly more effi- 
cient.“O. 111 


Results and Discussion 


New SN2 route (1): The first variant consists, in principle, of a 
novel access to an intermediate of the original SN2 sequence.[31 
To ease the comparison and the assessment of the progress 
achieved, the original route is shown in Scheme 1 as the se- 
quence 1 a -+ 2 -+ 3 --f 4 -+ 5(6) -7 -+ 8. In this route, the 13-an- 
ti,l8-anti leaving groups (Br) needed for the final cyclization 
steps (7 + 8) are introduced into the 4-syn,9-syn-pagodane di- 
carboxamide 1 a, prepared by a slightly modified standard pago- 
dane synthesis,[’ 21 via the diketodinitrile 2 and bislactone 3. 
Though the multitude of bond-forming and bond-breaking 
steps involved in the transformation of la into 8 is accom- 
plished in only nine one-pot operations with a total yield of 
about 50%, the sheer amount of time needed for the prepara- 
tion of gram quantities of material remained a limiting factor. 
The new version, juxtaposed in Scheme 1, starts from 4-syn,9- 
syn-pagodane diester 1 b, a direct offspring of the standard syn- 
thetic procedure,[l2I and reenters the original track at the stage 
of the secotetrabromide 5, after addition of bromine to the 
four-membered ring (to give 9), four hydrogen-substituting 
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brominations (to give 10,11,12,13) and two bromine-substitut- 
ing hydrogenations (14, 5). The functionalization of the two 
nonactivated methylene positions, which for pagodane dicar- 
boxamide 1 a is effected by means of the astonishingly produc- 
tive Barton-type oxidation (+ 2) and here furnishes the crucial 
2,4,9,12,14,19-hexabromide 13, is now brought about in the 
secopagodane skeleton (11, 12) by radical bromination. 


There were some early hints with respect to the selectivities 
involved in the introduction of the six bromine atoms of 13. 
From exploratory photobromination experiments with diester 
1 b,[’ 31 we knew that under controlled conditions seco-2,4,12-tri- 
bromide 10 can be obtained with at least 90 YO selectivity togeth- 
er with trace amounts of 2,4,9,12-tetrabromide 11 and 
2,4,9,12,14-pentabromide 12, and that under more vigorous 
conditions up to 85 % of 12 together with 5 % of a hexabromide 
are formed. Later, when working on the S,2 route, particularly 
on the generation of 2,12,14,19-tetrabromide 5, it was realized 
that addition of bromine to 4 (to give 5) cannot be separated 
from substitution (to give 6) and, a decisive feature, that the 
component isolated in about 5 YO yield together with 92 YO of 
2,4,12,14,19-~entabromide 12 is indeed the desired hexabro- 
mide 13. This latter discovery, together with the team’s growing 
impatience, was sufficient incentive to resume the search for, 


ideally, a onepot transformation of 1 b + 13; this would have 
meant a short cut to 5 and hence to 8 by four operations. 


To cut a long story of trial and error short, there was no way 
for an efficient one-pot hexabromination 1 b + 13; in a series of 
photobromination experiments, the latter never resulted as a 
dominant component in the rather compIex mixtures of higher 
bromides obtained. Still, the access to pentabromide 12 described 
above could be optimized to a reproducible yield of 93-95% 
along with 3-5% of tetrabromide 11, easily separable on silica 
gel. As a more mechanistic hint, after longer irradiation times 11 
was still present in a comparable percentage. It is essential in this 
context of analyzing and separating the bromide mixtures that for 
these higher substituted bromides the hydrolysis of the tertiary 
C-Br bonds does not pose a problem as previously experienced, 
for example, with 9.[lo1 With pure pentabromide 12 as starting 
material, the use of still higher concentrations of bromine, higher 
fluxes of light, higher reaction temperatures, and longer reaction 
times could not bring about a nearly total conversion to 13. A 
high stationary concentration of HBr and trace amounts of wa- 
ter[14] were found to make the difference: in the final protocol, 
the refluxing solution of 12 and about one hundred equivalents of 
Br, in distilled but not dried CH,CI, saturated with HBr was 
irradiated with a 300 W daylight lamp (Pyrex vessel) until the 
composition of the reaction mixture remained constant (48 h, 
2.0 mmolar scale); 90-92% of pure 13 were separated from 4- 
5 % of 12, traces of other components,[’ 51 and polymers by filtra- 
tion through silica gel (CH,CI,/CCI, 1 : 1); again, the fact that 
conversion of 12 was incomplete had to be accepted, since longer 
irradiation led only to more polymers. 


These polybromination reactions deserve some comment. Ac- 
cording to calculations (MM 2, MM 3[161),[171 substitution at 
any of the bridgeheads[”] in the pagodane 1 b and the secopago- 
dane skeleton of bromides 9-13 is energetically unfavorable (cf. 
the findings with, e.g., norb~rnane[’~]);  the total absence of 
higher bromides in the increasingly “brutal” photobrominations 
11 +12 and 12 +13 is nevertheless a happy coincidence. In fact, 
in the [2.2.1.1] and the iso[l.l.l.l]/[2.2.1.1] pagodanes the prefer- 
ences are totally different.[l3- ”] Several pieces of evidence point 
to the mechanistic complexity of the formation of 12 and 13; 
besides the failure to bring about total conversions, these include 
the identification of the dibromopagodane 4, the tetrabromide 5, 
and the 2,4,9,12,19-pentabromo isomer of 12 (“iso-12’) as the 
trace components (< 1 %) observed in the combined residues of 
several runs, with halodehalogenations as potential complica- 
tions.[”] With respect to the CH, brominations 11 +12 +13, 
recent studies with the parent pagodane[171 (cf. Scheme 12) 
demonstrate that the syn-ester groups in 10 and 11 do not neces- 
sarily provide anchimeric assistance.[31 At this point it is worth 
mentioning the influence of added iodine upon the outcome of the 
bromination of diester 1 b. 4-anti(9-mti)-Iododebromination was 
presumably involved when, in a typical run with 1.0 mmol of 
1 b in the presence of 0.1 mmol of iodine, dibromide 9 was 
produced cleanly; in the presence of 0.01 mmol of iodine the 
tetrabromide 11 was the 
exclusive product (no CH, 
functionalization) . 


For the hydrodebromi- 
nations 13-+14-+5 the 
crowding of the eight func- 
tional groups around the 
molecular periphery and 
particularly the layout of 
the six bromine atoms in 
13 as visualized with the 
Schakal plot[”] in Figure 1 Fig. 1. Schakal plot of hexabromide 13 
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caused doubts about the implied selectivity. Both these reactions 
profit from strain release, the one at C4  more than at C9; for 
angular as well as electronic reasons the reduction at C4  should 
be faster. In the experiment, exposure of 13 to the catalytic hydro- 
genation conditions previously applied to the reductions 6 + 5 
and 10 -+ 9 (Pt/CH,CI,; most of the HBr generated is expelled 
with the H, stream) rapidly und exclusively produced the 
2,9,12,14,19-pentabromide 14 (isomer of 6 and 12); under more 
forcing conditions, however, C-Br bonds other than C9-Br 
were also involved (the 12,14-anti,l9-anti-tribromide was char- 
acterized, see Experimental Section). Yet this hurdle was over- 
come when the addition of small, defined amounts of methanol 
(activation of the catalyst?) induced the smooth twofold reduc- 
tion 13 -14 + 5; when larger amounts of methanol were added, 
the reduction of the tertiary C-Br bonds became competitive 
(the 2,14,19-tribromo analogue of 10 has been identified). 


With tetrabromide 5, reentry into the original S,2 route was 
accomplished; the new version accounts for a cut from nine to 
five operations (1 b -12 +13 + 5 -7 + 8) and for an increase 
of the total yield based on the last common precursor 
([2.2.1 .l]pag~danediones['~]) from 55-65 % to 70-75 YO, now 
reproducibly achieved on a 1-2 g scale. 


At this point, we had to ask whether full advantage had been 
taken of the synthetic potential offered by hexabromide 13. 
Given the positioning of the six bromine substituents, what 
about combining metal-mediated radicaloid 1,4- and ionic 1,5- 
bromine eliminations, as illustrated in Scheme 2, with the reac- 


\ 
-Br2\ Br 


C H I O z C B  COZCHl '-"' 
R 


Scheme 2 


tion sequences 13 +15 (or 16) -18 + 8? After all, the best pos- 
sible outcome, direct execution (13 + 8), would mean a further 
shortening by two operations. A certain analogy to these path- 
ways had been seen in the mass spectrum of hexabromide 13; the 
fragmentation pattern demonstrated the sequential loss of 3 Br, 
and 2CH30COH, and intense signals at mil = 252 and 
mi2 = 126 that were ascribed to C,,H,, dodecahedratetrae- 
ne(s).[23 3 3  231 With the better accessibility of 13 our exploratory 
effortsL2' 31 were reactivated in the hope that, under one or an- 
other set ofproven conditions (Zn; Fe; Fe/NaI/Na,SO,; DMF, 
2 150 "C), either the fragmenting 1,4-bromine elimination 
(13 +15) could be made faster than the lateral 1,5-cyclization 
(13 -16) and would proceed directly to 18 and 8, or the reluc- 
tance of isododecahedranes of type 16 (17) to undergo frag- 
menting 1,Cbromine elimination could be overcome. It was 
understood, though, that any kinetic discrimination would be 
problematic, that in 13 other modes for bromine elimination 
(Grob-type fragmentations) do exist, and that in addition all 
dienes involved are, for different reasons, sensitive to radicals 
and electrophiles. 


In practice, the threefold Br, elimination 13 - 8 could not be 
achieved. Unlike pentabromide 6,13] hexabromide 13 was not 
transformed into 15 upon treatment with Zn (Fe) at 120 "C, but 
nearly quantitatively into isododecahedrane 16; at 153 "C the 
latter was only reduced to 17, which yielded only traces of 19 or 
none at all. Even though this hurdle could be overcome with a 
change in the reducing agent (nBu,SnH), yields no better than 
40-50% of 19 did not look promising. Remarkably, exposure 
of 16 to KI in refluxing DMF again provided neither 18 (cf. the 
straightforward elimination 28 + 30 in Scheme 6) nor didehy- 
drododecahedrane 20, but instead the two-atom-bridged isodo- 
decahedrane 21 (Scheme 3) in high yield (92 %); lactoniza- 


CHIOzC @ COzCHl -16-m 0 Br COzCHl 


20 


\ 
21 


Scheme 3 


tion after attack of iodide ion at the a-brominated and hence 
particularly compressed syn-ester group of 16 profits from a 
considerable gain in strain energy. Structure 21, derived from 
the spectral data (Fig. 2), was unequivocally established by its 
reductive conversion (nBu,Sn H) into the known O-CO- 
bridged homododecahedradiene.[6] Treatment of 17 with NaH/ 
THF again did not yield either 20 or 22 but the epimerized 23.[31 


In Figure 2 the 'H and 13C NMR data are presented for the 
secopagodane polybromides 11, 12, 13, and the bridged isodo- 
decahedrane 21 ; for completeness the previously unreported 
data of dibromide 9 and the tribromides 10 and iso-10 are in- 
cluded. As pointed out before,['. ,, 131 with cr-bromination the 
rotation of the ester groups is hindered to such an extent as to 
make rotamers observable at room temperature; in order not to 
overload the illustrations, the double (and triple. . .) I3C shifts of 
rotamers are not given. 


New S,2 route@): In essence, the second variant of the SN2 
route shares the starting material 1 b and the formation of the 
two lateral C-C bonds by SN2 substitutions on a 3,8,13,18- 
tetrafunctionalized bissecododecahedradiene with the first 
route, but differs in the way 1 b is transformed into the bisseco- 
diene intermediate. 


The background for the strategy followed here is found in 
classical work by Prelog and Schenker on transannular reactiv- 
ity in medium-sized rings,[241 particularly on the functionaliza- 
tion through 1,5-transannular hydride (hydrogen) transfer in 
eight-membered rings which are embedded in rigid polycyclic 
molecular skeletons G (Scheme 4) .Lzs1 Proper orientation of the 
bonds involved and 1,5-C-C distances not much more than 
twice the van der Waals carbon radius are prerequisites for the 
degree of cooperativity postulated with the nonclassical, "sym- 
metrical" transition states H and hence for the strict inversion at 
both ends in the products I. 


In the pagodanes (e.g., 24), the secopagodanes (e.g., lo), and 
the bissecodienes (e.g., 29), the lateral half-cages can be viewed 
as being made of such conformationally frozen eight-membered 
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rings with 1,5-distances ranging from about 3.5 to about 
3.0 A.[”- At least in the latter situations, it should be possible 
to use transannular reactions of the type G -+ I for specific anti- 
functionalization; the bromines at the ester-carrying carbons 
would function as nucleofuges L. The adverse influence of the 
wester groups, weakened but still operative even in highly con- 
certed transition states (H), should at least partly be offset by 
the gain in strain energy when this large group is shifted from the 
syn- to the anti-side of the half-cages. After all, even for the 
relatively “distant” situation in diester 1 b the strain increment 
for one H/CO,CH, pair is of the order of 7 kcalmol-’;r271 on 
the “open” side of 11 (no free rotation any more for the ester 
group), this increment is estimated to be significantly larger. As 
the experiments with pagodane 24 and secopagodane 10 
(Scheme 5 )  revealed, the loosening of the ester-deactivated 


C- Br bonds as initiating step needed rather forcing con- 
ditions, with the distinction between “closed” (3.5 A) 
and “open” (3.0-3.1 A) sides becoming clear: after boil- 
ing a solution of 24 in DMF (this solvent providing high 
ionizing power and a broad temperature range) for 
hours, no change at all had occurred. In contrast, under 
the same conditions a good part of 10 (ca. 50%) had 
been transformed after only minutes into the 4-anti-,14- 
anti-isomer 26. Addition of increasing amounts of KBr 
(as the source of electrophile E’ and nucleophile Nu- in 
H) had no effect on the outcome with 24, but speeded up 


the reaction 10 + 26. The latter, however, was not stable under 
the given conditions, the C9-H bond presumably being the 
weak point. 


Scheme 6 illustrates how we envisaged a breakthrough in the 
form of a highly economical access to all-anti-3,8,13,18-tetra- 
substituted bissecodiene 31 (32) with the tetrabromide 11 as 
starting material and with the insights gained from models 24 
and 10: transannular functionalization on the “open” side of 11 
( + l l *  -+ 27), fragmenting 1,4-bromine elimination in 27 
(+ 27* -+ 29; the other side is now “open”), and transannular 
functionalization in the diene 29 (+ 29* + 31), ideally executed 
as a one-pot operation. Selectivity hardly seemed a problem: in 
11 and 26 with C9/C 19 distances of approximately 3.5 A, simi- 
lar to C4/C14 in 24, the “closed” sides should not interfere; 
only in the elimination 27 -+ 29 was competitive cleavage of the 
C9-Br bond in 27 and of the C3-Br bond in 29 (cf. 16 +17) 
judged to be a potential complication. 


The basis for the experiment was provided in a most satisfying 
manner when, by means of modifying the photobromination 
procedure 1 b -+pentabromide 12 (primarily in temperature and 
reaction time), we developed a protocol for the nearly exclusive 
formation of tetrabromide 11 (93-95 % besides traces of 12). 
Treatment of 11 with KBr/DMF, as elaborated for 24, furnished 
a nearly quantitative yield of 27; nothing had happened to the 
“closed” sides of 11/27, and the latter, unlike 26, proved to be 
insensitive to the reaction conditions. When control experi- 
ments had shown that addition of 27 to a boiling suspension of 
Fe powder in DMF yielded no C,-diene 29 but only C,,-diene 
31, and that the functionalization 11 + 27 was much faster than 


9, 10, 
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the elimination 27 + 29, a "direct" conversion 11 + 31 could be 
designed. To this end, 11 was added to the boiling suspension of 
KBr/Fe/DMF: the deep red color changed into yellow after 
three minutes, and the crystalline material collected after 
aqueous workup was practically pure 31 (99%, mmolar scale). 


When it was necessary to replace the bromines in 31 by better 
leaving groups (vide infra), the diiodide 32 was prepared from 
11, with the modification that with the reduction potential of 
iodide ion being high enough to bring about the elimination 
28 -+ 30, the protocol was simplified to boiling the suspension of 
11 and a large excess of KI in DMF. From a standardized run 
with 11 (1.0 g, 1.44 mmol) and KI (3.0 g, 18.0 mmol), 900 mg 
of colorless, crystalline, high-melting 32 (99 %, m.p. > 297- 
300 "C, decomp.) was isolated. Clearly, the liberated bromide 
ions do not compete in the transition states 11 * and 30*. 


The NMR data for the bissecodiene 31 (Fig. 3), and similarly 
for 32, manifest discrepancies compared with those of isomer 7 
which are typical for the change in stereochemistry at C-3(8) 
such as a significant paramagnetic shift for the 3syn(8syn)-H 
and 13syn(l8syn)-H signals (A6 = 0.79 and 1.19 ppm, respec- 
tively), primarily as expression of the absence of an anisotropic 
influence by the syn-ester groups and of strong H/H compres- 
sion. In the MS spectrum of 31 once again the high intensity of 
the signals with m/z = 252-256 (rnI2.z = 126) is noteworthy; the 
UV spectrum features a shoulder at 279 nm ( E  = 280) as expres- 
sion of the 7c,7c-homoconjugation.~'3' 


Chemically, there are the expected analogies with 7:[3*4+271 
clean [2 + 21 photocycloaddition (31 + 33, Scheme 7), homo- 
conjugate addition, for example, of Br, (31 + 34) to the proxi- 
mate C=C double bonds, resistance to acting as n2 component 
in cycloaddition reactions, saturation by N,H, of only one of 
the hyperstable C=C double bonds (35, 36). Epoxidation (m- 
chloroperbenzoic acid) was unproblematic for 31 (giving 37,41) 
and 35 (39) but complicated for 32 at the stage of38 and for 36 
(oxidation of iodine substituents, no 40, 42). 
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Fig. 3. 'H, "C NMR (CDCI,, 6, J(Hz)) and MS data (m/z (%)) for the brominat- 
ed secopagodanes 26,27,59, the bissecoolefins 31.35, and pagodane 60. 
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Because of its highly pyramidalized olefinic carbons 
(@ = 43”), the dodecahedradiene 8 is extremely sensitive to oxy- 
gen and strong nucleophiles. For the high yields achieved in its 
generation from 7L31 it was necessary to work under careful 
exclusion of air and to utilize base systems (inter alia tert-Bu-P, 
basef2’]) that were compatible with the functionalities present 
and allowed a rapid isolation procedure (by filtration and con- 
centration, no aqueous workup). With these restrictions and 
with the kinetic acidity of the 3syn(8 syn)-hydrogens in bisseco- 
diene 31 and similarly of the 15syn(l9syn)-hydrogens in the 
secodiene intermediate 44 being reduced by an estimated 5 pK, 
units as a consequence of smaller steric strain and lessened ac- 
cessibility, problems were anticipated for the generation of 8. 
On the other hand the latter’s rather high thermal stability was 
expected to allow conditions sufficiently forcing to overcome 
this barrier. It therefore came as a shock when no base, not even 
those successfully utilized for the cyclizations 7 -+ 8, effected any 
deprotonation of 31, even under conditions coming close to the 
destruction of substrate and base, until the P2F reagent 43, 
reported recently by Schwesinger,[301 could be tried. The 
“naked” fluoride ion, a small, weak nucleophile yet very strong 
base, readily soluble in benzene as the solvent of choice, did the 
job if provided with an absolutely dry and oxygen-free environ- 
ment (glovebox). However, even when this base was added in at 
least twofold excess (the liberated HF  “neutralizes” one equiva- 
lent by F-H-F bonding) up to 50% of material was lost, pre- 
sumably by polymerization. When control experiments proved 
8 to be stable under the given conditions, there was speculation 
that if SN2 substitution by the incipient syn-anions was not fast 
enough (31- -+ 44; 44- --f 8, Scheme 8), competitive interac- 


43 
31(32) ---+ CHaOzC @C02CHs 


8 


.-- H :s 17 


15 


CHsO2C 


- c 


Me,N NMe, 
1 + 1  


Me,N - P = N = P - NMe, 
I I 


Me,N NMe, 


CO,CH, 


43 
Scheme 8. 


tions with the proximate C=C double bonds (potentially in the 
sense of the 5 c/6 e trishomoaromatic ions[311 or intermolecular- 
ly) would start polymerization. In this situation, we resorted to 
the diiodide 32; and indeed, under otherwise analogous condi- 
tions, polymer formation was largely avoided-so far, however, 
only on a small scale (100 mg, > 95%); on the mmolar scale the 
yield of isolated (purified) diene 8 drops to as low as 80%. Up 
to 10 % of the missing material has been found as the monoacid 
derivative of 8 which was retained on the silica gel column 
together with the P2 salts; after elution with polar solvents they 
are utilized for the generation of 47. This partial saponification 


is caused by the (so far unavoidable) admixture of P,OH 
(5-10%) with the P,F reagent. 


Remarkably, and in line with the above speculation about the 
involvement of both C=C double bonds in the polymerization 
of 31 - (44-), in the analogously performed small-scale cycliza- 
tion of monoene 35 to dodecahedrene 46, polymerization did 
not interfere (Scheme 9). For the saturated dodecahedrane-l,6- 
diester 47 the one-pot “hydrogenating cyclization” described 


35 143 


CHaOzC @ -  C02CHa 


46 


Scheme 9. 


CH,O,C CO,CHa 


47 


for 7 -+ 47 could be applied; after cyclization of 32 (cf. 8) the 
reaction mixture was directly subjected to catalytic hydrogena- 
tion and aqueous workup, which allows the convenient isolation 
of 47 in 90-92% yield on the g scale. The 5-8 %O of monoacid 
isolated in addition brings the total yield close to quantitative. 


In contrast, with the 
ene epoxide 37 as well 
as with the diepoxide 37(38) - 
41, the amount of poly- 


nying the formation 
of the epoxydodecahe- 
dranes 48 and 49 in- 41 - 
50 YO (Scheme 30). 
With diiodide 38 poly- 
merization could only Scheme lo. 
partially be circum- 
vented (ca. 70 YO 48). Backside epoxide opening by the incipient 
syn-wester anion is suspected of initiating the polymerization, 
once more marking a mechanistically interesting difference be- 
tween the fate of the a-anions (enolates) derived from the syn- 
and anti-(bis)secopagodane esters. Another potential complica- 
tion is the suspected homoconjugative attack by F-H-F- on 
the ene epoxide. 


@ CO2CH3 CH,O,C 


43 


merization accompa- 40 


@ COzCHa creased again to 40- CHaO,C 


43 


49 


Conclusion 


A search for alternatives to a proven synthetic procedure is not 
necessarily a popular endeavor; for the pagodane -+ dodecahe- 
drane scheme, however, the quest for more economical routes led 
to some intriguing developments. And indeed, the reward for 
intensive experiment and repeated frustrations lived up to the 
highest expectations: the two variants of the original SN2 route 
make for significant savings in time-from months to weeks to 
days-and for substantial increases in total yields, for example, 
for saturated diester 47 as prominent dodecahedrane of type F 
from originally 55-65% to 70-75% to 85-91 %; this can be 
extrapolated to approximately 75 ‘YO based on 1 b for the recently 
presented route to parent C,,H2, d~decahedrane.~~, 321 The 
complications met in the cyclizations of 31 and 41, so far not 
understood, represent some limitations in the application of the 
P2F base. With regard to this second variation, it is also appro- 
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priate to comment that the acquisition of the P,F reagent of the 
necessary quality is demanding[331 and its proper handling 
needs experience (it is commercially available but rather expen- 
sive) .[341 More mechanistically, there are compelling demon- 
strations of “selectivity”, such as in the introduction of four to 
six bromine substituents into the pagodane diester 1 b, or in the 
combination of 2 5  --f 2 n  isomerizations with C,H-activation in 
the one-pot transformations 11 + 31 (32). 


Can the strategy for CH,-functionalization, so marvellously 
successful in the second new route (e.g., 11 -+ 31),r351 be put to 
further synthetic use to permit the introduction of other func- 
tional groups? A notable limitation has already been met: un- 
like tetrabromide 11, pentabromide 12 under analogous condi- 
tions did not undergo transannular H-transfer to give 50 with its 
sterically highly demanding CBr, unit. Instead, depending on 
the reagent used, after far from uniform reaction courses the 
iso-dodecahedrane 51 (KBrjDMF, 150 “C; ca. 50 YO, and 5 YO 52) 
and the secododecahedradiene 54 (KI/DMF, 150 “C; ca. 50%, 
most probably arising from diene 53) were obtained 
(Scheme 11). When considered alongside the behavior of pago- 


Br Br 


CH,O,C CH,O,C Rr a C02CH3 
Rr 
I. 


51 52 


Scheme 11 


dane 23 and secotribromide 10, this outcome with 12, suggestive 
of S,2 cyclization after attack of Br- at either C3-CO,CH, or 
C 3 -Br, convincingly emphazises the fortuitous aspect in the 
uniformity of the sequence 11 4 31. Clearly, differences in the 
substituents and the steric impact of the respective secopago- 
dane half-cages are crucial for the selectivities, the degree of 
anchimeric assistance, the cooperativity in and timing of indi- 
vidual transformations. 


In this context it is appropriate to address a recent improve- 
ment of the overall economy of the pagodane +dodecahedrane 
scheme. There was a weak point: because of incomplete stere- 
ocontrol in the photo-Wolff rearrangement leading to 4-syn,9- 
syn-diamide 1 a and diester 1 b,[”] up to 10% of their syn,anti- 
isomers 55 a,b were produced and had amassed over the time in 
multigram quantities. Scheme 12 shows how advantage was 
taken of the reactivity differences for the two secopagodane 
half-cages and particularly of the selectivities involved in the 
polybromination of syn,syn-diester 1 bin order to channel 55a,b 
back into the new S,2 track (2). In short, when subjected to the 
bromination procedure syn,syn-diester 1 b + pentabromide 12 
(Scheme I) ,  diester 55 b yielded tetrabromide 27 nearly quanti- 


CH,02C C0,CHs 
ti 5 5 / 0  b , 56 


R NH, OCH 


R2 R’ I H Br H Br Br 


60 


Scheme 12. 


61 


tatively (95 O h  ; > 90 % 3 l t i n  line with strain considerations, 
the initial addition of bromine to the four-membered ring oc- 
curred regiospecifically from the side of the “anti” ester group 
(the syn-ester group stays with the wider “closed” side) ,[361 di- 
bromide 57 was exclusively brominated at C-9, tribromide 58 at 
C-14, and tetrabromide 27 resisted further substitution. Di- 
amide 55a was first transformed into the anti,anti-diester 56 
(85-92 YO) whose bromination under forcing conditions (cf. 12, 
27) only marginally involved the a-ester positions and led nearly 
uniformly to the tetrabromide 59 (90-95 YO; two trace compo- 
nents identified as the unusually densely functionalized octabro- 
mopagodane diester 60 and the totally defunctionalized pago- 
dane precursor 61 indicate the mechanistic intricacies inherent 
in these polybromination reactions) ; standard fragmenting 
bromine elimination provided 90 % of bissecodiene 31 (overall 
65 -70 YO) .[lo] The essential data proving the structures of 59 
and 60 are listed for comparison in Figure 3. As a glimpse into 
the future, the MS fragmentation pattern of 60 again nourishes 
speculation about the nature of the ions mjz = 248 (100 YO) and 
mj2z = 124-signs of the existence of C,,H, dodecahedrahex- 
aene 62 (T, symmetrical with all double bonds nonconjugated 
and “protected” by four allylic hydrogens), of the 12cjll e rad- 
ical cation 62“ and (hexahomoaromatic) 12c/10e dication 
62’’ (Scheme 13)? To summarize, the base for further activities 
in the dodecahedrane area has been broadened. Dodecahe- 
dranes for everybody? The route from isodrin to the pagodanes 
1 a,b (55a,b) remains long and strenuous. 


62 


. .  
Scheme 13 
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Experimental Section 


Experimental data were recorded as follows: melting points (m.p.), Bock Monoscop 
M; analytical TLC, Merck silica gel plates with F,,, indicator; IR, Perkin-Elmer 
457 and Philips PU 9706; UV, Perkin-Elmer Lambda 15; 'HNMR, Brnker 
WM250, AM400 (if not specified otherwise, the 250 MHz spectra are given); I3C 
NMR, AM400 (100.6 MHz); MS, Finnigan MAT 445 (if not specified otherwise, 
the spectra were taken at 70 eV). Chemical shifts were recorded relative to TMS 
(6 = 0), and coupling constants are in Hz. For signal assignment, standard tech- 
niques such as homo- and hetereonuclear decoupling experiments, 2 D FT COSY or 
heterocorrelation spectra were employed; assignments indicated with * (+) can be 
interchanged. Generally, the H,H and C,H connectivities were established by two- 
dimensional homo- and hetereonuclear correlated spectra. Whenever necessary, 
NOE measurements were performed to elucidate stereochemical (transannular) re- 
lationships. 


Bromine was distilled before use. The cyclization experiments with P,F were 
performed with best possible exclusion of air and moisture (glovebox). For the 
yields given, the base must be of perfect quality. 


Dimethyl 2,4-un~i,9-unti,12-tetrabromodecacycl0[9.9.0.0'~~.0~~ 15.033 '.05* ".06, lo. 


of 1 b (1 S O  g, 4.00 mmol) and bromine (25 mL, 490 mmol) in dry CH,CI, (225 mL), 
purged with argon, was irradiated at 0°C with a 150 W Hg low-pressure lamp 
(solidex tubes) until TLC (cyclohexane/ethyl acetate = 4: 1) showed total conver- 
sion of l b  and of intermediate bromides (R, (iso-10) = 0.26, R, (11) = 0.32) and the 
presence of only 11 besides traces of 12 (R, (11) = 0.32, R, (12) = 0.40) (60-90 min; 
irradiation up to 8 h did not significantly alter the composition). After concentra- 
tion in vacuo, the solid residue was chromatographed on silica gel (15/Scm, 
CH,CI,/CCI, 1 :  1, R,(11) = 0.30, R,(12) = 0.42) to provide 11 (2.58-2.64 g, 93- 
95%) besides pentabromide 12 (93-155mg, 3-5%); ',C NMR (CDCI,): 
6 =169.6, 169.5, 169.5, (C=O), 95.9, 95.2, 94.4, ((2-2, -12), 78.6, 78.4, (C-1, - l l ) ,  
74.9 (C-4), 68.8 (C-9), 60.6, 60.6, 60.6, 60.5, (C-3, -9, 59.5, 59.2, 58.3, (C-6, -7), 
58.1, 58.1, 58.0, 57.9 ('2-16, -17), 53.4, 53.3 (C-13, -15), 53.2, 53.1 (C-8, -lo), 52.7, 
52.6 (OCH,/4), 52.6, 52.4 (OCH,/9), 46.5,46.4,46.2,46.2 (C-18, -20), 36.7 (C-14), 
34.3 (C-39); MS (EI): m / z ( % )  = inter aha (695 (lo), 693 (15), 691 (10)) [ M ' ] ,  615 
(loo), 613 (99), 534 (25), 373 (9); C,,H,,O,Br, (694.0). 


Dimethyl 2,4-anti,9-anti,12,14-unti-pentabromod~acyclo-~9.9.O.O'~8.02~15.O3~7. 
05. ''.06. 'o.O''. lS.Oi3,  I7 .Oi6 .  20]icosane4-syn,9-syn-dicarboxylate (rotamers) (12): 
A solution of 1 b (750 mg, 2.0 mmol) and of bromine (25 mL, 490 mmol) in dry 
CH,CI, (225 mL) was irradiated at 0°C until TLC (cyclohexane/ethyl ac- 
etate = 4 : l )  showed total conversion of the intermediate 10 into 11 (ca. 1 h) and 
then without cooling (temperature rises to ca. 35°C) until TLC showed no further 
conversion of 11 to 12 (ca. 3 h, R,(11) = 0.32, R,(12) = 0.40). After concentration 
in vacuo, the solid residue was chromatographed on silica gel (15/5 cm, CH,CI,/ 
CCI,=l:l),togivefirst 12(1.47-1.50g,95-97%,Rf =0.42),then11(42-69mg, 


0l1.l8013.17016.20 . . ~icosane4-syn,9-syndicarboxylate (rotamers) (11): A solution 


3-5%, R, = 0.30). 


Dimethyl 2,4-anti,9-unti,12,1~anti,l9-un~i-hexabromod~acycIo~9.9.O.O1~s.O*~'5. 
0 3 3  '.05. ''.06* 'O.0'  ".O". I7.Ol6. '0]icosane-4-syn,9-syndicarboxylate (rotamers) 
(13): Asolutionof 12(1.55 g, 2.0 mmol)and bromine (30 mL, 589 mmol) inCH,CI, 
(20 mL) saturated with gaseous HBr was irradiated under reflux (300 W daylight 
lamp, Pyrex tubes) until TLC (cyclohexane/ethyl acetate = 4: 1) revealed only 12 
(R,(12) = 0.40) and 13 (R,(13) = 0.47) (ca. 48 h). After concentration in vacuo, 
chromatography on silica gel (lS/S cm, CH,CI,/CCI, = 1 :1) yielded first 13 (1.50- 
1.60 g, 89-92%) then 12 (62-93 mg, 4-6%). When later fractions of several runs 
were collected and analyzed by chromatography on silica gel (CH,CI,/CCI, = 1 : 1) 
trace amounts of 14, is0-12,6,5, and 4 (in this sequence, < 1 % in total) were eluted 
and identified by 'H NMR comparison. 


Hydrogenolysis 13 + 5. A solution of 13 (1.50 g, 1.76 mmol) in CH,CI, (150 mL) 
and methanol (1.5 mL) was saturated with H, and stirred over PtO, (3.0 g) for 
30 min (total conversion, TLC (CH,CI,), R, (13) = 0.73, R, (5) = 0.42). Filtration 
through silica gel (2/5cm, CH2CI,) gave 1.19-1.2g (97-98%) of pure 5. If 
methanol was added in larger amounts (1 15 mL), 5 was further reduced to give, 
inter alia: 


Dimethyl 12,14-anti,l9-unti-tribromodecacyclo[9.9.O.O'~8.0z~15.O3~7.O5~'2.06~10. 


crystals (CH,Cl,/ethyl acetate); m.p. 231 -232 "C; IR (KBr): i. = 2978, 2854 
(C-H), 1724(C=O), 1188(C-O)cm-'; 'HNMR(400 MHz, CDCI,): 6 = 4.71 (s, 
14syn-H),4.24(s,19s-H),3.87(s,OCH,/4),3.78(s,OCH,/9),3.75(m,6-H*),3.74 
(m,3-,5-H),3.62(m,7-H*),3.18(d, 13-H'),3.01 (d, 15-H"),2.97(m, 17-H+),2.84 
(m, 36-H+), 2.77 (m, 8-, 10-H). 2.69 (m, 18-, 20-H), 2.64 (t, 4anti-H), 2.58 (d, 


011,IS . 013.17 . 0 1 6 , Z O  ~icosane4-syn,9-syndicarboxylate (2-debromo-5): Colorless 


9a-H), 2.40 (d, 2-H); "C NMR (CDCI,): 6 = 172.8 (C=0/4),  172.7 (C=0/9),  95.4 
(C-12), 76.7 (C-ll), 69.0 (C-l) ,  61.5 (C-13), 58.9 (C-15), 58.2 (C-17), 57.6 (C-16), 
57.0 (C-6), 56.8 (C-7), 56.1 (C-14), 55.6 (C-19), 53.2 (C-4), 52.6 (OCH,/4), 52.5 
(C-18, -20), 52.2 (OCH,/9), 51.8 (C-5), 51.6 (C-3), 50.6 (C-9), 47.6 (C-2), 46.3 
(C-l0),45.6(C-8);MS(EI):m/z(%) =interalia(617(1),615(4),613(4),611 (1)) 
[ M ' ] ,  537 (51), 535 (loo), 533 (52), 455 ( S ) ,  375 (3), 255 (14); C,,H,,Br, (615.0): 
calcd C 46.83 H 3.74, found C 46.58 H 3.68. 


Dimethyl 2-,6-,21-unti-tribromo-2O-oxo-l9-oxadodecacyclo 11 1.9.0.0'. 17.02s 9.033 16. 


04*8.05, '5.063 I3.O7. ll.O1o. zz.O1'~ 21.0'4. '81docosane-8dicarboxylate (21): 
From tetrabromide 16: To a boiling solution of anhydrous KI (100 mg, 0.60 mmol) 
in DMF (5 mL), 16 (30 mg, 0.04 mmol) was added (N, atm.) while the mixture was 
stirred. After total conversion (30 min), the reaction solution was concentrated in 
vacuo and the solid residue dissolved in CH,CI, (20 mL). After washing with 10% 
aqueous Na,S,O, (25 mL), the aqueous phase was extracted three times with 
CH,CI, (15 mL each). The combined CH,CI, phase was dried (MgSO,) and con- 
centrated in vacuo, and the solid residue chromatographed on silica gel (18/l cm, 
CH,CI,); first 21 (24 mg, 92%), then 17 (1 mg, 5%) were eluted. Colorless crystals 
(CH,Cl,/ethyl acetate): m.p. 252-253°C (decomp.); IR (KBr): C = 2960 (C-H), 
1720(C=O). 1266,1093(C-O)cm-'; 'HNMR(CDC1,):S = 4.92(t, 18a-H),3.92 
(t. 4-H), 3.82 (m, 12-, 22-H), 3.78 (s, OCH,), 3.52 (m, lo-, 11-H), 3.50 (m, 14-, 
17-H), 3.48 (m, 15.. 16-H), 3.34(m, 7-, 9-, 14-, 17-H), 3.29(m, 3-, 5-H); "CNMR 


-13), 81.4 (C-8), 66.7 (C-4), 65.5 (C-21), 64.3 (C-7, -9), 63.0 ('2-12, -22), 59.0 (C-3, 
-5 .  -15, -16), 56.5 (C-10, -11). 53.0 (OCH,), 50.1 (C-14, -17); MS (EI): m/z 
(%) = inter aha (M' not detectable), 566 (16), 565 (15), 519 (62), 517 (loo), 517 
(61), 475 (4), 473 (6), 471 (4), 439 (3) ,  437 (5), 435 (3), 377 (3, 253 (20); 
C,,H,,O,Br, (597.0): calcd C 46.23 H 2.85, found C 46.40 H 2.89. 
From hexabromide 13: KI (400mg, 2.40mmol), DMF (5mL), 13 (100mg, 
0.12 mmol), 30 min. After workup and chromatographic separation (20/2 cm, 
SO,,  CH,CI,, R, (21) = 0.12, R, (17) = 0.45) 21 (49 mg, 69%), 17 (2 mg, 4%),  
traces of (probably) 21-debromo-21 and other nonidentified components. 


(CDCI,): 6 =173.9 (C-20), 167.4 (C=0/8) ,  92.3 (C-2, -6), 88.6 (C-18), 82.3 (C-1, 


Dimethyl 4-unti,9-anti-dibromoundecacycIo[9.9.0.0'~ '.02. ".OZ* " . 0 3 9  '.06, 10.08. ' '. 
0". I5 .Oi3 .  '7.0'6~zo~ic~~ane4~yn,9-syndicarboxylate (24): A suspension of 1 b 
(100 mg, 0.27 mmol), N-bromosuccinimide (NBS) (570 mg, 2.71 mmol) and azobi- 
sisobutyronitrile (AIBN) (10 mg) in anhydrous CCI, (10 mL) was refluxed until 
total conversion (ca. 60 min, TLC, R,  (1 b) = 0.43; CH,CI,). After concentration 
the residue was chromatographed (SiO,, 25/1.5cm, CH,CI,); inter aha, first 24 
(53 mg, 37%) and then the monobromide (22mg, 18%) were eluted. Colorless 
crystals (CH,Cl,/ethyl acetate): m.p. 263 "C; 'HNMR (CDCI,): 6 = 3.70 (s, 
OCH,), 3.69 (m, 6-, 7-H), 3.02 (m, 3-, S-H*), 2.90 (m. 8-, 10-H*), 2.61 (m, 16-, 
17-H), 2.37 (m, 13-, 15-H+), 2.29 (m, 18-, 20-H+), 1.58 (d, 14s-, 19s-H), 1.11 (d, 
14a-, 1 9 ~ - H ) , J 1 q 1 4 ~  =11.6Hz; I3C NMR (CDCl,): 6 =169.9 (C=O), 73.8 (C-4, 
-9), 60.6 (C-1, -2, -11: -12), 59.3 (C-6, -7), 59.2 (C-16, -17), 52.7 (OCH,), 50.1 (C-3, 
-5, -8, -lo), 42.0 (C-13, -15, -18, -20), 40.5 (C-14, -19); MS (CI, isobutane): m / i  
(%) = interalia(536(52), 534(100), 532(52))[M'],455(12),453 (11),373(8),255 
(12), 253 (20); C,,H,,O,Br, (534.0): calcd C 53.33 H 4.12, found C 52.90 H 4.08. 


Dimethyl 2,12,14-~nti-tribromodecacyclo(9.9.0.0'~~.0'* I5.O33 '.05. I '.06. 'O.0' '. In. 
0'". ".016. z0~icosane-4-anti,9-syn-dicarboxylate (rotamers) (26) : To a boiling solu- 
tion of anhydrous KBr (150 mg, 1.26 mmol) in DMF (5 mL, N, atm.), 10 (50 mg, 
0.08 mmol) was added. After being stirred for 3 min (ca. 50% conversion, TLC, R, 
(10) = 0.41, R, (26) = 0.36) and concentrated in vacuo the residue was dissolved in 
CH,CI, (40 mL) and washed with 10% aq NH,CI (50 mL), and the combined 
organic phases were extracted with CH,CI, (3 x 15 mL). The combined CH,Cl, 
phase was dried (MgSO,) and concentrated in vacuo. Chromatography (SO,, 
l8jl  cm, CH,CI,) gave pure 26 (24mg, 48%) besides educt 10 (25mg, 50%). 
Colorless crystals (CH,Cl,/ethyl acetate): m.p. 241 "C; IR (KBr): 3 = 2971 (C-H), 
1716 (C=O) cm-'; 'HNMR (CDCI,): 6 = 5.59 (s, 14s-H), 3.89 (s, 4s-H), 3.76 (s, 
OCH,/4), 3.75 (m, 16-, 17-H), 3.68 (s,OCH,), 3.60(m, 6-, 7-H), 3.48 (m. 3-, 5-H), 
3.36 (m, 8-, 10-H), 3.12 (m, 13-, 15-H), 2.99 (m, 18-, 20-H), 2.73 (t, 9a-H), 1.61 
(d, 19~-H),  1.49 (dt, 19a-H), J ,90 , ,9 ,  =10.8Hz; "C NMR (CDCI,): 6 =172.5 
(C=0/4), 171.9(C=0/9), 94.6(C-2, -12), 79.5 (C-1, - l l ) ,  62.7(C-3, - 5 ) ,  58.1 ((2-6, 
-7), 57.4 (C-16, -l?), 57.2 (C-14), 55.6 (C-13, -15), 52.5 (OCH3/4), 51.9 (OCH3/9), 
51.8, 51.6 (C-8, -lo), 48.1 (C-18, -20), 46.3 (C-9), 34.5 (C-19); MS (EI): m/z 
(%) = interalia(617(4),615(12),613(12),611 (4))[M+], 537(52), 535(100),533 
(52), 456 (52), 454 (52), 378 (2), 255 (19); C,,H,,O,Br, (615.0): calcd C 46.83 H 
3.74. found C 46.14 H 3.71. 


Dimethyl 2,9-anti-12,1Q~nti-tetrabromodeeacyclo[9.9.0.0'~~.0~~ I5.O3. 7.05. I2.O6. lo. . . ~icosane-4-anti,9-syndicarboxylate (27, rotamers) (cf. 26): To a 
solution of anhydrous KBr (75 mg, 0.63 mmol) in abs. DMF (3 mL) kept at 120 "C 
(N, atm.), 11 (25 mg, 0.04 mmol) was added. After total conversion (TLC, cyclo- 
hexane/ethyl acetate = 4:l (R, = 0.51), ca. 10 min stirring) and workup, filtration 
through silica gel (1/2cm, CH,CI,) gave 27 (74mg, 99%). Colorless crystals 
(CH,Cl,/ethyl acetate): m.p. 261 "C (decomp.); IR (KBr): i = 2978, 2946, 2884 
(C-H), 1734(C=O)cm-'; 'HNMR(400 MHz,CDCI,): 6 = 5.60(~,14s-H),3.93 
(s, 4s-H), 3.83 (s, OCH,/4), 3.71 (m, 3-, 5-H), 3.70 (s, OCH3/9), 3.68 (m, 6-, 7-H), 
3.52(m, 16-, 17-H), 3.58, 3.46 (m,8-, 10-H), 3.38 (m, 13-, lS-H), 3.02,2.98 (m, 1%. 


6 = 171.4(C=0/4), 169.4(C=0/9),93.6(C-2, -12),77.2(C-l, - l l ) ,  69.3(C-9), 62.3, 
62.2 (C-3, -9, 59.0 (C-14), 58.0, 59.7 (C-6, -7)*, 57.9 (C-16, -17)*, 56.2 (C-4), 54.8 


-20), 34.3 (C-19); MS (EI): m/z  (%) = inter alia (696 (8), 694 (lo), 692 (7)) [ M ' ] ,  
614 (99), 613 (loo), 534 (46), 454 (S), 373 (5),267 (6). 253 (24); C,,H,,O,Br, 
(694.0): calcd C 41.49 H 3.17, found C 41.18 H 3.12. 


o l l , l S  013,17 016.20 


20-H), 1.57 (dt, 19s-H), 1.49 (dt, 19a-H), J19a,19, ~ 1 3 . 8  Hz; '.'C NMR (CDCI,): 


(C-13, -15), 54.2, 54.2 (C-8, -lo), 53.1 (OCH3/4), 52.6 (OCH3/9), 46.5, 46.2(C-i8, 
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Dimethyl 13-anti,18-anti-dihromononacyclo[12.6.0.02~6.04~ I1.O5. 9.07. zO.O1o. 17. 


boiling suspension of anhydrous KBr (3.0 g, 25 mmol) and Fe powder (1.0 g) in 
DMF (20 mL), 11 (1 .O g, 1.44 mmol) was rapidly added (N, atm.). After stirring for 
approximately 4 rnin (the color changed from deep red to yellowish) DMF was 
distilled off in vacuo. After addition of CH,CI, (50 mL) the suspension was washed 
with 10% aqueous NH,CI (25 mL), the aqueous phase extracted with CH,CI, 
(3 x 25 mL), and the combined CH,CI,-phase dried (MgSO,). After concentration 
in vacuo and filtration through silica gel (0.5/2 cm, CH,CI,), 760 mg (99%) 31 was 
obtained as colorless crystals (CH,Cl,/ethyl acetate): m.p. 223 "C (decomp.); IR 
(KBr): !=2964 (C-H), 1712 (C=O), 1283, 1031 (C-0)cm-';  'HNMR 
(400 MHz, CDCI,): 6 = 5.74 (s, 13s-, 18s-H), 4.32 (m. 15-, 16-H), 3.77 (s, 3s-, 
8s-H), 3.70 (s, OCH,), 3.62 (m, 5-, 6-H), 3.56 (m, 2-, 4-, 7-, 9-H), 3.51 (m, 12-, 14-, 


(C-5, -6), 59.8 (C-15,-16), 57.9(C-13, -18), 56.1 (C-12,-14,-17, -19), 52.1 (OCH,), 
49.4 (C-3, -8), 46.6 (C-2, -4, -7, -9); MS (EI): m/i (%) = La. 536 (41), 534 (95), 532 
(42) [ M ' ] ,  455 (loo), 454 inter alia (99), 374 (E) ,  255 (40) 254 (34), 128 (58); 
C,,H2,O,Br,(534.0): calcd C 53.33 H 4.12, found C 53.52 H 4.17. 


Dimethyl 13~anti,l8-anti-diiodononacyclo~l2.6.O.Oz~6.0'~''.05~9.07~z0.010~17. 
0". 16.0153 19~icosa-1(20),10-diene-3-unt~,8-anti-dicarhoxylate (32) (cf. 31): Anhy- 
drous KI (3.0 g, 18.0 mmol), 11 (1 .O g, 1.44 mmol), DMF (20 mL), 153 "C, 15 min, 
900 mg (98%) 32. Colorless crystals (CH,Cl,/ethyl acetate): m.p. 297-300°C (de- 
camp.); IR (KBr): i. = 2945 (C-H), 1720 (C=O) cm-'; 'H NMR (400 MHz, CD- 
CI,): 6 = 5.90 (s, 13s-, 18s-H), 4.49 (m. 15-, 16-H), 3.85 (s, 3s-, 8s-H), 3.69 (s, 
OCH,), 3.6 (m, 2-, 4-, 5-, 6-, 7-, 9-H), 3.51 (m, 12-, 14-, 17-, 19-H); 13C NMR 
(CDCI,): 6 =173.9 (C=O), 155.5 (C-1, -11, -12, -20), 62.4 (C-5, -6), 59.7 (C-15, 
-16), 57.7 (C-13, -18), 52.1 (OCH,), 49.5 (C-12, -14, -17, -19), 46.5 (C-3, -8). 36.4 
(C-2.-4,-7,-9);MS(EI):m/z(%) = interalia628(M+, 100),501 (7),374(33),255 
(56), 253 (59), 128 (57); C,,H,,O,I, (628.0): calcd C 45.89 H 3.53, found C 46.64 
H 3.57. 


g12.16 . 015.19 ~icosa-1(20),10-diene-3-anti,8-unti-dicarhoxylate (31) : To a vigorously 


17-, 19-H); I3C NMR (CDCI,): 6 =173.8 (C=O), 155.3 (C-1, -11, -12, -20). 60.3 


Dimethyl 13-anti,l8-~nti-dibromononacyclo[l2.6.0.0~*~.0~~ 11.05. 9.07. zO.O'o. l'. 


licosa-1(20)-ene-3-anti,8-mti-dicarboxylate (35): To an ice-cooled solu- 
tion of 31 (1.0 g, 1.87 mmol) in CH,CI, (dist.; 90 mL) and CH,OH (dist., 45 mL), 
N,(CO,K), (10.0 g, 61.0 mmol) was added. While the solution was intensively 
stirred, glacial acetic acid (3 mL) was added over 5 min. Stirring was continued for 
12 h while the solution was allowed to warm up slowly to room temperature until 
total conversion (ca. 12 h, TLC, 31 changes KMnO, color to yellow, 35 to color- 
less). Workup (10% aq. NH,CI; CH,CI,) and filtration through silica gel (1/2cm, 
CH,CI,) gave pure 35 (970 mg, 97%). Colorless crystals (CH,Cl,/ethyl acetate): 
m.p. 217-219°C (decomp.); iR (KBr): C = 2944 (C-H), 1723 (C=O), 1269 
(C-O)cm~1;'HNMR(400MHz,CDCI,):6= 5.80(s, 13s-, 18s-H),3.92(~,3s-, 
8s-H), 3.86(m, 15-, 16-H), 3.68 (s, OCH,), 3.42 (m, 2-, 7-, 14-, 19-H), 3.32 (m, lo-, 
1 LH), 3.20 (m, 4-, 9-, 12-, 17-H), 3.04 (m. 5-,  6-H); I3C NMR (CDCI,): 6 = 174.4 


012.16  015.19 . 


(C=O), 149.8 ('2-1, -20), 62.9 (C-13, -18), 60.1 (C-6), 59.9 (C-15), 59.6 (C-16), 58.7 
(C-5), 56.5 (C-10, - l l ) ,  55.9 (C-12, -17), 54.9 (C-14, -19), 53.2 (C-3, 4, 52.0 
(OCH,), 48.9 (C-4, -9), 48.3 (C-2, -7); MS (EI): m/z (%) =inter alia 538 (32), 536 
(64), 534 (40)) [ M ' ] ,  456 (loo), 455 (99), 375 (22), 256 (22), 255 (70); C,,H,,O,Br, 
(536.2): calcd C 53.73 H 4.47, found C 53.22 H 4.36. 


Dimethyl 13-anti,l8-anti-diiodononacyclo[l2.6.O.Oz~6.O4~11.05~9.07~20.010~17. 


0.40 mmol), N,(CO,K), (3.0 g, 18.0 mmol) gave 36 242 mg (97%). Colorless crys- 
tals (CH,Cl,/ethyl acetate): m.p. 258°C (decomp.); IR (KBr): i. = 2982, 2946 
(C-H), 1720 (C=O), 1269, 1159 (C-0)cm-I;  'HNMR (400MHz. CDCI,): 
6 = 5.95 (s, 13s-, Iss-H), 4.08 (s, 3s-, 8s-H), 3.98 (m, 15-, 16-H), 3.68 (s, OCH,), 
3.49(m,2-,7-H),3.39(m,10-,ll-H),3.30(m,4-,9-,14-,19-H),3.18(m,12-,17-H), 
3.04 (m, 5-, 6-H); I3C NMR (CDCI,): 6 =174.4 (C=O), 149.9 (C-I, -20), 63.1 


012.16 . 015.19 licosa-1(20)-ene-3-unti,8-antidicarhoxylate (36) (cf. 35): 32 (250 mg, 


(C-13, -18), 60.2 (C-6), 60.0 (C-15), 59.6 (C-16), 58.6 (C-5), 56.5 (C-10, - l l ) ,  55.9 
(C-12, -17), 54.9 (C-14, -19), 53.2 (C-3, 4, 52.2 (OCH,), 49.2 (C-4, -9), 48.3 (C-2, 
-7); MS (CI, isobutane): m/z (%) =inter aha 631 [M'], 503 (38), 377 (100); 
C,,H,,O,I, (630.0): calcd C 45.74 H 3.81, found C 46.04 H 3.76. 


Dimethyl 13-anti-18-anti-dibromo-Zl~xadecacyclo~l2.7.O.O1~~o.O2~6.04~11.05~9. 


anhydrous solution of mCPA (m-chloroperbenzoic acid) (100 mg, 0.58 mmol) in 
CH,CI, (5 mL) at O T ,  NaH,PO, (100 mg, 700 mmol) and 31 (40 mg, 0.08 mmol) 
were added. After being stirred for 20 min (TLC, R,(37) = 0.82, R,(31) = 0.90, 
CH,Cl,/ethyl acetate = 9:l)  and standard workup (15% aqueous K,CO,; 
CH,CI,), 37 (38 mg, 94%) was chromatographically (SiO,, l5/l  cm, CH,Cl,/ethyl 
acetate = 9:l )  separated from 41 (2 mg, 5-6%, R, = 0.75). Colorless crystals 
(CH,Cl,/ethyl acetate): m.p. 271 "C (decomp.); IR (KBr): i = 2944 (C-H), 1719 
(C=O), 1257, 1070 (C-0) cm-'; 'HNMR (400 MHz, CDCI,): 6 = 5.64 (s, 13s-, 
18s-H), 3.99(s, 3s-, 8s-H), 3.98 (m, 15-H*), 3.79(m, 16-H*), 3.69(s, OCH,), 3.50 
(m, 4-, 9-, 12-, 17-H), 3.31 (m, 6-Ht), 3.20 (m, 5-H+), 2.99 (m, 2-, 7-H), 2.90 (m, 


07.20 .O lO,l7~012,16 .O 15,19 ~henicosa-l0-ene-3-un~i,S-antidicar~xylate (37): To an 


14-, 19-H); l3CNMR(CDCI,):6 =172.7(C=O), 153.8(C-lO,-ll),84.8(C-l,~20), 
62.7(C-15),62.6(C-6), 58.9(C-16),58.2(C-5), 55.0(C-2,-7), 54.7(C-14,-19),48.8 
(C-3, 4, 52.3 (OCH,), 48.8 (C-4, -9), 47.9 (C-12, -17); MS (CI, NH,): m/z 
(%) = inter aha551 (3, M'), 471 (20),469 (20), 389 (18), 376(7), 256(11), 59(100); 
C,,H,,O,Br, (550.2): calcd C 52.36 H 4.36, found C 52.07 H 4.33. 


Dimethyl 13-anti-18-antidiiodo-2l-oxadecacyclo[l2.7.O.0'~z0.02~6.04~11.O5~9.O1~20. 
0"'. 1'.012. 16.015. 19~henicosa-10-ene-3-anti,8-unti-dicarhoxylate (38) (cf. 37): mCPA 
(100 mg, 0.58 mmol), NaH,PO, (100 mg), CH,CI, (5 mL), 32 (40 mg, 0.06 mmol), 
38 mg (94%) 38. The reaction has to be carefully controlled (0°C); it is stopped as 
soon as a violet color develops. 30°C should not be surpassed during workup 
procedure to avoid partial decomposition by oxidation of the iodine substituents. 
Colorless crystals (CH,Cl,/ethyl acetate); m.p. 231 "C (decomp.); IR (KBr): 
C = 2944 (C-H), 1720 (C=O), 1258 (C-0) cm-'; 'HNMR (400 MHz, CDCI,): 
6=5.74(s,13s-,18s-H),4.10(s,3s-,8s-H),4.07(m,15-H*),3.92(m,16-H*),3.69 
(s, OCH,), 3.57 (m, 4-, 9-H). 3.49 (m, 12-, 17-H), 3.30 (m, 6-H+), 3.19 (m, 5-H+), 
3.09 (m, 2-, 7-H), 2.90 (m, 14-, 19-H); I3C NMR (CDCI,): 6 = 172.7 (C=O), 154.0 
(C-10, - l l ) ,  84.5 (C-1, -20), 64.1 (C-15), 62.6 (C-6), 61.1 (C-16), 57.8 (C-5), 56.4 
(C-2, -7), 56.2 (C-14, -19), 52.9 ((2-3, - 8 ) ,  52.3 (OCH,), 48.8 ((2-4, -9), 48.0 (C-12, 
-17); MS (EI): m/z (%) = inter alia 644 (6) [M'], 628 (9, 532 (3), 517 (loo), 390 
(23), 374 (l), 255(5); C,,H,,O,I, (644.0). 


Dimethyl 14-anti,l9-an~i-dibromo-l1,22-dioxaundecacyclo~l3.7.O.O1~2'.02~6.0~~12. 
05*9.07, 21.010. 12.010.1n.013, ".0l6* 20~docosane-3-anti,8-an~i-dicarboxylate (41) (cf. 
37): mCPA (100 mg), CH,CI, ( 5  mL), NaH,PO, (100 mg), 31 (40 mg, 0.08 mmol), 
24 h at 0°C (total conversion, TLC, R, = 0.75, CH,Cl,/ethyl acetate = 9: 1). After 
standard workup 39 mg (92 %). Colorless crystals (CH,Cl,/ethyl acetate): 
m.p. 309-312°C (decomp.); IR (KBr): i.=2946 (C-H), 1785 (C=O), 1138 
(C-0) cm-'; 'HNMR (400 MHz, CDCI,): 6 = 5.67 (s 14s-, 19s-H), 4.00 (s, 3s-, 
8s-H), 3.88 (m, 16-, 17-H), 3.68 (s, OCH,), 3.21 (m, 5-, 6-H), 3.10 (dd, 2-, 4-, 7-, 
9-H), 3.00 (dd, 13-, 15-, IS-, 20-H), J2,6 = 6.9 Hz, J,5,16 = 6.8 Hz; I3C NMR 
(CDCI,): 6 = 172.2 (C=O), 83.1 (C-1, -10, -12, -21), 63.5 (C-16, -17), 63.1 (C-5, -6), 
54.5 (C-14, -19), 54.2 (C-13, -15 ,  -18, -20), 52.4 (OCH,), 49.0 (C-3, -8), 47.7 ('2-2, 
-4,-7,-9);MS(EI):m/z(%) = interalia568(19),566(37), 564(19))[Mt], 534(2), 
507 (9,487 (38), 485 (38). 455 (17), 453 (17), 425 (lo), 405 (23), 373 ( l ) ,  257 (16); 
C,,H,,O,Br, (566.2): calcd C 50.91 H 3.52, found C 51.87 H 3.55. 


Dimethyl undecacyclo[9.9.0.0z~9.03~'.04~ ".05. In.O6. I6.O8. 15.0'0. I4.O1'. I9.Oi3, "1- 
icosa-8,18-diene-1,6-dicarboxylate (8): To a stirred solution of 32 (314 mg, 
0.5 mmol) in anhydrous benzene (25 mL), 43 (1.66 g, 5.0 mmol) was added in small 
portions (all operations were performed with air and moisture excluded as well as 
possible). After 15 min (total consumption of 8, TLC, cyclohexane/ethyl ac- 
etate = 4:1, Rf (32) = 0.15, Rf (8) = 0.40), anhydrous MeOH (5  mL, 323.5 mmol) 
was added, the solution was concentrated in vacuo, the solid residue containing 8 
and the P2 salts was dissolved in cyclohexane/ethyl acetate (4:1, 25 mL), the solu- 
tion filtered through a silica gel column (10/2 cm; the silica gel had been deoxygenat- 
ed by heating to 550°C in vacuo, following which it was washed with anhydrous 
MeOH (20 mL) and thoroughly dried in vacuo). After washing the column once 
more with cyclohexane/ethyl acetate (4: 1,10 mL), the combined solutions of8 were 
evaporated in vacuo. In order to remove the last traces of P, salts, the solid residue, 
dissolved in cyclohexane/ethyl acetate (4: 1,lO mL), was filtered once more through 
silica gel (5/2 cm; deoxygenated as above); after washing the column (10 mL) and 
evaporation, theresidueconsistedofpure8(149-154mg,79-82%)[3].Up to 10% 
of the missing material is made up by the monoacid derivative of 8, which had 
remained on the silica gel together with the P2 salts. Since aqueous workup was not 
applicable, this 10% is used for the generation of 47; for this purpose, the mixture 
of monoacid and P, salts was eluted with ethyl acetate/methanol 1 : 1 (cf. 47). 


Dimethyl undecacyclo~9.9.0.02~9.03~'.04*z0.05~ lS.O6. l6.On. I5.O1", 14.012. I9.Oi33 "1- 
icosane-1,6-dicarboxylate (47): To a stirred solution of 35 (1.05 g, 2.0 mmol) in 
anhydrous benzene (100 mL) 43 (6.6 g, 20.0 mmol) was added. After 15 rnin (total 
consumption of 35, TLC, cyciohexane/ethyl acetate = 4:1, R, (35) = 0.15, Rr 
(46) = 0.40) anhydrous MeOH (5 mL, 123.5 mmol) and PdjC (5%. 160mg) were 
added. Hydrogen gas was bubbled through the stirred solution until total consump- 
tion of 46 ( 5  - 10 min, TLC, 47 does not change the color of KMnO,). The suspen- 
sion was washed with water (IOOmL), the aqueous phase extracted with CH,CI, 
(3 x 50 mL) and the combined organic phases were dried (MgSO,). The solution 
was concentrated in vacuo and filtered through silica gel (1.5/2 cm, CH,Cl,/ethyl 
acetate l O : l ,  R, = 0.89). After evaporation the solid residue consisted of pure 47 
(665-680 mg,90-92%). Elutionofthesilicagelwithethylacetate(50 mL)gavethe 
monoacid derivative of 47 (36-58 mg, 5-8%; R, = 0.08, CH,Cl,/ethyl acetate 
1O:l). 95-98% total yield. 


Cyclization 37 + 48 (cf. 8): 37 (25 mg, 0.05 mmol), anhydrous benzene (10 mL), 43 
(83 mg, 0.25 mmol), 15 min stirring (total consumption of 37, TLC, cyclohexane/ 
ethyl acetate = 4:1, R, (37) = 0.15, RI (48) = 0.28), anhydrous MeOH (3 mL, 
74.1 mmol; deoxygenated). After workup as for 8, yielded 7 mg (31 %) of pure 48 
~31. 


Cyclization 38 + 48: 38 (25 mg, 0.04 mmol), 43 (132 mg, 0.40 mmol), anhydrous 
benzene (10 mL), anhydrous MeOH (3 mL, 74.1 mmol; deoxygenated); yielded 
10 mg (63 %) of pure 48. 


Cyclization 41 + 49 (cf. 47): 41 (50 mg, 0.09 mmol), anhydrous benzene (10 mL), 
43 (150 mg, 0.45 mmol), 15 rnin stirring (total consumption of 41, TLC, CH,CI,/ 
ethyl acetate = 9: 1, R, (41) = 0.75, R, (49) = 0.69), anhydrous MeOH (3 mL, 
74.1 mmol). After workup as for 47 (here without special treatment of the silica gel) 
the final residue of 24 mg (65%) was pure 49 [3]. 
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Dimethyl 2-,12-,14-onti,19-unti-tetrabromodecacyclo[9.9.O.O1~8.02~15.O3~7.O5~L1. 


lution of 56 (750 mg, 2.0 mmol) and of bromine (25 mL, 490 mmol) in dry CH,CI, 
(225 mL), kept at 25 "C (reflux condenser) was irradiated until total consumption 
(TLC, cyclohexane/ethyl acetate = 9: 1). After concentration in vacuo, the solid 
residue was chromatographed on silica gel (1515 cm, CH2C12) to give 59 (1.25- 
1.32g, 90-95%, R, = 0.48) with some 60 (21-29mg, 1-2%, R, = 0.61) and 61 
(3-5 mg, 1-2%, R, = 0.80). Colorless crystals (CH,CI,): m.p. 304°C (decomp.); 
IR (KBr): C = 2982, 2942 (C-H), 1717 (C=O) cm-'; 'HNMR (400 MHz, CD- 
CIJ: 6 = 5.59 (s, 14s-H), 4.69 (s, 19s-H), 3.90 (s, 4s-H), 3.82 (s, 9s-H), 3.81 (m, 
3*-H),3.80(m, 16-, 17-H),3.70(m,5*-H),3.68(s,OCH,/4),3.66(s,OCH3/9),3.30 
(m. 6-, 7-H), 3.26 (m. 8-, 10-H), 3.22 (m. 18-, 20-H); I3C NMR (CDCI,): 6 = 171.7 


06. . .  0". 013~17.0'6~25~icosane4unli,9-u~fidicarboxylate (rotamers) (59): A so- 


(C=O), 92.0 (C-2, -12), 78.3 (C-I, - l l ) ,  62.3 (C-3, - 9 ,  57.9 (C-6, -7), 56.5 (C-16, 
-17), 56.1 (C-13, -15), 54.9 ((2-14). 54.3 (C-19). 53.6 (C-4), 53.2 (C-33, -15), 52.6 
(C-8, -lo), 52.5 (C-9), 52.0 (OCH3/4), 51.5 (OCH3/9), 48.7 (C-18, -20); MS (EI): 
m / z  (%) = inter alia (695-691 (> 1)) [ M + ] ,  615 (99), 613 (loo), 534 (87), 454 (4), 
373 (3), 267 (6), 254 (13), 253 (20), 127 (13), 126 (12); C2,H2,0,Br, (694.0): calcd 
C 41.50 H 3.17, found C 41.40 H 3.15. 
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Emission from Zeolite-Occluded Manganese - Diimine Complexes 


Peter-Paul H. J. M. Knops-Gerrits, Frans C. De Schryver, Mark van der Auweraer, 
Hans Van Mingroot, Xiao-yuan Li and Pierre A. Jacobs* 


Abstract: Manganese complexes of 2,2'- 
bipyridine (bpy) and 1 ,lo-phenantroline 
(phen) have been synthesised in the su- 
percages of cubic NaX and NaY and in 
the hypercages of the hexagonal NaEMT 
faujasites. The coordination and redox 
chemistry were studied with ESCA, CA, 
FT-IR, FT-Raman, diffuse reflectance 
and emission techniques. FT-IR/FT-Ra- 
man shows cis coordination for all com- 
plexes and a high Mn-N stretching fre- 
quency in the phen complexes as a result 
of steric constraints imposed by the lig- 
and. [Mn(bpy)z]2+ in the different zeolites 
shows metal-to-ligand charge transfer 
(MLCT; at 495 nm); for [Mn(phen),]'+- 
NaY the MLCT is broadened owing to 


complex distortion. On MLCT excitation 
[Mn(bpy),]" complexes show an ip- 
sochromic shift in the emission and an in- 
crease in quantum yield with increasing 
steric restrictions imposed by the zeolite. 
The ipsochromic shift of the emission 
band of [Mn(phen),J2+ in NaY results 
from the combined effect of the ligand 
field (this suggests emission from a CT 
state) and of coordinative distortion. The 
key factor influencing the emission prop- 


Keywords 
complexes * diimine 


n spectroscopy - 


erties is found to be the overall matrix-in- 
duced complex distortion. Cation stabili- 
sation of the ligand anion affects emission 
indirectly. The decay times for [Mn- 
(bpy),], +-Nay are in the millisecond 
range (7.5 - 11.5 ms) . A proposed model 
for excitation and emission properties of 
zeolite-occluded Mn" complexes involves 
excitation of a quartet CT state, intersys- 
tem crossing and subsequent emission. 
The enhanced stability of the coordina- 
tion sphere in the zeolite allows complexes 
to luminesce from a CT state, which is not 
detected in solution. The zeolite behaves 
as a supramolecular cryptating agent, 
protecting complexes from photodissocia- 
tion. 


Introduction 


Although Mn complexes in solution or on supports have been 
studied in detail by spectroscopic techniques,"] their photo- 
physical properties are still not very well ~ n d e r s t o o d . ~ ~  -41 


Polypyridine ruthenium complexes, such as [Ru(bpy)J2 + or cis- 
[R~(bpy)~]" (bpy = 2,2'-bipyridine), have been extensively 
studied in this r e s p e ~ t . [ ~ - ~ ' ~ - ~ I  C omplexes of Ru", Os", Cr"', 
Rh"' and Ir"' are the only species known to luminesce strongly 
in solution at room temperature and to exhibit good photosen- 
sitisation capacity for electron- and energy-transfer processes. 
An overview of the photophysical, photochemical and electro- 
chemical properties of such systems is available.'51 Occlusion of 
Ru" tris and bis complexes in zeolites has been described by 
Mallouk et a1.,[6f-h1 Lunsford et al.,[71 Dutta et aLL8] and Kin- 
caid et 


[*] Prof. Dr. Ir. P. A. Jacobs, Ir. P. P. Knops-Gerrits 
Centrum voor Oppervldktechemie en Katalyse, Katholieke Universiteit Leuven 
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Celestijnenlaan 200 F, B-3001 Heverlee (Belgium) 
Prof. Dr. X.-Y. Li 
Chemistry Department, Hong Kong University of Science and Technology 
Clear Water Bay (Hong Kong) 


Emission properties of 0- and N-ligand Mn" complexes 
have been At room temperature octahedral 
Mn octamethylpyrophosphoramide complexes [Mn(OMPA),- 
(C104)z][2d1 show a broad phosphorescence band centred at 
585 nm, which is red-shifted at lower sample temperatures. At 
liquid-nitrogen temperature it is situated at 620 nm and is as- 
signed to a 4T1 + 6 A ,  transition. Tetrahedral Mn" in the cubic 
sites of different inorganic lattices, such as ZnS, ZnSe and ZnTe, 
has been characterised by emission spectroscopy.[2c1 Ligand 
variation shows that the governing effect on the decay time of 
the Mn" 4T1 + 6 A ,  emission is the spin-orbit interaction of the 
p electrons of the ligands with Mn". Excitation and emission 
luminescence spectra for complexes of Mn" halide with 2,6- 
dimethylpiperidinium and N-methylpiperidine have been pub- 
lished as ~ b] In permanganate (MnO,) tetrahedral Mn"" 
is bound by four oxygen ligands and does not luminesce.[31 


The photoprocesses of complexes of Mno with carbonyl and 
cc-diimine ligands have recently been reported by Stufkens et 


Mononuclear 16-electron ligand-centred radicals of 
[Mn(a-diimine)(CO),J with a n* singly occupied molecular or- 
bital (SOMO) are formed upon excitation. In these low-spin 
Mno complexes the six electrons are in the t,, levels, and an 
electron is excited either into the d,, orbital for pentacarbonyl or 
into the z* orbital for tricarbonyl/cc-diimine complexes. 


Occlusion of [Mn(bpy),]'+ complexes in zeolite Y has recent- 
ly been reported and leads to mainly cis-[Mn(bpy),12 + complex- 
es.['] The present work describes our attempt to understand 
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steric influences around the Mn2+ ion by ligating it to 2,2'- 
bipyridine and 1 ,lo-phenantroline in zeolite cages of different 
sizes and with a different numbers of charge-compensating 
cations. The change of zeolite topology is the first factor used 
for steric variation. [Mn(bpy),12 + was therefore synthesised in 
the hypercages of a hexagonal faujasite and the supercages of 
cubic faujasite. To obtain coordination geometries with differ- 
ent degrees of distortion imposed by the ligand, occlusion of 
[Mn(bpy),]'+ and [Mn(phen),]'+ within NaY was compared. 
Fine-tuning of steric effects was achieved by changing the num- 
ber of charge-compensating cations, that is, by comparing the 
occluded complexes in zeolite NaX and N a y  The emission spec- 
tra of the Mn complexes are reported, and the effects of coordi- 
nation and sterochemistry on these spectra are discussed. 


Experimental Procedure 
Synthesis of materials: Hexagonal faujasite with EMT topology (NaEMT) which 
was free of significant cubic intergrowths was synthesised according to a literature 
procedure [16a]. After being washed with deionised water and dried at 333 K, the 
crystals were calcinated in a muffle furnace at 823 K for 20 h. The hydrogel prepared 
with Ludox HS-40 (Du Pont), Gibsite (Fluka), NaOH pellets (Merck) and 18- 
crown-6 ether (Janssen Chimica) was aged at 293 K for 3 d. The Si/Al ratio of the 
material was 3.50. Cubic fanjasites with different Si/Al ratios [NaX (1.04), NaY 
(2.45)] were obtained from Zeocat. 


Synthesis of complexes: The synthesis of [Mn(bpy),12+ in NaX, NaY and NaEMT, 
and of [Mn(phen),12+ in faujasite NaY were performed as previously described for 
[Mn(bpy)J2+ in NaY [1,11]. After cation exchange of Mn2+ for Na', at a loading 
of one Mn2+ per supercage for faujasite X and Y and one Mn2+ per hypercage for 
faujasite EMT, the samples were dehydrated at 473 K and subsequently mixed at 
298 K with bpy or phen at a 2.5: 1 ligand-to-metal ratio under N, atmosphere. 
Ligands were sorbed on the zeolite by solid-state mixing at 363 K for 48 h. The 
samples were soxhlet extracted in dichloromethane for 24 h to remove uncomplexed 
ligand. 


Thermogravimetric analysis was performed with a Setaram-92 balance. Samples 
were heated under 5 vol% of 0, in a helium atmosphere at a rate of 5 K per minute. 


XPS (X-ray photoemission spectroscopy) measurements were performed with a 
Perkin-Elmer PHI 5500-5600 apparatus (using monochromatic Al,, X radiation, 
1486.6 eV) in the 0-1400 eV window at 1.33 lo-'' Pa. The calibration values used 
are: Mn(2p 3/2): 639.6 eV (S. F. 150.146); A1 (2p): 71.2 eV (S. F. 19.719); Si (2p): 
99.7 eV (S. F. 28.827). 


Chemical analysis (CA) measurements were performed with a Varian Liberty 100 
ICP-emission spectroscopy apparatus. 


FT-IR spectra were recorded on a Nicolet 730 spectrometer. KBr pellets containing 
the zeolite powders were used. 


FT-Raman spectra were recorded on a Brncker IFS-1000 spectrometer using 1000 
scans at 100 mW laser power. 


Molecular modelling was performed with the program Hyperchem V 3.0 for Win- 
dows (Auto-desk), using a completed version of the MM + force field, that is, a 
completed version of Allinger's MM2 [13a]. The zeolite lattice coordinates used 
were derived from Rietveld refined X-ray diffraction studies of faujasites Y and 
EMT ([13 b], and references therein). The coordinates of pseudooctahedrally coor- 
dinated cis-[Mn(bpy),l2' were obtained from an XRD study [ I ~ c ] .  The symmetry 
of tris(diimine) and cis-bis(diimine) complexes in the ground state are D, and C,, 
respectively. Excited states(e.g., ' T I )  were simulated with 0, symmetry as six-cooi-- 
dinate pseudospherical complexes. 


Diffuse reflectance spectra (DRS) were recorded in the 200-800 nm range with a 
Cary5 instrument, a type I diffuse-reflectance attachment and an Eastman Kodak 
white reflectance standard. The spectra were computer-processed with intensity 
scales in arbitrary units. 


Luminescence spectroscopy: The front-face stationary emission spectra of powder 
samples were recorded with an SPEX Fluorolog model 1691 apparatus with a 
double monochromator (SPEX spectramate 3980B) in the 300-800 nm range with 
excitation at wavelengths corresponding to positions of the CT maxima. The sam- 
ples were pretreated in vacnum and kept at 1.3 Pa during the measurements. The 
spectra are uncorrected for spectrometer response, and intensity scales are arbitrary. 
Quantum-yield (@)determination was based on calibration with [Ru(bpy),]'+, for 
which @ approaches unity [loa-c]. It should be stressed that the measurements for 
zeolite-occluded species occur on samples with much higher concentrations (around 
0 . 8 8 ~  or eight complexes per unit cell) than in solution (usually M) 


Time-resolved emission measurements were obtained by excitation with a Spectra 
Physics Quanta-Ray DCR3A pulsed Nd:Yag laser coupled to a temperature-con- 
trolled HG-2 harmonic generator with a PHS-1 prism harmonic separator from 
which the second (532 nm, 360 mJ, 6 ns) and the third (355 nm, 160 mJ, 5 ns) har- 
monics were' used. A high-voltage pulse generator (Princeton Applied Research, 
model 1302 fast pulser 5-10-20 ns gate) and gated intensifier coupled with a silicon 
photodiode array detector (Princeton Applied Research, model 1421) were used to 
create a delay (ranging from 100 ns to 40 ms) between the excitation pulse and the 
detection time window (of 1 ps). The spectrum was analysed in the 200-700 nm 
domain by using an OMA-3 console with data-processing unit. 


Results 


Intrazeolitic complexation of Mn by diimines was performed by 
a stepwise method comparable to that previously reported for 
the synthesis of [Mn(bpy)J2' in NaY zeolites.['] There is a 
major difference between the cage structure in cubic and hexag- 
onal faujasites. Molecular graphics tells us that complex reten- 
tion occurs in the supercages of cubic and the hypercages of 
hexagonal faujasite (see Fig. 6 below). Although two types of 
cages exist in the latter topology,[16c1 for steric reasons only the 
larger hypercages with a free diameter of around 1.3 x 1.4 nm 
and with five 12-membered ring (12MR) apertures are suitable 
for synthesis of the complexes. The smaller hypocages with three 
12MR apertures are too small for complex fixation. 


Thermogravimetric analysis showed that, after extraction of 
MnNaY loaded with ligand, the average number of remaining 
ligands per Mn ion does not differ significantly from 2, which 
corresponds to the proposed stoichiometry for the complex 
(Table 1). With NaX a small amount of residual bpy ligand 


Table 1 .  Thermogravimetric analysis of zeolite-occluded [Mn(L)J2 + complexes 
before (a) and after (b) soxhlet extraction. 


L/Mn (a) L/Mn (b) 


[Mn(bpy),12+-NaX 2.46 1.74 


[Mn(bpy),12+-NaEMT 2.43 2.27 
[Mn(phen),]* +-Nay 2.49 2.14 


[Mn(bpy),12+-NaY 2.52 2.02 


remains, while a small amount of uncomplexed Mn2+ seems to 
be present with NaEMT. The chemical analyses (Table 2) and 
XPS results (Table 3) show that silicon is enriched at the surface 
of these three zeolites. The Mn/Si ratios obtained with XPS and 
chemical analysis is similar for both Y and X zeolites. This is a 
clear indication that significant amounts of complex do not 


Table 2. Chemical analysis of zeolite-occluded [Mn(L),I2+ complexes after extrac- 
tion. 


Mn:Si Mn:AI AI:Si 


[Mn(bpy),12+-NaX 0.141 0.058 0.962 
[Mn(bpy),12 +-Nay 0.060 0.138 0.407 
[Mn(bpy),]''-NaEMT 0.042 0.196 0.286 
[Mn(phen),]'+-NaY 0.067 0.144 0.409 


Table 3. XPS analysis of zeolite-occlnded [Mn(L)J2 + complexes after extraction. 


Mn:Si Mn : A1 Al:Si 
~~ 


[Mn(bpy),]'+-NaX 0.117 0.084 0.794 
[Mn(bpy),]'+-NaY 0.049 0.199 0.248 
[Mn(bpy),12+-NaEMT 0.080 0.365 0 218 
[Mn(phen),lzt-NaY 0.060 0.300 0 199 
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encaged in NaX and NaY zeolites contain mainly cis and little 
trans isomer. The spectra of homogeneous cis- and trans- 


2 ' 
i 


remain adsorbed at the external surface of the crystals.f18.b1 This 
is not the case with EMT. Given the A1 depletion in the crystal 
rim and the heterogeneity in site population across the crys- 
ta1,116.d1 the data cannot be directly rationalised. Scanning elec- 
tron microscopy (SEM) photographs of [Mn(bpy),]'+ in NaY 
and NaX['] confirmed the absence of crystals of the [Mn(L),I2' 
complexes at the outer surface. With NaEMT similar pictures 
are obtained (Fig. 1). 


A B 
Fig. 1. Scanning electron micrographs of the cubic and hexagonal faujasite NaY 
(A) and NaEMT (B) containing [Mn(bpy),]'+ complexes. 


&/trans Biscomplexation of diimine-containing zeolites: FT-IR 
spectra of [Mn(bpy),12+ in NaX, NaY and NaEMT (Table 4) 
show only minor frequency shifts for all vibrations relative to 


Fable 4 FT-IR wavenumbers of cis-[Mn(bpy),(NO,),1 and cb-[Mn(bpy),l*'-NaY [a]. 


Assignment Homog.[b] FAU-X FAU-Y EMT 


in-plane ring deformation 
in-plane ring deformation 
out-of-plane ring and C-H deformations 
out-of-plane C-H deformation # 1 
out-of-plane C-H deformation 
out-of-plane C-H deformation #2 
in-plane C-H deformation 
ring stretch (C=C/C=N stretch) 
ring stretch (C=C/C=N stretch) 
ring stretch (C=C/C=N stretch) 
out-of-plane ring and C-H deformations 
ring stretch (C=C/C=N stretch) 
ring stretch (C=C/C=N stretch) 
ring stretch (C=C/C=N stretch) 
ring stretch (C=CiC=N stretch) 


623 (m) 
667 (s) 
735 (s) 
757 (m) 


772 (s) 
1305 (m) 


1440 (s) 
1473 (m) 
1490 (m) 
1568 (m) 
1574 (m) 
1594 (s) 


628 (m) 
667 (s) 
736 (in) 
756 (sh) 
765 (s) 
771 (sh) 


1317 (m) 
1436 (s) 
1444 (vs) 
1474 (s) 
1492 (m) 
1567 (vw) 
1576 (w) 
1596 (s) 
1605 (s. sh) 


634 (w) 
668 (s) 
737 (m) 
157 (sh) 
768 (sh) 
772 (s) 


1317 (m) 
1435 (s) 
1442 (vs) 
1475 (s) 
1493 (m) 
1568 (vw) 
1577 (w) 
1597 (s) 
1606 (5) 


627 (m) 
661 (s) 
736 (m) 


765 (sh) 
771 (s) 


1315 (m) 


1473 (sh) 
1491 (m) 


1575 (a) 


1602 (s) 


' 1567 (VW) 


[a] Zeolite pore-stretching, bending and pore-breathing vibrations of the FAU and EMT 
zeolites are omitted for clarity [13 h]. [b] The homogeneous cis-[Mn(bpy),(NO,),] were 
synthesised according to ref. [13c]; rI.r or trms coordination only has a significant effect 
on the splitting of the hpy C-H out-of-plane vibration, not on the nitrate bands. 


NaY complexes a broad 
maximum occurs at 
772cm-' with a shoulder 
at 768 cm-', indicative 
of a major fraction of 
cis-coordinated complexes 
(Table4). For [Mn- 
(phen),]'+-NaY complex- 
es, the out-of-plane C-H 
deformations (Fig. 2 B) also 
point to cis coordination. 
Two different out-of-plane 
C-H deformations of the 
aromatic ring hydrogens 
are observed-at 848 cm- ' 
for the central ring and at 
725cm-' for the pyridyl 
ring.[6d1 The spectra of ho- 
mogeneous cis- and trans- 
(phen), complexes again 
differ in the out-of-plane 
C-H deformation bands, 
as a result of their different 
symmetry. Although the 


I 0 


splitting is better resolved 9 0 8bO 7bO E i, 
Wavenumber (cm-1) for the 725cm-' band (to 


723 and 729 cm- 
Fig. 2. FT-IR Spectra in the C-H out- 


the 848 cm-' band, the of-Dlane deformation region for cir- 


than for 


spectrum again points to [M;i(phen),(NO,),] (A)- and [Mn- 
the presence of cis-coordi- 
nated complexes (Fig. 2A). 


In FT-Raman the M-N bands occur in the 180-290 cm-' 
region for metals with partially filled eg orbitals such as Mn11.[6d1 
For [Mn(bpy),]'+-NaY this band, which is acombination mode 
of the Mn-N-C deformation and the Mn-N stretch modes, is 
observed at 243 cm-' (Fig. 3B). Owing to the steric constraint 
in [Mn(phen),]'+-Nay, the Mn-N stretch frequency is shifted 
to 251 cm-' (Fig. 3A). 


(~hen)~l '+-NaY (B). 


h 


c 
+ .... - - Fig. 3. FT-Raman spectra in the 


Mn-N stretch region of [Mn- 
(phe~~)~] '+-NaY (A) and [Mn- 
( 'JPY)ZI~+-N~Y (B). 


500 400 300 200 100 


A V  (cm-') 


Coordination of Mn2 + in IMn(bpy),j3 +-NaX/NaY/NaEMT and 
IMn(phen),12 +-Nay: The reflectance spectrum of [Mn(bpy),12 + -  


N a y  (Fig. 4, left, spectrum a) shows MLCT maxima at 495 nm 
with a shoulder at 530 nm. Since it is a high-spin complex, 
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a significant degree of n backbonding occurs. It is hardly pos- 
sible to identify the d-d bands of the Mn2+ complex, since they 
can even be obscured by the very weak UV organic absorption 
tailing into the visible. The excitation spectra are comparable to 
the diffuse reflectance spectra. 


For [Mn(phen),]'+-NaY a broadened MLCT region is ob- 
served (Fig. 4, left, spectrum b), owing to the structural rigidity 
of the ligand. No deformation of the ligand from its flat confor- 
mation is allowed; a distortion of the coordination sphere 
occurs as a result, and the coordinative environment is thus 
less well defined than in case of the more flexible bipyridine 
ligand. 


The intensity decrease of the MLCT absorptions (Fig. 5, left) 
in the order NaX>NaY >NaEMT can be rationalised as fol- 


200 300 400 500 600 700 525 600 675 750 


Wavelength ( nm ) Wavelength ( nm ) 


Fig. 5. Effect of zeolite toDoloev and comDosition on the DRS (left) and emission 1.. 1 LI ~I 


spectra (right) at 490 nm excitation: [Mn(bpy),]'+-NaX (a), [Mn(bpy),]"+-NaY (b) 
and [Mn(bpy),12+-NaEMT (c). 


lows: since the Si,/Al ratio of the zeolite increases in the same 
direction, the walls of the large cages show a decreasing Na 
cation population. 


Molecular models of the complexes in the FAU (X,Y) su- 
percages and EMT hypercages are shown in Figure 6. 


Fig 6 Space-filling molecular models of the [Mn(bpy)J2' complexes in FAU (left) 
and EMT (right) topologies 


MLCT emission occurs by excitation of the MLCT state: The 
[Mn(bpy),]' +-Nay complexes in the zeolites show straightfor- 
ward MLCT characteristics. Mn" complexes are fairly ionic, in 
part due to their zero crystal field stabilization energy. With 
excitation at 490 nm, the emission maximum for the 
[Mn(bpy),]'+-NaY (Fig. 4, right, spectrum a) complexes is at 
580 nm (@ = 0.045), while for [Mn(phen),]'+-NaY (spec- 
trum b) it is at 555 nm (@ = 0.019). The lowering of quantum 
yields observed in the latter case reflects a higher nonradiative 
decay, probably as a result of the more distorted coordination 
geometry. The blue-shifting of the emission band is probably the 
combined result of a distortion of the coordination polyhedron 


and an increase of the lODq value. The 10Dq value is 
10640 cm-' for Mn(bpy) and 10720 cm-' for Mn(phen); the 
latter is indicative of a charge-transfer state.[6c1 Indeed, distor- 
tion of the phen ligand on coordination is negligible, because, as 
a result of its planarity, no twisting around the C2-C2' axis is 
possible, in contrast to the bpy ligand. 


Bathochromic shifts in the charge-transfer emission with decreas- 
ing steric constraints: The influence of the zeolite topology and 
cation content on the emission characteristics (Fig. 5, right) 
demonstrates the importance of the steric parameter in the 
choice of the zeolite as a cryptating agent. When the 
[Mn(bpy)J2' complexes synthesised in NaX zeolites (Si/ 
A1 = 1.04) are analysed with excitation at 490 nm (Fig. 5, right, 
spectrum a), the emission is blue-shifted to 570 nm with an in- 
creased quantum yield (@ = 0.055). When [Mn(bpy),I2' com- 
plexes are occluded within the larger EMT hypercages (Si/ 
A1 = 3.5) (spectrum c), the emission maximum is red-shifted to 
591 nm with a lower quantum yield (@ = 0.033).[16"-b1 The in- 
crease of the Si/Al ratio, with concomitant reduction of cation 
exchange capacity (CEC) and hence reduction of Na+ ion con- 
tent in the large cages, provides more free space for the encapsu- 
lated complexes. The decrease in interaction between the anion 
radicals and the framework cations causes red-shifting of the 
emission band. The metal complexes show rotational mobility 
when the they are hydrated;17] this is lost upon dehydration. 
Consequently all faujasite-occluded complexes are blue-shifted 
and the decay time is reduced in the absence of the water 
mantle.[7 *I However, the single ligand localised anions of the 
MLCT state are stabilised by the charge-compensating Na' 
ions that are present; this effect decreases in the order 
X > Y > EMT. 


The MLCT transitions are also strongly influenced by the 
difference in o-donor and n-acceptor properties of the ligands. 
The electrons are promoted into the n* levels of a single bpy or 
phen ligand and not delocalised over the two ligand orbitals, as 
the electron hopping process would require an energy of about 
1000 cm- '.[' -81  Time-resolved measurements with 355 nm ra- 
diation show decay times between 7.5 and 11.5 ms for the 
[Mn(bpy),l2'-NaY complexes. This is longer than the 1.7 ms 
decay time of the quartet -sextet transition of sulfur-coordinat- 
ed Mn2 + .["I For these nondehydrated occluded complexes the 
decay can be modelled by a single exponential. Other authors['] 
have shown that rotational mobility of the complex is reduced 
upon dehydration, and multiexponential or Gaussian decay 
models should be used, since dehydration results in direct inter- 
action of complex and surface, creating different environments 
for the complexes. 


Discussion 


The nature of the ground and excited states of metallodiimine 
complexes: The data presented above confirm the general con- 
cept of charge transfer related emission properties of ligand-ex- 
cited species stabilised inside zeolite cages. In photophysical 
studies of the excited states of organic molecules or complexes 
of transition metal ions (TMI) the most extensively studied spe- 
cies are the d3 and d6 octahedral complexes and the d8 square- 
planar complexes because of their usually inert ground state. 
The polypyridine complexes of Ru", Os", Cr'", Rh"' and Ir"' 
complexes["] are reported to luminesce strongly in solution at 
room temperature and to exhibit good photosensitisation ca- 
pacity for electron- and energy-transfer processes. 


The position of the luminescence observed in our spectra is 
quite analogous to that of other Mn" complexes such as 
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[Mn(OMPA),(ClO,),] ,["I which show a broad phosphores- 
cence band at room temperature centred at 585 nm. The in- 
crease of the 10 Dq value for Mn(phen) compared to Mn(bpy) 
complexes agrees with the blue-shifting of the emission band 
and is indicative of CT states. The decay time of this emission is 
only slightly longer than the 1.7 ms quartet-sextet transition 
observed for S-coordinated Mnz+.[zc] 


The results obtained shed new light on the influence of zeolite 
topology and the nature of the ligand; these factors have a 
profound influence on the emission characteristics of zeolite- 
occluded TMI complexes. 


Steric restrictions imposed by the FAU and the EMT topologies 
on the occluded complexes differ significantly: Within the FAU 
topology the free space in the supercages varies significantly 
with the number of charge-compensating cations. Moreover, 
when the zeolite is dehydrated at around 473 K, Na+ ions remain 
partially hydrated. Thus, effects of stabilisation might result 
from the proximity of the positive charge and associated water. 


All emission experiments reported in the literature have been 
performed on Ru complexes encapsulated in NaY. Although 
effects of cation loading and degree of hydration could be mon- 
itored, effects of topology and of density of the charge-compen- 
sating ions could not be taken into account. For water satura- 
tions of up to 80 %, a nonlinear relationship between emission 
intensity and water content was For higher degrees 
of hydration, emission is quenched.['"] Destabiliation of the n* 
orbital due to lack of solvation causes the emission to blue-shift 
and the lifetime to decrease.[8b1 


The occupancy of CT states in the present samples is consis- 
tent with the observed blue shift in the emission as the ligand is 
varied, although the effect is too big to be assigned entirely to an 
increase in 10 Dq . An extra steric factor needs to be taken into 
account. 


A blue shift is observed when the ligand favours distortion in 
the coordination sphere (phen), or when the zeolite topology is 
changed, or when the amount of hydrated cations is increased 
according to the sequence EMT < Y < X. This ipsochromic shift 
can be explained in terms of a ligand- or matrix-induced distor- 
tion of the complex. Thomas et al. showed that steric restriction 
causes a blue-shifting of [Ru(bpy),]'+ incorporated into a poly- 
merised silica.['4] A marked blue shift is observed with respect 
to that of species adsorbed at the surface. The hypercage of 
EMT is bigger than the supercage of FAU. In the FAU su- 
percage, free space can be further restricted by an increasing 
number of (hydrated) Na or charge-compensating cations, 
caused by a decreasing Si/Al framework ratio. This steric effect 
is operative in the materials investigated here. Apart from steric 
effects, ion pairing between Na+ ions and organic radical anions 
can have an effect on the emission and can stabilise the n* ligand 
orbitals. Na' stabilisation of the n* orbitals is evident from the 
observed red shift in pyrenes adsorbed in NaY and NaX.['7.b1 
Thus, in the present case the steric effect or the effect of matrix- 
induced distortion (blue shift along the series EMT, Y, X) is 
dominant over the effect of ion-pair or ion-triplet formation 
(red shift going from Y to X zeolite). 


Whereas pyrenes are flat molecules, bisdiimine complexes are 
almost spherical ; this makes the latter more sensitive to steric 
influences. For the sequence EMT, Y, X, the average number of 
water molecules per Na' should decrease; less 0 - H  vibrations 
will therefore be available to couple with the excited complex 
and assist in radiationless transition from ligand H atoms, and 
the quantum yield will thus increase. An analogous increase in 
quantum yield has been reported on substitution of D,O for 
H 0 [ 1 o C l  


2 '  


The mechanism of emission involves a charge-transfer state: The 
distinction between d-d-related emission and CT-related emis- 
sion is a complex issue, as has been pointed out for 
[Ru(bpy)J2 + .Is] The emission was initially attributed to a 
charge-transfer fluorescence;[sa1 this was later disputed, and the 
emission was reassigned as a "d-d" phosphorescence,[5b1 a "d- 
d" charge-tran~fer[~~-"] and charge-transfer 


Today, consensus has grown towards a 
charge-transfer phosphorescence mechanism (i.e., 3MLCT + 
ground state) .L5g1 Furthermore, the MLCT state was found to be 
localised,['Od] and symmetry groups and CT characteristics for 
ground and excited states of [Ru(bpy)J2' were studied.[5h1 


Mn" complexes have five unpaired electrons in the d orbitals 
in a pseudospherical (d5) configuration, and Mn" has a high- 
spin 6Al  ground state (Fig. 7). Excitation to a ,T1 state is fol- 
lowed by the population of a 4CT, which is converted by inter- 


Mn(ll) 'T, bpy 


\ 


hu 
490nm 


(Mn(ll1) 6E bpy 'P) 


System 


$ , 
Crossing 


(Mn(lll) 'E bpy 'P) 


570nm NaX 
580nm NaY 
591nm NaEMT 


Mn(ll) @AA, bpy 


Fig. 7. Scheme of the excited states proposed for the zeolite-occluded Mn/cc-diimine 
complexes. 


system crossing to a 6CT state from which emission occurs. 
Mixing of the 5E state of Mn with the ' P  state of bpy results in 
a 416CT state. The 6CT complex with an a-diimine radical, when 
formed in the zeolite, does not dissociate, in analogy with 
[R~(bpy),]'+-NaY.[~ MLCT ligand-centred radicals of com- 
plexes such as [Mn(bpy)(C0)3][41 have a n* SOMO. For a 
mono-Mn(bpy) complex the radical is evidently localised at a 
single ligand.f4] For bis- or tris-[Ru(bpy),]*+ the single ligand 
localised nature of the radical was probed by excited-state reso- 
nance R a m a ~ ~ , ~ ' ~ " ]  transient absorption!' EPR['5b1 and flash 
fo to ly~ i s . [ ' ~~-~]  The emission decay times of the [Mn(b~y)~] '+- 
NaY complexes are significantly longer than those of 
[Ru(bpy),]'+-NaY (98 ns at high complex loading; 440 ns at 
lower complex loading) The intersystem crossing to the 'CT 
state is followed by the emission from the 6CT state to the 6Al  
ground state. Only a preceding 6CT can be responsible for the 
very long decay times of the luminescence of the Mn"/a-diimine 
radical system. 


Complexes with labile states can be made luminescent when the 
ligand is enclosed in a suitable cage ligand: An example of this is 
the well-defined coordination spheres formed by bpy . bpy . bpy 
cryptates.['2a1 Also zeolite cages impose steric constraints on 
ligands so that they cannot move away from the TMI. Zeolites 
thus function as supramolecular cryptating agents that enhance 
coordination sphere stability, which critically protects the com- 
plex against photodissociation. "Forced" inertness imposed on 
TMI complexes by intrazeolitic encapsulation is a valuable al- 
ternative to the use of organic cage-type ligands.["] 
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[Lithium tert-Butylperoxide] : Crystal Structure of an Aggregated Oxenoid 


Gernot Boche,* Konrad Mobus, Klaus Harms, John C. W. Lohrenz, and Michael Marsch 


Abstract: The X-ray crystal structure of 
the dodecameric lithium tevt-butylperox- 
ide [Z],, is the first of an alkali or alkaline 
earth peroxide. It shows the lithium ion 
bridging the two oxygen atoms of the per- 
oxide unit and a slight lengthening of the 
0-0 bond, in agreement with quantum- 
chemical calculations. A calculation for 
the model reaction of MeLi with LiOOH 
to give MeOLi and LiOH reveals the im- 
portance of Li bridging the 0-0 bond in 


the transition state of this reaction, as sim- 
ilarly discussed for many oxidation reac- 
tions of (transition-) metal peroxides. Pre- 
liminary theoretical studies of the 0-0 


aggregates 
oxenoids 
elucidation 


Introduction 


Peroxide complexes of (transition-) metal compounds play an 
important role in (enantioselective) oxidation reactions.['] The 
Sharpless epoxidationf2] and the transformation of sulfides into 
sulf~xides[~] are well-known examples for titanium species. The 
importance of a molybdenum peroxide in oxidation reactions 
catalyzed by molybdenum peroxo complexes has recently been 
outlined.[41 Other recent reports deal with acylperoxo-Fe'" por- 
phyrin complexes,[51 an alkylperoxo - Fe11'[61 and a hydroperox- 
ide- Fe"' intermediate.['] In many cases an $-coordination of 
the ROO ligand to the metal is discussed, at least for the transi- 
tion state of the oxidation reaction." -4 .  However, although 
several structures of v]'-peroxide metal complexes have been 
published[g] there are only two reports on the structure of an 
$-complex (1) .[''I No solid-state structure has yet been report- 
ed for an alkali or alkaline earth metal peroxide.['] 


0 


1'0 PI12 


In the context of our investigations of metalated (lithiated) 
hydroperoxides, their oxenoid character, and their reactions 
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Fachbereich Cheinie der Philipps-Universitat Marburg 
D-35032 Marburg (Germany) 
Fax: Int. code +(6421)28-8917 
e-mail: bochefu. psl515.chemie.uni-marburg.de 


bond length (and thus of the oxenoid 
character) as a function of the aggregation 
of 2 disclose that increasing aggregation 
leads to stabilization of the charge at the 
anionic oxygen atom and thus to a reduc- 
tion of the 0-0 bond length (oxenoid 
character). Related considerations of the 
effect of aggregation should also be valid 
for other lithium (organometallic) com- 
pounds and their structure and reactivity 
as well as other properties. 


with nucleophiles such as organometallic compounds,["] we 
report here the X-ray crystal structure determination of lithium 
tert-butylperoxide (2), which crystallizes as an $-Li-bridged 
dodecamer [2] 2 .  We also performed a theoretical investigation 
of the model oxidation reaction of methyllithium MeLi (3) with 
lithium hydroperoxide LiOOH (4) to give lithium methylate 
LiOCH, (5)  and lithium hydroxide LiOH (6)  [Eq. (l)] in order 
to gain an insight into the importance of lithium bridging the 


MeLi + LiOOH - MeOLi + LiOH 
3 4 5 6 


two oxygen atoms of 4, as well as into other details of the 
transition state of this type of facile oxidation reaction of 
organometallic compounds. 


Other model calculations, motivated by the only slight elon- 
gation of the 0-0 bond in [Z],,, indicate the importance of 
aggregation in the structure of an oxenoid like 2. It has long 
been known that the rate of reaction of an organolithium com- 
pound with an electrophile depends strongly on the aggregation 
state. Thus, McGarrity et al. reported in 1985 that dimeric n- 
butyllithium reacted 10 times faster with benzaldehyde than did 
the corresponding tetramer.['Z1 Streitwieser et al. noticed recent- 
ly the influence of the aggregation on the UV/Vis absorption 
spectra of Li enolates: the monomer absorbs at longer wave- 
lengths than the aggregated species.['3a1 And Klumpp et al. re- 
ported lately['3b1 that even the chemoselectivity of an organo- 
lithium compound is a function of its aggregation. An 
understanding of the influence of aggregation on all sorts of 
ground- and transition-state properties of organometallic spe- 
cies is therefore of some importance. Our theoretical investiga- 
tions of the influence of aggregation on the 0-0 bond lengths, 
and thus on the oxenoid character of lithium peroxides, give an 
explanation for that particular case that may be of more general 
significance. 
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Results and Discussion 


The crystal structure of lithium teri-butylperoxide [2],2 : Figure 1 
shows the dodecameric aggregate [2],, with its polar nucleus of 
12 lithium and 24 oxygen atoms and the hydrophobic shell re- 
sulting from the 12 tert-butyl groups. The details of the struc- 
ture are better understood from Figure 2 with the asymmetric 


8 Li 


Q O  


oc 


Q 


R-M+ 7; this means that they are important oxidants for the 
transformation of 7 into alkoxides 8 [Eq. (2)] . [I  


R-M’ +LiOOrBu - ROM +LiOtBu 
7 2 8 


According to stereochemical studies the nucleophiles 
R-M’ 7 retain their stereochemistry at the anionic carbon 
atom, at least in the cases of R - M +  = cyclopropyllithium[’61 
and ~inyllithiurn.[”~ We have confirmed these observations with 
cyclopropyl Grignard reagents and cuprates,[’81 and with vinyl 
Grignards.[”] These results suggest an SN2-type reaction of 7 
with 2 rather than an electron-transfer-recombination se- 
quence. The oo-o bond in LiOOH 4, which is weakened com- 
pared with the one in HOOH, and the rather low-lying o&, 
orbital in 4[’la1 are in accord with a one-step mechanism for the 
oxenoid reaction (2). MP2(fc)/6-31G(d) calculations do indeed 
lead to a favorable S,-type transition state of the model reac- 
tion (1) of MeLi (3) with LiOOH (4) to give MeOLi (5 )  and 
LiOH (6). As shown in Scheme 1, MeLi and LiOOH first form 


V 


Fig. 1. Crystal structure of [LiOOtBu],, [2],, (hydrogen atoms have been omitted 
for clarity). 


b 
L I  2 


Fig. 2. Asymmetric unit of [2Il2 with the bonds to the Li+ neighbors. Significant 
bond lengths [pm]: 0 1 - 0 2  147.5(3), 02 -L i lB  190.9(5), 01-LiIB 210.9(5), 
01-Li2D 190.2(5), 01-Lil  185.2(5), 0 3 - 0 4  147.7(3), 04-Li2E 199.3(5), 
03-Li2E 196.1(5), 03 -L i l  191.3(5), 03-Li2 186.9(5). 


unit of [2Il2-two LiOOtBu molecules-and their next Li + 


neighbors. Both 0-0 bonds of the asymmetric unit (0 1 - 0 2  
and 0 3-04, respectively) are bridged by lithium cations (Li 1B 
and Li2E, respectively). In the case of LilB the bond to the 
anionic oxygen atom 0 1  is longer than to 0 2  (210.9(5) and 
190.9 ( 5 )  pm, respectively). This contrasts with Li 2E, which has 
a shorter bond to the anionic 0 3  than to 0 4  (196.1(5) and 
(199.3 (5 )  pm, respectively). It is important for the discussion of 
the influence of aggregation on the structure of the oxenoid 2 
that in the dodecamer [2],, each anionic oxygen atom is addi- 
tionally bonded to two further lithium cations besides the bridg- 
ing ones: 0 1  to Lil  (185.2(5)pm) and to Li2D (190.2(5) pm), 
and 0 3  to Lil (191.3(5)pm) and to Li2 (186.9(5)pm). The 
bond lengths 0 1 - 0 2  and 0 3 - 0 4  (147.5(3) and 147.7(3) pm, 
respectively) are essentially identical. They are only slightly 
longer than the mean value of the 0-0 bond lengths in 
12 crystals containing HO-OH (145.3 pm)19] and in 29 crystals 
with HO-OR (146.5 pm).[93141 The 0-0 bond lengths in [2],, 
are of special interest in the context of the aggregation effects 
discussed later (see below). 


The transition state of the reaction of MeLi with Li00H-model 
reaction (1): Lithiated hydroperoxides like 2 are excellent elec- 
trophiles towards all sorts of organometallic nucleophiles 


Li2 


0 2  


H H 


Scheme 1. The reaction of CH,Li (3) with LiOOH (4) gives the complex 
CH,Li.LiOOH (3.4) and, via the transition state [3.4]*, the product complex 
CH,OLi.LiOH(5.6). Left :3.4, - 55.2 kcalmol- ‘;right, [3.4]*, - 16.6 kcalmol- ’ ; 
energy relative to CH,Li + LiOOH (3 +4), MP2(fc)/6-31G(d), bond lengths in pni. 


a complex 3.4, which is 55.2 kcalmol-’ more stable than 
the reactants 3 and 4. The 0-0 bond in 3.4 is doubly bridged 
by lithium and has essentially the same bond length as the 
0-0 bondin thenoncomplexed LiOOH4(152.1 and 151.8 pm, 
respectively). As the transition state [3.4]* is reached 
(Scheme l ) ,  important changes occur: the anionic methyl group 
migrates into the 0-0 bond axis of LiOOH, corresponding to 
nucleophilic substitution at the electrophilic oxenoid oxygen 
atom 0 1 .  This leads to a lengthening of the 0-0 bond in 
[3.4]* to 173.7pm. It is also evident from the structure of 
[3.4] * that the methyl group is “conducted” to 0 1 by means 
of Li 1 ,  and that Li 2 bridges 0 1 and 0 2 finally to form the 
leaving group LiOH (6)-a kind of metal-assisted ionization. 
The transition state [3.4]* is 16.6 kcalmol-’ more stable 
than the reactants 3 and 4, while the complex of the reaction 
products 5.6 is 160.0 kcalmol-’ more favorable than 3 and 4. 
It should be mentioned that LiOOH (4) has also served in 
other cases as a model for quantum-chemical investigations 
of oxidation reactions with metal-peroxide 
Bach and Schlegel,[20b1 for example, investigated the reaction 
of 4 with NH,, while the SH, reaction was studied by 
J~rgensen :IZocl suffice to say that likewise an S,Ztype 
transition state was found for these oxenoid reactions 
with 4. 


Chem. Eur. J.  1996, 2, No. 5 0 VCH Verl~i~.~~r.sells~litcrfi mhH, 0-69451 Wrinheim, 1996 0947-6539/96/020S-0605 $15.00+ ,2510 605 







G. Boche et al. FULL PAPER 


The influence of aggregation on the structure of lithium teut- 
butylperoxide (2): What structure is to be expected for an 
oxenoid like lithium tert-butylperoxide, which is as strong an 
electrophile as the related carbenoids 9 and nitrenoids lo?[' 


2 9 10 


What is the influence of the aggregation on the 0-0 bond 
lengths in different aggregates [2],, 0-0 bonds that should be 
elongated compared with the one in the hydroperoxide HOO- 
tBu, as is the case with the C - 0  bond in 9['11 and the N - 0  bond 
in Quantum-chemical calculations with HOOH (11) as a 
model for hydroperoxides, LiOOH (4) as a model for monomer- 
ic lithiated hydroperoxides, [4],, for a dodecamer, and [412 for 
a dimeric aggregate provided a first insight (Scheme 2). For 


Li 1853 


171 5/ b 8 0 1  


O K O ,  
H 


4 [412 
Scheme 2. HF/6-31 +G(d)SDstructuresof4, [4],,, [4],,and 11; bondlengthsinpm. 


these calculations we chose the comparatively low theoretical 
level HF/6-31+ G(d)5D in order to be able to include also the 
dodecamer [4],, in our investigations. The structure of [4],, 
shows the bridging of the oxygen atoms with lithium and the 
contact of the anionic oxygen atoms to two further lithium 
cations, exactly as observed in the solid-state structure of [2],, 
(Figs. 1 and 2). The 0-0 bond in the model [4],, is only slightly 
elongated to 142.5 pm compared with that of HOOH (11) 
(140.4 pm). A similar result has been found experimentally for 
[2],, (147.5(3) and 147.7(3) pm) compared with HOOH in crys- 
tals (mean value 145.3 pm). In the monomer model LiOOH (4), 
however, the 0-0 bond is much longer (147.1 pm) (Scheme 2), 
as expected for an oxenoid.[' la] This suggests that the additional 
stabilization of the negative charge at the anionic oxygen atoms 
of [4],, ([2],,) by the lithium cations of two further LiOOH 
(LiOOtBu) molecules is responsible for the difference. The cal- 
culated 0-0 bond length in the ?'-bridged dimeric [LiOOH], 
[4], with one further Li' at the anionic oxygen atoms is in 
agreement with this suggestion: it is shorter (145.0 pm) than in 
the monomer 4 (147.1 pm), however, longer than in [4],, 
(142.5 pm) . [ 2 3 - 2 5 1  One can conclude from these theoretical 
studies that the 0-0 bond length in a monomeric lithium per- 
oxide should be distinctly longer than the 0-0 bond in [2],,- 
which still has to be shown experimentally. A similar aggrega- 
tion effect might be responsible for the above-mentioned 
difference between the UV absorption of a monomeric enolate 
and that of its higher aggregates, which absorb at shorter wave- 
lengths than the monomer.['3a1 


Conclusion 


The first X-ray crystal structure determination of an alkali or 
alkaline earth peroxide, [2],, , shows that the two oxygen atoms 
are bridged by lithium and that there is only a slight elongation 
of the 0-0 bonds compared with the 0-0 bonds of HOOH 
and HOOR (2.3 and 1.1 pm, respectively). Quantum-chemical 
investigations of the structures of HOOH (ll), and of LiOOH 
(4), [LiOOH], ([4],), and [LiO.OH],, ([4Il2) as models for differ- 
ent aggregates of lithium peroxides, indicate that the aggrega- 
tion is of critical importance for the 0-0 bond lengths in these 
species: the shortest 0-0 bond length is calculated for [4],, 
(142.5 pm), while it is longer in [4], (145.0 pm) and 4 
(147.1 pm). This indicates that the slight elongation of the 0-0 
bond in [2],, is a result of the additional stabilization of the 
negative charge at the anionic oxygen atom by the lithiums of 
two other lithium peroxides 2, which corresponds to the results 
of the X-ray crystal structure of [2],, . In [4], the anionic oxygen 
atom is bonded to one more lithium cation, while in 4 it is only 
in contact with the bridging one. Model calculations of the 
reaction of LiOOH (4) with MeLi (3) to give MeOLi (5)  and 
LiOH (6)  are in agreement with an SN2-type transition state for 
this important oxidation reaction of an organometallic species 
R-M+ (7) with lithium peroxides like 2. The stereochemistry of 
such oxenoid reactions corresponds to an S,2 mechanism, 
which apparently is more favorable than a two-step electron- 
transfer-recombination sequence. 


Experimental Procedure 
Preparation of crystals of LiOOtBu [2lIz: Diisopropylamine (350 mg, 3.46 mmol) in 
3 mL tetrahydrofuran was deprotonated with n-butyllithium (3.2 mmol, 2.0 mL of 
a I . 6 ~  solution in hexane) to give lithium diisopropylamide. tert-Butylhydroperox- 
ide (288 mg, 3.2 mmol) was added to this solution, which then was kept at -30°C. 
After 3 d crystals suitable for an X-ray crystal structure determination were formed. 
Yield: 120 mg (42%). 


X-ray single crystal data collection and structure analysis of [2],z [(C,H,,L120,),, 
M=1152.60]:RhombohedraI,spacegroupR3,a = b= 2079.9(1),c =1450.1(1) pm, 
V = 5423.7(5) x = 1.057 Mgm-3, ~(CU,.) = 0.649 mm-'. 
The data were collected on an Enraf-Nonius CAD4 diffractometer with graphite 
monochromated Cu,, radiation, T = 218(2) K, 873 measured reflections 
(3.9<0<55"), 867 unique (R,,, = 0,053). Structure solution by direct methods 
(SHELXTL-PLUS), refinement on F2 with all unique reflections (SHELXL-93). 
The non-hydrogen atoms were refined anisotropically, the hydrogens on calculated 
positions with fixed isotropic temperature factors. The parameters of the weighting 
scheme were calculated by the program as 0.0623,8.1397; the extinction parameter 
was 0.00031 (9). Refinement converged to wR2 (R1 for 810 reflections with I>  2a(I) 
was 0.045), the goodness of fit (on F 2 )  was 1.115, 134 refined parameters. All 
calculations were performed on a Micro-VAX I1 and a DEC 3000-300X [26-301. 
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0-Atom Transfer to Fez Clusters (n = 2- 10) from 0, N 2 0  and C 0 2  : 
“Microoxides of Iron”** 


Oliver Gehret and Manfred P. Irion” 


Abstract: We report on the gas phase reac- 
tions of small Fe; clusters (n = 2-10) 
with 0,, N,O and CO, in an FT-ICR 
mass spectrometer. Under our experimen- 
tal conditions, clusters of all sizes reacted 
readily with 0, and all but the dimer re- 
acted with N,O. Only the smallest Fe: 


were accompanied by the loss of one or 
two Fe atoms. Thermochemical consider- 
ations based upon the well-known X - 0  
bond energies were used to calculate Fen- 
0 + bond dissociation energies (BDEs) for 
sizes n = 2-6; these amount to roughly 


clusters (n = 2-4) appeared to activate 
CO, . For all X - 0  molecules (X = 0, N,, 
CO), reaction pathways were observed 
that include the transfer of 0 atoms. In 
addition, the reactions with 0, and N,O 


Introduction 


Metal clusters are characterised by a high proportion of surface 
atoms. Therefore, the reactivity of metal clusters towards differ- 
ent molecules should provide information about surfaces on a 
microscopic scale. 


To date, numerous investigations of the gas-phase chemistry 
of bare transition-metal clusters have been carried out. In most 
cases, reactions with simple hydrocarbons have been studied, 
which exhibited in part C-C and C-H bond activation.[’] The 
observed reaction pathways often consist of several sequential 
steps where the addition of a hydrocarbon ligand may be ac- 
companied by the loss of one or more H, molecules. An interest- 
ing aspect is the size selectivity shown by many reaction systems. 
One cluster size or one particular cluster ligand stoichiometry 
may possess properties that neighbouring sizes do not. 


Compared with the reactions with hydrocarbons, there have 
been few efforts to study the oxidation of small metal clusters. 
In the case of atomic transition-metal ion chemistry, C-C and 
C- H bond activation by transition-metal mediated oxidation of 
hydrocarbons is the subject of current investigations.[’] It 
should be interesting to check how efficient transition-metal 
oxide clusters are in activating C-C and C-H bonds. For the 
Group VIII transition metals, the reactions of small Fe,Co,+ 
clusters, (n + m) 2 3 ,  with C,H,O and 0, in the gas phase have 
been investigated by Jacobson and Freiser using FT-ICR mass 


[*I Dr. M. P. Irion, DipLIng. 0. Gchrct 
Institut fur Physikalische Chemic, Tcchnische Hochschule Darmstadt 
Pctcrsenstrasse 20, D-64287 Darmstadt (Germany) 
Fax: Int. code + (6151)16-6024 


[**I This work is part of 0. Gehret’s dissertation (Darmstadt, D17). 


550 kJmol-’ and thus are considerably 
higher than the BDE of the Fe-Of ion. 
All oxidation reactions of the Fe; clusters 
(n = 2-6) studied in more detail were ter- 
minated by products of Fe,O: stoi- 
chiometry ( x  = 1-4). These “microoxides 
of iron” are not able to activate any fur- 
ther X - 0  bonds. Secondary reactions of 
Fe,O: clusters with C,H,, C,H, and 
NH, were investigated for two selected 
sizes ( x  = 2, 3) and compared with reac- 
tions of the naked Fe; clusters. 


spectr~metry.[~I Loh et al. studied the reactions of Fe; clusters 
(n = 1-3) with 0, in a guided ion beam instrument. The reac- 
tion cross-sections measured as a function of kinetic energy were 
presented together with the thermochemi~try.[~] The chemistry 
of size-selected COT clusters (n = 2-9) with 0, was studied by 
Guo et al. in a selected ion drift tube arrangement.[5] This work 
contains product distributions for the sequential oxidation reac- 
tions, as well as absolute reaction rates as a function of cluster 
size. Recently, Andersson et al. investigated the oxidation of 
neutral Fen, Con and Cu, clusters (n = 10-60) in a molecular 
beam experiment.E61 Sticking probabilities S of 0, were ob- 
tained as a function of cluster size. Fen and Con showed a com- 
parable size dependence with S less than 0.2 for the smallest 
clusters. S increased almost monotonically up to n = 25, where 
it reached a constant value of 0.7 for Fen and 1.0 for Con. 


Previous investigations in our laboratory had proved Fez to 
be the outstanding cluster in the reactions of Fe; clusters 
( n l l 3 )  with several reactants. Fe; was found to be the only 
cluster capable of dehydrogenation of NH3C71 or C6H6[81 and of 
cyclotrimerisation of ethyne ligands to benzene.cg1 Therefore, 
the following work is motivated by the question of whether Fe; 
will also show this special reactivity towards oxidising reagents. 
The earlier work on Fe; cluster oxidation was limited to sizes 
n 5 3 and to 0, as a r ea~ tan t . ’~ ,~ ]  We studied the reactions of 
small Fe; clusters in the size range n = 2-10 with 0,, N,O and 
CO, . Thermochemical considerations allow the bracketing of 
dissociation energies for the Fen-O+ bonds (n = 2-6). Al- 
though different reaction pathways are observed for the three 
X - 0  molecules, they all lead to final products of the same 
stoichiometry Fe,O: (x = 2-4), which are unable to activate 
any further X - 0  bonds. Finally, mass-selected Fe,O: ions 
(x = 2, 3) are exposed to C,H,, C,H, and NH, . 
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Results and Discussion 


Reaction Rates: The mass spectrum of Fe: clusters (n = 3 - 19) 
that have been sputtered, trapped and thermalised in our exper- 
imental setup is reproduced in ref. [lo]. When the complete size 
distribution is exposed to one of the three X - 0  reactants, a 
multitude of products appears as a function of storage time. To 
obtain a clear relationship between reactants and products, we 
select the clusters before reaction according to their size. 


10-13 1 I 
I 


2 3 4 5 6  


n 


Fig. 1 .  Absolute rate constants for the reactions of Fe.C clusters (n = 2-6) with 0,, 
N,O and COI as a function of size. 


Figure 1 contains the absolute rates for the reaction of Fe: 
clusters (n = 2-6) with the X - 0  molecules as a function of size, 
derived from the disappearance of the naked cluster ions. As a 
reference, the collision rate calculated from Langevin theory" l] 
is plotted for the reaction of Fe: with 0,. From Figure 1, it is 
evident that the reaction rates strictly follow the order 
k(0,)  > k(N,O) > k(C0, ) .  With CO,, reactions have been ob- 
served only for Fe: clusters in the size range n = 2-4. All 
sizes n > 4 appear inert under our experimental conditions 
( k <  lo-', cm3s-'). However, clusters of all sizes react readily 
with O,, and only Fe: appears inert towards N,O. In all three 
reactions the rate increases from n = 2 to n = 4 for any given 
X - 0  molecule and passes a maximum at the size of the te- 
tramer. This size dependence is least distinct for the fastest reac- 
tion (with 0,) and most distinct for the slowest reaction (with 


The reactions of Fez clusters for n > 6 were investigated up to 
n = 10. When the whale size distribution was exposed to 0, or 
N,O, several oxide ions Fe,O+ (n  > 5)  did appear. However, it 
was not possible to monitor these reactions in detail because of 
the complexity and rapidity of consecutive reactions. For exam- 
ple, Fe:, stored in the presence of N,O yields Fe,O,+ ions with 
n = 3-10 and m = 1-4. We have not measured reaction rates 
for n>6,  but we estimate them to approach the collision rate 
gradually with increasing size, as has been observed in other 
reaction systems.['Jg1 


CO,). 


Reaction pathways: Figure 2 shows the pathways for the reac- 
tions of Fez clusters (n = 2-6) with 0,. Clusters larger than 
Fez are not included for the reasons pointed out above. The 
monomer Fe+ has already been found to be inert by Kappes and 
Staley.[l21 


For all clusters with n > 3, the addition of 0, is accompanied 
in the first step by the loss of one or two Fe atoms. In the case 
of Fe: and Fe;, the respective branching ratios amount to 
approximately 50 %, as derived from the intermediates 
Fe,,- l,O,f and Fe(,-,,O,+. The subsequent reaction steps of 
Fe,O: and Fe,O: lead to Fe,O; and Fe,O:, respectively. The 


Fe,' 
\\ 


Fe,' Fe,' Fe,' Fe; 8z Fe' 


Fig. 2.  Pathways observed for the reaction Fe.' + 0, (n = 2-6) .  If branchingratios 
are not indicated in percentages, a 1 : I  ratio was found. 


latter ions are found to be inert towards 0,. In the reaction with 
0,, Fea forms the products Fe,O+ (25%), Fe,O: (65%), 
Fe,O+ ( 5 % )  and Fe,O, (5%). In a second step, Fe,O+ forms 
Fe,O:, which does not react any further with 0,. Both Fe,O+ 
and Fe,O: continue to react, yielding Fe,O,f, which had al- 
ready proved inert. Product ions Fe,O+ (60%) and Fe,O,+ 
(40 %) are also obtained through reaction of Fe: with 0,. In the 
presence of O,, Fe l  yields mainly Fe+ (80 %) and some Fe,O + 


(20 YO), which completes the reaction by forming inert Fe,Of. 
Thus, when Fe; clusters (n = 2-6) are stored in the presence 


of O,, they react to give the stable final products Fe,Ol, Fe,O: 
and Fe,O,f. Those ions that may form through different path- 
ways are all inert towards further reaction with 0,. Beyond 
that, they are even inert towards every other X - 0  molecule 
examined. In the following, we will designate these Fe,O: ions 
as "microoxides of iron". 


Figure3 contains the pathways for the reactions of Fe: 
(n = 1-6) with N,O. Fe; appears inert, while for larger clusters 
almost every observed reaction step can be described as an 0- 
atom transfer from N,O inducing the loss of a single Fe atom 


Fe,' Fe,' Fe,+ Fe,' Fe,+ Fe+ 


Fig. 3. Pathways observed for the reaction Fe.' + N,O (n  = 1-6). If branching 
ratios are not indicated in percentages, a 1 : f ratio was found. 


and of N, . Fez clusters, for example, form Fe,O: in three such 
consecutive steps. Exceptions to that rule are the ions Fe,O+, 
Fe,O,f and Fe,O+, which react with N,O like the monomer 
Fe+[12] (by inducing an 0-atom transfer without loss of an Fe 
atom). Fe,O+ reacts to form Fe,O: (70%) and Fe,O: (30%). 
Fe,O: and Fe,Of continue to react until Fe,O: and Fe,Of are 
formed, respectively. These exclusive 0-atom transfers seem to 
occur when Fe,O: stoichiometry (x = 1-3) may be achieved. 
Thus, a product ion containing fewer iron than oxygen atoms is 
never observed. 


The pathways for the reactions of Fez with CO, are displayed 
in Figure 4. We observed consecutive reactions that consist of 
transfers of a single 0 atom to the Fe; cluster accompanied by 
the loss of CO. This stepwise buildup of oxides is terminated by 
Fe,O: and Fe,O: for Fez and Fe:, respectively. In the case of 
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Fe,' Fe,' Fe,' Fe,' Fez+ Fe+ 


1 1 1 
Fe,O* Fe,O+ F 


1 1 


Fig. 4. Pathways observed for the reaction Fe: + CO, ( n  = 2-4) 


Fez, the fourth ligand added under our experimental conditions 
was H,O, resulting from a trace of water in the background 
vacuum. 


From the results presented, we conclude that the patterns for 
the reactions of the Fe; clusters (n = 2-6) with any X - 0  
molecule are characterised by a special type of reaction that 
depends strongly on the nature of the X - 0  reaction partner. 
Those characteristic types of reaction are as follows: in the case 
of 0,, two 0 atoms are transferred to the Fe; clusters, which 
lose up to two Fe atoms in the process. With N,O, a single 
0-atom transfer occurs accompanied by the loss of one Fe atom 
and the liberation of an N, molecule. For CO,, an 0 atom is 
simply transferred and CO is set free. These findings can now be 
discussed in terms of thermochemistry. 


Thermochemical considerations: Since the reactivity of Fe; clus- 
ters towards X - 0  appears to follow the order 0, > N,O > CO,, 
we attempt an explanation based on the dissociation enthalpies 
of the studied X - 0  bonds, which are contained in Table 1 . [ l3 l  


Table 1. X - 0  bond dissociation enthalpies AHD (kJrnol- ') for X - 0  molecules 
~ 3 1 .  


xo +x+o AH,  


0, + 2 0  + 497.3 
N,O + N, + 0 + 166.7 
c 0 , - C O + O  + 531.7 


The table suggests an order of enthalpies AH,(CO,) > 
AH,(O,) > AH,(N,O) that differs from the observed reactivity 
series. In order to gain a more thorough understanding, we will 
discuss qualitative potential energy surfaces for the reactions 
Fe: + X - 0  that are compiled in Figure 5. In this discussion, 
we consider for 0, the reaction path that leads to the main 
product Fe,O:, while for N,O or CO, we consider the first 
reaction in the series, which leads to Fe,O + and Fe,O +, respec- 
tively. 


Generally, a chemical reaction starts with the collision of both 
reaction partners to form a collision complex. Under our exper- 
imental conditions, the collision frequency of the ions with the 
background gas was of the order of 1 s-l .  Therefore, the ad- 
sorption energy liberated in the obtained collision complex will 
not be quickly dissipated through collisions but will be distribut- 
ed statistically over the degrees of freedom. Now, the excited 
collision complex may dissociate back into its components or 
proceed further on the reaction coordinate to be stabilised as a 
final product. The ratio of the experimental product formation 
rate to the theoretical collision rate" l]  is usually termed reaction 
efficiency. 


I - BDE (Fe,-O+) 


Fe,'+N,O 
0 7  T I \Fe,-N,O+ I A 4 4  


-200 .Ioo1 7 1 Fe,-O* 


-200 


-300 


-400 


-5001 -600 


AHR = 


+ AHD (0,) 
+ Do (Fe,-Fe') 
+ Do (Fez-Fe') 
- 2 BDE (Fez-0') 


- 
Reaction Coordinate 


Fig. 5 .  Qualitative potential energy surfaces for 
top: Fe: + CO,-+Fe,O+ + CO 
centre: Fet + N,O+Fe,O+ + Fe + N, 
bottom: Fea + O,-Fe,O: + Fez 
where AHR is the reaction enthalpy of the net reaction and AHD is the dissociation 
enthalpy of the X - 0  bond. 


We are only able to detect the intensities of the longer-lived 
ions, namely of reactant and product ions. The lifetime of all 
intermediate ions along the reaction coordinate is about 0.1- 
1 ps and is by far too short for ICR detection. A recent example 
of a detailed investigation of a potential energy surface in tran- 
sition-metal ion chemistry is given in ref. [14]. 


Thermalised ions undergo only exothermic reactions under 
gas-phase conditions like those we applied. In the following, we 
use the exothermicity of those reactions that occurred to derive 
lower limits for Fen-Of bond energies from our ICR measure- 
ments. A nonoccurring reaction may either be endothermic or 
be characterised by reaction barriers. Only if we assume the 
absence of such barriers may we use the nonoccurrence of cer- 
tain reactions to derive upper limits for the desired bond ener- 
gies. 


In the reaction between Fe: and CO,, a [Fe,-CO,]+ colli- 
sion complex is at first formed. CO, is activated by its binding 
with Fe:, and one CO double bond is loosened. The obtained 
complex [Fe,(CO)(O)]+ then releases CO, decomposing to the 
final product Fe,O'. Therefore, it can be deduced from Fig- 
ure 5 that the unknown Fe,-O+ BDE must be larger than or 
equal to 531.7 kJmol-', the C - 0  dissociation enthalpy of 
CO, .[l31 To determine the upper limit of the BDE, we have to 
include the bond dissociation energies of the Fe; clusters. 
Table 2 contains the energies D0(Fe;- ,-Fe) for the loss of one 
Fe atom, measured by Lian et al. through CID for n = 2-9,[lS1 
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Table 2. Bond dissociation energies Do (kJmol-') for Fe; clusters (n = 2-9) [15]. 


Cluster Do(Fe.'_, -Fe) D0(Fe:-,-Fe) + Do(Fe:.,-Fe) 


Fe: 
Fe: 
Fe: 
Fe: 
Fe,f 
Fe: 
Fe: 
Fe; 


264.4 f 9.6 - 


161.1 & 11.6 
203.6 f 19.3 
244.1 f 22.2 
295.2 f 24.1 
300.1 f 26.1 
231.6 f 26.1 
260.5 f 31.8 


425.5 f 21.2 
364.7 k 30.9 
441.1 f 41.5 
539.3 f 46.3 
595.3 f 50.2 
531.1 f 52.2 
492.1 + 51.9 


and the energies DO(Fe,+_,-Fe) +Do(Fe,+_,-Fe) for the loss of 
two Fe atoms calculated therefrom. In this case, we use the 
process Fe: -+ Fe,-O+ and the nonappearance of Fe: -+ Fe,- 
0' + Fe to bracket the BDE (Fe,-0+) as AH,(CO,) + 
DO(Fe,-Fe+) > BDE (Fe,-0+) >AH,(CO,). Thus, we obtain 
776>BDE (Fe,-O+)> 531 kJmol-l. 


Fef reacts with N,O by forming the collision complex [Fe,- 
N,O]+ in the first step (Fig. 5). Here, the Fef cluster activates 
the N,-0 bond, producing the intermediate [Fe,(N,)(O)]+. The 
net energy liberated in this process is provided by the emerging 
Fe,-O+ bond, diminished by the dissociation energy of N,O 
(approximately 170 kJmol-'['3]). In the next step, N, loss oc- 
curs leading to [Fe,-01'. The internal energy of the resulting 
[Fe,O]+ ion is large enough to expel a single Fe atom. Obvious- 
ly, however, it is not large enough to initiate the loss of a second 
Fe atom. The final product detected is Fe,O +. We use the pro- 
cess Fe: -+ Fe,O+ + Fe in the reaction with N,O and the 
nonappearance of Fe,O+ in the reaction of Fe l  to bracket 
the BDE(Fe,-0+) as AH,(N,O) + Do(Fe,-Fe+) + Do(Fe,- 
Fe+)>BDE(Fe,-O+)>AH,(N,O) + Do(Fe,-Fe+). Thus, we 
obtain 615>BDE(Fe3-0+)>370 kJmol-'. 


The reaction of Fef with 0, starts with the formation of the 
adduct [Fe,-O,]+ (Fig. 5). The Fef cluster activates the 
molecule that is bound dissociatively. The internal energy of the 
resulting [Fe,(O),]+ complex is high enough to release up to two 
Fe atoms. From the process Fef + 0, -+ Fe,O,+ + 2Fe, we 
obtain a lower limit for the average dissociation energy of the 
two Fez-0' bonds through 2 x BDE(Fe,-O+)>DO(Fe,- 
Fe+) + Do(Fe,-Fe+) + AH,(O,), so that BDE(Fe,-O+)> 
431 kJmol-'. Furthermore, an upper limit may be derived from 
the nonoccurrence of the loss of three Fe atoms through 
2 x BDE(Fe,-O+) >Do(Fe,-Fe+) + Do(Fe,-Fe+) + Do(Fe,- 
Fe') + AH,(O,). Obviously, this approach yields only average 
BDE(Fe,-O+) values. The true bond dissociation energies will 
deviate from this value because they are certainly not identical 
for both oxygen atoms. 


In a procedure similar to that applied for the Fef clusters, 
BDE limits can also be derived for all other cluster sizes. Two 
reactions must be taken into account beside those discussed 
above. Firstly, the absence of the reaction Fez + N,O -+ 


Fe,O+ + N, would require BDE(Fe,-O+)<AH,(N,O) = 
166.6 kJmol-'. Such a value would not allow the process 
Fe l  + N,O -+ Fe,O+ + Fe + N, to occur. In this case, we can 
directly infer the existence of a reaction barrier. Armentrout et 
al. observed a kinetic barrier for oxygen abstraction from N,O 
by monomer transition-metal ions and attributed it to spin 
multiplicity differences.['61 Secondly, the oxygen atom abstrac- 
tion of Fe l  from 0, yields BDE(Fe,-O+)>AH,(O,) = 
497.3 kJmol-'. The BDE limits for Fen-0' ions (n  = 2-6) we 
have obtained are summarised in Table 3. The highest of our 
lower limits and the lowest of our upper limits are plotted at 
each cluster size in Figure 6, which also contains the BDEs for 
Fen-O+ ions (n = 1-3) given by Loh et al.[43171 


Table 3. ICR bracketing limits for Fe.-Of bond dissociation energies (n = 2-6) in 
kJmol-'. Numbers in hold indicate the highest lower limit and the lowest upper 
limit at a given cluster size. 


0, low 0, high N,O low N,O high CO, low CO, high 


Fe,-Oi 491 554 321 532 531 693 
Fe,-O+ 472 621 370 615 531 136 
Fe,-O+ 518 669 410 706 531 176 
Fe,-0' 546 663 461 162 - 532 
Fee-O+ 514 645 466 699 - 532 
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Fig. 6. Dissociation energies for the Fen-O+ bond (n = 1-6) as a function of clus- 
ter size from ICR bracketing: lower (upper) limits represented by filled triangles 
with top up (down). Values measured by Loh et al. shown in comparison [4,17]: 
circles; lower limit for n = 3 is represented by an open triangle. 


From the absolute reaction rates of all Fe; clusters (n = 2- 
6), the tetramer Fef appears to be the most reactive cluster. This 
size effect is almost negligible for the reaction with 0,, where 
Fe: and Fe: react as fast as Fe t .  In the reactions with N,O or 
CO,, which are altogether slower, Fe t  shows the highest rate 
over the whole size range. For Fe: and larger clusters, the rate 
of the reaction with CO, decreases below the detectable signal- 
to-noise level of our instrument. The uniqueness of the iron 
tetramer with respect to the rates is not so evident in the reaction 
pathways. Only with CO, is the tetramer unequivocally the 
largest reactive cluster. With N,O and 0, , the pathways for Fe: 
do not differ from those shown by the other cluster sizes. The 
Fen-0' BDEs derived from the observed reaction pathways 
seem to drop slightly for n > 4, following the suppressed reactiv- 
ity of Fe l  and Fez towards CO,. However, the upper limits 
determined for the BDEs of Fe,-0' and Fe,-O' are uncer- 
tain, since the thermochemical thresholds may be shifted by 
barriers, as seen for the reaction of Fe; with N,O. Taking this 
into account, we conclude that for n 2 2  the average Fen-O+ 
BDEs approach a nearly constant value without exhibiting a 
special size dependence. 


The fact that Fe,Of appears to be the largest Fe,O: cluster 
does not suggest a kind of magic cluster size. The nonappear- 
ance of an Fe,O: ion may be a result of the necessity for five 
consecutive reaction steps from Fe:, in the reaction with N,O. 
If an Fe,O: ion resulted, it might have disappeared below our 
signal-to-noise level. Even the Fe,Of intensities we obtained in 
our mass spectra were so small as to render any further investi- 
gation of that species impossible. 


Any further reactions of the oxidised clusters with X - 0  
molecules do not differ significantly from those of the naked 
clusters. Generally, the consecutive reactions are driven by the 
tendency to reach Fe,O: stoichiometry. For example, in the 
reaction of Fe,O: with 0, (Fig. 2),  formation of the products 
Fe,Of and Fe,O; shows that the liberated bond energy is suf- 
ficient to release an Fe atom, or an Fe atom together with an 
FeO molecule. The spontaneity of the processes Fe,Ol + 0, + 
Fe,O; + 0 and Fe,O+ + 0, + Fe,Ol + 0 suggests the for- 
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mation of Fe,O,-O+ bonds (x = 2, 3) to be endothermic or 
impeded by significant reaction barriers. The intermediate ions 
Fe,O,f (n = 2-4; m = 0-3) in the reaction sequence with CO, 
(Fig. 4) must have BDEs> 531 kJmol-’ for every additional 
oxygen atom up to Fe,O: ( x  = 2-4). 


Jacobson and Freiser also obtained Fe,Ol, however, from 
the reaction of Fez with ethylene 0xide.1~1 They generated Fe,’ 
clusters by reacting laser-desorbed Fe+ ions with Fe(CO), . In 
the reaction of Fe: with 0,, they also observed the products 
Fe+ + FeO, to be favoured over Fe,O+ + 0. Interestingly, in 
contrast to our studies, Fe: appeared inert towards CO,, con- 
sistent with the bond dissociation energy Do(Fe,-O+) = 
496.9k4.8 kJmol-’ that was measured two years later by Ar- 
mentrout and coworkers.[41 This may again provoke a discus- 
sion about the temperature of our metal clusters generated by 
sputtering. 


We have already shown that in our experimental arrange- 
ment, sputtered metal cluster ions are thermalised to approxi- 
mately room temperature.[”] A comparison of our recent re- 
sults with those of Loh et al. supports this assertion.[41 They 
investigated the cross-sections for the oxidation of Fe; clusters 
(n = 1-3) by 0, between 0 and about 15 eV of kinetic energy. 
From a comparison of their product ion ratios with ours, we 
deduce that the internal energy of our cluster ions is clearly 
below 0.4 eV relative to their energetic scale. Furthermore, our 
efficiencies for the reactions of Fe l  and Fe l  with 0, equal 
within error limits those given in ref. [4]. Thus, we conclude that 
the sputtered clusters are almost completely thermalised under 
our experimental conditions. Nevertheless, the observed reactiv- 
ity of Fe: towards CO, contradicts the assumption of a com- 
pletely thermalised cluster ion population. Apparently, a small 
fraction of ions remains in excited states although collisional 
cooling does occur with pulsed-in Ne, background Xe and CO, 
itself. We observe a reaction efficiency of roughly 0.05 YO, which 
tells us that excited states may constitute at least 0.05 % of the 
Fe l  ions, since the reaction rate of the excited ions can be less 
than the theoretical rate.“ However, this fraction should not 
exceed about 1 % of the total ion population, since otherwise 
deviations from pseudo-first-order kinetics would be clearly vis- 
ible. We have never observed such deviations for the reactions of 
Fe,’ clusters with 0, or N,O. Finally, the question remains 
whether the reactions of Fe: and Fef are also influenced by 
excited-state chemistry. For metal clusters, the growing density 
of states with increasing cluster size should facilitate collisional 
coo1ing.[”] Thus, at least for Fef clusters, hot ion chemistry 
does not play a role in the reactions with CO,. Moreover it 
appears negligible for all other observed reactions of Fe,’ clus- 
ters with 0, or N,O. 


Secondary reactions of Fe,O: ions (x = 2,3): In the following, 
we will discuss the reactions of the two oxidised iron cluster 
species with C,H,, C,H, and NH,. We will also compare the 
findings for these “microoxides” with the results obtained previ- 
ously for the naked Fez clusters. 


The Fe,O: ions (x = 2, 3) were generated through the reac- 
tion of size-selected Fef clusters with N,O, since this was the 
most efficient method of their production. As displayed in Fig- 
ure4, this reaction yields about 70% of Fe,O: and 30% of 
Fe,O,+. Unfortunately, we cannot isolate the Fe,Of ion and 
study its further reactions, since its intensity is insufficient, even 
though it appears as a final product in the oxidation of Fe: or 
Fez with 0,. 


Fe,O: + C6H6: Benzene is merely physisorbed by Fe,O: clus- 
ters ( x  = 2, 3). C-H bond activation that would lead to dehy- 


drogenation does not occur. During our experiments, we never 
observed the attachment of more than one benzene ligand to the 
oxide ions. Analogously, naked Fe; clusters do generally phy- 
sisorb intact C,H, as well. Only Fef is able to activate the C-H 
bonds of benzene and dehydrogenate C,H,.[81 Thus in a first 
step, Fe,C,Hf (65 YO) is formed beside Fe,C,H,+ (35  YO). After 
that, the Fef clusters continue to react until they have attached 
up to four C, ligands. The upper part of Figure 7 summarises 
the pathways and rates for the reactions of the oxidised as well 
as of the naked iron clusters with benzene. 


Fe,O: + C,H,: Only Fe,O: is found to react with ethene. In a 
dehydrogenation that OCCUJS up to two times Fe,O,(C,H,): is 
formed. The occurrence of this reaction is surprising, since of all 
naked Fe; clusters with n I 13 we have found only Fef and Fe: 
to react with C,H, in a similar way.[”] The reaction rates for 
Fez and Fe,Oi are both comparable and about one order of 
magnitude larger than the rate for Fe:. Whereas Fef binds 
up to four, Fe: binds only up to two C,H, ligands. The rates 
for the reactions with ethene are summarised in the lower 
part of Figure 7. The ion Fe,O,+ proved unreactive towards 
ethene. 


Fig. 7. Reactions observed 
for Fe,O: (x = 2, 3) and 
Fea clusters with C,H, and 
with C,H,. Numerical val- 
ues represent absolute reac- 
tion rates in lo-‘’ cm3s-* .  


Fe,O,+ + C,H, Fe,O,(C,H,)++H, 


Fe303+ + C,H, - no reaction observed 


Fe,’ + C,H, ---+ Fe,(C,H,)+ + H, 


Fe,’ + C,H, -----+ Fe,(C,H,)+ + H, 


2.1 


0.3 


Fe,O: + NH,: When Fef is stored in the presence of approxi- 
mately equal parts of N,O and NH,, the products shown in the 
reaction scheme in Figure 8 are obtained. Obviously, these are 
the same products that also appear in the reactions with only 
NH, or N,O, namely Fe,(NH)+, Fe,(NH):,[71 or Fe,O:, 
Fe,O: (rn = 1-3). In addition, mixed stoichiometries such as 
Fe,O(NH)+, Fe,O(NH)+, Fe,O(NH)+, Fe,O,(NH)+, and 
Fe,O(NH)t, are observed. In analogy to the Fe,O: clusters, 
mixed Fe,O,(NH),+_, product ions appear unable to activate 
any further N,O or NH, . Those ions persist with a mere phy- 
sisorption of intact ammonia. 


Of all observed products in the upper part of Figure 8, the 
appearance of the Fe,O(NH)+ ion is most remarkable. This ion 
could result from a reaction of Fe,O+ with NH,, accompanied 
by the loss of an Fe atom. Since Fef attaches NH from NH, 
without Fe atom Fe,O,+ was mass-selected and NH, 
introduced through a pulsed valve to clarify the origin of 
the Fe,O(NH)+ ion. The startling result is that it emerges 
from a ligand exchange process (lower part of Fig. 8)! 
NH, displaces an 0 ligand, attaching the isosteric NH and 
expelling H,, which binds the former 0 ligand to produce an 
H,O molecule. Since only exothermic reactions occur sponta- 
neously in the gas phase, the observed H,O formation must be 
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Fe,' 


Fee( N H)' Fe,O' 
& \  


& & \  
Fe,(NH),' Fe,O,+ 


Fe,O(N H)' ? 


intact 
NH, addition 


+ NU, HZO 


Fe,O,' Fe,O(NH)' 


Fig. 8. Top: Products observed when Fe: is stored in the presence of NH, and 
N,O. Bottom: Ligand exchange of mass-selected Fe,O: with NH,. 


exothermic. Otherwise, if H, were abstracted together with an 0 
atom, the ligand exchange would have to be endothermic. This 
process is also surprising because naked Fe,' clusters are unable 
to activate NH, . The exchange of an 0x0 with an imido ligand 
has been observed previously at the Fe+ ion by Freiser and 
coworkers.[201 Furthermore, it is evident in our studies that the 
Fe,O: ion does not undergo such a ligand exchange reaction. 


Further understanding may be gained from knowledge of the 
geometric or electronic structure of the Fe,O: ions. Recently, 
Castro et al. reported density-functional calculations for Fe,, 
Fe,+ and Fen- clusters of sizes n < 5.rz11 They obtained lowest-en- 
ergy structures for maximum numbers of nearest-neighbour 
bonds. To our knowledge, similar data on the bonding of oxy- 
gen to transition-metal clusters are not available. Therefore, it is 
appropriate to look at common coordination chemistry that 
suggests an 0-atom-bridging type of bonding.[221 This is also 
backed up by the Fe,-Ot BDEs we determined as roughly 
550 kJmol-' (Fig. 6) that are significantly higher than the 
monomer Fe-0' value of around 350 k J m ~ l - ' . [ ~ ]  From this 
resoning, we deduce structures 1 and 2 (Scheme l), which had 
already been predicted by Jacobson and Frei~er.[~] The cubane- 
like structure 3 is well-known for M4S4 species (M = Mo, Fe, 
Co) and may therefore be predicted for Fe40f as well, although 
a p3-bridging 0 atom has been reported in coordination chem- 
istry only for a rhenium c o m p l e ~ . ~ ~ ~ ~ ~ ~ ~  Based on the assumed 
planar structures 1 and 2, a single C,H, ligand may be added by 
a loose coordination with its n-electron cloud parallel to the 
oxide plane. The fact that Fe,O; binds up to two C,H, ligands 
may be explained by the coordination of a single ligand to each 
Fe atom. The experimental finding that only one NH ligand 
exchanges with a bridging 0 atom and leads to molecule 4 is not 
yet understood. The inert behaviour of Fe,O: (2) may be due to 


1 2 3 4 
Scheme 1. Structures assumed for oxidised iron cluster cations 


both electronic and geometric factors. On one hand, each Fe 
atom in 2 possesses two metal-metal bonds and on the other 
hand, the 0-atom bridges in 2 screen a larger part of the metal 
centre than those in 1 do. As mass spectrometry does not 
provide direct structural information and calculations on metal 
cluster ion reactions are not available yet, we are left to mere 
speculation. 


Experimental Procedure 
Details of the experimental setup have already been described [24]. Briefly, bare 
metal cluster cations were produced by sputtering a metal target with Xe+ primary 
ions at about 20 keV kinetic energy. They were injected into the storage cell of our 
FT-ICR instrument through an electrostatic lens arrangement. Altering the poten- 
tial of a front grid allows the controlled admission of metal cluster ions to the cell. 
In the experiments described here, the ICR cell was usually filled for about 2 s and 
Ne gas was pulsed in through a piezoelectric valve to decelerate and cool the clus- 
ters. The complete ensemble of stored Fe.' cluster ions contained the sizes n = 3- 19 
[lo]. In the subsequent period. the clusters underwent collisions with the rare gas 
atoms forming a heat sink at roughly room temperature and finally achieved ther- 
mal equilibrium [18]. Before investigation of their chemistry, clusters were size-se- 
lected by removal of all undesired sizes by means of wide-band radio-frequency 
ejection pulses. Reactant gases were generally admitted by raising the background 
pressure of less than mbar up to a given steady-state value through a continu- 
ous leak valve. A pulsed valve was used for this purpose only in special cases. After 
a reaction delay an excitation pulse followed and initiated detection of all ions 
present in the cell. 


For the determination of reaction rate constants, size-selected clusters were stored 
inthepresenceof0,(6xlO~9mbar) ,N,O(2x10~Bmbar)orCO,(1 x 10-7mbar) 
for up to 90 s. Relative rate constants were calculated from the decrease of Fe: 
cluster intensities, assuming pseudo-first-order kinetics. From these, we obtained 
absolute reaction rates by measuring the partial pressure of the reactants with a 
calibrated ionisation gauge [25]. Mainly because of the uncertainty of this pressure 
determination, the error in the absolute reaction rates is estimated to be about 
- +50%. Reaction pathways were obtained by monitoring product ion intensities as 
a function of storage time. 
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Synthetic Cyclic Oligosaccharides-Syntheses and Structural Properties 
of a cycle[ (1 + 4)-a-~-rhamnopyranosyl-( 1 + 4)-a-~-mannopyranosyl]trioside 
and - tetr aoside* * 


Peter R. Ashton, Christopher L. Brown, Stephan Menzer, Sergey A. Nepogodiev, 
J. Fraser Stoddart,* and David J. Williams 


Abstract: An efficient polycondensation- 
cyclization approach to the synthesis of 
cyclodextrin analogues is demonstrated 
by the preparation of cyclohexaoside 1 
and cyclooctaoside 2. The key intermedi- 
ate, disaccharide 3, bearing the cyano- 
ethylidene group as a glycosyl donor func- 
tion and the trityloxy group as a glycosyl 
acceptor function was prepared in 15 
steps starting from L-rhamnose and D- 


mannose. The crucial cyclooligomeriza- 


tion of the disaccharide monomer 3 was 
carried out in the presence of TrClO, as a 
promoter with the use of ultra-dry condi- 
tions at normal concentrations. This reac- 


tion led to formation of the cyclic 
oligosaccharides 28 and 29 (in 34 and 
31 % yield, respectively), which were de- 
protected to afford 1 and 2, respectively. 
The X-ray crystal structural analysis of 
the cyclooctaoside 2 reveals a cylindrical 
shape for the cyclic oligosaccharide with 
C, symmetry. Individual molecules of 2 
are arranged perfectly in stacks that form 
nanotubes in the solid state. 


Introduction 


Despite the fact that oligosaccharides are ubiquitous in nature, 
their cyclic forms are rather rare."] Where cyclic oligosaccha- 
rides do occur, they usually result from the action of bacterial 
enzymes on other sources of carbohydrates. Undoubtedly, the 
main category of cyclic oligosaccharides in nature are the cyclo- 
maltooligosaccharides-the so-called cyclodextrins (CDs)[']- 
which are already produced industrially on a multiton scale.[31 
On account of their unique ability to form inclusion complex- 
esL4] with a wide range of substrates, they have found numerous 
practical applications[51 in addition to their use as building 
blocks for the construction of supramolecular species.[61 More- 
over, a number of other types of cyclooligosaccharides are 
formed as a result of bacterial action on polysaccharides: ex- 
amples include cyclo( 1 --* 2)-P-~-glucooligosaccharides ['] (cy- 
closophoroses) and cycIo-P-D-fructohexaosides[*] (cycloinulo- 
hexaoses). Also, recently reported are the biosyntheses of 
cyclo( 1 -+ 6)-~-~-glucoohgosaccharides[~~ (cycloisomaltooligo- 
saccharides) and alternating cyclo-(I --* 3),(1 -+ 6)-P-D-glu- 
cooligosaccharides,[lol as well as the cyclic tetrasaccharide cy- 
clo-( 1 --f 3),( 1 -+ 6)-a-~-glucotetraoside.~' Whereas there is 
some evidence that cyclosophoroses are able to complex with 
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Edgbaston, Birmingham, B152TT (UK) 
Fax: Int. code +(121)414-3531 
Dr. D. J. Williams, Dr S .  Menzer 
Chemical Crystallography Laboratory, Department of Chemistry 
Imperial College, South Kensington, London, SW7 2AY (UK) 
Fax: Int. code +(171)594-5804 


[**I Synthetic Cyclic Oligosaccharides, Part 1 


water-insoluble drugs,['21 cycloinulohexaose possesses a macro- 
cyclic ring reminiscent of the crown ether constitution and 
therefore, not surprisingly perhaps, exhibits cation-binding 
proper tie^."^] 


A large number of chemical modifications have been carried 
out on the native CDs[14] with the intention, for example, of 
1) enhancing either their solubilities in water or in organic sol- 
vents," s' 2 )  altering their binding characteristics toward sub- 
strates,[l6I and 3) constructing enzyme mimics.['71 As a conse- 
quence of the different reactivities of the three hydroxyl groups 
at positions 2, 3, and 6 on the D-ghCOpyranOSyl rings of the 
CDs, chemical modifications can be carried out regioselectively, 
according to the general pattern that the primary hydroxyl 
groups at C-6 are usually the most reactive, followed by the 
secondary hydroxyl groups-firstly on C-2 and then finally on 
C-3. Regioselectively substituted CDs can also be prepared by a 
chemoenzymatic approach.["] This kind of derivatization, 
however, does not alter the constitution or the configuration of 
the repeating a-D-glucopyranosyl units in the CDs (six in a, 
seven in P, and eight in y), leaving the gross molecular shape as 
dictated by the conformation of the D-glucopyranosyl units 
essentially the same. A more profound change of shape, 
associated with dramatic alterations in the nature of their 
internal cavities, results from the formation of the per-3,6- 
anhydrocy~lodextrins~~~~ and per-2,3-anhydrocy~lodextrins.[~~~ 
The potential of these chemically modified cyclodextrins re- 
mains to be exploited.[211 


Aside from chemical modification, another entry into cyclic 
oligosaccharides is by total chemical synthesis.[221 This ap- 
proach has been pioneered in recent years by Ogawa in the area 
of CDs and their analogues. Following on from their total syn- 
theses[231 of a- and y-cyclodextrins, he and his group have re- 
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ported the syntheses of the manno isomers[241 of a-, p-, and 
y-cyclodextrins, as well as of some cyclolactooligosaccha- 
rides.[251 Employing a similar synthetic strategy, Nakagawa and 
co-workersr261 have managed to synthesize a new member of the 
CD family-namely, cyclo( 1 -+ 4)-a-~-glucopentaoside-~hile 
Nishizawa et a1.[271 and Collins et a1.r281 have reported, respec- 
tively, the syntheses of cyclo(1 +. 4)-a-~-rhamnohexaoside and 
cyclo-( 1 + 3)-~-~-glucohexaoside. At the same time, Kuzuhara 
and c o - w o r k e r ~ [ ~ ~ ]  have developed a methodology for the intro- 
duction of a single different monosaccharide unit into both the 
CI- and fi-cyclodextrin structure by fission of the CD ring, cou- 
pling with a heterogeneous monosaccharide residue, and recy- 
clization by activation of a thioglycoside. The cycloglycosyla- 
tion of the primary hydroxyl group on the glucopyranose unit 
has led[301 to the first reported synthesis of some cyclic oligosac- 
charides, the cyclo( 1 + 6)-~-~-glucooligosaccharides. Recently, 
other research groups in France have reported synthetic routes 
to cyclo( 1 -+ 6)-a-~-glucooligosaccharides[~~~ and the alternat- 
ing cyclo(1 -+ 4)-CI-D-glUCO-( 1 +. 6)-P-~-glucooligosaccharides 
containing three, four, and five disaccharide repeating units. L3'1 
Alongside these pyranosyl derivatives, it is worthy of note that 
a range of cyclogalactofuranooligosaccharides with fi-(I -+ 3), 
p-(1 -+ 5 ) ,  and p-(1 + 6) linkages have been synthesized by the 
Kochetkov 


Cyclooligosaccharides possess a wide range of features that 
render them attractive as potential receptors for substrates. 
They contain many chiral centers and numerous functional 
groups. In principle, their cavities can be either hydrophobic or 
hydrophilic. The construction of receptors capable of binding 
substrates in aqueous media is an important contemporary ob- 
J e ~ t i v e ~ ~ ~ ]  in chemistry. It has stimulated the synthetic work- 
reported in this paper for the first time-directed toward the 
development of a new strategy for constructing CD analogues. 
Here, we describe a novel cyclooligomerization process, which 
has led, in high yield, to the formation of the homologous com- 
pounds (Fig. l ) ,  cyclo[ (1 -+ 4)-a-~-rhamnopyranosyl-(l -+ 4)-a- 
D-mannopyranosyl]trioside (1) and -tetraoside (2) Addition- 
ally, we report the solid-state structure of 2 and use it to predict, 
by means of molecular modeling, the most stable structure for 
1. The picture that emerges is one of fascinating structural prop- 
erties for these new cyclic oligosaccharides. 


1 2 


Fig. 1. The structural formulas of the two target cyclic oligosaccharides 1 and 2. 


Results and Discussion 


Synthetic Strategy: The chemical synthesis of cyclic oligosac- 
charides implies the intramolecular glycosidation of a linear 
oligosaccharide precursor incorporating both a glycosyl donor 
and a glycosyl acceptor. Depending on the way in which the 
linear precursor is obtained, two alternative approaches to the 


synthesis of cyclic oligosaccharides can be identified: 1) the 
stepwise preparation of a long-chain linear oligosaccharide or 
2) the polycondensation of an appropriately derivatized repeat- 
ing unit of the cyclic oligosaccharide. The first approach, which 
has been the most commonly employed one to date for the 
construction of cyclic oligo~accharides,[~~ -291 lacks efficiency 
because of the large number of sequential steps required prior to 
cyclization. The second approach, cyclooligomerization, has 
been applied so far only to the formation of (1 -+ 6)-glucosidic 
bonds[30 - 321 and glycofuranosidic bonds.[331 In order to devel- 
op this second approach further, we decided to try to synthesize 
the CD analogues 1 and 2 since their preparation requires the 
formation of (1 + 4) interglycosidic linkages-a much more 
challenging problem altogether. Obviously, the ideal monomer 
must contain a glycosyl donor and a glycosyl acceptor, within a 
structure where the other potentially reactive functional groups 
are suitably protected; also, both the glycosyl donor and the 
glycosyl acceptor must be reactive toward each other yet stable 
before the promotion of the glycosylation. Amongst the very 
few potential monomers that fulfill all the above criteria, we 
have chosen triphenylmethyl (trityl) ethers of 1,2-0-( 1- 
cyano)ethylidene derivatives (CEDs) of saccharides, which are 
known to be excellent monomers in the preparation of synthetic 
polysa~charides.[~~] In particular, 3,4-di-O-acetyl-l,2-0-( 1 - 
cyano)ethylidene-a-~-rhamnose[~'~ and 3,4,6-tri-O-acetyl-l,2- 
0-( I -cyano)ethylidene-fi-~-mannose[~~] undergo TrC10,-cata- 
lyzed polycondensations leading to stereoregular, yet poly- 
disperse, (1 + 4)-a-~-rhamnans and (1 -+ 4)-/3-~-mannans, re- 
spectively. It follows that, by applying high-dilution conditions 
during the polycondensation, 
the disaccharide 3 should be a 
convenient monomer (Fig. 2) T r % g  Me, 
for the formation of protected B'p o---,'CN 
cyclic oligosaccharides that 
could furnish 1 and 2 upon 


BzO 0-b 
deacylation. 3 


Fig. 2. The structural formula of the 
disaccharide 3 used as the monomer 
in the cyclooligomerization. 


Syntheses of cyclic 0iigosac- 
charides 1 and 2: In order to 
construct the disaccharide 
monomer S f o r  subsequent cyclooligomerization-it was nec- 
essary, first of all, to address the synthesis of mannopyranosyl 
acceptors and rhamnopyranosyl donors. 


Syntheses of the Mannopyranosyl Acceptors 7 and 9: Deacetyla- 
tion of the 1,2-0-(l-cyano)ethylidene triacetate 4[391 under mild 
conditions (Et,N in CHClJMeOH) afforded the tri- 
01 5 in 53 % yield (Scheme 1). By contrast, saponification of 4 
under stronger conditions (0.02M NaOMe in MeOH), followed 


Me, 
o Y C N  0-R 


AcO & H : k 0  HO b_ 


4 5 R = C N  
6 R=C02Me 


7 R = C N  8 R = C N  
9 R=C02Me 10 R = C02Me 


Scheme 1. Syntheses of mannopyranosyl acceptors 7 and 9. Reagents and condi- 
tions:a) for5,Et,N/MeOH,20"C,18h,53%;for6,0.02~NaOMe/MeOH,20"C, 
6 h; followed by I M  HCI, 84%; b) BzCI/C,H,N, -3O"C, 2.5 h; from 5, 71 % (7). 
20% (8); from 6, 65% (9), 12% (10). 
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by acidification (AcOH), gave (84 YO) the 1,2-0-(l-methoxycar- 
bony1)ethylidene derivative 6. The formation of 6 in this reac- 
tion was established unambiguously by the presence of the char- 
acteristic signals for the ester methyl group protons in both the 
'H (6 = 3.73) and I3C (6 = 52.6) NMR spectra recorded in 
D,O and CD,COCD,, respectively. Selective benzoylation (Bz- 
Cl/C,H,N) of 5, according to a slightly modified procedure[381 
at low temperature (- 30 "C), afforded the desired mannosyl 
acceptor 7 in 71 YO yield along with a 20% yield of the triben- 
zoate 8. Employing exactly the same reaction conditions on 6 led 
predominantly to the formation of dibenzoate 9 (65 YO yield), 
together with 12% of the tribenzoate 10. 


Syntheses of the Rharnnopyranosyl Donors 16 and 21: The 
rhamnopyranosyl donors were obtained starting from methyl- 
2,3-0-isopropylidene-cc-~-rhamnopyranoside ll.[411 In the first 
instance, the acetyl group was chosen for the temporary protec- 
tion of 0 -4  as it can be removed selectively by acidic methanol- 
y ~ i s [ ~ ~ l  in the presence of benzoyl groups-a manipulation that 
has been demonstrated[431 during the syntheses of several com- 
plex oligosaccharide monomers. By means of standard acetyla- 
tion (Ac,O/C,H,N), deacetonation (Amberlite (H ')/MeOH), 
and benzoylation (BzCl/C,H,N), 11 was converted via 12 
(93%), and 13 (98%) to 14 (78%) (Scheme 2). Acetolysis 
(Ac,O/H,SO,) of the methyl glycoside 14 gave a product which 
was mainly the a-acetate 15. Without further purification, this 
product was converted (HBr/AcOH/CH,Cl,) into the bromide 
16 in 71 YO yield. The 4-0-chloroacetyl analogue of l b b r o -  
mide 21-was obtained by chloroacetylation (ClCH,CO,H/ 
C,H,N/CH,CI,) of 11, affording the chloroacetate 17 in 85 % 
yield. Subjecting 17 to the sequence of transformations de- 
scribed above for 12, involving deacetonation, benzoylation, 
acetolysis, and bromination, led via 18,19, and 20 to 21 in yields 
of 66, 88, 77, and 9270, respectively. 


Construction of the Disaccharide Monomer 3: Rhamnosylation 
of the mannosyl acceptor 7 with the bromide 16 was accom- 
plished successfully (Scheme 3) by using a modification[441 of 
the well-known AgOTf-promoted condensation to give the fully 
protected disaccharide 22 in 86% yield. The cyano group re- 
mained intact under these reaction conditions despite the use of 
the cyanophilic AgOTf, which is known to cleave the cyano 
group from C E D S . [ ~ ~ I  The coupling of the same acceptor and 
donor in the presence of Hg(CN), was much less efficient and 
required a twofold excess of the bromide 16 with respect to the 


+ m  
I I" 


22 + m  


11 12 R = A c  
17 R=CICH2CO 


OMe R $ ~ ~ ~ ~ L  R & l l  - d 


Ho OH Bzo OBz 
13 R = A c  14 R = A c  
18 R = CICHzCO 19 R=CICHzCO 


e 


15 R = A c  16 R = A c  
20 R = CICHzCO 21 R =  CICH2CO 


Scheme 2. Syntheses of rhamnosyl donors 16 and 21. Reagents and conditions: 
a) for 12, Ac,O/C,H,N, Z O T ,  1 h, 93%;  for 17, CICH,COC1/C,H,N/CH,C12, 
5"C, 15min, 85%; b) for 13, Amberlite (H+)/MeOH, 20°C, 24 h; from 12,98% 
(13); from 17,66% (18); c) BzCI/C,H,N, 2 0 T ,  4 h; from 13, 78% (14); from 18, 
88% (19); d) Ac,O/H,SO,, 2 0 T ,  2 h ;  from 14, 95% (15); from 19, 77% (20); 
e) HBr/AcOH/CH,CI,, 2 0 T ,  2H; from 15, 71 % (16); from 20, 90% (21). 


CED 7. Acidic deacetylati~n[~*] (1 M HCl in MeOH) afforded 
the required alcohol 23 in only 19% yield together with the 
methoxycarbonyl derivatives 24 (34%) and 25 (5 YO). Unfortu- 
nately, even under optimized conditions, the contribution of the 
competitive methanolysis of the cyano group, leading to the 
formation of 24 and 25, remained high. Tritylation (TrClO,/col- 
lidine/CH,Cl,) of the alcohol 23 gave the monomer 3 in 65 YO 
yield: however, the reaction was accompanied by the formation 
of several by-products. By contrast, the methoxycarbonyl 
derivative 24 could be tritylated without any difficulties, afford- 
ing 27 in 94% yield. The instability of the cyanoethylidene 
group during manipulations involving protecting groups in pro- 
cedures for the preparation of trityl-CED monomers has been 
observed p r e v i o u ~ l y . [ ~ ~ - ~ ~ ]  Since the methoxycarbonyl group is 
stable under all the reaction conditions used in the preparation 
of the tritylated monomer precursor, we decided to employ an 
alternative route involving the interconver~ion[~~l of cyano- 
ethylidene and methoxycarbonylethylidene derivatives. This 
route started from the dibenzoate 9 (Scheme 3), which was cou- 


I 23 3 


I 25 l e  Scheme 3. Synthesis of the disaccha- 
ride monomer 3. Reagents and condi- 
tions: a) AgOTf/collidine/CH,CI,, 
-20- -1O"C, 1 h; from 7 and 16, 
86% (22); from 9 and 21,96% (26); 
b) l w  HCIIMeOH. 20°C. 12h. 
19% (23), 34% (24), 5 %  (25), 
c) (NH,),CS/MeCN/H,O, 20°C  
20 h, 92 % , d) TrClO,/collidine/ 


(3), from 24, 96% (27), e )  NHJ 
MeOH, 2 0 T ,  17h, then BzCI/ 


OBz 
t -  Trcw 


CH,CI,, 20°C, 5 h, from 23, 66% 


26 24 27 C,H,N, 20°C, 5 h, 87%. 


~~ 
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pled (AgOTf/collidine/CH,CI,) with the bromide 21, affording 
the disaccharide 26 in 96 YO yield. Dechloroacetylation 
((H,N),CS/MeCN/H,O) of 26 yielded the alcohol 24 (92 YO), 
which was tritylated successfully as already described. The con- 
version of the methoxycarbonyl group in 27 to the cyano group 
in 3 was performed in a two-step procedure consisting of am- 
monolysis (NH,/MeOH), followed by dehydration (BzCI/ 
C,H,N) of the amide with simultaneous benzoylation of free 
hydroxyl groups. The yield of the disaccharide monomer 3, 
prepared by this route, was 85 %. The overall yield of 3 starting 
from 6 was 39 %. The overall yield for the original route starting 
from 5 was 6 %. 


The structure of the disaccharide monomer 3 was confirmed 
by I3C NMR spectroscopy. In particular, the presence of char- 
acteristic signals for the cyanoethylidene group (6 = 20.7,101.5, 
and 116.7 for CH,-C-CN, respectively) and the triphenylmethyl 
group (6 = 88.3 for the quaternary aromatic atom) were noted 
in the 13C NMR spectrum recorded in CDCI,. Also, the a 


OAc 
20 


t 
El '1 


29 


Scheme 4. Cyclooligomerization of the disac- 
charide monomer 3. Reagents and conditions: 
a) TrCIO,/CH,CI,, concentration of 3 and Tr- 
CIO, 0.01 M, 2 0 T ,  40 h, 34% (28) and 31 % 
(29) 


configuration of the 
rhamnosidic bond in 3 
can be inferred from the 
characteristic J(C,H) 
coupling of 
170 Hz for the anomer- 
ic carbon atom on the 
rhamnosyl residue. 


Cyclooligornerization o j  
3: The crucial s t e p t h e  
cyclooligomerization of 
%was accomplished 
(Scheme4) in CH,CI, 
in the presence of Tr- 
CIO, as a catalyst at 
25 "C using a high-vac- 
uum technique for the 
preparation of both the 
reactants and the sol- 
vents. The reaction was 
carried out under mod- 
erately dilute condi- 
tions (0.01 M). Al- 
though the concen- 
tration of the disaccha- 
ride monomer was not 
that much less than 
that used in ear- 
lier polycondensations 
(>0.1 the 
concentration of the 
catalyst was chosen 
such as to provide a 
reasonable rate of reac- 
tion. After 40 h, no 
tritylated carbohy- 


drates were detected in the reaction mixture. Analytical HPLC 
revealed the formation of two major products and a series of 
slower moving components (Fig. 3) which migrate as one band 
on TLC. The two faster-moving major products were separated 
successfully as pure compounds by a combination of ordinary 
column chromatography and preparative HPLC on silica gel 
columns to give the cyclic oligosaccharides 28 and 29 in 34 and 
31 % yields, respectively. 


The highly symmetrical structures of 28 and 29 were obvious 
from inspection of their NMR spectra: both the 'H (Fig. 4) and 


'0°1 1 "  


-~ 
04 , , , , , , , , ( I  , ( , ,  I , , , ,  I , , , ,  I , ,  


10.00 20.00 30100 40100 50.00 
Retention time (min) 


Fig. 3. The elution profile of the products from the cyclooligomerization of the 
disaccharide monomer 3 obtained from a Dynamax 60A HPLC column (SiO,, 
250 x 5 mm id.) with heptane-EtOAc (gradient elution from 40-80% of EtOAc 
during 80 min) as the eluant. Peaks a and b relate to compounds 28 and 29, respec- 
tively. Peaks c to h represent a high molecular weight fraction in which c, d, and e 
have been identified by MALDI-TOF mass spectrometry (see Fig. 5 )  as cyclic deca-, 
dodeca-, and tetradecasaccharides, respectively. 


I /  I I ,  
6 5 5  5 0  4.5 4.0 


Fig. 4. The 'H NMR spectra of the protected cyclic oligosaccharides 28 (a) and 29 
(h) recorded in CDCI, at 400 MHz. In the annotation of the spectra, the numbers 
refer to the usual pyranose ring numbering scheme and M and R relate to the 
o-mannopyranosyl and L-rhamnopyranosyl residues, respectively. 


I3C NMR spectra contain only one set of signals, corresponding 
to a disaccharide repeating unit. No minor signals which could 
be attributed to the presence of terminal monosaccharide 
residues were evident in these spectra. In the anomeric region of 
the 13C NMR spectrum, there are only two signals that can be 
assigned to the anomeric carbon atoms of the rhamnose and 
mannose residues, and they are both associated with the a-gly- 
cosidic bonds since the J(C,H) values are around 170 Hz. All of 
this evidence indicates that compounds 28 and 29 are cyclic 
oligosaccharides with repeating and alternating L-rhamnopyra- 
nosy1 and D-mannopyranosyl residues linked exclusively a-I ,4. 


The precise determination of the ring sizes of the two cyclic 
oligosaccharides was accomplished by LSIMS and MALDI- 
TOFMS (Table 1). These two mass spectrometric techniques 
reveal that 28 and 29 are built up from three and four disaccha- 
ride repeating units, respectively. During the LSIMS, unusual 
peaks corresponding to [ M  + 1331' ions were observed and at- 
tributed to the presence of cesium ions: the peaks were com- 
pletely suppressed by the addition of sodium ions. Although the 
same peculiarity did not characterize the original MALDI- 
TOFMS, in the presence of a 1 : 1 mixture of sodium and cesium 
salts, peaks corresponding to [ M  + Cs]' ions predominate in 
the mass spectra. 


Even employing preparative-scale HPLC, we were unable to 
separate further pure compounds from the third fraction, fol- 
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Table 1. Mass spectrometric data for the cyclic oligosaccharides 1, 2, 28, and 29. 


~ ~~ 


Predicted Observed m / i  
M +  [a1 LSIMS MALDI 


1 924.3 947 [M +Na]+ 
963 [M + K] + 


2 1232.4 1255 [ M  +Na] + 


1271 [ M  +K] + 


28 2299.7 2431 [ M  +Cs]+ 2321 [ M  +Na]+ 
2322 [ M  +Na]+ [b] 2337 [ M  +K]+ 


29 3065.9 3199 [ M  +Cs]+ 3087 [ M  +Na]+ 
3090 [ M  +Na]+ [b] 3103 [M +K]+ 


[a] The mass of the most abundant peak in the calculated isotope distribution. 
[b] An excess of NaOAc was added to the probe for this run. 


lowing the isolation of 28 and 29 from the cyclic oligomeriza- 
tion. However, when MALDI-TOFMS was applied (Fig. 5) to 
the analysis of this third fraction, it was found to contain three 
products which could be assigned to the cyclic deca-, dodeca-, 
and tetradecasaccharides on the basis of peaks, respectively, at 
mjz = 3852,4619, and 5386 for their [ M  +Na]+ ions. 


100 


90 i 


a 
10 


3852 


4619 


m/Z 


Fig. 5. The MALDI-TOF mass spectrum of the high molecular weight fraction that 
contains peaks c to h from the HPLC (see Fig. 3) following cyclooligomerization of 
the disaccharide monomer 3. Peaks c, d, and e in Fig. 3 appear to give rise to 
[M + Na]' ions at 3852,4619, and 5386, corresponding to cyclic deca-, dodeca-, and 
tetradecasaccharides, respectively. 


Deprotection of the Acyluted Cyclic Oligosaccharides 28 and 29: 
Deprotectipn of 28 and 29 was achieved by saponification with 
NaOMe in MeOH/CH,Cl, , followed by treatment with NaOH 
in aqueous MeOH. The "free" cyclic oligosaccharides 1 and 2 
were purified by gel-permeation chromatography, eluting some- 
what faster than a- and P-cyclodextrins, respectively. On con- 
centration of an aqueous solution of 1, the cyclic hexasaccharide 
exhibits very low solubility in water; by contrast, the cyclic 
octasaccharide 2 retains its aqueous solubility on concentration. 
The structures of the cyclic oligosaccharides 1 and 2 were con- 
firmed by NMR spectroscopy. The 'H NMR spectra of 1 and 2 
could be assigned completely by using the COSY technique in 
conjunction with NOE experiments. The assignment of the car- 
bon resonances in the I3C NMR spectrum of 2 was made on the 
basis of a C-H correlation experiment. The MALDI-TOFMS 
data for 1 and 2 (Table 1) are in complete agreement with the 
number of repeating units already established for their fully 
protected precursors, namely, 28 and 29, respectively. The cyclic 
octasaccharide 2 was observed to crystallize from aqueous solu- 
tion, affording colorless needles-which decompose rather 
quickly on being taken out of water-suitable for X-ray crystal- 
lography. 


X-Ray Crystal Structure of 2: The X-ray structural analysis of 2 
(Fig. 6 )  reveals the presence of a highly symmetrical structure 
with two crystallographically independent C, symmetric mole- 


Fig. 6. a) Ball-and-stick and bj  space-tilling representations of the solid-state 
structure of the cyclooctaoside 2 (molecule 1 j in plan view. In (a) the L-rhamnopy- 
ranosyl and D-mannopyranosyl residues are picked out in light and dark blue, 
respectively. The coloring of the atoms in (b) is conventional. 


cules in the asymmetric unit. The alternating 1,4-linked EL- 
rhamnopyranosyl and a-D-mannopyranosyl units in each mole- 
cule adopt normal 'C ,  and 4C, chair conformations, 
respectively. There are only very small differences between 
these two molecules (Fig. 7) in the conformations of the two 
unique disaccharide units in the cyclic oligosaccharide, namely, 


I 


Fig. 7. The superimposition of the disaccharide repeating unit of molecule 1 (solid 
lines) and molecule 2 (dashed lines) in the solid-state structure of 2. The L- 
rhamnopyranosyl and o-mannopyranosyl residues are traced out in light and dark 
blue, respectively. 
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-a-L-Rhap-(1 + 4)-~-Manp- and -cr-D-Manp-( 1 --t 4)-~-Rhap- 
(Fig. 8). Whereas in the first of these disaccharide repeating 
units (Fig. 8 a) there are small differences in the 4 and $ torsion- 
al angles (+ 41 and - 6", respectively, in molecule 1, cf. + 36 
and O", respectively, in molecule 2) associated with the glyco- 
sidic bond, in the other disaccharide repeating unit (Fig. 8 b) the 


Both crystallographically independent molecules form dis- 
crete stacks (Fig. 9, left) that extend through a lattice translation 
(7.92 A repeat) in the c direction. The molecules within each 
stack are thus perfectly in register with each other and form 
large open channels (Fig. 9, right) within which some of the 


Fig. 8. The conformations of the two disaccharide fragments of 2 (molecule 1) in 
the solid state: a) -a-L-Rhap-(1 + 4)-~-Manp- and b) -x-D-Manp-(l - 4)-~-Rhap-, 
with the L-rhamnopyranosyl and D-mannopyranosyl residues highlighted in light 
and dark blue, respectively. 


4 and $ torsional angles are, within the margin of error, the 
same at - 36 and O", respectively. In terms of the overall confor- 
mation of 2, these geometries lead to almost orthogonal disposi- 
tions of the rhamnopyranose and mannopyranose rings toward 
the plane of the cyclic oligosaccharide. The highly symmetrical 
conformation observed for 2 is in sharp contrast to the very 
much more distorted geometry observed for the closely related 
hydrated y-cy~lodextrin.[~~. 501 


The symmetrical shape of 2 produces a cavity with transannu- 
lar dimensions that are summarized in Table 2 with reference to 
1) the two different pairs of diametrically disposed glycosidic 
oxygen atoms and 2)  opposite pairs of inwardly directed axial 


Table 2. Some selected intraannular distances (A) in the solid-state structure of the 
cyclooctaoside 2. 


[Atom.. . Atom] [a] Molecule 1 Molecule 2 


[O-1A (Rha) . . .O-lC (Rha)] 11.28 11.26 


[0-3 A (Rha) . . . H-3 C (Rba)] 9.37 9.31 
[H-5A (Rha). . 'H-5C (Rha)] 10.48 10.77 
[H-3 A (Man) * .  H-3 C (Man)] 9.20 9.32 
[H-5A (Man)."H-SC (Man)] 10.62 10.54 


[O-1A (Man)."O-lC (Man)] 11.15 11.22 


[a] Following a well-known nomenclature system in cyclodextrin chemistry, the 
repeating disaccharide units are labeled clockwise A, B, C, and D. 


H-3 and H-5 hydrogen atoms on the L-rhamnopyranose and 
D-mannopyranose rings. A very important feature of the solid- 
state structure of 2 is the absence of any intramolecular [O- 
H .  . '01 hydrogen bonding between adjacent monosaccharide 
units-a feature that is normally considered necessary for the 
formation of a toroidal conformation in the case of the CDS.['~] 


Fig. 9. The discrete stacks of 2 in the solid state, shown with a space-filling represen- 
tation and conventional colorings of the atoms: a side-on view of a stack (left) and 
a view looking down one of the stacks (right). 


included H,O molecules are located.[521 Stacks of molecules are 
arranged in a cubic close-packed array (Fig. lo), with adjacent 
stacks that are in van der Waals contact with each other having 
reversed polarities[531 associated with clockwise and anticlock- 


Fig. 10. The three-by-three arrangement of molecules of 2 in a cubic close-packed 
array, shown with a space-filling representation and conventional atom colorings. 
Note the interstices between the stacks of molecules as well as the open channels 
associated with each molecular stack. 


wise sequences of the eight glycosidic bonds in 2 (Fig. 11). Im- 
mediately adjacent molecules within any one close-packed sheet 
are slightly stepped with respect to each other relative to the 
stack directions (Fig. 12). Adjacent stacks are cross-linked 
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Fig. 11. A schematic representation of the two-dimensional arrangement of mole- 
cules 1 (red) and 2 (blue) in the solid-state structure of 2. The clockwise and anti- 
clockwise sequences of the glycosidic bonds in this three-by-three arrangement 
match that illustrated in Figure 10. 


---- 
Fig. 12. A space-filling representation in elevation of the slightly stepped stacks of 
molecules 1 (red) and 2 (blue) of 2 in the solid state. 


through pairs of [0-H . . ‘01 hydrogen involving in 
one instance an interaction between the CH,OH group on D- 
mannopyranose residues in molecule 1 and the ring oxygen 
atoms of the D-rhamnopyranose residues in molecule 2 and be- 
tween the OH groups on C-2 of the same pair of monosaccha- 
ride residues in the two molecules. Associated with the close- 
packed arrangement of stacked molecules is the formation of 
secondary interstack channels within which the remaining H,O 
molecules are positioned. 


Molecular Modeling of 1 and 2: Since the solid-state structural 
information was available for 2, we decided to carry out some 
molecular simulations on 1 as well as on 2, based on the semiem- 
pirical method AM 1 .[551 We argued that, if we could achieve a 
high degree of correlation between the calculated and experi- 
mental solid-state structure of 2, then we could make a predic- 
tion with some certainty about the structure of 1. The calculated 
structures for 1 and 2 are shown in Figure 13. Direct compari- 
son (Fig. 14) between the calculated structure for 2 and the 
structure obtained for molecule 1 demonstrates a high degree of 
similarity: the RMS error of superimposition for the glycosidic 
oxygen atoms is 0.16 A. Moreover, the relatively close match 
between most of the geometrical and physical data in Table 3 for 
the calculated structure of 2 and that based on molecule 1 in the 
solid-state structure is encouraging. Although there are some 
deviations in the torsional angles (4  and t,b) associated with the 
two different glycosidic bonds, this observation is not unexpect- 
ed since semiempirical methods often predict conformations 
that are lower in energy than those found in the solid state.1561 
Indeed, estimates of the heats of formation for the calculated 
and X-ray-derived conformations suggest that the calculated 
structure is some 115 kcalmol-l more stable (in the gas phase) 


Fig. 13. The calculated structures of a) 1 and b) 2 obtained by the semiempirical 
method AM 1. 


than the solid-state structure, which is, of course, stabilized 
extensively by solvation with water. Thus, we present a calculat- 
ed conformation for 1 in Figure 13 with some confidence 
about its gross structural relationship to the actual molecule. 
More significantly, we have demonstrated to ourselves that 
we can predict the gross structural features of this new 
generation of cyclic oligosaccharides with a high degree of pre- 
cision. 


Fig. 14. A superimposition of the structures of 2 obtained from X-ray crystallo- 
graphic data on molecule 1 (red lines) and from a semiempirical calculation using 
AM 1 (blue lines). 


~ 
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Table 3. Summary of calculated parameters for the cyclohexaoside 1 and the cy- 
clooctaside 2. 


~ ~ ~ ~ ~ ~ ~ ~ 


Intraannular distances (A) [c] 
0-1A (Rha) . . .O-lC (Rha) - 11.45 11.28 
0-1A (Man). . ,O-lC (Man) - 11.39 11.15 
O-lA(Rha) . . .O-lB(Man) 8.29 ~ - 
0-1  A (Man). . ' 0 -1  C (Rha) 8.33 ~ - 
Glycosidic torsional angles (") 
6 [dl 13.0 22.5 41.0 
$ [d1 -15.4 -5.6 - 6.0 
6 [el - 18.4 -20.3 - 36.0 
$ [el 22.0 3.8 0 


Average glycosidic bond angle (") 116.9 115.9 116.2 
Final AH, (kcal mol- I) - 1269 - 1701 - 1588 [f] 
Calculated dipole moment (D) 1.5 4.7 4.8 [fl 


[a] Structures deduced by semiempirical AM 1 calculation. [b] Structure of mole- 
cule 1 of the cyclooctaside 2 obtained by X-ray crystallography. [c] Following a 
well-known nomenclature system in cyclodextrin chemistry, repeating disaccharide 
units are labeled clockwise A, B, C, and D. [d] Torsion angles associated with the 
glycosidic bond in a-L-Rhap-(1 + 4)-o-Manp. [el Torsional angles associated with 
the glycosidic bond in a-D-Manp-(l + 4)-~-Rhap. [fl Values obtained from a single- 
point AM 1 calculation based on the X-ray crystal structure of 2 (molecule 1). 


Conclusion 


The polycondensation-cycloglycosylation approach to the syn- 
thesis of cyclic oligosaccharides resembling CDs has been ap- 
plied successfully to the construction of cyclo[ (1 -+ 4)-a-~-rham- 
nosy]-( 1 + 4)-~1-~-mannopyranosyl]trioside (1) and -tetraoside 
(2). The approach depends on the identification of a rationally 
designed precursor-the disaccharide monomer S a n d  the use 
of high-dilution conditions in the cyclooligomerization. The 
predominant formation of cyclic hexa- and octasaccharides-as 
well as the relative absence of high molecular weight linear prod- 
ucts-can be accounted for by the preorganization of the grow- 
ing oligosaccharide chain during the reaction : the consequence 
of the axial and equatorial orientations at the C-1-0 and C-4- 
0 bonds, respectively, on the two pyranosyl rings, determines 
the helical conformations for the linear oligosaccharides. Al- 
though their separation and characterization has still to be ac- 
complished, cyclic oligosaccharides containing more than eight 
monosaccharide residues have also been identified in the 
product mixture following the cyclooligomerization. The poly- 
condensation-cycloglycosylation approach seems to be an at- 
tractive one for the construction of a range of cyclic oligosac- 
charides, which, unlike the CDs, do not contain a-1,4-linked 
D-glUCOpyranOSyl residues. 


The fact that, in the solid state, the cyclic octasaccharide 
forms nanotubules with a diameter of approximately 1 nm is 
reminiscent of the solid-state structures of cyclic peptides with 
alternating D- and L-amino acids.[571 It is conceivable that these 
new cyclic oligosaccharides could become attractive candidates 
for research at air-water interfaces and on solid substrates. 
Such activities in the area of interfacial science would be partic- 
ularly worthwhile if the cyclic oligosaccharides 1 and 2 behave 
as receptors toward appropriately structured substrates after 
the fashion of CI- and y-cyclodextrins-the naturally occurring 
cyclic octasaccharides. 


Experiment a1 Section 
General Techniques: Chemicals, including monosaccharides, were purchased from 
Aldrich or Lancaster. TrCIO, was prepared according to a literature procedure [%I. 
Solvents were dried as recommended in the literature [59]. Thin-layer chromatogra- 


phy (TLC) was carried out on aluminium sheets precoated with Kieselgel 60F,,, 
(Merck). The plates were inspected by U V  light and developed with 5% H,SO, in 
EtOH at 120°C. Column chromatography was carried out using silica gel 60F 
(Merck 9385,230-400 mesh). High-performance liquid chromatography (HPLC) 
was carried out on Dynamax 60 columns (Anachem) with a Gilson 714 system fitted 
with a variable UV detector. Gel-permeation chromatography (GPC) was per- 
formed on a column (80 x 1.6 cm with Vo=60 mL) packed with Fractogel TSK 
HW-40(S) (Merck) in 0.1 M AcOH. Fractions were monitored with a differential 
refractometer 141 supplied by Waters. Melting points were determined on an elec- 
trothermal 9200 apparatus. Optical rotations were measured at 22 2 "C on Perkin- 
Elmer 457 polarimeter. 'H NMR spectra were recorded on either a Bruker AC300 
(300 MHz) spectrometer or a Bruker AMX400 (400 MHz) spectrometer with either 
the solvent reference or TMS as internal standards. I3C NMR spectra were recorded 
on a Bruker AC300 (75.5 MHz) spectrometer or a Bruker AMX400 (100.6 MHz) 
spectrometer using the JMOD pulse sequence. Low-resolution mass spectra (EIMS 
and CIMS) were obtained on either a Kratos Profile or a VG Prospec mass spec- 
trometer. Fast atom bombardment mass spectra (FABMS) were recorded on a 
Kratos MSBORF spectrometer using a Krypton primary atom beam at 8 eV and a 
nitrobenzyl alcohol matrix. Liquid secondary-ion mass spectra (LSIMS) were 
recorded on a VG Zapspec mass spectrometer equipped with a cesium gun operating 
at 5 30 keV. Matrix-assisted laser desorption ionization/time-of-flight mass spectra 
(MALDI-TOFMS) were recorded on a Kratos Kompact MALDI I11 instrument 
using a 2,5-dihydroxybenzoic acid matrix. Microanalyses were performed by the 
University of Birmingham or University of Sheffeld microanalytical services. 


1,2-O-[l-(exu-Cyano)ethylidenej-B-o-mlnnopyranos [40] (5 ) :  The triacetate 4 [39] 
(3.57 g, 10 mmol) was dissolved in a mixture of CHCI,/MeOH (1 :6, 35 mL) at 
40 'C, Et,N (3 mL) was added, and the reaction mixture was stirred for 20 min at 
40 'C before being left to stand overnight at room temperature. The solution was 
then concentrated and the residue subjected to chromatography (SiO,: EtOAc/ 
MeOH,9:l)togivethetriol5(1.22g,53%yield), R, = 0.54(EtOAc:MeOH,9:1); 
[?ID = + 20.7 ( c  =1.2 in Me,CO), ref. [40]: [alD = + 22.3 (c =1.0 in MeOH); 
'HNMR (300MH2, D,O, 25°C): 6=1.85 (s, 3H;  CCH,), 3.35 (ddd, 
JS.ba = 5.8 Hz, J5.6b = 2.4 Hz, 1 H;  H-5). 3.65 (pt, J,,, = J4,5 = 9.2 Hz. 1 H;  H-4), 
3.67 (dd, J,, bb = 12.2 Hz, 1 H; H-6a), 3.80 (dd, 1 H;  H-6b), 3.97 (dd. J2., = 4.2 Hz, 
1 H;  H-3). 4.58 (dd, J 1 , 2  = 2.2 Hz, 1 H; H-2). 5.40 (d. 1 H ;  H-1); I3C NMR 
(75.5 MHr, (CD,),CO, 25'C): 6 = 26.9 (CHIC), 62.4 (C-6), 68.2, 71.9, 77.1 (C-3, 
C-4, C-5). 82.3 (C-2), 98.1 (C-1). 101.9 (CH,C), 118.2 (CN), FABMS: m/z 254 
[ M  +Na]+. 205 [ M  - CN]'. 


3,6-Di-0-benzoyI-1,2-0-ll-(exu-eyano)ethylidenel-~-D-mannopyranos (7) and 
3 , 4 , 6 - T n - 0 - h e n z o y l - 1 , 2 - O - ~ l - ( e x o - c y a M ) e s e  (8): A so- 
lution of BzCl(3.24 mL, 28 mmol) was added gradually to a cooled (- 30 "C) and 
stirred solution of the triol 5 (1.70 g, 7.00 mmol) in C,H,N (35 mL). Stirring was 
continued for 2 h at - 30 "C. After treatment with MeOH (2 mL), the mixture was 
allowed to warm up to room temperature, before it was diluted with CHCI, 
(100 mL). washed with aq. NaHCO, (2 x 30 mL) and H,O (30 mL), and then con- 
centrated. Column chromatography of the residue (SO,: hexane/EtOAc, 95:5 to 
70:30) afforded dibenzoate 7 (2.20 g, 71 "A) and tribenzoate 8 (760 mg, 20%). 
7: R, = 0.47 (hexane/EtOAc, 7:3); m.p. 152-153°C; [a], = + 30.4 ( c  =1.5 in 
CHCI,); 'HNMR(300 MHz,CDCl,,25'C):s =1.86(s,3H;CCH1), 3.70(m, 1 H; 
H-5). 4.06 (pt, J3, ,=J, , ,=9.8Hz, 1 H ;  H-4). 4.52 (dd, JS,,,=2.6Hz, 
J,,.,,=12.4Hz.1H;H-6a),4.72(dd,J,,,=2.2Hz,J,,,=4.1Hz,1H;H-2),4.83 
(dd, = 3.6 Hz, 1 H; H-6b), 5.43 (dd, 1 H; H-3). 5.55 (dd, 1 H; H-I); I3C NMR 
(75.5 MHz. CDCI,, 25°C): 6 = 26.7 (CH,C), 63.2 (C-6). 65.0 (C-4), 72.2 (C-3). 
74.2 (C-S), 78.8 (C-2), 97.1 (C-1). 101.7 (CH,C), 116.7 (CN), 166.4, 167.2 (C=O); 
FABMS: m/z 452 [M+Na]+,  440 [ M + H ] + ,  413 [M-CN]+,  371 
[ M  - CN - CH,CO]+; C,,H,,NO, (439.43): calcd C 62.87, H 4.82, N 3.19; found 
C 63.20, H 4.83, N 2.92. 
8: R, = 0.65 (hexane/EtOAc, 7:3); m.p. 9 6 T  (softening) then 118-118.5 'C 
(EtOAc/hexane); [%lo = - 1.5 ( c  = 1.0 in CHCI,); 'H NMR (300 MHz, CDCI,, 25 
' C ) :  d =1.93 (s, 3H; CCH,), 4.12 (m, 1H: H-9 ,  4.42 (dd, JS,b., = 5.0 Hz, 
Jea.m =12.0 Hz, 1 H;  H-6d), 4.62 (dd, J5,6b = 3.2 Hz, 1 H;  H-6b), 4.85 (dd, 
J1. ,=2.4Hz, J2 , ,=3 .6Hz ,  1H; H-2), 5.65 (dd, 1H;  H-I), 5.69 (dd, 
J3,4 =10.0 H~,l€I;H-3),5.89(pt,J , , ,  =10.0 Hz,lH;H-4);"CNMR(75.5 MHz, 
CDCI,, 25 'C): 6 = 26.2 (CH3C), 62.8 (C-6). 66.1 (C-4). 69.9, 72.0 (C-3, C-5). 78.2 
(C-2), 97.1(C-l). 101.5 (CHIC), 116.4 (CN), 165.1, 165.5, 165.8 (C=O); FABMS: 
mlz 556 [ M  +Nal+, 544 [M +HI+,  517 [A4 - CN]', 475 [ M  - CN - CH2CO]+: 
C,,H,,NO, (543.53): calcd C 66.29, H 4.64, N 2.58; found C 66.35, H 4.71, N 2.20. 


1,2-~-[l-(ex~-Methoxycarbonyl)ethylide~~-~-~-mannopyrano~ (6): The triacetate 
4 (7.14 g, 20 mmol) was stirred for 6 h in 0 . 0 2 ~  NaOMe in MeOH (255 mL) at 
25 'C. The solution was treated with 1 M HCI (ca. 10 mL) to neutralize and then kept 
for 0.5 h before being concentrated. The product was separated by filtration 
through the silica gel column with EtOAc/MeOH (9:l) as eluant to give the pure 
triol 6 (4.43 g, 84%), R, = 0.46 (EtOAc/MeOH, 9:l);  m.p. 72-73°C; [a], = 
+ 1 8 . 9 ~ ( c = l . l  in Me,CO); 'HNMR (300MHz. D,O, 25'C): 6=1.63 (s. 3H; 
CCH,),3.35(m,lH;H-5),3.6S(pt,J,,,=J,,,=9.6Hz,lH;H-4),3.66(dd, 
JS.ba = 6.0 Hz, =12.7 Hz, 1H: H-6a), 3.73 (s, 3H;  COCH,), 3.80 (dd. 
JS.e,h = 2.4 Hz, 1 H; H-6b), 3.87 (dd, Jz = 4.2 Hz, 1 H; H-3), 4.36 (dd, J L , ,  = 
2.3 Hz, 1 H: H-2), 5.44 (d, 1 H: H-1); 13C NMR (75.5 MHz, (CD3),C0, 25 'C) :  
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6 = 26.6 (CH,C), 52.6 (OCH,), 62.7 (C-6), 68.4, 72.6, 77.0 (C-3, C-4, C-5), 81.6 
(C-2), 98.4 ( G I ) ,  108.0 (CH,C), 170.2 (C=O): FABMS: m/z 287 [ M  +Na]+, 265 
[ M  +HI+,  203 [ M  - COOMe]', 163 [ M  - COOMe - CH,CO]+: C,,H,,O, 
(264.23): calcd C 45.46, H 6.10; found C 45.20, H 5.85. 


3,6-Di-0-henzoyl-1,2-0-~l-(exo-methoxycarhonyl)ethylidene~-~-~-mannopyranose 
(9) and 3,4,6-Tn-0-benzoyl-l,Z-O-[l-(exo-methoxycar~nyl)ethylidene~-~-~-man- 
nopyranose (10): The trio1 6 (2.82 g, 10.7 mmol) was partially henzoylated with BzCl 
(2.3 mL, 20 mmol) in C,H,N (50 mL) as described for the preparation of dihen- 
zoate 7 and the tribenzoate 8. The products were isolated by column chromatogra- 
phy (SO,: PhMe/EtOAc, 95:5 to 4:l)  to give the dihenzoate 9 (3.29 g, 65%) and 
the tribenzoate 10 (740 mg, 12%). 
9: R ,  = 0.44 (PhMe/EtOAc, 4: l ) :  [a], = + 25.1 (c =1.3 in CHCI,); 'H NMR 
(300MHz,CDC1,,25'C):6 =1.72(s,3H;CCH3),3.70(m,lH;H-5),3.72(s,3H; 
COCH,), 4.13 (pt, J , . ,=J4,,=9.9Hz, 1H;  H-4), 4.52 (dd, J5,,,=2.6Hz, 
J,,,,=12.2Hz,1H;H-6a),4.75(dd,Ji.,=2.1 Hz,J , , ,=3 .8Hz, lH;H-2) ,4 .85  
(dd, Js,eb = 3.6 Hz, 1 H: H-6b). 5.39 (dd, 1 H;  H-3), 5.55 (dd, 1 H; H-I);  "C NMR 
(75.5 MHz, CDCI,, 25°C)- 6 = 23.5 (CH,C), 52.7 (OCH,), 63.5 (C-6), 65.0 (C-4), 
73.1 (C-3)- 74.1 (C-5), 78.4 (C-2), 97.5 (C-l), 107.7 (CH,C), 166.5, 167.2, 169.2 
(C=O); FABMS: m/z 485 [ M  +Na]+, 473 [ M  +HI+,  413 [ M  - COOMe]', 371 
[M - COOMe - CH,CO]'; C,,H,,O,, (472.45): C 61.02, H 5.12; found C 61.00, 
H 5.17. 
10: R ,  = 0.68 (PhMe/EtOAc, 4:l):  m.p. 143-144°C (EtOAc/hexane); [a], = 
-13.5 (c =1.0 in CHCI,); 'HNMR (300 MHz, CDCI,, 25°C): 6 =1.81 (s, 3H; 
CCH,), 3.73 (s, 3H; COCH,), 4.13 (m, 1H:  H-5), 4.48 (dd, JS,hn = 4.8 Hz, 
J6a,eb =12.0 Hz, 1 H; H-6a), 4.64 (dd, Js.6b = 3.5 Hz, 1 H;  H-6h), 4.90 (dd, 
J , , , = ~ . ~ H Z , J , , , = ~ . ~ H Z , ~ H ; H - ~ ) , ~ . ~ ~ ( ~ ~ , J , , , = I O . I H ~ ,  IH;H-3) ,5 .68 
(dd, 1 Hi H-I), 5.98 (pt, J h , ,  =10.1 Hz, 1H;  H-4); "C NMR (75.5 MHz, CDCI,, 
25°C): 6 = 23.1 (C'H,C), 52.5 (OCH,), 63.25 (C-6). 66.4 (C-4), 70.7, 72.1 (C-3, 
C-5), 77.8 (C-2), 97.7 (C-I), 107.7 (CH,C)165.1, 165.7, 166.0, 168.1 (C=O): 
FABMS: m/z 599 [MfNa] ' ,  577 [M+H]+ ,  517 [ M -  COOMe]', 475 
[ M  - COOMe - CH,CO]+; C,,H,,O,, (576.56): calcd C 64.58, H 4.90; found C 
64.50, H 4.71. 


Methyl 4-0-Acetyl-2,3-di-O-isopropylidene-a-~-rhamnopyranoside [60] (12) : Con- 
ventional acetylation of methyl 2,3-O-isopropylidene-a-~-rhamnopyranoside [41] 
(11)(12.0g)hytheactionofanAc,O-C,H,Nmixture(40mL, 1:3)at2O0Cforl h 
afforded the acetate 12 (13.3 g, 93%), which crystallized on standing: R ,  = 0.58 
(hexane/EtOAc, 9: 1); m.p. 60-62 T: [a], = - 15.8 (c = 1 .0 in CHCI,); ref. [60]: 
1n.p. 61 -63 "C (aq. MeOH), [a], = - 14.5 (in CHCI,); 'H NMR (300 MHz, CD- 
CI,, 25°C): 6 =1.15 (d, J,., = 6.3Hz, 3H: H-6), 1.32 (s, 3H; C(CH,),), 1.54 (s, 
3H;  C(CH,),), 2.08 (s, 3H;  OCOCH,), 3.37 (s, 3H; OCH,), 3.68 (dq, 1H;  H-5), 
4.09-41.6(m,2H;H-2,H-3),4.84(dd, J3, ,=7.0Hz,J, , ,=l0.0Hz, 1H;H-4) ,  
4.87 (hs, J , , ,<l  Hz, 1 H; H-1); ',C NMR (75.5 MHz, CDCI,, 25°C): 6 =16.9 
(C-6), 21.0 (OCOCH,), 26.3, 27.6 (C(CH,),), 54.9 (OCH,), 63.8 (C-5), 74.4, 75.8, 
75.9 (C-2, C-3, C-4), 98.0 (C-l), 109.7 (C(CH,),), 170.0 (C=O). 


Methyl 4-O-Acetyl-a-~-rhamnopyranoside (13): The acetonide 12 was stirred with 
Amberlite 15 (H') ( 5  g) in MeOH (100 mL) overnight at room temperature, and 
then the resin was filtered off and the solvent removed by evaporation. The residue 
was recrystallized from an Et,O/hexane mixture to give the diol 13 (1 1 .0 g. 98 %); 
R ,  = 0.19 CHCI,/MeOH, 9:l):  m.p. 112-113.5 'C; [a], = - 97.5 (c =1.2 in 
CHCI,): ref. [60]: m.p. 112-116°C; 'HNMR (300 MHz, CDCI,, 25'C): 6 =1.22 
(d, Js.6 = 6.2 Hz, 3 H :  H-6), 2.13 (s, 3H;  OCOCH,), 3.38 (s, 3H;OCH,), 3.77(dq, 
1H;H-5),3.84(dd,J2, ,  =~.~Hz,J,,,=~.~Hz,IH;H-~),~.~~(~~,J,,,=I.~Hz, 
1 H; H-2). 4.71 (d, 1H;  H-I), 4.81 (pt, J4,, = 9.5 Hz, 1 H; H-4); "C NMR 
(300 MHz, CDCI,): 6 = 17.4 (C-6), 21.1 (OCOCH,), 55.0 (OCH,), 65.6 (C-5).  70.1, 
70.9 (C-2, C-3), 75.0 (C-4), 100.7 (C-1),171.9 (C=O). 


Methyl 4-0-Acetyl-2,3-di-0-benznyl-a-~-rhamnopyranoside [60] (14): BzCl 
(11.6 mL, 100 mmol) was added to a solution of the diol 13 (11.0 g, 50 mmol) in 
C,H,N, and the reaction mixture was stirred for 4 h at room temperature followed 
by a conventional workup procedure. Column chromatography of the resulting 
mixture on silica gel using light petroleum (b.p. 60-8O0C)/hexane (95:5) as eluant 
gave the dibenzoate 14 (16.8 g, 78%); R, = 0.62 (hexane/EtOAc, 9:l);  m.p. 60- 
61 "C: [a], = +116.5 (c =1.1 in CHCI,); ref. [60]: m.p. 40-60°C (as. MeOH); 
'HNMR (300MHz, CDCI,, 25°C): 6 =1.31 (d, Js,6 = 6.4 Hz, 3H; H-6), 1.97 ( s ,  
3H;  OCOCH,), 3.46 (s, 3H; OCH,), 4.01 (dq, 1H: H-5), 4.85 (d, J1,, =1.2Hz, 
1H;  H-I), 5.39 (pt, J,,,=J,,,=lO.OHz, 1 H ;  H-4). 5.59 (dd, J,,,= 
3.6Hz,lH: H-2), 5.62 (dd, I H: H-3); "C NMR (75.5 MHz, CDCI,, 25°C): 
6 =17.6(C-6),20.8(OCOCH3), 55.3(OCH3),66.3(C-5),70.1,70.7,7I.3(C-2,C-3, 
C-4), 98.5 (C-1), 165.5, 165.6 (PhCO), 170.1 (C=O). 


1,4-Di-O-acetyl-2,3-di-O-benzoyl-a-~-rhamnopyranose (15): The methyl glycoside 
14 (16.0 g, 37 mmol) was dissolved in Ac,O (60 mL), and treated with conc. H,SO, 
(0.6 mL) at 0-5°C. The reaction mixture was allowed to stand for 2 h at room 
temperature. NaOAc (2 g) was added, and the mixture was poured into ice (300 g) 
and stirred overnight. The product was extracted with CHCI, (3 x 80 mL), and the 
combined organic layers were washed with H,O (100mL) and aq. NaHCO, 
(3 x 100 mL), before being dried and concentrated. The residue (16.1 g, 95%) con- 
taining the s-acetate 15 as a major component. contaminated with a small amount 


of the b-anomer, was used in the next stage without purification. An analytically 
pure sample of 15 was isolated by column chromatography (SiO,: hexane/EtOAc, 
95:5); R ,  = 0.46 (hexane/EtOAc, 9: l ) ;  [a], = +71.8 (c = 1.0 in CHCI,); 'HNMR 
(300MH2, CDCI,, 25°C): 6=1.32  (d, JS, ,=6.6Hz,  3H; H-6). 1.98 (s, 3H;  
COCH,),2.21 (s,3H;C0CH3).4.10(dq, lH;H-5),5.44(pt,  J3,, = J4,1 =10.0 Hz. 
1 H: H-4). 5.60-5.67 (m, 2H; H-2, H-3), 6.23 (s, 1 H;  H-I);  "C NMR (75.5 MHz, 
CDCI,, 25'C): 6 = 17.6(C-6), 20.7. 20.9(COCH3), 68,7,69.5,69.8,70.7 (C-2, C-3, 


(461.49): calcd C 62.46, H 6.33; found C 62.65, H 6.30. 


4-0-Acetyl-2,3-di-0-benzoyl-a-~-rhamnopyranosylhromide (16): A solution of the 
a-acetate 15 (2.4 g, 5.0 mmol) in CH,CI, (20 mL) containing AcBr (2.2 mL, 
30 mmol) was cooled i n  ice-water, followed by treatment with MeOH (1.06 mL, 
26.5 mmol) in CH,CI, (5 mL). The solution was maintained at room temperature 
for 2 h before being poured into a separating funnel filled with crushed ice (100 g) 
The crude product was separated by extraction with CH,CI, (3 x 100 mL). The 
combined extracts were washed with H,O (50 mL) and aq. NaHCO, (2 x 50 mL). 
They were then dried and concentrated, and the residue was crystallized from a 
PhMe/hexane mixture to give the bromide 16 (1.70 g, 71 X); R,  = 0.76 (hexanei 
EtOAc, 9: l ) ;  m.p. 146.5-147"; [aID = +7.5 ( c  =1.1 in CHCI,); 'HNMR 
(300MH~.  CDCI,, 25°C): 6=1.38 (d, J5, ,=6.4Hz,  3H; H-6), 2.03 (s, 1 H ;  
COCH3),4.28(dq,1H;H-5),5.5I (p t , J3 ,~=J , , ,=10 .0Hz , lH;H-4) ,5 .82 (dd ,  
J,,,=1.1H~,J,,3=3.4H~,lH;H-2),6.01(dd,lH:H-3),6.50(d,IH;H-l);'3C 
NMR (75.5 MHz, CDCI,, 25°C): 6 =17.1 (C-6), 20.8 (COCH,), 70.0, 70.5, 71.2, 
73.3 (C-2, C-3, C-4. C-5), 83.8 (C-l), 165.1, 165.3 (PhCO), 169.9 (C=O); FABMS: 
m/z 477 [ M  +HI+,  397 [ M  - Br]', 105 [Bz]'. 


Methyl 2,3-Di-~-isopropylidene-4-~-chlnroacetyl-a-~-rhamnopyranoside (17): The 
alcohol 11 (6.00 g, 27.5 mmol) was acylated with CICH,COCI (3.00 mL, 
37.5 mmol) in the presence of C,H,N (3.0 mL, 37 mmol) in CH,CI, (25 mL) at 5 "C 
for 15 min. The excess of the acyl chloride was destroyed by the addition of MeOH 
(2 mL) in CH,CI, (25 mL), before the solution was washed with aq. NaHCO, 
(30 mL) and H,O (2 x 30 mL), and then concentrated. Column chromatography of 
the residue on silica gel with light petroleum (b.p. 60-80"C)/ethyl acetate (95:5) as 
eluant afforded compound 17 (6.9 g, 85%); R, = 0.81 (hexane/EtOAc, 9: l ) ;  
[a], = - 28.9(c =1.4inCHC13): 1HNMR(300MHz,CDCI,,250C):6 =1.16(d, 
J5.6 = 6.3 Hz, 3 H; H-6), 1.33 (s, 3 H;  C(CH,),), 1.56 (s, 3 H;  C(CH,),), 3.37 (s, 3 H;  
OCH,), 3.73 (dq, 1H: H-5), 4.08 (m, 2H; COCH,CI), 4.10-4.19 (m, 2H:  H-2, 
H-3), 4.89 (dd, J3,,=7.3Hz, J4, ,=10.0Hz, 1 H ;  H-4), 4.88 (s, 1H:  H-1); "C 
NMR (75.5 MHz, CDCI,, 25'C): 6 =16.9 (C-6), 26.3, 27.6 (C(CH,),), 40.8 
(COCH,CI), 54.9 (OCH,), 63.4 (C-5), 75.4, 76.0, 76.6 (C-2, C-3, C-4), 98.0 (C-I), 
109.9 (C(CH,),), 166.6 (COCH,CI); CIMS: m/z 312 [M+NH,]+, 280 
[M - MeOH + NH,]', 263 [ M -  MeOH +HI', 217 [M - CICH,CO]+; 
C,,H,,CIO, (294.73): calcd C 48.90, H 6.50, C1 12.03, found C 48.60, H 6.58, CI 
11.84. 


Methyl 4-O-Chloroacetyl-a-~-rhamnopyranoside (18): The acetonide 17 (6.74 g, 
22.8 mmol) was deisopropylideneated by stirring it  with Amherlite 200 (H') ion-ex- 
change resin (3.0 g) in MeOH (1 00 mL) for 24 hat  room temperature. After removal 
of the resin and concentration of the solution, the residue was crystallized from an 
EtOAcihexane mixture to give the diol B(4.02 g, 66%); R ,  = 0.28 (CHCIJMeOH, 
9: l ) ;m.p.  111-112"C:[a], = -78.9(c =1.2inCHCI,):'HNMR(300MHz,CD- 
CI,, 25 "C): 6 = 1.22(d, Js.b = 6.2 Hz, 3H;  H-6), 3.37 (s, 3H: OCH,), 3.77 (dq, 1 H;  
H-5),3.86(dd, J, , = 3.5 Hz, J3,* ~ 1 0 . 0  Hz, 1 H;H-3),3.93(dd. J,., =1.5 Ha,l H;  
H-2), 4.12 (m. 2H; COCH,CI), 4.70 (d, 1H;  H-l), 3.79 (pt, J,,, =10.0Hz, 1 H ;  
H-4); "C NMR (75.5 MHz, CDCI,, 25 "C): 6 = 17.3 (C-6), 40.8 (COCH2C1), 55.1 
(OCH,), 65.4 (C-5), 69.8, 71.0 (C-2, C-3) 76.7 (C-4), 100.7 (C-1),167.9 (C=O); 


C-4, C-5), 90.7 (C-l), 165.2, 165.5 (PhCO), 168.3, 169.8 (C=O); C2,H,,OY 


CIMS:m/z272[M+NH,If,240[M- MeOH +NH4]+,223[M- MeOH +HI+;  
C,H,,CIO, (254.67): C 42.45, H 5.94, CI 13.92; found C 42.38, H 5.79, CI 13.63. 


Methyl 2,3-Di-0-benzoy140-chloroacetyl-a-~-rhamnopyranoside (19): A solution 
of the diol 18 (3.18 g, 12.5 mmol) in CH,CI, (50 mL) containing C,H,N (7.2 mL) 
was treated with BzCl(4.35 mL, 37.5 mmol) at 0-5 "C and the reaction mixture was 
stirred for 4 h at room temperature. The mixture was treated with H,O ( 5  mL), 
diluted with CH,CI, (50 mL) and washed with aq. NaHCO, (4 x 30 mL) and H,O 
(30 mL). The organic solvent was evaporated off and the residue was subjected to 
chromatography (SO,:  PhMe/EtOAc, 98:2 to 95:5), affording the dibenzodte 15 
(5.09 g, 88%); R, = 0.63 (PhMe/EtOAc, 96:4); [a], = + 102 (c =1.2 in CHCI,); 


3H: OCH,), 3.96 (m, 2H;  COCH,CI), 4.07 (dq, 1 H: H-5), 4.81 (d, J,,, ~ 1 . 7  Hz, 
'HNMR(30OMHz, CDCI,,25"C): S =1.35 (d, J5,6 = 6.3 Hz, 3H;  H-6), 3.47 (s, 


IH;H-l) ,5 .46(pt ,  J3,4=J, , ,=10.0H~,1H;H-4) ,5 .61 (dd, J2 , ,=3 .4Hz ,1H;  
H-2), 5.66 (dd, 1H;  H-3); ',C NMR (75.5 MHz, CDCI,, 25°C): 6 =17.6 (C-6),  
40.5 (COCH,CI), 55.4 (OCH,), 66.0 ( (2-3,  69.9, 70.7, 73.3 (C-2, C-3, C-4), 98.5 
(C-I), 165.4, 165.5, 166.8, (COCH,CI); CIMS: mi? 480 [M+NH,]+, 463 
[ M  +HIC;  C,,H,,CIO, (462.88): calcd C 59.68, H 5.01, (37.66; found C 59.88, H 
4.89, CI 7.47. 


1-0-Acetyl 2,3-Di-0-benzoyl-4-0-chloroacetyl-u-~-rhamnopyranoside (20): Com- 
pound 19 (5.10 g, 11.0 mmol) was treated with Ac,O (25 mL) in the presence of 
conc. H,SO, (0.25 mL), as described for methyl glycoside 14. The product was 
isolated following column chromatography (SO, : EtOAc/hexane, 9: 1) to give com- 
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pound 20 (4.15 g, 77%); R ,  = 0.59 (PhMe/EtOAc, 96:4); m.p. 107-108'C; 
[tilo= + 8 1 . 6 ( c = l . l  inCHCI,); ' H N M R ( ~ O ~ M H Z , C D C I , , ~ ~ ' C ) : C ~  =1.36(d, 
Js.6=6.3Hz,3H;H-6),2.23(s,3H;COCH,),3.98(m,2H;COCH,CI),4.17(dq, 
1 H ;  H-5), 5.50 (pt, J , , , = J d , , = l 0 . 0 H ~ ,  I H ;  H-4), 5.62 (dd, J , , ,=1 .9Hz,  
J2,, = 3.5Hz, I H ;  H-2), 5.69 (dd, 1H; H-3), 6.26 (s, I H ;  H-I); 13C NMR 


68.4 (C-5), 69.5, 69.6 (C-2, C-3), 72.6 (C-4), 90.6 (C-I), 165.2, 165.4 (PhCO), 
(75.5 MHz, CDCI,, 25°C): 6 =17.5 (C-6), 20.8 (COCH,), 40.5 (COCH,CI), 


166.6 (COCH,CI), 168.3 (CH,CO); CIMS: m / i  508 [MtNH,] ' ,  474 
[ M  - MeOH +NH,l+, 431 [ M  - AcOH + HI+, 397 [ M  - CICH,CO]+; 
C,,H,,CIO, (490.90): calcd C 58.72, H 4.72, CI 7.22, found C 58.71, H 4.44, CI 7.29. 


2,3-Di-~-benzoyl-4-O-chloroacetyl-a-~-rhamnopyranosylbromide (21) : A solution 
of the a-acetate 20 (5.00 g, 10.2 mmol) and AcBr (4.40 mL, 60 mmol) in CH,CI, 
(40 mL) was treated while being cooled with MeOH (2.12 mL, 53 mmol) in CH,CI, 
(10 mL). The solution was maintained for 2 h at room temperature and then 
worked-up as described for the bromide 16. The product was crystallized from an 
Et,O-hexane mixture yielding the bromide 21 (4.71 g, 90%); R ,  = 0.75 (PhMeI 
EtOAc, 96:4); m.p. 124-126.5"C; [ u ] ~  = + 82 ( c  =1.2 in CHCI,); ' H N M R  
(300 MHz, CDCI,, 25'C): 6 =1.40 (d, J,,, = 6.3 Hz, 3H;  H-6). 4.01 (m, 2 H ;  
COCH,C1),4.33(dq,lH;H-5),5.55(pt.J3,, = J4,s =IO.OHz,lH;H-4),5.83(dd, 
J,,,=~.~H~,J,,,=~.~HZ,~H;H-~),~.OI(~~,IH;H-~),~.~O(~,~H;H-~);'~C 
NMR(75.5MH~,CDC1,,25"C):6=17.1(C-6),40.5(COCH,C1),68.9,70.9.72.4, 
73.3 (C-2, C-3, C-4, C-5). 83.6 (C-1). 165.0, 165.3 (PhCO), 166.7 (COCH,CI), 
CIMS: m/z 431 [ M  - Br]'. 


4-0-(4-0-Acetyl-2,3-di-O-benzoyl-a-~-rhamnopyranosyl)- 1,2-0-1 I-(exo-cyano)- 
ethylidene)-3,6di-O-benzoyll-fi-~-mannopyranose (22): A solution of the bromide 16 
(1.60 g, 3.35 mmol), the alcohol 7 (1.22 g, 2.80 mmol), and 2,4,6-collidine (0.39 mL, 
3.00 mmol) in CH,CI, (10 mL) was added gradually to a cooled (~ 20'C) and 
stirred suspension of AgOTf (l.Og, 4.0 mmol) in CH,CI, (10mL). Stirring was 
continued for 1 h at -10°C. before the mixture was treated with some drops of 
C,H,N, diluted with CH,CI, (100 mL), and washed with 10% Na,S,O, solution 
(2 x 50 mL) and finally with H,O (50 mL). The organic solution was concentrated 
and the residue was subjected to chromatography (SiO,: PhMe/EtOAc, 9 : l )  to 
afford 22 (2.01 g, 86%); R,  = 0.64 (PhMe/:EtOAc, 4:l);  [a], = + 80 (c  =1.3 in 
CHCI,); ' H N M R  (300 MHz, CDCI,, 25°C): d = 0.83 (d, J,., = 6.2 Hz, 3 H ;  
H-6),  1.82 (s, 3 H ;  CCH,), 3.82-3.97 (m, 2 H ;  H-5, H-S'), 4.43 (pt, 
J 2 , 4 % J 4 , s  = 9.4 Hz, 1 H; H-4), 4.57 (dd, JS,ha = 2.6 Hz, J6a,6b = 12.2 Hz, 1 H ;  H- 
6a). 4.71 (dd. J 1 , , = 2 . 5 H z ,  J 2 , , = 4 . 1 H z ,  1 H ;  H-2), 4.98 (dd, JS,6b= 
2.9 Hz, 1 H;H-6b),5.23(d, J1,, =1.4 Hz, 1 H;  H-l'), 5.26(m, 1 H;H-4'), 5.45-5.51 
(m, 2 H ;  H-2', H-3'), 5.58 (d, J1,, = 2.5 Hz, 1 H ;  H-l), 5.67 (dd, 1 H ;  H-3); I3C 
NMR (75.5 MHz, CDCI,, 25°C): S =17.2 (C-6), 20.7 (CH,CO,), 26.5 
(CH,CCN), 62.5 (C-6), 67.6 (C-5'). 69.5 (C-3'), 70.7, 70.8 (C-2', C-4'), 71.0 (C-3), 
73.1. 73.3 (C-4, C-5), 78.8 (C-2), 97.1 (C-I), 98.5 (C-I,), 101.5 (CH,CCN), 116.7 
(CN), 165.5-165.9 (PhCO), 169.9 (CH,CO); FABMS: m/z  858 [M +Na]+,  809 
[M - CN]', 422 [M - RhaO]', 397 [Rha]+, 275 [Rha - BzOH]+. 215 
[Rha - BzOH - AcOH]'; C,,H,,NO,, (835.83): calcd C 64.67, H 4.94. N 1.68; 
found C 64.52, H 5.06, N 1.48. 


1,2 - 0 - [I -(ex0 - Cyano)ethylideneJ - 3,6 - di -0-benzoyl-4-0-(2,3di-O-benzoyl-a-~- 
rhamnopyranosy1)-a-o-mannopyranose (23), 3,6-Di-0-benzoyl-4-0-(2,3-di-O-hen- 
zoyl-a-L-rhamnopyranosyl)-l,2-@~1-(exo-methoxycarbonyl)-ethylideneJ-a-~-manno- 
pyranose (24), and 4-0-(4-0-Acetyl-2,3di-~-benzoyl-a-~-rhamnopyranosyl)-3,~di- 
O-benzoyl-1,2-~-ll-(exo-methoxycarhonyl)ethylidene~-fi-D-man~pyranose (25): A 
solution of 22 in MeOHiHCl [ca. 35 mL, prepared by the reaction of AcCl (2 .5  mL) 
with MeOH (35 mL) with cooling] was kept for 12 h at 20°C and neutralized with 
NaOAc. The mixture was concentrated, diluted with CH,CI, (75 mL), and washed 
with aq. NaHCO, (2 x 50 mL) and H,O (2 x 50 mL). After drying, the solvents were 
evaporated. The residue was subjected to chromatography (SiO,: PhMe/EtOAc, 
20: 1 to4 : l )  to afford 23(458 mg, 19%),24(854 mg, 34%), 25(140 mg, 5.4%), and 
recovered 22 (58 mg, 2 %) . 
23: R, = 0.36 (PhMe:EtOAc, 4: I ) ;  [a], = + 52.3 C ( c  = 1.1 in CHCI,); 'H NMR 
(300MH2, CDCI,, 25°C): 6 = 0.95 (d, J,,6 = 5.7 Hz, 3 H ;  H-6) ,  1.82 (5, 3 H ;  
CCH,), 3.70-3.80 (m, 2H, H-4, H-5'). 3.91 (ddd, Jd.5 = 9.4 Hz, JS,ha = 4.7 Hz, 
JS,6,=3.7Hz, 1 H ;  H-5), 4.41 (pt, J , , ,%J4, ,=9 .4Hz,  1 H ;  H-4), 4.56 (dd. 
J6,.,,=12.5Hz,1H;H-6a),4.71(dd,J,,,=2.1 Hz,Jz . ,=3 .9Hz,1H;H-2) ,4 .94  
(dd, 1 H ;  H-6b), 5.19 (d, J , , ,=l .XHz, I H ;  H-1'), 5.39 (dd, J 2 , , = 3 . 3 H r ,  
J,., = 9.4 Hz, I H;  H-Y), 5.45 (dd, 1 H;  H-2'). 5.58 (d, 1 H;  H-I). 5.67 (dd, 1 H;  
H-3); "C NMR (75.5 MHz, CDCI,, 25°C): 6 =17.4 (C-6'), 26.5 (CCH,), 62.6 
(C-61, 70.0 (C-59, 70.7 (C-3), 71.3 (C-4), 71.5 (C-2'). 72.3 (C-3'), 73.3 (C-4, C-5),  
78.7(C-2),97.O(C-1),98.8(C-l'), 101.5(CH3CCN), 165.6-165.7(PhCO); FABMS: 
m/z 816 [ M + N a l + ,  767 M-CN]' ,  355 [Rha]', 233 [Rha-BzOH]'; 
C,,H,,NO,, (793.79): C 65.07, H 4.95, N 1.76; found C 64.67, H 5.13, N 1.57. 
24: R, = 0.30 (PhMe:EtOAc, 4 : l ) ;  [ale = + 43.7 ( c  =1.0 in CHCI,); ' H N M R  


CH,CO,),3.67-3.79(m,2H,H-4,H-5').3.70(s,3H;OCH3),3.90(m, 1H;H-5).  


1 H ;  H-6a), 4.74 (dd, J l , , = 2 . 5 H z ,  J 2 , , = 3 . 0 H z ,  1 H ;  H-2), 4.92 (dd, 


(300 MHz, CDCI,, 25°C): S = 0.94 (d, J 5 , 6  = 5.2 Hz, 3 H ;  H-6),  1.82 (s, 3 H ;  


4.49 (pt, J3,,% J & , S  = 9.4 Hz, 1 H;  H-4), 4.60 (dd, JS,6a = 3.6 Hz, Jhr,hb = 12.4 Hz, 


J s , , b = 2 . 6 H ~ ,  I H ;  H-6b), 5.19 (d, J1, ,=1.6Hz, I H ;  H-I,), 5.39 (dd, 
JZ,,  = 3.0 Hz, J3.4 = 9.3 Hz, 1 H;  H-3'), 5.45 (dd, 1 H; H-2),  5.58 (d, 1 H; H-l) ,  
5.63 (dd, I H;  H-3); "C NMR (75.5 MHz, CDCI,. 25'C): 6 =17.4 (C-6'). 23.4 


(CCH,), 52.7 (OCH,), 63.0 (C-6), 69.9 (C-59, 71.4 (C-4). 71.6 (C-3, C-T), 72.3 
(C-3'), 73.1 (C-5), 73.5 (C-4). 78.4 (C-2), 97.5 (C-l), 98.7 (C-l'), 107.6 
(CH,CCCO,CH,), 165.5-166.6 (PhCO), 169.1 (CH,CCCO,CH,); FABMS: m/z 
849 [ M  +Na]+, 455 [M - RhaO]+, 355 [Rha]', 233 [Rha - BzOH]'; CI6HIZOI6 
(826.82): calcd C 63.92, H 5.12; found C 63.63, H 5.20. 
25: R ,  = 0.50 (PhMe:EtOAc, 4 : l ) ;  [a], = + 65.9 (c = 1.2 in CHCI,); ' H N M R  
(300MHz, CDCI,, 25°C): 6=0.83 (d, JS , ,=6 .2Hz,  3 H ;  H-6),  1.69 (s, 3 H ;  
CH,CCO,), 1.86 (s, 3 H ;  CH,CO,), 3.70 (s, 3H;OCH,),  3.85-3.96 (m, 2 H ;  H-5, 
H-S'), 4.52 (pt, J3, ,%J,, ,=9.5Hz, 1 H ;  H-4), 4.62 (dd, JS,, ,=3.8Hz, 
J,,.,, =12.4 Hz, 1 H ;  H-6a),4.75 (dd, J1,, = 2.4 Hz, Jz,3 = 3.3 Hz, 1 H;  H-2), 4.97 
(dd, J,,,, = 2.9 Hz, 1 H; H-6b), 5.24 (d, J,., =1.4 Hz, 1 H ;  H-l'), 5.26 (pt, 
J,,,=3.0Hz,J,,,=10.0Hz,lH;H-4),5.48-5.53(m,2H;H-2,H-3'),5.58(d, 
1 H ;  H-I), 5.65 (dd, 1 H ;  H-3); 13C NMR (75.5 MHz, CDCI,, 25°C): S =17.2 
(C-6'),20.7(CH3C02),23.3 (CH,CCO,CH3),52.7(0CH,),62.9(C-6),67.4(C-5'), 
69.5 (C-Y), 70.9, 71.0 (C-2' and C-4'). 71.5 (C-3), 73.2, 73.3 (C-4 and C-5), 78.3 
(C-2). 97.5 (C-1), 98.5 (C-l'), 107.6 (CH,CCO,CH,), 165.4-165.9 (PhCO), 169.0 
(CH,CCO,CH,); FABMS: mi-. 891 [ M  + Na]', 455 [M - Rha]+, 397 [Rha]+, 275 
[Rha - BzOH]'; C,,H,,O,, (868.85): C 63.59 H 5.10; found C 63.51, H 4.81. 


4-O-(4-~-Chloroacetyl-2,3-di-O-benzoyl-a-~-rhamnopyranosyl)-3,6~i-0-benzoyl- 
1,2-O-~l-(cx~-methoxycarbonyl)ethyl~dene~-a-~-mannopyranose (26) : The alcohol 9 
(3.00 g. 6.83 mmol) was glycosylated with bromide 21 (4.50 g, 8.80 mmol) in the 
presence of AgOTf (3.30 g, 13.2 mmol) and collidine (0.88 mL, 6.8 mmol) in an 
analogous fashion to the preparation of 25. The product was isolated by column 
chromatography (SO,:  PhMe/EtOAc, 95:5) to give 26 (5.92 g, 96%); R ,  = 0.65 
(PhMe/EtOAc, 9 : l ) ;  [a] = + 63.4 ( c  = 1.3 in CHCI,); 'H NMR (300 MHz, CD- 
C1,,25'C):6=0.85(d,J,,,=6.2Hz,3H;H-6),1.69(s,3H;CCH,),3.71(s,3H; 
OCH,), 3.82 (s, 2 H ;  COCH,CI), 3.89-3.99 (m, 2 H ;  H-5, H-S), 4.51 (pt, 
J3 , ,%J , , ,=9 .5Hz,1H;H-4) ,4 .61  ( d d , J , , , , = 3 . 7 H ~ , J ~ ~ , , ~ = 1 2 . 3 H Z .  1 H ; H -  
6a), 4.74 (dd, J,, , = 2.5 Hz, J,. , = 4.2 Hz, 1 H:  H-2), 4.97 (dd, J5,6b = 2.6 Hz, 1 H ;  
H-6b), 5.25 (d, J,., = 0.9 Hz, 1 H: H-I,), 5.30 (m, 1 H ;  H-4), 5.49-5.53 (m, 2H, 
H-2', H-3'), 5.58 (d, J,., = 2.5 Hz, I H;  H-I),  5.65 (dd, 1 H; H-3); "C NMR 
(75.5 MHz, CDCI,, 25°C): S =17.1 (C-6), 23.3 (CCH,), 40.4 (CH,CI), 52.7 
(OCH,), 62.8 (C-6), 67.1 (C-53, 69.3 (C-3'), 71.0 (C-2'). 71.4 (C-3),  72.8 (C-4), 
73.2,73.3 (C-4, C-5). 78.3 (C-2), 97.5 (C-I). 98.8 (C-l'), 107.6 (CH,CCO,CH,), 
165.4-166.6 (PhCO, CICH,CO), 169.0 (CH,CCO,CH,); FABMS: m / z  843 
[ M -  CO,Me]+, 431 [Rha]'; C,,H,,CIO,, (903.303) calcd C 61.17, H 4.80, CI 
3.92; found C 61.02. H 4.56, CI 3.62. 


3,6-Di-0-benzoyl-4-0-(2,3-di-0-benzoyl-a-~-rhamnopyranosyl)- 1,2-0-11 -(em- 
methoxycarbony1)ethylideneJ-a-D-mannopyranose (24): A solution of 26 (5.00 g, 
5.54 mmol) and (NH,),CS (2.5 g) in a mixture of MeCN/H,O (110 mL, 10: 1) was 
allowed to stand for 20 h at 20 "C, before the reaction was concentrated, and the 
residue purified by column chroinatography (SO,:  PhMe/EtOAc, 20:l) to give 24 
(4.22 g, 92 Yo), 


3,6-Di-0-benzoyI-4-0-(2,3-di-O-benzoyl-4-0-~ityl-a-~-rhamnopyranosyl)-1,2-0- 
Il-(e~o-methoxycarbonyl)ethylidenel-u-~-mannopyranose (27): TrCIO, (1.65 g, 
4.82 mmol) was added in portions during ca. 2 h to a stirred solution of the alcohol 
24 (3.50 g, 4.20 mmol) in CH,CI, (40 mL) containing collidine (1.1 mL, 8.4 mmol), 
and the reaction mixture was allowed to stand for another 2 h. The mixture was then 
diluted with CH,CI, (200 mL), washed with H,O (3 x 50 mL), dried, and concen- 
trated. Column chromatography (SiO,: PhMeIEtOAc, 95:5 to 9:l)  of the residue 
afforded the trityl ether 27 (4.32 g, 96%); R, = 0.40 (PhMe/EtOAc, 9:l);  
[Y], = + 0 9 ( c  = 1.1 in  CHCI,); 'H NMR (300 MHz, CDCI,, 25 "C): 6 = 0.65 (d, 
J,,,=6.2H~,3H;H-6'),1.65(~,3H;CCH,),3.46(pt,J,,,%J,,,=9.5Hz,lH; 
H-4), 3.71 (s, 3 H ;  OCH,), 3.90-4.05 (m, 2 H ;  H-5, H-5'), 449 (pt, J,.,zJ,,, = 
9.5 Hz, 1 H; H-4'). 4.59 (dd, Js.6r = 3.2 Hz, J,,.,, = 12.5 Hz, 1 H ;  H-6a), 4.77 (dd, 
J~,,=2.5H~,J~,,=3.9H~,IH~H-2),4.95(dd,J~,~~=2.6H~,lH;H-6b),5.06 
(d, J,,, = 2.0 Hz, 1 H ;  H-l'), 5.29(dd. J,,, = 3.1 Hz, 1 H ;  H-T), 5.59(d, 1 H;  H-I),  
5.68 (dd, 5 2 . 3  = 3.9 Hz, H-3'), 5.71 (dd, 1 H;  H-3); I3C NMR (75.5 MHz, CDCI,, 
25 ' C ) :  6 = 18.5 (C-6), 23.3 (CCH,), 52.7 (OCH,), 62.8 (C-6), 69.6 (C-5'), 71.4 
(C-2, C-3'). 71.6 (C-3), 72.9 ( C - 4 ) ,  73.2, 73.3 (C-4, C-5), 78.4 (C-2), 88.3 ( O h , ) ,  
97.6 (C-l), 98.3 (C-1'). 107.6 (CH,CCO,CH,), 144.8 (C,,,, of Ph in CPh,), 
165.1-166 0 (PhCO), 169.1 (CH,CCO,CH,); FABMS: m/r 1092 [ M  +Na]+, 455 
[ M  - RhdO]+. 243 [Tr]'; Ch3Hs60,h  (1069.14): calcd C 70.78, H 5.28; found C 
70.78, H 5.32. 


1 J-O-1 l-(exo-Cyano)ethylidene~-3,6-di-0-benzoyl-4-0-(2,3-di-0-~~oy~4O-tri~l- 
a-L-rhamnopyranosy1)-a-D-mannopyranose (3): Method A :  TrCIO, (250 mg, 
0.73 mmol) was added in ca. 50 mg portions during 2 h to a stirred mixture of the 
alcohol 23 (440 mg, 0.55 mmol) and collidine (0.13 mL, 1 .O mmol) in CH,CI, 
(1 0 mL), and the reaction mixture was maintained at room temperature for 3 h. The 
violet solution was diluted with CH,CI, (50 mL) and washed with H,O (3 x 25 mL), 
before being dried and concentrated. Column chromatography (SiO,: PhMe/ 
EtOAc, 20:l) of the residue gave the disaccharide monomer 3 (370 mg, 65%); 
R, = 0.49 (PhMeiEtOAc, 9: 1); [ Y ] ~  = + 5.1 "C ( c  = 1.6 in CHCI,); 'H NMR 


CCH,),3.51(pt,J,.~J4,,=9.8Hz,1H;H-4),3.97(m,1H;H-5'),4.05(m,lH; 


J6a,6b = 12.5 Hz, 1 H;  H-6a), 4.77 (dd, JI, , = 2.1 Hz, J,, , = 3.6 Hz, 1 H; H-2), 5.00 


(300 MHz, CDCI,, 25°C): 6 = 0.71 (d, JS,, = 6.2 Hz, 3 H ;  H-6),  1.81 (s, 3 H ;  


H-5), 4.44 (pt, J3.L%J4,s = 8.8 Hz, 1 H; H-4), 4.59 (dd, JS,ha = 3.5 Hz, 
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(dd. JS.,,=2.6Hz, 1H;  H-6b), 5.10 (d, Jl , ,=1.6Hz, 1H;  H-l'), 5.33 (dd, 
J,,,=3.1H~,lH;H-2),5.59(d,lH~H-l),5.72(dd,J,,,=3.9H~,lH;H-3'), 
5.79 (dd, 1 H; H-3): "C NMR (75.5 MHz, CDCI,, 25'C): 6 = 18.5 (C-6'). 26.5 
(CCH,), 62.4 (C-6), 69.7 (C-53, 70.8 (C-3), 71.4 (C-2'. C-3'), 72.9, 73.0, 73.5 (C-4, 
C-4, C-5),  78.8 (C-2), 88.3 (Oh , ) ,  97.1 (C-1), 98.3 (C-l'), 101.5 (CH,CCN), 116.7 
(CN), 144.7 (C,,,,.of Ph in CPh,). 165.1-165.8 (PhCO); FABMS: m/z  1058 
[M +Na]+, 442 [M - RhaO]', 243 [Tr]+; C,,H5,01, (1036.30): calcd C 71.87, H 
5.16, N 1.35; found C 72.11, H 5.00, N 1.16. 
Method B: A suspension of 27 (4.49 g, 4.20 mmol) in a mixture of MeOH (80 mL) 
and CH,Cl, (15 mL) was saturated with NH, gas at -5 "C and the solution was 
maintained overnight at 20 'C. TLC (CHCI,:MeOH, 9: 1) of the reaction mixture 
revealed the formation of a number of products. The solvents were evaporated off, 
and the residue was coevapordted with C,H,N (lOmL), dissolved in C,H,N 
(40 mL) and treated with BzCl(4.8 mL, 44 mmol) for 5 h a t  20°C. MeOH (0.5 mL) 
was added, and the mixture was stirred for 20 min at 20 "C before being concentrat- 
ed to dryness. The residue was dissolved in CH,CI, (200 mL), washed with aq. 
NaHCO, and H,O before being dried and concentrated to a residue. Column 
chromatography (SiO,: PhMe/EtOAc, 20: 1) of the residue afforded the disaccha- 
ride monomer 3 (3.79 g, 87%). 


Cyclol( 1 + 4)-2,3-di-O-benzoyI-a-~-rhamnopyranosyl-(l + 4)-2-U-acetyl-3,6-di-O- 
benzoyl-a-D-mannopyranosylltrioside (28) and Cyclo[(l+ 4)-2,3-di-O-benzoyl-a-~- 
rhamnopyranosyl-(l + 4)-2-0-acetyl-3,6-di-O-henzoyl-a-~-mannopyranosyl~- 
tetraoside (29): A solution of the disaccharide monomer 3 (2.40 g, 2.32 mmol) in 
C,H, (12.0 mL) was divided into six equal portions and each of them was placed 
into one limb of tuning-fork-shaped tubes. Other arms were filled with a solution of 
TrCIO, (100 mg, 0.36 mmol) in MeNO, (2 .5  mL), the tubes were connected to a 
vacuum line (4 x lo-' Torr), and the solutions were freeze-died. C,H, (3 mL) was 
distilled into each limb containing the monomer and the freeze-drying was repeated. 
CH,CI, (40 mL) was distilled into each of the reaction tubes, and the solutions of 
the monomer and the catalyst were mixed and left for 40 h at 20 "C. The contents 
of all tubes were combined, washed with H,O and concentrated. Trityl-containing 
non-carbohydrate products were separated by column chromatography (SO,: hep- 
tane/EtOAc, 4: 1)  of the residue. Three impure fractions containing cyclic oligosac- 
charides were then eluted with heptane/EtOAc (1 :4). Further purification of the 
first two fractions was achieved by using HPLC (heptane/EtOAc, 4:6) to give 28 
(620 mg, 34%) and 29 (550 mg, 31 YO) as pure compounds. 
28: m.p. 174-178°C (heptane/EtOAc); [aID = +124.5 (c=1.31 in CHCI,); 


Rha). 1.82 (s, 3H;  CH,CO,). 3.79 (pt. J3,& = J,,,=9.2 Hz, 1H;  H-4 Rha), 
4.17-4.24(m, lH;H-5Rha) ,4 .22(pt ,  J3 , ,=J , , , -9Hz,1H;H-4Man) ,4 .33-  
4.36 (m, 2 H ;  H-5 Man. H-6 Man), 4.94 (brdd, Jbn,6b = 11.3 Hz, 1 H; H-6b Man), 
5.05 (d, J,, , = 2.1 Hz, 1 H; H-I Rha), 5.15 (d, J I . ,  = 1.9 Hz, 1 H; H-I Man), 5.1 8 
(pt,lH;H-2Rha),5.52(dd,J,,,=3.3Hz,lH;H-2Man),5.64(dd,J,,,=3.3Hz, 
1 H; H-3 Rba), 5.80 (dd, J,,4 = 9.3 Hz, 1 H; H-3 Man); "C NMR (75.5 MHz, 
CDCI,, 25°C): 6 =18.4 (C-6 Rha). 26.7 (CH,CO,), 62.2 (C-6 Man), 67.6 (C-5 
Rha), 70.2 (C-5 Man), 70.3 (C-2 Rha), 71.3 (C-3 Man), 71.4 (C-2 Rha and C-2 
Man), 74.8 (C-4 Man), 81.8 (C4Rha), 98.5 (C-1 Rha and C-1 Man), 165.4, 165.5, 
165.7, 165.8 (PhCO), 169.9 (CH,CO,); LSIMS: m / z  2431 [ M  +Cs]'; LSIMS 
(NaOAc added): m/z  2322 [ M  +Na]+;  MALDI-TOF MS: m/r 2321 [A4 +Na]+, 
2337 [ M  +K]+;  C,,,H,,,O,, (2300.29): calcd C 65.79, H 5.00; found C 65.41, H 
5.05. 
29: [a], = +I173  ( c  =1.01 in CHCI,); 'HNMR (400 MHz, CDCI,, 25'C): 
6 = 0.88 (s, J5,6 = 6.1 Hz, 1H; H-6 Rha), 1.92 (s, 1 H; CH,CO,), 3.78 (pt, 
J,,,=J4,,=9.4Hz, 1H;  H-4 Rha), 3.94-3.98 (m, 1H;  H-5 Rha), 3.99 (brd, 
J,,,,,=12 Hz, 1 H; H-6a Man),4.07(brd, Js,62=Js,,b=3 Hz, 1 H; H-5Man),4.22 
(brd, 1H;  H-6b Man), 4.30 (pt, .I,.,= J,., =9.6Hz, I H ;  H-4 Man), 4.91 (d, 
J , , ,=1 .8Hz , lH;H- l  Rha) ,4 .98 (d , J l , ,=1 .4Hz , lH;H- l  Man),5.10(pt. lH; 
H-2 Rha), 5.28 (dd, J,, , = 3.2 Hz, 1 H; H-2 Man), 5.70 (dd, J,, = 3.2 Hz, 1 H; H-3 
Rha),5.73(dd, lH:H-3Man); I3CNMR(7S.5 MHz,CDC13.25"C):6 =l7.6(C-6 
Rha), 20.6 (CH,CO,), 62.0 (C-6 Man), 68.4 (C-5 Rha), 69.8 (C-3 Man and C-3 
Rha), 70.6 (C-2 Rha), 70.7 (C-5 Man), 71.5 (C-2 Man), 74.8 (C-4 Man), 81.0 (C-4 
Rha), 99.0 (C-1 Rha), 99.3 (C-1 Man), 165.1, 165.1, 165.2, 165.5 (PhCO); 169.84 
(CH,CO,); LSIMS: m/z 3199 [M+Cs]+;  LSIMS (NaOAc added): m / z  3090 
[M +Na]+ ; MALDI-TOF MS: mi; 3087 [ M  +Na]+, 3103 [ M  + K]' ; C,,,H,,,O,, 
(3067.05); cakd C 65.79, H 5.00; found C 65.39, H 4.96. 


'HNMR NMR (400MH2, CDCI,, 25°C): d =1.25 (s, J5,, = 6.2H2, 3H; H-6 


Cyclo[(l- 4)-a-~-rhamnopyranosyl-(l+ 4)-a-D-mannopyranosyl~trioside (1) : 
NaOMeiMeOH ( l ~ ,  1 mL) was added to a solution of compound 28 (145mg, 
0.063 mmol) in CH,CI, (2 mL) and MeOH (4 mL), and the reaction mixture was 
stirred for 4 h. The solvents were then evaporated and the residue was dissolved in 
a mixture of H,O (4 mL) and MeOH (2 mL), stirred for 20 h, diluted with H,O 
(20 mL), and neutralized with Amberlite (Ht) .  The aqueous solution was washed 
with hexane (2 x 10 mL) and concentrated and the residue was subjected to GPC, 
affording 1 (36mg, 62%); 'HNMR (400 MHz, D,O, 25°C): 6 =1.39 (d, 
J,,,=6.2Hz,3H:H-6Rha),3.56(pt,J,,,-J,,,=9.0Hz,lH;H-4Rha),3.79 
(dd, J=9.0Hz,  J=9 .5Hz ,  1 H ;  H-4 Man), 3.86 (dd, JS,,,=7.0Hz, 
J6..,,=12.0Hz, 1H; H-6 Man), 3.90 (dd, JS,,,=2.5Hz, 1H; H-6b Man), 3.94 
(dd,J,,, = 3.8 H z , l H ;  H-3 Rha),3.94(m,lH;H-5 Man),3.99(dd,J2,, = 3.2 Hz, 
1H;H-3Man),4.0O(m,lH;H-5Rha),4.04(dd,J,,, = 2.4Hz,lH;H-2Rha),4.07 
(dd, J1.2 = 2.2 Hz, 1 H; H-2 Man), 4.98 (d, 1 H; H-1 Rha), 5.07 (d, 1 H;  H-1 Man); 
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I3C NMR (75.5 MHz, (CD,),SO, 25 "C): 6 = 18.1 (C-6 Rha), 60.9 (C-6 Man). 67.2, 
69.5,70.1,70.2(~2),72.6(C-2,C-3,C-5Man,C-2,C-3,C-5Rha),79.3(C-4Man), 
85.0 (C-4 Rha), 101.4, 101.4 (C-l Man and C-1 Rha): MALDI-TOF MS: miz 947 
[ M  +Na]+, 963 [M +K]+. 


Cyclol( 1 + 4)3x-~-rhamnopyranosyl-(l~ 4)-rr-~-mannopyranosylltetraoside (2) : 
Compound 29 (338 mg, 0.1 1 mmol) was deacylated using the same procedure as 
that described for 28, and purified on a gel-permeation colum to give 2 (1 18 mg, 
87%), [rID = + 10.5 (c = 0.99 in H,O); 'H NMR (400 MHz, D,O, 25°C): 6 = 1.28 
(d, J,., = 6.5 Hz, lH;H-6Rha),3.50(pt,  J3,& = J4,s = 9.5 Hz, 1 H;H-4Rha),  3.75 
(dd, J5, ,=4.0Hz,  J6,,,,=12.5Hz,lH;H-6aMan),3.78-3.86(m,3H;H-3Rha, 
H-4 and H-6b Man), 3.86 (dd, J2., = 3.2 Hz, 1 H;  H-3 Man), 3.98 (dd, 
J,. = 2.1 Hz, 1 H ; H-2 Rha), 3.99 - 4.02 (m, 2 H : H-2 and H-5 Man), 4.08 (m, 1 H ; 
H-5Rha),4.83(d,lH;H-l Rha),4.93(d,Jl,, =2.1 Hz, 1H;H-1 Man);"CNMR, 
(75.5 MHz. D,O, 25 "C): 6 = 19.4 (C-6 Rha), 62.9 (C-6 Man), 70.7 (C-5 Rha), 71.9 
(C-3Rha),72.1 (C-3Man).73.4(C-2RhaandC-2Man),74.6(C-5Man),79.3(C-4 
Man), 85.4 (C-4 Rha). 104.1, (C-1 Rha), 104.7 (C-1 Man); MALDI-TOF MS: m / z  
1255 [ M  +Na]+, 1271 [ M  +K]+.  


Crystallographic Measurements: for 2: single crystals suitable for X-ray crystallo- 
graphy were produced by slow cooling of an aqueous solution of 2. 2[(C,,H,,O,),]. 
67H,O, M = 3673.3, tetragonal, a = h = 24.200(5), c = 7.918(3) A, V = 
4,637(2)A3, space group P4, Z = 1 ,  D , = 1 . 3 1 5 g ~ m - ~ ,  p(Cu,,)= Il.Ocm-', 
F(OO0) = 1982, dimensions 0.17 x 0.17 x 0.50 mm were measured on a Siemens P4 
rotating anode diffractometer (20< 124') with Cu,, radiation (graphite monochro- 
mator) using w scans. 3910 independent reflections were measured and of these 2931 
had 1 Fo I > 4a( I Fol) and were considered to be observed. The data were corrected for 
Lorentz and polarization factors; no absorption correction was applied. The struc- 
ture was solved by direct methods, and the non-hydrogen atoms were refined an- 
isotropically. The oxygen atoms of the major occupancy H,O molecules were re- 
fined anisotropically, the minor occupancy molecules isotropically. The hydroxyl 
hydrogen atoms were located from AFmaps and refined isotropically subject to an 
0 -H distance constraint; the remaining cyclic oligosaccharide hydrogen atoms 
were placed in calculated positions and allowed to ride on their parent carbon 
atoms. The hydrogen atoms of the H,O molecules could not be located. Refinement 
was by full-matrix least-squares based on F Z  to give R ,  = 0.0846 and W R ,  = 0.2327, 
550 refined parameters. The maximum and minimum residual electron densities in 
the finalAFmap were 0.54 and -0.37 e k3. Computations were carried out on a 
486 PC with the SHELXTL-PC program system version 5.03. Crystdliographic data 
(excluding structure factors) for the structure reported in this paper have been 
deposited with the Cambridge Crystallographic Data Centre as supplementary pub- 
lication no. CCDC-1220-4. Copies of the data can be obtained free of charge on 
application to The Director, CCDC, 12 Union Road, Cambridge CB21EZ, UK 
(Fax: Int. code +(1223) 336-033; e-mail: teched@!chemcrys.cam.ac.uk). 


Molecular Modeling: The starting structures for the cyclic oligosaccharides 1 and 2 
were both generated from an X-ray crystal structure of r-cyclodextrin on the Cam- 
bridge Crystallographic Data Base. Appropriate modifications to both the constitu- 
tion and the configuration of r-cyclodextrin were made using the program Macro- 
model on a Silicon Graphics Indy Workstation. Clearly, a-o-glucopyranose residues 
had to be replaced in an alternate fashion by a-L-rhamnopyranose and a-o- 
mannopyranose residues. 
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Bis(Zn"- Cyclen) Complex as a Novel Receptor of Barbiturates 
in Aqueous Solution 


Tohru Koike, Megumi Takashige, Eiichi Kimura,* Haruto Fujioka, and Motoo Shiro 


Abstract: A new bis-zinc@) receptor 
(Zn,L), which has two macrocyclic 12- 
membered tetraamine (cyclen) Zn" com- 
plexes connected through a p-xylene 
bridge, has been synthesized as a novel 
host molecule to recognize barbiturates 
(such as barbital (bar)) in aqueous solu- 
tion. Each of the zincfii) ions in the bis- 
zinc(I1) receptor was originally intended to 
match the dianionic barbital anion 
(bar' -) with supplementary hydrogen 
bonds between the cyclen NH's and the 
three carbonyl oxygens in complementary 
positions to yield a 1 : l  complex, Zn2L- 
bar2-. From an aqueous solution of 
equimolar Zn,L and barbital at pH 8, 
however, a cyclic 2:2 complex, (Zn,L- 
bar2 - ) 2 ,  was isolated and characterized 
by X-ray crystal analysis. The NMR 


study in 10% (v/v) D,O/H,O has re- 
vealed dissociation of (Zn2L- bar2-), 
solely into the original target 1 : I complex 
Zn,L-bar2- and established the dimer- 
ization constant for 2Zn,L-bar2- 
(Zn2L-bar2-),, Kd (= [(Zn,L-bar2-),]/ 
[Zn,L-bar2-I2) to be 1 0 3 . 4 ~ - ' .  The ther- 
modynamic parameters were evaluated 
from the NMR measurements at 25, 35, 
45, and 55°C: AG = - 1 . 9 ~ 1 0 ~  Jmol-', 


- 49 Jmol-'K-' at 25 "C. Potentiomet- 
ric pH titration of Zn,L (1 mM) and barbi- 


AH = - 3.3 x lo4 Jmol-', A S  = 


Introduction 


Many artificial supramolecular structures described in recent 
literature are principally based on the formation of directed 
hydrogen bonds, hydrophobic interactions, and K - x  interac- 
tions between uncharged host and uncharged guest 
Typical substrates are undeprotonated carboxylic acids, car- 
boxyl amides, nucleic acid bases, ureas, or barbituric acid 
derivatives. However, those electrostatic bonds contribute only 
modestly to the free energy of association of uncharged mole- 
cules in a polar environment. For this reason, those individual 
bonds have hitherto played a limited role in molecular recogni- 
tion in aqueous systems. 


In 1987, Feibush et al. designed a complementary pair, a 
2,6-diaminopyridine unit and an imido functional group inter- 
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tal (1 mM) disclosed extremely facile de- 
protonation of the two imido groups of 
barbital at pH less than 7 to form the di- 
anionic barbital-bound Zn" complexes 
Zn,L-bar'- and (Zn,L-bar'-),, where- 
by the barbital binding affinity for Zn,L 
was estimated to be Kbar (= [Zn,L- 
bar' -]/[uncomplexed Zn,L][uncom- 
plexed barbital]) = lo5.* M- at pH 8 and 
25 "C with Z = 0.10 (NaNO,). The signifi- 
cance of the bis-zinc(ri) receptor in stabi- 
lizing the dianionic barbital is evident by 
comparison with the interaction of Zn"- 
cyclen complex (ZnL) with barbital, 
which yields only a 1 : 1 monoanionic bar- 
bital complex, ZnL-bar- (Kbar = [ZnL- 
bar-]/[uncomplexed ZnL][uncomplexed 
barbital] = 1 0 4 . 2 ~ - '  at pH 8 and 25°C 
with Z = 0.10 (NaNO,)). 


acting through three hydrogen bonds (see the recognition of 
thymine 1 and barbituric acid derivatives 2).I2I This idea has 
since been adopted in designing artificial receptors for the clini- 
cally important drugs barbiturates (e.g., barbital 3): Hamilton 
et al. synthesized macrocyclic receptors 4, whose 1 : 1 complex 
stability constants Kbar (= [barbiturate complex]/[barbitu- 
rate][receptor]) are 102-106~- '  in CDC1,;[31 Rebek et al. re- 
ported a receptor 5 (Kbar =IO4 . '~ - '  in CDCI,) based on 
bis(Kemp's acid) derivatives separated by a naphthalene 


Reinhoudt et al. introduced the UO:' cation into a 
macrocyclic receptor 6 to bind one carbonyl group of a barbitu- 
rate (Kbar = 1 0 2 . 0 ~ - '  in 5 %  (v/v) [D,]DMSO/CDCI,);[51 and 
Picard et al. synthesized an open chain receptor 7 
(Kbar = 1 0 2 . 9 ~ - '  in CDC1,).[61 All of these barbiturate-recep- 
tor complexes are stable only in nonaqueous environments; they 
dissociate immediately in aqueous solution. 


Previously, we reported that a zinc@) complex of 12-mem- 
bered macrocyclic tetraamine (cyclen) 8 a  is a good receptor of 
deprotonated thymine and its derivatives such as AZT (3-azido- 
3-deoxythymidine), yielding stable 1 : 1 complexes (e.g., 9 for 
AZT) at physiological pH in aqueous solution.['] We discovered 
strong interactions (e.g., K = [9]/[AZT-][Sa] = 105 .6~M- '  for 
AZT) through theZn"-N-(imido) bond as well as two comple- 
mentary hydrogen bonds between cyclen NH's and both imido 
oxygens. The interaction is so strong that the complex is almost 
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inert at physiological pH. Moreover, the Zn"-cyclen complex 
8 a is selective for the imido-containing thymine and uracil 
among the DNA and RNA bases."] That the cationic complex 
8 a preferentially recognizes neutral uracil base over biological 
anions such as phosphates is remarkable; this is well illustrated 
by the formation of a stoichiometric complex with poly(U), 
whereby poly(U)- poly(A) hybridization is inhibited.r8] 


We have now applied the host complex 8 a in aqueous solution 
to recognition of barbiturates with potentially double interac- 
tion sites (i.e., two imido groups). In order to produce a more 


efficient receptor, we have de- 
signed a new zinc@) complex, 
bis(Zn"-cyclen) (10) for barbitu- 


H d  yn,J ,P CN,T--T rate dianions. The recognition 
based on such metal-to-ligand in- 
teraction would offer special ad- 
vantages in aqueous solution over 
the previous barbiturate receptors 
4-7 that rely on weaker interac- 
tions such as hydrogen bonding, 
hydrophobic interactions, and n - 


xT a N 2 i  
H-C;I #QH 


10a; X = H,O, X = HzO 
b; X = HO-, X = HZO 
c; X = HO-, X = HO- 


Our Barbiturate Receptor 


bis-( Zn"-cyclen) n interactions. 


Results and Discussion 


Syntheses of 1,4-bis(1,4,7,1O-tetraazacyclododecan-l-ylmethyl)- 
benzene (13) and the bis-zinc(r1) complex bis(Zn"-cyclen) (10) : 
A sixfold excess of the macrocyclic tetraamine 11 (cyclen) was 


treated with 1,4-bis(bromomethyl)benzene (12) in CHC1, at 
room temperature overnight to obtain 13, which was crystal- 
lized as its 8 HBr salt in 50 % yield (see Scheme 1). After the HBr 
salt had been passed through an anion exchange column, the 


11 12 
cyclen 


i) in CHCI, 


ii) 48% HBr 
v 


i) Amberlite 
IRA400 - 1oa 


ii) 2Zn(C10,)2 


134HBr 
Scheme 1. Syntheses of 1,4-bis(l,4,7,1O-tetraazacyclododecan-l -ylmethyl)benzene 
(13) and bis(Zn"-cyclen) (10). 


acid-free ligand 13 (L) was mixed with two equivalents of Zn- 
(CIO,), .6H,O in EtOH solution followed by crystallization 
from 0.1 M NaC10, aqueous solution to obtain the desired re- 
ceptor complex, bis(Zn"-cyclen) (Zn,L), as colorless crystals. 
We characterized the bis-zinc(I1) complex as 10 a.(C10,),.2 H,O 
by elemental analysis (C, H, N), NMR ('H and 13C), and fol- 
lowing potentiometric pH titration studies. 


Deprotonation constants of the Zn"-bound water molecules in 10 a 
and formation of the bis(Zn"-cyclen) barbital*- complexes 15 
and 16: The acid-base properties of barbital 3 (1.0 and 2 . 0 m ~ )  
and bis(Zn"-cyclen) 10a (0.5,1.0, and 2.0mM) were determined 
by potentiometric pH titrations against 0.10 M NaOH aqueous 
solution with Z = 0.10 (NaNO,) at 25 "C. A typical pH titration 
curve for 10 a is shown in Figure 1 b, which shows dissociation 


1 2 
3 


0 
eq (OH-) 


Fig. 1. Typical titration curves for barbital (3) and bis(Zn"-cyclen) (10a) at 25 "C 
with I = 0.10 (NaNO,); eq(OH-) is the number of equivalents of base added: 
a) l.0mM barbital; b) i.0mM bis(Zn"-cyclen); c) l.OmM barbital +l.OmM 
bis(Zn"-cyclen) . 


of two protons at O<eq(OH-)<2. The deprotonation con- 
stants are estimated to be 7.23 & 0.02 for the first deprotonation 
10 a 10 b + H + @K,) and 7.88 f 0.02 for the second deproto- 
nation 10 b e  1Oc + H +  @K,) .  The deprotonation constants of 
the Zn"-bound water are not so different from those of Zn"-cy- 
clen 8 a  (pK, =7.86)19] and Zn"-N-methylcyclen @Ka = 
7.68).['01 It is concluded that the two deprotonations of 10a 
occur almost independently. The first deprotonation constant 
for barbital ( 3 ) e  bar- (barbital monoanion) + H +  was also 
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determined to be 7.85 f0.02 (= - log{[bar-]a,+/[barbital]}) 
under the same conditions (see Fig. 1 a), while the second depro- 
tonation did not occur at pH less than 12. 


In order to observe the interaction between 10 and barbital, 
potentiometric pH titrations of 10a (1.0 and 2 . 0 m ~ )  in the 
presence of equimolar amounts of 3 were conducted against 
aqueous 0 . 1 0 ~  NaOH with Z = O . l O  (NaNO,) at 25°C 
(Fig. 1 c). The buffer pH region at 5 < pH < 7, which corre- 
sponds to deprotonation of the two Zn"-bound water mole- 
cules, is greatly lowered compared with those of the titration 
curves in Figures 1 a for 3 and 1 b for 10 a, indicating complexa- 
tion with concomitant deprotonation of the two imido groups. 
Since 10 (1 mM) is stable at pH greater than 5.2 in 10% (v/v) 
D20/H20 with 0 . 1 0 ~  NaNO, (see Experimental Section for 
lo), the titration data at pH greater than 5.2 were analysed for 
possible 1 : 1 complexes, Zn,L-bar- [14, Eq. (l)] and Zn2L- 
bar2- [15, Eq. (2)], and a 2:2 complex (Zn2L-bar2-), [16, 
Eq. (3)], where bar2- is the doubly deprotonated barbital dian- 
ion (see Scheme 2). The consideration of the 2:2 complex 16 


Zn2L bar- 


15 
1 : 1 Complex 


Zn2L- b d -  


2 : 2 Complex 
( Z n 2 L  ba?-), 


Scheme 2. Barbital complex formation 


resulted from its isolation from an aqueous solution of 10a and 
3 and its X-ray crystal analysis, as described below. The evi- 
dence for the l : l complex 15 was derived from the NMR study 
in aqueous solution (see below). No further deprotonation was 
observed at pH less than 12, indicating the stability of the barbi- 
tal dianion complexes 15 and 16 under the given conditions. The 
barbital complex formation constants Kbar., Kbar2-, and Kd are 
defined in Equations (1 -3). 


Zn,L (lOa)+bar-=Zn,L-bar- (14) Kbar- = [14]/[10a][bar-] (1) 


Zn,L-bar-sZn,L- bar2- (15)+ H +  Kba+ = [15]aH+/[14] (2) 


2Zn,L-barZ-+(Zn,L-bar2-), (16) Kd = [16J/[15I2 (3) 


These values were calculated with the program BEST for pH 
titration analysis." 'I The results are summarized in Table 1. A 
typical distribution diagram for zinc(@ species as a function of 
pH with equimolar amounts of barbital and 10 a (1 mM) at 25 "C 


Table 1. A comparison of pK, values of 2n"-bound water and barbital complexa- 
tion constants for bis(Zn"-cyclen) 10a and 2n"-cyclen 8a at 25°C with I = 0.10 
(NaNO,). 


10a 8a 
~ ~ ~ ~ ~ ~~ ~~~ ~ ~ ~ ~~ 


PKi 7.23k0.02 [a] 7.86 [b] 
PK2 7.88k0.02 [a] 
lOgKb,r- 5.5k0.1 [c] 4.9f0.1 [d] 
kKba+ -6.2k0.1 [el 
1% Kd 3.4k0.1 [f] 
lOgKbar 5.8 [gl 4.2 [h] 


[a] pK, = - log([lOb]a,~/[lOa]), [bl pK, = 
- log([8b]uH+/[8a]) from ref. [9a]. [c] Kba,. = [14]/[10a][bar-]~- . [d] Kbar- = 
[17]/[8a][bar-]~-'. [el K,.+ = [15]u,./[14]~. [fl Kd = [16]/[15]2M-'. [g] Kba. = 
[lq/[uncomplexed lO][uncomplexed barbital] M- ' at pH 8. [h] Kb., = [lA/[uncom- 
plexed 8][uncomplexed barbitallhc-' at pH 8. 


pK2 = - log([10~]~,~/[10b]) .~ 


and S<pH<10.5 is displayed in Figure 2. It is evident that 
barbital is sequestered mostly as the dianionic guest (bar2-) by 
the bis(Zn"-cyclen) receptor 10a (Zn2L) either in the 1 : l  
(Zn2L-bar2- 15) or the 2:2 complex ((Zn2L-bar2-), 16) at 


5 6 7 8 9 1 0 1 1  
PH 


Fig. 2. Distribution diagram for the zinc(n) species in a 1 mM bis(Zn"-cyclen)/l mM 
barbital system as a function of pH at 25°C with I = 0.10 (NaNO,). 


physiological pH. We can estimate the complexation constant of 
15, log Kbar (K,,, = [15]/[uncomplexed lO][uncomplexed barbi- 
t a l ] ~ - ' )  to be 5.8 at pH 8 and 25 "C, where [uncomplexed 
101 = [lOa] + [lob] + [ ~ O C ]  and [uncomplexed barbital] = [3] 
+[bar-]. Higher concentrations afford the 2:2 complex 16 
[Kd = 103.4~M- for Eq. (3)] through intermolecular interactions, 
and the barbital receptor 10a becomes a stronger host for the 
barbital dianion, as shown by the greater conditional complexa- 
tion constant of bar2- complexes 15 and 16, X',, (= ( [ lq  
+ [16])/[uncomplexed lO][uncomplexed barbital] M- ' (e.g., 
logKb,, =7.2 at [15] = IOmM, pH 8, and 25 "C). 


As a control experiment, the interaction between barbital 
(l.OmM) and Zn"-cyclen (Sa, 1.0, 2.0, and 3 . 0 m ~ )  was investi- 
gated by potentiometric pH titration under the same conditions 
(see typical titration curves in Fig. 3 c). In this case, only 1 : 1 
ZnL-bar- complex 17 was formed at 5 < p H <  11  with no sub- 
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Fig. 3. Typical titration curves for 
barbital (3) and Zn"-cyclen (813) at 
25 "C with I = 0.10 (NaNO,); 
eq(OH-) is the number of equiva- 


31 . I I I lentsofbase added:a) l.OmM8a; 
0 1 2 b) 1.OmM 3; c)  1.OmM 3 +l.OmM 


eq(OH7 8a. 


sequent 2: 1 (ZnL),-bar2- complex 18 (see Scheme 3). The bar- 
bital monoanion complex 17 was independently synthesized as 


its monoperchlorate salt 
by treating equimolecular 
amounts of 8 a  and barbital 
sodium salt in aqueous 
solution. The logK,,,. 


8a + bar- ==== (= log([l7]/[8a][bar-]~-')) 
and log Kbar (= log [17]/[un- 
complexed 8][uncomplexed 
barbital] M- ') at pH 8) values 


1 : 1 Complex were, respectively, 4.9 0.1 
and 4.2k0.1 at 25°C with 
I =  0.10 (NaNO,), where [un- 


17 


ZnLbar- 


HNANH 


t# 0 x 0  #J 


complexed 81 = [8a] +[8b]. 
These values are much smaller - ~,'Y>-N N \ \  \NH than the corresponding Kbar- 
and Kbar (< K,,, at physiolog- 
ical pH) for bis(Zn"-cyclen) 


'4 j. J z i  


18 
2 : 1 Complex 
(ZnL)*- bar- 


complex 10a (see Table I), 
enabling us to confirm that 
more effective recognition of 


two Zn"-cyclen units linked 
in the same molecule. 


Scheme 3. The interaction between bar- is achieved by the 
bital and Zn"-cyclen (En). 


Synthesis and X-ray crystal structure of (bis(Zn"-cyclen)- 
bar*-), complex (16): The bis(Zn"-cyclen)-bar'- complex 
was crystallized as its perchlorate salt from an aqueous solution 
(PH 8) of equimolar amounts of 10a.(C10,), and barbital sodi- 
um salt. After drying under 1 mmHg at 40 "C for 5 h, the color- 
less crystals changed to white powder, which indicated that 
some lattice water molecules in the crystal are easily removed. 
The elemental analysis (C, H, N) of the obtained powder sug- 
gested the formula (Zn2L-barZ- ~(CIO,),~H,O),. The crystal 
of the bis(Zn"-cyc1en)-bar'- complex was subjected to X-ray 
structure analysis at 25 f 1 "C. The crystal structure provided 
unequivocal evidence for the cyclic 2: 2 (Zn,L-bar2-), complex 
16, which is shown in Figure 4. Selected crystal data and collec- 
tion parameters are given in the ExperimentaI Section.["] The 
methylene carbons of the cyclen ring, the perchlorates, and the 
ethyl groups of the barbital dianions are very disordered; this is 
reflected in the comparatively large R value of 0.104. We at- 
tempted to determine the X-ray crystal structure of 16 at a lower 
temperature using liquid nitrogen, but were unsuccessful owing 
to the formation of cracks in the crystal. We failed to isolate the 
originally intended 1 : l  complex 15 with various other coun- 
teranions such as PF,, C1-, NO;, etc. 


The complex 16 has a cyclic structure constructed with two 
barbital dianions (bar2-) and two host complexes. The barbital 
dianion bridges the two Zn2L units through the Zn"-N (bar2-) 
bonds. Each zinc(@ ion is surrounded in a distorted tetragonal 


Fig. 4. ORTEP diagram (30% probability ellipsoids) of 16. Hydrogen atoms, wa- 
ters, and perchlorates are omitted for clarity. Selected bond lengths (A): Zn 1 -N 1 
2.19(1), Znl-N4 2.11(1), Zn l -N7  2.17(2), Znl-N10 2.14(2), ZnlhN80 
1.95(1), Zn2-N21 2.21 (l), Zn2-N24 2.10(2), Zn2-N27 2.13(2), Zn2-N30 
2.13(1), Zn2-N33 1.96(1), Zn3-N35 1.99(1), Zn3-N46 2.22(1), Zn3-N49 
2.03(1), Zn3-N52 2.21(2), Zn3-N55 2.04(2), Zn4-N66 2.21(1), Zn4-N69 
2.09(2), Zn4-N72 2.19(1), Zn4-N75 2.15(1), Zn4-N78 1.98(1). Selected bond 
angles r): N I-Zn 1 -N 80 109.8 ( 5 ) ,  N4-Zn 1-N 80 117.9 (5), N 7-Zn 1-N 80 11 3.4(5), 
NlO-Znl-N80 113.0(5), N21-Zn2-N33 109.7(5), N24-Zn2-N33 113.9(5), N27- 
Zn2-N33 111.4(6), N30-Zn2-N33 114.6(5), N46-Zn3-N35 113.5(5), N49-Zn 3- 
N 35 107.5(6), N 52-211 3-N35 11 1.9(6). N 55-Zn 3-N35 121.5(7), N66-Zn 4-N 78 
112.9(4), N 69-Zn4-N78 119.5(6), N72-Zn4-N78 106.8(5), N75-Zn4-N 78 
109.4(6). 


pyramidal environment by the four nitrogen atoms of each cy- 
clen and an anionic barbital nitrogen. The structure around the 
zinc(r1) ions in 16 is similar to that of the previous five-coordi- 
nate Zn"-cyclen-AZT- complex 9.L7=] The average Zn"-N- 
(bar2-) bond length of 1.97 8, is shorter than that of the Zn"-N 
(cyclen) bond length of 2.15 A. Such a high affinity of a Zn" 
macrocyclic polyamine complex to anionic amines has been ob- 
served in the Zn"-N- (sulfonamide) bond length (1.925 A) of 
Zn"- tosylamidopropyl[12]aneN3 complex 19['31 and Zn"-N- 
(thymine) bond length (1.987 A) of Zn"-(acridine-pendant-cy- 
den)( 1 -methylthymine) complex 20.[7bl The present structure is 
compatible with our ear- 
her findings that the 
strongly acidic zinc@) in O* 


macrocyclic polyamine 
complexes prefers N-  


trogen donors.[7. '* 131 


between the barbital car- 
bony1 oxygens and the secondary nitrogens of the cyclen units 
(about 2.9-3.2 A) seem long for hydrogen-bond formation, a 
little wagging of the barbital dianion in solution would permit 
closer contacts between them for the formation of direct (or 
indirect through water molecules) hydrogen bonds. 


y9p-J 
HNZ< 0A-N > 
CQH 


anions over neutral ni- * ~ \ 3  H 


Although the distances 19 20 


NMR study of the 2:2 complex 16 in DMSO and aqueous solu- 
tion: Because of the poor solubility (< 2 0 m ~ )  of 16 in aqueous 
solution, we first conducted the 'H and I3C NMR study using 
a [D,]DMSO solution of 16 (25 mM) at 25 "C. The NMR spectra 
of 16 in [D,]DMSO showed two carbonyl carbon signals at 
6 =165.3 and 182.5, two aromatic carbon signals at 6 =130.7 
and 131.5, and one methyl carbon signal at 6 =10.1; one aro- 
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2.5-4.2) for methylene 
protons of cyclen units 
and benzyl groups. The 
integral ratios of Hh/ 


h 


, , I I I ,  I I ~, , . ~, I ,  I I , ,  I I I ,  I , ,  , , , , ppm I , ,  and- H,/2(H, +Hi) 
7 6 5 4 3 2 1 0  gave a constant value 


of 2.0 at 2.5mM 16, for Fig. 5. Typical ' H N M R  spectra for the mix- 
ture of the 1: l  and 2:2 bis(Zn"-cyclen)- 
bar2- complexes 15 and 16 (0.63m~ as 16) at instance, at 25 OC with 
25°C with 1=0.10 (NaNO,) in D,O I =  0.10 (NaNO,) in 
(pD = 8) .  D,O, where the inte- 


gral values of Ha and 
H, were equal to those of H, and H,, respectively. Furthermore, 
the integral ratios for Hh/2 (H,)' at different concentrations of 
16 (0.63, 1.25,2.5, and 5 . 0 m ~ )  gave a constant value of 2.0f0.1 
under the same conditions. These results led us to conclude that 
the 2:2 complex 16 equilibrates with the 1:l  complex 15 in 
aqueous solution, as shown in Scheme 2. Accordingly, the bar- 
bital diethyl group (Ha, H,, H,, H, for 15, and H,, H, for 16) 
and the aromatic protons of the bis(Zn"-cyclen) (He for 15 and 
H, for 16) were assigned with the assistance of an NOE experi- 
ment (see Experimental Section). The integral ratio of the for- 
mer (Hh/2H,) serves as an index of the concentration ratio of 
[16]/[15]. The clear separation of the barbital ethyl signals 
(H, -+ Ha and H,, H, + H, and Hd) accompanied by the dispro- 
portionation of 16 to the postulated monomeric complex 15 is 
reasonable if one considers the tighter bonding (i.e., restricted 
conformational flexibility) of the guest barbital in 15 on the 
NMR time scale. 


In order to determine the Kd value (= [16]/[15]'M-'), 
'HNMR spectra for 5.0, 2.5, 1.25, and 0 . 6 3 m ~  of 16 
were recorded at 25, 35, 45, and 55 "C with I = 0.10 (NaNO,) 
in 10% (v/v) D,O/H,O solution, where the 'HNMR signal 
patterns are similar to those in Figure 5.  From the total 
concentration of zinc@) species and the complex ratio of [16]/ 
1151, we estimated the concentration of 15 and 16, which then 
allowed calculation of logK,, which was 3.38k0.05 (at 25"C), 
3.19f0.05 (35 "C), 3.01 kO.05 (45 "C), and 2.86k0.05 (55 "C): 
the lower the temperature, the greater the Kd value. The 
Kd value at 25°C is almost the same as that determined 
by the potentiometric pH titration (see Table 1). The thermo- 
dynamic parameters for the equilibrium 2(15)*16 were 
determined from the temperature dependency of those log K, 
values. The van't Hoff plot of InK, against 1/T (K-') 
gives a line which affords estimated values of AG = 
- (1.9k0.1) x lo4 Jmol-', AH = - ( 3 . 3 f 0 . 1 ) ~  lo4 Jmol-' 
and AS = - 4 9 k 2  Jmol- 'K- '  at 25°C. The dimerization re- 
action of 15 to 16 is exothermic, possibly as a result of release of 


the strain energy of 15, as indicated by the somewhat hindered 
barbital binding mode (Scheme 2). 


Molecular mechanics (MM 2) calculations revealed the mini- 
mum-energy structures for 15 and 16 at 300 K (Fig. 6). One 
mole of 16 is more stable than two moles of 15 by -73.9 kJ, 
calculated from El,,,, values for 15 (-151.3 kJmol-') and 16 
(- 376.5 kJmol-'). The breakdown of E,,,,, into seven energy 
terms is shown in the Experimental Section. The greatest contri- 
bution for the stability difference between 15 and 16 is the differ- 
ence in bond angle energy AEba of - 57.2 kJ. 


Fig 6 Minimum-energy structures of 1 1 complex 15 (above) and 2 2 complex 16 
(below) calculated by MM 2 


Since the X-ray crystal structure of 16 revealed a new macro- 
cyclic cavity with two composite benzene rings (approx. 4 A 
distance), we tested whether this space could accommodate aro- 
matic compounds such as 1,4-dinitrobenzene and p-toluene sul- 
fonate, which would favor dimerization to form 16. However, 
the 'HNMR spectra (in D,O) of 16 ( 2 . 5 m ~ )  in the presence of 
the potential guest molecules (e.g., saturated 1,4-dinitrobenzene 
(ca. 0 . 5 m ~ )  or p-toluene sulfonate (10mM)) did not show any 
unusual chemical shifts. We interpret this to mean that the 
macrocyclic cavity of 16 is too small to sandwich aromatic 
guests. 


Conclusions 


A new bis(Zn"-cyclen) complex 10a, which consists of two 
Zn"- cyclen complexes and a p-xylene bridge, has been synthe- 
sized for the recognition of dianionic forms of barbiturates in 
aqueous solution. As anticipated, 10a very firmly chelates with 
barbital (3, as the dianion) at physiological pH in the 1 : 1 com- 
plex 15 and also in the 2:2 cyclic complex 16. The latter complex 
16 was obtained as crystals and its structure confirmed by X-ray 
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diffraction study. Although we failed to isolate the originally 
intended 1 : 1 complex 15, we identified it in equilibrium with 16 
in aqueous solution by NMR. pH-metric titration of 10a and 3 
established the 1 : 1 and 2: 2 complex stability constants, which 
showed that the formation of the host-guest complexes 15 and 
16 was favored over the 1 : 1 (Zn"-cyc1en)-bar- complex 17. 


Experimental Section 


General information: All reagents were of analytical reagent grade (purity>99 YO) 
and were used without further purification. All aqueous solutions were prepared 
with deionized and distilled water. IR spectra were recorded on a Shimadzu FTIR- 
4200 spectrophotometer. 'H (400 MHz) and ',C (100 MHz) NMR spectra were 
recorded on a JEOL a-400 spectrometer at the desired temperature +0.5"C. 
[2,2,3,3-D,]-3-(Trimethylsilyl)propionic acid sodium salt in aqueous solution and 
tetramethylsilane in [D,]DMSO were used as internal references for 'H and "C 
NMR measurements. 


Synthesis of 1,4-bis(1,4,7,lO-tetraazacyclododecan-l-ylmetbyl)henzene octahydro- 
bromic acid salt (13.(HBr),.4HZO): A CHCI, solution (25 mL) of 1,4-bis(bro- 
momethy1)benzene 12 (1.32 g, 5.0 mmol) was added dropwise in a CHCI, solution 
(100 mL) of 1,4,7,10-tetraazacyclododecane 11 (5.17 g, 30 mmol). The mixture was 
allowed toreact at room temperatureovernight. After the solution had been washed 
with two 50mL portions of water to remove excess 11, the organic phase was 
separated and evaporated. The oily residue was purified by silica gel column chro- 
matography (eluent: 28% aqueous NH,/MeOH/CHCI, = 1: 5:25)  followed by 
crystallization from 48% aqueous HBr/EtOH to obtain colorless crystals of 1,4- 
bis(1,4,7,1O-tetraazacyclododecan-l-ylmethyl)benzene 13 as its octahydrobromic 
acid salt (l3.(HBr),.4H2O) in 50% yield. IR (KBr pellet): G = 3507, 3437, 2996, 
2818, 2683, 1607, 1572, 1491, 1431, 1413, 1251, 1206, 1016, 993, 959, 829, 815, 
771 cm-'; 'HNMR (D,O): S = 2.93 (t, J = 5.2 Hz, 8H, NCH), 3.02 (br, 8H, 
NCH), 3.17 (t, J = 5.2 Hz, 8H, NCH), 3.24 (br, 8H, NCH), 3.89 (s, 4H, ArCH), 
7.44 (s, 4H, ArH); "C NMR (D,O): 6 = 44.8, 45.0,47.3, 50.6, 59.0, 133.4, 137.6. 
Anal. (Cz.,H6,N80,Br8): calcd C 24.7, H 5.4, N 9.6; found C 24.8, H 5.5, N 9.6. 


Synthesis of 1,4-bis(1,4,7,10-tetaazacyclododecan-l-y~ethyl)he~ene bis(zinc(r1)) 
complex (10a~(C10,),~2H20): An aqueous solution (10 mL) of 13.8HBr.4H20 
(0.47 g, 0.40 mmol) was passed through an anion exchange column (Amberlite 
IRA-400). To the obtained acid-free ligand 13 was added an EtOH solution (30 mL) 
of Zn(CIO4),.6H,O (0.38 g, 1.0 mmol) and the mixture was heated to 60°C. After 
the solvent had been evaporated, the residue was crystallized from 0.1 M NaCIO, 
aqueous solution to afford 1,4-bis(1,4,7,1O-tetraazacyclododecan-l-ylmethyl)- 
benzene) bis(zinc(r1)) complex as colorless crystals (10 a.(C10,),.2 H,O) in 60 % 
yield[14]. IR(KBrpe1let): V = 3436, 3200,2928,2880,1620, 1460, 1356,1294, 1251, 
1144, 1117, 1090, 982, 855, 733, 627cm-'; 'HNMR (D,O): S = 2.82-3.13 (m, 
32H, NCH), 4.01 (s. 4H, ArCH), 7.42 (s, 4H, ArH); "C NMR (D,O): 6 = 45.0, 
46.5, 47.3, 52.0, 58.4, 134.1, 135.1. Anal. (C2,H,4N,0zoCI,Zn,): calcd C 27.5, H 
5.2, N 10.7; found C 27.7, H 5.4, N 10.6. The stability of 10 in 10% (v/v) D,O/H,O 
was determined by 'H NMR and pH change of the solution at 25 "C and pH = 5.2, 
7.8, and 10.0. Each 'HNMR spectrum of 10 (1 mM) was assignable to one species 
(e.g., the data at pH 5.2 are almost the same as the above 'HNMR data for 10 in 
D,O). The solution pH remained unchanged to within 0.05 pH unit after 2 h (a 
standard pH titration time) under an argon atmosphere. 


Synthesis of 1,~bis(l,4,7,10-tetraazacyclododecan-l-y~ethyl)hen~ne bis(zinc(1l)) 
barbital'- complex (16.(C104),): To an aqueous solution (50 mL) of 
10a~(C1O,),~2H2O) (0.52 g, 0.50 mmol) was added barbital sodium salt (0.10 g, 
0.50 mmol) and the solution pH was adjusted to 8 with l O h n  NaOH aqueous solu- 
tion at room temperature. Colorless crystals of 1,4-bis(l,4,7,10-tetraazacyclodode- 
can-I-ylmethy1)benzene bis(zinc(r1)) barbitalZ- complex 16 as its tetraperchlorate 
salt containing three lattice water molecules (determined by X-ray crystal structure 
analysis) were obtained in 80% yield by slow evaporation at 25 "C. After drying the 
crystals under 1 mmHg at 40°C for 5 h, a water molecule was removed from the 
asymmetric crystal unit. IR (KBr pellet): = 3420, 3300, 2966, 2930, 2878, 1599, 
1578, 1456, 1445, 1390, 1325, 1144, 1115, 1090, 976, 856, 818, 795, 625cm-'; 
'HNMR ([DJDMSO, 2 5 m ~  as the 2:2 complex 16): 6 = 0.74 (t, J =7.2 Hz, 6H, 
CH,),1.77(q,J=7.2Hz,4H,CH,),2.5-3.2(m,16H,NCH),3.56(br,4H,NH), 
3.90-4.03(br,6H,ArCH,NH),6.88(~,4H,ArH), wheresmallsignalsofunremov- 
able impurity were observed at S =1.00 (t), 1.63 (q), 1.91 (9). and 7.13 (s) [IS]; 
'HNMR (D,O, 2 S m ~  as the 2:2 complex): 6 = 0.68, 0.79, and 1.07 (CH,); 1.78, 
1.90, and 2.02 (CH,); 2.5-4.2 (NCH), 6.96 and 7.29 (ArH). The 'H NMR signal in 
D,O was assigned by an NOE experiment (upon irradiation of aromatic protons He) 
in which 1.2% NOE for H, + H, was observed. 13C NMR ([DJDMSO, 2 5 m ~  as 
the2:2complex):S =10.1,32.2,42.1,43.8,44.2,48.5,54.5,55.2,130.7,131.5,165.3, 
182.5. Anal. (C,,H,,,N200,,Cl,Zn,): calcd C 39.4, H 6.0, N 14.3; found C 39.1, H 
5.8. N 14.2. 


Synthesis of (Zn"-cyclen)-bar- complex (17.C10,): Barbital sodium salt (0.10 g, 
0.5 mmol) and Zn"-cyclen~(CIO,),~H,O (0.23 g, 0.5 mmol) [9a] were dissolved in 
distilled water (20 mL) at 60°C. When the solution was concentrated to approx. 
5 mL, (Zn"-cyclen)-bar- complex (17.CI0,) was obtained as colorless needles in 
60% yield. IR (KBr pellet): ? = 3450, 3299, 2967, 2932, 1707, 1682, 1613, 1447, 
1402, 1373, 1331, 1255, 1179, 1121, 1092, 972, 868, 812, 625cm-'; 'HNMR 
([D,]DMSO, 5 0 m ~ ) :  6 = 0.73 (t, J=7.3 Hz, 6H,  CH,), 1.77 (4, J = 7 . 3  Hz, 4H, 
CH,), 2.60-2.80 (m, 16H, NCH), 3.75 (4H, NH(cyclen)), 10.8 (IH,  NH(barbi- 
tal)); '3C NMR ([DJDMSO, 5 0 m ~ ) :  S = 9.51, 31.5, 43.6 (cyclen), 55.7, 156.6, 
174.9, 180.1. Anal. (C,,H,,N,O,CIZn): calcd C 36.9, H 6.0, N 16.2; found C 37.3, 
H 6.1, N 16.5. 


Potentiometric pH titrations: The preparation of the test solutions and the calibra- 
tion of the electrode system were described earlier [9a,10,13,16]. All test solutions 
(50 mL) were kept under an argon (>99.999% purity) atmosphere at 25.0+0.1 "C.  
The potentiometric pH titrations were carried out with Z = 0.10 (NaNO,), and at 
least three independent titrations were performed. Deprotonation constants of Zn"- 
bound water (Kn = [HO--bound species][H+]/[H,O-bound species]), barbital com- 
plex formation constants Kbar- ( = [bar--bound complex]/[receptor][bar-1) and 
Kb.+ ( = [bar2--bound complex][H']/[bar--bound complex]), and dimerization 
constant Kd were determined by means of the program BEST [ll]. All sigma fit 
values defined in the program are smaller than 0.005. The K ,  ( = uH. .aoH.), K, 
( = [H+][OH-]) andf,, values used are 10-'4.00, 10-'3-'9, and 0.825, respectively. 
The mixed constants (K.  = [HO--bound species]u,./[H,O-bound species] and 
Kbar2. = [bar2--hound complex]a,./[bar--bound complex]) are derived from ICn 
and Kb+ by [H'] = uH./jH+.  


Crystallographic study: A colorless prismatic crystal (0.35 x 0.20 x 0.10 mm) of 
16~(C104),~3H,0 (C,,Hl,,N,oO,,CI,Zn,, M ,  =1971.1) sealed in a glass capillary 
was used for data collection. The lattice parameters and intensity data were mea- 
sured on a Rigaku Raxis I1 area detector with graphite monochromated Mo,, 
radiation (p = 11.14 cm-') at 2 5 5  1 "C. Indexing was performed from 3 stills which 
were exposed for 10 min. A total of40 oscillation (5.0") images were collected, each 
being exposed for 60 min. The crystal-to-detector distance was 90 mm and the 
detector swing angle was 0.0". Readout was performed in the 105 pm pixel mode. 
The structure was solved by direct methods (SHELXS86) and expanded by means 
of Fourier techniques (DIRDIF 92). All calculations were performed with the 
teXsan crystal structure analysis package developed by Molecular Structure Corpo- 
ration (1985,1992). Crystal data: triclinic, space group Pi (No.2). u = 17.127(5) A, 
b = 21.552(4) A, c =14.229(6).&, a =102.36(2)", /3 = 99.34(3)", y = 86.02(2)", 
V = 5058(2) A', Z = 2, D,,,,, =1.294 gem-,, 28,. = 46.2", total no. of re- 
flns = 8895. Non-hydrogen atoms of the 2:2 complex unit 16 and three water 
oxygen atoms were refined anisotropically, while the rest were refined isotropically. 
Hydrogen atoms, except those of water molecules, were included but not refined. 
The final cycle of full-matrix least-squares refinement was based on 6154 observed 
reflns ( I >  5.00 u(Z)) and 927 variable parameters, and converged (largest parameter 
was 0 . 0 2 ~  its esd) with R ( =  CllFnl - ll$ll/~lFol) of 0.104 and Rw 
( = (Ew(lFoI - I F , I ) ' / C W F ~ ) ~ ~ ~ )  of 0.132. The 0 atoms of the CI1 perchlorate ion 
are disordered at the two positions (occupancy = 0.5 and OS), but those of C12 are 
not disordered. The other two perchlorate ions are disordered at the four locations 
C13, C14, C15, and C16 with an occupancy ratio of0.60:0.69:0.43:0.28. The disor- 
dered structures of the cyclen groups were suggested by consideration of the large 
anisotropy in the temperature factors of the carbon atoms, but could not be con- 
firmed on a difference Fourier map. The uncertainty in these disordered structures 
might lead to a comparatively large R value. 


Molecular mechanics calculations: Structure minimization for 15 and 16 was accom- 
plished with the molecular dynamics (MD) and molecular mechanics (MM2) pack- 
ages provided by the Tektronix CAChe System, Version 3.5. The structure was first 
minimized by MM 2 at 300 K and the resulting structure submitted to MD simula- 
tion at 800 K. The lowest energy structures for 15 and 16 (Fig. 6) were obtained by 
further optimization by MM2 at 300 K with the block-diagonal Newton-Raphson 
method until the change in total energy (AE,ou,) became less than 0,001 kJmol-'. 
The energy terms (kJmol-') for the MM2 force field are bond stretch (Eb) ,  bond 
angle (E,), dihedral angle (Eda), improper torsion (Eic),  van der Waals (EVdr), 
electrostatic (E.), and hydrogen bond (Ebb): = -151.3 kJmol-' for 15 
(Ebi = 46.3, Eba = 286.1, Ed* = 34.7, E,, = 0.5, Erdw ~ 1 8 . 9 ,  E, = - 528.2, and 
Ehb = - 9.6); E,,,,' = - 376.5 kJmol-' for 16 (Ebs = 96.8, Hba = 515.0, Hda = 
84.7,H,,=O.3,Hvd,= -16.3,Hc= -1040.0,andHhb= -17.0). 
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Self-Assembling Tetrathiafulvalene-Based Rotaxanes and Catenanes 


Zhan-Ting Li, Paul C. Stein, Jan Becher,* Dorthe Jensen, PerniUe Mark, and Niels Svenstrup 


Abstract: A general stepwise approach is 
described for the preparation of tetrathia- 
fulvalene (TTF)-based linear and mono- 
and dimacrocyclic compounds incorpo- 
rating one or two 1,4-dioxyphenylene, 
9,10-dioxyanthrylene, or 1 3 -  or 2,6-dioxy- 
naphthylene units from readily available 
starting materials. By utilizing the x-x 
stacking interactions of the TTF unit with 
the dipyridinium dication of 1,l'-[1,4- 
phenylenebis (methylene)] bis-4,4-bipyri- 
dinium bis(hexafluorophosphate), a ro- 
taxane and two [2]catenanes were syn- 
thesized starting from the linear and 
monomacrocyclic compounds, respective- 
ly. From the dioxyphenylene-based di- 
macrocycle, three [3]pseudocatenanes 
(trans, cis, and a mixture of cisltrans iso- 


mers) were obtained with the trans com- 
pound as the major product. From the 
dioxyanthrylene dimacrocycle, only the 
trans-[3]pseudocatenane was obtained. 
Catenane products were formed quantita- 
tively from the 1,s-dioxynaphthylene 
dimacrocycle in a template-directed 
reaction, affording a trans-[3]pseudo-cate- 
nane together with a [4]pseudocatenane 
(mixture of cisltrans isomers). From the 
2,6-dioxynaphthylene dimacrocycle, a cis- 
[3]pseudocatenane was obtained as the 
major product and a trans-[3]pseudocate- 


nanes 
assem 


nane as the minor one. For the [3]pseudo- 
catenanes (i.e., both the cis and trans cate- 
nanes), in which the TTF units were 
clamped by the tetracationic macrocycle, 
isomerizations were completely prevented 
even in the presence of trifluoroacetic 
acid. All new rotaxanes and catenanes 
were characterized by electrospray mass 
spectrometry, and the cis- and trans- 
[3]pseudocatenanes were additionally in- 
vestigated by 'H NMR spectroscopy. The 
electrochemical and spectral properties of 
the rotaxane and the catenanes are report- 
ed. Catenane formation increases the re- 
dox potentials of the TTF unit. The re- 
sults demonstrate the versatility of TTF as 
a building block in the construction of 
supramolecular structures. 


Introduction 


Interlocked molecular systems-rotaxanes and catenanes- 
were traditionally prepared by statistical methods and multistep 
directed synthesis.['] The application of the concepts of 
supramolecular chemistry, especially the processes of self-as- 
sembly,[21 has made such topologically complex molecules rela- 
tively easily available, and several different synthetic methods 
have been developed during the past decade. For example, tran- 
sition metals have been used as templates to construct a range 
of different rotaxanes, catenanes, and knots.13] Two different 
methods of generating organometallic catenanes have also been 
reported. One of them involves Pd or Pt metal centers as part of 
the entangled macro cycle^,[^^ and the second utilizes the coordi- 
nation of a metal center by the oxygen atoms of a crown ether.I5] 
The utilization of x-x stacking and electrostatic interactions 
involving aromatic x donors and x acceptors has provided an- 
other efficient route to rotaxanes and catenanes.[61 The combi- 
nation of hydrogen-bonding and a-x stacking has led to the 
formation of several catenanes with identical rings.['] By using 
the ability of naturally and chemically modified cyclodextrins to 
form inclusion complexes with various organic substrates, a 
range of cyclodextrin rotaxanes have been prepared, and more 
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P. Msrk, N. Svenstrup 
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Jensen, 


recently the synthesis of cyclodextrin catenanes has also been 
reported.''] Nevertheless, developing new efficient methods for 
the synthesis of interlocked supramolecular structures of new 
topology currently remains one of the greatest challenges in 
modern preparative chemistry. 


Although the synthesis of functionalized tetrathiafulvalenes 
has been stimulated by the search for new TTF-based organic 
metals,[g1 there has been an increasing interest in incorporating 
the electroactive TTF unit into macrocyclic and supramolecular 
compounds."03 ' '1 In recent years, using the readily available 
1,3-dithi0le-2-thione-4,5-dithiolate,~'~~ we have reported the 
preparation of a variety of TTF-containing macrocyclic sys- 
tems." 31 We have recently developed a novel efficient method 
for the preparation of macrocyclic compounds incorporating 
TTF, based on the deprotection-alkylation of a dicyanoethylat- 
ed TTF derivative such as 2,6-bis(2'-cyanoethyIthio)-3,7-bis- 
(methylthio)tetrathiafulvalene, in the presence of cesium hy- 
droxide.[""] Starting from 4,5-dibenzoylthio-l,3-dithiole-2- 
thione and related dibenzoyl derivatives, Olk et al. reported 
another convenient approach to the preparation of unsymmetri- 
cally substituted 1,3-dithiole-2-thione-4,5-dithiolates and, thus, 
novel unsymmetrical crown ethers." Further investigation 
showed that this method could be extended to 2,3,6,7-tetra- 
kis(2'-cyanoethylthio)tetrathiafulvalene, a tetraprotected TTF 
derivative, which meant that it was possible to build TTF-based 
di- or even multimacrocyclic systems by stepwise cyclization 
rkaction~.['~] With the availability of these new methods, we 
became interested in the possibility of synthesizing TTF-con- 
taining rotaxanes and catenanes by using the self-assembly 
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strategy developed by Stoddart et aI:E6] TTF has been reported 
to form a 1:l charge-transfer complex with the n-electron- 
accepting tetracationic cyclophane, cyclobis(paraquat-p- 
phenylene),["] and a rotaxane incorporating one TTF unit and 
two 1 ,4-dioxyphenylene units has also been synthesized.[6o1 We 
expected that new types of TTF-based supramolecular systems 
could be constructed because the tetrathiafulvalene-2,3,6,7-te- 
trathiolate unit (TTFTT) could in principle function as a 
tetravalent building block, while most starting materials hither- 
to used to prepare macrocyclic and hence catenane systems, 
such as dihydroxyphenylene, diaminophenylene, benzidine, and 
bipyridine derivatives, are divalent species. In this paper," 61 we 
describe 1) the convenient synthesis of TTF-based linear, 
monocyclic, and dicyclic precursors; 2) how the x-n: stacking 
interactions between the dipyridium unit and the linear and 
mono- and dimacrocyclic TTF systems incorporating different 
electron-rich aromatic units (e.g., 1,4-dioxyphenylene, 9,lO- 
dioxyanthrylene, and 1,5- and 2,6-dioxynaphthylene) can be 
used to build a TTF-based rotaxane, [2]catenanes, [3]pseudo- 
catenanes, and a [4]pseudocatenane; 3) how the information 
existing in the individual components, especially in the dimacro- 
cyclic compounds, expresses itself through the different efficien- 
cies of self-assembly and chemo- and configurational selectivi- 
ties in the [3]pseudocatenanes systems; 4) the characterization 
of these molecular compounds by electrospray mass spectrome- 
try (ESMS) and, in some cases, by 'H NMR spectroscopy; and 
5) their electrochemical and spectroscopic properties. 


Results and Discussion 


Synthesis: Four types of TTF-containing compounds (the lin- 
ear, TTF-planar monomacrocyclic, and TTF-planar and TTF- 
nonplanar dimacrocyclic systems) were synthesized in order to 
investigate their different abilities to induce the formation of 
rotaxanes or catenanes. All the aromatic units are connected 
through diethylene glycol ether chains. For the linear com- 
pound, this chain is long enough that the stoppers do not pre- 
vent the formation of a rotaxane." '1 CPK (Corey-Pauling- 
Koltun) models of the mono- and dimacrocyclic compounds 
indicated that the separation between the TTF and the aromatic 
units is approximately 7 A. This distance is optimal because it 
results in the preferred 3.5 8, separation between interacting 
rings for effective x-n: charge-transfer stabilization.[6b1 


The linear TTF compound 3 was prepared from tetrathiaful- 
valene 1" la] and (triphenylmethy1)benzene 2 in the presence of 
two equivalents of cesium hydroxide (Scheme 1 ) .  The two iso- 


2 
(cishans) 


J 29% 


(cishans) 


Scheme 1. Synthesis of 3: N,, 2 equiv CsOH.H,O, DMF, RT, 16 h 


mers of 3 could be sepa- 
rated, but we were un- 
able to assign their con- 
figuration from the 
'H NMR spectra. Addi- 
tion of a trace of tri- 
fluoroacetic acid to ei- 
ther one of the isomers 
immediately resulted in 
the formation of mix- 
ture of isomers in a 1 : 1 
ratio, as indicated by the 
'H NMR spectra. 


Under high-dilution 
conditions, monocyclic 
compounds 5 a  and 5b 
were prepared from 1 
and 4a["] or 4bt1'] 
(Scheme 2). By two-step 
cyclization reactions, di- 
macrocycles 8a-d were 
prepared from 4a-d 
and tetrathiafulvalene 
6[201 with monocycles 
7a-d as intermediates 
(Scheme 3). The macro- 


f - o - o - ~ o n o - o n x  
4 


5 
(cismans) 


&:X=Br , - - (= I  =a 


5a: =e 
(38%) 


5b: 
(69%) 


Scheme 2. Synthesis of 5 a  and 5 b  using high- 
dilution techniques: N,, 2 equiv CsOH.H,O, 
DMF. RT. 17 h. 


cyclic compounds 5a-d, 7a-d, and 8a-d are all inseparable 
mixtures of cis and trans isomers.[21] 


In order to study the influence of the distorted TTF unit on 
the self-assembly process, dimacrocyclic compound 14 was syn- 
thesized. CPK models show that the TTF unit in 14 is slightly 
distorted as a result of the short triethylene glycol ether chain 
(distortions of about 6" for cis and 10" for trans isomers). Start- 
ing from thione 91z01 and dibromide 10,14 was prepared in four 
steps (Scheme 4). In the presence of cesium hydroxide, 9 reacted 
with 10 to give compound 11, which was transformed to com- 
pound 12 by Hg(OAc),. The coupling reaction of 12 in the 


4 6 


(ciSmans) 


ii) - 


6 
(CiUyranS) 


I (36%. 28%) 


4 d : X = l ,  " =- 7b, 8b: = 


(58%. 54%) W 


7 c . k :  *I = + 
(5% 67%) 


7d,8d: =- 


(520% 60%) 
Scheme 3. Synthesis of 7a-d and 8a-d: i) and ii) N,. 2 equiv CsOH.H,O, DMF, 
RT, 11-25 h. 
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9 10 


s-0-0-s ii) s-0-0"s 


-CN Nc-s 
- 


90% s-CN NC-s 


11 12 


iii) S b S  s. 


13 
(cidtrans) 


14 
(cismans) 


Scheme4. Synthesis of 14 in four steps: i) N,, 2equiv CsOH.H,O, DMF, RT, 
16 h; ii) Hg(OAc),, CHClJAcOH (3:1) ,  24 h; iii) P(OEt),, toluene, reflux, 1 h; 
iv) 4a, N,, 2 equiv CsOH.H,O, DMF, RT, 17 h. 


presence of P(OEt), led to monocyclic compound 13 as a mix- 
ture of cis and trans isomers. The cyclization reaction of 13 with 
4a  gave 14, also as a cisltrans Compound 13 
was also prepared by direct coupling of 11 in the presence of 
P(OEt),, albeit in a lower yield. Because of their higher reactiv- 
ity, all cyclization reactions using w,w'-diiodides gave better 
yields than those involving the corresponding dibromides. 


Because there have been no reports on the ability of the TTF 
unit itself to act as a template for the formation of a tetracation- 
ic macrocycle, compound 3 was synthesized as a model com- 
pound to investigate the efficiency with which the TTF unit 
forms a r ~ t a x a n e . ~ ' ~ ~  By a procedure similar to that for the 
synthesis of dioxyphenylene-based rotaxanes,[6b] rotaxane 17- 
4PF, was obtained as a mixture of cis and trans isomers in 10 "LO 
yield from the reaction of 3, dication 15-2PF,,[6b1 and 1,Cbis- 
(bromomethy1)benzene (16) in DMF over ten days (Scheme 5). 
The isomers could not be separated. Although the yield of 


17-4PF6 


(cidtrans) 


Scheme 5. Synthesis of rotaxane 17-4PF6: N,, DMF, RT, 10 d. 


Scheme 6. Synthesis of [2]catenanes 18a-4PF6 and 18b-4PF6: N,, DMF, RT, 10 d. 


17-4 PF, is not high, the reaction demonstrates that TTF can act 
as a template for the formation of the tetracationic macrocycle. 


The reaction of monomacrocycle 5 a with 15-2 PF, and 16 in 
DMF for seven days resulted in the formation of the [2]catenane 
18a-4PF6 in 12% yield. Similarly, another [2]catenane, 18b- 
4PF6, was prepared in 15 % yield from the reaction of 5b, 15- 
2 PF, , and 16 over twelve days (Scheme 6). Both catenanes are 
mixtures of cis and trans isomers, which could not be separated. 


Two new types of molecular compounds, namely, [3]pseudo- 
catenane and [4]pseudocatenane, were obtained from the reac- 
tions of dimacrocycles 8a-d, 15-2PF6, and 16 (Scheme 7).  We 
name these compounds [3]- and [4]pseudocatenanes because 
compounds 8 a-d are systems combining two macrocyclic units 
while sharing one TTF From the reaction of 8a, the 
three [3]pseudocatenanes trans-19 a-4 PF,, cis-20 a-4 PF,, and 
21 a-4PF6 (a mixture of cis and trans isomers) were obtained in 
15, 10, and 4 %  yields, respectively, after ten days. Similarly, 
trans-[3]pseudocatenane 19 b-4 PF, was obtained in 4 % yield 
from the reaction of 8b, 15-2PF6, and 16 after 21 days. No 
isomers similar to 20a-4PF6 or 21 a-4PF6 were generated in this 
reaction. By using ultra-high pressure (10 kbar), 19 b-4PF6 
could be prepared in 27 % yield after three days.[241 A [3]pseudo- 
catenane, 19c-4 PF, , a [3]catenane, 21 c-4 PF,, and a [4]cate- 
nane, 22c-8PF6, were obtained from the reaction of 8c, 15- 
2 PF, , and 16. After 36 hours, TLC indicated that 8c had been 
completely consumed-the dimacrocyclic compound was trans- 
formed completely to the catenated products! To our knowl- 
edge, this is the first example of quantitative self-assembly of 
catenanes in a template-directed meth0d.1~~1 The main product, 
isolated in 48% yield, was the trans isomer of 19c-4PF6, while 
21 c-4 PF, and 22 c-8 PF, were isolated in 18 and 26 % yields, 
respectively, both as mixtures of cis/trans isomers. When the 
reaction time was extended to three days, 21 c-4 PF, was trans- 
formed completely to 22c-8 PF, (monitored by TLC), and 22c- 
SPF, was then isolated in 46% yield, while the yield of 19c- 
4 PF, remained unchanged. Under similar conditions, quite 
different results were obtained from the reaction of 8d, a consti- 
tutional isomer of 8c, with 15-2PF6 and 16 over seven days: the 
cis-[3]pseudocatenane 20d-4 PF, was isolated in 18 YO yield as 
the major product and the trans-[3]pseudocatenane 19 d-4 PF, in 
10 YO yield as the minor product. No catenanes similar to 21 c- 
4PF, or 22c-8PF6 were detected in this reaction. 


Stirring the solution of the dimacrocycle 14,15-2 PF,, and 16 
in DMF under similar conditions for 21 days did not afford any 
catenane products (monitored by TLC); this indicates that even 
a slight distortion of the TTF unit completely prevents the for- 
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+ 


( cismans) 


21a-4PFr:- = 0 22c-8PFs 
(4%) 


21C-4Pfi I = @ = @ 
(36 hn,l8%) (36 hrs,26%, 46%.72 hrs) 


I converted completely after 72 hrs 1 


Scheme 7. Synthesis of [3]pseudocatenanes and [4]catenane: N,, DMF, RT, 7-21 d 
(2 equiv 15-2PF6 and 16 in the cases of 8a and 8b; 3 equiv 15-2PF6 and 16 in the 
cases of 8c and 8d).  


mation of the tetracationic macrocycle around the dioxy- 
phenylene unit. 


The fact that rotaxane 17-4PF6, and [2]catenanes 18a-4PF6 
and 18 b-4 PF, are mixtures of cis and trans isomers can readily be 
explained in terms of their structural features. The tetracationic 
macrocycle in 17-4PF6 can easily move between the two 
triphenylmethylphenyl stoppers and is not fixed around the TTF 
unit. The cis and trans TTF units can therefore isomerize. Because 
of the configurational isomerization of the TTF unit and the two 
possible locations of the tetracationic macrocycle-around the 
TTF or dioxyphenylene unit-[2]catenane 18 a-4PF6 has four 
possible translational isomers. Because the dioxyanthrylene unit 
is too big to clamped by the tetracationic macrocycle, [2]catenane 
18 b-4 PF, has only two possible configurational isomers. How- 
ever, the facile rotation of the two component units along and 
around each other in both compounds makes it impossible to 
prevent cisltrans isomerisation. The fact that [3]catenanes 21 a- 
4 PF, and 21 c-4 PF, and even [4]catenane 22 c are still mixtures 
of cis and trans isomers indicates that the tetracationic macro- 
cycles in these compounds can move easily and that the interac- 
tions between the TTF units and dipyridinium units have no 
significant influence on the isomerization of the TTF units. 


All the [3]pseudocatenanes in which the TTF units are 
clamped by the tetracationic macrocycle are stable in solution. 
Addition of trifluoroacetic acid (0.1 M) to the solution of these 
catenanes in acetonitrile did not result in any change (monitored 
by TLC), indicating that no cis/trans isomerization took place. 
CPK models indicate that the movement of the tetracationic 
macrocycles in all these compounds is prevented by the four 
glycol chains. This surprising result therefore strongly suggests 
that the tetracationic macrocycle can only efficiently prevent the 
isomerization of a TTF unit when it is fixed around it.[261 


The different efficiencies and chemo- and configurational se- 
lectivities exhibited by the reactions of the dimacrocycles 8a-d 
with 15-2PF6 and 16 suggest that the self-assembly of TTF- 
based supramolecular systems is strongly affected by electronic 
and structural features, especially by the n-electron-donating 
ability, size, and conformation of the aromatic units. Because of 
the relatively weak electron-donating ability of the 
dioxyphenylene unit, trans-19a-4PF6 and cis-20 a-4 PF, are ob- 
tained in relatively low yields from the reaction of 8 a. Although 
the dioxyanthrylene unit has a much stronger electron-donating 
ability, its relatively large size significantly reduces the ability of 
8 b to act as a template in the formation of the catenane, and low 
yields are thus obtained. The fact that, even under conditions of 
ultra-high pressure, no cis isomer of 19 b-4PF6 is produced indi- 
cates that the cis isomer of 8 b  cannot act as a template. The 
quantitative transformation of 8c  to a mixture of catenane 
products provides an excellent example of the efficiency of self- 
assembly. Actually, it has been reported that macrocyclic 
polyethers incorporating the 1,5-dioxynaphthylene unit are bet- 
ter templates in the self-assembly of catenanes than the similar 
1,4-dioxyphenylene derivatives.[271 The great difference between 
the reactions of 8c and 8d, two constitutional isomers, can be 
explained in the following way:[281 In order to affect the self-as- 
sembly process, the dioxynaphthylene unit must form efficient 
x--7c stacking interactions with the electron-deficient dipyridini- 
um unit. The CPK model shows that only trans-8c can adopt an 
energetically favorable conformation. Therefore, efficient self- 
assembly not only leads to 19c-4PF6, but also to 21 c-4PF6 and 
22c-8 PF,. In the case of 8d, the dioxynaphthylene unit of the 
trans isomer must adopt a twisted conformation, while the 
dioxynaphthylene unit of its cis isomer can reach the spatial 
orientation necessary for the n-n stacking by twisting the glycol 
chains. However both confomations are energetically unfavor- 
able. As a result, self-assembly is not as efficient as with 8c, and 
no catenane products similar to 21 c-4 PF, or 22c-8 PF, are pro- 
duced. The fact that cis-20d-4PF6 is the major product implies 
that cis-8d is a more effective template for self-a~sembly.[~~~ 


Electrospray Mass Spectrometry (ESMS): The rotaxane and all 
the catenanes, except [2]catenane 18a-4PF6 (by FABMS), were 
characterized by ESMS spectrometry. Table 1 lists the ESMS 
data of the rotaxane and the catenanes. It can be seen that most 
compounds give peaks for [ M  - 4PF6l4+, [M - 3PF6l3+, 
[ M  - 2PFJ2+, [ 2 M  - 3PF,I3+, and [3M-  4PF,I4+, and 
some compounds also generate peaks corresponding to 
[M - PF,]' and [3M - 5PF,I5+. The [3M - 4PF,I4+ and 
[3M - 5PF6l5+ peaks, corresponding to the loss of four and 
five PF; ions from three catenane species, reveal the complex 
fragmentation patterns of these supramolecular structures.r301 


'H NMR Spectroscopy: Because of their cisltrans isomerization, 
rotaxane 17-4PF6, [2]catenanes 18a-4 PF, and 18b-4 PF,, 
[3]pseudocatenane 21 a-4PF6, [3]catenane 21 c-4PF6, and 
[4]catenane 22c-8PF6 have 'HNMR spectra that cannot be 
completely assigned, whereas the configurations of [3]pseudo- 
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Table 1. ESMS data of rotaxane 17-4PF6 and catenanes 18-22-4PF6 
~ ~ 


[ M  - 4PFJ4+ [ M  - 3PF,IJt [ M  - 2PF6I2' [ M  - PF,]' [2M - 3PF,I3+ [3M - SPF,]" [3M - 4PFJ4+ 


17-4 PF, 445 642 1035 1429 1272 1426 
18a-4PF6 1363 [a] 
18 b-4PF6 330 488 804 1754 1121 994 1280 
19a-4PF6 382 558 909 1261 1437 
19 b-4PF6 432 625 1009 1395 1587 
19 c-4 PF, 407 59 1 960 1328 1512 
19d-4PF6 591 960 
20 a-4 PF, 382 558 909 1964 1261 1437 
20 d-4 PF, 59 1 960 
21 a-4PF6 382 558 909 1964 1261 1437 
21e-4PF6 407 591 960 1328 1512 
22c-4PF6 [b] 682 958 1509 


[a] FABMS value corresponding to the ion peak [M - 2PF6]+. [bl Ion peaks corresponding to [ M  - SPF,]" and [2M - SPF,]'+ were also observed at m/z  = 517 and 1179. 


catenanes 19a-4PF6, 20a-4PF6, 19b-4PF6, 19c-4PF6, 19d- 
4 PF,, and 20d-4 PF, can easily be determined by their 'H NMR 
spectra. Because of their D, symmetry, both the a- and j3-pro- 
tons on the dipyridinium rings of all the trans compounds are 
split into two sets of signals. In contrast, the corresponding 
protons of the cis compounds give simple doublet signals as a 
result of their D,, symmetry. The 'H NMR spectra of 19d-4PF6 
and 20d-4PF6 are shown in Figure 1 and Figure 2. The differ- 
ences in the signals corresponding to the a- and fi-protons on the 
dipyridinium unit between the trans and cis configurations can 
clearly be seen. The chemical shifts of the protons of the tetraca- 
tionic macrocycles in the [3]pseudocatenanes 19 and 20 and the 
changes (Ad) relative to the free tetracationic macrocycle are 
listed in Table 2. For both cis and trans structures, the greatest 
changes (all upfield shifts) are seen for the fl-protons (- 0.10 to 
-0.96 ppm). For the a-protons no general trends are observed; 
this probably indicates that it is the shielding action of the TTF 
units and not the charge-transfer interaction or the shielding 
action of the aromatic units that plays an important role, be- 
cause the cis and trans isomers have very different conforma- 
tions but display similar trends. Upfield shifts are also observed 
for the methylene protons (- 0.12 to -0.26 pprn), but no sig- 
nificant changes are shown for the phenylene protons. Although 
the methylene protons of the trans compounds should in prin- 
ciple display two split doublets, such a signal pattern is observed 
only in the spectra of 19b-4PF,; this indicates that the dioxyan- 
thrylene units interact most strongly with the dipyridinium unit. 
The dynamic 'H NMR spectra of 19 a-4 PF,, 20a-4 PF,, and 
19b-4PF6 were also examined. The 'HNMR spectra of 20a- 
4PF6 are independent of temperature in the interval - 3 5  to 
75 "C, whereas the aromatic resonances of 19a-4PF6 and 19b- 
4PF6 show a strong temperature dependence. NOESY (chemi- 


Fig. 1. 'HNMR spectrum (250 MHz) of trans-[3]pseudocatenane 19d-4PF6 in 
CD,CN at room temperature. 


I 
C6H4 


a-H 


1 
, 8 7 6  5 4 3 ppm 2 


Fig. 2. 'HNMR spectrum (250 MHz) of cis-[3]pseudocatenane 20d-4PF6 in 
CDJN at room temperature. 


cal exchange) spectra prove that this temperature dependence is 
due to thermally activated exchange between sites on the aro- 
matic rings. The rotational barrier in 19b-4PF6 is higher than 
that in 19a-4PF6. All motions of the polyether chains of 20a- 


Table2. Selected 'HNMR resonances (a) of the tetracationic macrocycles in the [3]pseudocatenanes 19 and 20 and chemical shift differences (given in parentheses, ppm) 
relative to the free tetracationic macrocycle [a]. 


X-H 8-H C6H4 NCH, 
~~~ ~ 


free 
trans-19a-4PF6 


cis-20 a-4 PF6 


trans-19 b-4PF6 


tran5-19 e-4 PF, 


trans-19 d-4 PF, 


ris-ZOd4PF6 


8.93 
9.01 (d, 4H) 


(0.08) (-0.1 1) 
8.95 (d. 8H) 


(0.02) 
8.87 (dd, 4H) 


8.85 (d. 4H) 


8.95 (d, 4H) 


8.84 (d, 8H) 


8.82 (d, 4H) 


8.50 (d, 4H) 


8.66 (d, 4H) 


8.76 (d, 4H) 


( - 0.06) 


( - 0.08) 


( - 0.43) 


( - 0.27) 


(0.02) (-0.17) 


(~ 0.09) 


8.23 
7.80 (d, 4H) 


(-0.43) 
7.82 (d, 8H) 


(-0.41) 
8.13 (dd, 4H) 


(-0.10) 
7.42 [b] 


(-0.61) 
7.42 (d, 4H) 


(-0.61) 
7.62 (d, 8H) 


(-0.61) 


7.63 (d, 4H) 
(- 0.60) 


7.86 (d, 4H) 


7.27 (dd, 4H) 


7.39 (d, 4H) 


(-0.37) 


( - 0.96) 


(-0.84) 


7.60 
7.68 (s) 


(0.08) 
7.63 (s) 


(0.03) 
7.60 (s) 


(0.00) 
7.63 (s) 


(0.03) 
7.66 (s) 


(0.06) 
7.60 (s) 


(0.00) 


5.78 
5.66 (s) 


(-0.12) 
5.62 (s) 


( - 0.20) 
5.59 (dd) 


5.54 (s) 


5.67 (s) 


5.61 (s) 


(-0.23) 


(-0.26) 


(-0.15) 


(-0.21) 


[a] In CD,CN at room temperature. [b] Overlaps with the signal of the 4,S-protons of the naphthylene unit 
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Amps. 


2.0~10-5 


I .ox 10-5 


4PF, are frozen out on the NMR timescale, because its 
'H NMR spectra, especially the observed scalar couplings be- 
tween the protons of the polyether moiety, are temperature in- 
dependent. The pyridine and hydroquinone or hydroan- 
thraquinone rings are highly mobile in the trans compounds 
19 a-4 PF, and 19 b-4 PF, . The polyether moieties are therefore 
arranged such that there is enough room for these ring systems 
to rotate around their axes. The hydroquinone rings of the cis 
compound 20 a-4PF6 do not show any sign of such motion; this 
indicates that the benzene rings of the tetracationic macrocycle 
stabilize the hydroquinone rings by n-n stacking interactions. 
Stacking of this type is impossible in a trans configuration. 


- 


Cyclic Voltammetry: The redox behavior of the rotaxane, the 
catenanes, and their TTF components were investigated by 
cyclic voltammetry (CV). The half-wave potentials are listed in 
Table 3. All the TTF components 3,5a-b, and 8a-d exhibit the 
typical redox behavior of TTF, that is, they display two re- 
versible redox waves corresponding to the oxidation to the 
mono- and dications of the TTF units. The potentials for all 
three oxidation steps of 8b-d are significantly lower than those 
of 8a. We attribute this to the stronger electron-donating ability 
of the dioxyanthrylene and dioxynaphthylene units and hence 
their stronger interactions with the TTF unit. Because of the 
influence of the tetracationic macrocycle, the redox values of the 
TTF unit in the rotaxane and in the catenanes are all higher. The 
cyclic voltammograms of 8 a and 20 a-4PF6 are depicted in Fig- 
ures 3 and 4, respectively, which illustrate the influence of the 
n-K donor-acceptor interaction on the redox behavior of the 
TTF unit. The fact that there is no significant difference between 
the values of 19 a-4 PF, and 20 a-4 PF, indicates that the config- 
urational change does not greatly influence the redox process. 
The first two oxidation steps of 21 a-4PF6, that is, the oxidation 
to the mono- and dications of the TTF unit, are apparently 
unaffected by the dipyridinium macrocycle; this is indicative of 
a weaker interaction between the TTF unit and the dipyridini- 
ums within 21a-4PF6. The voltammograms of 19c-4PF6 and 
20d-4PF6 display unresoIved broad waves, probably due to the 
strong interaction between the dioxynaphthylene unit and 
dipyridinium unit. In addition to the three processes corre- 
sponding to the oxidation of TTF and dioxyanthrylene unit (the 


Table 3. Half wave-potentials [a] for the oxidation by cyclic voitammetry, deter- 
mined in CH,C12 [b] or CH,CN [c]. For 19c-4PF6 and 20d-4PF6, no accurate data 
are available [d]. 


E:,, %2 E L  


3 
5 a  
5b 
8 a  
8b 
8c 
8d 


17-4PF6 
18a-4PF6 
18b-4PF6 
19 a-4 PF, 
20 a-4 PF, 
21 a-4PF6 
19b-4PF6 
19d-4 PF, 
21e-4PF6 
22 C-8 PF6 


0.54 
0.53 
0.43 
0.50 
0.38 
0.37 
0.40 
0.61 
0.60 
0.60 (irrev.) 
0.63 
0.62 (irrev.) 
0.58 
0.52 (irrev.) 
0.46 
0.60 
0.59 


0.87 
0.83 
0.77 
0.79 
0.73 
0.68 
0.70 
0.94 
0.84 


0.94 
0.92 (irrev.) 
0.82 
0.87 (irrev.) 


0.85 


1.41 (irrev.) 
1.06 
1.38 (irrev.) 
1.05 (irrev.) 
1.01 
1.06 


1.34 
1.34 
1.28 
1.19 
1.01 
1.03 
1 .oo 


[a] Reversible redox process unIess noted otherwise. [b] For free TTF components. 
[c] For the rotaxane and the catenanes. [d] Reference electrode: Ag/AgCl; working 
and counterelectrodes: Pt, sweep rate 100 mVs-'; supporting electrolyte: 
nBu,NPF, 0.1 molL-I; conc. of compound: 5 x  10-4L-1 .  


0.83 V 


- 2 . 5 ~ 1 0 - ~ '  I 
0 .5 1.0 Volts 1.5 


Fig. 3. The cyclic voltammogram of 8 a  (for conditions, see Table 3) 


3 . 0 ~  I O-s I I 


1.39V1 


0.51 V 
- 1 . O X 1 0 5 I  ' ' ' ' ' ' ' 1 


-.5 0 .5 1.0 Volts 1.5 


Fig. 4. The cyclic voltammogram of 19a-4PF6 (for conditions, see Table 3). 


three waves shown in Table 3), 19b-4PF6 also exhibits another 
relatively low redox process at El, ,  = 0.25 V, which we specu- 
late results from the intermolecular stacking interaction be- 
tween the two hydroanthraquinone units. 


Charge-Transfer Absorption: UV/Vis spectra reveal charge- 
transfer absorption bands for the rotaxane and catenanes 
(Table 4). It can be seen that all the [3]pseudocatenanes in which 
the TTF units are locked by the tetracationic macrocycles have 
stronger absorptions than the other compounds. This indicates 
that fixing the TTF unit within the tetracationic macrocycle 
greatly increases the charge-transfer interaction between the 
TTF unit and the dipyridinium units. The strongest absorptions 
are observed for 19b-4PF6 and 19c-4PF6, as a result of the 
strong n-electron donating ability of the dioxyanthrylene and 
1,5-dioxynaphthylene units. Because of the movement of the 
tetracationic macrocycle along the glycol chains, rotaxane 17- 
4PF, and [2]catenanes 18 a-4PF6 and 1Sb-4PF6 only exhibit 
weak CT aborption bands. This observation is in accordance 
with the fact that these molecular systems are mixtures of con- 
figurational isomers. According to their molar extinction coeffi- 
cients, it seems that the charge-transfer interaction of 22c-4 PF, 
is just the simple addition of that of two 21 c-4PF6. 


Table 4. Charge-transfer absorptions of rotaxane 17-4PF6 and the catenanes 18- 
22, recorded in MeCN at room temperature. 


i.,,, (nm) E ( ~ I c m - ' )  A,,, (nm) E (M-lcm-l) 


17-4PF6 660 745 19b-4PF6 773 4200 


18b-4PF6 665 820 21c-4PF6 750 850 
19a-4PF6 785 3100 Z2c-4PF6 780 1400 
20a-4PF6 807 2900 19d-4PF6 760 2400 


18a-4PF6 620 620 19c-4PF6 790 4150 


21a-4PF6 770 900 20d-4PF6 745 1900 
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Conclusion 


In this paper we have established a methodology for the synthe- 
sis of TTF-containing rotaxanes and catenanes by utilizing the 
concept of self-assembly. From the reactions of TTF-based di- 
macrocyclic compounds incorporating two aromatic units, two 
new types of catenanes, namely, [3]pseudocatenanes and 
[4]pseudocatenanes, were synthesized, although the latter is a 
mixture of configurational isomers. The reactions of various 
dimacrocycles, containing aromatic units with different x-elec- 
tron donating abilities and sizes, display different self-assembly 
patterns and hence lead to different regio- and configurational 
selectivities. In one example, the dimacrocyclic compound in- 
corporating two 1,5-dioxynaphthylene units reacts quantitative- 
ly to form two catenanes, an example of quantitative self-assem- 
bly of catenanes in a template-directed method. The fixation of 
the TTF units within the tetracationic macrocycles urovides a - -  
new approach to preventing the isomerization of unsymmetrical 
TTF compounds, which may be important for the future use of 
TTF-derived macrocycles in supramolecular chemistry. 


Stoddart et al. originally developed the concept of x-x 
donor -acceptor interactions in the synthesis of catenanesL6] 
The successful synthesis, described in this paper, of a variety of 
TTF-containing rotaxane and catenane structures with a new 
topology represents a further development of this concept. The 
chemo- and configurational selectivities exhibited by the reac- 
tions of the dimacrocycles not only demonstrates the versatility 
of the electroactive TTF unit as a building block for large and 
highly ordered supramolecular structures, but also points to- 
wards the construction of controllable TTF-based catenanes. 


Experimental Procedure 
General Methods: Chemicals were purchased from Aldrich and Fluka and used as 
received. Solvents were purified according to standard procedure. Thin-layer chro- 
matography (TLC) was carried out on aluminum sheets precoated with silica gel 
60F (Merck 5554) and inspected by UV light and/or developed with iodine vapour. 
Column chromatography was carried out using silica gel 60F (Merck, 9385, 230- 
400 mesh). Melting points are uncorrected, 'HNMR spectra were recorded on a 
Bruker AC250 or a Varian 500 spectrometer; all chemical shifts are referenced to 
TMS. Electron impact (EI) and fast atom bombardment (FAB) mass spectra were 
obtained on a VG 7070E or Varian MAT 31 1 A instrument. Plasma desorption mass 
spectra (PDMS) were carried out on BioIon 10 K time-of-flight mass spectrometer 
(Biosystems, Uppsala, Sweden) over 5 x los fissions (z5zCQ. Electrospray (ES) 
mass spectra were recorded using a Finnigan MAT TSQ 700 triple quadrupole mass 
spectrometer. The catenanes were electrosprayed from methanol solution. The ions 
passed through a heated capillary into the first quadrupole from two different 
sources, the MAT electrospray ionization source with a sample flow of 
5-10 pL min-', the capillary at SOT, and a coaxial flow of N, at 30-40 psi, and 
another source made in our laboratory, with a sample flow of 0.3-0.7 pLmin-' 
and a capillary at 150°C. There was no overall difference in the spectra obtained 
with the two sources; the latter had the advantage of using less sample because of 
the lower flow rate. The electrospray needle was maintained at 4.5-5.2 kV and the 
instrument operated in positive ion mode. The exact appearance of the spectrum 
depended on the spray and instrument parameters. CV measurements were carried 
out with Bu,NPF, as supporting electrolyte, with a sweep rate of 100 mVs-'. 
Counter and working electrodes were made of Pt and the reference electrode was 
AgjAgCI. UV/Vis spectra were recorded on a Shimadzu UV-160 instrument. Ele- 
mental analyses were carried out by Microanalytical Laboratory, Copenhagen Uni- 
versity. All the reactions were carried out under the protection of nitrogen. 
We use the name [3]pseudocatenane for the interlocked systems 19 and 20 in order 
to distinguish this type of catenane from a simple [3]catenane such as 21. We are well 
aware that, strictly, compounds 19,20, and 21 are all catenanes, and the prefix does 
not explain the actual structure. We have yet to come up with a good descriptive 
name for the type of catenane in which a bicyclic molecule is clamped by a ring 
around the central bond. 


(2-(2-(2-Bromwthoxy)ethoxy)ethoxy)-4-(tripheny~ethyl)~~ene (2) : A mixture of 
2-(2-(2-(p-(triphenyImethyl)phenyl)ethoxy)ethoxy)ethyl tosylate [6n] (5.01 g, 
8.05 mmol) and LiBr (1.42 g, 15.4 mmol) in acetone (100 mL) was refluxed for 16 h 
and then allowed to cool to room temperature. The solvent was removed in vacuo, 
and the residue extracted with CH,CI, (200 mL). The organic phase was washed 


with water and dried (MgSO,). The solvent was removed to afford a residue, which 
was subjected to column chromatography (silica gel, EtOAc/light petroleum (60- 
80°C) 1:5). 2 (2.51 g, 59%) was obtained as a solid. M.p. 102-104°C; 'HNMR 
(250 MHz, CDCI,): 6 = 3.44 (t, 2H; BrCH,), 3.65-3.86 (m, 8H; OCH,), 4.10 (t, 
2H;  OCH,),  6.79 (d, 2H; C,H,), 7.10 (d, 2H; C,H,), 7.20 (m, 15H; C,H,); MS 
(EI): m/z  (%): 531 (100) [MI'. C,,H,,BrO, (531.5): calcd C 70.05, H 5.89; found 
C 70.30, H 5.72. 


1,4,5,8-Tetrahydr0-2,7(6)- bis(methylthio)-3,q7)-bis(2-(2-(2-(p-(triphenylmethyl)- 
phenyl)ethoxy)ethoxy)ethylthio~-1,4.5.&t (3, cis/fruns) : 2,7-Bis(2'- 
cyanoethylthio)-3,6-his(methylthio)tetrathiafulvalene (1) (0.93 g, 2.0 mmol) was 
added to DMF (100 mL). Cesium hydroxide monohydrate (0.60 g, 4.0 mmol) in 
methanol (10 mL) was then added dropwise over 20 min with stirring. The mixture 
was stirred for 30 min, and then a solution of 2 (2.45 g, 4.61 mmol) in DMF (50 mL) 
was added. The solution was stirred overnight. After the solvent had been removed 
in vacuo, dichloromethane (100 mL) was added, and the organic phase washed with 
water, saturated aqueous NaCl solution, and dried (MgSO,). The solvent was then 
removed in vacuo, and the residue was purified by column chromatography 
(CH,Cl,/cyclohexane 1:50). The two isomers of 3 (the first, 0.30g (19%); the 
second, 0.24 g (10%)) were both obtained as orange solid. We could not assign the 
two compounds as cis or fruns isomer on the hasis of the 'H NMR spectra. First 
isomer: M.p. 144-46°C; 'HNMR (CDCI,): 6 = 2.38 (s, 6H;  SCH,), 2.97 (t. 4H;  
SCH,), 3.64-3.71 (m, 12H; OCH,), 3.83 (m, 4H; OCH,), 4.09 (m, 4H;  OCH,), 
6.91 (dd, 8H;  C,H,), 7.16-7.25 (m. 30H; C,H,); MS (PD): mjz: 1261.5 [MI'; 
C,,H,,O,S, (1261.8): calcd C 66.63, H 5.44, S 20.33; found C 66.73, H 5.39, S 
20.15. Second low-melting isomer: M.p. 83-85°C; 'H NMR (250 MHz, CDCI,): 
6 = 2.37 (s, 6H;  SCH,), 2.98 (t, 4H;  SCH,), 3.64-3.72 (m. 12H; OCH,), 3.84 (m, 
4H; OCH,), 4.08 (m, 4H; OCH,), 6.91 (d, d, 8H. C,Hb), 7.16-7.26 (m, 30H; 
C,H,); MS (PI)): m/r: 1259.9 [MI'; C,,H,,O,S, (1261.8): calcd C 66.63, H 5.44; 
found C 66.37, H 5.34. 


1,5-Bis(2-(2-(2-iodoethoxy)ethoxy)ethoxy)naphthalene (4 c): A mixture of 1 S-dihy- 
droxynaphthalene (1.60 g, 10 mmol), 1,2-bis(2-iodoethoxy)ethane (30.0 g, 
SOmmol), and K,CO, (1.38 g, 10mmol) in anhydrous acetone (100mL) was re- 
fluxed with stirring for 16 h. The solvent was then removed in vacuo. The residue 
was extracted with CH,CI, (200 mL), and the organic phase washed with water and 
saturated aqueous NaCl solution. The solvent was dried over anhydrous MgSO, 
and removed in vacuo. The residue was subjected to column chromatography (silica 
gel) with CH,CI,/EtOAc (20: 1) as the eluent. 4c (2.0 g) was obtained in 31 % yield 
as a pale yellow solid. M.p. 58-60°C; 'HNMR (CDCI,): 6 = 3.23 (t. 4H;  ICH,), 
3.67 (t. 4 H; OCH,), 3.75 (m. 8 H;  OCH,), 3.98 (t, 4H;  OCH,), 4.28 (t. 4 H ;  OCH,), 
6.83 (d,2H;2-H (naph)), 7.34(dd,2H; 3-H (naph)),7.86 (d,2H;4-H (naph)); MS 
(EI): m/z (%): 644 (55) [MI', 516 (24), 155 (100); C,,H,,I,O, (644.3): calcd C 
41.01, H 4.70; found C 40.96, H 4.77. 


Z,CBis(Z-(Z-(Z-iodoethoxy)ethoxy)ethoxy)naphthalene (4 d) : was prepared similarly 
in 32% yield as a pale yellow oil by refluxing the mixture of 2,6-dihydroxynaph- 
thalene, 1,2-bis(2-iodoethoxy)ethane, and K,CO, in acetone for 24 h. 'H NMR 
(CDCI,): 6 = 3.25 (t, 4H;  ICH,), 3.73 (m, 12H; OCH,), 3.92 (t, 4H;  OCH,), 4.24 
(t. 4H;  OCH,), 7.02 (dd, 2H; 3-H (naph)), 7.05 (d, 2H; I-H (naph)), 7.64 (d, 2H; 
4-H (naph)); MS (EI): m/z  (%): 644 (90) [MI', 402 (18), 155 (100); C,,H,,,I,O, 
(644.3): calcd C 41.01, H 4.70; found: C 40.96, H 4.50. 


1,4,5,8 -Tetrahydro - 2,7(6)- 11,4- bis(2 - (2- (2- thioethoxy)ethoxy)ethoxy)phenylenel- 
3,6(7)-bis(methylthio)-l,4,5,8-tetrathiafi1lvalene (Sa, cisltruns): Compound 1 
(0.93 g, 2.0 mmol) was dissolved in DMF (40 mL). A solution of cesium hydroxide 
monohydrate (0.74 g, 4.4 mmol) in methanol (10 mL) was added dropwise with 
stirring over 30 min. The solution was stirred for 1 h. Then this solution and a 
solution of 4 a  (1.00 g, 2.0 mmol) in DMF (50 mL) were added simultaneously, 
during 17 ha t  room temperature, to DMF (200 mL) under high-dilution conditions 
by means of a perfusor pump. Stirring was continued for an additional 3 h, and the 
reaction mixture was then concentrated in vacuo. CH,CI, (100 mL) was added, and 
the organic solution washed with water, saturated aqueous NaCl solution, and dried 
(MgSO,). The solvent was then removed and the oily residue purified by column 
chromatography (silica, gel, CH,CI,/EtOAc 8: l), affording 5 a  (0.53 g, 38 %) as an 
orange oil. 'H NMR (CDCI,): 6 = 2.39 (ss, 4H; SCH,), 2.95 (m, 4H; SCH,), 3.69 
(m,l2H;OCH,),3.80(m,4H;OCH,).4.12(m,4H;OCH,),6.87(ss,4H;C6H,); 
MS (EI): m/r  (%): 698 (100) [MI';  C,,H,,O,S, (699.2): C 44.66, H 4.91; found C 
44.50,H, 5.01. 


1,4,5,8-Tetrahydro-2,7(6)-~9,10-bis(2-(2-(2-thioethoxy)e~oxy)ethoxy)anthrylene~- 
3,6(7)-bis(methylthio)-l,4,5,8-tetrathiafulvalene (5 b, cisltruns) was prepared in 69% 
yield as an orange oil from 1 and 4h. 'HNMR (CDCI,): 6 = 2.72, 2.90 (ss, 4H;  
SCH,), 3.04 (m, 4H; SCH,), 3.79 (m, 12H; OCH,), 3.91 (m, 4H;  OCH,), 4.43 (m, 
4H; OCH,), 7.39-7.51 (m, 4H;  2-H (anth)), 8.51 (m, 4H; I-H (anth)); MS (EI): 
m/z  (%) =798 (73) [MI', 209 (86), 45 (100); C,,H,,O,S, (799.2): C 51.09, H 4.80; 
found C 50.95, H 4.73. 


1,4,5,8-Tetrahydro-2,7(6)-bis(2'-cyanoethylthio)-3,~7)-~1 ,5-bis(2-(2-(2-thioethoxy)- 
ethoxy)ethoxy)naphthylene]-l,4,5,8-tetrathiaf~lvalene (7c, ctslfruns): 2,3,6,7-Tetrak- 
is(2'-cyanoethy1thio)tetrathiafulvalene (6) (1.09 g, 2.0 mmol) was added with stir- 
ring to DMF (40 mL). A solution of CsOH'H,O (0.74 g, 4.4 mmol) in methanol 
(10 mL) was added dropwise with stirring over 20 min. The solution was stirred for 
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1 h. Then this solution and a solution of 4c (1.30 g, 2.0 mmol) in DMF (50 mL) were 
added simultaneously, during 20 h at room temperature, to DMF (200 mL) under 
high-dilution conditions by means of a perfusor pump. Stirring was continued for 
an additional 5 h, and the reaction mixture then concentrated in vacuo. After 
workup, the oily residue was purified by column chromatography (silica gel, 
CH,CI,/EtOAc 5:l). Compound 7c (0.96 g, 58%) was obtained as an orange oil. 
'HNMR (CDCI,): 6 = 2.50-2.66 (m, 4H; CH,CN), 2.88-3.03 (m, 8H; SCH,), 
3.64 (m. 12H; OCH,), 3.96 (m. 4H;  OCH,), 4.32 (m, 4H;  OCH,), 6.88 (m, 2H; 
2-H (naph)), 7.35 (m, 2H; 3-H (naph)), 7.87(mm, 2H; 4-H (naph)); MS (FAB): mlz: 
826 [MIt;  C,,H,,N,O,S, (827.2): calcd C 49.36, H 4.64, N 3.39; found: C 49.23, 
H 4.62, N 3.31. 


1,4,5,8-Tetrahydro-2,7(6)-bis(2'-cyanoethyltbio)-3,~7)-~1,4-bis(2-(2-(2-thioethoxy)- 
ethoxy)ethoxy)phenylene~-l,4,5,8-tetrathiafulvalene (7 a, cisltruns) was prepared in 
36% yield as an orange oil from 4a  and 6. 'HNMR (CDCI,): 6 = 2.69 (m, 4H;  
CNCH,), 3.04 (m, 8H; SCH,), 3.69 (m, 12H; OCH,), 3.81 (m, 4H; OCH,), 4.10 
(m,4H;OCH2),6.85, 6.88(s, s,4H;Ar-H); MS(EI):m/z(%):776(11)[MIi,436 
(27), 404 (71), 172 (65j, 54 (100). 32 (94); C,,H,,N,O,S, (777.2): calcd C 46.36, H 
4.68, N 3.61; found: C 46.12, H 4.49, N 3.77. 


1,4~,~Tetrahydro-2,7(6)-bis(2'-cyanoethylthio)-3,6(7)-[9,l~-bis(2-(2-(2-thioetboxy)- 
ethoxy)etboxy)anthrylene~-l,4,~,8-tetratbiafulvalene (7b, cisitrum) was prepared 
from 4b and 6 in 58% yield as an orange oil. 'HNMR (CDCI,): 6 = 2.39,2.68 (2t. 
4 H ; CNCH,), 2.81,3.01 (2 I, 4 H ; SCH,), 3.09 (m, 4 H; SCH,), 3.72- 3.90 (m, 12 H ; 
OCH,), 3.97 (m. 4H; OCH,), 4.36 (m, 4H; OCH,), 7.38, 7.51 (2m, 4H;  1-H 
(anth)), 8.45 (m, 4H; 2-H (anth)); MS (EI): m/z (%) : 876 (8) [MIt, 208 (87), 76 
(100); C,,H,,N,O,S, (877.3): calcd C 52.02, H 4.61, N 3.19; found: C 52.14, H 
4.60, N 3.40. 


1,4,5,8-Tetrabydro-2,7(6)-bis(2'-cyanoethylthio)-3,~7)-[2,6-bis(2-(2-(2-thioethoxy)- 
ethoxy)ethoxy)naphthylenel-l ,4,5,8-tetratne (7d, C ~ S / ~ ~ U R S )  was prepared in 
52% yield as an orange oilysolid from 4dand 6. 'H NMR (CDCI,): 6 = 2.55-2.68 
(m, 4H; CNCH,). 2.86-3.03 (m, 8 H; SCH,), 3.62-3.73 (m, 12H; OCH,), 3.90(m, 
4H;  OCH,), 4.27 (m, 4H;  OCH,), 7.00 (dd, 2H; 3-H (naph)), 7.13 (d, 2H; 1-H 
(naph)), 7.63 (d. 2H; 4-H (naph)); MS (FAB): mjz: 826 [MI'; C,,H,,N,06S, 
(827.2): calcd C 49.36, H 4.64, N 3.39; found: C 49.23, H 4.62. N 3.48. 


1,4,5,8-Tetrahydro-2,7(6):3,6(7)-bis~1,5-bis(2-(2-(2-thioethoxy)ethoxy)ethoxy)napb- 
thylenel-l,4,5,&tetrathiafulvaleue (8c, cis/frans): Compound 7c (0.83 g, 1 mmol) 
was added with stirring to DMF (45mL). A solution of CsOH.H,O (0.37g, 
2.2 mmol) in methanol (5 mL) was added dropwise with stirring over 30 min. The 
resulting solution was stirred for 1 h. Then this solution and a solution of 4d (0.65 g, 
1.0 mmol) in DMF (50 mL) were added simultaneously, during 20 h at room tem- 
perature, to 200 mL of DMF under high-dilution conditions. Stirring was continued 
for an additional 4 h. After workup, the oily residue was purified by column chro- 
matography (silica gel, CH,CI,/EtOAc 4: 1). 8c (0.72 g, 67%) was obtained as an 
orange oil. 'HNMR (CDCI,): 6 = 2.86 (m, 8H; SCH,), 3.59 (m. 16H; OCH,), 
3.71 (m, 8H; OCH,) ,  3.94 (m, 8H; OCH,), 4.30 (m. 8H; OCH,), 6.80-6.89 (m, 
4H; 2-H(naph)), 7.26-7.40(m,4H; 3-H (naph)), 7.81 -7.90(d,4H;4-H(naph)); 
MS (FAB): m/z: 1108 [MI'; C,,H,,0,,S8 (1109.6): calcd C 54.12, H 5.46; found: 
C 54.27, H 5.67. 


1,4,5,8 -Tetrahydro- 2,7(6) : 3,6(7) - bis 11.4 - bis(2-(2 -(2 - tbi0ethoxy)ethoxy)ethoxy) - 
phenylenel-1,4,5,8-tetrathiafulvalene (8a, cisltruns) was prepared from 4a and 7 a  in 
38% yield as an orange oil. 'HNMR (CDCI,): 6 = 2.95 (m, 8H; SCH,), 3.60 (m, 
24H; OCH,). 3.80 (s, 8H; OCH,), 4.10 (m. 8H; OCH,), 6.84, 6.88 (s, s, 4H;  
Ar-HI; MS (€1): m/z (%): 1008 (18) [ M I + ,  883 (101, 518 (28), 414 (40), 76 (loo), 
45 (77); C,,H,,O,,S, (1009.5): C 49.97, H 5.60; found: C 49.89, H 5.72. 


1,4,5,S-Tetrahydro - 2,7(6) : 3,6(7)- bisl9,lO- bis(Z-(2-(2- tbioethoxy)etboxy)ethoxy)- 
antbrylenel-1,4,5,8-tetrathiafulvalene (8b, cisltruns) was prepared from 4b and 7 bin 
54% yield as an orange oily solid. 'HNMR (CDCI,): 6 = 2.84, 2.92 (2m, 8H;  
SCH,), 3.75 (m, 24H; OCH,), 3.97 (m, 8H;  OCH,), 4.34 (m, 8H; OCH,), 7.39, 
7.49 (2m, 8H; 1-H (anth)), 8.39 (m, 8H; 2-H (anth)); MS (PD): m/z: 1209.4 [MI'; 
C,,H,,O,,S, (1209.7): calcd C 57.58, H 5.34; found C 58.28, H 4.93. The com- 
pound was unstable and used immediately in the next step. 


1,4,5,8- Tetrahydro - 2,7(6) : 3,6(7)- bis [2,6- bis(2 -(Z - (2- thioethoxy)ethoxy)ethoxy)- 
naphthylenel-1,4,5,8-tetTathiafulvalene (Sd, cisltruns) was prepared in 60 % yield as 
as orange oily solid from 4d and 7d. 'HNMR (CDCI,): 6 = 2.84-2.95 (m, 8H;  
SCH,) ,  3.56-3.68 (m, 24H; OCH,), 3.84-3.88 (m, 8H;  OCH,), 4.24 (m, 8H;  
OCH,), 7.00 (dd, 4H;  3-H (naph)), 7.18 (d, 4H;  1-H (naph)), 7.71 (d, 4H; 4-H 
(naph)); MS (FAB): m/z: 1108 [MI'; C,,H,,O,,S, (1109.6): calcd C 54.12, H 5.46; 
found: C 53.94, H 5.35. 


1,2Bis~2-(4-(2-cyanoe~yl)thio-l,~ithiole-2-t~one-5-~o)ethoxy~etbane (11): 4,5- 
Bis(2'-cyanoethylthio)-1,3-dithiole-2-thione (9) (3.04 g, 10.0 mmol) was dissolved in 
DMF (40 mL) at room temperature. A solution of CsOH.H,O (3.35 g, 11.0 mmol) 
in methanol (20 mL) was added dropwise over 30 min. The solution was stirred for 
1 h, and 1,2-bis(2-bromoethoxy)ethane (10) (1.38 g, 5.0 mmol) was then added. The 
solution was stirred for 15 h and then concentrated in vacuo. The oily residue was 
extracted with CH,CI, (200 mL), and theorganic phase washed with water, saturat- 
ed aqueous NaCl solution, and dried (MgSO,). After the solvent was evaporated, 
the residue was purified by column chromatography (silica gel, tetrahydrofuran/cy- 
clohexane 1 :2). 11 (2.83 g, 92%) was obtained as an orange oil. 'H NMR (CDCI,): 


6 = 2.79 (t, 4H;  CH,CN), 3.13 (m, 8H;  SCH,), 3.67 (s, 4H; OCH,CH,O). 3.75 (t, 
4H;  SCH,CH,O); MS (EI): m/z (%): 616 (100) [MIt; C,,H,,N,O,S,, (617.0): 
calcd C 35.04, H 3.27, N 4.54; found C 35.13, H 3.26, N 4.67. 


1,2-Bis[2-(4-(2-eyaethyl)thio-l,~ithiole-2~ne-5-tbio~thoxy~ethane (12): A mix- 
ture of 11 (1.85 g, 3.0 mmol) and Hg(OAc), (5.0 g, 16 mmol) in CHCIJAcOH (3:1, 
100 mL) was stirred at room temperature for 24 h. The resulting white precipitate 
was filtered through Celite and washed thoroughly with CHCI,. The organic phase 
was then washed with aqueous NaHCO, solution (2%). water, saturated aqueous 
NaCl solution, and dried (MgSO,). After removal of the solvent in vacuo, the oily 
residue was subjected to column chromatography (silica gel, CH,CI,/EtOAc, 15: 1 j .  
12(1.58 g.90%)wasobtainedasanorangeoil. 'HNMR(CDC1,): 6 = 2.78(t,4H; 
CH,CN), 3.12 (m, 8H; SCH,), 3.66 (s, 4H;  OCH,CH,O), 3.74 (s, 4H;  
SCff,CH,O); MS (€1): m/z (%): 584 (100) [MI'; C,,H,,,N,O,S, (584.9): calcd C 
36.96; H 3.45; N 4.19; found C 37.30; H 3.42; N 4.65. 


I,4,5,8-Tetrahydro-2,7(6)-bis(2'-cyanoethylthio)-3,~7)-(4,7-dioxa-l,lOdi~iadecane- 
1,10diyl)-1,4,5,8-tetrathiafulvalene (13, cisjtruns): A solution of 12 (1.17 g, 
2.0 mmol), P(OEt), (freshly distilled, 2 mL) in toluene (30 mL) was refluxed with 
stirring for 30 min and then allowed to cool to room temperature. After removal of 
the solvent in vacuo, the oily residue was directly subjected to column chromatogra- 
phy (silica gel, petroleum ether (60-80 "C)/€tOAc, 2: 1) to give 13 (0.39 g, 35 %) as 
an orange oil. 'HNMR (CDCI,): 6 = 2.65-2.86 (m, 4H; CH,CN), 2.89-3.23 (m, 
8H;  SCH,), 3.43-4.00 (m, 8H; OCH,); MS (EI): m/z (%): 552 (100) [MI';  
C,,H,,N,O,S, (552.9): Calcd C 39.10, H 3.65, N 5.07; found C 39.20H, 3.52, N 
4.76. Under similar conditions, refluxing a solution of I1  and P(OEt), in toluene for 
1 h afforded 13 in 22% yield. 


1,4,5,8 - Tetrahydro - 2,7(6)- 11,4 - bis(2 - (2 - (2 - thioetboxy)etboxy)ethoxy)phenyleue] - 
3,6(7)-(4,7-dioxa-1,l~ditbiadecan~l,l~iyl)-l,4,5~tetrathiaf~vale~ (14, cis/ 
trum): Compound I3 (0.28 g, 0.5 mmol) wasdissolved in DMF(45 mL). A solution 
of CsOH.H,O (0.18g, 1.1 mmol) in methanol (5mLj was added dropwise with 
stirring over 20 min. The solution was stirred for 1 h. Then this solution and a 
solution of 4a (0.25 g, 0.5 mmol) in DMF (50 mL) were added simultaneously, over 
17 h at room temperature, to DMF (100 mL) under high-dilution conditions by 
means of a perfusor pump. Stirring was continued for an additional 5 h, and the 
reaction mixture was then concentrated in vacuo. CH,CI, (50 mL) was added. After 
filtration the organic solution was washed with water, saturated aqueous NaCl 
solution, and dried (MgSO,). After the solvent was evaporated, the oily residue was 
purified by column chromatography (silica gel, EtOAc/cyclohexane 1 : 1) to give 14 
(0.14g,35%)asanorangeoil. 'HNMR(CDCI,):6 = 3.02(m,8H;SCHZ),33.52- 
3.74 (m. 24H; OCH,), 3.80 (m, 4H;  OCH,), 4.07(m, 4H; OCH,), 6.82, 6.90 ( 2 %  
4H;  Ar-HI; MS (EI): m/z (%): 784 (100) [MI'; C,,H,,O,S, (785.2): Calcd C 
45.89, H 5.15; found C 46.02, H 4.93. 


{ 1,4,5,8-Tetrahydro-2,7(6)-bis(methylthio)-3,6(7)-bis~2-(2-(2-(p-(triphenylmethyl)- 
pbenyl)ethoxy)ethoxy~tbylthio~-1,4,5,8-tetrat~afulvalene (cis/~rans)}-{5,12,19,2~ 
Tetrsazoniaheptacycl0[24.2.2.2~~ 5.Z7, 1°.2". 15.216* '9.22'.'4)tetraconta- 
2,4,7,9,12,14,16,18,21,23,26,28,29,31,33,35,37,39-octadecaene Tetrakis(bexa4uoro- 
phosphate)) (rotaxane 17-4PF,): A solution of 3 (0.25 g, 0.2 mmol), 15-2PF6 
(0.42 g, 0.6 mmol) [6b], and 16 (0.18 g, 0.66 mmol) in DMF (1 5 mL) was stirred at 
room temperature for 10 d. The solvent was then removed in vacuo without heating. 
The green residue was extracted with CH,CI, (100 mL). The organic solution, after 
workup, gave 0.21 g (85 %)of unreacted 3. The residue dissolved partly in methanol, 
and the undissolved solid was filtered off. The solution was concentrated in vacuo 
to give a residue, which was subjected to column chromatography on silica gel with 
MeOH/aqueous NH,C1 solution (2hi)/MeNO, (7 :2:1) as the eluent. Collection of 
the green fraction afforded a green solid after evaporation of the solvent in vacuo. 
The solid was partially dissolved in methanol and filtered, and the solvent evaporat- 
ed in vacuo. The solid residue was then redissolved in a minimum amount of water 
(about 4 mL), and a saturated aqueous NH,PF, solution was added until precipita- 
tion was complete. After filtration and drying in vacuo, rotaxane 17-4PF, (48 mg, 
10%) was obtained as a dark blue solid. The 'HNMR spectrum indicated this 
rotaxane to be a mixture of cis and trans isomers. M.p. 153 "C (decom.); 'H NMR 
(CD,CN): 6 = 2.64 (s, 6H;  SCH,) ,  3.15 (t, 4H;  SCH,), 3.87-3.97 (m, 20H; 
OCH,), 5.68 (m, 8H), 6.55 (d, 4H), 7.12 (d, 4H), 7.21 (m, 30H), 7.72(m, SH), 7.89 
(d,SH),9.0O(m,SH);MS(ES):m/z: 1429[2M- 3PF,I3+, 1426[3M -4PF6I4', 


C,,,H,,,N,O,F,,P,S, (2362.2): calcd C 53.89, H 4.28, N 2.37; found C 53.61, H 
4.39, N 2.48. The reactions of the two isomers of 3 gave the same result. 


{ 1,4~,8-Tetrahydro-~7(6)-bis(methylt6io)-3,~~-~1,4-bs(z-(2-(2-txy~~xy)- 
ethoxy)phenylenej-l,4,5,8-tetratbiafulvalene (cis/trans)}-{5,12,19,26TetraazoniP- 
heptacyclo124.2.2.2*~ '.Z". 10.2'2. '5.Z'6.  19.22'~Z4jtetraconta- 
2,4,7,9,12,14,16,18,21,23,26,28,29,31,33,35,37,39~ctad~aene Tetrakis(hexafluoro- 
phosphate)} ([2]catenane 18a-4PF6): A solution of5a (350 mg, 0.5 mmol), 15-2PF6 
(106 mg, 0.15 mmol), and 16 (55 mg, 0.2 mmol) in DMF (10 mL) was stirred at 
room temperature for 7 d. After workup as described above, [2]catenane 18a-4PF6 
(32 mg, 12%) was obtained as a brown solid. M.p. 146°C (decomp.); *H NMR 
(CD,CN): 6 = 2.32-3.20 (m, 10H; CH,, SCH,), 3.34-4.56 (m, 20H; OCH,), 
5.40-6.24 (m. 12H), 7.42-7.68 (m, 16H), 8.94-9.05 (m, 8H); MS (FAB): m / z :  
1363 [M - 3PF,]+, 698 [5a]+; C,,H,,N,O,F,,P,S, (1799.4): calcdC 41.38, H 3.70, 
N 3.11; found: C 41.09, H 3.52, N 2.90. 


1272 [3 M - 5PFJ5+, 1036 [M - 2PF6IZf, 642 [M - 3PF,I3+, 445 [M - 4PFJ4' ; 
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{ 1,4,5,8 - Tetrahydro - 2,7(6) - his(methy1thio) - 3,6(7)- [9,10- his(2 -(2- (2 - thioethoxy) - 
ethoxy)ethoxy)anthrylene~-1,4,5,8-tetrathiafulvalene (cis/truns)}-{S,l2,19,26-Tetra- 
azoniaheptacyclo124.2.2.22~ '.Z1, 10.212. ".ZL6* 1y.221.24~tetraconta-2,4,7,9,12,14,16, 
18,21,23,26,28,29,31,33,35,37,39-octadecaene Tetrakis@exafluorophosphate)} 
([zlcatenane 18b-4 PF,): This compond was prepared as described for 18a-4PF6. 
18b-4PF6 was obtained as a blue solid in 14% yield from Sb, 15-2PF6, and 16 in 
DMF after 12d. M.p. 178°C (decomp.); 'HNMR (CD,CN): 6 = 2.68-3.25 (m, 
l0H;CH3,SCH,),3.54-4.67(m,20H;OCH,), 5.62-5.83(m,SH), 7.10-7.82(m, 
20H),8.04-9.12(m, 12H);MS(ES):m/z: 1754[M - PF6]+,1280[3M - 4PFJ4+, 
1121[2M- 3PF6]",994[3M- 5PF6]5t,804(M-2PF6]Zt,488[M-3PF,]3+, 
330 [M - 4PF6],+; C,,H,,N,O,F,,P,S, (1899.5): calcd C 44.26, H 3.72, N 2.95; 
found: C 43.96, H 3.54, N 2.87. 


{1,4,5,8 -Tetrahydro -2,6 : 3,7- bisll,5 - bis(2- (2 -(2- thioethoxy)ethoxy)ethoxy)naph - 
thylenej- 1,4,5,8-tetrathiafulvalene(truns)}-{5,12,19,26-Tetraazoniaheptacyclo-~24.2. 
2.2'. '2'. 10.212. 1s.216. '9.22'~24]tetraconta-2,4,7,9,12,14,16,18,2l,23,26,28,29,3l, 
33,35,37,39-octadecaene (circum TTF) Tetrakis-(hexafluorophosphate)} (13lpseudo- 
catenane 19 c-4 PF,), { 1,4,5,8-Tetrahydro-2,7(6):3,~7~bis[l,~b~2~2~2-thi~thoxy)- 
ethoxy)ethoxy)naphthylenej-l,4,5,&tetra-thiafulvalene (cis/truns)}-{5,12,19,26-Te- 
traazoniaheptacyclo-[24.2.2.Z2~ '2'. 10.2'2. 15.Z16. '9.22'.24~tetraconta-2,4,7,9,12,14, 
16,18,21,23,26,28,29,31,33,35,37,39-octadecaene (cireum naphthalene) Tetrakis- 
(hexafluorophosphate)} ([3]pseudocatenane 21 c-~PF,),  and { 1,4,5,8-Tetrahydro- 
2,7(6): 3,6(7)-his~1,5-his(2-(2-(2-thioethoxy)ethoxy)ethoxy)naphthylene~-l,4,5,8- 
tetrathiafulvalene ( ~ i s / t r a n s ) } - 2 { 5 , 1 2 , 1 9 , 2 6 - T e t r a a z o n i a h e p ~ ~ . 2 ~ ~ ~ ~ .  
Z1', 15.216, 19.2''~241tetraconta-2,4,7,9,12,14,16,18,21 ,23,26,28,29,31,33,35,37,39- 
octadecaene (circum naphthalene) Tetrakis(hexafluorophosphate)} ([4]pseudocate- 
nane 22c-8PF6): Compounds 8c (222 mg, 0.2 mmol), 15-2PF6 (425 mg, 0.6 mmol), 
and 16 (175 mg, 0.66 mmol) were dissolved in dry DMF (40 mL), and the solution 
was stirred at room temperature for 36 h. TLC indicated that all 8c had been 
consumed. The solvent was then removed in vacuo without heating. The dark blue 
residue was dissolved partly in methanol, and the undissolved solid removed by 
filtration. The solution was concentrated in vacuo, giving a residue, which was 
subjected to column chromatography (silica gel, MeOH/NH,CI solution ( 2 ~ ) /  
MeNO, (7:2: 1)). One blue and two purple bands were developed from the column. 
After the first two colored bands were washed down, the last band was eluted with 
MeOH/NH,CI solution (2w)/DMF (4:s: 1). The first fraction afforded a dark blue 
solid after removal of the solvent in vacuo. This residue was partially dissolved in 
methanol and filtered, and the solvent was removed in vacuo. The residue was then 
dissolved in a minimum amount of water (about 20 mL), and saturated aqueous 
NH,PF6 solution added until precipitation was complete. After filtration and dry- 
ing in vacuo, [3]pseudocatenane 19c-4PF6 (213 mg, 48%) was obtained as a dark 
blue solid. 
19c-4PF6: M.p. 230'~C (decomp.); 'H NMR (CD,CN): 6 = 2.81 (4H. m, SCH,). 
3.12 (m, 4H; SCH,), 3.63 (m, 4H; OCH,), 3.85-4.16 (m. 36H; OCH,), 5.54 (s, 
8H; C6H4CH2), 6.58 (d, 4H; 2-H (naph)), 7.27 (dd, 4H;  b-H (py)), 7.40-7.55 (m. 
12H;3,4-H(naph),p-H(py)),7.63(s,8H;CH2C,H,),8.66(d,4H; a-H(py)),8.85 
(d, 4H;  a-H (py)); 13C NMR (CD,CN): 6 = 36.02,65.47,68.44,70.24,70.56,70.66, 
106,85, 115.16, 118.33, 125.43, 126.58, 126.86, 130.72, 131.66, 136.95, 143.97, 
144.92, 154.43; MS (ES): mjz: 1512 [3M-4PFJ4+,  1328 (2M-  3PF,]", 
1108 [8c]+, 960 [M - 2PF612+, 591 [M - 3PF6I3+, 407 [M- 4PF6I4'; 
C,,H,,N,O,,F,,P,S, (2209.9): calcd C 46.74, H 4.20, N 2.54; found: C 46.63, H 
3.99, N 2.73. 
After workup in a similar way, the second and third bands gave, after counterion 
exchange, [3]pseudocatenane 21 c-4PF6 (80 mg, 18 %) and (4]pscudocatenane 22c- 
8PF, (172 mg, 26%) both as purple solids. The 'H NMR spectra of 21c-4PF6 and 
22c-8 PF, could not be assigned because they are mixtures of cis and trans isomers. 
21c-4PF6: M.p. 198°C (decomp.); MS (ES): mjz: 1512 [3M-4PF,I4+, 1328 
(2M - 3PF,13+,1108 [Sc]', 960 [M - 2PFJ2+, 591 [M - 3PF,]'+, 407 
[M - 4PFJ4+; C,,H,,N,O,,F,,P,S, (2209.9): calcd C 46.74, H 4.20, N 2.54; 
found: C 46.42, H 4.09, N 2.49. 
22c-8PF6: M.p. 215°C (decornp.); MS (ES): mjz: 1509 [M-2PF6]*+, 1179 
[2M - 5PF,I5', 1108 [Sc]', 958 [M - 3PF,]", 682 [M - 4PF,I4', 517 
[ M -  5PF,I5'; Cl,,Hl,,N,0,,F4,P,S, (3310.2): calcd C 44.26, H 3.78, N 3.39; 
found: C 43.85, H 3.87, N 3.25. 
When the reaction time was extended to 72 h, 2lc-4PF6 was transformed to 22c- 
8PF, completely, as detected by TLC. After workup as described above, 19c-4PF6 
and 22c-8PF6 were isolated in 48 and 46% yields, respectivly. 


{ 1,4,5,&Tetrahydro-2,6: 3,7-bis~l,4-bis(2-(2-(2-thioethowy)ethoxy)ethoxy)phenylene~- 
l,4$,8-tetrathiafulv~ene(truns)}-{5,l2,l9,26-Tetraazo~~eptacyclo-~~.2.2.22~ '.Z7, lo. 


Z1'* 15.216. 19.221~Z4]tetraconta-2,4,7,9,l2,14,16,18,21,23,26,28,29,31,33,35,37,39- 
octadecaene (circum TTF) Tetrakis(hexafluorophosphate)] ([3]pseudocatenane 19 a- 
4PF6), {1,4,5,8-Tetrahydro-2,7:3,6-bis11,4-his(2-(2-(2-thioethoxy)ethoxy)ethoxy) 
phenylene~-1,4,5,&tetrathiafulvalene(cis)}-{5,12,19,26-Tetra~oni~eptacyc1o-[~.2.2. 
2'. '.Z7, 10.21*, 1s.216, 'y.221~'~~tetraconta-2,4,7,9,l2,l4,16,18,2l,23,26,28,29,3l,33, 
35,37,39- octadecaene (circum TTF) Tetrakis(hexaflnorophosphateff ((3]pseudo- 
catenane 20 a-4PF6), and {1,4,5,8-Tetrahydro-2,7(6):3,6(7)-bis11,4-his(2-(2-(2-thio- 
ethoxy)ethoxy)-ethoxy)phenylenej-l,4,5,8-tetrathiaf~v~ene (eis/truns)}-{ 5,12,19,26- 
Tetraazoniaheptacycl0-[24.2.2.2~~ 5.213 ".2". 1'.216. '9.2'1~'4~tetraconta-2,4,7,9,12, 
14,16,18,21, 23,26,28,29,31,33,35,37,39-octadecaene (circum benzene) Tetrakis- 


(hexafluorophosphate)} ([4]pseudocatenane 21 a-4PF6) were prepared in 15,10, and 
4 %  yields, respectively, from 8a, 15-2PF6, and 16 after 10 d. 
19a-4PF6: dark solid; m.p. 220°C (decomp.); 'HNMR (CD,CN): 6 = 2.80 (m, 
4H;SCH,),3.21(m,4H;SCH,),3.71-4.12(m,40H;OCH,),5.66(s,8H;NC~,), 
6.32 (s, 8 H; OC6H4), 7.63 (d, 4H; p-CH (py)), 7.68 (s, 8 H;  CH,C,H,). 7.80 (d, 4H;  
B-CH (py)), 8.82 (d, 4H; a-CH (py)). 9.01 (d, 4H; er-CH (py)); MS (ES): m j z :  1437 
[3M -4PF6I4', 1261 [2M-  3PF6]", 1008 [8a]+, 909 [ M -  2PFJ2+, 558 
[M - 3PFJ3+, 382 [M - 4PFJ4+; C,,H,,N,0,,F,,P4S8 (2109.8): C 44.40, H 
4.21, N 2.66; found: C 43.74, H 4.51, N 3.05. 
20a-4PF6: dark blue solid; m.p. 185°C (decornp.); 'HNMR (CD,CN): 6 = 3.01 
(t. 8H;  SCH,), 3.77-3.92 (m, 40H; OCH,), 5.62 (s, 8H;  NCH,), 6.41 (s, 8H;  
OC,H,), 7.63 (s,8H; C,H4CH,),7.82(s, 8H,P-CH (py)),8.95 (s ,4H; m-CH (py)); 
MS (ES): m/z: 1964 [ M  - PF,]', 1437 (3M - 4PF6I4'. 1261 [ 2 M  - 3PF6I3+, 909 


(2109.8): calcd C 44.40, H 4.21, N 2.66; found: C 43.88, H 4.19, N 2.67. 
21a-4PF6: brown solid; m.p. 200°C (decornp.); MS (ES): mjz: 1964 [M - PF,]', 


[ M  - 2PF,I2+, 558 [ M  - 3PFJ3+, 382 [M - 4PFJ4+; C78H88N40,2F,4P4S, 


1437 [3M-  4PF6I4+, 1261 [2M - 3PF,13+, 909 [M- 2PF6]'+, 558 
[ M  - 3PFJ'+, 382 [M - 4PFJ4+; C78H,sN,01,F,,P,S, (2109.8): C 44.40, H 
4.21, N 2.66; found: C 44.42, H 4.52, N 2.73. 21a-4PF6 is a mixture of rransjcis 
isomers and it is difficult to assign its 'HNMR spectrum. 


{ 1,4,5,&Tetrahydro-2,6: 3,7-bis~9,10-bis(2-(2(2lhioethoxy)ethoxy)ethoxy)anthyl-ene~- 
1 , 4 , 5 , & t e t r a t h i a f u l v ~ e n e ( t r u n s ) } - { 5 , 1 2 , . 2 . 2 . 2 ' ~  '.Z7. lo. 


21Z~'5.216~'9.221~24~tetrac~nta-2,4,7,9,12,14,16,18,21,23,26,28,29,31,33,35,37,39- 
octadecaene (circum TTF) Tetrakis(hexafluorophosphate)} ([3]pseudocatenane 19 b- 
4PFJ was prepared in 4 %  yield from 8h, 15-2PF6, and 16 after 21 d. Under 
10 kbar, 19 h-4PF6 could be prepared in 27 % yield after 3 d. Dark solid; m.p. 250 "C 
(decornp.); 'HNMR (CD,CN): 6 = 2.70 (m, 4H; SCH,), 3.13 (m, 4H;  SCH,), 
3.55 (m, 8H; OCH,), 4.04 (s. 8H;  OCH,), 4.13 (m. 4H; OCH,), 3.82 (m. 16H; 
OCH,),4.47(m,4H;OCH,),5.59(d,d,8H;NCHz),6.95(d,4H; 1-H(anth)),7.32 
(d,4H; l-H(anth)),7.35 (t ,4H;2-H (anth)),7.50(t,4H;2-H (anth)),7.60(s,8H; 
C,H,CH2),7.86(d,4H;B-CH(py)),8.13(d,4H;B-CH(py)),8.50(d,d,4H;1-CH 
(py)), 8.87 (d, d, 4H; a-CH (py)); MS (ES): mjz: 1587 [3M- 4PF,I4', 1395 
(2M - 3PFJ3+, 1009 [M - 2PF6]'+, 625 [M - 3PFJ3+, and 432 [M - 4PFJ4+; 
C,,H9,N,01,F,,PaS8 (2310.0): calcd C 48.87, H 4.20, N 2.43; found: C 49.00, H 
3.99, N 2.27. 


{1,4,5,8-Tetrahydro-2,6:3,7-his~2,6-bis(Z-(2-(2-thioethoxy)ethoxy)ethoxy)naphthyl- 
ene~-l,4,5,&tetrathiafulvalene(tvans)}-{5,l2,l9,26-Tetraazoniaheptacyclo-~24.2.2.22~ '. 
Z7, ".2", 15.Z163 1y.Z21~~4]tetraconta-2,4,7,9,l2,l4,16,l8,2l,23,26,28,29,3l,33,35,37,3~ 
octadecaene (circum l T F )  Tetrakis(hexafluorophosphate)} ([3]pseudocatenane 19d- 
4 PF,) and { 1,4$,8-Tetrahydro-2,7: 3,6-bis~~,6-bis(2-(2-(2-thioethoxy)ethoxy)ethoxy) 
naphthylene]-1,4,5,&tetrathiafulvalene(cis)}-{5,12,19,26-Tetraazoniaheptacyc1o- 


31,33,35,37,39dctadecaene (circum l T F )  Tetrakis@exafluorophosphate)} ([3]pseudo- 
catenane 20d-4PF6) were prepared in 10% and 18% yields, respectively, both as 
darkbluesolidsfrom8d,15-2PF,,andl6inDMFafter7 d. 19d-4PF6:M.p.205"C 
(decomp.); 'HNMR (CD,CN): S = 2.80 (m. 4H; SCH,), 3.16 (m. 4H;  SCH,), 
3.65 (m, 4H; OCH,), 3.83 -4.12 (m, 36H; OCH,), 5.67 (s, 8 H; C6H,CH,), 6.47 (d, 
4H;  1-H (naph)), 6.86 (dd, 4H; 3-H (naph)), 7.39 (d, 4H; p-CH (py)), 7.42 (d, 4H;  
P-CH (py)), 7.59 (d94H;4-H (naph)), 7.66(s, 8H;  CH,C,H,), 8.76 (d, 4H; a-CH 
(py)), 8.95 (d, 4H; a-CH (py)); MS (ES): mjz: 1108 [8d]+, 960 [M - 2PF,I2+, 591 
[ M -  3PFJ3+; C,,H,,N,O,,F,,P,S, (2209.9): calcd C 46.74, H 4.20, N 2.54; 
found: C 46.58, H 4.64, N 2.63. 
20d-4PF6: M.p. 195°C (decomp.); 'HNMR (CD,CN): 6 = 3.02 (t, SH; SCH,), 
3.89 (m, 24H; OCH,), 3.96 (t. 8 H ;  OCH,), 4.14 (t, 8H; OCH,), 5.61 (s, 8 H ;  
C,H,CH,), 6.61 (d, 4H; I-H (naph)), 6.91(dd, 4H; 3-H (naph)), 7.56 (d, 4H;  4-H 
(ndph)), 7.60 (s, 8H;  CH,C,H,), 7.62 (d, 8H;  b-CH (py)), 8.84(d, 8H; or-CH (py)); 
MS (ES): mjz: 1108 [8d]+, 960 [M-2PFJ2+.  591 [M-3PF6]3f;  
C,,H92N,01,F,,P4S, (2209.9): calcd C 46.74, H 4.20, N 2.54; found: C 46.56, H 
4.53, N 2.69. 


[u.2.2,22.5 .Z 7.10 . 212.15 . 216.19 . 221.24 Itetraconta-2,4,7,9,12,14,16,18,21,23,26,28,29, 
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Extended X-ray Absorption Fine Structure (EXAFS) Studies of 
Hydroxo(oxo)iron Aggregates and Minerals, and a Critique of 
Their Use as Models for Ferritin 


Sarah L. Heath, John M. Charnock, C. David Garner and Annie K. Powell" 


Abstract: Structural models for the hy- 
droxo(oxo)iron core of ferritin include ex- 
tended mineral structures and cluster sys- 
tems such as [Fe,,O,(OH),(O,CPh),,] 
(= Fe,,) and two clusters that crystallise 
in the same lattice (compound l), namely, 
[Fe17(p3-0)4(p3'0H)6(p2'0H)10(heidi),- 


(H20),,13+ and [Fe19(p3-0)6(p3- 
OH)6(p2-OH),(heidi),o(H,0),,1' + . The 
suitability of these systems as models for 
the structure of the core of ferritin has 
been tested by comparing their Fe K-edge 
EXAFS and X-ray crystallographic re- 


sults with the Fe K-edge EXAFS data on 
horse spleen ferritin. The interpretative 
procedure for the EXAFS analysis was 
optimised by using the X-ray crystallo- 
graphic data for compound 1 as a basis. 
This protocol was then used to interpret 


nanoparticles 


the Fe K-edge EXAFS spectra of a- and 
y-Fe(0)OH and to reinterpret that previ- 
ously recorded for horse spleen ferritin. 
The published Fe K-edge EXAFS data on 
Fe, , were also considered. The Fe . . . Fe 
distances provide a clear indication of the 
nature of the hydroxo(oxo)iron assembly. 
It was found that the iron-iron interac- 
tions are the most reliable guide. Clusters 
are shown to be more appropriate than 
infinite lattices as structural models for 
the core of ferritin. 


Introduction 


The protein ferritin plays a vital role in maintaining iron 
homeostasis in the majority of life forms."] This is best under- 
stood in mammalian systems where it is known that the protein 
provides a spherical cavity with a diameter of 70-80 8, for the 
storage of iron in the form of Fe"' oxyhydroxide mineral phases. 
Although the protein structure has been determined for horse 
spleen ferritin (HSF)"] it has not been possible to resolve details 
of the iron(II1) oxyhydroxide core. Understanding might be 
improved given better methods of monitoring both the chemical 
and structural nature of the mineral iron deposits. It is also of 
inherent scientific interest to investigate how cluster shape and 
size can influence physical properties.[31 


A calculation assuming the cavity of ferritin is filled by a 
hydroxo(oxo)iron aggregate with a density of 2 gcm-3 suggests 
that up to 4500 irons could be accommodated. Experimentally 
it proves hard to load more than about 2500.[41 This suggests 
that there is an element of random distribution in operation. 
This could be an unequal loading of individual ferritin mole- 
cules (where ferritin indicates mammalian-derived protein), or it 
could be a consequence of the way in which ferritin is loaded 


[*I Dr. A. K. Powell, Dr. S.  L. Heath 
School of Chemical Sciences, University of East Anglia 
Norwich, NR47TJ (UK) 
Fax: Int. code +(1603)593-140 
e-mail: a.powell[a) uea.ac.uk 
Prof. C. D. Garner, Dr. J. M. Charnock 
Department of Chemistry, University of Manchester 
Manchester, M139PL (UK) 


leading to disorder and inefficient packing of the cavity. Fur- 
thermore it is not known whether the iron centres in ferritin 
form one crystallite or several smaller crystallites. Attempts 
have been made to relate the core of ferritin to known mineral 
types."] One problem with this arises from the fact that even if 
the ferritin is fully loaded with 4500 hydroxo(oxo)iron units in 
the core and all of these are in the same crystallite corresponding 
to a portion of a hydroxo(oxo)iron mineral, the size limitation 
of the cavity means that a particle of no more than 8 n m  in 
diameter will form having about 30 YO of these units lying on the 
surface of the sphere, with the remaining 70 YO defining the bulk. 
Therefore, although the hydroxo(oxo)iron units in the bulk will 
be in environments corresponding to those of the hydroxo- 
(oxo)iron units in the extended mineral lattice, those at the sur- 
face will be subject to very marked boundary effects as a conse- 
quence of the small size of the particle. This leads to difficulties 
in defining the structure of the mineral portion which is trapped 
within the ferritin molecule. Diffraction experiments on the 
cores will suffer from the fact that the physical interpretation of 
X-ray diffraction data requires that the assumption can be made 
that the lattice under study corresponds to a truly infinite array 
with no boundaries. Whilst this is reasonable even for very small 
single crystals of micrometre dimensions, containing very many 
more hydroxo(oxo)iron units than the ferritin core can accom- 
modate, in which over 99.75 O/O of the molecules would be in the 
bulk with only about 0.25 YO on the surface and therefore with 
no discernible boundary effects, this is patently not the case for 
ferritin. The fact that ferritin cores exhibit unusual magnetic 
properties associated with their nanoscale proportions further 
underlines this. All this means that the structural details of the 
core would best be found by using single crystal X-ray diffrac- 
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tion data on loaded ferritin as part of a complete protein struc- 
ture determination. However, because of the problems of 
achieving uniform iron-loading and the sheer size of the task, 
requiring the location of the positions of several thousand iron 
centres, this route is not currently viable. 


Models so far suggested for the ferritin core include the min- 
eral ferrihydrite.L5I However, there is some controversy about 
the exact nature of the iron sites in ferrihydrite,t5-*] and this 
may in fact be a collection of mineral phases. Better defined 
mineral structures such as goethite and lepidocrocite should be 
more useful as models since they are crystallographically well 
characterised. A problem with these models for the iron core of 
ferritin is that they can be regarded as infinite structures. As 
noted above, whilst we can think of the ferritin core as contain- 
ing encapsulated portions of such an infinite crystal lattice or 
crystal lattices, these are too small to be treated conventionally. 
A better approach might be to regard the cores as being in the 
form of a cluster (or several cluster) aggregate(s) of nanoscale 
proportions bound within the protein's organic boundary giv- 
ing rise to at least two distinct iron environments in significant 
proportions: those at the surface, and those in the bulk. There- 
fore, there is a need for cluster models that reproduce the vari- 
ous iron environments found in ferritin, ideally with the same 
distribution. Additionally, such chemical systems would in- 
crease our understanding of the structural nature of the ferritin 
core and should lead to insights into the process of biominerali- 
sation. The iron(II1) oxyhydroxide mineral phases, which con- 
stitute the core, appear to be different from the terrestrial miner- 
al phases usually encountered in that the iron can be easily 
mobilised : the challenge that iron-dependent Nature has risen 
to so splendidly since the advent of photosynthesis and the 
consequent oxidising atmosphere led to the stabilisation of the 
I11 oxidation state of iron. This control over mineral structure 
and function is a goal which materials scientists pursue vigor- 
ously. 


Clusters where the irons are all in the I11 oxidation state, 
include the previously reported [Fe, 10,(OH),(0,CPh),,]191 and 
two clusters that crystallise in the same lattice of compound 1 
synthesised in our laboratory, namely, [Fe,,(p,-O),(p,-OH),- 
(p,-OH),,(heidi),(H,O) ,I3 + and [Fe, 9(~3-O),(~3-OH),(p2- 
OH),(heidi),,(H,O),,]' +.I1'* "1 The clusters in 1 have cores 
that can be regarded as finite "trapped" mineral structures and 
are likely to provide better models for the ferritin core than 
infinite mineral systems. In particular they contain significant 
proportions of iron atoms in different environments, as is 
thought to be the case in ferritin. In view of their relevance to the 
manner in which iron(II1) is stored in ferritin, they can be used 
to calibrate techniques such as EXAFS, which have been used 
to probe the structure of the iron core in ferritin.['2-171 Addi- 
tionally they should be better models for specific properties, 
such as magnetic behaviour, which will be different in finite, 
bound systems and infinite systems. In order to test these ideas 
we have measured and compared the iron K-edge EXAFS spec- 
tra for 1, or-Fe(0)OH (goethite) and y-Fe(0)OH (lepidocrocite), 
and these results have further been compared with those previ- 
ously reported for HSF and [Fe,,O,(OH),(O,CPh),,1. 


Results and Discussion 


Crystallography: The crystal structure of 1 has been described 
elsewhere."'. ''I The crystal lattice can be regarded as two inter- 
penetrating sets of Fe17 and Fe19 clusters with their mean 
planes at an angle of 28.4" with respect to each other. The crystal 
structure parameters were used for comparison with the 


EXAFS data, and since the latter can be interpreted in terms of 
average iron environments and does not include any angular 
information, the actual crystal packing is irrelevant here. 


EXAFS: The Fe K-edge EXAFS spectra of or- and y-Fe(0)OH 
and the best-fit simulated spectra at 77 K together with their 
associated Fourier transforms are presented in Figure 1. The 


Fig. 1. The EXFAS spectra and fits of a-Fe(0)OH (top left) and y-Fe(0)OH (top 
right) and their associated Fourier transforms (bottom left and right, respectively). 


best-fit parameters obtained by using phase shifts calculated 
from 1 are compared with the crystallographic results[18* in 
Tables 1 and 2. The Fe K-edge EXAFS spectra of 1 and the 


Table 1. Comparison of the EXAFS fit (at 77 K) with the crystallographic fit [18] 
for a-Fe(0)OH (goethite) . 


EXAFS Crystallography 
Shell Scatterers RIA 202/A2 [a] R(av)/A R(range)/i% 


1 3 0  1.95 0.009 1.953 1.953 -1.954 
2.09 0.013 2.090 2.089-2.093 2 3 0  


3 2Fe 3.0 0.007 3.010 3.010 
4 2Fe 3.28 0.008 3.281 3.281 
5 4Fe 3.43 0.008 3.459 3.459 
6 1 0 0  3.58 0.004 3.627 3.589-3.916 


[a] Debye-Waller parameter. 


Table 2. Comparison of the EXAFS fit (at 77 K) with the crystallographic fit [19] 
for y-Fe(0)OH (lepidocrocite). 


EXAFS Crystallography 
Shell Scatterers R/A 2 d / A '  [a] R(av)/A R(range)/A 


1 6 0  2.00 0.012 2.041 1.905-2.133 
2 6Fe 3.05 0.011 3.076 3.074-3.080 
3 6 0  3.74 0.033 3.665 3.622-3.687 
4 2Fe 3.94 0.008 3.870 3.870 


[a] Debye-Waller parameter. 


best-fit simulated spectra at 300 and 77 K together with their 
associated Fourier transforms are presented in Figure 2. The 
best-fit parameters are compared with the crystallographic re- 
sults in Table 3. 


The EXAFS spectrum is an average of contributions from all 
of the iron atoms. A loss of information about the specific iron 
environments occurs, particularly for the outer shells where the 
different environments of the iron atoms tend to smear out fine 
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WA WA 
Fig. 2. The EXAFS and best-tit simulated spectra of 1 at 77 (top left) and 300 K 
(top right) with their associated Fourier transforms (bottom left and right, respec- 
tively). 


details. In order to get a good simulation of the Fe K-edge 
EXAFS of 1 it was necessary to include five shells of backscat- 
terers. The first shell is interpreted as a shell of six oxygen atoms 
at 1.97 A corresponding to the primary coordination sphere. 
This is in reasonably good agreement with the crystal structure 
determination of 1 where the average Fe-O/N distance is 
2.022 A,[''] The average Fe-0 bond length in 1 is 2.005 A; the 
iron atoms around the periphery are coordinated by four oxy- 
gen atoms and one nitrogen atom from the ligand heidi 
(N(CH,CO;),(CH,CH,O-)) and one oxygen atom from a co- 
ordinated water molecule. The lower affinity of iron for nitro- 
gen means that the average Fe-N bond length (2.216 A) is some 
10% longer than the average Fe-0  lengths (2.005 A) in 1. As 
can be seen from Tables 3 and 4 the iron-light atom lengths 
cover a considerable range with the shortest of 1.834 8, observed 
for Fe coordinated to p,-oxide and the longest of 2.253 A for Fe 
coordinated to nitrogen. When attempting to fit a single shell of 
backscatterers to such a wide range of distances, the EXAFS 
value tends to be lower than the actual average distance.["' 


Table 3. Comparison of the EXAFS fit with the crystallographic fit of 1 


EXAFS Crvstallonrauhv 
~ - . _  


300 K 77 K 
Shell Scatterers RIA 2u2/A2 [a] RIA 2u2/A2 [a] R(av)/A R(range)/A 


1 60 [b] 1.97 0.018 1.97 0.018 2.022Ib1 1.834-2.253 
2 0.33Fe 2.91 0.006 2.93 0.004 2.967 2.948-2.999 
3 1.33Fe 3.15 0.022 3.15 0.018 3.160 3.104-3.219 
4 2.33Fe 3.51 0.029 3.51 0.023 3.501 3.386-3.629 
5 8 0  3.56 0.035 3.56 0.034 


[a] Debye- Waller parameter. [b] Treating the nitrogens coordinated to the periph- 
eral iron atoms as oxygen. 


Table 4. Details of iron environments for 1 
- 


Bond type Average Fe,9/A Average Fe,,/A 


Fe-N 2.220 (28) 2.210(37) 
Fe-0 (water) 2.118(23) 2.082(29) 
Fe-p,-OH 1.950(20) 1.952 (22) 
Fe-0 (carboxylate) 1.995(23) 1.979 (28) 
Fe-p,-O 1.934(19) 1.930(22) 
Fe-p,-OH 2.091 (18) 2.079(21) 
F e e 0  (alkoxide) 1.989(21) 1.993(25) 


Attempts were made to simulate the spectra by taking account 
of all the different Fe-0  and Fe-N distances as detailed in 
Table 4, but this did not produce a significantly better fit and, in 
view of the dangers of overparameterisation, it was decided to 
proceed with the analysis based on a single primary coordina- 
tion sphere. Thus, metal edge EXAFS cannot really be used to 
provide this sort of fine detail for such a complicated system, 
even when the exact structural parameters are known. In addi- 
tion, the backscattering amplitude and the phase shift of the 
nitrogen and oxygen are very similar and these atoms cannot be 
safely distinguished in the EXAFS analysis. Thus, all the 
backscattering contributions from light atoms were included as 
oxygens. Three shells of iron backscatterers are necessary to fit 
the features in the EXAFS that give rise to peaks between 2.5 
and 3.8 8, in the Fourier transform. Inclusion of a further shell 
of light atoms at 3.5 A significantly improves the fit in the low 
k region of the spectrum; these atoms could arise from the 
oxygens or carbons of the heidi ligands around the peripheral 
irons as can be calculated from the crystal structure analysis. 
Such effects at the boundary of the cluster could also be impor- 
tant in ferritin, as pointed out previously['51 where it was also 
necessary to include a shell of low atomic number backscatterers 
at 3.6 8, in order to improve the simulation of the low k region. 


To fit the EXAFS data of the models, the numbers of 
backscatterers in each shell ( N )  were fixed at the crystallograph- 
ic values. When allowed to float, the numbers of iron backscat- 
terers in wFe(0)OH at 3.02, 3.29 and 3.44 A became 1.9, 2.0 
and 4.0, respectively, in good agreement with the crystallo- 
graphic values of 2 ,2  and 4. However, in y-Fe(O)OH, N for the 
shell at 3.07 8, became 4.6, significantly lower than the expected 
value of 6. In the analysis of compound 1, the values of N for the 
iron shells at 2.93, 3.15 and 3.51 8, became 0.5, 1.7 and 0.9, 
respectively, compared with the crystallographic averages of 
0.33, 1.33 and 2.33. These results demonstrate that EXAFS 
cannot be used to give reliable values of the numbers of atoms 
in outer shells, especially in situations in which the central atom 
is present in avariety of different sites. Despite this, it is manifest 
that EXAFS does give useful information about the average 
environment of iron atoms, in particular Fe . . . Fe distances, 
even in large clusters. The overall pattern observed, with three 
different shells of iron atoms necessary to fit the data, clearly 
shows that even in this system with 36 iron atoms in the unit cell 
in 19 different sites it is possible to use EXAFS to resolve contri- 
butions from different types of Fe . . . Fe separation. Such dis- 
tances are diagnostic of the number of bridging atoms, that is, 
of vertex, edge or face sharing of coordination polyhedra.[211 
For example, in compound 1, for a given linkage the Fe . . . Fe 
separation can be affected by the chemical nature of the bridg- 
ing atom(s). Thus the most useful approach to looking at the 
EXAFS of ferritin and its models is to consider the interpreta- 
tion of the Fe . . . Fe interactions. 


Comparison with ferritin and other models for ferritin: As de- 
scribed elsewhere["* 11,221 the structures of the Fe,, and Fe,, 
clusters (Figs. 3 and 4) both comprise an inner hexagonal close- 
packed (hcp) iron(II1) hydroxide core, related to the brucite 
(Mg(OH),) structure, which is enclosed by a layer of iron nuclea- 
tion sites attached to the inner surface of a shell of organic 
ligands. The cores correspond to trapped portions of the miner- 
al phase, {Fe(OH)l}, , which cannot exist under normal condi- 
tions, and it is the charge compensation of the shell by heidi that 
allows this to be stabilised. In this way the ligand heidi has the 
effect of dictating mineral structure, dimensionality and charge. 
The three iron shells derived from the EXAFS data correspond 
to three distinguishable groups of Fe . . . Fe distances seen in the 
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molecular structure of [Fe,,(p,-O),(p,-OH),(p2-OH),(heidi),,- 


Fig. 4. The molecular structure of [Fe,,(p3-O),(pc,-OH),(p2-OH),,(heidi),- 
(H20)i213+, 


crystal structure. These have direct parallels with the situation in 
ferritin as illustrated in Figure 5. They are: 
a) The interactions between the iron atoms in the core. 
b) The interactions between iron atoms in the core with iron 


c) The interactions between iron atoms in the nucleation shell. 
The shortest Fe . . . Fe distances in 1 identified by EXAFS is 


a shell of 0.33 iron atoms[231 at 2.93 8, this corresponds to the 
short Fe".Fe distances between Fe5 and Fe9a (symmetry 
equivalent of Fe9), Fe 5 and Fe 6, Fe 16 and Fe 18 and their 


atoms in the surrounding nucleation shell. 


\ 


rganic 
Shell 


Inorganic 
core 


Fig. 5. Schematic diagram of Fe ' ' Fe interactions in 1 


symmetry equivalent atoms (Figs. 3 and 4), that is, to c-type 
interactions between pairs of irons in the nucleation shell. These 
groups are characterised by two bridging oxygen atoms, one 
from a heidi ligand and the other from a p3-oxo group. This has 
the consequence of holding the pairs of iron atoms close togeth- 
er, and the average crystallographic distance between these 
irons is 2.976 A, ranging from 2.948 to 2.999 A. The next shell 
of iron backscatterers in compound 1 identified by EXAFS 
comprises 1.33 iron at 3.15 A. This corresponds to the 
pairs of iron atoms such as Fe 1 and Fe 2, that is, to a-type 
interactions between pairs of iron atoms in the core. These are 
principally bridged by p 2 -  and p,-hydroxo groups, with average 
crystallographic distances of 3.160 8, (in the range 3.104- 
3.219 A). The final shell of iron backscatterers identified by 
EXAFS comprises 2.33 iron atomstz3] at 3.51 A, due to pairs of 
iron atoms such as Fe2 and Fe 5 (corresponding to b-type inter- 
actions between iron atoms in the core and the nucleation shell). 
These atoms are bridged by a p3-oxo atom and their crystallo- 
graphic separation is an average of 3.501 8, and ranges from 
3.386 to 3.629 


The EXAFS study of 1 provides insights into modelling the 
cores of the iron-storage proteins such as ferritin. For example, 
analysis of the EXAFS spectrum of HSF (see Table 5) described 
herein shows that in the core the average iron environment is 
six oxygen atoms at 1.96f0.03 8, (cf. the earlier value of 
1.93 with a split shell of iron atoms at 3.01 and 3.43 8, 
(cf. the earlier values of 2.95 and 3.39 At'51). There is also evi- 
dence for a shell of oxygens at 3.54 8, (cf. the earlier value of 
3.59 A[1s1) and for a shell of oxygens or other light scatterers 
in 1 at 3.56 8, (see Table l), mirroring the situation in ferritin. 
The results of the EXAFS studies on 1 suggest that the split iron 
shell in ferritin could arise from a combination of a- and c-type 
interactions (average = 3.1 A) with b-type interactions (aver- 
age = 3.5 A). 


The above analysis indicates that 1 provides a good model for 
ferritin, both in terms of its EXAFS data and structure. This is 
reinforced by Figure 6, which shows a comparison of the Fe 
K-edge EXAFS of ferritin and compound 1 together with their 
Fourier transforms. The latter show clearly the correspondence 
of the radial distribution curves; the Fe . . . Fe separations are 
more clearly resolved in 1 than in ferritin, as might have been 
anticipated from the relative sizes of the aggregates. Thus the 
broad asymmetric envelope for HSF with its maximum at ap- 
proximately 3.1 A includes the three distinct peaks (2.93, 3.13 
and 3.51 A) for compound 1. It should also be noted that the 


Fig. 6. The comparison of 
the EXAFS spectra (top) 
with their Fourier trans- 
forms (bottom) for HSF 
(dotted line) and compound 
1 (solid line). 
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Table 5. Comparison of the EXAFS for HSF, 1, Fe,, [14], or-Fe(0)OH and y-Fe(0)OH (values in brackets are given where two shells have been combined to aid comparison). 


Sample 
Shell 1 Shell 2 Shell 3 Shell 4 


Scatteren R(av)/A Scatterers R(av)lA Scatterers RIA Scatterers RIA 


HSF [a] 6 0  1.96 1.5Fe 3.01 1.1Fe 3.43 8 0  3.54 


1 [bl 6 0  1.97 1.33Fe (1.66Fe) 3.15 (3.11) 2.33Fe 3.51 8 0  3.56 
0.33 Fe 2.93 


Fel l  6 0  1.96 2.2 Fe 3.00 2.80Fe 3.48 [el 


a-Fe(0)OH [c] 3 0  (60)  1.95 (2.02) 2 Fe (4 Fe) 3.02 (3.16) 4 Fe 3.44 1 0 0  3.58 
3 0  2.09 2 Fe 3.29 


- - y-Fe(0)OH [d] 6 0  2.00 6 Fe 3.07 6 0  3.74 


[a] M) = 24.7 for the 0 and 26.3 for the Fe backscatterers. [b] M) = 25.7 for the 0 and 27.2 for the Fe backscatterers. [c] M) = 21.7 for the 0 and 23.2 for the Fe 
backscatterers. [d] EO = 22.1 for the 0 and 23.5 for the Fe backscatterers. [el No data available. 


relative size of the corresponding peaks in the Fourier trans- 
forms of GI- and y-Fe(0)OH are much larger. 


The Fe K-edge EXAFS data for other possible models of the 
ferritin core whose crystal structures are also known are present- 
ed together with the EXAFS interpretation of 1 in Table 5 given 
in order of decreasing correspondence to the interpretation of 
the ferritin EXAFS. The molecular s ecies 1 and Fell have 3.99 


ferritin, and these can be divided into two shells. For the mineral 
models, a-Fe(0)OH (Fig. 7) has 8 Fe’s within 3.6 A, which can 


and 5.0 Fe’s, respectively, within 3.6 w , as compared with 2.6 for 


Fig. 7.  The crystal structure of goethite, a-Fe(0)OH. 


be divided into three shells, although we have combined the first 
two into one shell (shell 2) in Table 5 to aid comparison. y- 
Fe(0)OH (Fig. 8) has 6Fe’s within 3.6 A, and these are all in 
one shell, which is at 3.07 A. As noted above the occupation 
numbers from EXAFS can only reliably be used as a qualitative 
guide rather than quantitative figures and, as such, indicate that 


Fig. 8. The crystal structure of lepidocrocite, y-Fe(0)OH. 


a cluster such as 1 provides data closer to that of ferritin than the 
mineral models. 


Although their interpretation of the EXAFS data on the Fe, , 
complex fits quite well with our interpretation of the EXAFS on 
ferritin,“ 51 Islam et al. interpreted the EXAFS somewhat differ- 
ently and concluded that their complex was not a good model 
for ferritir~,”~] but rather for an intermediate in the formation of 
ferritin cores. Their approach did not involve using the crystal- 
lographically characterised complex to calibrate the phase shifts 
of the EXAFS data as we have done here. Although the complex 
Fell  is an encapsulated cluster it does not have a close-packed 
core and is not related to any mineral form. As such it does not 
realistically model the currently accepted situation in ferritin.lZ5] 
A comparison of the data for the two infinite mineral models, 
the GI and y forms of Fe(O)OH, illustrates the effect that hexag- 
onal versus cubic close-packing of the anions has on the local 
environments of the irons. As can be seen in Table 3 and is to be 
expected in view of the fact that both contain hcp structures, the 
EXAFS of a-Fe(0)OH rather than y-Fe(0)OH is more like that 
of 1. As mentioned above, 1 contains hcp cores of the brucite 
structure, and the relationship of the layer structure of AX, 
hydroxides to those containing p,-0x0 bridges found in the se- 
ries of hydroxo(oxo)-M’” clusters has been pointed out previ- 
ously.1’o~22*261 The crystallographic data on oxides such as a- 
Fe,O, (haematite) show that they are clearly inappropriate for 
modelling the EXAFS of ferritin, since they possess even closer 
Fe . . . Fe interactions than the other two mineral models 
anal sed here. In the case of haematite there are 7Fe’s within 


Compound 1 gives the best correspondence to the Fe K-edge 
EXAFS of ferritin because it reproduces the major structural 
features of ferritin. The other cluster model, Fe,,, does not 
possess all these features, and therefore the fit is not quite as 
good, although it is much better than that of the mineral models. 
Although a-Fe(0)OH is a more convincing model than y- 
Fe(O)OH, neither of the minerals examined here produce Fe 
K-edge EXAFS data much like that of ferritin; too many shells 
of iron atoms are within 3.6 8, of an iron atom. This leads to the 
suggestion that the core of ferritin contains predominantly hcp 
hydroxo(oxo)irons. A further point is that the proportion of 
iron found in fully loaded ferritin is between 25 and 30 %. Com- 
pound 1 contains 27 YO iron, Fe,, 23 YO and Fe(0)OH 63 YO, that 
is, 1 also accurately models the amount of iron found in ferritin. 


3.4 K and 7 more at less than 4 A.[”] 


Conclusions 


Of all the well-characterised models for the ferritin core, it is 
clear that the cluster compounds give EXAFS spectra that bet- 
ter fit that of ferritin than do those of infinite crystal structures. 
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This is to be expected, since clusters possess many different iron 
environments just as ferritin does. We have shown that the best 
approach is to interpret the EXAFS in terms of the Fe . . . Fe 
interactions, since the fine detail of the immediate coordination 
sphere can be lost. This implies that it might not be possible to 
identify a small number ( 5  5 YO) of tetrahedral iron sites in a 
structure where the sites are predominantly octahedral, as has 
been proposed by other groups working in the area of mineral 
ferrihydrite.[’I However, there is much debate on the likely 
structure of the mineral ferrihydrite, and it seems possible that 
it is actually a collection of phases, most of which are not partic- 
ularly crystalline, and therefore it will not be possible to deter- 
mine a definitive structure. 


In HSF there is an outer coat of organic ligands from the 
protein. Iron(II1) ions interact with the amino acid residues on 
the inside of this coat to form nucleation sites. Further iron(II1) 
ions then complex to these through 0x0 and hydroxo bridges. 
More iron(II1) ions building on to these in a similar fashion 
would result in the growth of a single crystallite of a hydroxo- 
(oxo)iron(III) core.[281 Therefore good cluster models for ferrit- 
in should exhibit three main features: close-packed cores, inner 
nucleation sites and an organic coat. It is clear that clusters such 
as 1 model this situation closely in that they consist of an inor- 
ganic mineral core connected to an encapsulating organic shell 
through iron/ligand “nucleation” sites on the inner surface of 
this shell. 


It is conceivable that the biomineral cores of proteins such as 
ferritin possess different structural types from those normally 
encountered for iron(II1) minerals, as is the case with 1. This 
could be a direct result of the stereochemical demands imposed 
by the nucleation sites on the protein shell. It is only by produc- 
ing increasingly better models for ferritin that we can resolve 
this question. 


Experimental Procedure 


Compound 1, HSF and the hydroxo(oxo)iron minerals were prepared as described 
previously [11,13,15]. The samples of 1 and a- and y-Fe(O)OH were prepared for 
X-ray absorption spectroscopic investigation by grinding ca. 0.2 g of the material 
with an equal amount of boron nitride, and the resulting powder was contained in 
a thin aluminium sample holder with sellotape windows. The X-ray absorption 
spectra were measured in transmission mode at the Fe K-edge on station 7.1 at the 
Daresbury Synchrotron Radiation Source, operating at 2 GeV with an average 
current of 150 mA for the sample maintained at 300 and at 77 K. For the latter the 
samples were mounted on the cold finger of a cryostat cooled by liquid nitrogen in 
an evacuated sample chamber with thin Mylar windows. A Si(ll1) double-crystal 
monochromator was used, with the second crystal offset to give 50 % rejection of the 
beam in order to remove harmonic contamination. One scan was taken at each 
temperature. After background subtraction the EXAFS was analysed using the 
curved wave theory [29,30] in the Daresbury program EXCURV92 [31]. Phase 
shifts werecalculated ab initio in the program with Xa ground state and potentials 
using the default values for muffin tin radii, and exchange potentials and the 
parameters AFAC and VPI were set at 0.70 and - 1, respectively. The value of E, 
was allowed to float to give the optimum fit for the EXAFS data at 77 K and kept 
fixed at the same value in the analysis of the EXAFS data at ambient temperature. 
The EXAFS were simulated by building up a model using parameters derived from 
the crystal structures and then allowing the shell distances and the Debye-Waller 
factors A ( = 2u*) to vary until the best fit to the experimental EXAFS spectrum 
was found. The Joyner statistical test [32] was used on the addition of each shell 
beyond the first in order to check the significance of any improvement in the fit. 
Only shells with a statistical significance at the 1 % level were included in the final 
fit. The initial analysis of the spectrum of 1 showed the Fe’ . .  Fe distances to be 


slightly shorter than the crystallographic values; a correction factor was therefore 
applied to E ,  for the shells of the iron backscatterers, which was allowed to float to 
give the optimum fit. This naturally improved the fit between the experimental and 
calculated EXAFS and also gave a better agreement with the crystallographic data. 
This protocol was used to reanalyse the Fe K-edge EXAFS for a- and y-Fe(O)OH 
and HSF [15]. The results of these analyses, that for compound 1 and that reported 
by others for Fe,, [I41 are compared in Table 5. The protocol now employed led to 
some small changes to the shell distances previously published for HSF [15]. For the 
lattei we found slightly longer Fe . . ’ Fe distances than in the original analysis, but 
no significant change to the published interpretation. Thus the overall approach was 
to use a crystallographically characterised model (1) as a means of testing and 
refining the interpretative procedure for EXAFS analysis of HSF, a- and y -  
Fe(O)OH. Since the raw data on Fe,, were not available no reanalysis of the Fe 
K-edge EXAFS was performed. 
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Abstract: Two new rotaxane types, the [2]rotaxanes 12a,b and the [3]rotaxane 13, have 
been synthesised by treating the “axle” 7 with the stopper component 9 in the presence 
of the “wheel” 8. A nonionic template intermediate of type 10 is proposed. The 
[3]rotaxane 13 was only obtained when the chain of the “axle” had a certain length: with 
n = 1 only [2]rotaxane 12a was isolated, whereas with n = 2 the [3]rotaxane 13 was 
formed besides the [2]rotaxane 12b. This suggests that more extended rotaxanes and 
polyrotaxanes can be synthesised by the template strategy. 


Keywords 
lactam * macrocycles * rotaxanes * 


self-assembly * template syntheses 


Introduction [3]Rotaxanes are not just a game; they can serve as a testing 
array for template effects, in this case in a nonionic, mechanical- 


Nonionic structure and formation via nonionic templates in ly intertwined system (compare 1, 12, 13). In the future, higher 
organic solvents are the characteristics of amide-based rotaxane catenanes and rotaxanes of this type will only be accessible when 
systems“] (cf. 1). Besides the few first examples, rotaxanes with the molecular recognition processes involved in the template 
a para-phenylene centre part, “axles” of five-membered hetero- effect are better understood. Subsequently yields will also be 
cycles such as furan and thiophene, and sulfonamide bonds have improved with the increase in understanding of these template 
so far been reported with yields as high as 41 %.[’I It can be interactions. For the efficient synthesis of even more complicat- 
concluded that the template effect (molecular recognition ed topological systems (pretzel, knot, etc.) insight into the inter- 


actions of uncharged template partners will be essen- 
tial. The synthesis of [3]rotaxanes was therefore an 
important challenge for our well-established template 
hypothesis.r31 


Results and Discussion 


Scheme 2 shows the structural elements we used in the 
synthesis of the first [3]rotaxane 13 of the amide type. 
The synthetic strategy took into account the fact that, 
as in the synthesis of 1, host/guest interactions are 
active in the course of the template effect (cf. 7 


mentarity between the electrically unchargedf3] host 
Scheme 1. Amide-based [2]rotaxane 1 (dark grey = “stopper” area; light grey = isophthaloyl + 8 + 10, 11). They are based on the steric comple- 
area). 


(wheel, 8) and the nonionic guest (centre part of the 
among neutral molecules)[3] assumed for the synthesis tolerates axle, 7), n: --7c interactions, and probably hydrogen bonding be- 
structural changes, especially in the axle part of the rotaxane tween the amide groups of the guest and of the wheel.[5] In the 
molecule, to a remarkably large degree.[’] It therefore appeared synthesis of [3]rotaxane 13 we used the centre part 7 of the axle 
feasible to synthesise higher [n] ro taxane~[~~ such as 13 as the startingmaterial and gave it the chance to thread through 
(Scheme 2). the wheel 8[11 once or twice, with the wheel forming the electri- 


cally uncharged, concave template. It should then be feasible to 
react the host/guest complexes 10 (the arrangement shown in 
Scheme 2 is arbitrarily selected; the wheel can also be centred on 
the right-hand isophthaloyl unit) and 11 with the “stopper” 9 to 
give [2]- and [3]rotaxanes 12a,b and 13. 


Initially, however, difficulties occurred: when we used the 
double isophthalic acid dichloride 7a as the centre part of the 


1 
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Scheme 2. Synthesis of the [3]rotaxane 13 and the [2jrotaxanes 12a.b (dark grey = "stopper" area; light grey = isophthaloyl area) 
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axle, instead of the corresponding [3]rotaxane, only the 
[2]rotaxane 12 a was formed in 15 YO yield. When the thread was 
elongated (n = 2), [3]rotaxane 13 could be isolated in 2 ‘YO yield 
besides [2]rotaxane 12 b in 6 ‘YO yield. We assume that the axle is 
too short in the case of 7a, possibly resulting in steric repulsion 
between the two wheels 8 in 12a. 


The [2]rotaxane 12b could not be separated from the 
[3]rotaxane 13 by ordinary column chromatography; HPLC 
with Lichrosorb RP 1 8-5,l6] however, resulted in base-line sepa- 
ration. 


The wheel (8) again proved to be remarkably tolerant towards 
variations in the axle unit, that is, the host/guest interactions in 
the formation of the template (10, 11) in organic solvents 
(CH,Cl,) are not sensitive to structural variations, and the 
wheel acts as a general concave template. 


The ‘H NMR spectra of the rotaxanes 12a,b and 13 show the 
signals of both the axle and the wheel. Integration reveals a 1 : 1 
ax1e:wheel relationship in the case of the [2]rotaxanes 12a and 
b, whereas the spectrum of the [3]rotaxane has a 1 :2 axle: wheel 
relationship. We also attempted to record the dynamic ‘H NMR 
spectra of both the [2]rotaxanes. The room-temperature spectra 
(293 K) proved the chemical identity of the two isophthalic units 
in the axle, so we presume that the wheel can shuttle from one 
isophthalic unit to the other. At low temperatures (in CD,Cl, at 
253 and 213 K) we observed only a spreading of the signals, but 
no coalescence point was found. These results show that the 
rotation and shuttling processes of the wheel on the axle are not 
particularly hindered at these temperatures. 


Conclusion 


The successful preparation of the nonionic rotaxane systems 
12a,b and 13 opens up further options for more complex un- 
charged catenanes, rotaxanes and possibly knots. In compari- 
son with other rotaxanesL4. this is the most simple system 
containing mechanical bonds that has been formed via a neutral 
template. We therefore do not consider the amide system a lim- 
itation to the preparation of higher catenanes and rotaxanes 
with a variety of building blocks, particularly once more knowl- 
edge has been gained about the nonionic template effect. Start- 
ing the synthesis with the wheel and then threading the axle unit 
through it has turned out to be a successful synthetic strategy 
which has once more supported our ideas of the template syn- 
thesis and the structure of the template. 


It should also be possible to prepare rotaxanes by the “clip- 
ping” as well as investigating the steric interactions of 
wheels and stoppers more closely by “slipping” processes.[81 
This nonionic system exceeds the catenane and rotaxane sys- 
tems hitherto known and opens up new perspectives, especially 
since the CONH units necessary for the template interactions 
can be replaced by sulfonamide units without significantly dis- 
turbing the catenane[’I or rotaxane[’] formation. 


The above investigations may improve our understanding of 
molecular recognition processes with synthetic receptor mole- 
cules as well as of template synthesis based on electrically un- 
charged host/guest couples. Unlike their ionic counterparts, lit- 
tle is known about electrically neutral templates. In addition, 
knowledge about nanometer-sized and mechanically linked 
molecules can be gathered which may permit the construction of 
rotaxanes with, for example, built-in steric barriers that decrease 
the mobility of the wheel along the rotaxane axle. Such struc- 
tural elements may prove useful as links in polymers with new, 
fine-tuned material properties. Rotaxanes could be prepared in 
a fashion comparable to the techniques of combinatorial chem- 


istry by reacting a library of different wheels, axles and stoppers 
in a one-pot synthesis and determining the selectively formed 
reaction products. The mechanistic information collected would 
be of value when directed syntheses are planned. 


Experimental Section 


General methods: Chemicals were purchased from Aldrich and used as received, 
except thionyl chloride, purchased from Riedel de Haen. CH,CI, was dried with 4 8, 
molecular sieve. 3-Methoxycarbonylbenzoyl chloride 4 [lo] and the macrocycle 8 [l] 
were prepared according to published literature. Thin-layer chromatography (TLC) 
was carried out on aluminium plates precoated with silica gel 60F,,, (Merck 
1.05554). The plates were examined by UV light (I. = 254 nm). Column chromatog- 
raphy was carried out with silica gel 60 (Merck 15101). For HPLC we used a 
Hewlett Packard Series 1050 system fitted with a UV detector. The column we used 
was packed with Lichrosorb RP 18-5 [6]. Melting points were determined on a 
Kofler microscope heater (Reichert, Vienna) and not corrected. Microanalyses were 
performed by the Microanalytical Department at the Institut fur Organische 
Chemie und Biochemie der Universitat Bonn. Low-resolution electron-impact mass 
spectra (EIMS) were obtained on an A. E. I. MS 50 (Manchester, UK), whilst fast 
atom bombardment mass spectra (FABMS) were recorded on a Kratos Concept 1 H 
spectrometer. The matrix used was m-nitrobenzyl alcohol. MALDI spectra were 
recorded on a Kratos Kompakt MALDI 3, the matrices used were 9-nitroan- 
thracene, 5-chlorosalicylic acid and 1 &dihydroxyanthracene. The ‘H and 13C 
NMR spectra were recorded on either a Bruker AM250 (250MHz (‘H) and 
62.9 MHz (13C)) or a Bruker AM400 (400 MHz (‘H) and 100.6 MHz (”C)) spec- 
trometer. 


3,3’[Bis(3,6-dioxaoctane)iminocarbonyllbis(benzoic acid methyl ester) (6a) : To a so- 
lution of 3-methoxycarbonylbenzoyl chloride 4 (4.29 g, 21.6 mmol) in dry CH,CI, 
(50 mL) a solution of 1,8-diamino-3,6-dioxaoctane 5 a  (1.48 g, 10mmol) in dry 
CH,CI, (30 mL) and triethylamine (2.82 mL, 20.4 mmol) was added at room tem- 
perature. This reaction mixture was stirred for 12 h, the solvent removed in vacuo, 
and the remaining residue purified by column chromatography (SiO,, 
CHCI,:CH,OH 20:1; R, = 0.15); 3.58 g (76% yield). FABMS: m/z 473.2 
[M+H]+; ‘HNMR (250 MHz, CDCI,, 20°C): 6 = 3.65 (m. 12H; CH,), 3.90 (s, 
6H;  OCH,), 6.95 (br, 2H; NH), 7.48 (“t”, ’J(H,H) =7.8 Hz, 2H; CH), 8.05 (d, 
’J(H,H) =7.8 Hz, 2H; CH), 8.10 (d, ’J(H,H) =7.8 Hz, 2H; CH), 8.35 (s, 2H; 
CH); 13C NMR (62.9 MHz, CDCI,, 20 “C): 6 = 39.80 (CH,N), 52.40 (OCH,), 
69.65,70.20(CH20),127.70, 128.80,130.30,131.90,132.30,134.80(arom.),166.40, 
166.50 (CO). 


3,3’[Bis(3,6-dioxaoctane)iminocarbonyllbis(benzoylchloride) (7a): 6 a  (2.52 g, 
5.3 mmol) was dissolved in methanol (70 mL) and water (0.7 mL) containing sodi- 
um hydroxide (0.42 g, 10.5 mmol) and refluxed for 20 h. The resulting disodium salt 
was precipitated by addition of diethyl ether (200 mL), filtered and dried in vacuo. 
To this compound (1.56 g, 3.2 mmol) thionyl chloride (40 mL) and DMF (5 drops) 
were added, and the reaction mixture was refluxed for 7.5 h. The surplus thionyl 
chloride was removed and the remaining residue dissolved in CH,Cl, (30 mL) and 
filtered from the insoluble NaCI. Subsequently the solvent was removed and the 
product dried in vacuo; 1.34g (88% yield). M.p. 76-77°C; FABMS: m / z  481.0 
[MfH]’; ‘HNMR (250 MHz, CDCI,, 20°C): 6 = 3.68 (m. 4H; CH,N), 3.72 (s, 
4H; CH,O), 3.90 (t, ’J(H,H) = 4.2 Hz, 4H; CH,O), 6.90 (br, 2H; NH), 7.55 (“t”. 
’J(H,H) =8.0Hz, 2H; CH), 8.18 (d, ,J(H,H) = 8.0 Hz, 2H; CH), 8.30 (d, 
,J(H.H) = 8.0 Hz, 2H; CH), 8.70 (s, 2H; CH); ”C NMR (62.9 MHz, CDCI,, 
20°C): 6 = 54.29 (CH,N), 70.14, 70.72 (CH,O), 129.15, 131.70, 133.63, 133.81, 
135.32, 136.69 (arom.), 165.80, 167.91 (CO). 


l2jRotaxane 12 a: p-Triphenylmethylaniline 9 (268 mg, 0.8 mmol) and triethylamine 
(0.11 mL, 0.8 mmol) were dissolved in dry CH,CI, (200 mL). To this mixture a 
solution ofS(2.20 g, 2.3 mmol) and 7a (200 mg, 0.4 mmol) in dry CH,CI, (150 mL) 
was added at room temperature over a period of 8 h. After removal of the solvent 
the remaining residue was purified by column chromatography (SiO,, 
CH,Cl,:CH,OH:(C,H,)~O 30:1:5, R,  = 0.09); 122mg (15% yield). M.p. 169- 
171°C; FABMS: m/z  2042.0 [M+3HIf ,  1080.5 [M+2H - macrocycle]+, 961.5 
[macrocycle+H]+; MALDI: m/z 2041.6 [M+2H]+; ‘HNMR (250 MHz, CDCI, 
+CD,OD, 20°C): 6 =1.25 (s, 9H;  IBu), 1.40 (br, 4H; CH,), 1.50 (br, 8 H ;  CH,), 
1.75(s,12H;CH,),1.78(s,12H;CH3),2.18(br,8H;CH,),3.18(m,4H;CH,N), 
3.22 (m. 4H; CH,O), 3.37 (s, 4H; CH,O), 6.78 (s, 4H; wheel), 6.80 (s, 4H; wheel), 
7.00 (d, ’J(H,H) = 6.1 Hz, 4H; stopper), 7.10 (m, 34H; stopper), 7.30 (d, 
’J(H,H) =7.4 Hz, 2H; isophth. axle), 7.45 (“t”. ,J(H,H) =7.4 Hz, 2H;  isophth. 
axle), 7.55 (d, ’4H.H) =7.4 Hz, 2H; isophth. axle), 7.65 (br, 1 H ;  isophth. wheel), 
7.95 (s, 2H; isophth. wheel), 7.98 (d, ’J(H,H) = 6.1 Hz, 2H; isophth. wheel), 8.05 
(s, 2H; isophth. axle), 8.15 (s, 1 H ;  isophth. wheel), 8.25 (s, 1 H; isophth. wheel), 
8.57 (s, 2H; NH), 8.68 (s, 2H;  NH), 9.10 (s, 2H;  NH); ”C NMR (62.9MHz, 
CDCI, +CD,OD, 2OoC):6 =18.09(CH3),22.63,26.04(CH,), 30.71 (CH,oftBu), 
34.72 (CH,), 34.86 (Cqu of tBu), 39.31 (CH,N), 44.84 (Cqu of cycloh.), 64.33 (Cqu 
of trityl), 69.02, 69.65 (CH,O), 120.24, 125.73, 127.22, 127.86, 128.00, 128.35, 
128.46, 128.55, 129.09, 129.94, 130.47, 130.76, 131.05, 131.12, 131.18, 131.54, 
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133.69, 134.03, 134.08, 134.50, 134.96, 135.12, 143.29, 146.35, 146.45, 147.90, 
147.99, 152.90 (arom.), 166.29, 166.42,167.63 (CO); C,,,H,,,N,01,~4H,0: calcd. 
C 77.32%, H 6.77% N 5.30%; found C 77.38%. H 6.57%, N 5.11%. 


3,3’~Bis(4,7,10-trioxatridecane)iminocarbonyl]bis(~nzoic acid methyl ester) (6 b) : As 
for 6a  above, but with 4,7,1O-trioxa-1,13-tridecanediamine 5b. The crude material 
was purified by column chromatography (SiO,, CHCI,:CH,OH 20:1, R, = 0.26), 
4.5 g (83% yield). MS (EI): m j z  543.2 (2%) [ M  - HI+, 220.1 (95%) 


6 =1.61 (“quin”, ’J(H,H) = 6.3 Hz, 4H; CH,), 3.20 (t, ’J(H,H) = 6.3 Hz, 4H; 
CH,N), 3.25-3.40 (m, 12H; CH,O), 7.10 (“t”, 3J(H,H) =7.7 Hz, 2H;  CH), 7.50 


[C,,H,,NO,]’, 163.1 (100%) [C,H,O,]+; ‘HNMR (400 MHz, CDCI,, 20°C): 


(d, ,J(H,H) =7.7 Hz, 2 H ;  CH), 7.78 (d, ’J(H,H) =7.7 Hz, 2H;  CH), 8.05 ( s ,  2H; 
CH); ”C NMR (62.9 MHz, CDCI,, 20°C): 6 = 28.88 (CH,), 39.04 (CH,N), 52.35 
(OCH,), 70.20,70.27, 70.57 (CH,O), 127.87, 128.74, 130.40, 131.82, 135.16, 135.22 
(arom.), 166.30, 166.46 (CO). 


3,3’~Bis(4,7,10-trioxatrideeane)iminocar~nyl~bis(benzoyl chloride) (7 b) : As for 7 a 
above, but with 6b; 1.44g (87% yield). FABMS: m/z  553.1 [M+H]+;  ‘HNMR 
(250 MHz, CDCI,, 20°C): 6 =1.88 (“quin”, ,J(H,H) = 5.7 Hz. 4H;  CH,), 3.50- 
3.65 (m, 16H; CH,N, CH,O), 7.58 (“t”, ,J(H.H) =7.8 Hz. 2H;  CH), 8.18 (“t”, 
’J(H,H) =7.8 Hz, 4H; CH), 8.47 ( s ,  2H;  CH); ‘,C NMR (62.9 MHz, CDCI,): 
6 = 28.47 (CH,), 39.48 (CH,N), 68.60, 70.07, 70.60 (CH,O), 129.42, 129.60, 
131.76, 133.93, 134.20, 135.35 (arom.), 165.69, 168.01 (CO). 


121- and 13lrotaxanes 12b, 13: To p-triphenylmethylaniline (9) (268 mg, 0.8 mmol) 
and triethylamine (0.11 mL, 0.8 mmol) in dry CH,CI, (200 mL) a solution of 8 
(2.10 g, 2.1 mmol) and 7b  (221 mg, 0.4 mmol) in dry CH,CI, (150 mL) was added 
at room temperature over a period of 8 h. After removal of the solvent 
the remaining residue was purified by column Chromatography (SiO,, 
CH,CI,:CH,OH:(C,H,),O 30:1:5, R, = 0.08). The resulting product was a mix- 
ture of [2]- and [3]rotaxane, which was separated by HPLC on Lichrosorb RP 18-5 
(liquid phase: CH,OH). 


12lRotaxane 12b: 52mg (6% yield). M.p. 207-209°C; FABMS: m/z  2112.8 
[M+H]+,  1151.4 [M+H - macrocycle]+, 961.5 [macrocycle+H]+; MALDI: m / r  


tBu), 1.40 (br, 4H;  CH,), 1.50 (br, 12H; CH,), 1.80 (s, 12H; CH,), 1.85 (s, 12H; 
CH,), 2.20 (br, 8H; CH,), 3.10 (t, ,J(H,H) = 5.3 Hz, 4H;  CH,N). 3.25 (m. 4H; 
CH,O), 3.35 (m. 4H; CH,O), 3.45 (m, 4H;  CH,O), 6.80 (s, 4H; wheel), 6.82 (s, 
4H;  wheel), 6.98 (br, 2H;  NH), 7.05 (d, ’J(H,H) = 8.4 Hz, 4H; stopper), 7.15 (m, 
34H; stopper), 7.45 (“t”, ’J(H,H) =7.8 Hz, I H ;  isophth. wheel), 7.52 (d, 
’J(H,H) = 6.3 Hz, 2H; isophth. axle), 7.60 (d, ,J(H,H) =7.0 Hz, 2H; isophth. 
axle), 7.85 (br, 2H;  isophth. axle), 7.95 (d, ’J(H,H) =7.8 Hz, 2H; isophth. wheel), 
8.00 (s, 2H; isophth. axle), 8.10 (s, 2H;  isophth. wheel), 8.25 (s, 1H;  isophth. 
wheel), 8.48 (s, 1 H;  isophth. wheel), 8.65 (s, 2H;  NH), 8.82 (br, 2H;  NH), 9.25 (s, 
2H; NH); ”C NMR (100.6MH2, CDCI, +CD,OD, 20°C): 6 =18.51 (CH,), 
22.91, 26.28. 28.86 (CH,), 31.11 (CH, of tBu), 35.17 (CH,), 37.55 (CH,N), 38.67 
(CQu of tBu), 45.06 (Cqu ofcycloh.), 64.57 (Cqu of trityl), 69.25,69.72,70.09 (CH,O), 
120.45, 124.19, 125.56, 126.01, 126.09. 127.49, 128.45, 128.67, 128.77, 129.39, 
130.21. 130.44, 130.98, 131.04, 131.23, 131.31, 131.35, 131.42, 131.52, 134.07, 
134.23, 134.40, 134.70, 135.06. 135.33. 143.52, 146.58, 147.99. 148.27, 153.16 
(arom.), 166.32, 166.42, 166.52 (CO); C,,oH,,,N,0,,~5H,0: cdkd C 76.34%, H 
6.96%, N 5.09%; found C 76.31%, H 7.15%, N 4.72%. 


13lrotaxane 13: 26mg (2% yield). M.p. 244-247°C; FABMS: m/z  3074.1 
[M+2HIt ,  2112.2 [M+H - macr~cycle]~,  961.6[macrocycle+H]+; MALDI: m/ 


18H; tBu), 1.20(br, 12H: CH,), 1.31 (br, 16H: CH,), 1.60(s, 24H; CH,). 1.63 (s. 
24H; CH,), 2.00 (br, 16H; CH,), 2.87 (t, 3J(H,H) = 6.3 Hz, 4H; CH,N), 3.03 (m, 
12H; CH,O), 6.20 (br, 4H; NH), 6.60 (s, 8 H ;  wheel), 6.65 (s, 8H;  wheel), 6.71 (d, 
,J(H,H) = 6.3 HE, 4H; stopper), 6.91 (m. 34H; stopper), 7.00 (d, 
3J(H.H) =7.0 Hz, 2H; isophth. axle), 7.14 (d, 3J(H.H) =7.0 Hz, 2H; isophth. 
axle), 7.27 (m, 4H; isophtb. wheel, axle), 7.41 (s, 2H;  isophth. axle), 7.75 (d, 
’J(H,H) =7.8 Hz, 4H;  isophtb. wheel), 7.87 (s, 4H; isophth. wheel), 8.07 (s, 2H;  
isophth. wheel), 8.20 (s, 2H; isophth. wheel), 8.80 (s, 4H;  NH), 9.00 (br, 2H; NH), 


(CH,). 22.18, 25.92, 28.49 (CH,), 30.53 (CH, of tBu). 34.71 (CH,). 34.84 (Cqu of 
tBu), 38.37 (CH,N), 44.64 (C,,” ofcycloh.), 64.24 (Cqu of trityl), 67.84, 69.51, 69.95 
(CH,O), 117.57, 121.06, 121.58, 124.08, 125.68, 127.09, 127.46, 128.01, 128.08, 
128.36, 128.98, 129.91, 130.53, 130.72, 130.97, 130.99, 131.05, 133.64, 134.01, 
134.14, 134.61, 134.83, 134.85, 143.57, 146.21, 147.71, 147.85, 152.73 (arom.), 
166.44, 166.57, 167.07, 167.73 (CO); C,,,H,,,N,,Ol,~lOH,O: calcd C 75.30%, H 
7.25%. N 5.17%; found C 75.06%. H 7.55%. N 4.84%. 
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2112.4 [M+HIt ;  ‘HNMR (400 MHz, CDCI, +CD,OD, 20°C): 6 =1.30 ( s ,  9H;  


z 3075.1 [M+3Hl t ;  ‘HNMR (400MHz, CDCI, +CD,OD, 20°C): 6 =1.09 ( s ,  


9.35 ( s ,  2H; NH); ”C NMR (100.6 MHz, CDCI, +CD,OD, 20°C): 6 =17.96 
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Conformational Studies of Chiral Vinylogous Sulfonamidopeptides 


Cesare Gennari,* Barbara Salom, Donatela Potenza," Chiara Longari, 
Elena Fioravanzo, Oliviero Carugo, and Nicola Sardone 


Abstract: The conformational preferences 
of chiral vinylogous aminosulfonic acids 
(vs-amino acids) and of the corresponding 
oligomers (vs-peptides) were investigated 
by a combination of X-ray crystallogra- 
phy, variable-temperature (VT) 'H NMR 
spectroscopy, FT-IR spectroscopy, and 
NOE experiments. The major source of 
conformational freedom in the monomers 
is the rotation around the C-C bond con- 
necting the double bond with the allylic 
stereocenter (N-C*-C=C). The allylic 
conformational preferences can be altered 
in the oligomers by the formation of sec- 


ondary structures enforced by hydrogen 
bonding. Twelve-membered-ring hydro- 
gen bonding is detected in the crystal 
structure of vs-dipeptide 9, while four- 
teen-membered-ring hydrogen bonding is 
the most common folding pattern for the 


peptides 


oligomers in chloroform solution. The ex- 
perimental results are complemented by 
computer modeling: suitable force-field 
(FF) parameters for the unsaturated sul- 
fonamide group were developed from ab 
initio calculations. A Goodman-Still sys- 
tematic pseudo-Monte-Carlo search was 
used for the conformational search. The 
conformers were minimized in chloro- 
form with the GBjSA model. The calcula- 
tions correctly predicted both the size of 
the hydrogen-bonded ring and its relative 
importance, in agreement with the experi- 
mental data in solution. 


Introduction 


Although during the past two decades a great deal of work has 
been devoted to the replacement of the scissile peptide bond 
with mimetic groups,". '1 relatively little is known about pseu- 
dopeptides characterized by the presence of the sulfonamido 
b ~ n d . [ ~ ~ - ~ '  This modification creates a peptide bond surrogate 
with significant changes in polarity, H-bonding ability and 
acid-base character (RS0,-NHR, plu, =lo-11). Further- 
more, the sulfonamido bond should show enhanced metabolic 
stability and structural similarity to the tetrahedral transition 
state involved in amide bond enzymatic hydr~ lys i s . [~" -~~  This 
makes sulfonamidopeptides interesting candidates for the devel- 
opment of protease inhibitors and new  drug^.[^'-'^ The 
oligomers and the polymers should also be interesting molecular 
scaffolds, with specific pseudopeptide backbone conformations 
based on the hydrogen-bonding network. Unfortunately a- 
aminosulfonamides are known to be unstable and to decompose 
immediately by fragrnentati~n.~~] We have recently described the 
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['I Questions on the X-ray structures should he addressed to these authors. 


synthesis of chiral vinylogous aminosulfonic acids (vs-amino 
acids) starting from natural a-amino acids, the development of 
a straightforward protection-deprotection coupling chemistry 
for the sulfonamido bond, and the synthesis of sulfonamido- 
pseudopeptides by an iterative process, both in solution[5a3 b1 


and in the solid phase.[5c1 In collaboration with Clark Still at 
Columbia University and Peter Nestler at Cold Spring Harbor 
Laboratory, we have recently described the binding of tweezer- 
like molecular receptors based on vs-peptides to an encoded 
combinatorial tripeptide library, showing not only that vs-pep- 
tide-based receptors bind oligopeptides, but also that the bind- 
ing selectivity is just as high as that of receptors built with 
cc-amino acids.[5d] 


In this paper we report on the conformational preferences of 
this new class of compounds. The goal is to study simple vs- 
amino acids and vs-dipeptides in great detail in order to devise 
a set of rules and trends useful for the interpretation of the more 
complex vs-tripeptides and vs-tetrapeptides. Intramolecular 
dipolar attraction, including hydrogen bonding, is expected to 
be a principal driving force for folding in these systems. 


Results and Discussion 


We have investigated the conformational preferences of the 
monomers 1-6 (Fig. 1) by a combination of X-ray crystallogra- 
phy (1 -3), variable-temperature (VT) 'H NMR spec- 
troscopy,[61 and FT-IR spectroscopy.[6] Carbamate 7 and sul- 
fonamide 8 were studied as reference compounds (Fig. 2). We 
have also studied the conformational preferences of the 
oligomers 9-13 (Fig. 3) by a combination of VT 'H NMR spec- 
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1 X=Boc R ‘=Me R=OMe 
2 X=Boc R ’ = P r  R=OEt 
3 X=Boc R’=Bn R=OMe 
4 X=Boc R ’ = B u  R=OhAe 
5 x =  BOC R’= Me R=NH(s)Bn 
6 X=S02Me R’=Me R=NH(qBn 


Fig. 1 .  Protected vinylogous aminosulfonic acids (vs-amino acids) 


0 o,\ 00 
‘BuOKNAPh MdS‘NnPh 


H H 
7 8 


Fig. 2. Reference coApounds. 


9 X=Boc R ’=Me R2=Pr  
10 X=SO,Me R1=Me R2=Rr 


11 X=OEt R’=CHpPh R2=Me R3=Pr 
12 X = NH(13)Bn R’ = CH2Ph R2 = Me R3= Pr 


13 X = NH(17)Bn R’ = CH2iPr R2 = CH2Ph R3 = Me R4= PI 


Fig. 3. Protected vinylogous sulfonamidopeptides (vs-peptides) . 


troscopy, FT-IR spectroscopy, and nuclear Overhauser effect 
(NOE) experiments. Vs-dipeptide 9 was also investigated in the 
solid state by X-ray crystallography. The conformational pref- 
erences of the oligomers 9-13 were studied in an organic solvent 
(chloroform) in an effort to elucidate the manner in which non- 
covalent interactions control the adoption of molecular confor- 
mations. 


X-ray crystallography : X-ray crystallographic analysis provided 
the first insight into the conformational preferences of this new 
family of compounds and gave detailed parameters for their 
molecular geometry. The crystal structures of the monomers 
L-Boc-vs-Ala-OMe (l), L-Boc-vs-Val-OEt (2), and L-BOC- 
vs-Phe-OMe (3) are shown in Figures 4-6 (Boc = tert-butyl- 
oxycarbonyl) .[’I 


The conformational preference of the allylic stereocenter with 
respect to the double bond does not appear well-defined: inspec- 
tion of the crystal structures reveals that either the CH-eclipsed 
conformer [as in 1, H-C6-C8=C9 = 0.9(5)0], the CN- 
eclipsed conformer [as in 3, N-C6-C8=C9 = -10.9(4)”], 
or a more staggered conformer [as in 2, H-C6- 
C8=C9 = 47.6(8)”] are all possible. The allylic conformational 


04 


C 


1 


Fig. 4. X-ray crystal structure of L-Boc-vs-Ala-OMe (1). H-C6- 
C 8 4 Y  = O.Y(5)”; N-C6-C8=CY =112.9(5)”. 


c13 b 
112 


2 


Fig. 5.  X-ray crystal structure of L-Bw-vs-Val-OEt (2). H-C6- 
C8=C9 = 47.6(8)”; N-C6-C8=C9 =151.1(8)”. 


0 3  


3 
Fig. 6. X-ray crystal structure of L-Boc-vs-Phe-OMe 3. H-C6- 
C8=C9 = -126.3(4)”; N-C6-C8=C9 = -10.9(4)”. 


preferences can be altered in the oligomers by the formqtion of 
organized secondary structures enforced by hydrogen bonding. 
For example, in the crystal structure the vs-dipeptide L-BOC-VS- 
Ala-L-vs-Val-NHBn (9, Fig. 7) shows an intramolecular hy- 
drogen bond between the hydrogen of the Boc-NH group and 
the oxygen of the S0,NHBn group forming a, twelve-membered 
ring [(Nl)H-06 = 2.22(S)A; NI-H(N1)-06 =155(5)”; 
N 1 -0 6 = 3.037 (5) A]. The folded twelve-membered structure 
is further stabilized by a CH -n-arene interaction[’] between the 
Boc tert-butyl group and the NHBn aromatic ring [H-ring 
plane distance = 2.948 (7) A]. The strongest hydrogen bond in 
this crystal structure is intermolecular, between the oxygen of 
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Fig. 7. X-ray crystal structure of L-Boc-vs-Ala-L-vs-Val-NHBn (9). H-C 10- 
C14=C15 = - 2.5(7)"; N2-C10-C14=C15 =111.4(5)"; H-C6-C8=C9 = 
-119.5(7)"; Nl-C6-C8=C9 = 0.7(7)". 


the Boc group and the hydrogen of the S0,NHBn group of a 
neighbor vs-dipeptide [(N3)Hii-02' = 1.95(5) A; N3"- 
H(N3)"-02' =170(5)"; N3"-02' = 2.804(4) A, symmetry 
codes: = x, y ,  z ;  ii = x - 1, y + 1, z ] .  


In the structure in chloroform solution, this hydrogen bond is 
intramolecular and gives rise to a tightly hydrogen-bonded four- 
teen-membered ring (see the discussion of conformational pref- 
erences in solution). Inspection of the crystal structure of 
the vs-dipeptide L-Boc-vs-Ala-L-vs-Val-NHBn (9, Fig. 7) 
reveals the presence of two different allylic conformers, 
one CH-eclipsed [in the vs-Val subunit, H-C10- 


and one CN-eclipsed [in the vs-Ala subunit, N 1 -C 6- 
C8=C9 = 0.7(7)", H-C6-C8=C9 = -119.5(7)"]. It isinter- 
esting to observe that vs-Ala is CH-eclipsed in the monomer (1, 
Fig. 4), and CN-eclipsed in the vs-dipeptide (9, Fig. 7), while 
vs-Val is partially staggered in the monomer (2, Fig. 5) and 
CH-eclipsed in the vs-dipeptide (9, Fig. 7). This is again indica- 
tive of a rather flat potential energy surface including two 
eclipsed conformers (CN and CH) of similar energy. 


The conformational preferences around the sulfonate ester or 
the sulfonamide bond are quite similar in all the crystal struc- 
tures examined, and show a gauche arrangement (C-S-O- 
C = 69-78"; C-S-N-C = 62-69") of the two carbon chains. 
The double bond is nearly eclipsed by one of the two S=O bonds 
in the cr$-unsaturated sulfonate esters (C=C-S=O = 4-14') 
and in the sulfonamides (C=C-S=O = 11-31"). In the sulfon- 
amides, the hydrogen of the allylic stereocenter tends to eclipse 
the sulfur atom (S-N-C-H = 23") (Fig. 8). 


C14=C15 = - 2.5(7)", N2-ClO-C14=C15 =111.4(5)"] 


VT 'H NMR spectroscopy of the monomers and of the o l igomew 
conformational studies based on 35 couplings: We have used VT 
'H NMR spectroscopy to study the conformational preferences 
in solution (chloroform). Our choice of chloroform was moti- 
vated by interest in the conformational preferences of the sul- 
fonamido-pseudopeptides in a solvent of low dielectric constant 
and polarity.[g1 


Initially we studied the conformational preferences of the al- 
lylic stereocenters. The rotation around the allylic C*(sp3)- 
C(spz) bond was monitored in chloroform solution by the 


H 
C 


I Jc-S-N-c = ca. w I 
Fig. 8. Average C-N-S-C dihedral angles from X-ray crystal structure analysis. 


'HNMR coupling (3J) between the protons H 2  (at the stereo- 
center) and H 3 (at the double bond) at variable temperature for 
the compounds in Figure 1. In the temperature range of 240- 
300 K, all peaks of the NMR spectra remained sharp, indicating 
rapid rotation around all single C-C bonds; the coupling con- 
stants measured are therefore weighted averages of all rotamers. 
The trans three-bond coupling ( J z  10 Hz) is about five times as 
large as the gauche coupling ( J z 2  Hz). Therefore, a change in 
the population of the CH2-eclipsed rotamer will in turn cause 
a change in the observed coupling constant (3J). To facilitate 
analysis of the data, we have introduced AJlATvalues (Table l ) ,  


Table 1. AJ/AT(103 HzK-I) of compounds 1-6 and 9-13 for 1 mM CDCI, solu- 
tions in the 240-300 K temperature range. 


AJ/AT 1 2 3 4 5 6 9 10 11 12 13[a] 


H2-H3 0.0 0.0 0.0 6.1 14.0 14.0 -8.1 28.0 0.0 -19.6 -[b] 
H6-H7 16.3 7.1 9.1 4.8 19.6 
H 10-H 11 -6.1 5.0 68.4 
H 14-H 15 19.6 


[a] Measured in the 250-300 K temperature range. [b] Not detectable 


which are calculated by dividing the coupling constant change 
over the temperature range at which the change in coupling was 
observed. Physically, a positive AJ/AT value indicates that the 
CN-eclipsed form is more stable at lower temperatures, while a 
negative AJ/AT value indicates that the CH-eclipsed rotamer is 
more stable.[101 


The observed coupling constants for compounds 1-3 (typical 
value 4.88 Hz) remain essentially unchanged at different tem- 
peratures. In contrast, AJ/AT values for compounds 4-6 are 
positive; this indicates a preference for the CN-eclipsed con- 
former. It is interesting to observe that oligomers 9, 11, and 12 
show a preference for the CH-eclipsed rotamer (negative AJ/AT 
value) for one of the allylic stereocenters (Table 1). As this trend 
is not observed in the monomers, it is probable that the allylic 
conformational preferences are altered in the oligomers by the 
formation of secondary structures enforced by hydrogen bond- 
ing (see the discussion below). 


3J coupling constants between the sulfonamide NH and the 
hydrogen of the allylic stereocenter are quite large (9-10 Hz) for 
all compounds examined (9- 12) and tend to increase at lower 
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temperatures. This behavior is indicative of quite a large dihe- 
dral angle H-N-C*-H, in agreement with the X-ray analysis 
(see Fig. 8). 


VT 'H NMR spectroscopy of the monomers and of the ol igomers 
detection of intramolecular hydrogen bonding : Vinylogous sul- 
fonamidopeptides (9-13) show two aspects of the covalent 
structure that are essential for the formation of intramolecular 
hydrogen bonds: a) the repeating backbone structure should 
contain both hydrogen-bond donors (NH) and hydrogen-bond 
acceptors (C=O and S=O); b) the covalent spacing of these 
repeating hydrogen-bonding groups should be such that inter- 
actions between nearest neighbor sulfonamide groups are not 
favorable. 


In order to gain insight into the conformational behavior of 
monomers 1-6 and oligomers 9-13, we have analysed the NH 
chemical shifts of these compounds. An amide NH chemical 
shift is very sensitive to that proton's hydrogen-bonding status. 
Typically, it moves upfield as the temperature is raised, which is 
interpreted as indicating a heat-induced disruption of hydrogen 
bonding. Equilibration between hydrogen-bonded and non-hy- 
drogen-bonded states is usually fast on the NMR timescale, 
which means that observed chemical shifts are weighted aver- 
ages of the observed chemical shifts of the contributing states.[61 


The resonances of NH protons of all compounds described 
below are resolved at all temperatures studied. These resonances 
were assigned either by their splitting patterns or by homonucle- 
ar decoupling experiments. 


For all compounds described in the following text, NMR 
experiments show that the NH proton chemical shifts are inde- 
pendent of concentration at 300 K, at or below 5 x M, and 
therefore all experiments were conducted in 1 x 1 0 - 3 ~  solu- 
tions. Variable-concentration 'H NMR data indicate that the 
NH protons can be additionally classified in two different cate- 
gories: protons whose chemical shifts are independent of con- 
centration at 240 K in the range 5 x 1 x 1 0 - 3 ~  (all NH 
protons of compounds 1-5, 7-9, 11, and 13), and protons 
whose chemical shifts are dependent on concentration at 240 K 
in the same concentration range (selected NH protons of com- 
pounds 6, 10, and 12). Figure 9 shows the effect of concentra- 
tion on the NH chemical shifts for compounds 6 and 10 over the 
range 1-5 x 1 0 - 3 ~  at 240 K. These data indicate that monomer 
6 aggregates avidly in this concentration range (both H 1 and 
H 5 chemical shifts change greatly). In the case of vs-dipeptide 
10, the chemical shifts of H 1 and H 9 are concentration-inde- 
pendent, while that of H 5 is not; a possible explanation for this 
behavior is the involvement of H 1 and H 9  in intramolecular 
ring formation driven by hydrogen bonding (see the discussion 
below for vs-peptides 10 and 12) that leaves H 5 available for a 
selective intermolecular association. VT 'H NMR experiments 
(300-240 K; 1 x 1 0 - 3 ~  chloroform solution) conducted with 
the aim of detecting intramolecular hydrogen bonding are reli- 
able only for the first category of protons, while for the second 


+Hlof 6 
t H 5 o f  6 
+ H l o I  10 
-O-H5Of 10 
+H90f 10 


-2,3 -2,4 -2,5 -2,7 -3 


logconcentration (M) 


Fig. 9. NH 'H NMR chemical shifts of compounds 6 and 10 in CDCI, at 240 K as 
a function of concentration. 


category they are confused and invalidated by the formation of 
intermolecular aggregates." '1 


For relatively simple (sulfono)amides, including small vs-pep- 
tides, variable-temperature 'H NMR data obtained in a weakly 
polar solvent like chloroform (specifically the temperature de- 
pendences of (su1fono)amide proton chemical shifts, A6(NH)/ 
AT) can provide qualitative and sometimes quantitative infor- 
mation on the thermodynamic relationships among alternative 
folding patterns, when appropriate reference molecules are 
available.t61 In a flexible molecule, small A6(NH)/AT values 
have been associated with amide protons that are either com- 
pletely locked in an intramolecular hydrogen bond or complete- 
ly free of hydrogen bonding over the temperature range exam- 
ined. These two extreme possibilities can be distinguished either 
by analysis of the IR spectrum or by observation of the chemical 
shift value in comparison with the appropriate reference mole- 
cules. Table 2 shows the AG(NH)/ATvalues derived from the VT 
NMR data for compounds 1-5 and 7-13. 


The AG(NH)/AT signature for the amide proton of 7 
represents the behavior of a carbamate proton in the non- 
hydrogen-bonded state. This resonance appears in the range 
6 = 4.82-4.88, and the temperature dependence is small 
( - 1 . 0 ~  ppmK-') (Table 2) .  The AG(NH)/ATfor sulfon- 
amide 8 is also relatively small (- 2.8 x lop3 ppmK-', 
Table 2); the NH chemical shift of 8 represents the behavior of 
a typical sulfonamide in the non-hydrogen-bonded state. 


The presence of a trans double bond in vs-amino acids and 
vs-peptides prevents seven-membered-ring hydrogen bonding 
between S=O and HN. As expected, compounds 1-4 show 
very small Ah(NH)/AT values. Monomer 5 could experience 
nine-membered-ring intramolecular hydrogen bonding with the 
Boc carbonyl group (H5-0=C). Comparison of the H I  and 
H 5 NMR data of 5 with the data for 7 and 8 indicates that the 
NH protons of 5 are not involved in hydrogen bonding: firstly, 
the A6(NH)/AT signatures for H1 and H 5  of 5 are small 
(Table 2); secondly, the H 1 and H 5 resonances (6 = 4.38 and 
4.40, respectively, at 300 K;  4.56 and 4.49, respectively, at 
240 K) are slightly upfield of the NH resonances of the reference 


Table 2. A6(NH)/AT (10-3ppmK-') of compounds 1-5 and 7-13 for 1 mM CDCI, solutions in the 240-300K temperature range 


A6/AT 1 2 3 4 5 7 8 9 10 11 12 13 [bl 


NH 1 -1.6 -1.3 -1 -1.4 - 2.4 -1.0 -2.8 ~ 0.6 - 10.2 -0.7 -0.4 I 


NH 9 -11.1 -6.4 -1.4 -8.1 -9 
NH 13 -5.1 -6.2 
NH17 -7 


NH 5 -2.1 -3.3 -[a1 -1.8 -[a1 2 


[a] The AS(NH)/AT values are reported only for protons whose shifts are concentration-independent in the temperature range examined. [b] Measured in the 250-300K 
temperature range. 
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compounds 8 (6 = 4.50 at 300 K and 4.69 at 240 K) and 7 
(6 = 4.82 at 300 K and 4.91 at 240 K) throughout the tempera- 
ture range examined (240-300 K). This inability to form in- 
tramolecular hydrogen bonds between the nearest neighbor 
amide-type groups leading to small (9-membered) rings has a 
major consequence for the hydrogen bonding of the oligomers 
(see below) 


A sulfonamide NH is more acidic (pKazlO-ll) and there- 
fore is a stronger hydrogen-bond donor than a carbamate NH. 
Clear evidence of this behavior is obtained by adding increasing 
amounts of [D6]DMS0 to a 1 x 1 0 - 3 ~  solution of 5 in CDCI, 
at room temperature. The sulfonamide NH (H 5) moves to low- 
er field more rapidly than the carbamate NH (H 1): on addition 
of 3000 equiv of DMSO H 5 moves from 6 = 4.42 to a plateau 
value of 6.90, while H 1 moves from 4.43 to 5.48. 


All three NH proton (H 1, H 5, H 9) chemical shifts of vs- 
dipeptide 9 were shown to be concentration-independent be- 
tween 1 and 5 x 1 0 - 3 ~  at both 300 K and 240 K, which is con- 
sistent with a monomeric state throught this range. Vs-dipeptide 
9 shows a strong preference for a single fourteen-membered-ring 
hydrogen-bonded species (H 9-0=C). This is quite evident 
from the chemical shifts of H 9, which are consistently downfield 
(1.2-2.0ppm) of the H 5  proton and the NH proton of the 
reference compound 8 in the 240- 300 K temperature range. 
Moreover, the A6(NH)/AT value of H 9  is quite large 
(-11.1 ~ l O - ~ p p m K - ' ,  Table2), compared with H 5  and 
H I  of the same compound ( - 3 . 3 ~ 1 0 - ~ p p m K - '  and 
-0.6 x ppmK-', respectively, Table 2). Figure 10 shows 
the temperature dependence of the amide proton NMR chemi- 
cal shifts for 1 mM samples of vs-dipeptides 9 and 10. 


t i t 3 o f  10 
+Hl of 10 
+H1 of 9 
-0-HSOf 9 


4 -- 300 290 280 270 260 250 240 -H90f9 
Temperature (K) 


Fig. 10. NH 'HNMR chemical shifts of vs-dipeptides 9 and 10 in 1 mM CDCI, 
solutions as a function of temperature. 


Vs-dipeptide 9 could in principle also form a twelve-mem- 
bered-ring hydrogen-bonded species (H 1 -O=S). However, 
both the chemical shift and the AG(NH)/ATvalue of H 1 exclude 
this possibility. The formation of a tight fourteen-membered- 
ring hydrogen bond (H 9-0=C) is also plainly demonstrated at 
room temperature by the strong NOE at H 9  upon irradiation of 
the tBu of the BOG group and the IR shift to lower frequencies 
of v(C=O) (which appears at 1705cm-') and v(N-H) 
(3253 cm-l), both the bonds involved in the hydrogen bonding 
(see the IR section below). These observations indicate that 9 
adopts a compact intramolecularly hydrogen-bonded folding 
pattern that is sufficiently robust to inhibit intermolecular asso- 
ciation. 


The allylic conformational preferences of vs-dipeptide 9 are 
also strongly altered by the formation of the fourteen-mem- 
bered-ring hydrogen-bonded species. The AJ/AT value for the 
vs-Val subunit is strongly positive (16.3 x HzK-', 
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Table I), indicating a preference for the CN-eclipsed rotamer, 
while forthem-Alasubunititisnegative(- 8.1 x l o T 3  HzK-' ,  
Table I), indicating a preference for the CH-eclipsed rotamer 
(compare with the AJ/AT values of the monomers 1 and 2, 
Table 1). 


In vs-dipeptide 10 the H 1 and H 9 chemical shifts are indepen- 
dent of concentration at 240 K, while the H 5 chemical shift is 
not, even below 1 x 1 0 - 3 ~  (Fig. 9), and therefore its A6(NH)/ 
AT value is not significant. The other two sulfonamide hydro- 
gens (HI ,  H9) show relatively large AG(NH)/AT values 
(Table 2, Figure 10). In particular, H 1 can form a hydrogen- 
bonded twelve-membered ring (H 1 -O=S), and H 9  a hydro- 
gen-bonded fourteen-membered ring (H 9-0=C). Competition 
between the two different folding patterns probably contributes 
to the diminution of the population of each hydrogen-bonded 
ring (compare, for example, vs-dipeptide 9 where only one 
hydrogen-bonding pattern is present, Fig. 10). The sulfonamide 
proton H I  chemical shift shows a larger temperature depen- 
dence than that of H9, which indicates that formation of the 
twelve-membered hydrogen-bonded ring is enthalpically more 
favored than that of the fourteen-membered ring. 


As with vs-dipeptide 9, the allylic conformational preferences 
are also strongly altered in 10 by the formation of the hydrogen- 
bonded species. The AJlAT values for both the vs-Ala and vs- 
Val subunits of vs-dipeptide 10 are positive (28.0 x and 
7.1 x HzK-', respectively, Table 1) indicating a distinct 
preference for the CN-eclipsed rotamers (compare with the AJ/  
AT values of the monomers 1 and 2, Table 1). 


Vs-tripeptide 11 has the same type and number of NH protons 
as 9. The presence of an additional vinylogous sulfonoester unit 
in 11 does not alter its conformational preferences compared 
with 9. Vs-tripeptide 11 also shows a strong preference for a 
single fourteen-membered-ring hydrogen-bonded species (H 9 - 
O=C). The resonance of H 9  appears at 6 = 5.8-6.2 in the 
240-300 K temperature range. Moreover, the A6(NH)/AT val- 
ue o f H 9  is rather large ( - 7 . 4 ~  ppmK-', Table 2), com- 
pared with H 5  and H I  ( - 1 . 8 ~ 1 0 - ~ p p r n K - ~  and 
-0.7 x ppmK-', Table 2). Figure 11 shows the tempera- 


+Hl Of 11 
U H 9 O f 1 2  
+H1 Of 12 
+H9of 11 
+H50f11 
+ Hi3  of 12 


:- 4 
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Temperature (K) 


Fig. 11. NH 'HNMR chemical shifts of vs-tripeptides 11 and 12 in l m ~  CDC1, 
solutions as a function of temperature. 


ture dependence of the amide proton NMR chemical shifts for 
1 mM samples of vs-tripeptides 11 and 12. 


Formation of the fourteen-membered-ring hydrogen-bonded 
species alters the allylic conformational preferences of vs-tripep- 
tide 11. The AJ/AT value for the vs-Val subunit of vs-tripeptide 
11 is negative (- 6.1 x HzK-', Table I), indicating apref- 
erence for the CH-eclipsed rotamer, while it is positive for the 
vs-Ala subunit (9.1 x HzK-', Table 1) indicating aprefer- 
ence for the CN-eclipsed rotamer (compare with the AJ/AT 
values of vs-dipeptide 9 and of the monomers 1 and 2, Table 1). 
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In vs-tripeptide 12, H 1, H 9 and H 13 chemical shifts are inde- 
pendent of concentration at 240 K, while H 5 chemical shift is 
not, even below 1 x 1 0 - 3 ~ ,  and therefore its A6(NH)/ATvalue 
is not significant (see Fig. 11). Vs-tripeptide 12 has one more 
NH group, and therefore it experiences more competition be- 
tween the various possible hydrogen-bonded rings. H 13 can 
form either a fourteen-membered hydrogen-bonded ring with 
the O=S group of the vs-Phe subunit, or a nineteen-membered 
ring with the carbamate C=O group; H 9  can form a fourteen- 
membered ring with the carbamate C=O group. Comparison of 
the NMR data of H 9  and H13 shows that 6 H 9  is always 
farther downfield from 6 H13, indicating that the fourteen- 
membered ring of H 9  and C=O occurs more frequently than 
the rings involving H13. The formation of these hydrogen- 
bonded rings is evident from the downfield shift of H 9 and H 13 
and their A6(NH)/AT values (Fig. 11, Table 2). 


The chemical shift value for H 9  of vs-tripeptide 11 is con- 
stantly downfield of H 9 of vs-tripeptide 12 at all temperatures 
(Fig. 11). These differences should largely reflect differences in 
the extent of the internal hydrogen bonding of these protons. 
Competition between the alternative folding patterns (H 9- 
O=C vs. H13-0=C) probably diminishes the population of 
the hydrogen-bonded species involving H 9 of 12. 


Strong Overhauser effects were observed for vs-tripeptide 12 
at room temperature between H11 and H I  or H 2  
(isochronous), H 9 and tBu, H 6 and H 1 or H 2 (isochronous), 
tBu and CH, of the SO,NHCH,Ph group, and are indicative of 
a distinct folding of the molecule. The IR data are treated below. 


The 'H NMR spectrum of vs-tetrapeptide 13 is fairly compli- 
cated because of extensive signal overlap ; the resonances of all 
protons were assigned at various temperatures in the 250- 
300 K range by homonuclear correlation spectroscopy (COSY 
and TOCSY). Variable-temperature NMR data for H 1 and H 5 
show positive AG(NH)/AT values, in complete contrast to all 
other cases (Table 2). The strong negative Ad(NH)/ATvalue for 
H 9 is indicative either of the usual fourteen-membered-ring hy- 
drogen bonding with the carbamate C=O (see the discussion of 
IR data below) or of hydrogen bonding with the available S=O 
groups. H I 3  and H17 show rather large negative A6(NH)/AT 
values, which indicates their involvement in various hydrogen- 
bonded rings. These rings involving H9, H 13, and H 17 are 
probably enthalpically favored compared with other rings in- 
volving H 1 and H 5, and are therefore more common at lower 
temperatures. 


Discussion of IR data: Hydrogen-bonding equilibria are slow on 
the IR timescale, in contrast to the NMR timescale, giving rise 
to discrete N-H stretch bands for hydrogen-bonded and non- 
hydrogen-bonded states of a given secondary amide group. IR 
has the disadvantage, relative to NMR, of signal overlap when 
more than one N-H group is present.16]Table 3 shows the N-H 
stretch region FT-IR spectral data for 1 mM CHCl, solutions of 
sulfonamides 5-13 in CHCl, at room temperature. No inter- 
molecular amide-amide hydrogen bonding is detectable in a 
solution of 7 and 8. The only absorption observed in the N-H 
stretch region [v(N-H)] under these conditions occurs at 
3458.5 cm-' for 7 and at 3394.1 cm-' for 8. We shall refer to 
these N-H stretch absorptions as indicative of a non-hydrogen- 
bonded state to distinguish them from IR absorptions arising 
from a hydrogen-bonded state. 


Monomers 5 and 6 experience no intramolecular hydrogen 
bonding at room temperature (Table 3). 


Vs-dipeptide 9 displays three signals in the N-H stretch re- 
gion in 1 mM CHCl, solution: a broad signal at 3252 cm-' cor- 
responding to an intramolecularly hydrogen-bonded sulfon- 


Table 3. IR spectra of compounds 5- 13 for 1 mM CHCI, solutions at 300 K. 


Compounds v(NH) non v(NH) non v(NH) v(C=O) 
bonded bonded bonded 
(carbamate) (sulfonamide) (sulfonamide) 


5 
6 
7 
8 
9 


10 
11 
12 
13 


3458 3386 1713 
3386 


3458 1730 
3394 


3446 3390 3252 1705 
3394 3281 


3450 3390 3252 1699, 1717 [a] 
3444 3389 3249 1698, 1719 [a] 
3450 3386 3265 1696, 1713 


Sulfonamido-pseudopeptides 644 - 655 
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[a] Shoulder. 


amide hydrogen, a sharp signal at 3390 cm-' corresponding to 
a non-hydrogen-bonded sulfonamide hydrogen, and a sharp 
signal at 3446 cm- ' corresponding to a non-hydrogen-bonded 
carbamate hydrogen. Vs-dipeptide 10 equilibrates between non- 
hydrogen-bonded and intramolecularly hydrogen-bonded 
states as shown by the presence of non-hydrogen-bonded 
(3394 cm- ', sharp) and hydrogen-bonded (3281 cm- ', broad) 
signals in the N-H stretch region. Vs-tripeptides 11 and 12 
display three signals in the N-H stretch region in 1 mM CHCl, 
solution : a broad signal (3389 and 3390 cm- ', respectively) cor- 
responding to a non-hydrogen-bonded sulfonamide hydrogen, 
a sharp signal (3249 and 3252 cm- ', respectively) correspond- 
ing to an intramolecularly hydrogen-bonded sulfonamide hy- 
drogen, and a sharp signal (3444 and 3450 cm-', respectively) 
corresponding to a non-hydrogen-bonded carbamate hydrogen. 
The bands at 3450, 3386, 3265 cm-' for vs-tetrapeptide 13 re- 
sult from non-hydrogen-bonded carbamate hydrogen, non-hy- 
drogen-bonded sulfonamide hydrogen, and H-bonded sulfon- 
amide hydrogen, respectively. 


In the C=O stretch region (Table 3), carbamate 7 shows a 
strong band at 1730cm-', while vs-dipeptide 9 has a single 
band at 1705 cm-', that is, the band shifts approximately 
25 cm- ' to lower frequency owing to hydrogen bonding. Unlike 
the variable-temperature NMR data (Table 2, Fig. lo), which 
show the presence of an equilibrium between hydrogen-bonded 
and non-hydrogen-bonded states, IR data do not detect these 
two different species, probably because the H-bonded induced 
shift is similar to the width of the band. However, vs-tripeptides 
11 and 12 show two bands, a strong band (1698 and 1699 cm-', 
respectively) corresponding to a hydrogen-bonded carbonyl 
group, and a shoulder (1719 and 1717 cm-', respectively) corre- 
sponding to a non-hydrogen-bonded carbonyl group. Vs-te- 
trapeptide 13 shows two separate bands of about the same 
intensity, at 1696 and 1713 cm-', corresponding to a hydrogen- 
bonded and a non-hydrogen-bonded carbonyl group, respec- 
tively. 


Thermodynamic analysis of the folding of the oligomers: For an 
amide proton equilibrating between a non-hydrogen-bonded 
state and a hydrogen-bonded state, the equilibrium constant for 
the two-state system may be calculated from 6(NH) if the limit- 
ing chemical shifts for the non-hydrogen-bonded and hydrogen- 
bonded states are known at any temperature [Eq. (l), where sobs 


is the observed chemical shift, 6,  is the limiting chemical shift for 
the non-hydrogen-bonded state, and 6, is the limiting chemical 
shift for the fully hydrogen-bonded state]. In CDCI, the chem- 
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ical shift of the sulfonamide NH (H 5)  of 5 can serve as 6, at all 
temperatures. Determining the limiting chemical shift for the 
intramolecularly hydrogen-bonded state is more problematic, 
because both the absolute value and the temperature depen- 
dence of 6, may vary with hydrogen-bond geometry. We esti- 
mated the required value of 6, at room temperature from the 
chemical shift of the sulfonamide NH of 5 in 1 mM CDCl, solu- 
tion after the addition of 3000 equiv of DMSO. We also as- 
sumed that this value applies to a hydrogen bond of optimum 
geometry. 


Table 4 shows the results of van? Hoff analyses of the confor- 
mational equilibria of vs-peptides 9-12 based on Equation (1). 


Table 4. Summary of thermodynamic parameters for vs-peptides 9-12. 


9 (H9) 10 (Hl)  10 (H9) 11 (H9) 12 (H9) 12 (H13) 


AHo (kcalmol-I) -3.4 -2.3 -1.3 -1.9 -1.7 -1.2 
ASo (eu) -10.7 -8.3 -5.6 -5.6 -6.2 -5.3 
correlation coeff. 0.998 0.994 0.986 0.991 0.992 0.992 


The data shown in Table 4 imply that the intramolecularly hy- 
drogen-bonded states are more enthalpically favorable than the 
non-hydrogen-bonded states, but are less favorable entropical- 
ly. Obviously, the hydrogen-bonded and the nonbonded state 
are not single conformations, but refer to all possible conform- 
ers. 


Computer modeling: Although the sulfonamide group is not 
specifically parametrized in the most popular force fields, ab  
initio studies of the sulfonamide group have been reported," 
and the corresponding FF parameters have been developed by 
the appropriate combination of ab initio data with specific geo- 
metric features extracted from crystal structures.[lZa,dl We un- 
dertook an ab initio study of the cr,S-unsaturated sulfonamide 
CH,=CH-SO,-NHMe (14) in order to develop the torsional 
parameters for the C(sp2)-C(sp2)-S-N dihedral angle. Bond 
lengths and bond angles were calculated by averaging the values 
from the ab initio data. The newly developed parameters were 
added to the previously reported MM 2 force-field parameters 
for the sulfonamide group['2a3 dl (the complete force-field sub- 
structure is reported in Table 5). Bond dipole moments were 
assigned to stretching interactions in the sulfonamide substruc- 
ture (Table 5 )  so that partial atomic charges were equal to half 
of the RHF/6-31G* Mulliken charges.['2a*d1 Ab initio molecular 
orbital calculations were carried out with the Gaussian 90 pro- 
grams:[131 the ab initio calculated (RHF/6-31G*) conformers 
for 14 (14a-e) are shown in Figure 12 with the respective rela- 
tive energies. The conformational minima were located with 30" 
resolution around the C=C-S-N torsion angle, starting from 
the two different conformations for the C-S-N-C dihedral 
angle (99 and 72") .[12a1 The force-field torsional parameters for 
the C(sp2)=C(spZ)-S-N dihedral angle (V, = 1.8, V, = - 1.6, 
V, = - 1.4) were developed by trial and error, in order to repro- 
duce geometries and relative energies of the ab initio calculated 
structures. The differences between the ab initio and the force- 
field calculated relative energies, and between the ab initio and 
the force-field calculated C=C-S -N dihedral angles, are re- 
ported in Table 6. 


Molecular modeling studies were carried out to gain insight 
into preferred conformations for intramolecularly hydrogen- 
bonded forms of the sulfonamido oligomers and relative stabil- 
ities of the conformers that make up the various hydrogen- 
bonded 14] The ratios between the various families 


Table 5. MM 2 Force-field substructure (MacroModel format) for the vinylogous 
sulfonamidopeptides. The first character of a line in the MacroModel force-field 
substructure describes the contents of that line: C indicates a comment, 1 specifies 
constants for stretching interactions, 2 specifies constants for bending interactions, 
3 specifies constants for stretch-bend interactions, 4 specifies constants for dihedral 
interactions, and 9 specifies substructure linear notation; numbers < 0 indicate the 
format for subsequent statements (e.g., - 2 indicates special substructure interac- 
tions). 
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3 


H3 
c 3  
c 3  
c 3  
3 
2 
LP 
LP 
H3 
LP 
c 2  
LP 
3 
1 
2 
c 3  
c 3  
c 3  
c 3  
LP 
3 
3 
3 
2 
c 3  


[bl 
1.0020 
1.6500 
1.4350 
1.4400 
1.7870 
0.6000 
1.7600 


[el 
100.0000 
100.0000 
100.0000 
114.7200 
122.0800 
109.0600 
115.6100 
1 1 1.1900 
104.0700 
107.6200 
107.7000 
104.3000 
110.1000 
103.1000 


kl 
0.1200 
0.0900 


[hl 
0.0000 
0.0000 
0.0000 
0.0000 
0.0393 
0.0009 


-3.2092 
0.0000 
0.0000 
0.0000 
0.0000 


-3.2092 
1 ,8000 
0.0000 
0.0000 


-0.3000 
-0.2000 
-0.1000 


0.0000 
0.0000 
0.0500 


-0.0750 
0.0000 
0.0000 
0.0000 


[CI 
8.0300 
5.8300 
11.6400 
5.4600 
4.0900 
6.1000 
4.0900 


[fl 
0.5000 
0.5000 
0.5000 
0.7522 
1.5081 
1.3971 
0.9711 
0.6890 
1.4405 
1.1688 
1.1688 
1.4400 
0.7000 
0.4500 


[il 
0.0000 
0.0000 
0.0000 
0.0000 
0.0151 
0.0005 
5.0672 
0.0000 
0.0000 
0.0000 
0.0000 
5.0672 


- 1.6000 
0.0000 
0.0000 
0.0000 
0.0000 
0.3650 
0.0000 
0.0000 
0.2000 
0.0000 
0.0000 
0.0000 
0.0000 


[dl 
-0.9600 


0.7900 


-0,9700 
-0.9000 


-0.9000 


-2.4000 


[Jl 
0.0000 
0.0000 
0.0000 
0.0000 
0.8602 


-0.2707 
2.4880 
0.0000 
0.2500 
0.0000 
0.0000 
2.4880 


- 1.4000 
0.0000 
0.0000 
0.0000 
0.0000 
0.8550 
0.0000 
0.0000 
0.4500 
0.2750 
0.0900 
0.0000 
0.2000 


[a] Notation: Substructure atoms: 1 = 0 2  = 0=, 2 = S1 = S, 3 = N3 = sp3 N; 
H1 = H(-C); H3 = H(-N); C2 = sp2 C, C3 = sp3 C; 0 3  = 0-; Lp = lone pair. 
[b] Bond length (A). [c] Stretching constant (mdynla). [d] Bond dipole moment 
(Debye). [el Bond angle ("). [f] Bending constant (mdynlrad'). [g] Stretch-bend 
constant. [h] V, (kcalmol-I). [i] V2 (kcalmol-I). [j] V, (kcalmol-I). 


of hydrogen-bonded and non-hydrogen-bonded conformations 
were calculated by a Boltzmann distribution at 298 K of the 
family conformers within 2.0 kcalmol- ' above the global mini- 
mum. These studies were not intended to evaluate quantitatively 
the relative energetics of intramolecularly hydrogen-bonded 
and non-hydrogen-bonded conformations, but rather to 
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146 piiq 14e p i G q  
Fig. 12. Ab initio calculated conformers for CH,=CH-S0,NHMe (14) and rela- 
tive energies. 


Table 6. Ab initio and force-field (FF) calculated relative energies and C=C-S-N 
dihedral angles of conformers 14a-e. Torsional parameters V,  = 1.8, V2 = - 1.6, 
V, = -1.4 are used for the C(sp2)=C(sp2)-S-N torsion. 


~~~ 


Relative Energies (kcalmol-') C=C-S-N (") 
Ab initio FF Ab initio FF 


14a 0.00 0.00 -119 -115 
14b 1.11 0.10 +119 +116 
14c 2.55 2.57 + 14 +11 
14d 1.17 1.24 -113 -115 
14e 1.68 1.39 +113 +I15 


provide a qualitative pictorial view of the low-energy conform- 
ers and match the pictures from the calculations with the spec- 
troscopic data. Nevertheless, it is interesting to observe that in 
most cases the calculations correctly predict both the size of 
the hydrogen-bonded ring and its relative importance in agree- 
ment with the experimental data in solution (see discussion 
above). 


Vs-peptides 9, 10, 12, and 13 were subjected to the calcu- 
lations; simplified structures in which all R substituents 
were replaced by methyl groups were used (Fig. 3, 


gen-bonded and non-hydrogen-bonded conformational 
families are shown in Table 7. In the case of vs-dipeptide 9, the 
predicted lowest-energy conformation is the fourteen-mem- 
bered-ring hydrogen-bonded conformation (H 9- O=C) found 
experimentally in solution (Fig. 13). In the case of vs-dipeptide 
10, the predicted lowest energy conformation is a doubly hydro- 
gen-bonded conformation where both the fourteen-membered 
ring (H 9-0=S hydrogen bonding) and the twelve-membered 
ring (H 1 -O=S) found experimentally in solution are present 
(Fig. 14). The calculations suggest that the twelve- and four- 
teen-membered-ring hydrogen-bonded conformations and the 
non-hydrogen-bonded conformations are all relevant for this 
compound, as found experimentally by the VT-NMR data 
(competition between various hydrogen-bonding networks), 
and IR data (equilibration between hydrogen-bonded and non- 
hydrogen-bonded states). 


In the case of vs-tripeptide 12, the predicted lowest-energy 
conformation is a fourteen-membered-ring hydrogen-bonded 
conformer (H9-0=C) (Fig. 15). The calculations suggest that 
both the fourteen-membered-ring conformations (H 9 -C=O 
and H13-S=0) are important, in agreement with the experi- 
mental data in solution. The calculations overestimate the pop- 
ulation of conformers involving H 1 in hydrogen bonds (H 1 - 
O=S, seventeen-membered ring) in clear contradiction to the 
spectroscopic data discussed above. 


R ' = R  - - R3 = R4 = Me). The ratios of the various hydro- 


Table 7. Calculated percentages of the various hydrogen-bonded and non-hydrogen-bonded families of conformers within 2.0 kcal mol- I (Boltzmann distribution at 298 K) 
for vs-peptides 9, 10, 12, and 13 (R' = R2 = R3 = R4 = Me); H-bond type in parentheses. 


Conformers 9 10 12 13 


non-hydrogen-bonded 7.9 37.8 4.3 0.5 


14-membered-ring hydrogen-bonded 74.7 26.0 39.2 5.6 
(H9-0=C) (H9-0=S) (H9-0=C) (H9-0=C) 


1 '-membered-ring hydrogen-bonded 8.7 5.7 - - 


(H 1 -O=S) (H 1 -O=S) 
12- and 14-membered-ring hydrogen-bonded 8.7 30.5 5.2 - 


( H 9 - 0 4 )  (H 9-0=S) (H9-0=C) 
(H 1 -O=S) (H5-0=S) (H 1 -O=S) 


17-membered-ring hydrogen-bonded - - 25.1 - 


19-membered-ring hydrogen-bonded - 5.7 3.9 


14- and 14-membered-ring hydrogen-bonded - - 13.4 45.1 


14- and 19-membered-ring hydrogen-bonded - - 4.9 


14- and 22-membered-ring hydrogen-bonded - - - 13.6 


(Hl-O=S) 
- 


(H13-0=C) (H 13-0=C) 


(H 9 - O=C) (H9-0=C) 
(H13-0=S) (H 17-0=S) 


- 


(H9-0=C) 
(H17-0=S) 


(H9-0=C) 
(H 1 -O=S) 


various hydrogen-bonded rings 7.1 - 


(12-, 14-, 17-, 19- combinations) 


(12-, 14-, 17-,19-, 22- combinations) 


- - 


various hydrogen-bonded rings - - 26.4 - 
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'Bu 


Fig. 13. Lowest-energy conformation (FF calculations) of vs-dipeptide 9, 
R1 = R2 = Me, X = Boc. H9-0=C hydrogen-bonding distance =1.94 A .  N- 
H9-0(=C) =140.2", (N-)H9-O=C = 135.8" 


.................. 


.. ..! ....... 


Fig. 14. Lowest-energy conformation (FF calculations) of vs-dipeptide 10, 
R' = R2 = Me, X = S0,Me. H9-0=S  hydrogen-bonding distance = 2.27 A. N -  
H9-0(=S) =169.9", (N-)H9-O=S =103.5". HI-O=S hydrogen-bonding dis- 
tance = 2.08.k N-Hl-O(=S) =149.4", (N-)HI-O=S =121.3". 


Fig. 15. Lowest-energy conformation (FF calculations) of vs-tripeptide 12, 
R1 = R2 = R3 = Me, X = NHBn. H9-0=C hydrogen-bonding dis- 
tance =1.93 A. N-H9-0(=C) =163.0", (N)H9-O=C =158.0". 
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In the case of vs-tetrapeptide 13, the predicted lowest-energy 
conformation is a doubly hydrogen-bonded conformer where 
both the fourteen-membered hydrogen-bonded ring involving 
the Boc carbonyl group (H9-0=C) and that involving the 
terminal benzyl sulfonamide proton (H 17-0=S) are present 
(Fig. 16). The calculations suggest that the fourteen-membered- 
ring hydrogen-bonding motif becomes increasingly important 
in more structurally complex substrates. 


Fig. 16. Lowest-energy conformation (FF calculations) of vs-tetrapeptide 13, 
R1 = R2 = R3 = R4 = Me, X = NHBn. H9-0=C hydrogen-bonding dis- 
tance = 1.90 A.N-H9-0(=C) = 154.6",(N-)H9-0=C = 157.3". H 17-0=S hy- 
drogen-bonding distance is 2.04 A. N-H17-O(=S) = 159.0", (N-)H 17- 
O=S =127.5". 


Conclusion 


We have investigated the conformational preferences of chiral 
vinylogous aminosulfonic acids (vs-amino acids) and of the cor- 
responding oligomers (vs-peptides) by a combination of X-ray 
crystallography, variable-temperature (VT) 'H NMR spec- 
troscopy, FT-IR spectroscopy, and NOE experiments. The ma- 
jor source of conformational freedom in the monomers is the 
rotation around the C- C bond connecting the double bond 
with the allylic stereocenter (N-C*-C=C). The allylic confor- 
mational preferences can be altered in the oligomers by the 
formation of secondary structures enforced by hydrogen bond- 
ing. Twelve-membered-ring hydrogen bonding is detected in the 
crystal structure of vs-dipeptide 9, while fourteen-membered- 
ring hydrogen bonding is the most common folding pattern for 
the oligomers in chloroform solution. With little competition 
from different hydrogen-bonding networks, the fourteen-mem- 
bered ring is largely favored and strengthened by a more linear 
N-H-0 angle. The experimental results were complemented 
by computer modeling: the calculations correctly predict both 
the size of the hydrogen-bonded ring and its relative impor- 
tance. 


Experimental Section 


Computer modeling: A Goodman- Still systematic pseudo-Monte-Carlo search 
[15a], part of the BATCHMIN-MacroModel4.5 molecular mechanics program 
[15b], was used for the conformational search on a Silicon Graphics Iris worksta- 
tion. The conformers were minimized in chloroform with the GBjSA model includ- 
ed in BATCHMIN [ I ~ c ] .  For this solvation model, molecular electrostatics calcula- 
tions were carried out with a constant dielectric treatment (molecular dielectric 
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constant E,., = 1.0). A solvent dielectric constant E , , ~ ~  of 4.8 was used for chloro- 
form. The force-field calculations were carried out by means of the MM 2* force 
field implemented in the MacroModel program [15b], augmented by the sulfon- 
amide substructure described above. MM 2' resembles the Allinger MM2 force 
field, but electrostatic effects and improper torsion are treated differently in the 
MacroModel version. 
The low energy conformations (within 2.0 kcalmol-' from the global minimum) 
were analyzed with respect to their hydrogen-bonding pattern. Hydrogen-bonding 
populations were estimated by analyzing the geometry around the acceptor (0) and 
the donor (H) atoms: a hydrogen bond was counted as present if the (N)H-0 
distancewas 12 .5  A, theN-H-Oangle was >12O0andtheH-O=C (orH-O=S) 
angle was 290" [15d,16]. 


Crystal structure analysis (Table 8 1171): Unit cell parameters and intensity data 
were obtained with an Enraf-Nonius CAD-4 diffractometer and graphite 
monochromated Cu, radiation (A = 1.54184 A). Calculations were performed with 
SDP and MolEN software [IS] on a MicroVax-3100 computer. The space groups 
were obtained by systematic extinctions and intensity statistics, and confirmed by 
the solution and refinement of the structures. The cases of space group P I  (2 and 
9) are quite surprising, but any attempt to describe the crystal structures in a higher 
symmetry space group according to refs. [I91 and [20] failed. Data were collected at 
room temperature by w-28 scan type in the 0 range 0-70". Lone pair (Ip), decay, 
and absorption [21] corrections were applied. The structures were solved by direct 
methods (MULTAN 80) [22]. All the non-hydrogen atoms were anisotropically 
refined by full-matrix least squares. The positions of all the hydrogen atoms were 
experimentally determined, but refined with success only in the case of 1 and, 
partially, in the case of 9 (amidic hydrogen atoms only). Atomic scattering factors 
were taken from reference [23]. 


Physical data: 
L-be-vs-Ala-OMe (1): Crystallized from n-hexane/EtOAc 7:3; m.p. = 89- 
91 "C; [a];' = - 22.3" (C =1.0, CHCI,); 'HNMR (300 MHz, CDCI,, 300K, 
TMS): 6 =1.33 (d, 'J(H,H) = 7 . 0 H ~ ,  3H;  CH,CH), 1.45 (s ,  9H;  [CH,],C), 3.82 


NH), 6.27 (dd, 'J(H,H) =15.10Hz, 4J(H,H) =1.60Hz, I H ;  CH=CHSO,), 6.86 
(dd, 'J(H,H) =15.10 Hz, 'J(H,H) = 4.97 Hz, 1H;  CH=CHSO,); l3C NMR 
(50.28 MHz,CDC13,300K,TMS):6 =19.61 (CH3),28.15([CH,],),46.75(CHN), 


(s, 3H; CH,OSO,), 4.45 (m. 1H;  CH,CHN), 4.61 (d, 'J(H,H) = 4.40Hz, 1H;  


56.16 (OCH,), 122.71 (CH=), 150.66 (CH=); C,,Hl9NOSS (265.3): calcd C 45.27, 
H 7.22, N 5.28, S 12.08, 0 30.15; found C 45.21, H 7.28, N 5.25. 


L-Boc-vs-Val-OEt (2): Crystallized from n-hexane; m.p. = 53-85°C; [a];' = 
+ 3.15" (C = 1.0, CHCI,); 'HNMR (300 MHz, CDCI,, 300 K, TMS): 6 = 0.95 (d, 
'J(H,H) = 6.4 Hz, 3H;  CH,CH), 1.36 (t. 'J(H,H) =7.5 Hz, 3H; CH,CH,OSO,), 
1.44 (s, 9H;  [CH,],C), 1.88 (m. ,J(H,H) = 6.4 Hz, 1 H; [CH,],CH), 4.15 (4. 
'J(H,H) =7.5Hz, 2H; CH,CH,OSO,,), 4.20 (m. 1H;  H2), 4.58 (br, 1H;  H I ) ,  


Table 8. Crystal structure analyses 


6.32 (dd, ,J(H,H)=14.65Hz, 4J(H,H)=1.90Hz, 1H;  H4), 6.80 (dd. 
3J(H.H) = 14.65 Hz, 'J(H,H) = 4.88 Hz, 1 H;  H3); ''C NMR (50.28 MHz, CD- 
CI,, 300K, TMS): 6 =14.69 (CH,), 17.95 (CH,), 18.74 (CH,), 28.14 ([CH,],), 
31.78 (CH), 56.38 (CHN), 66.81 (CH,), 125.16 (CH=), 147.63 (CH=); 
C,,H,,NO,S (307.4): calcd C 50.79, H 8.20, N 4.56, S 10.41, 0 26.04; found C 
50.71, H 8.25, N 4.52. 


L-Boc-vs-Phe-OMe (3): Crystallized from n-hexanelEtOAc 70:30; m.p. =115- 
117°C; [a];'= +10.76" (C =1.05, CHCI,); 'HNMR (300 MHz, CDCI,, 300K, 
TMS): 6 = 1.42 ( s ,  9 H ;  [CH,],), 2.95 (d, 3J(H,H) = 6.63 Hz, 2H; CH,Ph), 3.73 (s ,  
3H;  CH,OSO,), 4.37 (m, 1H;  H2), 4.47 (m. 1 H ;  HI ) ,  6.24 (dd, 
3J(H,H)=14.65Hz,4J(H,H)=1.27H~,  lH;H4),6.83(dd,  ,J(H,H)=l4.65Hz, 
,J(H,H) = 5.37 Ha, 1 H; H3), 7.10-7.35 (m, 5H; ArH); "C NMR (50.28 MHz, 
CDCI,, 300 K, TMS): 6 = 28.84 ([CH,],), 40.88 (CH,Ph), 52.71 (CHN), 56.79 
(OCH,), 124.64 (CH=), 127.83 (Ar), 129.41 (Ar), 129.87 (Ar), 136.28 (Ar), 149.35 
(CH=), 185.40 (CO); C,,H,,NO,S (341.4): calcd C 56.29, H 6.79, N 4.10, S 9.39, 
0 23.43; found 56.35, H 6.82, N 4.07. 


L-Boc-vs-Leu-OMe (4): Crystallized from n-hexanelEtOAc 95:5; m.p. = 59- 
61 "C; [a];' = - 15.36" (C =1.0, CHCI,); 'HNMR (300 MHz, CDCI,, 300 K, 
TMS): 6 = 0.95 (d, 'J(H,H) = 6.6 Hz, 6H;  [CH,],CH), 1.40-1.54 (m, 2H; mr- 
CH,), 1.45 (s, 9H;  [CH,],C), 1.64 (m, 1 H; Me,CH), 3.81 (s, 3H;  CH,OSO,), 4.40 
(m, 1H; CHN), 4.50 (brd, 1H; NH), 6.28 (dd, 3J(H,H)=15.10Hz, 
4J(H,H) =1.20Hz, I H ;  CH=CHSO,), 6.79 (dd, ,J(H,H) =16.10 Hz, 
'J(H,H) = 5.37 Hz, 1 H;  CH=CHSO,); "C NMR (50.28 MHz, CDCI,, 300 K, 
TMS): 6 = 21.77 (CH,), 22.58 (CH,), 24.56 (CH), 28.18 ([CH,],), 42.61 (CH,), 
49.42 (CHN), 56.12 (CH,), 122.81 (CH=), 150.30 (CH=); C,,H,,NO,S (307.4): 
calcd C 50.79, H 8.20, N 4.56, S 10.43, 0 26.02; found C 50.72, H 8.25. N 4.50. 


L-Boc-vs-Ala-NHBn (5): 'HNMR (300 MHz, CDCI,, 300 K, TMS): 6 = 1.25 (d, 
,J(H,H) = 6.78 Hz, 3H; CH,CH), 1.46 (s, 9H;  [CH,],C), 4.21 (d, 2H; 
NHCH,Ph), 4.36 (m, I H ;  NCHCH,), 4.45 (d, 'J(H,H) =7.3 Hz, I H ;  NHCH), 
4.45 (m. 1H; SO,NHCH,), 6.24(dd, 3J(H,H)=15.1Hz, 4J(H,H)=1.3Hz, 1H;  


CH=CHSO,), 7.35 (m, 5H; ArH); C,,H,,N,O,S (340.4): calcd C 56.45, H 7.11, 
N 8.23, S 9.42, 0 18.80; found C 56.43, H 7.16, N 8.20. 


CH=CHSO,), 6.67 (dd, 'J(H,H) = 4.65 Hz, 'J(H,H) =15.1 Hz, 1 H; 


L-MeS0,-vs-Ma-NHBn (6): 'H NMR (300 MHz, CDCI,, 300 K, TMS): 6 = 1.34 
(d, 'J(H,H) =7.1 Hz, 3H; CH,CH), 2.96 ( s ,  3H; CH,SO,), 4.23 (d, 
'J(H,H) = 6.1 Hz, 3H; NCH,Ph +NHCH), 4.20 (d, ,J(H.H) = 8.3 Hz, 1 H; 
MeSO,NH), 4.58 (t, 'J(H,H) = 6.1 Hz, 1 H; SO,NHBn), 6.38 (dd, 
'J(H,H) = 15.1 Hz, 4J(H,H) = 1.6 Hz, 1 H;  CH=CHSO,), 6.66 (dd, 
,J(H,H) = 5.13 Hz, 'J(H,H) =15.1 Hz, 1 H;  CH=CHSO,), 7.35 (m, 5H; ArH); 
C,,H,,N,O,S, (318.4): calcd C 45.27, H 5.70, N 8.80, S 20.14, 0 20.10; found C 
45.22, H 5.75, N 8.78. 


3 2 1 9 


formula 
FW 
system 
space group 
a (A) 
b (A) 
C (A) 
12 ("1 
B (") 
v (") 
V ( ' 4 3 )  


Pcalod (Mgm-3) 
absor. coeff. (Imm-') 
cryst. size (mm) 
no. refl. meas 
no. unique refl. 
no. refl. obs. 
criterion for obs. 


variation obs. stand. 
decay correction 
refinement type 
R 
R, 
no. refined param. 
weighting scheme (w =) 


Tmm, L a x  


(AIP)mtn 
(A/dmSx (e A - 3, 


C16HZ3NoSS 


341.42 
trigonal 
R3 (no. 146) 
29.142(6) 
29.142 (6) 
5.419(1) 
90 
90 
120 
3986(1) 
1.281 
1.79 
0.4 x 0.1 x 0.1 
4941 
3256 
2832 
I >  2 a(1) 
0.932, 0.996 
-4.5% 
linear 
on F 
0.034 
0.034 
299 
1 
- 0.09 
0.10 


C',H,,NOSS 
307.40 
triclinic 
PI (no. 1) 
5.318(6) 
6.728(4) 
12.292(9) 
78.43(7) 
88.44(6) 
84.66 (6) 
429.0(7) 
1.190 
1.79 
0.1 x 0.1 x 0.08 
2505 
1616 
1528 


0.903, 0.996 
-7.1 Yo 
linear 
on F 
0.056 
0.055 
181 


-0.12 
0.18 


I>2U(I) 


ll[W)I* 


C10H19N05S 


265.33 
monoclinic 
P2, (no. 4) 
7.944(2) 
9.620 (1) 
9,948(3) 
90 
112.98 (1) 
90 
699.9(3) 
1.259 
2.12 
0.5 xO.1 x 0.1 
1876 
1418 
1256 


0.928, 1.000 


linear 
on F 
0.053 
0.049 
154 


-0.15 
0.10 


1>2a(I) 


-2.3% 


l l ~ ~ ~ ~ I Z  


C22H3SN306S2 


501.67 
triclinic 
P1 (no. 1) 
5.599 (1) 
9.193(2) 
f 3.672(3) 
73.34(2) 
88.00(2) 
75.37 (2) 
651.8(3) 
1.278 
2.15 
0.4 x 0.4 x 0.3 
2616 
2348 
2296 
1>2a(l)  
0.961, 0.999 
-5.2% 
linear 
on F 
0.037 


306 


-0.12 
0.12 


0.038 


1/[wN2 
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L-Boc-vs-Ala-L-vs-Val-NHBn (9): Crystallized from n-hexane/EtOAc 50: 50; 
m.p. =134-136'C;[~]g' = -7.9"(c =l.Ol,CHCl,); 'HNMR(300 MHz,CDCI,, 
300K, TMS): 6 = 0.92 (d, 'J(H,H) = 6.84Hz, 3H; CH,), 0.96 (d, 
'J(H,H) =6.84Hz,3H;CH3),1.21 (d,,J(H,H) =7.08Hz,3H;CH3), 1.44(s,9H; 
[CH,],), 3.86 (br, 1 H ;  H6), 4.15 (b, 1H;  H2), 4.20 (br, 1H;  H5), 4.2 (d, 
'J(H,H) = 5.2Hz, 2H; CH,Ph), 4.59 (br, 1H;  H l ) ,  5.96 (br, 1 H ;  H9), 6.12 (d, 
'J(H,H) =14.65Hz, 1H; H8), 6.31 (d, 'J(H,H) =15.63Hz, 1H; H4), 6.46 (dd, 
3J(H,H)=5.86H~,3J(H,H)=14.65H~,lH;H7),6.57(dd,3J(H,H)=15.63Hz, 
'J(H,H) = 4.88 Hz, 1 H; H3); NMR (50.28 MHz, CDCI,, 300 K, TMS): 
6 =18.001 (CH,), 18.724 (CH,), 19.536 (CH,), 28.215 ([CH,],), 32.361 (CH), 
46.524 (CH), 46.954 (CH,), 59.330 (CH), 127.663, 127.901, 128.269, 128.547, 
130.366, 141.986, 145.450; C,,H,,N,O,S, (501.7): calcd C 52.67, H 7.03, N 8.38, 
0 19.14, S 12.78; found C 52.62, H 7.09, N 8.32. 


L-MeS0,-vs-Ala-L-vs-Val-NHBn (10): 'H NMR (300 MHz, CDCI,, 300 K, TMS): 
6 = 0.93 (d, ,J(H,H) = 6.84 Hz, 6H; CH,Val), 1.36 (d, ,J(H,H) =7.8 Hz, 3H; 
CH,Ala), 1.85 (m, 1 H;  CH(CH,),), 2.95 (s, 3H;  CH,SO,), 3.8 (m, 1H; H6), 4.1 
(4. 'J(H,H) ~ 7 . 8  Hz, 1H;  H2), 4.19-4.26 (4. 'J(H,H) =7.80 Hz, 2H;  CH,), 4.43 
(d,3J(H,H)=8.8Hz,1H;H5),5.02(d,3J(H,H)=8.89Hz,1H;H1),5.23(t, 
'J(H,H)=5.86Hz, 1H;  H9), 6.31 (d, ,J(H,H)=15,63Hz, 1H;  H4), 6.36 (d, 
'J(H,H)=14.65Hz, 1H;  H8),6.45 (dd, 'J(H,H)=15,63Hz, 'J(H,H)=6,84Hz, 
lH;H3),6.68(dd,3J(H,H)=4.88H~,3J(H,H) =14.65Hz, lH;H7),7.25(~,5H; 
Ph); ClaH2,N306S3 (479.6): calcd C 45.08, H 6.09, N 8.76, S 20.05,O 20.01 ; found 
C 45.05, H 6.13, N 8.70. 


L-Boc-vs-Phe-L-vs-Ala-L-vs-Val-OEt (11): 'HNMR (300 MHz, CDCI,, 300 K, 
TMS): 6 = 0.96 (d, 'J(H,H) =7.5 Hz, 3H; CH,Val), 0.98 (d, 'J(H,H) =7.0 Hz, 
3H; CH,Val), 1.33 (d, 'J(H,H) = 6.5 Hz, 3H;  CH,Ala), 1.39 (s, 9H;  [CH,],C), 
1.41 (t, ,J(H.H) =7.0 Hz, 3H; CH,CH,OSO,), 1.88 (m, 1 H; Me,CH), 2.82 (dd, 
,J(H,H) =14 .0H~,  'J(H,H) =7.0Hz, 1 H ;  CHHPh), 3.01 (d, 'J(H,H)=14,0Hz, 
1H;CHHPh),3.91(q,3J(H,H)=7.5Hz,1H;H10),4.19(m,1H;H6),4.25(m, 
2H; CH,OSO,), 4.34 (d, 'J(H,H) =7.8 Hz, 1H;  H5), 4.62 (m. 2H; H 2  + H l ) ,  
5.80 (d, 'J(H,H) = 8.8 Hz, 1 H; H 9), 6.21 (d, 'J(H,H) = 15.0 Hz, 1 H; H 4). 6.29 (d, 
'J(H,H)=l5.3Hz, 1H;  H12), 6.39 (ad, 'J(H,H) =15.4Hz, 1H;  Hg), 6.46 (dd, 
'J(H,H)=15.4Hz, 'J(H,H)=4,64Hz, 1H;  H7), 6.75 (dd, 'J(H,H)=15,3Hz, 
)J(H,H)=7.57Hz, 1H;  H l l ) ,  6.83 (dd, 3J(H,H)=15.0Hz, 'J(H,H)=4,0Hz, 
lH;H3),7.25(S,5H;Ph);"CNMR(50.28 MHz,CDC13,300K,TMS):6 =14.89 
(CH,), 18.19 (2CH3), 18.73 (CH,), 28.19 ([CH,],), 32.48 (CH), 39.79 (CH,Ph), 
49.23 (CHN), 52.11 (CHN), 59.89 (CHN), 67.09 (OCH,), 126.67, 127.01, 128.65, 


(649.8): calcd C 49.90, H 6.67, N 6.47, S 14.80, 0 22.16; found C 49.80, H 6.70, N 
6.46. 


128.72, 129.20, 130.05, 143.00, 144.87, 146.08, 155.32 (C=O); C,,H,,N,O,S, 


L-Boc- vs-Phe- L-vs-Ala - L-vs-Val- NHBn (12) : ' H NMR (300 M Hz, CDCI , , 
300K, TMS): 6 = 0.93 (d, 'J(H,H) = 6.84Hz, 6H; CH,Val), 1.23 (d, 
'J(H,H) =7.0 Hz, 3H; CH,Ala), 1.37 (s, 9 H ;  [CH,],C), 1.81 (m, 1 H;  Me,CH), 
2.82 (dd, 'J(H,H) = 6.8 Hz, 'J(H,H) =13.6Hz, 1H;  CHCHHPh), 3.0 (dd, 
'J(H,H) = 3 . 0 H ~ ,  'J(H,H) =13 .6H~,  1H;  CHCHHPh), 3.83(q, lH;H10),  3.91 
(m, 1 H ;  H6), 4.26 (d, ,J(H,H) = 6.8 Hz, 2H; NCH,Ph), 4.46 (d, 
3J(H,H)=7.8Hz,1H:H5),4.58(m,2H;H2 tH1),5.24(t , ' J (H,H)=6.8Hz,  
1 H;  H13), 5.5 (d, 'J(H,H) = 9.7 Hz, 1 H;  H9), 6.13 (d, 'J(H,H) = 15.63 Hz, 1 H; 
H8). 6.18 (d, 'J(H,H) = 15.63 Hz, 1 H; H4), 6.23 (d, 'J(H,H) = 15.63 Hz, 1 H; 
H12), 6.38 (dd, 'J(H,H)=15.63Hz, 'J(H,H)=5,86Hz, 1H; H7), 6.53 (d, 
'J(H,H)=15.63Hz, ,J(H,H)=7.8Hz, l H ; H l l ) ,  6.88(dd, 'J(H,H)=15,63Hz, 
'J(H,H) = 3.9 Hz, 1 H; H3), 7.1 -7.4 (m, 10H; ArH); "C NMR (50.28 MHz, 
CDCI,, 300K, TMS): S =18.014 (CH,), 18.780 (CH,), 28.158 ([CH,],), 40.1 
(CH,), 46.895 (NCH,Ph), 49.280 (CHN), 126.90, 127.8, 127.940, 128.585,128.662, 
129.241, 130.546, 142.086, 144.881; C,,H,,N,O,S, (710.9): calcd C 54.06, H 6.52, 
N 7.88, S 13.53, 0 18.00; found C 54.00, H 6.59, N 7.86. 


L-Boc - vs-Leu- L-vs-Phe - L-vs-Ala - L-vs-Val- NHBn (13) : ' H NMR (300 MHz, 
CDCI,, 300 K, TMS): 6 = 0.92 (d, 'J(H,H) = 6.6 Hz, 6H;  CH,Val), 1.25-1.35 (m. 
5H; CH,Ala +iF'rCH,), 1.45 (s, 9H;  [CH,],C), 1.64 (m, 1 H; Me,CHCH,), 1.83 
(m, 1 H; Me,CH), 2.76 (dd, ,J(H,H) = 9 Hz, 'J(H,H) = 14.1 Hz, 1 H; CHCHH- 
Ph), 3.0 (dd, 'J(H,H) = 4.9 Hz, 'J(H,H) =14.1 Hz, 1H;  CHCHHPh), 3.82 (m, 
1 H ;  H14), 4.04 (m, 1H;  HlO), 4.1-4.3 (m, 2H; H6 +H2), 4.2 (d, 
'J(H,H) = 6.21 Hz, 2H; NCH,Ph), 4.4 (d, 'J(H,H) = 8.0 Hz, 1 H; H 5 ) ,  4.65 (d, 
'J(H,H)=8.0Hz,1H;H1),4.94(d,3J(H,H)=8.8Hz,1H;H13),5.35(m,1H; 
H17),5.60(d,3J(H,H)=7.3H~,1H~H9),5.94(d,3J(H,H)=15.1H~,1H;H8), 
6.23 (d, 'J(H,H) = 15.0 Hz, 1 H;  H 16), 6.39 (d, 'J(H,H) = 15.1 Hz, 1 H; H4), 6.45 
(dd, 'J(H,H) = 6.3 Hz, 1H;  H l l ) ,  6.52 (dd, 'J(H,H) = 6.84Hz, 
'J(H,H)=15,0Hz, 1 H ;  H15), 6.61 (dd, ,J(H,H)=5,0Hz, ,J(H,H)=15.1Hz, 
lH;H3),6.64(dd,,J(H,H) =5,86Hz,'J(H,H) =15.1 Hz, lH;H7),7.2-7.4(m, 
10H; ArH); ',C NMR (50.28 MHz, CDCI,, 300 K, TMS): 6 =18.014 (CH,), 
18.715 (CH,), 20.944 (CH,), 21.651 (CH,), 22.821 (CH,), 24.582 (CH), 28.225 
([CH,],), 32.535 (CH), 40.264 (CH,Ph), 43.077 (CH,), 46.925 (NCH,Ph), 49.060 
(NCH), 49.559 (NCH), 55.208 (NCH), 59.363 (NCH), 126.815, 127.269, 127.870, 
127.975, 128.684, 128.836, 129.705, 129.901, 130.267, 130.656, 142.020, 143.490, 
143.767, 146.483; C,,H,,N,O,,S, (886.2): calcd C 52.86, H 6.71, N 7.90, S 14.47, 
0 18.05; found C 52.80, H 6.79, N 7.85. 
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Dimensional Reduction in 11-VI Materials: A2Cd3Q4 (A = K, Q = S, Se, Te; 
A = Rb, Q = S, Se), Novel Ternary Low-Dimensional Cadmium 
Chalcogenides Produced by Incorporation of A2Q in CdQ 
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Abstract: The synthesis of the iso- 
morphous, layered chalcogenides 
K,Cd,S, (I), Rb,Cd,S, (11), K,Cd,Se, 
(III), Rb,Cd,Se, (IV), and K,Cd,Te, (V) 
in molten A,Q, fluxes is reported (A = K, 
Rb; Q = S, Se, Te; x = 2 to 3). The com- 
pounds form as (Cd,Q,)i”- layers inter- 
spersed with A+ cations; the layers are 
composed of Cd,Q:- units shaped as 
truncated cubes. The compounds have 


room-temperature band gaps of 2.75, strong photoluminescence. The thermal 
2.92, 2.36, 2.37, and 2.26 eV for I, 11, III, analysis data for all compounds are re- 
IV, and v, respectively, and also display ported. The properties of these com- 


pounds are compared with those of the 
three-dimensional compounds CdS, Cd- 
Se, and CdTe, as well as those of the 
nanometer-sized CdQ clusters. A concep- 
tual context is presented to connect all 
these different types of compounds. 


Introduction 


The semiconducting, photoconducting, and light-emitting 
properties of CdS, CdSe, and CdTe have made them some of the 
most important members of the 11-VI family of solids.“] 
Recently, nanometer-sized “quantum dots”[21 and “nano- 
whiskers”[31 of these materials have been shown to display dif- 
ferent properties from those of the bulk materials, such as blue- 
shifted band gaps, exciton confinement and stronger lumines- 
cence. Techniques such as encapsulation in zeolites,[4] 
preparation of quantum wells,[51 synthesis in micelles, surface 
alkylation to generate thiolate-terminated bonds,[61 and produc- 
tion of condensation polymers containing quantum dotst7] have 
been used to break up the 11-VI compounds into nanometer- 
sized particles. While these techniques aim to reduce all of the 
dimensions of the 11-VI crystals in order to achieve narrower 
electronic bands, we wondered whether the same electronic ef- 
fects could be attained by reducing the dimensionality of the 
11-VI lattices. We chose to achieve this dimensional reduction 
of CdQ by the incorporation of A2Q. The alkali metal poly- 
chalcogenide molten salt method can serve as an excellent route. 
Molten A,Q, salts allow the use of moderate temperatures 
(550-800 “C) and offer the possibility of forming metastable 
structures, with alkali metals incorporated into the lattice.[’] 
The materials thus formed can be extended structures of re- 
duced dimensionality, or in some cases, discrete molecular ions. 
As a result of decreased Cd-Q connectivity, these compounds 
possess electronic band structures qualitatively mimicking those 
of quantum-sized particles. The latter display decreased connec- 
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tivity at their surfaces, which account for a large number of the 
cluster atoms. Recently, we reported a blue-shifted band gap 
and bright luminescence in K,Cd,S,,[91 which has a (Cd,S,)i”- 
framework with K+-filled tunnels. By varying the synthetic con- 
ditions, we have produced other compounds in this system. 


We reasoned that lessons learned in the so-called zero-dimen- 
sional “quantum dot” field could possibly be applied to lower- 
dimensional, bulk A/Cd/Q compounds. These ternary materials 
could display anisotropic Cd,Q;- lattices with 3-D channeled or 
cave structures, 2-D, or I-D structures. Such structures and 
concepts have been articulated before and, for example, 3-D 
cave structures have been proposed as inverse quantum “anti- 
dots”.[”] Bulk materials with anisotropic structures that dis- 
play blue-shifted band gaps (with respect to bulk CdS, CdSe, or 
CdTe), excitonic absorptions, strong luminescence, quantum 
confinement along certain crystallographic directions and ho- 
mogeneous melting could be quite interesting, not only from a 
fundamental point of view but also in applications. Large single 
crystals of these materials are more easily accessible than bulk 
single crystals of quantum dots. We note, however, that the 
preparation of small quantum-dot single crystals of CdSe has 
been In this context, these novel, low-dimen- 
sional materials could combine the advantages of both quantum 
dots and bulk solids. 


In the last few years, the so-called “natural quantum well” 
compounds have been studied intensively. These compounds 
consist of perovskite-type layers of edge-sharing octahedra, 
with alkylammonium cations separating the layers. They are 


and (CH,NHJPbI, .[I2] These compounds display efficient lu- 
minescence, higher band gaps than PbI,, and confined excitons. 
Exciton confinement has been attributed to both the finite thick- 
ness of the inorganic layers and the large difference in dielectric 
constant between these layers and the alkylammonium cations 


typified by (CloH, 1NH3)2Pb14, (CH,NH,)(C, ,H, NH,),PbI, 


656 ~ 0 VCH Veriagsgesellschaft mbH, 0-69451 Weinheim. 1996 0947-6539196/0206-0656 $ 15.00f ,2510 Chem. Eur. J.  1996, 2, No. 6 







656-666 


between them. This latter effect has been referred to as "dielec- 
tric confinement." The properties of these materials will be com- 
pared and contrasted with those of the A,Cd,Q, compounds. 


We note a relative paucity of reported A/Cd/Q com- 
pounds, which include only Na,CdS,,['3al Na,CdS, ,[13b1 and 
Na,Cd,Se, .[13c1 The first compound contains discrete (CdS,)6 
tetrahedra, while the second contains I-D (CdS,)?'- chains, and 
the third displays a layered structure. In this contribution, we 
report in detail the synthesis, characterization, and physico- 
chemical properties of the new compounds K,Cd,S,, 
Rb,Cd,S,, K,Cd,Se,, Rb,Cd,Se,, and K,Cd,Te,. We will dis- 
cuss their structures and optical and spectroscopic properties 
with respect to property dependence on dimensionality. 


Experimental Procedure 


Materials: Cadmium metal was obtained from Johnson Matthey Electronics (Lot 
17529), elemental sulfur from Spectrum Chemical (Lot EE597), both elemental 
selenium and tellurium from Aldrich (99.8 %, Lot 04705CY), potassium metal 
(98%) from Aldrich, and rubidium metal, CdS (99.999%, Lot X14056), CdSe 
(99.995%, Lot 70624A-33-40WP1) and CdTe (99.999%, Lot 36312-G-(l-I2)W) 
from Cerac. 


Synthesis of K,S, K,Se and K,Te: Potassium sulfide, potassium selenide, and potas- 
sium telluride were produced in liquid ammonia. In a nitrogen-filled glove box, the 
stoichiometric amounts of potassium and elemental chalcogen (S, Se, or Te) powder 
necessary to produce 20 g of starting material were loaded into a 250 ml round-bot- 
tomed flask. A Teflon stir bar was added and the flask closed to air with a glass 
adapter and valve. This apparatus was then attached to a Schlenk line, where 
approximately 150 ml of liquid ammonia was condensed under nitrogen, with stir- 
ring, into the dry-ice/acetone-cooled flask. After the flask had warmed to room 
temperature, the apparatus was held under vacuum for several hours and then 
heated with a hot-air gun to drive off any remaining ammonia. The apparatus was 
returned to the glove box, and the product was ground to a fine powder before use. 
The sulfide, selenide, and telluride powders were pale yellow, pale orange, and beige, 
respectively. 


Synthesis of Rh,S and Rh,Se: In a nitrogen-filled glove box, rubidium metal was 
gently heated until molten. Approximately 10 g of the alkali metal was subsequently 
weighed into a three-necked, 500 ml round-bottomed flask. The center neck was 
closed with a glass adapter and valve, while the two outer necks were closed with 
ground glass stoppers. After the stoichiometric amount of elemental sulfur or sele- 
nium needed had been calculated, this was weighed from a stock in the glove box 
and placed in a clean, dry vial. The apparatus was then removed to a Schlenk line. 
Liquid ammonia was condensed under nitrogen into the dry-icepdcetonesooled 
flask. After the flask had been half filled and swirled to dissolve the rubidium, a 
Teflon-coated stir bar was added through a side neck. The solution was then set 
stirring before the addition of the sulfur or selenium. Subsequently, the material was 
treated as above before use, resulting in pale yellow and pale orange powders of the 
sulfide and selenide, respectively. Caution: Potassium and rubidium arc highly reac- 
tive! The flask residue was rinsed carefully with isopropyl alcohol to destroy any 
remaining alkali metal. 


Synthesisof K,Cd,S,: The reaction of K,S (0.331 g, 3.0 mmol), Cd metal (0.056 g, 
0.5 mmol), and elemental S (0.128 g, 4.0 mmol) was accomplished in a 3/8 in 
0.d. x 1/4 in i.d. x 3 in alumina thimble. After the powdered starting materials were 
loaded into the thimble, it was sealed inside a 13 mm 0.d. x 11 mm i.d. carbon-coat- 
ed quartz tube. The tube was placed in a computer-controlled furnace and heated 
to 600 "C for 2 d, followed by 5 "Ch- ' cooling to 50°C. Light yellow, transparent 
plates of K,Cd,S, were isolated with methanol under a nitrogen atmosphere. This 
compound is air- and water-stable, and is insoluble in common organic solvents. A 
yield of 60%, based on Cd, was typical. Semiquantitative microprobe analysis of a 
number of these crystals by SEM/EDS gave a composition of K, ,Cd, $,.,. 
K,Cd,S, was also prepared by a direct combination reaction at higher temperature. 
The mixture of K,S (0.331 g, 3.0 mmol) and CdS (0.867 g, 6.0 mmol) was heated in 
a flat-bottomed alumina boat. The boat was sealed horizontally inside an evacuat- 
ed, carbon-coated quartz tube (16 mm 0.d. x 14 mm i.d.) and heated at 800°C for 
2 d, followed by cooling at 1 "Ch-'  to 750°C and 25'Ch-I cooling to 50°C. The 
50% excess of K,S promotes crystal growth, prevents formation of CdS and can be 
washed away with water, methanol, and ether. This reaction yielded centimeter- 
sized, polycrystalline plates. 


Synthesis of Rh,Cd,S,: Large yellow plates of Rh,Cd,S, were obtained by the 
reaction of Rb,S (0.609 g, 3.0 mmol), Cd metal (0.056 g, 0.5 mmol), and elemental 
S (0.064 g, 2.0 mmol). This charge was first loaded into an alumina thimble, then 


sealed inside an evacuated, carbon-coated quartz tube. The tube was placed inside 
a computer-controlled furnace and heated at 800 "C for 3 d, followed by 10 "C h- I 


cooling to 400°C. 20"Ch-' cooling to 50°C and quenching to room temperature. 
The product was isolated with methanol under a nitrogen atmosphere. The com- 
pound is air- and water-stable. A yield of 50 %, based on Cd, was typical. Semiquan- 
titative analysis of a number of these crystals by SEM/EDS gave a composition of 
Rbz oCd3 2S4.4. 


Synthesis of K,Cd,Se,: Large yellow plates of K,Cd,Se, were obtained by the 
reaction of K,Se (0.236 g, 1.5 mmol), Cd metal (0.028 g, 0.25 mmol), and elemental 
Se (0.158 g, 2.0 mmol). This charge was first loaded into an alumina thimble, then 
sealed inside an evacuated, carbon-coated quartz tube. The tube was placed inside 
a computer-controlled furnace and heated at 650°C for 2 d, followed by 5"Ch- '  
cooling to 400 "C and quenching to room temperature. The product was isolated 
with methanol under nitrogen. The compound is insoluble in water and common 
organic solvents, but is sensitive to long exposure to air. A yield of 57%, based on 
Cd, was typical. Semiquantitative analysis of a number of these crystals by SEM/ 
EDS gave a composition of K,.,Cd,,Se,,. 


Synthesis of Rh,Cd,Se,: Dark yellow plates of Rb,Cd,Se, were obtained by the 
reaction of Rb,Se (0.375 g, 1.5 mmol), Cd (0.028 g, 0.25 mmol), and elemental Se 
(0.1 18 g, 1.5 mmol). This charge was placed inside an alumina thimble, which was 
sealed inside a carbon-coated quartz tube under vacuum. The tube was heated inside 
a computer-controlled furnace at 650 "C for 2 d, followed by cooling at 5 "C h-' to 
200 "C, and finally quenching to room temperature. The product was isolated with 
methanol under nitrogen. The compound is insoluble in water and common organic 
solvents, but is sensitive to prolonged exposure to air. A yield of 52%. based on Cd, 
was typical. Semiquantitative analysis of a number of these crystals by SEM/EDS 
gave a composition of Rb,,,Cd, ,Se, * .  


Synthesis of K,Cd,Te,: Orange plates of KzCd3Te, were obtained by the reaction of 
K,Te (0.103 g, 0.5 mmol) and CdTe (0.360 g, 1.5 mmol). This charge was placed 
inside an alumina thimble, which was sealed inside a carbon-coated quartz tube 
under vacuum. This tube was heated at 800 "C in a computer-controlled furnace for 
2 d, followed by cooling at 10 "C h-' to 400 "C, and finally, at 25 "C h- '  to room 
temperature. The product was isolated with methanol under nitrogen. The com- 
pound is insoluble in water and common organic solvents, but is sensitive to expo- 
sure to air. A yield of 45%, based on CdTe, was typical. Here, the reaction was 
performed stoichiometrically to prevent decomposition of large amounts of K,Te. 
Semiquantitative analysis of a number of these crystals by SEM/EDS gave a compo- 
sition of K, &d, ,Te,,,. 


Single Crystal X-Ray Diffraction: Single crystal X-ray diffraction data for K,Cd,S, 
and Rb,Cd,Se, were collected on a computer-controlled Nicolet (Siemens) P 3F 
four-circle diffractometer (MoKa radiation, graphite-monochromated) at 20 "C. Cell 
parameters were determined by least-squares refinement of fifteen computer-cen- 
tered reflections with 28>25". The intensity data were collected with the w-scan 
technique. Single crystal X-ray diffraction data for Rb,Cd,S, and K,Cd,Te, were 
collected on a computer-controlled Nicolet P3V four-circle diffractometer (Mo, 
radiation, graphite-monochromated, 2 @/o-scan technique) at low temperature 
(- 122 'C for Rb,Cd,S4 and -80°C for K,Cd,Te,). Cell parameters were deter- 
mined by least-squares refinement of eighteen computer-centered reflections with 
12<28<40". None of the four crystals showed significant decay as judged by three 
check reflections measured every 150 reflections throughout their respective data 
sets. The space groups were determined from the systematic absences and intensity 
statistics. The structures were solved by the direct methods routine of SHELXS-86 
[14] and refined by the full-matrix least-squares techniques of the TEXSAN package 
of crystallographic programs [15]. For K,Cd,S,, Rb,Cd,S,, and Rb,Cd,Se, an 
empirical absorption correction based on @-scans was applied to each data set. 
followed by a DIFABS [I61 correction to the isotropically refined structure. For 
K,Cd,Te,, only the DIFABS absorption correction was applied. For K,Cd,S,, 
Rb,Cd,Se,, and K,Cd,Te4, all atoms were eventually refined anisotropically. For 
Rb,Cd,S,, only the Rb and Cd atoms were refined anisotropically. All calculations 
were performed on a VAX Station 3100/76 computer. Thecomplete parameters and 
details of the structure solution and refinement for the four compounds are given in 
Tables 1 and 2. The coordinates of all atoms, isotropic equivalent temperature 
factors, and their standard deviations are given in Tables 3, 4, 5, and 6. For 
K,Cd,Se,, only the unit cell dimensions were determined: u =14.32(3), 
b = 10.59(2), and c = 6.79(1) A. This cell and the atomic positions observed in 
K,Cd,S4 (with Se substituted for S) were used to calculate the theoretical powder 
diffraction pattern for K,Cd,Se,. Though preferred orientation was present, the 
observed powder pattern matched reasonably well with the calculated one. 
The five compounds were examined by X-ray powder diffraction to check for phase 
purity and for identification. Powder patterns obtained on a Philips XRG-3000 
powder diffractometer and a Rigaku rotating anode (Cu,.) X-ray powder diffrac- 
tometer, Rigaku-DenkilRw 400 F2 (Rotaflex), provided accurate dhk, spacings and 
showed K,Cd,S,, Rb,Cd,S,, K,Cd,Se4, Rb,Cd,Se,, and K,Cd,Te, to be X-ray 
isomorphous. The calculated [17] and observed powder patterns of K,Cd,S, are 
given in Table 7, while the rest have been deposited with the supplementary material 
[32]. Further details of the crystal structure investigations may be obtained from the 
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Table 1. Summary of crystallographic data for K,Cd,S, and Rb,Cd3S, 


~ 


K2Cd3S4 Rb,Cd,S, 


FW (gmol-’) 543.67 543.67 
color, habit trans. yellow, plate trans. It. brown, plate 
dimensions (mm) 
a (A) 13.880(4) 14.217(6) 
b (8) 10.247(3) 10 525(4) 
c (A) 6.608(1) 6.558 (2) 
v (‘47 939.8 (7) 981 (1) 
space group Pnma (no. 62) Pnma (no. 62) 
Z 4 4 
PEalEd (gcm-7 3.84 4.31 
P(Mo,,) (cm- ‘1 83.76 67.67 
radiation [A (A)] Mo,, (0.71069) Mo,. (0.71069) 
T (“C) 20 - 122 
scan type w 012  8 
scan rate (“mm-’) 2.0-6.0 2.0 
2 em*, (“1 54.8 50.1 
min./max. absorption coeff. 
+ scan correction 0.90jl.08 0.6911.22 
no. reflns measured 1103 1015 


no. variables 49 38 


GoF 1.76 2.44 


0.18 x 0.20 x 0.38 0.44 x 0.26 x 0.013 


no. reflns 1>3a(l)  879 493 


R/R, [a1 3.4%/4.2 Yo 5.3 %/4.3% 


[a1 R =Z(IFol - lEl)/ZIFol; R, = {Cw(lFol - 1E1)21ZwIFo12}”2; w =11u2(F). 


Table 2. Summary of crystallographic data for Rb,Cd,Se, and K2Cd,Te,. 


Formula Rb,Cd,Se, K,Cd,Te, 


FW (gmol-I) 824.01 925.83 
color, habit dark yellow, plate orange, plate or rod 
dimensions (mm) 
a (A) 14.749 (7) 15.137(8) 
b (A) 11.012(4) 11.307(4) 
c (A) 6.802(3) 7.292(7) 
v (‘47 1105(1) 1248 (2) 
space group Pnma (no. 62) Pnma (no. 62) 
Z 4 4 
P E s l s d  (gem-') 4.95 4.93 
d M o d  (cm-’) 272.18 148.62 
radiation (A [A]) Mo,. (0.71069) Mo,. (0.71069) 
T W )  20 - 80 
scan type 0 2810 
scan rate cmin-’) 2.0-6.0 2.0 
2 emax (“1 50.7 60.0 
min./max. absorption coeff. + scan correction 0.9411.57 0.6711.25 
no. reflns measured 1209 2121 
no. reflns 1>30(I) 740 1009 
no. variables 49 49 
RIR, [a1 4.3 %/4.4 % 6.416.2 
GoF 1.38 4.28 


0.025 x 0.18 x 0.38 0.2 x 0.05 x 0.05 


[a1 R = Z(I& - l E l ~ l C l ~ o l ~  R, = {Cw(lFoI - IE1)21CwIFo12)”2; w =l/u2(F). 


Table 3. Fractional atomic coordinates and Be, [a] values for K2Cd,S, (estimated 
standard deviations in parentheses). 


X z Atom Y Be, 


Cd 1 0.79603(7) 0.75 0.2236(1) 0.86(3) 
Cd 2 0.75168(4) 0.40831 (6) 0.16226(8) 0.90(2) 
K1  1 .o 0.5 0.0 1.7(1) 
K 2  0.5315(2) 0.75 - 0.0216 (4) 1.7(1) 
s1 0.8535(2) 0.75 - 0.1 307 (4) 0.9(1) 


s 3  0.6348(1) 0.4672(2) -0.1181(3) 0.74(6) 
s 2  0.6417(2) 0.75 0.4321 (4) 0.8(1) 


[a] B values for anisotropically refined atoms are given in the form of the isotropic 
equivalent displacement parameters, defined as Be, = (4/3)[a2B(l,l) + b2B(2,2) 
+ c2B(3,3) + ab(cosy)B(l,2) + ac(cosb)B(1,3) + bc(cosa)B(2,3)]. 


M. G. Kanatzidis et al. 


Table 4. Fractional atomic coordinates and Be, [a] values for Rb,Cd,S, (estimated 
standard deviations in parentheses). 


Atom 


Cd 1 0.2062(3) 0.25 0.2481 ( 5 )  OS(1) 
Cd 2 0.2473(2) 0.5921 (2) 0.1854(3) 0.55(8) 


X z Y 1, 


Rb 1 0.0 0.5 0.0 1.0(2) 


s 1  0.1515(9) 0.25 - 0.109 (2) 0.4(2) [bl 
s 2  0.3564(9) 0.25 0.460 (2) 0.5(2) [bl 
s 3  0.3615(5) 0.5376(6) -0.099(1) 0.3(1) Ibl 


Rb 2 0.4661 (4) 0.25 -0.0244(7) 1.0(2) 


[a] B values for anisotropically refined atoms are given in the form of the isotropic 
equivalent displacement parameters, defined as Be, = (4/3)[a2B(l,l) + b2B(2,2) 
+ c2B(3,3) + ab(cosy)B(1,2) + ac(cosb)B(1,3) + bc(cosa)B(2,3)]. [b] Isotropic 
temperature factors. 


Table 5. Fractional atomic coordinates and B,, [a] values for Rb,Cd,Se, (estimated 
standard deviations in parentheses). 


X z Y Be, Atom 


Cd 1 0.7935(1) 0.75 0.2585 (2) 1.52(7) 
Cd 2 0.7450(1) 0.9059(1) 0.6910(2) 1.53 (5) 
Rb 1 0.5 1 .o 0.5 2.8(1) 
Rb2 0.5366(2) 0.75 - 0.0234 (4) 2.3(1) 
Se 1 0.8480 (2) 0.75 -0.1039 (3) 1.41 (9) 
Se 2 0.6402 (2) 0.75 0.4637(3) 1.35(9) 
Se 3 0.8625(1) 0.9632(1) 0.4105(2) 1.33 (6) 


[a] B values for anisotropically refined atoms are given in the form of the isotropic 
equivalent displacement parameters, defined as B,, = (4/3)[a2B(l,1) + b2B(2,2) 
+ c2B(3,3) + ab(cosy)E(l,2) + ac(cosg)B(1,3) + bc(cosa)B(2,3)]. 


Table 6. Fractional atomic coordinates and Be, [a] values for K,Cd,Te, (estimated 
standard deviations in parentheses). 


X z Y Be, Atom 


Te 1 0.8654(2) 0.25 0.0765 (5)  1.2(1) 


Te 3 0.6324 (1) 0.4685 (2) 0.1094 (3) 1.21 (7) 


K1  0.5 0.5 0.5 2.2(5) 


Te 2 0.6445 (2) 0.25 -0.3698(5) 1.3(1) 


Cd 1 0.7023(2) 0.25 0.2698 (6) 1.4(1) 
Cd 2 0.7562(2) 0.4032 (2) - 0.1619 (4) 1.36(9) 


K2 0.4651 (8) 0.25 -0.028 (2) 2.2(5) 


[a] B values for anisotropically refined atoms are given in the form of the isotropic 
equivalent displacement parameters, defined as Be, = (4/3)[a2B(1 ,1) + b2B(2,2) 
+ c2B(3,3) + ab(cosy)B(1,2) + ac(cosg)B(1,3) + bc(cosa)B(2,3)]. 


Fachinformationzentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen (Germany), 
on quoting the depository number CSD-59268. 


Semiquantitative Microprobe Analysis: Semiquantitative microprobe analysis was 
performed on a JEOL JSM-35C scanning electron microscope (SEM) and a JEOL 
JSM-6400 SEM equipped with a Noran energy-dispersive spectroscopy (EDS) sys- 
tem. Data acquisition was performed with an accelerating voltage of 20 kV. Compo- 
sitions given are the average of several 30 s acquisitions. 


Optical Spectroscopy: A Shimadzu UV-3101 PC double-beam, double-monochro- 
mator spectrophotometer was used to measure the room-temperature optical dif- 
fuse reflectance spectra of the five compounds. The methods used to collect the 
reflectance data and convert it to absorbance values have been described elsewhere 
[IS]. We obtained the band gap values by extrapolating the linear regions of each 
(a/S), versus energy plot to (.IS)’ = 0 [19]. These values are estimated to be accu- 
rate to kO.03 eV. Single-crystal absorption spectra were obtained on a Hitachi 
U-6000 Microscopic FT spectrophotometer mounted on an Olympus BH2-UMA 
microscope. Crystals lying on a glass slide were positioned over the light source and 
the transmitted light was detected from above. 


Photoluminescence Spectroscopy: Photoluminescence spectra for K,Cd,S,, 
Rb,Cd,S,, K,Cd,Se,, Rb,Cd,Se,, and K,Cd,Te, were obtained on a Spex Fluo- 
rolog-2 F 11 1 A 1 spectrofluorimeter. Excitation wavelengths were chosen from a 
150 W xenon arc lamp by means of a single grating spectrometer. This spectrometer 


~ 
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Table 7. Calculated and observed powder patterns for K,Cd,S,. 


h k l  dcaiEd (A) dobr (A) II1m. obi 


(”/.I 


2 0 0  6.94 7.00 100 
1 1 1  5.16 5.19 2 
2 0 1  4.79 4.80 3 
4 0 0  3.47 3.49 45 
4 1 0  3.29 3.31 14 
3 2 1  3.05 3.06 21 
2 0 2  2.98 3.00 17 
2 1 2  2.86 2.88 5 
2 3 1  2.78 2.79 23 
3 0 2  2.69 2.70 19 
3 3 1  2.54 2.55 3 
2 4 0  2.403 2.426 4 
4 3 1  2.284 2.293 17 
6 0 1  2.183 2.191 5 
5 0 2  2.125 2.134 17 
5 3 1  2.048 2.059 3 
6 2 1  2.009 2.015 13 
2 2 3  1.943 1.957 3 
7 1 1 , 6 1 2  1.867 1.872 8 
6 3 1 , 1 3 3  1.840 1.841 12 
8 0 0  1.735 1.739 18 
3 3 3 , 6  4 0 1.719 1.720 11 
2 6 0 , 8 1  1 1.658 1.661 14 
8 3 0  1.541 1.552 3 
4 6 2, 10 0 0 1.390 1.390 5 
9 3 1 , 6 6 0  1.375 1.375 3 
1 0 1  1 1.347 1.351 10 


was equipped with a 1200groovemn~’ diffraction grating and 5 nm band pass 
slits. The sample compartment was equipped with a vertically mounted quartz 
liquid-nitrogen Dewar. Emitted light was collected in the “front face” mode, 22.5” 
away from the incident beam. Emission wavelengths were selected with a single 
grating spectrometer equipped with a 1200 groovemm- ’ diffraction grating and 
1 .O nm band pass slits. The signal was detected with a Hamamatsu R928 photomul- 
tiplier. Excitation spectra were corrected for lamp intensity by comparison with a 
quantum counter reference detector loaded with rhodamine B. Powdered samples 
were loaded into 3 mm quartz tubing and sealed under vacuum (approx. 
1 .O x mbar). 
Differential Thermal Analysis (DTA): Thermal analysis was performed on a Shi- 
madzu DTA-50 differential thermal analyzer. High-quality crystals were selected 
from the reaction product and ground. Approximately 15-20 mg of each material 
was loaded into a 2.0 mm i.d. x 3.0 mm 0.d. quartz tube with a flattened bottom and 
sealed under a vacuum of less than 1 x mbar. Since K,Cd,S, reacts with glass 
at temperatures higher than 500”C, the quartz tube was first carbon-coated by the 
pyrolysis of acetone. Such a tube filled with 20 mg of AI,O, powder was used as the 
reference in this case. The samples of Rb,Cd,S, and K,Cd,Te, were treated in a 
similar manner. An uncoated tube was used for both reference and sample in the 
cases of the two selenide compounds. Heating and cooling rates of 10 “C min- ’ were 
used. Typically, the samples showed an endothermic peak upon heating and an 
exothermic peak upon cooling. The temperature associated with each thermal event 
was assigned to the melting and recrystallization, respectively, of each compound. 
Comparisons between powder patterns taken before and after heating were made to 
establish whether each compound melted with or without decomposition. 


Results and Discussion 


Description of the Structure: These compounds are composed of 
anionic cadmium chalcogenide layers situated perpendicular to 
the a axis (Fig. 1) .  Inspection of the layer quickly reveals that 
Cd,Q:- clusters are the fundamental building blocks in this new 
structure type. These Cd,Qf- clusters take the form of truncat- 
ed cubes, shown in Figure2. A three-coordinate Q atom as- 
sumes the apex of the cluster by bonding to three Cd atoms. The 
remaining three Q atoms each bond to two Cd atoms in the 
cube-like cluster and one Cd in an adjacent cluster. These bonds 
result in the formation of three distorted rhombi, with one point 
common to all three. The cuboidal clusters are arranged in rows 
along the c axis. Within each row, the clusters point in the same 
direction. Rows of clusters are arranged side by side, pointing in 


A 
C 


II 
Fig. 1. A) The structure of one (Cd,S,).2”- layer. B) The three-dimensional struc- 
ture of K,Cd3S4 looking down the crystallographic c axis. 


02 


Fig. 2. The Cd,S:- defect cubane unit. 


opposite directions as the b axis is traversed. Each cluster has six 
neighbors, two of which point in the same direction and four of 
which point in the opposite direction. The crystallographically 
determined Cd-Q distances, tabulated in Table 8, are compar- 


Table8. Selected bond lengths (A) up to 4.0A for K,Cd,S,, Rb,Cd,S,, 
Rb,Cd,Se,, and K,Cd,Te, (standard deviations in parentheses) [a]. 


- ___ ~ ~- 


KzCdS, Rb,Cd,S, Rb,Cd,Se, K,Cd,Te, 


Cd 1 -Cd2 3.3867(9) 3.380(4) 3.481 (2) 4.002 (3) 
Cd 2- C d2 3.244(2) 3.324(4) 3.434(2) 3.465 (5) 
Cd 1 -Q 1, 2.474(2) 2.47 (1) 2.593 (3) 2.770(6) 
Cd 1 - 4 2  2.547(3) 2.55(1) 2.658(3) 2.844(5) 
C d l - Q 3  2.640(2) 2.633(7) 2.760(2) 2.931 (3) 
Cd2-QIb  2.576(2) 2.58(1) 2.684 (2) 2.856(4) 
Cd2-Q2 2.672(2) 2.67(1) 2.780(2) 2.960 (4) 
Cd 2- Q 3, 2.536(2) 2.537(8) 2.654(2) 2.823 (4) 
Cd2-Q3, 2.494 (2 )  2.502(8) 2.612(2) 2.781 (4) 
A l - Q l  3.383(2) 3.475 (8) 3.620(2) 3.698(2) 
A I L Q 2  3.261 (2) 3.341 (8) 3.452(2) 3.529 (2) 
A1-Q3 3.159 (2) 3.311 (8) 3.475(2) 3.501 (3) 
A2-Q1 3.366 (4) 3.57(1) 3.764 (4) 3.69(1) 
A2-Q2 3.366 (4) 3.54(1) 3.648 (4) 3.62(1) 
A2-Q3 3.295 (3) 3.407(7) 3.519(2) 3.559(6) 
A2-Q3 3.336(3) 3.41 S(8)  3.563(3) 3.675(9) 


[a] The estimated standard deviations in the mean bond length are calculated by the 
equations UI = {xn(ln - D2/n(n -I)}’”, where In is the length of the nth bond, I the 
mean length, and n the number of bonds. 
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Table 9. Selected bond angles (") for K,Cd,S,, Rb,Cd,S,, Rb,Cd,Se,, and 
K,Cd,Te, (standard deviations in parentheses) [a], 


K,Cd,S, Rb,Cd,S, Rb,Cd,Se, K,Cd,Te, 


Q 1,-Cd 1 -Q 2 
Q 1 ,-Cd 1 -Q 3 


Q3,-Cdl-Q3, 


Q 1 ,-Cd 2-Q 2 
Q lb-Cd2-Q3, 
Q 1 ,-Cd 2-4 3, 
Q 2-Cd2-Q 3, 
Q 2-Cd2-Q 3, 
Q3,-Cd2-Q3, 


Cd2-Ql-Cd2 
Cd 1-Q2-Cd2 
Cd 2-Q2-Cd2 


Q 2-Cd 1 -Q 3 


Cd 1-Q 3-Cd 2 


Q 1-A 1 -Q 1 
Q 1-A 1 -42  
Q 1-A 1-Q 2 
Q 1-A 1-Q 3 
Q 1-A 1-Q 3 
Q2-A 1-Q2 
Q2-A I-Q3 
Q2-A 1 -43  
Q 3-A 1-Q3 


Ql-A2-Q2 
Q 1-A 2-Q 2 
Q 1-A2-Q 3 


Q2-A2-Q3 
Q 2-A 2-4 3 
Q2-A2-Q3 


Q2-A2-Q3 
Q 3-A 2-Q 3 


Q l-A2-Q3 


Q 2-A2-Q 3 


Q3-A2-Q3 
Q 3-A 2-Q 3 


141.6 (1) 
104.93(6) 
95.26 (6) 


114.91 (9) 


103.54 (6) 
111.79 (7) 
100.08 (7) 
94.77(7) 


106.97(8) 
135.08(4) 


78.06(9) 
80.90(8) 


81.72 (6) 
74.79 (8) 


180.00 
78.61 (6) 


101.39 (6) 
76.55(6) 


103.45(6) 
180.00 
99.41 (6) 
80.59 (6) 


180.00 


72.1 (3) 
160.0 (1) 
71.45(7) 


112.59(6) 
121.64(7) 
93.89(8) 
69.65 (6) 
88.55 (7) 


123.1 (1) 
160.22 (9) 
76.5716) 
83.7(1) 


141.5(5) 
104.3 (2) 
95.6(2) 


116.2 ( 3 )  


101.3(2) 
113.6(3) 
100.0(3) 
95.1 ( 3 )  


108.1 (3) 
133.5(1) 


80.3(4) 
80.7(3) 
77.1 ( 3 )  
81.6 (2) 


180.00 
78.4(2) 


101.6(2) 
72.8 (2) 


107.2 (2) 
180.00 
102.0(2) 
78.0(2) 


180.00 


72.4(3) 
158.5(3) 
68.2(2) 


103.1 (2) 


96.0(2) 
71.8(2) 
86.3 (2) 


125.3 ( 3 )  
158.2(2) 
76.4(4) 
81.8(8) 


121.0(2) 


139.8(1) 
103.99 (6) 
96.72 (6) 


116.6(1) 


102.06(6) 
113.55(7) 
98.98 (6) 
96.34 (7) 


108.71 (8) 
132.56(5) 


79.55(9) 
79.56(8) 
76.28(8) 
79.99 (7) 


180.00 
77.19(6) 


102.81 (6) 
72.96(5) 


107.04 ( 5 )  
180.00 
101.48 ( 5 )  
78.52(5) 


180.00 


71.30 (7) 
157.1 (1) 
67.20 (7) 


103.08 (6) 
119.10(6) 
96.08 (7) 
73.36 (5) 
86.51 (6) 


127.6(1) 
157.41 (8) 
74.97(6) 
82.44(9) 


138.1 (2) 
105.3(1) 
96.6(1) 


114.9(2) 


106.71 (9) 
110.9 (1) 
97.9(1) 
96.5(1) 


108.6(1) 
133.37(9) 


74.7(1) 
78.8(1) 
71.7(1) 
79.6(1) 


180.00 
76.67 (7) 


103.33 (7) 
78.03 (7) 


101.97(7) 
180.00 
96.90 (7) 


180.00 
83.10(7) 


68.1 (2) 
157.2(4) 
71.1 (2) 


119.8(3) 
92.3(3) 
71.1 (2) 
88.8(2) 


126.9(1) 
158.8(3) 


101 .o (2) 


74.34(8) 
84.5(3) 


[a] The estimated standard deviations in the mean bond angles are calculated by the 
equations uI = {xn(ln - O*/n(n - l)}'", where I ,  is the angle between the nth bond, 
I the mean angle, and n the number of angles. 


able to other known cadmium chalc~genides.[~. l 1  - 13,  Th e 
presence of the three four-membered rings within the defect 


A 
Q3 


42 


Fig. 3. The coordination sphere of the 
alkali ions K +  or Rb', designated as A 1 
and A2 for the two crystallographic 
sites. 


cube results in a rather dis- 
torted tetrahedral coordina- 
tion for cadmium (Table 9). 
The alkali metal counterions 
display distorted octahe- 
dral coordination spheres 
(Fig. 3). One of the cations, 
A2, directly faces a pocket 
formed by the sulfur atoms 
of the cuboidal 
Cd,Qi- units. The 
face of the octahe- 
dron shared with the 
cluster is denoted by 
the dotted lines. The 
Cd atoms are in dis- 
torted tetrahedral co- 
ordination, while the 
Q atoms are exclu- 
sively three-coordi- 
nate. This differs 
from bulk CdS, CdSe, 
and CdTe, in which 
both Cd and the 


chalcogen are in regular tetrahedral coordination. Conversely, 
large numbers of three-coordinate chalcogen atoms are found 
on the surfaces of quantum-sized particles. These particles, with 
their higher surface-to-volume ratio, differ from the bulk com- 
pounds by displaying a higher percentage of surface atoms with 
more distorted and/or lower connectivity. In a sense, then, the 
A,Cd,Q, compounds could be viewed as being formed by peel- 
ing the surfaces from quantum-sized particles, rolling them flat, 
and stacking them together with A+ to balance the negative 
charge. The negative charges exist as "dangling" bonds in CdQ 
nanoparticles, which can be balanced by capping with terminal 
thiol ligands. Viewing the A,Cd,Q, compounds this way pro- 
vides an interesting new conceptual framework in which to ra- 
tionalize some of their properties, namely, blue-shifted band gaps 
and brighter luminescence than in the bulk I1 -VI compounds. 


A molecular analog of the Cd,S:- cluster of K,Cd,S, is 
contained in (NMe,)[Cd,(SC6H2z€'r,),]~C,H,, .Iz1] This com- 
pound has longer Cd-S bond lengths about the apical S atom 
(ranging from 2.709 (7) to 2.800(8) A) than those in K,Cd,S, 
(2.547 (3) to 2.672 (2) A). Other bonds around the periphery of 
the defect cube are more similar, ranging from 2.488(9) to 
2.56(1) A in (NMe,)[Cd,(SC,H,iPr,),].C,H,, and from 
2.536(2) to 2.640(2) in K,Cd,S,. No luminescence studies 
were reported for this compound. To the best of our knowledge, 
no selenium or tellurium analogs of this compound have been 
reported. 


The K,Cd,S, structure type represents a fourth structure type 
with the A,M,Q, formula, where M = Zn, Cd, or Hg. In both 
Na2Hg3S4["] and A,Hg,Q, (A = K, Cs and Q = S, Se),[231 Hg 
is present in two different coordination environments. In 
Na,Hg,S,, there are both linear and trigonal planar Hg atoms. 
The structure as a whole consists of highly corrugated layers. In 
K,Hg,S,, (Hg,S,):"- linear chains are separated by K'. These 
chains consist of tetrahedral HgS, units linked together by lin- 
ear Hg. The third structure type, C S , Z ~ , S , ~ ~ ~ ~  features a defect 
anti-PbO structure, where one quarter of the metal atoms have 
been removed, resulting in eight-membered Zn,S, rings. Both 
Cs,Zn,S, and K2Cd,S, are layered, with trigonal pyramidal 
coordination about the chalcogen. K,Cd,S, displays signifi- 
cantly distorted tetrahedra, with S-M-S angles ranging from 96 
to 138", while this range is only 92- 114" in Cs,Zn,S,. These two 
structure types are compared in Figure 4. 


It is interesting that the Cs,Zn,S, structure type seems to 
form with a larger ratio of alkali metal to transition metal radius 
(Rb,Zn,S,, Cs,Mn,S,, and Cs,Co,S, are all i sos t r~c tu ra l ) . [~~~  
This radius ratio varies from 2.05 to 2.49 for the Cs,Zn,S,-type 
compounds but it is significantly smaller for the K,Cd,S,-type 
compounds, varying from 1.45 to 1 .60.lZ6] This observation sug- 
gests that the counterion-to-metal radius ratio alone may be 
responsible for the stabilization of these structures. 


Fig. 4. Comparison of an idealized (Zn,S,),2'- layer and an idealized (Cd,S,),2"- layer. 
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Optical Spectroscopy: All A,Cd,Q, compounds are lighter in 
color than their corresponding CdQ parent compounds. The 
absorption spectra display steep absorption edges that are the 
result of charge-transfer excitations between a Q p-like valence 
band and a Cd 5s-like conduction band, similar to those occur- 
ring in the CdQ binaries (Figs. 5 and 6). Table 10 summarizes all 


J 


(I)  CdS 


I 1 5  2 2 5  3 3 5  4 4 5  5 
Energy (eV) 


1 5  


I 


c 


c 
a 


0 5  


0 


2 6  2 0  3 3 2  3 4  
Energy (eV) 


Fig. 5. A) Solid-state absorption spectra of CdS, K,Cd,S,, and Rb,Cd,S,. 
B) Single crystal absorption spectra of K,Cd,S, and Rb,Cd3S,. The interference 
pattern observed below the band gap results from the finite thickness of the speci- 
mens and their high refractive index relative to air. 


the optical absorption and emission (vide infra) properties ob- 
served for the compounds reported here. The band gaps increase 
from 2.44 eV in CdS“’] to 2.75 eV in K,Cd3S4 and 2.92 eV in 
Rb,Cd,S,; from 1.74 eV in CdSe[”] to 2.36 and 2.37 eV for 
K2Cd3Se4 and Rb2Cd,Se4, respectively, and from 1.5 eV in 
CdTe[’’] to 2.26 eV in K,Cd,Te,. The absorption spectra of the 
parent 11-VI compounds are displayed in Figures 5 and 6 for 


s/ I 
1 1 5  2 2 5  3 


Encrgy (cV) 


Fig. 6. Solid-state absorption spectra of: A) CdSe, K,Cd,Se,, and Rb,Cd,Se,; 
B) CdTe, K2Cd,Te.,. 


comparison. We note that the band gaps of CdS, CdSe, and 
CdTe are direct. The similarity of their absorption spectra with 
those of the A,Cd3Q, compounds and the observation of bright 
luminescence would indicate that the band gaps of the ternaries 
are also most likely direct. The single crystal transmission spec- 
tra of K,Cd,S4 and Rb,Cd,S, are in good agreement with the 
diffuse reflectance spectra obtained from the powder samples, 
giving band gaps of 2.82 and 2.92eV for K,Cd3S4 and 
Rb,Cd,S,, respectively (Fig. 7). These band gaps are consistent 
with the colors of the materials. The two sulfides are pale yellow, 
the two selenides are a deeper yellow and the telluride is orange 
in color. This dramatic effect is attributed to the breakup of the 
parent structure, which results in frameworks of reduced dimen- 
sionality (at least in one direction in this case). Band dispersion 
in these materials is much narrower than in the bulk CdQ com- 
pounds and along the a axis is almost zero, approaching discrete 
electronic levels. This is qualitatively what occurs in quantum- 
sized particles.[”] 


Table 10. Summary of spectroscopic data for K,Cd,S,, Rb,Cd,S,, K,Cd,Se,, Rb,Cd,Se,, and KICd,Te, (energies in eV). 


K2Cd3S4 Rb,Cd,S4 K,Cd,Se, Rb,Cd,Se, K,Cd,Te, 


E, of parent CdQ 


E, increase 
effective size [a] 
emission of parent CdQ 
RT emission of A,Cd,Q, 
77 K emission of A,Cd,Q, 
band edge of 77 K excitation spectrum 
emission maximum of 71 K excitation spectrum 


4 of AzCd3Qa 
2.44 
2.15 
0.31 
45-50 
weak, 1.63 
strong, 1.92 
strong, 2.41 
3.31, 3.12 
3.17, 2.80 


2.44 
2.92 
0.48 
45-50 
weak, 1.63 
weak, 2.41 
weak, 1.92 
3.30 
2.96 


1.74 
2.36 
0.62 
19-23 
none 
strong, 2.00 
strong, 1.98 
2.53 
2.75 


1.74 
2.37 
0.63 


none 
none 
strong, 1.92 
2.59 
2.15 


19-23 


~ ~~ 


1.5 
2.26 
0.76 
< 30 
1.59, Art  laser, 10 K 
none none 
Strong, 2.01 strong, 2.04 
2.39 
2.49 


[a] Diameter (A) of a CdQ quantum-sized particle that would display a similar band (HOMO-LUMO) gap. 
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Fig. 7. Room-temperature emission spectra of K,Cd,S,. A) Ecxc = 3.12 eV and 
B) EdCi = 1.92 eV. 


In the case of K,Cd,Te,, air sensitivity made accurate band- 
gap determination difficult. A black material began coating the 
surface soon after exposure to air. The absorption spectrum 
therefore displays two steps, consistent with a mixture. Unfortu- 
nately, the band gap of interest was the higher one. To obtain 
the band gap, the x axis was artificially raised so that it 
intersected with the steepest drop from K,Cd,Te,. The validity 
of this approach was tested by obtaining the correct band 
gap of 2.44 eV for CdSt’71 from a mixture of CdTe and 
CdS. Further credence for this band-gap determination was 
gained from the absorption edge of the excitation spectrum (see 
below). 


Similar results have been seen in the Cat+/Pb/l system, where 
the compounds display band gaps larger than the parent, 
PbI, .[“I The band gaps depend on dimensionality (3- 
D < bilayer < monolayer), cation sizelshape, and halide. 


Photoluminescence Spectroyopy : All five compounds exhibit 
intense photoluminescence when excited with light above the 
band gap. The sulfides emit strongly even at room temperature, 
while the selenides and the telluride must be cooled to 77 K, 
Table 10. 


K,Cd,S,: With an excitation line of 3.12 eV (397 nm), this com- 
pound shows intense red emission at room temperature, with a 
maximum at 1.92 eV (646 nm) (Fig. 7). Also, a small emission 
peak is observed at 2.41 eV (514 nm). Since the room-tempera- 
ture band gap of K,Cd,S, is 2.75 eV (451 nm), light emission 
probably arises from mid-gap states. The room-temperature ex- 
citation spectrum of K2Cd3S4, detected at 1.92 eV, displays a 
maximum at 3.12 eV (397 nm), which falls rapidly to zero at 
approximately 2.95 eV (420 nm). This value is close in energy to 
the band gap determined by optical absorption. Upon cooling 
to 77 K, a fascinating result is obtained. First, with an excitation 
line of 3.12 eV (397 nm), the same (but much sharper) red emis- 
sion (1.92 eV, 646 nm) is obtained (see Fig. 8). Upon collecting 
an excitation profile with EdeI = 1.92 eV (A,,, = 646 nm), two 
intensity drops are observed, with edges at 3.31 eV (375 nm) and 
3.12 eV (397 nm). When the excitation line is changed to 3.31 eV 
(375 nm), a change of only 0.19 eV (22 nm), a drastic color 
change in the emission from red to intense yellow is observed. 
The intensity of the 1.92 eV (646 nm) peak is dramatically re- 
duced and the peak at 2.41 eV (514 nm) becomes very strong 
(see Fig. 9). Finally, an excitation profile recorded with 
Ede, = 2.41 eV (A,,, = 514 nm) shows only the band with an 
edge at 3.31 eV (375 nm). Here, the emission falls to zero by 
3.17 eV (391 nm). 


I I I I t j 
1.92 eV 


3.31 eV - 


J. 


3.12 eV 


1.5 2 2.5 3 3.5 4 
Energy (ev) 


Fig. 8. Photoemission spectra of K2Cd3S, at 77 K. A) Eexc = 3.12 eV and 
B) Ed*, = 1.92 eV. 


1.5 2 2.5 3 3.5 4 
Energy (eV) 


Fig. 9. Photoemission spectra of K,Cd,S, at 77 K. A) Ecxc = 3.31 eV and 
9) Edr, = 2.41 eV. 


The possibility that the two emissions could arise from an 
impure sample at 77 K was eliminated by positioning a large 
single crystal of this material in the beam. In an attempt to check 
for orientation effects on the 77 K luminescence, data were col- 
lected with the plate both perpendicular and parallel to the 
incident beam. The emission spectra were reproduced in both 
orientations. The thin nature of the platelike crystals made the 
parallel measurement rather unreliable. To the unaided eye, 
emission at the edge of the plate and at grain boundaries ap- 
peared brighter than when the beam impinged on a smooth 
transparent portion of the plate at right angles. 


The emission data suggest that the nature of the band struc- 
ture in K,Cd,S, may be rather complex. Since band struc- 
ture is three-dimensional in nature,[27. it is possible that 
two different band gaps exist in the anisotropic K,Cd,S,, 
depending on the crystallographic direction. Viewed parallel 
to the layers, the compound could appear almost molecular, 
owing to the 4 8, thickness of the (Cd,Q,):”- layers. The band 
gap in this direction would therefore be expected to be larger 
compared with those in the other two directions, where the 
Cd-S bonding is infinitely extended. More work is needed 
to determine the nature of the band structure in this com- 
pound. 


A spectral orientation dependence was observed in the lay- 
ered compounds of the system Cat+/Pb/I with polarized reflec- 
tion spectroscopy.[”“] When the optical field is perpendicular to 
the layers, the compounds reflect light more strongly than in the 
parallel direction. A similar dependence is expected for the 
A,Cd,Q, compounds. 
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Rb,Cd,S,: With an excitation line of 3.18 eV (390 nm), this 
compound shows intense red emission at room temperature, 
with a maximum at 2.00 eV (621 nm), see Figure 10. Since the 
room-temperature band gap of Rb,Cd,S, is 2.92 eV (425 nm), 


I I I I t 2.00 eV 


1.5 2 2.5 3 3.5 4 
Energy (eV) 


Fig. 10. Room-temperature emission spectra of Rb,Cd,S,. A) Ecxc = 3.18 eV and 
B) Ed., = 2.00 eV. 


this emission probably arises from mid-gap states. The room- 
temperature excitation spectrum of Rb,Cd,S,, detected at 
2.00 eV (621 nm), displays a maximum at 3.37 eV (368 nm), 
which falls rapidly to zero at approximately 2.98 eV (416 nm). 
This is in good agreement with the band gap determined by 
optical absorption (see above). At 77 K, Rb,Cd,S, shows the 
same red luminescence, with a maximum at 1.98 eV (625 nm), 
when excited with 3.30 eV (375 nm) light (Fig. 11). In contrast 


I ' 3.30eVI 


1.5 2 2.5 3 3.5 4 
Energy (eV) 


Fig. 11. Photoemission spectra of Rb,Cd,S, at 77 K .  A) Eaxc = 3.30eV and 
B) Edc, = 1 .Y8 eV. 


to K,Cd,S,, the 77 K excitation spectrum of Rb,Cd,S,, detect- 
ed at 1.98 eV (625 nm), reveals only one edge. The shape of the 
edge is somewhat different than for the other materials, with a 
gradual drop from 3.30 to 2.96 eV (375 to 419 nm) and an even 
more shallow drop to 2.75 eV (451 nm). 


For comparison purposes, photoluminescence spectra for 
99.999 % CdS were obtained. This bulk material displays only 
weak emission at 1.63 eV (760 nm) when cooled to 77 K. Intense 
emission can be obtained from the 11-VI compounds, but it 
requires activation with dopants such as Mn and Cu. In stark 
contrast, the AZCd3Q4 compounds emit strongly without inten- 
tional attempts to activate them. Apparently, fragmentation of 
the dense three-dimensional lattice of the CdQ compounds is the 
cause of this strong emission. 


A compound with optical properties comparable to K,Cd,S, 
and Rb,Cd,S, has been reported by Herron and co-workers.[61 
The thiol-capped Cd,,S,,(SC,H,),,.DMF, is a cluster with a 
15 8, CdS core. In the solid state at 6.5 K, this compound emits 
green light with a maximum of 2.38 eV (520 nm) when excited 
with a 3.88 eV (320 nm) line. The excitation spectrum, while the 
2.38 eV (520 nm) emission was monitored, shows absorption 
bands at 3.81 eV (325 nm) and 3.23 eV (384 nm), with a weak 
shoulder at 2.85 eV (435 nm). K,Cd,S,, Rb,Cd,S,, and 
Cd,,S,,(SC,H,),,.DMF, all show a significant blue shift from 
the expected absorption edge of 2.44 eV (508 nm) for CdS. Brus 
and c o - ~ o r k e r s [ ~ ~ ]  have calculated the effect of cluster size on 
the band gap/first excited state for CdS in small clusters. The 
band gap values of K,Cd,S, and Rb,Cd3S, correspond to an 
effective size of 45 - 50 8,. In other words, the bulk compounds 
reported here possess attributes that might be expected from 
nanometer-sized CdS clusters of 45-50 8, size. 


K,Cd,Se, and Rb,Cd,Se,: No room-temperature emission is 
visible or detectable for K,Cd,Se, or Rb,Cd,Se,. At 77 K, 
K,Cd,Se, shows red luminescence with a maximum at 1.92 eV 
(642 nm) when excited with 2.88 eV (428 nm) light (Fig. 12). 


1.5 2 2.5 3 3.5 4 
Energy (eV) 


Fig. 12. Photoemission spectra of K,Cd,Se, at 77 K. A) Eexc = 2.88 eV and 
B) Edr, = 1 .Y2 eV. 


The 77 K excitation spectrum, detected at 1.92 eV (642 nm), 
reveals two features at 3.31 and 2.88 eV (375 and 428 nm). The 
edge of the steep drop occurs at 2.75 eV (450 nm) and falls to 
zero by 2.53 eV (480 nm). This value is just 0.12 eV higher than 
the room-temperature band gap of 2.36 eV. This slight energy 
increase is to be expected, considering that the band gaps of 
semiconductors increase at lower temperatures. 


When excited with 2.75 eV (451 nm) light at 77 K, Rb,Cd,Se, 
also emits red light, with a maximum at 2.0eV (619 nm) 
(Fig. 13). The 77 K excitation spectrum, detected at 2.0 eV 
(619 nm), shows a feature at 2.90 eV (429 nm). A sharp peak 
with a maximum at 2.75 eV (451 nm) precedes the precipitous 
drop in intensity. The intensity drops to zero by 2.59eV 
(480 nm). In similar fashion to K,Cd,Se,, this value is slightly 
higher than the room temperature band gap of 2.37 eV. 


For comparison purposes, CdSe was also examined under the 
same conditions. No luminescence was visible or detectable. 
K,Cd,Se, and Rb,Cd,Se, possess superior light emitting qual- 
ities compared with CdSe, apparently as a result of fragmenta- 
tion of the dense 3-D structure of CdSe. Bawendi and co-work- 
ers have recently developed the preparation of nearly 
monodisperse CdSe clusters ranging in size from approximately 
12 to approximately 11 5 As the size decreases, the absorp- 
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Fig. 13. Photoemission spectra of Rb,Cd,Se, at 77 K. A) Eexc = 2.75 eV and 
B) Ede, = 2.01 eV. 


tion edge moves the bulk value of 1.74 eV (708 nm) for the 
115 8, clusters to a value of 2.92 eV (425 nm) for the 12 8, clus- 
ters. In this case, experimental evidence indicates that K,Cd,Se, 
and Rb,Cd,Se, behave in a similar manner to 19-23 8, clusters 
of CdSe. 


K,Cd,Te,: No room-temperature emission is visible or de- 
tectable for K,Cd,Te,. When excited with 2.49 eV (497 nm) 
light at 77 K, the compound emits orange light, with a maxi- 
mum at 2.04 eV (609 nm) (Fig. 14). The 77 K excitation spec- 
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Fig. 14. Photoemission spectra of K,Cd,Te, at 77 K. A) E,,, = 2.49 eV and 
B) Edst = 2.04 eV. 


trum, detected at 2.00 eV (619 nm), shows a sharp peak with a 
maximum at 2.49 eV (497 nm), followed by a precipitous drop 
in intensity, suggesting a band gap of 2.39 eV (525 nm). This 
value is only slightly higher than the room-temperature band 
gap value, obtained with optical absorption, see above. 


In comparison, CdTe emits at 1.59 eV when excited with an 
Ar+ laser at 10 K.[301 The advantages of K,Cd,Te, over CdTe 
with respect to light emission are clear. Use of K,Cd3Te, 
negates the need for a laser, merely requiring a Xe lamp as the 
light source. Though the CdTe nanocluster work is not as well 
developed as for the lighter analogs, Bawendi and co-workers 
found that 30 8, clusters of CdTe possess an absorption edge of 
1.91 eV (650 nm). The significantly larger band gap of 
K,Cd,Te, (2.26 eV) suggests that it possesses properties that 
could only be realized in a much smaller cluster of CdTe. 


It is noteworthy that all of the compounds display emission 
maxima between 1.92 and 2.04 eV. To explain this observation, 
attention must be paid to the valence and conduction bands of 
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these materials. The valence band probably consists of mainly Q 
p-like bonding orbitals. Relative energy increases are expected 
as these orbitals change from S 3p-like to Se 4p-like to Te 5p- 
like. On the other hand, the conduction band is mainly Cd 
5s-like antibonding orbitals, and as such may not change much 
in going from S to Se to Te. The emission is probably from the 
conduction band to a deep trap resulting from Cd vacancies or 
an impurity level lying between the gap. The energy differences 
between orbitals based on Cd should remain close to constant, 
consistent with the observed results. Support for Cd vacancies 
as the origin of the mid-gap states comes from the observation 
of brighter luminescence from the edges of the large plate of 
K,Cd,S,. The lack of room-temperature emission in the heavier 
selenide and telluride analogs is caused by nonradiative thermal 
relaxation mediated by these mid-gap states and is consistent 
with the proposed band picture above. 


Unlike the Cat+/Pb/I compounds, so far no confined excitons 
have been observed in the A,Cd,Q, compounds. One contribu- 
tion to exciton confinement in the Cat+/Pb/I compounds comes 
from the low dielectric constant of the organic cations between 
the layers, resulting in smaller screening of the Coulomb interac- 
tion of the electron and the hole.['21 The A,Cd,Q, compounds 
contain layers separated only by a monolayer of A+  cations, 
resulting in more screening of the Coulomb interaction and 
weaker confinement. Of course, confinement may still be pos- 
sible at very low temperatures. 


Thermal Properties: Differential thermal analysis (DTA) was 
used to evaluate the thermal properties of these materials. Upon 
heating, K2Cd3S4, Rb,Cd,S,, K,Cd,Se,, and Rb,Cd,Se, 
showed endothermic peaks centered at 816, 912, 784, and 
908 "C, respectively. These peaks correspond to congruent melt- 
ing transitions and are followed by exothermic crystallization 
peaks upon cooling at 764, 879, 756, and 883 "C, respectively. 
X-ray powder patterns were used for compound identification. 


Compound K,Cd,Te, exhibited two endothermic peaks upon 
heating, at 522 and 690 "C, which were followed by two exother- 
mic peaks, at 679 and 488 "C, upon cooling. After the experi- 
ment, transparent orange plates and some black material were 
visible under microscopic examination. The eight weak peaks 
observed in the powder pattern could be assigned to K,Cd,Te,. 
It is tempting to assign the 690/679 "C pair of peaks to melting 
and recrystallization, respectively, of K,Cd,Te,. The 522/ 
488 "C pair of peaks belong to an as yet unidentified impurity. 


Structure/Property Relationships: Although at first glance the 
relationship between a nanometer-sized CdS cluster and 
K,Cd,S, (or a related ternary compound with a low-dimension- 
a1 Cd/Q framework) seems remote, the origin of the wider band 
gap relative to bulk CdQ is common. For example, in both 
nanometer-sized CdS clusters and K,Cd,S,, the widening of the 
band gap is achieved by narrowing the width of the valence and 
conduction bands. In quantum dots, it is achieved by reducing 
the number of atoms involved in bonding to small, definable 
numbers. In the A,Cd,Q, compounds, bulk numbers of atoms 
are still involved in bonding. It is the incorporation of A,Q, 
which causes the attendant reduction in coordination number of 
the chalcogen, that results in the dimensional reduction of the 
structure and in reduced orbital overlap that leads to narrowing 
of the bands. While in nanometer-sized clusters confinement 
is achieved in all three dimensions by the small physical size 
of the cluster, in the A,Cd,Q, compounds quantum confine- 
ment might be expected only in crystallographic directions 
where band dispersion is minimal (e.g., perpendicular to the a 
axis). 
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Both CdQ and A,Cd,Q, are members of a homologous series 
of the type (A,Q),(CdQ),. With increasing A2Q content, the 
dimensionality changes from a dense 3-D structure in CdQ to 
2-D in the A,Cd,Q, compounds. Then, anomalously, the 
dimensionality changes to a 3-D channel structure for 
K,Cd,S,.['] Further increases in A,Q content lead to a I-D 
chain structure for AzCdQ2,[3'1 finally ending with the zero-di- 
mensional, isolated molecules of CdS:-,["] the end member of 
this series. A simple diagram that notes the structural evolution 
from bulk CdS to CdS:- molecules is seen in Figure 15. The 


0-D "0-Dimensional" Linear Chain >ayered 2-D Ch; ielc Dense 3-D 
11: Rd CdQClusters 0 d Compound c Ca d 


Conduction 1 Band 1 I - LUMO 3.- I E ~  . 13 , [Eg , 
Valence 


Band 


band gaps should increase on moving to the lower dimensional 
materials, as is indeed observed not only in the compounds 
reported here, but in the Cat'jPbjI compounds[12] and other 
AjCdjQ compounds as well. For example, the band gap of 
Rb,CdSe,[311 is higher than those of Rb,Cd,Se, and 
K,Cd,Se,. 


The properties of K,Cd,S, may fall within this framework. 
While the higher K,S content in the formula relative to 
K,Cd,S, would suggest that the material should be of lower 
dimensionality than K,Cd,S,, the compound displays a 3-D, 
channeled CdjS lattice. Now, given that this structure is 3-D, 
one would expect it to possess a lower band gap with respect to 
K,Cd,S,. Interestingly, though the band gap of 2.89 eV for 
K,Cd,S, is slightly greater than the band gap of 2.75 eV for 
K,Cd,S,, it is slightly smaller than the band gap of 2.92 eV for 
Rb,Cd,S,. This example illustrates a potential pitfall in evalu- 
ating "dimensionality" in intermediate members of the 
(A,Q),(CdQ), family. One may not necessarily go only by the 
bulk dimensionality observed in the structure, but also by the 
extent of framework atom connectivity, that is, the coordination 
number of Cd and Q. Given that the coordination number of Cd 
is always four, close attention must be paid to the connectivity 
of the chalcogen. Ignoring the ionic A-Q interactions, the coor- 
dination number of the chalcogen is reduced from 4 in CdQ 
through 3 in A,Cd,Q, and 2 in A,CdQ, to 1 in A,CdQ,. Since 
K,Cd,S, contains two three-coordinate sulfur atoms and one 
two-coordinate sulfur atom, the average coordination number 
for sulfur is 2.67, actually smaller than the 3 seen in K,Cd,S,. 
This result suggests that both the overall, macroscopic dimen- 
sionality of the material and the extent of framework connectiv- 
ity at the atomic level affect the properties of these materials. In 
other words, these two factors go hand in hand, though in some 
cases they could be divergent. As explained above, this is not 
inconsistent with the ideas discussed here. 


Conclusion 


The syntheses, structure, optical absorption, emission, and ther- 
mal properties of K,Cd,S,, Rb,Cd,S,, K,Cd,Se,, Rb,Cd,Se,, 
and K,Cd,Te, have been described here. Four of the com- 
pounds melt without decomposition. These compounds feature 
an unusual (Cd,Q,):"- layer separated by A +  cations. They 
display blue-shifted band gaps and strong emission relative to 
the parent binaries; this is attributed to their reduced dimen- 
sionality. This paper attempts to broaden the scope of the study 
of property dependence on quantum confinement to other kinds 
of materials. While a large amount of work has been performed 
with physically small semiconductor fragments, this work 
makes an important connection between these clusters and re- 
lated bulk solid-state compounds with low-dimensional frame- 
works, which appear to mimic the physically small clusters. [''I 


may 
aid in band-gap modification in other systems. For instance, the 
synthesis of a broken-up structure where the parent compound 
has a low-to-zero band gap could result in materials with inter- 
mediate band gaps of potential use in infrared detection or solar 
energy conversion. Further characterization of ternary or qua- 
ternary materials already in the literature should reveal relation- 
ships to their parent binaries similar to those highlighted in this 
work, as is the case in the Cat+/Pb/I system. Thinking in the 
context presented here could not only bring many new and 
interesting materials to light, but could also result in new lines 
of experimentation with known materials. 


The concepts developed in this paper and elsewhere['. 
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Abstract: For the first time, antigenic pep- combination of these two methods was al- ers formed by the polymerisation were 
tides have been immobilised by electro- so employed, that is, cyclic voltammetry recognised by specific antibodies. The 
chemical polymerisation after having with a delay at the anodic vertex potential. specific binding of the antibodies to the 
been modified with a polymerisable func- No additional free phenolic monomer was polymer film could be demonstrated by 
tional group. 3-Hydroxyphenylacetic acid required for the polymerisation. The lay- ELISA, an enzyme-linked amperometric 
was chosen as the novel polymerisable immunoassay, and electrochemical 
group. The synthetic peptides represent 
epitopes of the bovine foot and mouth dis- 
ease virus and of the sodium channel of 
the cardiac muscle. The polymerisation 
was performed by applying a constant an- 
odic potential or by cyclic voltammetry. A isation 


impedance measurements, as well as by 
fluorescence-labelled antibodies. A pep- 
tide derived from laminine was also im- 
mobilised by electrochemical polymerisa- 
tion. It could be shown that neuroblas- 
toma cells adhere to this layer. 


Immobilisation of molecules on surfaces is required for a broad 
range of applications. Examples include the immobilisation of 
libraries in the field of combinatorial chemistry, investigations 
into the binding of molecules to immobilised DNA and the 
screening of substances in order to find inhibitors or to analyse 
interactions between agonists or antagonists and receptors. Fur- 
thermore, immobilisation techniques are needed for the analysis 
of surface structures by means of various spectroscopic tech- 
niques, for the self-assembly of molecules on microstructures 
and for the formation of matrix-assisted lipid double layers, 
which are a prerequisite for the reliable and stable incorporation 
of receptor systems. Surfaces modified with specific peptides are 
also needed for the adhesion and directed growth of cells (e.g., 
neurons) on artificial substrates. For this purpose, surface- 
bound growth promoters are more important than soluble ones. 
A durable immobilisation of biological recognition units is cru- 
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cia1 for the functioning and reliability of biosensors, which are 
becoming increasingly important in different areas of clinical, 
environmental and biotechnological analysis."] 


Immobilisation techniques have to be compatible with other 
procedures applied in the production of microelectronic devices. 
Examples include adsorption, entrapment in gels, membranes 
or polymers, covalent binding to the substrate or to a polymer, 
cross-linking, etc.12] Thin-layer systems, for example, self-as- 
sembled monolayers, lipid double layers and Langmuir- Blod- 
gett films, are increasingly comrnor1.[~1 Self-assembled monolay- 
ers have also been used in our laboratory to immobilise peptides 
modified by alkanethiols on gold electrodes.[41 Microstructured 
modification of surfaces can also be achieved by masking tech- 
niques,[*] as is the case in light-addressed peptide In 
this procedure, peptides are built up on surfaces by using photo- 
labile protective groups. It is, however, time-consuming and 
requires expensive equipment. 


It would be much more convenient if peptides synthesised by 
optimised methods and characterised in detail with respect to 
structure and purity could be immobilised directly. Such a 
method should also allow the immobilisation of libraries of 
peptides, mimetics or other compounds to produce durable 
films with good spatial resolution. 


Electrochemical polymerisation: An elegant method of achieving 
this last goal is electrochemical polymerisation. The advantage 
of electrochemical polymerisation is that films can be prepared 
in a one-step procedure directly at the surface of an electrode 
without additional chemicals that could affect the molecule to 
be immobilised. No further equipment is needed except an elec- 
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trochemical potentiostat used routinely by electrochemists. This 
method allows electrodes of an electrode array to be coated 
selectively simply by connecting single electrodes. Within the 
range of the diffusion layer, the polymer film formed by electro- 
chemical polymerisation has the shape of the underlying elec- 
trode; no masking techniques are therefore necessary. The 
preparation of the polymer film is a fairly simple process: The 
monomer is dissolved in the electrolyte and an appropriate po- 
tential is applied to the electrode to be coated. The properties 
and the thickness of the polymer film are determined by the 
choice of the monomer, by the magnitude and the time-depen- 
dence of the potential applied to the working electrode, as well 
as by the choice of the electrolyte, the flowing current or the 
flowing charge.17] The thickness of the polymer film can be 
influenced particularly easily when conducting polymers are 
formed. If nonconducting polymers are formed, the film thick- 
ness does not increase further when the surface of the electrode 
is completely covered by the polymer. 


Bard et al. made one of the first attempts to irnmobilise func- 
tional units by electrochemical polymerisation of pyrrole in 
aqueous solution.[*] Tetrasulfonated iron phthalocyanine was 
entrapped into the growing polymer layer, and it thus retained 
its ability to reduce oxygen. Chiral glucose derivatives were 
immobilised by first coupling them covalently to pyrrole and 
then polymerising the resulting compound electrocherni~ally.~~~ 
It could be shown that the resulting film exhibits chiral proper- 
ties and enantioselective recognition. Crown ethers that selec- 
tively bind different alkali metal ions were coupled with thio- 
phene derivatives and immobilised by electrochemical 
polymerisation.['O1 The crown ethers also maintained their 
specifity towards the metal ions. Electrodes modified with im- 
munoglobulins have been used in a competitive imrnunosen- 
sor.[ll] A layer that is sensitive towards human serum albumin 
(HSA) was formed by physical entrapment of anti-HSA anti- 
bodies into a layer of polypyrrole.['21 Recently, a polymer was 
formed from pyrrole derivatised with the dipeptide cystinyl- 
~ho lamide . [ '~~  It could be shown that the polymer film forms a 
stable complex with {Fe,S4)* + clusters and exhibits ion-ex- 
change functions. 


Enzymes such as the glucose oxidase (GOD) have been immo- 
bilked on or in electrochemically deposited  polymer^."^' Poly- 
mers used for the immobilisation include polypyrrole and its 
derivatives, poly(dithienylpyrro1e) , polyphenol, polyaniline, 
polyindole, polyazulene and poly(pheny1enediamine). In most 
cases, immobilisation was achieved by simple entrapment in the 
polymer film, sometimes also by covalent coupling to the film 
after polymerisation. Lowe" 51 and Schuhmannr16] covalently 
coupled pyrrole derivatives to GOD and immobilised the en- 
zyme by polymerising the pyrrole electrochemically. However, a 
certain amount of nonderivatised pyrrole had to be added to the 
polymerisation solution. It is most likely that a large proportion 
of the enzyme molecules was immobilised by simple entrap- 
ment. In general, most of the approaches of entrapment cited 
above suffer from some leakage of the entrapped molecules. 


Our approach: The goal of our work in the field of electrochem- 
ical polymerisation of peptides, which started at the end of 1992, 
is the immobilisation of ligands on surfaces by electrochemical 
polymerisation. As a target that is important for a variety of 
applications and demonstrates the feasibility of this approach, 
we chose surfaces functionalised with peptides that are recog- 
nised by specific antibodies. Topographic regions of natural 
antigens (e.g., envelope proteins of viruses) that are recognised 
by specific antibodies are called epitopes. Epitopes consisting of 
a continuous sequence of amino acids can be produced by pep- 


tide synthesis. Compared to viral proteins, peptides have the 
advantage that they are more stable, safer to handle and more 
widely available. This is why synthetic peptides are used in a 
wide variety of enzyme-linked immunosorbent assays (ELISA) 
in human diagnostics. 


The immobilisation of the peptides is carried out with the help 
of an attached functional group that can be polymerised electro- 
chemically. Due to the formation of polymer chains at the elec- 
trode, the peptide derivatives are deposited onto the electrode 
(Fig. 1). We used the phenol derivative 3-hydroxyphenylacetic 


B 


e- e- e- e' 
Fig. l.  Scheme of the polymerisation of the peptide and the formation of the poly- 
mer film on the surface of an electrode. The circles represent the polymerisable 
groups attached to the peptide chain. The specific antibody (Ab) binds to the 
peptide-functionalised surface. 


acid (3-HPA) as the polymerisable group and linker to the sur- 
face, because here both the orfho and thepara positions are free 
to couple during the polymerisation. Phenols are known to 
polymerise at the anode and to form a very thin insulating film 
at the electrode. It is the first time that 3-HPA has been used for 
electrochemical polymerisation. We also synthesised a peptide 
conjugate using an N-substituted pyrrole as the polymerisable 
group by coupling it to the N-terminal end of the peptide. The 
peptide derivatives suitable for electrochemical polymerisation 
are listed in Scheme 1. 


The amino acid sequence of compounds l a ,  l b  and l c  is 
derived from an immunologically dominant epitope of the foot 
and mouth disease virus (FMDV, sequence 135-154 of the en- 
velope protein VP l).[17] Compound 2 is derived from an epi- 


1 


la 


lb 


lc 


2 


synthetic peptiie (FMDV) 
I 1 
RYNRNAVPNLRGDLQVLAQK 


polymerisable 
group 


'u 


spacer 
u- 


H 


spacer synthetic peptide (SLP 1) - ' SS-TEEQKKYYNAMKKLGSKK 


Scheme 1. Polymerisable synthetic peptide derivatives. For further details, see text. 
Ahx: E-aminocaproic acid; Abu: 2-aminobutyric acid. 
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tope of the sodium channel protein of rat cardiac muscle cells 
situated in the cytosolic loop between the domains 111 and IV (so 
called SLP 1 sequence, amino acids 1491 - 1508) .[181 Highly 
specific antibodies against both peptides were available from 
former investigations. 


Results and Discussion 


Electrochemical polymerisation of the derivatised peptides was 
performed by two techniques, based on constant and cyclic po- 
tentials (see Experimental Procedures). 


In a first set of experiments, glassy carbon electrodes (GCE) 
were coated with pure phenol, with the peptide 1 a and with a 
mixture of phenol and I a by applying a constant potential of 
1.0 V versus SCE for 8 min. In order to check whether the 
specific antibody was able to bind to the polymer film formed, 
an ELISA was performed with the electrodes. A nonspecific 
antibody was used as a control. The binding assays were per- 
formed in the presence or absence of bovine serum albumin 
(BSA), which was used to prevent nonspecific adsorption. The 
results obtained from three reproducible assays demonstrated 
that the specific antibody binds to electrodes with polymerised 
peptide derivative 1 a (Fig. 2 a). The accessibility of the peptide 
is maintained in the polymer film. As expected for phenol- 
derived polymer films, the peptide layer is not washed out by the 
repeated washing steps during the ELISA procedure. The elec- 
trodes coated with a mixture of phenol and 1 a reveal a signifi- 
cantly lower extinction ; this indicates that the polymer film 
formed on these electrodes contains less peptide owing to the 
faster deposition of phenol. The values obtained with the non- 
specific antibody are below 5 %  of those obtained with the 
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Fig 2 a) Results of the ELISA with GCE 
coated with polymerised peptide l a  in the 
presence and absence of BSA b) Com- 
parison of binding properties of polymer 
films produced by constant dnd cyclic poten- 
tials 


specific antibody; this 
shows that there is almost 
no nonspecific binding to 
the peptide layer. The 
nonspecific adsorption to 
the polyphenol layer is 
negligible, which is im- 
portant for the applica- 
tion in binding assays. 


In a second set of ex- 
periments, we compared 
the coating of the elec- 
trode achieved by con- 
stant (1.1 V vs. SCE, 
10 min) and cyclic poten- 
tials (30 cycles between 
0.0 and 1.1 V vs. SCE). In 
the ELISA, the electrodes 
were blocked with BSA 
(Fig. 2b). The amount of 
antibody binding to the 
polymer formed by cyclic 
voltammetry is compar- 
able to that to the poly- 
mer formed by the con- 


stant potential. The only difference is that binding of 
nonspecific antibody seems to be higher when the film is formed 
by a cyclic potential. As expected, the extinction is higher when 
a higher antibody concentration is used. Polymerised 3-HPA 
(Fig. 2b) as well as phenol (Fig. 2a) reveal a very low non- 
specific adsorption. 


As the next step, the density of peptides deposited by electro- 
chemical polymerisation and recognised by specific antibodies, 


that is, the density of binding sites, was compared with the 
density of binding sites available in the wells of commercial 
ELISA plates coated with peptides. For this purpose, three dif- 
ferent methods for coating the wells with peptides were applied. 
Besides the free peptide, two additional peptide derivatives 
shown in Scheme 2 were used. 


Id 


l e  


spacer 
n 


1 SS-RYNRNAVPNLRGDLQVLAQK 


0 


0 


spacer 
I I , Ahx-B-Ala-Ahx-p-Ala-RYNRNAVPNLRGDLQVLAQK 


HN 


Scheme 2. Structures of the lipopeptide Pam,Cys-Ser-Ser-[VP 1-(135- 3 54)] (1 d) 
and the biotinylated peptide hiotin-Ahx-/l-Ala-Ahx-~-Ala-[VP1-(135- 154)] (le). 


Free peptide 1 was allowed to adsorb onto the polystyrene 
material of the wells. The lipophilic peptide 1 d was immobilised 
by adsorption according to the protocol of the lipopeptide 
ELISA.[19] The biotinylated peptide 1 e was immobilised ac- 
cording to the protocol of the biotin ELISA in wells coated with 
streptavidin.[201 The ELISA technique based on the binding 
between biotin and streptavidin yields the best and most repro- 
ducible results. Nowadays, this technique is widely used in hu- 
man immune diagnostics, for example, in the detection of HIV 
and HCV.['lI 


The ELISA was performed simultaneously with the experi- 
ment shown in Figure 2 b, that is, under identical conditions and 
with the same amount of solutions. In order to compare the 
results for the electrodes and the ELISA wells, the extinction 
values obtained had to be normalised to the surface of the elec- 
trodes because these have a smaller surface area (0.07 cm') than 
the wells of the ELISA plates (0.35 cm'). It can be assumed that 
the surface of the electrode is coated with the peptide with max- 
imum density because electrochemical polymerisation is per- 
formed until the surface is saturated. The quantity of peptide 
antigen necessary for maximum extinction in the ELISA was 
estimated (free peptide, 21 5 nmol; lipopeptide, 29 nmol; bi- 
otinylated peptide, 6.8 nmol), and the maximum extinction val- 
ues were used for the comparison with the extinction values of 
the electrodes. The comparison demonstrates that the density of 
binding sites on the electrodes achieved with electrochemical 
polymerisation is comparable to the maximum density achiev- 
able on the streptavidin-modified wells (Fig. 3). However, as- 
suming that adsorption and binding of antigenic peptides does 
not only occur at the bottom of the well but also at the side 
walls, the electrochemical polymerisation method could provide 
an even higher density of binding sites. 


Two electrochemical methods were applied to detect the bind- 
ing of specific antibodies to the polymerised peptides. First, we 
used secondary antibodies labelled with the enzyme glucose ox- 
idase (GOD). This well-known enzyme catalyses reaction (1). 
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Fig. 3. Comparison of ELISA results for GCE coated with polymerised film and 
conventionally prepared wells of ELISA plates. 


The hydrogen peroxide produced can be detected electrochemi- 
cally by anodic oxidation [Eq. ( 2 ) ] .  This method was applied 


~-D-glUcOSe + 0, - o-gluconolactone +H,O, (1) 


H,O, - 2 H +  + 0, + 2e-  (2) 


in a straightforward manner to the same GCE previously coated 
with the peptide. In order to decrease the potential necessary for 
the oxidation of hydrogen peroxide, the GCE was coated with 
a thin layer of platinum particles before polymerisation of the 
peptide. After the binding of the specific antibody and the 
GOD-labelled secondary antibody, the GCE was transferred 
into an electrochemical cell. The current measured increased 
upon addition of glucose (Fig. 4). 


0.2 j 
t l s  


the electrode surface. However, the impedance effect should be 
rather small because the hydrated antibody molecules are ex- 
pected to cause only very small changes in the dielectric con- 
stant, and the space between the bound antibody and the elec- 
trode surface is filled with the polymer incorporating water 
molecules, which diminish the influence of the bound antibody. 


For the impedance measurements, we used small platinum 
microband electrodes ( 5  pm x 1 mm), arranged in parallel with 
separations of 5 pm. Figure 5 shows the behaviour of the 
impedance at different frequencies. In order to avoid any non- 
specific effects, the measurements were carried out in the pres- 
ence of 2 % BSA. At a frequency of 1 kHz, a gradual increase of 
the impedance could be detected after addition of specific anti- 
body. 


addition 
of specific 
antibodv 


104% 


102% 


100% 


98% 


Fig. 5. Increase in the impedance at 1 kHz after addition of specific antibody. The 
surface is clearly completely saturated after 10 h. 


For screening assays with libraries of peptides and other com- 
pounds, a miniaturisation or microstructuring is necessary. In 
order to demonstrate that this is possible, interdigitated plat- 
inum “comb” electrodes were used (Fig. 6). The goal was to 


platinum electrodes, 
E 400 nm 
E 
w 


sapphire substrate 
(A120,). 200 pm 


L 
6 mm 


Fig. 6. Structure of the interdigitated platinum “comb” electrodes. 


- .  
0 20 40 60 80 100 120 


Fig. 4. Current measured at 0.65 V vs. Ag/AgCI at a GCE after incubation with 
specific antibody and subsequently with secondary antibody labelled with GOD. 
The arrow indicates addition of glucose: curve 1, bare GCE; curve 2, GCE coated 
with polymerised peptide 1 b. 


The current generated by the oxidation of hydrogen peroxide 
was small compared with the noise. There are two possible rea- 
sons for the small current: First, given that the layer of GOD is 
monomolecular, there are only a few enzyme molecules avail- 
able for hydrogen peroxide production. Second, the hydrogen 
peroxide is produced at a distance from the surface of the elec- 
trode, and most of it will diffuse into the bulk solution before it 
can be detected by the electrode. 


The second electrochemical method was the measurement of 
changes in electrochemical impedance. When antibodies bind to 
the surface, the dielectric constant can change in the vicinity of 


visualise the binding of the specific antibody to the peptides by 
fluorescent dyes. The platinum electrodes were platinised to 
minimise the inherent reflectivity and to increase the effective 
surface. The electrodes were then coated by electrochemical 
polymerisation of the peptide derivatives 1 a, 1 b, 1 c and 2. 


The polymerisation was performed by applying a combina- 
tion of the constant potential procedure with cyclic voltamme- 
try: 20 cycles between 0.1 and 1.2 V (vs. SCE) were applied with 
a scan rate of 0.1 Vs-’, and at the anodic vertex point the 
potential of 1.2 V (vs. SCE) was held for 20 s. After the poly- 
merisation, the electrode was incubated first with the specific 
antibody in the presence of 1 % BSA, then with the secondary 
antibody labelled with a fluorescent dye. The fluorescence of the 
electrodes coated with the peptide is demonstrated clearly in 
Figures 7a-d. Figures 7c and 7d show an interdigital structure 
where only one electrode has been coated. Consequently, only 
this particular electrode shows fluorescence. 


~ 
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Fig. 8. Comparison of neuroblastoma cell growth on interdigitated platinum elec- 
trodes without (left) and with (right) electrochemically polymerised peptide [24]. 


Fig. 7. a) Detailed view of the interdigitated structure with polymerised l c .  
b) Detailed view of the interdigitated structure with polymerised 2. c), d) Detailed 
views of the interdigitated structure with only one electrode coated with 2. The 
fluorescence of the FITC label (a) and the TRITC label (b-d) is clearly visible. The 
bar corresponds to 0.25 mm in a)-c) and 0.5 mm in d). 


Final Remarks 


It was shown that functional peptides can be immobilised on 
surfaces of electrodes by electrochemical polymerisation after 
modifying them with a polymerisable group. To the best of our 
knowledge, it is the first time that small peptides have been 
immobilised in this way, and that the phenol derivative 3-HPA 
has been used for polymerisation. In contrast to other meth- 
ods,[' 5 ,  no free monomer was necessary for the polymerisa- 
tion. The peptides in the polymer film could be recognised by 
specific antibodies. 


There are many other types of binding assay that could be 
carried out after functionalisation of surfaces by the technique 
described above. A gold layer placed on the back side of a prism 
could be coated by electrochemical polymerisation ; this would 
allow measurements by surface plasmon resonance (SPR). Elec- 
trodes on a quartz crystal microbalance could also be coated. 
Binding of antibodies would cause mass changes at the sur- 
faces, which could be detected by the decrease in resonance 
frequency. 


One advantage of the method of electrochemical polymerisa- 
tion is that it does not depend on the electrode material. The 
substrate only has to be an electrical conductor. By coating 
surfaces made from indium-tin oxide (ITO), a large variety of 
optical methods can be applied. 


Our present investigation deals with the polymerisation of 
peptides that are derived from the extracellular membrane 
protein laminin.[22] Surfaces modified with such peptides 
should be suitable substrates for nerve-cell adhesion and 
growth. In preliminary experiments, we have used the sequence 
CDPGYIGSR modified with 3-HPA for the polymerisation. 
This peptide had been shown to promote adhesion of neu- 
r o n ~ . [ ~ ~ ]  Neuroblastoma cells adhere to electrodes coated with a 
polymer of this peptide. An example is shown in Figure 8. 
Whereas neuroblastoma cells do not show any specific adhesion 
behaviour at an interdigitated structure without peptide coat- 


ing, they adhere according to the shape of the electrodes after 
coating with polymerised peptide. 


In further studies, we will immobilise other compounds acting 
as ligands or antiligands and especially substance libraries by 
electrochemical polymerisation. 


Experimental Procedures 


Materials: All chemicals and solvents used, including acetonitrile and trifluoro- 
acetic acid (TFA) for HPLC, amino acid derivatives, functionalised polystyrene 
resins, tetrafluoroborate, formic acid, and diisopropylcarbodiimide (DIC), were 
purchased with high purity from commercial sources and used without further 
purification. Ultrapure water (18 MOcm) was prepared with a Millipore filtration 
device. Goat-anti-mouse antibodies (IgG and IgM) conjugated with horseradish 
peroxidase (HRP) were obtained from Dianova (Hamburg, Germany). Monoclon- 
al antibodies (mouse) against the FMDV were supplied by Dr. E. Pfaff (Federal 
Research Institute for Animal's Virus Diseases, Tiibingen, Germany). 


Methods: HPLC was performed with a System-Gold device from Beckman, Scan 
Ramon (USA). Mixtures of TFA with water or acetonitrile served as eluents. Elec- 
trospray mass spectrometry (MS) was performed with an APIIII TAGA 6000E 
triple-quadrupole mass spectrometer from Sciex, Thornhill, Ontario (Canada). Au- 
tomated solid-phase peptide synthesis was performed with the peptide synthesiser 
430A (Applied Biosystems, Weiterstadt, Germany) with the FmocltBu technique 
and styrene-divinylbenzene copolymers as solid phase. These resins were modified 
with p-benzyloxybenzyl alcohol anchors (Novabiochem, Laufelfingen, Switzer- 
land), which were loaded with the first Fmoc-protected amino acid. The peptides 
were cleaved from the resin over 3 h with a mixture of TFA, thioanisol, ethane 
dithiol, phenol and water. The peptides released in this way were precipitated three 
times with cold diethyl ether and lyophilised from a mixture of water and rert-butyl 
alcohol. 


PreparationofN,J-HPA-~VPl-(135-154)]-OH(l a): [VP 1-(135-154)] wassynthe- 
sised with the automatic synthesiser. 3-HPA was dissolved in DMF containing 
I-hydroxybenzotriazol and added to the resin with the attached peptide. Coupling 
was performed over 15 h by means of DIC dissolved in dichloromethane (DCM). 
The peptide was cleaved from the resin and purified. The mass spectrum revealed a 
relative molecular mass of M,,,,, = 2458.9850.52 (M,,,h.O, = 2459.8). The product 
of the double coupling of 3-HPA onto the free hydroxyl group of 3-HPA could be 
observed with approximately 60% relative Intensity: M,,exp = 2593.93 f0.21 
(IW,,,~~", = 2594.08). The free hydroxyl group of 3-HPA could be protected in future 
syntheses by tert-butylation. However, the product of the double coupling of 3-HPA 
could be polymerised as well. There was therefore no need to protect the free 
hydroxyl group. Biotinylated peptides and lipopeptides were synthesised as de- 
scribed elsewhere [18]. 


Polymerisation: Electrochemical polymerisation was performed in two different 
ways: 1) A constant anodic potential in the range of 1.0 V vs. a saturated calomel 
electrode (SCE) was applied to the electrode. 2 )  A triangular change in potential, 
as is used in cyclic voltammetry, with a scan rate of 0.05 Vs-' was applied to the 
electrode. The initial (and final) potential was 0.0 V vs. SCE, and the vertex poten- 
tial was 1.0 vs. SCE. In order to improve the oxidation of the phenolic group and 
to enhance the rate of polymerisation, 1.2 V vs. SCE was later used instead of 1 .0 V 
in both constant and cyclic potential modes. Polymerisation was carried out in 
Ssrensen phosphate buffer (pH 7.4), with approximately 0.1 mgmL-' peptide. 
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ELISA: For the ELISA, phosphate buffer saline (PBS) (pH 7.4) was used. A solu- 
tion (100 mL, pH 5) of o-diaminobenzene (4 mM), citric acid (20 mM), Na,HPO, 
(50 mM) and hydrogen peroxide (0.004%) served as the substrate solution for the 
HRP. Hydrogen peroxide was added immediately before application of the solution 
to the samples with the secondary antibody labelled with HRP. After 30 min of 
enzymatic reaction, the extinction of the solution was measured at a wavelength of 
492 nm. The ELISA was carried out three times, with a variation of less than 10%. 
The samples were washed between each incubation step with PBSjO.05 % Tween 20. 


Peptide and lipopeptide ELISA [19]: Compounds 1 and 1 d were dissolved in PBS 
and transferred into the wells of the ELISA plate. The wells were washed, blocked 
with PBS/l% BSA and washed again. Antibody diluted with PBS/l % BSA was 
added to the wells and incubated for 2 h. After repetitive washing, the secondary 
antibody labelled with HRP and diluted in PBS/I % BSA was incubated for 1.5 h. 
After washing, the substrate solution was added to the wells, and extinction was 
measured after 30 min. 


Biotin E L S A  [20]: Compound l e  was dissolved in PBS and added to the wells 
coated with streptavidin. After 2 h of incubation, the wells were washed. Antibody 
diluted with PBS/I % BSA was incubated, and after washing, the procedure with the 
secondary antibody was performed as described for the lipopeptide ELISA. 


ELlSA with the CCE:  Glassy carbon electrodes (GCE) were rinsed with distilled 
water after the electrochemical polymerisation and fixed in position with the elec- 
trode surface horizontal. The solutions for blocking and with the different antibod- 
ies were placed as 150 pL drops onto the surface, and the electrode was thus covered 
completely. After applying the washing procedure between each of the steps, re- 
maining droplets were removed carefully with filter paper. To measure the extinc- 
tion, 100 pL of the substrate solution on the electrodes with the dye produced by the 
enzymatic reaction was transferred with a pipette into the wells of an ELISA plate. 


Elecfrochemical polymerisation and measurements were performed with a poten- 
tiostat model 273 coupled with a lock-in amplifier model 5210 (Princeton Applied 
Research, USA) and connected with a 486 computer through an IEEE-488 interface 
(National Instruments, USA). For the polymerisation procedure and the ampero- 
metric measurements, a program developed in our group was used, whereas the 
commercial program model 398 (Princeton Applied Research, USA) was used for 
the impedance measurements. 


1mmunoassa.v withfluorescent secondary antibodies: After the platinum interdigitat- 
ed electrodes had been blocked with PBS/BSA, they were exposed for 1.5 h to 
solutions of antibodies specific for the FMDV sequence or for the SLP 1 sequence, 
and then to the appropriate secondary antibody labelled with a fluorescent dye. 
Fluorescein isothiocyanate (FITC, anti-FMDV antibody) and tetramethylrho- 
damine isothiocyanate (TRITC, anti-SLP 1 antibody) were used as fluorescent dyes. 
The measurements were performed with the computer-assisted laser-scan micro- 
scope LSM410 Invert (Carl Zeiss, Oberkochen) with a resolution of 512 x 512 
pixels. For the excitation of rhodamine, a HeNe laser (543 nm, 0.5 mW, long pass 
filter 570 nm) was used. For the excitation of fluorescein, an Ar laser (488 nm, 
15 mW, band pass filter 515-565 nm) was used. The maxima of the adsorption/ 
emission are at 544 nm/570 nm for TRITC and at 495 nm/519 nm for FITC. No 
fluorescence was found when peptide was not polymerised on the electrodes. 
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From Quinidine to New Enantiopure Materials-Tricyclic Allylic N,O-Acetals 
and a Stereospecific, One-Pot Conversion of 1,2-Secondary,Tertiary Diols 
into Spiroepoxides 


Cornelius von Riesen, Peter G. Jones and H. M. R. Hoffmann" 


Abstract: Hydrobromination of quinidine 
(1) with fuming HBr furnished diastereo- 
meric secondary bromides 2a  and 2b in 
82 % yield. After acetylation the resulting 
bromides 2a-Ac and 2b-Ac could be 
separated and converted stereospecifically 
into ethylidene rubanes (2)-4 and (E)-4, 
respectively. cis-Dihydroxylation of (Z)- 
olefin 4 with OsO, was shown to be feasi- 
ble by two catalytic variants, giving the 
two diastereomeric diols 5 a and 5 b, sepa- 
rable by chromatography. A simple one- 


pot procedure was developed for convert- complements the Kolb-Sharpless route 
ing the sterically hindered 1,2-secondary, to epoxides from 1,2-disecondary diols 
tertiary diols stereospecifically into with overall retention of configuration. 
spiroepoxides 5 b + 6 b- The other two diastereomeric spiroepox- 
Ac). Our procedure involves overall in- ides 6 c  and 6d  were prepared in one pot 
version of configuration. The procedure under different conditions (chloramine T, 


then alkali). Two unprecedented tricyclic 


(5 a -+ 6 a-Ac; 


allylic N,O-acetals (2)-7 and (E)-7 were 
also obtained. The structure of spiroepox- 
ide 6c (as a CH,Cl, monosolvate) and of 
tricyclic olefinic N,O-acetal (E)-7 was cor- 
roborated by X-ray crystallography. 


Introduction 


Cinchona alkaloids are produced on a large scale worldwide 
(300-500 tons per annum) by extraction from the bark of vari- 
ous cinchona species, now widely cultivated commercially.['] 
Quinidine sulfate is currently available at around 130 dollars per 
kilogram. About 60 % of the alkaloid goes into the production 
of pharmaceuticals. The bulk of the remaining 40 YO is used in 
the food industry as the bitter principle of soft drinks such as 
bitter lemon and also tonic water (the bitter taste of which can 
be partially disguised by gin!). A quinine-containing extract 
from the powdered bark of the cinchona tree has served for the 
treatment of malaria since at least the 17th century.['] Quinidine 
is an antimalarial, which is still in use against chloroquin-resis- 
tant infections, and and also a cardiac depressantt3] (anti- 
arrhythmic) . Derivatives of cinchona alkaloids (cinchonicine 
and quinicine) have been used as chiral auxiliaries for the first 
separation of diastereomeric salts by Pasteur.["] Quinicine 
("quinotoxine") is a key intermediate and relais of the first total 
synthesis of quinine and quinidine by Woodward and Doer- 
ing.L5] The cinchona alkaloids also serve as highly versatile aux- 
iliaries in asymmetric synthesis, including enantioselective 
Diels-Alder reactions,[61 [2 + 21 cycl~additions,[~] dehydrohalo- 


[*I Prof. H. M. R. Hoffmann, Dr. C. von Riesen"] 
Department of Organic Chemistry, University of Hannover 
Schneiderberg 1 B, D-30167 Hannover (Germany) 
Fax: Int. code +(511)762-3011 
Prof. P. G. Jones 
Department of Inorganic and Analytical Chemistry 
Hagenring 30, D-38306 Braunschweig (Germany) 


Harxbutteler Str. 3, D-38110 Braunschweig (Germany) 
['I New address: Quinine Factory Buchler GmbH 


genations,[81 hydrocyanation,['] Sm1,-mediated reductions,["] 
Michael additions" and in the Sharpless AD reaction."'] 
Metabolites of quinidine have been investigated from the point 
of view of medicinal activity and are used in the clinic. A Chem- 
ical Abstracts search for the period 1987-1991 indicates some 
2145 publications, which have appeared in a diverse range of 
journals, especially those of applied medicine and pharmacolo- 
gy."31 


Results and Discussion 


Isomerization of Quinidiue to Trisubstituted Olefins (27-4 and 
(Q-4: Metabolism of quinidine proceeds at several sites and 
may involve oxygenation of the vinyl side chain. With a view to 
preparing new metabolites and enantiopure materials we have 
optimized a simple functionalization and degradation proce- 
dure of the vinyl group. Hydrobromination of 1 with 48% 
HBr[I4] did not go to completion, undoubtedly owing to com- 
peting protonation of basic sites within the molecule. However, 
in fuming 62% HBr (ca. 6 equiv) the quinidine dissolved com- 
pletely to give a clear, homogeneous solution and afforded the 
desired diastereoisomeric secondary bromides 2 a and 2 b, and 
seven-membered cyclic ethers 3 a and 3 b as by-products 
(Scheme 1).[l5] Separation of polar amino alcohols 2a and 2b 
was not straightforward. After a standard conversion into the 
acetylated derivatives 2a-Ac and 2b-Ac, a simple column 
chromatographic separation was possible (MTB ether/ 
methanol). Elimination of HBr from the single diastereomers 
was stereospecific (i.e., antiperiplanar). Thus, bromide 2 a- Ac 
furnished olefin (2)-4, whereas diastereomeric 2 b-Ac fur- 
nished olefin (E)-4. From a preparative standpoint, protection 
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Quinidine (I) 


162% HBr 


DBU. abs. DMF, 
3 h. 90 "C 


DBU, abs. DMF, 
3 h. 90 "C 


H Me 


3a 3b 


Scheme 1 .  Stereospecific elimination from 2 a  and 2b to give (E) -  and (Z)-trisubsti- 
tuted rubane olefins (E)-4 and (2)-4 (the numbering of the quinidine skeleton 
follows convention; cf. X-ray crystal structures in Figs. 1 and 2). 


of the weakly acidic OH group by acetylation improved the yield 
of the base-mediated elimination decisively. 


Previously, the mixture of olefins (E)-4 and (2)-4 was dihy- 
droxylated with almost stoichiometric quantities of OSO,.[~~] 
However, because of the toxicity and expense of OsO,, it is 
mandatory that the dihydroxylation be carried out by a catalytic 
variant. Under normal conditions OsO, is coordinated to the 
bridgehead nitrogen and thus inactivated. Using DABCO (1,4- 
diazabicyclo[2.2.2]octane) as a coordination ligand for OsO, 
and also diastereomerically pure (2)-configurated ethylidene 
rubane (2)-4, we were able to prepare the diols 5a  and 5 b with 
catalytic amounts of OsO, under homogeneous conditions (vari- 
ant A). A two-phase system (variant B) was modelled on the 
protocol of Sharpless,[''] however without the dihydroquinine- 
or dihydroquinidine-derived chiral ligand. Under two-phase 
conditions, attack of the sterically more accessible face of the n 
bond dominated by a factor of 2.4: 1 (Table 1). Thus, the dihy- 
droxylation is substrate-controlled (s.c.) and syn (see Scheme 7 
below). 


The transformation of diol 5 a as well as diol 5 b into spiroe- 
poxides 6a-Ac and 6b-Ac, respectively, was accomplished by 
a stereoselective and also chemoselective tosylation-cyclization 
procedure. Under standard conditions (TsCI, NEt, or pyridine) 
no reaction of the diols was observed. Deprotonation with n- 
butyllithium and addition of tosyl chloride was also unsatisfac- 
tory, giving only some spiroepoxide and recovered diol. Treat- 


5a bb 


Scheme 2. Synthesis of diastereomeric diols 5 a  and 5b by cis-dihydroxylation of 
(Z)-configurated ethylidene rubane in the presence of catalytic OsO,. Variant A:  
OsO,, NMO, DABCO, THF/H,O, RT, 7 d. Variant B: K,[Fe(CN),], OsO,, 
K,CO,, fBuOH/H,O, RT, 3 h. 


Table 1 .  Dihydroxylation of (2)-4 (see Scheme 2). 


oso, Time Yield ["h] 5 a : 5 b  


variant A 0.01 equiv 7 d  84 1.2:l  
variant B 0.01 equiv 3 h  94 2.4: 1 


ment of the diol with 2equivalents of n-butyllithium and 
2 equivalents of potassium t-butoxide in THF at -78 "C, fol- 
lowed by addition of tosyl chloride in THF at -78 "C, made an 
immediate difference. The reaction mixture was allowed to 
slowly reach RT and provided the desired spiroepoxides 6 a- Ac 
and 6b-Ac in a clean, stereospecific reaction (Scheme 3). The 
(2)-configurated methyl group of the starting olefin (2)-4 
(which points towards the reader) points away from the reader 
in the final spiroepoxides 6 a  and 6b. Inversion of configuration 
at the secondary carbon was put beyond doubt by NOE. 


Me 


1, REuL~, t-BuOK, THF, -78'C, 0.25 h 
2. TsCI. THF. -78 'C-c r.!. 


6a-AC 


1. n-BuLi, tBuOK, THF. -78'C, 0.25 
2. TsCI, THF, -78 'C-- r.t. 


82% Sb 


6bAc 


Scheme 3. Stereospecific conversion of diols 5 a  and 5 b into spiroepoxides 6a-Ac 
and 6b-Ac, respectively. 


Spiroepoxides 6 a  and 6b  are readily and individually avail- 
able. In order to prepare the two "missing" stereoisomeric 
spiroepoxides 6c  and 6d  from the same (2)-olefinic precursor 
(2)-4, the mechanism of epoxidation was changed. In fact, 
treatment of (2)-4 with chloramine T (TsNCI-Na') in water/ 
acetone and sulfuric acid (1 equiv of acid per chloramine T) 
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followed by addition of K,CO, provided not only the desired 
spiroepoxides 6c  and 6d, but also the new oxazatricyclic olefins 
(2)-7 and (E)-7 in a simple, one-pot procedure (Scheme 4). The 
allylic N,O-acetals are stabilized on stereoelectronic grounds : 
The newly formed C - 0  bond and the lone pair of the bridge- 
head nitrogen atom are nearly orthogonal. C - 0  bond cleavage 
with formation of an iminium ion is forbidden by the Bredt rule. 


Q-4 
1. Chloramine T (TsNCI’ Na+), 


H$304, yO/acetone. 
r l . ,  I h 


2. &C03. MeOH. r.1.. 1.5 h I U 


6c (16%) 6d (14%) 


0 - 7  (8%) (E)-7 (1 9%) 


Scheme 4. One-pot preparation of the two “missing” stereoisomeric spiroepoxides 
6c and 6 d  from olefin (2)-4, and formation of unprecedented tricyclic allylic N . 0 -  
acetals (2)-7 and (E)-7. 


C,H analyses for spiroepoxide 6c obtained from CH,Cl, were 
completely wrong (calcd. C 70.55, H 7.11, N 8.23; found C 
58.33, H 6.04, N 6.64), although spectroscopic data (‘H, 13C, 
HH COSY, NOE and HRMS) were in complete agreement with 
the assigned structure. Slow evaporation of a dichloromethane 
solution of 6c  at room temperature provided single crystals 
suitable for X-ray crystallography (Fig. 1, top). We were sur- 
prised to find that volatile CH,CI, (b.p. 40.8 “C) was stoichio- 
metrically encapsulated in the crystal and only slowly lost to 
the atmosphere (only with a resulting collapse of the crystal 
lattice). Figure 1 (bottom) shows a packing diagram. Apart 
from a conventional intermolecular hydrogen bond between the 
C(9)OH proton and the bridgehead nitrogen atom (0.  . . N 
283 pm), there is also an interaction of a methylene proton from 
CH,Cl, with the spiroepoxide oxygen (C . . ’0  321 pm). The 
microanalytical data obtained (see above) agree well with the 
formulation of spiroepoxide 6c as a host-guest, CH,CI, 
clathrate[l6’ (calcd. C 59.42, H 6.18, N 6.60; found C 58.33, H 
6.04, N 6.64). 


The X-ray crystal structure of unsaturated oxazatricycle (E)-  
7 (Fig. 2 )  was in full agreement with the spectroscopic findings. 
In the mass spectrum the molecular peak (M’ = 322) was also 
the most intense peak, pointing to a compact cagelike structure, 
and in accord with a stereoelectronic stabilization of the N,O- 
acetal group (see above). 


a 
Fig. 1. Top: Crystal structure of 6c.CH2C1,. Bottom: packing diagram (blue: ni- 
trogen; green: chlorine; red: oxygen). 


01’ 


Fig. 2 .  Crystal structure of (E)-7 


Mechanistic Considerations : In acidic solution the bridgehead 
nitrogen of amino olefin (2)-4 is protonated (Scheme 5). Chlo- 
ramine T functions as a source of solvated chlorine cations 
Cl;,,, which attack the olefinic double bond from either face 
with generation of cyclic chloronium ion i and ii. Nucleophilic 
attack by water is assumed to proceed with inversion of config- 
uration and to generate the pair of diastereomeric chlorohydrins 
iii and iv, respectively. Finally, addition of alkali promotes cy- 
clization to spiroepoxides 6c and 6d, similarly to the final step 
of the monotosylation-cyclization sequence (cf. Scheme 7). 


Note that the transformation of amino olefin (2)-4 into epox- 
ides 6c and 6d involves two anti-oriented steps. Thus, the (2)- 
configurated methyl group in diastereomerically pure starting 
material (2)-4 retains its configuration in the resulting spiro- 
epoxides 6c,d (Scheme 5 ) .  An open, tertiary carbenium ion (in- 
stead of the chlorine bridged cation) is unlikely as an intermedi- 
ate, since in this case spiroepoxide formation would not be 
stereoselective. 
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(3-4 
chloramine T 
(TsNCl. Na?, &SO4 
H,O/acetone 


OMe 


H A 
OMe 


H,O, Hf inversion 


iv iii 


&C03, MeOH 
inversion1 deacetylation, I inversion 


cycliration 


6c 6d 


Scheme 5. Possible intermediates in the transformation from diastereomerically 
pure amino olefin (Z)-4  to spiroepoxides 6c and 6d.  


The tricyclic N,O-acetals (29-7 and (2)-7 arise from an allyl 
chloride"'] v by an S,2' displacement with 1,3-chirality transfer. 
Whereas the olefin configuration of the starting material (2)-4 
is lost in the product [(Z)-7/(E)-7 ca. 1 :3], the configuration of 
the new chiral centre at C(2) is necessarily fixed, since it is 
generated by an intramolecular S,2' reaction. 


MeCHC' deacetyiation 
chloramine T, and cyclization 


diastereomeric allyl chlorides v 


Illustrative SN2' Displacement with anti-Stereochemistry &$r H sN2' 


- (3-7 
\ "  


vi 


Scheme 6. Loss of olefin configuration in amino olefin (2)-4 en route to allylic 
NDacetals (E)-7 and ( 2 ) - 7 .  


The stereospecific tosyl chloride-base mediated 1,2-di- 
01 + epoxide conversion is thought to involve a disciplined func- 
tionalization/nucleophilic displacement sequence. Deprotona- 
tion of the hindered tertiary hydroxy group requires strong base. 
For simplicity, the reaction is formulated without the counter- 
ions Li+ and K +  (Scheme 7). Double deprotonation of the diol 
with the super base is assumed to generate a metal-bridged 
oxygen dianion vii or its monoanion equivalent. Chemoselective 
monotosylation at the sterically more accessible secondary 
site[18] (vii + viii), rotation about the carbon-carbon bond 


R HXR2 R1 


dihydroxylation 


vil viii 


M = Li. K 


ix 


i anti 
0 


W 4 R 2  H 


Scheme 7. Stereospecific tosyl chloride-base mediated 1,2-diol+ epoxide conver- 
sion. 


( v i i i s i x )  and intramolecular nucleophilic displacement com- 
plete the sequence, with inversion of configuration at the sec- 
ondary and retention at the tertiary carbon centre. Competing 
elimination from the secondary tosylate vii was not observed at 
the temperature range studied (- 78 "C + RT). In fact, sec- 
ondary tosylate A was isolated as a by-product when less than 
2 equivalents of nBuLi/tBuOK were employed (Scheme 8). 


in mechanism, our OTs 


Due to the change 


method complements 
the literature proce- TsCl 
d ~ r e ~ ' ~ ]  with respect 5a 
to 1) structural pat- 
tern of the diol and 


I .5 eq n-BuLi 


2) overall steric 
Y 


A 
Of the reac- Scheme 8. Secondary monotosylate A isolated 


tion. In fact, the as a by-product in the preparation of spiroepox- 
Kolb - Sharp le~s~ '~ ]  ide 6a-Ac with less than 2equiv of BuLi/ 
reaction proceeds lBuoK. 


with 1 .Zdisecondarv 
and 1 ,i-primary, secondary diols, but is unsatisfactory for 
crowded diols derived from trisubstituted double bonds. The 
literature reaction entails a double inversion, that is, overall 
retention of configuration (rather than inversion) and proceeds 
under electrophilic conditions via a cyclic acetoxonium (3-diox- 
olan-2-ylium) cation.["] 


Spiroepoxides 6 a and 6d have the correct absolute configura- 
tion at carbon C(3) to serve as possible precursors of two major 
quinidine metabolites (Scheme 9). A base-mediated opening of 
6d (and 6a) would provide allylic alcohol 8. Nucleophilic epox- 
ide opening of 6d (and 6a) by hydride ion at the more accessible 
secondary carbon would furnish tertiary alcohol 9 with the cor- 
rect absolute configuration at C(3). 


OMe 
I 


0 


Scheme 9. Spiroepoxide 6d (or 6a) as a precursor of two major quinidine metabo- 
lites: allylic alcohol 8 and tertiary alcohol 9. 







Conclusions 


Synthetic transformations of polyfunctional molecules may of- 
ten appear to be tedious and low-tech. However, putting a se- 
quence of steps together requires planning and offers the chal- 
lenge of achieving control, namely, cherno-, regio- and 
stereocontrol. For example, the basic sites of the alkaloid blunt 
the reactivity of added electrophiles. Simple practical consider- 
ations are also often forgotten, such as solubility and chromato- 
graphic behaviour of intermediates, which in the present case 
was adjusted by protecting groups. The various transformations 
described are reliable and capable of being scaled up. A variety 
of further Cinchona derivatives can be expected in the near 
future. 


Experimental Procedure 


GeneralRemarks: The numbering ofthe quinidine skeleton follows the cinchonam! 
rubane convention for cinchona alkaloids. Melting points: Biichi apparatus, not 
corrected. Infrared spectra: Perkin-Elmer 1710 spectrometer. 'H NMR spectra: 
Bruker WH90, WP200SY orAM300 spectrometer. Chemical shifts are reported in 
6 values relative to tetramethylsilane (TMS) as internal standard. I3C NMR spec- 
tra: Bruker WPZOOSY or a Bruker AM 300. Chemical shifts are reported in b values 
relative Lo TMS. APT (attached proton test): spinecho-based selection of multipk- 
ities of "C signals; quaternary C and CH, carbon atoms give positive signals (f ), 
whileCH and CH, give negativesignak-). Low-and high-resolutionelectron-im- 
pact mass spectra: Finnigan MAT312 pctzometer with an ionizafion potential of 
70 eV at room temperature, unless otherwise stated. Microanalyses were performed 
in the Department of Organic Chemistry of the University of Hannover. Preparative 
column chromatography was performed on J. T. Baker silica gel (particle size 30- 
60 pm) . Analytical TLC was carned ow1 on aluminium-backed 0.2 mm silica gel 
M)F,,, plates (E. Merck). E (ethyl ether). MTBE (methyl I-butyl ether). 


( 8 ~ ~ ~ , , l O ~ - ~ ~ B r o m o - l O , l  I-dihydrod'-metbox~ci.cinrhooan-9~l (Za) , (8R,SS,IOR)- 
I(rBromrrl0,ll-dihydro-6'loethoxyci~~on~-9~~ Bb), (6R,9S110R)-10,1 1-Diby- 
dro-9,10-epoxy~-methoxyeincbonane (3 a) and (8R,9S,10$)-10,11- Dihydro-YJO. 
epoxy-6'-methoxycinehonane(3b): To an aqueous solution of HBr (=50 mL, 62 %) 
was added quinidine (20 g, 61.7 mrnok) a t  0°C. After removal of the ice bath the 
mixture was stirred for 3 d at RT, then dirpted with H,O (50 ml.) and made alkaline 
with aqueous KOH (25%) (perfusor, 30mLh-')- The aqueous layer wasextracted 
with CHCI, and the organic phase dned (MgSO,). Chromatography (silica gel, 
MTBEijMeO H) afforded Za and 2 b (1.6 ; I ,  isolated yield). The seven-membered 
cyclic ethers 3a and 3b (5:1, 'H NMR) were also separated. 


Dataof2a:Yield: 12.7g(5loh),m.p. lOO"C(decomp.).[a]~" = +223.8(c =l.J2 
in CHCI,). IR (KBr): i =1031, 1053, 1112, 1225, 1244, 1326, 1381, 1429, 1455, 
1471, 1510, 1591, 1621, 2869, 2941, 3401 cm-'. 'HNMR (ZOOMHz, CDCI,): 
d = 0.996 (m. lH) ,  1.8 (m, Z H ) ,  2.2 (m, 3H), 3.05-3.53 (m, 4H; H-2, H-6), 3.76 
(s, 3M; H-11'1, 4.33 (m, 1H; H-8). 4.56 (m, 1 H; H-lo), 6.38 (s, 1 H; H-9), 6.97 (d, 
J=ZHZ,1H;H-S),7.15(ddJ= 2.9H~,1H;H-7'),7.66(d,J=4Hz,lH;H-3'), 


APT, CDCIJCF,CO,H): b =18.09 (+, C-7, C-S),  24.62, 24.96 (-, C-11, C-4), 
44.02(--,C~3),49.32,50.88(t,C-2,C-6),53.43(--,C-10).55.91 (-,C-l1'),59.48 
(-, C-8), 68.26 (-, C-9), 100.26 (-, C-57, 118.30 (-, C-37, 122.29 (-, C-V,  
125.85 (+, C-9?, 130.84 (-, C-8'). 143.41, 146.41 (+, C - 4 ,  C-lo'), 146.83 ( - .  
'2-2'). 158.30 (+. C-6'). MS-MAT (26OOC): m / ~  [%): 406 (13) [M'] ,  404 (13), 326 


7.78 (d, J = 9 nz, I H, H - ~ L  8.63 (d. 1 = 4 HZ, I H, H-7). l3c NMR (50 M H ~ ,  


(22). 325 (56), 324 (18), 202 (14): 189 (13), 173 (13), 172 (221, 160 (13), 159 (14), 
137 (1001, 122 (38), 94 (34), 84 (55). HRMS calcd. for C,,H,5N20,Br: 406.1079, 
found 406.1095. C2,H2,N20,Br: calcd C 59.39, H 6.23, N 6.93; found C 58.40, €3 
6.11, N 4.86. 


Datafor2b:Yield: 7.7g(3l%),rn.p. 1DD°C(decomp.).[rr],20= +118.3(c=O.545 
in CHCI,). IR (KBr): 1030, 1110, 1229, 1243,1433, 1455, 1472, 1510, 1592, 1622, 
2872, 2943, 3403 cm-'. 'IJNMR (20OMH2, CDCi,/CF3C0,H): d = 0.998 (m, 
1H),1.80(m,1H).2.04(m,lH),2.27(m,1H),2.55(m,1H;H-4},3.06-:3.44(m, 
4 H ;  H-2, H-6), 3.75 (s,  3H; H-If'), 4.16 (m, 1 H; H-8), 4-47 (m- 1 H; H-lO), 6.37 
( ~ , L H ~ H ~ 9 ) ~ 6 . 9 2 ~ d d , 3 = 2 H ~ , 1 H , H - S ) , 7 . 1 2 ( d d , J = 2 , 9 H ~ , f H ; H - 7 ' ) , 7 . 6 7  
(d,J=4H7.1H;H-3),7.77(d,J=9H~,lH;H-8),8.57(d,J=4H~,lM:H-~). 
I3C NMR (SOMHZ, APT, CDCI,/CF,CO,H): 6 =17.31, 23.44 (+, C-7, C-5), 
23.72, 25.62 (-, '2-11, C-4), 42.52 (.-. C-3), 47.53,49.21 (+, C-2, C-6), 50.21 (-, 
C-lo), 55.98(-, C-l1'),59.80( - ,C4.66.21 (-, C-9), 99.44(-, C-S'), ?18.45( -, 
C-?), 123.53(-, C-T), 125 .35(+ ,  C-Y),129.41(-, C-8'), 141.0I. 146.53(+,C-4, 
C-lo'), 115.20 (-, C-T),  158.72 (+, C-11'). MS-MAT (250°C): m/z (x): 406 (7) 
[M+l, 404 (7). 326 (31% 325 ( 5 ) .  324 (71, 278 (3), 277 (4), 211 (3), 173 (3), 172 ( 4 ) ,  
137 (1001, 122 (25), 108 ( l Z ) ,  94 (27). 
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Data for 3a: Yield: 1.9 g (10%). IR (CHCl3): B =1028, 1100,1132. 1168, 1192, 
1232, 1508,1592,2496,2524,2896, 2944, 3072, 3668cm-'. 'HNMR (2CM MHr,  
CDCI,): b =1.47(d,J=6Hz,  1J-l;H-11),1.52~~1.90(m,4H),2.39(m,2H),2.83 
(m,1H),3.2(m,2H).3.47(d,J=9Hz,lH),3.76(m,lIJ),4.05(s,3H;H-l1'), 
4.25(d~,J~1,6H~,lH~H-10),5.95(~,1H;H-9),7.32(d,J=2H~,lH,H-S), 
7.37 (dd, J 9 2, 9 Hz, 1 H; H-7'), 7.62 (d, J = 4 Hz, 1 H: H-Y), 8.02 (d, J = 9 Hz, 
I H : H X ) , 8 7 2 ( d , J =  4Hz,lN;H-2'} NOE: R-10withH-9(0.5),H-il (5.81), 
2.83 (H-3) (3.9), 3.76 (H-2,,) (2.8); H-9 with H-10 (3.3). 3.76 {H-2,,) (8.3), 3.47 
(€58) (3.7); H-11 with H-I0 (3.80), 2.39 (H-7) (2,90). ',C NMR (50MHz, APT, 
CDCIXI: 6 = 20.2?,22.03,37.49 (-, C-11, C-3, C-4), 20.89, 23.49 (i. C-7, C-5). 
46.38,50.34(+,C-2, C-S), 56.15(-, C-l1'),62.04(-,C-8),70.8O(-,C-l0),711.37 
(-,C-9),101 II(-,C-5'),117.84(-,C-3'),121..1O(-,C-7'),125.26(+,C-9), 
131.25 (-, C-8'), 143.31, 143.77 ( C ,  C-4,  C-lo) ,  146.90 (-, C-T), 158.11 (t, 
C-11'). MS-MAT (270 "C) : ) : m/z (%): 324 (1 00) [A4 ' 1,309 (23,295 (34), 281 ( I S ) ,  
265 (12),252 (1 l), 241 (16), 226 (121,215 (1 l), 210 (13), 187 (21), 1.59 (If). 138 (57). 
122 ( 3 9 ,  I l l  (42), 95 (30). HRMS calcd. for C,,H,,N,O,: 324.1838, found 
324.1835. 


Data for 3b: Yield: 0.48g(2%). 'HNMR (200 MHz, CDCI,), characteristic sig- 
nals from mixed spectrum: 8 =1.37 (d, J = 6 Hz, 3H; H-ll), 4.08 fs, 3K; H-117, 
4 .76(q,J=6H~,lH:H-10) ,6 .29(~,  1H;H-9). 


(8R,9S,IOS)-9-Acetoxy-l~bra~-l~,lldihydra-6'-metboxyci~b~ne (2s-Ac): 
To a mixture of 2a (4.2 g, 10.3 mmoi) and DMAP (125 mg, 1.03 mmol) were added 
acetic anhydride (10 mL) and pyndine (1.7 mL, 2.1 mmol) at 0°C.  The mixture was 
stirred for 3 d at RT After removal of the solvent the residue was dissolved in CHCI, 
and extracted with sat. aq. NaHCO,, The organic layer was dried (MgSO,), evap- 
orated and chromatographed (MTBE/MeOH) to yield 2s-Ac, 4.35 g (94%), m.p. 
139°C. [a]:' - + 84.3(c -l.iOS io CHCl,). IR (KBr): t =1028, 1082.1229,1370, 
1434, 1476, 1510, lS94, 1422, 1714, 1754,2508, 2950m". 'HNMR (200MH2, 
CDCI,):6=1.30-1.88(m,SH;H-S,H-7,H-3),1.95((m,H-4),1.79(d,f=6Hz, 


3.27(m, lH;H-B),3.9%(~,3H;H-ll'),4.4O(rn, 1 H,H-iO),6.57(d,J= 6Hz, 1 H; 
3H;H-21), 2.28(~, 3H; H-13). 2.70& 2H; H-6), 2.95f"d",J= 9 Hz, 2H; H-2), 


H-9), 7.35 (n, 3H; H-3', H-5', H-7'), 8.02 (d, J = ~ H z ,  3H; H-Y), 8.74 (d, 
J =  4 Hz, 1 H; H-2'). '3C NMR (~OMHZ, APT, CDCI,): 6 = 21.13 (-, C-13), 


(t,C-2,C-6), 55.60(-,C-ll'),S8.88(-,C-8),73.38 (-,C-9), 100.88(-,C-5'), 


144.57 (i. C-4, C-10'). 147.32 (-, C-2), 157.95 (+, C-6'). 169.88 (t, C-12). 


22.57.26.65 [ +,C-7,C-5),25.23,25.47(-,C-l1, C-4),45.01 (-,C-3),49.72,51.57 


118.06 (-, c-Y), 122.08 (-, c-q, 126.90 (+, c-Y), 131.72 (-, c-s), 143.73, 


(23), 295 ( S ] ,  243 (6). IBR(ll), 172 (9). 136 (13). HRMS cakd for C,,H,,N,O,: 
MS-MAT(110"C):m/z(%):$48/446(4)~Mt +ll,  389(3), 367ffOD). 325(6), 306 


367.2022, found 367.2031. C,,H,,N,O,Br: calcd C 59.18, N 6.10, N 6.28; found C 
59.02, H 6.08, N 6.30. 


(8R,9S,10R)-9-Aeetoxy-l0-b1~m~lO,lid~ydro6'-metho~ycinchooaoe (2b-Ac): 
Compound 26 (3.4 g, 8.35 mrnol) was allowed to react as described for Za-Ac to 
give Zb-Ac, 3.45 g (92%), m.p. 152°C. = + 42.0 (c = 0.50 in CECi,). IR 
(KBr): i =1030,1087,J234,1304, 1374,1453,1475,1509, 1593,1622,1746,2873, 
2943 cm-I. 'HNMR (200 MHz, CDC13): 6 =1.42-1.83 (m, 5H; H-5, H-7, H-3), 
1.75 (d, J = 6 Hz, 3 H ;  H-ll)% 2.13 (s, 3 H ;  H-13), 2.32 (m, 1 H; H-4), 2.71 (m, 3H), 
2.95 (m, 1 H), 3.27 (m, 1 H; H-X), 3.95 (s, 3H; H-ll'), 4.31 (m, 1 H; H-lo), 6.48 (d, 
J =  6H2, 1H; H-9), 7.32(d, J =  4Hz, 1H; H-3'),7.36 (d, J =  2Hz, 1H; H-S), 
7 . 3 8 ( d d 3 J = 2 . 9 H z ,  I H ; H - ~ ' ) , ~ . O ~ ( ~ , J = ~ H Z , ~ H ; H - V ) , ~ . ~ ~ ( ~ , J = ~ H Z ,  
1H; H-2'). "C NMR (50 MHz, APT, CDCI,): 6 = 21.04 (-, C-13), 22.60, 26.55 
(+, C-5, C-7), 24.05, 26.52 (-, C-fl, C-4), 45.00(-, C-3), 48.71, 49.48(+, C-2, 
C-6), 52.91(-,C-10), 55.49 (-, C-ll '),  58.51 (-, C-8),73.48 (-, C-9), 101.29(-, 
C - S ) ,  118.47 (-, C-Y), 121.71 (-, C-7'), 126.79 (i, C-Y), 13f.81 (-, C-S), 
143.34, 144.65 (+, C-4', C-lo), 147.37 (-, C-2'), 157.85 (+, C-6'), 169.75 (t, 
C-12). MS-MAT (1 10 "C): (%): 448 (9)/ 446 (3 1) [M'], 403 (3), 396 (4). 387 (9, 
367(100), 351 (4). 324(t4), 306(77). 295 (lo), 264(11), 243 (16), 202 (15), 188 (20), 
172 (221, 136 (30). HRMS calcd for C,,H,,N,O,Br: 446.1205, found 446.1199. 
C,,H,,N,O,Br: C 59.18, H 6.10, N 6.28; found C 59.34% 6.08, N 6.48. 


( 8 R ~ ~ - 9 - A c e t o x y - ( ~ - ~ ~ y ~ d e n e - 6 ' - m e t h o x y r u b ~ e  [(Z)-4]. To a solution of 2 a - 
Ac ( 5  g, 11.2mmol) in anhydrous DMF (15mL) was added DBU (2.0mL, 
13.4 mmol) dropwise at 100°C under W 2 ,  and the mixture was stirred for 3 h. Tbe 
solvent was removed (Kugelrohr apparatus), and the residue dissolved irl CHCI,. 
After extraction with H,O the organic layer was dried (MgSO,), evaporated and 
purified by chromatography through a t'eery short column (MTBE/MeQ H,l(o yield 
(Z)-4, 3.64g (89%), m.y. 118°C. [a];' = + 31.7 (c =1.06 in CHCI,), IR (KBr): 
3 =1027, 1085, 1231, 1372, 1434, 1474, 1510, 1593, 1622, 1745,2861, 2936cm-'. 
'HNMR (300 MHz, CDC1,): 6 = 1.49(d, 3 = 6 Nz, 3H; H - l  I), 1.58 (m, 2H; H-5), 
1.77(m,2H;H-7),2.05 (s,3H; H-13),2.35(rn, lH;H-4),2.62-2.83(m, 2H;H-6), 
3.22(d,J=18Hz,lH;H-2,,),3.42(m,1H:H-8),3.67(d.J =18Hz,lH;H-2,,), 
3.93 (6, 3H: H-l l'), 5.25 (m, 1 H ;  H-lo), 6.47 (d. J 1 7  He, I H; H-9), 7.32 (d, 
J =  4 Hz, lH;H-3'),7.33 (dd, J = 2,9 Hz, 1 H: H-7'),7.43 (d,J  = 2 Hz, 1 H; H-5'). 
7.98 (d, J = 9 HZ. 1 H; R-Y), 8.71 (d, J = 4 Hz, 1 H; H-2'). NOE: H-4 with H-10 
(13.77), H-5 (5.67), H-7 (6.55). "C NMR (75 MHt, DEPT, CDCI,): 6 ~ 1 2 . 2 1  (1". 


50.83 (2", C-6), 55.48 (lo, C-ll'), 58.83 (3", C-8), 73.83 (3". C-9), 101.31 (3", (3.5'1, 
113.40 (3", C-lo), 118.64 (3". C-3'), 121.70(3", C-7'), 126.83 (4') C-9) ,  131.68(3", 


c-ii), 20.86(i~,c-i3~,27.09,30.29 ~ . ~ , c - ~ , c - s ~ , ~ z . ~ ~ ~ ~ , c - ~ ~ , ~ 9 . o ~ ~ ~ ~ , c - 2 ~ .  
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C-89, 141.38, 143.59, 144.64 (P, C-4, C-lo', C-3), 147.31 (3", C-T), 157.80 (4", 
C-6'),169.83 (4", C-12). MS-MAT (120°C): m/z (%a): 366 (98) [M+], 351 (23), 323 
(16), 306 (99), 291 (16), 277 (12), 231 (33), 211 (14), 201 (21), 189 (58 ) ,  188 (67), 
172 (19), 154 (9), 136 (100). HRMS calcd for C,,H,,N,O,: 366.1943, found 
366.1943. C,,H,,N,O,: C, 72.09, H 7.16, N 7.65; found C 72.00, H 7.14, N 7.74. 


(8R,9$)-9-Acetoxy-(~)-3-ethylider1e-6'-n1ethoxyrubane [ (E)-4]:  Compound 2 b-Ac 
(2.5 g, 5.6 mmol) was allowed to react as described for (2)-4 to give (E)-4,  1.68 g 
(82%),m.p. 82"C.[0rl;~ = + 20.9(c =l.OOinCHCI,).IR(CHCI,):P =1028.1084, 
1240, 1372, 1432, 1472, 1503, 1592, 1620, 1740, 2864, 2952m-'. 'HNMR 
(200 MHz, CDC1,): 6 =1.62 (d, J = 6 Hz, 3H; €3-ll), 1.50-1.93 (m, 4 H ;  H-5, 
H-71, 2.12 (s, 3H; H-13), 2.63-2.93 (m, 3H; H-4, H-6), 3.18 (d, J=18 Hz; 1 H; 
H-2,), 3.44 (m, 1H;  H-8). 3.73 (d, J =I8  Hz, 1 H;  €1-24vdJ, 3.98 (s, 3H; H-ll'), 
5.18(m,lH;H-10),6.52(d,J=7Hz,lH;H-9),7.36(d,J=4Hz,1H;H-3'),7.38 


H-8'),8.77 ( d , J =  4 Hz, 1H; H-2'). NOE: H-2, withH-l0(1.2), H-2,.,, (7.0). 
(dd, J = 2,  9 Hz, 1 H; H-7'). 7.47 (d, J = 2 Hz, 1 H; H-5'), 8.03 (d, J = 9 Hz, 1 H, 


NMR (50MH2, APT, CDCI,): 6 =12.63 (-. C-II), 20.91 (-, C-13), 25.83 (-, 
C-4),26.38,29.19(+,C-7,C-5),50.50, 51.53(-t,C-2,C-6),55.55(-,C-ll'),58.99 
(-, C-S), 73.53 (-, C-9), 101.47 (-, C-S) ,  113.13 (-, C-10). 118.80 (-, C-3'), 
121.79 (-, C-T), 127.08 (+, C-9), 131.72 (-, C-W), 140.23, 143.83, 144.73 (+. 
C-4', C-lO,C-3), 147.38(-, C-2'), 157.91 (+ ,C-6 ) ,  169.85(+, C-12). MS-MAT: 
m/z(%):  366(100)[M'],351 (35),338(2),323(12), 306(15). 277(9),258(6). 243 
(4), 231 (22), 189 (2). HRMS calcd for C,,H,,N,O,: 366.1943, found 366.1925. 


(3S,SR,9S, lOR)-9-Acetoxy-10,ll-dibydro-3,10-dihydroxy-6'-methoxycinchonane 
(5a) and (3R,SR,9S,lOS)-9-Acetoxy-lO,I IdihydroJ,I0dihydroxy-6'-rnethoxycin- 
chonane (5b): Variant A: OsO, (1.0mL. 0.1 mmol, 0 . 1 ~  solution in fBuOH) was 
added to a solution Of  (Z)-4 (3.8 g, 10.4 mmol). DABCO (3.5 g, 31 mmol) and an 
aqueous solution of NMO (4-methylmorpholine N-oxide)(6.1 mL, 31 mmol, 60%) 
in THF/H,O (4: 1,100 mL). After having been stirred for 7 d at RT, the mixture was 
diluted with CHCI, and extracted with sat. aq. NaHSO,/NaCI (1 : l ) .  The organic 
layer was dried (MgS04), the solvent evaporated and the crude product purified by 
column chromatography (MTBE/MeOH, 15: 1, increasing polarity during separa- 
tion) to afford 5a  (1.92g, 46%), followed by 5 b  (1.57g, 38%). (5a:5b =1.2:1, 
isolated yield). 


Variant B: To a two-phase sytem of K,CO, (0.47 g, 3.35 mmol), K,[Fe(CN,)] 
(1.12g, 3.35mmol) and (2)-4 (438 mg, 1.2mmol) in rBuOH/H,O (1:l) (10mL) 
was added OsO, (0.12 mL, 0.012 mmol, 0.1 M solution in rBuOH). The mixture was 
stirred for 3 h a t  R T  and then worked up as described for variant A to give 5aj5 b 
(2.4:1, 'HNMR), 450 mg, 94%. 


Data Of5a: m.p. 130 "C (decomp.). [a]:' = t74.7 (c = 0.57 in MeOH). IR (KBr): 
P=l231, 1308, 1370, 1435, 1475, 1511, 1593, 1623, 1750, 2937, 3419cm-'. 
'HNMR (200 MHz, CD,OD): 6 =1.23 (d, J =  6Hz, 3H; H - l l ) ,  1.40 (m, 2H), 
1.90-2.38 (m. 3H), 2.19 (s, 3H; H-13), 2.55 (d, J = 1 5  He, 1 H; H-2e,0), 2.89 (m, 
2H;H-6),3.14(d, J=15Hz ,  lH;H-2e,,),3.27(m, lH;H-8),4.00(~,3H;H-11'), 
4.22 (q, J = 6 Hz, 1H; H-lo), 6.59(d,l= 4 Hz, 1 H;  H-9). 7.45 (m. 3H; H-3'. H-7, 
H-S), 7.98 (d, J =  9 Hz, 1 H; H-S'), 8.68 (d, J =  4 Hz, 1 H ;  H-2). I3C NMR 
(50MHz, CD,OD): 6 =16.33 (-, C-11), 20.98 (-, C-13), 21.42, 24.57(+, C-7, 
C-5).29.63(-,C-4), 50.53,55.89(+, C-2,C-6), 56.39(-,C-l1'), 58.40(-,C-8), 


123.68 (-, C-7'1, 127.82 (+, C-Y), 131.52 (-, C-8'), 144.87, 145.50 (+, C-4', 
C-lo'), 147.99 (-, C-2). 159.80 (+, C-6'). 171.10 (+, C- 12). MS-MAT (230OC): 


68.92(~,C-10),73.91(+,C-3),74.81(-,C-9),102.13(-- ,C-5'),119.23(-,C~3'),  


m/z (%): 400 (22) [ M ' ] ,  383 (13), 355 (14), 341 (18), 313 (15). 296 (13), 267 (27), 
253 (16), 231 (30), 189 (54), 188 (58), 170 (loo), 152 (83). HRMS calcd for 
C,,H,,N,O,: 400.1998, found 400.1994. 


Data for 5b: m.p. 68°C. [a];' = +7.0 (c =1.00 in MeOH). IR (KBr): 'v ~ 1 2 3 1 ,  
1372, 1435, 1475, 1511, 1593, 1623, 1747, 2936, 3442cm-I. 'HNMR (200MH2, 
CD,OD): 6 = 1.15 (d, J = 6 Hz, 3H; H-l l ) ,  1.50-1.93 (m. 3H), 2.21 (m, 1 H), 2.36 
(m, 1 H), 2.13 (s, 3H: H-11'). 2.48 (d, J =15 Hz, 1H;  H-2J. 2.58-2.88 (m, 2H; 
H-6),3.02(d, J=15Hz ,  lH;H-2,,,,),3.54(m, lH ;H-8) ,3 .79 (q , J=6Hz ,  1H; 
H-10),4.01 ( s ,  3H; H-ll '),  6.76(d, J = 7  Hz, 1H;H-9), 7.46(dd,J= 2, 9H2, 1H; 
H-7'),7.57(d,J=4Hz,lH;H-3'),7.70(d,J=2Hz,lH;H-~).7.98(d,J=9Hz, 
1 H; H-8'), 8.68 (d, J = 4 Hz, 1 H; H-2'). l3C NMR (50 MHz, CD,OD): 6 = 16.18 
(~.C-ll),20.86(--,C-13),22.07,24.76(+,C-7,C-5),30.37(--,C-4),50.51,55.45 
(+, C-2, C-6), 56.34(-, C-11'), 59.92 (-, C-8), 70.56 (-, C-lo), 73.41 (+, C-3), 
73.89 (-, C-9), 102.77 (-, C-S), 120.52 (-. C-V), 123.58 (-, C-?I), 128.36 (+, 
C-Y), 131.43 (-, C-8'). 145.01, 145.59 (+, C-4, C-10). 148.11 (-, C-27, 159.55 
(+. C-6'), 171.49 (+, C-12). MS-MAT(170"C): m/z (%) = 400(38)[M+], 385 (7), 
355 (1 3), 341 (22). 322 (lo), 312 (1 5 ) ,  296 (1 1), 267 (29), 253 (1 l ) ,  231 (20), 188 (33), 
189 (39 ,  170(100), 153 (24). 


(3S,8R,9S, 10S)-9-Acetoxy-lO,l I-dihydro-3,10-epoxy-6'-methoxyunchonane (6a- 
Ac): To a solution of 5 s  (340 mg, 0.85 mmol) and tBuOK (191 mg, 1.7 mmol) in 
anhydrous THF (20 mL) was added nBuLi (1.1 mL, 1.7 mmol, 1.601 solution in 
hexane) at -78°C. After 15 min tosyl chloride (324 mg, 1.7mmol) in anhydrous 
THF (2 mL) was added, the mixture was allowed to reach RT slowly and then 
quenched with H20.  The aqueous layer was extracted with CHCI,, and the organic 
layer was dried (MgSO,). After removal of the solvent the crude product was 
purified by column chromatography (MTBE/MeOH) to afford 6a-Ac, 283 mg 


(87%), m.p.55"C. [a];" = -10.8 (c = 0.895 in CHCI,). IR (CHCI,): i =1228, 
1508, 1744, 1592, 1620, 2872, 2960, 30M)cm-'. 'HNMR (400MHz, CDCI,): 
6 =1.36(d,J= 5 Hz, 3H; H-ll), 1.52(m, 1H;  H-5), 1.72 (m. 1 H;H-4), 1.76-1.89 
(rn,3H;H-5,H-7),2.10(~,3H;H-13),2.59(d,J=15Hz, lH;H-2,,,),2.78-2.93 
(m, 2H;H-6),2.98(q,/= 5Hz,lH;H-lO),3.34(m, lH;H-8),3.35(d, J = 1 5  Hz, 
1H;  H - 2 d ,  3.926, 3H; H-II'), 6.48 (d, J =  6Hz, 1H; H-9), 7.31-7.40(m,2H; 


J = 4 Hz, 1 H; H-2'). NOE: H-9 with H-2,d,(s); H-10 with H-2,,, (m); H-2,, with 
H-S, H-7'), 7.60 (d, J =  4 Hz, 1 H;  H-3'), 8.03 (d, J =  9 Hz, 1 H ;  H-8'), 8.75 (d, 


H-10 (w), H-2,,. (s), H-9 (s). NMR (100 MHz, CDCI,): 6 =13.87 (-, C-ll ) ,  
21.07 (-, C-13), 21.47 (+, C-7), 25.45 (-, C-4), 26.90 (+, C-5) ,  50.23 (+, C-2), 
52.52(+,C-6),55.66(-,C-ll'),57.81,59.12(-,C-8,C-10),63.2S(+,C-3),73.59 
(-, C-9), 101.37(-, C-59, 118.54 (-, C-3'), 121.88 (-, C-T), 126.85 (+, C-9'), 
131.79 ( - *  C-8'), 143.28. 144.66 (+, C-4, C-lo'), 147.32 (-, C-2'). 158.07 (+, 
C-C), 169.82(+, C-12). MS-MAT: m/z(%):  382 (51)[Mf], 367 (23), 339(6), 322 
(30),323(31), 307 (24).295(12j,265(20).HRMScalcdforC,,H,,N2O4: 382.1893, 
found 382.1889. 


(~S,~R,~S,IOR)-~-AC~~OX~- 10,l l-dihydro-3-hydroxy-6'-rnethoxy- 10-tosyloxycin- 
cbonane (A): This by-product was obtained when 5a was treated with 1.5 equiv 
nBuLi and 1.5 equiv rBuOK according the procedure desribed above, m.p. 130°C 
(decomp.). [a]:' = + 50.7 (c = 1.03 in CHCI,). IR (KBr): i = 1033, 1061, 1084, 
1177, 1190, 1244, 1308, 1367, 1510, 1622, 1728, 2941 cm". 'HNMR (200 MHz, 
CDCI,): 6 =1.22(d.J= 6Hz,3H;H-l l ) ,  1.80-2.00(m, 5H; H-5,H-7,H-4),2.10 
(s, 3H;  H-13), 2.28 (s, 3H;  H-7"), 2.57 (d, J = l S H z ,  1 H ;  H-2,,). 2.80 (m, 2H;  
H-6),3.08(d, J=15Hz,lH;H-2,.,,).3.10(m;lH;H-8),3.96(s,3H;H-ll'),5.32 
(q, J = 6 Hz, 1 H;  H-lo), 7.01 (d, J = 8 Hz. 2H; H-Y, H-S'), 7.12 (m. 2H; H-5', 
H-3'),7.36(dd,J=9,2Hz,lH;H-7'),7.52(d,J=SHz,2H;H-2",H-6')),7.97(d, 
J - 9  Hz, I H ;  H-8'),8.51 (d, J = 4  Hz, H-'2'). MS-MAT(17O0C):m/z(%): 554(6) 
[M '1.496 (?), 495 (13), 494 (32). 479 (5), 382 (lo), 339 (12), 321 (66), 307 (21), 279 
(11). 265 (loo), 251 (1% 225 (13), 188 (14), 172 (19), 152 (71). 


(3R,RR,9S,lOR)-9-Aeetoxy- 141 I-dihydro-3,10-epoxy-6'-mefhoxycinchonan (6 b - 
Ac): Compound 5b (163mg, 0 . 3 2 m o l )  was allowed to react as described for 
6a-Actogive6b-Ac, 128mg(82%),m.p. 52"C.[a]2*= +7.8(c =0.60,CHC13). 
IR(KBr): i =1229,1510,1595,1622,1745,2871,2952crn~'. 'HNMR(200 MHz, 
CDCI,):6=1.32(d,J=5Hz,3H;H-ll),1.60~1.82(m,3H),2.12(tn,1H),1.67 
(brs, 1H; H-4), 2-18 (s, 3H; H-13), 2.63-2.93 (m. 2H; H-6), 2.68 (d, J = 1 5  Hz, 


(m, 1 H;H-8), 3.96(s, 3H; H-ll'), 6.58 ( d , J =  6 Hz, 1H; H-9), 7.38 (m, 3H;  H-S, 


with H-2,,,.(5.48);H-lOwithH-2,,,(3.12). I'CNMR(50 MHz,CHC1,):6 =13.84 


lH~H-2,),2.98(q,J=5H~,lH~H-10),3.13(d,J=15Hz,lH;H-2,,,),3.37 


H-7', H-3'). 8.03 (d, J = 9 Hz, 1 H; H-X'), 8.75 (d, J = 4 Hz, 1 H; H-2). NOE: H-9 


(-,C-l1),21.07 (-,C13),23.69,24.8S(+,C-7,C-S),26.29(-,C-4),50.15,52,29 
(+,C-2,C-6), 55.68 (- ,C-i1') ,58.79(-- .C-8),  60.67(- 1 3  C-10) 63.07(+ , ,  C-3) 
73.59 (-, C-9), 101.37 (-, C-S'), 118.46 (-, C-3'), 121.95 (-, C-7'), 126.87 (+, 
C-9'), 131.74(--, C-8), 143.74, 144.65 (+, C-4, C-lo'), 147.42(-, C-2'), 157.96 
(+, C-C) ,  169.93 (+, C-12). MS-MAT (130"C):m/z(%): 382(44) (M+1,367 (lo), 
339 (S), 323 (I,), 306 (S), 265 (7), 189 (12), 188 (15), 172 ( l l ) ,  152(100). HRMS 
calcd for C,,H,,N,O,: 382.1893, found 382.1900. 


(ZR,8R,9S)-2,9-Epoxy-(E)-3+thylidene-6'-methoxyrubane [(E)-7)], (ZR,SR,9S)-2,9- 
Epoxy-(~3ithyLidene-6'-methoxyrubane I(2)-71, (3$8R,9$lOR)-IO,ll-Dihydro- 
3,l0-epoxy-6'-methoxycinchonan-9-d (6d) and (3R,8R,9S,10J1-10,1l-Dihydro- 
3,10-epoxy-6'-methoxy-cinebooan-9-ol (6c): To a solution of (Z)-4 (1 5.87 g, 
43.4 mmol) and chloramine T trihydrate (12.21 g, 43.4 mmol) in acetone/H,O (1 : 1) 
(200 mL) was added conc. HISO, (2.31 mL. 43.4 mmol). The mixture was stirred 
for 1 h at RT, then diluted with MeOH (300 mL) and saturated with K,CO,. The 
mixture was stirred vigorously for 1.5 h. After removal of methanol and acetone the 
aqueous layer was extracted with CHCI,. The combined organic layer was dried 
(MgSO,), the solvent removed and the crude product purified by chromatography 
(MTBE/MeOH, 20:1, increasing polarity during separation). First (,??/Z)-7 (2.3: 1, 
'HNMR) (3.51 g, 25%) was eluted. Crystallization (E) afforded (E)-7 as platelets. 
Then 6d (2.04 g, 14%) and the most polar compound 6c (2.34 g, 16%) were eluted. 
Compound 6c was also purified by crystallization (CH,CI,) to give colourless 
needles. 


Data for ( 0 7 :  m.p. 165 "C. [a]? = + 402.6 (c =1.03 in CH,CI,). IR (CHCI,): 
i =1088, 1228, 1508, 1620, 2872, 2940cm-'. 'HNMR (300MHz, CDCIJ: 
6 =1.12 (m, l a ;  H-7), 1.31 (m, 1 H; H-7), 1.62 (m 2H; H-5), 1.75 (d, J =7.5 Hz, 
3H;H-lt),2.64(m, 1H;H-4), 3.07 (m, 1H;H-6.,), 3.28 (m, IH; H-6,,i.3, 3.97 (s, 
3H; H-ll '),  4.07 (m, 1H; H-8), 5.17 (s, 1 H; H-2), 5.74 (4, J =7.5 Hz, 1 H; H-lo), 
5.83(d,J=4H~,lH;H-9),7.17(d,J=2Hz,lH;H-5'),7.42(dd,J=2,9Hz, 
1 H;  H-T), 7.57 (d, J =  4 Hz, 1 H; H-3'), 8.08 (d, J = 9 Hz, 1 H; H-S'), 8.82 (d, 
J = 4 Hz. 1 H; H-2'). NOE: H-11 with H-4 (8.08). l3C NMR (75 MHz, DEPT, 
CDCI,): 6 = 13.02 (lo, C-11). 22.57 (4", C 4 ) ,  25.65 (2'. C-7), 29.47 (2", C-5),38,41 
(2'9 C-6), 55.50(1", C-11'), 56.10 (3", C-8), 79.22 (3", C-9), 91.45 (3", C-2), 100.81 
(3", C-S), 120.02 (3", C-3'), 120.85 (3", C-lo), 121.28 (3", C-7'), 126.31 (P, C-93, 
131.69 (3", C-S'), 142.53, 142.69, 143.87 (4", C-3, C-4, C-lo'), 147.74 (3", C-2'), 
157.65 (4", C-6'). MS-MAT (110°C): m/z ("h): 322 (100) [M'] ,  307 (23), 293 (19), 
279 (1 3). 264 (72). 251 (47). 237 (27). 212 (44), 198 (25), 183 (48), 167 (26). 136 (21). 
FAB-MS: m/z (%): 323 (loo), 154 (38), 136 (31). HRMS calcd for C,,H,,N,O,: 
322.1681, found 322.1686. C,,H,,N,O,: C 74.50H, 6.88, N 8.69; found C 74.54, 
H 6.88, N 8.61. 


678 -- Q VCH Verlagsgesellschafi mhH, 0-69451 Weinheim, 1996 0947-6539/96/0206-0678 $ lS.00+.25/0 Chem. Eur. J. 1996,2, No. 6 







Quinidine Derivatives 673 -679 


Data for (2)-7: 'HNMR (200MHz, CDCI,), characteristic signals: 6 =1.90 (d, 
J~7.5H~,3H~H-1l),5.51(~,lH~H-2),5.52(d~,J~7.5,1H~,lH;H-10),5.82 
(d, J = 4 Hz, 1 H;  H-9). 


Data for 6d: m.p. 49°C. I@'= +174.0 (c =1.065 in MeOH). IR (CHCI,): 
i. = 1240, 1508, 1592, 1620,2872,2960,3400 cm-'. 'HNMR (200 MHz, CDCI,): 
6 =1.25 (d, J =  5 Hz, 3H; H-ll), 1.36-1.50, 1.80-2.22 [m, 4H; H-5, H-7), 1.42 
(m. lH;H-4),2.63 (d,J=15Hz,lH;H-2,,),2.91-3.13(m,3H;H-8,H-6), 3.02 
(q, J =  5Hz, 1H; H-lo), 3.6 (brs, 1 H; OH), 3.86 (d, J =  15 Hz. 1 H;  H-2end0), 3.90 
(S,3H;H-ll'),5.62(d,J=4H~,lH;H-9),7.13(d,J=2Hz,lH;H-S),7.32(dd, 
J = 2,9 Hz, 1 H; H-7'). 7.51 (d, J = 4 Hz, 1 H; H-3'), 7.98 (d, J = 9 Hz, 1 H; H-8'), 
8.63 (d, J = 4Hz, 1H; H-2). NOE: H-9 with H-2,,, (1.67), H-5' (12.05), H-3' 
(1.99); H-2,, with H-11 (4.88), H-2,,, (17.60), H-9 (1.29). NMR (SOMHz, 
APT, CD3OD): 6 ~ 1 4 . 7 4  (-, C-ll), 21.72 (+, C-7), 23.91 (+, C-5), 32.54 (-, 
C-4),50.53(+,C-2),51.34(+,C-6),56.47(-,C-ll'),59.49,60.45(-,C-8,C-10), 
63.80 (+, C-3), 71.15 (-, C-9), 102.13 (-, C-S'), 119.80 (-, C-3'). 123.38 (-, 
C-7'), 127.72 (+, C-9). 131.38 (-, C-87, 144.58, 149.82 (+, '2-4, C-lo'), 148.08 
(-,C-2'), 159.68(+,C-6'). MS-MAT(170"C): m/z(%): 340(3S)[Mt], 325( 18), 
311 (51, 189 (30), 172 (24). 152 (100). 138 (19). HRMS calcd for C,,H,,N,O,: 
340.1787, found 340.1796. C,,H,,N,O,: C 70.55, H 7.11, N 8.23; found C 69.20, 
H 7.10, N 8.26. 


Datafor6c:m.p. 119"C.[0r]~~ = +114.O(c = 0.82inMeOH).IR(KBr):f =1227, 
1242, 1509, 1591, 1622, 2870, 2939, 3408cm-'. 'HNMR (300MHz, CDCI,): 
6 =1.18(dd,J= 5Hz,3H;H-ll),1.44(m,2H;H-7,H-4),1.63(m,2H;H-5),2.31 
(m, 1 H; H-7), 2.64-2.89 (m, 2H; H-6), 2.78 (d, J =15 Hz, 1 H; H-2exJ, 3.00 (q, 
J = 5 H z ,  lH;H-10),3.22(m, lH;H-8),3.42(d3 J=15Hz,  lH;H-2,,,),3.89(~, 
3H;H-ll'),5.64(d,J=4.5Hz,lH;H-9),7.28-7.37(m,2H;H-S,H-7'),7.53(d, 


NOE: H-11 with H-2, (2.05), H-10 (4.83); H-10 with H-11 (8.70), H-4 (5.31); 
H-2,.,, with H-2,,, (7.80), H-9 (3.50); H-9 with H-2,., (4.60), H-S', H-7' (21.74), 


J = 4 Hz, 1 H; H-37, 7.98 (d, J = 9 Hz, 1 H; H-S'), 8.68 (d. J = 4 Hz, 1 H;  H-2'). 


H - 3  (4.13). 'T NMR (75 MHz, DEPT, CDCI,): 6 =13.94 (lo, C-li), 22.06 (2", 
C-7), 23.59 (2", C-5). 31.46 (4", C-4), 48.31 (T,  C-2), 50.09 (2", C-6), 55.39 (3'. 
C-113, 59.00 (3", C-8), 59.12 (3", C-lo), 62.96 (4", C-3), 70.96 (3", C-9), 100.96 (3", 
C-S), 118.56(3",C-3'), 121.71 (3", C-7'), 126.43(4",C-9'), 130.52(3",C-8'), 143.43, 
148.08 (4", C-4, C-lo), 146.92 (3", C-2'), 157.76 (4", C-6). MS-MAT (150°C): mjz 
(%): 340 (37) [Mi], 324 (18), 189 (26), 172 (18), 152 (loo), 138 (23). HRMS calcd 
for C,,H,,N,O,: 340.1787, found 340.1786. C,,H,,N,O,CI,: C 59.42, H 6.18, N 
6.60; found C 58.33, H 6.04, N 6.64. 


Crystallographic Measurements: 6c-CH,CI,: C,,H2,CI,N20,, M ,  = 425.34, mon- 
oclinic, P2, ,  a = 992.50(8), b = 882.26(10), c =1249.55(12) pm, b =105.332(6)", 
Z = 2, i(Mo,,) =71.073 pm, T = -100°C. Data collection: colourless prism 
0.8 x 0.5 x 0.3 mm, Siemens P4  diffractometer, 3027 reflections (2903 unique) to 
20 = 55". Structure refinement: on F2 using SHELXL-93 (G. M. Sheldrick, Univer- 
sity of Gottingen). H atoms as rigid methyl groups or riding. A weak confirmation 
of the absolute configuration was provided by the x method (H. D. Flack, Acta 
Crystallogr. 1983, A39, 876-881); x refined to 0.1 (2).  Final wR(F*) = 0.198, con- 
ventional R(F) = 0.062, for 256 parameters and 246 restraints; S = 1.00, max. 
A p  =1211 enm-, [in solvent region). 


(El-7: C2,Hz2N,OI, MI = 322.40, orthorhombic, P2,2,2,, a =778.10(8), b = 


1263.1(2), c =1683.8(2) pm, Z = 4, T = -100°C. Data collection: colourless 
prism 0.9 x 0.45 x 0.4 mm, 4187 reflections, 3790 unique, otherwise as above. Struc- 
ture refinement: As for 6e, but absolute configuration was assumed. Final wR(F2) 
0.091, conventional R(F) = 0.040, for 220 unrestrained parameters; S = 0.95, max. 
A p  =163 enrn-,. 


Further details of the crystal structure investigations may be obtained from the 
Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen (Germany) 
on quoting the depository numbers CSD-404174 and CSD-404175. 
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A Tricyclic Dehydrorubanone and New Isomers of the 
Major Quinidine Metabolite 


Cornelius von Riesen and H. M. R. Hoffmann" 


Abstract: Spiroepoxide 1 was prepared the new tricyclic dehydrorubanone 7, con- 20 g scale. Reduction with NaBH, in the 
from quinidine and converted into 8- taining the 4-oxa-7-azatricyclo[4.3.1 .037 '1- presence of CeCI, provided rubanols 
amino alcohol 3 (86% over two steps). decan-Zone core structure. Similarly, 10a and 10b (1: 1.1). Homer-Wittig 
Dihydroxylation of enantiopure oxazatri- acetylated rubanone 9 was prepared on a reaction of 9 with diethyl cyano- 
cylic olefin (E)-4 provided diastereomeric methylphosphonate was (2)-selective, 
diols 5a and 5b. Stereospecific conversion furnishing unsaturated nitrile (2)-13. 
of 1,2-~econdary,tertiary diol 5 b into te- Conversion into the a,b-unsaturated alde- 
tracyclic spiroepoxide 6 was accomplished hyde (2)-14 and reduction afforded enan- 
in high yield by a one-pot tosylation-cy- tiopure allylic alcohol (2)-12, which is a 
clization procedure. 1,2-Diol cleavage new isomer of the key quinidine metabo- 
with NaIO, in 80% acetic acid afforded lite 15. 


Epoxides are invaluable starting materials for organic synthesis, 
and enantiopure epoxides have found widespread use as chiral 
building blocks. In the preceding paper, we have shown that all 
four possible C(3)C( 10) diastereomeric spiroepoxides, derived 
from quinidine, are readily accessible."] 


The utility of crystalline spiroepoxide 111] is exemplified by 
stereospecific conversion into 8-amino alcohol 3 (Scheme 1). 
After the first stage, that is, the regio- and stereoselective nucle- 
ophilic opening of epoxide 1, the resulting azido alcohol 2 was 


1 2 


3 


Scheme 1. Regio- and stereoselective nucleophilic opening of spiroepoxide 1. High- 
yield preparation of the twofold ,%amino alcohol 3 (the numbering of the quinidine 
skeleton follows cinchona alkaloid convention). 
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isolated (90 YO) and stored without decomposition. The azide 
group serves as a masked amino group. Hydrogenative cleavage 
of the a i d e  (2 -+ 3) was very clean and allowed us to isolate 
highly polar bis(amino)diol 3 by simple filtration through a 
short column. 1,2-Aminodiols are of pharmacological rele- 
vance[*] and also as chiral ligands in asymmetric synthe~is .~~]  


Following previous experience we dihydroxylated crystalline 
allylic N,O-acetal (E)-4['' by two methods (Scheme 2). Treat- 
ment of configurationally pure olefin (E)-4 according to vari- 
ant A provided the two diols (5a:5b =1:1.9), which were 
isolated as single diastereomers. Diastereomerically pure 1,2- 
secondary,tertiary diol 5 b was transformed efficiently (92 %) 
into diastereomerically pure spiroepoxide 6 by a KOtBu-acti- 
vated monotosylation-cyclization procedure."] The absolute 
configuration of tetracyclic epoxide 6 was derived from the ab- 
solute configuration of the 1,2-diol precursor 5 b (NOE on 5 a). 
Note that the (E)-configurated methyl group in the starting 
olefin (E)-4 is inverted in spiroepoxide 6; this corresponds to one 
inversion of configuration in the transformation 5 b + 6 (cf. 
Scheme 7, preceding paper). 


In the preparation of dehydrorubanone 7 the configuration of 
the double bond in the trisubstituted olefinic precursor 4 is 
necessarily lost. This ketone 7 is prepared conveniently by diol 
cleavage from a mixture of (E)-4 and (2)-4, obtained according 
to variant B (76% yield vs. 56% by variant A). 


Tricyclic dehydrorubanone 7 contains five chiral centres in- 
cluding the bridgehead nitrogen and is a single diastereomer, 
which is, of course, also enantiomerically pure. It serves as a 
convenient precursor for further elaboration of this intricate 
oxazatricyclic framework. 


Cleavage of the vicinal diol8, which is obtained in four simple 
stages from quinidine,"] was expected to yield acetylated 
rubanone 9.I4] Treatment of 8 with aqueous NaIO,/ether (1 : 1) 
provided the desired ketone 9 and some 6-methoxyquinoline-4- 
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OMe 


(E)4 


A: OsO,, NMO. DABCO, 
THF/YO. r.t., 56% or 


t -BuOwO, r.t. 76% 
B: K,[Fe(CN)d, Oso,, K2C03. I 


6a (19%, variant A) Sb (37%. variant A) 


NalO,, AcOH 
0.5h (80%), r l . ,  1 84% 


1. n-BuLi, t-BuOK, THF. 


2. TsCI, -780c'0'25h/ THF. 
-78 "C lo r.t. 


1 H 
OMe 


6 


Scheme 2. Four highly functionalized derivatives of oxazatricyclic olefin (E)-4 
(DABCO: 1,4-diazabicyclo[2.2.2]octane; NMO: 4-methylmorpholine N-oxide). 


carbaldehyde (10) as a by-product. We assume that the acetyl 
group was partially taken off under the weakly alkaline condi- 
tions, furnishing an intermediate fi-amino alcohol, which suf- 
fered bond cleavage. 1,2-Diol8 and its three diastereomers were 
soluble in 80 % acetic acid, and acetylated rubanone 9 was pre- 
pared in 86% isolated yield on a 20 g scale in this solvent 
(Scheme 3). 


In the context of the DABCO-catalysed reaction of aldehydes 
with Michael acceptors,['] we were interested in preparing p -  
amino alcohols and derivatives of quinidinols, which might be 


used in an asymmetric variant of the coupling procedure. Re- 
duction of rubanone 9 with NaBH, was effective, provided that 
CeCl, was added. In this way the acetoxy group remained in- 
tact, and the diastereomeric rubanols 10a and 10b were formed 
in excellent chemical yield (Scheme 4). Less polar diastereomer 
10 a was assigned by NOE as well as CH-COSY and HH-COSY 


0 
?Me u %;+b NaBH,, CeCI, (3 equiv), 94% MeOH, r.t., 15 min 


N, H 


9 


1 Oa 1 : 1.1 10b 


Scheme 4. Diastereomeric rubanols 10a and 10b from 9. 


In order to prepare various quinidine metabolites we studied 
olefination reactions of rubanone (9). The Horner reaction af- 
forded the expected olefin 11 as a mixture of ( E / Z )  isomers, 
which were separated on an analytical scale, but were difficult to 
separate on a preparative scale. Nonetheless, the olefinic config- 
uration was clearly established by NOE. Reduction of the (El 
2)-11 mixture with DIBAH gave the allylic alcohols (E/Z)- 
12 in good yield, but again inseparable by chromatography 
(Scheme 5). 


1. (EtOhPOCH,CO,Et, 
t-BuOK, THF. r.1.. 
45 min 


2. ketone. THF. r.t., 
3 h  


87% 9 + 


NalO,, 0 


10 (12%) (uz)-12 (inseparable) 


Scheme 5. Horner- Wittig reactions of acetylated rubanone 9 (DIBAH: diisobutyl- 
aluminium hydride). 


8 


(+ 3 other diastemomeric diols) 


I 


A change of Horner reagent to cyanomethyl diethoxyphos- 
phonate provided a stereoseiective olefination, giving (Z)-con- 
figurated cyanomethylidene rubane (2)-13. Chemoselective 


NalO,, AcOH (80%), 15 rnin reduction with DIBAH required a large excess of reagent 
86% w 9  (8 equiv). Standard acidic workup afforded the a$-unsaturated 


allylic alcohol (2)-12. a$-Unsaturated nitrile (2)-13 and unsat- 
Scheme 3. Efficient and convenient preparation of acetylated rubanone 9 on a aldehyde (2)-14, which was reduced to the (Z)-configurated 
multigram scale. 
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Scheme 6. (2)-Selective Horner- Wittig reaction of 9. Synthesis of (Z)-configurat- 
ed allylic alcohol (Z)-12, isomer of the key quinidine metabolite 15. 


urated aldehyde (2)-14 were therefore configurationally stable 
under our conditions. Allylic alcohol (2)-12 is a double-bond 
isomer of tertiary allylic alcohol 15, which is the major quinidine 
metabolite.[61 


Conclusions 


In this and the preceding paper we have harnessed some of the 
potential of cinchona alkaloids for chemo- and stereoselective 
transformations. Starting from quinidine, all four diastereomer- 
ic 1,Zdiols (Scheme 3) of ethylidene rubane have been cleaved 
to give ketone 9. Thus, not even a single diastereomeric separa- 
tion is necessary during this efficient five-step sequence to 
rubanone 9. Thanks to a (Z)-selective Horner-Wittig reaction, 
no diastereomeric separation is required in the preparation of 
(Z)-configurated allylic alcohol (23-12, and its unsaturated pre- 
cursors (2)-13 and (2)-14, which are also Michael acceptors. A 
range of functionalized tricyclic rubanones, containing the 4- 
oxa-7-azatricyclo[4.3.1 . 0 3 3  'Idecan-2-one framework, have been 
synthesized for the first time. The five-membered N,O-acetal 
structure occurs also in quinocarcin, an antitumor antibiotic.I6I 
The various compounds prepared are of interest in their own 
right and serve as intermediates for further elaboration. Allylic 
alcohol 12, like spiroepoxide 1, is a structural isomer of the 
important, pharmacologically active metabolite 15 of 
quinidine."] 


Experimental Procedure 
General Remarks: The numbering of the quinidine skeleton follows the cinchonanei 
rubane convention for cinchona alkaloids. Melting points: Biichi apparatus, not 
corrected. Infrared spectra: Perkin-Elmer 1710 spectrometer. 'H NMR spectra: 
Bruker WH90, WP2OOSY or AM300 spectrometer. Chemical shifts are reported in 
6 values relative to tetramethylsilane (TMS) as internal standard. I3C NMR spec- 
tra: Bruker WP 200 SY or a Bruker AM 300. Chemical shifts are reported in 6 values 
relative to TMS. APT (attached proton test): spin echo-based selection of multiplic- 


ities of I3C signals. Quaternary C and CH, carbon atoms give positive signals (+), 
while CH and CH, give negative signals ( -) . Low- and high-resolution electron-im- 
pact mass spectra: Finnigan MAT312 spectrometer with an ionization potential of 
70 eV at room temperature, unless stated otherwise. Microanalyses were performed 
in the Department of Organic Chemistry of the University of Hannover. Preparative 
column chromatography was performed on J. T. Baker silica gel (particle size 30- 
60 pm). Analytical TLC was carried out on aluminium-backed 0.2 mm silica gel 
60F,,, plates (E. Merck). E (ethyl ether). MTBE (methyl t-hutyl ether). The prepa- 
ration of 1, (Q-4 and 8 was described in the preceding paper. 


(3R,8R,9S,10R)-10-Azido-lO,ll-~ydro-~hydroxy-6'-methoxycinchonan-9-ol (2): 
A solution of 1 (340 mg, 1 mmol), NaN, (163 mg, 2.5 mmol) and NH,CI (96 mg, 
1.8 mmol) in MeOH (4 mL) was heated to reflux for 4 d. The solvent was removed 
and the crude product purified by chromatography (MTBE/MeOH) to give 2, 
345 mg (90%), m.p. (decomp.). [a]:' = + 37.1" (c =1.12 in MeOH). IR (KBr): 
i=1244, 1471, 1511, 1591, 1622, 2112, 2942, 3418cm-'. 'HNMR (200MHz, 
CD3OD):~=1.13-1.30(m,1H),1.52(m,2H),2.38(m,IH),1.35(d,J=6Hz, 
3H;H-l l ) ,  1.90(m, lH;H-4),2.74(rn,2H;H-6),2.92(d,J=lS Hz, 1H;H-2,,), 
3.13(m,1H;H-8),3.47(q,J=6Hz,1H;H-10),3.51(d,J=15Hz,1H;H-2,.,), 
3.98 ( s ,  3H; H-I 17, 5.68 (d, J = 4 Hz, 1 H;  H-9), 7.31 (dd, J = 2, 9 Hz, 1 H; H-7'), 
7.43(d,J=2H~,lH;H-5'),7.69(d,J=4H~,lH;H-3'),7.95(d,J=9H~,lH, 
H-8'),8.67 (d, J = 4 Hz, 1 H;  H-2'). 13C NMR (50 MHz, APT, (CD30D): 6 = 12.73 
(-, C-11). 22.08,22.63 (+, C-7, C-5), 32.07 (-, C-4), 50.48, 58.45 (+, C-2, C-6). 
56.44(-,C-ll'),59.99(-,C-8),63.48(--,C-10),72.35(-,C-9),74.07(+,C-3), 
102.38(-,C-5'),119.94(-,C-3'),123.38(-,C-7'),128.07(+,C-9'),131.34(--, 
C-S'), 144.73,149.93(+,C-4,C-10), 148.12(-,C-2'),159.63(+,C-6).MS-MAT 
(170°C): m/z (%): 383 ( 8 )  [ M ' ] ,  355 (2), 341 (IOO), 323 (22), 312 (9), 284 (39,269 
(17), 243 (12), 213 (17), 202 (22), 186 (24), 172 (95), 152 (49). HRMS calcd for 
C,,H,,N,O,: 383.1957, found 383.1951. 


(3R,8R,9S,10R)-10-Amino-10,1l-dihydro-~hydroxy-6'-methoxycinchonan-9-01 (3): 
A suspension of 2 (130 mg, 0.34 mmol) and catalyst (Pd/BaSO,, 5%, 10 mg) in 
MeOH (3 mL) was hydrogenated for 2 h at normal pressure. The extremely polar 
product was filtered through a very short column (MeOH) to remove the catalyst. 
Compound 3 was isolated in nearly quantitative yield as a white solid. Yield: 116 mg 
(96%),m.p. 130"C.[a]6° = +117.1 (c =1,05inMeOH).IR(KBr):C =1029,1229, 
1242, 1434, 1472, 1510, 1592, 1622, 2520, 2877, 2942, 3388cm-'. 'HNMR 
(200MHz,CD,OD):6=1.17(m,1H),1.53(m,2H),2.36(1H),1.13(d,J=6Hz, 
3H, H-11), 1.92 (m. 1 H;  H-4), 2.70-3.2 (m, 3H, H-6, H-8), 2.97 (d, J =15 Hz, 1 H, 
H-~,,,),~.O~(~,J=HZ,IH~H-IO),~.~~(~,J=~~HZ,~H;H-~,,,),~.~~(S,~H; 
H-ll'), 5.72 (d, J = 3 H z ,  1 H ;  H-9), 7.36 (dd, J = 2 ,  ~ H z ,  1H;  H-7'), 7.39 (d, 
J = 2 Hz, 1 H ;  H-5'), 7.71 (d, J = 4 Hz, 1 H; H-3'), 7.93 (d, J = 9 Hz, 1 H; H-89, 
8.68 (d, J = 4 H z ,  1H; H-2'). 13C NMR (50MHz, APT, CD30D): 6 =17.30 (-, 
C-11),21.78,22.50(+,C-7,C-5), 31.96(--,C-4), 50.63,58.66(+,C-6,C-2), 53.87 
(-,C-10),56.49(-,C-ll'),59.75(--,C-8),72.35(-,C-9),72.55(+,C-3),102.32 
(-, C-S), 119.82 (-, C-3'), 123.40 (-, C-7'), 127.97 (+, C-Y), 131.37 (-, C-8'), 
144.71, 149.89 (+, C-4, C-lo'), 148.12 (-, C-2'). 159.695 (+, C-6). MS-MAT 
(80°C): m/r  (%): 357 (2)[M+], 339 (4), 313 (4), 296 (5), 286(31), 270 (32), 254 (2), 
238 (3), 213 (4), 199 (5), 189 (18), 169 (68), 152 (25), 127 (20), 109 (12), 96 (100). 
HRMS calcd for C,,H,,N,O,: 357.2052, found 357.2058. 


(ZR,3S,SR,9S,lOR)- 10,l l-Dihydro-3,10-dihydroxy-2,9-epoxy-6'-methoxyciocho- 
nane (5 a) and (2R,3R,8R, 9S,10S)-10,1l-DihydroJ,l0-dihydroxy-2,9-epoxy-6'-me- 
thoxycinchonane (5b): Variant A: To a solution of (E)-4 (527 mg, 1.64 mmol), DAB- 
CO (551 mg, 4.92 mmol) and an aqueous solution of NMO (1.6 mL, 8.2 mmol, 
60%) in THF/H,O (4: 1, 25 mL) was added OsO, (0.5 mL, 0.05 mmol, 0.1 M solu- 
tion in tBuOH). After having been stirred for 7 d at RT, themixture was diluted with 
CHCI, and extracted with sat. aq. NaHSOJNaCI (1 : 1). The organic layer was dried 
(MgSO,), the solvent evaporated and the crude product purified by column chro- 
matography (MTBElMeOH, 15: 1, increasing polarity during separation) to afford 
5h (190mg, 37%), followed by 5a (140 mg, 19%, contaminated with ~ 2 0 %  5h), 
(5 a: 5 b = 1 : 1.9, isolated yield). 


Variant B: To a two-phase sytem of K,CO, (1.17 g, 8.47 mmol), K,[Fe(CN),] 
(2.67 g, 8.11 mmol) and (E/Z)-4 (1.15 g, 3.57mmol) in tBuOH/H,O (1: 1) (40 mL) 
was added OsO, (0.36 mL, 0.036 mmol, 0.1 M solution in rBuOH). The mixture was 
stirred for 7 d at RT, a further portion of catalyst (0.72 mL, 0.072 mmol) added and 
the mixture stirred for further 3 d. Workup as described for variant A afforded a 
mixture of four diols, 965 mg (76%). 


Data for 5a: IR (KBr): 5=1230, 1243, 1265, 1511, 1594, 1622, 2878, 2940, 
3430cm-'. 'HNMR (200 MHz, CDCI,/CD,OD): 6 =1.07-1.7 (m, 4H;  H-5, H- 
7),1.29(d,J=6Hz,3H;H-ll),1.65(m,1H;H-4),2.98-3.34(m,2H;H-6),3.75 
(q,J=6Hz,lH;H-10),3.96(m,lH;H-8),3.98(s,3H;H-11'),5.03(s,1H;H-2), 
5.72(d,J=4H~,lH;H-9),7.17(d,J=4H~,lH,H-5'),7.43(dd,J=2,9H~, 
lH;H-7'),7.88(d,J~4H~,lH;H-3'),8.05(d,J=9H~,lH;H-8'),8.74(d, 


CDCI,/CD,OD): 6 =17.46 (-, C-11), 22.59 (+, C-7), 23.27 (+, C-5), 28.12 (-, 
C-4),38.15(+,C-6),55.08,55.44(-,C-ll',C-8),68.77(-,C-10),74.27(+,C-3), 


J = 4 Hz, 1 H; H-2'). NOE: H-2 with H-10 (1.20). ',C NMR (50 MHz, APT, 


79.86 (-, C-9), 89.27 (-, C-2), 101.13 (-, C-5'), 119.18 (-, C-Y), 121.56 (-, 
C-7'), 126.17 (+, C-Y), 130.69 (-, C-8), 141.63, 143.19 (+, C 4 ,  C-lo), 147.05 
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(-, C-2'), 157.87(+.C-6). MS-MAT:m/z(%):356 (13)[Mf],339(11), 310 (71, 
283 (9), 267 (l), 246 (7). 228 (31, 198 (8), 184 (11). 173 (23). 160 (3), 140 (13). 
HRMS calcd for C,,Hz4N20,: 356.1736, found 356.1731. 


Data for Sb: m.p. 183°C (decomp.). [n]kP = + 246.3 (c = 0.415 in CHCI,/MeOH, 
9 ~ 1 ) .  1R (KBr): B =1230, 1511, 1595, 1621, 2872, 2938, 343Ocm-'. 'HNMR 
(200MHz, CDC13/CD30D): 6 = 0.92 (m, IH), 1.13-1.30 (m, 2H). 2.0 (m. 1 H), 
1 .19 (d, J = 6 Hz, 3 H; H-1 l ) ,  1.68 (m, 1 H; H-4), 3.22 fm, 2H; H-6), 3.98 (s, 3 H; 
H-il'), 4.47 {q, J = ~ H z ,  1H; H-10). 4.78 (d, J = I H z ,  PH; H-2). 5.62 (d, 
J = = ~ H z ,  lH ;H-9) ,7 .17 (d , J=2H~,  lH;H-53,7.43(dd,J=2,9Hz,lW;H-7'), 
7.67(d,J=4H~,lH;H-3'),8.03(d,J=9Hz,lH;H-8'),8.75(d,J=4H~,lH; 
H-2'). "CNMR ( S O  MHz.APT. CDCI,/CD,OD): d =16.08 (-, C-ll), 22.38 (+, 
C-7), 23.02 (+, C-5), 26.40 (-, C-4), 38.94 (+, C-6), 54.86 (-) 55.79 (-, C-ll', 
C-8),67.16(-,C-10),76.42(+,C-3),79.96(-,C-9),94.55(-,C-2),101.66(-, 
C-S'), 119.25 (-, C-3'), 122.03 (-, C-7'), 126.46 (+, C-9). 131.14 (-, C X ) ,  
142.17, 143.50 (+, C-4, C-lo'), 147.35 (-, C-T), 158.28 (+, C-6'). MS-MAT 
(190 "C): mjz (%): 356 (12) [M +], 338 (141, 310 (2), 279 (7), 297 (1 l ) ,  184 (1 7), 167 
(35), 149 (100). 140 (22). HRMS calcd for C,,H,,N,O4: 356.1736, found 356.1 730. 
C2,H2,N20,: C 67.38, H 6.79, N 7.86; found C 67.39, H 6.78, N 7.84. 


(ZR, 3R,8R, 9S, 1OR) - 10, I l-Dibydro-Z,9- epoxy -3, IO-epox y -6'-methoxy&chonane 
(6): To a solution of 5 b  (120 mg: 0.337 mrnol) and rBuOK (75.6 mg, 0.674 mmol) in 
anhydrous THF (8 mL) was added nBuLi (0.42 mL, 0.674 mmol, 1 . 6 ~  solution in 
hexane) at - 78"C, followed by tosylchIoride(128.5 mg, 0.674 mmolfin anhydrous 
THF (2 mL) after 15 min. The mixture was warned up slowly lo RT and then 
quenched with H,O. The aqueous layer was extracted with CHCI, and the organic 
layer dried (MgSO,) and evaporated. The crude product was purified by column 
chromatography (MTBE!MeOH) to yield 6, 105 mg (92%), n1.p. 55 "C. 


2836, 2876, 2944, 3008 cm-'. 'HNMR (200MHz, CDCI,): d =1.22-1.48 (m, 
3H) .  1.94(m, lH) ,  1.28 (m, 1H;  H-4). 1.67 (d, J s 6 H z .  3H; H-l l ) ,  3.15 (q, 
J = 6 Hz, 1H; H-10), 3.23 (m, 2H; H-6). 3.97 (s, 3H: H-ll), 4.07 (m, 1H: H-S), 


[u];' = + 279.2 (C = 0.47, CH,Cl,). IR (CHCI,): i. = 1224, 1472, 1508,1620,1672, 


4.80 (S, 1 H; H-2)- 5.78 (d, J = 4 HZ, 1 H ; H-9), 7.13 (d, J = 2 Hz, 1 H; H-5'). 7.41 
(dd, J = 2, 9 Hz, 1 H ;  H?), 7.55 (d, J =  4 Hz, 1H; H-37, 8.08 (d, J = ~ H z ,  I H ;  
H-8'), 8.83 (d, J = 4 Hz, 1 H; H-2'). "C NMR (50 MHz, APT, CDC13): 6 = 16.02 
(-. C-I]), 23.37 (+, C-7), 23.46 (+, C-5).  27.05 (-, C-4), 38.37 (+, C-6), 55.12, 
55~73 (-* C-11', C-8). 60.27 (-, C-lo), 65.60 (+, C-3), 79.62 (-. C-9), 92.29 (-, 
C-2) ,  100.89(- C-s'), 119.30 (-, C-3'), 121.76(-, C-7'), 126.33 (+, C-9), 131.75 
(-, C-S'), 142.06, 143.91 (+. C-4CIO), 147.55 (-, C-Z), 157.98 (+, C-6'). MS 
(GC-MS):m/z(%):338(12)IMt],281 @),266(12),253(12),236(11),210(14), 
200 (12), 196 (lo}, 184 (21), 183 (l2}, 172 (loo), 166 (f6). HRMS calcd for 
C,,H22N,0,: 338.1630, found 338.1639. 


(2R,8R,9S)-2,9-Epaxy~'-methoxyrubau-~one (7): To a solution of 5a.b (550 mg, 
1.5 mmo1)in acetic acid (IS mL, 80 %)was added NaIO, (396 mg, 1.85 mmol). The 
mixture was stirred for 0.5 h at RT, and most of the solvent was removed. The 
residue was diluted with H,O, neutralized with NaHCO, and extracted with CHCI,. 
AFter drying (MgSO,) and purification by chromatography (MTBEIMeOH, 30: 1) 
7 was obtained. Yield: 403 mg (84%), m.p. 190°C (decomp.). [a];' = + 220.3 
(c=O.65 in CH,CJ,). IR (KBr): 1020, 1057,1080, 1094,1121, 1148, 1230, 1264. 
1433, 1472, 1510, 1621, 1743, 2943 cm-'. 'HNMR (200 MHz, CDC1,): 6 = I 2 5  
(m,lH),1.59(ddd,J=1.5,8,14Hz,lH),2.07(m,ZH),2.28(m,1H),3.27(m, 
2H;  H-6), 3.96 (s, 3H;  H-il'), 4.27 (m, i H ;  H-8), 4.73 (s, 1H; H-2), 5.91 fd, 
J := 4 Hz, 1 H; H-9), 7.07 (d, J = 2 Hz, 1 H; H-5'), 7.39 (dd, J = 2.9 Hz, 1 H; H-T), 
7.43 (d, J =  4Hz, I H ;  H-37, 8.07 (d, J = 9 Hz, 1H;  H-S'), 8.77 (d, J =  ~ W L ,  1 H; 
H-2). "C NMR (50MHz, APT, CDCI,): 6 = 22.14 (+, C-7), 29.62 (+, C-5), 
35.88(-,C-4). 37.13 (+,C-6),55.37,55.65 1-, C-?l',C-8), 80.09(-,C-9),89.71 
( - %  C-2). 100.87 (-, C-S), 119.11 (-, C-Y), 121.47 (-, C-7'), 125.99 (+, C-9), 
131.89 (-, C-87, 141.13, 143.91 (-, C-4'. C-to), 147.94 (--, C-2'). 157.97 (+, 
C-6'),213.39(+,C-3).MS-MAT(14OaC~:m/z(%):282(100),267(4),24J(6),224 
(171,210 (loo), 196 (13), 184 (47), 183 (531, 169 (lo), 141 (6). FAB-MS: m/z ( O h ) :  


311 (57) IM' + 11, 282 (23), 243 (loo), 210 (13). HRMS calcd for C,,H,,N,O,: 
310.1317, found 310.1317. 


(8R,9S)-9-Acetoxy-6'-methoxyruba~-3-one (9) and 6-Methoxychinolin4carbalde- 
hyde (10): Variant A. To a solution of8 (15.4 g, 38.5 mmol) in acetic acid (250 mL, 
80%) was added NalO, (9.88 g, 46.2 mrnol). The mixture was stirred for 15 min at 
RT. the solvent removed and the residue diluted with H,O. After neutralization 
(NaHCO,) the aqueous phase was extracled with CHCI,. The organic layer was 
dried (MgSO,), evaporated and chromatographed (MTBE/MeOH, 30: 1) to afford 
9, 11.7 g (86%). 


Variant B. To a solution of 8 (312 mg. 0.78 mmoq in Et20/S,0 (1 :1) (10 mL) was 
added NalO, (250 mg, 1.1 7 mmol) in portions. The mixture was stirred for 2 h at 
RT and then extracted with CHCI,. The organic layer was dried (MgSO,) and, after 
removal of the solvent, purified by column chromatography (MTBE + MTBE/ 
MeOH) ta give aldehyde 10 (17.5 mg, 12%) followed by 9 (155 mg, 56%). 


Data for 9: m.p. 167°C. @]to 3 + 57.7 (~=1.005 in CHCI,). IR (CHCIJ: 
;=1232, 1308, 1372. 1432, 1456, 1472, 1508. 1592, 1620, 1736, 2884,2960cm-'. 
'HNMR (200 MHz, CDCI,): 6 =1.90-2.29 (m, 4H; H-5, H-7), 2.17 (s, 3H; H- 
11),2.56(m,1H~H~4),3.78-3.07(m,ZH;H-6),3.25(d,~=21Hz,1H;H-2,,,), 


3.48 (m, 1H; H-S). 3.67 (d, J =  21 Hz, 1H; H-2emd0), 3.98 (s, 3H; H-ll'), 6.56 (d, 
J = 6 H z ,  lH;H-9).7.29(d.J=4Hz, lH;H-3) ,7 .32(d,J=ZHLlH;H-5) ,  
7.41 (dd, J = 2, 9 Hz, 1 H; H-7'), 8.05 (d, J = 9 Hz, 1 H; H-8'), 8.74 (d, J = 4 Hz, 
1 H;  H-2'). I3C NMR (50 MHz, APT, CDCI,): 6 = 20.98 (-, C-lf), 24.59, 26.94 
(+, C-7, C - 9 ,  40.39 (-, C-4), 50.12 (+,  C-6), 55.64(--, C-ll'), 57.91 (-, C-8), 
58.52 (+, C-21, 73.60 (-, C-9), 101.04 (-,  C-57, 117.92 (-, C-37, 121.96 (-, 
C-7'), 126.46 (+, C-9), 131.82 (-, C-83, 143.03, 144.53 (t, C-4,  C-lo'), 147.30 
( - 3  C-2'),158.411+, C-61, ?69.62(+, C-I@), 218.42 (t, C-3). MS-MAT (120°C): 
inlz (?A): 354 (53) IM + i ,  326 (91), 310(43), 283 (24), 267 (loo), 253 (31), 243 (271, 
227 (211, 210 (16J, 200 (26), 186 (21). 172 (89), 154 (13). HRMS calcd for 
CzoH2J'J2C)4: 354.1580, found 354.1576. C,,Hz2N,0,: C 67.77, H 6.26. N 7.91: 
found C 67.76, H 6.30, N 7.90. 


Data for 10: IR (CHCI,): a =1076, 1132,1172,1240, 1264, 1296,1352,1432, 1476, 
1504, 1584, 1620, 1700, 2748, 2852, 2932, 2964. 3216 cm-'. 'HNMR (200MHz, 
CDCl,): d =4.01(s,3H;OMe),7.47(dd,J=2,9Hz,lH;H-7), 7.77(d,J=4Hz, 
lH;H-3),8.11(d,J=9H~,lH;H-8),8.48(d,J=2H~,H-5),9.04(d,J=4H~, 
iH;H-2),10.43(s,l H;H-ll).'3CNMR(50MHz,BB,CDCI,):b= 55.78(OMe), 
102.51 (C-5'). 123.16 (C-7), 125.32 (C-9), 127.18 (C-3), 131.39(C-8), 135.34(C-4), 
345.89 (C-lo), 147.47 (C-2), 160.61 (C-6), 193.46 (C-11). MS-MAT: mlr (Yo): 187 
(loo) IM '1, 172 (3), 167(f), 159(58), 158 (20), 149 (6), /44(16), 129 (30)> 116 (59). 
101 (12). 89 (33). 


(3S,8R,9~-9-Acetoxy-3-hydroxy-fj'-methoxyrubane (la I, 10 h): To a solution of ke- 
tone 9 (500 mg, 1.4 mmol) in anhydrous MeOH (12 mL) was added CeC1,.7H,O 
(1.56 g, 4.2 mmol) folllowed by NaBH, (106 mg, 2.8 mmol)at RT. After 15 min the 
mixture was carefully treated with H,O ( ~ 1 0  mL) and extracted with CHCI,. The 
organic layer was dried (MgSO,). Chromatography (MTBEIMeOH) afforded pure, 
unpolar 10a, whereas polar 10b is contaminated with diastereomer 10a (lOa/ 
l O b = l : l . l ,  'HNMR). Yield: IOa,b, 472mg(94%). 


Datafor 10a:m.p. 88°C. [z]:' = + 42.4(c =1.005in CH,CI,). IR(KBr): 9 = 987, 
1033,1083,1231,1306,137i, 1434,1475,1510,1593,1622,1746,2937,3426cm~'. 
'H NMR (300 MHz, CDCI,): 6 = 1.25 (m, 1H; H-5), 1.51 (m, 1 H; H-71, 1.65 (m, 
1H; H-71, 1.88 (m, 2H; H-4, H-5), 2.09 (8, 3H; H-ll), 2.53 (d, J =15Hz, 1 H 
H-2,,,),2.74(m,iH:H-6),2.88(m,lH;H-6),3.27(m,lH;H-8),3.39(dd,1=7.5, 
15Hz,lH;H-2,,,),3.90(d,J=7.5Hz,iH;H-3),3.91(s,3H;H-ll'),4.90(brs, 
tH;OH),6.43(d, J=6Hz , lH;H-9) ,7 .28 (d ,  1=4Hz, lH;R-3 ' ) ,7 .30(dd,  
J = 2,9 Hz, 1 H;  H-7'). 7.38 (d, J = 2 Hz, 1 H; H-5'), 7.98 (d, J = 9 Hz, 1 H; H-X), 


1 H; H-9 (8.33). ''C NMR (75 MHc DEl'T, CDCI,): 6 = 17 .89 (Z", C-5),2094 (I-, 
C-ll), 26.49 (2". C-7), 28.94 (3", C-4). 50.21 (2", C-6), 53.83 (2". C-2), 55.65 (14 
C-l1'),57.4O(3o,C-8).67.24(3",C-3),73.47(3",C-9), 101.30(3",C-5'), 118.30(3", 
C-3'), 121.98 (3'% C-7'). 126.73 (4". C-Y), 131.33 (3", C-8'), 143.52, 144.32 (44 C-4, 


8.67 (d, J = 4 Hz, 1 H; H-2'). NOE: H-2,, with H-2, (24.44), 1 H; H-3 (9.20). 


C-lo'), 146.99 (3", '2-2'). 158.02 (4", C-6'), 169.72 (4", C-10). MS-MAT: m/z (%): 
356 (38) [ M i ] ,  341 (12). 312 (16), 297 (33), 281 (tl),  269 (12), 267 (13), 253 (141, 
231 (16),211 (IS), 198(17), 189(55), 160(46). 141 (18), 126(56).HRMScalcdfor 
C,,H,,N,O,: 356.1 736, found 356.1 738. 


(8~,9~-9-Aeetoxy-(~-3-ethoxycarbony~erhy~dene-6'-~~hoxy-r~b~ne [(Z)-ll] 
and (8R,9~9-Acetoxy-(E)-3sthoxycarbcny~e~ytide~~6'~~ethoxyruhane [ (El-  
111: To a solution of KOlBu (712 mg, 6.3 mmol) in anhydrous THP (15 mL) was 
added triethylphosphonoacetate (1.27 mL, 6.3 mmol) dropwise under N,. The mix- 
ture was stirred for 45 min at RT, and then a solution of 9 (1.5 g, 4.2 mmol) in 
anhydrous THF (15 rnL) was added. The resulting mixture was stirred for further 
3 h at RT. After addition of H,O the aqueous phase was extracted with CHCI,, and 
the orgnanic layer was dried (MgSO,) and evaporated. Purification by chromatog- 
raphy (E/MeOH, 30:l) afforded pure, unpolar (Zbll, whereas polar (E)-11 is 
confaminated(Z)-olefm, [(Z)-ll/(E)-ll =1.3:1, 'HNMR]. Yield:(E/Z)-II, f.56g 
(87 % ) . 


Data for (Z)-ll: m.p. 66°C. = +16.7 (c  = 0.985 in CH,CI,). IR (KBrJ: 
=1229, 1314, 1510, 1704, 1746, 2939cm-'. 'HNMR (300MHz, CDCI,): 


S =1.30 (t, J=7.5Hz, 3H; H-13), 1.66-1.96 (m, 4 H ;  H-5, H-7), 2.11 (s, 3H; 
H-15), 2.58 (m, 1 H;  H-4), 2.68-2.93 (m, 2H; H-6), 3.47 (m, 1 H;  H-8), 3.80 (d, 


J = 20 Hz, 1 H; H-2,,), 5.73 (t, J = 1 Hz, 1 H;  H-l@j, 6.48 (d, J = 6 Hz, 1 H; H-9), 
7.32-7.43 (m, 3H; H-5', H-7', H-3'). 8.03 ( d ,  J = 9 Hz, 1H; H-8), 8.73 (d, 
J = 4 H z ,  1H; H-2). NOE: H-4 with H-5, H-7 (11.15), H-10 (17.60). ' jC NMR 


J = 20 Hz, 1H;  H-2,), 3.99 (S, 3H; H-11),4.17 (q, J ~ 7 . 5  Hz, 2H; H-12),4.2S(d, 


(75MH2, APT, CDCI,): 6 =14.37 (-. C-13), 20.92 (-, C-15), 26.08 (+, C-7). 
29.36(+, C-5),34.41 (-, C-4),50.42, S2.02(+,C-2, C-6), 55.64(-, C-IIJ,  58.69 
(-, C-8), 59.75 f+ ,  C-12), 73.72 (-, C-9), 101.16 (-, C-S), 112.25 (-, C-IO), 
118.41 (-, '2-3'). 121.99 (-, C?), 126.83 (i-, C-93, 131.81 (-, C-S'), 143.50, 
144.68(i,C-4',C-10),147.36(--,C-2'),158.03(+,C-6'),166.48,16S.18,169.80 
(+, C-3, C-11, C-14). MS-MAT (150°C): m/z (%I: 424 (16) [M+J ,  409 (14), 379 
(13), 365 (100). 335 (IS), 319 (10). 291 (521,258 (171,231 (30), 188 (67), 173 (30). 
HRMS =led for C&X,8N20,: 424.1998, found 424.2002. C,,H,,N,O,: C 67.89, 
H 6.65, N 6.60; found C 67.60, H 6.81, N 6.42. 


Data for (E)-ll: 'HNMR(200 M€Iz,CDCI,): 6 =!.28(t; J =7.5 Hz, 3H;  H-13), 
1.63--1.92 (m. 4H; H-5, H-7), 2.12 (s, 3H;  H-15), 2.62-2.98 (m, 3H: H-6, H-41, 
3.28 (d, J = 20 Hz, 1 H: H-2ex0), 3.43 (m, 1 H; H-8), 3.97 (s, 3H; H-113, 4.03 (d, 
J z 2 0 H z .  kH;H-2,de),4.18(q, J = 7 . 5 H z ,  2H;H-12). 5.68("t", J = 1  Hz, 1 H ;  
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H-10). 6.47 (d, J = 6 Hz, 1 H;  H-9). 7.3-7.42 (m, 3H; H-S, H-7', H-3'), 8.02 (d, 
J = 9 Hz, 1 H; H-8'), 8.73 (d, J = 4 Hz, 1 H; H-2'). l3C NMR (50 MHz, APT, 
CDCI,): 6 =14.31 (-, C-13), 21.04 (-, C-15). 25.68 (+, C-7), 27.21 (-, C-4). 
27.60(+, C-5), 50.53, 52.09(+,C-2,C-6), 55.67(-,C-l1'), 58.57(-,C-8), 59.78 
(+ C12), 73.69 (-, C-9), 101.30 (-, C-S), 110.94 (-, C-lo), 118.57 (-, C-3'), 
121.91 (-, C-7'), 126.82 (+, C-9), 131.80 (-, C-8'), 143.37, 144.63 (+, C-4, 
C-lo) ,  147.36 (-, C-2), 158.07 (+, C-6), 165.95, 166.27, 169.88 (+, C-3, C-11, 
C-14). 


(8R,9SJ-(Z)-3-Cyanomethylidene-6'-methoxymban-9-01 [ (2)-13]: To a solution of 
NaNH, (525 mg, 13.5 mmol) in anhydrous THF (15 mL) was added diethyl- 
cyanomethylphosphonate (2.2 mL, 13.5 mmol) in anhydrous THF (15 mL) under 
N,, and the mixture was stirred for 3 h at RT. A solution of 9 (1.2 g, 3.37 mmol) in 
anhydrous THF (15 mL) was added and stirring continued for 4 h. H,O was added, 
and the aqueous phase was extracted with CHCI,. The organic layer was dried 
(MgSO,), freed from solvent and purified by chromatography through a short 
column (MTBE/MeOH, x30:l) to give (2)-13, 938 mg (78%), m.p. 165°C (de- 
camp.). [E]$' = + 210.3 (c = 0.505 in CHCI,/MeOH, 5: 1). IR (KBr): 1 = 1030, 
1081, 1181, 1178, 1228, 1242, 1366, 1433, 1471, 1511, 1592, 1622, 2214, 2941, 
3300cm-'. 'HNMR(200MHz,CDCI3/CD,OD):6 =1.35(m, lH),  1.70(m,2H), 
2.11 (m, 1 H), 2.68 (m, 1 H; H-4),2.75-3.10 (m, 2H; H-6), 3.18 (m, 1 H ;  H-8), 3.63 
(d, J = l S H z ,  lH;H-2,,,),3.96(~,3H;H-ll '),4.70(d, J=18Hz,  lH;H-2,n,), 
5.27(t,J~1.75H~,lH~H-10),5.68(d,J=lH~,lH;H-9),7.21(d,J=2H~,lH; 
H-S), 7.36 (dd, J = 2 ,  ~ H z ,  1H: H-7'), 7.61 (d, J = 4 H z ,  1H; H-3'), 7.95 (d, 


NMR (50 MHz, APT, CDCI,/CD,OD): d = 24.91, 25.99 (+, C-5, C-7), 34.33 (-. 
C-4),50.76,52.07(+,C-2,C-6),55.92(-,C-ll'),58.92(-,C-8),70.85(-,C-9), 
89.19(-,C-10), 101.16(-,C-S), 116.25(+,C-ll),118.71 (-,C-3'), 122.47(--, 
C-7'1, 126.67 (t. C-Y), 130.87 (-, CX), 143.68, 148.62 (+, C-4, C-lo), 147.24 


J =  9Hz, lH;H-8'),8.62(d,J= 4Hz,lH;H-2').NOE:H-lOwithH-4(9.50). 13C 


(-, C-2'), 158.54( +, C-6'), 173.68 (+, C-3). MS-MAT(l90"C): m/z (%): 335 (68) 
[M'], 320 (10). 306 (4). 288 (3), 214 (9), 201 (9), 189 (loo), 188 (85), 172 (16), 159 
(16), 147 (54), 129 (4), 117 (13). HRMS calcd for C,,H,,N,O,: 335.1634, found 
335.1635. 


(8R,9S)-(~-3-Formylmetbylidene-6'-methoxyruban-9-01 [(Z)-14]: To a suspension 
of (2)-13 (490 mg, 1.46 mmol) in anhydrous THF (25 mL) was added DIBAH 
(11.7 mL, 11.7mmol,l.OMsoIutionin hexane)underN,atRT, and themixturewas 
stirred for 45 min. The reaction mixture was cooled to 0 "C and sat. aq. NH,Cl 
(8 mL) was added, followed by H,SO, (10%) (4 mL). The aqueous phase was 
neutralized (NaHCO,) and extracted with CHCI,. Precipitated AI(OH), was re- 
moved by suction filtration and washed with CHCI,. The combined organic layer 
was dried (MgSO,), freed from solvent and purified by column filtration (E/MeOH, 
1O:l) to give ( 0 1 4 ,  336mg (72%), m.p. 170°C (decomp.). [aBO = + 246.0 
(c = 0.6 in CHCI,/MeOH, 5:l). IR (KBr): i =1079, 1112,1178, 1242, 1337, 1366, 
1433, 1471, 1511, 1621, 1671, 2931, 3399cm-'. 'HNMR (200MH2, CDCI,/ 
CD,OD): 6 =1.47 (m, lH) ,  1.78 (m, 2H), 2.19 (m, lH) ,  2.63 (m, 1H; H-4), 
2.80-.3.30(m, 3H; H-6, H-8), 3.91 (s, 3H;  H-ll'), 3.99(d, J=19Hz,  1 H; H-2,), 
5.0(d,J-19Hz,1H;H-2,,),5.70(brs,1H;H-9),5.95(m,lH;H-10),7.22(d, 
J=2H~, lH;H-5 ' ) ,7 .32(dd ,J=  2,9H~,lH;W-7') ,7 .63(d,J=4H~,lH;H-Y),  
7.92 (d, J 9 Hz, 1 H;  H-8'), 8.61 (d, J = 4 Hz, 1 H;  H-T), 9.87 (d, J =7 Hz, 1 H;  
H-11). l3CNMR(50 MHZ,APT,CDC13/CD30D):6 = 25.09,26.05(+, C-5,C-7), 
35.05(--,C-4)~50.82,51.58(+,C-6,C-2),55.84(-,C-ll'),58.96(-.C-8),70.83 
(-, C-9), 101.09 (-, C-5'), 118.70 (-, C-Y), 120.80 (-) 122.36 (-, C-7 ,  C-lo), 


126.59 (+, C-9), 130.79 (-, C-83, 143.60, 148.53 (+, C-4, C-lo), 147.17 (-, 
C-T), 158.43 ( + , C-6'), 172.80 ( -+ , C-3). 191.1 7 ( - , C-11). MS-MAT (60°C): m/z 
(%): 338 (6) [ M * ] ,  309 (2), 291 (2), 214 (2), 200 (2), 189 (9, 159 (3), 84 (100). 
HRMS calcd for C,,H,,N,O,: 338.1630, found 338.1629. 


(8R,9SJ-(Z)-3-Hydroxymethylmetby~dene-6'-methoxyruban-9~1 [(2)-12]: To a so- 
lution of (Z)-14 (120 mg, 0.355 mmol) in anhydrous MeOH (3 mL) was added 
NaBH, (27 mg, 0.7 mmol) under a weak stream of N,, and the mixture was stirred 
for 5 min at RT. The crude product was absorbed on silica gel and purified by 
column chromatography (E/MeOH, 5:l) to afford (2)-12, 111 mg (92%), m.p. 
142T.[@ = +173.1(~=0.965inMeOH).IR(Kbr):; =1080,1117,1229,1242, 
1365, 1433, 1473, 1510, 1592, 1622, 2934, 3370cm-'. 'HNMR (200MHz, 
CD3OD):6=1.45(m,1H),1.76(m,2H),2.22(m,1H),2.49(m,1H;H-4),3.00 
(m. 1 H; H-6), 3.22 (m, 1 H; H-6), 3.48 (m, 1 H;  H-8), 3.77 (d, J = 17 Hz, 1 H; 
H-2,), 3.99 (s, 3H; H-ll'), 4.07 (dd, J = 8,15 Hz, 2H; H-ll), 4.69 (d, ~ = 1 7  Hz, 
lH;H-2.,,),5.48(m,lH;H-10),5.99(d,J=l Hz,lH;H-9),7.38(dd,J=2,9Hz, 
1H; H-7'), 7.43 (d, J = 2 H z ,  1H; H-S), 7.68 (d, J = 4 H z ,  1H; H-3'). 7.93 (d, 
J = 9 Hz, 1 H; H-81, 8.67 (d, J = 4 Hz, 1 H;  H-2'). NOE: H-10 with H-4 (9.04), 
H-11 (8.43). I3C NMR (50 MHz, APT, CD,OD): 6 = 26.15, 26.18 (+, C-5, C-7), 
33.95(-,C-4),50.74,51.64(+,C-2,C-6),56.85(-,C-ll'),58.54(+,C-ll),60.70 
(-, C-8), 70.30 (-, C-9), 102.21 (-, C-5'), 120.10 (-, C-Y), 121.53 (-, C-7'), 
123.57 (-, C-lo), 127.74 (+, C-9), 131.37 (-, C-8'), 140.18 (+, C-3), 144.64, 
148.86(+,C-4',C-10'), 148.05(-,C-2'), 159.82(+,C-6').MS-MAT(9OoC):m/z 
(%I: 340 (5) [M'], 262 (9,219 (S), 206 (9, 189 (5), 177 (6), 135 (3, 127 (lo), 84 
(100). HRMS calcd for C,,H,,N,O,: 340.1787, found 340.1783. 
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A Bis(diimidazo1e)copper Complex Possessing a Reversible Cu"/Cu' Couple 
with a High Redox Potential 


Jonathan McMaster, Roy L. Beddoes, David Collison, David R. Eardley, 
Madeleine Helliwell and C. David Garner* 


Abstract: The new diimidazole ligand, bis 
(1 -methyl - 4,s - diphen y limidazol - 2 - yl) ke- 
tone (BIMDPK), has been synthesised, 
characterised and shown to form four-co- 
ordinate bis(diimidazo1e) Cu" and Cu' 
complexes in the salts [Cu(bimdpk),]- 
[BF,], and [Cu(bimdpk),][PF,], the struc- 
tures of which have been determined by 
X-ray crystallography. The cations of 
these salts have a very similar geometry 
with Cu"-N,, = 1.949 and Cu'-N,, = 


1,999 A; the N-Cu-N interbond angles are 
constrained by 1) the bite angle of the 
BIMDPK ligand to 94+ 2" and 2) the in- 
terligand steric interactions, which lead to 
the dihedral angle of the intraligand CuN, 


planes of 68.2" for CU" and 74.9" for 
Cu'-that is, a CuN, geometry intermedi- 
ate between tetrahedral and square pla- 
nar. The X-band EPR spectrum for the 
powdered Cu" compound is typical of an 
approximately D, CuN, centre possessing 
ad,, ground state (g,  = 2.080, gy = 2.075, 
g, = 2.291; A ,  =112.3 x 10-4cm-'). 
The UV/vis spectra are dominated by 
charge-transfer bands, and both the Cu" 


-- 


and Cu' systems are intensely coloured. 
The EPR and electronic spectra indicate 
that these cations have a very similar 
structure in the solid state and in solution; 
the potential of the [Cu(bimdpk),l2'/ 
[Cu(bimdpk),]+ couple is 0.59 V vs. SCE 
in MeCN and 0.80 V vs. SCE in CH,Cl,, 
and the electron self-exchange constant in 
MeCN is 1.9 x 1 0 4 ~ - ' s - ' .  Comparisons 
are made between the properties of the 
[Cu(bimdpk),l2+/+ centres and related 
Cu centres in chemical and biological sys- 
tems; the results of this study reinforce the 
view that a [Cu(His),] centre should not 
be precluded from consideration in bio- 
logical electron transport. 


Introduction 


Imidazole is a ubiquitous ligand for 3d metal ions bound to 
proteins.['] Copper-imidazole ligation has been demonstrated 
in many metalloproteins and enzymes including plastocyanin,[21 
a~urin,[~]  superoxide dismuta~e,[~] galactose oxidase,['] haemo- 
cyaninJ6I copper nitrite reductase['] and ascorbate oxidase.[*] In 
the blue, Type I copper proteins plastocyanin and azurin, the 
active-site structure comprises the trigonal array [CuN,S] of two 
histidine ligands and one cysteine ligand about the copper, to- 
gether with a weak axial methionine interaction. This coordina- 
tion geometry is largely retained in the oxidised and reduced 
forms of these proteins.[', lo] Furthermore, in both forms the 
active-site geometry is considerably removed from the normally 
preferred geometries of Cu" (tetragonal/square planar) and Cu' 
(tetrahedral) .["I The oxidised form of Cu/Zn bovine superoxide 
dismutase (CuI'ZnSOD) involves Cu" coordinated by three imi- 
dazoles (from His 44, 46 and 118) and an imidazolate (from 
His 61), which bridges to the Zn"; this CuN, centre has a ge- 
ometry intermediate between square planar and tetrahedral.141 
In addition, a fifth axial coordination position is occupied by 
H,O.[", '*I Protein ~rystallography~'~] has shown that this ge- 
ometry is retained upon reduction to Cu' (Cu'ZnSOD), al- 
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though solution NMR114] and EXAFS['51 studies indicate that 
the His 61 is cleaved from the copper by protonation to produce 
a three-coordinate Cu' site. 


Many low molecular weight copper tetrakis(imidazo1e) com- 
plexes have been characterised and used to examine the chem- 
istry that controls the peculiar geometry, spectroscopy and reac- 
tivity of these important copper proteins.[16 - 191 Although there 
is a precedent for the preparation of copper complexes with 
equivalent ligation in the oxidised and reduced forms," ' - "1 
only one diimidazole ligand, 2,2'-bis[2-imidazolyI]biphenyl 
[(imid),bp], has been shown previously to yield tetrakis- 
(imidazole), four-coordinate Cu" and Cu' complexes with 
similar structures, which are intermediate between square-pla- 
nar and tetrahedral geometries.["] We have initiated a pro- 
gramme concerned with the synthesis of di- and triimidazole 
ligands, designed to control the coordination chemistry at metal 
centres. Herein, we report a three-step synthesis of the diimida- 
zole ligand bis(l-methyl-4,5-diphenylimidazol-2-yl) ketone 
(BIMDPK) (Fig. 1) and its coordination to both Cu" and Cu'. 


Experimental Procedure 


Materials: All reagents and solvents were obtained from normal commercial 
sources and used without further purification unless otherwise stated. MeCN and 
CH,CI, were distilled from CaH,, MeOH was distilled from magnesium and THF 
was distilled from sodium. [Cu(MeCN),][PF,] was prepared immediately prior to 
use by a literature method [22] and stored under dinitrogen. ~nBu,][BF,] was 
prepared from Na[BF,] and [NnBu,][HSO,] and recrystallised from toluene [23]. 
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Analyses and Spectroscopic Methods: Chemical analyses were performed by the 
University of Manchester, Microanalytical Laboratory. IR spectra were recorded 
on a Perkin Elmer 1710 FT spectrometer. Electron impact mass spectra (EIMS) 
were obtained by use of a VG2000 Trio spectrometer. UV/vis spectra were recorded 
on  a Shimadzu UV-260 spectrophotometer, and X-band EPR spectra on a Varian 
112 instrument fitted with a finger dewar for frozen solution measurements. The 
X-band EPR spectra were simulated using an "in-house" simulation program [24]. 
'HNMR spectra were measured on a Varian Gemini 200 spectrometer, and 
NMR spectra were obtained on a Bruker AC300 spectrometer. 


Electrochemical Measurements: Electrochemical measurements were made with a 
PAR model 175 waveform generator, a model 173 potentiostat and a PAR electro- 
chemistry cell with a three-electrode configuration consisting of a glassy carbon 
working electrode, a standard saturated calomel reference electrode (SCE) and a 
platinum wire secondary electrode. All solutions were deoxygenated by bubbling 
dinitrogen through them for several minutes prior to use. All voltammograms were 
recorded with the solutions under a dinitrogen atmosphere. Controlled potential 
electrolysis (CPE) was carried out in a two-compartment cell separated by Vycor 
porous glass. The working and secondary electrodes were of platinum mesh. All 
electrochemical potentials were measured relative to SCE and were corrected for 
liquid-junction potentials via the use of the Fc+/Fc (Fc = ferrocene) couple as an 
internal redox standard on the basis that E(Fc+/Fc) is ca. +400 mV in all solvents 
vs. the normal hydrogen electrode (NHE(H,O)) 1251, and the potential difference 
of NHE(H,O) vs. SCE is -0.24 V. 


4,s-Diphenylimidazole (Fig. 1): Benzoin (80 g, 0.37 mol) and formamide (160 mL, 
4.03 mol) were placed in a 1 L round-bottomed flask and heated at reflux for 1.5 h. 
The reaction mixture was allowed to cool down to room temperature, and crude 


n 


Pi Ph 


BJMDPK 
Fig. 1. Synthesis of bis(l-methyl-4,5-diphenylimidazol-2-yl) ketone (BIMDPK). 


product crystallised. This was collected by filtration, washed with Et,O 
and recrystallised from hot EtOH. Yield: 51.22g (63%); m.p. 233- 
235 "C (ref. [26]: 231 "C); 'H NMR (ZOO MHz, [D,]acetone, 25 "C): 
6 =7.10-7.65 (m, 12H); MS (EI) m/r (%): 220 (50) [M']; IR (KBr 
disc): C = 3058 (s), 1605 (s), 1498 (s), 1462 (s), 1442 (s) cm-'; C,,H,,N, 
(220.3): calcd C 81.8, H 5.9, N 12.7; found C 81.8, H 5.5, N 13.1. 


N-Methyl4,S-diphenylirnidazole: 4,5-Diphenylimidazole (1 6.96 g, 
0.08 mol) was suspended in dry, degassed THF (100 mL) under an Ar 
atmosphere. Sodium hydride (3.60 g, 0.15 mol) was added cautiously in 
portions (0.5 g) over a period of 10 min. The reaction mixture was left to 
stir for a further 10 min before Me1 (9 mL, 0.14 mol) was added. After 
having been stirred at room temperature for 1 h, the reaction was 
quenched by the cautious addition of an EtOHIiPrOH mixture (2: 1 vjv, 
20 mL) followed by H,O (500 mL). The precipitated product was col- 
lected by filtration, dissolved in CH,CI, and dried over anhydrous Mg- 
SO,. The solvent was removed under reduced pressure, and the product 
recrystallised from toluene. Yield: 13.38 g (71 %); m.p. 163-165°C; 
'HNMR (200MHz, CDCI,, 25°C): 6 = 3.45 (s. 3H), 7.65-7.05 (m. 
11H); MS (El) m/r (YO): 234 (100) [Mi];  IR (KBr disc): i = 3452 (s), 
1601 (s), 1483 (s), 1444 (s) cm-'; C,,H,,N, (234.3): calcd C 82.0, H 6.0, 
N 12.0; found C 81.7, H 6.1, N 12.4. 


Bis(l-methyl-4,S-diphenylimidazol-2-yl) Ketone (BIMDPK) : N-Methyl- 
4,5-diphenylimidazole (5.08 g, 22 mmol) was dissolved in dry, degassed 
THF (100 mLj, and the solution cooled to -78 "C in an acetonejdry-ice 
bath under an Ar atmosphere. nBuLi ( 1 . 6 ~  in hexane, 14 mL, 22 mmol) 
was added dropwise over a period of 10 min, and the reaction mixture 
left to stir at -78 "C for 1 h. Dry, degassed diethyl carbonate (1.3 mL, 
10.7 mmol) was added, and the reaction mixture left to attain room 
temperature over a period of 1 h. The solvent was removed by rotary 
evaporation, and H,O (100 mL) was added to the residue. The bright 
yellow product was collected by filtration, washed with EtOH 
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(3 x 20 mL) and recrystallised from a CH,CI,/Et,O (1: 1 v/v) mixture. Attempts to 
complex BIMDPK (0.19 g, 0.38 mmol) with NiC1,.6H20 (0.20 g, 0.84 mmol) in 
EtOH (20 mL) resulted in the isolation of yellow crystals of BIMDPK suitable for 
X-raycrystallography. Yield: 4.13 ~ ( 7 6 % ) ;  m.p. 269-272 "C; 'HNMR (200 MHz, 
CDCI,,25"C):6 = 3.85(~.6H),7.15-7.65(m,20H); ''CNMR(75 MHz,CDCI,, 
25°C): 6 = 33.8, 127.0, 127.7, 128.1, 129.2, 129.3, 129.7, 130.8, 133.9, 135.1, 140.2, 
143.6, 175.0; MS (EI) m/z (%): 494 (67) [M']; IR (KBr disc): C =1623 (C=O, s), 
1506 (s), 1493 (s), 1453 (s) cm-I; C,,H,,N,O (494.6): calcd C 80.1, H 5.3, N 11.3; 
found C 79.8, H 5.6, N 11.4. 


Cu(BF4),.4.SH,0: HBF, (48% in H,O) was added to excess CuCO, and allowed 
to react in a large crystallising dish overnight. The unreacted CuCO, was removed 
by filtration, and the filtrate evaporated to dryness on a rotary evaporator. The solid 
product was dried by heating on a vacuum line. CuB,F,H,O,, (318.2): calcd Cu 
19.9, B 6.8, H 2.9; found Cu 20.6, B 7.2, H 3.1. 


Bis[bis(l-methyl4,Sdiphenylimidazol-2-y1) ketonelcopper(i1) Bis(tetrafluorob0rate) 
([Cu(bimdpk),][BF,],): A solution of Cu(BF,),.4.5 H,O (0.069 g, 0.22 mmol) in 
EtOH was added dropwise to a solution of BIMDPK (0.200 g, 0.40 mmol) in EtOH/ 
CH,CI, (1:l vjv, 10 mL). After the mixture had been stirred for 30 min at room 
temperature, a green insoluble precipitate formed. This was collected by filtration, 
washed with EtOH and then Et,O. Slow liquid diffusion of Et,O into a solution of 
the product in CH,Cl, at room temperature gave emerald green, block-shaped 
crystals suitable for X-ray crystallography. C66H,2N80,B,F,Cu (1226.4): calcd C 
64.6, H 4.3, N 9.2, B 1.8, Cu 5.2; found C 64.4, H 3.9, N 9.0, B 2.0, Cu 4.8. 


Bis[bis(l-methyl4,S-diphenylimidazol-2-y1) ketonelcopper(1) Hexafluorophosphate 
([Cu(bimdpk),][PF,]): A solution of BIMDPK (0.120 g, 0.24 mmol) in dry MeOH 
was treated with [Cu(MeCN)JPF,] (0.138 g, 0.37 mmol) and stirred for 30 min. 
Slow evaporation of the deep blue solution at 4°C gave dark blue, block-shaped 
crystals suitable for X-ray crystallography. C6,H,,N,0,PF,Cu(l197.7): calcd C 
66.2, H 4.3, N 9.4, P 2.6, Cu 5.3; found C 66.1, H 4.2, N 9.6, P 2.4, Cu 5.0. 
For the complexation reactions the initial yields prior to (re)crystallisation were 
30-50%. 


X-ray Diffraction Studies [27]: Data collection for BIMDPK, [Cu(bimdpk),][BF,], 
and [Cu(bimdpk),][PF,] was performed on a Rigaku AFCSR four-circle diffrae- 
tometer with graphite-monochromated Cu,. radiation and a 12 kW rotating anode 
generator using the w120 scanning technique. Selected crystallographic data for 
BIMDPK, [Cu(bimdpk),][BF,], and [Cu(bimdpk),][PF,] are summarised in 
Table 1. For each crystal the intensities of three representative reflections were 
measured every 150 reflections and a linear curredon applied to account for the 
intensity decay. The data were corrected for absorption, Lorentz and polarisation 
effects by using the program DIFABS [28a]. The non-hydrogen atoms were refined 
anisotropically. Hydrogen atoms were included in the structure-factor calculation in 
idealised positions (C-H = 0.95 A), and were assigned isotropic thermal parame- 
ters that were 20% greater than the equivalent B value of the atom to which they 
were bonded. 


Table 1 .  Crystallographic data for the compounds BIMDPK, [Cu(bimdpk),][BF,], and 
[Cu(bimdpk),l[PF61 la1 


BIMDPK [Cu(bimdpk),][BF,], . CH,CI, [Cu(bimdpk),l[PF,l 


formula C,,HZ~N,O C,,HwNaCuOzBzFaCL C ~ ~ H , , N ~ C ~ O Z P F ~  
fw 494.60 1311.28 1197.70 
cryst. size/mm3 
space group P2Jn (no. 14) C2 (no. 5) C2/c (no. 15) 
cryst. syst. monoclinic monoclinic monoclinic 
aiA 15.264 (3) 18.521 (3) 30.451 (7) 
blA 10.501 (4) 20.08 (1) 24.76(1) 
C I A  16.502 (4) 9.584(4) 21.68 (1) 
Pi" 96.14(2) 117.30(1) 129.25 (I) 
VIA' 2630(1) 3167(4) 12656.76(18.44) 
Z 4 2 8 
TIK 296f1 295 f 1 295 f 1 
W U K J A  1.54178 1.54178 1.54178 
Pc.,.dlg,""- ' 1.441 1.375 1.257 
Iclcm - 15.6 18.9 12.6 


0.20 x 0.20 x 0.20 0.22 x 0.22 x 0.22 0.30 x 0.20 x 0.20 


trans. coeff. 0.85 - 1 .OO 0.74-1.19 0.82-1.20 
2L. l"  123.3 120.1 120.2 
measured refl. 3958 2499 9942 
unique refl. 3785 241 5 9680 
obs. refl., I > 3.0041) 2661 2042 4658 
no. of parameters 421 41 1 760 


R(FJ 0.074 0.063 0.070 
RJFJ  0.097 0.075 0.076 


resid. e. densi ty/ek3 -0.2410.26 -0.29/0.46 -0.39/0.49 
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A yellow crystal of BIMDPK (C,,H,,N,O) was mounted on a glass fibre. The 
structure was solved by direct methods with the program SHELXS-86 [28b]. The 
space group was determined to be P 2 J n  (no. 14). The final cycle of full-matrix 
least-squares refinement converged with R = 0.074 and R, = 0.097. The maximum 
and minimum peaks on the final difference Fourier map corresponded to 0.26 
and -0.24eA-3. 


A green crystal of [Cu(bimdpk),][BF.,], CH,CI, (C,,H,,N,CuO,B,F,CI,) was 
mounted on a glass fibre. The structure was solved by direct methods with the 
program SHELXS-86.[28 b] The space group was determined to be C 2  (no. 5). The 
asymmetric unit consisted of half the molecule with Cu 1 , 0  1 ,02 ,  C 1 and C 18 lying 
on a twofold axis. In addition to the copper-containing cation, the asymmetric unit 
contained two half [BFJ anions and half a molecule of CH,CI,. For one [BFJ 
counterion there is some disorder: three positions were found for the F atoms, one 
of which lay on a twofold symmetry axis, so that expansion through the twofold 
gave five positions for F. The CH,CI, molecule is disordered over two sites related 
by rotation. The non-hydrogen atoms were refined anisotropically, except for B 1, 
B2 and C36 which were refined isotropically. The hydrogen atoms of the CH,CI, 
molecule were not included in the structure-factor calculation. Tests were made to 
see if the absolute configuration could be determined by carrying out the refinement 
on both enantiomers, but only small differences were observed for the R factors. 
Refinement was completed on the enantiomer with the lower R factor. The final 
cycle of full-matrix least-squares refinement converged with R = 0.063 and 
R, = 0.075. The maximum and minimum peaks on the final difference Fourier map 
corresponded to 0.46 and - 0 , 2 9 e k 3 ,  


A blue crystal of [Cu(bimdpk),][PF,] (C,6H,,N,Cu0,PF6) was mounted on a 
glass fibre. The structure was solved by direct methods with the program SHELXS- 
86 [28 b]. The space group was determined to be C2/c  (no. 15). [PFJ occupies two 
sites; for the first P 1 is located on a centre of symmetry; for the second, P 2 is located 
on a twofold axis as are two of the fluorine atoms, F 6  and F7. The final cycle of 
full-matrix least-squares refinement converged with R = 0.070 and R, = 0.076. The 
maximum and minimum peaks on the final difference Fourier map corresponded to 
0.49 and -0.39 e k ' .  


Results 


Ligand Synthesis and Structure: BIMDPK was prepared from 
l-methyl-4,5-diphenylimidazolyllithium and diethyl carbonate 
in 76% yield (Fig. l), by using an adapted procedure for the 


Fig. 2. A PLUTO view of the ligand BIMDPK. 


preparation of bis(N-methylimidazol-2-yl)methanone.~29~ N- 
methyl-4,5-diphenylimidazole was prepared from the previously 
reported 4,5-diphenylimida~ole.~~~~ The molecular structure of 
the ligand is shown in Figure 2 and selected bond lengths, bond 
angles and dihedral angles are presented in Table 2. The struc- 
ture shows the ligand ideally poised to chelate to a metal 
through the N 3  and N 4  atoms of the imidazole rings (contact 
distance: 3.027 A). A dihedral angle of 54.9" between the planes 
of these rings indicates that the imidazole groups are not copla- 
nar in the solid-state structure. In addition the average dihedral 
angles between the imidazole ring and the 5-phenyl ring (57.0') 
and between the imidazole ring and the 4-phenyl ring (29.4') 
demonstrate that none of the aromatic rings in BIMDPK are 
coplanar. 


Preparation and Crystal Structures of [Cu(bimdpk),][BF,], and 
[Cu(bimdpk),][PF,]: The reaction of BIMDPK with Cu- 
(BF,), '4.5 H,O or [Cu(MeCN),][PF,] yields [Cu(bimdpk),]- 


Table 2. Bond lengths (A), bond angles (") and dihedral angles (") for BIMDPK 
(e.s.d.'s in parentheses). 


Bond lengths 
C33-01 1.224 (5) 
C1-N1 1.454(5) 
N1-C2 1.377 (5) 
Nl-CIO 1.382(5) 
N2-CI7 1.455(7) 


Bond angles 


C1-NI-CIO 126.3(4) 


C17-NZ-CI8 126.5(4) 
C18-NZ-Cl9 106.7(4) 
C2-N3-C3 105.1 (3) 
C 18-N4-C26 107.0(4) 


Average dihedral angles [a] 
meim/4-Ph 29.4 


C I-N I-C 2 127.5 (4) 


C2-Nl-ClO 106.0(3) 


N2-Cl8 
N2-CI9 
N3-C2 
N3-C3 
C3-CI0 


N l-CZ-N3 
Nl-C2-C33 


N 3-C 3-C 4 
N3-C3-C10 
N 1-C 10-C 3 
N2-C 18-N 4 


N3-C2-C33 


meim/5-Ph 


1.369(5) N4-Cl8 1.317(5) 
1.383(5) N4-C26 1.361 (5) 


1.366(5) C18-C33 1.458(6) 
1.376(5) C19-C26 1.384(6) 


1.325(5) C2-C33 1.476(6) 


112.1(4) N2-C18-C33 122.7(4) 


124.1 (4) N4-C26-C 19 109.4(4) 
119.9(4) 01-C33-C2 121.4(4) 
110.9(4) Ol-C33-C18 123.1(4) 


111.0(4) 


123.4(4) N4-C 18-C 33 126.0(4) 


105.8(4) C2-C 33-C 18 115.5 (4) 


57.0 meimimeim 54.9 
~ ~ 


[a] Meim: N-methylimidazole ring plane; Ph: phenyl ring plane. 


[BF,], or [Cu(bimdpk),][PF,], respectively-Cu" and Cut com- 
plexes with equivalent ligation. The geometry about the metal 
centres is illustrated in Figures 3 and 4 and selected bond lengths 
and bond angles are given in Table 3. In both [Cu(bimdpk),]- 
[BF,], and [Cu(bimdpk),][PF,] the anions are well removed 


0- 
1A 


18 a- 


C22 4 
Fig. 3. PLUTO views of the [Cu(bimdpk),lzf cation in [Cu(bimdpk),][BF,],, in- 
cluding phenyl groups (top) and with the phenyl groups removed and showing the 
axis system to which Ox, tly and 8, are related (bottom). The orthonormal unit 
vectors x, ,y ,  and z, are chosen so that N 1, Cu and N 1A lie in the X,L, plane with 
z, along the bisector of angle N 1-Cu-N 1A. The unit vector zz lies along the bisector 
of N 3-Cu-N 3A. The unit vector yz is defined as being perpendicular to the N 3/Cu/ 
N3A plane. 8, is the angle between z2 and y, ,  Oy between zz and x, and 0, between 
yz and y,.  The latter defines the dihedral angle between intraligand CuN, planes. 
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f l C 1 5 .  


a 
C16C 


0- 
C16D 


C3C 


d D  


Fig. 4. PLUTO views of the [Cu(bimdpk),]+ cation in [Cu(bimdpk),]- 
[PF,], including phenyl groups (top) and with the phenyl groups removed 
and showing the axis system to which Ox, By and 8, are related (bottom). The 
orthonormal unit vectors x,. y ,  and z, are chosen so that NlA,  Cu and 
NIBEeinthex,zl  planewithz, along thebisectorofangleNIA-Cu-N1B. 
The unit vector z, lies along the bisector of N 1C-Cu-N 1D. The unit vector 
y, is defined as being perpendicular to the N lC/Cu/N 1D plane. 0, is the 
angle between z, andy,, 0, between z, and x, and 8, betweeny, andy,. The 
latter defines the dihedral angle between intraligand CuN, planes. 


from the [Cu(bimdpk),lz''+ cations (the shortest contact 
distance from an F atom of the counterion to the periph- 
ery of the complex is 2.579 A in [Cu(bimdpk),][BF,], and 
2.474 8, in [Cu(bimdpk),l[PF,l) and do not coordinate to 


Table 3. Selected bond lengths (A), bond angles r), distortion angles (")and average dihedral 
angles (") for [Cu(bimdpk),][BF,], , [Cu(bimdpk),][PF,] and Cu"-Zn" superoxide dismutase 
(e.s.d.'s in parentheses). 


[Cu(bimdpk),][BF,], [Cu(bimdpk),][PF,] Cu"2nSOD 141 Cu'ZnSOD [I31 
Subunit A 


Bond lengths in coordination sphere 
C u l - N I  1.968 (6) 
Cu l -NIA 1.968(6) 
Cu l -N3  1.934(6) 
CulGN3A 1.934(6) 
Cu 1-NIA 
Cu 1-N 1B 
Cu 1 -N 1C 
Cu 1 -N 1D 
Cu-His44 
Cu-His46 
Cu-His 118 
Cu - His61 


Bond angles in coordination sphere 
N 1 -Cu 1 -N 1 A 95.6 (4) 
N I-Cul-N 3 131.5(3) 
N I-Cu 1-N3A 105.4(3) 
N 1 A-Cu 1-N3 105.4(3) 
N 1A-CU 1-N 3A 131.5(3) 
N3-CuI-N3A 92.7(3) 
NIA-Cul-NIB 


N 1A-Cu I-N I D  
N 1 B-Cu 1 -N 1 C 
N 1B-Cu I-N I D  
N 1 C-Cu 1 -N 1 D 
His44-Cu-His46 
His44-Cu-His 118 
His44-Cu-His 61 
His46-Cu-His 118 
His46-Cu-His 61 
His 118-Cu-His61 


NIA-Cul-NIC 


2.009 (6) 
1.993 (6) 
1.989 (6) 
2.004 (6) 


2.01 2.16 
2.11 2.21 
2.10 2.19 
2.21 2.32 


93.7(3) 
129.3 (2) 
107.5(2) 
109.9(2) 
124.8(3) 
95.0(2) 


130.2 
93.8 
14.1 


106.4 
89.1 


164.5 


Distortion angles 
ex 90.0 86.8 
4 90.0 89.3 
8, 68.2 14.9 


Average dihedral angles [a] 
meim/4-Ph 53.9 56.9 


meimlmeim 12.7 13.6 
meim to CuN, 9.1 13.1 


meim/5-Ph 54.0 44.7 


13.7 
89.3 
41.7 


142.5 
97.4 
85.4 


104.0 
92.8 


153.3 


82.6 
84.8 
48.6 


- .  - , - - - 
the copper ion. Both structures contain cations with a [CuN,] 
geometry that may be described as intermediate between tetra- 
hedral and square planar, possessing approximately D ,  point 
symmetry and representing a compromise between the normally 
preferred four-coordinate geometries of Cu" and Cu' complex- 
es. The angles @,, QY and 0,, and the intraligand bite angles 
(Table 3, Figs. 3 and 4) define how these structures deviate from 
the square-planar and tetrahedral geometrical extremes.[301 The 
angle 0, is the interligand dihedral angle, while 0, and 8, repre- 
sent rocking displacements of one ligand with respect to the 
other. 


The rigidity of the BIMDPK ligand confines the N-Cu-N bite 
angle to an average of 94.2k1.4" in [C~(bimdpk),]~+ and 
94.4k0.6" in [Cu(bimdpk),]+. The steric bulk of the ligand, 
through interligand interactions between the phenyl groups sub- 
stituted at the 4-positions of the imidazole rings, prevents the 
adoption of a square-planar geometry. These interactions arise 
primarily from the steric repulsions between the H atoms at the 
2-positions of the 4-phenyl rings (contact distances: 
H13.. .H34A = 2.50A, H13A. . .H34 = 2.508, in [Cu- 
(bimdpk)J'+ and H 9 A . - . H 5 C  = 3.08 A, H9B- . .HSD = 
2.44 A in [Cu(bimdpk),]+ ; H atom numbering is defined by the 


~~~~ ~ - 


[a] Meim' N-methyhmidazole ring plane, Ph. phenyl ring plane 


C atom number to which it is bonded). Thus, two different 
facets of the BIMDPK ligand-the bite angle and the steric 
bulk-lead to bis(diimidazo1e) copper complexes possessing es- 
sentially the same coordination geometry for Cu" and Cu'. 


On complexation to Cu" and Cu' the dihedral angle between 
the two imidazole rings of BIMDPK decreases from 54.9" in the 
free ligand to an average of 12.7" in [Cu(bimdpk),][BF,], and 
13.6" in [Cu(bimdpk),][PF,]. Thus, in these complexes the imi- 
dazole rings of each BIMDPK ligand are almost coplanar. The 
average dihedral angle between the imidazole plane and the 
plane containing the 5-phenyl group does not change signifi- 
cantly on complexation; this would be expected since these 
groups are directed away from the coordination sphere of the 
[Cu(bimdpk),JzC'+ complexes (see Figs. 3 and 4). In contrast, 
the average dihedral angle between the imidazole plane and the 
plane containing the 4-phenyl group increases on complexation, 
as the 4-phenyl groups rotate to accommodate the bulk of the 
other ligand. The average dihedral angle between the imidazole 
rings of the ligand and their respective CuN, planes is 9.1" for 
[Cu(bimdpk),][BF,], and is 13.1" for [Cu(bimdpk),][PF,]; that 
is, in both structures the imidazole groups are approximately 
coplanar with their CuN, planes. 
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There are no appreciable changes in the ligand intramolecular 
bond lengths and angles on complexation to Cu" or Cu', except 
for the angle C2-C 33-C 18, which describes the geometry about 
the ligand carbonyl bridge. In [Cu(bimdpk),12+ (C2-C 1- 
C 2  =121(1)" and C19-CI8-Cl9 =118(1)") and in [Cu- 
(bimdpk),]+ (C 1A-C 1-C 1B = 120.3 (7)" and C 1C-C2-C I D  = 
121.2 (7)") this angle is greater than in the free ligand (C 2-C 33- 


The Cu"-N and CuI-N distances in the [C~(bimdpk) , ]~+~+ 
cations are typical of those observed in other Cu"-bis(diimida- 
zole) complexes[' 7 ,  19] and Cu' tetrakisimidazole complex- 
es,[I9. 311 respectively. The average difference in the Cu-N bond 
lengths (A) between the two oxidation states of [Cu- 
(bimdpk),]2+i+ is 0.050 A, slightly less than that observed for 
[Cu"~'((imid),bp),][BF4],, (A = 0.083 A)r191 and significantly 
less than the differences observed for the five-coordinate com- 
plexes [Cu".'(imidH),DAP][BF,],, (A = 0.220 A) and [Cu",'- 
(py),DAP][BF,],, (A = 0.140 [(imidH),DAP: bis-2,6-[1- 
((2-imidazol-4-ylethyl)imino)ethyl]pyridine; @y),DAP: bis-2,6- 
[1-((2-pyridin-2-ylethyl)imino)ethyl]pyridine]; (imid),bp: 2,2'- 
bis[2-imidazolyl]biphenyl). The average difference in the 
intraligand bond angles for [Cu(bimdpk),12+'+ is around 1" and 
is considerably smaller than for the related [Cu((imid),- 
bp),lzt'+ system (21.3°).['91 The pattern of Cu-N bond 
lengths, intraligand angles, dihedral angles, together with the 
values of the angles Ox, 0, and 0, for [Cu(birndpk),]'+ and [Cu- 
(bimdpk),]' (Table 3) indicate that there are only small differ- 
ences in the geometry about these Cu" and Cu' centres. In the 
comparable pair of copper centres [Cu((imid),bp),][BF,], and 
[Cu((imid),bp),][BF,], 0, (0, = 86.3 and 88.0", respectively) are 
close to the ideal tetrahedral value,['91 whereas in [Cu- 
(bimdpk),],' and [Cu(bimdpk),]+ (0, = 68.2 and 74.9", respec- 
tively) 0, indicates geometries that are displaced from a regular 
tetrahedron towards a square-planar geometry. However, the 
average intraligand dihedral angle for [C~((imid),bp),]~ + 


(141.9') indicates a greater distortion towards a square-planar 
geometry than in [Cu(bimdpk),12+ (94.2+ 1.4'). 


C18 =115.5(4)"). 


Electronic Properties: The X-band EPR spectra (77 K) of [Cu- 
(bimdpk),][BF,], recorded on the powder, a MeCN/toluene 
solution and a CH,Cl,/toluene solution are typical of a rhombic 
D, Cu"N4 centre possessing a d, ground state.[331 All the spec- 
tra show a resolved metal hyperfine interaction (Table 4) that is 


Table 4. EPR parameters for [Cu(bimdpk),][BF,], recorded at 77 K and X-band 
frequency. 


g* A,/10-4cm-' g, g, 


MeCN/lO% toluene 2.080 2.080 2.301 121.0 
CH,CI,/lO% toluene 2.077 2.077 2.292 113.8 
powder 2.080 2.075 2.291 112.3 


considerably smaller than from those of other tetrakisimidazole 
complexes (A, = 130-180 x lo-, cm-1),[16-181 including [Cu- 
((imid),bp),][BF,], for which A ,  =130 x lo-, ~ r n - ' . [ ' ~ I  A cor- 
relation of 0, with A, indicates that as 0, increases A, decreas- 
e ~ . [ ~ ~ ]  On this basis it seems surprising that [Cu((imid),- 
bp)J[BFJ2 (0, = 86.3') has a greater A, than [Cu(bimdpk),]- 
[BF4], (0, = 68.2"). However, the @,/A, correlation takes no 
account of the intraligand angles, which are substantially differ- 
ent in [Cu(birndpk),]'+ (94.2 f 1.4") and [Cu((imid),bp),12+ 
(141.9'); clearly, this will affect the electronic structure of the 
Cu" centre. Also, it should be noted that the x-acceptor proper- 


ties of BIMDPK in [Cu(bimdpk),][BF,], and overlap with the 
d,, orbital may be sufficient to delocalise some of the electron 
density off the metal and onto the ligands thereby lowering A, .  
Concordant with the low A ,  for [Cu(birndpk),][BF,],, g ,  
(Table 4) is elevated over those for other bis(diimidazo1e)- 
copper(@ systems (g, = 2.26-2.27).[16* 17] 


The EPR spectra of the powder and of the MeCN/toluene 
and CH,Cl,/toluene frozen solutions closely resemble one an- 
other (Table 4); this indicates that the solid-state structure of 
[Cu(bimdpk),]'+ is essentially conserved in solution. The fact 
that A, value in MeCN differs from that in CH,Cl, and in the 
solid state implies some solvation of the cation, perhaps leading 
to a minor perturbation of the CuN, coordination sphere. 


The UV/vis data recorded for the ligand BIMDPK and its 
Cu" and Cu' complexes are presented in Table 5. BIMDPK 
exhibits strong absorptions at energies of around 38 200 and 


Table 5. Summary of electronic absorption spectra with band assignments for 
[Cu(bimdpk),][BF,], and [Cu(bimdpk),][PF,] (LF = ligand field; CT = charge 
transfer). 


BIMDPK 
in MeCN 


BIMDPK 
in CH,Cl, 


[Cu(bimd~k)~l[BF~l, 
in MeCN 


369 
262 


375 
262 


739 
387 
236 


750 
394 
246 


687 
429 


640 
381 
270 


640 
389 


639 
423 


27 100 
38 200 


27 000 
38 200 


13 500 
25 800 
42400 


13300 
25400 
40 700 


14600 
23 300 


15 600 
26200 
37000 


15600 
25 700 


1 5 700 
23 600 


20 000 
22 000 


40000 
40000 


497 
37 000 
38 000 


570 
46000 
50000 


~ 


~ 


252 
45000 
37000 


260 
48 000 


- 
~ 


LF 
x + x*/x -+ Cu" CT 
K + n*/n + Cu" CT 


LF 
x + x*/x + Cu" CT 
x + x * / n  + Cu" CT 


LF 
x + x* /n  + Cu" CT 


Cu' + E* CT 
Cu' + x* CT 
x + x* 


Cp' + x* CT 
Cu'+ x* CT 


Cu' + K* CT 
Cu' + n* CT 


[a] Poly(dimethy1siloxane) mull. 


27 100 cm- ', which may be attributed to x + x* transitions. 
[Cu(birndpk),][BF,], exhibits absorptions between approxi- 
mately 43 000 and 13 000 cm- ' of comparable energy and inten- 
sity to other copper(I1)-imidazole systems.[16- The absorp- 
tions at around 42400 and 25800cm-' are attributed to 
ligand-based x + x* transitions with an underlying ligand-to- 
metal charge transfer (LMCT) transition in the 25 800 cm- ' 
absorption. The 25 800 cm- ' x + CU" LMCT band is red-shift- 
ed by 1000-5000 cm-' from the lowest energy x + CU" LMCT 
band for tetrakis (alkylated monoimidazole) Cu" complexes.[181 
Interactions between the x orbitals on the imidazole rings 
through the carbonyl bridge in BIMDPK would be expected to 
raise the energies of the imidazole frontier orbitals thus lowering 
the energy of x + Cu" LMCT. Red shifts of a comparable mag- 
nitude for the corresponding absorptions in [Cu((imid),bp),]- 
[BF,], [I9] and bis(4,4',5,5'-tetramethyl-2,2'-biimidazole)copper- 
(11) dinitrate" 71 have been attributed to similar electronic inter- 
actions. In the absorption spectrum of [Cu(bimdpk),][BF,], 
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a band of considerably lower intensity at approximately 
13 500 cm- ' lies outside the range of other Cu"-imidazole LM- 
CT transitions and, on the basis of comparisons with other 
distorted tetrahedral [Cu"N,] chrornophore~~ '~*  35* 361 has been 
assigned to ligand-field d-d transitions to the d,, orbital. This 
absorption gives rise to the emerald green colour of this com- 
pound. The deep blue colour of [Cu(bimdpk),]~F,] arises from 
the absorption at 15 600 cm-', which is assigned to MLCT; this 
occurs at a similar wavenumber and extinction coefficient to 
other four-coordinate Cu' complexes with N x-acceptor lig- 
ands.I3'] The bands at around 26000,37000 (MeCN) and 44000 
(CH,Cl,) cm-' are assigned to ligand-based x + x* transitions 
by comparison with the UV/vis spectrum of the free ligand. The 
solid-state UV/vis spectrum of [Cu(bimdpk),][PF,] shows simi- 
lar features to the solution spectra. Thus, the UV/vis and EPR 
spectra indicate that the solid-state structures of [Cu- 
(bimdpk),12 + and [Cu(bimdpk),] + are essentially conserved in 
solutions in donor (MeCN) and nondonor (CH,Cl,) solvents. 


Electron Transfer: Cyclic voltammetry was carried out on 1 mM 
solutions of [Cu(birndpk),][BF,], and [Cu(bimdpk),][PF,] in a 
0 . 2 ~  solution of [NnBu,][BF,] in MeCN (Fig. 5), a medium 


-2 0 -1 0 00 10 20 
EN 


Fig. 5 .  Cyclic voltammogram of a 1 mM solution of [Cu(bimdpk),][BF,], recorded 
at 298 and 253 K in a 0.2 M solution of [NnBu,][BF,] in MeCN using a glassy carbon 
electrode, a scan rate of 100 mVs-' and an SCE reference electrode. 


which gave UV/vis and EPR spectra identical to those recorded 
in MeCN alone. Both complexes possess identical cyclic voltam- 
rnograms over the potential range -2.0 to +2.0 V, clearly 
showing evidence for three processes, which were subsequently 
investigated separately and found to be independent of one an- 
other. The lowest potential wave at - 1.59 V (vs. SCE) is as- 
signed to ligand-based redox on the basis of comparisons with 
the redox chemistry of the ligand alone. The wave at - 1.37 V 
(vs. SCE) has been tentatively assigned to a ligand-based redox 
process that occurs in the presence of copper. Stirred voltamme- 
try and controlled potential electrolysis and subsequent UV/vis 
and EPR spectroscopic studies showed that the process 
at +0.59 V (vs. SCE) can be unambiguously assigned to the 
Cu"/Cu' redox process. In the less polar solvent, CH,Cl,, the 
redox reaction occurs at El,, = + 0.80 V (vs. SCE). In both 
solvents, MeCN and CH,Cl,, the linear relationship between i; 
and v'l', the independence with scan rate of the difference be- 
tween the oxidative and reductive peak potentials, and the ratio 
i",/z; = 1 (Table 6) indicate that the Cu"/Cu' couple is electro- 
chemically reversible over the potential scan rate range of 50- 
300 mVs-l. This reversibility is not unexpected given the simi- 
larity of copper coordination geometries in [Cu(bimdpk),]- 
[BF4], and [Cu(bimdpk),][PF,]. A solution of [Cu(bimdpk),]- 


Table 6 .  Electrochemical data for the Cu"/Cu' couple recorded in 0 . 2 ~  
[NnBu,][BF.,] solutions in CH,Cl, and MeCN at 293 K and at a scan rate of 
100 mVs-'. 


4 - E",/mV Solvent EIV vs. SCE i;/i; 


[Cu(bimdpk),][BF,], 0.59 1.00 70 MeCN 
[Cu(bimdpk),l[PF61 0.59 1 .oo 70 MeCN 
ferrocene 0.43 1 .oo 70 MeCN 


[Cu(birndpk),][BF,], 0.80 1 .oo 80 CH,CI, 
[Cu(bimd~k),l[PF,I 0.80 1.01 80 CH,Cl, 
ferrocene 0.52 1 .oo 70 CH,Cl, 


[BF,], in MeCN can be chemically reduced by treatment with a 
stoichiometric amount of Fc. This solution loses its Cu" EPR 
signal and turns dark blue. 


Examples of reversible or quasi-reversible Cu"/Cu' redox cou- 
ples with equivalent ligation in the oxidised and reduced forms 
are rare. They include [Cu"~'((imidH),DAP)][BF,],, and 
[CU"~'((~~),DAP)][BF,],, ( E l / ,  = - 0.27 V in MeCN vs. SCE 
and -0.14 V in MeCN vs. SCE, respectively)["] and 
[Cu"~'((irnid),bp),][BF,],, ( E l l ,  = + 0.11 V in MeCN vs. 
SCE) The E,,, value for the [C~(bimdpk) , ]~+~+ couple 
at +0.59 V in MeCN (vs. SCE) is considerably more positive 
than those of other C u N ,  complexes. One factor that may be 
important in this respect is the x-acceptor characteristics of 
BIMDPK, which may stabilise the Cu' state; the intense MLCT 
absorption at 15 600 cm-' of [Cu(bimdpk),][PF,] suggests that 
there are suitable low-energy unoccupied ligand-based acceptor 
orbitals. 


The electron self-exchange constant, k,  for the [Cu- 
(bimdpk),l2+/+ couple has been examined by 'HNMR spec- 
troscopy at 300 MHz at 298 and 253 K, using Tl spin-lattice 
relaxation times of the ligand N-Me protons in solutions of 
[Cu(bimdpk),][PF,] in MeCN containing different concentra- 
tions of [Cu(bimdpk),][BF,], . The value of T, for the protons in 
[Cu(bimdpk),][PF,] varies as P = [T;' - T;:] = k[Cu"], 
where Tlo is the spin-lattice relaxation time of a proton in the 
[Cu(bimdpk),]+ c ~ m p l e x . [ ~ * ~  391 A plot of P versus [Cu"] 
(Fig. 6), gives k s 1 . 9 f 0 . 2 ~  1 0 4 ~ - ' s - '  in CD,CN at 298 K. 
This analysis is only valid in the slow exchange limit where 
k[T] 6 TI - ', where [TI is the total copper concentration in solu- 


how the gradient of a P versus [Cu"] plot varies with temper- 
tion.[38-401 A d' iagnostic test for this condition is to examine 


P - 
0 0.5 1.0 1.5 2.0 


[[CU(BIMDPK),][BF,]~] xld 
Fig. 6. Plot of P = [TI - T,,-'] for the imidazole N-Me proton NMR signal of 
[Cu(bimdpk),][PF,] at 298 and 253 K in CD,CN vs. concentration of [Cu- 
(bimdpk),][BF.,], added, where TI, is the spin-lattice relaxation time for the N-Me 
protons in [Cu(bimdpk),][PF,] in the absence of [Cu(bimdpk),][BF,], and TI is 
the spin-lattice relaxation time for the N-Me protons in [Cu(bimdpk),][PF,] as 
[Cu(bimdpk),][BF,], is added at  298 and 253 K. 
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ature. Figure 6 reveals a temperature-dependent gradient for 
[C~(b imdpk) , ]~+~+  indicative of a slow exchange limit. The 
value for the self-exchange rate constant of [Cu(bimdpk),12 + I +  
is comparable to that for [CU"~'((~-~~~~H),DAP)][BF~],, 
( k<  1.31 x 1 0 4 ~ - ' s - ' ,  MeCN)["] [Cu"~'(imidH),DAP] and 
[Cu"~'((py),DAP)][BF,],,, (ks1.76 x 1 0 4 ~ - ' s - ' ,  MeCN),["] 
but greater by a factor of about 10' than the value for the related 
system [Cu1'~L((1-meimid)2bp)Z][BF4]Z, ( k <  1 x 102~M-1s -1 ,  
MeCN) ((1-meimid,),bp = 2,2'-bis[2-(1-methylimidazoyl]bi- 
phenyl) .["I It has been suggested that in [Cu"*'((imid),- 
bp)2]2+,[191 the orbital containing the unpaired electron lies 
between the ligands and does not overlap effectively with the 
ligand orbitals thereby attenuating the rate of electron transfer. 
In [Cu(bimdpk,)12+, the EPR spectrum indicates a d,, ground 
state, and the significant distortion away from a [CuN,] tetrahe- 
dron (0, = 68.2") may result in a greater ligand-d, orbital 
overlap with a resultant increase in k.  


Discussion 


The establishment of a [Cu"(imidazole),] core for the two com- 
plexes discussed above prompts comparison with the Cu" and 
Cu' centres of CuZnSOD. Comparison of the parameters 
in Table 3 shows that, while the bond lengths in [Cu- 
(bimdpk),][BF,], and Cu"ZnS0D are similar, Ox, 0, and 0, for 
[Cu(bimdpk),]* + and Cu"ZnS0D describe different distortions 
from a square-planar geometry. The geometry of [Cu- 
(bimdpk),]' + has been described earlier, and for the Cu" centre 
of Cu"ZnS0D the His 44 ligand lies out of the CuN, plane of 
the other ligands. Cu'ZnSOD possesses an approximately tetra- 
hedral Cur site in subunit A and a distorted trigonal bipyramidal 
structure in subunit B.[l3] In both subunits the imidazolate 
bridge is maintained. In addition to the four histidinyl residues 
in subunit B, a water molecule completes the coordination to 
Cu'. Comparison between Ox, fly and 0, for Cu'ZnSOD and 
[Cu(bimdpk),]+ reveals that the coordination sphere of [Cu- 
(bimdpk),] + involves a smaller distortion from a tetrahedral 
geometry than that of the subunit A Cu' site in Cu'ZnSOD. 


The EPR spectrum of the distorted CuN,O chromophore in 
Cul'ZnSOD is anisotropic with g, = 2.03, gy  = 2.09, g ,  = 2.26 
and A ,  = 142 x cm-1,[41] parameters clearly distinct from 
those of [Cu(bimdpk),][BF,], (Table 4); this reflects the differ- 
ent geometries of the Cu" coordination sphere and the coordina- 
tion of a water molecule to the Cu" ion. The EPR parameters of 
[Cu(birndpk),][BF,], approach those of Cu" substituted into the 
"Zn"" site in AgCu"S0D (g,  = 2.01, gy = 2.1 18, g ,  = 2.316 and 
A ,  = 116 x cm-I), for which a tetrahedrally distorted N,O 
site has been 


The absorption at 25800 cm-' in the UV/vis spectrum of 
[Cu(bimdpk),][BF,], is comparable in energy to the lowest ener- 
gy K(ImH) +Cu" LMCT transition, which occurs at 
26 500 cm- ', for Cu" doped into the pseudotetrahedral "Zn"" 
site of the system A ~ C U " S O D . [ ~ ~ ]  The corresponding absorp- 
tion for Cu" in the native protein occurs at a higher energy 
(29 500 cm- '). The maximum of the ligand-field absorption 
band for [Cu(bimdpk),][BF,], lies within the range of such ab- 
sorptions of Cu"ZnS0D (1 8 000- 13 000 cm-'),[421 but blue- 
shifted from those of Cu" doped into the pseudotetrahedral 
"Zn"" site in AgCu"S0D (12000-8000 cm-1).[421 


For low concentrations of 0; (slow turnover rate) the mech- 
anism of catalysis by CuZnSOD has been proposed to occur 
through a two-step mechanism [Eqs. (a) and (b)].[43-461 The 


Cu"-Im-Zn" + H +  +O; --f Cu' HIm-Zn" +O, (4 


Cu' HIm-Zn"+H+ +O; --f Cu"-Im-Zn"+H,O, (b) 


results of EXAFS;"I UV[431 and NMR'',. spectroscopic 
investigations support the protonation and breaking of the imi- 
dazolate bridge in the first step to form a three-coordinate Cu' 
site. During the second step the imidazolate bridge is reformed 
when 0; oxidises Cu'ZnSOD to Cu"ZnS0D. The protons nec- 
essary for this step are provided by the imidazole of His 61 and 
deprotonation allows the imidazolate bridge to reform. How- 
ever, under saturating conditions the turnover rate of 
106~uI- 's-1 is not consistent with this mechanism, since it in- 
volves several bond-breaking and bond-making s t e p ~ . [ ~ ~ ]  An 
alternative mechanism has been proposed where the imidazolate 
bridge remains intact, and there is little change in coordination 
geometry at the Cu centre from Cu"ZnS0D to Cu'ZnSOD and 
vice versa during turnover.[491 This mechanism is supported by 
the crystal structure of CU'Z~SOD,['~I which shows that the 
imidazolate bridge is conserved at the Cu' site and that the 
centre in subunit A is almost isostructural with the Cu" site in 
CU"Z~SOD.[~I 


A requirement for CuZnSOD to be a successful catalyst 
in steps (a) and (b) is for the redox potential of the Cul'/Cul 
couple to lie in between the values of E(O,/ 
0;) = - 0.16 V (at pH =7,  vs. NHE(H,O)) and E ( 0 ; ;  2H'/ 
H,O,) = 0.89 V (at pH =7 ,  vs. NHE(H,O)). A reduction po- 
tential for the Cu" centre of CuZnSOD of 0.403 V (at pH =7, 
vs. NHE (H,O)) has been obtained by spectroelectrochem- 
istryr5'] and a value of 0.32 V (at pH =7.4, vs. NHE(H,O)) by 
cyclic voltammetry, and the potential was found to be pH 
dependant over the range pH = 5-9;15'] titrations with 
K,[Fe(CN),] and K,[IrCI,] place E at 0.40V and 0.20V vs. 
NHE (H,O), respectively.[53, 541 


Cofre and Sawyer considered the redox chemistry of H,O, in 
anhydrous MeCN and in the presence of picolinate anion,[501 
which was assumed to provide a proton sink, and they reported 
the following redox potentials vs. SCE: E(O,, H + /  
HO,) = - 0.2 V and E(HO,, H+/H,O,) = + 0.8 V. The reduc- 
tion potential of [C~(bimdpk),]~+'+ in MeCN vs. SCE 
( E  = 0.59 V) lies between these two values. Thus, thermody- 
namically, [C~(bimdpk),]~ + should be reduced by superoxide 
and [Cu(bimdpk),]+ should be oxidised by superoxide. Treat- 
ment of a solution of [Cu(bimdpk),][BF,], in MeCN with a 
stoichiometric amount of KO, solubilised in MeCN by 
[18]crown-6 resulted in reduction to [Cu(bimdpk),]+ ; the solu- 
tion lost its EPR signal and possessed a UV/vis absorption 
spectrum identical to that of [Cu(bimdpk),][PF,] . However, no 
evidence for the oxidation of [Cu(bimdpk),][PF,] in MeCN oc- 
curred when the solution was treated with KO, solubilised in 
MeCN by [18]crown-6 and then acidified by trifluoroacetic acid. 
A possible explanation for the failure of the latter process is 
that, although thermodynamically favourable, oxidation of 
[Cu(bimdpk),]+ by superoxide does not occur at a rate compet- 
itive with superoxide disproportionation under these condi- 
t i o n ~ . ' ~  51 Thus, for reduction, superoxide must initially be coor- 
dinated to copper and the steric bulk of the ligands may restrict 
access. In contrast to this inner-sphere mechanism, the redox 
between [Cu(bimdpk),12+ and superoxide could be an outer- 
sphere process. An alternative mechanism for superoxide dis- 
mutation by CuZnSOD has been proposed involving a c~ '+ -  
0; intermediate stabilised through a hydrogen bond from the 
distal 0 of the coordinated 0; and the amino acid 
Arg 141.[56-581 This intermediate is then reduced by a second 
0; ion before being protonated by solvent protons. It has been 
suggested that this mechanism should be reconsidered, in the 
light of recent X-ray crystallographic to be operating 
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when CuZnSOD is under saturating conditions. It appears that, 
in the reaction of [Cu(bimdpk),][BF,], with superoxide, this 
mechanistic pathway is not available due to the steric hindrance 
of the ligands preventing access to the metal and, therefore, a 
means of stabilising 0; as a Cu"-0; intermediate. 


Type I copper proteins exhibit a wide range of reduction po- 
tentials from 180 mV vs. NHE for s t e l l a ~ y a n i n [ ~ ~ ~  to 680 mV at 
pH = 2 vs. NHE(H,O) for rusticyanin[60*611 with most, includ- 


erating around 280-380 mV.[6s1 In order to relate the potential 
of the [Cu(bimdpk),lZ+/' couple in MeCN ( E  = 0.56 V vs. 
NHE(H,O)) to TypeI copper proteins, effects due to the 
protein/water environment must be considered. While numer- 
ous effects contribute to the reduction potentials of proteins,[661 
including entropy terms,[671 the effects due to the dielectric con- 
stant of the medium can be evaluated by using the Born equa- 
tion [Eq. (l)],c68-701 where AGYol, (kJmol-l) is the Gibbs 


ing the plastocyanins (Ez 380 mV vs. NHE(H,0)),[62-64] OP- 


AGf,, = - zZe'N, -( 1 - t) 
8n EOri 


free energy associated with transferring an ion of charge zi and 
radius ri from a vacuum into a solvent of relative permittivity E, .  


The difference in Gibbs free energy for the Cu" and Cu' ions is 
given by Equation (2). 


The difference in AG:edox on moving from a solvent of relative 
permittivity E, to one of relative permittivity E,, may be repre- 
sented by Equation (3) Thus, the change in redox potential 


(3) 


AE' (V) for the Cu"/Cu' couple on moving from solvent A to 
solvent B may be approximated by Equation (4). 


(4) 


Estimates of r(Cu") = 91 1.5 pm and r(Cu') = 920.6 pm may be 
obtained by measuring the radius of the smallest sphere that 
encloses the structures of [Cu(birndpk),lz+ and [Cu- 
(bimdpk),]', respectively, as determined by X-ray crystsllogra- 
phy. Thus, on transferring the [C~(birndpk),]~+~+ couple ( E  = 
0.56 V vs. NHE(H,O)) from MeCN (E ,  = 37.5) to a protein/wa- 
ter environment ( E ~ ~ I O ~ ~ ' ] ) ,  E for this couple is raised to ap- 
proximately 0.73 V vs. NHE(H,O). This estimated potential is 
350 mV higher than that for most Type I centres, suggesting that 
there are some aspects of the copper coordination sphere of 
TypeI ceQtres that stabilise Cu" to a greater extent than in 
[Cu(birndpk),]'+. This stabilisation may arise from charge do- 
nation by the Cys-S thiolate ligand, which is at an unusually 
short distance and contains high covalency.[711 This covalency is 
also believed to be responsible for the unusually small hyperfine 
splitting (A ,, <90 x cm- ') that is observed in the X-band 
EPR spectra for these proteins.[721 In addition to this charge 
donation, increased stabilisation of the Cu" site may arise from 
the differences in geometry at the active site of Type I centres 
and [Cu(bimdpk),]'+. While the unusually long MetS-Cu 
bond results in a only a small interaction with the metal, it has 
been suggested that this forces an axial Jahn-Teller distortion, 
lowering the symmetry of the copper centre to C, and trapping 
the oxidised form of the protein in a Jahn-Teller minimum.L711 


The tetragona1 distortion is more common amongst copper@) 
compounds, but in the case of [Cu(bimdpk),]' + intraligand ster- 
ic interactions limit its degree, destabilising [Cu(birndpk),]'+ 
and raising the potential of the [Cu(bimdpk),12 +I+ couple. 


The values of electron self-exchange rate for several Type I 
copper proteins have been determined. These include stella- 
cyanin (Rhus vernicfera, 1.2 x 1 0 5 ~ - '  azurin (Pseu- 
domonas aeruginosa, 9.6 x lo5 M -  ' s - ' ) , [ ~ ~ ]  azurin (Alcaligenes 
denitrificans, 4.0 x lo5 M-' s-'),[~'] amicyanin (Thiobacihs 
versutus, 1.3 x lo5 M - ' s -  plastocyanin (Anabaena vari- 
abilis, 3.2 x 1 0 5 ~ - '  s - ' ) [ ~ ~ ]  and plastocyanin (parsley, 3.3 x 


IO4~- ' s - ' )  is comparable to that for plastocyanin (parsley), it 
is two orders of magnitude below that of the other TypeI 
proteins. In [C~(bimdpk),]~+/+, azurin["] and plast~cyanin[~] 
the oxidised and reduced forms are nearly isostructural. Thus, 
these sites would be subject to a small inner-sphere reorganisa- 
tional Franck-Condon barrier for the Cu"/Cu' redox couple, 
which would promote facile electron transfer. An Eyring 
plot[401 of k over the temperature range 253-298 K yields ap- 
proximate values for the enthalpy of activation A H * =  
- 4 k 3  kJmol-' and the entropy of activation A S *  = 
-177+9 JK-'mol-'. The small value of A H *  is not unex- 
pected given the similarity of the geometries of the [Cu- 
(bimdpk)Jz+ and [Cu(bimdpk),]+ cations. The value of A S *  
for [Cu(bimdpk),]'+/+ is similar in magnitude to other Cu"/Cu' 
complexes ( A S *  = -103 JK-1mol-'[32,78,791). The electron 
self-exchange for azurin, AS* = + 96 Jmol-' K-',[801 which 
favours rapid electron transfer, is significantly greater than that 
for [Cu(bimdpk),]' and other Cu"/Cu' coordination com- 
p l e x e ~ . [ ~ ~ ]  The positive entropy of activation is believed to be 
associated with the release of ordered water molecules, which 
are discharged when two azurin molecules associate through 
their hydrophobic patches prior to electron self-exchange.["] 
A similar mechanism is also believed to be active in amicyanin 
( A S *  = + 26 Jmol-'K-')[77] and pla~tocyanin.[~'] In the case 
of plastocyanin (parsley), the electron self-exchange rate is at- 
tenuated by the negative charge associated with the protein; the 
reduced protein has an estimated charge of -9 1 (pH = 7) 
compared to + 1 @H = 7) for A. variabilis p l a s to~yan in . [~~~  
Such effects promoting electron self-exchange are absent in 
[Cu(bimdpk),]'+/+ and other complexes.[32' 


103111-1 s-1),[771 Wh' ile k for [Cu(bimdpk),]'+/+ ( 1 . 9 ~  


Conclusions 


The new, sterically hindered, diimidazole ligand BIMDPK has 
been synthesised, characterised and shown to form the complex- 
es [Cu(bimdpk),lz+ and [Cu(bimdpk),]+ with essentially the 
same CuN, coordination geometry. This stereochemistry at the 
metal centre is controlled by the nature of the intraligand ge- 
ometry and the interligand interactions. The properties of these 
centres demonstrate that it is possible to achieve a Cu" centre 
with an EPR spectrum possessing a low A, value and a re- 
versible Cu"/Cu' redox couple with a high potential and fast 
self-exchange rate through the maintenance of a tetrahedral 
geometry for a [Cu(imidazole),] coordination sphere. There- 
fore, the possibility of [Cu(histidine),] centres involved in bio- 
logical electron transfer should not be precluded. 
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Stereoselective Transformations with Configurationally Labile 
a-P hen y lseleno alk y llit hium Compounds * * 


Abstract : Complexation of the configurationally labile cl-phenylselenoalkyllithium 
compound 8 with 1,2-bisdirncthylarninocyclohexane 15 Icd to two diastereomeric com- 


added more rapidly to benzaldehyde than the uncomplexed organolithiurn compound 
8. Trapping of complexes 13 and 14 by bcnraldehyde wa5 chown to occur more rapidly 
than their equilibration. This corresponds to non-Curtin- Hammett kinetics, in which 
enantiorneric enrichment in the products reflects the equilibrium rdtio of the complexes 
13and 14. 


plexrs 1.3 and 14 in a 7 :  3 ratio Owing to ligand acceleration the complexes 13 and 14 KeJW0nSS 
X+w& dkyfatiQ" ' Ohiraf W x -  
ifla* kixktics - 


* 


From the viewpoint of a synthetic organic chemist chiral 
organolithium compounds with ally1,[21 b e n ~ y l , ~ ~ ]  a-se- 
len0,[~9 ' 9  and a-thio[', 6 ,  'I substituents are configurationally 
labile, since they racemize rapidly at low temperatures (e.g., 
at - 78 "C). These synthons can nevertheless be utilized in 
stereoselective synthesis, as demonstrated many years ago by 
Nozaki and Noyori."] They showed that the complexation of 
a-methylbenzyllithium (1) with sparteine generates two 
diastereomeric complexes 2, which give enantiomerically en- 
riched hydratropic acid 3 on treatment with carbon dioxide 
(Scheme 1). This method of complexing configurationally labile 
organolithium reagents 4 with a chiral ligand and subsequently 
trapping the resulting diastereomeric complexes 6 and 7 with 
electrophiles has since been used to synthesize 5 with varying 
degrees of enantiomeric enrichment (Scheme 2) .[', lo] 
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Hans-Meenuein-Strasse, 35032 Marburg (Germany) 
Fax: Int. code +(6421)28-8917 
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Although the sequential addition of a chiral ligand and an 
electrophile to an organolithium compound is operationally 
simple, the stereochemical outcome of such experiments de- 
pends on a complex mixture of factors. To understand these 
processes the following questions need to be addressed : Is the 
rate at which the organolithiurn species are trapped by the elec- 
trophile sufficiently accelerated by the ligand? In other words, 
are the products 5 formed from complexes 6 and 7, and not from 
the uncomplexed species 4? If this is the case, the next point to 
be considered is whether the rate of trapping of complexes 6 and 
7 by the electrophile is faster than their equilibration. If so, the 
enantiomeric enrichment in product 5 would reflect the 
diastereomeric ratio of the complexes 6 and 7 (the non-Curtin- 
Hammett case; cf. the dotted curves in Fig. 1). If the answer is 
no, a Curtin-Hammett situation prevails (cf. the solid lines in 
Fig. 1). The enantiomeric enrichment in the product then de- 
pends on the relative rates at which the two diastereomeric com- 
plexes 6 and 7 react with the electrophile, that is, the result is 
determined by kinetic resolution. 


We describe here a series of experiments designed to answer 
the questions outlined above. The system studied was the addi- 
tion of a-phenylselenoalkyllithium compound 8 to benzalde- 
hyde in the presence of chiral diamine 15. Some aspects of these 
experiments have been communicated in preliminary form.'' 







694 - 700 


Fig. 1. Reaction of the complexes 6 and 7 with electrophiles: Curtin-Hammett 
(solid line) versus non-Curtin-Hammett (dotted line) behavior. 


Results 


Addition of the complexed organolithium species 13 and 14 to 
benzaldehyde: Initially, the reaction of the uncomplexed lithium 
compound St''] was studied. It was generated[131 in diethyl 
ether from the selenoacetal in a two-compartment low-tempera- 
ture reaction and was added at -60 "C to a precooled 
solution of benzaldehyde (2 equiv) in ether. The syn and anti 
adducts 9 and 10 were isolated from the reaction in 80 YO yield. 
The two diastereomers were separated by MPLC and individu- 
ally converted into the epoxides 11 and 12 as indicated in 
Scheme 3. 


f l  PhCHO /c"i- + xph 
Li- 


b P h  
U P h  


11 67% 12 59% 


Scheme 3. 


In the I3C NMR spectra, the signals corresponding to the 
epoxide carbons of 11 are at higher field (6 = 57.3 and 58.7) 
than those of 12 (6 = 58.7 and 62.0). Epoxide 11 was therefore 
assigned the cis and epoxide 12 the trans structure. Assuming 
that epoxide formation proceeds with inversion at the selenium- 
bearing stereocenter, the relative configuration of the epoxides 
11 and 12 allows the assignment of 9 as the syn and 10 as the anti 
adduct. The synlanti ratio was determined by reversed phase 
HPLC on the crude reaction mixture to be 55:45. This number 
can be used to identify the reaction of the uncomplexed organo- 
lithium species.["] 


On addition of the diamine 15 to an ethereal solution of 8 the 
diastereomeric complexes 13 and 14 were formed (Scheme 4) in 
a 70: 30 ratio with complexation constants of > 800 Lmol- 
and > 300 Lmol- ', respectively, as detailed elsewhere.["] 
When an ethereal solution of 8 was first treated with 1.82 equiv 
of the diamine 15 and the solution of the resulting complexes 


.> =NM* 
N 


N NMe, 15 


Scheme 4. 


was added to benzaldehyde at -60 "C as described above, the 
syn and anti adducts 9 and 10 were obtained in 81 "LO yield with 
a 72:28 ratio. The change in the synlanti ratio (compared to the 
reaction of the uncomplexed organolithium species 8) shows 
that at least some of the products 9 and 10 must be derived from 
the reaction of complexes 13 and 14, since these species are 
expected to react with different synlanti selectivities than 8. 


In order to estimate what proportion of the reaction proceeds 
via the complexes 13 and 14, competition experiments were 
carried out: the uncomplexed organolithium compound 8 and 
the complexes 13 and 14 were allowed to compete for an inade- 
quate supply of benzaldehyde. The synlanti ratio was then deter- 
mined. Thus, 0.2-0.96 equiv of the diamine 15 was added to 
1 .O equiv of the lithium compound 8, and a solution of 0.1 equiv 
of benzaldehyde was then added at - 60 "C. After workup the 
synlanti ratio of 9 and 10 was determined by HPLC. The results 
obtained are given in Table 1. 


Table 1. Dependence of the syn/anti ratio of the products (9:lO) on the amount of 
diamine 15 added. 


Equiv. 15 (13,14) : 8 9: 10 %ee 9 %ee 10 


0.2 1:4 74: 26 38 46 
0.75 3:l 71:29 42 46 
0.96 24:l 70: 30 40 48 


Since the complexation constant for the formation of 13 and 
14 is greater than 100, it may be assumed that all of the ligand 
is complexed so long as there is an excess of lithium compound 
8. The ratio of the complexed to the uncomplexed organolithi- 
um compound was therefore varied between 1 : 4 and 24: 1. In all 
experiments essentially the same syn/anti ratio of approximately 
70:30 was recorded. This invariance is consistent with the com- 
plexes 13 and 14 reacting with benzaldehyde in all experiments. 
We therefore conclude that the complexes 13 and 14 react signif- 
icantly faster with benzaldehyde than the uncomplexed organo- 
lithium species 8, and that the synlanti ratio of 72: 28 represents 
the average synlanti selectivity of the two complexes 13 and 14. 
If complexes 13 and 14 had reacted with benzaldehyde at a 
similar rate to the uncomplexed species 8, a gradual change in 
the synlanti ratio would have been expected from the character- 
istic value for the reaction of the uncomplexed species 8 (55:45) 
to that for the reaction of the complexes 13 and 14 (72:28). We 
therefore conclude that, in the system studied here, the rate of 
addition to benzaldehyde is substantial accelerated by the lig- 
and. This is an essential prerequisite if enantiomeric enrichment 
in the products is to be attained. 
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Relative rates of equilibration and trapping of 13/14: The next 
question to be examined is whether or not the complexes 13 and 
14 equilibrate more rapidly than they are trapped by benzalde- 
hyde. Although the rate of equilibration of the complexes 13 
and 14 is known,[l2I the rate of addition to benzaldehyde 
at -60 "C is too fast to be measured macroscopically. Indirect 
methods therefore have to be used to answer the above question. 
We have previously developed a based on kinetic resolu- 
tion, which allows us to differentiate between Curtin-Hammett 
and non-Curtin - Hammett situations. The application of this 
test to a simple cr-phenylselenoalkyllithium compound in THF 
showed that trapping by aldehyde 16 is barely faster than enan- 
tiomerization of the lithium compound.["1 We decided to repeat 
this test with the organolithium compound 8 in diethyl ether 
(Scheme 5 ) ,  the solvent of interest here. 


0 + 16 17 bH 18 dH 


8 


Scheme 5 .  


Addition of the organolithium compound 8 to a precooled 
solution of aldehyde 16 at -60°C led to two diastereomeric 
adducts 17 and 18. Their structures were assigned by compari- 
son of their 'H and 13C NMR spectra with those of the adducts 
of known structure from the reaction of a-phenylselenopentyl- 
lithium and aldehyde 16.*"] Moreover, a mixture of 17 and 18 
was reduced with triphenyltin hydride to furnish a single 
diastereomer (75 %) of the amino alcohol 19. This established 
that 17 and 18 differed only in the relative configurations at the 
selenium-bearing stereocenter, as postulated. 


The product ratios of 17 and 18 were determined by reversed 
phase HPLC. The ratio of 71 :29 for the reaction of racemic 8 
with racemic aldehyde 16 indicates that there is kinetic resolu- 
tion between the two reactants (Table 2), a prerequisite for the 


Table 2. Dependence of the 17:18 product ratio on the amount of diamine 15 
added. 


Equiv. 15 Equiv. (S)-16 Yield 17+ 18 (%) 17: I8 


none 1.20 [a] 79 
none 1.16 80 
1.7 0.10 89 
1.4 1.24 92 


71:29 
54 ; 46 
78:22 
71:29 


[a] ruc-16 used. 


test. Reaction of the organolithium compound 8 with the enan- 
tiomerically pure aldehyde 16 led to a different diastereomeric 
ratio, 54:46 (approaching a 50:50 ratio; Table 2). This is char- 
acteristic'l6l for a situation in which enantiomeric equilibration 
of 8 is slower than trapping by the aldehyde 16, that is, the 
non-Curtin- Hammett case. 


While this statement pertains to the uncomplexed organo- 
lithium species 8, it is the behavior of the complexes 13 and 14 
that is of actual interest here. This was established by a slight 
modification of our test: The complexes 13 and 14 were generat- 
ed by addition of 1.7 equiv of diamine 15 to the lithium com- 


pound 8, and 0.1 equiv of the enantiomerically pure aldehyde 16 
were then added at - 60 "C. This resulted in the formation of the 
two diastereomeric adducts 17 and 18 in a 78:22 ratio (Table 2). 
In interpreting this ratio we should bear in mind that 1) the 
diastereomeric complexes 13 and 14 were present in a 70:30 
ratio,[l2I 2) the absolute configuration of the complexes at the 
selenium-bearing stereocenter is known (see below), and 3) the 
absolute configuration of the products 17 and 18 at the seleni- 
um-bearing stereocenter is also known." Thus, the reaction of 
aldehyde 16 with seven parts 13 and three parts 14 led to 17 and 
18 in a 78:22 ratio. This means that 13 is (78:22/70:30 =) 1.5 
times more reactive than 14 towards the aldehyde 16. Thus, 
kinetic resolution occurs in the reaction of complexes 13 and 14 
with aldehyde 16. In a second experiment the solution of 13 and 
14 was added to an excess of the enantiomerically pure aldehyde 
16 at - 60 "C. This time, the two adducts were formed in a 71 : 29 
ratio (Table 2). The difference between 78:22 and 71 :29 is sig- 
nificant. The 71 :29 ratio corresponds to the initial ratio of 70: 30 
for the complexes 13 and 14.['21 Despite kinetic resolution, the 
products 17 and 18 were therefore formed in the same ratio as 
was present in the starting materials 13 and 14. This means that 
trapping of 13 and 14 is faster than the equilibration. 


We have just described the behavior of complexes 13 and 14 
towards the chiral aldehyde 16; however, the actual information 
sought is their behavior towards benzaldehyde. Thus, the final 
link is an experiment to define the relative reactivities of ben- 
zaldehyde and aldehyde 16 towards the complexes 13 and 14. To 
this end, the complexes 13 and 14 were allowed to react with a 
mixture of 2.6equiv of benzaldehyde and 1.9 equiv of 16. 
MPLC separation and isolation of the products indicated that 
benzaldehyde is around 2.2 times more reactive than 16. Since 
benzaldehyde reacts faster than aldehyde 16 with the complexes 
13 and 14 and since aldehyde 16 reacts faster with the complexes 
13 and 14 than they equilibrate, the latter must also be true of 
benzaldehyde. We have thus finally established that the system 
under consideration (13/14 + benzaldehyde) has a non-Curtin- 
Hammett behavior. 


Enantiomeric enrichment in the products: The non-Curtin - 
Hammett behavior of the 8jl5jPhCHO system implies that the 
enantiomeric enrichment in the products 9 and 10 directly re- 
flects the diastereomeric ratio of the complexes 13 and 14. In 
order to determine their enantiomeric purity, the syn and anti 
adducts 9 and 10 were separately esterified with enantiomerical- 
ly pure triaminophosphine 21.['81 The resulting alkoxydiaza- 
phospholidines 22 showed baseline-separated 31P NMR signals. 
The enantiomeric purities could be determined to an accuracy of 
4 1 % by the intergration of these signals. In order to establish 
the absolute configuration of 9 and 10, dextrorotatory 9 with an 
ee of 70 YO was reduced with triphenyltin hydride to give levoro- 
tatory alcohol 20 (Scheme 6). Likewise, levorotatory 10 with an 


(+) 70% 8.8. [al~ - -242 


10 bH ent-20 b~ 
(-) 64% 8.e. [ah - +20.4 


Scheme 6. 
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ee 64% gave the dextrorotatory alcohol 20. Since (R)-pheny- 
lalkylcarbinols are dextror~tatory,[ '~] we conclude that the ab- 
solute configurations of the adducts 9 and 10 are as shown in 
Schemes 3 and 6. With this information the 31P NMR signals of 
22 can be assigned as shown in Scheme 7. 


G P h  


9, 10 6H 


147 
1R'2R 1 s ,2s 1 137 


Scheme I 


The enantiomeric enrichment in the adducts obtained from 
the reaction of 8 in the presence of 1.8 equiv of the diamine 15 
was found to be 40 % ee for the syn diastereomer 9 and 44 % ee 
for the anti diastereomer 10. The average ee of 42% is equiva- 
lent to an enantiomeric ratio of 71:29, which closely corre- 
sponds to the 70: 30 equilibrium ratio for the diastereomeric 
complexes 13 and 14 as determined by "Se NMR spec- 
troscopy."'] Similar enantiomeric excesses were obtained for 
the experiments in which complexes 13 and 14 and uncomplexed 
8 competed for a limited amount of benzaldehyde (Table 1 ) .  It 
is initially surprising that the ee values for the syn and anti 
adducts 9 and 10 differ, although closer examination reveals 
that this is in fact to be expected. The complexes 13 and 14 are 
diastereomers and therefore distinct chemical entities. It is not 
to be expected that the synlanti selectivity k,/k, for the two 
diastereomeric complexes 13 and 14 should be identical 
(Scheme 8). The ee values for syn 9 and anti 10 are thus expected 


"3 = -NMe2 N NMez 15 


Scheme 8 


to differ, lying on either side of the value defined by the ratio of 
the two diastereomeric complexes 13 and 14. The data obtained 
correspond to a synlanti selectivity of 69: 31 for 9 and 72:28 for 
10. Thus, the enantiomeric ratio in the products obtained is fully 
consistent with the non-Curtin-Hammett situation, where a 
70:30 mixture of the diastereomeric complexes 13 and 14 is 
trapped by benzaldehyde much faster than the complexes equi- 
librate. 


The 70: 30 enantiomeric enrichment in the product should be 
independent of the electrophile, as long as the electrophiles used 
trap the complexes 13 and 14 more rapidly than the latter equi- 
librate. If, on the other hand, equilibration of the complexes 


were faster than trapping, the enantiomeric enrichment in the 
products would depend on the electrophile.['O1 To clarify this 
point, we tested two other electrophiles, fluorodimethoxy- 
borane and isopropylisocyanate. 


Reaction of the complexes 13 and 14 at - 80 "C with fluoro- 
dimethoxyborane led to a-phenylselenoalkylboronate 23, which 
was transesterified with (R,R)-dicyclohexylethanediol['ol to 
give a mixture of the diastereomeric esters 25 (Scheme 9). These 
diastereomers showed different chemical shifts for three of their 
I3C NMR signals. This allowed the diastereomeric ratio to be 
estimated at approximately 80:20. In view of the uncertainties in 
the derivatization step and the NMR analysis, we consider this 
ratio not to differ significantly from the expected 70: 30 ratio. 


ptr 26 
H 


Ph-N 
H 


Scheme 9. 


Complexes 13 and 14 were also allowed to react with an excess 
of isopropylisocyanate at -60°C. This led to formation of 
amide 24 in 89 YO yield. Its enantiomeric composition was deter- 
mined by the use of the chiral solvating reagent 26,12'] under the 
influence of which one methyl signal of 24 was doubled, as 
verified with racemic 24. The enantiomeric enrichment of 24 was 
thus estimated to be 70:30, which is in line with the result ex- 
pected from the above-mentioned arguments. 


Other ligands: The enantiomeric enrichment in the products 
obtained from systems showing non-Curtin-Hammett behav- 
ior depends on the ratio of the diastereomeric complexes 6 and 
7, which is critically influenced by the nature of the diamine 
used. The diamine 15 was chosen because it allowed a maximum 
of information to be obtained about this system, and not be- 
cause it led to maximum enantiomeric enrichment. As detailed 
elsewhere['21 we tested a number of diamines and other ligands 
with respect to their ability to influence the diastereomeric ratio 
of the complexes 6 and 7. Most of the diamines tested in con- 
junction with lithium compound 8 and benzaldehyde gave unex- 
ceptional results.['21 Diamines 27 and 28 did, however, show 
notable features, and we would therefore like to describe their 
reactions here. 


The highest ratio of diastereomeric complexes 6 and 7 (9: 1)  
measured to date was induced by diaminocyclopentane 27." 'I 
This was reflected in an average enantiomeric enrichment of 
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80 % ee in the products 9 and 10 obtained on addition to ben- 
zaldehyde. Since (-)-diamine 27 induces the same configura- 
tion in the adducts 9 and 10 as did the (R,R)-diamine 15, we 
assume that the it is the (R,R) enantiomer, by analogy with the 
rotation of (-)-(R,R)-diamine 15. The complexation constant 
for diamine 27 with organolithium compound 8 is 
> 1000 Lmol-',t'21 as for diamine 15. But differences to the 
behavior of the diamine 15 became apparent when less than one 
equivalent of diamine 27 was used (Table 3) .  


Table 3. Dependence of the syn/anti ratio of the products (9: 10) on the nature and 
amount of diamines added. 


Diamine (6+7):8 Yield 9:10 % e e 9  %ee 10 
(equiv) 9 +  10 (%) 


- - 80 55:45 - - 
27 (0.5) [a] 1 : l  95 62:38 44 46 
27 (2) >25:1 83 68 : 32 74 86 
28 (1.4) > 10: 1 91 56:44 16 -12 


[a] 0.15 equiv of benzaldehyde 


In the presence of an excess of diamine 27 (i.e., when only the 
complexes 6 and 7 are present), it is clear that the average 
enantiomeric enrichment in the products (80 'YO ee) corresponds 
to the diastereomeric ratio (9 : 1) of the complexes 6 and 7. The 
syn/anti ratio of 68 : 32 should then approximate the average 
syn/anti selectivity of the complexes 6 and 7. However, when 
benzaldehyde was given a choice of reacting with either the 
complexes 6 and 7 or the uncomplexed lithio compound 8 (i.e., 
when 0.5 equiv of 27 relative to 8 was used), a lower synlanti 
ratio and a lower ee in the products were obtained; this indicates 
that complexes 6 and 7 and uncomplexed 8 have similar reactiv- 
ities. The ligand no longer accelerates the addition to benzalde- 
hyde! 


Another interesting result was recorded with the diamine 28 
for which 77Se NMR spectra indicated the formation of the 
complexes 6 and 7 in a 3 : l  This should lead to an 
average of a 50 YO ee in the products. The much lower ee values 
found (cf. Table 3 )  indicated that only a small fraction of the 
products 9 and 10 was derived from the complexes 6 and 7. Most 
of the adducts must have been formed from addition of the 
uncomplexed organolithium species 8. The synlanti ratio of 
56144 found is consistent with this conclusion. Given the fact 
that 8 is completely transformed into complexes 6 and 7 in 
solution (77Se NMR), diamine 28 must decelerate the addition 
to benzaldehyde. There is a hidden twist in this interpretation: 
The complexes 6 and 7 (present in a 3 :  1 ratio) were added into 
an excess of an ethereal benzaldehyde solution. Under these 
conditions (approximately) racemic products could only arise if 
the uncomplexed organolithium compound racemized more 
rapidly than it was trapped by benzaldehyde-a Curtin-Ham- 
mett situation! This might, in fact, be possible, because the 
organolithium compound was completely present as the com- 
plexes 6 and 7. Assuming a complexation constant of over 
lo3 Lrnol- ', the concentration of the free organolithium com- 
pound 8 would be lowered by a factor of as is the case for 
the actual rate of addition to benzaldehyde. We have previously 
shown that, at the 0.1 M concentration of 8 usually used, the rate 
at which 8 is trapped by benzaldehyde is barely faster than the 
rate of enantiomerization (a non-Curtin-Hammett situa- 
tion) .[I7] Lowering the concentration of the organolithium com- 
pound by a factor of 10-3 could well shift the situation to one 
in which bimolecular trapping by benzaldehyde is slower than 
monomolecular[6' enantiomerization! 


Conclusion 


The detailed study reported here emphazises that the opera- 
tionally simple procedure involving the reaction of a configura- 
tionally labile organolithium compound 8 complexed to a chiral 
diamine with an electrophile may-but does not always-lead 
to significant enantiomeric enrichment in the products. We have 
defined the conditions that have to be fulfilled in order to 
achieve enantiomeric enrichment in the products and have de- 
scribed experiments by which the situation in any given case 
may be analyzed. 


Experimental Section 
All temperaturesquoted are not corrected. 'H, 13C, and "P NMR: Bruker AC-300, 
WH-400, and AMX-500. Boiling range of petroleum ether: 40-60 "C; pH7 buffer: 
56.2g NaH,P04.2H,0 and 213.16g Na,HPO,.2H,O in 1.OL of water; flash 
chromatography: silica gel Si 60, E. Merck, Darmstadt, 40-63 pm; MPLC: 
30 x 2  cm column with silica gel Si 60, E. Merck, Darmstadt, 15-25 pm, 10 bar, 
detection by differential refractometry (Knaur); HPLC: Merck-Hitachi, L-4000, 
UV detection, L-6200 intelligent pump; D-2500 chromato-integrator, RP-18 
column with nucleosil 120-5 C-18 of CS Chromatography Service. All reactions 
with organolithium reagents were carried out under an atmosphere of dry nitrogen 
or argon. 


4-Methyl-l-phenyl-2-phenylseleno-l-pentanol (9 and 10): Normal addition mode: A 
solution of 3-methyl-1,l-diphenylselenobutane (380 mg, 1 mmol) in anhydrous 
ether (10 mL) was placed in the lower compartment of a two-compartment reaction 
vessel [14]. The required amount of the diamine 15 was added, and the reactor 
cooled to -60°C. The upper compartment was filled with a solution of benzalde- 
hyde (ca. 200 pL) in anhydrous ether (10 mL). A solution of freshly sublimed tBuLi 
(1 mmol) in hexane was injected into the lower chamber, and the contents of the 
reactor were stirred magnetically for 15 min. The solution in the top compartment 
was added dropwise over 30 min to the lower compartment. After stirring for 
15 min, methanol (2 mL) and saturated aqueous NH,Cl solution (10 mL) were 
added. The mixture was allowed to reach room temperature before the phases were 
separated and the aqueous phase extracted with ether (3 x 10 mL). The combined 
organic phases were washed with water (10 mL) and brine (I0 mL), dried with 
Na,SO,, and concentrated. The product was isolated by MPLC by using 4% ethyl 
acetate in petroleum ether as the eluent. 


Inverse addition mode: A solution of henzaldehyde (200 pL) in dry ether (1 0 mL) was 
placed into the lower compartment of the reactor. A previously prepared solution 
of the organolithium compound 8 or of the complexes 13 and 14 in ether (10 mL) 
was transferred into the upper compartment via a canula. The reactor was main- 
tained at - 60 "C for 20 min before the solution of the lithium compound was added 
dropwise over a 30 min period to the aldehyde solution. Workup as described above 
furnished 9 and 10 (265 mg, 80% yield). 


(1R*,2R*)-9: m.p. 64-65°C. 'HNMR (300 MHz, CDCI,): 6 = 0.65 (d, 
J =  6.5 Ha, 3H),  0.77 (d, J =  6.9 Hz, 3H), 1.02 (ddd, J=14.4, 9.7, 3.8 Hz, lH) ,  
1.30(ddd, J=14.4,11.0,3.9Hz, 1 H), 1.97(m, lH),3.27(ddd,J=11.0,8.1,3.8 Hz, 
l H ) ,  3.38 (d, J = 2.4 Ha, 1 H, OH),4.34 ( d d , J =  8.2, 2.3 Hz, IH) ,  7.20-7.51 (m, 
10H). I3C NMR (75 MHz, CDCI,): 6 = 20.9, 23.2, 26.0, 40.3, 46.0, 75.8, 127.0, 
127.9, 128.1, 128.3, 129.0, 135.9, 141.3. C,,H,,OSe (333.3): calcd. C 64.86, H 6.65; 
found C 64.89, H 6.91. (1R,2R) enantiomer with 70% ee: [a];' = + 42.7 (c = 1.17, 
methanol). 


(lS",ZR*)-IO: 'HNMR (300 MHz, CDCI,): b = 0.79 (d, J = 6.5 Hz 3H), 0.82 (d, 
J=6 .7Hz ,  3H), 1.25(ddd,J=14.7, 9.9, 3.6Hz, lH) ,  1.46(ddd,J=14.7, 10.9, 
4.1Hz,1H),1.76(m,1H),2.81(brs,1H,OH),3.52(ddd,J=10.9,3.3,3.3Hz, 
lH) ,  4.77 (m, lH),  7.21-7.62 (m, 10H). I3C NMR (75 MHz, CDCI,): 6 = 20.9, 
23.4, 26.3, 36.8, 54.1, 74.1, 126.0, 127.2, 127.8, 128.0, 129.0, 129.2, 134.8, 140.9. 
C,,H,,OSe (333.3): calcd. C 64.86, H 6.65; found C 64.92, H 6.83. (1S,2R) enan- 
tiomer with 64% ee: [a];' = - 8.4 (c = 1.00, methanol). 


The diastereomeric ratio 9/10 was determined by HPLC with rnethanol/water 70:30 
(v/v) as eluent. The UV-detector response at 254 nm was calibrated by means of 
defined mixtures of 9 and 10. The ee of 9 and 10 was determined in the following 
manner: 9 or 10 (ca. 10 mg, 0.03 mmol) was placed in an NMR tube, which was 
closed with a septum. The tube was evacuated and filled with dry nitrogen. This 
operation was repeated 3-4 times, before a solution of (R,R)-21 [18] (1.5 equiv) in 
deuterobenzene was added. The mixture was allowed to stand for 12 h, and the total 
volume was brought up to ca. 0.8 mL by addition of dry toluene. The enantiomeric 
ratio was determined by 162 MHz I'P NMR spectroscopy. The peak ratios for the 
diasteromeric products 22 were calibrated with racemic 9 and 10. 
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(lR*,2S*)-2-(2-MethylpropyI)-l-phenyloxirane (11): To a suspension of trimethy- 
loxonium tetrafluorohorate (378.9 mg, 2.6 mmol) in CH,CI, (10 mL) at 0°C was 
added a solution of 9 (568 mg, 1.70 mmol) in the same solvent (20 mL). After the 
reaction mixture had been stirred for 12 h, the solvent was removed in vacuo and the 
residue taken up in dry dimethyl sulfoxide (10 mL). Potassium tert-butoxide 
(390 mg, 3.5 mmol) was added, and the mixture stirred for 12 h at room tempera- 
ture. Water was then added (30 mL), the phases separated, and the aqueous phase 
extracted with ether (3 x 10 mL). The combined organic phases were washed with 
saturated aqueous NH,CI solution. water, and brine (1OmL each), dried with 
Na,SO,, and concentrated. The remaining mixture of methylphenylselenide and 11 
was separated by MPLC with ethyl acetate (1 %)in petroleum ether as eluent. This 
furnished 11 (201 mg, 67%) as a colorless oil. 'HNMR (300MHz, CDCI,): 


5.6 Hz.1 H), 1.24 (ddd, J = 14.1, 6.5,6.5 Hz, 1 H), 1.71 (m, 1 H), 3.21 (ddd, J = 6.5, 
5.7,4.3 Hz, 1 H), 4.03 (d, J = 4.3 Hz, 1 H), 7.22-7.34 (m, 5H). "C NMR (75 MHz, 
CDCI,): 6 = 22.5, 22.9, 26.5, 35.4, 57.3, 58.7, 126.6, 127.5, 128.0, 135.0. C,,H,,O 
(176.3): calcd. C 81.77, H 9.15; found C 81.56, H 8.92. 


(lR*,ZR*) - 2 - (2 - Methylpropyl) - 1 - phenyloxirane (12): Trimethyloxonium tetra- 
fluoroborate (154.6 mg, 1.05 mmol), 10 (289 mg, 0.87 mmol), and potassium tert- 
hutoxide (200 mg, 1.78 mmol) were allowed to react as described for compound 11. 
MPLC furnished 12 (90.5 mg, 59%) as a colorless liquid. 'H NMR (300 MHz, 
CDCI,): 6 = 0.96 (d, J = 6.6 Hz, 3 H), 0.97 (d, J = 6.6 Hz, 3 H), 1.47 (m, 1 H), 1.62 
(m. 1 H), 1.83 (m, 1 H), 2.92 (ddd, J = 5.9, 5.9, 2.2 Hz, 1 H),  3.54 (d, J = 2.1 Hz, 
1 H), 7.18-7.40 (m, 5H). "C NMR (75 MHz, CDCI,): 6 = 22.3, 22.9, 26.2, 41.3, 
58.7,62.0,125.3,127.8,128.3,137.8.C,,H1,O(176.3):calcd.C81.77,H9.15;found 
C 81.64, H 9.27. 


6~0.78(d,J=6.7H~,3H),0.87(d,J=6.7Hz,3H),1.11(ddd,J=14.0,7.5, 


4-Methyl-1-phenyl-1-pentanol (20): A solution of 9 with a 70% ee (156.1 mg, 
0.47 mmol) and triphenyltin hydride (300 mg, 0.86 mmol) in degassed toluene 
( 5  mL) was refluxed for 12 h. Ether (20 mL) and water (10 mL) were then added. 
The phases were separated, and the organic phase was washed with brine (10 mL), 
dried with Na,SO,, and concentrated. The product was purified by MPLC with 
ethyl acetate (8 %) in petroleum ether to furnish 20 (61 mg, 73 %). [a];' = - 24.2 
( c  = 1.13, benzene). 'HNMR (300 MHz, CDCI,): 6 = 0.71 (2 d, J = 6.5, 6.6 Hz, 
6H),0.96-1.60(m,6H),4.26(m,1H),6.79-7.16(m,5H). 13CNMR(75MHz, 
C,D,): 6 = 22.6, 22.7, 28.3. 35.2, 37.7. 74.8, 125.8, 127.4, 128.3. 144.9. 


ent-20: Similarly, 10 (48.4 mg, 0,15 mmol) with 64% ee and triphenyltin hydride 
(201 mg, 0.57 mmol) led to ent-20 (16.4mg, 62%) as a colorless liquid. 
[a]:' = + 20.4 (c =1.40, C,H,). C,,H,,O (178.3): calcd. C 80.85, H 10.18; found 
C 80.75, H 10.06. 


2-(N,N-Dibenzylamino)-6-methyl-l-phenyl~-phenylseleno-3-heptanol (17, 18) : The 
reaction between organolithium compound 8 and aldehyde 16 [23] was carried out 
as described for 9 and 10 (inverse addition mode). The reaction products were 
separated by MPLC with ether (5 %) in petroleum ether to furnish the diastereomer- 
ic adducts 17 and 18. 


(tS,3S,4R)-Diastereomer 17: m.p. 87 "C. [a];" = + 30.1 (c =1.39, methanol). 
'HNMR(500MHz,CDC13): 6=0 .79(d , J=6 .6Hz ,3H) ,O .S6(d , J=6 ,5Hz ,  
3 H), 0.90 (ddd, J = 14.2, 10.6, 3.4 Hz, 1 H), 1.34 (ddd, J = 14.5, 12.2, 3.8 Hz, 1 H), 


(dd, J=14.1, 6.7Hz, lH) ,  3.09 (ddd, J = 6 . 7 ,  6.6, 5.0Hz, IH),  3.43 (d, 
J = 14.0 Hz, 2H), 3.51 (d, J = 13.9 Hz, 2H), 3.62 (ddd, J = 12.0, 3.1, 3.1 Hz, 1 H), 
3.91 (ddd, J = 6.5, 3.2, 3.2 Hz, lH) ,  7.08-7.41 (m, 20H). "C NMR (75 MHz, 
CDCI,): 6 = 20.5, 23.7. 26.7, 33.1, 35.4, 52.2, 54.0. 60.7, 74.1, 125.8, 126.9, 127.7, 
128.2, 128.3, 128.9, 129.0, 129.1, 129.3, 129.7, 135.0, 139.5, 141.8. C,,H,,NOSe 
(556.7): calcd. C 73.36, H 7.06, N 2.52; found C 73.62, H 7.15, N 2.43. 


(ZS,3S,4S)-Diastereomer 18: m.p. 77-79°C. [a];' = - 6.4 (c =1.19, methanol). 


1.76 (m, IH),  2.26 (d, J =  3.7 Hz, 1 H, OH), 2.90 (dd, J =14.1,4.8 Hz, 1 H), 3.04 


'H NMR (500 MHz, CDCI,): 6 = 0.49 (d, .J = 6.5 Hz, 3H), 0.73 (d, J = 6.7 Hz, 
3H),0.82(ddd,J=14.7,10.0,3.2H~,1H),1.19(ddd,J=14.7,11.2,3.6Hz,1H), 


7.4Hz,lH),3.14(ddd, J=7 .2 ,7 .2 ,2 .0H~,  lH),3.64(d,  J=14 .1H~,2H) ,3 .70  


NMR (75 MHz. CDCI,): 6 = 21.0, 23.4. 26.2, 31.5, 40.9. 54.4, 54.5, 60.7, 73.2, 


1.87 (m, l H ) ,  2.90 (m. 2H), 2.96 (d, J=2.8Hz,  IH ,  OH), 3.04 (dd, J=13.9, 


(ddd, J = 8.8,2.6,2.6 Hz, 1 H), 3.78 (d, J = 14.1, Hz, 2 H), 7.06-7.45 (m, 20 H). 13C 


125.8, 126.8, 127.2, 128.0, 128.2, 128.8, 129.1, 129.8, 135.6, 140.2, 141.0. 
C3,H,,NOSe(556.7):calcd. C73.36,H7.06,N2.52;foundC73.43,H7.15,N2.62. 


The diastereomeric ratio was determined by HPLC with methanol/water (90: 10 v/v) 
as eluent. The detector response at 254 nm was calibrated with defined mixtures of 
17 and 18. 


(2S*,3R*)-2-(N,N-Dibenzylamino)-6-methyl-l-phenyl-~heptanol(l9) : A mixture of 
17 and 18 (200 mg, 0.36 mmol) was reduced with triphenyltin hydride (200 mg, 
0.52 mmol) as described for compound 20. MPLC with ethyl acetate (8 %) in 
petroleum ether furnished 19 (108 mg, 75 %)as a colorless oil. 'H NMR (300 MHz, 
CDCI3):b=0.85(d,J=6.6Hz,3H),0.86(d,J=6.6Hz,3H),1.02-1.70(m, 
5 H), 1.64 (brs, 1 H, OH), 2.81 (dd, J = 12.7, 5.7 Hz, 1 H), 2.99-3.12 (m, 2H), 3.66 
(m, 3H). 3.78 (d, J=13.8Hz, 2H), 6.97-7.30 (m, 15H). NMR (75MHz, 


CDCI,): 6 = 22.5, 22.7, 28.0, 32.0, 32.7, 35.6, 55.1, 63.3, 72.2, 126.0, 127.6, 128.3, 
128.4,129.4,139.9, 140.7. C,,H,,NO (401.6): calcd. C 83.74, H 8.78, N 3.49; found 
C 83.84, H 8.81, N 3.53. 


Competition between benzaldehyde and aldehyde 16 for the complexes 13 and 14: The 
lithium compound 8 (0.84 mmol), the racemic diamine 15 (248 mg, 1.45 mmol), 
benzaldehyde (161 mg, 2.23 mmol), and racemic aldehyde 16 (525 mg, 1.60 mmol) 
were allowed to react as described for 9 and 10 (inverse addition mode). Separation 
of the products by MPLC with ethyl acetate (2%) in petroleum ether furnished IS 
(43.0mg), 17 (77.0mg), 10 (71.8mg), and 9 (146.1 mg). The ratio for the 
diastereomeric products was determined by HPLC on the crude reaction mixture 
(methanoliwater 9:1, 17:18 = 64:36; methanol/water =7:3, 9:lO = 67:33). 


(4R,5R) -4,4-Dicyclohexyl- 2-( l'-phenylseleno-4'-methylbutyl) - 1,3,2-dioxahorolane 
(25): A I S M  solution of fBuLi in pentane (0.40mL, 0.60mmol) was added 
at -80 "C to a solution of 3-methyl-1,l-diphenylselenobutane (182 mg, 
0.475 mmol) and (1 R,2R)-N,N,N',N'-tetramethyl-l,2-diaminocyclohexane (15) 
(128 mg, 0.753 mmol) in ether (10 mL). After the mixture had been stirred for 
15 min, a solution of dimethoxyfluoroborane (100 pL) in anhydrous ether (2 mL) 
was added dropwise. After 1 h of stirring at - 80 "C the mixture was allowed to 
reach room temperature. Saturated aqueous NH,CI solution (10 mL) was added, 
the phases separated, and the organic phase washed with water and brine (10 mL 
each). The solution was dried with Na,SO, and concentrated in vacuo to give crude 
23 (202 mg). Chloroform (10 mL), (1R,2R)-1,2-dicyclohexyl-l ,ZethanedioI 
(200 mg) [20], and MgSO, (1 g) were added. The mixture was stirred for 12 h at 
room temperature. Water was added (lOmL), the phases separated, and the 
aqueous phase extracted with chloroform (2 x 10 mL). The combined organic 
phases were washed with saturated aqeuous NH,CI solution, water, and brine 
(10 mL each), dried with MgSO, and concentrated. The diastereomeric ratio was 
determined with an aliquot of the crude reaction product by I3C NMR. The crude 
product was purified by MPLC with ethyl acetate (10%) in petroleum ether to give 
a mixture (278 mg) of tert-hutylphenylselenide and product 25, with an 87% yield 
of 25. The spectral data were taken from the mixture: 'H NMR (300 MHz, CDC1,): 
6 = 0.85-1.71 (m, 31H),2.89(m, 1H),3.80(m,2H).'3CNMR(75 MHz,CDCI,): 


28.5, (40.8, 41.1), (42.9, 43.0), (83.7, 83.9). The latter three pairs of signals were 
found in a 1 : 1 ratio when starting from racemic 8 in the absence of 15. 


4-Methyl-(N-isopropyI)-Z-phenyIselenopentanoic amide (24): 3- Methyl- 1,l - di- 
phenylselenobutane (221 mg, 0.58 mmol), 15 (239.0 mg, 1.40 mmol), a I S M  solu- 
tion of tBuLi in pentane (0.50 mL, 0.75 mmol), and isopropylisocyanate (60 mg, 
0.71 mmol) were allowed to react as described for 9 and 10 (normal addition mode). 
The reaction was quenched by stirring it into an aqueous pH7 buffer (50 mL), the 
phases were separated, and the aqueous phase was extracted with ether (3 x 50 mL). 
The combined organic phases were washed with water and brine (10 mL each), 
dried with Na,SO,, and concentrated in vacuo. The crude product was purified by 
MPLC with ethyl acetate (15%) in petroleum ether to give 24 (161 mg, 89%) as a 
colorless solid. M.p. 84°C. 'HNMR (300 MHz, CDCI,): 6 = 0.86 (2d, J = 6.3, 
6.5Hz,6H),0.93(2d,J=6.5,6.6Hz,6H),1.55(m,1H),1.75(m,2H),3.57(dd, 
J = 7.4, 7.4 Hz, 1 H), 3.89 (dqq, J =7.8, 6.6, 6.6 Hz, 1 H), 5.58 (d. J =7.0 Hz, 1 H, 
NH), 7.20-7.50 (m, 5H). I3C NMR (75 MHz, CDCI,): 6 = 22.3, 22.5, 22.6, 22.7, 
27.0, 41.2,41.6,46.0, 128.2, 128.8, 129.3,134.7, 171.0. C,,H,,NOSe(312.3): Calcd. 
C 57.68, H 7.42, N 4.48; found C 57.90, H 7.66, N 4.50. 


Determination of the enantiomeric excess: To 24 (5 mg) was added a 1 M solution of 
(S,S)-( -)-2,T-oxybis[N-(l-phenylethyl)-acetamide] (26) (0.6 mL). The solution 
was analysed by 500 MHz 'H NMR spectroscopy. When using racemic 24, one 
signal was shifted from 6 = 0.93 to 1.04 and was doubled. This was used to deter- 
mine the enantiomeric ratio of nonracemic 24. 
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Bismuth(II1) Complexes of the Tripeptide Glutathione (Y-L-G~u - L-Cys- Gly) 


Peter J. Sadler,* Hongzhe Sun and Hongyan Li 


Abstract: The tripeptide glutathione (y-L- 
GIu-L-CYS-GIY, GSH) is thought to 
play an important role in the pharmacolo- 
gy of bismuth drugs, but to our knowl- 
edge no chemical studies of bismuth glu- 
tathione complexes have been reported. 
We report here studies of interactions of 
the antiulcer compound ranitidine bis- 
muth citrate (1) and [Bi(edta)]- with glu- 
tathione in aqueous solution and in intact 
red blood cells by NMR spectroscopy. 
The deprotonated thiol group is shown to 
be the strongest binding site for Bi"', and 
a complex with the stoichiometry 
[Bi(GS),] is formed, as determined by 13C 
NMR titrations. A remarkably large low- 


field shift of approximately 1.37 ppm for 
the /?-CH, 'H NMR resonances of GSH 
was observed on binding to Bi"'. The com- 
plex [Bi(GS),] is stable over the pH* range 
2-10 (pH* = pH meter reading in D,O 
solution). A formation constant log K of 
29.6 f 0.4 ( I  = 0.1 M, 298 K) for [Bi(GS),] 
was determined by displacement of edta 
by GSH. The rate of exchange of GSH 


Introduction 


For more than two centuries, various bismuth(n1) compounds 
have been used as therapeutic agents for the treatment of gas- 
trointestinal disorders. These include bicarbonate, nitrate and 
subsalicylate salts and colloidal bismuth subcitrate (CBS, 
"Del-Nol") which is currently widely used in many countries to 
treat peptic ulcers.['9 Recently, a new 1 : 1 adduct of ranitidine 
with bismuth citrate (Glaxo Wellcome, complex l), which com- 
bines the antisecretory action of ranitidine with the mucosal 
protectant and bactericidal properties of bismuth, has entered 


\ 
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between free and bound forms is pH-de- 
pendent, ranging from slow exchange (on 
the 'HNMR timescale) at low pH (ca. 
3 s-  ' at pH 4.0) to intermediate exchange 
at biological pH (ca. 1500 s-'). Such 
facile exchange may be important in the 
transport and delivery of Bi"' in vivo. 
Spin-echo 'H NMR showed that 1 reacts 
with GSH in red cells both in vivo and 
in vitro. A first-order reaction of 1 with 
red blood cells was observed in vitro 
( k  = 0.20f0.04 h-', t l , ,  = 3 h, 310 K), 
and the rate-determining step appeared to 
involve the passage of Bi"' through the cell 
membrane. 


clinical t r i a l ~ . [ ~ , ~ ]  Complex 1 appears to be a polymer with Bi"' 
ions bridged by citrate4- anions stabilized by second coordina- 
tion sphere interactions with ranitidine.L4, 51 


Glutathione (y-~-Gl~-~-Cys-Gly) is a potentially polyden- 
tate ligand, and is widely used as a model system for the binding 
of metal ions by larger peptides and proteins. It is present in 
many cells at a relatively high concentration (ca. 2 m ~ )  and 
generally is the most abundant nonprotein thiol.[61 It can bind 
to a variety of metal ions and, in particular, its thiolate sulfur 
atom has a high affinity for "soft" metal ions, resulting in the 
formation of GS-M complexes; these metals include Cu', Au' 
and Hg'I.1' - lo] Bi"' is also a "soft" metal ion, but little is known 
about its mode of binding to glutathione. Such interactions 
could play a crucial role in the pharmacology of bismuth. For 
example, it has been demonstrated that a glutathione-dependent 
hepatobiliary transport system exists for Bi"'.[' '1 


In 1977, Williams found that cysteine and glutathione could 
prevent precipitation of colloidal bismuth subcitrate even at 
pH 2.0.r'21 Later Chaleil et al. reported that the oral absorption 
of bismuth salts was increased by the presence of sulfhydryl 
ligands.[131 Recently, Rao and Feldman found that most of the 
bismuth added to whole blood entered the red blood cells, with 
less than 10 % remaining in the plasma,['41 while Garner et al. 
have reported that when red cells were treated with colloidal 
bismuth subcitrate in vitro, most of the bismuth was adsorbed 
onto the outside of the cells.['51 


In general both the kinetics and thermodynamics of solution 
equilibria for Bi"' are poorly understood. There are few stability 
constants for Bi"' complexes in databases, for example ref. [16]. 
However, it is clear that hydrolysis can readily dominate 
aqueous equilibria of Bi"', and that the insolubility of simple 
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salts except in highly acidic media makes these processes diffi- 
cult to study. Recent polarographic work by Hancock et al. has 
demonstrated the high affinity of Bi"' for chelating N- and 0- 
containing ligands.["] One of the aims of the present paper is to 
compare the relative affinities of N, 0 and S ligands. 


In this work we used NMR spectroscopy to investigate reac- 
tions between the new antiulcer compound ranitidine bismuth 
citrate (1) and glutathione both in aqueous solution and in in- 
tact red blood cells, and the competitive binding of glutathione 
and ethylenediaminetetraacetate (edta) Unfortunately '09Bi 
( I  = 9/2, 100% natural abundance) gives rise to very broad 
NMR resonances on account of its large quadrupole moment, 
although its receptivity is relatively high (819 x '3C).t191 There- 
fore we have confined our studies to 'H and 13C nuclei in the 
ligands. 


Results 


Bi"' binding to GSH: GSH has several potential binding sites 
including two carboxylate groups, an amino group and a thiol 
group. To identify which of these are involved in Bi"' binding, 
we investigated first 'H NMR spectra of aqueous solutions con- 
taining ranitidine bismuth citrate and GSH at 298 K, pH* 4.5 
(the pH* of aqueous solutions of complex 1 alone). At 1 : 1 and 
2:l  GSH:Bi molar ratios the major changes in the spectrum 
were the disappearance of the g2  and g 5  resonances of GSH, 
appearance of new very broad resonances for these protons at 
lower field, and the sharpening and high-field shift of the citrate 
resonances. Only when a ratio of 3 :  1 was reached were the new 
broad peaks more clearly defined. 


Figure 1 compares 'HNMR spectra of GSH, GSH in the 
presence of ranitidine bismuth citrate at a mol ratio of 3: 1, and 


(A) 


I I I I I I I  1 1  1 I 1 1 1  
4.0 3.0 2.0 


6 


Fig. 1. 500 MHz 'H NMR spectra of: A) glutathione; B) glutathione after addi- 
tion of ranitidine bismuth citrate (mol ratio 3: 1); C) ranitidine bismuth citrate, all 
at pH* 4.5. Glutathione assignments: g2  Cys /?-CH,, g 4  Glu /?-CH,, g 3 Glu pCH, 
and g 5  Cys a-CH. Resonances for ranitidine are labelled R (for lettering system see 
structure), and for citrate arelabelled Cit. Note the large low-field shifts of the peaks 
for Cys b-CH, (g2) on complexation of GSH to Bi"'. 


ranitidine bismuth citrate, pH* 4.5. It can be seen that reaction 
with Bi"' leads to the appearance of new GSH peaks at 6 = 4.28, 
4.35 and 4.70, while the Cys P-CH, and Cys a-CH resonances of 
free GSH at 6 = 2.92, 2.97 and 6 = 4.57, respectively, hzve dis- 
appeared. Also the cr-CH, singlet of Gly at 6 = 3.82 becomes a 
quartet with '1 = 17.5 Hz, and the citrate 'H chemical shifts are 
the same as those for free citrate at this pH*. None of the other 
resonances of GSH and ranitidine are much affected by the 
reaction. A 2D TOCSY spectrum (not shown) confirmed that 
the three new broad peaks at 6 = 4.70 and 4.28,4.35 are coupled 
and can therefore be assigned to the a and /3 protons of the Cys 
residue in a Bi"' glutathione complex. The NMR data for the 
Cys residue of GSH are summarized in Table 1.  


Table 1. 500 MHz 'H chemical shifts (6) and Jcoupling constants (k0 .15  Hz) for 
the Cys /?-CH, (g2) and Cys a-CH (g5) resonances of glutathione and (Bi(GS),] at 
pH* 4.5 and 7.0. 


pH* = 4.5 pH* =7.0 
GSH Bi(GS), A6 [a] GSH Bi(GS), A6 


~~~~~~ ~ 


4.698 0.127 a-CH (g5) 4.571 4.695 0.124 4.511 
b-CH, (g2) 2.923 4.284 1.361 2.923 4.262 1.339 
F-CH, (g2') 2.968 4.348 1.380 2.968 4.326 1.358 
6g2 - 6g2 0.045 0.064 0.045 0.064 
' J (g2 ,gZ)  -14.25 -13.80 -14.3 -13.69 
,J(gS,g2)  7.02 6.57 7.02 6.64 
3J(g5 ,g2' )  5.19 5.03 5.19 5.03 


[a] A6 (ppm) is the coordination shift S[Bi(GS),] - SGSH. 


In order to determine the stoichiometry of the Bi"' glu- 
tathione complex, a 13C NMR titration was performed. On 
addition of GSH to 1 at pH* 4.7, all the citrate I3C resonances 
shifted gradually to high field with increasing GSH concentra- 
tion, attaining the shifts of free citrate at a 3 : l  mol ratio of 
GSH : Bi"' (vide infra). The set of resonances for GSH which 
appeared in the spectrum had similar shifts to free GSH except 
for the Cys a-C and P-C peaks, which shifted to lower field by 
1.08 and 4.40 ppm, respectively (Fig. 2). The latter resonances 
increased in intensity until a ratio of 3:l was reached, at which 
point peaks for free GSH appeared (in slow exchange with 
bound GSH on the NMR timescale). The I3C NMR chemical 
shifts of GSH and the Bi"' GSH complex are summarized in 
Table 2. 


Plots of chemical shifts versus GSH:Bi mol ratio for citrate 
3C resonances showed abrupt discontinuities at GSH : Bi = 


3: 1, as illustrated in Figure 3 for citrate C6, indicative of strong 
GSH binding to Bi"' and complete displacement of bound cit- 
rate to form a [Bi(GS),] complex. 


Stability of [Bi(GS),] as a function of pH*: To determine the pH* 
stability of [Bi(GS),], 'H NMR spectra were recorded over the 
pH* range 2- 13. The pH* dependences of the chemical shifts of 
nonexchangeable protons are shown in Figure 4. The curves for 
Cys a-CH and P-CH, are almost independent of pH* up to 
pH* 10, in contrast to those for free GSH, which show charac- 
teristic high-field shifts between pH* 8 and 10 caused by Cys 
thiol deprotonation. At pH* values<2, the Cys peaks are too 
broad to observe. At pH* values> 10, resonances for both Cys 
a-CH and P-CH, broaden and shift upfield (towards the shifts 
expected for unbound GSH). The pH* dependences of the 
chemical shifts of the peaks for y-Glu and Gly residues of 
[Bi(GS),] are almost the same as those of free GSH, suggesting 
that little binding of Bi"' to the carboxylate or amino groups 
occurs. 
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Fig. 2. 67.5 MHz "C NMR spectra of: A) glutathione; B) glutathione after addi- 
tion of 1 (mol ratio 3: l ) ;  C) 1, all at pH* 4.7. Note the large low-field shift of g2 
on complexation of GSH to Bit", and displacement of citrate (high-field shift and 
sharpening of citrate peaks). 


Table2. '-'C{'H} NMR chermcal shifts (6) for glutathione and [Bi(GS),] at 
pH* 4.70, 298 K. 


~~ 


Carbon atoms SGSH W ( G S ) J  AS [a1 


Cys a-CH 56.45 57.53 1.08 


Cys CONH 172.52 172.52 0.00 
Gly a-CH, 44.03 44.25 0.22 


Cys b-CH, 26.31 30.73 4.40 


Gly COOH 176.83 176.70 -0.13 
Glu a-CH 55.00 54.96 ~ 0.04 
Glu 8-CH, 27.00 27.04 0.04 
Glu y-CH, 32.24 32.32 0.08 
Glu COOH 174.76 174.73 -0.03 
Glu CONH 175.83 175.57 - 0.26 


[a] A6 (ppm) is the coordination shift: S[Bi(GS),] - SGSH 


6 


5 r  
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2 4 6 8 1 0 1 2  
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Fig. 4. Variation of the 'H NMR chemical shifts of [Bi(GS),] with pH*. The charac- 
teristic shift changes near pH* 8.60 seen for free GSH are absent for [Bi(GS),], 
indicative of Bi"' binding to the thiolate group of GSH. The shift changes observed 
at pH* > ca. 10 can be attributed to competitive binding of hydroxide and displace- 
ment of GSH. 


Determination of the stability constant for [Bi(GS),] : A reversible 
reaction was observed between [Bi(Hedta)] and GSH. At low 
pH* values, Bi"' binds strongly to edta, whereas at higher pH* 
values, GSH gradually displaces edta. Figure 5 shows 'H NMR 
spectra of GSH and [Bi(Hedta)] in a 3: 1 mol ratio at different 
pH* values. At pH* >4.5, the Cys B-CH, multiplet (ca. 6 = 2.9) 
broadens, and by pH* 6.5 has disappeared. Also within this 
pH* range, two new singlets appear at 6 = 3.86 and 3.67. The 


PH" 


6.0 


Fig. 3. Plot of the "C NMR 
chemical shift of citrate C6  versus 
the mol ratio of [GSH]/[RBC] at 
pH* 4.70; citrate is totally dis- 
placed from binding to Bi"' at a 
mol ratio of 3: 1 ,  indicating the for- 
mation of the adduct [Bi(GS),]. 
RBC = ranitidine bismuth citrate 


192 


lBBL r [GSHflRBC] (complex 1). 


0 2 4 


' I I I 8 I I , , , , ,  


4.0 3.0 2.0 


Fig. 5. 500 MHz 'H NMR spectra of a solution containing [Bi(Hedta)] (1OmM) and 
glutathione ( 3 0 m ~ ) ,  I = 0.1 M, NaNO,, at different pH* values. GSH displaces 
edta from Bi as the pH* is increased: the AB pattern at 6 = 4.227 and singlet at 
3.635 for the CH,COO- and N(CH,), protons of bound edta gradually decrease in 
intensity and resonances for free edta appear (as singlets), the Cys P-CH, g2 reso- 
nance for free GSH at 6 = 2.9 broadens and finally disappears at high pH (82 of 
bound GSH is too broad to be observed under these conditions). 


s 


~ ~ 
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latter have the same shifts as free edta, which is in slow exchange 
with Bi-bound edta (quartet at 6 = 4.23 and singlet at 6 = 3.64), 
and the amount of free edta present increases with increase in 
pH*. 


The stability constant for [Bi(GS),] was determined by inte- 
gration of the peaks for free and bound edta (Fig. 5 )  with the 
following procedure. Firstly the conditional stability constant 
( K )  for reaction (1) was determined at different pH* values by 


[Bi(edta)]- +3GS-  - [Bi(GS),] +edta4- 


K = {[Bi(GS),][edta4-]}/([[Bi(edta)]-][GS-I3} 


integration of the appropriate 'H NMR peaks. Since the stabil- 
ity constant for [Bi(edta)]- [Eq. (2)], Kedta, is known['61 


Bi3+ +edta4- -------) [Bi(edta)]- 


Kpdtn = [[Bi(edta)]-I/{ [Bi3+][edta4-]} 


(log Kedta = 27.8 at 298 K, I = 0.1 M), we were able to calculate 
the conditional stability constant (K&) for [Bi(GS),] from 
Equation (3), by means of the relationship XGs = K x Kedta, 


Bi3+ + 3 G S  --t [Bi(GS),] 


K'& = [Bi(GS),]/([Bi3+][GS-l3} (3) 


and hence obtain KG, by assuming pK, values of 8.46 for GSH 
and 1.99, 2.67, 6.16 and 10.26 for H,edta.[16] An average value 
of log KGs of 29.6+_0.4 was obtained (Table 3). 


Table 3. Equilibrium constants for reaction between [Bi(edta)]- and 3 mol equiv of 
GSH at various pH* values ( K ) ,  conditional stability constants for [Bi(GS),] (KGs) 
and derived stability constants (KGs) at 298 K. 


PH* log K log KGS log KGS 


4.5 1.86 
5.0 1.94 23.3 
6.0 2.97 26.6 29.2 
6.5 3.17 27.1 29.2 
7.0 3.49 28.0 29.6 
7.3 4.00 28.8 30.1 


2.0 , 


3.0 l a  


1 4.0 


PH' 


8 


95 
9.1 1( 


Exchange behaviour: When further GSH was added to the solu- 
tion containing [Bi(GS),] for which the 'HNMR spectrum is 
shown in Figure 1, broad peaks for free GSH appeared and the 
peaks for [Bi(GS),] also broadened. However, interpretation 
was complicated by the presence of overlapping peaks for rani- 
tidine. Therefore we investigated the exchange process further 
by means of 'H 2D exchange spectroscopy (EXSY). A 2D 
EXSY spectrum of a solution containing a GSH: ranitidine bis- 
muth citrate mol ratio of 6 :  1 is shown in Figure 6 (top). The 
positive cross-peak at 6 = 4.31/2.94 is assignable to Cys P-CH, 
exchange between bound and free GSH, and this confirms that 
there is a broad g2 peak for free GSH beneath the ranitidine 
resonances at 6 = 2.8-3.0. Another cross-peak near the water 
signal (6 = 4.62/4.72) is also clearly seen and is assignable to Cys 
a-CH exchange, and weaker cross-peaks are also present for Glu 
P- and y-CH, . 


By comparing the integrals of the diagonal peak (IAA) and the 
cross-peak (IAB), the exchange rate (k )  was calculated with the 
relationship (i), in which z, is the EXSY mixing time. 


IAA/IAB = [ 1 + exp ( - 2kz,)]/[ 1 - exp ( - 2kr,)] (9 


l I t ~ I I ~ ~ ( I I  


4.0 3.0 2.0 
6 


Fig. 6. 500 MHz 'HNMR spectra of l0mM ranitidine bismuth citrate in the pres- 
ence of 6 mol equiv of glutathione, 298 K. Top: 2D EXSY spectrum (mixing time 
100 ms) at pH* 4.0, showing cross-peaks for exchange between bound and free 
glutathione: Cys P-CH, (g2) 6 = 4.3112.94, and Cys a-CH (g5) 6 = 4.62/4.72. Bot- 
tom: 1D 'H NMR spectra of the same solution at different pH* values. The broad- 
ened g2 signals for free and bound GSH are indicative of relatively slow exchange 
on the NMR timescale at low pH* values, whereas at biological pH* (ca. 7.4) 
exchange is more rapid and an averaged resonance is observed. 


Equation (i) assumes two-site exchange and equal relaxation 
rates for free and bound GSH["]. The exchange rate at pH* 4.0 
was determined to be 3 s-' based on Cys P-CH, peaks, and 
5 s-l based on Cys a-CH. 
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The exchange rate increases with increased pH*, such that 
around biological pH (7.4) the Cys fi-CH, signal is too broad to 
observe (Fig. 6, bottom), and the exchange rate was estimated 
to be approximately 1500 s - ' , [~ ' ]  while the Cys E-CH peak, 
which has a much smaller difference between the chemical shift 
of free and bound forms, is still sharp. With further increase in 
pH* to 8.5, an averaged sharp multiplet at 6 = ca. 3.8 was 
observed for Cys fi-CH, . 


Reaction of ranitidine bismuth citrate with red blood cells (ex 
vivo): In order to observe 'H NMR signals from GSH in intact 
red cells, the Hahn spin-echo technique was used. This method 
allows observation of cellular components such as GSH, ergo- 
thioneine, carnitine, choline, alanine and lactate, whereas peaks 
from proteins and membranes are largely eliminated from the 
spectrum by T, relaxation.r223 231 


Figure 7 shows a comparison of 'HNMR Hahn spin-echo 
spectra of red blood cells obtained from a rat before and after 
oral administration of ranitidine bismuth citrate (1). The most 


I 
I ' ' ' ' I ~ ' " 1 ' ' ~  ~ ~ ~ ~ ~ " ~ ~ ' ~ " ~ " " ' ~ " ' ' ~ '  


4.0 3.0 2.0 1 .o 


6 


Fig. 7 .  The aliphatic region of 500 MHz 'H Hahn spin-echo NMR spectra 
(T = 60 ms) at 310 K of red blood cells from a rat A) before, B) after in vivo dosing 
with ranitidine bismuth citrate. The disappearance of the inverted multiplet for Cys 
8-CH, (g2) of GSH can be explained by exchange between free GSH and Bi-bound 
GSH at an intermediate rate on the NMR timescale (see Fig. 6 ) .  


significant difference between these two spectra is for the g2 
proton resonance, which is an inverted multiplet before admin- 
istration of 1, and almost undetectable for red cells from the 
dosed rat. The other resonances of GSH and those for intracel- 
Mar glycine, creatine, alanine, ergothioneine and lactate are 
almost unchanged. Intriguingly, the spectrum of red cells from 
the dosed rat contains a new peak at S = 3.40 that cannot be 
readily assigned. 


Reaction of ranitidine bismuth citrate with human red blood cells 
in vitro: Incubation of human red blood cells with 2mM of 
compound 1 at 310 K led to a gradual decrease in the intensity 
of the Cys p-CH, resonance (g2) of GSH over a period of 
8 hours (Fig. 8), suggestive of complexation of Bi"' by intracel- 
lular GSH. There were no apparent changes in the other reso- 
nances. 


Figure 9 shows the decrease in intensity of resonance g2  rela- 
tive to g4 (which did not change in intensity during the reaction) 
with time. A nonlinear least-squares fit of the data to the first- 


I I 1 
4.0 3.0 2.0 1 .o 


6 
Fig. 8. The aliphatic region of 500 MHz 'H Hahn spin-echo NMR spectra 
(T = 60 ms) at 310 K of human red blood cells before and at various times after 
addition of ranitidine bismuth citrate ( 2 m ~ ) .  The intensity of the g2 resonance of 
intracellular GSH gradually decreases with time, indicative of slow passage of Bi"' 
across the cell membrane. The lactate methyl resonance at 6 = 1.29 consists of a 
negative doublet and a positive singlet and arises from molecules which are proto- 
nated (CH,CHODCO;) or deuterated (CH,CDODCO;), respectively, at CH.'23' 


r 0.5 1 I 


0.4 


0.1 


0 
0 2 4 6 8 1 0  
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Fig. 9. Plot of the ratio of the intensities of GSH resonances g2/g4 in Hahn spin- 
echo spectra versus time after addition of ranitidine bismuth citrate ( 2 m ~ )  to hu- 
man red blood cells at 310 K. The exponential decay (see inset plot of ln(g2/g4) 
versus time) has a first-order rate constant of 0.20+0.04 h-' ,  and an associated 
half-life of ca. 3 h. 


order expression I = I,, exp ( - kt )  , where I,, and Z are the inten- 
sities of g2  at times zero and t ,  respectively, yielded a first-order 
rate constant of 0.20+0.04 h-'  at 310 K. When the concentra- 
tion of 1 was doubled, a similar value of k = 0.24 0.03 h- ' was 
obtained. 


We also found that the spectra of red cells isolated from whole 
human blood which had been treated in vitro with either 1 or 
[Bi(Hedta)] (10mM) for 1 h at 310 K contained no g2 peak for 
GSH. 
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Discussion 


GSH is an abundant thiol-containing tripeptide that is present 
in most cells at concentrations in the range 1 - 3 0 m ~ .  It is clear 
that it plays a major role in redox reactions of many metal ions 
in vivo and in the mobilization and transport of some of them 
across  membrane^.^'^] For example, methylmercury is trans- 
ported as a GSH complex through membranes into bile,[241 and 
metal binding to GSH by the thiolate sulfur alone, as in Hg"- 
GSH comple~es,[~~ probably allows metal-GSH complexes 
to be recognized by specific GSH transport proteins similarly to 
GSH itself. 


Although bismuth compounds have been used as pharmaceu- 
tical agents for centuries, their molecular pharmacology is poor- 
ly understood. Currently, there is particular interest in the 
antiulcer activity of the Bi"' compounds colloidal bismuth 
citraterZ5, 261 (CBS, potassium ammonium bismuth citrate) and 
ranitidine bismuth citrate (1). Recently it has been shown that 
after administration of ammonium bismuth citrate, bismuth is 
transported from liver to bile as a GSH complex.["] The appar- 
ent absence of previous chemical studies of the complexation of 
Bi"' by GSH prompted us to investigate reactions of GSH with 
the antiulcer compound 1 and the competitive binding to Bi"' of 
edta and GSH, both in aqueous solution and in intact red blood 
cells. 


Our 'H and I3C NMR data show that Bi"' forms a very 
strong complex with GSH with the stoichiometry [Bi(GS),], and 
that glutathione is bound to bismuth by the thiolate only. This 
is clear from the Bi"'-induced coordination shifts which are 
about 1.37 and 0.12 pprn for the Cys 8-CH, and a-CH protons, 
respectively, and 4.40 and 1.08 pprn for the I3C resonances, 
whereas the coordination shifts for other residues of GSH are 
< 0.02 and < 0.30 ppm for 'H and I3C, respectively. Moreover, 
the characteristic pH-dependent shifts associated with thiol de- 
protonationr2'] of GSH around pH 8.6 are absent for [Bi(GS),]. 
The ,J(H,H) values for the Cys side-chain in [Bi(GS),] are very 
similar to those of free GSH, as are those for the other side- 
chains of GSH (data not shown); this is consistent with S-only 
coordination and shows that Bi"' binding has little effect on the 
overall conformation of GSH. This may allow [Bi(GS),] to be 
recognized by cellular receptors (transport proteins) for GSH 
and provide a mechanism of Bi"' transport. It is notable that 
Gyurasics et al. found that excretion of Bi"' from the liver is 
accompanied by the cotransport of three molecules of GSH, 
consistent with the excretion of [Bi(GS),] .I1 Glutathione ad- 
ducts also appear to be used to effect the cellular export of other 
metal ions,[241 including Pt" from cisplatin-treated tumor cells.[281 


In general, previously reported thiolate complexes of Bi"' 
have been poorly characterized, and the structures of only three 
complexes have been determined by X-ray crystallography : 
[Bi(SC6H,-2,4,6-tBu,),1 contains a highly sterically hindered 
thiolate and is monomeric,[291 whereas [Bi(SC,F,),] is a dimer 
containing four-coordinate (trigonal bipyramidal) Bi"' with 
three short Bi-S bonds of 2.5-2.6 A, and one weak intermolec- 
ular Bi-S bond (3.3 A) from a bridging thi~late.[~'I The third 
complex [Bi(SC,F,),]'- is ionic and contains five-coordinate 
Bi"' with a square-based pyramidal coordination geometry. Ir- 
regular structures of Bi"' complexes often appear to arise from 
the need to accommodate the 6s' lone pair of electrons in the 
coordination sphere. It seems likely that the structure of 
[Bi(GS),] is related to [Bi(SC,F,),] and is either a monomer in 
solution or a weak dimer such as 2, in which there could be 
exchange between bridging and terminal glutathione ligands in 
solution. Although it is common for the coordination number of 
Bi"' to be higher than four, which could be achieved by addition- 


SG 
S G  al weak binding of 


oxygen atoms, our 


studies suggest that 


carboxylate or water 
..? z' /s, /SG 
i .  : .* ; ,  preliminary EXAFS ,Bi, ,' -.,.. ,-*7 


,' 
Bi in [Bi(GS),] is GS S. 
bound to sulfur G 


atoms 
Our attempts to crystallize [Bi(GS),] were unsuccessful, and 


we were unable to obtain peaks for molecular ions of this com- 
plex in mass spectra (data not shown). For As"', also a member 
of Group 15 of the periodic table, a complex with the same 
stoichiometry [As(GS),] has also been character i~ed.~~~.  The 
reported I3C coordination chemical shifts of the latter complex 
are similar to those we observed for Bi"', but curiously the 
As"'-induced 'H coordination shifts for Cys P-CH, (0.25, 
0.40 ppm) are much smaller than those for Bi"' (1.37 ppm, 
Table 1). It would be interesting to study [Sb(GS),], which has 
not been reported as far as we know. 


Complexes of glutathione with several other "soft" metal ions 
have been characterized by NMR and EXAFS and likewise 
shown to contain S-only binding. Both Cu' and Au' readily form 
polymeric 1 : 1 complexes, and Hg" mainly forms linear two-co- 
ordinate 2:l  complexes.[7381 When the GSH:Hg" mol ratio is 
>2,13,] Hg(GS), can form, but the binding of the third GSH is 
much weaker.['* lo] Charge neutralization at the metal centre 
appears to be a major factor in determining the stoichiometry of 
these stable GSH complexes of non-transition metal ions. 


Our competition studies show that [Bi(GS),] (log K 29.6) is 
stable over the pH* range 2-10 and is more stable than Bi"' 
complexes with edta (log K 27.8) or citrate (log K 13.5),"61 sug- 
gesting that glutathione is indeed likely to be an important lig- 
and for Bi"' in vivo. Also the rate of displacement of bound edta 
or citrate by GSH within this pH* range is very fast (< 1 min at 
298 K) under the conditions used here. At high pH (> 10) there 
was some evidence from 'H NMR for the displacement of GS- 
from Bi"' by hydroxide, as indicated by the broadening and 
high-field shift of the g2 'HNMR resonance. The observed 
8-CH, 'H NMR chemical shift (aobs) is the weighted average of 
the shifts for free (dGSH) and bound (aBi) GSH: sobs = 
fGsH x dGSH +fei x dBi, wheref,,, andf,, are the fractions of free 
and bound GSH in solution Cf,,, +fBi = 1). From this equation, 
mol fractions of [Bi(GS),] at various pH* values were calculat- 
ed. Even at pH* 12, about 20 % of the GSH is still bound to Bi"'. 


[Bi(GS),] seems more stable than [Zn(GS),] and [Cd(GS),], 
for which log K is 10.9 and 13.3, respectively.['61 In conse- 
quence, edta can remove Zn" and Cd" from metallothionein, in 
which these metals are bound by cysteine thiolate~,[~~'  whereas 
[Bi(Hedta)] can donate Bi"' to metallothi~nein.[~~I It would be 
interesting to investigate the possible transfer of Bi'" from 
[Bi(GS),] to metallothionein, since it has been shown that ad- 
ministration of Bi can protect against some of the toxic side- 
effects induced by the anticancer drug c i ~ p l a t i n . ~ ~ ~  - ,'] The pro- 
tection probably arises from induction of metallothionein syn- 
thesis by Bi"'. 


The "soft" metal ion Hg" also forms a very strong complex 
with GSH, the formation constant for [Hg(GS),] being 
log K = 41 .6.19] Despite this high thermodynamic stability, the 
complex is kinetically labile towards glutathione exchange; this 
readily allows the transfer of Hg" between thiol-containing mol- 
ecules in different parts of biological systems. A similar situation 
appears to hold for Bi"'. The exchange rate of GSH on Bi"' at 
biological pH (7.4) is approximately 1500 s-'. Thus when Bi"' 
enters red cells it can exchange between all the GSH molecules 
in the cells at an intermediate rate on the (500MHz) NMR 


SG 
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timescale. Hence we observe a broadening of the P-CH, 
'HNMR resonance (g2) of intracellular GSH and its gradual 
disappearance from spin-echo spectra as more Bi"' enters the 
cells. The binding of Bi"' to GSH inside red cells appears to be 
at the same site (thiolate only) as in aqueous solution according 
to the pattern of NMR chemical shift changes. 


The rate of uptake of Bi"' by red cells was much slower (fl/, 
ca. 3 h at 310 K) than those previously reported for As"', Cd", 
Ad,  Hg", Pb" and Pb'", which appear to be complete within 
minutes.['- 391 For Bi"', the rate-determining step seemed to in- 
volve passage across the cell membrane. This may involve trans- 
fer of Bi onto thiol-containing membrane proteins such as the 
hexose transporter; such a shuttle mechanism has been pro- 
posed for A U ' . [ ~ ~ ]  Our data showing that Bi is readily taken up 
by red cells are in agreement with those of Rao and Feldman, 
who showed that after equilibration of bismuth (as nitrate) 
added to whole blood, most of the bismuth was present in red 
cells.['41 Garner et al. have studied the interaction of colloidal 
bismuth citrate with red cells by means of spin-echo 
'H NMR.[' '1 They attributed the spectral changes to oxidation 
of GSH caused by adsorption of the colloid onto the cell sur- 
face. However, our data on aqueous GSH solutions, which 
show that Bi"' can readily cause exchange broadening of GSH 
peaks, allow a different interpretation in terms of Bi entry into 
the cell and formation of [Bi(GS),]. 


Conclusion 


Although bismuth compounds have been widely used in 
medicine for many centuries, the chemistry and biochemistry of 
bismuth are poorly understood. In this paper we have investi- 
gated in detail the interaction of the new antiulcer drug rani- 
tidine bismuth citrate (1) with GSH both in aqueous solution 
and in intact red blood cells by means of NMR spectroscopy. 
The deprotonated thiolate group is shown to be the only strong 
binding site for Bi"', and the complex [Bi(GS),] forms readily by 
citrate displacement. The formation constant for [Bi(GS),] was 
determined as log K 29.6 by studies of the displacement of edta 
from [Bi(Hedta)] with GSH. 


In spite of the extremely high thermodynamic stability of 
[Bi(GS),], the bound glutathione is kinetically labile with re- 
spect to exchange with free GSH, the exchange rate being 3 s-l  
at pH* 4.0, and about 1500 s-l  at biological pH. This would 
allow facile transfer of Bi"' amongst thiol ligands in biological 
systems, and hence we can expect a wide distribution of Bi"' in 
the body. 


We have shown that Bi"' is readily transported into red blood 
cells where it forms an intracellular complex with GSH with 
similar characteristics to [Bi(GS),]. The relatively slow rate of 
uptake (tIi2 ca. 3 h at 310 K) compared with other metal ions 
such as Hg" and Zn" may be related to slow formation of inter- 
mediates in which Bi"' is bound to proteins in red cell mem- 
branes. The speciation of Bi"' in blood plasma after administra- 
tion of bismuth drugs is currently poorly understood but could 
include bismuth-protein complexes. The complexation of Bi"' 
by proteins is currently under investigation in our labora- 
tory.[411 


Experimental Procedure 


Chemicals: Ranitidine bismuth citrate (1) was supplied by Glaxo Wellcome as an 
amorphous off-white powder containing ranitidine, bismuth and citrate in approx- 
imately equal mol ratio, and was used directly without further purification. [Bi(Hed- 
ta)] was prepared according to the literature procedure [42] and had a satisfactory 


elemental analysis (C,H,N). Glutathione (GSH, Sigma) and D,O (Fluorochem) 
were used as received. NaCl and NaNO, (99.99% A. R. grade) were purchased 
from Aldrich. 


Sample preparation: The NMR titration experiments were carried out with D,O 
solutions of complex 1 ( 0 . 2 ~  for 13C and lOmM for 'H) and various mol ratios of 
GSH. Adjustments of pH* were made with NaOD, and then solutions were de- 
gassed for 1Omin by bubbling with argon to minimize oxidation of GSH. All 
solutions for the formation constant studies contained lOmM [Bi(Hedta)] and 3 0 m ~  
GSH in D,O, and the ionic strength was adjusted to 0.1 M with NaNO,. Measure- 
ments of pH* were made with a Corning 135 pH meter equipped with an Aldrich 
micro combination electrode, calibrated with standard buffer solutions (pH 4.00, 
7.00 and 10.00). The pH meter readings for D,O solutions were recorded as pH* 
values without correction for isotope effects, and no corrections for the effects of 
Na+  ions on the glass electrode were applied at high pH values. 


Red blood cells: Fresh venous blood from a healthy volunteer was collected into 
heparinized anticoagulant tubes. The whole blood was centrifuged at 6000 rpm for 
20 min at 277 K, and the plasma and huffy coat drawn off with a plastic pipette. The 
packed red cells were washed three times in an equal volume of isotonic saline 
(0 .154~  NaCl in D,O, 277 K). Immediately prior to the final centrifugation step, 
the dilute cell suspension was saturated for 10-15 min with carbon monoxide or 
dioxygen to ensure that Fe(I1) hemoglobin was carbonylated or oxygenated and 
therefore in the low-spin, diamagnetic form. About 0.7 mL of packed red cells was 
transferred to a 5 mm NMR tube. 


Red blood cells from rats dosed orally with ranitidine bismuth citrate (200 mgkg- ' 
bodyweight) were supplied by Glaxo Wellcome. The blood samples were taken 
1 hour after dosing. The red cells were separated as above and NMR spectra record- 
ed about 3 h later. 


NMR measurements: All 'H NMR experiments were made at  500 MHz on JEOL 
GSX500 and Varian unity 500 NMR spectrometers. 67.5 MHz I3C NMR spectra 
were recorded on a JEOL GXS270 instrument with proton decoupling. Typical 
pulsing conditions for 'H NMR: 5 ps (45") pulsewidth, 32 k data points, 2 s recycle 
delay (5 s for determination of formatio? constants), 16 to 64 transients. The stan- 
dard NOESY pulse sequence was used to perform the 2D EXSY experiment with 
a mixing time of 100 ms. For "C NMR the following conditions were used: 6 ps 
(50") pulsewidth, relaxation delay 2 s, 16 k data points, broadband 'H decoupling, 
and 800-2000 transients. 


The 'HNMR spectra of red blood cells were typically the result of 128 transients, 
8 k data points. A value of 7 = 60 ms was used in the Hahn spin-echo sequence 
(90 "-7-180 "-7-acq) (221. To suppress the solvent resonance, presaturation for a 
period of 2 s prior to the observation pulse was used. For the kinetic experiments, 
a micro-program was used to acquire spectra at different reaction times. Typically 
each spectral accumulation took about 10 min. 'HNMR chemical shifts for 
aqueous solutions are referenced to TSP (sodium 2,2,3,3-[D,]trimethyIsilyl- 
propionate), and to alanine CH, (8 = 1.47) for suspensions of red blood cells; "C 
NMR chemical shifts are referenced to TSP. All NMR experiments on aqueous 
solutions were carried out at 298 K, and those on red blood cells at 310 K. 
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Pseudorotaxanes Formed between Secondary Dialkylammonium Salts 
and Crown Ethers** 


Peter R. Ashton, Ewan J. T. Chrystal, Peter T. Glink, Stephan Menzer, 
Cesare Schiavo, Neil Spencer, J. Fraser Stoddart," Peter A. Tasker, 
Andrew J. P. White, and David J. Williams 


Abstract: A very simple self-assembling system, which produces inclusion complexes 
with pseudorotaxane geometries, is described. The self-assembly of eight pseudorotax- 
anes with a range of stoichiometries-I : I ,  1 :2, 2:1, and 2:2 (host:guest)-has been Keywords 
achieved. These pseudorotaxanes self-assemble from readily available components- crown ethers - dialkylammonium 
well-known crown ethers, such as dibenzo[24]crown-8 and bis-p-phenylene[34lcrown- salts 9 hydrogen bonding - molecular 
10, and secondary dialkylammonium hexafluorophosphate salts, such as (PhCH,),- recognition - pseudorotaxanes * 


NHiPF; and (nBu),NHlPF;-and have been characterized not only in the solid state, self-assembly 
but also in solution and in the "gas phase". The pseudorotaxanes are stabilized largely 
by hydrogen-bonding interactions and, in some instances, by aryl- aryl interactions. 


Introduction 


In his seminal paper published in 1967 on the complexing ability 
of some crown ethers with a variety of cations,['] Pedersen noted 
that, although primary alkylammonium ions (RNH:) form 1 : 1 
complexes with dibenzo[l8]crown-6 (DB 18 C 6), secondary di- 
alkyl- (R,NHi) and tertiary trialkyl- (R,NH+) ammonium 
ions do not bind to this macrocyclic polyether. He concluded 
that "apparently, [RNH;] can intrude sufficiently into the 
polyether ring of [DB18C6] to affect its spectrum but, due to 
steric hindrance, [R,NHi] and [R,NH+] cannot do so" 
(Fig. 1). In the intervening decades since this observation was 
made, the compIexation['l of primary alkylammonium salts 
with crown ethers has become one of the major areas of develop- 
ment in supramolecular chemistry[31 with applications ranging 
from ion transport through membranes[41 to the resolution of 
racemic mixtures of chiral primary alkylammonium salts.[2e* 2m* 51 


The conformations of [18]crown-6 (18C6) derivatives are 
close to ideal for binding ammonium[61 and primary alkylam- 
m o n i ~ m [ ~ ]  ions. For example, the simplest system, 18C6 itself, 


[*I 


[**I 
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Fig. 1. Diagrammatic representations of a) the three-point binding of a primary 
alkylammonium ion (RNH:) with 18C6 and h) the two-point binding of a sec- 
ondary dialkylammonium ion (R,NH:) with 18C6. 


usually adopts a preferred complexing conformation in the 
solid['] and solution['' states with local D,, symmetry in which 
the six oxygen atoms are arranged alternately above and below 
the mean plane of the macrocycle. The binding of ammonium 
and primary alkylammonium ions by 18C6 almost always oc- 
curs in a face-to-face manner, with [N-H . . '01 hydrogen bond- 
ing in an alternating mode with respect to the six oxygen 
atoms.['] The most common complexes have a perched'] ge- 
ometry-that is, the oxygen atoms involved in hydrogen bond- 
ing are those positioned on the side of the macrocycle facing the 
RNH: ion (Fig. 2 ) .  In a few exceptional cases, such as in the 1 : 1 
complex formed with hydrazinium per~hlorate,['"~ the hydrogen 
bonding occurs, in the solid state at least, in a nested'] arrange- 
ment, wherein the oxy- 
gen atoms positioned (a) R (b) 
on the opposite face of +I N R 
the macrocycle with re- H' hH I+ 


ones that become in- *on/o * d ' / v "  
spect to the ion are the p""V'?~p&$Y-. 9 
volved in the primary 
hydrogen-bonding in- Perched Nested 


teractions. Consider- Fig. 2 Diagrammatic representations of a) the 
able to perched and b) the nested geometries found in 


the solid state for the binding of primary alky- 
the lammonium ions with 18C6 in its D,, confor- Of these 
complexes are made mation 
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by the non-hydrogen-bonding oxygen atoms which are involved 
in other ion-dipole interactions with the ammonium center. As 
Pedersen deduced right back at the infancy of crown ether chem- 
istry, it is the deep “intrusion” of the ammonium ion into the 
cavity of the crown that results in the most stable complexes 
being formed.[’] Trueblood extended this concept in the early 
1 9 8 0 ~ [ ~ “ ]  by suggesting that “the primary factor governing the 
geometry of the interaction at the ether oxygen atoms is the 
depth of penetration of the -NH: group, irrespective of whether 
hydrogen bonding is involved.” That is, it is the total positive 
charge associated with the ammonium ion, and not just that 
associated with the hydrogen atoms of the -NH: group, which 
the crown ether wishes to stabilize by accommodating as much 
of the ion as deeply as possible within its cavity. For 18C6-sized 
macrocycles, however, total insertion of the ion generally is not 
possible for steric reasons-the cavity is simply too small for an 
ammonium center to penetrate. In addition, if total insertion did 
occur, disruption of the near-perfect hydrogen-bonding pattern 
(perched or nested face-to-face mode) could weaken the associ- 
ation. An optimal situation would allow for the total insertion 
of the ammonium center into the cavity of the crown with con- 
comitant hydrogen bonding within that cavity. However, mere- 
ly enlarging the size of the macroring often does not have the 
desired effect: lower association constants are often found for 
the complexation of RNH: ions by the larger-ring crown 
ethers.[”] Although considerable effort has been given over to 
the study of crown ethers larger than 18C6 with ammonium 
ions, most studies of primary alkylammonium ion binding have 
been concentrated on macrocycles that are derivatives of 
18C6.[101 It is generally accepted in the literature that an alkyl 
group requires a macrocycle consisting of at least 24 atoms 
before threading becomes possible.[”] Yet, studies of [24]crown- 
8, and larger, macrocyclic polyethers with primary alkylammo- 
nium ions is an area of investigation which has been largely 
neglected,[”] and crystal structures of such complexes[’31 are 
rare. One noteworthy exception is the complex formed in the 
solid state between a furan-modified [24]crown-8 and benzylam- 
monium perchlorate reported by Bradshaw and co-workers.[’ 3c1 


Despite the fact that this complex exists (Fig. 3) in the crystal 
with the CH,NH: group inserted deeply into the macrocycle, 
only two of its NH; hydrogen atoms are involved in hydrogen 


Fig. 3. Diagrammatic represen- 
tation of the solid-state structure 
formed between a furano-modi- 
tied 24C 8 and benzylanimonium 
perchlorate, described by Brad- 
shaw and co-workers [ I ~ c ] .  Be- 
cause of the size of the ring, hy- 
drogen bonding can take place 
within the macrocycle’s cavity, 
although only by two-point [N- 
H . . . O] hydrogen bonding. The 
third ammonium hydrogen atom 
interacts with the counterion 
through the ring, forming what 
may be likened to an ”ion-pair 
pseudo[2]rotaxane”. 
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bonds with the crown ether oxygen 
atoms: the other hydrogen atom 
hydrogen bonds to the perchlorate 
counterion through the cavity of 
the macrocycle. In addition, the 
benzylic methylene hydrogen 
atoms are involved in [N+-C- 
H . . ‘01 hydrogen bonds with the 
crown ether oxygen atoms. In this 
example, the ammonium center 
and the benzylic methylene group 
of the guest molecule have pene- 
trated virtually into the center of 
the crown ether, consistent with 
Trueblood’s statement.[7c1 How- 
ever, such a geometry cannot al- 
low for three-point [N - H . . .O] 
hydrogen bonding by the ammoni- 
um group and so extra stability is 
gained by utilizing the slightly 
weaker [N’ -C-H. . .O] hydro- 
gen bonds. 


In comparison with primary 
alkylammonium ion binding by 


crown ethers, there have been very few investigations carried out 
on the binding of secondary, or indeed tertiary, ammonium salts 
with macrocycles. Misumi and c o - ~ o r k e r s [ ~ ~ ~  have reported 
complexes formed between a phenol-“ 51 and a phenol/car- 
boxylic acid-functionalized[’6] dyed macrocycle (acerand) with 
a number of amines. The second of these macrocycles binds 
piperazine within the cavity of the macrocycle: the term “saltex” 
has been coined“ 61 to describe these salt complexes. Misumi’s 
group has also shown that these dyed macrocycles exhibit 
amine-selective coloration upon “saltexation” such that the 
substitution pattern of the amine may be determined spec- 
troph~tometrically.[”~ Additionally, Vogtle and Hoss have de- 
scribed a tetrahydroxycyclophane that binds selectively to a 
number of diamines[’sl-possibly within the cavity, as suggest- 
ed by marked ‘H NMR chemical shift changes upon “saltexa- 
tion”. More specifically, the binding of secondary dialkylam- 
monium salts by simple crown ethers has been reported by a few 
research groups. We shall mention five examples: - -  


Izatt et al. studied the binding of ammonium, primary alky- 
lammonium, secondary dialkylammonium and tertiary tri- 
alkylammonium ions with 18C 6 and determined that the 
association constants for these systems decrease in the order 
RNH: >R,NHZ >R,NH’, R4N’.[’91 
In 1977 we reported that N,N’-dimethyl-l,7-diaza[l2]crown- 
4 binds secondary dialkylammonium salts, such as dibenzy- 
lammonium thiocyanate, in solution with a face-to-face ge- 
ometry by a two-point binding mechanism.[201 
Krane and Aune proposed a very similar geometry-al- 
though with a slightly different crown ether conformation- 
for the same systems.[211 
Tsukube has reported that diazacrown ethers derived from 
15C5,18C6, and 21 C 7  are effective as agents for the trans- 
port of the secondary amino acid derivative, proline methyl 
ester perchlorate, across a chloroform membrane.[221 
Brisdon and co-workers have prepared a polysiloxane, func- 
tionalized on its side chains with pendant [12]crown-4 
groups, for the extraction of secondary dialkylammonium 
salts from a mixture of protonated secondary and tertiary 
a m i n e ~ . [ ~ ~ ]  


In all these cases, a two-point binding motif was suggested as the 
means of complexation using a face-to-face geometry (Fig. 4). 
Since the strongest complexes formed between primary alkyl- 
ammonium ions and crown ethers have the alkylammonium 
ions penetrating deeply 
into the macrocycle’s (a) (b) 
cavity, it seems logical 
to propose that sec- 
ondarv dialkvlammoni- 
um ions would also 
prefer to complex with 
crown ethers in such a 18C6 12C4 


way as to place the Fig. 4. Diagrammatic representations of the 


NH; center within the two-point binding of a secondary dialkylam- 
monium ion (R,NH:) with a) 18C6 and 


plane of the macro- b) 1 2 ~ 4 ,  
cycle. This situation can 
only be achieved if the crown ether is of an appropriate size to 
allow the threading of an alkyl group through its cavity; that is, 
at least 24 atoms are required in the macrocyclic polyethers. 
Surprisingly, this simple proposition (Fig. 5)  had, to our knowl- 
edge, never been tested experimentally-or, if it had, it had not 
been reported in the literature-at the time we launched our 
research program. 


We have communicated recently that this proposition holds 
true to form:[24, 251 secondary dialkylammonium ions do com- 
plex with macrocyclic polyethers, such as DB24C8 and 
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Fig. 5. A conceptual journey: If crown ethers could, electrostatic repulsion apart, 
accommodate two NH: centers perching on both faces of the macrocycle, would 
opening up the ring (i.e., increasing the size of the macrocycle) allow for the inser- 
tion of a secondary dialkylammonium ion? If so, could we utilize this interaction for 
the construction of mechanically interlocked molecules, such as rotaxanes and cate- 
nanes? 


BPP 34 C 10, to provide novel supramolecular entities and ar- 
rays stabilized predominantly by hydrogen bonding[261 within 
the crown ether cavity. The superstructures generated by the 
threading of secondary dialkylammonium salts through these 
macrocycles are those of the so-called pse~dorotaxanes.[~'~ 
We,r28] and others,[29] have been interested in the pseudorotax- 
anes and their mechanically interlocked counterparts, the rotax- 
ane~,[~']  as supramolecular arrays and molecular assemblies, 
respectively, which have the potential in many fields of 
nanoscience, such as the nanoscale fabrication of  device^,'^ 'I 
like switches[321 and shuttles,[33] that are capable of being con- 
trolled by external physical or chemical stimuli. Also, during 
1995, Busch and co-workers reported a [2]rotaxane formed be- 
tween DB24 C 8 and a dumbbell-shaped component incorporat- 
ing a secondary dialkylammonium center.t341 An X-ray crystal 
structure determination performed on this compound reveals 
quite clearly the interaction of the dialkylammonium center 
with the crown ether, that is, hydrogen bonding occurs within 
the cavity of the macrocyclic polyether. We report in the paper 
following this a number of rotaxanes incorporating sec- 
ondary dialkylammonium ion centers as recognition sites for 
crown ether molecules. 


In this paper, we wish to provide an overview of the extensive 
evidence we have accrued to date that pseudorotaxane geom- 
etries exist not only in the solid state, but also in solution and 
indeed in the "gas phase", for eight different complexes of vary- 
ing stoichiometries involving four different dialkylammonium 
salts and three different crown ethers. In our coverage of these 
supramolecular systems, we compare and contrast the effects 
that changes made in the constitutions of these guest and host 
species have on the superstructures and dynamics of the com- 
plexes. 


Results and Discussion 


The dialkylammonium ions we have been studying in this pro- 
gram of research are simple in their constitutions, and the 
amines from which they are derived are either commercially 
available (1,2,3) or can be synthesized (4)IZ5] by using tradition- 
al chemistry. Similarly, the crown ethers we have investigated 
are either commercially available (DB 24 CS) or can be prepared 
(asym-DB24CS,['] BPPMC 10['2', 361) by standard literature 
procedures. The dialkylammonium ions have all been studied as 
their hexafluorophosphate salts: the PF; counterions were cho- 
sen 1) so as to enhance the organic solubilities of the cations 
and 2) to weaken ion pairing, thus allowing strong binding by 


DB24C8 asymDB24C8 


BPP34CiO 


the macrocyclic crown ether ligands. The salts were all prepared 
readily from the corresponding hydrochloride salts by counteri- 
on exchange. We shall now discuss the nature of some eight 
complexes formed between these ions and macrocycles for 
which we have managed to obtain solid-state structures by X- 
ray crystallography. 


1. Di-n-butylammonium Hexafluorophosphate (l-H.PF,) and 
Dibenz0[24]crown-S (DB 24C 8): Although 1-H .PF, is soluble in 
solvents such as MeCN, Me,CO, Me,SO, and MeOH, it is 
virtually insoluble in CHCl, and CH,Cl, . However, solubility 
in these chlorinated solvents can be achieved in the presence of 
one or more molar equivalents of DB24CS. This observation 
was the first encouraging evidence we obtained that suggested 
that strong 1 : l  complexation of some type could occur with 
these systems. Crystals of this complex were grown. The FAB 
mass spectrum revealed (Fig. 6) a peak at m/z 578 correspond- 


130 


[DB24C8.1-H]+ 


I 


I 
IbO 260 360 4b 4 0  do 


m/z - 
Fig. 6. The FAB mass spectrum of crystals grown of a 1 : 1 complex between 1- 
H.PF, and DB24CS. 


ing to a 1 : 1 complex having lost its PF; counterion. This com- 
plex ion has an intensity of almost 20% of that observed for the 
base peak in the spectrum-that of the naked dialkylammonium 
ion 1-H+. In comparison, the peak (m/z 448) associated with the 
uncomplexed macrocycle has an intensity of less than 5 YO of the 
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base peak's height.[371 This evidence suggests that the rate of 
decomplexation of this supramolecular system is far from being 
so fast as to occur totally during the time of flight of the complex 
through the spectrometer. 


The solid-state structure of the complex was elucidated by 
X-ray crystallography on suitable single crystals. Gratifyingly, 
the complex exists (Fig. 7) with the geometry of a pseudorotax- 


Fig. 7. The superstructure of the 1 : l  complex [DB24C8.1-H]+ in the solid state. 
The hydrogen bonds have the following distances and angles: a) [N...O] 3.09 A, 
[H. . .O] 2.20A, [N-H...O] 175"; a') [ N . . . O ]  2.90A, [H.- .O']  2.04& [N- 
H . . . O l  I61 O ;  b) [N . . . O] 3.25 A, [H , . . O] 2.35 A, [N-H .. , O] 172"; C) [C . . , O] 
3.23A, [H. . .O] 2.48A,[C-H...0] 134". 


ane with 1 : 1 stoichiometry. The DB24C8 component adopts an 
extended all-gauche conformation for the 0-C-C-0 units in its 
ethyleneglycol chains, and a substantial cavity is formed. The 
NH; center is positioned within this cavity and almost in the 
plane of the macrocycle. The ion and the crown ether are bound 
together by three major hydrogen bonds-two [N-H . . .O] 
contacts and one [N-C-H ... 01 contact. As is observed com- 
monly[', ', ' 31 in the face-to-face complexation of primary alky- 
lammonium ions with crown ethers, the oxygen atoms involved 
in the hydrogen bonding with NH: hydrogen atoms are nonad- 
jacent ones; that is, they are separated by five atoms, including 
another oxygen atom. This 2,3-alternate arrangement of H- 
bond acceptors necessitates, for DB24C8, that the two [N' - 
H . . .O] interactions occur with one aliphatic ether oxygen and 
one phenolic ether oxygen atom, respectively. In this complex, 
these two oxygen atoms are situated on different polyether 
chains, so the [0 . . . H-N+ -H . . '01 network of bonds strad- 
dles a catechol subunit. This pattern is repeated in some of the 
other complexes we have observed with this crown ether (vide 
infra). The one [N-C-H .. .O] contact occurs with an aliphatic 
ether oxygen atom.[381 There are no dominant stabilizing inter- 
actions between these 1 : 1 complexes. 


The nature of the complexation was studied in solution by 
'H NMR spectroscopy. At room temperature in a number of 
solvents (CDCI,, CD3CN, and CD,COCD,), a situation of 
rapid exchange between complexed and uncomplexed species is 
observed on the 'H NMR timescale at 300 MHz: the signals for 
both host and guest appear as sharp resonances (Fig. 8).[391 
Some of the signals-particularly those of the protons on the 
n-butyl chains of 1-H+ and the y-OCH, resonance of 
DB24 C S a r e  displaced significantly[401 from their original 
chemical shifts in the absence of the complementary molecule. 
In CDCl,, the measurement of a stability constant for the 
[DB 24 C 8.1-H][PF6] complex is hampered by the insolubility of 
the dialkylammonium salt in the absence of a molar equivalent 
or more of the crown ether. This practical difficulty makes some 
common techniques for determining K, ~alues[~'~-such as ti- 
tration or Job's method of continuous variation,[41a1 which re- 
quire spectra to be obtained from solutions that contain less 
than one equivalent of the host (DB24C8)-impossible to use 


410 310 210 1 lo 


6 PPm 
Fig. 8. Partial 'HNMR spectra recorded in CD,CN at 300 MHz of a) I-H.PF, 
andb) a 1 : l  mixtureof1-H.PF6andDB24C8(ca. I . O X ~ O - ~ M ) .  


in this solvent. Although the dilution m e t h ~ d [ ~ ' ~ . ~ I  is a possible 
technique for use in chlorinated solvents, dilution of a 1 : 1 mix- 
ture of 1-H.PF6 and DB24C8 in CDC1, over a range of concen- 
trations did not have a significant effect on the chemical shifts 
of any of the protons of either host or guest. From this observa- 
tion, we may conclude that the association constant in CDCI, is 
at least of the order of lo4 Lmol-'. In solvents in which both 
host and guest are individually soluble, we can use standard 
techniques to determine K, values.[411 In CD,CN, the titration 
method-in which the guest concentration is kept constant 
whilst the host concentration is varied, or vice versa-led to an 
estimate of K, of approximately 50 L mol- ' . The dilution exper- 
iment, in which the 'HNMR spectra of the 1 : l  mixture of 
l-H.PF6 and DB24C8 were recorded over a range of concen- 
trations from 5 x lo-' to 1 x 1 0 - 4 ~  in CD,CN, gave a value for 
K, of approximately 70 Lmol- '. 


In order to determine an activation barrier for the complexa- 
tion process, we prepared a solution with a 2: 1 molar ratio of 
DB24C8 and f-H.PF6 in CD,CI, and studied the behavior of 
this mixture by variable-temperature 'H NMR spectroscopy 
(VTNMR). At room temperature, the spectrum obtained dis- 
played the expected time-averaged sets of signals (Fig. 9). When 
the sample was cooled down to 0"C, a gradual broadening of 
the signals of the crown ether a- and y-OCH, protons occurred, 
which led eventually, on further cooling, to a separation of both 
of these signals into two resonances of equal intensity. These 
two sets of signals are associated with the resonances for the 
OCH, protons in 1) the free DB24C8 macrocycle and 2) the 
macrocycle complexed with the dialkylammonium ion to afford 
a complex, the stoichiometry of which is readily deduced as 1 : 1 
from integration of the signals associated with appropriate 
probe protons. From the coalescence temperatures of these two 
probes (- 3 "C with a limiting chemical shift difference Av at 
low temperature of 24 Hz for the a-OCH, protons, and - 7 "C 
with Av = 20 Hz for the y-OCH, protons), the activation barri- 
er (ACT) for the process of a dialkylammonium ion exchanging 
between two DB24C8 molecules was calculated[421 to be ap- 
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Fig. 9. The 'H NMR spectrum recorded at 400 MHz in CD,CI, of a solution of 
DB24C8 and I-H.PF, in a 2.1 molar ratio at a) + 30°C and b) - 27". The 
spectrum recorded at the higher temperature (a) shows a time-averaged set of signals 
for both DB24 C8 and I-Ht . In the spectrum recorded at the lower temperature (b). 
signals associated with one equivalent of complexed and one equivalent of uncom- 
plexed DB24C8 are evident for both the a-OCH, and y-OCH, protons. The con- 
centrations of the crown ether and the salt are 2.4 x lo-' and 1.2 x 1 0 - ' ~ ,  respec- 
tively. 


proximately 13.5 kcal mol-'. The chemical shifts of the reso- 
nances associated with the n-butyl groups of l-H.PF6 are not 
altered to any great extent over the range + 30 to - 30 "C. This 
indicates that the dialkylammonium ion is complexed almost 
totally at and below room temperature and suggests K, values of 
at least lo4 Lmol-' in CD,Cl,. 


2. N,N-Dibenzylammonium Hexafluorophosphate (2-H-PF,) 
and Dibenzo[24]Crown-8 (DB 24 C8) : As in the case of 1-H .PF6, 
2-H.PF6 is quite insoluble in CHCl, and CH,C1,-although 
soluble in more polar solvents. Yet it becomes soluble in these 
chlorinated solvents in the presence of a molar equivalent or 
more of the crown ether DB24C8. This observation alone is 
good evidence for the formation of a complex with pseudorotax- 
ane-like geometry. The 'H NMR spectra of a 1 : 1 mixture of 
2-H.PF6 and DB24C8 in a number of different solvents shows 
an interesting phenomenon-signals associated with the free 
host and guest are present in the spectrum, as well as those 
attributable to the 1 : 1 complex (Fig. 10) .[431 This situation aris- 
es because of the slow rate of association and dissociation of the 
complex on the 'H NMR timescale at 300 or 400 MHz at room 
temperature. Although the n-butyl groups of the 1-H+ ion have 
little difficulty in threading through DB24 C 8, the relatively 
bulkier phenyl rings of the 2-H+ ion do not enjoy the same 
freedom. The difference between the two systems can be appre- 
ciated from inspection of CPK space-filling molecular models of 
DB24C8 and 1- and 2-H.PF6. This exercise suggests that a 
particularly open cavity is required in the crown ether in order 
to provide a suitable passage for the threading of the benzyl 
group. Thus, taken together with the fast exchange situation 
that prevails for the [DB 24 C 8 .  1-H][PF6] complex in solution, 
this 'H NMR spectroscopic evidence suggested immediately to 
us that 2-H.PF6 forms a complex with DB24C8 that has a 
pseudorotaxane-like geometry in solution. 
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Fig. 10. The 'H NMR spectrum recorded at 400 MHz in CD,CN of an equimolar 
mixture of DB24C8 and I-H'PF, at 20 "C. The concentrations of both the crown 
ether and the salt are 1.0 x ~ O - ' M .  Three sets of resonances are evident in this 
spectrum: 1) for the uncomplexed crown ether, 2) for the uncomplexed salt, and 
3) for the 1 :1 complex between DB24C8 and Z-H.PF,. 


Crystals were grown of this complex and analyzed by FAB 
mass spectrometry. The mass spectrum shows (Fig. 11) the 1 : 1 
complex without its counterion as the base peak (m/z 646). The 
uncomplexed dibenzylammonium ion (m/z 198) gives a substan- 
tially weaker signal (ca. 50 % of the base peak). The intensity of 


646 


[DB24C8.2-H]+ 


I I I I I 
240 3Lh 400 500 600 700 


m/z - 
Fig. 11. The FAB mass spectrum of crystals grown of the complex between 
DB24C8 and 2-H.PF6. 


the signal for the 1 : 1 complex confirms that the association 
constant between the 2-H+ ions and DB 24C8 is high and, addi- 
tionally, that there is a relatively high activation barrier for 
dissociation of the two species in the "gas phase". Thus, FAB 
mass spectrometry confirms what we have observed for the 
[DB24C8.1-H][PF6] and [DB24C8.2-H][PF6] complexes in so- 
lution by 'H NMR spectroscopy-both complexes are quite 
strong, but the relative rates of association and dissociation of 
the two complexes are fast and slow, respectively, on the 
'H NMR timescale at both 300 and 400 MHz. 


The structure of the [DB24C8.2-H]+ complex was solved by 
X-ray crystallography on suitable single crystals. Again, a pseu- 
dorotaxane-like geometry is adopted. However, the crystal 
structure differs from that of the [DB24C8.l-H]+ complex in a 
number of respects. The complex crystallized (Fig. 12) with two 
independent 1 : 1 complexes (A and B) in the unit cell. In both A 
and B, the DB24CS molecule adopts conformations (namely, 
extended all-gauche conformations in the polyether chains) that 
are quite similar to that found for the macrocycle in the 
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Fig. 12. The superstructures of the 1 : l  complexes A (top) and B (bottom) of 
[DB24C8.2-HIt in the solid state. In A, the hydrogen bonds have the following 
distances and angles: a) [N. . .O] 3.12A, [H. . .O] 2.24A, [N-H. . .O] 167"; 
b) [N. . .O] 2.85A, [H. . .O] 1.99A, [N-H.. .O] 159"; C) [C. . .O] 3.16A, 
[H . . '01 2.21 A, [C-H . ' 01 174". In B, the hydrogen bonds have the following 
distances and angles: a) ["..O] 2.99A, [H . . .O]  2.14A. P - H . ~ ~ O ]  157"; 
b) ~ . J . . . O ]  3.12A, [H. . .O] 2.28A, [N-H. . .O]  155"; C) [ C - . . O ]  3.27A. 
[H . . .O]  2.45A, [C-H.. .O] 143". 


[DB24C 8.1-H]+ complex. The manner in which the complexes 
A and B differ is in the conformations of the 2-H+ ions and in 
the oxygen atoms used in the hydrogen bonding. The cation in 
A adopts a "gull-wing'' conformation with the planes of the 
phenyl rings almost orthogonal to the plane of the all-anti C- 
CH,-NHl-CH,-C backbone. In B, one of the phenyl rings is 
inclined by approximately 52" from this plane, whilst the other 
one is effectively orthogonal. In A and B, the NH: center and 
one of the adjacent CH, groups are situated more or less within 
the plane of their DB24C8 hosts. In addition, both complexes 
are stabilized predominantly by two [N-H . . '01 and one [N- 
C-H . . . O] hydrogen bonds between hydrogen atoms of the 
dialkylammonium NH; center and one of the adjacent benzylic 
CH, groups, respectively, and polyether oxygen atoms. The 
oxygen atoms involved in the [N-H . . .O] hydrogen-bonding 
interactions of A are a phenolic and an aliphatic ether oxygen 
atom of the same polyether loop, whereas the [N-C-H . . '01 
hydrogen bond utilizes an aliphatic ether oxygen atom on the 
other loop. In B, the hydrogen-bonding motif resembles that 
found in the [DB24C8.l-H]+ crystal structure in that the [N- 
H . . . O] hydrogen bonds straddle a catechol unit, but the short- 
est [N-C-H . . . 01 hydrogen-bonding contact is, in this case, 
with a different oxygen atom. In complex B, there is an addition- 
al stabilizing interaction as a result of n--x overlap[441 between 
one of the phenyl rings of the 2-H+ ion and one of the catechol 
units of the crown ether (mean plane separation, 3.48 A; cen- 
troid -centroid distance, 3.79 A; ring planelring plane inclina- 
tion, 1 1  "). The complexes A and B pack to form a lattice in the 
crystallographic c direction which repeats in the sequence 
A.B.A.B (Fig. 13). The centrally located phenyl groups are 
aligned parallel to each other with a mean interplanar separa- 
tion of 3.50 A; this arrangement suggests that it is predominant- 
ly x--x stacking interactions that stabilize the lattice. The 


A B A B 
Fig. 13. A portion of the lattice which extends in the crystallographic c direction of 
the [DB24C8.2-H]+ complex. The complexes stack in the sequence ABAB in such 
a way that the crown-ether components are aligned to form channels though which 
the ammonium ions are threaded. The stack is, in part, stabilized by a x-x stacking 
interaction between phenyl groups in the central complexes (mean interplanar sep- 
aration, 3.50 A; centroid-centroid distance, 3.73 A).  The distances between adja- 
cent ammonium ion centers in this stack are 9.3 and 9.7 A. 


macrocyclic components of the lattice are aligned such that 
channels are formed, suggesting the potential of polyrotax- 
anet451 formation with dialkylammoni~m-based[~~~ polymers 
(Fig. 14). 


It may be recalled 


that host a and 1 : l  guest mixture pro- of + 1 [ + ~ 1 ~ ~ 1 1 1  


vides a 'H NMR spec- 
trum that displays the 
resonances of the 
complex itself, rather 
than that of a time-av- 
eraged set of reso- 
nances between bound 
and free states (see 


a 
-,, 


Fig' lo)' This 
tion provides a rare 
OppOrtUnity to investi- 


Fig, 14. Acartoon representation of the concep- 
tual progression from a channel of threaded am- 
monium ions to a polyrotaxane based on a poly- . .  . .  


gate the geometry of 
the complex directly centers. 
by NMR spectroscop- 
ic methods. In a series of NOE experiments, the signals associat- 
ed with the resonances of the protons of the 1 : l  complex in 
CDCI, were irradiated separately and the effect on the reso- 
nances associated with the other protons in the system was 
observed. The results are summarized in Table 1. As an ex- 
ample, irradiation of the signal corresponding to the resonance 
of the crown ether P-OCH, protons resulted in the difference 
spectrum of Figure 15. In this spectrum, we observe-in addi- 
tion to enhancements of, and saturation transfer to, complexed 
and uncomplexed crown ether signals-small, but significant, 
enhancements of the signal for the benzylic methylene protons 
and the o-protons, and to a lesser extent, for the m/p-protons on 
the phenyl ring of the 2-H+ ion. No NOE enhancement is ob- 
served in the resonance for the NH: protons. Similarly, irradi- 
ation of the protons of the y-OCH, group of DB24 C8 led to an 
enhancement of these same resonances. When the resonance for 
the a-OCH, group was irradiated, the only signal to be en- 
hanced in the 2-H+ ion were those of the o-phenyl protons. 
Conversely, irradiation of the resonances for the o and m/p- 
phenyl protons of the 2-H+ ion led to an enhancement of 
all three OCH, signals for the crown, but irradiation of the 
signal for the benzylic methylene protons enhanced only the 
/I- and y-OCH, proton resonances. Irradiation of the signals 
for the catechol protons of DB 24 C 8 resulted in no observable 
effect on the resonances of the 2-Hf ion. The results of this 
NOE study were consistent with the complex adopting similar 
geometries (i.e., pseudorotaxane-like) in solution and in the 
solid state. 


mer containing secondary dialkylammonium 
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Table 1. The effects on other protons in the spectrum of a 1 ; 1 mixture of DB24C8 and 2-H.PF6 in CDCI, upon irradiation of signals of the 1 : 1 complex [DB 24C8.2-H][PF6] 
bl . 


Irradiated Observed Signal [b] 
proton a-OCH, a-OCH, b-OCH, 8-OCH, 7-OCH, 7-OCH, Catechol Catechol Ph-CH, Ph-CH, o-C,H, o-C,H, mjp-C,H, mjp-C,H, NH, 


compl. uncompl. compl. uncompl. compl. uncompl. 0-C-CH 0-C-CH-CH compl. uncompl. compl. uncompl. compl. uncompl. 


a-OCH, strong 
NOE 


weak NOE 
NOEjST 


ST NOE 


- strong 
NOE 


NOEiST NOE 


NOE 


weak 
NOE 


- 


strong 
NOE 


~ 


~ 


weak 
NOE 


~ 


~ 


NOE 


NOE 


- 


- 


NOE 


weak 
NOE 


NOE 


- NOE NOEjST weak 
NOE 


NOE weak weak - 


NOEjST NOEjST 


NOE weak weak - 
NOEjST NOE 


/I-OCH, NOE NOEiST 


y-OCH, NOE - NOE ST 


catechol NOE 
0-C-CH 


catechol NOE 
0-C-CH-CH 


weak 
NOEjST 


weak 
NOEiST 


strong 
NOE 


Ph-CH, weak 
NOE 


weak 
NOE 


ST strong weak NOE weak NOE 
NOE NOEjST NOEjST 


weak ST NOE weak NOE 
NOEjST NOEjST 


NOE weak ST NOE 
NOEjST 


o-C,H, weak 
NOE 


weak 
NOE 


weak 
NOE 


m/p-C,H, weak 
NOE 


NH, weak 
NOE 


weak 
NOE 


weak 
NOE 


weak 
NOE 


weak 
NOE 


weak 
NOE 


weak 
NOEjST 


[a] The signals associated with the resonances of each of the protons of the 1 ; 1 complex were irradiated in turn and a difference spectrum obtained. This Table lists the effects 
observed for all of the other resonances observed in the spectrum. These experiments were performed at 25°C in CDCI, (ca. 5.0 x at 400 MHz. [b] "NOE' (weak 
or strong) indicates that the relevant signal was enhanced upon irradiation of the probe proton; "ST" refers to a transfer of saturation from the complexed state to the 
uncomplexed state; "NOEjST" refers to an NOE enhancement of an uncomplexed probe proton-a result of NOE enhancement of a complexed probe followed by saturation 
transfer from the complexed to the uncomplexed states. 


Table 2. Effect of solvent on the association constants (K,)  for the 1 : 1 complex 
formed between DB24C8 and 2-H.PF6 in a range of different solvents at 25 "C. 


Solvent E ,  Gutmann KJLmol-' AG"j 
kcalmol-' 


la1 donor no. [a] [b] [cl 


/Enhanced & 
H 


CD,SOCD, 46.5 29.8 0 
CD,COCD, 20.6 17.0 360 -3.5 
CD,CN 35.9 14.1 420 - 3.6 
CDCI,jCD,CN (1:l) - 1700 -4.4 
CDCI, 4.8 4.0 27000 - 6.0 


~ 


~ 


710 6'0 5'0 4'0 


6 
Fig. 15. An example of an 'HNMR NOE experiment in which the b-OCH, group 
ofDB24C8, complexed with dibenzylammonium hexafluorophosphate (2-H.PF6), 
is irradiated. The lower spectrum shows the 1 : 1 mixture in CDCI,-the larger 
signals correspond to the 1 : 1 complex and some of the smaller resonances corre- 
spond to both uncomplexed components, which are also present. The top spectrum 
is a difference spectrum. It shows clearly enhancements of the signals for the ben- 
zylic methylene protons and the o-protons on the phenyl rings of the 2' cation. 


[a] Values of the solvent dielectric constants ( E J  and Gutmann donor numbers 
were obtained from refs. [5] and 1481. [b] Association constants (K,) were obtained 
from "single-point" measurements of the concentrations of the complexed and 
uncomplexed species in the relevant 'H NMR spectra at 25 "C and using the ex- 
pression, K, = [DB24C8.2-H,PF6]/[DB24C8][2-H.PF6]. [c] The free energies of 
complexation ( A G )  were calculated from the K, values, using the equation 
A C  = ~ RTlnK,.  


values with the Gutmann donor numbers[481 of the various sol- 
vents-a clear trend is the increase in association constant with 
decreasing donor number. For example, in CDCI,-a weak hy- 
drogen bond accepting solvent-the K, value is highest, where- 
as, in a solvent with a high donor number, such as CD,SOCD, , 
no complex could be observed at all. It is interesting to compare 
the K, values of the complexes of l-H.PF6 and 2-H.PF6 with 
DB24C8 in the same solvents-they are both of the order of 
lo4 Lmol-' in CDCI,, and 10' Lmol-' in CD,CN. The K, 
value in CD,CN is about five times higher for the iDB24C8.2- 
H][PF,] complex than it is for the [DB24 C 8.1-H][PF6] complex, 
possibly as a result of 1) the enhanced acidity of the benzylic 


The observation of signals for the resonances of protons in 
the 1 : 1 complex as well as those for free 2-H.PF6 and free 
DB24C8 in the 'HNMR spectrum of [DB24C8.2-H][PF6] 
provides a convenient single-point method for the measure- 
ment14'] of the association constants (K,) in a number of sol- 
vents, since the absolute concentrations of these three species 
are readily determined from the known total concentrations of 
host and guest and the calculated relative abundances of the 
three species. In this manner, we determined K, values for 
the [DB24C8,2-H][PF6] association in a number of different 
solvents (Table 2). It is most convenient to compare the K, 


~- 


Chem. Eur. J.  1996, 2, No.  6 0 VCH Verlagsgesellschajt mhH, 0-69451 Weinheim, 1996 0947-6539/96/0206-0715 $lS .OO+ ,2510 71 5 







J. F. Stoddart et al. FULL PAPER 


methylene protons involved in hydrogen bonding, 2) the pres- 
ence of additional stabilizing X-x interactions, or 3) the en- 
hanced binding resulting from better preorganizationtZd. of 
the much less flexible 2-HC ion. 


We have also attempted to observe coalescence of the reso- 
nances for the crown ether protons in a 2: 1 mixture of DB 24 CS 
and 2-H.PF6 in CD,CICDZC1 in order to determine an activa- 
tion energy barrier for the association process. However, in this 
case, heating the 'H NMR sample results only in decomplexa- 


' O L  6 8 


0 0025 0 0037 0 0050 


-91 , \ I  
-12 
200 230 260 290 320 350 380 


T I K  


Fig. 16. a) The van? Hoff plot obtained 
for the association of 2-H.PF, and 
DB24CS in CD,CN. The plot is 
clearly nonlinear-with errors in 
RlnK, determination estimated at 
& 0.2 kcalmol-'-suggesting significant 
heat-capacity effects are present. It can 
he fitted to the modified van? Hoffequa- 
tion [Eq. (l)]. b) The enthalpic (AH") 
and entropic (- TAS") contributions of 
the free energy of association (AG") he- 
tween Z-H.PF, and DB24CS in CD,CN 
as calculated with Equation (1). An en- 
thalpy-entropy compensation effect is 
obviously responsible for maintaining 
AC" approximately constant over the 
temperature range. 


tion of the pseudorotaxane, 
and so, rather than observe 
coalescence behavior, the 
signals associated with the 
complexed crown ether di- 
minish in size relative to 
those of the uncomplexed 
crown ether signals. 


In order to evaluate the 
enthalpic (AH") and entropic 
(- TAP)  contributions to 
the free energy of complexa- 
tion (AGO), we determined 
the K, values for the associa- 
tion of 2-H.PF6 with 
DB24CS in CD,CN over a 
temperature range from - 48 
to + 83 "C. For an associa- 
tion process that has temper- 
ature-independent enthalpic 
and entropic components, 
the van't Hoff plot (RInK, 
vs. T-') should result in a 
straight line with a slope 
of -AH" and an intercept 
of +AS".[491 However, the 
data we obtained when plot- 
ted on these axes differs 
markedly from a straight line 
(Fig. 16a); this suggests the 
thermodynamics of com- 
plexation are affected[501 by 
a nonnegligible heat capacity 
(AC;). A number of research 
groups have indicated re- 
cently the importance of in- 
cluding a heat capacity term 


in the van't Hoff equation in this kind of thermodynamical 
treatment.[5'] Dougherty and co-workers have adjusted the 
equation to take into account such a contribution [Eq. 


RlnK, = - (AHo/T) +ACilnT +(ASo - AG)  (1) 


where AG" = AH" - TAS" 
AH" = AHo + TAC; 
AS" = ASo +AC;lnT 


We have found that our data fit this modified equation very well 
and allows us to determine the AH" and - TAS" components of 
the free energy of complexation of 2-H.PF6 and DB24C8 over 
the complete temperature range (Fig. 16b). We note the AW 
term changes dramatically, such that the enthalpic contribution 
to AGO decreases with increasing temperature, as the contribu- 
tion to AG" of - TAS" increases. The curved van't Hoff plots 
suggest that we should not view this host-guest association as 


a simple coming together of the complementary species, but 
rather as a complex series of equilibria involving solvolytic and 
conformational effects, which are no doubt occurring intermit- 
tently between the "free" and "complexed" states.[52] 


3. N,N-Dibenzylammonium Hexafluorophosphate (2-H.PF6) 
and Asym-dibenzo[24]crown-S (asym-DB 24 CS) : In the first two 
crystal structures described in this paper so far, it has been noted 
that, because of the constitution of DB24C8, one of the two 
[N-H . . .O] hydrogen bonds must involve a phenolic ether oxy- 
gen atom of the catechol subunits if the 1,3-alternate oxygen 
atom sequence preferred by the NH: center for hydrogen 
bonding is employed. We reasoned that, if we were to change 
the position of the catechol units to those found in the iso- 
meric crown ether, asymmetric dibenzo[24]crown-8 (asym- 
DB 24 CS) ,['I then the opportunity for enthalpically favorable 
hydrogen bonding in the 1,3-aIternate arrangement to two 
aliphatic ether oxygen atoms would become available to the 
dialkylammonium ions. A subtle change in the constitution of 
the crown ether should otherwise have little effect on its ability 
to complex with secondary dialkylammonium ions-that is, the 
cavity of the crown ether should be of a similar size and confor- 
mation as DB24CS and be suitable for binding R,NH: ions, at 
least as deduced from inspection of CPK space-filling molecular 
models. Although this macrocyclic polyether was first synthe- 
sized by Pedersen in 1967,"I it has rarely been utilized[531 as a 
host molecule for the binding of cations. 


Gratifyingly, a molar equivalent of 2-H.PF6-as well as of 
l-H.PF,-was taken up in a CHCI, solution of asym-DB24C8. 
'H NMR Spectroscopy reveals, as expected, a situation involv- 
ing slow kinetics for complexation and decomplexation of the 
2-H+ ion on the 'H NMR timescale at 400 MHz. Resonances 
associated with both free and bound host and guest are present 
in the 'HNMR spectrum (Fig. 17) at room temperature in 
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Fig. 17. The 'HNMR spectrum of a 1 : I  mixture ofasym-DB24C8 and dihenzyl- 
ammonium hexafluorophosphate (Z-H,PF,) in CD,CN at 25°C. A situation of 
slow kinetic exchange results in signals 1) for uncomplexed asym-DBUCS, 2) for 
uncomplexed Z-H.PF,, and 3) for the 1 :1 complex formed between the two. The 
concentration of both host and guest is 1.0 x 1 0 - 2 ~ .  


CD,CN, CD,COCD,, and CDCI,. Crystals grown of the com- 
plex were analyzed by FAB mass spectrometry. A very strong 
ion was detected (Fig. 18) in the mass spectrum at m/z 646 for 
the 1 : 1 complex after loss of its counterion. Approximately the 
same proportions of free dibenzylammonium ion 2-H + (ca. 
90 %) and free asym-DB 24 CS (< 5 %) are present relative to 
the complex peak, as are present in the FABMS spectrum of the 


~ 
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cally related benzyl groups enter into a parallel face-to-face n-n 
stacking interaction (Fig. 20). The edge-to-face [C-H . . .n] in- 
teractions have ring centroid/ring centroid separations of 4.89 
and 5.00 A, and the associated [C-H . . .n] geometries are 
[H . . . n] distances of 2.66 and 2.75 A, with [C-H . . . n] angles of 
159 and 161 ’, respectively. These [H . . . n] distances are signifi- 
cantly shorter than those we have observed as part of the stabi- 
lizing interactions (ca. 2.85 to 2.95 A) between hydroquinone 


I 
I I I 


100 200 300 460 500 6bO 760 
mfz - 


Fig. 18. The FAB mass spectrum of crystals grown of a 1 : l  complex between 
asym-DB24C8 and dibenzylammonium hexafluorophosphate (2-H ‘PF,). 


[DB24C8.2-H][PF6] complex (Fig. 1 1 ) .  These two mass spectra 
suggest to us that complexation of secondary dialkylammonium 
ions by either DB 24 C 8 or asym-DB 24 C 8  is equally effective. 


The X-ray structural analysis of the 1 : 1 complex formed be- 
tween the dibenzylammonium cation 2-H+ and asym-DB 24 CS 
(Fig. 19) reveals that the asym-DB24C8 macrocycle adopts a 


Fig. 19. The solid-state superstructure of [asym-DB24C8.2-HIt showing the 
threading of the dibenzylammonium cation 2-Hi through the asym-DBMC8 
macrocycle and the intercomponent [N- H t. 01 hydrogen bonding. The [N . . .O] 
and [H . . 01 distances and [N-H . .O] angles are, respectively. 2.98,2.94 A; 2.08. 
2.06 8; and 179, 165”. 


horseshoelike conformation with the centroids of the two cate- 
chol rings separated by 8.30 A. Although the shorter polyether 
chain has a gauche conformation for the 0-C-C-0 units, the 
central -OCH,CH,OCH,CH,O- portion of the longer chain is 
approximately planar and exhibits syn geometries for its O-C-C- 
0 units. The cation, which adopts a “gull-wing’’ conformation 
with the two benzyl rings essentially orthogonal (85 and 86”) to 
the C-CH,-NHl-CH,-C backbone, is threaded through the 
asym-DB24C8 cavity with the two phenyl rings folded almost 
symmetrically over the longer polyether chain. The 1 : 1 complex 
is stabilized by a pair of [N-H . . ‘01 hydrogen bonds to the 
second and fourth oxygen atoms of the longer polyether chain. 
This mode of complexation precludes any secondary intracom- 
plex aryl-aryl interactions between the catechol rings and ben- 
zyl groups. However, an inspection of the packing of the 1 : 1 
complexes reveals the formation of a particularly elegant aggre- 
gation wherein pairs of 1:l complexes are arranged such that 
one of the terminal benzylic phenyl rings of one cation enters 
into a pair of [C-H . . . n] interactions (involving both meta-CH 
groups) with both catechol rings of a centrosymmetrically relat- 
ed complex, and vice versa. Simultaneously, the two symmetri- 


Fig. 20. The cooperative edge-to-face [C-H. ’ .  n] and face-to-face R-x interac- 
tions between pairs of 1 : 1 complexes in the solid-state superstructure of [asym- 
DB 24 C 8.2-H]+. 


CH groups and p-xylyl rings in a range of [2]catenane struc- 
t u r e ~ . ~ ~ ~ ]  The interplanar separation between the two parallelly 
aligned benzyl groups is 3.44 8, 
with a centroid/centroid separa- 
tion of 3.65 A. Pairs of these com- 
plex “dimers” are loosely linked 
across an independent crystallo- 
graphic symmetry center through 
pairs of [C-H . . . n] interactions 
involving one of the phen- 
oxymethylene C-H groups in 
one asym-DB24C8 of one 
“dimer” and the catechol ring of 
another, and vice versa (Fig. 21). 


The slow exchange properties Fig. 21. The secondary inter- 


of the association of 2-H . p ~ ,  and ‘‘dimer” 1C-H.. . X I  interac- 
tions in the solid-state super- 


asym-DB24C8 allow a similar in- structure of [asym-DBMC8, 
vestigation, to that described in %HI+, The [H . . . Z] distances 
Section 2 for this salt with and [C-H...nl angles are 
~ ~ 2 4 ~ 8 ,  ofthe complex in solu- 2.87 8 and 153”~ respectively; 


Table 3 shows the effect of solvent is 4.67 A. 
on the K, values-once again de- 
termined by the single-point 
method-for this complex. In all the solvents studied, the asso- 
ciation constants are similar to those obtained for the 
[DB24C8.2-H][PF6] complex (Table 2), although they are con- 
sistently slightly lower in magnitude. This trend may suggest 
that, although the [asym-DB24C8.2-H][PF6] complex can 
adopt the enthalpically more favorable 1,3-alternate hydrogen- 
bonding arrangement with two aliphatic ether oxygen atoms- 
as observed in the crystal structure-this favorable arrangement 
may be more than compensated for by the involvement of at 
least one less favorable phenolic ether oxygen atom in all the 
other 1,3-alternate hydrogen bonding motifs, and the conse- 
quent decrease in entropy brought about by avoiding such mo- 


+ 
% 
the catechol-catechol ring cen- 


by NMR spectroscopy. troid-ring centroid separation 
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Table 3. Effect of solvent on the association constants (K,) for the 1 : 1 complex 
formed between asym-DB24C8 and 2-H.PF6 in a range of different solvents at 
25 "C. 


Solvent 8 ,  Gutmann KJLmol-' AG"/kcalmol-* 
[a1 donor no. [a] [b] [cl 


CD,SOCD, 46.5 29.8 0 ~ 


CD,COCD, 20.6 17.0 310 -3.4 
CD,CN 35.9 14.1 360 -3.5 
CDCI, 4.81 4.0 22 000 -5.9 


[a] Values of the solvent dielectric constants (E , )  and Gutmann donor numbers were 
obtained from refs. [5]  and [48]. [b] Association constants (K,) were obtained from 
"single-point'' measurements of the concentrations of the complexed and uncom- 
plexed species in the relevant 'HNMR spectra at 25 "C and using the expression, K, 
= [asym-DB24C8.2-H~PF,]/[asym-DB24C8][2-H.PF6]. [c] The free energies of 
complexation (AG") were calculated from the K, values, using the equation A G  
= - RTlnK,. 


tifs. We also examined the temperature dependence on the asso- 
ciation constant for the [asym-DB 24 C 8 .  2-H][PF6] complex, 
since the K, values are readily obtained by single-point determi- 
nations, in CD,CN. Once again, the resulting van? Hoff plot 
(Fig. 22a) shows an obvious nonlinearity, and an analysis by 
means of Equation (1) provided values for A i T  and - T A P  
over the temperature range from -48 to +85 "C (Fig. 22b). It 
is interesting to note that the association constant reaches a 
maximum value of about 1000 Lmol-I at approximate- 
ly -25 "C. This effect suggests that, as before, a classical van't 
Hoff-style of association does not characterize this system. By 
comparison, the Ka values obtained for the [DB24C8.2-H][PF6] 
complex continued to increase up to a maximum of approxi- 
mately 4000 Lmol- at the lowest temperature studied 
(- 48 "C) in CD,CN. 


The 1 : 1 complex was analyzed by a series of NOE experi- 
ments in which all of the resonances associated with the complex 
were irradiated in turn. The results are summarized in Table 4. 
Irradiation of the signals for the crown ether a- and a'-OCH, 
protons, simultaneously, resulted in the enhancement of the 


resonance for the ortho pro- 
tons of the benzylic groups 
of 2-H .PF6. The signals for 
the p- and f-OCH, protons, 
when irradiated, affected 
positively the intensities of 
the benzyl group's o-CH and 
CH,-N proton resonances. 
When the signals for the y- 
and &protons of asym- 
DB24 C8 were irradiated, 
the o-CH, m/p-CH, and ben- 
zylic proton resonances of 
2-H.PF6 were all enhanced. 
Conversely, when the o-CH, 
m/p-CH, and benzylic 
CH,N+ proton resonances 
were irradiated, all the 
signals for the OCH, 
methylene group protons of 
the crown ether were en- 
hanced. Irradiation of the 
catechol residue's reso- 
nances had little effect on 
any of the resonances of 
2-H .PF,; conversely, the 
catechol resonances were 
not affected by irradiation 
of any of the complexed di- 
alkylammonium salt's reso- 
nances. Saturation transfer, 


O.M)25 0.0035 0.0045 


T-' / K-' 


. .  
220 250 280 310 340 370 


T I K  


Fig. 22. a) The van't Hoff plot ob- 
tained for the association of asym- 
DB24C8 and Z-H.PF, in CD,CN. 
Again, a significant heat capacity is op- 
erative, resulting in the curved set of 
data points. b) The components of en- 
thalpy (AH") and entropy (- TAS") for 
the association (AGO) between 2-H 'PF, 
and asym-DB24C8 in CD,CN as cal- 
culated with Equation (1). An en- 
thalpy-entropy compensation effect is 
obviously responsible for maintaining 
AC" approximately constant over the 
temperature range. 


and some NOE enhancements resulting from this effect, were 
evident in all cases, indicating that, although slow, the dynamic 
processes of complexation and decomplexation are occurring 
with significant rates on the 'HNMR timescale at 400 MHz. 
The fact that the signals for the 0- and benzylic methylene pro- 
tons were affected by irradiation of the crown ether's p-, f - ,  y-, 


Table 4. The effects on other protons in the spectrum of a 1 : 1  mixture of asym-DB24C8 and 2-H.PF6 in CDCI, upon irradiation of signals of the 1 : l  complex [asym- 
DB24C8.2-H][PF6] [a]. 


Irradiated Observed signal [b] 
proton ol/a'-OCH, a/"-OCH, fi//?-OCH, p//POCH, yid-OCH, Catechol Ph-CH, Ph-CH, a-C,H, a-C,H, m,p-C,H, NH, 


compl. uncompl. compl. uncompl. compl. CH's compl. uncompl. compl. uncompl. compl. 


x/x'-OCH, 


P/P'-OCH, 


y/G-OCH, 


catechol 
CH's 


Ph-CH, 


o-C,H, 


mlp-C6H5 


NOE - 


weakNOE - 
to a-OCH, 


strong 
NOE 


weak 
NOE 


weak - 
NOE 


NOE 


NOE 
to fi-OCH, 


weak 
NOE 


weak 
NOE 


weak 
NOE 


weak 
NOE 


- - 


NOEjST NOE 


weak 
NOE 


- weak 
NOE 


- weak 
NOE 


NOE - - 


weak weak 
NOE NOE 


- weak - 


NOE 


weak 
NOE 


- ST 


- NOE 


weak NOE 
NOE 


NOE NOEjST 


NOE ~ 


NOE NOEjST 


weak ~ 


NOE 


NOE NOEjST 


ST 


NOE NOEjST 


weak 
NOE 


weak 
NOE 


weak 
NOE 


weak 
NOE 


NOE 


NOE NOE 


NOE 


[a] The signals associated with the resonances of each of the protons of the 1 : 1 complex were irradiated in turn and a difference spectrum obtained. This Table lists the effects 
observed for all of the other resonances observed in the spectrum. The experiments were performed at 25 "C in CDC1, (ca. 5.0 x lo-' M) at 400 MHz. [b] "NOE" (weak or 
strong) indicates that the relevant signal was enhanced upon irradiation of the probe proton; "ST" refers to a transfer of saturation from the complexed state to the 
uncomplexed state; "NOE/ST" refers to an NOE enhancement of an uncomplexed probe proton-a result of NOE enhancement of a complexed probe followed by saturation 
transfer from the complexed to the uncomplexed states. 
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and 6-OCH2 protons, and vice versa, is in good agreement with 
the proposition that the complex has a pseudorotaxane-like ge- 
ometry in the solution state. These NOE results are very similar 
to those obtained for the [DB24C8.2-H]pF6] complex listed in 
Table I-that is, in this previous case, it is also the o-CH and 
benzylic methylene protons that appear to be in close spatial 
contact with the crown ether OCH, protons. 


4. N, N -  Benzyl - n - butylammonium Hexafluorophosphate (3- 
H .  PF,) and Dibenzo[24JCrown-8 (DB 24 C8) : In the case of the 
first three complexes, we have witnessed the dramatic effects, 
particularly in the 'H NMR spectra, of varying the substituents 
on the dialkylammonium ion from a benzyl to an n-butyl 
g r o u p t h e  dibenzylammonium ion 2-H+ exhibits slow kinetics 
of complexation and decomplexation, whereas the di-n-butyl- 
ammonium ion 1-H + undergoes these processes relatively 
rapidly on the 'H NMR timescale at both 300 and 400 MHz. In 
these two cases, for different reasons, sharp signals are observed 
for the protons in both the host and the guest in their 'H NMR 
spectra. Next, we decided to investigate the effect of introducing 
asymmetry into the dialkylammonium cations complexed by the 
crown ethers. We chose a compromise between the two extremes 
of the 1-H+ and 2-H+ ions by preparing N,N-benzyl-n-butylam- 
monium hexafluorophosphate (3-H .PF,). This salt was expect- 
ed to have kinetics of complexation and decomplexation with 
DB 24 C 8  intermediate between those of the two symmetrical 
ions. Yet again, and perhaps not surprisingly, 3-H.PF, is very 
close to being insoluble in the chlorinated solvents, CHC1, and 
CH,CI, . However, in the presence of one molar equivalent or 
more of DB24 C S a n d ,  indeed, of asym-DB 24C 8-solubility 
of the salt is achieved. The 'H NMR spectrum of a 1 : 1 mixture 
of 3.HPF6 and DB24C8 in a number of different solvents 
shows that the kinetics lie somewhere between those of the com- 
plexes with DB24C8 involving l-H.PF6 and 2-H. PF,. At room 
temperature, the rates of complexation and decomplexation are 
slow enough to result in broad signals for both the host and 
guest proton resonances. Analysis of the complex by FAB mass 
spectrometry reveals (Fig. 23) an intense peak at m/z 612 for the 
1: l  complex, [DB24C8.3-H]+. This peak has an intensity of 
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Fig. 23. The FAB mass spectrum obtained for the 1: 1 complex between DB24C8 
and henzyl-n-butylammonium hexafluorophosphate (3-H .PF,). 


approximately 15 % of the height of the base peak, which can be 
assigned to the uncomplexed 3-H f ion; this suggests that disso- 
ciation of the [DB24C8.3-H]+ complex occurs more readily 
than that of the [DB24C8.2-H]+ complex. This situation is 
consistent with an n-butyl group unthreading itself from 
DB24C8 more readily than a benzyl group. 


X-ray crystallography was performed on suitable single crys- 
tals, providing a solid-state structure for the complex. 
[DB24C8.3-H][PF6] crystallizes with two crystallographically 
independent 1 : 1 complexes (A and B) with distinctly differing 
encapsulation geometries. In both cases, the DB24C8 macro- 
cycle adopts an open "horseshoe" conformation (Fig. 24) with 


Fig. 24. Ball-and-stick representations of the two crystallographically independent 
1 : 1 complexes, A (top) and B (bottom), of [DB24CS.3-HIf in the solid state. In A, 
the [N- H .  . .O] hydrogen bonds have the following distances and angles: . . .O] 
2.99, 3.07A; [H. . .O] 2.11, 2.18A; [N-H...O] 167, 170", respectively; the [C- 
H . . '01 hydrogen bonds have the following distances and angles: [C . ' ' 01 3.29. 
3.36A; [H. . .O] 2.37, 2.43 A ;  [C-H"-O] 161, 162", respectively. In B, the [N- 
H ' .  O] hydrogen bonding geometries are [N . . . O] 3.18, 3.05, 3.02 A;  [H . . . O] 
2.37,2.36,2.21 A; [N-H. . .O] I50,134,150",respectively. The[C-H...O]hydro- 
gen-bondinggeometryis[C. '01 3.16A,[H...O] 2.32Aand[C-H. . .0]  146". 


the two catechol rings inclined by 49 and 46" in the independent 
1 : 1 complexes A and B, respectively. There are two distinct 
threading geometries for the benzyl-n-butylammonium cation 
3-H'. In complex A, the benzyl group is sandwiched approxi- 
mately centrally[541 between the two catechol rings of the host, 
but with the plane of its phenyl ring approximately parallel to 
one of the catechol rings (14" tilt), even though the ring cen- 
troid/ring centroid separation and mean interplanar separation 
(4.34 and 3.91 A, respectively) are too large for any significant 
7c--71 stabilization to occur. The principal host -guest stabiliza- 
tion is a result of both [N-H . . .O] and [C-H . . '01 hydrogen 
bonding to pairs of diammetrically disposed aryl and alkyl ether 
oxygen atoms, with both NH; hydrogen atoms and both 
benzylic methylene hydrogen atoms being utilized as donors 
(Fig. 24, top). In complex B, the cation is directed in the oppo- 
site direction through the center of the DB24 C 8  macrocycle, 
such that the terminal methyl group on the n-butyl substituent 
is positioned between the two catechol rings (cf. the benzyl 
group in complex A). Host-guest binding involves both hydro- 
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gen atoms at the NH; center and one of the benzylic methylene 
hydrogen atoms in the cation with four polyether oxygen atoms 
in the crown ether (Fig. 24, bottom). There is a marked absence 
of any intercomplex [z--713 or [C-H . . .z] interactions. 


A 1 : I  mixture of 3-H.PF6 and DB24C8 was studied by VT 
'HNMR spectroscopy in CDCI,. At 3 3 T ,  very broad 
peaks are observed (Fig. 25 a) for both the host and guest proton 
resonances as a result of slow exchange between complexed 


4.0 3.0 2.0 1 '0 


6 -  
Fig. 25. The partial 'HNMR spectrum at 400 MHz in CDCI, of a solution of 
DB24C8 and 3-H.PF6 in a 1:l molar ratio recorded at a) + 33 "C and b) - 27 "C. 
The spectrum recorded at the higher temperature (a) shows broad signals associated 
with both DB24C8 and 3-H +, indicating that an exchange process is occurring at 
rates approximating to those of the 'HNMR timescale. At the lower temperature 
(b), the signals associated with the OCH, protons on the two heterotopic faces of 
the crown ether appear as separate sets of resonances. 


and uncomplexed states. On warming up the CDCI, solution, 
the spectrum simplifies to a situation characteristic of faster 
exchange. However, the peaks are still quite broad, and a sub- 
stantial amount of decomplexation undoubtably also occurs, 
since the chemical shifts of the signals more closely resemble 
those of the two uncomplexed components. On cooling the 
sample down to -27 "C (Fig. 25 b), however, the signals associ- 
ated with the three different OCH, groups of DB24C8 separate 
into two multiplets in each case on account of a very slow rate 
of decomplexation. The outcome is that heterotopicity charac- 
terizes the two faces of the crown ether as a consequence of the 
constitutional asymmetry of the 3-H+ ion: one face of the 
DB24 C 8 ring experiences the shielding influence of the benzyl 
group, while the chemical shifts of the other face are affected 
only slightly by the presence of the n-butyl chain.[551 Low-inten- 
sity signals, which correspond to the resonances of both free 
DB 24 C8  and free 3-H.PF,, are also present in the spectrum. By 
measuring the coalesence temperatures associated with both the 
2- and P-OCH, methylene group resonances, we have obtained 
an estimate for the activation energy barrier for the process of 
the 3-Hi ion decomplexing from DB24C 8, reorienting itself, 
and complexing once again with the crown ether. The AG* 
value was to be approximately 14.6 kcalmol-' based 
on the two probe protons (a-OCH,: T, = + 36"C, limiting 
chemical shift difference (Av) at low temperature of 86 Hz; j- 


OCH, : = + 15 "C, Av = 35 Hz). These coalescence tempera- 
ture measurements are rendered difficult by the dissociation of 
the complex on heating. On approaching the coalescence tem- 
perature for the resonances of the various different probe pro- 
tons, the signals for a significant amount of uncomplexed crown 
ether interfere with the signals of one or other of the two reso- 
nances associated with each OCH, group, making the accurate 
determinations of the coalescence temperatures a difficult task. 
Coalescence of the signals for the y-OCH, protons was not 
observed on account of the fact that total dissociation of the 
complex occurs before the coalescence temperature is reached in 
the case of this particular probe. 


5. N,N-Dibenzylammonium Hexafluorophosphate (2-H . PF,) 
and Bis(pphenylene)[34]Crown-lO (BPP34 C 10) : So far, we 
have considered only complexes of macrocyclic pol yethers of 
the [24]crown-8 constitution (DB24C8, asym-DB24C8) with 
secondary dialkylammonium ions (l-H', 2-H+, 3-H'). We also 
became interested in studying the behavior of other crown 
ethers+specially larger ones-toward binding the ions l -H+,  
2-H+ and 3-H'. A crown ether that has been used extensively 
in the past within our research group is bis(ppheny1ene)- 
[34]crown-10 (BPP34C 10). This macrocyclic polyether has 
proven to be remarkably effective in the template-directed syn- 
theses of [n ] ro t axane~[~~~ .  and [n]catenane~[~~'  as a result of 
its strong association with bipyridinium and related dicationic 
units in dumbbell-shaped and cyclophane components, respec- 
tively. BPP34 C 10 was prepared initially by Cram and co-work- 
ersllZc1 who thought it might be a suitable receptor for binding 
two primary alkylammonium ions (RNH:) simultaneously 
within its two polyether loops as a result of the presence of two 
discrete three-point [N-H . . . 01 hydrogen bonding motifs. 
However, the association constants for the binding of ammoni- 
um (NH:) and tert-butylammonium (tBuNH:) picrates with 
BPP34C10 were found to be approximately three orders of 
magnitude lower than those for the binding of these same 
cations with 18 C6 derivatives. Poor preorganization was sug- 
gested by the authors as an explanation for the weaker binding. 
The question we asked ourselves was what its complexation 
behavior would be toward secondary dialkylammonium ions 
(R,NH;) where two-point [N-H .. '01 hydrogen bonding 
might be expected to occur. 


N,N-Dibenzylammonium hexafluorophosphate (2-H.PFJ 
can be dissolved in CHCl, and CH,Cl, in the presence of an 
equimolar amount of 
BPP34C10. However, 
the 'HNMR spec- 
trum, obtained after fil- 
tration of a suspension 
of an excess of 2-H . PF, 
in CD,Cl, containing 
BPP34C10, showed a 
stoichiometry associat- 
ed with a 1:2 com- 
plex, [BPP 34 C 10. 


The fact that 2 molar 
4!0 3!5 3!0 


6 
(2-H)21[PF,12 (Fig. 26). 


equivalents of the salt 
are taken up into solu- 
tion suggests that the 


Fig. 26. A partial 'H NMR spectrum obtained 
in CD,CI, following extraction of a suspension 
of dibenzylammonium hexafluorophosphate 
(2-H.PF,) by BPP34C10. A situation of fast " .  


association constants kinetic exchange results-by integration of 
for the com~lexes the appropriate signals a stoichiometry for 


formed are higc (ca. 
103-104 Lmol-'). The 


the complex is determined as being 1.2 
(host :guest). The association constants for this 
process are estimated to be of the order of 


'H NMR spectrum re- lo3-lo4 Lmol-' 
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corded at 400 MHz reveals a time-averaged set of signals for 
both the host and guest, indicating that fast kinetic exchange is 
occurring between complexed and uncomplexed states. Signifi- 
cant changes are observed[571 in the chemical shifts of the benz- 
ylic methylene protons in the 2-Hf ion and of the y- and 6- 
OCH, protons in BPP34C 10 relative to the 6 values obtained 
when they are in their uncomplexed states. Crystals of this com- 
plex were subjected to FAB mass spectrometry and gave 
(Fig. 27) an ion of mass m/z of 1077, corresponding to the 1 :2 
complex having lost one of its PF; counterions, as well as a 
much more intense peak at m/z 734 for a complex with 1 : 1 
stoichiometry minus one of its PF, counterions. 
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Fig. 27. The FAB mass spectrum obtained from crystals grown of the 1 : 2  complex 
betweenBPP34C10and2-H.PF6. Thepeakofhighest massisthatfoundfora 1:2 
complex: t h s  ion has an abundance of less than 1 % relative to the base peak, which 
correponds to the uncomplexed, but protonated, BPP34C 10. 


Single crystals, suitable for X-ray analysis, were grown from 
an equimolar solution of 2-H.PF6 and BPP34C10 in an ace- 
tone-pentane mixture of solvents. An intriguing centrosym- 
metric superstructure characterizes this complex with its 1 : 2 
stoichiometry (Fig. 28). Two 2' ions are threaded through the 
cavity of BPP34C10, and the [N. . .N]  distance is 8.4A. The 
macrocycle adopts an open centrosymmetric geometry with par- 
allelly aligned hydroquinone rings (syn geometry) and a cen- 
troid/centroid distance of 6.99 A, similar to that found in one of 
the two molecules present in the unit cell of the crystal struc- 
t ~ r e ' ~ ~ ~ ]  of the free macrocycle. The dialkylammonium ions 
adopt a conformation quite different from that of the "gull- 


- 
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Fig. 28. The superstructure of the 1.2 complex of IBPP34C lO. ( t -H) , ] '+  in the 
solid state. The [N-H. . .O] hydrogen bonds have the following distances and 
a n g l e s : [ N . ~ . 0 ] 2 . 8 3 , 2 . 8 2 ~ , [ H . . . 0 ] 2 . 1 0 , 2 . 0 6 ~ , [ N ~ H ~ ~ . 0 ] 1 3 7 ,  141". 


wing" observed in the [DB24C8.2-H][PF6] and [asym- 
DB24CS.2-H][PF6] complexes. In this 1 :2 complex, an anti- 
gauche arrangement is favored about the C-N-C bonds. The 
NH: centers are located slightly above and below the plane of 
the macroring, respectively. The complex is stabilized by two 
[N-H . . . 01 hydrogen bonds in the case of each dibenzylammo- 
nium ion. Although bifurcated, the shortest of the NH: hydro- 
gen bonds are with adjacent aliphatic ether oxygen atoms on the 
same polyether chain of the macrocycle, that is, a 1,2-adjacent, 
rather than the more usual 1,3-alternate, hydrogen-bonding 
motif is observed. There appear to be no [N-C-H . . .O] hydro- 
gen bonds. Although these types of hydrogen bonds occur in the 
crystal structures involving the 24C8-sized macrocycles, be- 
cause the hydrogen atoms of the NHl-CH, groups are sur- 
rounded by polyether oxygen atoms, BPP34C 10 cannot partic- 
ipate in this additional hydrogen bonding simply because the 
p-phenylene groups in the crown ether dictate that the two 
polyether loops are far too distant from each other to sustain 
[N-C-H . . '01 hydrogen bonds. Further stability is conferred 
upon the [BPPMC l0.(2-H),][PF6], complex, in the absence of 
[N-C-H . . '01 hydrogen bonding, by aromatic-aromatic 
edge-to-face  interaction^'^^] between the n face of a phenyl ring 
of each 2-H + cation and an ortho-hydroquinone hydrogen atom 
of the crown ether (centroid/centroid separation, 5.06 A; 
H .  . . ring centroid distance, 2.73 A;  C-H . . .centroid angle, 
171 "). There are no dominant stabilizing interactions between 
the 1 :2 complexes. However, as in the case of the [DB24C8.1- 
H][PF,] and [DB24 CS.2-H][PF6] solid-state superstructures, 
the crown ether components in the lattice of the complex 
[BPP34C l0.(2-H),][PF6], align themselves so as to form chan- 
nels in the crystallographic c direction (Fig. 29), conjuring up 
the prospect of doubly threaded polyrotaxanes. In this stack, the 
distance between the closer of the N' centers is 6.9 A. This 1 :2 
complex is a rare example of a double-stranded pseudorotax- 
ane. Up until now, superstructures such as these have been 
found most commonly in the inclusion complexes of y-cyclodex- 
t r i n ~ . [ ~ ~ I  


Fig. 29. Ball-and-stick representation showing the pseudopolyrotaxane stacking 
motif in the crystals of [BPP34C10.(2-H),]*+. 


6. a,a'-Bisbenzylammonium-p-xylene Bis(hexafluorophosphate) 
(4-H, .[PF,],) and Bis(pphenylene)(34]Crown-l0 (BPP34 C 10) : 
All the complexes described so far have relied upon the involve- 
ment of secondary dialkylammonium salts bearing one ammo- 
nium center (1-H'PF,, 2-H.PF,, and 3-H.PF6). We have found 
in some of these complexes in the solid state that channels are 
formed in which crown ether molecules are aligned in a manner 
reminiscent of polyrotaxanes. We observed in [BPP34 C 10.(2- 
H),][PF,], that two dialkylammonium ions may be accommo- 
dated within the cavity of BPP34C10. The next question was 
what the effect would be of complexing a bisdialkylammonium 
salt with this macrocyclic polyether. Would a 1 : 1 complex be 
formed in which both NH: centers are accommodated within 
the same macrocycle, would two crown ether rings encircle the 
same threadlike molecule, or would a 2:2 complex be formed 
between two bisdialkylammonium dications and two crown 
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ethers? As a first step toward building up oligomeric systems, we 
prepared a&-bisbenzylammonium-p-xylene bis(hexafluor0- 
phosphate) (4-H, .[PF,],) by a simple sequence of reactions 
from commercially available starting 


The bisammonium salt 4-H, .[PF6J2 is soluble in polar organic 
solvents such as MeCN, Me,CO, DMSO, and MeOH, but is 
insoluble in the halogenated solvents, CHCI, and CH,Cl,. Un- 
like the dialkylammonium salts discussed previously, it is not 
possible to dissolve 4-H,.[PF6], in CHCI, and CH,Cl, even in 
the presence of several molar equivalents of BPP34C10. The 
insolubility results possibly from having to solvate two NH; 
centers simultaneously, a process which is 
entropically unfavorable. However, a 1 : 1 
mixture of BPP34C10 and 4-H;[PF6],, 
when dissolved in CD,CN, may be diluted 
with CD,Cl, (3 v/v relative to CD,CN) 
such that the ammonium salt remains in 
solution. In the 'HNMR spectrum, sub- 
stantial shiftsr6'] are observed for the ben- 
zylic methylene protons and for the aromat- 
ic protons associated with the central 


hydroquinone residues are somewhat twisted from the parallel 
arrangement observed in the 1 : 2 complex and are inclined by 30 
and 26" with ring centroid/ring centroid distances of 7.18 and 
7.00 A, respectively. The conformations of the 4-H:+ dications 
are quite similar and adopt "gull-wing'' conformations (all-anti 
C-CH,-NH,-CH,-C backbone) about the NH: centers, with a 
syn arrangement about the central p-xylyl unit (NH,-CH,- 
C,H,-CH,-NH,). As in the case of the 1 : 2 complex discussed in 
Section 5, the [(BPPMC lo), .(4-H2),I4' complex packs with 
the macrocycles forming a tubular array in the crystallographic 
b direction (Fig. 31). 


p-xylyl group of the bisdialkylammonium 
salt, indicating that a complex of some kind 
is formed in solution. Crystals of the com- 
plex were analyzed by FAB mass spectrometry. A peak for a 2:2 
complex is not observed in the mass spectrum; rather, a peak at 
m/z 999, which corresponds to a 1 : 1 complex with the loss of 
one PF, counterion, is observed. 


Single crystals were obtained from a 1 : l  mixture of 
BPP34C 10 and 4-H,.[PF6], in an acetone solution when it was 
layered with pentane. These crystals proved to be suitable for 
X-ray crystallographic analysis. The superstructure is depicted 
in Figure 30 and, surprisingly, it is that of a 2:2 complex, ob- 


Fig. 31. Part of the 
to right. 


Fig. 30. The superstructure ofthe 2:2complex 0f[(BPP34C10),.(4-H,),]~+ in the 
solid state. The [N-H...O] hydrogen bonds have the following distances and 
angles: [N...O] 2.85-3.01 A, [H. . .O] 2.02-2.27& W-H...O] 127-168". The 
[C-H . . '01 hydrogen bonds have the following distances and angles: [C . ' ' 01 
3.25-3.43A, [H...O] 2.32-2.48& [C-H...O] 158-167". 


tained from the threading of two dications 4-H:' through two 
adjacent macrocycles, to give a double-stranded, doubly thread- 
ed pseudorotaxane! The 2:2 complex [(BPP34C10),.(4- 
H,),],' is stabilized in the crystal by a series of hydrogen 
bonds-ten [N-H...O] and four Ir\r-C-H...O] close con- 
tacts. All four NH: center-polyether interactions are different, 
since the conformations of both macrocycles and both dications 
are nonequivalent; that is, the complex is totally asymmetric. 
The macrocycles adopt conformations similar to that observed 
in the [BPP34C10.(2-H),]2+ complex (e.g., a syn geometry is 
adopted with respect to the hydroquinone units), although the 


; lattice of the [(BPPMC 10)z.(4-H,),]4f complex, with the channels running from left 


Does a 2 : 2 complex exist in the solution and "gas" phases as 
well? This question is difficult to answer with certainty in the 
solution state by 'H NMR spectroscopy where we detect a com- 
plex with (empirical) 1 : 1 stoichiometry. In the mass spectrum, 
we observe a peak for an ion with 1 : 1 stoichiometry (m/z 999). 
This peak was confirmed to arise from a 1 : 1 complex-and not 
a doubly charged 2 :  2 complex-by the characteristic isotope 
pattern for this ion, which showed increments of approximately 
one Dalton between peaks. The remarkable assembly formed in 
the solid state is a rare example of a double stranded and doubly 
encircled superstructure, only proposed in the literature previ- 
ously for inclusion complexes of 8- and y-cy~lodextrin.~'~~ The 
X-ray crystal structure suggests an intriguing possibility of link- 
ing the two termini of each dication with a suitable spacer group 
to prepare novel [4]catenanes in which each macrocycle is cate- 
nated by two other macrocycles (Fig. 32). Another possible de- 


Fig. 32. A cartoon representing the progression conceptually from the double en- 
circled and doubly threaded 2:2 complex, [(BPP34C10),.(4-H,)z]4f, to a novel 
class of [4]catenane in which each macrocycle is catenated by two other macrocycles. 


velopment would be the formation of polyrotaxanes, where two 
independent polymer chains are threaded through the same 
macrocycle. Thus, the macrocycle could be viewed as a nonco- 
valent cross-linking agent. Since the polymers would be based 
on polydialkylamines, it might be possible to control polymer 
gelation by changes in pH. 


7. a,a'-Bisbenzylammonium-p-xylene Bisfiexafluorophosphate) 
(4-H,.[PF6],) and Dibenzo(24]crown-8 (DB24C8): In the 
knowledge that the bisammonium salt 4-H, .[PF6], leads to a 
2:2 complex with BPP34C10, we expected this dication to be a 
suitable candidate to form a 2 :  1 (host:guest) complex with the 
smaller crown ether, DB24 C 8. This expectation was justified by 
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the results we obtained. Although the salt does not dissolve in 
a CHCI, solution containing DB 24 C 8, once 4-H2. [PF,], is dis- 
solved in the minimum amount of CD,CN, the crown ether can 
be added as a CHCI, solution without precipitation of the salt. 
Indeed, in this manner, a solution containing relatively little 
CD,CN may be prepared without precipitation of the complex. 
This observation indicates that a complex forms-probably 
with a [3]pseudorotaxane geometry-in what is effectively a 
CDCI, solution, with high association constants (ca. 
104Lmol-'). The 'HNMR spectrum of a 2:l mixture of 
DB24C8 and 4-H,.[PF6], in CD,CN is complex. Since the 
association constants for the equilibria are expected to be of the 
order of approximately 10' Lmol-', and slow complexation 
and decomplexation is expected to prevail on the 'HNMR 
timescale at 300 MHz as a result of the difficulty of threading a 
phenyl ring through a 24-membered ring, one might expect that 
the 'HNMR spectrum would reveal the presence of free 
DB24C8 and free 4-H,.[PF6],, as well as the 1 : 1 and 2: 1 com- 
plexes formed between the two species. These four discrete spe- 
cies are indeed all observed in solution at room temperature in 
CD,CN. In order to determine which resonances correspond to 
the 2: 1 complex, the spectrum of 4-H;[PF6I2 was recorded in a 
CD,CN-CDCI, mixture (1:l v/v) with a large excess of 
DB24CS (10 molequiv). Because of the slow kinetics and large 
association constant in the case of the less polar solvent, a situ- 
ation arises in which only two major species are observed in 
solution-the 2: 1 complex, [(DB24C8),.4-H,][PF6],, and ex- 
cess of the uncomplexed DB 24 C 8  (Fig. 33). The signals for the 
protons of the two different benzylic methylene groups in the 


[(DB24C8),. 
4-H2I2+ 


I 


415 410 315 


6 
Fig. 33. The partial 'H NMR spectrum of a 
10: 1 mixture of DB24C8 and the bisammoni- 
um salt, 4-H,.[PF6],, in CD,CN/CDC13 (I: 1, 
vlv). The excess of crown ether and the use of 
a solvent mixture which is a poor hydrogen- 
bond donor results in a situation where two 
major species exist in solution-the 2: l  com- 
plex, [(DB24CS),~4-H2][PF,1,, and excess of 
uncomplexed DB24CS. 


[[(DB24C8)2.4-H2][PF6])+ 


4-Hi+ dication appear 
as two multiplets as a 
result of coupling to 
the NH: protons when 
they are complexed 
within the macrocyclic 
polyether. The crown 
ether resonances are 
shifted quite substan- 
tially from the 6 values 
observed for the pro- 
tons of the uncom- 
plexed crown ether, 
and the resonances of 
the protons on the two 
faces of the macrocycle 
(i.e., the OCH,H, 
groups of the polyether 
chains) are separated 
into two sets of reso- 
nances each, since the 


20- 


10- 


0- 


two faces of the crown ether are heterotopic in the complex. One 
face is directed toward the central p-xylyl unit and the neighbor- 
ing crown ether, whereas the other face is directed toward a 
terminal benzyl group. Thus, heterotopicity is induced in the 
two faces of the complexed crown ether, in a manner similar to 
that observed for the 1 : 1 complex found between DB24 C8 with 
the benzyl-n-butylammonium salt, 3-H 'PF,, at low tempera- 
tures. The stoichiometry of the complex formed between 
DB 24C8 and the 4-H:+ dication is readily determined to be 2: 1 
(host: guest) by the relative integration of the signals associated 
with the resonances of both the complexed host and guest. 


FAB Mass spectrometry on crystals grown of the complex 
results (Fig. 34) in a peak at m/z 1360 corresponding to a 2: 1 
complex having lost one of its counterions. The base peak at m/z 
765 in the mass spectrum corresponds to that of a 1 : 1 complex 


1360 
1 1 


607 


1 . a  ' -  " ' . 


709 - 728 


1 t_ [DB24C8,4-Hli 


30i I I  


which has lost both of its counterions. The peak for the 2:l  
complex has an intensity of approximately 10 O h  of the height of 
the base peak, indicating that a reasonably strong 2 :  1 complex 
exists in the "gas phase", as well as in solution. 


The superstructure of the complex was determined by X-ray 
crystallography on suitable single crystals. Indeed, a 2: 1 com- 
plex is formed (Fig. 35) in which one bisdialkylammonium dica- 


Fig. 35. Thesuperstructureofthe2:l complex0f[(DB24C8),~4-H,]~+ in thesolid 
state. The [N-H . ' O] hydrogen bonds have the following distances and angles: 
[N~~~0]3.10,3.05,3.00A,[H~~~0]2.25,2.39,2.33A,[N-H~~~0]155,133,131". 
The [C - H . . 01 hydrogen bonds have the following distances and angles: [C . . .O] 
3.24 A, [H '.. 01 2.30 A, [C-H.. '01 163". 


tion 4-H:+ is encircled by two DB24C8 macrocycles. The 2: 1 
complex is centrosymmetric with respect to the central p-xylene 
ring and is stabilized by a total of six [N-H.. .O] and two 
[N-C-H . . '01 hydrogen bonds. The [N-H . . . 01 hydrogen 
bonds are directed in a 1,3-alternate arrangement at oxygen 
atoms that straddle catechol units, although they are somewhat 
bifurcated. In addition to the hydrogen bonds, the complex is 
stabilized by an almost parallelly alligned n - - ~  stacking motif 
between the central p-xylyl ring and one catechol unit from each 
macrocycle. These rings are inclined by approximately 5" and 
have ring centroid/ring centroid separations of 3.65 A. The 2: 1 
complexes are associated (Fig. 36) in the crystallographic a di- 
rection by a [C-H . . . n] interaction between one of the phe- 
noxymethylene CH groups in one DB24CS of a 2: 1 complex 
and the other catechol ring in its lattice-translated counterpart. 
The [H t . .  n] distance is 2.71 A and the [C-H . . . n] angle is 146" 
There is no sign of channel formation in the lattice. However, 
we see quite clearly the prospect of pseudopolyrotaxanes within 
the complexes-all that would be required would be a polydi- 
alkylammonium threadlike polymer with suitably spaced NH: 
centers. 
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Fig. 36. The linkingof2:l complexes, [(DB24CS)2~4-H,]2+, in thecrystallograph- 
ic a direction through [C-H. . .R] interactions. 


8. a,a'-Bisbenzylammonium-p-xylene Bis(hexafluorophosphate) 
(4-H,. [PF,],) and Asym-Dibenzo[24]crown-8 (asym-DB24 C 8): 
Since DB24C8 complexes with the dication 4-H;' we might 
expect that asym-DB24C8 should also be a suitable host for 
this particular guest. This is indeed the case. A 'H NMR spec- 
trum of a 2:l mixture of asym-DB24C8 and 4-H;[PF6],, 
recorded in CD,CN at room temperature, provides evidence for 


4!5 410 3!5 
6 


Fig.37. The 'HNMR spectrum of a 1O:l 
nirxture of asym-DB24C8 and 4-H;[PFJ2 in 
CDCI,/CD,CN (1:l). The excess of crown 
ether and the nonpolar solvent results in a situ- 
ation in which two major species are present- 
the 2.1 complex, [(asym-DB24C8),.4- 
H2][PF6],, and excess of the uncomplexed 
asym-DB 24 C 8. 


a complicated mixture 
of four species-free 
asym-DB 24 C 8  and 
free 4. (HPF,), , as well 
as 1:l and 2:l  com- 
plexes-being formed 
between the host and 
guest. A spectrum 
recorded in CD,CN/ 
CDCI,, with 10 molar 
equivalents of asym- 
DB 24 C 8 relative to the 
dication, shows pre- 
dominantly two of 
these species (Fig. 37)- 
the 2 : 1 complex and ex- 
cess of the free crown 
ether. By integration of 
the appropriate signals, 


the stoichiometry of the complex was confirmed to be 2 : l  
(host:guest). A peak in the FAB mass spectrum at m/z 1360 
corresponding to the 2 :  1 complex, after loss of one of its PF; 
counterions, was detected (Fig. 38), along with the base peak in 
the spectrum at m/z 765 for a 1 : 1 complex having lost its two 
counterions. 
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Fig. 38. The FAB mass spectrum of crystals grown of the 2.1 complex, [(asym- 
DB24 C S), .4-H2][PF,], . 


The X-ray structural analysis confirms that both in solution 
and in the solid state a 2:l complex is formed with the N,N'- 
dibenzyl-p-xylenediammonium dication (4-H:+) threaded 
through the centers of two asym-DB 24C8 macrocycles 
(Fig. 39). The dication has an anti geometry with the central 


Fig. 39. Ball-and-stick representation of the 2: 1 complex formed between asym- 
DB24C8 and 4-H:+ in the solid state. The [N-H ' '0) hydrogen bond geometries 
are: [N .. .O] 2.83.2.91 A; [H . .  '01 1.97,2.22 A; and [N-H' .O] 160,164", respec- 
tively. The [C-H".O] hydrogen bond geometry is [C. . .O] 3.33A, [H . . .O]  
2.42A, [C-H".O] 158". 


p-xylyl ring positioned on a crystallographic symmetry center. 
The geometry of each PhCH,NH:CH,C,H, unit is very similar 
to that observed for the monocation in the 1 : 1 complex involv- 
ing [asym-DB24C8.2-H]+. In the 2:l complex, the two phenyl 
rings are approximately orthogonal (72 and 90") to the C-CH,- 
NH:-CH,-C backbone with their associated phenyl and 
phenylene rings folded over the longer of the two polyether 
linkages. It is noteworthy that, in the 2: 1 complex, the confor- 
mation of the long polyether linkage reverts to a "normal" 
all-gauche geometry. The 2: 1 complex is stabilized by pairs of 
both [N-H . . .O] and [C-H . . '01 hydrogen bonds; the former 
are directed toward the second and third oxygen atoms of the 
long polyether linkage (cf. the second and fourth oxygen atoms 
in the 1 : l  [asym-DB24C8.2-H]+ complex), whilst the latter 
occurs between one of each of the p-xylyl methylene CH groups 
of the dication and one of the catechol oxygen atoms within 
each asym-DB 24C8. Noticeably, significant intercomplex 
[K . . .7c] and [C-H . . . IT] interactions are absent. There is a mar- 
ginal intercomplex interaction involving the benzyl rings of the 
dication within one complex and one of the catechol rings of 
another complex. This interaction involves a minimal overlap 
between approximately parallel ring systems (12" interring tilt 
angle) with a ring centroid/ring centroid se aration of 4.08 A 
and a mean interplanar separation of 3.18 A" . 


Conclusions and Reflections 


Our tour of the secondary dialkylammonium salt complexes has 
come full circle (Fig. 40). We began by looking at four 1 : 1 
complexes between monocationic salts and small crown ethers: 
then we extended the size of the macrocycle to accommodate 
two ammonium salts and formed a 1:2 complex, we added a 
second cationic recognition site for the macrocycle and formed 
a 2:2 complex, and finally we reduced the macrocycle down to 
its original size to form two 2: 1 complexes. This conceptually 
simple line of investigation has produced some fascinating su- 
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Fig. 40. Cartoon representations of the types of pseudorotaxanes described in this 
paper. By enlarging or reducing the size of the crown ether rings (black rings) or by 
adding or removing NH; centers (+) in the threadlike components (white bars) we 
have managed to prepare examples of all four of these supermolecules of varying 
stoichiometries. 


perstructures, proving that crown ether chemistry, although as- 
sociated very much with the beginnings of the ever-expanding 
science of supramolecular chemistry, is still capable of produc- 
ing quite spectacular results. That something as simple as bind- 
ing secondary dialkylammonium ions with the "first" macro- 
cyclic polyethers is only now being explored after nearly thirty 
years of crown ether chemistry, shows that important new dis- 
coveries can still be made by looking at very simple supramolec- 
ular systems. 


Experimental Procedure 


Materials and Methods: DB24C8 was purchased from Aldrich. Asym-DB24C8 [I] 
and BPP34C 10 [36] were prepared according to literature procedures. Other chem- 
icals were purchased from Aldrich and used without further purification. Solvents 
were either employed as purchased or dried according to procedures described in the 
literature. Melting points were determined on an Electrothermal 9200 apparatus 
and are uncorrected. 'H NMR spectra were recorded on either a Bruker AC 300 
(300 MHz) spectrometer or a Bruker AMX400 (400 MHz) spectrometer with either 
the solvent as reference or TMS as the internal standard. ',C NMR spectra were 
recorded on a Bruker AC300 (75.5 MHz) spectrometer using the JMOD pulse 
sequence. All chemical shifts are quoted on the 6 scale. All coupling constants are 
expressed in Hertz (Hz). Fast atom bombardment mass spectra (FABMS) were 
obtained from a Kratos MSIORF mass spectrometer coupled to an off-line Sun 
workstation for processing raw-data experiments. The atom gun was an adapted 
saddle-field source (Ion Tech) operating at 7 keV with a tube current of ca. 2 mA. 
Krypton was used to provide a primary beam of atoms, and samples of the mole- 
cules were dissolved in a small volume (ca. 1-2 bL) of m-nitrobenzyl alcohol and 
loaded on to a stainless steel probe tip. Spectra were recorded in the positive-ion 
mode at a scan speed of 10s per decade. Liquid secondary-ion mass spectra 
(LSIMS) were obtained from a VG Zabspec mass spectrometer using a m-nitroben- 
zyl alcohol matrix and operating in the positive-ion mode at a scan speed of 5 s per 
decade. Microanalyses were performed by the University of Sheffield Microanalyt- 
ical Service. 


General Procedure for the Synthesis of [R,NH,][PFJ Salts: HCI(201, 250 mL) was 
added to R,NH (ca. 25 mmol), and the solution stirred for 4 h. Solvent was re- 
moved under vacuum and the residue dissolved in H,O (100mL). Saturated 
aqueous NH,PF, was added until no further precipitation occurred. The white solid 
was filtered off and dried. 


Di-n-butylammonium Hexafluorophosphate (I-H'PF,): Yield 92 %; m.p. 187- 
188 "C; MS (CI): m/z  130 [ M  - PF,]+; 'H NMR (300 MHz, CDCI,): S = 0.97 (t, 
J =7.5 Hz, 6H;  CH,), 1.36-1.48 (m. 4H;  yCH,), 1.74-1.85 (m, 4H; p-CH,), 
2.96-3.05 (m, 4H; a-CH,). 7.65 (brs, 2H;  NH,); ',C NMR (75 MHz, CDCI,): 
6 =13.5 (CH,), 19.9 (yCH,), 27.6 (p-CH,), 47.6 (a-CH,); calcd for C,H,,NPF,: 
C 34.91, H 7.27, N 5.09%; found: C 35.03, H 7.39, N 5.11%. 


Dibenzylammonium Hexafluorophosphate (2-H 'PF,): Yield 91 Yo ; m.p. 205-208 "C; 
MS (FAB): m / z :  198 [ M  - PF,]'; 'HNMR (300 MHz, CD,SOCD,): 6 = 4.20 ( s ,  
4H; CH,), 7.39-7.53(m, lOH;aromaticprotons),9.19(brs,2H; NH,); "CNMR 
(75 MHz, CD,SOCD,): 6 = 50.3 (CH,), 128.8 (aromatic CH). 129.1 (aromatic 
CH), 130.0 (aromatic CH), 131.9 (ipso-C); calcd for C,,H,,NPF,: C 48.98, H 4.66, 
N 4.08%; found: C 48.72, H 4.53, N 4.28%. 


Benzyl-n-butylammonium Hexafluorophosphate (3-H.PF6): Yield 67%; m.p. 155- 
358°C; MS (FAB): m/z 473 [ 2 M  - PF,]+, 164 [M - PF,]'; 'HNMR (300 MHz, 


CD,CN): 6 = 0.93 (t. J=7 .5  Hz, 3H; CH,), 1.37 (m. 2H; y-CH,), 1.63 (m, 2H: 
p-CH,), 3.01 (m, 2H;  a-CH,), 4.15 (s, 2H; benzylic CH,), 7.48 (s. 5H;  aromatic 
protons); "C NMR (75 MHz, CD,CN): S =13.7 (CH,), 19.6 (?-CH,), 28.0 (/3- 
CH,), 48.5 (Z-CH,), 52.2 (benzylic CH,), 128.9 (ipso-C), 130.0 (aromatic CH), 
130.6 (aromatic CH), 131.0 (aromatic CH). Calcd for C,,H,,NPF,: C 42.73, H 
5.87, N 4.53%; found C 42.59, H 5.81, N 4.70%. 


a,a'-Bisbenzylammonium-p-xylene Bis(hexafluorophosphate) (4-H,. [PF,],) : A solu- 
tion of benzylamine (5.14 g, 0.048 mmol) and terephthaldehyde (3.26 g, 0.024 mol) 
was heated under reflux in toluene (200 mL) with stirring in a Dean-Stark appara- 
tus for 10 h. After the reaction mixture had been allowed to cool down to room 
temperature, the solvent was evaporated off under vacuum to give the 1,4-bis(ben- 
zy1iminomethyl)benzene as a brown solid ['H NMR (CDCI,, 300 MHz): S = 4.84 
(s, 4H;  NCH,), 7.18-7.47 (m, 10H; C,H,), 7.82 (s, 4H;  C,H,). 8.41 (s, 2H;  
N=CH)]. which was dissolved in MeOH (50 mL). NaBH, (3.80 g, 0.10 mol) was 
added in small portions to the reaction mixture, which was heated under reflux with 
stirring for 8 h. It was then allowed to cool down to room temperature and concen- 
tratred HCI was added (pH<2). After evaporation of the solvent, the residue was 
suspended in H,O (30 mL) and extracted with CH,CI, (4 x 30 mL). The combined 
extracts were washed with 5 %  aqueous NaHCO, (2 x 60 mL) and H,O (50 mL), 
and the dried (MgSO,). Removal of the solvent under vacuum afforded 1,4-bis(ben- 
zyaminomethyl)benrene (4.00 g) as a colorless solid ['HNMR (300 MHz, CDCI,): 
6 = 3.80 (s, 4H;  NCH,), 3.81 (s, 4H: NCH,), 7.15-7.45 (m, 14H; aromatic pro- 
tons)] of which 2.00 g (0.006 mol) was dissolved in MeOH (30 mL). Concentrated 
HCI was added (pH < 2 ) .  and the reaction mixture was stirred for a further hour. 
Evaporation of the solvent afforded a colorless solid, which was suspended in 
Me,CO (30 mL). An aqueous solution of NH,PF, was added until dissolution 
occurred. Evaporation of Me,CO afforded colorless crystals of 4-H, .[PF6], , which 
were isolated, washed with H,O, and air-dried (3.50 g, 90%, m.p. 238 "C with 
decomp.). MS (FAB): m/z  463 [M-PF,]'; 'HNMR (300MHz, CD,CN): 
6 = 4.24 (s, 4H;  N'CH,), 4.25 (s, 4H; N+CH,), 7.45-7.51 (m, 10H; C6H,), 7.52 
( s ,  4H;  C,H,); 13C NMR (CD,CN): 6 = 51.6 (N'CH,), 52.4 (N'CH,), 129.9. 
130.6, 131.0, 131.2, 131.6, 132.9. An analytical sample was obtained of the dihy- 
drochloride salt 4-H2.2C1: calcd for C,,H,,N,CI,: C 67.88, H 6.68, N 7.19%; 
found C 67.74, H 6.57. N 7.13%. 


[DB24C8- l-H][PF,]: Single crystals suitable for X-ray crystallography were grown 
by liquid diffusion of n-hexane into an equimolar solution of DB24C 8 and I-H .PF, 
in CHCI,. 


[DB24C8-2-H][PF6]: Single crystals suitable for X-ray crystallography were grown 
by liquid diffusion of n-hexane into an equimolar solution of DB24C 8 and 2-H .PF, 
in CHCI,. 


[Asym-DB24C8.2-H][PF6]: Single crystals suitable for X-ray crystallography were 
grown by liquid diffusion of n-hexane into an equimolar solution of asym-DBZ4C 8 
and Z-H'PF, in CHCI,. 


[DB24C8-3-H][PF6]: Single crystals suitable for X-ray crystallography were grown 
by liquid diffusion ofn-hexane into an equimolar solution of DB24C8 and 3-H .PF, 
in CHCI,. 


[BPP34C 10.(2-H),][PF,],: Single crystals suitable for X-ray crystallography were 
grown by liquid diffusion of n-pentane into an equimoiar solution of BPP34C10 
and Z-H'PF, in Me,CO. Needles ofBPP34C 10 were also formed initially from this 
mixture, hinting that the complex would have more than one equivalent of 2-HPF6 
in the crystal. 


[(BPPMC 10),'(4-H,),][PF6],: Single crystals suitable for X-ray crystallography 
were grown by liquid diffusion of n-pentane into an equimolar solution of 
BPP34ClO and 4-H,.2PF6 in Me,CO. 


[(DB24CS),'4-H,][PF6],: Single crystals suitable for X-ray crystallography were 
grown by vapor diffusion of diisopropyl ether into a 2 :  1 molar ratio solution of 
DB24C8 and 4-H;2PF6 in MeCN. 


[(Asym-D5 24 C8),.4-H,][PF6],: Single crystals suitable for X-ray crystallography 
were grown by vapor diffusion of diisopropyl ether into a 2 :  1 molar ratio solution 
of asym-DB24C8 and 4-H,.2PF6 in MeCN. 


X-Ray Crystallography: Further details of the crystal structure investigations for 
complexes [DB24C8.I-H1[PF6] and [DB24C8.2-H][PF6], and for complexes 
[BPP 34 C 10. (2-H),I[PF,12, [ (BPP34 C lo), .(CH,),][PF,],, and [ (DB 24 C 8), .4- 
H,][PF,I, may be obtained from the Cambridge Crystallographic Data Centre at the 
address given below, on quoting references [24] and 1251, respectively. 
The crystallographic data (excluding structure factors) for the structures reported 
in Table 5 have been deposited with the Cambridge Crystallographic Data 
Centre as supplementary publication no. CCDC-1220-7. 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; e-mail: 
techedin chemcrys.cam.ac.uk). 
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Table 5. Crystallographic data [a]. 


[asym-DB 24 C 8. 2-H][PF6] [DB 24 C 8.3-H][PF6] [(asym-DB 24 C 8), .4-H2][PF6I2 


empirical formula [h] 
solvent 
M .  
color, habit 
crystal sizelmm 
TIK 
crystal system 
space group 
a / A  
blA 
CIA 
4" 
Pi" 
Y l "  
viA3 
Z 
D , / g ~ m - ~  
radiation 
p/mm- ' 
F(000) 
28 range/c 
independent reflections 
observed reflections 


no. of parameters 
g in weighting scheme [fl  
extinction, x 
final R (R,)  
Largest and mean A/u 
data/parameter ratio 
largest difference peak, 
h o l e / e k '  


[F0'4.(1~01)1 


791.7 
clear blocks 
0.50 x 0.37 x 0.33 
293 
triclinic 
PT 
11.286(3) 
13.611 (2) 
14.056 (3) 
106.47 (2) 
99.36(2) 
91.02 (2) 
2038.4(7) 


1.290 


1.268 
832 
3-120 
6039 
4357 


524 
0.0005 
0.0074 
0.095 (0.103) 
0.557, 0.037 
8.31 


0.31, -0.33 


cuKn 


757.7 
clear blocks 
0.67 x 0.57 x 0.50 
293 
orthorhombic 
Pbca 
15.860(6) 
30.548(10) 
32.344(16) 
90 
90 
90 
15670(11) 


1.285 


1.292 
6400 
3-116 
10913 
4103 


551 
0.0005 
NIA 
0.141 (0.143) 
0.332, 0.008 
7.45 


0.67. -0.49 


16 [cl 


CUK, 


CmHwNzO 16 2 PFe 
2 MeCN 
1587.5 
clear rhombi 
0.20 x 0.20 x 0.20 
223 
triclinic 


12.408(3) 
12.517(3) 
13.467 ( 5 )  
75.17(2) 
79.37(2) 
76.56(2) 
1949.0(9) 
1 [dl 
1.353 
CUK. [el 
1.334 
834 
7-122 
5960 
5225 


492 
0.0704, 1.5988 [g] 
0.0030 
0.052 (0.138) [h] 
0.166, 0.007 
10.62 


P i  


0.49, -0.58 


[a] Details in common: graphite monochromated Cu,, radiation, w scans, Siemens P4/PC diffractometer, refinement based on F. [h] Excluding solvent. [c] There are two 
crystallographically independent molecules in the asymmetric unit. [d] The molecule has crystallographic C, symmetry. [el Siemens P4/RA diffractometer. [fl w - ' = d ( F )  
+gF'. [g] Refinement based on F'; the values given are a and 6 in w - '  = rr'(<) +(UP)' f b P .  [h] The value in parentheses is for wR, = I/{E[w(F: - ~ ) z ] / ~ [ w ( ~ ) * ] } .  


Table 5 provides a summary of the crystal data, data collection, and refinement 
parameters for complexes [DB 24 C 8.  3-H][PF6], [asym-DB 24C 8 .2-H][PF6], and 
[(dsym-DB24C8),-4-H,][PFti],. In [asym-DB24C8.2-H][PF6] there is 50: 50 disor- 
der in the PF; anion. All non-hydrogen atoms in this structure were refined an- 
isotropically. The positions of the hydrogen atoms were determined from AFmaps 
and subsequently idealized and refined isotropically (riding model). [DB 24C8.3- 
H][PF,] contains two crystallographically independent 1 : 1 complexes. In one com- 
plex, there is 75:25 disorder in the position of the terminal methyl group of the 
benzyl-n-hutylammonium cation 3 + .  One of the PF; anions is also disordered, 
70: 30. Hydrogen atoms were handled as in [asym-DB24C8.2-H](PF6]. Because of 
the limited number of observed data, only the major occupancy P and F atoms, and 
the heteroatoms of the 1: 1 complexes, were refined anisotropically; the remaining 
non-hydrogen atoms and minor occupancy F atoms were refined isotropically. In 
the 2: 1 complex [(asyrn-DB24C8),,4-H,][PF,I,, which was determined at low tem- 
perature ( -  50°C). the PF; anion exhibits 60:40 disorder. All major occupancy 
non-hydrogen atoms were refined anisotropically. Hydrogen atoms were handled as 
for the 1 : I  complexes [asym-DB24C8.2-H][PF6] and [DB24C8.3-H][PF6]. Com- 
putations were carried out using the SHELXTL progmm system [61]. 
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Self-Assembling 121- and [3]Rotaxanes from Secondary Dialkylammonium Salts 
and Crown Ethers** 


Peter R. Ashton, Peter T. Glink, J. Fraser Stoddart,” Peter A. Tasker, 
Andrew J. P. White, and David J. Williams 


Abstract: The self-assembly of three new rotaxanes-two [2]rotaxanes and a 
[3]rotaxane-formed by a “threading followed by stoppering” approach is described. 
These template-directed syntheses rely on the formation of pseudorotaxane intennedi- 
ates, which self-assemble in solution from functionalized secondary dialkylammonium 
hewafluorophosphate threads and macrocyclic polyether rings (either dibenzo- 
[24]crown-8 or its asymmetric constitutional isomer). The stoppers-substituted 1,2,3- 
triazoles-were created by thermally allowed 1,3-dipolar cycloadditions between azido 
groups, which terminate the threads, and di-tert-butyl acetylenedicarboxylate. 


lar 


Introduction 


Rotaxanes[’l-mechanically interlocked molecules, such as 
those depicted by the cartoons in Figure 1-have recently been 
elevated from the ranks of scientific curiosities to the level of 
chemically desirable and synthetically attainabler2] molecular 
compounds, primarily as a result of the burgeoning powers of 
supramolecular chemistryt3] and self-a~sembly[~] being brought 
together and made to act in unison. As a result of their “bead on 
a thread” structure and abacuslike properties, these molecules 
have considerable potential for applications (e.g., as shut- 
tlesr2”. 51 under chemical,[61 electro~hemical,~~] or photochemi- 


It 
Fig. 1. Generic rotaxanes: a) a [2]rotaxane, b) a [3]rotaxane, and c) a two-station 
[2]rotaxane. These interlocked molecules comprise “beads” on “threads”-often 
containing recognition sites-terminated by sterically impassable “stoppers”. The 
prefix of an [nlrotaxane indicates the number of interlocked components. 
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Chemical Crystallography Laboratory, Department of Chemistry 
Imperial College, South Kensington. London SW7 2AY (UK) 


(ref. [14]). 
[**I Molecular Meccano, Part 7 :  for Part 6; see the preceding paper in this issue 


ca1r81 control) in the fields of crystal engineering,[’] molecular 
sensors,[”] and polymer chemistry.” Recently, we have de- 
scribed novel supramolecular systems,“’ - 14] based upon the 
noncovalent bonding interactions that occur between secondary 
dialkylammonium ion centers and suitably sized crown ethers 
(24 ring atoms or more), which possess pseud~rotaxane[ ’~~ 
structures in the solid state, in solution, and in the gas phase. 
Here, we wish to report[’61 the results of our initial efforts in 
employing the information obtained from studying these pseu- 
dorotaxanes to self-assemble two new [2]rotaxanes and a new 
[3]rotaxane. 


Results and Discussion 


The 3 : 1 complex between dibenzylammonium hexafluoro- 
phosphate (1 .PF,) and dibenzo[24]crown-8 (DB24C8) exists as 
a [2]pseudorotaxane in the solid state[’29 14] in ’ which the two 
benzyl groups of the disubstituted ammo- 
nium cation protrude from opposite faces 
of the macrocyclic polyether. If the phenyl 


substituted with a functional group that 
can undergo reaction-without disrupting 
the hydrogen bonding and ion-dipole in- 
teractions which stabilize the pseudorotaxane in solution-with 
a suitably bulky molecule, then we will have all the elements 
necessary for a “threading followed by stoppering” rotaxane 
synthesis.[”] Not wishing to use reactions that require nucleo- 
philes or bases-which would deprotonate the dialkylammoni- 
um ion center“ *]-we chose a thermally allowed cycloaddition 
for the formation of the stoppers. The 1,3-dipolar cycloaddition 
between an azide and an electron-deficient alkyne[”] seemed a 
suitable choice since 1) azides are easily prepared, 2) bulky 
electron-deficient alkynes are commercially available or easily 
prepared, and 3) the cycloaddition is known to proceed very 


o“r@ 
rings of these two benzyl groups are now PFG- 


l.PF, 
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efficiently in a number of solvents. The proposed rotaxane- 
forming reaction between a bisazide 2. PF, and di-tert-butyl- 
acetylene dicarboxylate is depicted in Scheme 1 .  Inspection of 
CPK space-filling molecular models indicated that the triazole 
stoppers in the [2]rotaxane 3.PF6, formed by the 1,3-dipolar 
cycloaddition between 2. PF, and the electron-deficient alkyne, 
are too large to allow dethreading of DB 24 C 8 from the dumb- 
bell component of 3.PF6. 


CH& Threading 


r O  Q 07 


3.PFS 


Scheme 1. Synthesis of [2]rotaxane 3-PF6 by a "threading followed by stoppering" 
approach. 


The synthesis of 2.PF6 is outlined in Scheme 2. Methyl 4- 
aminomethylbenzoate[20] was condensed with methyl 4-formyl- 
benzoate, and the imine (4) was reduced to the secondary amine 
(5 ) ,  which was then Boc-protected to afford 6. Reduction of the 
ester functionalities gave the expected diol (7), which was chlo- 
rinatedI2'I with the NCS/PPh, system before being converted to 
the bisazide 9 under Finkelstein conditions.[22] Removal of the 
Boc protecting group and subsequent counterion exchange gave 
the desired functionalized secondary dialkylammonium salt 
2.PF6. All the reactions in this sequence proceed efficiently and 
little or no chromatography is required: 2-PF6 can be obtained 
readily in gram quantities in 34% overall yield from methyl 
4-aminomethylbenzoate. Gratifyingly, 2. PF, is soluble[231 in 
CHCI, and CH,CI, solutions containing equimolar amounts of 
DB24C8. As in the case of the 1: 1 complex formed between 
l.PF, and DB24CS in a number of the 
'HNMR spectrum of an equimolar mixture of 2.PF6 and 
DB 24 C 8 displays three sets of resonances-namely, signals for 
the 1 : 1 complex itself, for free 2.PF6, and for free DB24C8- 
consistent with a recognition system that has high activation 
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Scheme 2. Synthesis of 2.PF6 (Boc: N-terl-butoxycarbonyl, DMAP: 4-dimethy- 
laminopyridine, NCS : N-chlorosuccinimide, TFA : trifluoroacetic acid). 


barriers for both the complexation and decomplexation steps 
and consequently undergoes slow rates of threading and de- 
threading on the 'H NMR timescale. The association constant 
(K,) for this 1:l complex[241 in CDC1, is approximately 
~OOOM-', that is, about seven times less than the K, value of 
2 7 0 0 0 ~ - '  for the corresponding 1 : 1 complex involving 
1 .PF6,[12. 14] a difference which presumably reflects the slightly 
higher solubility of 2.PF6 in CDCI, . 


The stoppering reaction was investigated initially with the 
Boc-protected bisazide 9. The reaction (Scheme 3), which was 
complete after three days of heating under reflux in CHC1, using 
4.0 molar equivalents of di-tert-butyl acetylenedicarboxylate, 
gave the bistriazole 10 in excellent yield. 


9 


- 1 .  CHC13 


&- 
l o  


Scheme 3. Investigation of the stoppering reaction on model azide 9. 
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Having satisfied ourselves of the high association constants 
for the 1 : 1 complex between 2.PF6 and DB 24 C 8  in chlorinated 
solvents and of the success of the model reaction, we attempted 
our first rotaxane synthesis. The bisazide 2.PF6 was dissolved in 
CH,CI, in the presence of DB24C8 (present in excess in order 
to drive the equilibrium in the direction of the 1 : 1 complex), and 
an excess of di-tert-butyl acetylenedicarboxylate was added. 
The reaction mixture was heated under reflux for seven days, 
before being subjected to chromatography on silica gel to afford 
the rotaxane 3.PF6 in 31 YO yield (Scheme 1). The fact that the 
[2]rotaxane survives chromatography indicates quite convinc- 
ingly that the triazole stoppers are sufficiently large to ensure 
interlocking of the two components. Moreover, the 'H NMR 
spectrum shows that the dumbbell and ring components are 
present,[251 not only in equal stoichiometric quantities, but also 
interlocked with one another. The FAB mass spectrum of 3.PF6 
provides evidence for the [2]rotaxane--with the loss of its PF; 
counterion-in the form of the base peak at m/z 1209. Smaller 
peaks (ca. 5% of the base peak's intensity) were present for 
fragmentations of the molecular ion involving a) the loss of a 
butyl group (m/z 1152), b) the loss of a triazole stopper (m/z 
941), and c) the loss of a DB24C8 ring (m/z 761). No signal 
was observed at m/z 448 for the free DB24C8 ring. 


Single crystals suitable for X-ray crystallography were grown 
by slow evaporation of a CHCI,/CH,CI,/Et,O solution of the 
[2]rotaxane 3.PF6 over a period of several The X- 
ray crystal structure analysis of 3' shows (Fig. 2) the DB24C8 
ring to have an extended open conformation through the center 


Q 


Fig. 2.  The X-ray crystal structure of the [2]rotaxane 3.PF6 


of which is threaded the dumbbell-shaped cation. The 
[2]rotaxane is stabilized by a pair of [N-H . . .O] hydrogen 
bonds to one of the catechol oxygen atoms in one polyether 
linkage and to a dialkyl ether oxygen atom of the other. These 
hydrogen bonds are not particularly strong having [N. . '01 
distances of 3.03 and 3.04 A, respectively.[27] There are no sig- 
nificant intercomponent n - - ~  stacking interactions, the cen- 
troid -centroid separation between the apparently overlapping 
catechol and paraxylyl rings being 4.34 A. A study of the pack- 
ing of the [2]rotaxane entities does not reveal any significant 
interrotaxane stabilizing effects, other than those arising from 
van der Waals interactions. 


The formation of a [2]rotaxane 11.PF6, which is isomeric 
with 3.PF6, from asymmetric dibenzo[24]crown-8 (asym- 
DB24C8) as the ring component was investigated. We have 


shown recently that asym-DB24C8 is an effective host for the 
complexation of secondary dialkylammonium ions.[141 Indeed, 
the superstructure formed in the solid state between l.PF, and 
asym-DB24 CS has been established by X-ray crystallography 
to be that of a pseudorotaxane. Starting from this macrocycle, 
we were able to synthesize a [2]rotaxane, 11 'PF, (Scheme 4), 


L o  OJ 


LOJ 
2.PFs PF, 


11 .PF, +- 
Scheme 4. Synthesis of Il .PF, by a self-assembly protocol similar to that used for 
the isomeric rotaxane 3.PF6. 


using a self-assembly protocol similar to that used in the synthe- 
sis of 3.PF6. A mixture of the bisazide (2.PF6), asym-DB24C8 
(2.5 mol equiv) and di-teut-butyl acetylenedicarboxylate 
(4 molequiv) were heated under reflux in CH,C1, for eight days. 
The [2]rotaxane 11.PF6 was isolated from the reaction mixture 
after chromatography in 24% yield. Once again, the ratio of the 
ring to dumbbell components was confirmed to be 1 : l  by 
'H NMR spectroscopy. The 'H NMR spectrum also estab- 
lished that the two components are indeed interlocked since the 
chemical shiftsCz8] for the resonances of protons of the bead and 
dumbbell components are shifted considerably from the 6 values 
expected for the free components. The [2]rotaxane 11 .PF, gave 
a FAB mass spectrum very similar to that obtained for 3.PF6 in 
that there was a base peak in the spectrum at m/z 1209 for the 
molecular ion-having lost its PF; counterion-and fragmen- 
tations from this molecular ion were detected only as minor 
peaks (< 5 Yo). 


We have extended the template-directed methodology to the 
self-assembly of a rotaxane bearing two NH: ion centers. Re- 
calling that 12.2PF6 forms a 1 :2 complex with DB24C8 in both 
solution and solid states,[13. 14] we argued that we could obtain 
a [3]rotaxane by functionaliz- 
ing the terminal phenyl rings 
with azidomethyl groups and - - + -  - 
then performing the 1,3-dipo- 2PF6- 


butyl acetylenedicarboxylate 12.PFB 
lar cycloaddition with di-tert- 


in the presence of an excess of 
DB24C8. This bisazide 13.2PF6 was prepared in 50% yield 
over six steps (Scheme 5 ) ,  via a route similar to that used to 
prepare 2.PF6. Evidence that a 1 :2 complex is formed between 
13.2PF6 and DB24C8 in solution was obtained by 'HNMR 
spectroscopy.[291 Reaction of 13.2PF6 with di-tert-butyl 
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Scheme 5. Synthesis of bisazide 13,PF, bearing two NH: centers 


acetylenedicarboxylate in the presence of an excess of DB 24 C 8 
in CH,Cl,/CH,CN (ca. 20: 1) for eight days (Scheme 6) led to 
the formation and subsequent isolation of the [3]rotaxane 
20.2PF6 in 10% yield. The 'HNMR spectrum of 20.2PF6 
(Fig. 3) is consistent with that expected on the basis of the palin- 
droniic symmetry of the dumbbell component and the asymme- 
try of the two faces of the crown ether-as well as with a 1 :2 
stoichiometry of the two components. The FAB mass spectrum 
of 20.2PF6 displays the molecular ion for the [3]rotaxane-hav- 
ing lost both PF; counterions-as the base peak at m/z 1777. 


Scheme 6. Self-assembly of [3]rotaxane 20.2 PF, 


Central 


I I I I I I 
7.0 6.0 5.0 4.0 3.0 2.0 


- i3 
Fig. 3 , The 'HNMR spectrum of the [3]rotaxane 20.2PF6 recorded at 400 MHz 
in CDCI, at room temperature. 


The major fragmentation of the [3]rotaxane 20.2PF6 is the ex- 
trusion of one DB24C8 ring from the dumbbell component, 
presumably a result of the breaking of a covalent bond within 
the macrocyclic ring. Peaks corresponding to either the free 
dumbbell component or the free DB 24 C 8 macrocycle were not 
present in the spectrum. 


So far, attempts to prepare "two-station" [2]rotaxanes from 
the dicationic threads and one equivalent of either DB 24 C 8 or 
asym-DB 24 C8 have been unsuccessful. A probable explanation 
for this failure is that the intermediate cycloadduct is insoluble 
in CH,CI,, CHCl,, MeCN, and Me,CO in the presence of only 
one equivalent of either of the crown ethers and precipitates 
from the reaction mixture. The [3]rotaxane 20.PF6 can be syn- 
thesized successfully because the intermediate cycloadducts are 
soluble in CH,Cl,-MeCN mixtures in the presence of an excess 
of the crown ether. In fact, addition of the minimum of MeCN 
necessary to dissolve the bisammonium salt 13 'PF,, followed by 
dilution with a solution of the crown ether in CH,Cl,, ensures 
that all of the intermediates are always complexed-and, conse- 
quently, do not precipitateduring the progress of the reaction. 


We have shown that [2]- and [3]-rotaxanes may be prepared 
readily by sequences of simple reactions, given the self-assem- 
bling interactions that occur between secondary dialkylammo- 
nium cations and macrocyclic polyethers. These findings em- 
phasize the potential of template-directed self-assembly as a new 
technique in organic synthesis and introduce a new family of 
rotaxanes to this ever-increasing class of fascinating interlocked 
molecular compounds."' 


Experimental Procedure 
General: Chemicals were purchased from Aldrich and used without further purifica- 
tion. Solvents were either used as purchased or dried (THF from Na-benzophenone 
ketyl, MeCN from CaH,) according to procedures described in the literature [30]. 
Methyl 4-formylbenzoate was prepared according to a published literature proce- 
dure [20]. Thin-layer chromatography was carried out using aluminum sheets pre- 
coated with silica gel 60F (Merck 5554). The plates were inspected by UV light and 
developed with either a dilute solution of I, in CHCI, or a solution of 10% ammo- 
nium molybdate in dilute H,SO, followed by development with heat. Column 
chromatography was carried out using silica gel 60 F (Merck 9385,230-400 mesh). 
Melting points were determined on an Electrothermal 9200 apparatus and are 
uncorrected. IH NMR spectra were recorded on either a Bruker AC 300 (300 MHz) 
spectrometer or a Bruker AMX400 (400 MHz) spectrometer with either the solvent 
reference or TMS as the internal standard. I3C NMR spectra were recorded on a 
Bruker AC300 (75.5 MHz) spectrometer or a Bruker AMX400 (100.6 MHz) spec- 
trometer using the JMOD pulse sequence. All chemical shifts are quoted on the 0 
scale. All coupling constants are expressed in Hertz (Hz). Low resolution electron 
impact mass spectra (EIMS) were obtained from either a Kratos Profile or VG 
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Prospec mass spectrometers. Fast atom bombardment mass spectra (FABMS) were 
obtained from a Kratos MSBORF mass spectrometer coupled to an off-line Sun 
workstation for processing raw-data experiments. The atom gun was an adapted 
saddle-field source (Ion Tech) operating at 7 keV with a tube current of ca. 2 mA. 
Krypton was used to provide a primary beam of atoms, and samples of the mole- 
cules were dissolved in a small volume (ca. 1-2 pL) of m-nitrobenzyl alcohol and 
loaded on to a stainless steel probe tip. Spectra were recorded in the positive-ion 
mode at a scan speed of 7 0 s  per decade. Liquid secondary-ion mass spectra 
(LSIMS) were obtained from a VG Zabspec mass spectrometer using a m-nitroben- 
zyl alcohol matrix and operating in the positive-ion mode at a scan speed of 5 s per 
decade. Accurate mass measurements were recorded in the VG Zabspec utilizing 
LSIMS with a m-nitrobenzyl alcohol matrix and employing narrow-range voltage 
scanning at a resolution of 6000 with either polyethyleneglycol or cesium iodide as 
reference compounds. Microanalyses were performed by the University of Sheffield 
Microanalytical Service. 


Bis(4-methoxycarbonylbenzyl)amine (5 ) :  A solution of methyl 4-aminomethylben- 
zoate (5.43 g, 32.9 mmol) and methyl 4-formylbenzoate (5.40 g, 32.9 mmol) was 
heated under reflux in PhMe (200 mL) and the liberated H,O was separated by 
means of a Dean-Stark apparatus. The organic phase was cooled and the PhMe 
was evaporated, yielding a white solid [4: 'H NMR (CDCI,): 6 = 3.92 (s, 3H; 
CO,CH,), 3.94 (s, 3H; CO,CH,), 4.90 (s, 2H; CH,N), 7.43 (d, J = 8.3 Hz, 2H; 
CH-C-CH2N), 7.86 (d, J = 8.0 Hz, 2H; CH-C-CH=N), 8.04 (d, J = 8.3 Hz, 2H;  


I3C NMR (CHCI,): 6 = 52.1 (C02Ck13), 52.3 (CO,CH,), 64.7 (CH,-N), 127.8 
CH-C-CO,Me), 8.08 (d, J = 8.0 Hz, 2H; CH-C-CO,Me), 8.45 (s, 1 H; CH=N); 


(aromatic CH), 128.2 (aromatic CH), 129.0 (C-CO,CH,), 129.8 (aromatic CH), 
129.9 (aromatic CH), 132.2 (C-CO,Me), 139.8 (C-CH=N), 144.3 (C-CH,-N), 
161.6 (CH=N), 166.6 (CO,Me), 167.4 (C0,Me); MS (EI): m/z (%): 311 (62) M +, 
149 (loo)]. 
The solid was taken up in warm MeOH (500mL), and NaBH, (4x 1.0g, 
4 x 26.4 mmol) was added portionwise to the warm solution over the following 2 h. 
The reaction mixture was stirred for 15 hat  ambient temperature. Aqueous 2~ HCI 
solution (200 mL) was added carefully to the MeOH solution and then the solvents 
were evaporated in vacuo. The solid residue was suspended in aqueous 8 M NaOH 
(300 mL) and extracted with CHCI, (4 x 100 mL). The combined organic phases 
were dried (MgSOJ, and the solvent was evaporated to yield the title compound as 
a thick oil, which eventually solidified (9.0g, 90%); m.p. 55-58°C; 'HNMR 
(300 MHz, CDCI,): 6 = 1.68 (br, 1 H ;  NH), 3.84(s. 4H;  CH,N), 3.90 (s. 6H; CH,), 
7.41 (d, J =7.5 Hz,4H;aromaticCH), 7.99(d, J =7.5 Hz,4H; aromaticCH); I3C 
NMR (75 MHz, CHCI,): 6 = 52.1 (CO,CH,), 52.8 (CH,N), 128.0 (aromatic CH), 
129.0 (C-CO,Me), 129.8 (aromatic CH), 145.4 (C-CH,N), 167.0 (C0,Me); MS 
(EI): m/z (%): 312 (20) [M - HI+ , 164 (93). 149 (100). A small portion o f 5  was 
converted to its HCI salt for analytical purposes: C,8H,,CIN0, (349.8): calcd C 
61.80, H 5.76, N 4.00; found C 61.80, H 5.79, N 3.98. 


N-(feuf-Butoxycarbonyl)bis(4-carbomethoxybenzyl)amine (6): Amine 5 (5.5 g, 
17.6 mmol) was dissolved in CHCI, (150 mL), and then di-terf-butyl dicarbonate 
(3.83 g, 17.6 mol) and DMAP (22 mg, 0.18 mmol) were added. The reaction mixture 
was stirred overnight, before being washed with aqueous 2~ HCI solution 
(2 x 100 mL) and H,O (1 x 100 mL). The organic phase was dried (MgSO,) and the 
solvent evaporated to yield the title compound as a thick colorless oil (6.89 g, 95 %). 
A portion of this oil was chromatographed (SiO,: EtOAc/hexane, 30:70) in order 
to yield a purer sample; m.p. 93-94°C; 'H NMR (300 MHz, CDCI,): 6 =1.45 (s, 
9H;  C(CH,),), 3.90 (s, 6H;  CO,CH,). 4.38 and 4.48 (Zbrs, 2H each; CH,-N- 
CH2), 7.25 (br, 4H; aromatic CH), 7.98 (d, J = 8.5 Hz, 4H;  aromatic CH); 13C 
NMR (75 MHz, CHCI,): 6 = 28.4 [C(CH,),], 49.7 (CH,N), 52.1 (CO,CH,), 80.7 
[C(CH,),], 127.1 and 127.7 (2brs, aromatic CH), 129.3 (C-CO,CH,), 129.9 (aro- 
matic CH), 143.1 (C-CH,N), 155.8 (CO,Bu), 166.8 (C0,Me); MS (EI): m/z (YO): 
382 (13) [M - OMel', 357 (88) [M - Bu]+, 164 (94). 149 (100); C,,H,,NO, 
(413.5): calcd C 66.81, H 6.58, N 3.39; found C 66.85, H 6.72, N 3.32. 


N-(fert-Butoxycarbonyl)bis(4-hydroxymethyl~nzyl)amine (7): A THF solution 
(200 mL) of 6 (6.7 g, 16.2 mmol) was heated under reflux. Portions of LiAIH, 
(4 x 0.61 g, 4 x 16.2 mmol) were added at regular intervals over 30 min, and the 
mixture was heated for a further 30 min. The gray suspension was cooled to room 
temperature. Water was added until a white suspension had formed, and then the 
mixture was acidified with 2~ HCI solution until a pH of 3-4 was reached. After 
the solvents had been evaporated and the residue partitioned between H,O 
(100mL) and CHCI, (IOOmL), the aqueous phase was extracted with CHCI, 
(3 x 100 mL). The combined extracts were dried (MgSO,) and the solvent was 
evaporated to yield a thick, colorless oil (5.03 g, 87 Yo). A small portion of this oil 
was purified by column chromatography (SiO,: EtOAcihexane, 1 : 1) yielding a pure 
sample of the titlecompound, which eventually solidified; m.p. 65-68 "C; 'H NMR 
(300MHz, CDCI,): d =1.48 (s, 9H;  C(CH,),), 2.52 (br, 2H; OH), 4.29 and 4.33 
(2brs, 2H each; CH,-N-CH,), 4.60 (s, 4H;  CH,OH), 7.13 (br, 4H; aromatic CH), 
7.35 (d, J = 7 . 5  Hz, 4H;  aromatic CH); 13C NMR (75 MHz, CHCI,): 6 = 28.5 
[C(CH,),], 48.9 (br, CH,N), 64.8 (CH,OH), 80.3 [C(CH,),], 127.2 (aromatic CH), 
127.6 and 128.1 (2brs. aromatic CH), 137.1 and 140.1 (quaternary aromatics), 
156.1 (C=O);MS(FAB):m/z(%):380(8)[M+Na]+, 358(14)[M+H]t,302(100) 
[M - C,H,J+; C,,H,,NO, (357.4): calcd C 70.56, H 7.61, N 3.92; found C 70.60, 
H 7.59. N 3.76. 


N-(terf-Butoxycarbonyl)bis(4-chloromethyIbenzyl)amine (8): Triphenylphosphine 
(12.3 g, 47.0 mmol) in THF (250 mL) and N-chlorosuccinimide (7.2 g, 53.7 mmol) 
in THF (250 mL) were mixed at ambient temperature, producing a white precipi- 
tate. Diol7 (4.80 g, 13.4 mmol) was added as a THF solution (ca. 20 mL), and the 
reaction mixture stirred overnight. A brown solution containing a white suspension 
formed. The solvent was evaporated and the residue purified by chromatography 
(SO,: EtOAc/hexane, 1:9). The product was isolated as a colorless oil, which 
eventually solidified (4.80 g, 91 %); m.p. 90-92°C; 'H NMR (300 MHz, CDCI,): 
6 ~ 1 . 5 0  (s, 9H; C(CH,),), 4.33 and 4.42 (2brs. 2H each; CH,-N-CH,), 4.59 (s, 
4H; CH,CI), 7.19 (br, 4H; aromatic CH). 7.35 (d, J = 8.0 Hz, 4H; aromatic CH); 
13C NMR (75 MHz, CHCI,): 6 = 28.5 [C(CH,),], 46.0 (CH,CI), 49.1 (br, CH,N), 
80.3 [C(CH,),]. 127.8 and 128.3 (2brs, aromatic CH), 128.8 (aromatic CH). 136.6 
and 138.3 (quaternary aromatics), 155.9 (C=O); MS (El): m/z (%): 394 (7) 
[M+H]+, 337 (70) [ M  - Bu]', 198 (100); C,,H,,NO,CI, (394.3): calcd. C 63.96, 
H 6.39, N 3.55; found C 63.86, H 6.44, N 3.49. 


N-(terr-Butoxycarbonyl)bis(4-azidomethylbenzyl)amine (9) : A mixture of dichloride 
8 (4.20 g, 10.7 mmol) and sodium a i d e  (3.46 g, 53.3 mmol) was heated under reflux 
in 2-butanone (200 mL) for 5 d. The solvent was evaporated, and the residues were 
taken up into CHCI, and filtered. Evaporation of the solvent yielded the title 
compound as a pale yellow oil (4.30g, 99%). A small portion was purified by 
column chromatography (SiO,: EtOAc/bexane, 1 :9) yielding a colorless thick oil; 
'H NMR (300 MHz, CDCI,): 6 ~ 1 . 4 9  (s, 9H; C(CH,),), 4.35 and 4.43 (2brs. 2H 
each; CH,-N-CH,), 4.33 (s, 4H;  CH,N,), 7.22 (br, 4H; aromatic CH), 7.27 (d, 
J = 8.0 Hz, 4H; aromatic CH); 13C NMR (75 MHz, CHCI,): 6 = 28.4 [C(CH3),]. 
49.2 (br, CH,N), 54.5 (CH,N,), 80.3 [C(CH,),], 128.0 (br, aromatic CH), 128.5 
(aromatic CH), 134.4 and 138.2 (quaternary aromatics), 155.9 (C=O); MS (FAB): 
m/z (%): 408 (12) [M+H]+, 380 (28) [MCH - NJ+,  352 (100); C,,H,,N,O, 
(407.5): calcd C 61.90, H 6.18, N 24.06; found C 61.93, H 6.35, N 24.06. 


Bis(4-azidomethylhenzy1)ammonium Hexatluorophosphate (2'PF6) : Trifluoroacetic 
acid (ca. 5 mL, excess) was added to a solution of Boc-protected amine 9 (4.0 g, 
9.8 mmol) in CHCI, (150 mL), and the reaction mixture stirred at ambient temper- 
ature overnight. The solvent was evaporated, and the residue taken up into aqueous 
6M NaOH (200 mL) and extracted with CHCI, (4 x 100 mL). The organic phase 
was dried (MgS03 and the solvent evaporated to yield an oil, which was dissolved 
in S M  HCI solution (100 mL). Evaporation of the solvents produced a white solid, 
which was dissolved in H,O. A saturated solution of NH,PF6 in H,O was added 
dropwise until no further precipitate was detected. The aqueous phase was extracted 
with CHCI, (4 x 100 mL). The organic phase was dried (MgSO,), and the solvent 
evaporated to yield an off-white solid (2.2 g, 50%); m.p. 159-160°C; 'HNMR 
(300 MHz, CD,CN): 6 = 4.26 (s ,  4H;  CH,N,), 4.45 (s, 4H; CH,NH,), 7.35 (d of 
AB quartet, 4H), 7.47 (d of AB quartet, 4H); I3C NMR (75 MHz, CH,CN): 
6 = 52.0 and 54.5 (CH,CI and CH,N), 129.7 (aromatic CH), 131.0 (quaternary 
aromatic). 131.5 (aromatic CH), 138.5 (quaternary aromatic); MS (FAB): mjz (YO): 
308 [ M  - PF,]'; C,,H,,N,PF, (453.3): calcd C 42.39, H 4.00, N 21.63; found C 
42.38, H 4.02, N 21.45. 


N-(?erf -Butoxycarbonyl)bis~4-{~4,5-bis(tert-butoxycarbonyl)- 1,2,3-triazo-l -ylJme- 
thyl}benzyllamine (10): A solution of bisaide 9 (20.0 mg, 49 pmol) and di-terf-butyl 
acetylenedicarboxylate (42 mg, 186 pmol) was heated under reflux in CHCI, (5 mL) 
for 3 d. The reaction mixture was cooled down to room temperature, and the solvent 
evaporated in vacuo. The residue was chromatographed (SiO,: EtOAc/hexane, 
1:4), yielding the title compound as a colorless oil (36mg, 84%); 'HNMR 
(300 MHz, CDCI,): 6 =1.45 (s. 27H; C(CH,),), 1.58 (s, 18H; C(CH,),), 4.23 and 
4.31 (2 brs, 2H each; CH,-N-CH,), 5.74 (s, 4H;  CH,-triazole), 7.05-7.30 (m, 8H; 
aromatic CH's): "C NMR (75 MHz, CHCI,): 6 = 27.8 (C-CO,C(CH,),), 28.1 
(C-CO,C(CH,),), 28.4 (N-CO,C(CH,),), 48.9 (br, CH,N), 53.1 (CH,-triazole), 
80.4 (N-CO,C(CH,),), 82.9 (C-CO,CCCH,),). 84.8 (C-CO,C(CH,),). 127.8 (br, 
aromatic CH), 128.2 (aromatic CH), 130.5 (quaternary aromatic), 133.5 (quater- 
nary aromatic), 138.4 (quaternary aromatic), 141.7 (quaternary aromatic), 155.8 
(N-CO,Bu), 157.6 (C-CO,Bu), 159.4 (C-CO,Bu); MS (FAB): m/z (YO): 860 (10) 
[MI+, 580 (87). 423 (300); HRMS (LSIMS): C,,H,,N,O,, requires 860.4558; 
found 860.4537. 


~I2J-Bis~4-~~4,5-bisft-butoxycarbonyl)- 1,2,3-triazo-l-yl~methyl}be~yl~ammo~um]- 
tDB24CSlrotaxane)lPFJ (3.PF6): 2.PF6 (100 mg, 0.221 mmol) was dissolved in a 
CH,CI, (10 mL) solution ofDB24C8 (297 mg, 0.662 mmol), and then di-ferr-butyl 
acetylenedicarboxylate (200 mg, 0.882 mmol) was added. The reaction mixture was 
heated under reflux for 9 d. The solution was cooled to room temperature and the 
solvent evaporated. The residue was purified by chromatography (SiO,: gradient 
elution with CH,CI,/MeOH, 100:O to 90:lO) to yield the title compound as a 
colorless oil, which eventually solidified (92 mg, 31 Yo); 'H NMR (400 MHz, CD- 
CI,): 6 =1.43 (s. 18H; C(CHJ3). 1.52 ( s ,  l 8H;  C(CH,),), 3.40 ( s ,  8H; y-OCH,), 
3.68 (m. 8H; 0-OCH,), 3.97 (m, 8H;  a-OCH,), 4.52 (m, 4H; CH,NH,), 5.57 (s, 
4H: CH,-triazole), 6.64 (m, 4H; catechol CH), 6.78 (m. 4H; catechol CH), 7.01 
(d, J = 8.0 Hz, 4H; p-phenylene CHI, 7.18 (d, J = 8.0 Hr, 4H; p-phenylene CH), 
7.52 (br, 2H; NH,); 13C NMR (100MHz. CHCI,): 6 = 27.8 (C(CH,),). 28.0 
(C(CH,),), 52.0 (CH,NH,), 52.6 (CH,-triazole), 68.0 (a-OCH,), 70.1 (fl-OCH,), 
70.6 (y-OCH,), 83.0 (C(CH,),), 85.1 (C(CH,),), 112.6 (catechol CH), 121.7 (cate- 
choI CH), 128.0 (p-phenylene CH), 129.5 (p-phenylene CH), 130.3 (quaternary 
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aromatic), 131.8 (quaternary aromatic), 135.5 (quaternary aromatic), 141.6 (qua- 
ternary aromatic), 147.1 (catechol C-0), 157.2 (C=O), 159.3 (C=O); MS 
(LSIMS): m/z  (%): 1209 (100) [M - PF,]+, 1153 (4) [M - PF, - Bu]+, 941 (4) 
[M - PF, - triazole stopper]', 760 (3) [M - PF, - DB24C81'; HRMS (LSIMS): 
C,,H8,N,OI, [ M  - PF,]' requires 1208.6131; found 1208.6101. 


{ 121 - lBis 14- { [4,5 - bis(tert - butoxycarbon yl) - 1,2,3- triazo -1-yl]methyl} benzyl]ammon- 
iumI(asym-DB24C8lrotaxane)(PF6] (ll.PF,): 2.PF6 (119 mg, 0.263 mmol) was dis- 
solved in a CH,CI, (10 mL) solution of asym-DB24C8 (294 mg, 0.656 mmol), then 
di-tert-butyl acetylenedicarboxylate (238 mg, 1.05 mmol) was added. The reaction 
mixture was heated under reflux for 8 d. The solution was cooled down to room 
temperature and the solvent evaporated. The residue was chromatographed (SO,: 
gradient elution with CH,CI,/MeOH. 99: 1 to 95:5) to yield the title compound as 
a foam (84mg, 24%); 'HNMR (400 MHz, CDCI,): 6 =1.52 (s, 18H; C(CH,),), 
1.61 (s ,  18H; C(CH,),), 3.45 (m, 4H; y -  or 6-OCH,), 3.50 (m. 4H; 6- ory-OCH,), 
3.76 (m, 4H; B- or p-OCH,), 3.80 (m, 4H;  p- or 8-OCH,), 4.04 (m. 4H; a- or 
a'-OCH,), 4.14 (m. 4H;  a'- or a-OCH,), 4.60 (m, 4H;  CH,NH,), 5.67 (s, 4H;  
CH,-triazole), 6.75 (m, 2H; catechol CH), 6.83 (m, 2H; catechol CH), 6.86-6.93 
(m, 4H; catechol CH's), 7.12 (d, J =  8.0 Hz, 4H: p-phenylene CH), 7.32 (d, 
J =  8.0Hz, 4H; p-phenylene CH), 7.63 (br, 2H;  NH,); I3C NMR (75MHz, 
CHCI,): 6 = 27.7 (CH,), 27.9 (CH,), 51.9 (CH,NH,), 52.6 (CH,-triazole), 67.9 
(a- or a'-OCH,), 68.3 (d- or a-OCH,), 70.2 (8- and p-OCH,), 70.5 (y- or 6-OCH,), 
70.7 (6- or y-OCH,), 83.1 (C(CH,),), 85.1 (C(CH,),), 112.5 (catechol CH-C-0), 
112.6 (catechol CH-C-0). 121.5 (catechol CH-CH-C-0), 121.7 (catechol CH-CH- 
C-0), 128.0 (p-phenylene CH), 129.7 (p-phenylene CH), 130.3 (quaternary aromat- 
ic), 131.8 (quaternary aromatic), 135.6 (quaternary aromatic), 141.5 (quaternary 
aromatic), 147.2 (both catechol C-0) ,  157.1 (C=O), 159.3 (C=O); MS (LSIMS): 
m/z (%): 1209 (100%) [M-PF,]', 1153 (4) [ M -  PF, - Bu]', 941 (4) 
[ M  - PF, - triazole stopper]', 760 (3) [ M  - PF, - asym-DB24C81'; HRMS 
(LSIMS): C,,H,,N,O,, [M - PF,]' requires 1208.6131; found 1208.6104. 


N,N'-Bis(4~arbomethoxybenzyl)-p-~yIenediamine (IS): A mixture of p-xylenedi- 
amine (1.0 g, 7.3 mmol) and methyl 4-formylhenzoate (2.41 g, 14.7 mmol) in PhMe 
(100 mL) was heated under reflux for 30 min, and the H,O which evolved was 
collected in a Dean-Stark apparatus. The reaction mixture was cooled down to 
room temperature and the solvent evaporated to yield a white solid (14: 'H NMR 
(300 MHz, CDCI,): 6 = 3.93 (s, 6H; CO,CH,), 4.85 (s, 4H; CH,N), 7.33 (s, 4H;  
CH,C,H,CH,), 7.33 (d, J = 8.0 Hz, 4H), 8.08 (d, J = 8.0 Hz, 4H), 8.43 (s ,  2H; 
CH=N); ',C NMR (75 MHz, CHCI,): 6 = 52.3 (CH,), 64.9 (CH,N), 128.1 (CH 
aromatic), 128.3 (CH aromatic), 129.9 (CH aromatic), 131.9 (quaternary aromat- 
ic), 137.8 (quaternary aromatic), 140.0 (quaternary aromatic), 160.9 (CH=N), 
166.7 (CO,Me)]. 
The solid wdS suspended in MeOH (150 mL) and the mixture heated under reflux. 
NaBH, (5 x 0.4 g, 5 x 10.6 mmol) was added portionwise over 1 h4issolution of 
the solid occurred after the addition of the third portion. The reaction mixture was 
cooled down to room temperature, and a 2~ HCI solution (100 mL) was added 
cautiously. The solvents were evaporated and the residue was partitioned between 
3~ NaOH (100 mL) and CHCI, (100 mL), and the aqueous phase extracted with 
CHCI, (3 x 100 mL). The combined extracts were dried (MgSO,) and the solvent 
evaporated to yield the title compound as a white solid (2.97 g, 94%); m.p. 113- 
115°C; 'HNMR(300 MHz,CDCI,): 6 =1.66(br,2H;NH);3.79(s,4H;CH2N); 
3.86(s, 4H;CH,N), 3.90 (s, 6H;  CO,CH,), 7.31 (s,4H;CH,C,H4CH,), 7.42 (d, 
J = 8.0 Hz, 4H), 8.00 (d, J = 8.0 Hz, 4H); ',C NMR (75 MHz, CHCI,): 6 = 52.0 
(CH,), 52.8 and 53.0 (CH,-N-CH,), 128.0 (CH aromatic), 128.3 (CH aromatic), 
128.9 (quaternary aromatic), 129.7 (CH aromatic), 138.9 (quaternary aromatic), 
145.8 (quaternary aromatic), 167.1 (CO,Me)]; MS (FAB): m/z (%): 433 (35) 
[M+H]', 268 (89). 149 (100); C,,H,,N,O, (432.5): calcd C 72.20, H 6.52, N 6.48; 
found C 72.12, H 6.57, N 6.52. 


N,N'-Bis(tert-butoxycarbonyl)-N,N'-(4~ar~metboxy~nzyl)-p-xylenediamine (16) : 
A solution of diamine 15 (2.95 g, 6.84 mmol), di-terr-butyl dicarbonate (3.14 g, 
14.4 mmol), and DMAP (42 mg, 0.34 mmol) was stirred at ambient temperature in 
CHCI, (100 mL) for 3 h. The solution was washed successively with 10% HCI 
solution (1 x 75 mL) and saturated NaHCO, solution (1 x 75 mL) and dried. The 
solvent was evaporated, and the residue chromatographed (SiO,: EtOAc/hexane, 
1: 10 to 3:lO) to yield the title compound as a thick oil which eventually solidified 
(3.95 g, 91 %); m.p. 130-132°C; 'HNMR (300 MHz, CDCI,): 6 =1.48 (br, 18H; 
C(CH,),), 3.39 (s, 6H;  CO,CH,), 4.25-4.50 (brm, 8H; CH,-N-CH,), 7.15 (br, 
4H;  aromatic CH), 7.25 (br, 4H; CH,C,H,CH,), 7.98 (d, J = 8.5 Hz, 4H; aromat- 
ic CH); I3C NMR (75 MHz, CHCI,): 6 = 28.4 [C(CH,),], 49.5 (br, CH,-N-CH,), 
52.1 (CO,CH,), 80.4 [C(CH,),], 127.2 (aromatic CH), 127.7 (aromatic CH), 129.2 
(quaternary aromatic), 129.9 (aromatic CH), 136.9 (quaternary aromatic), 143.4 
(br, quaternary aromatic), 155.9 (N-C=O), 166.9 (C0,Me); MS (FAB): m/z (%): 
631 (5) [ M  - HI', 531 (25) [ M  - CO,Bu]', 477 (64), 298 (100); C,,H,,N,O, 
(632.8): calcd C 68.34, H 7.01, N 4.43; found C 68.24, H 7.11, N 4.30. 


N,N'-Bis(tert- butoxycarbonyl)-N,N'-(4-hydroxymethylbenzyl)-~-xylen~iamine 
(17): LiAIH, (0.23 g, 6.10 mmol) was added to a solution of 16 (3.86 g, 6.10 mmol) 
in THF (150 mL), and the mixture was heated under reflux. Further portions of 
LiAIH, (2 x 0.30 g, 2 x 7.91 mmol) were added during the following 60 min. The 
mixture was cooled down to room temperature, 2 M HCI was added until the pH was 


less than 2, and the solvents were evaporated. The residue was partitioned between 
H,O (100 mL) and CHCI, (100 mL), and the aqueous phase extracted with CHCI, 
(3 x 100 mL). The combined extracts were dried (MgSO,), and the solvents evapo- 
rated to yield the title compound as a thick oil (3.08 g, 88%), which eventually 
solidified; m.p. 155-157°C: 'HNMR (300 MHz, CDCI,): S =1.50 (s, 18H; 
C(CH,),), 2.18 (br, 2H; OH), 4.25-4.45 (hrm, 8H;  CH,-N-CH,), 4.66 (s, 4H;  
CH,OH), 7.10-7.25 (brm, 8 H; aromatic CH's), 7.32 (d, J = 8.0 Hz, 4H;  aromatic 
CH); ',C NMR (75 MHz, CHCI,): 6 = 28.5 [C(CH3),], 49.0 (br, CH,-N-CH,), 
65.0 (CH,OH), 80.2 [C(CH,),], 127.2 (CH-C-CH,OH), 127.7 (br, N-CH,-C- 
CWs),  137.0 (quaternary aromatic), 137.3 (quaternary aromatic), 140.1 (quater- 
nary aromatic), 156.0 (C=O); MS (FAB): m/z  (%): 575 (13) [M - HI', 403 
(100); C,,H,,N,O, (576.7): calcd C 70.81, H 7.69, N 4.86; found C 70.90, H 7.69, 
N 4.74. 


N,N'-Bis(~ert-butoxycarbonyl)-N,N'-(4-chloromethylbenzyl)-p-xylenediamine (18): 
N-Chlorosuccinimide (2.78 g, 20.8 mmol) and triphenylphosphine (4.78 g 
18.2 mmol) were stirred in dry, distilled THF (100 mL) for 15 min, forming a white 
precipitate. A solution of 17 (3.0 g, 5.20 mmol) in THF (20 mL) was added, and the 
reaction mixture was stirred at ambient temperature overnight. A clear, dark brown 
solution containing a white suspension was formed. The solvent was evaporated, 
and the residue chromatographed (30 , :  EtOAc/hexane, 1: 9) to yield the title com- 
pound as a thick colorless oil which eventually solidified (2.76 g, 86%); m.p. 94- 
97°C: 'HNMR (300MHz, CDCI,): 6 =1.49 (s, 18H; C(CH,),), 4.33 and 4.41 
(both brs, 4H each; CH,-N-CH,). 4.58 (s, 4H;  CH,Cl), 7.17 (br, 8H), 7.35 (d, 


[C(CH,),], 46.0 (CH,CI), 49.1 (both CH,-N-CH,), 80.3 [C(CH,),], 127.7 (br, N- 
CH,-C-CH's), 128.8 (CH-C-CH,CI), 136.5 (quaternary aromatic), 137.0 (quater- 
nary aromatic), 138.4 (quaternary aromatic), 156.0 (C=O); MS (FAB): m/z ("YO): 
635 (10) [M+Na]+, 613 (12) [M+H]+, 501 (62) [ M  - 2(C,H8)lt, 421 (100); 
C,,H,2CI,N,0, (613.6): calcd C 66.55, H 6.90, N 4.57; found C 66.61, H 7.00, N 
4.48. 


N,N'-Bis(tert-butoxycarbonyl)-N,N'-(4-azidomethylbenzyl)-p-xylenediamine (19) : A 
mixture of 18 (2.24 g, 6.65 mmol) and sodium azide (0.71 g, 11.0 mmol) was heated 
under reflux in Me,CO (100 mL) for 20 h, and then a further portion of sodium 
azide (1.0 g, 15.4 mmol) was added and the refluxing continued for a further 24 h. 
The reaction mixture was cooled down to room temperature and filtered. The salts 
were washed with CHCI, (100 mL) and the combined organic phases evaporated to 
yield the title compound as a colorless oil (2.24g, 98%); 'HNMR (300 MHz, 
CDCI,): 6 =1.50(s, 18H; C(CH,),), 4.32 (s, 4H; CH,N,), 4.35 and 4.42 (both br, 
4H each; CH,-N-CH,), 7.18 (br, 4H;aromatic CHs),7.10-7.25 (br,4H;aromatic 
CH's), 7.28 (d, J = 8.0 Hz, 4H;  CH-C-CH,N,); I3C NMR (75 MHz, CHCI,): 
6 = 28.4 [C(CH,),], 49.2 (br, both CH,-N-CH,), 54.5 (CH,N,), 80.3 [C(CH,),], 
127.8 (br, aromatic CH), 128.4 (br, overlapping CH's), 134.3 (quaternary aromat- 
ic), 138.1 (br, quaternary aromatics), 155.9 ( G O ) ;  MS (FAB): m/z  (%): 649 (12) 
[M+Na]+, 633 (19) [M+Li]+, 625 (12) [ M -  HIt, 599 (14) [M+H - N,]', 525 
(33) [M+H - CO,Bu]+, 471 (53), 281 (100); C,,H,,N,O, (626.8): calcd C 65.16, 
H 6.75, N 17.88; found C 65.07, H 6.86, N 17.67. 


N ,  N'- Bis (4 - azidomethylbenzyl) -p - xylenediammonium Hexafluorophospbate (13 
2PF6): Trifluoroacetic acid (5 mL, excess) was added to a solution of 19 (2.0 g, 
3.2 mmol) in CHCI, (100 mL), and the reaction mixture stirred at ambient temper- 
ature for 20 h. The solvents were evaporated and the residue was partitioned be- 
tween 3N NaOH (100 mL) and CHCI, (100 mL), and the aqueous phase extracted 
with CHCI, (3 x 100 mL). The combined organic extracts were dried and the solvent 
evaporated. The residue was dissolved in 10% HCI solution (200 mL) and the 
solvents were evaporated. The solid obtained was suspended in Me,CO (50 mL) and 
aqueous NH,PF, solution (ca. 2.0 g in 5 mL) was added. H,O was added until 
dissolution occurred and the mixture filtered. H,O was added to the filtrate, and an 
off-white solid precipitated, which was collected by filtration (1.81 g, 79%); 
m.p.>290"C; 'HNMR (300MHz, CD,CN): 6 =4.27 and 4.29 (Zs, 4H each; 
CH,-N-CH,), 4.45 (s, 4H; CH,N,), 7.45 (AA part of AABB spin system, 4H), 
7.52 (BB part of AABB spin system, 4H), 7.56 (s, 4H;  central C,H,): I3C NMR 
(75 MHz, CD,CN): 6 = 51.9 and 52.3 (both CH,-N-CH,), 54.6 (CH,N,), 130.0 
(aromatic CH), 131.1 (quaternary aromatic), 131.7 and 131.8 (aromatic CHs) ,  
132.9(quaternaryaromatic), 138.8 (quaternaryaromatic): MS (FAB): m / z ( % ) :  573 
(26) [M - PF,]', 427 (100) [M - PF, - HPF,]'; C,,H2,N,P,F1, (718.5): calcd C 
40.12, H 3.93, N 15.60; found C 40.02, H 3.97, N 15.52. 


{ 13J-IDB 24 C 81-[N,N'-Bis(4-{ 14,s- bis(tert-butoxycarbonyl)-1,2,3-triazo- 1- yllme- 
tbyl}benzyll-p-xylenediammoninml-IDB 24 C 8]rotaxane}lPF,], (20.2 PF,): 13.2 PF, 
(155 mg, 0.216 mmol) was dissolved in MeCN (ca. 100 pL), and then a solution of 
DB24C8 (387 mg, 0.863 mmol) in CH,CI, (5 mL) was added, followed by di-tert- 
butyl acetylenedicarboxylate (195 mg, 0.863 mmol), The reaction mixture was heat- 
ed under reflux for 8 d. The solvent was evaporated and the residue chro- 
matographed (SiO,: gradient elution with CH,CI,:MeOH, 1OO:O to 70:30) to yield 
the title compound as a thick colorless oil (45 mg, 10%); 'HNMR (400 MHz, 
CDCI,): 6 =1.50 (s, 18H; C(CH,),), 1.60 (s, 18H; C(CH,),), 3.57 (m, 8H;  y- 
OCH,H,), 3.75 (m. 8H: y-OCH,HJ, 3.78 (m. 16H; 8-OCH,), 3.97 (m, 8H; a- 
OCH,H,), 4.13 (m, 8H; a-OCH,H,), 4.44 (m, 4H;  CH,NH,), 4.68 (m, 4H;  
NH,CH,), 5.62 (s, 4H;  CH,-triazole), 6.72 (m, 8H;  catechol CH), 6.87 (m, 8H;  


J = 8.5 Hz, 4H; CH-C-CH,OH); I3C NMR (75 MHz, CHCI,): 6 = 28.5 
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catechol CH), 7.03 (d, J = 8.0 Hz, 4H;  terminal C,H,), 7.16 (s, 4H;  central C,H,), 
7.25(d,J = 8.0 Hz,4H; terminalC,H,),7.56(br,4H;NH2); '3CNMR(100 MHz, 
CHCI,): S = 27.9 (C(CHJ3), 28.1 (C(CH,),), 52.1 (CH,NH,), 52.7 (NHJH, ) ,  
53.4 (CH-triazole), 68.0 (or-OCH,), 70.4 (p-OCH,), 71.0 (y-OCH,), 83.2 
(C(CH,),), 85.0 (C(CH,),), 112.6 (catechol CH), 121.4 (catechol CH), 128.0 (termi- 
nal phenylene CH), 129.9 (terminal phenylene CH), 130.1 (central phenylene CH), 
130.2 (quaternary aromatic), 132.3 (quaternary aromatic), 132.4 (quaternary aro- 
matic), 135.4 (quaternary aromatic), 141.9 (quaternary aromatic), 147.3 (catechol 
C-0 ) ,  157.2(C=O), 159.4(C=O); MS(FAB): m/z (%):  1777 (100)[M - 2PF6]+, 


(5) [ M  - 2PF6 - triazole stopper - DB24C8]+, 889 (7) [ M  - 2PFJ2+; HRMS 
(LSIMS): C,6H,2,N,0,, [ M  ~ 2PF6]+ requires 1775.8963; found 1775.8987. 


Crystallographic Data for the [ZjRotaxane 3*0.75N03*0.25 CI.CH,CI,.Et,O: 
M ,  =1423.8, Monoclinic, space group P2,/n, a = 9.777(1), b = 43.455(8), 
c=18.361(1)& fl =101.13(1)", V=7654(2)A3, Z = 4 ,  D, = 1 . 2 3 6 g ~ m - ~ ,  
p(CuK.) = 14.4 cm-', F(OO0) = 3034, T = 193 K. Data for a clear rhombic plate of 
dimensions 0.10 x 0.33 x 0.40 mm were measured on a Siemens P4  rotating anode 
diffractometer with graphite monochromated Cu, radiation at reduced tempera- 
ture using o scans. 7576 Independent reflections were measured (265 114"), and of 
these 5376 had IFo\ >4u(IFoI) and were considered to be observed. The data were 
corrected for Lorentz and polarisation factors, but not for absorption. The structure 
was solved by direct methods and the major occupancy non-hydrogen atoms of the 
[2]rotaxane were refined anisotropically ; the carbon atoms of the included, disor- 
dered CH2C12 molecule and the carbon and oxygen atoms of the disordered Et20 
molecules were refined isotropically. The analysis also revealed the presence of 
partial disorder (70:30) within one of the polyether linkages in the DB24C8. The 
positions of the hydrogen atoms in the NH: center were determined from a AF 
map; the position of these hydrogen atoms and those of the other hydrogen atoms 
within the structure were subsequently idealized, assigned isotropic thermal 
parameters and allowed to ride on their parent C/N atoms. Refinement was by 
full-matrix least-squares based on F2 (925 refined parameters) and converged to 
give R ,  = 0.089, wR, = 0.221. The maximum and minimum residual electron den- 
sities in the final AFmap were 0.52 and -0.30 e ,k3.  The mean and maximum A/u 
in the final refinement cycle were 0.006 and 0.155, respectively. Computations were 
carried out using the SHELXTL program system [31]. Crystallographic data (ex- 
cluding structure factors) for the structure reported in this paper have been deposit- 
ed with the Cambridge Crystallographic Data Centre as supplementary publication 
no. CCDC-1220-8. 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 + (1 223) 336-033 ; e-mail : teched (4chemcrys.cam.ac.uk). 
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second-order multiplet-as a result of coupling to the NH: protons-at 6 
= 4.60 in CDCI,, compared with a singlet with a 6 value of 4.28 for the 
corresponding protons in the uncomplexed bis(azidomethylbenzyI)ammonium 
salt 2.PF, in the same solvent. 


[29] A 1:2 molar ratio of bisammonium salt 13-2PF6 and DB24C8 in CD,CN 
gives a complicated 'H NMR spectrum which relates to four discrete species- 
uncomplexed 13.2PF6, uncomplexed DB24C8, and two complexes (with 1 :1 
and 1 :2 stoichiometries) formed between 13.2PF6 and DB24C8. These dis- 
crete species arise, rather than a time-averaged set of resonances, because of the 
slow rates of complexation and decomplexation on the 'H NMR timescale at 
300 MHz, together with the modest association constants for complexation in 
CD,CN between the salt and crown (ca. 10' Lmol-I). In order to reduce the 
number of species in the system, the spectrum of 13.2PF, was recorded in 
CD,CN/CDCI, (I : 1 v/v) (since reducing the hydrogen-bond accepting ability 
of the solvent encourages complexation) in the presence of 10 molequiv of 
DB24C8 to drive the equilibria toward the 1.2 complex. In this case, two 
species were observed in solution-the 1 :2 complex and uncomplexed excess of 
the crown ether. 


[30] D. D. Perrin, W. L. F. Armarego, Purification of Laboratory Chemicals (3rd 
ed.), Pergamon Press, Oxford, 1988. 


[31] SHELXTL (Version 5.03), Siemens Analytical X-Ray Instruments, Madison, 
WI, 1994. 
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A New Nickel(rI1) Oxide Family: MSr,NiO, (M = Sc, In, Tm, Yb and Lu) 


Michael James and J. Paul Attfield* 


Abstract: The new phases M"'Sr,Ni"'O, 
have been prepared for M = Sc, In, Tm, 
Yb and Lu. Thermogravimetric analysis 
indicates that these phases are stoichio- 
metric nickel(iI1) oxides. Rietveld refine- 
ment of their crystal structures from pow- 
der X-ray diffraction data confirms that 
they adopt the rhombohedral K,CdCl,- 
type structure (space group R k ,  
a = 9.6595 (2) and c = 10.8546(3) 8, for 
ScSr,NiO,). The M site is fully occupied 
for M = Sc and In, but a deficiency of 


Introduction 


scattering for M = Tm, Yb and Lu is time-of-flight neutron diffraction data. 
shown to be due to Ni substitution The refined composition is (Yb,,83Ni,,17)- 
through a simultaneous refinement of the Sr,NiO,. The magnetic susceptibilities of 
YbSr,NiO, structure using X-ray and the M = Sc, In and Lu samples show 


Curie-Weiss behaviour down to 6 K; 
however, ScSr,NiO, shows a broad tran- 
sition between 250 and 290K, with 
Curie- Weiss behaviour above and below 
this anomaly. This transition is thought to 
be between the statically and dynamically 
Jahn-Teller distorted regimes of octahe- 
drally coordinated, low-spin Ni3+. 


Nickel(ii1) oxides are of interest for their "high" oxidation state 
and for their structural, magnetic and electronic properties in 
relation to high Tc superconductors, as both low spin Ni3+ and 
Cu2+ have S = 'iZ ground states. The three-dimensional per- 
ovskites LnNiO, (Ln = La-Gd)" -31 and layered K,NiF,-type 
Ln,-,Sr,NiO,-, solid solutions (Ln = La,'4-6]Nd,17-91 Pr, Sm 
and Gd)[9* lo] have been extensively studied. We have recently 
prepared a series of related Nil" defect oxides 
Lno,33Srl,6,Ni03,67 (LnSr,Ni,O,,) for Ln = Y, Dy, Ho, Er and 
Tm.[". 12] Attempts to prepare the Yb analogue of these phases 
resulted in the formation of a new rhombohedral Ni"' com- 
pound YbSr,NiO,, for which preliminary results have been 
reported.[13] This paper describes further results for YbSr,NiO, 
and the preparation and characterisation of the family of 
isostructural phases MSr,NiO, (M = Sc, In, Tm and Lu). 


Results 


Powder X-ray diffraction profiles were recorded for each of the 
new phases. It was found that the major phase in each case for 
M = Sc, In, Tm, Yb and Lu could be indexed on a rhombohe- 
- .  
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Dr. M. James 
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dral unit cell with hexagonal lattice parameters similar to those 
of K,CdCl,-type oxides such as Sr,PtO, .[I4* 151 Small quantities 
of M,SrO, phases116-18] were observed for M = Tm, Yb and 
Lu, and SrO was found in all of the samples containing the 
rhombohedral phase, with the exception of InSr,NiO,, which 
was phase-pure by powder X-ray diffraction. The indexed pat- 
tern of InSr,NiO, is given in Table 1. The rhombohedral phase 
was not observed for M = Ga, which gave a mixture of phases 
including Sr,Ni,O,, ,[Ig1 Sr,Ga,06,[20] NiO and SrO, or for 
M = Er, which gave ErSr,Ni,O,, ,[''I ErzSr0,['61 and SrO. 


Table 1. Observed d spacings and relative peak intensities ( I , )  for X-ray diffraction 
pattern of InSr,NiO,. 


hkl d spacing (A) I ,  hkl d spacing (A) I ,  


110 4.787 
102 4.620 
202 3.320 
21 1 3.022 
113 2.923 
300 2.712 
212 2.133 
104 2.624 
204 2.303 
311 2.260 
312 2.134 
214 2.080 


15 
1 


13 
4 


48 
100 


8 
3 


19 
17 
1 


17 


223 2.014 
321 1.883 
006 1.847 
410 1.842 
21 5 1.818 
322 1.807 
314 1.713 
116 1.122 
404 1.667 
413 1.630 
330 1.604 


23 
2 
7 
4 
4 


11 
3 
1 
1 
5 


11 


The thermogravimetric reduction plot of InSr,NiO, is shown 
in Figure 1. The mass loss upon reduction of this phase was 
8.9 (1) %, corresponding to an oxygen content of 5.97 (1) per 
formula unit. The small plateau at around 1.7 % mass loss sug- 
gests that Ni3+ is initially reduced to NiZ+, before In3+ and 
Ni2+ are together reduced to their metallic states. 
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Fig. 1. Thermogravimetric reduction profile for InSr,NiO, , 


Rietveld refinements of the MSr,NiO, structures were carried 
out on powder X-ray diffraction data. The starting model in 
space group R3c was that previously used for YbSr,NiO, [13] 


and is derived from the structure of Sr,Pt0,r14. 15] with M at the 
unique trigonal prismatic Sr site and Ni at the Pt site (Fig. 2). 
The impurity phases were also fitted by refining their scale fac- 
tors and lattice parameters. Variation of the site occupancies 


Fig. 2. Left: NiYbO, chains. Right: unit cell for YbSr,NiO,. 


showed that all the sites are fully occupied in ScSr,NiO, and 
InSr,NiO,, but for MSr,NiO, with M = Tm, Yb and Lu a 
deficiency of scattering of about 12% was observed at the M 
site. In these cases, the observed electron density at the M site is 
equally consistent with ca. 12 % vacancy formation, ca. 18 % Ni 
substitution or ca. 26 % Sr substitution. The latter possibility 
can be discarded as the average "M"-O distance is less then 
that expected for M alone, whereas Sr substitution would ex- 
pand this site. 


To distinguish between the vacancy formation and Ni substi- 
tution models, the structure of YbSr3Ni0, was refined by using 
time-of-flight neutron and X-ray powder diffraction profiles 
simultaneously. In the latter stages of this refinement, Yb and 
Ni atoms were placed at the M site and their occupation factors 
were freely refined, giving occupation factors of 0.84(1) and 
0.15(1), respectively. The total Yb+Ni occupancy of 0.99(2) 
does not differ significantly from unity, showing that Ni substi- 
tution and not vacancy formation occurs. The total Yb+Ni 
occupancy was thus constrained to be 1.0 in the final model. 
There was no evidence for disorder or vacancies at any other 
site. 


The results of the powder X-ray refinements are given in 
Table 2, and X-ray diffraction profiles of InSr,NiO, are shown 
in Figure 3. The derived variations of c/a and Vwith M 3 +  ionic 
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Table 2. Profile and structural parameters, interatomic distances and angles, and im- 
purity phase ratios for MSr,NiO, (M = Sc, In, Lu, Yb and Tm) (e.s.d.'s in parenthe- 
ses). 


sc  In Lu Yb Tm 


Cell parameters 
a (A) 9.6595(2) 9.6458(3) 9.6856(2) 9.6851 (2) 9.6838(2) 
c (A) 10.8546(3) 11.1 11 1 (3) 11.0145(2) 11.0960(2) 11.1193 (3) 
V ( A 3 )  877.10(4) 895.29(6) 899.57(4) 901.37(4) 903.02(5) 


R factors (%) 
RWP 4.8 6.5 5.4 2.8 6.7 
RP 2.9 4.2 3.5 1.9 4.4 
RF 4.1 3.5 2.9 4.1 5.5 


Atomic parameters [a] 
Ni U,so (A*) 0.006(1) 
Sr x 0.3709 (1) 
Sr U,,, (A2) 0.006(1) 
M U,,, (A2) 0.001 (1) 
M/Ni occup. 1 .OO 
o x  0.1 746 (6) 


or 0.1 158 (3) 
O Y  o.n220(5) 


0 u,,, (A2) 0.002(1) 


0.002(2) 
0.3705(1) 
0.007(1) 
0.005(1) 


0.1781 (6) 
0.0232(8) 
O.l140(6) 


1.00 


0.001 (2) 


O.OOS(l) 


0.001 ( I )  
n.81 (i)/o.i9 


0 . 0 2 ~ 7 )  


0.3701 ( I )  
0.006 (1) 


0.1759 (6) 


0.1 11 2 (5 )  
0.005(2) 


0.005 (1) 
0.3704(1) 
0.005 (1) 
0.005 (1) 
0.83 (I)/O.l7 
0.1785(6) 
0.0249(8) 


0.008 (2) 
n. I 1 I 3 (6)  


O.OOS(2) 
0.3698 (2) 
0.008 (1) 


0.81 (1)/0.19 
0.1755(8) 
0.0238(9) 
0.1 108 (7) 
0.009(2) 


0.002(1) 


Interatomic distances (A) 
Ni-0 x 6 2.028(5) 2.055(6) 2.022(5) 2.039(6) 2.017(7) 


Sr-0 x 2 2.483(5) 2.489(6) 2.523(5) 2.516(6) 2.534(7) 
S r -0  x 2  2.610(5) 2.629(6) 2.603(5) 2.599(6) 2.612(8) 
S r - 0  x 2 2.64915) 2.637(6) 2.644(6) 2.629(6) 2.634(8) 
Sr-0 x 2 2.690(5) 2.696(6) 2.703(6) 2.718(6) 2.714(8) 


M - 0  ~6 2.157(5) 2.214(6) 2.222(5) 2.235(6) 2.224(7) 


mean 2.608(5) 2.613(6) 2.618(6) 2.616(6) 2624(8) 


Interatomic angles (") [b] 
0 - N i - 0  85.6(2) 86.0(3) 86.8(2) 87.1 (3) 86.6(3) 
0 - N i - 0  94.4(2) 94.0(3) 93.2(2) 92.9(3) 93.4(3) 


~ ~ ~ 


[a] See Table 3 for atomic positions. [b] r ( 0 )  = r ( 0 )  = - r(0). 


counts 
X l O 5  


1 I I I I I I I I I 


20 30 40 50 60 70 80 90 100 1 1 0  


2e (Degrees) 


Fig. 3. Observed (points), calculated (full line) and difference X-ray powder dif- 
fraction patterns for InSr,NiO, . 


radius are shown in Figure 4, and the twist angles (4) for the 
distorted MO, trigonal prisms (defined in Fig. 5, left) are plot- 
ted in Figure 5 (right). The results of the simultaneous refine- 
ment of YbSr,NiO, are shown in Table 3, and the observed, 
calculated and difference neutron diffraction profiles are shown 
in Figure 6. The associated X-ray diffraction profiles are essen- 
tially identical to those shown in reference [I 31. 


The molar susceptibility of YbSr,NiO, has been previously 
reported.[l3I The magnetisation of MSr,NiO, samples (M = Sc, 
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Table 3. Profile and structural parameters from the simultaneous refinement of 
Yb, ,Ni,Sr,NiO, from X-ray and TOF neutron diffraction data in space group R3c 
with e.s.d.'s in parentheses (cell dimensions (A): a = 9.6831 ( 3 ) ,  c =11.0913(3)). 


a) R factors (%). 


- 11.1 ,I I, I I I I, I . mmnllahhnfi~, 14 7':': ,'~,''' '?: , l ~ ~ ~ n '  I ' > Y '  ' I '  ," 
L -  .. 4 .& 


I I I I I I I 1 


Writs 
x 1 0 4  


I I I I I I I 


X-ray 3.1 
TOF neutron 2.1 


2.0 4.2 
3.6 1.4 


b) Atomic parameters. 


Atom Posi- x Y z u~,. (AZ) Site occup. 
tion 


Ni 66 0 0 0 0.0056 (2) 1 .O 
Yb/Ni 6a 0 0 0.25 0.0051 (2) 0.833(8)/0.167 
Sr 18e 0.3707(1) 0 0.25 0.0073(1) 1.0 
0 36f 0.1748(1) 0.0226(1) 0.1106(1) O.OllO(2) 1.0 


c) Interatomic distances (A) and angles (") 


Ni-0 x 6  2.0112(5) Yb/Ni-0 x 6 2.2208(4) 
Sr-0 x 2  2.5408(6) Sr-0 x 2  2.6048(5) 
Sr-0 x 2  2.6437(5) Sr-0 x 2  2.6971(7) 
0 - N i - 0  x 6  86.68 (2) 0 - N i - 0  x 6  93.32(2) 
0'-Ni-0" x 3 180.0 


Table 4. Effective moments (perf) and Weiss parameters (0) for MSr,NiO, (M 
= Yb, Lu, In and Sc) fitted over the given temperature ranges. 


M T (K) (B. M.) 0 (K) 
900 1 1.150 i 


Yb 150- 300 4.6(1) -29(1) 
Lu 6-300 2.30(1) 3.4(1) 
In 6-300 1.97 (1) 2.4(1) 
Sc (sample 1) 6-200 2.20(1) 3.2(1) 
Sc (sample 2) 6 - 200 2.18(1) 4.4(1) 
Sc (sample 2) 300-400 2.11 (1) 1.8(1) 


0 


1.140 


1.135 


41.130 


880 t 1.125 x 
875 ' ' ' ' ' " ' ' ' ' " " ' ' 1.120 


0.70 0.75 0.80 0.85 0.90 
$' Ionic Radius (A) 


Fig. 4. The variation of cell volume V (open squares) and cia (filled squares) with 
M 3 +  ionic radius for MSr,NiO, (M = Sc, In, Lu, Yb and Tm in order of increasing 
radius). 
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Fig. 7. The inverse molar susceptibility (l/xy) versus temperature for MSr,NiO, 
where M = Sc (two samples; crosses and open circles), In (filled circles) and Lu 
(open squares). 


.- 
13.4 
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13.0 
0.70 0.74 0.78 0.82 0.86 0.90 


Ionic Radius (A) 
Fig. 5. Left: Schematic diagram of distorted MO, trigonal prism defining the twist 
angle (4). Right: Plot of twist angle versus M3+ ionic radius for MSr,NiO,. Discussion 


In and Lu) were initially measured between 6 and 325 K. The 
inverse molar susceptibilities (1 /xM), calculated from these data, 
are shown in Figure 7. InSr,NiO, and LuSr,NiO, show Curie- 
Weiss behaviour throughout, whereas ScSr,NiO, displays a 
broad magnetic transition between around 250 and 290 K. To 
clarify the magnetic behaviour of ScSr,NiO, above the anoma- 
ly, the susceptibility of a second sample encapsulated by a 
quartz holder was measured up to 400 K. Effective magnetic 
moments (perf) and Weiss parameters (8) for the M = In, Yb and 
Lu phases, and for ScSr,NiO, below 200 K and above 300 K are 
given in Table 4. 


Under the preparative conditions used, rhombohedra1 
K,CdCl,-type phases MSr,NiO, are stabilised by a range of M 
( = Sc, In, Lu, Yb and Tm) at the trigonal prismatic site with 
ionic radii[''] r("IM3+) between 0.75 and 0.87 A. Attempts to 
form these types of phases under the same conditions with 
M = Ga3+ and Er3+ (having r("'M3+) = 0.62 and 0.89 A, re- 
spectively), were unsuccessful. The kinetics of formation of 
these phases also seem to depend upon r("'M3+). The smaller 
In3+ and Sc3+ reacted to completion in 20-30 hours, but the 
larger lanthanide cations took in excess of 150 hours to react 
with many intermediate regrindings. 
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Rietveld refinement using X-ray powder diffraction data con- 
firms that MSr,NiO, (M = Sc, In, Lu, and Tm) are isostruc- 
tural with YbSr,NiO, (Fig. 2). In this phase NiYbO, chains are 
formed down the threefold z axis by face-sharing between alter- 
nating NiO, octahedra and slightly twisted YbO, trigonal 
prisms (Fig. 2, left). Strontium, with an irregular eightfold coor- 
dination, occupies positions between the NiYbO, chains (Fig. 2, 
right). The unit cell volume increases with r("'M3+) (Fig. 4). 
However, for InSr,NiO,, a is smaller and c is larger than expect- 
ed; this is clearly seen in the accompanying plot of c/a . 


The simultaneous X-ray and neutron study of YbSr,NiO, 
confirms the oxygen stoichiometry. The ratio of X-ray 
&,(0):fNi(O) = 2.50) and neutron (byb: bNi = 1.22) scattering 
factors for Yb and Ni are sufficiently different that good con- 
trast was obtained in the simultaneous refinement, enabling the 
substitution of Ni for Yb to be demonstrated. The M = Tm, Yb 
and Lu phases are of composition (Ml-xNix)Sr3Ni06 with 
xz0.17, but for M = Sc or In x is 0. 


symme- 
try) in the MSr,NiO, structures are elongated parallel to c, and 
the Ni-0 bond lengths and angles (Table 2) vary little with M. 
A similar Ni3+ environment is found in LiNi0,,t221 with six 
equivalent Ni-0 distances of 1.969(1) A, and cis 0-Ni-0 bond 
angles of 86.1 and 93.9". The increase in M - 0  distance on going 
from M = Sc to Tm is less than would be expected on the basis 
of their ionic radii. For the larger cations the mean r(''M3+) is 
reduced by approximately 6 % through the substitution of Ni, 
and by increasing the twist angle of the trigonal pyramid (Fig. 5, 
right), which enables the triangular faces to approach each oth- 
er more closely. Less size pressure at the M site for M = Sc and 
In does not result in any observable Ni substitution. 


These compounds are the first M1llSr,T1llO, oxides (T = 
transition metal) to be synthesised with the rhombohedral R5c 
symmetry of a K4CdC1,-typerz3' structure. Previously only 
M1'Sr,TIVO, oxides such Sr,TO, (T = Pt, Ir and Rh),",] 
Ca,TO, (T = Pt,[241 and IrIZ5]) and Ni"Sr,Pt1v0,1261 have been 
reported in which TIv occupies the octahedral sites and Sr", Ca" 
or Ni", are present at the trigonal prismatic sites. It is notable 
that this structure type enables alkaline earth (Sr, Ca), transi- 
tion metal (Sc, Ni), lanthanide (Tm, Yb, Lu) and main-group 
(In) cations to be observed in the unusual trigonal-prismatic 
coordination geometry. An isostructural disordered phase 
Cu,,,,Ca,,,,(Sr 1,5Cal,5)Pt0, has also been as well 
as CuSr,PtO, and CuSr,IrO,, which crystallise in the mono- 
clinic subgroup C ~ / C . [ ~ ~ ]  In these structures, Cu" is displaced 
from the centre of the trigonal prism towards one of the square 
faces; this results in a typical CuO, square-planar geometry. 


Ternary M" -TIv oxides can display the perovskite-type 
MTO,, K,NiF,-type M,TO, and K,CdCl,-type M,TO, struc- 
tures as the M/T ratio increases. The relationships between these 
and other hexagonal perovskite structures have recently been 
described.[29] The same progression of structures may now be 
generated by the double substitution of Ln"' and Ni"' for MI1 
and TIv giving LnNiO,, LnSrNiO, and LnSr,NiO,. The former 
two structures are stabilised by large lanthanide cations 
(Ln = La-Gd), but the latter is stabilised by the cation order- 
ing of small Ln ( = Tm-Lu) and Sr cations. 


The MSr,NiO, structure provides a good opportunity to 
study the magnetic properties of Ni3+ within isolated NiO, 
octahedra. We have previously shown that when paramagnetic 
Yb3+ is present at the M site a broad maximum is observed at 
around 12 K, suggesting possible one-dimensional magnetic or- 
dering due to antiferromagnetic superexchange interactions 
within the YbNiO, chains.['31 This is supported by the Weiss 
constant 0 = - 29 K extracted from the high-temperature re- 


The rhombohedrally distorted NiO, octahedra 
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gion where the magnetic susceptibility follows the Curie- Weiss 
law. With diamagnetic Sc, In or Lu present in the trigonal pris- 
matic sites between the NiO, octahedra, there is no evidence for 
any short-range magnetic order down to 4 K (Fig. 7), and small 
values of 8 in the range 2-4 K are found. The petf values in 
Table 4 are all characteristic of low-spin 3 d7 Ni3+ ; however, the 
broad transition observed for ScSr,NiO, between 250 and 
290 K suggests that two subtly different limiting forms of mag- 
netic behaviour are possible for these phases. For LuSr,NiO, 
and ScSr,NiO, (< 250 K), perf and 0 have slightly greater values 
than for InSr,NiO, and ScSr,NiO, (>290 K). The anomalous 
c/a ratio for InSr,NiO, (Fig. 4) in comparison to those those for 
the M = Lu, Yb and Tb analogues may also reflect a subtle 
electronic difference in the behaviour of Ni3+ in these materials. 


The rhombohedral distortion of the NiO, octahedra in the 
MSr,NiO, structure does not remove the degeneracy of the 2Eg 
ground state of Ni3+. This state is prone to a Jahn-Teller dis- 
tortion, and so the two magnetic behaviours may be identified 
with statically (< 250 K) and dynamically ( > 290 K) distorted 
NiO, octahedra. In the former case, the small distortions are not 
ordered within the structure, so that no change of crystal struc- 
ture is seen. The proposed dynamic-to-static transition in Sc- 
Sr,NiO, is similar to that reported in K,PbCu(NO,), . The 
Cuz+ ESR spectrum of this compound shows a gradual transi- 
tion over the range 293-273 K.[30*311 The room-temperature 
spectrum gave an isotropic g value of 2.10, but at liquid-nitro- 
gen temperatures g was clearly anisotropic with estimated val- 
ues of g,  = 2.155 and g,, = 2.061, suggesting a freezing-out of 
the dynamic distortion to give a static one. The equivalent 
isotropic g value of 2.12 at 80 K is slightly greater than that at 
300 K, consistent with the slight increase in perf observed for 
ScSr,NiO, on cooling through the transition. Variable-tempera- 
ture neutron diffraction and ESR studies of ScSr,NiO, are un- 
der way to clarify the nature of this unusual transition. 


Conclusions 


This study has shown that rhombohedral, K,CdCl,-type, nick- 
el(m) oxides MSr,NiO, are formed for M = Sc, In, Tm, Yb and 
Lu at 1100 "C. These are the first oxide phases to adopt this 
structure type with trivalent ions on both the trigonal-prismatic 
and octahedral sites. Simultaneous refinement of the structure 
of YbSr,NiO, using X-ray and time-of-flight neutron diffrac- 
tion data shows that approximately 17 % Ni is substituted for 
Yb at the M site. This substitution is also found for M = Tm 
and Lu and helps to stabilise the structure by reducing the aver- 
age ionic radius at the M site. 


The magnetic susceptibility curve of YbSr,NiO, shows evi- 
dence of one-dimensional magnetic interactions within the 
NiYbO, chains, but this is not seen with diamagnetic M = Sc, 
In or Lu. The magnetic susceptibility of ScSr,NiO, shows an 
anomaly between 250 and 290 K, with slightly different Curie- 
Weiss limiting behaviours above and below this temperature 
region. This transition is consistent with a change from dynamic 
to static Jahn-Teller distortions of the Ni"'0, octahedra on 
cooling. 


Experimental Procedure 
Sample preparation: Polycrystalline samples with hulk composition MSr,NiO, 
(M = Sc, In, Ga, Lu, Yh, Tm and Er) were synthesised from spectroscopic-grade 
powders of strontium carbonate, nickel nitrate hexahydrate and the corresponding 
metal oxide M,O, (M = Lu, Yb, Tm and Er) or nitrate pentahydrate 
M(NO,),.SH,O (M = Sc, In and Ga). Prior to weighing the lanthanide oxides were 
preheated to 1000 "C in air to decompose any carbonate material to the oxide. The 
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powders were dissolved in dilute nitric acid, and an intimate mixture of the metal 
oxides was formed by decomposition of a citric acid/ethylene glycol gel. The 
residues were pelleted and sintered in a tube furnace at 1100 "C under flowing 
oxygen for up to one week with frequent regrinding and repelleting until no further 
reaction was evident by powder X-ray diffraction. The reaction times for M = Sc 
and In (20-30 h) were substantially lower than for M = Tm-Lu (ca. 150 h) 


Powder Diffraction: Powder X-ray diffraction profiles were recorded on a Philips 
PW 1710 diffractometer with Cu,. radiation. Data of sufficient quality for structure 
refinement were collected over 13 1 2 8 1  113", in 0.025" steps, with integration times 
of 12 s. These structural refinements were carried out by the Rietveld method [32] 
using the GSAS program [33] and a refined background function. 
The time-of-flight (TOF) powder neutron diffraction profile of YbSr,NiO, was 
collected in 3 h on the POLARIS instrument at the Rutherford Appleton Laborato- 
ry. The backscattering profile (1 35 5 2 9 S 158") was used in a simultaneous Rietveld 
refinement of the structure with the above X-ray diffraction data. The diffraction 
pattern of a Si powder standard was used to calibrate the time-of-flight scale. 


Thermogravimetric Analysis: Thermogravimetric analysis of a % 30 mg sample of 
InSr,NiO, was carried out with a Stanton Redcroft STA 1500 simultaneous thermal 
analyser. The sample was reduced under a 5% hydrogen in nitrogen mixture (flow 
rate of 58 mlmin- ')  over a temperature range of 15 to 900°C at a heating rate of 
10 "C min- ' . 
Magnetic Susceptibility Measurements: Magnetic susceptibilities were measured us- 
ing a Quantum Design SQUID magnetometer under an applied field of 3.0 T. 
Samples were cooled down to 6 Kin  zero field, and the magnetisation was measured 
while they were warmed up to 400 K. 
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On the Definition of Chirality 


Laurence D. Barren" 


In a recent analysis of the chirality of large random 
supramolecular structures such as spiral diffusion-limited ag- 
gregates (DLAs), Katzenelson et al.[’] suggest that the standard 
definition of Glasgow’s Lord Kelvin (I call any geometrical 
figure, or any group of points, chiral, and say it has chirality, if 
its image in a plane mirror, ideally realized, cannot be brought 
to coincide with itself)[’] should be modified along with the 
associated concept of enantiomers. They tentatively propose the 
following extended definition: 


Chirality is the inability to make a structure coincide with a statis- 
tical realization of its mirror image; the probe-dependent measure 
of this inability is the Chirality content of the structure. 


I would like to discuss this proposal from the standpoint of 
symmetry and conservation laws in fundamental physics, an 
approach of which I believe Lord Kelvin, as a physicist, would 
have approved. 


Katzenelson et al.”] are troubled by the meaning of chirality 
of an object that can never have an exact enantiomer in practice, 
such as a DLA. Their concern is misplaced. Kelvin’s geometric 
definition can be expressed in terms of the fundamental opera- 
tion of parity (space inversion). Provided parity is conserved, as 
in pure electromagnetic processes, the enantiomers intercon- 
verted by the parity operation have exactly the same energy: in 
the language of modern physics, they are degenerate. As far as 
physical properties are concerned, chiral objects are distin- 
guished from achiral objects by their ability to support time- 
even pseudoscalar observables (such as the natural optical 
rotation angle) with enantiomers showing corresponding ob- 
servables with precisely the same magnitude but opposite sign as 
required by parity con~ervation.[~. 41 Precise quantum-mechani- 
cal degeneracy of enantiomers is the “gold standard” of the 
concept and should not be debased. The fact that the exact 
enantiomer of a given DLA can never be formed in the labora- 
tory (even though it must exist in principle since DLAs are 
constructed from a finite number of atoms) is irrelevant and 
should not lead us to abandon perfection as embodied in Kelv- 
in’s definition. Why not simply call the clockwise and counter- 
clockwise DLAs quasi-enantiomers (or perhaps statistical enan- 
tiomers) and leave the word enantiomer, unembellished with 
adjectives such as virtual, to describe the mirror-image, as usual? 
Also, if statistical uncertainty about resolution and the precise 


[*] Prof. L. D. Barron 
Chemistry Department, The University, Glasgow G12 8QQ (UK) 
Fax: Int. code +(141)330-4888 


positions of atoms is a practical concern, then the same statisti- 
cal uncertainty should be applied to both enantiomers, not just 
to the mirror image of one completely determined structure, as 
stated in the proposed new definition. 


At this point it should be mentioned that the conventional 
mirror-image enantiomers of even small chiral molecules are in 
fact themselves only quasi-enantiomers since there is a tiny ener- 
gy difference between them due to the parity-violating weak 
neutral current interact10n.L~ 6l Precise degeneracy is recovered 
if all the particles in the mirror-image molecule are replaced by 
corresponding antiparti~les.1~1 However, this imperfection is so 
small that it can be safely ignored in normal chemistry, but we 
should be aware of its existence in fundamental work. 


Fundamental physics also has something to say about mea- 
sures of chirality content. Although they may well have practical 
value in areas such as separation of enantiomers on chiral sup- 
ports, the measures discussed by Katzenelson et al.ll] and oth- 
erst8] are of course purely geometrical and appear to have no 
physical significance at the small chiral molecule level. Chirality 
content of molecular structures in the form of some fundamen- 
tal time-even pseudoscalar quantity analogous to, say, energy (a 
time-even scalar) is in fact a will-o’-the-wisp. Indeed, a hint of 
this appears in the proposed extended definition of chirality 
above in which measures of chirality content are recognized to 
be probe-dependent (e.g., optical rotation angle depends on the 
wavelength of the incident light beam). The reason that chirality 
content evaporates under close quantum-mechanical scrutiny is 
that, neglecting parity violation, chiral molecules are not in 
stationary states of the Hamiltonian: they oscillate back and 
forth between the mirror image handed states with an intercon- 
version time proportional to the inverse of the tunneling split- 
ting. This means that any pseudoscalar quantity such as chiral- 
ity content will average to zero on an appropriate timescale. 
Chirality content is, however, quantifiable in elementary par- 
ticle physics where it is a function of the velocity of axially 
spin-polarized particles relative to the velocity of light and is 
related to the strength of the weak in te ra~t ion .~~]  This exposes 
another problem, which the proposed extended definition of 
chirality shares with Kelvin’s original version, since both apply 
to purely static sources of chirality and so exclude chiral objects, 
such as circularly polarized photons, where motion is an essen- 
tial ingredient. The only compelling reason for generalizing 
Kelvin’s definition is to encompass absolute asymmetric synthe- 
sis and the concept of chirality in elementary particle physics by 
including motion-dependent 4, ’3 91 
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Finally, the analysis of chirality content of spiral DLAs given 
by Katzenelson et al.[’] appears to be purely two-dimensional. 
Ignoring the local arrangements of their constituent atoms, 
these systems are of course achiral in three dimensions. Care 
needs to be taken in extrapolating any associated physical prop- 
erties to three dimensions because the physics of chirality in two 
dimensions is very different from that in three.“’] For example, 
chiral molecules on an isotropic surface can show new chiropti- 
cal phenomena such as huge circular intensity differences in 
second harmonic scattering, which are generated by pure elec- 
tric dipole processes.[’11 
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Reply to “On the Definition of Chirality” 


Further Comments on the Chirality of Large Random Objects 


David Avnir,” Omer Katzenelson and Hagit Zabrodsky Hel-Or 


Prof. Barron has illuminated the question of the chirality of 
large random objects[’] from an additional point of view, and 
has added valuable comments to the discussion.[21 The main 
issue raised is that of geometric versus physical definitions of 
chirality. It is an important question, which was also addressed 
recently by Gilat.[31 It is our opinion that these two points of 
view are correlated and complementary. Thus, we have shown 
that the geometric measure of the degree of centrosymmetricity 
correlates smoothly with the hyperpolarizability of distorted 
benzene,[41 that continuous symmetry analysis nicely predicts 
the melting point of small clusters,[51 that the inhibition efficien- 
cy of a series of chiral acetylcholineesterase inhibitors depends 
linearly on the geometric degree of chirality of these in- 
hibitors,[61 and more. Lord Kelvin has taken in his definition of 
chiralityr7’ the strict view of a geometer and not that of a physi- 
cist (and here we differ with BarronI2I), and rightly so: symme- 
try and chirality are strict geometric traits; their physical mani- 
festation is an intimately linked, but totally different story, 
which may vary wildly with the physical property in question. 
Optical rotation, mentioned by Professor Barron, is actually a 
well-known example for this: it can be zero for chiral objects 
and therefore fails, in principle, to serve as a universal chirality 
measure. Lord Kelvin’s geometric definition is simple in the 
positive sense and robust: the criterion of nonsuperimposability 
is general and a sufficient condition for chirality. 


[*] Prof. D. Avnir, 0 .  Katzenelson, Dr. H. Zabrodsky Hel-Or 
Institute of Chemistry and Institute of Advanced Studies 
The Hebrew University of Jerusalem, Jerusalem 91904 (Israel) 
e-mail: david[ngranite.fh.huji.ac.il 


It was unnecessary for Barron to “defend” Lord Kelvin (al- 
though later on he criticizes Kelvin’s definition, see below), 
because our starting point follows in Kelvin’s footsteps with 
purely geometrical arguments. Our main contribution, as we see 
it, is to analyze how purely geometric arguments stand vis-$-vis 
realistic complex structures and the mechanisms of their forma- 
tion. In fact, our work in reference [l] is a step towards a phys- 
ical picture of chirality without leaving the safe grounds of ge- 
ometry. In particular, the issues we emphasized, which have led 
to the extended treatment of the concept of chirality, are the 
following: 


1. A (large) random object is always chiral even if it had no 
chiral bias in its construction. However, it is impossible to ob- 
tain its enantiomer by repetition of the construction process: the 
probability of hitting on the exact enantiomer is negligible. The 
only way to obtain the exact enantiomer is to resort to an alter- 
native nonrandom, and therefore artificial construction of a mir- 
ror-image object, according to exact guide-lines provided by the 
original object. In chemistry we have been trained to treat chi- 
rality automatically as a structural property which is manifested 
by a pair of enantiomers. The extension to the always-chiral 
large random objects, which we call incidentally chiral objects,“] 
is not trivial. Kelvin’s exact superimposability criterion is appli- 
cable here as well because it is indifferent to the history of 
construction; however, its execution is imposable, or at most, 
artificial. Our link to physical situations is then straightforward : 
in supramolecular chemistry, randomness leads to chirality, but 
the enantiomer can never form by the same process (c.f., Ruch’s 
potato[81 and Mislow’s analysis of large collections[91). 
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2. Large random objects may be chiral not only because of 
their randomness, but also because their construction process is 
chirally biased to a certain degree. These objects, which we 
termed inherently chiral,“] pose additional constraints on the 
physical interpretation of exact superimposability : First, one 
has to establish criteria for the distinction between incidental 
and inherent chirality. In chirality-related studies, the former 
may be “unimportant” background noise for the latter. The 
transition between the two is gray, and obviously depends on 
the sensitivity of analysis. Second, inherently chiral objects do 
allow the formation of “left -right” enantiomers by repetition 
of the same construction process (operated once in the chirally 
biased way and then by the reversed chiral route), yet the ele- 
ment of randomness blurs the exact superimposability criterion. 
One must therefore relax the exactness restriction in order to be 
able to treat these natural enantiomers as a chiral counterparts 
for all experimental and practical applications. As in the case of 
the incidentally chiral objects, here too, an exact natural enan- 
tiomer is never attainable by repetition of the construction pro- 
cess, and one is bound to resort to an artificial, block-by-block 
mirror-copying procedure in order to achieve it. Therefore, the 
main issue in the translation of Kelvin’s definition to realistic 
laboratory practice is, again, its indifference to the question of 
how the exact enantiomer is formed, if at all. 


This situation is true not only for the aggregates we analyzed 
in reference [I], but for any supramolecular structure: for in- 
stance, practically all mineral crystals found in their natural 
environment are incidentally chiral, with no hope of finding an 
exact enantiomeric pair. This hopeless situation exists even for 
inherently chiral crystals like quartz and tartrate; in principle, 
Pasteur never did see a pair of enantiomers of ammonium sodi- 
um tartrate!L61 


3. The third issue is another important structural property to 
which Kelvin’s definition did not refer, and which is cardinal to 
its physical implementation, especially in large objects: the de- 
pendence of structural properties on the resolution of observa- 
tion, especially in objects of irregular shape.[”] Let us turn to 
the chiral DLAs (diffusion-limited aggregate) we analyzed in 
reference [I] and suppose that we wish to evaluate their chirality, 
as is often done, with a probe molecule. A very small probe 
molecule will have “no idea” that it is in a chiral environment; 
a very large probe will be too coarse to “feel” it as well; but there 
is a range of probe sizes that will “report” on chirality. Yet 
another manifestation of the resolution dependence of chirality 
in such cases is even simpler: defocus the DLA picture, and you 
may notice that the degree of chirality changes. 


4. Indeed, the very concept of measuring symmetry in gener- 
al[’ ‘I and chirality in particular,[3. 1 2 -  141 on a continuous scale, 
is essential for the analysis of the transition from incidental to 
inherent chirality, and for the evaluation of resolution effects.[‘’ 
The detachment from the “either chiral or not” in Kelvin’s 
definition, that is, the legitimization of mirrors that are not 
perfect, is the last but not the least important element of our 
extended treatment. 


Let us now go back and see how our extended treatment of 
the concept of chirality refers to these issues by underlining five 
key words: 


Chirality is the inability to coincide a structure with a statistical 
realization of its mirror image. The probe-dependent amount o f  
this inability is the chirality content of the structure. 


“Statistical” refers to the situation where, although one can 
analyze the chirality of a single large random object, better 
insight into the physics and chemistry of such objects may be 
gained by looking at large enough populations. This may be 
needed, for instance, in cases where it is not clear if the chirality 
is incidental or inherent. “Realization” refers to the practical 
condition that one would prefer to obtain a counter-enantiomer 
by repetition of the construction process, and not by an artificial 
copying procedure. “Probe-dependent’’ refers to the situation 
where the amount of chirality is sensitive to the resolution of 
observation and to the physical characteristics of the probe. 
“Amount” and “content” refer to our general theme in recent 
years, that symmetry (achirality, in this case) is a measurable 
structural property. 11 51 In particular one should note that refer- 
ence to these aspects of chirality does not contradict Kelvin’s 
definition, but provides an extended interpretation of it; Kelv- 
in’s definition is retrieved by omitting the underlined words. 


For the sake of completeness, we conclude by referring briefly 
to some additional specific points made by Barron: 


The main point of Barron is that “provided parity is con- 
served ... the enantiomers have exactly the same energy”. 
This, of course, is always true, but not the issue here. Natural 
enantiomers (i.e., enantiomers that are not identical to the 
mirror images of each other, but differ in details) do not have 
identical physical properties. Different structures may coinci- 
dentally lead to exactly identical physical traits, but the natu- 
ral expectation is for some similarity, not identity. “In the 
language of ... physics, they are degenerate” - no, they are 
not; one has to convert to the analysis of the degree ofdegen- 
eracy, dictated by the degree to which a given number of 
homochiral objects are isochiral (isochirality is the property 
of having the same amount of chirality). 
Optical rotation: Likewise, DLA’s which are either homochi- 
ral or natural enantiomers, all constructed by the same pro- 
cess, will not have the same (or opposite) optical rotations; 
they may have, but only by coincidence. 
Quasi-enantiomers, statistical enantiomers: These very 
propositions of Barron seem to reveal that he too actually 
holds a view that DLAs and other random objects require an 
adaptation of the classical view of chirality. 
Statistical uncertainty : This applies to both enantiomers (and 
not as stated by Barron). 
We agree that in principle our approach is applicable to un- 
certainties in small molecules as well, and that in this case the 
effects we discuss are negligibly small. That is exactly why we 
stated that the perfection in Kelvin’s definition is a special 
case of the more general definition. 
On the physical insignificance of geometric measures: As 
commented above, the complete detachment of physics from 
geometry, as suggested by Barron, narrows our ability to 
analyze correctly natural phenomena: the link between (geo- 
metric) structure and (physical, chemical) activity is a corner 
stone in chemistry, and claims to the contrary may lead us 
astray. Geometry is of course one of several parameters that 
dictate molecular performance, but to state that the purely 
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geometrical measures discussed “appear to have no signifi- 
cance at the small chiral molecule level” grossly contradicts 
observations, a few of which were cited above. 
On the quantum-mechanical picture of averaging chirality by 
oscillations between enantiomers : Luckily, enzymes hold a 
different view (in most cases) and recognize chiral molecules; 
chromatographic materials recognize chirality; chiral 
reagents are capable of inducing chirality in substrates, and 
so on. It is this classical geometric chirality, which is of daily 
relevance in chemistry, biochemistry, and materials science, 
and which is the focus of our studies. Kelvin provided no 
indication in his definition that he means otherwise. 
On the static picture of chirality: Throughout Barron’s com- 
ment, there seems to be a contradiction between an (unneces- 
sary, as explained above) effort to defend Kelvin’s definition 
and Barron’s deep disagreement with Kelvin’s purely geomet- 
ric picture. On this specific point, Barron criticizes both Kelv- 
in and us for treating chirality as a static property. Regarding 
Kelvin’s treatment, Barron is right; Kelvin does not mention 
dynamics. In our case, Barron is incorrect. Our papers on 
continuous symmetry and continuous chirality are full of 
dynamic examples: what we actually do is track symmetry 
and chirality changes with time. We indeed have not yet treat- 
ed temporal chirality and symmetry, but this is in the pipeline. 
(Furthermore, one of us proposed, with his collaborators, to 
use rotation in a viscous medium as a measure of chirali- 


The two-dimensionality of the analysis : Barron’s evaluation 
that the model DLAs we used “appear to be purely two 
dimensional” is clearly stated in our paper, and has apparent- 
ly escaped his attention. Also stated in our paper is that all of 
the conceptual analyses we made are applicable to the same 
problem in any dimension; none of our arguments is dimen- 


ty.1161) 


sion dependent. Obviously, a 2 D  chiral object is achiral in 
3 D, and some physical properties are affected by reducing the 
dimensionality (see our own experimental work on this effect 
in ref. [17]), but we could have written the whole paper on 3 D 
DLAs and little would have been changed. We refer Barron 
to the many 3D examples we analyzed in our above-cited 
papers. 


In conclusion, we thank again Prof. Barron for his illuminat- 
ing comments, and for the opportunity to provide some neces- 
sary clarifications and further discussion points of this most 
fascinating topic. 
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What do Ab Initio Calculations Predict for the Structure of 
Lithiated Azaenolates of Peptides? 


Martin Feigel," Gisela Martinek, and Wolfgang H. B. Sauer 


Abstract: Structures and conformations 
of the azaenolate lithium salts of amides 
(formamide, acetamide, and N-methyl- 
acetamide) and of the dipeptide model N- 
formylalaninamide were investigated by 
means of ab initio MO theory. Four pos- 
sible structures of the lithiated C-enolates 
of acetamide were also included in the 
study. All structures were calculated at 
the HF/6-31 +G(d) and MP2(fc)/6-31+ 
G(d)//HF/6-31+ G(d) levels; the lithiated 
azaenolates of formamide were also inves- 
tigated at higher theoretical levels (up to 


G(d,p)). For the lithiated azaenolates of 
all amides investigated, the most stable 
structure contains a four-membered ring 
in which the lithium ion is complexed by 
the oxygen and nitrogen atoms; the sub- 


MP4(fc)/6-311+ G(d,p)//MP2(fc)/6-311+ 


stituents attached to the carbon and nitro- 
gen atoms of the azaenolate are in a cis 
arrangement. The lithiated azaenolates of 
acetamide are predicted to be more stable 
than the corresponding C-enolates. To 
simulate solvation, calculations on com- 
plexes of the lithiated azaenolates of for- 
mamide with up to three molecules 
dimethyl ether were also performed, and 
all azaenolates of amides were also reopti- 
mized by ab initio reaction-field calcula- 
tions. Both solvation models reduce the 
preference for lithium-chelated cis struc- 


Strong organolithium bases are able to remove the amide pro- 
tons of peptides to form lithiated azaenolates (Scheme 1). 
Poly(azaeno1ates) can even be produced from peptides or cy- 
clopeptides with an excess of the base.''] The compounds are 
soluble in organic solvents such as tetrahydrofuran, especially if 
the solution contains additional lithium salts. Azaenolates are 
probably also present when polylithiated peptides containing a 
glycine or sarcosine residue are quenched with electrophiles giv- 
ing stereospecific C-alkylation." - 31 The reduction of cyclopep- 
tides with a large excess of lithium aluminum hydride in THFt4] 
is another example where soluble poly(azaeno1ate)s may be in- 
volved. To predict the course and stereochemistry of their reac- 
tions, the shape and spatial arrangement of the lithiated pep- 
tides containing C- and N-enolates must be known. Un- 
fortunately, the conformations of peptides containing enolates 
have not yet been determined by experiment. Only a few solid- 
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Institut fiir Organische Chemie, Universitiit Erlangen-Niirnberg 
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['I New address: Fakultat fur Chemie 
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tures. The Ramachandran maps of the 
dilithiated bis(azaeno1ate) of N-formy- 
lalaninamide (having cis or trans arrange- 
ments of the azaenolate substituents) were 
scanned by MNDO calculations for con- 
formational accessible regions. Thirteen 
stable structures were subsequently opti- 
mized at the HF/6-31+G(d) ab initio 
level. The global minimum resembles a 
peptide in C, conformation, but other 
conformations, not known for peptides, 
are close in energy. The structures of 
dimers of the lithiated azaenolates of N- 
methylacetamide and of glycinaldehyde 
were also calculated. The NMR chemical 
shielding of carbon, nitrogen, and oxygen 
atoms in all structures were predicted ab 
initio by using the gauge-including atomic 
orbital (GIAO) method. 


I H  ' O H  


Scheme 1. 


state structures of the lithium salts of amides have been pub- 
lished.I51 


The present theoretical study investigates the azaenolate seg- 
ment of small lithiated peptides. The aim of the work is to find 
the dominant stereochemical structures in lithiated azaenolates. 
We do not intend to explain the stereochemical outcome of a 
specific C-alkylation of a polylithiated peptide. We will rather 
explore the basic principles that define the structure of small 
peptidic azaenolates. 


Even the relative energies of the ( E )  and (2) geometries in 
lithiated azaenolates are unknown (Scheme 2). The azaenolate 
group will probably influence the preferred torsional angles C$ 
and $ in a peptide chain, and coordinating solvents (e.g., te- 
trahydrofuran) the relative energies of the structures. Further- 
more, lithiated peptides are expected to aggregate; a number of 
dimers formed by azaenolates are compared in this study to 
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(2). nans (E), cis 


Scheme 2. 


peptidic structures containing hydrogen bonds, for example, 
j-sheets. More complicated aggregates mixed with additional 
lithium salts or bases are presumably present under the experi- 
mental conditions of the alkylation experiments.[’ - 31 


The lithiated azaenolates 1, 2, and 3, derived from for- 
mamide, acetamide, and N-methylacetamide, respectively, serve 
in the present computational study as small models to investi- 
gate whether an azaenolate preferentially adopts a cis [(E)-1, 
(E)-2,  and (E)-31 or trans geometry [(Z)-1, (2) -2 ,  and (2)-31 in 
the peptide. The quality of the calculations is checked for 1 by 
using different computational methods. The possible structures 
of the lithiated C-enolate of acetamide 4 are compared to those 
of the corresponding azaenolate 2. Dilithiated N-formylala- 
ninamide (5) is chosen to reflect the conformational preferences 
at the angles (p and J/ within a small peptide fragment. A number 
of systems are also investigated where lithium ions bridge the 
azaenolate moieties of two peptide chains. 


/ 
1 H 


/ 


3 
H3C 


4 5 


Results and Discussion 


Lithiated azaenolates of formarnide (l), acetarnide (2), and N- 
methylacetamide (3): The structures 1 A, l B ,  and 1 C of N-lithi- 
ated formamide (Scheme 3) are related to the azaenolates of 
lithiated peptidesJ61 The form 1 A is a model for the lithiated cis 
peptide bond, and structures 1B and 1C correspond to trans 
peptides with the lithium ion coordinated at the N and 0 atoms, 
respectively. The relative energies of these forms, established 
semiempirically (MNDOl7]) and by ab initio (G92ts1) calcula- 
tions, are depicted in Figure 1. 


Li 


R,=%=H 1A 1B 1c 


R l = C H 3 , R , = H  2A 2B 2c 


R 1 = % = C H 3  3A 3B 3c 


Scheme 3. 


MPWtz MP4It.z 
16 ; 


i __..- T 6-311+G(dp) 
I MNDO 3-21G 6-31G(d) 6-31+G(d) =tz 


Fig. 1. Computational methods determine the relative energies of the lithiated 
azaenolates 1B and 1C relative to 1A (H,(MNDO), E(G92), kcalmol-I). All 
structures were optimized at the indicated levels except the MP4/tz entry. Abbrevi- 
ations: MP2/tz = MP2(fc)/6-311 +G(d,p); MP4/tz = MP4(fc)/6-311 +G(d,p)// 
MP2(fc)/6-311 +G(d,p). The relative energies change by a maximum of 
0.1 kcalmol- when an all-electron correlation, MP2(fu11)/6-31G(d), is used instead 
of MP2(fc)/6-31G(d) (not shown). 


The most stable structure at all computational levels used is 
clearly 1 A (Fig. 1).  Even MNDO favors 1 A, but the calculated 
energy differences to 1 B and 1 C are small compared to those 
obtained in the ab initio calculations. The most stable forms of 
the lithiated azaenolates of acetamide and N-methylacetamide 
are also the cis structures (2A and 3A, respectively). The 6- 
31 + G(d) optimized structures of 1, 2, and 3 are shown in Fig- 
ures 2-4, respectively, and the energies are compiled in the 
Table 1. The lithium cation coordinates simultaneously to the 
carbonyl oxygen and to the amide nitrogen in the cis isomers. In 
contrast, only one coordination site can be accessed by lithium 
in the trans isomers, which are 14.5 to 22.0 kcalmol-’ less stable 
than the cis isomers. The carbonyl oxygen clearly binds lithium 
more effectively than the nitrogen ligand (compare the energy of 
the trans structures 1 C, 2 C, and 3 C to 1 B, 2 B, and 3 B) . 


The preference for the cis geometry, found in all lithiated 
azaenolates (Figs. 2-4), is presumably determined by lithium 


Fig. 2. Structures of formamide 9 and the corresponding azaenols cis-6 and trans-6 
and lithiated azaenolates 1 A, 1 B, and 1 C. All structures are minima of C, symmetry 
in the HF/6-31 + G(d) calculations. Relative energies (RHF/6-31 + G(d), kcal- 
mol-’) in the lithiated and the protonated group of isomers are given in parenthe- 
ses. 
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P 


10 
(0.0) 


Fig. 3. Structures of acetamide 10 and the corresponding azaenols cis-7 and trans-7 
and lithiated azaenolates ZA, ZB, and 2C. The structures are minima in HF/6- 
31 +G(d) calculations (acetamide 10 has C, symmetry, the other structures have C, 
symmetry). Relative energies (HF/6-31 +G(d), kcalmol-') in the lithiated and the 
protonated group of isomers are given in parentheses. 


Y --11 (0.0) 


Fig. 4. Structures of N-methylacetamide (cis-11 and trans-11) and the correspond- 
ing azaenols cis-8 and trans-8 and lithiated azaenolates 3A, 3B, and 3C. The struc- 
tures are minima in HF/6-31+ G(d) calculations (cis-11 has C, symmetry, the other 
structures have C, symmetry. Relative energies (HF/6-31+ G(d), kcalmol- ') in the 
lithiated and the protonated group of isomers are given in parentheses. 


Table 1. Relative energies (kcalmol-') of different azaenolate forms of lithiated 
formamide (1 A-C), acetamide (ZA-C), and N-methylacetamide (3A-C), calcu- 
lated by different methods. The lithiated structures of the C-enolate of acetamide 
4A-D are also listed. Dimethyl ether ligands are used to model the first solvation 
shell of 1 A-C in solution. All structures were exposed to a continuum reaction field 
and reoptimized to simulate solvation (SCRF). Representative structures are 
shown in the Figures 2-4, 6, and 5. 
~~ 


Structure MNDO HF/6-31 +G(d) MP2 [a] MP2jZPE [b] SCRF [cl 


1A 0.0 0.0 0.0 0.0 0.0 
1B 13.8 20.6 20.3 19.9 -0.1 
1 c  14.1 17.7 18.4 17.4 0.2 
lA.Me,O 0.0 0.0 0.0 0.0 0.0 
lB.Me,O 11.7 17.0 17.7 17.8 1.1 
lC.Me,O 12.8 14.8 16.1 15.8 1.9 
lA.2Me2O 0.0 0.0 0.0 0.0 0.0 
1B.2Me2O 9.2 12.7 14.4 14.4 2.0 
1C,2Me2O 10.9 10.4 12.8 12.6 1.2 
1A.3Me2O 0.0 0.0 0.0 0.0 [d] 0.0 
1B.3Me2O 3.1 8.5 10.1 10.0 [d] 1.4 
lC.3Me2O 3.5 4.8 6.9 6.8 [d] -0.4 
2A 0.0 0.0 0.0 0.0 0.0 
2B 10.1 22.0 21.5 21.0 6.9 
2 c  14.6 18.6 18.7 18.5 5.8 
4A 10.4 25.9 24.2 23.7 26.0 
4B 18.7 29.2 21.1 27.2 23.5 
4 c  24.1 33.0 34.0 33.5 24.9 
4D 11.6 40.6 36.5 36.1 32.9 
3A 0.0 0.0 0.0 0.0 0.0 
3B 9.5 21.2 20.5 20.0 9.9 
3c 9.2 14.5 13.5 13.2 6.6 


[a] MP2(fc)/6-31 +G(d)//6-31 +G(d). [b] MP2 value in column three corrected by 
the zero-point energy from frequency calculations at the HF/6-31+ G(d) level. 
[c] Reaction-field calculations with the dielectric constant of THF at HF/6- 
31 +G(d). The cavity size has been adjusted after the first SCRF geometry opti- 
mization to accommodate for the movements of the lithium cation. The change in 
the cavity radius in this procedure was significant with up to 7 pm in the different 
forms 1A-C of lithiated formamide. [d] The zero-point correction of these large 
systems is based on calculations at the 3-21'3 level; all other frequencies were 
calculated with the 6-31 +G(d) basis. 


complexation. The parent azaenols 6,7, and 8 (the tautomers of 
formamide, acetamide, and N-methylacetamide, respectively) 
also prefer the cis arrangement (see Figs. 2-4), but the energy 
differences to the less stable trans structures are very small (1.8 - 
4.4 kcalmol- ') compared to the differences found in the lithiat- 
ed systems. Calculations on the non-lithiated azaenolate anions 
confirm that lithium coordination determines the cisltruns ra- 
tio: The energetic order of cis and trans structures is reversed in 
the free anions-the trans form is calculated to be around 
6 kcalmol-' more stable than the cis form.['I 


The geometries of the lithium azaenolates may be compared 
to those of the corresponding protonated azaenolates (the cis- 
and trans-azaenols 6, 7, and 8) and to those of formamide (9), 
acetamide ( lo) ,  and N-methylacetamide (cis-11, trans-11) 
(Figs. 2-4). They were calculated at the same level of theory as 
that used for the lithium systems.["] The N-lithiated trans- 
azaenolates 1 B, 2B, and 3B are obviously structurally related to 
their amide precursors (9, 10, and trans-11). The C-N and 
C=O bond lengths change very little (k 2 pm) on going from 
the amide to the lithiated system. A simple interpretation is that 
the lithium ion in IB,  2B, and 3 B  localizes the negative charge 
at nitrogen so that the amide bond system remains untouched. 
This is supported by a natural bond orbital (NBO) 
of the 6-31 +G(d) results: the Wiberg bond indices of the C-N 
bonds (calculated in the NAO basis by L607 of Gaussian 92[*]) 
are comparable in the azaenolate 1 B  and in the amide 9 (1.32 
and 1.1 7, indicating partial double-bond character). However, 
coordination of the lithium cation at the oxygen of an azaeno- 
late (e.g., in 1 C) increases the index to 1.8; the C-N bond can 
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therefore reasonably be described as being a formal double 
bond. The charge localization is reflected in the natural popula- 
tion analysis (NPA): Both systems, 1B and l C ,  are described 
here as being contact ion pairs between a lithium cation and the 
azaenolate anion, but the position of the lithium ion determines 
the electron distribution in the anion. Lithium coordination at 
the nitrogen polarizes the anion toward N (NPA charges in 1 B: 
N, -1.29; 0, -0.78), coordination at the oxygen localizes 
more charge at 0 (NPA charges in 1C: N, -0.87; 0, -1.14). 


Solvation of lithiated formamide ( l ) ,  acetamide (2), and N- 
methylacetamide (3) : The preference for bridged cis structures in 
lithiated azaenolates (e.g., l A ,  2A, and 3A) may be less pro- 
nounced if donor solvent molecules coordinate to the exposed 
lithium ion of the less stable trans forms. Reaction-field calcula- 
t i o n ~ ~ ’ ~ ]  with a “continuum solvent” with the dielectric constant 
of THF change the relative energies of cis and trans forms com- 
pletely. The bridged cis structure 1 A now has the same energy 
as the trans structures 1 B and 1 C (SCRF column in Table 1). In 
the acetamides 2 and 3, however, the bulkier methyl groups give 
a larger cavity diameter in the calculations; the stabilization of 
the exposed, polar groups-NH, C=O, and Li+-is therefore 
reduced, and the preference for the cis geometry is maintained 
in the SCRF calculations (Table 1). The geometry of the 0-C-N 
moiety changes only slightly on going from the gas-phase calcu- 
lation to the reaction-field environment (Table 2). However, the 
0-Li and N-Li bonds in the trans geometries ( lB,  2B, 3B  and 
1 C, 2C, 3C) are stretched significantly (6-12 pm). This elonga- 
tion is less pronounced in the cis structures 1 A, 2A, and 3A. The 
lithium ion still bridges 0 and N in the SCRF calculations of 
these structures. 


Table 2. Effect of Solvation on selected distances [a] in lithiated azaenolates. 


Structure [b] C - 0  [a] C-N [a] 0-Li [a] N-Li [a] 


1A 
1 A(SCRF) 
ZA 
ZA(SCRF) 
3A 
3A(SCRF) 
1B  
1 B(SCRF) 
ZB 
ZB(SCRF) 
3B  
3B(SCRF) 
1c 
lC(SCRF) 
zc 
2C (SCRF) 
3c 
3C(SCRF) 
lA.Me,O 
lA.Me,O(SCRF) 
1 B.Me,O 
1 B,Me,O(SCRF) 
1 C.Me,O 
1 C.Me,O(SCRF) 
lA,3Me,O 
1A.3Me20(SCRF) 
1 B.3Me20 
1 B.3 Me,O (SCRF) 
1C.3Me2O 
1C.3Me20(SCRF) 


126 
126 
127 
127 
121 
127 
122 
124 
122 
124 
122 
123 
129 
127 
130 
128 
129 
129 
126 
125 
121 
124 
129 
127 
126 
125 
122 
123 
128 
128 


130 
129 
131 
130 
131 
130 
134 
131 
134 
132 
134 
133 
127 
129 
127 
128 
128 
128 
130 
130 
133 
132 
127 
128 
129 
129 
132 
131 
128 
128 


185 
188 
183 
185 
182 
184 
[CI 
[CI 
[CI 
[cl 
[CI 
[CI 
163 
174 
163 
169 
170 
167 
188 
192 
[CI 
[CI 
165 
173 
183 
183 
[cl 
[CI 
179 
182 


192 
193 
191 
191 
191 
191 
180 
192 
180 
187 
180 
186 
“4 
[CI 
[cl 
[CI 
[cl 
[cl 
195 
198 
183 
192 
[CI 
[CI 
301 
313 
192 
196 
[cl 
[CI 


[a] Distances in pm optimized with the 6-31 + G(d) basis. [b] The structures are 
referenced in Table 1 and in Figures 2-5. They were optimized with and without a 
continuum reaction field with the dielectric constant of THF (SCRF column). 
[c] Lithium is not coordinated to the 0 or N atom respectively; the resulting large 
distance (>300 pm) is not listed. 


Although continuum SCRF calculations might be useful in 
estimating the influence of solvents, they presumably do not 
take into account the different geometrical demands of solvent 
and solute. We therefore performed calculations for complexes 
of 1 with explicit dimethyl ether molecules as coordinating sol- 
vent (e.g., Fig. 5 ) .  The relative energies of the solvates of 1 with 


Fig. 5. Lithiated azaenolates of formamide solvated by three dimethyl ether mole- 
cules. The structures were optimized at HF/6-31 +G(d). See Table 1 for energies 
and Table 2 for geometrical parameters. 


one, two, and three ether molecules are included in Table 1. 
Three dimethyl ether ligands stabilize the trans forms 
1B.3Me2O and 1 C.3  Me,O very significantly, but the cis form 
1 A.3 Me,O is still the global minimum at the 6-31 + G(d) level. 
The structure of the cis-azaenolate solvated by dimethyl ether 
differs significantly from that of the unsolvated molecule 1 A. In 
the solvate, the cis form looses the lithium bridge between 0 and 
N (Fig. 5 ,  see also the Li-N bond lengths in Table 2). The four 
oxygen atoms can apparently only coordinate to the lithium ion 
when the latter is no longer coordinated to the nitrogen. 


SCRF calculations on the complexes of 1 in Figure 5 give 
close to the same relative energies as those calculated by the 
SCRF model that does not explicitly include solvent molecules. 
However, the geometries of the reference structures 1 A and 
lA.Me,O are quite different (see above, Tables 1 and 2). The 
calculations suggest that the continuum reaction field should 
not be used to predict the structure of ionic species unless a few 
specific solvent molecules are included in the system. Experi- 
mental data for the relative stabilities of the monomeric lithiated 
azaenolates are not available. Our calculations predict that both 
cis and trans structures should exist in an equilibrium mixture 
when an amide is deprotonated in donor solvents such as T H E  


Barriers for the C-N rotation in azaenolates: When lithiated 
azaenolates are generated as synthetic intermediates in the mod- 
ification of peptides, their geometry and rigidity will be impor- 
tant. Compound 1 can serve as a small model to explore the 
barrier to rotation about the C-N bond in azaenolates. The 
transformation of the most stable lithiated trans-azaenolate 1 C 
to the cis-azaenolate 1 A is depicted in Figure 6. The enolate 
passes through two transition states in the course of transform- 
ing the HCNH torsion angle from 180” in 1 C  to 0” in 1A.I”- 16] 
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Fig. 6. The cis/truns isomerisation pathway for the lithiated azaenolate of form- 
amide in the gas phase (solid line) and in the continuum solvent model (dashed line). 
The structures 1 A, 1 C, and 1 D are minima, and TS-1 and TS-2 are transition states 
on the potential energy surface. Relative energies are given in parentheses (kcal- 
mol- '; HF/6-31 +G(d) and SCRF/6-31+ G(d)). Geometry optimizations includ- 
ing electron correlation produce similar relative energies as that on the HF level 
(MP2/6-31 +G(d) includingzero-point energycorrection: 1 C, 17.9; TS-l,20.7; 1 D, 
19.1; TS-2, 27.1; l A ,  0.0 kcalmol-I). 


From coordinating only oxygen in 1 C, the lithium ion changes 
in the first transition state TS-1 to binding both heteroatoms. 
The next intermediate, l D ,  resides in a shallow energy mini- 
mum. Here, the HCNH moiety is still only slightly twisted away 
from planarity (torsion angle = 167"). The second transition 
state (TS-2, torsion angle = 11 1") determines the rate of rota- 
tion. 


The situation changes when the solvation model is applied 
(see Fig. 6, dashed line). The structure TS-2 remains the rate- 
determining barrier (now as TS-2 (SCRF)). However, all at- 
tempts to locate an intermediate similar to 1 D fail. Starting at 
TS-2 (SCRF), the intrinsic reaction coordinates[' 51 lead directly 
toward the minima lA(SCRF) and lC(SCRF), which now 
have approximately equal energy. 


The results summarized in Figure 6 suggest that trans- 
azaenolate (1 C) is kinetically stable when formed by deprotona- 
tion of the trans amide bonds of peptides in solution at low 
temperatures. The calculated barrier for the C-N bond rotation 
is high (ca. 28 kcalmol-'), and it is reasonable to assume that 
temperatures above 0 "C are required to achieve isomerization 
within the time scale of a normal laboratory experiment. Recent 
reports on memory effects of heated solutions of azaenolates 
support this view: the product distribution is found to be differ- 
ent depending on whether sarcosine C-enolates embedded in a 
poly(azaeno1ate) peptide are alkylated directly at - 75 "C or 
after a period of time at room temperature.['b- 31 


Lithiated C-enolates of acetamide (4): Deprotonation of the 
NH, group in acetamide leads to the azaenolate anion; depro- 
tonation at the a-carbon to the C-enolate. We calculate that the 
free (nonmetalated) C-enolate anion is ca. 18 kcalmol-' less 
stable than the free azaenolate anion at the 6-31 + G(d) level.[g1 
However, free anions are unlikely to exist in solution, the calcu- 
lations depend on the size of the basis set, and correlation effects 
may be large. The present discussion is therefore restricted to 
different forms of the lithium salts of the C-enolate (4) and the 
azaenolate (2) of acetamide. 


The lithium ion can coordinate to three basic sites in the 
C-enolate 4: the nitrogen, the oxygen, and the CH, carbon. A 
systematic MNDO search of the conformational accessible po- 
sitions for lithium yields four structures (4A-D). Their HF/6- 
31 + G(d) optimized geometries are shown in Figure 7; the rel- 


Fig. 7. Lithiated C-enolates 4A-D of acetamide. See Table 1 for relative energies 
of these HF/6-31 +G(d) structures. The form 4D has C, symmetry; the other struc- 
tures have C ,  symmetry. 


ative energies are included in Table 1. The a-carbon and the 
carbonyl oxygen chelate the lithium cation in 4A very effective- 
ly. The alternative structure with N,O-coordination, 4B, is less 
stable; to bind to the lithium ion, the NH, group can no longer 
adopt its favored orientation in a plane with the carbonyl group. 
The azaallyl structure 4C  is of even higher energy; the structure 
4D, with C, symmetry, is a very unstable minimum on the 
energy surface. 


Even the most stable of the lithiated C-enolates (4A) is too 
high in energy to be detected in equilibrium with the most stable 
azaenolate, 2 A. The preference for azaenolate structures is 
maintained when the reaction field is used to simulate the sol- 
vent (Table 1). It is therefore expected that peptides will be 
deprotonated at the amide group and not at the a-carbon if the 
experimental conditions allow a thermodynamic equilibration. 
The deprotonation experiments with peptides published so 
far". support this assertion. 


Dilithiated N-formylalaninamide (5) as model for a lithiated pep- 
tide : The "dipeptide models" N-acetylalanine-N'-methylamide 
or N-formylalaninamide (12) have been used extensively to cal- 


Li+ 
5 12 


culate the conformational preferences of peptides at the dihedral 
angles 4 and $. The results of such calculations are usually 
presented as Ramachandran diagrams of the form E = 
f(4, $).["I It is now generally accepted that ab initio calcula- 
tions with large basis sets describe the conformational prefer- 
ences of unsolvated small "dipeptides" correctly.''*] However, 
the conformations of large peptides, solvated peptides, and 
proteins are not reproduced by the small models.['8c~'9~ In he- 
lices, pleated sheets, and loop regions of peptides, hydrogen 
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bonds between amino acids which are not close 
neighbors in the peptide chain are formed. Such 
hydrogen bonds cannot be formed in dipeptide 
models such as 12. So, we expect that the different 
conformations and structures of dilithiated N- 
formylalaninamide %the dilithiated derivative of 
12-will only model small lithiated peptides. 


Search for stationary points on the conformational 
hypersurface: Compound 5 has two lithiated pep- 
tide bonds, which each can be “cis” or “trans”. 
Four different forms of 5 must therefore be consid- 
ered, namely, 5CC, 5CT, 5TC, and 5TT, where 
the first letter denotes the arrangement in the 
azaenolate derived from the N-formyl group and 
the second that in the azaenolate derived from the 
amide group (C = cis or T = trans). 


The Ramachandran energy surfaces, E(4,  $), of 
all four forms of 5 were calculated semiempirically 
(MNDO”’) to find conformational regions of low 
energy. The following procedure, exemplified with 
STT, was used to locate low energy structures: 
conformations of 5 are expected to be stable when 
each azaenolate moiety in 5 has at least one con- 
tact to a lithium cation. Therefore, the distance of 


AM1 MNDO 


one lithium ion to 0 or N in the first enolate unit and that of the 
other lithium to 0 or N in the second enolate unit were kept 
fixed at the initial stage of the calculation of the Ramachandran 


R = CH, ANKd.,, 51T AN+ 5TC 


H H 


Li’ . 0 Lit Lit - Li’ 


-180 0.0 p 180 -180 0.0 g, 180 


Fig. 8. Ramachandran maps of N-formylalaninamide (12), calculated with AM 1, and correspond- 
ing graph of the lithiated derivative STT, calculated with MNDO. The energy surface of 5TT is a 
combination of four different maps with distinct lithium coordination (see text). The solid contour 
lines are spaced by 2 kcalmol-’ (dashed line 1 kcalmol-’). 


maps. Four different energy surfaces with fixed Li-N and Li-0 
distances (205 pm) were initially calculated for 5TT with MN- 
DO. All other degrees of freedom (except q5 and $) were opti- 
mized. The form of lowest energy was than selected at each +/$ 
combination. The right part (MNDO) of Figure 8 shows the 
surface of lowest energy obtained from combining all four initial 
surfaces. It is reasonably safe to assume that “real” low-energy 
structures are located close to the four minima of Figure 8. The 
four minimum geometries (5TTa-d) were reoptimized in all 
degrees of freedom by MNDO and ab initio methods (6- 
31 +G(d)). The same procedure was used for the structures 
5 TC, 5 CT, and 5 CC, which contain cis amide bonds. 


The Ramachandran diagram of the parent peptide (Fig. 8, 
left) is far less structured than the diagram of the corresponding 
lithiated compound. The strong electrostatic attraction between 
the lithium cations and the negatively charged 0 and N atoms 
dominates in 5TT. Only four deep minima are conformationally 
allowed; their 6-31 + G(d) structures are shown in the lower half 
of Figure9. Of course, the Ramachandran diagrams in 
Figure 8 are only valid for the selected small model system. 
Long-range intramolecular interactions, possible in larger pep- 
tide systems, will open up additional conformationally allowed 
regions. Furthermore, aggregation and clustering with added 
ions and bases will change the energy surface. However, Ra- 


(14.2) 


Fig. 9. Some 6-31 +G(d) optimized structures of the lithium azaenolates 5 of the 
dipeptide model N-formylalaninamide. Relative energies (kcalmol- ’, HF/6- 
31 +G(d)) are given in brackets. See Table 3 for further details. 


machandran diagrams of small model peptides give the first 
insights into the structural diversity of lithiated peptides, hither- 
to unknown by experimental techniques. 


Selected low-energy structures of 5 :  The 6-31 + G(d) low-energy 
structures of 5 are compiled in Table 3. The four minima of 5TT 
and the structures of lowest energy found for SCC, 5TC, and 
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Table 3. Relative energies (kcalmol- I )  of different geometries of dilithiated N-formyl- 
alaninamide (5) obtained by MNDO and ab initio calculations with the 6-31 +G(d) 
basis. The dihedral angles 6 and $ of the peptide backbone are given in parentheses. 
Electron correlation is taken into account by using MP2(fc) single points on the 6- 
31 +G(d) geometries. All structures were exposed to a continuum reaction field with the 
dielectric constant of THF and reoptimized to simulate solvation (SCRF column). 
Representative structures are shown in the Figure 9. 


Structure Hf(MNDO) (h$) E6-31+G(d)  (6, $) EMPz la1 ESCRF16-3L+C~d) (6, $) 


acetamide and the dimer 15 of the dilithiated trans-azaenolate of 
N-formylglycinaldehyde (Fig. 10). Compound 15 may serve as 
a small model that can adopt the arrangement of an antiparallel 
8-sheet. More complex structures including mixed aggre- 
gatestzob] are probably present when azaenolates of peptides are 
generated experimentally. 


5CCa 
5CCb 
5TCa 
5TCb 
5CTa 
5CTb 
5CTc 
5CTd 
5CTe 
5TTa 
5TTb 
5TTc 
5TTd 


15.7 (-102, +173) 
18.1 (+113, +170) 
14.2 (+ 75, + 89) 
18.7 (-150, +153) 
26.4 (- 100, + 3) 
28.9 (- 59, - 53) [b] 
24.7 (+ 81, + 21) 
19.2 (-117, - 53) 
22.5 (+ 90, - 166) 


O.O(-85,+111) 
-1.4(-78, -68) 
2.5 (+74, +69) 
3.4(+79, -111) 


14.2 (-91, +178) 
17.5 (+102, +169) 
14.1 (+75, +100) 
14.7 (-158, +160) 


28.0(-131, +5)[b] 
27.2 (- 93, - 1) 


30.6(+101, -7) 
31.0 (-103, -155) 
35.0(+82, -164) 
O.O(-86,+114) 
1.4 (-78, -61) 
5.4 (+ 69, + 62) 
6.4 (+76, -113) 


13.0 
16.6 
15.3 
15.8 
26.0 
26.7 
29.6 
28.7 
32.9 
0.0 
0.4 
4.4 
5.4 


7.0 (-95, +180) 
10.1 (+l02, +167) 
13.9 (+74, +103) [c] 
0.6 (-160, +160) 
4.2 (-156, -7) [d] 
3.4(-159, -8) 


11.1 (+109, -11) [c] 
15.9(-98, -170) 
18.6 (+103, +166) 


0.4 (- 79, - 60) 
4.4 (+69, + 64) 
5.7 (+77, -113) 


0.0 (- 86, + 114) 


[a] MP2(fc)/6-31+ G(d)//6-31+ G(d), [b] The dihedral angles of this particular MNDO 
structure change significantly during the reoptimization by ab initio methods. The coor- 
dination sites of the lithium ions are however retained. [c] Upper limit, not yet fully 
converged. [d] The contact of one lithium ion to the formyl oxygen is lost in the SCRF 
optimization, so 6 changed drastically. 


5CT are reproduced in Figure 9. A perfect electrostatic stabi- 
lization is only possible in the all-trans forms (5TT). The cis- 
azaenolates, which are the most stable forms of the azaenolates 
of small amides (compounds 1 A, 2A, and 3A, see above), are 
less important structures in the azaenolate 5. The four-mem- 
bered chelate ring of these cis forms is only found in energetical- 
ly unfavored structures as 5CCa, 5CTa, and STCa (Fig. 9). 
The typical C, conformation, which is the most stable form of 
small dipeptide models such as 12, resembles the minimum 
(5TTa) of the lithiated model 5, but other structures (5TTb-d) 
are also very stable. 


Solvation influences the relative energies of the different 
structures of 5. We applied the same continuum solvation mod- 
el, used for the smaller amides 1-4, to the different structures of 
5 (see Table 3). Application of the solvation model does not 
change the relative energies of the trans structures of 5 (5TTa- 
d) very much. Here, each lithium ion is already coordinated to 
one nitrogen and one oxygen, and none of the structures will 
gain significantly more energy than the others by solvation. 
However, some high-energy structures of 5 that contain exposed 
lithium ions are stabilized drastically in the continuum solvation 
model (e.g., 5CTa, 5CTb, and 5TCb in Table 3, see also 
Fig. 9). More precise relative energies will be accessible with a 
first shell of specific solvent molecules (see the results above on 
the azaenolate 1 of formamide). However, such systems are at 
present too large to be handled in a high-level ab-initio study. 


It is remarkable that the structures and energies calculated 
with MNDO come close to the ab initio data (with exceptions, 
such as 5 CT b). This is promising for future semiempirical cal- 
culations of large lithiated peptides such as lithiated cy- 
closporin A,['] 


Selected aggregates and lithium-bridged dimers: The discussion 
of solvation effects has already shown that the structures of 
lithiated amides and peptides change with the coordination sites 
available for the lithium cations. Aggregation is common in 
organolithium chemistry.[20a1 However, the computational de- 
mands of calculations on large clusters are prohibitive. The 
current initial investigation is therefore restricted to two small 
aggregates, the dimer 14 of the cis-azaenolates of N-methyl- 


1s 


Fig. 10. Ab initio (6-31 +G(d)) geometries of the dimers 14 and 15 of lithiated 
azaenolates. The structure of the dimer 13 of cis-N-methylacetamide is also given. 
The dimers 13 and 14 were optimized in C ,  and in C, symmetry. Both types of 
calculations converged to the C,, structures shown. Compound 15 was optimized 
with C, symmetric constraints and developed C,, symmetry. 


Dirners of cis-N-rnethylacetarnide (13) and of its lithiated azaeno- 
late (14) : The dimer 13 (Fig. 10) of cis-N-methylacetamide (cis- 
11, Fig. 4) contains many features that characterize hydrogen- 
bonded peptides. Two hydrogen bonds are formed in the 
head-to-taiI arrangement, and the N . . . O  separation is approx- 
imately 300 pm, as is observed in hydrogen-bonded peptide 
structures.["] The dimerization energy is calculated to be 
11.7 kcalmol-' (HF/6-31 + G(d)), approximately twice the 
value expected for one hydrogen bond between peptidest' le* "I 
(the energy is not corrected for basis set superposition er- 


Lithiation of 13 expands the structure; the N . . '0 distance 
increases to ca. 370 pm in 14 (Fig. 10). The dimerization of 3A 
to 14 is strongly exothermic (49.3 kcalmol-', HF/6-31 +G(d)). 
The structure is similar to parts of the octameric lithium azaeno- 
late complex formed by lithiated N-isopropylbenzamide in the 
solid state.ISb1 The octameric complex can be regarded as being 
built up from four dimeric units similar to 14. The mean G O ,  
C-N, Li-N, and Li-0 bond lengths in the X-ray crystal struc- 
ture are 131, 128, 200, and 220 pm, respectively, and are thus 
very close to the corresponding calculated distances in 14 (128, 
129, 196, and 210 pm). The degree to which these values coin- 
cide is remarkable, if one considers the different substitution 
patterns and the higher lithium coordination in the octameric 
solid-state complex. 


1. rors123. 241 
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Dimer 15 of lithiated N-formylglycinaldehyde: The dimer 15 will 
reflect the structural changes that may occur in a P-sheet on 
lithiation. The most significant observation is that the N-Li-0 
net of 15, formally replacing the N-H-0 hydrogen bonds in a 
P-sheet, increases the distance between the @-carbons from ap- 
proximately 500 pm in the P-sheet to 658 pm. The C,, symmetry 
of 15 is reasonable with the achiral glycine as amino acid. 
Five-membered N-C-C-0-Li rings can be detected in 15 
(Fig. 10). Such structures are already known from the model 
studies on the bis(azaeno1ate) of N-formylalaninamide (e.g, 
STTa, Fig. 9). 


NMR chemical shifts: NMR chemical shifts of the different 
forms of the azaenolates 1-3 and the bis(azaeno1ate) 5 were 
calculated with the gauge-including atomic orbital method 
(GIAO)[25a] using the 6-31G* basis on 6-31 +G* geometries. 
Tables 4 and 5 list the absolute chemical shifts of oxygen, car- 
bon, and nitrogen in the lithiated azaenolates and in their amide 
precursors. Figure 11 shows the increments in the shielding con- 
stants of oxygen and nitrogen that occur when the amide sys- 


Table 4. Calculated absolute isotropic NMR shielding of the amide oxygen, car- 
bon, and nitrogen atoms in the amides 9, 10, and 11, and in the different forms of 
the corresponding lithiated azaenolates (1, 2, and 3). 


Structure 0 C N 


9 
1A 
1B 
1c 
lA.Me,O 
1 A.2 Me,O 
1A.3Me20 
lB.Me,O 
1 B.2 Me,O 
1 B.3 Me,O 
1 C,Me,O 
1 C.2 Me,O 
1C.3Me2O 
10 
2A 
2B 
2 c  
trans-11 
cis-1 1 
3A 
3B 
3c 


-34.8 
113.7 


-17.8 
184.3 
110.7 
109.1 
135.5 
- 5.9 


4.8 
13.5 


178.7 
164.3 
151.2 


-33.7 
120.4 
- 14.4 
183.0 
- 22.8 
-42.1 
103.4 
- 13.2 
139.9 


47.9 
25.2 
38.9 
45.0 
26.6 
28.7 
33.4 
38.3 
37.6 
36.8 
43.7 
41.9 
38.4 
38.2 
16.1 
29.8 
37.9 
37.5 
35.3 
16.1 
32.0 
29.3 


185.0 
120.4 
152.0 
67.7 


119.7 
115.6 
87.9 


149.8 
149.5 
147.5 
73.1 
79.9 
86.1 


184.5 
119.6 
147.0 
65.5 


184.8 
191.6 
132.0 
145.0 
89.8 


Table 5. Calculated absolute isotropic NMR shielding constants of the amide oxy- 
gens, carbons, and nitrogens, and of the C. atom in N-formylalaninamide (12) and 
in the corresponding lithiated bis(azaeno1ate)s 5. 


~ 


12 [a1 
SCCa 
5CCb 
5TCa 
5TCb 
5CTa 
SCTb 
5CTc 
5CTd 
SCTe 
STTa 
STTb 
5TTc 
STTd 


~ ~ 


-12.3 44.9 
62.7 27.9 
66.5 31.3 


138.8 38.97 
7.9 39.1 


67.5 29.5 
71.2 15.0 
70.9 32.9 
56.1 27.5 
47.8 30.9 


104.4 33.7 
104.9 33.5 
102.1 32.4 
98.9 32.7 


163.0 159.9 
106.3 149.8 
110.0 150.0 
90.8 145.6 


136.9 150.9 
103.2 148.6 
96.3 144.9 


106.3 150.2 
105.6 150.3 
109.6 151.9 
98.9 149.8 
93.6 148.5 
99.6 148.6 


107.3 147.2 


-8.9 35.15 
165.0 5.0 
165.6 4.5 
194.1 10.9 
179.3 4.9 
174.7 17.4 
15.9 23.3 


176.2 16.8 
67.8 12.1 
61.4 14.1 


131.8 18.5 
94.1 14.4 


108.1 16.4 
112.1 19.6 


184.6 
120.7 
121.6 
106.7 
115.6 
104.7 
144.8 
104.5 
143.9 
146.3 
125.1 
137.0 
130.3 
127.8 


[a] C-7, conformation 
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Fig. 11. Calculated changes Au in the NMR shielding constants u of oxygen and 
nitrogen when amides are converted to lithiated azaenolates. The data are shown for 
the azaenolates 1, 2, and 3, for bis(azaeno1ate) 5, and for their amide precursors 
9-12. 


tems are lithiated. A few rules can be extracted from the 
data: 
1) Deprotonation of amides to form lithiated azaenolates pro- 


duces a shielding of the oxygen and a deshielding of the 
nitrogen atoms in all cases studied. The carbonyl C atoms are 
also deshielded, but less significantly. 


2) Coordination of lithium ions to the oxygen of the azaeno- 
lates increases the shielding of the oxygen nucleus and the 
deshielding of the nitrogen (see of Fig. 11). 


3) The chemical shifts of the carbonyl carbons are less sensitive 
to deprotonation (upfield shift increments between 3 and 
30 ppm can be calculated from the data in Table 4 and 5) .  
cis-Azaenolates may perhaps be detected by their relatively 
large shielding increment of 20 -30 ppm, but exceptions to 
this rule should be noted (e.g., 5CTa and 5CTc-e). Only 
small upfield shift increments (3-11 ppm) are observed for 
trans structures when only one of the heteroatoms of the 
azaenolate moiety (0 or N) coordinates to a lithium ion (in 
1B-3B, 1C-3C, 5TCa, 5TCb, and 5CTa). 


Conclusion 


Lithiated azaenolates are reactive intermediates that can be 
formed from peptides. This computational study predicts some 
conformational rules for such systems: 
1) Azaenolates and not C-enolates will be formed in peptides 


when the experimental conditions allow equilibration. 
2) The four-membered chelate ring in the cis-azaenolate of 


amides (seen in the structures 1 A, 2 A, and 3A) is exception- 
ally stable. Solvents may open the chelate, but the cis ar- 
rangement is still slightly favored compared to the trans 
structures l B ,  2B, 3B, 1 C, 2C, and 3C. 


3) The rotation about the C-N bond, which transforms the 
lithiated trans-azaenolate 1 C into the cis chelate 1 A, should 
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be more hindered than the corresponding rotational process 
in amides. Under kinetic control, trans peptide bonds can be 
deprotonated to trans-azaenolates. Equilibration by rota- 
tion about the C-N bond can only be achieved by warming 
the reaction mixture to temperatures above 0 "C, at which 
point isomerization rates become measurable. 
Whereas isolated amides prefer the cis chelate, this rule does 
not always hold for peptides. Even the small peptide model 
5 (the lithiated dipeptide model, N-formylalaninamide) co- 
ordinates the lithium ions in a complex manner. The most 
stable structure 5TTa resembles a peptidic C, conformation, 
but other less common structures are also found. 
Aggregates of lithiated peptides may show the overall shape 
of a peptidic /I-sheet, but the distance between the peptide 
chains is increased. 


This paper describes equilibrium structures of pure lithiated 
azaenolates. More complex systems, incorporating additional 
ionic salts, coordinating ligands, and co-solvents or quasi-dian- 
ion complexes,[261 will be investigated in future computational 
work. It is equally important to gain some understanding of the 
various dynamic processes in such complex systems to explain 
(and predict) the stereo- and regiochemistry of reactions in the 
presence of azaenolates.[*'1 


Computational Methods 


For all azaenolates semiempirical (MNDO) [7] and ab initio calculations (with the 
Gaussian-92 program package [S]) were performed. Geometries were optimized 
with the HF/6-31 +G(d) basis [28], which includes polarizing d functions at the 
heavy atoms augmented by diffuse functions. Symmetry restrictions were not im- 
posed during the optimization. Often the calculations converge toward structures 
that contain symmetry elements (within numerical errors in the coordinates). The 
point group of such a symmetric structure is than given in the text or at the figures. 
Frequencies were calculated at the HF/6-31 +G(d) level to ensure the nature of all 
stationary points and to derive vibrational corrections at 0 K (not scaled). The 
HF/6-31 +G(d) structure was used as the basis for single-point Meller-Plesset 
(MP2(fc)) calculations [8,24,29] (Tables 1 and 3). In addition to this general proce- 
dure, geometry optimizations on correlated levels (MP2(fc) and (MPZ(fu1l)) with 
larger basis sets (up to 6-31 1 +G(dp)) were carried out on the different isomers of 
the lithiated azaenolate 1. The relative energies, calculated with the highest compu- 
tational method used (MP4(fc)/6-311 +G(d,p)//MP2(fc)/6-311 +G(d,p)), come 
close to the relative energies calculated at the HF/6-31 +G(d) level (see Fig. 1). The 
semiempirical MNDO (71 or AM1 [30] calculations were carried out using the 
VAMP4.5 I311 or MOPAC6.0 [32] program packages. NMR chemical shifts were 
predicted with the gauge-including atomic orbital method [25a] implemented into 
the Turbomol program package [25b,c] using a 6-31G(d) basis on the 6-31 +G(d) 
geometries. 


Acknowledgment: We thank the Deutsche Forschungsgemeinschaft and the Fonds 
der Chemischen Industrie for financial support. W. H. B. S. thanks the Studien- 
stiftung des Deutschen Volkes for a fellowship. 


Received: April 18, 1995 (F1211 


[l] a) D. Seebach, A. K. Beck, H. G. Bossler, C. Gerber, S. Y. KO, C. W. Murti- 
ashaw, R. Neaf, S. Shoda, A. Thaler, M. Krieger, R. Wenger, Helv. Chim. 
Acta 1993, 76, 1564-1590. b) H. G. Bossler, D. Seebach, ibid. 1994, 77, 


[2] a) D. Seebach, Aldrichimica Acta 1992, 25, 59-66. b) D. Seebach, Angew. 
Chem. 1988, 100, 1685-1715; Angew. Chem. In,. Ed. Engl. 1988, 27, 1624- 
1654. c) D. Seebach, H. Bossler, H. Griindler, S .  Shoda, R. Wenger, ffelv.  
Chim. Acra 1991, 74,197-224. d) S. A. Miller, S. L. Grifiths, D. Seebach, ibid. 
1993, 76, 563-595. 


[3] For a comprehensive review, see: D. Seebach, A. K. Beck, A. Studer, in Mod- 
ern Synthetic Methods, Vol. 7 (Eds.: B. Ernst, C. Leumann), VHCH/VCH, 
BaseliWeinheim 1995, p. 1-178. 


[4] K. W. Aston, L. H. Susan, A. S. Modak, D. P. Riley, K. R. Sample, R. H. 
Weiss, W. L. Neumann, Tetrahedron Lett. 1994, 35, 3687-3690. 


[5] a) T. Maetzke, C. P. Hidber, D. Seebach, J.  Am. Chem. Soc. 1990,112,8248- 
8250. h) T. Maetzke, D. Seebach, Organometallics 1990, 9, 3032-3037. c) G. 
Boche, C. Boie, F. Bosold, K. Harms, M. Marsch, Angew. Chem. 1994, 106, 
90-91; Angew. Chem. Int. Ed. Engl. 115-117. 


1124- 1 165. 


[6] For structural related compounds see for example: a) P. v. R. Schleyer, Pure 
Appl. Chem. 1983,355-362. b) R. D. Bach, M. L. Braden, G. J. Wolber, L Org. 
Chem. 1983, 48, 1509-1514. c) M. L. McKee, J.  Am. Chem. Soc. 1985, 107, 
7284-7290. d) L. J. Bartolotti, R. E. Gawley, J.  Org. Chem. 1989, 54, 2980- 
2982. 


[7] M. J. S. Dewar, W. Thiel, J.  Am. Chem. Soc. 1977, 99, 4899-4907. 
[8] Gaussian 92/DFT, Revision F.2; M. J. Frisch, G. W. Trucks, H. B. Schlegel, 


P. M. W. Gill, B. G. Johnson, M. W. Wong, J. B. Foreman, M. A. Robb, M. 
Head-Gordon, E. S. Replogle, R. Gomperts, J. L. Andres, K. Raghavachari, 
J. S. Binkley, C. Gonzalez, R. L. Martin, D. J. Fox, D. J. Defrees, J. Baker, 
J. J. P. Stewart, J. A. Pople, Gaussian, Pittsburgh PA, 1993. 


[9] The following relative energies were calculated for the anions that result when 
acetamide is deprotonated: (6-31 +G(d); MP2(fc)/6-31 +G(d)//6-31 +G(d); 
MP2 calculation corrected by zero-point energies). Azaenolate (CH, ,H-trans): 
0.0; 0.0; 0.0 kcalmol-'. Azaenolate (CH,,H-cis): 6.5; 6.3; 6.1 kcalmol-'. C- 
enolate: 17.8; 19.1; 18.6 kcalmol-'. 


[lo] Recent ab initio calculations on formamide 9 [l la,b], the formamide enole cis-6 
[ l l h , ~ ] ,  acetamide 10[11d], and cis[lle] and trans[llf-h] N-methylacetamide 
11 with high-level basis sets give similar geometries (note, however: the most 
stable conformers of 10 and cis-11 have C, symmetry optimized at the HF/6- 
31 + G(d) level (not C a t t h e  barriers for rotation of the methyl groups are very 
small (e.g., 0.03 kcalmol-' for acetamide). Formamide has C, symmetry in 
our HF/6-31 +G(d) calculations, whereas a C,-symmetric structure with a 
slightly nonplanar amide function is the minimum at correlated levels 
[lla,llb,12]. 


(111 a) M.-C. Ou, M.3.  Tsai, S.-Y. Chu, J.  Mol. Struct. 1994,310, 247-254. b) J. S. 
Kwiatkowski, J. Leszczynski, 1 Mol. Struct. 1992, 270, 67. c) M. W. Wong, 
K. B. Wiberg, M. Frisch, .I Am. Chem. Soc. 1992, 114, 1645-1652. d) S. 
Tsuzuki, K. Tanabe, J.  Chem. SOC. Perkin Trans. 2 1991 (8), 1255-1260. e) H. 
Guo, M. Karplus, J.  Phys. Chem. 1992, 96, 7273-7287. f )  N. G. Mirkin, S. 
Krimm, J.  Mol. Struct. 1991,236,97-I 11. g) N. G. Mirkin, S. Krimm, J.  Am. 
Chem. Soc. 1990, 112,9016-9017. h) W. L. Jorgensen, J. Gao, ibid. 1988, 110, 
4212-4216. 


[12] HF/6-31+ G(d) geometry optimizations presumably underestimate the non- 
planarity of NH, groups, see, for example: J. Sponer, P. Hobza, J.  Am. Chem. 
Soc. 1994, 116, 709-714, and references therein. 


[13] a) A. E. Reed, R. B. Weinstock, F. Weinhold, J.  Chem. Phys. 1985, 83, 
735-746. b) A. E. Reed, L. A. Curtiss, F. Weinhold, Chem. Rev. 1988, 88, 
899-926. 


[14] a) L. Onsager, 1 Am. Chem. Soc. 1936,58, 1486-1493. b) M. W. Wong, M. J. 
Frisch, K. B. Wiberg, ibid. 1991, 113, 4776-4782. 


[15] Intrinsic reaction coordinates were calculated on this rotational pathway, see: 
C. Gonzales, H. B. Schlegel, J.  Chem. Phys. 1989, 90, 2154-2161; J. Phys. 
Chem. 1990, 94, 5523-5527. 


[16] All Attempts failed to find a transition state for the transformation of 1 C to 1 A 
with conservation of the C, symmetry. A stationary point found in this nitro- 
gen-inversion pathway has two imaginary frequencies and is of very high ener- 
gy (E,*, = 40.1 kcalmol-', HF/6-31 +G(d)). 


[17] a) G. N. Ramachandran, V. Sasisekharan, Adv. Prot. Chem. 1968,23,283-438 
b) A. Perczel, J. G.Angyan, M. Kajtar, W. Viviani, J.-L. Rivail, J.-F. Marcoccia, 
I. G. Csizmadia, J.  Am. Chem. Soc. 1991, 113, 6256-6265. 


[18] See for example: a) T. Head-Gordon, M. Head-Gordon, M. J. Frisch, 
C. L. Brooks, J. A. Pople, .J Am. Chem. Soc. 1991, 113, 5989-5997. b) H.-J. 
Bohm, S. Brode, ibid. 1991,113,7129-7135. c) L. Schafer, S. Q. Newton, M. 
Cao, A. Peeters, C. Van Alsenoy, K. Wolinski, F. A. Momany, ibid. 1993, 115, 
272-280. 


[19] a) A. Perczel, M. A. McAllister, P. Csaszar, I. G. Csizmadia, J.  Am. Chem. 
Soc. 1993, f15, 4849-4858. b) H. S. Shang, T. Head-Gordon, ibid. 1994, 
116, 1528-1532 c) A. Perczel, 6. Farkas, I. G. Csizmadia, ibid. 1995, 117, 
1653 -1654. 


(201 a) For leading references to the structures oforganolithium systems, see: W N. 
Setzer, P. v. R. Schleyer, Adv. Organornet. Chem. 1985,24,353-451. b) For the 
synthetic use of aggregation in enolate chemistry, see: E. Juaristi, A. K. Beck, 
J. Hansen, T. Matt, T. Mukhopadhyay, M. Simson, D. Seebach, Synthesis 1993, 
1271 -1290. 


[21] a) J.S. Richardson, Adv. Prot. Chem. 1981, 34, 167-339. b) K.-C. 
Chou, G. Nemethy, G.; H. A. Scheraga, Ace. Chem. Res. 1990, 23, 
134-141. c) G. A. Jeffrey, W. Saenger, Hydrogen Bonding in Biological 
Structures, Springer: Berlin, 1991. d) J. Bernstein, C. Etter, L. Leiserowitz, 
The Role of Hydrogen Bonding in Molecular Assemblies, Structure 
Correlation, Vol. 2 (Eds.: H.-B. Burgi, J. D. Dunitz), VCH: New York, 
1994. 


[221 a) J. J. Novoa, M.-H. Whangbo, J.  Am. Chem. Soc. 1991,113,9017-9026. b) 
M. Aida, BUN. Chem. SOC. Jpn. 1993, 66, 3423-3429. 


[23] E. Clementi, Compufational Aspects for Large Chemical Systems, Lecture 
Notes in Chemistry, Vol. 19.; Springer, New York, 1980. 


[24] W. J. Hehre, L. Radom, P. v. R. Schleyer, J. A. Pople, Ab initio Molecular 
Orbital Theory, John Wiley: New York, 1986. 


[25] a) R. Ditchfield, Mol. Phys. 1974, 27, 789-807. b) R. Ahlrichs, M. Bar, M. 
Haser, H. Horn, C. Kolmel, Chem. Phys. Lett. 1989, 162, 165-169. c) Turbo- 
mol, version 2.3. San Diego: Biosym Techn. 1993. 


Chem. Eur. J.  1996, 2, No. 1 0 VCH Verlagsgesellschafi mbH, D-69451 Weinheim. 1996 0947-6539/96/0201-OOr7$ fO.OO+ .25/0 17 







M. Feigel et al. FULL PAPER 
1261 W. Zarges, M. Marsch, K. Harms, G. Boche, Angew. Chem. 1989,101,1424- 


1425; Angew. Chem. Int. Ed. Engl. 1989,28, 1392-1393. 
[27] See for example the replacement of diastereotopic sarcosine protons in the 


hexalithio derivative of cyclosporine A; discussed on pp. 130-138 in ref. [3]. 
1281 a) J. Chandrasekhar, J. G. Andrade, P. v. R. Schleyer, J Am. Chem. SOC. 1981, 


103, 5609-5612. b) G. W. Spitznagel, T. Clark, J. Chandrasekhar, P. v. R. 
Schleyer, J Comput. Chem. 1982,3,363-371. c) J. Kaneti, P. v. R. Schleyer, T. 
Clark, J. A. Kos, G. W. Spitznagel, J. G. Andrade, J. B. Moffat, J Am. Chem. 
SOC. 1986, i08, 1481-1492. 


1291 a) C. Mdler, M. S. Plesset, Phys. Rev. 1934,46,618-622. b) J. S. Binkley, J. A. 
Pople, Int. 1 Quantum Chem. 1975, 9,229-236. c) M. J. Frisch, R. Krishnan, 
J. A. Pople, Chem. Phys. Lett. 1980, 75, 66-68. 


[30] M. J. S. Dewar, E. G. Zoebisch, E. F. Healy, J. J. P. Stewart, J: Am. Chem. SOC. 
1985, 107, 3902-3909. 


1311 VAMP 4.5; T. Clark, G. Rauhut, J. Chandrasekhar, University of Erlangen- 
Niirnberg, 1993. 


[32] MOPAC 5.0/6.0; J. J. P. Stewart, QCPE Program No. 455, Indiana University, 
Bloomington, Indiana. 


18 0 VCH Verlagsgesellschaji mbH, 0-69451 Weinheim, 1996 0947-6539/96/0201-0018 $10.00+.25/0 Chem. Eur. J 1996,2, NO. 1 








FULL PAPER 


Synthesis and Molecular Structure of the First Neutral Transition-Metal 
Complex Containing a Linear M= C = C = C = C = CR, Chain 
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Abstract: The reaction of [IrH,Cl(PiPr,),] 
(2) with the pentadiyne derivative 
HCd-C=C-CPh,OH (1) yields the 
five-coordinate compound [IrH(C=C- 
C=CCPh,OH)Cl(PiPr,),] (3), which 
photochemically rearranges to give 
the vinylidene-substituted isomer trans- 
[IrCl( =C=CH-C=CCPh,OH)(PiPr,),l 
(4). On treatment of 3 with pyridine, 
the octahedral complex [IrH(C=C- 


C&CPh,OH)Cl(py)(PzPr,),] (5)  is acid anhydride and two equivalents of tri- 
formed. While attempts to eliminate wa- ethylamine led to the formation of truns- 
ter from 4 (or 5)  failed, the reaction of 3 [IrCl(=C=C=C=C=CPh,)(PzPr,),] (6) ,  
with one equivalent of trifluorosulfonic which is the first neutral transition-metal 


complex containing a C,R, ligand. The 
X-ray structural analysis of 6 reveals a 
perfect square-planar coordination geo- 
metry around the metal centre and an al- 
most linear IrC, chain with Ir-C-C and 
C-C-C bond angles of 174-179'. 


Introduction 


Following the discovery that acetylene and terminal alkynes 
HC=CR (R = alkyl or aryl) are smoothly converted to metal- 
bound vinylidenes upon coordination to rhodium(1) or 
iridium(r),['. '1 a large variety of square-planar complexes of 
type A (Scheme 1) have been de~cribed.'~] While attempts 


...L p .*L P 
c\ 


L' R L' R 
CI-M=C=C CI-M =C=C= 


B A 


Scheme 1. M = Rh, Ir; L = PzTr, 


to rearrange the corresponding alkynyl-substituted rhodium 
vinylidenes trans-[RhCl(=C=CH-C=CR)(PiPr,),l or trans- 
[RhC1(=C=C(SiMe3)-C=CR)(Pz'Pr3),] by [1,3]H or 
[1,3]SiMe, shifts, respectively, to give compounds of type C 
failed,[,] several allenylidene rhodium(1) and iridium@) com- 
plexes (type B) were recently prepared in our laboratory.[5* 
The synthetic route (originally developed by S e l e g ~ e ) ~ ~ ]  was 
based on metal-assisted activation of propargylic alcohol 


[*I Prof. Dr. H. Werner, R. W. Lass, P. Steinert, Dr. J. Wolf 
Institut fur Anorganische Chemie der Universitlt Wiirzburg 
Am Hubland, D-97074 Wiirzburg (Germany) 
Telefax: Int. code + (931)888-4605 


derivatives HC=CCR,OH that were initially transformed to 
vinylidene compounds trans-[MCl(=C=CHCR,OH)(PiPr,),l 
(M = Rh, Ir) and subsequently, by abstraction of water, to 
complexes of type B.[81 


In the present paper we report the synthesis and structural 
characterization of the first compound of type D with M = Ir, 
which extends the series of metallacumulenes containing [Ir- 
Cl(PiPr,),] as a molecular unit. We note that the first metal 
complex with a M(=C),=CR, chain is the octahedral cationic 
species [RuCl(=C=C=C=C=CPh,>(dppe),l+ (dppe = 
Ph,PCH,CH,PPh,), which has recently been prepared by 
Dixneuf et al. from [RuCl,(dppe),] and HC=C-C=C- 
CPh,OSiMe, .['I Although our search for the Ir(=C),=CPh, 
derivative started at almost exactly the same time as that of the 
Rennes group,['01 we finished second, since i) the established 
methods for abstraction of water from L,M=C=CHCPh,OH 
intermediates to afford L,M=C=C=CPh, complexe~[~-~1 
could not be employed for the conversion of 
L,Ir= C= CHC= CCPh,OH to LJr =C= C=C=C=CPh, spe- 
cies, and ii) it took us nearly six months to grow suitable single 
crystals of the title compound. 


Results and Discussion 


The Stepwise Construction of the IrC,R, Chain: The labile start- 
ing material [IrCl(C,H,,)(PiPr,),] can be generated in situ from 
[IrCl(C8H14)2]z and four equivalents of PzPr, ,I1'] and has been 
used for the preparation of iridium complexes of types A and 
B.I2. 61 On treatment of this complex with the S-hydroxypen- 
tadiyne HC=C-C=CCPh,OH (1) insoluble, probably poly- 
meric products were obtained. In contrast, a clean reaction oc- 
curred between the dihydridoiridium(II1) compound 2" 'I and 1 
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leading to the diynyl(hydrid0) complex 3 in approximately 80 YO 
yield (Scheme 2). Related five-coordinate iridium(n1) deriva- 
tives, possibly possessing a square-pyramidal structure with the 
hydrido ligand in the apical position, have also been obtained 
from 2 and HC&R (R = Ph, C0,Me).['31 Compound 3 is a 
dark red solid which is only moderately air-sensitive and in 
contrast to 1 is remarkably stable in the solid state. Since the IR 
spectrum displays characteristic bands at 3 = 3570, 2240 and 
2180cm-', which are assigned to the 0 -H ,  Ir-H and C=C 
stretching frequencies, there is no doubt that during the forma- 
tion of 3 an oxidative addition of the pentadiyne to the iridium 
centre has taken place. 


H 
I PL 


CI -Ir-C=C-C=C-CPhzOH 1 
[IrHzCI(L)2] 


L' 
2 3 


y ...L 
CI-Ir-C=C-C=C-CPhzOH 


.+L ,H 
L' C L' I 


CI-Ir=C=C\ 


5 %\ 
CPhzOH 


Scheme 2. L = PiPr, 


The desired rearrangement of compound 3 to the isomeric 
vinylidene complex 4 could not be achieved thermally. When 
solutions of 3 in benzene were warmed to 40-60 "C for several 
hours, decomposition occurred which led, inter alia, to the car- 
bonyliridium derivative trans-[IrCl(CO)(Pi?r,),] .[I4] However, 
upon irradiation of the diynyl(hydrid0) complex 3 in benzene 
with a UV lamp, a clean, albeit very slow, reaction took place, 
which after 5 days afforded compound 4 as a red-violet, almost 
air-stable solid in 63 % yield. As with other vinylideneiridium(1) 


the 13C NMR spectrum of 4 reveals two 
triplets at 6 = 258.67 and 88.06, which correspond to the a-C 
and p-C vinylidene carbon atoms. The two signals for the C=C 
carbon atoms appear at 6 = 99.55 and 56.97, likewise as triplets 
but with smaller P-C coupling. 


All attempts to eliminate water from compound 4 to give the 
metallacumulene 6 failed. Neither treatment of 4 with acidic 
A1,0, nor with CF,CO,H (both routes have been used 
quite successfully to convert a M=C=CHCR,OH into a 
M=C=C=CR, unit)15* 15] yielded the Ir(=C),=CPh, deriva- 
tive. Since the reaction of the alkynyl(hydrid0)metal species 
[IrH(C~C-CPh,OH)CI(PzFr,),] with catalytic amounts of 
CF,CO,H is the method of choice for the preparation of the 
allenylidene complex trans-[IrC1( =C=C=CR,)(PzPr,),] ,I6] we 
then attempted to use the five-coordinate compound 3 directly 
for the preparation of 6. It reacted with CF,CO,H or the anhy- 
dride (CF,CO),O, presumably to give the vinylidene complex 4 
as the initial product. The latter, as mentioned above, is not 
stable in the presence of acid, and decomposed without form- 
ing 6. 


We therefore concluded that we should avoid acidic media 
and try to perform the desired elimination of HX (X is the 
non-carbon substituent on the terminal C atom of the chain) 
under basic conditions. Thus we decided to convert the OH 
functionality of the C, ligand into a corresponding ester unit 
because otherwise, in the presence of base, deprotonation of the 
hydroxy group would probably occur. 
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The idea that tosylate or triflate might be an appropriate 
leaving group immediately raised the question how the OH sub- 
stituent of one of the IrC, compounds could be transformed to 
an OTos or OTf (CF,SO,O) moiety. From the very beginning, 
we felt that 4 should not be used as starting material since it is 
known that vinylidene complexes of type A (see Scheme 1) 
with M = Ir, which like Vaska's compound (trans-[IrCl(CO)- 
(PPh,),]) behave as Lewis bases, are readily attacked by elec- 
trophiles at the metal centre and not at another part of the 
molecule.['61 Attack at the metal should not occur if an iridi- 
um(m) precursor, possibly with an octahedral coordination 
sphere, were used. Therefore, compound 5 was prepared and its 
reactivity investigated. From previous studies we knew that five- 
coordinate alkynyl(hydrido)iridium(IrI) complexes react 
smoothly with pyridine to give 1 : 1 adducts. It was therefore not 
surprising that on treatment of 3 with pyridine a colourless, 
slightly air-sensitive solid, compound 5, was formed in approx- 
imately 80% yield. All attempts, however, to convert the 
C4-CPh,OH ligand of 5 to a corresponding C,-CPh,OTos or 
C,-CPh,OTf unit failed even under mild conditions (in toluene 
at 0°C or below) or in the presence of excess pyridine. We 
assume that the electrophile attacks either the Ir-N or the Ir-C 
bond and thus initiates the decomposition of the diynyl(hydri- 
do)iridium(m) complex. 


Since pyridine failed to facilitate the reaction of the OH group 
with tosyl chloride or trifluorosulfonic acid anhydride either as 
the supporting ligand or as the reagent,"'] the next series of 
experiments was undertaken with triethylamine as base. Al- 
though NEt, is a much weaker CJ donor than pyridine, we con- 
sidered this, together with the higher volatility of NEt,, a pos- 
sible advantage. Preliminary experiments carried out in an 
NMR tube revealed that solutions of 3 in C,D, slowly decom- 
pose upon addition of NEt, to yield, inter alia, the vinylidene 
complex 4. In spite of this observation, the combination of com- 
pound 3 and NEt, turned out to be a favourable choice for the 
synthesis of the metallacumulene 6. When a solution of the 
starting material 3 in toluene was treated at - 78 "C with one 
equivalent of Tf,O a reaction occurred which led to an inter- 
mediate of unknown structure. Since the 31P NMR spectrum 
of this species displays a signal at 6 = 51, which is 
significantly shifted to lower frequencies (ca. 12 ppm) compared 
with the corresponding resonance in 3, we assume that 
the intermediate is not the five-coordinate compound 
[IrH(C=C- C=CCPh,OTf)C1(PiPr,)z]. 


Addition of one equivalent of NEt, to the solution of the 
species generated in situ in toluene did not lead (by ,'P NMR) 
to a detectable reaction. If, however, two equivalents of the 
amine were added, a change of colour from dark red to brown 
took place and, after chromatographic workup, copper-brown 
crystals of analytical composition C,,H,,CIIrP, (corresponding 
to 6) were isolated in 80 YO yield. The product was readily soluble 
in dichloromethane or benzene, moderately soluble in saturated 
hydrocarbons and decomposed in polar solvents such as 
methanol or nitromethane. It is interesting to note that solu- 
tions of 6 displayed different colours (from yellow through 
rose to violet) depending on the solvent and the concentra- 
tion. In the solid state, compound 6 was remarkably stable. 
It decomposed, however, in the presence of impurities which 
were sometimes also present in the crude reaction product 
and could have been formed from 3, Tf,O and NEt, in 
a side reaction. The impurities must be removed by column 
chromatography with neutral alumina at - 78 "C because 
a similar procedure at room temperature (even with fluorosil or 
dehydroxygenated silica as adsorbants) led to rapid decomposi- 
tion. 
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Metallocumulenes 19-23 


The IR and NMR spectroscopic data for 6 are in good agree- 
ment with the structure proposed in Scheme 3. In analogy to the 
cationic ruthenium complex prepared by Dixneuf et al.,[9"1 the 
IR spectrum displays two bands at 1960 and 1856 cm-' which 
are assigned to the C-C-C stretching frequencies of the metal- 
lacumulene unit. In the 13C NMR spectrum, the five carbon 
atoms of the IrC, chain give rise to five signals between 


H ,L Ph 


L/ Ph 


1) TftO, -78% 
CI-Ir-CaC-CmC-CPh20H I PL 2) NR,, r.t. - CI-Ir-C=C=C=C=C~ 


3 6 
L' 


Scheme 3. L = PiPr, 


6 = 245-133, which, owing to P-C coupling, are all split into 
symmetrical triplets. The proposed assignment noted in the Ex- 
perimental Section is based on the absolute magnitudes of the 
P-C coupling constants, which are assumed to decrease from 
a-C to E-C along the chain. The 31P NMR spectrum of 6 displays 
a single resonance (at 6 = 14.4 in C,D,); this indicates that the 
two phosphine ligands are equivalent and in a trans arrange- 
ment. 


Molecular Structure of Complex 6: The single-crystal X-ray 
structure analysis confirms (see Fig. 1) that the coordination 
geometry about the iridium(1) centre is square-planar with the 


Fig. 1. Arrangement of the two independent molecules of compound 6 in the unit 
cell (SCHAKAL diagram). 


chloride and the C, ligand disposed trans to one another and 
that the Ir=C=C=C=C=C moiety is almost linear. There are 
two crystallographically independent molecules in the unit cell 
with nearly identical bond lengths and angles (Table 1). 


Table 1. Selected intramolecular bond lengths (A) and bond angles (")in complex 
6 with esds (there are two independent molecules (molecule l)[molecule 21 in the unit 
cell). 


Ir-CI 
Ir-PI 
Ir-P2 
Ir-C1 
Cl-C2 


C1-Ir-C 1 
Pl-Ir-P2 
CI-Ir-P 1 
CI-Ir-P2 
P 1 -1r-C 1 
P 2-Ir-C 1 
Ir-Cl-C2 


2.347(1) 
2.340(1) 
2.344(1) 
1.834(5) 
1.261(6) 


177.4( 1) 
177.69(4) 
91.10(4) 
90.98(4) 
88.9(1) 
89.0(1) 
176.8(4) 


[2.353(1)] 


[2.348(1)] 
[1.821(5)] 
[1.278(6)] 


[172.2(2)1 
[172.73(4)] 
[90.95(4)] 
[91.74(4)] 
[88.7(1 )I 
[89.5(1)1 


~ 2 . 3 4 4 ~  )I 


[ 173.8( 5)] 


C2-C3 
c 3 - c 4  
c 4 - c 5  
C5-C6 
CS-C12 


c l-C2-c3 
c 2 - c  3-c4 
c 3 c 4 - c  5 
C4-C5-C6 
c 4 - c  5-c 12 
C 6-C 5-C 12 


1.296(6) 
1.259(6) 
1.344(6) 
1.479(6) 
1.475(6) 


175.8(5) 
177.1(5) 
174.8(5) 
118.3(4) 
119.8(4) 
121.9(3) 


[1.279(6)] 
[1.249(6)] 
[1.343(6)] 
[1.475(6)] 
[1.480(6)] 


[175.6(5)] 
[178.9(6)] 
[177.6(6)] 
[119.2(4)] 
[117.9(4)] 
[122.9(4)] 


The most notable structural parameter is the Ir-C1 
bond length of 1.834(5)A (or 1.821(5)A), which is 
significantly shorter than an Ir-C single bond['*] but some- 
what longer than in the related vinylidene complex trans- 
[IrCl(=C=CHCO,Me)(PzFr,),] (1.764(6) A).[". 13] Nearly 
identical M-C bond lengths are found in [Ir(=C=CH,)- 
(K~(N,P,P)-N(S~M~,CH,PP~,)~)] (1.806(4) A)r191 and in 
the ruthenium allenylidene [RuCl,(=C=C=CPh,)(rc(P)- 
zFr,PCH CO,M~)(K~(P,O)-ZF~,PCH,CO,M~)] 
(1.84(1) k)!15b1 In Dixneufs complex with the RuC, chain, the 
Ru-C bond length is 1.891(9) A,;['"] the difference with 6 prob- 
ably results from the cationic nature of the molecule. The C-C 
bond lengths in the chain alternate between 1.26 A (average for 
Cl-C2 and C3-C4) and 1.32 A (average for C2-C3 and C4- 
C5) and thus indicate that, besides the usual bonding formula- 
tion E, a second resonance structure E' has to be taken into 
consideration. 


(L = PiPr3) 


The Ir-C-C and C-C-C bond angles of the IrC, unit are be- 
tween 174" and 179 "; this implies a small bending of the chain 
(see the SCHAKAL diagram, Fig. 1). The Ir-CI and Ir-P 
bond lengths are similar to those found in trans- 
[IrC1(=C=CHC0,Me)(PzFr3)z][Zb* I 3 I  and need no further 
comment. 


Conclusion 


The work presented in this paper, complementary to recent 
investigations by Dixneuf et al., has shown that synthetic routes 
can be developed which lead to metallacumulenes of hitherto 
unknown chain length. The most useful precursors for the 
preparation of complexes containing an M( =C),=CR, assem- 
bly seem to be pentadiyne derivatives H C d - C r C C R , O R  
( R  = H in the present work, SiMe, in refs. [9,20]) from which, 
assisted by the transition metal, the two fragments H and OR' 
are eliminated stepwise to give the cumulene unit. WhiIe the 
strategy of the Rennes group uses an electrophile to cleave the 
C-OSiMe, bond, our method works under basic conditions, 
which are necessary if the metal centre in either the starting 
material or the reaction product behaves as a Lewis base. 


As far as the properties of the title compound are concerned, 
we were surprised at how stable the molecule is, both in the solid 
state and in solution (with the exception of some polar solvents). 
This was unexpected, since compared with ruthenium in the 
octahedral Ru(=C),=CR, complexe~[~"~ "1 the four-coordi- 
nate iridium in 6 is much more poorly shielded, and thus aggre- 
gation or oligomerization seemed conceivable. We feel that the 
stability of 6 (and other possible Ir(=C),=CR, derivatives) is 
promising, insofar as organometallic compounds containing a 
carbon-rich conjugated or cumulated chain are currently at- 
tracting interest either for their material properties or as poly- 
mer precursors.[211 In this regard it is still a challenge to obtain 
complexes of type C in addition to those of type A, B and D (see 
Scheme 1) because it would then be possible to compare the 
chemical and physical properties of these metallacumulenes 
with those of a series of bimetallic systems of general composi- 
tion [L,MC,ML',.] (x = 2-8) which have recently been pre- 
pared by Gladysz and coworkers.[", z31 


Chem. Eur. J.  1996, 2, No. 1 0 VCH &rlagsgesellschaft mbH, 0-69451 Weinheim, 1996 0947-6539~96/0201-0021$10.00+.25/0 21 







H. Werner et al. FULL PAPER 


Experimental Section 


All experiments were carried out under an atmosphere of argon by Schlenk tube 
techniques. The starting materials I [24] and 2 112 b] were prepared as described in 
the literature. For the chromatographic workup, neutral AI,O, of activity grade V 
was used. NMR spectra were recorded on a Bruker AC200, IR spectra on a Perkin- 
Elmer 1420 instrument. Abbreviations used: s, singlet; d, doublet; t, triplet; vt, 
virtual triplet; m, multiplet. Melting points were measured by DTA. 


[IrH(C=C-C=CCPh,0H)CI(Pil'r3)zJ (3): To a solution of 2 (200 mg, 0.364 mmol) 
in 10 mL ofpentane a suspension of 1 (93 mg, 0.40 mmol) in 10 mL of pentane was 
added dropwise at 0°C. An immediate change ofcolour from orange-yellow to red 
occurred and a gas (H,) was evolved. The reaction mixture was concentrated in 
vacuo to approximately 2 mL and then stored at - 78 "C. Dark red crystals precip- 
itated and were filtered out, washed repeatedly with pentane (0 "C) and again recrys- 
tallized from pentane (40- - 78 "C); yield 222 mg (78 %); M.p. 92 "C (decomp.); IR 
(CHCI,): 5 = 3570(OH),2240(IrH), 2180,2020(C~C)cm-'; 'HNMR(CDC1,): 
6 =7.33 (m. 10H, C,H,), 3.10 (m, 6H,  PCHCH,), 1.34 (dvt, N =14.6, 


PCHCH,), -42.49 (t, J(P,H) =11.6 Hz, 1 H, IrH), no OH signal observed; I3C 
NMR (CDCI,): 6 =145.96, 127.83, 127.12, 125.94 (all s, C,H,), 89.86 (t. 
J(P,C) =1.2Hz, C=C-CPh,OH), 82.65 (t, J(P,C) =11.3 Hz, IrCEC), 76.68 (t. 
J(P,C) = 1.8 Hz, IrC=C), 72.56 and 65.67 (both s, C=C-CPh,OH and CPh,OH), 
23.12 (vt, N = 27.3 Hz, PCHCH,), 19.77 and 19.42 (both s, PCHCH,); ,'P NMR 
(CDCI,): 6 = 39.4 (s); C,,H,,CIIrOP, (780.4): calcd C 53.87, H 6.98; found: C 
53.97, H 7.13. 


J(H,H)=6.6Hz, 18H, PCHCH,), 1.31 (dvt, N=14.5, J(H,H)=6.6Hz, 18H, 


trans-[IrC1(=C=CH-C=CCPh,0H)(Pzl'r3)zJ (4): A solution of 3 (60 mg, 
0.08 mmol) in 0.5 mL of benzene was irradiated in an NMR tube at room temper- 
ature (water cooling) with a mercury lamp (Osram HBO 500 W) for 5 d. The solvent 
was removed, the residue was dissolved in 2 mL of toluene and the solution was 
chromatographed on A1,0, at -78°C. A dark red fraction was eluted and dried in 
vacuo. The residue was recrystallized from pentane (40-78 "C) to give red-violet 
crystals which were filtered, washed with small quantities of pentane (- 20 "C) and 
dried; yield 38 mg (63%); M.p. 76°C (decomp.); IR (C,H,): a = 3380 (OH), 2180 
(C=C), 1610 (C=C) cm-'; 'HNMR (CDCI,): 6 =7.50 (m, IOH, C,H,), 2.91 (m, 
6H, PCHCH,), 1.31 (dvt, N =13.8, J(H,H) = 6.7 Hz, 36H, PCHCH,), -3.34 (t, 
J(P,H) = 2.4Hz, l H ,  Ir=C=CH), no OH signal observed; 13C NMR (C,D,): 
6 = 258.67 (t. J(P,C) =12.9 Hz, Ir=C), 147.14 (s, ipso-C of C,H,), 99.55 (t. 
J(P,C) =1.5 Hz, C=C-CPh,OH), 88.06 (t. J(P,C) = 3.2 Hz, It=C=C), 75.05 (s, 
CPh,OH), 56.97 (t, J(P,C) = 2.8 Hz, CEC-CPh,OH), 22.97 (vt, N = 26.8 Hz, 
PCHCH,), 19.98 (s,  PCHCH,); in CDCI, signals of ortho-, meta- and para-carbon 
atoms of C,H, observed at 6 = 127.95, 127.3 and 126.2 (all s); ,'P NMR (CDCI,): 
6 = 33.1 (s); C,,H,,CIIrOP, (780.4): calcd C 53.87, H 6.98; found: C 54.33, H 7.20. 


[IrH(C=C-CaCCPh,OH)CI(py)(PiPr,),J (5): A suspension of 3 (69 mg, 
0.09 mmol) in 5 mL of pentane was treated with excess pyridine (ca. 0.1 mL) at 
room temperature. Almost immediately, a dark grey precipitate was formed. The 
solvent was removed, the residue was dissolved in 2 mL of toluene, and the solution 
was chromatographed on AI,O,. A pale yellow fraction was eluted with toluene and 
concentrated to ca. 2 mL in vacuo. After 2 mL of hexane was added, the solution 
was stored at -78 "C for 12 h. A colourless microcrystalline solid was formed, 
which was separated from the mother liquor, washed repeatedly with pentane 
( - 2 0 T )  and dried; yield 60mg (79%); M.p. 138°C (decomp.); IR (KBr): 
C = 3610 (OH), 2280 (IrH), 2188,2043 (C&) cm-'; 'H NMR (CDCI,): 6 = 9.89 
(m, 2H, NC,H,), 7.68 and 7.24 (both m, 13H, C,H, and C,H,), 2.88 (m, 6H, 


J(P,H) = 15.1 Hz, 1 H, IrH), no OH signal observed; ,'P NMR (CDCI,): 6 = 9.95 
(s); C,oH,,CIIrNOP, (859.5): calcd C 55.90, H 6.92, N 1.63; found: C 55.99, H 6.78, 
N 1.38. 


PCHCH,), 1.12 (dvt, N =13.3, J(H,H) = 6.7H2, 36H, PCHCH,), -21.99 (t, 


trans-[IrCI(=C=C=C=C=CPh,)(PiPr,),l (6): A stirred solution of 3 (100 mg, 
0.13mmol) in 10mL of toluene was treated at -78°C with trifluoro- 
methanesulfonic acid anhydride (22 FL, 0.13 mmol). The reaction mixture was 
warmed to room temperature and NEt, (36 fiL, 0.26 mmol) was added. After the 
solution had been stirred for 10 min, it was concentrated to approximately 2 mL and 
the concentrate was chromatographed at - 78 "C on AI,O,. With toluene, a brown 
fraction was eluted from which the solvent was removed in vacuo. The residue was 
recrystallized from pentane (40- - 78 "C) to give copper-brown crystals which were 
filtered, washed with small quantities of pentane (- 20 "C) and dried; yield 78 mg 
(80%); M.p. 132°C (decomp.); IR (hexane): i =1960, 1856 (C=C=C)cm-'; 
'HNMR (C,D,): 6 = 8.33, 7.74 and 6.60 (all m, 10H, C,H,), 3.12 (m, 6H, 


(C,D,): 6 = 245.45 (t. J(P,C) = 4.0 Hz, Ir=C=C), 209.61 (t, J(P,C) = 3.2 Hz, 
C=CPh,), 186.70 (t, J(P,C) =13.9 Hz, Ir=C), 161.74 (t, J(P,C) =1.5 Hz, CPh,), 


Ir=C=C=C), 131.15, 127.28 and 123.24 (all s, C,H,), 23.64 (vt, N = 26.4 Hz, 
PCHCH,), 20.57 (s, PCHCH,); 'IP NMR (C,D,): 6 = 14.4 (s); C,,H,,CIIrP, 
(762.4): calcd C 55.14, H 6.88; found: C 55.41, H 7.25. 


PCHCH,), 1.37 (dvt, N =13.7, J(H,H) = 6.6 Hz, 36H, PCHCH,); "C NMR 


139.57 (t, J(P,C) ~ 1 . 5  Hz, ips0-C of C6H5), 133.70 (t. J(P,C) = 3.3 Hz, 


X-Ray Structural Analysis of 6: Single crystals were grown from hexane. Crystal 
data (from 23 reflections, 10"<0112"): triclinic, space group Pi (No. 2); 
a = 11.236(2) A, b =11.548(2) A, c = 28.708(3) A, G( = 98.24(1)", fl = 93.67(1)", 
y = 94.8811)". V = 3662(1) A3, Z = 4, drslcd =1.34 g ~ m - ~ ,  ~(Mo,.) = 38.1 cm-'; 
crystal size 0.05 x 0.30 x 0.50 mm; Enraf-Nonius CAD4 diffractometer, Mo,, ra- 
diation (0.70930 ,&), graphite monochromator, zirconium filter (factor 16.4); 
T = 293 K;  o/O scan, max 2 8  = 44"; 8538 reflections measured, 7408 independent 
reflections, 6522 regarded as being observed [Fo> 30(F0)]; intensity data were cor- 
rected for Lorentz and polarization effects, empirical absorption correction ($-scan 
method) was applied, minimum transmission was 52.4%. The structure was solved 
by direct methods (SHELXS-86); atomic coordinates and anisotropic thermal 
parameters of the non-hydrogen atoms were refined by full-matrix least squares 
(703 parameters, unit weights, Enraf-Nonius SDP) [25]. The positions of all hydro- 
gen atoms were calculated according to an ideal geometry (C-H distance 0.95 ,&) 
and were included in the structure factor calculation in the last refinement cycle. 
There are two independent molecules in the unit cell which differ slightly in respect 
of bond lengths and bond angles (Table 1). R = 0.023, R, = 0.026; reflexlparame- 
ter ratio 9.28; residual electron density + 0.511-0.41 e k '  [26]. 
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Ab Initio ECP/DFT Calculation and Interpretation of Carbon and Oxygen 
NMR Chemical Shift Tensors in Transition-Metal Carbonyl Complexes 


Martin Kaupp," Vladimir G. Malkin, Olga L. Malkina, and Dennis R. Salahub 
Dedicated to Professor Paul von Rag& Schleyer on the occasion of his 65th birthday 


Abstract: Carbon and oxygen NMR molecular orbitals allows the detailed in- from M-C o-bonding orbitals. The pres- 
chemical shift tensors for Group 6 hexa- terpretation of the trends on going down ence of occupied metal (n-l)p and 
carbonyl complexes M(CO), (M = Cr, Group 6, and of differences to free CO. (n-l)d orbitals is partly responsible for 
Mo, W) have been calculated by using a Group trends in the carbon shielding ten- the changes on going from free to metal- 
combination of quasirelativistic metal ef- sors are related largely to contributions bound CO. The origin of the less pro- 
fective-core potentials and density-func- 
tional theory. Comparison with high-res- 
olution solid-state shift tensors indicates 
excellent agreement between theory and 
experiment. The sensitivity of the shifts to 
the W-C distance in W(CO), is discussed. 
A breakdown of the shielding tensor com- 
ponents into contributions from localized 


. .  


Introduction 


The interpretation of NMR chemical shifts of carbonyl (and 
most other) ligands attached to transition metals is still an open 
question. The ab initio calculation of chemical shifts of com- 
pounds containing only main-group atoms up to the second 
long period has reached a remarkable state of accuracy, and 
detailed analyses of the factors contributing to these shifts have 
been made.''] However, for heavy-element compounds in gener- 
al, and for transition-metal complexes in particular, accurate 
calculations have not been possible owing to the difficulties of 
simultaneously treating electron correlation and relativistic ef- 
fects. 


Thus, discussion of the origin of chemical shifts in transition- 
metal complexes had to rely on rather approximate semi-empir- 
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nounced trends in the oxygen shielding 
tensors is more complicated. The influ- 
ence of scalar relativistic effects on the 
shift tensors has been studied for W(CO), 
and is found to be relatively small, in spite 
of considerable changes in the W-C dis- 
tance. 


ical MO calculations and on crude qualitative arguments. As a 
result, some controversies over how to rationalize the observed 
trends have arisen over the years.['' The carbon and oxygen 
shifts in the widely used carbonyl ligands are amongst the most 
prominent examples. Contradictory views on the mechanisms of 
these shifts, and the absence of reliable theoretical tools for their 
analysis, have led to considerable pessimism about whether a 
qualitative understanding will be reached.['] 


Very recently,t31 we have shown that accurate ligand chemical 
shifts in transition-metal compounds can be calculated by using 
a combination of sum-over-states density-functional perturba- 
tion theory (SOS-DFPT)[41 and quasirelativistic effective-core 
potentials (ECPs) . Electron correlation is approximated by the 
exchange-correlation functional of the Kohn - Sham (KS) theo- 
ry, at much lower computational cost[41 than needed for con- 
ventional correlated ab initio methods. Scalar relativistic effects 
due to the presence of a heavy transition metal are implicitly 
included by replacing the metal core electrons by a quasirela- 
tivistic ECP, while considering all electrons in the ligands of 
interest explicitly (additional heavy-atom spectator ligands may 
also be treated with ECPs) .I3] It has been shown that even the 
ligand shifts of relatively large complexes may be calculated 
accurately by using this combination of methods.t31 The scalar 
relativistic contributions were found to be significant for 5d- 
metal 0x0 


This new tool for the convenient and accurate calculation of 
the ligand chemical shifts in transition-metal complexes for the 
first time allows a thorough analysis of the origin of the ob- 
served trends. In addition to the isotropic shifts, the shift tensor 
elements are obtained from the calculations and may yield addi- 
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tional information. One goal of the present article is to demon- 
strate the accuracy of the calculated tensor elements for some 
representative examples. As we use the SOS-DFPT with individ- 
ual gauge for localized orbitals (IGL0),[61 a breakdown of both 
the individual tensor elements and of the isotropic shifts in terms 
of localized molecular orbital (LMO) contributions provides 
even more insight into the factors controlling the shifts. Alterna- 
tively, within the sum-over-states ansatz used,[41 the paramag- 
netic contributions to the shielding tensors may be analyzed in 
terms of dominant electronic excitations between canonical KS 
orbitals (by doing calculations with a common gauge origin). 
Together, these analytical tools aid in the development of a 
consistent picture of chemical shielding in metal carbonyl com- 
plexes. Only in a limited number of cases are shielding tensors 
of carbonyl complexes available from solid-state NMR spec- 
t r o ~ c o p y . ~ ~ - ” ’ ~  These results have provided information, for 
example, on differences between bridging and terminal lig- 
andsI7’ ‘1 and on dynamic processes in the solid state.[’* In the 
present study, we have chosen the set of hexacarbonyl complex- 
es M(CO), (M = Cr, Mo, W) for detailed analysis, as high-res- 
olution 13C and 1 7 0  shielding tensors for these species have been 
determined by Oldfield et a1.[’”] The study of these “normal” 
terminal carbonyl ligands will provide a standard against which 
to compare more unusual bonding arrangements in future 
work. Origins of periodic trends and of changes compared to 
free CO are investigated, and scalar relativistic contributions to 
the shift tensors are evaluated for W(CO), . Isotropic I3C shield- 
ings for these species have already been given as part of a larger 
data set used to validate our method.I3’ To our knowledge this 
is the first study of NMR shielding tensors of transition-metal 
carbonyl complexes from first principles.“ 


Computational Methods 
All calculations were carried out with a modified version of the LCGTO-MCP-DFT 
program deMon [12]. The SOS-DFPT approach used has been described in detail 
in ref. [4]. We use its LOCl approximation [4]. The additional approximations 
involved in the combination of SOS-DFPT with quasirelativistic or nonrelativistic 
ECPs and the accuracy obtainable using this approach have been discussed in 
ref. [3]. The small-core energy-adjusted metal ECPs (and (8s7p6d)/[6s 5p3d] va- 
lence basis sets) [13] are the same as in refs. [3,S] and have been transformed to 
nonlocal form [14] for technical reasons [15]. The transferability of this type of ab 
initio ECPs into DFT applications has been studied in detail and was found to be 
excellent [3,5,15,16]. Two types of all-electron basis sets, the IGLO-I1 and IGLO-I11 
bases [6], have been compared for all carbon and oxygen atoms (i.e., in the present, 
more detailed study we do not employ the mixed ligand-basis approach proposed in 
ref. [3]). 
Perdew and Wang’s 1991 exchange-correlation potential [17] was used for the shift 
calculations. A “FINE” grid [4,12] was employed throughout this study. Auxiliary 
basis sets for the tit of exchange-correlation potential and charge-density were of the 
sizes 3,4 for the metals and 5,2 for carbon and oxygen (n,m designates n s functions 
and m spd shells). The IGLO procedure employed orbitals localized by the Foster/ 
Boys scheme [18]. The C and 0 Is  orbitals were localized separately from the 
valence orbitals. 
For a consistent evaluation of relativistic effects on W(CO),, all structures were 
optimized by using the same metal ECPs (for comparison both quasirelativistic and 
nonrelativistic for W(CO), [13]) and valence bases as in the shift calculations but 
ECPs and DZP valence bases [19] (and 3,2 auxiliary sets) for C and 0. The optimiza- 
tions employed the Becke-Perdew exchange-correlation functional combination 
[20]. The quasirelativistic ECP/DFT optimizations yielded very good agreement of 
bond lengths (better than 0.02 A)  with the known solid-state structures of Cr(CO), 
and Mo(CO), (cf. Table 1). In the case of W(CO),, there is a significant difference 
(ca. 0.03 A) between the gas-phase and the shorter solid-state W-C bond lengths. 
The calculated structure agrees well with the gas-phase data, that is, it gives W-C 
bond length that is longer (by ca. 0.04 A) than that found in the solid-state structure. 
The influence of these structural changes on ligand chemical shielding is evaluated 
in the next sections. The nonrelativistic ECP/DFT optimization for W(CO), gave a 
W-C bond length of 2.112 A, another 0.04 longer than the quasirelativistic ECP 
results (Table l ) ,  in good agreement with other nonrelativistic DFT calculations 
[21]. Throughout this paper we use the notation: method for chemical shift calcula- 
tion//origin of structure, for example, QR//exp. indicates a quasirelativistic ECP 
calculation of the shift for the experimental structure. 


Table 1. Calculated and experimental bond lengths (A). 


co Cr(CO), Mo(CO), W(CO), 


M-C 
exp. (gas-phase) [a] 
exp. (solid-state) [b] 
calc. (QR) [c] 
calc. (NR) [d] 


c-0 
exp. (gas-phase) [a] 
exp. (solid-state) [b] 
calc. (QR) [c] 
calc. (NR) [d] 


2.063 2.058 
1.918 2.059 2.030 
1.910 2.064 2.073 


2.112 


1.128 1.145 1.148 
1.141 1.125 1.146 


1.140 1.154 1.152 1.154 
1.152 


[a] From M. D. Harmony, V. W. Laurie, R. L. Kuczkowski, R. H. Schwendemann, 
D. A. Ramsay, F. J. Lovas, W. J. Lafferty, A. G. Maki, J.  Phys. Chem. Ref. Data 
1979, 8, 619 (CO), S. P. Arnesen, H. M. Seip, Actu. Chim. Scund. 1966, 20, 2711 
(Mo(CO),, W(CO),). [b] From A. Jost, B. Rees, W. B. Yelon, Acta Cryst. B 1975, 
31, 2649 (Cr(CO),); T. C. W. Mak, Z .  Krist. 1984, f66, 277 (Mo(CO),); F. Heier- 
mann, H. Schmidt, K. Peters, D. Thiery, Z .  Krist. 1991, 198, 123 (”(CO),). 
[c] Quasirelativistic metal ECP. [d] Nonrelativistic metal ECP. 


The reference compounds, namely, TMS (for I3C shifts) and H,O (for I7O shifts), 
have been optimized at the same computational levels. The absolute I3C shielding 
of TMS is calculated as 187.3 ppm at the basis I1 and as 184.0 ppm at the basis I11 
level. The I7O shielding of the water molecule is 300.3 ppm with basis I1 and 
320.0 ppm with basis 111. 


Results and Discussion 


A. Carbon Shift Tensors: In the upper half of Table 2, experi- 
mental and calculated (both with IGLO-I1 and IGLO-I11 bases) 
I3C shift tensors are compared for free CO and for the hexacar- 
bony1 complexes. The results for the isotropic shifts are also 
shown in Figure 1 (top). The calculated isotropic shift (6.J for 
free CO is approximately 12 ppm too low at the basis I1 level 
and approximately 9 ppm too low at the basis I11 level. Most 
correlated ab initio methods also give I3C shifts that are some- 
what too low, whereas coupled Hartree-Fock methods give 
values that are too 22*231  


Better agreement than for free CO is found for Cr(CO), and 
Mo(CO), , where the IGLO-I1 and IGLO-I11 basis set results for 
the isotropic shift (6J bracket the experimental values; the 
larger (IGLO-111) basis yields a slightly larger shift (Table 2). 
With the DFT-optimized W-C bond length, the smaller IGLO- 
I1 basis already exaggerates the value for W(CO), by about 
3 ppm, and the difference increases to around 11 ppm with the 
larger basis. The resulting deviation of calculated from experi- 
mental trends in the isotropic 13C shifts is shown clearly in 
Figure 1 (top). With the shorter W-C bond length from the 
experimental solid-state structure, the shift decreases, and the 
periodic trend is reproduced much more closely (dashed lines in 
Fig. 1 top). The neglect of spin-orbit coupling in our calcula- 
tions might also slightly influence the computed trends,t3] and 
we have not accounted for ro-vibrational or environmental cor- 
rections. 


The trend towards increased shielding on going down the 
chromium triad is reproduced well, when the shorter W-C 
bond length of 2.030 8, (Table 1) is used (Fig. 1 top). As Gleeson 
and Vaughan[’] already observed, the increase in shielding arises 
largely from a corresponding decrease in the perpendicular shift 
tensor elements 6, , and 6,, (see below). The fact that coordina- 
tion of CO to a Group 6 metal center leads to deshielding (again 
due to a,, and S,,) is also well described by the calculations. 


The “experimental” 3C shift-tensor elements for free CO 
given in Table 2 are those estimated by Gleeson and Vaughan‘’’ 
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Table 2. Comparison of calculated and experimental carbon and oxygen chemical shift tensors (ppm) for Group 6 hexacarbonyl complexes [a]. 


co Cr(Co)6 W W 6  w(c0)6 


exp. 111 [b] I1 [c] exp. [d] 111 [b] II [c] exp. [d] I11 [b] I1 [c] exp. [dl QRiiQR [Jl QR//exp. [kl 
I11 [bl I1 [cl 111 [b] I1 [cl 


C 
611 (316 [el) 312 306 
6 2 2  (316 [el) 312 306 
6 3 3  (- 90 [el) - 89 - 86 
6." 186 [fl 118 115 
6 1 ,  -6 I - 406 (30) [g] - 401 - 391 


0 
611 602 516 
622  602 516 
6 3 3  -91 -115 
6," 386 [h] 371 346 
6 ,I -6 I - 653 [i] - 693 - 691 


369 
335 
- 69 
212 


- 421 


362 
362 
- 16 
216 


- 437 


350 
350 
- 14 


208 
- 423 


338 
332 
- 65 


202 
- 400 


350 339 
350 339 


206 199 
- 432 -420 


-82 -81 


326 
319 
- I0  


192 
- 393 


345 
345 
- 81 


202 
- 426 


333 
333 
- 81 


195 
- 414 


340 
340 
- 83 


199 
- 422 


328 
328 
- 83 


191 
- 411 


651 
615 
- 58 
403 


- 691 


633 
633 
- 39 
408 


- 670 


605 
605 
- 58 


384 
- 663 


621 
592 
- 43 
400 


- 650 


614 511 
614 511 


-40 -64 
396 364 


- 693 - 642 


603 
512 
- 31 


384 
- 619 


597 
597 
- 33 


381 
- 630 


560 
560 
- 59 


354 
- 618 


580 
580 
- 32 


316 
- 612 


550 
550 
- 51 


350 
- 601 


[a] Shifts referenced to TMS for carbon and to H,WaP for oxygen, with positive signlmore desbielded convention. Experimental "O data were converted by adding the 
experimental gas/liquid shift (+ 36 ppm) of water (cf. ref. [30]). [b] IGLO-111 basis. [c] IGLO-I1 basis. [d] Ref. [lo]. [el Estimate [8] for motionally "unaveraged" free CO, 
see text. [fl Gas-phase data from ref. [26]. [g] See ref. [24]. [h] Ref. [30]. [i] W. H. Flygare, Chem. Rev. 1974, 74, 653. [j] At quasirelativistically optimized structure (cf. 
Table 1). [k] At experimental solid-state structure (cf. Table 1). 


calculated 6 ,  for the metal complexes are slightly too large. 
Augmentation of the basis set increases them and thus also the 
differences to experiment. In contrast, the 6 ,, (633) elements are 
calculated to be somewhat too negative and are relatively insen- 
sitive to the basis set level (consistent with their diamagnetic 
character). The good agreement between theory and experiment 
for the isotropic shift of Mo(CO), and W(CO), is thus partly 
due to error compensation. Calculated shift anisotropies 
(6 ,, -6 J are therefore somewhat too negative. It should be not- 
ed, however, that the experimental error bars in the individual 
tensor elements and shift anisotropies are larger (estimated to be 
ca. 5-10 pprnt'O1) than for isotropic shifts in solution. Thus, the 
computational results are either within or only slightly outside 
the experimental uncertainty margins. Moreover, part of the 
differences may be due to matrix effects contained in the solid- 
state data. Thus, the present results show that not only isotropic 
shifts, but also individual shift-tensor elements in these 
carbonyl complexes can be calculated accurately with our ECP/ 
DFT approach, even if larger basis sets may lead to still slightly 
larger values. 


B. Oxygen Shielding Tensors: Calculated isotropic "0 shifts 6," 
(see bottom halves of Table 2 and Fig. 1) are in good agreement 
with experiment at the basis I11 level (the largest deviation is ca. 
15 ppm for free CO). The basis I1 results are somewhat (ca. 
25-35 ppm) too low. There is less variation of the calculated 
isotropic shifts between the different complexes (compared to 
the carbon shifts and given the larger oxygen shift range) and 
free CO (a very small decrease from Cr to W), in agreement with 
experimental observation. 


The 6 , (6, and dZz) tensor elements exhibit somewhat larger 
variations, whereas 6 , ,  (~5,~) changes less from compound to 
compound. Agreement between calculation and experiment 
for the individual tensor elements is comparable to those for 
the isotropic shifts, that is, theory gives very good results at 
the basis 111 level, and values that are somewhat too low 
at the basis11 level. Slightly larger deviations pertain to 6,, 
for Cr(CO), with basis 111. This obscures the experimentally 
observed"'] slight decrease of this tensor element from 
Cr(CO), to W(CO),. As pointed out above for the carbon 
shielding tensors, the differences between the experimental 6, 
and 6,, have been attributed to reduced symmetry in the 
crystal.['O] 


175 4 I 
co Cr(C0k Mo(C0k W(C0k 


A I h 


350 360v 
340 4 I 


co Cr(C0k Mo(COk W(C0k 


Fig. 1. Comparison of calculated and experimental isotropic NMR chemical shifts. 
Top: "C shifts. Bottom: "0 shifts. See Table 2 for numerical data. Quasirelativistic 
ECP results; dashed lines refer to results obtained with the experimental solid-state 
W-C bond length (Table 1) of W(CO),. 


from a "motionally unaveraged" anisotropy (6 ,-6 ,,) of 
406(30) ppm given by Gibson et al.LZ4] In view of the experimen- 
tal uncertainties, the agreement between these best estimates for 
free CO and our calculations is reasonable. 


To compare experimental and computational results for the 
tensor components of the metal complexes, the measured 6,, 
and a,, elements should be averaged (6 I = (h1, + dZz)/2). The 
slight deviations from axial symmetry in the solid state have 
been ascribed to the reduced local symmetry in the 
whereas the two values are identical within numerical error for 
our molecular calculations on perfect octahedral structures. The 
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C. Scalar Relativistic Contributions for W(CO), : Scalar rela- 
tivistic effects, which may be evaluated by comparing results 
obtained with quasirelativistic and with nonrelativistic ECPs,"] 
have been found to be important for the I7O shifts in high-va- 
lent 5d-metal 0x0 cornplexe~.~'~ It is thus of interest to investi- 
gate the importance of these contributions for the present d6 
carbonyl species, particularly for the tungsten complex. In 
Table 3, both the influence of relativistic changes in the bond 


Table 3. Scalar relativistic effects on the chemical shift tensors (ppm) of W(CO), 
[a]. 


344 
344 
- 82 
202 


- 426 


597 
597 
- 33 


387 
- 630 


349 
349 
- 84 
- 205 
- 433 


612 
612 
- 41 
394 
653 


351 
351 
- 83 
- 207 
- 434 


617 
617 
- 42 
397 
659 


[a] Shifts referenced to TMS for Carbon and to H,WsP for oxygen, with positive 
sign/more deshielded convention. IGLO-I11 basis on C and 0. [b] Quasirelativistic 
ECP in shift calculation and in structure optimization. [c] Nonrelativistic ECP shift 
calculation at quasirelativistically optimized structure. [d] Nonrelativistic ECP in 
shift calculation and in structure optimization. 


length, and direct electronic influences on the shift tensor of 
W(CO), are evaluated. The relativistic bond length contraction 
leads, for example, to a reduction of approximately 2 ppm in 
S,,(13C) (cf. NR//QR vs. NR//NR columns), and the direct 
relativistic change of electronic structure contributes another 
- 3  ppm to S,,(13C) (cf. QR//QR vs. NR//QR columns). 


The scalar relativistic effects are surprisingly small in view of 
the significant (0.04 A) relativistic contraction of the W-C 
bond (see Table 1). The overall changes remain below 7 ppm for 
13C shift tensor elements and below about 20 ppm for 1 7 0  shift 
tensor elements. This may be compared to scalar relativistic 


Table 4. Kohn-Sham orbital energies (am) [a]. 


contributions ofmore than 160 ppm to the 1 7 0  shift in WO:-.['] 
Of course, the oxygen atoms are further removed from the metal 
center in the present case, so the oxygen shifts are not directly 
comparable. 


D. Correlations between Shielding Tensors and Orbital Energy 
Differences: Within the present sum-over-states approach,[41 the 
paramagnetic contributions to the shielding tensor elements, 
apN,.., are given by Equation (1). Thus, the orbital energy differ- 


ences between occupied and virtual KS orbitals (E~-&,J  are 
amongst the most important factors determining the magnitude 
of the contribution from a given excitation k + a (assuming that 
the corrections A=-, are small, i.e., starting from an uncoupled 
KS approach). One might therefore expect the energetically 
lowest-lying, magnetically allowed transitions $, --* $a to largely 
control the paramagnetic shielding. For the Group 6 hexacar- 
bony1 complexes (Table 4 )  this would be the 2t2, + 2e:, 
2t2,  + 3t:g, and 2tZg + 2trg transitions, followed at larger ener- 
gies by 2t1,  + 3t7, and 2t1, -+ 2t;,,. However, analysis of the SOS 
expression in terms of canonical KS orbitals (obtained from a 
separate calculation with a common gauge origin on the nucleus 
of interest, or alternatively at the metal nucleus to conserve the 
symmetry selection rules) indicates that a considerable number 
of different "excitations" over a large range of E ~ - - E ,  contribute 
significantly to the paramagnetic terms in the hexacarbonyl 
complexes. The largest overall contributions may be grouped 
into excitations out of mainly C-M a-bonding (lalg, leg, Itlu), 
CEO bonding (Itlg, 2t1,) ,  and metal d-like (2t2,)  MOs, whereas 
the virtual orbitals involved are the ones appropriate by symme- 
try from the CEO antibonding manifold (3t:,, 2&, 3tzg, 2t;C,). 
We should note here that the periodic trends of the ligand shield- 
ing and the shielding differences between free and metal-bound 
CO are reproduced reasonably well even with a common gauge 
origin. 


It is clear that compared to free CO the carbonyl complexes 
exhibit a larger number of possible low-energy excitations. 
However, simple explanations for the observed trends in terms 
of just a few individual orbital combinations do not emerge 
from the MO analysis. In particular, some contributions to 


Symmetry Cr(CO), Symmetry Mo(CO), W(CO)6 QWIQR [bl W(CO)6 NR//NR [cl 


virtual MOs 
41:. + 0.005 2e: + 0.007 + 0.022 + 0.014 
2 4  - 0.026 4 c  + 0.005 + 0.007 + 0.005 
2t:* - 0.028 3t:, - 0.018 - 0.002 - 0.010 
2e: - 0.034 2a:, - 0.022 - 0.025 - 0.022 
3 r:, - 0.057 2% - 0.044 - 0.048 - 0.044 


31:. - 0.090 31:" - 0.103 - 0.107 - 0.101 
21:" - 0.074 21:; - 0.082 - 0.086 - 0.079 


- 0.238 
- 0.373 


- 0.412 
- 0.418 


- 0.438 
- 0.457 


- 0.410 


- 0.434 


- 0.237 
- 0.371 
- 0.416 
- 0.421 
- 0.428 
- 0.430 
- 0.436 
- 0.448 


- 0.237 
- 0.377 
- 0.416 
- 0.421 
- 0.428 


- 0.436 
- 0.436 


- 0.458 


- 0.235 
- 0.369 
- 0.418 
- 0.422 
- 0.428 
- 0.432 
- 0.435 
- 0.441 


[a] IGLO-111 basis on C and 0. [b] Quasirelativistic metal ECP at quasirelativistically optimized structure. [c] Nonrelativistic metal ECP at nonrelativistically optimized 
structure. 


Chem. Eur. J.  1996, 2, No. 1 0 VCH Verlagsgesellschaft mbH, 0-69451 Weinheim, 1996 0947-6539/96/0201-0027 $10.00+ ,2510 27 







FULL PAPER M. Kaupp et al. 


the shielding tensors increase or decrease from Cr(CO), to 
Mo(CO), or W(CO),, while the corresponding E ~ - E ,  also de- 
creases or increases in the same direction. In these cases it seems 
that rN3 rather than A& controls the magnitude of these contri- 
butions to Equation (1). The only useful correlation is due 
to the energy of the leg MO. It is considerably stabilized in 
Mo(CO), and W(CO), compared to Cr(CO),, and its antibond- 
ing combination, 2e:, is correspondingly destabilized, in line 
with stronger cr bonding (see Table 4). Indeed, the contributions 
to oav from excitations out of leg decrease in absolute value 
down the group (they are -94.4, -89.7, and -84.8 ppm for 
Cr(CO), , Mo(CO), , and W(CO), , respectively). However, 
the contributions from I t , ,  also decrease from Cr(CO), to 
Mo(CO), , without a corresponding change in orbital energies. 
We find that a breakdown in terms of localized molecular or- 
bitals, as carried out in the next section, is more amenable to 
intuitive rationalizations. We will also postpone the discussion 
of the differences between free and metal-bound CO to the next 
section. 


E. LMO Decomposition and Interpretation of Shielding Tensors: 
As we employ the IGLO algorithmt6] for the determination of 
the gauge origin of the vector potential, we can obtain addition- 
al information on the mechanism of chemical shifts and chemi- 
cal bonding by breaking the shielding tensor elements down into 
contributions from localized molecular orbitals (LMOs) . This 
type of analysis has been shown to be extremely informative by 
Kutzelnigg and co-workers.16] Thus, the IGLO algorithm gives 
us a distinct advantage in the interpretation of results, compared 
to other choices of gauge origin. 


The LMO analysis of chemical shielding for the CO molecule 
has been carried out in detail previously, and the following 


Table 5. Breakdown of the carbon shielding tensors in terms of LMO contributions [a]. 


general picture for the shielding has emergedt6] (cf. Tables 5 and 
6): The isotropic, diamagnetic shielding of the carbon nucleus 
by the carbon Is orbital is counteracted by paramagnetic contri- 
butions from the valence LMOs, that is, the lone pairs on car- 
bon and oxygen as well as the C - 0  triple bond, to ol .  The 
largest of these deshielding contributions is due to the carbon 
lone pair, followed by the oxygen lone pair, and the CEO bond- 
ing LMOs (only the sum of the CEO contributions is given in 
Tables 5 and 6). The contributions to oll are all diamagnet- 
ic;[,, 251 this results in the known large anisotropy (ca. 400 ppm) 
of the shielding tensor. The deshielding contributions to ol 
dominate the isotropic shift, with the correspondingly low abso- 
lute shielding. One may envision a "rotation" of the lone pair 
and bonding orbitals onto the C - 0  n-antibonding orbitals by 
the magnetic vector potential, leading to the large paramagnetic 
contributions to o I .l6I A similar mechanism is responsible for 
the highly anisotropic oxygen shielding tensor. In this case, the 
oxygen lone pair contributions to o1 exceed those from the 
carbon lone pair (Table 6). 


We now can examine how this picture changes when the CO 
molecule is bound to a Group 6 metal fragment (Tables 5 and 6, 
Figures 2 and 3). As expected, the diamagnetic contributions 
from the respective 1s orbitals remain unchanged. Looking first 
at the carbon shielding tensor (Table 5, Fig. 2), we find that the 
involvement of the carbon lone pair in M-C cr bonding increas- 
es the deshielding contributions from this LMO to o consider- 
ably (the contributions to o II are almost unchanged). This may 
be due to changes both in A& (see Eq. (1)) and in r i 3  @lots of 
electron localization functions indicate the M -C bond to be 
more spacially confined around the carbon atom than the car- 
bon lone pair in free However, a decrease in the 
deshielding terms involving the oxygen lone pair and the triple- 


LMO co Cr(CO), Mo(C0)6 w(c0)6 
0 1  all 6," a 1  all 6," 0 1  a II 0." 0 1  611 a*" 


W )  200.1 200.1 200.1 200.1 200.1 200.1 200.1 200.1 200.1 200.1 200.1 200.1 


W O )  - 65.5 3.2 - 42.6 - 57.3 3.4 - 37.0 - 56.8 3.3 - 36.7 - 55.4 3.4 - 35.9 


Z(n-l)p(M) [bl -12.0 - 5.9 - 9.9 - 11.1 - 1.6 -7.9 - 11.8 - 1.2 - 8.2 
Z(n-l)d(M) PI 


z [CI - 128.0 272.3 5.4 - 179.5 263.0 - 31.9 - 167.4 267.5 - 22.4 - 156.4 268.7 - 15.1 


LP(C)/Bd(M-C) - 139.8 27.3 - 84.1 - 194.5 23.7 - 121.8 - 182.6 23.9 - 113.8 - 177.6 23.8 - 110.5 


3 x Bd(C-0) - 122.8 41.7 - 68.0 - 98.7 49.3 - 49.4 - 100.0 48.7 - 50.3 - 97.0 50.4 - 47.9 


-17.2 - 7.7 - 13.9 - 17.8 - 7.0 - 13.9 - 14.7 - 7.7 - 12.7 


Total [d] - 127.9 272.6 5.6 - 177.5 259.6 - 31.8 - 166.2 265.8 - 22.2 - 155.7 266.5 - 14.9 


[a] Absolute shieldings in ppm. Only LMOs with at least one individual contribution > 3 ppm have been included. IGLO-I11 basis on C and 0. LP = lone pair, Bd = bond. 
[b] Sums of contributions from metal (n- 1)p-A0 (semicore) and (n-1)d-AO-like LMOs. [c] Sum of all listed contributions. [d] Sum of all contributions. [el At experimental 
solid-state structure (Table 1). 


Table 6. Breakdown of the oxygen shielding tensors in terms of LMO contributions [a]. 


LMO co Cr(Co)6 MOW),  W ( W 6  [el 
a1 all 0 1  Oil  a," 01 all C." a1 all 0," 


lS(0) 270.2 270.2 270.2 270.2 270.2 270.2 270.2 270.2 270.2 270.2 270.2 270.2 


LP(0) - 217.7 34.5 - 133.6 - 178.8 35.0 - 107.5 - 176.1 34.9 -105.8 - 168.4 34.9 - 100.6 
3 x Bd(C=O) - 218.8 102.1 - 111.9 - 256.2 72.8 - 146.6 - 243.6 73.7 -138.6 - 234.4 67.7 - 133.7 
Z(n-l)P(W [bl - 12.0 - 8.0 - 10.6 - 9.9 - 5.7 - 8.6 - 8.4 - 6.3 - 7.9 
Z(n-l)d(M) [bl - 14.8 - 9.5 - 13.1 - 16.8 - 12.2 -15.3 - 14.2 - 14.0 - 13.8 


LP(C)/Bd(M-C) - 115.4 4.1 - 75.6 - 120.5 3.1 - 79.3 - 115.1 3.2 -75.7 - 107.3 3.2 - 70.5 


~ 


c ICI - 281.7 410.9 - 50.9 - 312.0 363.7 - 86.8 - 291.8 363.1 -73.8 - 262.8 355.7 - 56.3 
Total [d] - 281.7 411.2 - 50.7 - 311.3 359.0 - 87.9 - 293.4 363.1 -73.8 - 260.3 351.7 - 56.3 


[a] Absolute shieldings in ppm. Only LMOs with at least one individual contribution > 5 ppm have been included. IGLO-111 basis on C and 0. [b] Sums of contributions 
from metal (n-1)p-A0 (semicore) and (n-1)d-AO-like LMOs . [c] Sum of all listed contributions. [d] Sum of all contributions. [el At experimental solid-state structure 
(Table 1). 
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Fig. 2. Major LMO contributions to uL(I3C). See Table 5. The contribution from 
the carbon Is orbital ( f  200.1 ppm) has been omitted. 
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Fig. 3. Major LMO contributions to ~ ~ ( ‘ ’ 0 ) .  See Table 6. The contribution from 
the oxygen Is orbital ( f  270.2 ppm) has been omitted. 


bond LMOs partially compensates for this effect of the M-C 
o-bonding LMO. The presence of additional deshielding con- 
tributions from metal (n-1)d- and (n-1)p-like LMOs (ca. 
-20 ppm to u,,, summed up in C(n-l)d(M) and C(n-l)p(M) 
in Table 5) has to be included to account for the high-frequency 
shift of the carbon resonance upon binding of the CO ligand to 
the metal fragment. 


The magnitude of the paramagnetic contributions from the 
M -C o bond to u I of the carbon nucleus decreases upon going 
from Cr(CO), to W(CO), , exactly parallel to the corresponding 
absolute shielding tensor elements (Fig. 2). The deshielding con- 
tributions from the other valence LMOs to oI and all contri- 
butions to uII (except for a slightly larger value of the metal 
d-orbital contribution for Cr(CO),) are roughly constant along 
this series. This includes the contributions from occupied metal 
d orbitals. Our results thus confirm previous arguments,*281 
based on simple semiempirical considerations, that d-d excita- 
tions cannot account for the periodic trend. The increase in 
shielding down the group is largely due to the decrease in the 
absolute values of the paramagnetic contributions from the 
metal-carbon (3 bond to uI (Fig. 2 ) .  


A much more complicated situation pertains to the oxygen 
shielding tensor (Table 6, Fig. 3).  Neither the deshielding upon 
binding of CO to a Group 6 metal center nor the small increase 
in shielding from Cr(CO), to W(CO), may be attributed to just 
one dominant term. While the contributions from the oxygen 
lone pair to u I are less deshielding in the complexes than in the 
free ligand, all other terms become somewhat more deshielding 
(including the contributions from metal (n-l)d and (n-l)p or- 
bitals, which are absent for free CO). All terms become slightly 
less paramagnetic down Group 6, but no contribution can be 
singled out (Fig. 3). 


Conclusions 


Our combined ECP/DFTL3I approach has allowed the accurate 
calculation and a detailed interpretation of NMR ”C and 1 7 0  


chemical shift tensors for the Group 6 hexacarbonyl complexes. 
As the method used is computationally inexpensive, ligand 
NMR shielding tensors in considerably larger complexes or 
clusters are now accessible to detailed investigation. We are 
presently carrying out work along these lines.t271 


The break down of the shielding-tensor elements, in terms of 
both localized molecular orbital (LMO) and canonical MO con- 
tributions, has improved our understanding of the mechanism 
of ligand chemical shielding in transition-metal carbonyl com- 
plexes. The changes in carbon shielding upon binding of CO to 
a metal fragment are accompanied by changes in a variety of 
orbital contributions, among them the presence of excitations 
out of occupied metal d orbitals and of semi-core (n-l)p or- 
bitals. The trend to more shielding from Cr(CO), to Mo(CO), 
to W(CO), is due to decreased paramagnetic contributions 
mainly from C-M o-bonding orbitals, involving excitations 
into CEO antibonding orbitals. A relation to d-n* back-bond- 
ing is at best indirect and could arise from the synergistic inter- 
play of o and n bonding.[291 


Scalar relativistic effects are moderate but important for the 
differences between the molybdenum and tungsten complexes. 
Probably, spin-orbit coupling needs to be included to obtain an 
even more accurate difference between the carbon shieldings for 
W(CO), and Mo(CO),. We expect that the present results may 
be generalized to other comparisons of ligand chemical shield- 
ing tensors for typical terminal carbonyl ligands. More unusual 
terminal, and bridging carbonyl ligands, as well as other ligands 
in transition-metal complexes are presently under investiga- 
t i ~ n . ‘ ~ ~ ]  
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Bis[2]catenanes and a Bis[2]rotaxane-Model Compounds for Polymers with 
Mechanically Interlocked Components** 


Peter R. Ashton, Jurgen Huff, Stephan Menzer, Ian W. Parsons, Jon A. Preece, 
J. Fraser Stoddart,* Malcolm S. Tolley, Andrew J. P. White, and David J. Williams 


Abstract: The self-assembly of three 
bis[2]catenanes and a bis[2]rotaxane, by 
two complementary strategies, is report- 
ed. A synthetic route to derivatives of bis- 
pur~-phenylene[34]crown- 10 (BPP34C 10) 
and 1,5-naphtho-puru-phenylene[36]- 
crown-I0 (1/5NPP36C10) containing a 
fused five-membered ring with a sec- 
ondary amine function is described. These 
intermediate N-allylimido macrocyclic 
polyethers undergo template-directed 
reactions with 1,1’-[1,4-phenylenebis- 
(methylene)]bi~-4,4‘-bipyridinium bis- 
(hexafluorophosphate) and 1 ,Cbis(bromo- 
methy1)benzene to produce [2]catenanes 
containing an N-ally1 functionality. The 
N-allylimido macrocyclic pol yethers have 
also been reduced and deprotected to af- 


ford macrocycles possessing a free NH 
group, which are then linked through a 
4,4‘-biphenyldicarbonyl spacer to pro- 
duce bis(crown ether)s, in which each 
crown ether moiety has two recogni- 
tion sites. These ditopic BPP34C10 and 
1/5NPP36C10 derivatives are capable of 
sustaining self-assembly reactions at both 
recognition sites to yield bis[2]catenanes. 
The self-assembly of a complementary 
bis[2]catenane, in which two tetracationic 
cyclophanes are linked together with a 
flexible hexyl chain, has also been 


achieved by treating 1,l’-[1 ,Cphenylene- 
bis(rnethylene)]bi~-4,4‘-bipyridinium bis- 
(hexafluorophosphate) with a compound 
containing two linked 1 ,Cbis(bromo- 
methy1)benzene units in the presence of 
BPP34C10. Replacing BPP34C10 with a 
dumbbell-shaped compound containing a 
linear polyether unit intercepted by a 
naphthalene residue and terminated by 
two bulky adamantoyl groups has led to 
the self-assembly of a bis[2]rotaxane. The 
X-ray crystal structures of one of the cate- 
nanes and its associated crown ether com- 
ponent are reported, together with 
solution state dynamic ‘H NMR spectro- 
scopic studies, showing that there is sub- 
stantial degree of order characterizing the 
molecular structure of the catenanes. 


Introduction 


The development of methods for the efficient synthesis of cate- 
nanes and rotaxanes[’] offers exciting prospects in the field of 
molecular electronics.[’] Nanometer-scale architectures and in- 
formation storage devices,[31 based on molecules containing 
noncovalently bound, mechanically interlocked components, 
are amongst the most challenging targets that confront 
supramolecular chemists. Furthermore, polymers containing 
mechanically interlocked components, for example polycate- 
nanest4I and polyrotaxanes,[’* 61 are expected to exhibit interest- 
ing physical properties,[’] in addition to offering possibilities for 


[*I Prof. J. F. Stoddart, P. R. Ashton, Dr. J. Huff, Dr. I. W Parsons, 
Dr. J. A. Preece, M. S. Tolley 
School of Chemistry, University of Birmingham 
Edgbaston, Birmingham B152TT (UK) 
Telefax: Int. code + (121)414-3531 
Dr. D. I. Williams, Dr. S. Menzer, Dr. A. J. P. White 
Department of Chemistry, Imperial College 
South Kensington, London SW72AY (UK) 
Telefax: Int. code + (171)594-5804 


[**I “Molecular Meccano”, Part 5: for Part 4, see P. R. Ashton, R. Ballardini, V. 
Balzani, A. Credi, M. T. Gandolfi, S .  Menzer, L. PCrez-Garcia, L. Prodi, J. F. 
Stoddart, M. Venturi, A. J. P. White, D. J. Williams, J.  Am. Chem. SOC. 1995, 
117,11171-11197. 


the introduction of an even higher level of sophistication into 
nanoscale molecular structures. The realization of large molecu- 
lar arrays, based upon mechanically interlocked components, 
depends upon the ability to design and synthesize starting mate- 
rials for self-assembly reactions which will lead to the formation 
of higher [nlcatenanes and/or [nlrotaxanes. The improvements 
already achieved in the self-assembly of catenanes, based on 
x-electron-rich crown ethers and x-electron-deficient tetraca- 
tionic cyclophanes, have allowed the progression to take place 
from [2]catenanes[’] and [3]~atenanes,[*~ via [4]catenane~,[~] to 
[5]~atenanes[~]-the most prominent example is the recently de- 
scribedrgb1 two-step self-assembly of olympiadane. In recent 
years, systems based on x-electron-rich linear threads have 
also made [2]rotaxanes accessible[”] through self-assembly pro- 
cesses. 


Figure 1 illustrates in cartoon form some of the currently 
unknown polymeric structures (I, 11, and In) ,  which can 
be disconnected to the low-molecular weight model systems 
IV-VnI. The research described in this paper, namely, the 
preparation and properties of VI, VII, and VIII, represents an 
early contribution towards the synthesis of such polymeric 
structures. In principle, the x-electron-rich crown ether compo- 
nents can be interlocked by tetracationic cyclophanes with an 
extended cavity (V)[’] or by a building block based on a cova- 
lently linked pair (VI) of x-electron-deficient cyclophanes.[’ ‘1 In 
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Furthermore, we report the synthesis of a bis[2]rotaxane of type 
VIII. These new mechanically interlocked model compounds, 
which belong to polymer types I1 and 111, have been character- 


Synthesis: The target compounds, chosen as the first ditopic 
biscrown hosts, and the synthetic routes employed to prepare 
them, are depicted in Scheme 1 (the self-assembly steps shown in 
Scheme 1 will be discussed later). 


The binding sites of the host compounds 1 a and 1 b are linked 
through a rigid 4,4'-dicarbonylbiphenyl spacer unit, which is 


doline unit as one of the two aromatic building blocks. The 
dimerization of the crown ethers could thus be achieved, whilst 


Fig. 1. Cartoon representations of some polymers containing mechanically inter- 
locked components and their disconnections to low molecular weight model com- 
pounds. The blue forms represent components containing n-electron-deficient tetra- 
cationic cyclophanes, and the red forms represent components containing 
n-electron-rich crown ethers. 


connected to the crown ether macrocycles through an jsoin- 


a previous we re- 
ported that n-electron-deficient tetra- 
cationic cyclophanes can be interlocked 
by crown ethers (IV) with larger rings 
and more binding sites than in the par- 
ent bis-para-phenylene[34]crown-10. An 


rich host with more than one binding 
site for n-electron-deficient cyclophanes 


A0n A A 
alternative way of creating a n-electron- 


is to covalently link two macrocycles 


0 0 0  


0 0 0 0  uou v v 
(VII) , such as bis-pava-phenylene- 
[34]crown-10. The latter approach is 
complementary in an electronic sense to 
the use of the covalently linked n-elec- 
tron-deficient cyclophanes (VI) . Togeth- 
er, model compounds VI and VII repre- 
sent a significant step towards the 
self-assembly of mechanically inter- 
locked polymers, since they establish the 
efficacy of the general chemical path- 
ways used to assemble the correspond- 
ing polymers. They are also useful as 
representative model compounds to 
study the thermodynamics and kinetics 
of the polymerization steps, and of the 
various dynamic processes associated 
with these interlocked multicomponent 
molecules. 


The cartoons 111 and VIII show how 
macrocycles can be linked by dumbbell- 
shaped components. Possible synthetic 
pathways to these compounds, which 
have been shown to be feasible in other 
cases,[l3] are the stoppering at both ends 
of precomplexed and the 
slippage of suitably stoppered threads 
into  ring^.['^^-^] These methods have 
not as yet been exploited in the self-as- 
sembly of polymers containing repeat- 
ing units of linked [3]rotaxanes. 


This paper describes the synthesis and 


1 I -. r 


1. UA1H41THF16PC 
2. Rh(PPh&CI I EOH I H20 tlletl elthW H' (la) OT SO2 (1 b) 
3. ClOC(C&&COCl I iRpNEt ICHZCIP 


-12 
l a  


1. Dh4F I R o a n  Temperature 
2. NH4PFe I l+O 


4PFe- 


-12 l b  
L 


Q 102PFe Q 


4PF,,- 


I 
1. DMF I Room Temperature 


2. NH4PFe I HzO 


- -  
properties Of three new bis[21catenanes Scheme 1. The synthesis of the ditopic crown ethers 1 a and 1 b and the self-assembly of the bis[Z]catenanes 
of types VI and VII, all of which contain l l a , 8 P F 6  and IIb.8PF6. 
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avoiding 1) a decrease in the electron density of the aromatic n 
donors in the target macrocyclic receptors and 2) the introduc- 
tion of additional flexibility into the ditopic host molecules. It 
has been observed earlier['41 that n-electron-rich crown ethers 
containing a 1 ,Sdioxynaphthalene residue are more efficient in 
self-assembly reactions than their 1,4-dioxybenzene counter- 
parts. Therefore, these n-electron-rich moieties were each incor- 
porated into ditopic receptor compounds 1 b and 1 a, respective- 
ly. For the functionalized aromatic component of the receptors, 
N-allyl-l,4-dihydroxyphthalimide (4) was chosen as a suitable 


precursor, and its synthe- 
sis was accomplished by 


70 n using a variation of a 
@;J= known procedure[15] to 


obtain 1,4-dihydroxyph- 
OH " thalimide (2) from 2,3-di- 


cyanohydroquinone in a 
yield of 46%. This com- 


pound was then converted into 1,4-diallyloxy-N-allylphthal- 
imide (3) (99%). Deprotection of 3 with BBr, afforded the 
N-ally1 derivative 4 in quantitative yield. 


The macrocyclizations (Scheme 1) leading to crown ethers 6a  
(yield 40%) and 6b  (yield 25%) were performed in DMF at 
120°C with K,CO, as the base. In the case of 6a, employing 
Cs,CO, as the base and potential template decreased the yield 
of the crown ether to 18 YO. Dibromides 5 a and 5 b were used in 
the base-promoted macrocyclizations, since dibromides are re- 
ported to be superior to bistosylates in macrocyclizations.['61 
Indeed, the bistosylate corresponding to 5 a (base: Cs,CO,) 
gave the macrocycle 6 a  in only 15% yield. The dibromides 5 a  
and 5b were prepared in good overall yields (5a: 63%, 5b: 
59 %) by alkylating the appropriate aromatic dihydroxy com- 
pounds with tetraethylene glycol monotosylate with LiBr as a 
catalyst, followed by tosylation of the resulting diols and subse- 
quent substitution of the two tosyl groups by bromide ions. 
Starting from the N-allylimidocrown ethers 6 a  and 6b, the di- 
topic macrocycles 1 a and 1 b were prepared by 1) reduction of 
6 a  and 6 b  with LiAlH,, 2) deallylation with Rh(PPh,),Cl, and 
3) N-acylation with 4,4'-biphenyl dicarboxylic acid dichloride in 
overall yields (3 steps) of 11 % and 6%, respectively. The N-al- 
lylamino-substituted crown ethers, resulting from the reduction 
of N-allylimido precursors 6 a  and 6b, and the deallylated sec- 
ondary aminocrowns turned out to be unstable on exposure to 
air, presumably as a result of their rapid ~xidation."~] For this 
reason, they were employed in the final reactions without exten- 
sive purification to limit loss of products. 


The ability of the N-allylimidocrown ethers 6 a  and 6 b  to take 
part in template-directed reactions with 10.2PF6 and 1 ,4-bis- 
(bromomethy1)benzene was examined (Scheme 2), because the 
products 9a.4PF6 and 9b.4PF6 are examples of [2]catenanes 
containing a reactive ally1 residue, which can be further elabo- 
rated. It was also of interest to establish whether crown ethers 
such as 6 a  and 6b, containing aryl unit with reduced n-electron 
density (i.e., the N-allylimido aryl moiety), would fail to act as 
efficient templates in self-assembly reactions or whether the 
presence of only one n-electron-rich aryl residue (1 ,Cdioxyben- 
zene or 1,5-dioxynaphthaIene) would be sufficient to template 
the formation of [2]catenanes. The question can be answered 
unambiguously: reaction of 10.2PF6 and 1 ,Cbis(bromo- 
methy1)benzene in the presence of crown ether 6 a  yielded the 
[2]catenane 9a.4PF6 in a 53% yield, while the corresponding 
reaction in the presence of 6b, which contains a 1,5-dioxynaph- 
thalene unit, yielded the [2]catenane 9b.4PF6 in 71 % yield. 
Furthermore, the crown ether l c  (prepared from 6b  by the 
reduction/deallylation/N-acylation route shown in Scheme 1, 
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Scheme 2. The self-assembly of the [2]catenanes 9a,4PF6 and 9b.4PF6. 


except that benzoyl chloride was employed in the N-acylation 
step), which contains the more n-electron-rich isoindoline func- 
tionality, undergoes catenation with even greater efficiency, af- 
fording the [2]catenane l lc .4PF6 in 88% yield (Scheme 3). 


The facile self-assembly of these [2]catenanes indicates that 
the decrease in the n-electron density in one of the aromatic 
residues of 6 a  or 6 b  does not inhibit their properties as tem- 
plates. This observation is important in relation to the future 
application of these crown ether components in synthesis and to 
post-catenation reactions (e.g., polymerizations) utilizing the 
N-ally1 residue as a site for further elaboration. 


With bis(crown ether)s 1 a and 1 b, we found that catenations 
occur (Scheme 1) at both recognition sites simply by stirring at 
room temperature and ambient pressure with 10.2PF6 
(1.7 mol equiv) and para-xylylene dibromide (1.2 mol equiv) in 
DMF. The bisr2lcatenane 11 a-8PF6, containing a para- 
phenylene moiety, self-assembles in a yield of 14 YO. When the 
1 ,Cdioxybenzene residue was replaced with a 1,Sdioxynaph- 
thalene moiety ( l a  vs. 1 b), the yield of the bis[2]catenane 
(llb.8PF6) rose to 35%. This increase in yield reflects the 
greater n-electron donating ability of the dioxynaphthalene 
moiety compared to the hydroquinone unit and demonstrates 
that these building blocks can be employed in a predictable 
manner in the self-assembly of bis[2]catenanes. The fact that no 
monocatenated products were isolated in either case is an inter- 
esting and important observation. It appears that the intermedi- 
ate monocatenated products are not present in significant con- 
centrations in the reaction mixtures during the molecular 
self-assembly processes. 


The routes to the complementary bis[2]catenane (Scheme 4) 
and bis[2]rotaxane (Scheme 5)  were equally productive. 1,6- 
Bis(2,5-dimethylphenoxy)hexane, obtained in 74% yield from 
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Scheme 3. The self-assembly of the [2]catenane 1lc.4PF6. 
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Scheme 4. The self-assembly of the bis(2lcatenane 13.8 PF,. 
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Scheme 5. The self-assembly of the bis[2]rotaxane 14.8PF6 


the reaction of 2,5-dimethylphenol(2 molequiv) with 1,6-dibro- 
mohexane in MeCN using K,CO, as the base, was subjected to 
radical bromination in CCl, with N-bromosuccinimide in the 
presence of AIBN as the initiator. After removal of the succin- 
imide by filtration and precipitation by addition of hexane, the 
tetrabromide 7 was isolated in 36%. Reaction of 7 
(1.2 molequiv) with 10.2PF6 (2 molequiv) in MeCN for 
14 days at room temperature in the presence of crown ether 12 
(6 molequiv)r'*] afforded the bis[2]catenane 13.8PF6 in 31 % 
yield (Scheme 4). 


1,5-Bis{2-[2-(2-hydroxyethoxy)ethoxy]ethoxy}naphthalene 
was esterified (CH,Cl,/C,H,N) with adamantoyl chloride 
(2.2 molequiv) to afford the dumbbell-shaped diester 8 in 65 % 
yield (Scheme 5).  Reaction of 7 (1.2 molequiv) with 1O.2PF6 
(2 molequiv) in MeCN for 14 days at room temperature in the 
presence of 8 (6 molequiv) afforded the bis[2]rotaxane 14.8 PF, 
in 7 %  yield. Similarly, reaction of 7 (1.2 molequiv) with 
10.2PF6 (2 molequiv) in MeCN for 14 days at room tempera- 
ture in the presence of 16 (6 mol equiv) afforded the bis(tetra- 
cationic cyclophane) 15.8 PF, in 22 % yield (Scheme 6), after 
continuous extraction of the template from an aqueous solution 
of the bispseudorotaxane with CHCl, . 


X-Ray Crystallography: The X-ray structural analysis of the 
crown ether 6b shows (Fig. 2) that the macrocycle has a self-fill- 
ing folded geometry with the planes of the 1,5-dioxynaphthalene 
and the 1 ,4-dioxyphthalimido units oriented essentially orthog- 
onal with respect to one another (82" between their mean 
planes). The plane of the N-ally1 group is inclined by 84" with 
respect to the phthalimido ring plane. As expected, the copla- 
narity of the U-methylene groups attached to the naphthalene 
ring is retained, though the angles at both C(14) and C(23) show 
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Scheme 6. The self-assembly of the bistetracationic cyclophane 15.8 PF, 


marked departures from the normal trigonal geometries. In 
both instances, planarity is maintained, but the “exterior” 
angles 0(13)-C(l4)-C(lS) and C(22)-C(23)-0(24) are signif- 
icantly enlarged by approximately 6” from 120”. Although one 
of the 0-methylene groups attached to the phthalimido unit is 
coplanar with the aromatic ring plane, the other [O(l)-C(2)l is 
rotated by 59” out of the plane. The orthogonal relationship of 
the two aromatic units is accompanied by a T-type[”] edge-to- 
face interaction involving the C(lS)-C(16) edge of the naph- 
thalene ring and the six-membered ring of the phthalimido 


Fig. 2. A ball-and-stick representation of the X-ray crystal structure of the crown 
ether 6b. 


unit. The ring centroidlring centroid distance is 5.0 A, and the 
hydrogen atom attached to C(15) is 3.0 8, away from the center 
of the phthalimido six-membered ring-this H . . . ring centroid 
vector is inclined by 85” relative to the phthalimido ring plane. 


There are two notable intermolecular packing interactions 
(Fig. 3 ) .  Centrosymmetrically related pairs of molecules 
(Fig. 3 top) are oriented with the phthalimido rings parallel and 


Fig. 3. The solid-state structure of the crown ether 6b illustrating the “dimeric” 
nature of pairs of the molecules as a result of the overlapping of the phthalimido 
units (top), and the C-H .. ‘II intermolecular interactions between the “dimeric 
pairs” (bottom). 


partially overlapping. The mean interplanar separation is 
3.25 8, and the shortest intermolecular atom-atom contact [be- 
tween C(43) and its symmetry related counterpart] is 3.22 A. 
The other principal intermolecular interaction (Fig. 3, bottom) 
occurs between molecules arranged about a different crystallo- 
graphic symmetry center and involves a pair of C-H . . . x hy- 
drogen bonds between one of the methylene hydrogen atoms 
attached to C(32) in one molecule and the C(14)-C(19) portion 
of the naphthalene ring in another and vice versa. The H . . . ring 
centroid distances are 2.68 A, and the H . . . ring centroid vector 
is inclined by 82” with respect to the naphthalene ring plane. 


The [2]catenane 9 b.4PF6 crystallizes with seven included 
molecules of acetonitrile and one water molecule, which is disor- 
dered between three different sites in the unit cell. The X-ray 
structural analysis reveals (Fig. 4) the 1,Snaphtho unit of the 
macrocyclic polyether to be positioned within the center of the 
tetracationic cyclophane, which adopts a conventional barrel- 
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Fig. 4. A ball-and-stick representation of the X-ray crystal structure of the 
[2]catenane 9b.4PF6. 


like geometry with almost symmetric bowing and twisting dis- 
tortions. The bipyridinium units have torsional twists of 5.0” 
(outside) and 6.3” (inside) about the C-C bonds linking the two 
pyridinium rings in each case. Both units are folded with angles 
subtending their N-CH, bonds of 19.5 and 19.7” (outside and 
inside), respectively. The para-xylyl residues also exhibit similar 
folding with angles subtended by the C(Ar)-CH, bonds of 
16.4” in both instances. The overall dimensions of the cy- 
clophane are 10.49 A (para-xylyllpara-xylyl centroid/centroid 
separation) and 6.66 8, between the centers of the C-C bonds 
linking the pairs of pyridinium units. The 1,s-naphtho ring of 
the macrocyclic pol yether is sandwiched almost centrally be- 
tween the two bipyridinium units of the cyclophane at distances 
of 3.34 A (outside) and 3.32 8, (inside), respectively. The 0- 
N p - 0  vector [0(41). . .0(75)] is inclined by 53” to the plane of 
the cyclophane (as defined by the best plane through the four 
corner methylene carbon atoms), and both peri protons on the 
naphthalene rings are directed toward the centers of the para- 
xylyl rings of the cyclophane at distances of 2.57 and 2.59 8, 
between the hydrogen atoms and the respective para-xylyl ring 
centroids-the associated C-H . . . ring centroid angles are both 
147”. These C-H . . . K interactions are significantly stronger 
than those we have observed [’‘I previously in related catenanes 
where these contacts are usually of 2.8-2.9 8,. The polyether 
linkages between the naphthalene ring and the phthalimido unit 
are weakly bound to the cyclophane through a series of C- 
H . . .O hydrogen bonds involving a-bipyridinium, para-xylyl, 
and methylene protons. These interactions have C . . ‘0 dis- 
tances in the range of 3.20 to 3.34 A, H . . ‘0 distances between 
2.35 and 2.51 A, and C-H . . .O  angles in the range 138 to 151”. 
The phthalimido ring is oriented approximately parallel to its 
adjacent inside bipyridinium unit at an interplanar distance of 
3.33 A. The catenane molecules are arranged within the crystal 
as centrosymmetrically related “dimer pairs” (Fig. 5, top) with 
the phthalimido ring in one molecule aligned parallel and over- 
lapping (mean interplanar separation 3.38 A) with that in the 
next molecule (Fig. 5,  bottom). The “dimer pairs” are arranged 
centrosymmetrically with respect to each other to form stepped 
stacks (Fig. 5, right) with the outside bipyridinium units ar- 
ranged proximal and parallel but offset in a direction normal to 
the mean plane of the cyclophane by approximately 3.8 A. 


Mass Spectrometry: This technique has proven to be a valuable 
tool for the characterization of catenanes. Schill et al.[’ll were 
among the first researchers to use this method to characterize 


w 
Fig. 5. The solid-state structure of the [2]catenane 9b.4PF6 illustrating the “dimer- 
ic” nature of pairs of molecules (top), the alignment and overlapping of the phthal- 
imido units (bottom), and the “dimer pairs” forming stepped stacks (right). 


catenaries["". b1 and rotaxanesL2 lC1 and to emphasize its impor- 
tance in elucidating the structures of these interlocked mole- 
cules.[21d1 In order to reduce fragmentation and obtain peaks for 
the molecular ions of the mechanically linked molecules, mod- 
ern soft ionization methods, such as fast atom bombardment 
(FAB), liquid secondary ion (LSI), and electrospray (ES) mass 
spectrometry are particularly useful. Figure 6 shows-as an ex- 
ample-the fragmentation pattern observed in the FAB mass 
spectrum of bis[2]catenane 11 a.8 PF,. The peak at rn/z = 3418 
can be assigned to the molecular ion of the bis[2]catenane after 
the loss of one PF, counterion. The signals at mlz = 3272,3128, 
and 2982 are caused by the loss of two, three, and four PF, 
counterions, respectively. The group of signals at m/z = 2317, 
21 71, and 2043 arise from the loss of one of the two tetracationic 
cyclophanes and one, two, and three PF; counterions, respec- 
tively. The FAB mass spectrum of the analogous bis[2]catenane 


’3 ’Ti 
rH-l u u  
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Fig. 6. Mass spectrum of the bis[2]catenane 11 b.4PF6 
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11 b.8PF6 exhibits peaks corresponding to [ M  - PF,]’, 
[M - 2PF6]’, and [M-3 PF,]’. In this case, a second group of 
signals caused by the loss of one tetracationic cyclophane from 
the bis[2]catenane are hardly distinguishable from the noise. The 
electronically complementary bis[2]catenane 13.8 PF, gives a 
group of peaks in the FAB mass spectrum at m/z = 3245 
[M - PF,]’, 3097 [M - 2PF,]+, and 2953 [M - 3PF,]+. The 
bis[2]rotaxane 14.8PF6 exhibits a group of peaks for the molec- 
ular ions at m/z = 3665 [M - PF,]’, 3522 [ M  - 2PF,]’, and 
3377 [M - 3PF,]’. The loss of one of the n-electron-rich 
threads accounts for peaks at mlz = 2114 (- PF,) and 2629 
(- 2PF,). The peak expected for the linked tetracationic cy- 
clophanes, as a result of the loss of both threads, appears at 
mlz = 2024 ( - 2 PF,) . 


These results show that the FAB mass spectrometric methods 
are suitable for the analysis and identification of even higher 
catenanes and rotaxanes-this development augurs well for the 
identification of polycatenanes and polyrotaxanes by means of 
these modern soft ionization methods. 


‘HNMR Spectroscopy: The ‘HNMR spectra of the 
[2]catenanes reveal a lot about the structural characteristics and 
dynamic behavior of these compounds. The chemical shift dif- 
ferences observed in the ‘HNMR spectra of the free macro- 
cycles (1 ail  b/l c/6a/6b) compared with those of the catenated 
compounds 9 a .4 PF6/9 b.4PF6/11 a. 8 PF,/l 1 b .8 PF,/l 1 c.4 PF,) 
confirm that, in all cases, the phthalimido unit or the isoindoline 
is positioned alongside the tetracationic cyclophane. This ar- 
rangement would be expected for a residue having reduced 
K-electron density (phthalimido) and being sterically demanding 
(phthalimido and isoindoline). The hydroquinone unit 
(9a.4PF6/11 a.8PF6) and the 1,5-dioxynaphthalene moiety 
(9b.4PF6/ll b.8 PF,/11 c.4PF6) reside inside the n-electron- 
deficient cyclophane (Table 1). An analysis of the spectroscopic 
data for the [2]catenanes 9b.4PF6 and 1lc.4PF6, and the 
bis[2]catenane 11 b.8PF6 is given in Table 1. 


Dynamic ‘H NMR spectroscopy has been employed to inves- 
tigate and determine the rates of various dynamic processes that 
occur in the catenanes described in this paper.[221 Some of the 
processes have been discussed in previous papers for other 
[2]catenanes.17 -91 These processes include the circumrotation of 
one macrocycle through the other. However, additional temper- 
ature-dependent processes are evident from variable-tempera- 


ture ‘HNMR spectroscopy carried out on some of the new 
[2]catenanes and bis[2]catenanes reported in this paper. The 
high-temperature ‘H NMR spectra recorded for the 
bis[2]catenane 13.8PF6 in CD,CN reveal high energies of acti- 
vation for the circumrotations of the crown ether rings through 
the cavities of the tethered tetracationic cyclophanes. At room 
temperature, two well-separated resonances are observed at 
6 = 6.14 and 3.31 for the hydroquinone ring protons of the 
crown ether component. These proton resonances can be as- 
signed to the “inside” and “outside” hydroquinone rings, re- 
spectively, with respect to the two tethered tetracationic cy- 
clophane components. These observations mean that the 
circumrotation of the crown ether rings through the tetracation- 
ic cyclophane components is slow on the ‘H NMR timescale at 
room temperature. On warming up the CD,CN solution of the 
[2]catenane, the resonances for the hydroquinone ring protons 
coalesce; this indicates much faster rates of circumrotation of 
the crown ether rings. The kinetic and thermodynamic data for 
this process are summarized in Table 2. The main conclusion we 


Table 2. Kinetic and thermodynamic data [a] for the circumrotation of the crown 
ether through the cavity of the tetracationic cyclophane in the bis[2]catenane 
13.8PF, (Tex = temperatrure of line broadening, Av = half-line width, k, = rate 
constant). 


Probe H T,,/K Av/Hz k,/s-’ AG:/kcaImol-’ 


“outside” hydroquinone 352 124 276 15.5 


[a] ‘H NMR spectra recorded at 400 MHz in CD,CN solution 


can draw from comparing the free energies of activation is that 
replacing one of the para-phenylene rings in the tetracationic 
cyclophane by monosubstituted phenylene rings, as in 13.8 PF,, 
has little or no influence upon the circumrotation of the crown 
ether ring through the tetracationic cyclophane component. The 
corresponding free-energy barrier for the system comprised of 
bis-para-phenylene[34]crown-10 and the tetracationic cy- 
clophane is 15.7 kcalmol-’. 


The low-temperature ‘H NMR spectra (Fig. 7) recorded in 
CD,COCD, for 9b.4PF6 allows us to investigate the rate of 
circumrotation of the tetracationic cyclophane through the cav- 
ity of the crown ether component. This circumrotation is asso- 


Table 1. ’H NMR chemical shift data (400 MHz) [6 (Ad)] [a] for the [2]catenanes 9b.4PF6 and 11 e.4PF6, and the bis[2]catenane 11 b.8 PF, in CD,CN at ambient temperature. 


Catenane Tetracationic cyclophane [b] 
Bipyridinium XYlYl 


a-CH p-CH C6H4 NCH, 


Crown ether 
Phthalimido/ Naphthalene 
isoindoline H-2 H-6 H-3 H-7 H-4 H-8 


9 b .4  PF, 9.05 (+ 0.19) 7.20-7.29 8.19 (+ 0.67) 5.93 (+ 0.19) 6.68 [c] 6.30 [c] 
8.68 (- 0.18) (- 0.92) 8.07 ( f  0.55) 5.81 (+ 0.07) (- 0.05) (- 0.39) 


1lc,4PF6 8.96 (+ 0.10) 7.01-7.16 7.89-8.11 5.61 -6.05 5.61 -6.05 [d] 5.61 -6.05 [d] 
8.91 (+ 0.05) (- 1.08) (+ 0.48) (+ 0.09) (- 0.97) (- 0.88) 
8.60 (- 0.26) 
8.55 (- 0.31) 


l lb.8PF6 8.96 (+ 0.10) 7.08-7.14 7.95-8.08 5.64-5.87 
8.93 (+0 .07)  (-1.00) (+ 0.50) (+ 0.02) 
8.60 (- 0.26) 
8.58 ( -0.28) 


5.91-6.00 [el 6.22 [el 
(- 0.39) (- 0.48) 


6.03 [c] 2.49 [c] 
(- 1.24) (- 5.33) 


5.61-6.05 [d] 2.38-2.43 [d] 
(- 1.37) (- 5.41) 


2.38-2.43 [el 5.95 [el 
(- 1.28) (- 5.43) 


[a] The A6 values in parentheses beside or under the respective 6 values relate to the changes in chemical shift exhibited by the particular probe proton upon catenane 
formation. Positive and negative values indicate movements of the resonances to low and high fields, respectively. [b] For the free tetracationic cyclophane (CD,CN, 
300 MHz), d = 8.86 (d, bipyridinium u-CH), 8.16 (d, bipyridinium F-CH), 7.52 (s, xylyl C6H& 5.74 (s, NCH,). [c] For the 6 b  (CDCI,, 300 MHz), 6 = 6.63 (s, phthalimido 
Ar-H), 6.75 (d, naphthalene, H-2,6), 7.27 (t, naphthalene H-3,7), 7.82, (d, naphthalene H-4,8). [d] For l c  (CDCI,, 300 MHz), S = 6.30 (s, isoindoline Ar-H), 6.71 (m, 
naphthalene, H-2,6), 7.20 (t, naphthalene H-3,7), 7.82 (d. naphthalene H-43).  [el For l b  (CDCI,, 300 MHz), 6 = 6.28-6.41 (m. isoindoline Ar-H), 6.63-6.76 (m, 
naphthalene, H-2,6), 7.14-7.31 (m, naphthalene H-3,7), 7.76-7.91 (m. naphthalene H-4,8). 
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Fig. 7. ‘H NMR spectra of the [Zlcatenane 9b.4PF6 recorded at temperatures be- 
low room temperature in CD,COCD,. 


ciated with a relatively low free energy barrier, as is revealed by 
the temperature-dependent behavior of the signals for the a- 
bipyridinium ring protons and the xylyl ring protons in the 
tetracationic cyclophane of 9 b.4PF6. For example, on cooling 
the CD,COCD, solution down to 193 K, one of the two dou- 
blets observed at 6 = 9.32 for one set of a-bipyridinium protons 
at 273 K separates into two doublets centered at 6 = 9.40 and 
9.18 (Fig. 7). This temperature-dependent behavior equates 
with the fact that, when the circumrotation of the tetracationic 
cyclophane through the crown ether cavity is slowed down on 
the ‘H NMR timescale, the protons on the two bipyridinium 
units become anisochronous, since one bipyridinium unit lies 
“inside” and the other “alongside” the cavity of the crown 
ether. Similarly, one of the two the xylyl singlet resonances, 
centered on 6 = 8.38 at 273 K, resonates as an AB system 
(6, = 8.42, 6, = 8.32) when the CD,COCD, solution of 
9b.4PF6 is cooled down to 213 K; this indicates that the adja- 
cent xylyl protons become anisochronous when the circumrota- 
tion of the tetracationic cyclophane through the crown ether 
becomes slow on the ‘H NMR timescale. These temperature 
dependencies have been employed to calculate the kinetic and 
thermodynamic data for this process. They are listed in Table 3. 


Table 3. Kinetic and thermodynamic data [a] for the circumrotation of the tetraca- 
tionic cyclophane component through the cavity of the crown ether in the 
[2]catenane 9b.4PF6 (q = coalescence temperature, Av = limiting chemical shift 
difference, k, = rate constant). 


Probe H TJK AvlHz k,/s-’ AG:/kcalmol-’ 


bipyridinium a-CH [b] 352 124 276 11.5 
XYlY C d L  [cl 240 41 101 11.8 


a-Bipyridinium p-Bipyridinium Naphthalene 
Protons Protons Protons 


i 
1 


b 


9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 
XY IY i Benzylic S 


Protons Protons 
Fig. 8. ‘HNMR spectra of the [2]catenane 9b.4PF6 recorded in the temperature 
range from 283 K to 352 K in CD,CN. 


and H-7 protons of naphthalene remain well resolved. Thus, by 
inspection of the variable-temperature ‘H NMR spectra (Fig. 7 
and 8), we can draw several conclusions about the molecular 
structure of the [2]catenane. The introduction of the sterically 
demanding phthalimido aromatic unit as one of the recognition 
sites in the crown ether results in a large preference for the 
naphthalene residue to be located “inside” the tetracationic cy- 
clophane. Indeed, the only observable translational isomer is the 
one in which the naphthalene residue is located “inside” the 
cavity of the tetracationic cyclophane. This conclusion is sup- 
ported by the chemical shift data (Table 1) and by the fact that 
the resonances for the naphthalene protons remain sharp over a 
wide range of temperatures (Fig. 7 and 8). However, several 
other signals in the ‘HNMR spectrum do coalesce. The a- 
bipyridinium protons, which resonate as two doublets at room 
temperature, coalesce to one doublet at 352 K. In addition, the 
xylyl protons resonate as two singlets, which coalesce at 310 K, 
while the benzylic methylene protons resonate as an AB system 
at room temperature, which coalesces to a singlet at 333 K. 
Thus, the C, symmetry imposed on the [2]catenane by the naph- 
thalene residue located “inside” the cavity of the tetracationic 
cyclophane (Illustration in Fig. 9) is destroyed on warming up a 
CD,CN solution of 9b.4PF6. 


The kinetic and thermodynamic data for these processes 
are shown in Table 4. It is evident that at least two dynamic 
processes are occurring-one with an activation barrier of 
15.2 kcalmol-’ and the other with a free energy of activation of 
16.6 kcal mol - ’. From a CPK space-filling molecular model of 
9b.4PF6, it is clear that there are three ways of destroying the 


[a] ‘HNMR spectra recorded at 400 MHz in CD,COCD, solutions. [b] Ex- 
changing set of doublets at 6 = 9.40 and 9.18 (J = 6.1 Hz). [c] Exchanging AB 
system at d = 8.42 and 8.31 (JAB = 8.1 Hz) 


Table 4. Kinetic and thermodynamic data [a] relating to the proposed processes 1-3 
(Fig. 9) in the [Zlcatenane 9b.4PF6 calculated by bandshape analysis (sh) andlor 
coalescence methods (c) (Av = limiting chemical shift difference). 


The high-temperature ‘HNMR spectra (Fig. 8) of 9b.4PF6 
reveal that some additional dynamic processes are occurring in 
this catenane. On warming up a solution of 9b.4PF6 in 
CD,CN, all the indications are that the naphthalene residue is 
located “inside” the cavity of the tetracationic cyclophane; for 
example, the doublet at 6 = 2.35 for the H-4 and H-8 protons 
does not broaden at all on heating the CD,CN solution up to 
352 K. Similarly, the resonances for the H-2 and H-6, and H-3 


Probe H T, or TJK Av/Hz k, or k, AG: or AG? 
(sh/c)/s-’ (sh/c)/kcalmol- ’ 


~ ~ _ _ _ _ _ _ _ _  ~~ 


a-bipyridinium 352 168 374 -116.6 


XY 1Y I 310 -153 11511 18 13.2115.2 
NCH: 333 39 116 -116.6 


303 - 721- 15.21- 
293 - 321- 15.11- 


XYIYl 
XYIYl 


[a] ‘HNMR spectra recorded at 400 MHz in CD,CN solution. 
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C, symmetry imposed by the “inside” naphthalene residue. 
Firstly, it can dislodge itself from the tetracationic cyclophane’s 
cavity and turn around before reentering the cavity (Process 1 in 
Fig. 9). Secondly, while the naphthalene residue is dislodged 
from the cavity, the para-xylyl group can spin through 180” 
(Process 2 in Fig. 9). And thirdly, while the naphthalene residue 
is dislodged from the cavity, the bipyridinium units can also spin 
through 180” (Process 3 in Fig. 9). Since the use of the xylyl 
aromatic resonances as the probe gives the lowest value for the 
activation energy (Table 4), we must conclude that it is the spin- 
ning of the para-xylyl residues (Process 2 in Fig. 9) that is re- 
sponsible for the coalescence of the xylyl aromatic resonances. 
Thus, Process 1 or 3 must give rise to the higher energy activa- 
tion barrier. As both these processes would result in the same 
coalescence behavior for the u-bipyridinium and benzylic 
methylene proton resonances, we cannot say which is responsi- 
ble for the coalescence of these signals in the high-temperature 
‘H NMR spectrum. 


Conclusions and Reflections 


The present investigations demonstrate that the use of covalent- 
ly linked recognition sites containing either two x-electron-defi- 
cient tetracationic cyclophanes or two x-electron-rich crown 
ether residues in self-assembly reactions leads to biscatenanes 
and bisrotaxanes-key mechanically interlocked molecules, 
which are valuable model compounds for the synthesis and for 
the characterization of polycatenanes and polyrotaxanes. Since 
we have been able to demonstrate that the “dimerization” of the 
components does not affect their abilities to undergo self-assem- 
bly processes, our approach to self-assembling polymers em- 
ploying electronically complementary bifunctional monomeric 
building blocks receives some vindication at this early stage of 
research. The logical extension of this research is to employ 
these ditopic substrates in polymerizations. Indeed, these exper- 
iments are already being conducted. Preliminary results indicate 
that a low molecular weight polymer of type I1 (Fig. 1) begins to 
self-assemble when either 1 a or 1 b, along with 7 and two molar 
equivalents of 10.2PF6, are reacted together in DMF at room 
temperature.1231 However, it is unlikely that the self-assembly 


Fig. 9. The three proposed dynamic pro- 
cesses (1 -3) that might occur in solutions of 
the [2]catenane 9b.4PF6 at and above room 
temperature on the ‘HNMR timescale: 
Process 1 : naphthalene outiturn around/ 
naphthalene in, Process 2: naphthalene out/ 
xylyl spin/naphthalene in, and Process 3: 
naphthalene out/bipyridinium spinlnaph- 
thalene in. H. and H, are the para- 
phenylene protons and H, and H, the ben- 
zylic methylene protons on opposite sides of 
the para-xylyl units in the tetracationic cy- 
clophane component of the [Zlcatenane. 
The alphabetical/numerical subscripts (a/b, 
x/y, al/a2, bl/b2) define the magnetic envi- 
ronments of pairs of protons that can un- 
dergo chemical or site exchange in the mole- 
cule. 


steps-which proceed under kinetic control in the reactions de- 
scribed in this paper[’’]+an be induced to occur with suffi- 
ciently high efficiency to lead to high molecular weight poly- 
mers. Thus, it seems prudent at this time to consider an 
approach to the synthesis of polymers containing bis[2]catenane 
units that relies upon more traditional ways of synthesizing 
polymers. Figure 10 illustrates-in cartoon form-the general 
approach which we are proposing to adopt using suitably func- 
tionalized bis[2]catenanes as “monomers” in an appropriate 
block copolymerization procedure. 


a 


Fig. 10. Cartoon representations of how suitably functionalized bis[2]catenanes 
could be employed as “monomers” to form block copolymers by some well-estab- 
lished methodology. In a) and b) the complementary “monomers” are employed 
along with a suitable linking unit (represented by a green circle) to form the corre- 
sponding block copolymers. In the bis[2]catenane monomers, the blue forms repre- 
sent components containing x-electron-deficient tetracationic cyclophanes, and the 
red forms represent components containing rr-electron-rich crown ethers. 


Experimental Section 
Materials and Methods: Solvents were purified and dried by literature methods [24]. 
Reagents were employed as purchased from Aldrich. Thin layer chromatography 
(TLC) was carried out on aluminium sheets, precoated with silica gel 60F (Merck 
5554) or aluminium oxide 60F neutral (Merck 5550). The plates were inspected by 
UV light prior to development with iodine vapor or by treatment with ceric ammo- 
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nium molybdate reagent and subsequent heating. Preparative thin layer chromatog- 
raphy (PTLC) was carried out using TLC plates precoated with silica gel 60F,,, 
(Merck 5717) having a layer thickness of 2 mm. Column chromatography was 
performed using silica gel 60 (Merck 7734,0.063-0.200 mm) or aluminium oxide 90 
(neutral, act. 11-111, Merck 1097, 0.063-0.200 mm). Melting points were deter- 
mined on an Electrothermal 9200 apparatus and are uncorrected. Elemental analy- 
ses were performed either by the University of Shefield or by the University of 
Birmingham Microanalytical Laboratories. Mass spectra were recorded on a 
Kratos Profile spectrometer (EIMS and CIMS) or on a Kratos MSSORF spectrom- 
eter, equipped with a saddle-field source (Ion Tech Limited) operating at 8 keV 
using a krypton primary atom beam (FABMS). High resolution mass spectra 
(LSIMS) were obtained from a VG Zabspec triple focusing mass spectrometer 
operating at a resolution of 5000 and using voltage scanning with polyethylene 
glycol or CsI as a reference. 'H NMR Spectra were recorded on a Bruker AC 300 
(300 MHz) or on a Bruker AMX400 (400 MHz). I3C NMR spectra were recorded 
on a Bruker AC 300 (75.5 MHz) using the JMOD pulse sequence. All chemical shifts 
are quoted on the S scale with TMS or the solvent as an internal standard. Coupling 
constants are expressed in Hz. X-Ray crystallographic analyses were carried out as 
described in the appropriate compound characterisation sections. Further details of 
the X-ray crystal structure investigations are available on request from the Director 
of the Cambridge Crystallographic Data Centre, 12 Union Road, GB Cambridge 
CB2lEZ (UK), on quoting the full journal citation. 


2-[2-[~-(2Hydroxyethoxy)ethoxy~ethoxyjethanol 1-(4-methylbenzenesnlfonate) (te- 
traethyleneglycol monotosylate) [25]: A solution of NaOH (5.47 g, 137 mmol) in 
water (30 mL) was added to a mixture of tetraethyleneglycol (175.6 g, 904 mmol) 
and THF (25 mL) . After the mixture had cooled down to 5 "C, a solution of toluene- 
p-sulfonyl chloride (16.7 g, 87.5 mmol) in THF (100 mL) was added with stirring 
over 1 h. After stirring at 5 "C for 2 h, the reaction mixture was poured onto ice 
water (500 mL). The organic layer was separated, and the aqueous layer extracted 
with CH,CI, (3 x 100 mL). The combined organic layers were washed twice with 
water (50 mL). Drying of the organic layer and evaporation of the solvent under 
reduced pressure afforded 27.48 g (90% yield with reference to toluene-p-sulfonyl 
chloride) of a clear oil, which was characterized as tetraethylenglycol monotosylate. 
The 'H NMR spectrum was in accordance with that already reported in the litera- 
ture [25]. 


4,7-Dihydroxy-lH-isoindoIe-l,3(2 mdione *3H20 (1,4-dihydroxyphthaIimide . 
3H,O) (2) [15]: In a variation of the procedure described by Thiele et al. [15] ,  
2,3-dicyanohydroquinone (20.00 g, 124.9 mmol) was suspended in a mixture of 
conc. sulfuric acid (75mL, d=1.84gcm-,) and water (10mL). The flask was 
placed in a cold water bath and then heated with stirring to 100 "C. After the starting 
material had completely dissolved, heating was continued for 20 min. The reaction 
mixture was poured into ice water (200 mL) and left at room temperature for 6 h. 
The precipitated solid was filtered off and washed thoroughly with cold water. 
Drying in vacuo for 14 h yielded 13.47 g (46%) of the desired product 2 as a yellow 
solid. An analytical sample of 2 was obtained by drying the material in vacuo to 
constant weight. 'HNMR (300MHz, CD,SOCD,, 25°C): 6 =10.71 (bs, 1H; 
NH), 10.02 (bs, 2H; Ar-OH), 7.04 (s, 2H; Ar-H); "C NMR (75.5 MHz, 
CD,SOCD,, 25°C): S =168.0, 147.9, 125.7, 115.3; MS (70eV, EI): m/z (%): 179 
(100) [ M y .  


4,7-Diallyloxy-2-allyl-lH-isoindole-l,3(2 H)-dione (3): 4,7-Dihydroxy-lH-isoin- 
dole-1,3(2H)-dione.3H20 (3.40 g, 14.6 mmol) was heated under reflux with K,CO, 
(13.60 g, 98.4 mmol) in allyl bromide (40 mL) for 48 h. The excess allyl bromide was 
removed in vacuo, and the solid residue partitioned between Et,O (400 mL) and 
water (200 mL). After separation of the layers, the aqueous layer was extracted with 
Et,O (3 x 100 mL). The combined organic layers were dried (MgSO,), and the 
solvent was removed under reduced pressure to yield 4.34g (99%) of 3 as an 
off-white solid. M.p. 68-70°C; 'HNMR(300 MHz, CDCI,, 25"C, TMS): S =7.13 
(s, 2H; Ar-H), 5.99-6.12 (m. 2H; 2xOCH,CH=CH,), 5.79-5.92 (m, 1H;  
NCH,CH=CH,), 5.46-5.50 (m, 2H; N-CH,CH=CH,), 5.14-5.36 (m, 4H;  
2xOCH2CH=CH,),4.68-4.75(m,4H; 2 xOCH,CH=CH,), 4.21-4.62 (m, ZH; 


131.8,122.0,119.2,118.2,117.7,70.5,39.8; MS (70 eV, EI): m/r (%): 299 (79) [M '1, 
41 (100) [C,Hl]; C,,H,,NO, (299.3): calcd C 68.22, H 5.72, N 4.68; found C 68.35, 
H 5.50, N 4.84. 


NCH,CH=CH,); ',C NMR (75.5 MHz, CDCI,, 25°C): 6 = 165.9, 149.9, 132.4, 


4,7-Dihydroxy-2-allyl-1H-isoindole-l,3(2 H)-dione (1,4-dihydroxy-N-allylphthal- 
imide) (4): Phthalimide 3 (4.33 g, 14.5 mmol) was dissolved in CH,CI, (10 mL). The 
solution was cooled in an ice bath and a 1 M solution of BBr, in CH,CI, (35 mL, 
35 mmol of BBr,) was added rapidly and dropwise with vigorous stirring. A yellow 
precipitate formed and the reaction mixture was stirred at room temperature for 9 h. 
Subsequent hydrolysis was accomplished by careful addition of MeOH (10 mL). 
The resulting solution was concentrated in vacuo, redissolved in MeOH (2 x 50 mL) 
and concentrated again. The residue was partitioned between EtOAc (400 mL) and 
water (100 mL). After separation of the layers, the aqueous one was extracted with 
EtOAc (3 x 100 mL). The combined organic layers were dried (MgSO,) and concen- 
trated under reduced pressure to obtain 3.17 g (100%) of the desired product 4 
as a greenish-yellow solid. M.p. 189-191 "C (subl.). 'HNMR (300 MHz, 
CD,COCD,, 25°C): S = 8.54 (s, 2H;  Ar-OH), 7.15 (s, 2H; Ar-H), 5.83-5.96 (m. 


1 H;  N-CH,CH=CH,), 5.10-5.22 (m, 2H; N-CH,CH=CH,), 4.15-4.20 (dt, 


25°C): S =168.2, 149.1, 133.3, 126.7, 116.8, 114.5, 39.9; MS (70eV, EI): m/z (%): 
219 (100) [M']; C,,H,NO, (219.2): calcd C 60.28, H 4.14, N 6.39; found C 58.87, 
H 4.12, N 6.14. 


1,4-Bis~2-~2-~2-(2-hydroxyethoxy)ethoxy~ethoxy]ethoxy~be~ene [Sc] : Hydroquinone 
(4.1 1 g, 37.3 mmol) was added to a degassed mixture of tetraethyleneglycol monoto- 
sylate (26.00 g, 74.7 mmol), KJO, (20.65 g, 149.4 mmol), and a catalytic amount 
of LiBr in dry MeCN (250 mL). The reaction mixture was heated under reflux for 
24 h and filtered after cooling. The residue was dissolved in water (200 mL) and the 
resulting solution was extracted with CH,CI, (2 x 50 mL). The organic layer was 
combined with the previously obtained filtrate and concentrated in vacuo. The 
resulting brown oil was dissolved in CH,CI, (200 mL) and the solution was washed 
carefully with a mixture of brine and 10% aq. NaOH (3: 1, 3 x 100 mL). Drying of 
the organic layer (MgSO,) and removal of the solvent under reduced pressure 
afforded 14.49 g (84%) of the title compound as a light brown oil, which was used 
in subsequent reactions without further purification. The 'HNMR spectrum was in 
accordance with that reported in the literature [Sc]. 


1,4-Bis~2-~2-~2-(2-hydroxye~oxy)ethoxy~ethoxy]ethoxyJbenzene bis(methy1benzene- 
sulfonate) [26]: Following a procedure similar to that described by 
Ouchi et al. [27], 1,4-bis[2-[2-[2-(2-hydroxyethoxy)ethoxy]ethoxy]ethoxy]~nzene 
(14.00 g, 30.3 mmol) was dissolved in THF (50 mL). A solution of NaOH (3.43 g, 
85.8 mmol) in water (18 mL) was added. The mixture was cooled in an ice bath 
down to 5 "C and a solution of toluene-p-sulfonyl chloride (10.85 g, 56.9 mmol) in 
THF (25 mL) was added with stirring over 1 h. The internal temperature during the 
addition was maintained below 5 "C. After the addition was completed, stirring was 
continued at room temperature for 2 h. The reaction mixture was poured into ice 
water (50 mL) and extracted with CH,CI, (3 x 100 mL). Drying of the combined 
organic layers (MgSO,) and removal of the solvent in vacuo afforded 19.83 g (85 %) 
of the title compound as a colorless oil. The 'H NMR spectrum was in accordance 
with that reported in the literature [26]. 


1,4-Bis~2-~2-~2-(2-hydroxyethoxy)ethoxy~ethoxy]ethoxy~~nzene dibromide (5 a) : 1.4- 
Bis[2-[2-[2-(2-hydroxyethoxy)ethoxy]ethoxy]ethoxy]benzene bis(4-methylbenzene- 
sulfonate) (15.36 g, 19.9 mmol) and LiBr (9.20 g, 106.3 mmol) were dissolved in dry 
Me,CO (100 mL), and the reaction mixture heated under reflux for 30 h. After 
cooling down to room temperature, the solution was filtered and the residue washed 
with Me,CO. After evaporation of the combined filtrates in vacuo, the residue was 
purified by filtration over silica gel (eluent EtOAc) to afford 10.32 g (88 %) of 5 a  as 
a colorless oil. 'HNMR (300 MHz, CDCI,, 25 "C, TMS): S = 6.83 (s, 4H;  Ar-H), 
4.03-4.11 (m, 4H;  ArOCH,), 3.63-3.93 (m, 24H; OCH,), 3.47 (t. 'J = 6.5 Hz, 
4H;2xCH2Br); 13CNMR(75.5 MHz,CDCI,,25"C):S =153.2,115.6,71.2,70.8, 
70.7, 70.7, 70.6, 69.9, 68.1, 30.3; MS (8 keV, FAB): m/z : 588 [M']; C,,H,,Br,O, 
(588.3): calcd C 44.91, H 6.17; found C 44.63, H 6.23. 


1,5-Bis~2-[2-~2-(2-hydroxyethoxy)ethoxy]ethoxy]ethoxy]naphthalene: 1,SBishy- 
droxynaphthalene (5.23 g, 32.7 mmol) was added to a degassed mixture of tetra- 
ethyleneglycol monotosylate (22.75 g, 65.3 mmol), K,CO, (17.85 g, 129.2 mmol), 
and a catalytic amount of LiBr in dry MeCN (250 mL). The reaction mixture was 
heated under reflux for 24 h and filtered after cooling. The residue was dissolved in 
water (200 mL), and the resulting solution extracted with CH2CI2 (2 x 50 mL). The 
organic layer was combined with the previously obtained filtrate and evaporated in 
vacuo. The resulting brown oil was dissolved in CH,CI, (200 mL), and the solution 
washedcarefullywithamixtureofbrineandlO% aq,NaOH(3:1,3x 100mL).The 
organic layer was dried (MgSO,), and the solvent removed under reduced pressure 
to afford 15.68 g (94%) of the title compound as a brown oil, which was used in 
subsequent reactions without further purification. 'H NMR (300 MHz, CDCI,, 
25"C, TMS): 6 =7.86 (d, ,J = 9 Hz, 2H; naphthalene H-4,8), 7.35 (t, ' J  = 9 Hz, 
2H; naphthalene H-3,7), 6.84 (d, 3J = 9 Hz, 2H; naphthalene H-2,6), 4.30 (t, 
' J = 5 H z ,  4H;  2xArOCH,), 4.01 (t. 3J= SHz, 4H; ZxArOCH,CH,), 3.56- 
3.87 (m. 24H; OCH,), 2.51 (bt, 3J = 6 Hz, 2H; 2 x OH); i3C NMR (75.5 MHz, 
CDCI,, 25°C): 6 =154.4, 126.8, 125.10, 114.7, 105.8, 72.5, 71.0, 70.7, 70.3, 69.9, 
68.0.61.7; HRMS (LSIMS)C,,H,,O,,: [M + HIt calcd513.2700, found 513.2687. 


1,5-Bis~2-~2-~2-(2-hydroxyethoxy)ethoxy]ethoxyJethoxy]naphthalene bis(4-methyl- 
benzenesnlfonate): The title compound was prepared following a similar procedure 
to that described in the literature [27]. 1,5-Bis[2-[2-[2-(2-hydroxyethoxy)- 
ethoxy]ethoxy]ethoxy]naphthalene (15.67 g, 30.6 mmol) was dissolved in THF 
(40 mL). A solution ofNaOH (3.65 g, 91.2 mmol) in water (25 mL) was added. The 
mixture was cooled in an ice bath down to 5°C. A solution of toluene-p-sulfonyl 
chloride(l3.12 g,68.8 mmol)inTHF(lOOmL)wasaddedwithstirringover2 h; the 
internal temperature was kept below 5 "C. After the addition was completed, stirring 
was continued at room temperature for 2 h. The reaction mixture was poured into 
ice water (200 mL) and extracted with CH,CI, (3 x 200 mL). The combined organic 
layers were dried (MgSO,) and the solvent was removed in vacuo to afford 23.09 g 
(92%) of title compound as a light brown oil. The 'HNMR spectrum was in 
accordance with that reported in the literature [27]. 


1,5-Bis&~~-~2~2-hydroxyethoxy)ethoxy~ethoxy]ethoxy]napbthalene dibromide (5 b) : 
1,5-Bis[2-[2-[2-(2-hydroxyethoxy)ethoxy]ethoxy]ethoxy]naphthalene bis(4-methyl- 


'J = 5.0, 5J =1.5 Hz, 2H; N-CH,CH=CH,); I3CNMR(75.5 MHz, CD,COCD,, 
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benzenesulfonate) (23.07 g, 28.1 mmol) and LiBr (13.80 g, 159.5 mmol) were dis- 
solved in dry Me,CO (150 mL), and the reaction mixture was heated under reflux 
for 24 h. After cooling down to room temperature, the solution was filtered and the 
residue washed with Me,CO. The combined filtrates were evaporated in vacuo, and 
the residue was purified by filtration through silica gel (eluent: EtOAc) to afford 
12.19 g (68%) of 5b  as a colorless oil. 'HNMR (300 MHz, CDCI,, 25"C, TMS): 
6 =7.85 (d, ' J  = 8 Hz, 2H;  naphthalene H-4,8), 7.34 (t, 3J = 8 Hz, 2H; naph- 
thalene H-3,7), 6.83 (d, 3J = 8 Hz, 2H; naphthalene H-2,6), 4.28 (t. ' J  = 4 Hz, 4H; 
ArOCH,), 3.99 (t. ' J  = 4 Hz, 4H;  ArOCH,CH,), 3.59-3.88 (m, 20H; OCH,), 
3.43 (t. ' J=7  Hz, 4H;  BrCH,); I3C NMR (75.5 MHz, CDCI,, 25°C): 6 =154.4, 
126.8, 125.1, 114.7, 105.8, 71.2, 71.0, 70.8, 70.7, 70.6, 69.9, 68.0, 30.4; MS (8 keV, 
FAB): m/z  : 638 [M+]; C,,H,,Br,O, (638.4): calcd C 48.92, H 6.00; found C 48.94, 
H 6.14. 


N-AUylphthalylimid~~ara-pbenylene[~~crown-lO (6a): Phthalimide 4 (1.85 g, 
8.4 mmol) was added to a degassed suspension of K,CO, (4.65 g, 33.6 mmol) in dry 
DMF (200mL). A solution of dibromide 5a  (4.95g, 8.4mmol) in dry DMF 
(200 mL) was added with stirring over 5 h at a bath temperature of 120 "C. Heating 
at 120 "C was continued for 24 h. The reaction mixture was filtered, the residue 
washed with MeCN, and the combined filtrates evaporated in vacuo. The resulting 
brown oil was purified by column chromatography (SO, , gradient CH,CI,/MeOH/ 
Et,O 30:2:17 to 30:2:7) to afford 2.173 g (40%) of 6 a  as a colorless oil which 
crystallized on standing overnight. M.p. 68-70°C. 'HNMR (300 MHz, CDCI,, 
25°C  TMS): 6 =7.07 (s, 2H; phthalimido protons), 6.76 (s, 4H;  hydroquinone 
protons), 5.77-5.90 (m. 1 H; CH=CH,), 5.12-5.26 (m,2H; CH=CH,),4.17-4.23 
(m, 4H; 2 x OCH,), 3.98-4.07 (m, 4H; 2 x OCH,), 3.65-3.93 (m, 26H; OCH, and 
NCH,); "CNMR(75.5 MHz,CDC13,25"C): 6 =165.9,153.2,150.4,131.8,122.8, 
118.9, 117.6, 115.6, 70.9, 70.8, 70.8, 70.0, 69.8, 69.6, 63.3, 39.7; HRMS (LSIMS) 
C,,H,,NO,,: [M + Na]+ calcd 668.2683, found 668.2658. 


N-AUylphthalylimido-l,5-naphthyI~~Jcrown-l0 (6 b): Phthalimide 4 (3.660 g, 
16.70 mmol) was added to a degassed suspension of K,CO, (10.530 g, 76.19 mmol) 
in dry DMF (400 mL). A solution of 5b  (10.650 g, 16.68 mmol) in dry DMF 
(400 mL) was added with stirring over 9 h at a bath temperature of 120 "C. Heating 
at 120°C was continued for 30 h. The reaction mixture was filtered, the residue 
washed with MeCN, and the combined filtrates evaporated in vacuo. The resulting 
brown oil was filtered through a short column (SiO,, Me,CO/MeOH 8:2, R, of 
product: 0.33) and then purified by column chromatography (SO,, EtOAc/EtOH 
10: 1) to afford 2.87 g (25%) of 6b as a white solid. Crystals suitable for X-ray 
crystallography were grown by recrystallization from Me,CO. M.p. 99-101 "C; 
'HNMR (300MHz, CDCI,, 25°C. TMS): 6 =7.82 (d, , J =  6Hz, 2H; naph- 
thalene H-4,8), 7.27 (t. ' J  = 6 Hz, 2H, naphthalene H-3,7), 6.75 (d, = 6 Hz, 2H;  
naphthalene H-2,6), 6.63 (s, 2H; phthalimido Ar-H), 5.73-5.90 (m, 1 H; 
CH=CH,), 5.07-5.26 (m, 2H; CH=CH,), 4.25 (t, 3J = 5 Hz, 4H; 2 x ArOCH,), 
4.10-4.15 (m, 2H; NCH,), 3.93-4.07 (m, 8H; OCH,), 3.62-3.85 (m, 20H; 


125.1, 122.3, 118.6, 117.6, 114.65, 105.9, 70.9, 70.8, 69.8, 69.7, 69.5, 68.2, 39.7; MS 
(8 keV, FAB): m/z : 696 [ M  + HI'; C,,H,,NO,, (695.7): calcd C 63.87, H 6.52, N 
2.01; found C 64.14; H, 6.74, N 2.03. X-Ray data: C3,H,5NOl,, M ,  = 695.7, 
triclinic, space group PI, a = 9.954(6), b = 13.774(7), c = 14.656(8) A, E = 
67.51(4), =70.58(5), y = 82.09(5)", V =1751(2) A', Z = 2, ~(CU,)  = 8 cm-', 
p,.,. = 1.32 gcm-', crystal dimensions = 0.10 x 0.20 x 0.33 mm. Data collected at 
room temperature on a Siemens P4/PC diffractometer, graphite monochromator, 
Cu,. radiation with o scans. 5590 Independent measured reflections, 3085 with 
[IFoI >4u(lFol), 20 = 3-1257 corrected for Lorentz and polarization factors but 
not for absorption. Structure solved by direct methods and non-hydrogen atoms 
refined anisotropically; H atoms included in calculated positions, assigned isotropic 
thermal parameters U(H) = 1.2 U,,(C), and allowed to ride on parent carbon atoms. 
Refinement by full matrix least squares based on F to give R = 0.082, R ,  = 0.084 
[M'-' = uz(F) + 0.0005F2]; 452 refined parameters; residual electron density in the 
range -0.50 to 0.44 e k 3 .  Computations carried out with the SHELXTL version 


OCH,); "CNMR(75.5 MHz, CDC13,25'C): 6 =165.8, 154.4,150.1,131,9,126.7, 


4.2 program system [30]. 


1,6-Bis(2,5-dimethylphenoxy)hexane: 2,5-Dimethylphenol (9.46 g, 77 mmol) was 
added to a suspension of K,CO, (56 g, 410 mmol) in MeCN (250 mL). The reaction 
mixture was heated under reflux for 1 h in an atmosphere of N,. 1,6-Dibromohex- 
ane (9.1 g, 37 mmol) was added, and refluxing continued for a further 2 d. The 
reaction mixture was cooled, and the inorganic residues were filtered off and washed 
with MeCN and CH,CI,. The filtrate was concentrated in vacuo. The resulting 
residue was taken up in CH,CI, (250 mL), and washed with 10% aqueous NaOH 
(2 x 100 mL) and water (2 x 100 mL). The organic layer was dried (MgSO,) and 
filtered. The filtrate was concentrated in vacuo and the residue recrystallized from 
light petroleum, affording 1,6-bis(2,5-dimethylphenoxy)hexane as a white crys- 
talline material (lOSg, 86%). M.p. 94°C; 'HNMR (300 MHz. CDCI,, 25°C): 
6 =7.08 (d, 'f =7 Hz, 2H; Ar-H-3), 6.74 (d, ,J = 7  Hz, 2H; Ar-H-4), 6.71 (s, 2H; 
Ar-H-6), 4.02 (t. ' J  = 6 Hz, 4H;  Ar-0-CH,), 2.39 (s, 6 H ;  Ar-CH,), 2.26 (s, 6H;  
Ar-CH,), 1.86-1.95 (m, 4H; Ar-0-CH,-CH,), 1.61-1.67 (m, 4H;  Ar-0-CH,- 
CH,); I3C NMR (75 MHz, CDCl,, 25°C): 6 =157.2, 136.5, 130.4, 123.7, 120.7, 
112.1, 67.8, 29.5, 26.1, 21.5, 15.9. MS (70eV. EI): m/z (%): 326 (20) [Mi]. 


1,6-Bis(2,5-bis(bromomethyl)phenoxy)hexane (7): NBS (9.4 g, 67.5 mmol) and 
AIBN (20 mg) were added to a solution of 1,6-bis(2,5-dimethylphenoxy)hexane 


(3.91 g, 12.0mmol) in CCI, (150 mL). The reaction mixture was refluxed gently 
under N, for 4 h. It was then cooled, and the succinimide filtered off. The filtrate 
was concentrated to approximately half its volume. Hexane was added and a white 
precipitate formed. The precipitate was filtered off and washed with hexane, afford- 
ing 7 as a white powder (3.1 g, 41 %). M.p. 151 "C; 'HNMR (300M Hz, CDCI,, 


2H; Ar-H-3), 6.89 (d, , J = 1  Hz, 2H; Ar-H-6), 4.54 (s, 4H; Ar-CH,-Br), 4.45 (s, 
4H;  Ar-CH,-Br), 4.08 (t, , J =  6Hz, 4H; Ar-0-CH,), 1.87-1.98 (m, 4H;  Ar-O- 
CH,-CH,), 1.62-1.69 (m. 4H;  Ar-0-CH,-CH,-CH,); 13C NMR (75 MHz, CD- 
CI,, 25°C): 6 =157.0, 140.0, 131.1, 126.0, 121.0, 112.3, 68.1, 33.3, 29.1, 28.5, 25.7. 
MS (70 eV, EI): m/z (%): 642 ( 5 ) [ M * ] ;  C,,H,60,Br,(642.1)calcdC 41.16, H 4.08; 
found C 41.45, H 3.93. 


1,5-Bis[2-(2-(2-bydroxyethoxy)ethoxy)ethlene: 1,s-Dihydroxynaph- 
thalene (16 g, 100 mmol) was added to a suspension of K,C03 (60 g, 434 mmol) in 
DMF (250 mL). The suspension was heated to 80°C under N, and stirred for a 
further 30 min. A solution of 2-(2-(2-chloroethoxy)-ethoxy)ethoxyethanol (26.5 g, 
330 mmol) in DMF (50 mL) was added dropwise during 1 h. Heating was continued 
for a further 4 d. The reaction mixture was cooled, and the solid inorganic residues 
were filtered off in vacuo and washed with DMF. The DMF was removed in vacuo, 
and the resulting brown solid taken up into CH,CI, (100 mL) and washed with 
saturated Na,C03 (2 x 100 mL) and water (2 x 100 mL). The organic layer was 
dried (MgSO,), filtered under gravity, and the CH,CI, removed in vacuo. The 
resulting solid was recrystallized from EtOH (500 mL) affording the title compound 
as a yellow crystalline solid (13 g, 52%). M.p. 66°C; 'HNMR (300 MHz, CDCI,, 
2 5 T ,  TMS): 6 =7.87 (d, ' J  = 8 Hz, 2H; naphthalene H-4,8), 7.38 (t, = 8 Hz, 
2H; naphthalene H-3,7), 6.84 (d, ' J  = 8 Hz, 2H; naphthalene H-2,6), 4.36 (t, 
3J = 5 Hz, 4H; Ar-OCH,), 4.04 (t. ' J  = 5 Hz, 4H;  OCH,), 3.82 (m, 4H;  OCH,), 
3.71 (m, 8H; OCH,), 3.62 (m. 4H; OCH,), 1.95-2.20 (bs, 2H; OH);  I3C NMR 


68.0, 61.7; MS (70eV, EI): m/z (%): 424 (10) [M']. 


1,5Bis[2(2-(2-(1-adamantoyl~~oxy)ethoxy~tboxyJnaphthalene (8): 1-Adaman- 
toy1 chloride (4.21 g, 21.2 mmol) in CH,CI, (50 mL) was added dropwise to a 
solution of 1,5-bis[2-(2-(2-hydroxyethoxy)ethoxy)ethoxy]naphthalene (1.5 g, 3.5 
mmol) in pyridine-CHCI, (150 mL of 1 :2 v/v), under nitrogen. The solution was 
warmed to 60°C with stirring for 2 h. It was then cooled and washed with 10% 
aqueous hydrochloric acid (2 x 100 mL), and water (2 x 100 mL). The organic layer 
was dried (MgSO,), filtered, and the filtrate was concentrated in vacuo. The result- 
ing residue was subjected to silica gel column chromatography with EtOAc/light 
petroleum (1 : 1) as the eluent. The fractions containing the product were combined 
and the eluent removed in vacuo, affording 8 as a white solid (1.38 g, 88%). M.p. 


naphthalene H-4.8). 7.34 (t, = 8 Hz, 2 H; naphthalene H-3,7), 6.84 (d. ,J = 8 Hz, 
2H;  naphthalene H-2,6), 4.31 (t, ' J  = 8 Hz, 4H;  Ar-OCH,), 4.22 (m, 4H;  OCH,), 
4.01 (t. J =  8 Hz, 4H;  OCH,), 3.80 (m, 4H; OCH,), 3.68-3.74 (m, 8H;  OCH,), 
1.96-2.02 (m. 6H;  adamantoyl-CH), 1.87-1.92 (m, 12H; adamantoyl-CH,), 
1.62-1.75 (m. 12H; adamantoyl-CH,); I3C NMR (75 MHz, CDCI,, 25°C): 
6 =177.6, 154.4, 126.8, 125.1, 114.6, 105.7, 71.0, 70.7, 69.9, 69.3, 68.0, 63.3, 40.7, 
38.8, 36.5, 27.9; MS (8 keV, FAB): m/z  : 748 [M']; C44H60010 (748.9): calcd C 
70.56, H 8.07; found C 70.28, H 7.87. 


121Catenane 9a.4PF6: A solution of 10.2PF6 [8c] (0.126 g, 0.18 mmol), 1,4-bis(bro- 
rnomethy1)benzene (0.033 g, 0.12 mmol), and crown ether 6 8  (0.066 g, 0.10 mmol) 
in dry DMF (4 mL) was stirred at room temperature for 14 d. A deep orange color 
developed. The reaction mixture was concentrated, and the residue purified by 
column chromatography (SiO,, MeOH/2M aq. NH,CI/MeNO, 7:2: 1 ) .  The col- 
ored fractions were combined, evaporated in vacuo, and dissolved in water 
(100 mL). A solution of NH,PF6 (5.5 g, 34 mmol) in water (10 mL) was added until 
no further precipitation occurred. The precipitate was filtered off, washed with 
water (20mL) and redissolved in Me,CO. The orange solution was filtered to 
remove a white insoluble residue and concentrated to dryness. The residue was 
washed thoroughly with water and dried in vacuo to afford 0.095 g (53%) of the 
[zlcatenane 9 a  as an orange solid. Crystals, which were not of sufficient quality for 
X-ray crystallography, were grown by vapor diffusion of il'r,O into an MeCN 
solution of the compound. M.p. >275 "C (decomp.); 'H NMR (300 MHz, 
CD,COCD,, 25°C): 6 = 9.33 (d, .'JAB = 8 Hz, 8H; bipyridinium a-CH), 8.17 (d, 
'JAB = 8 Hz, 8H; bipyridinium b-CH), 8.05 (s, 8H;  xylyl-H), 6.83 (s, 2H;  Ar-H 
phthalimide), 6.04 (s, 8H; 4xNCH,), 5.80-5.94 (m, 1H;  CH=CH,), 5.10-5.19 
(m, 2H; CH=CH,), 4.08-4.13 (m, 2H; NCH,-CH=CH,), 4.02 (bs, 12H; OCH, 
and "inside" hydroquinone protons), 3.88-3.95 (m, 8H;  OCH,), 3.74-3.85 (m, 
12H; OCH,), 3.66-3.71 (m, 4H; OCH,); l3C NMR (75.5 MHz, CD,COCD,, 
25°C): 6 =165.2, 151.2,150.1, 146.7, 145.9.137.7, 133.3, 131.8, 126.2, 122.8, 118.7, 
117.5, 113.9, 71.7, 71.1, 70.9, 70.7, 70.26, 70.2, 67.4, 65.7. 40.1; MS (8 keV, FAB): 
m/z : 1600[M - PF;]', 1456[M - 2PF6]+; HRMS (LSIMS) C,, H,,01,N,P3F18: 
[M - PF,]' calcd 1600.4338, found 1600.4252. 


25"C,TMS):6=7.29(d,3J=7H~,2H;Ar-H-2),6.93,(dd,3J=7H~,4J=1H~, 


(75 MHz, CDCI,, 25°C): 6 =154.4, 126.8 125.1, 114.6, 105.8, 72.5.70.9, 70.4,69.8, 


108°C; 'HNMR (300MHz. CDCI,, 25°C TMS): 6 =7.86 (d, , J =  ~ H z ,  2H; 


[ZjCatenane 9b.4PF6: A solution of 10.2PF6 [8c] (0.0900 g, 0.1274 mmol), 1.4-bis- 
(bromomethy1)benzene (0.024 g, 0.09 mmol), and crown ether 6b  (0.052 g, 
0.07 mmol) in a mixture of dry DMF (3 mL) was stirred at room temperature for 
11 d. The color of the solution turned to deep purple. The reaction mixture was 
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concentrated to dryness, and the residue subjected to column chromatography on 
silica gel (eluent M e 0 H / 2 ~  aq. NH,PF,/MeNO, 7:2:1). After collection of the 
colored fractions and evaporation of solvent in vacuo, the residue was redissolved 
in water (75 mL) and the desired [2]catenane precipitated by addition of a solution 
of NH,PF, (4.0 g, 25 mmol) in water (7 mL). The precipitate was filtered off and 
dried in vacuo to afford 0.096 g (71 %) of the [2]catenane 9b  as a purple solid. 
Crystals suitable for X-ray crystallography were grown by vapor diffusion of iF'r,O 
into an MeCN solution of the compound. M.p.>28O0C (decomp.); 'HNMR 
(300 MHz, CD,CN, 25°C): 6 = 9.05 (d, 'J = 6 Hz, 4H;  "inside" bipyridinium 
a-CH), 8.68 (d, ' J =  6Hz, 4H;  "alongside" bipyridinium a-CH), 8.19 (bs, 4H;  
xylyl-H) 8.07 (bs, 4H;  xylyl-H), 7.20-7.29 (m, 8 H; "inside" bipyridinium B-CH), 
6.68 (s, 2H; Ar-H phthalimide), 6.30 (d, ' J  = 8 Hz, 2H;  naphthalene H-2,6), 6.03 
(1. 'J = 8 Hz, 2H; naphthalene H-3,7), 5.92-6.02 (m, 1 H;  H,C=CH-CH,N), 5.93 


(m,2H;H,C=CH-CH2N), 4.35-4.40 (m,4H;OCH2),4.25-4.31 (m,4H;OCH2), 
4.21-4.25 (m, 2H; N-CH,CH=CH,), 4.13-4.20 (m, 4H; OCH,), 4.04-4.09 (m, 
4H; OCH,), 3.94-4.01 (m. 4H;  OCH,), 3.86-3.92 (m, 4H; OCH,), 3.76 (bs, 8H;  
OCH,), 2.49 (d, , J =  8 Hz, 2H; naphthalene H-2,6 or H-4,8); 13C NMR 
(75.5 MHz, CD'CN, 25°C): 6 =165.5, 151.8, 149.9, 145.4, 145.1, 137.33, 133.2, 
132.0, 129.2, 126.0, 125.1, 124.9, 122.8, 115.7, 108.9, 104.8, 72.0, 71.4, 71.3, 70.6, 
70.6, 70.4, 69.8, 65.8, 40.2; MS (8 keV, FAB): m/z : 1651 fM+ - PF,], 1506 


[M - PF,]' calcd 1650.4494, found 1650.4531. X-Ray data: 9b,4PF6.7MeCN. 
H,O, C,7Hl,,F,,N,,0,,P4, M, = 2101.7, triclinic, space group PT, a = 13.590(3), 


4789(2) A3. Z = 2, ~(CU,.) =17 cm-', pCaI. = 1.46 gem-,, crystal dimen- 
sions = 0.20 x 0.33 x 0.40 mm. Data collected at -70°C on a Siemens P4 rotating 
anode diffractometer, graphite monochromator, Cu,,radiation with o scans. 9382 
Independent measured reflections, 7053 with [IF,] > 4u(lF01), 20 = 3-ill"] cor- 
rected for Lorentz and polarisation factors but not for absorption. Structure solved 
by direct methods. A A F  map revealed the presence of seven MeCN molecules, six 
of which were ordered; the seventh was disordered, but retained an atom in a 
common position for the two disordered molecules. The difference map also showed 
the presence of an included water molecule disordered about three different posi- 
tions. Three of the PF; counterions are ordered whilst the fourth is disordered 
about two 50/50 occupancy sites. The disordered PF; counterion was refined sub- 
ject to atom-atom distance constraints. The atoms of the tetracationic cyclophane 
were refined isotropically as were those of the naphthalene ring and the phthalimido 
unit of the macrocyclic polyether. The remaining non-hydrogen atoms were refined 
anisotropically. H atoms were included in calculated positions, assigned isotropic 
thermal parameters U(H) = 1.2 UJC) and allowed to ride on their parent carbon 
atoms. Refinement was by full-matrix least squares based on F2 to give 
R, = 0.1112, wR, = 0.2909; 1007 refined parameters; residual electron density in 
the range -0.45 to 1.03 e k ' .  Computations were carried out using the SHELXTL 
version 5.0 program system. 


(d, 'JAB =13 HZ,4H; 2 xNCH,), 5.81 (d, 'JAB =13 Hz, 4H; 2 xNCH,), 5.20-5.32 


[M' - 2PF61, 1361 [Mf-3PF6]; HRMS (LSIMS) C,3H,7N,01,P3F18: 


b =14.203(3), c = 27.031(5) A, =101.70(3), = 99.28(3), y =105.63(3)", V = 


Bwrown ether 1 a: Reduction of the imido crown ether 60  was achieved by dissolv- 
ing 6a (0.987g. 1.53mmol) under N, in dry THF (20mL). LiAIH, (0.189g, 
4.98 mmol) was added, and the reaction mixture heated under reflux with stirring 
for 3 h. After the mixture had cooled down to room temperature, water was added 
until no more H, evolved. The mixture was filtered under suction. and the residue 
washed with Et,O (10 mL). Et,O was added to the filtrate until two layers appeared. 
The layers were separated, and the aqueous layer was washed with Et,O 
(3 x 20 mL). The combined organic layers were dried (MgSO,) and the solvent was 
evaporated in vacuo. Deallylation [28] of the intermediate allylamino crown ether 
was achieved by immediately dissolving the remaining 0.761 g of a light brown oil 
under N, in a degassed mixture (10mL) of EtOH/water (9:l). Rh(PPh,),CI 
(0.080 g, 0.09 mmol) and DABCO (0.029 g, 0.26 mmol) were added. The mixture 
was heated under reflux with stirring for 6 h and then allowed to cool down to room 
temperature. Aqueous HCI (lo%, 1.5 mL) was added, and stirring was continued 
for 30 min at room temperature. Aqueous NaOH (lo%, 7 mL) and water (10 mL) 
were added. The mixture was extracted with CH,CI, (4 x 20 mL), and, after drying 
(MgSO,), the combined organic layers were evaporated in vacuo. The dark brown 
oil was immediately filtered through a short column (SiO,, eluent EtOAc/MeOH/ 
NEt, lO:l:l,  R, of the desired product: 0.14). Dimerization of the amino crown 
ether obtained was accomplished by dissolving the oily product (0.194 g, 
0.336 mmol) under N, in a mixture ofdry CH,CI, (10 mL) and dry iPr,NEt (2 mL). 
A solution of 4,4'-biphenyl dicarboxylic acid dichloride (0.047 g, 0.165 mmol) in dry 
CH,CI, (10 mL) was added dropwise with stirring over 30 min. Stirring was contin- 
ued at room temperature for 48 h and the reaction mixture was washed with water 
(2 x 10 mL), The organic layer was dried (MgSO,) and the solvent was evaporated 
in vacuo. Purification by column chromatography (AI,O,, eluent EtOAc/EtOH 
100:5)afforded0.117 g ( l l %  withreferenceto6a)oflaasacolorlessoil. 'HNMR 
(300 MHz, CDCI,, 25"C, TMS): 6 =7.71 (d, 'JAU = 9Hz, 4H; biphenyl-H), 7.65 
(d, 'JAB = 9 Hz, 4H; biphenyl-If), 6.71 (s, 4H;  Ar-H hydroquinone protons), 6.63 
(d, 'JAB = 8.0 Hz, 2H; Ar-H isoindoline), 6.58 (d, 'JAB = 8 Hz, 2H; Ar-H isoindo- 
line), 4.94 and 4.72 (2 x bs, 2 x4H,  CH,N cisltrans amide), 3.57-4.10 (m, 64H; 
OCH,); "CNMR(75.5 MHz, CDC13,25"C): 6 =169.8,153.2,153.0,148.4,148.0, 
141.8, 135.99, 127.8, 127.2, 126.6, 115.5, 115.5, 111.7, 111.2, 70.9, 70.9, 70.8, 70.6, 
69.80, 69.7, 68.5, 68.2, 53.4, 51.3; MS (8 keV, FAB): m/z:  1361 [M + H']; HRMS 
(LSIMS) C,0H,,N,0,2: [M + HI' calcd 1361.6220, found 1361.6259. 


Bis~2]catenane 1la*8PF6: A solution of 10.2PF6 [8c] (0.054 g, 0.008 mmol), 1,4- 
bis(bromomethy1)benne (0.014 g, 0.05 mmol), and biscrown ether l a  (0.031 g, 
0.02 mmol) in dry DMF (2 mL) was stirred at room temperature for 6 d. The 
solution turned orange. The reaction mixture was evaporated, and the residue 
purified by column chromatography (SiO,, gradient M e 0 H / 2 ~  aq. NH,CI/ 
MeNO, 7:2:1 to 2M aq. NH,CI/DMF/MeOH/MeNO, 12:10:7:1). The fractions 
containing a colored compound (R, = 0.05, eluent: MeOH/2 M aq. NH,CI/MeNO, 
7:2: 1) were concentrated to dryness, and the residue redissolved in water. Precipita- 
tion with saturated aqueous NH,PF, yielded an orange solid, which was further 
purified by two subsequent recrystalliations. Vapor diffusion of iF'r,O into an 
CH,CN solution of the compound afforded 0.0082 g of the bis[2Jcatenane 11 a. 
Evaporation of the mother liquor and purification of the residue by PTLC (eluent: 
D M F / M ~ O H / ~ M  aqueous NH,CI/MeNO, 10:7:2: 1) afforded further 0.0034 g of 
the bis[2]catenane Ila,  total yield: 0.0116 g(14%) of an orange solid. M.p. >270 "C 
(decomp.); 'HNMR (400 MHz, CD,CN, 25°C): 6 = 8.91 (d, 3JAB =7 Hz, 16H; 
bipyridinium a-CH), 7.92 (d, 'JAB = 8 Hz, 4H; biphenyl-H), 7.80 (s, 16H; xylyl-H), 
7.78 (d, 'JAB = 8 Hz, 4H; biphenyl-H), 7.67 (d, 'JAB = 7  Hz, 16H; bipyridinium 
B-CH), 6.11 (d, ,JAB = 9 Hz, 2H; Ar-H isoindoline), 6.06 (d, ,JAB = 9 Hz, 2H;  
Ar-H isoindoline), 5.70 (s, 16H; NCH,), 4.52 and 4.39 (2 x s, 2 x 4H; CH,N cis/ 
rrans amide), 3.38-4.01 (m, 72H; OCH, and Ar-H inside hydroquinone protons); 
MS (8 keV, FAB): m/z: 3418 [M - PF,Jf, 3272 [M - 2PF,l+, 3128 [M - 3PF6]+, 
2982 [M - 4PF6]+; HRMS (LSIMS) C,,,Hl,,N,,0,,P,F3,: [M - 3PF6]+ calcd 
3126.9638, found 3126.9733. 


Biscrown ether 1 b: Reduction of imido crown ether 6b  was achieved by dissolving 
6b (1.000 g, 1.44mmol) under N, in dry THF (20mL). LiAIH, (0.218 g, 
5.74 mmol) was added, and the reaction mixture heated under reflux with stirring 
for 6 h. After the mixture had cooled down to room temperature, water was added 
until no more H, evolved. The mixture was filtered under suction and the residue 
washed with Et,O (15 mL). Et,O was added to the filtrate until two layers appeared. 
The layers were separated, and the aqueous layer was washed with Et,O 
(3 x 20 mL). The combined organic layers were dried (MgSO,) and the solvent was 
evaporated in vacuo. Deallylation [28] of the intermediate allylamino crown ether 
was accomplished by dissolving immediately the remaining 0.812 g of a light brown 
solid under N, in a degassed mixture (10 mL) of EtOH/water (9: 1). Rh(PPh,),CI 
(0.079 g, 0.09 mmol) and DABCO (0.029 g, 0.26 mmol) were added. The mixture 
was heated under reflux with stirring for 4 h and subsequently evaporated in vacuo. 
The dark brown oil was immediately filtered down a short column (SiO,, eluent 
EtOAc/MeOH/NEt, 10: 1: 1, R, of the product: 0.16) without prior treatment with 
HCI. To accomplish the dimeruntion of the resultant amino crown ether, the oily 
product obtained in the last step (0.190 g, 0.30 mmol) was dissolved under N, in a 
mixture of dry CH,CI, (20 mL) and dry iPr,NEt (4 mL). A solution of4,4'-biphenyl 
dicarboxylic acid dichloride (0.042 g, 0.15 mmol) in dry CH,CI, (10 mL) was added 
dropwise with stirring over 45 min. Stirring was continued at room temperature for 
48 h, and the reaction mixture evaporated in vacuo. Purification by column chro- 
matography (SiO,, eluent CH,CI,/MeOH 30:1, R, of the product = 0.34 in 
CH,CI,/MeOH 10: 1) and subsequent recrystallization from Me,CO/iF'r,O afford- 
ed 0.067 g (6% with reference to 6b) of the desired product as an off-white solid. 
M.p. 183-185"C(decomp.); 1HNMR(300MHz,CDC13,250C,TMS): 6 =7.76- 
7.91 (m, 4H;  2 x naphthalene H-4,8), 7.66 (d, ,JAB = 8 Hz, 4H; biphenyl-H), 7.55 
(d. 'JAa = 8 Hz, 4H; biphenyl-H), 7.14-7.31 (m. 4H;  2 x naphthalene H-3,7), 
6.63-6.76 (m, 4H; 2 x naphthalene H-2,6), 6.28-6.41 (m, 4H; 2 x isoindolino-H), 
4.83, 4.53 (2 x bs, 2 x4H, CH,N cisltrans amide), 4.15-4.27 (m. 8H; OCH,), 
3.55-4.08 (m. 56H; OCH,); I3C NMR (75.5 MHz, CDCI,, 25°C): 6 =169.7, 
154.4, 154.3, 148.2, 147.7, 141.8, 135.9, 127.7, 127.1, 126.7, 126.4, 125.1, 114.7, 
114.4, 111.4, 110.9, 105.6, 105.5, 71.0, 70.9, 70.6, 69.7, 69.6, 68.3, 68.0, 53.3, 51.2; 
MS (8 keV, FAB): m/z : 1462 [M + HI+; HRMS (LSIMS) C,,H,,N,O,,: 
[M + HI+ calcd 1461.6533, found 1461.6607. 


Bisl2lcatenane 11b4PF6: A mixture of 10.2PF6 [8c] (0.0297 g, 0.004 mmol), 1,4- 
bis(bromomethy1)benne (0.0078 g, 0.030 mmol), and biscrown ether 1 b (0.0181 g, 
0.012 mmol) in dry DMF (1 mL) was stirred at room temperature for 10 d. The 
color of the solution turned to purple. The reaction mixture was evaporated and the 
residue was purified by column chromatography (SiO,, eluent MeOH/2u aq. 
NH,CI/MeNO, 7:2: 1). The fractions containing a colored compound (4 = 0.05) 
were concentrated to dryness, and the residue was redissolved in water. Precipita- 
tion with saturated aqueous NH,PF, yielded a purple solid, which was further 
purified by suspending the solid in Me,CO. Precipitation of the desired product was 
completed by vapor diffusion of iPr,O into the Me,CO suspension to afford 
0.0158g of the bis[2]catenane llb.SPF, (35%) as a purple solid. M.p.>270"C 
(decomp.); 'HNMR (400 MHz, CD,CN, 25 "C): 6 = 8.96 (d, 3J = 6 Hz, 4H;  "in- 
side" bipyridinium a-CH), 8.93 (d, ' J  = 6 Hz, 4H;  "inside" bipyridinium a-CH), 
8.60 (d, = 8 Hz, 4H;  "alongside" bipyridinium a-CH), 8.58 (d, ,J = 8 Hz, 4H;  
"alongside" bipyridinium a-CH); 7.95-8.08 (m, 16H; xylyl-H), 7.91 (d, 
,JAB = 8 Hz, 4H; biphenyl-H), 7.74 (d, 3JAu = 8 Hz, 4H; biphenyl-H), 7.08-7.14 
(bm, 16H; bipyridinium B-CH), 6.22 (d, ' J  = 8 Hz, 4H; naphthalene H-2,6), 5.91 - 
6.00 (m, 4H; aryl-H isoindoline), 5.95 (m, ' J  = 8 Hz, 4H; naphthalene H-3,7), 
5.64-5.87 (m, 16H; NCH,), 4.45 (bs, 4H; NCH, cisltrans amide), 4.28 (bs, 12H; 
OCH, and NCH, cislrrans amide), 4.12-4.20 (m, 8H;  OCH,), 4.03-4.09 (m, 4H; 
OCH,), 3.94-4.02 (m, 8H; OCH,), 3.82-3.88 (m. 8H; OCH,), 3.73-3.77 (m, 8 H ;  
OCH2),3.60-3.66(m,8H;OCH,),3.48-3.55(m,4H;OCH,),3.42-3.46(m,4H; 
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OCH,), 3.33-3.41 (m. 4H; OCH,), 2.38-2.43 (m, 4H; naphthalene H-4,8); MS 
(8 keV, FAB): mjz: 3517 [ M  - PF6]+, 3372 [ M  - 2PF6lt, 3228 [M-3PF61t. 
HRMS (LSIMS) Cl,,H160F36Nlo0,,P6: [ M  - 2PF6]+ calcd 3372.9627, found 
3372.9825. 


Benzoylated crown ether l c :  The reduction of imido crown ether 6 b  and the subse- 
quent deallylation affording the NH-substituted intermediate was achieved as de- 
scribed in the synthesis of 1 b. To accomplish the benzoylation of the amino crown 
ether, the oily product obtained in the last step (0.103 g, 0.16 mmol) was dissolved 
under N, in a mixture of dry CH,CI, (5 mL) and dry r€'r,NEt (2 mL). Benzoyl 
chloride (2 mL, 1.6 g, 11 mmol) in dry CH,CI, (10mL) was added. Stirring was 
continued at room temperature for 48 h, and the reaction mixture was evaporated 
in vacuo. Purification by column chromatography (R,  of product = 0.29 in EtOAc/ 
EtOH 10: 1, two subsequent SiO, columns; first eluent: gradient EtOAc to EtOAcj 
EtOH 1O:l. second eluent: toluene/acetone 6:3) yielded 0.053 g of l c  as an oily 
brown product ( > 90 % pure, 36 % yield referring back to 6 b) , 'H NMR (300 MHz, 
CDCI,, 25°C  TMS): 6 =7.82 (d, ' J =  8 Hz, 1 H;  naphthalene H-4,8), 7.80 (d, 
' J  = 8 Hz, 1 H;  naphthalene H-4,8), 7.41 -7.50 (m, 5H; phenyl), 7.21 (t, ' J  = 8 Hz, 
f H;  naphthalene H-3,7), 7.20 (t. '1 = 8 Hz, 1 H;  naphthalene H-3,7), 6.71 (d, 
' J  = 8 Hz, 1 H; naphthalene H-2,6), 6.69 (d, ' J  = 8 Hz, 1 H;  naphthalene H-2,6), 
6.30 (AB system. 'JAB, J = 7  Hz, 2 H ;  1,2,3,4-tetrasubstituted Ar-H), 4.80 (s, 2H;  
N-CH,), 4.48 (s, 2H;  N-CH,), 4.16-4.26 (m. 4H;  OCH,); 4.00-4.05 (m, 2H; 
OCH,), 3.95-4.05 (m. 2H; OCH,), 3.85-3.90 (m, 2H; OCH,), 3.58-3.85 (m. 
22H; OCH,);"C NMR (75.5 MHz, CDCI,, 25°C): 6 =170.1. 154.4, 154.3, 148.2, 
147.7, 136.8, 132.2, 132.1, 131.9, 129.8, 129.0, 128.6, 128.4, 128.2, 127.0, 126.8, 
126.7, 126.4, 126.3, 125.3, 125.1, 125.0, 114.7, 114.4, 111.4, 110.9, 105.6, 77.2.71.0, 
70.9, 70.8, 70.6, 69.8, 69.6, 68.3, 68.0, 64.3, 53.2, 51.1; MS (8 keV, FAB): m / z  : 
732 [M + HI'; HRMS (LSIMS) C,,H,,NO,, : [ M  + HI' calcd 732.3384, found 
732.3318. 


(ZICatenane 1le.4PFs: A mixture of 1O.2PF6 [8c] (0.0404 g, 0.057 mmol), 1,4-bis- 
(hromomethy1)benzene (0.0106 g, 0.040 mmol), and biscrown ether l c  (0.0246 g, 
0.034 mmol) in dry DMF (1.5 mL) was stirred at room temperature for 6 d. The 
color of the solution turned to purple. The reaction mixture was evaporated, and the 
residue purified by PTLC (eluent: M e 0 H j 2 ~  aq. NH,CI/MeNO, 7:2: 1). The frac- 
tion containing a colored compound was treated with a concentrated solution of 
NH,PF6 in MeCN to dissolve the [2]catenane. The resulting solution was evaporat- 
ed and the residue treated with water (4 x 15 mL) to extract the excess of NH,PF6. 
Drying of the residue in vacuo afforded 0.0395 g of the bis[2]catenane l lc '4PF6 
(88%) as a purple solid. M.p.>270"C (decomp.); 'HNMR (400 MHz. CD'CN, 
25 "C): 6 = 8.96 (d, ' J  = 6 Hz, 2H;  "inside" hipyridinium a-CH), 8.91 (d, 
' J  = 6 Hz, 2H; "inside" bipyridinium a-CH), 8.60 (d, ' J  = 7 Hz, 2H; "alongside" 
bipyridinium rx-CH), 8.55 (d, ' J  =7 Hz, 2H; "alongside" hipyridinium a-CH); 
7.89-8.11 (m, 8H;  xylyl-H), 7.52-7.60 (m, 5H; phenyl group), 7.01-7.16 (bm, 
8H;  bipyridinium 8-CH), 6.19 (d, = 8 Hz, 2H;  naphthalene H-2,6), 5.61 -6.05 
(m. 14H; 4 H  from aryl-H isoindoline and 2 H from naphthalene H-3,7 and 8 H from 
NCH,), 4.40 (bs, 2H; NCH, cisjtrans amide), 4.22-4.31 (m, 4H; OCH,), 4.11- 
4.21 (m, 6H; OCH, and NCH, cisltrans amide), 4.04-4.09 (m, 2H; OCH,), 3.99- 
4.03 (m, 2H; OCH,), 3.93-3.98 (m, 2H; OCH,), 3.88-3.79 (m. 4H; OCH,), 
3.71-3.78(m,4H;OCH,),3.58-3.68(m,4H;OCH,),3.47-3.52(m,2H;OCH,), 
3.41-3.47 (m. 2H;  OCH,), 3.29-3.36 (m, 2H; OCH,), 2.38-2.43 (m. 4H; naph- 
thalene H-43); MS (8 keV, FAB): mjz:  1687 [ M  - PF6]+, 1542 [ M  - 2PF6]+, 1397 
[M - PF6]+; HRMS (LSIMS) C,,H,,O,,NSP,F,,: [M - PFJ' calcd 1686.4858, 
found 1686.4964. 


BisIZlcatenane 13-8PF6: A solution of the tetrabromide 7 (66 mg, 0.10 mmol), 
10.2PF6 [8cl(132 mg, 0.19 mmol), and the crown ether 12 [18] (300 mg, 0.56 mmol) 
in MeCN (10 mL) were stirred for 14 d, after which time the solution had turned red 
and a red solid had begun to appear. The addition of Et,O precipitated the salt. The 
resulting red solid was filtered off and chromatographed on a silica gel column 
(eluent: initially M e 0 H j 2 ~  aq. NH4C1/MeN0, 7:2: 1, and then original eluent/ 
DMF/2M aqueous NH,CI 1 :0.5:0.5 and finally 1 : 1 : 1). The fractionscontaining the 
red band were combined and concentrated in vacuo. The addition of water (50 mL) 
dissolved the solid residue. Saturated aqueous NH,PF6 was added to the red solu- 
tion. A red solid precipitated out, which was filtered off and washed with water, 
CH,CI,, and Et,O. The solid was dried in vacuo, affording a red powder 13,8PF6 
(73mg, 31%). M.p.>27O0C. 'HNMR (300MHz, CD'CN, 25°C): 6 = 8.95 (d, 
,J =7 Hz, 4H; hipyridinium a-CH), 8.808.92 (m. 12H; bipyridinium a-CH), 7.82 
(d, ' J  = 8 Hz, 2H; Ar-H-3), 7.81 (s, 8H; xylyl-H), 7.62-7.75 (bm, 16H; bipyridini- 
um 8-CH), 7.46 (dd, 'J = 8, = 1 Hz, 2H; 
Ar-H-3), 6.18 (s, 8H;  "inside" hydroquinone protons), 5.72 (s, 12H; NCH,), 5.67 
(s, 4H; NCH,), 4.35 (m, 4H;  Ar-0-CH,-alkyl), 3.88-4.02 (m. 34H; OCH,), 3.75- 
3.88 (m, 10H; OCH,), 3.55-3.70 (m, 16H; OCH,), 3.46-3.31 (m, 12H; OCH,), 
2.16 (m, 4H; Ar-OCH,-CH,-alkyl), 1.81 (m, 4H; Ar-OCH,CH,-CH,-alkyl); I3C 
NMR (75.5 MHz, CD,CN, 25°C): 5 =158.42, 153.15, 147.32. 147.13, 139.85, 
137.89, 137.79, 134.3, 131.9, 126.6, 125.8, 123.7, 116.0, 113.6, 71.7. 71.6, 71.0, 70.9, 
70.7, 70.4, 70.1, 68.6, 67.5, 65.7, 60.8, 30.6, 26.5; MS (SkeV, FAB): mjr: 3245 
[M ~ PF6]+; C,,,H,,,O,,N,P,F,, (3388.4); calcd C 44.64, H 4.03, N 3.93; found 
C 44.65, H 4.22, N 3.68. 


BislZlrotaxane 14*8PF6: A solution of the tetrabromide 7 (85.8 mg, 0.13 mmol), 
10.2PF6 [Sc] (158 mg, 0.22 mmol), and the dumbbell-shaped component 8 (500 mg, 


= 1 Hz, 2H; Ar-H-4), 7.34 (d, 


0.67 mmol) in MeCN (10 mL) were stirred for 14 d, after which time the solution 
had turned purple and a purple solid began to appear. The addition of Et,O (50 mL) 
precipitated all the salt. The resulting purple solid was filtered off and chro- 
matographed on a silica gel column (eluent: initially MeOH/2 M aq. NH,CI/MeNO, 
7:2:1, and then original e luent /DMF/2~ aqueous NH,CI 1 :0.5:0.5 and finally 
1: 1 : 1). The fractions containing the purple band were combined and concentrated 
in vacuo. The addition of water (50 mL) dissolved the solid residue. Saturated 
aqueous NH,PF6 was added to the purple solution. A purple solid precipitated out, 
which was filtered off and washed with water, CH,CI,, and Et,O. The solid was 
dried in vacuo, affording a purple powder 14.8PF6 (31 mg, 7%). M.p.>270"C. 
'HNMR (400 MHz, CD,CN, 25°C): b = 8.90-9.11 (m, 8H;  hipyridinium a-CH), 
8.84-8.90 (m, 4H; bipyridinium a-CH), 8.56-8.84 (m, 4H;  hipyridinium a-CH), 
8.08 (m, 8H; bipyridinium 8-CH), 7.99 (d, ' J  =7 Hz, 2H; Ar-H-3), 7.15-7.68 (m, 
20H; bipyridinium 8-CH and xylyl-H), 6.32 (d, 2H; naphthalene H-2 or H-6), 6.07 
(m, 4H; naphthalene H-3,7), 5.75 (s, 12H; N-CH,), 5.71 (s, 4H; N-CH,), 5.54 (d, 
' J  = 8 Hz, 2H; naphthalene H-2 or H-6), 4.72 (m, 4H; Ar-0-CH,-alkyl), 4.33 (m, 
8H; OCH,), 4.21 (m, 8 H ;  OCH,),4.15 (m. 8H; OCH,),4.02 (m. 8H;  OCH,), 3.92 
(m, 8H; OCH,), 3.78 (m, 8H;  OCH,), 2.69 (m, 2H; naphthalene H-4 or H-8), 2.47 
(m, 2H; naphthalene H-4 or H-8),  2.24 (m. 4H;  Ar-OCH,-CH,-alkyl), 1.87 (m, 
12H; adamantoyl-CH), 1.83 (m, 4H; Ar-OCH,CH,-CH,-alkyl), 1.74 (m, 24H; 
adamantoyl-CH,), 1.57-1.72 (m, 24H; adamantoyl-CH,); MS (8 keV, FAB): mjz:  


C,66H,,,0,,N,P,F,,: [ M  - PFJt calcd 3667.1834, found 3667.1820. 


Bisftetracationic cyclophane) 15.8PF6: A solution of the tetrabromide 7 (66.0 mg, 
0.10 mmol), 10.2PF6 [Sc] (132 mg, 0.19 mmol), and the template 16 (300 mg, 
0.56 mmol) in MeCN (10 mL) were stirred for 14 d, after which time the solution 
turned purple and a purple solid began to appear. The addition of Et,O (50 mL) 
precipitated all the salt. The resulting purple solid was filtered off and dissolved in 
H,O (100 mL). The purple aqueous layer was extracted continuously for 2 d with 
CHCI, to remove the template from the bispseudorotaxane. To the resulting yellow 
turbid aqueous phase was added saturated aqueous NH,PF6; this resulted in the 
precipitation of the cationic material, which was filtered off and chromatographed 
on a silica gel column (eluent: initially M e 0 H j 2 ~  aq. NH,CI/MeNO, 7:2:1, and 
then original e luent /DMF/2~ aq. NH,CI 1 : 0.5:0.5 and finally 1 : 1 : 1). The fractions 
containing the bistetracationic cyclophane were combined and concentrated in vac- 
uo. The addition of water (50 mL) dissolved the solid residue. Saturated aqueous 
NH,PF6 was added to the aqueous solution. A solid precipitated out, which was 
filtered off and washed with water, CH,CI,, and Et,O. The solid was dried in vacuo, 
affording a white powder 14.8PF6 (73mg, 22%). M.p.>270"C. 'HNMR 
(300 MHz. CD'CN, 25°C): 6 = 8.89 (m, 12H; bipyridinium a-CH), 8.83 (d, 
' J =  6 Hz, 4H; hipyridinium a-CH), 8.20 (m, 12H; bipyridinium 8-CH), 8.16 (d, 
'5' 6Hz,4H;bipyridiniumB-CH),7.62(d. ' J =  8Hz,2H;Ar-H-3),7.54(~,8H; 
para-xylyl-H), 7.27 (dd, ' J  = 8 Hz, " J = 1  Hz, 2 H ;  Ar-H-4). 7.00 (d, 4J=1 Hz, 
2H;Ar-H-5), 5.77 (s, 8H;NCH,), 5.75,(s,4H;NCHZ), 5.72 (s,4H;NCH2), 3.98 
(t. ' J  = 8 Hz, 4H;  OCH,), 1.96 (m, 4H; OCH,-CH,), 1.62 (m. 4H; OCH,CH,- 
CH,); "C NMR (75.5 MHz, CD'COCD,, 25°C): 6 =158.6, 150.7, 150.6, 150.4, 
150.3, 146.7, 139.0, 133.2, 131.4, 131.3, 128.3, 127.6, 125.3, 122.9, 113.9, 69.9, 66.1, 
65.7, 61.5, 29.6, 26.4; HRMS (LSIMS) C,,H,,N,P,F,,O,: [M-PFJ+ calcd 
2169.3428. found 2169.3543. 


: 3665 [M - PFJ', 3522 [ M  - 2PF61t, 3377 [ M  - 3PF6]+; HRMS (LSIMS) 
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Isolation of Selected Exchange Processes in Nuclear Magnetic Resonance 


Abstract: We have shown that it is pos- 
sible to inhibit the transfer of magnetiza- 
tion in a system with several exchanging 
sites in dynamic equilibrium, as in a mix- 
ture of cis- and trans-ZrCl,L, with excess 
free ligand L (L = (CH,O),PO). The for- 
ward and backward reaction rates involv- 
ing two selected sites can be studied while 
the effect of competing exchange process- 
es is “quenched”. This can be achieved 


either by selective inversion of the magne- 
tization of the two chosen sites in the 
course of the reaction interval, or alterna- 
tively by inversion of the magnetization of 


all other sites in the exchange network. 
The rate of exchange from the free to 
the cis site was determined to be 
keis+f,ee = 0.018 s-’. In the usual meth- 
ods, this process would tend to be over- 
shadowed by the almost two hundred 
times faster competing exchange pro- 
cess from the cis to the trans site 
(kt,,,,,,i, = 3.32 s - l ) .  


One of the most fascinating aspects of magnetic resonance is the 
possibility of determining rates of chemical reactions in systems 
in dynamic equilibrium, where the turnover due to forward and 
back reactions precisely cancels, so that there is no net transfer 
of material.“] In most forms of spectroscopy, there is little or no  
evidence that any dynamic processes are taking place, since the 
concentrations remain time-independent, but magnetic reso- 
nance allows one to observe the transfer of magnetization rather 
than the transfer of material, and it is sufficient that the chemi- 
cal shifts of the nuclei be affected in the course of the chemical 
reaction to make the exchange apparent. This effect can be 
exploited in line-shape studies[’* 31 and in experiments where the 
longitudinal magnetization of a chosen site is perturbed by se- 
lective saturation or inversion.[4- 71 Exchange processes lead to 
a redistribution of the perturbed magnetization. This effect can 
be visualized very effectively by two-dimensional exchange 
spectroscopy (EXSY) J4- 51 which is essentially equivalent to nu- 
clear Overhauser effect spectroscopy (NOESY) . [6,  71 In this pa- 
per, we show that it is possible to modify the behavior of the 
magnetization in exchanging systems in such a way that they 
behave as if all exchange rates were quenched except for those 
leading to the interconversion of a selectedpair of sites. This can 
be achieved by selectively inverting suitably chosen magnetiza- 
tion components in the course of the mixing time z,. The chem- 
ical exchange processes proceed unhindered, and the dynamic 
equilibrium between the chemical reactions is not perturbed. It 
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is only the magnetization that behaves as if the rates were mod- 
ified. This approach is related to the suppression of spin diffu- 
sion by quenching undesirable indirect external trouble in nucle- 
ar Overhauser effect spectroscopy (QUIET-NOESY) ,[‘I and we 
therefore refer to the experiment described here as QUIET- 
EXSY. 


Consider a system in chemical exchange, where we wish to 
focus attention on the conversion of magnetization from a 
“source” site A to a “target” site X. There may be one or several 
“clandestine” sites K, K ,  . . ., so that the magnetization transfer 
due to the direct conversion A -+ X may be contaminated by 
two-step processes such as A + K + X, etc. To resolve this en- 
tangled situation, several approaches are possible, in analogy to 
Overhauser studies. The first consists in taking into account all 
pathways in a full matrix analysis[’* lo] requiring the consider- 
ation of the whole network (chemical exchange and cross-relax- 
ation) and the determination of all the information at once. In 
a less demanding approach, the rates can be determined one 
after the other by using the initial rate approximation,”’. ’ ’I 
which requires the acquisition of a series of one- or two-dimen- 
sional spectra (NOESY or EXSY) with mixing times that are 
short on the timescale of the fastest dynamic process. A third 
approach relies on the cancellation of unwanted effects by ma- 
nipulating the magnetization.[’. l 3  -231  Earlier studies have fo- 
cused on the selective saturation of unwanted sites, which re- 
quires knowledge of their resonance frequencies.“ 3 -  lS1 The 
experiment proposed here also relies on the cancellation of un- 
wanted effects, but only the resonance frequencies of the sites of 
interest must be known and no further assumptions need to be 
made concerning the number and frequencies of the clandestine 
sites. Misleading contributions due to two-step processes such 
as A + K -+ X can be removed by selective inversion of longitu- 
dinal magnetization in the middle of the mixing time z,. This 
approach does not require any continuous irradiation, thus 
eliminating uncertainties about the efficiency of saturation, and 
heating of the sample due to protracted irradiation can be 
avoided. 
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Results free 


To illustrate our method, we have chosen a three-site exchange 
network consisting of trans-ZrCl,L, , cis-ZrCI,L,, and an ex- 
cess of the free ligand L ( L  = (CH,O),PO, Scheme 1). This 
equilibrium has been studied by Merbach and c o - ~ o r k e r s . [ ~ ~ *  


H-CO 


CI 


k-- \-- “-g..* 
9 
P 


H3CO’: 
H3CO 


Scheme 1. Exchange equilibria of trans-ZrCI,L,, cis-ZrCI,L,, and the free ligand 
(CH,O),PO. 


The proton-decoupled 31P spectrum of our sample (Fig. 1) con- 
sists of three singlets, which correspond to the phosphate reso- 
nances of the trans, cis, and free ligands, respectively. We may 
invert the trans resonance (source site A) selectively and apply a 
nonselective 90” monitoring pulse after a mixing time z, to 
excite transverse magnetization and observe the entire spec- 
trum. In the difference spectrum obtained by subtracting the 
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Fig. 1. Proton-decoupled 31P NMR spectrum of a sample of rrans-ZrCI,L,, cis-Zr- 
CI,L,, andfree ligand (CH,O)?PO in CDCI,. 


signals from an ordinary spectrum, the peak intensities decay 
asymptotically to zero for large z,. The sequence shown in 
Figure 2 a allows the in- 
tensity of EXSY cross- 
peaks to be measured in 
a selective one-dimen- 
sional fashion. As 
shown in Figure 3a-c 
obtained with this pulse 
sequence, one can readi- 
ly observe the migration 
of magnetization from 
the source site A (trans) 
to the target site X (cis), 
but also to the clandes- 
tine site K Vree). In the 
proposed modification 
of this experiment (the 
QUIET-EXSY experi- 
ment shown in Fig. 2 b), 


source 


b n 


source perturbins 


Fig. 2. Pulse sequences for two experiments: 
a) selective inversion experiment (selective 
EXSY) and b) quenching undesirable indirect 
external trouble in exchange spectroscopy 
(QUIET-EXSY). 


the longitudinal magnetization of the clandestine site K Vree) is 
selectively inverted in the middle of the mixing time. In Fig- 
ure 3d-f, this is indicated in shorthand notation by using an 
overbar (e.g.,fx) to symbolize the change of sign of the longi- 
tudinal magnetization. The same result could be achieved by a 
doubly-selective inversion of both the source and the target site, 
that is, tranS and Zi. This approach would also be effective if the 
resonance frequency of the clandestine free site were unknown, 
or indeed if there were an unknown number of invisible clandes- 
tine sites. In both cases, the transfer of magnetization from A 
(trans) to K (free) changes sign during the second half of z,, so 
that the net transfer is very small at the end of the mixing period. 
The magnetization thus behaves, to first order, as if there were 
no reaction from A (trans) to K (free), nor, for that matter, from 
K Cfree) to X (cis). The time-dependence of the signals reflects 
a simplified effective kinetic matrix, where only the interconver- 
sion of the A and X sites, that is, of the trans and cis isomers, 
seems to occur, as illustrated in Figure 3d-f. The remaining 
effective exchange matrix only has dimensions 2 x 2. One might 
say loosely that the conversion to and from the clandestine K 
site (i.e., to and from the free ligand) has been “decoupled” by 
selective inversion. A different effect, shown in Figure 3g-i, 
can be achieved if the roles of the target and clandestine sites 
are swapped, that is, if the target X is identified with the free 
site and the clandestine site K with the cis resonance. In 
this case, only the exchange between the trans and free sites 
should be observed, since the cis site should be “decoupled”. In 
spite of the inversion of the cis resonance 6, Fig. 3g-i), or 
equivalently the simultaneous inversion of both the trans and 
f x ,  the conversion of the magnetization from trans to cis 
(Fig. 3 h) is not completely suppressed because of second-order 
effects. 
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Fig. 3. Time-dependence of the 31P resonances of the mixture of Scheme 1 : a- 
c) difference spectra obtained with the sequence of Figure 2a by initially inverting 
the lram resonance (source site A); d-f) QUIET-EXSY experiments obtained with 
the pulse sequence of Figure 2 b by applying an additional selective inversion pulse 
to the free resonance (clandestine site K, inversion symbolized by overbar) in the 
middle of the 7, interval; and g-i) analogous QUIET-EXSY experiments, but 
swapping the roles of the sites K and X by using a selective inversion of the cis 
resonance (Cis. now clandestine site K) in the middle of the 7, interval. 


The isolation of a reaction pathway can be understood with 
the help of numerical simulations of the behavior of magnetiza- 
tion in the presence of chemical exchange as descGbed by a set 
of coupled differential Equations (1) , l Z 6 ]  where AM(t) describes 


m- d&(z ) - L A ~ ( T , )  
dt 


the deviation of longitudinal magnetization from thermal equi- 
librium, and L ( = K-R) is a matrix describing all incoherent 
processes taking place during the mixing time T,,,, which is given 
by the difference of the kinetic matrix K describing exchange 
and the relaxation matrix R.rz61 The set of differential equations 
has the formal solution shown in Equation (2), which allows 


A@(T,) = exp{Lt,,,}A@(O) (2) 


one to simulate the evolution of magnetization during the two 
halves of the mixing time of the QUIET-EXSY sequence of 
Figure 2 b and during the selective pulses (Fig. 4). These simula- 
tions were carried out for a three-site system [Eq. (3)] with rates 


=(-I! -:$ :::) 
1.0 -2.5 


(3) 


chosen for the sake of illustration; kii is given by Equation (4), 
where kij, also denoted ki+j, expresses the first-order rate con- 
stant of the reaction j -+ i. The relaxation matrix R was assumed 
to have R,, = 1 s - ’  and Rij = 0 s-’. Figure 4 shows the time 


kii = Ckji (4) 
j 9 i  


evolution of the longitudinal magnetization components in the 
course of three different experiments, namely, selective EXSY, 
QUIET-EXSY, and EXSY with continuous low-power irradia- 
tion of the clandestine site K throughout T ,  as proposed by 
Hoffman and F o r ~ e n . [ ’ ~ - ’ ~ ~  These curves show that the selec- 
tive EXSY experiment is strongly influenced by the clandestine 
site K. This makes the direct determination of the exchange 
rates difficult, since the indirect migration of magnetization 
through the perturbing site K is significant. On the other hand, 
the simulations of QUIET-EXSY including the effects of relax- 
ation during the selective pulses (using 180” Gaussian pulses of 
21 ms duration) are very close to the ideal case of complete 
saturation. For the magnetization of the target siteX in the 
three-site system considered, low-power irradiation of the per- 
turbing site K leads to identical results as perfect saturation, 
which was simulated by setting the longitudinal magnetization 
of site K to zero at all times. The oscillations apparent in Fig- 
ure 4c indicate that the two experiments are, however, not com- 
pletely equivalent. Moreover, from an experimental point of 
view, saturation is hard to achieve, it is difficult to assess its 
efficiency, and it is not easy to saturate perfectly n-2 sites simul- 
taneously when n is larger than three. On the other hand, the 
selective inversions proposed in this work are straightforward to 
implement and allow a two-site subsystem to be isolated from an 
arbitrary n-site system. 


Further manipulations might be needed if the exchange rates 
are fast on the timescale over which the mixing interval is sam- 
pled. In these cases, the “decoupling” effect achieved by a single 


a z i  t 


0 1 2 


0 1 2 - 
Zrn bl 


Fig. 4. Numerical simulations of the time-evolution of longitudinal magnetization 
components of a three-site system described by Equation (3) in the course of three 
different experiments: selective EXSY (- - -), QUIET-EXSY (-), and EXSY (...) 
with continuous saturation of the clandestine site K during rm. a) Decay of the 
magnetization of the source site A. b) Build-up curve for the target site X. c) Build- 
up curve for the clandestine site K. Note the transient oscillations for site K due to 
the nutation of the magnetization driven by the saturating field, which are damped 
by T,” assumed to be equal to kKK. 
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inversion pulse can be insufficient, because it is only effective to 
first order, as shown for example in Figure 3 h. In such cases, 
several consecutive inversion pulses can be used, for example at 
'/4zm and 3/42,, or more generally at [(2k + 1)/2n]zm with k and 
n integer, in analogy to QUIET-NOESY and related experi- 


~ 


0 i 2 


2m rslc 
Fig. 5. Numerical simulation for the time 
evolution of the longitudinal magnetization 
component of the target site X in the three- 
site system described by Equation (3). The 
curves represent QUIET-EXSY (-) with a 
21 ms 180" Gaussian inversion pulse at 1/27m 
as in Figure4b. QUIET-EXSY with two 
21 ms 180" Gaussian inversion pulses at '/ 
47m and 3/47, (- - -), and EXSY with contiu- 
uous saturation of the clandestine siteK 
throughout zm (. . .) . 


ments.[8. 19*201 If the 
number of selective inver- 
sion pulses inserted in the 
mixing period increases, 
the net effect tends to- 
wards what can be ob- 
tained by continuous 
saturation. This is con- 
firmed by the numerical 
simulations of Figure 5. 
The curves show that, 
with two inversions in- 
stead of one, the results 
are much closer to satura- 
tion. 


In the ZrC14L2 system, 
further insight can be ob- 
tained by initially invert- 
ing the magnetization of 
various L'source'' spins 
other than those of the 


trans resonance. This would amount to comparing cross-sec- 
tions taken from two-dimensional exchange matrices at differ- 
ent frequencies in the w1 domain. All curves shown in Figure 3 
can be fitted together in order to retrieve the exchange rates, as 
shown in Figure 6. 


These fits were obtained as described in the Experimental 
Section below. The pseudo first order rates determined at 250 K 
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1 
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Ge 
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- 
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free 


0 - 1.5 


7 m  tsl 
Fig. 6 .  Simulated time evolution of the three sites in ZrCI,L, corresponding to 
the matrix of Equation(5). The experimental data points are represented by 
circles. 


can be presented in the form of Equation (3) [Eq. (5 ) ] ,  where the 
errors have been estimated as discussed below. 


Ltrons, f l ( l"S Lrans.-eis Lt,."S+ f r e e  


L = L e i s t t r a n s  Lcis,cis L c i s + / w e  


LfreecrrDnS Lfreetcis  Lfve.2, f r e e  


- 1.47 +0.02 3.32+0.20 0.138 +0.006 
0.71 +0.20 -3.63f0.15 0.018+0.005 


0.431 k0.006 0.270k0.005 -0.220k0.006 


( 


Discussion 


Exchange matrices, in contrast to the relaxation matrices 
which describe cross-relaxation, are generally asymmetrical, 
as the equilibrium populations are unequal. Furthermore, 
the "kinetic window" of possible exchange rates is far 
wider than the typical range of cross-relaxation rates. One 
of the chief motivations in developing our technique was the 
wish to measure slow exchange rates that tend to be overshad- 
owed by faster competing processes. Selective experiments 
should allow exchange rates to be determined with improved 
accuracy. 


The idea of continuous saturation has been proposed in the 
original work of Hoffman and F~rsCn[ '~ -  15] and biophysical 
implications have been discussed by Spencer et al.[271 Proper 
saturation (as opposed to inhomogeneous scrambling of the 
magnetization) is, however, difficult to achieve, since it can only 
be obtained on a timescale on the order of T, . Thus, the use of 
selective inversion pulses as in QUIET-EXSY allows faster ex- 
change processes to be investigated, which are not be accessible 
to traditional methods involving saturation. 


In systems with more than three sites, it is generally not pos- 
sible to "decouple" all undesirable sites with a simple 
monochromatic inversion pulse, unless they happen to be de- 
generate. With QUIET-EXSY experiments, one has the option 
of simultaneously inverting all sites K, K ,  . . . that should be 
excluded, or simultaneously inverting the two sites A and X 
that one wishes to investigate. For the rates of Equa- 
tion (3), numerical simulations show that the build-up plots 
are virtually indistinguishable, even when exchange and relax- 
ation during the pulses are taken into account. Doubly selec- 
tive inversion can easily be achieved by using cosine-modulated 
pulses.[8*2B1 The inversion of the two sites A and X 
makes it possible to suppress competing processes regardless 
of the number of clandestine sites. This stands in contrast 
to earlier methods for the suppression of unwanted pro- 
cesses.[13-17.29~ 


Conclusions 


The QUIET-EXSY method presented in this paper allows 
one to focus on a particular reaction pathway of interest, 
without needing to investigate the whole exchange net- 
work. This opens possibilities for the determination of ex- 
change rates in systems where some of the perturbing sites 
may not be known. Because the new methods involve selec- 
tive inversion pulses, they are more versatile than traditional 
saturation methods, and the outcome of the experiments is 
less prone to artefacts due to sample heating or incomplete 
saturation. 
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Experimental Section 
The sample was prepared as described by Merbach and co-workers [24,25] by 
mixing appropriate quantities of ZrCI, (0.12 mol) and trimethyl phosphate 
(CH,O),PO (0.54 mol) in CDCI, under a dry nitrogen atmosphere. The proton- 
decoupled ,'P NMR spectrum of the sample measured at 250 K, 121.5 MHz, and 
atmospheric pressure with a Bruker MSL 300 spectrometer (Fig. 1) consists of three 
singlets at relative offsets of 0, 83, and 791 Hz, which correspond to the phosphate 
groups of truns-ZrCI,L,, cis-ZrCI,L,, and the,free ligand (CH,O),PO, respectively, 
with relative integrals of 4.7: 1: 14.8. 


The initial selective inversion (Fig. 2) was achieved by a Gaussian pulse truncated 
at 2.5% with a 180" nutation angle and 21 ms duration. The inversion profile of a 
Gaussian pulse is very sharp, but suitable for singlets. If multiplets with a finite 
width must be inverted, it is advisable to use shaped pulses with a "top hat" profile 
such as Q3 or I-BURP-2 pulses [30,31]. However, for a given selectivity, more 
sophisticated shaped pulses tend to have longer durations than Gaussian pulses and 
are therefore less suitable for studying fast exchange processes. In this example, the 
180" Gaussian pulse turned out to be useful to invert separately the trans and the cis 
sites which are only 83 Hz apart at a static field of 7 T. In QUIET-EXSY experi- 
ments (Fig. 2b), the longitudinal magnetization of the clandestine site K was selec- 
tively inverted in the middle of T,. For a three-site system, it is immaterial whether 
the selective inversion is applied to the clandestine site or simultaneously to the 
source and target sites. In the more general case of a system with n sites, it is 
preferable in practice to invert both the source and the target sites. This can be 
achieved by modulating the shape of the selective inversion, say a 180" Gaussian 
pulse; by a cosine function with a frequency equal to half the chemical shift differ- 
ence, provided the carrier is set midway between the two shifts [28]. Although this 
approach requires the use of a different frequency modulation scheme for every pair 
of sites, it has the advantage that it does not presuppose knowledge of the chemical 
shifts of the clandestine sites. In Figure 2, the rectangular pulse represents a nonse- 
lective 90" pulse. Both sequences are combined with proton decoupling, and differ- 
ence spectroscopy is applied by selectively inverting the source site A in odd tran- 
sients only and subtracting signals obtained without initial selective inversion in 
even transients. 


The spectra of Figure 3 were obtained with the pulse sequences of Figure 2 with an 
initial 180" Gaussian of 21 ms duration. The three resonances were observed after 
a nonselective 90" pulse of 22 p. Only three narrow windows (20 Hz wide) are 
shown for each T, value. The mixing time T, was incremented from 0 to 1.5 s. For 
all three series of spectra, the trans resonance was used as a source site. In the 
QUIET-EXSY experiments (pulse sequence of Fig. 2 b) of Figure 3d-i, an addi- 
tional selective inversion pulse was applied to the clandestine site K, that is, at the 
/ w e  resonance in the middle of the T ,  interval (inversion symbolized by overbar on 
,@). The conversion of magnetization from the source site A to clandestine site K 
is completely inhibited, although the chemical reaction from A to X proceeds unhin- 
dered. For clarity, the vertical scales of the plots were amplified with ratios 1 :5:2 in 
a-c and 1:3:1.2 in d-f and g-i. 


The simulations of Figures 4-6 were obtained with routines written with the MAT- 
LAB program [32]. Numerical simulations in Figure 4 show the evolution with time 
of longitudinal magnetization components of a three-site system described by Equa- 
tion (3) in the course of three different experiments: l )  selective EXSY with the 
pulse sequence of Figure 2 a simulated with an initial 21 ms 180" Gaussian inversion 
pulse, which gives the same r,-dependence as a series of two-dimensional EXSY 
spectra; 2) QUIET-EXSY with the sequence of Figure 2 b with an initial 21 ms 180" 
Gaussian inversion pulse and a second 21 ms 180" Gaussian inversion pulse at 1/2q,,; 
and 3) EXSY with continuous saturation of the clandestine site K during T,. The 
simulations take into account relaxation and exchange effects during selective puls- 
es. For Figures 4 and 5, the chemical shifts were assumed to be 300 Hz apart from 
each other. no scalar couplings were considered, and transverse relaxation and 
exchange occuring during the pulses were taken into account assuming T; = l/k,i 
defined in Equation (4). 


The fittings of Figure 6 were obtained with a nonlinear SIMPLEX algorithm ap- 
plied to Equation (2) in which the matrix exponentials were calculated via eigen- 
values and eigenvectors. The matrix R, or a submatrix thereof, was fitted to the 
experimental data. Independent fits were obtained for the same experimental data 
by using the SIMPLEX algorithm from the MINUIT package [33], yielding nearly 
identical results, but with the error estimates given in Equation (4). 
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Ruthenium-Catalyzed cis-Dihydroxylation of Alkenes : Scope and Limitations 


Tony K. M. Shing,* Eric K. W. Tam, Vincent W.-F. Tai, Ivan H. F. Chung, and Qin Jiang 


Abstract: Oxidative ruthenium catalysis 
(0.07 molequiv RuCl,.(H,O),, 1.5 mol- 
equiv NaIO,, EtOAc/CH,CN/H,O 
3 : 3 : 1) , beyond the usual C - C bond 
cleavage to give dicarbonyls, has been 
shown to syn-dihydroxylate a wide range 
of alkenes (except for strained bicyclic 
alkenes, sterically hindered trisubstituted 
alkenes, and most tetrasubstituted alke- 
nes) to give vicinal diols rapidly (within 
minutes) and efficiently. The minor prod- 
ucts are the usual oxidative fission prod- 
ucts, namely, ketones and aldehydes or 


carboxylic acids, and sometimes ketols. 
Longer reaction times lower the yields of 
most diols, probably owing to oxidative 
glycol cleavage. Reactions with substrates 
containing one or more electron-with- 
drawing groups in conjugation with or ad- 


jacent to the alkene moiety are generally 
slower but give better yields. The 
diastereoselectivity of the present “flash” 
dihydroxylation, anti to the existing a- 
stereogenic center, with cycloalkenes is 
excellent whereas that with acyclic alkenes 
is moderate to poor. Sodium metaperio- 
date is still the best co-oxidant for the cat- 
alytic reaction. Aqueous acetonitrile (ap- 
proximately 86%) as an alternative 
solvent system was found to give better 
yields of 1,2-diols than the original sol- 
vent system in some cases. 


Introduction 


The direct addition of hydroxy groups to alkenes to form syn- 
1 ,2-diols is an important functional-group conversion in organ- 
ic synthesis and is commonly performed with potassium per- 
manganate or osmium tetroxide.[’] The dihydroxylation 


ally accompanied by problems of overoxidation and alternative 
a-ketol formation, whereas that involving osmium tetroxidet3I is 
expensive and toxic. Despite its inherent problems, osmium 
tetroxide (used in stoichiometric or catalytic amounts) remains 
the most reliable and popular reagent.131 Ruthenium and osmi- 
um belong to the same group in the periodic table and their 
oxides are expected to behave similarly. Although the use of 
ruthenium tetroxide for organic functional group transforma- 
t i o n ~ [ ~ ]  including oxidative fissiont5] of olefins to give ketones 
and aldehydes or carboxylic acids has been well recognized, 
there are only scattered reports concerning dihydroxylation of 
olefins mediated by ruthenium tetroxide. For example, Snatzke 
and Fehlhaber described the reaction of unsaturated steroid 1 
with ruthenium tetroxide to give diketone 2 as the major 
product and a small amount of diol 3 (Scheme 1) .t6] Sharpless 
and Akashi reported on the first successful stereospecific cis-di- 
hydroxylation of (E)-  and (2)-cyclododecene with RuO, at 
- 78 “C (ca. 20 % yield in each case), but they commented that 
this was not a practical route to diols because of poor 
Recently, Sica and co-workers studied the ruthenium tetroxide 


protocol involving aqueous potassium permanganatet’] 1s ‘ usu- 


I*] Dr. T. K. M. Shing, E. K. W Tam, V. W-F. Tai, 1. H. E Chung, Q. Jiang 
Department of Chemistry, The Chinese University of Hong Kong 
Shatin (Hong Kong) 
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OAC OAc OAc 
1 (67%) 2 (12%) 3 


Scheme 1. Reaction of unsaturated steroid 1 with RuO,. 


oxidation of a number of trisubstituted steroidal alkenes and 
observed that the reaction products consisted of a mixture of 
a-ketols, 1 ,2-diols, and sometimes epoxides.t8 - The example 
that gave the best yield of vic-diol is shown in Scheme 2, in which 
cholesteryl acetate (4) was treated with a stoichiometric amount 
of ruthenium tetroxide (prepared from RuO, and NaIO,) in 
aqueous acetone to give ketol 5[”] and diol 6 in 60 and 32% 
yields, respectively.[*] 


4 R CaH1, 
7 R = O A c  


- & i 7 +  Mi’ 
ACO AcO : : 


(60%) 5 (32%) 6 


HO 0 HO AH 


Scheme 2. Reaction of cholesteryl acetate (4) with RuO, in aqueous acetone 


In 1981, the Sharpless group reported[”] an improved proce- 
dure to cleave alkenes and to oxidize a range of functional 
groups with a catalytic amount of ruthenium tetroxide and a 
stoichiometric amount (< 2 equiv.) of sodium metaperiodate in 
a biphasic solvent system (CC14/CH,CNt’31/H,0 in a ratio of 
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Fig. 1. Reactions of RuO, with different substrates. 
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N3 


2:2:3). This experimental protocol has since been employed for 
the oxidative fission of alkenes['', and d io l~ , [ '~ ]  and for the 
oxidation of primary alcohols,['61 phenyl,['2* ''I furan,[l8I and 
thiophene[""] rings to carboxylic acids, of ethers to esters,[''* 191 


of acetylenes to 1,2-diketone~,~'~] and of cyclic sulfites to cyclic 
sulfates["] (Fig. 1). As an extension of Sharpless's work, we 
recently communicated the first practical and rapid syntheses of 
cis-vicinal diols from alkenes by ruthenium catalysis.["' In this 
paper, we report the scope and limitations of the flash dihydrox- 
ylation protocol in detail. 


Results and Discussion 


We found that, if we used a biphasic solvent system of ethyl 
acetate or carbon tetrachloride, acetonitrile, and water in a ratio 
of 3:3:1 in the presence of 0.07 molequiv of RuC13.(H,0)3[231 
and 1.5 molequiv of NaIO,, and ran the reactions at 0-5 "C, 
very rapid dihydroxylation (within minutes) of alkenes (except 
for strained bicyclic alkenes, sterically hindered trisubstituted 
alkenes, and some tetrasubstituted alkenes, vide infra) gave syn- 
diols in good-to-excellent yields. The minor products were the 
usual oxidative fission products, that is, ketones and aldehydes 
or carboxylic acids, and sometimes ketols. Longer reaction 
times led to more dicarbonyl formation owing to oxidative gly- 
col cleavage[241 by sodium metaperiodate. A loading of 7 mol % 
of RuCl,.(H,O), gave the best yields in most cases. Further 
decrease in the amount of catalyst (longer reaction times) result- 
ed in competitive glycol cleavage. Like Sharpless,['2] we found 
that dihydroxylation reactions failed or were incomplete in the 
absence of acet~nitri le,[~~I which was crucial in maintaining the 
catalytic cycle. 


Our results, shown in Tables 1 and 2, indicate that the proce- 
dure worked well with a wide range of alkenes. Simple mono- 


and disubstituted olefins (Table 1, entries 1-5) were particularly 
reactive and the reactions had to be quenched within 30 s since 
prolonged reactions led to diminished yields (vide supra). For 
example, if the reaction of cyclooctene was allowed to run for 
3 min, the cis-diol was obtained in 42 % yield (c.f. Table 1, en- 
try 4), and the by-product was mainly octanedial. Although 
trisubstituted alkenes (except for some sterically hindered ones) 
also afforded vicinal diols in good yields within minutes, the 
dihydroxylation reactions of most tetrasubstituted alkenes were 
sluggish, and some of them displayed incomplete reactions 
(Table 2, entries 6-8). Our method of ruthenium-catalyzed di- 
hydroxylation failed to dihydroxylate cholesteryl acetate (4), 
androst-5-en-3B,17/?-diol diacetate (7), dihydrolanosterol ac- 
etate (8), bisflurylidene (9),  and biscyclododecylidene (10) 
(Fig. 2). Reactions of trisubstituted alkenes 4 and 7 stopped 
after two turnovers, whereas those of 8, 9, and 10 gave mainly 
carbonyls. Strained bicyclic alkenes also afforded appreciable 
amounts of scission products (Table 2, entries 4, 5) ,  which were 
sometimes preponderant; for example, norbornene (1 1) gave 
14% of the corresponding dial, only 8 %  of the diol, and 
58% of the starting material after 15 min. When the reac- 
tion was allowed to continue for longer, the dial was ob- 
tained as the only product. (1s)-a-Pinene (12) furnished only 
dicarbonyls after 3 min. The oxidative fission pathway in these 
cases was probably facilitated by the release of the ring-strain 
energy. 


4 1 7  ('1 h I 


AcO J $ T y & y J & @  \ / 11 12 


0 9 10 


Fig. 2. Alkenes that showed poor results with RuO,. 
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Table 1. Ruthenium-catalyzed cis-dihydroxylation of mono- and disubstituted alkenes. former solvent. For example, 
the reaction of cinnamyl acetate 
(23) or isophorone (31) in car- 


Entry Alkene Diol Time (rnin) % Yieldra] 


1 


2 


3 


4 


5 


6 


7 


8 


9 


10 


1 1  


12 


13 


14 


15 


16 


-OH 13 
bon tetrachloride furnished the 
diol 24 or 32 in 51 and 12% 


0.5 52 (58) yields, respectively (c.f. Table 1, 
entry 11 and Table 2, entry 2). 


The C=C double bonds in al- 
0.5 58 (72) lyl acetates, ally1 benzyl ethers, 


0.5 67 (54)1b1 


and a$-unsaturated ketones 
and esters all underwent facile 
cis-dihydroxylations within 
minutes. It appears that elec- 
tron-withdrawing groups con- 
jugated with or adjacent to the 
alkene moiety tend to slow 
down the reaction slightly, but 
these vicinal hydroxylations are 
still very rapid and hence can be 
regarded as "flash dihydroxyla- 
tions". We believe the retarda- 
tion of the reaction is at- 
tributable to the decrease in 
nucleophilicity of the double 
bond,[26a] the experimental 
evidence for which has been ob- 
tained for the analogous osmi- 
um tetroxide mediated dihy- 
droxylation.[26b1 It is note- 
worthy that most electrophilic 
alkenes gave excellent yields 
(Table 1, entries 15, 16; Table 2, 
entry 2). 


The diastereoselectivities of 
the dihydroxylation of di- and 
trisubstituted cyclohexenes are 
shown in Table 3. All the reac- 
tions were performed in 3 min 
except for entry 2 (30 s) and the 
yields are generally good. Cy- 


0.5 58 


M z H  17 0.5 70 


18 0.5 36 (51) 


3 65 19 


HO 


% 20 3 601c1 


AcovoAc 3 68 


3 76 BnovoBn 


24 


25 


3 69 (65) 


0"""" 68 


55 (69) 


clohexenyl acetate and cyclo- 
hexenyl benzyl ether (47) dis- 


3 77 (84) played good diastereoselec- 
tivities (entries 1, 2), favoring 
the diol anti to the existing 
stereogenic center. It is note- 
worthy that whereas syn-selec- 


3 85 


rcozEt 
/ C C 0 2 M e  


28 
Me02C ~ 


OH 


MeOZC C02Me 
\=/ 


HO 


Me02C+C02Me 29 
OH 


tivity was poor for the homoal- 
lylic system in 4-acetyl-l- 
methylcyclohexene (49), the ho- 
moallylic isopropyl group in 


3 90 (89) 


yields employing Method B. [a] Isolated yields employing Method A. [b] Values in brackets refer to isolated 
[c] Yield based on 33 % recovery of starting material. 


enone 52 directed good anti-se- 
Ie~tivity[~'] (entries 3, 4). Our 


protocol works well with more complicated systems containing 
a number of oxygen functionalities (entries 5-8) and exhibits 
excellent diastereoselectivities that appear to be controlled by 
the existing stereogenic center tl to the double bond (entries 7, 
8). The stereochemistries of the products were assigned by 
'H NMR spectroscopy. The reaction conditions are compatible 
with various protecting groups such as esters, acetals, and ben- 
zyl and silyl ethers. Entry 8 is particularly noteworthy, since the 
analogous dihydroxylation reaction with catalytic osmium 
te t r~x ide [~ ]  was disappointing and gave P-diol61, a-diol62, and 
the starting material 60 in 20, 10, and 60 YO yields, respectively 
(Scheme 3). 


Another limitation of the present protocol is the poor yield 
obtained when the diol product is highly water soluble (Table 1, 
entry 6), probably because of the concomitant oxidative glycol 
cleavage in the aqueous layer by sodium metaperiodate. This is 
also reflected in the results in entries 13 and 14; we believe the 
lower yield in the former case is due to the higher solubility of 
the diol in water. Other factors that affect yields are the rate of 
oxidation of the alcohol products to carbonyls by ruthenium 
catalysis and the rate of oxidative scission by sodium metaperi- 
odate. We also found that ethyl acetate used in the solvent 
system gave better yields than carbon tetrachloride, probably 
because of the superior solubility of the diol products in the 
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Table 2. Ruthenium-catalyzed cis-dihydroxylation of tri- and tetrasubstituted alkenes. found. Reactions in the presence of co-oxi- 
dants tert-butyl hydroperoxide, hydrogen 
peroxide, 4-methylmorpholine N-oxide, Entry Alkene Product(s) Time (min) yo Yield[a] 


-$?< OAc 


31 


4 
fl ,, OH 32 


P =  P 
( 55 : 32 : 13 ) 


( 49 : 51 ) 


w 39 
HO OH 


C02Me x C02Me 4' 


Meo2ca 
C02Me 


3 81 


3 64 


3 74 


trimethylamine N-oxide, sodium hypochlor- 
3 67[b] ite, potassium peroxodisulfate, sodium bro- 


mate, potassium hexacyanoferrate(m), or 
ceric ammonium nitrate did not afford any 
diols, whereas those listed in Table 5 (except 
for entry 1) furnished the diol 24 in poor 
yields. Periodic acid worked as well as sodi- 
um metaperiodate (entry I), but afforded 
slightly more scission products. 


An alternative solvent system of acetoni- 
trile and water in a ratio of 6: 1 was found to 
complement the existing solvent system and 
gave better results in some cases (see en- 
tries1-3,6,11, 13,14,and16inTableI and 
entries 6-8 in Table 2). 


3 63 Conclusions 


The ruthenium-catalyzed dihydroxylation of 
a wide range of alkenes with ethyl acetate or 


120 85 (Sl)['] carbon tetrachloride, acetonitrile, and water 
in a ratio of 3:3: 1 or with acetonitrile and 
water in a ratio of 6: 1 in the presence of 


45 49[dI (49)[e] 0.07 mol equiv of RuCl, . (H,O), and 
1.5 molequiv of NaIO, at 0-5 "C gave syn- 
diols rapidly and efficiently. Reactions with 
substrates containing electron-withdrawing 
group(s) conjugated with or adjacent to the 
alkene moiety were generally slower but gave 
better yields. Cyclohexene derivatives dis- 


3 92pl played better diastereoselectivities for syn-di- 
hydroxylation anti to the existing a-stereo- 


5 77111 F3} 


genic center than acyclic alkenei. Sodium 
metaperiodate is still the co-oxidant of choice 
and the alternative solvent system, approxi- 
mately 86% aqueous acetonitrile, was found 


[a] Isolated yields employing Method A. [h] Products isolated as a mixture of 1: 1 diastereomers. 
[c] Values in brackets referred to isolated yields employing Method B. [d] Yield based on 36% recovery 
of starting material. [el Yield based on 29% recovery of starting material. [fl Yield based on 12% 
recovery of starting material. 


BnO/@ 


60 - + 61 + 6 0  
H 0 ' " u " ' O B n  20% 60% 


OH 
62 10% 


Scheme 3. Dihydroxylation of alkene 60 with OsO, 


Table 4 shows the diastereoselectivities obtained in the dihy- 
droxylation of acyclic alkenes. Selectivities in general (except for 
entry 7 )  are inferior to those displayed by osmium tetroxide 
mediated dihydroxylation.['*] The stereochemistry between the 
newly introduced hydroxyl groups in the major product and the 
existing alkoxy or acetoxy group was confirmed as erythro by 
conversion of the major product into the known D-arabitol or 
D-ribitol pentaacetate. This result is in accord with the stereo- 
chemical outcome of the analogous osmium tetroxide reac- 
tions.[28] However, it is noteworthy that, in contrast to osmium 
tetroxide mediated dihydroxylation,t281 the present protocol 
shows better diastereoselectivities with trans-alkenes than with 
cis-alkenes. 


We have been seeking an alternative co-oxidant to sodium 
metaperiodate, but a satisfactory substitute has not yet been 


to give better yields of 1,2-diols than the orig- 
inal solvent system in some cases. Although 


the mechanism of the ruthenium-catalyzed dihydroxylation is 
not clear, the cis-stereochemistry of the resultant diols derived 
from cycloalkenes hints at a cyclic intermediate,"] supported by 
the isolationr"] of a cyclic ruthenium(v1) diester. Recent densi- 
ty-functional theory calculations on the reaction by Sharpless et 
al.[291 indicate, but do not prove, the intermediacy of a metal- 
laoxetane in a [2 + 21 mechanism. However, the classical [3 + 21 
mechanism cannot be ruled Further mechanistic infor- 
mation on the reaction is under active investigation and will be 
the subject of a future communication. Although there is not 
much documentation concerning the toxicity of RuO, , which 
may well be less potent than OsO,, RuO, is extremely volatile 
and a very powerful oxidizing agent. Consequently, RuO, 
should be treated as a serious health hazard. 


Experimental Procedure 
Melting points were determined with a Reichert apparatus and are reported in 
degrees Celsius (uncorrected). Optical rotations were measured with a JASCO DIP- 
370 automatic digital polarimeter operating at 589 nm. IR spectra were recorded on 
a Nicolet 205 FT-IR spectrometer. NMR spectra were measured on a Bruker 
WM250 spectrometer at 250.13 MHz ('H) or 62.89 MHz ( I T ) .  All chemical shifts 
were recorded in ppm downfield from tetramethylsilane on the b scale. Spin-spin 
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Table 3. Diastereoselectivity of ruthenium-catalyzed cis-dihydroxylation of cylcohexene 
derivatives [a]. 


Enlly Alkene Major Product(s) % YieldLb1 d.s.[cl - 


HO j' Hoe 53 


n 


OAC 


OTBDMS 


OAc 


80 


72 


82 


72 


71 


75 


86 


80 


91 : 9 


95 : 5 


67 ' 33 


9 1 : 9  


>95 : 5 


>95 : 5 


>95 : 5 


>95 : 5 


[a] All reactions run in 3 min except for entry 2 (30 s). [b] Isolated yields employing 
Method A. [c] Diastereoselectivity determined by 'H NMR spectral analysis. 


Table 4. Diastereoselectivity of ruthenium-catalyzed cis-dihydroxylation of acyclic 
( Z ) -  and (E)-alkenes [a]. 


Entry Alkenes 


I 
72 


Major pmduct 


$0 OH 


OaCO$4e OH 64 


fLOk 
OH 66 


% Yield d.s. 


75 68 : 32[bl 


78 60 : 4OP1 


OAz OH 
ACO&OAc 


OH BB 


+o OH 


OJ---,-CO$4e 
OH 


69 


f s o A c  
OH 


70 


OAc OH 
A K I A O A c  


OH 
71 


73 


85 52 : 4Bfc1 


€6 86 : 14['] 


82 72 : 2db1 


70 >95 : 5Pl 


[a] All reactions run in 3min employing Method A. [b] Ratio determined by 
'H NMR spectral analysis. [c] Ratio determined by isolation of products. 


Table 5. Co-oxidants for ruthenium-catalyzed cis-dihydroxylation of cin- 
namyl acetate (23). 


0 


23 74 


Entry Co-oxidant Conditions [a] Products 
(% yield) [b] 


23 24 74 


1 1.5 equiv HJO, O°C,3min 0 64 0 
2 ISequivDess-Martin periodinane 0°C-RT, 12h 70 3 10 
3 I equiv diacetoxyiodobenzene 0 "C-RT, 12 h 56 25 0 
4 1 equiv Oxonem O T ,  1.5h 64 6 10 
5 3 equiv 85 YO MCPBA, O°C,1.5h 61 7 4 


3 equiv 30% H,O, 


[a] All reactions carried out in 1 mmol scale employing Method A. [b] All 
reactions showed a trace amount of benzaldehyde. 


coupling constants (J) were measured directly from the spectra. EIMS were 
recorded on a VG 7070 F mass spectrometer. HRMS or carbon and hydrogen 
elemental analyses were carried out at either the Shanghai Institute of Organic 
Chemistry, the Chinese Academy of Sciences (China) or MEDAC Ltd, Depart- 
ment of Chemistry, Brunel University, Uxhridge (UK). All reactions were 
monitored by analytical thin-layer chromatography (TLC) on aluminum pre- 
coated with silica gel 60F,,, (E. Merck) and compounds were visualized with 
a 5 % wjv spray of dodecamolybdophosphoric acid in ethanol and subsequent 
heating. All columns were packed wet with E. Merck silica gel 60 (230-400 
mesh) as the stationary phase and eluted by flash chromatography [29]. All 
solvents were reagent grade. Ruthenium trichloride was purchased from 
Aldrich or MTM. Sodium metaperiodate was purchased from BDH. 
Cholesteryl acetate (4), androst-5-en-3/?,17b-diol diacetate (7), dihydrolanos- 
terol acetate (8), bisflurylidene (9), hiscyclododecylidene (lo), and 2,3- 
dimethyl-2-octene were kindly provided as gifts by Prof. K. B. Sharpless and 
Dr. B. King. Other reagents were purchased from commercial suppliers and 
used without further purification. 


General procedure for dihydroxylation of alkenes: 
Method A: To a vigorously stirred solution of the alkene (1.0 mmol) in EtOAcj 
CH,CN (6mL/6mL) at 0-5°C (icejwater bath) was added a solution of Ru- 
CI,.(H,O), (0.07 mmol) and NaIO, (1.5 mmol) in distilled water (2 mL). The two- 
phase mixture was stirred vigorously for 3 min and quenched with a saturated 
aqueous solution of Na,S,O, (10 mL). The aqueous phase was separated and ex- 
tracted with EtOAc (3 x 15 mL). The combined organic extracts were dried (Mg- 
SO,) and filtered. Concentration of the filtrate followed by flash chromatography 
afforded the diol. 
Method B: To a vigorously stirred solution of the alkene (1.0mmol) in CH,CN 
(12mL) at 0-5°C (ice/water bath) was added a solution of RuCI,.(H,O), 
(0.07 mmol) and NaIO, (1.5 mmol) in distilled water (2 mL). The mixture was 
stirred vigorously for 3 min, during which white inorganics precipitated. The sus- 
pension was filtered through a thin pad of silica gel, which then was washed with 
EtOAc (30 mL). Concentration of the filtrate followed by flash chromatography 
gave the diol. 


(f)-1,2-Decanediol (13): M.p. 41-42°C (ref. [30] M.p. 48-49°C). 


(+~fhreo-4,5-Nonanediol (14): R, = 0.64 (50% EtOAcjhexanes); IR (CHCI,): 
i = 2872,2958,3398 cm-'; 'HNMR(CDC1,): S = 0.88-0.97 (m. 6H), 1.35-1.70 
(m, 1OH),2.11 (brs,2H),3.41 (brs,2H);"CNNMR(CDCI3):6 = 1 3 . 9 ( ~ 2 ) ,  18.8, 
22.6, 27.8, 33.1, 35.6, 74.1, 74.4; MS (EI): m/e: 160 ( [ M + ] ,  3), 142 (2), 86 (100); 
C,H,,O, (160.3): calcd C 67.45, H 12.58; found C 67.16, H 12.61. 


cis-1,2-Cyclohexanediol(l5): M.p. 95-97°C (ref. [31] M.p. 95-96.5"C). 


cis-1,2-CyclnoctanedioI (16): M.p. 75-77°C (ref. [32] M.p. 76.5-78°C). 


(f)-2-Phenyl-1,2-propanediol (17) [33]: R, = 0.30 (50% EtOAc/hexanes); IR 
(CHCI,): i =1444, 1494, 3380cm-I; 'HNMR (CDCI,): 6 =1.45 (s. 3H). 3.06 
(brs, IH),  3.40 (brs, IH),  3.52 and 3.67 (ABq, J=11.3 Hz, 2H), 7.20-7.41 (m, 
5H); I3C NMR (CDCI,): S = 25.8, 70.6, 74.7, 125.0, 126.9, 128.1, 145.0; MS (EI) 
mje: 121 ([M+-311, 41), 43 (100). 


(f)-cis-2,~Dihydroxycyclohexanone (18): M.p. 75-77 "C; R, = 0.29 (EtOAc); IR 
(CHCI,): i =1716,3416cm-'; 'HNMR (CDCI,): 6 =1.86-2.15 (m. 4H), 2.29- 
2.42(m,1H),2.50-2.60(m,1H),2.67(brs,1H),3.93(d,J=2.7Hz,1H),4.15 


~ 
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(brs, 1 H), 4.41 (brs, 1H); 13C NMR (CDCI,): 6 = 21.0, 28.9. 39.0. 72.6, 77.4, 
209.8; MS (EI) mie: 130([M'], 19). 112 (32). 42 (100); C,H,,O, (130.1): calcd C 
55.37, H 7.74: found: C 55.32, H 7.80. 


eis-9,10Dihydr~9,10-phenanthreaediol(l9): M.p. 175- 176 "C (ref. 1341 M.p. 178- 
179 "C) . 


(*)-rhe*Hydrobenzoin (20): M.p 147- 149°C (ref. [3S] M.p. 117-118°C) 


(+~1,4-Di-o-acefyle~hritol (21): M.p. 91 - 93°C; R, = 0.40 (ElOAc); IR (KBr): 
V =1711. 1739, 3 3 4 7 ~ m ~ ' :  'HNMR (CDCI,): 6 =  2.12 (s .  6H), 3.25 (bfs, 2H), 
3.82 (s. 2H), 4.2?-4.32 (m, 9H): "C NMR ([DJacetone): b = 21.2, 67.0, 70.9, 
172.2; MS (EI) m/e: 207 ([M+ + 11, I ) ,  189 (12), 43 (100). 


(+)-1.4-Di-C)-beozylerytitol (22): M.p. 56-5XT: R, = 0.44 (SOYo EtOAc/hex- 
anes); tR (KBr): 5=1453, 3286, 34S3cm^l; 'HNMR (CDCI,): 6 =  2.72 (d, 
J =  3.6Hz. 2H), 3.62-3.65 (m. 4H) ,  3.83 (in, 2H), 4.54 (s, 4H), 7.28-7.35 (m, 
10H); "C NMR(CDC1,): 6 =71.1, 71.2. 73.5, 127.7. 12X.4, 137.8; MS (Ei)m/e: 
302([Mi],0.5), 211 (47),91 (100);C,LIH2104(302.4):calcdC71 50,H 7.33;found: 
C 71.58, H 7.33. 


(+)-~lveoSO-Acetyl-l-phcnylpropane-l,2,3triol (24): R, = 0.26 (50% EIOAc/ 
hexanes); IR (CHCI,): i = 1722, 1724,3450 cm-' ; 'H NMR (CDCI,): 6 = 2.06 (s, 
3H),3.03-3.07(m,2H),3.06(d. J- 4.1 Hz,lH),3.89-3.97(m,2H),4.04-4.14 
(m,1H),3.61(dd,J=3.4,6.1Hz,lH),7.28-7.40(m.5H); 13CNMR(CDCI,): 
6 = 20.6, 65.1, 73.8. 74.5, 126.6, 128.1, 128.5. 140.2, 171.2: MS (El) m k :  211 
([M' + 11. 2). 193 (19). 107 (100). 


(~~.~hreu-3-OBeozyl-l-phunylpropane-1,2,3-triol (25): 5M.p. 60-62 "C; R, = 0.44 
(50% EcOAc/hexanes);IR(KBr}:i. =1373.1452,3363.3453 cm- ' ; 'HNMR(CD- 
C1,]:6=2.80(brs, 1H),3.10(brs,lH/,3.41(dd,J=5.1.9.8Hz,lH),3.51(dd, 
I=3.4.9.XHz,  lH).3.79-3.87(m, lH).4.47and4.55(ABq, J=11.8€Jz.2H),  
4.72 (dd, J = 2.8, 6.4 Hz, I H ) ,  7.25-7.39 (rn, 10H); "C NMR (CDCI,): 6 = 7 1 . 1 ,  
73.6, 74.7, 74.8, 126.7, 127.8. 128.0, 128.5, 137.7. 140.6; MS (EI) m/e: 241 
([M'-17]. 2),215(64). 198 (100);C,,H,,O3(258.3):calcdC 74.40,H 7.02: found: 
C 74.34, H 7.03. 


(+_)-rhreo-Ethyl 2,WiydroxybutanoaCe (26) [31]: R, = 0.22 (50% EtOAcjhex- 
anes); IR (CHCI,): i=1734, 3436cm-I; 'HNMR (CDCI,): 6 =1.28 (d, 
J = 6.4 Hz. 3H), 1.29(t. J=7 .1  Hz. 3H).2.57(brs. 1 H).3.41 (brs, 1H),4.02(brsS 
IH) ,4 .06(brd,J=6.4Hz,1H) ,4 .26(q ,  J=~.!HZ.ZH);~~CNMR(CDCI,): 
6=14.0,19.3,61.8,68.6,74.6. 173.2;MS(EI)m/e:148([M+],44),128(25),76 
(100). 


(+)-fhreo-Ethyl L3-dihydruxy-3-phenylprop~noate (27): M.p. 5 5 -  57°C; R ,  = 0.40 
(50% EtOAcihexanes); IR (KBr): i ~ 1 6 9 7 ,  3453cm^', 'HNMR (CDCI,): 
6=1.23(1, J=7.1Hz,3H),3.07(brd,J=6.5Hz.lH),3.34(brd,J=5.9Hz, 
IH).4.22(q. J=7.1 Ht,2H).4.32(brs3 lH),4.97(brs, lH),7.28-7.40(m,SH); 
',C NMR (CDCI,): d = 14.0,62.1.74.6,74.X,l26.3.128.0, 128.4. 140.0.172.7; MS 
(El) mle: 210 ([M '1, 2I), 193 (74). 77 (100). 


meso-Dimethyl tartrate (2%): M.p. 112-3°C (ref. [35] M.p. 114°C) 


(+pDirnethyl tartrate (29): M.p. 78-SOT (ref. [3SJ M.p. 9 0 T ) .  


(~ ) -8 -Acetoxy-2 ,3 -d ihydroxy-2 ,~me~~locta~e  (30) (311: R, = 0.23 (50% 
EtOAc/hexanes); IR (CHCI,): B ~ 1 7 1 7 ,  1741, 3426 cm"; 'H  NMR (CDCI,): 
6 = 0.92(d,J= 6.1 Hz,3II)andO.93(d.J= 6.1 Hz.3H)arctheC6methylgroups 
of the diastereomers; I3C NMR (CDCI,): 6 == 19.2,19.5,20.8, 23.1,26.3,28.7,28.9, 
29.6, 29.9, 33.6, 33.9, 35.2, 35.5. 62.8. 73.0. 78.4, 78.8. 171.2; MS (El) mle: 233 
([M' + 11, 3). 70 (100). 


(.C )-eis-2,J-Dihydroxy-3,S,~(~e~y~yclohexnno~ (32): R, = 0.50 (50% EtOAc/ 
hexanes); 1R (KBr): 5 = 1709,3411 cm- ' ; 'H NMR(CDC1,): 6 = 1.09(s. 3 H), 1 .1 1 
(S.3H),1.36(~,3H),1.79(d,J=15.0H~,lH).1.93(dd, J=-2.2,15.OH~.lH).  
2.33-2.36 (m, 3H), 3.85 (brs. 1 H). 3.97 (brs. 1 H)r '3CNMR (CDCI,): d = 27.4, 
29.0,33.5.36.5,47.6,51.6,76.9.79.5,209.3: MS(E1fmje: 173((M+],2),114(32), 
43 (100); C9Hl,0, (172.2): calcd C 62.77, H 9.36; found: C 62.61, H 9.31. 


(~)-cis-2,3-Dibydroxy-3-methylcyclopentanone (33): M.p. 83 ~ 84°C; R, = 0.19 
(80% EtOAc/hexanes); 1R (CHCI,): i -1750, 3400cm-I; 'HNMR (CDCI,): 
b=1.43(~.3H).1.89(dt.J=lO.4,14.0H~,1H).2.15(ddd./=3.5,8.0,14.0H~. 
IH). 2.34-2.42fm. 2H). 2.74(brs, I H ) ,  3.60(brs, 1 H), 3.91 (d, J = 0.5 Hz. 1 H); 
"CNMR(CDCI,):6 = 25.0,30.5,31.7.75.3,81.6,216.1; MS(EI)m/e: 130([M*], 
18). 58 (100); C,H,,O, (130.1): cakd C 55.37, H 7.74; found: C 55.15, H 7.68. 


~l~-~la,2a,~,4ar)J-3,~,7-trimethylbicyclo~4.l.OJheptan~2,3diol (35): 2-Carene (34) 
(272.1 mg, 2 mmol) gave diol 35 as a white solid (139.4 mg, 41 %) together with a 
mixture of inseparable ketol 36 and keta-aldehyde 37 (110.5 mg. 33%). The ratio 
0137 to 36 was determined by 'H NMR to he approx. 1 :2.5. Data for diol35: M.p. 
59-61 "C; R, = 0.33 (50% EtOAc/hexanes); IR (CHCI,): C = 3400 cm"; 


[uiio = - 37.3 (C = 0.8, CHCI,); 'HNMR (CDCl,): 6 0.56(dd. J = 2.6,9.1 Hz, 
1 t i ) .  0.77 (t, J = 9.1 Hz, 1 H). 0.95 (s, 3 H), 1.06 (s, 3 H), 1.02- I .I6 (m. 1 H), 1.22 
(sr 3 H), 1.54- 1 .69 (m. 2H), 1.82- 2.00 (m, 2H), 2.14 (d, J = 8.0 Hz, 1 H), 3.1 7 (dd, 
J =2.6.8.0Hz,1H);'3CNMR(CDCI,):5=14.8,15.0,16.5,2U.0,25.7,26.5,29.0, 
34.2. 70.0.70.9; MS (EI) mje: 170 O M " ) ,  1); C,,H,,O, (170.3): calcd C 70.55, H 
10.66; found: C 70.43, H 10.72. 


~1S-(la,3a,Q,60)j-3,7,7-trimelhyfbicyclo~4.I.0)heptaoe-3,rMiol(3Y): M.p. 68 - 70 "C 
(ref. 1361 M.p. 70-71 "C); R, = 0.21 (50% ErOAc/hexanes); [m]? = f18.1 
(I. =1.66. CHCI,) (ref. (361 [a]? = +12.6 (c = 0.5. CHCI,)); IR (CHCI,): 
:=3380cm-'; 'HNMR(CDC1,): d=O.61 (dt.1=4.8, 9.SHz. 1H).  0.81 (d, 
J = 8.3 H2, I H), 0.88 (s, 3 H ) .  0.98 (s, 3H), 1.18(s. 3H), 1.24 (d, J = 4.4 HL 1 H). 
1 . 6 6 ( d d d , J = 8 . 3 , 9 . 5 , 1 4 . 5 H z , 1 ~ I ) . 1 . 9 0 ( b ~ ~ , 2 H ) , 2 . 0 2 ( d d , J = 7 . 3 , 1 4 . 5 H ~ .  
l t ~ ) . 2 . 1 1 ( d d , J = 4 . 4 , 1 4 . 5 H z , 1 H ) , 3 . 1 5 ( d d , J = 7 . 3 , 9 . 5 H ~ , 1 H ) ; ' ~ C N M R  
(CDCI,).d =15.3, 16.4. 17.5.21.1, 25.5. 27.0, 28.6, 29.7, 33.3, 70.2, 73.2; MS(E1) 
rnje: 170 ([M '1, 3), 152 (51), 109 (100). 


Pinacd (39): M.p. 34-35°C (ref. [37] M.p. 38°C). 


2,3-Dihydroxy-2,Mimelhyloetane (40) 1311: R, = 0.55 (50% EtOAc/hutanes); IR 
(CHCI,): i=3441c'm~';'HNMR(CDCI,):6=0.90(t,J=6.9Hz,3H),1.16(s, 
3€I),1.21(~,3H),1.22(s.3H),1.29-1.59(m,8H),2.00(brs,1H),2.21 (brs , lH);  
"C NMR(CDC1,):d =14.0, 20.9,22.7,23.5,24.6,25.0,32.6, 36.2,75.5,76.7;MS 
(EI)rn[e. 117 ((Mt-571,60). 


meso-Dimethyl 2,3ddimethyltarlrate (42): Dimethyl 2,3-dimethylmaleate [38] (41) 
( I  72 mg. 1 mmol) gave diol42 (132 mg, 73% based on 12% recovery of starling 
maleria1)as colorless needles: M.p. 47-48 "C; R, = 0.25 (50% EtOAc/hexanes); IR 
(CHCI,): i =l737, 3450cm-'; 'HNMR (CDCI,): 5 - 1.50 (s, 6H). 3.55 (brs, 
2k1), 3.78(s,6K); "C NMR(CDC1,): 6 = 20.2,52.8,78.6,174.5; MS(EI)tn/e: 207 
([M' f 1 1 , f ) .  43 (100); C,H,,O, (206.2): calcd C 46.60, H 6.84: found: C 46.38, 
H 6.81. 


(+)-Methyl cis-3,4dihydroxy-3,4ethylcyclohexane-lsarboxylate (44) and ( f )- 
methyl 2,7-dioxo-40ctawate (45): (k )-Methyl 3,4-dimethyl-3-cyclohexene-1 -car- 
boxylate 139) (43) (359.3 mg, 2.14 mmol) gave diol44 (345.8 mg, 80%) and biske- 
tone 45 (50.1 mg, 12%). both as colorless oils. 
Diol 44 R, = 0.24 (50% EtOAcjhexanes); IR (CHCI,): 3 = 1722, 3443 cm-'; 
' H  NMR (CDCI,): 6 = 3.65 (s. 3H) and 3.67 (s, 3 H) are the methoxy groups ofthe 
two diastereomers; I3C NMR (CDCI,): 6 = 22.6, 22.9, 23.4. 23.8. 24.0, 26.2, 35.0, 
35.9,38.2.38.4, 38.5.40.3.51.5,51.6,72.9,73.37 (x2) .  73.44,175.7,176.2; MS (El) 
m/e:  203 ([M' + 11. 8 9 ,  185 (90). 153 (100); C,UH,80, (202.3): calcd C 59.39, H 
8.97; found: C 59.33, H 9.04. 
Biskelone 45: R, = 0.24 (50% EtOAcIhexanes); IR (CHCI,): i =1716crn-'; 
'I-JNMR (CDCI,): 6 11.79 (brq, J=6 .4Hz ,  ZH), 2.12 (s. 3H), 2.14 (s, 3H), 
2.44-2.55(m,3H).2.77-2.86(m, lH).2.90(dd, J=8 .9 .  16.6Hz. IH),3.66(s, 
313); "C NMR (CDCI,): 6 = 25.3, 29.6. 39.2,40.6,45.0, 51.5.174.9, 205.9, 207.1; 
MS (El) mle: 201 ([Mt + 11. 3 ) .  168 ( 1 3 ,  43 (100); CloH,,O, (200.2): calcd C 
59 98. H 8.05; found: C 59.80, H 8.06. 


(1/2,3)-1-Acetoxy-2,3dhydroxycyclohexane (46) [281: Rf = 0.23 (50 % EtOAcihex- 
anes); 1R (CHCI,): i. -1722, 3450cm-'; 'H NMR (CDCI,): 6 = 1.23-1.55 (m, 
3 H ) .  1.64-2.06 (m, 3H). 2.07 (s. 3H). 2.86 (brs, l H ) ,  3.21 (brs, 1H). 3.55 (dd. 
J = 2.9, 9.0& I H). 4.06 (brs, 1 HI, 4.98 (dt, J = 4.5, 9.0 Hz, 1 H); NMR 
(CDCI,): 6 =18.0. 21.1, 28.8, 29.9. 69.8. 73.7, 74.0. 171.5. The diastereoselectivily 
(untr:syn = 91 :U) was determined by IH NMR spectral analysis of the correspond- 
ins Inacetate in C,D,. The reported ratio with osmium tetroxide was 5 :  1 [28]. 


(1/2,3)-l-Beazyloxy-2,3dihydroxycyclobexane (48) [W]:  1-Benzyloxy-2-cyclohex- 
ene (47) (188 mg, 1 mmol) gave diol 48 (158.7 mg, 72%) together with its cis- 
diastereomerf8.4 mg, 3%). both ascolorlessoils. Data fordiol48: R, = 0.20(50% 
Et,O/hexanes); IR(CHC1,): i = 3420 cm-';'HNMR(CDCl,): 6 = 1.22- 1.64(m, 
4 H ) .  1.81-1.88(m, lfI).2.05-2.11(rn, lH),2.6S(brs, 1H),2.95(brsI 1H),3.51 
(dd,J=2.9,8.6H~.lH),3.63(ddd,J=4.1,8.6,10.1H~,lH),4.08(dd,J=2.9, 
6.8 Hz. 1 H).4.45and4.67(ABqt J=11.5 Hz.2H). 7.25-7.35 (m, 5H); "C NMR 
(CDCl,): b =16.1.27.8, 29.5, 69.1. 70.6, 74.2,78.1, 127.2, 121.3, 128.0. 138.4; MS 
(El) m / e :  212 ( I M ' ] .  1). 91 (100). 


(1,2,4~Acelyl-l-methylcydohexane-l,2-diol (Sa)  and (1;2/4)4acetyl-l-metyl- 
cyclohexane-13-diol(51 a): 4-Acetyl-1-methylcyclohexene (49) (138.2 mg, 1 mmol) 
gave a mixrure of inseparable diols 5 0 m  and 51 a (140.0 mg, 81 %). The diastereose- 
lectivity (50a:51 a = 67:33) was determined by 'HNMR spectra analysis of the 
crude mixture. These diols (120 mg, 0.70 mmol) were acetylated under standard 
conditions to give their corresponding acetates 50b (77.4mg. S2%) and 51b 
(51.6 mg. 34%), both as colorless oils. 
Compound Sob: R, = 0.52 (EtOAc); IR (CHCI,): i - 1689, 1708, 3453 cm-'; 


1.99 (m, 6H), 2.11 ( 5 ,  3H), 2.16 (s. 3H), 2.45 (m, 1 H). 4.69 (dd. /=  4.9. 12.5 Hz, 
1H); "C NMR (CDCl,): 6 = 20.9, 23.0, 26.9, 27.7, 28.3, 36.8, 49.4, 69.8, 170.1, 
209.2; MS (El) mle: 214 ([M'], 2.4). 196 (8.4), 43 (100); C,,H,,O, (214.3): calcd 
C 61.66. H 8.47; found: C 61.32, H 8.51. 


'HNMR(CDC13):6=1.20(~,3H),1.45(ddd, 5=7.5.10.0,13.8Nz, 1H),  1.61- 
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Compound 51b: R, = 0.44 (EtOAc); IR (CHCI,): i ~ 1 7 0 8 ,  1739, 3466cm-'; 
'HNMR(CDCI3):S=1.21(s,3H),1.51-2.00(m,7H),2.09(s,3H),2.17(s,3H), 
2.67 (m, 1 H), 4.81 (dd, J = 3.5, 6.5 Hz, 1 H); I3C NMR (CDCI,): 6 = 21.2, 23.8, 
25.4, 28.1, 28.7, 34.2, 45.8, 70.5, 75.4, 170.3, 210.2; MS (EI) mje: 215 ( [ M +  + 11, 
26), 197 (100); CI,H,,04 (214.3): calcd C 61.66, H 8.47; found: C 61.31, H 8.57. 


(2R,3R,5R)-2,3-Dihydroxy-2-methyl-5-(methyle~yl)-l~yclohexanone (53) [27]: 
Enone 52 [41] (304mg, 2mmol) gave diol 53 (232mg, 62%) together with its 
diastereomer (23.4 mg, 6%). R, = 0.50 (25% EtOAc/hexanes); [a];' = + 30 
(c = 0.8, CHCI,): IR (CHCI,): i =1715, 3400cm-'; 'HNMR (CDCI,): 6 = 0.90 
(d,J=6.8Hz,3H),0.91 (d,J=6.8Hz,3H),1.36(~,3H),1.56-1.65(m,lH), 
1.70-1.76(m,lH),2.06(ddd, J=3 .5 ,  5.8, 14.4Hz,lH),2.10(m, lH),2.30(t ,  
J = 13.2 Hz, 1 H), 2.45 (ddd, J = 2.4, 4.1, 13.2 Hz, 1 H), 2.99 (d, J = 1.8 Hz, 1 H), 
4.03(t,J=3.0H~,1H),4.27(~,1H);'~CNMR(CDC1,):~=19.0,19.5,23.3,31.4, 
32.1, 39.4, 40.0, 76.1, 78.3, 210.0; MS (El) mje: 186 ([M'], 19), 169 (14), 143 (57), 
43 (100): HRMS (EI) calcd for C,,H,,O,: 186.1256, found: 186.1298. 


(1R,2R,3S)-3-0-Acetyl-5-benzoyloxymethyl-l,2-O-cyclohexylidene4cyclohexen-l, 
2,3-tnol (54): Selective benzoylation of the known (1 R,2R,3S)-1,2-O-cyclohexyli- 
dene-5-hydroxymethyl-4-cyclohexen-1,2,3-triol[42] at the primary alcohol followed 
byacetylationgavecompound54: M.p. 81-82°C; R, = 0.26(25% Et,O/hexanes); 
[a];'= + 6.9(c = 0.7,CHC13); IR(CHCI,):! =1723, 2936cm-';'HNMR(CD- 
Cl3):6=1.24-1.72(m,10H),2.07-2.17(m,1H),2.17(s,3H),2.50(dd,J=11.9, 
16.3Hz,lH),4.58-4.65(m,2H),4.78(brs,2H),5.19(brs,lH),5.84(brs,lH), 
7.40-7.46 (m, 2H), 7.52-7.59 (m, lH) ,  8.04-8.07 (m, 2H); I3C NMR (CDCI,): 
S = 20.9,23.6, 23.8, 25.1, 29.7,33.9, 35.6, 66.6, 69.7, 72.1, 74.2, 109.6, 124.2, 128.1, 
129.6, 130.0,132.8, 133.8, 166.0, 170.4; MS (EI) m/e: 386 ([M'], 38), 343 (82), 179 
(48), 124 (100); C,,H,,O, (386.4): calcd C 68.38, H 6.78; found: C 68.51, H 6.79. 


(1 R,2S,3S,4R,5R)-3-0-Acetyl-l-benzoyloxymethyl-4,5-O~yclohexylidene-l,2,3,4,5- 
cyclohexaoepentanol (55): Alkene 54 (53.2 mg, 0.138 mmol) gave diol 55 (39.2 mg, 
71%) as a white solid: M.p. 162-164°C: R, = 0.47 (20% Et,O/hexanes); 
[a];' = - 46.9 ( c  = 1.0, CHCI,); 1R (CHCI,): i = 1722,3450 cm-': 'H NMR (CD- 
Cl3):6=1.35-1.73(m,10H),1.90(dd,J=7.9,14.4Hz,1H),2.12-2.21(m,1H), 
2.18(~,3H),2.85(~,1H),2.98(d,J=4.8H~,lH),3.99(dd,J=4.8,9.9Hz,lH), 
4.20 (d, J=11.2Hz, lH) ,  4.44-4.49 (m, 3H), 5.29 (dd, J = 3 . 8 ,  9.9Hz, lH) ,  
7.42-7.48 (m. 2H), 7.56-7.62 (m, lH) ,  8.02-8.07 (m, 2H); I3C NMR (CDCI,): 
6 = 21.2, 23.6, 24.1, 25.1, 35.1, 35.2, 37.9, 68.8 (x2 ) ,  71.9 (x2 ) ,  73.6, 73.9, 110.3, 
128.5,129.8,133.5,117.0,171.2; MS (EI)m/e:  420 ([M'], 37). 377 (100); C,,H,,O, 
(420.5): calcd C 62.85, H 6.71; found: C 62.92, H 6.29. 


(1R,2R,3S)-3-0-ferf-Butyldimethylsilyl-5-benzoyloxymethyl-l,Z-O~yclohexylidene- 
4-cyclohexen-1,2,3-triol (56): Selective benzoylation of the known (1 R,2R,3S)-1,2- 
O-cyclohexylidene-5-hydroxymethyl-4-cyclohexen-l,2,3-tnol[42] at the primary al- 
cohol followed by silylation gave compound 56 as an oil: R, = 0.57 (20% 
Et,O/hexanes); [a];6 = +13.7 (c =1.7, CHC1,); IR (CHCl,): i =1722cm-'; 
'HNMR (CDCI,): 6 = 0.13 (s, 6H), 0.93 (s, 9H), 1.36-1.60 (m. lOH), 2.02 (d, 
J=16.0Hz,1H),2.44(d,J=16.0Hz,lH),4.20(s,1H),4.41(m,lH),4.51(m, 
1 H), 4.76 (s, 2H), 5.89 (brs, 1 H), 7.42 (m, 2H), 7.54 (m, 1 H), 8.06 (m. 2H): I3C 
NMR(CDCI,):6=4.5(~2),18.3,23.6,23.9,25.3,25.8,25.9,29.9,33.9,35.7,67.1, 
69.3,72.5,77.2,109.1,128.2,129.5,129.6,129.9,130.2,131.7,132.7, 166.1;MS(EI) 
m/e: 458 ([M'], 4.3); C,,H,,O,SI (458.7): calcd C 68.09, H 8.35: found: C 67.85, 
H 8.27. 


( 1 ~ , 2 ~ , 3 ~ , 4 ~ , 5 R ) - 3 - 0 - ~ e ~ ~ - B u t y l d i m e t h y ~ i l y l - l - b e ~ o y l o x y m e t h y l ~ , ~ O ~ y c l o h e ~ -  
ylidene-l,2,3,4,5-~yclohexanepentanol (57): Alkene 56 (60.9 mg, 0.133 mmol) gave 
diol 57 (49.3 mg, 75%) as a white solid: M.p. 116-117°C; R, = 0.31 (33% Et,O/ 
hexanes); [alp = - 22.2 (c =1.6, CHCI,); IR (CHCI,): i =1724, 3473 cm-'; 
'HNMR (CDCI,): 6 = 0.15 (s, 3H), 0.16 (s, 3H), 0.94 (s, 9H), 1.38-1.75 (m, 
10H),1.83(ddd, J=1.8,8.5,14.2Hz,lH),2.13(dd,J=6.2,14.2Hz,1H),2.60 
(d, J=1.8, lH) ,  2.62 (d, J =  2.3 Hz, lH) ,  3.91 (dd, J = 2.3,9.5 Hz, 1 H), 4.07 (dd, 


J=7.8Hz,  2H), 7.57 (t, J=6 .0Hz ,  lH) ,  8.05 (d, J = S . l H z ,  2H); I3C NMR 
(CDCIJ: 6 = - 4.3. -4.4, 18.2. 23.7, 24.1, 25.1, 25.9, 35.0, 35.5, 38.2, 68.8, 70.5, 
71.2, 72.0, 73.3, 76.3, 109.9, 128.4, 129.7, 130.0, 133.1, 166.5; C,,H,,O,SI (492.7): 
calcd C 63.38, H 8.18; found: C 63.38, H 8.21. 


J=3.75, 9.5Hz, IH),  4.25 (d, J=11.2Hz, l H ) ,  4.27-4.40 (m, 3H), 7.44 (t, 


(~R,2~,3R,4S,5S,6~-3-O-Acetyl-1,2-di-~be~yl-~benzyloxy~e~yl-l ,2,3,4,5-cy- 
clohexanepentanol(59): Alkene 58 [42] (86.6 mg, 0.184 mmol) gave diol59 (80.2 mg, 
86%) as a colorless oil: R, = 0.30 (67% Et,O/hexanes); [a]? = +13.9 (c =1.4, 
CHCI,); IR (CHCI,): i =1746, 345Ocm-'; 'HNMR (CDCI,): 6 = 2.10 (s, 3H), 
2.28 (m, lH) ,  3.51 (dd, J=9 .4 ,  10.1Hz, lH) ,  3.60 (dd, J = 8 . 6 ,  8.7Hz, l H ) ,  
3.92-4.02 (m, 4H), 4.42 and 4.84 (ABq, J= l l .OHz ,  2H), 4.51 and 4.69 (ABq, 
J = 11.1 Hz, 2H), 4.50 (s, 2H), 5.58 (dd, J = 3.5, 3.7 Hz 1 H), 7.17-7.43 (m, 1SH); 
'3CNMR(CDCI3):6=20.9,42.7,69.4,69.8,70.4,70.9,72.3,73.5,74.7,75.7,79.0, 
127.6, 127.7, 127.86, 127.93, 128.1, 128.3, 128.5, 137.7, 138.1, 138.5, 169.8; MS (EI) 
mje:416([Mi-90],3),310(23),91 (100);C,,H3,0, (506.6):calcdC71.13,H6.76: 
found: C 70.89, H 6.78. 


(1S,2S,3S,4S,5S)-1,2-Di-O-acetyl-3-O-benzyl-l-benzyloxymethyl-1,2,3,4,5~yclo- 
hexanepentanol(61): Alkene 60 1431 (1 5 mg, 0.035 mmol) gave diol61(13 mg, 80 %) 
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as a white solid: m.p. 127-128°C; R, = 0.30 (67% Et,O/hexanes); = + 21.9 


(dd,J=2.8,16.0Hz,lH),1.96(s,3H),2.03(s,3H),2.54(brs,lH),2.75(brs, 
1 H), 3.13 (dd, J = 2.7, 16.0 Hz, 1 H), 3.48 and 3.97 (ABq, J = 8.8 Hz, 2H), 3.62 
(dd , J=  3.2,9.2 Hz,lH),4.04(dd,J= 9.7,9.9 Hz,lH),4.1-4.2(m, 1H),4.36and 
4.47 (ABq, J=11.7Hz, 2H), 4.67 and 4.77 (ABq, J = l l S H z ,  2H), 5.27 (d, 
J=9.9Hz,1H),7.20-7.45(m,10H);MS(EI)m/e:367([Mt-91],18),261(100); 
C,,H,,O, (458.5): calcd C 65.49, H 6.60; found: C 65.03, H 6.44. 


(z)-(S)- and (E)-(S)-Methyl 2,3dideoxy-4,5-0-isopropylidene-~-g/ycer0-pent-2- 
enonate ( ( 0 6 3 )  and ((E)-63) [44]: Wittig reaction of o-glyceraldehyde acetonide 
I451 with Ph,P=CHCO,Me in CH,CI, gave 76 % yield of compounds (2)-63 and 
(E)-63 in the ratio 3:2. Compound (2)-63: [a];" = +126 (c = 2.4, CHCI,) 
(ref. [44c] [a];' = +122 (c =1.3, CHCI,)). Compound (E)-63: [a];, = + 45 
(c = 3.0, CHCI,) (ref. [44c] [alp = + 45 (c =1.1, CHCI,)). 


Methyl 4,5-O-isopropylidene-D-rihonate (64): R, = 0.40 (10% EtOH/CHCI,); 
[a]:" = + 10.6 (c = 10.5, CHCI,); IR (CHCI,): i = 1750, 3425 cm-I: 'H NMR 
(CDCI,): 6=1.36 (s, 3H), 1.42 (s, 3H), 2.81 (d, J = 8 . 0 H z ,  lH) ,  3.23 (d, 
J = 8.6 Hz, lH),3.75(m, lH),3.83(s, 3H),3.87(m, 1 H),4.05(dd,J = 6.6,8.0 Hz, 
1H),4.19-4.25(m,2H);'3CNMR(CDCI,):6 =25.2,26.2,52.4,65.9,72.3,72.7, 
75.5, 109.7, 172.7; MS (EI) mje: 205 ([Mt-15], 6). 101 (37), 43 (100). 


(~-l-~Acetyl-2,3-dideoxy~,5-~isopropylidene-~-g~ycero-~nt-2-enitol ((2)-65): 
The allylic alcohol (3.72 g, 23.6 mmol) obtained from the DIBAL-H reduction [46] 
of compound (21-63 was acetylated under standard conditions to give allyl acetate 
(2)-65 (4.33 g, 92%) as a colorless oil: R, = 0.26 (20% Et,Ojhexanes); 
[a];' = - 3.0 (c  = 8.8, CHCI,); IR (CHCI,): C =1741 cm-'; 'HNMR (CDCI,): 
6=1.36(s,3H),1.40(~,3H),2.03(s,3H),3.52(t,J=8.2Hz,lH),4.08(dd, 
J=6.4, 8.2Hz, IH),4.63-4.66(m, 2H),4.84(dd, 5=7.4, 13.8Hz, l H ) ,  5.58- 
5.74(m,2H); '3CNMR(CDCI,): 6 = 20.7,25.7,26.6,59.9,69.3,71.8,109.4,127.5, 
132.1, 170.3; MS (EI) mje: 185 ([M+-15], 14), 43 (100); C,,H,,O, (200.2): calcd 
C 59.98, H 8.05: found: C 59.96, H 8.02. 


(E)-l-~Acetyl-~,3-dideoxy~,5-O-isopropylidene-~-g/ycero-~nt-2~nitol (0-65): 
Similarly, the allylic alcohol (1.92 g, 12.1 mmol) obtained from the DIBAL-H re- 
duction I461 of compound (E)-63 was acetylated to give allyl acetate (E)-65 (2.33 g, 
96%) as a colorless oil: R, = 0.27 (20% Et,O/hexanes): [a]Y = + 32.2 (c = 8.2, 
CHCI,):IR(CHC13):i=1742cm-'; 'HNMR(CDC13):6=1.35(s, 3H), 1.39(s, 
3H), 2.03 (s, 3 H), 3.57 (t. J = 8.0 Hz, 1 H), 4.06 (dd, J = 6.2, 8.0 Hz, 1 H), 4.45- 
4.54 (m, 3H) 5.71 (dd, J =  6.9, 15.5 Hz, l H ) ,  5.86 (dt, J =  5.5, 15.5Hz, 1H); I3C 
NMR(CDC1,): 6 = 20.4,25.5,26.3, 63.5,69.0,75.8, 109.1, 127.3, 131.5, 170.0; MS 
(El) mje: 185 ([M+-15], 21), 43 (100): C,,H,,O, (200.2): calcd C 59.98, H 8.05: 
found: C 60.20, H 8.09. 


l-O-Acetyl-4,5-f%isopropylidene-D-ribitol (66): R, = 0.29 (60% EtOAc/hexanes); 
= + 9.3 (c  = 9.2, CHCI,); IR (CHCI,): 9 =1780, 3430 cm-'; 'HNMR (CD- 


Cl~):6=1.35(s,3H),1.43(s,3H),2.12(s,3H),3.01(d,J=4.1Hz,1H),3.23(d, 
J =  3.3 Hz, l H ) ,  3.58 (m, 1 H), 3.85 (m, l H ) ,  3.97 (dd, J =  5.7, 8.3 Hz, l H ) ,  
4.08-4.27 (m, 3H), 4.39 (dd, J = 5.7, 12.0 Hz, 1 H); I3C NMR (CDCI,): 6 = 20.8, 
25.1, 26.5, 65.1, 66.4, 71.3, 72.2, 76.6, 109.5, 172.0; MS (EI) m/e: 219 ([Mf-15], 
301, 201 (lo), 101 (100). 


( ~ - t , 4 , ~ - ~ r i - O - a c e t y l - 2 , 3 - d i d e o x y - ~ - g t y  ((2)-67) 1471: Ice-cold 
50% aqueous acetic acid (40 mL) was added to compound (Z)-6S (0.8 g, 4 mmol) 
in one portion and the mixture was stirred for 12 h at RT. The solvent was evapo- 
rated in vacuo and the residue flash-chromatographed (67% EtOAc/hexanes) to 
give the corresponding diol (595.2 mg, 93 %) which was then acetylated in CH2CI, 
(50 mL), pyridine (1.6 mL, 19.7 mmol). acetic anhydride (0.89 mL, 9.5 mmol), and 
a catalytic amount of DMAP. After aqueous workup and purification by flash 
chromatography (33% Et,O/hexanes), compound (2)-67 (862.2 mg, 95%) was 
obtained asacolorlessoil: R, = 0.57 (67% Et,O/hexanes); [a];, = -18.6(c = 8.7, 
CHCI,);IR(CHCI,): i =1745 cm-': 'HNMR(CDC1,):d =1.98(~,9H),4.02(dd, 
J =  6.9, 11.9 Hz, lH),4.12(dd.J= 4.0,10.6 Hz, lH),4.58-4.74(m, 2H), 5.45 (m, 
1H),5.63-5.75(m,2H);'3CNMR(CDCI,):6=20.4,20.5,20.7,60.0,64.4,67.8, 
127.6, 129.4, 169.6, 170.2 (x2); MS (EI) m/e: 244 ([M'], 0.5). 185 (3), 142 (100). 


(E)-1,4,5-Tri-~acetyl-2,3-dideoxy-~-g~cer~pent-2-enitol ((E)-67) [47] : Following 
the same procedure as described in the previous experiment, compound (E)-65 
(0.8 g, 4 mmol) was hydrolyzed to give the corresponding diol (631.7 mg, 99%) 
which was then acetylated to give compound (El-67 (905.5 mg, 94%) as a colorless 
oil: R, = 0.52 (67% Et,O/hexanes); [a]i4 = + 25.5 (c = 16.2, CHCI,); IR (CHCI,): 
i =1745cm-':'HNMR(CDC13):6 = 2.04(s,3H),2.05(~,3H),2.07(~,3H),4.04 
(dd, J = 7.0, 11.8 Hz, 1 H), 4.21 (dd, J = 3.7, 11.8 Hz, 1 H), 4.52 (brd, J = 5.4 Hz, 
2H),5.49(m,lH),5.69(dd,J=6.2,14.3Hz,lH),5.83(dt,J=5.4,15.5Hz,lH); 
'3CNMR(CDC13): 6 = 20.3,20.5,20.6, 63.3,64.4,70.8, 127.6, 128.5,169.5, 170.1, 
170.2; MS (EI) m/e: 244 ([M'], 0.5), 185 (37), 142 (100). 


1,4,5-Tri-O-acetyl-D-ribitol (68): R, = 0.61 (75% EtOAc/hexanes); [a];' = + 3.2 
(e = 5.7, CHCI,); IR (CHCI,): i =1729, 3450cm-'; 'HNMR (CDCI,): 6 = 2.05 
(s, 3H), 2.06 (s, 3H), 2.08 (s, 3H), 3.26 (brs, lH) ,  3.42 (brs, lH) ,  3.78-3.90 (m, 


( C  =1.0, CHCI,); IR (CHCI,): i =1737, 3450~m-' ;  'HNMR (CDCI,): 6 =1.73 
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2H), 4.17 (dd. J=5 .9 ,  11.8Hz, l H ) ,  4.24-4.32 (m, 2H), 4.43 (dd, J=3 .0 ,  
12.0Hz,lH),5.20(m,lH);'~CNMR(CDCI,):6=20.7(~2),20.8,62.6,65.4, 
70.2, 71.0, 72.1, 170.4, 171.2, 171.6; MS (EI) mje: 279 ([M' + 11, 17). 261 (100). 


Methyl 4,5-O-isopropylidene-o-arabinonate (69): R ,  = 0.43 (80 % EtOAc/hexanes); 
[a];' = + 8.0 ( c  = 2.0, CHCI,); IR (CHCI,): 5 = 1740, 3420 cm-' ;  'H NMR (CD- 
CI,): 6 = 1.32 (s, 3H), 1.40 (s, 3H), 2.96 (br s, 1 H), 3.58 (brs, 1 H), 3.79 (s, 3 H), 3.81 
(m, lH) ,  3.98-4.12 (m, 3H).  4.43 (brd, J =  4.0 Hz, 1H); NMR (CDCI,): 
6 = 25.1, 26.8, 52.7, 66.8, 70.5, 73.0, 75.1, 109.4, 173.8; MS (EI) mje: 205 
([M+-15], 16), 187 (18), 43 (100). 


l-O-Acetyl-4,5-O-isopropylidene-o-nrabito1(70): R, = 0.30 (60 % EtOAcjhexanes) ; 
[a];, = + 6.6 (c = 6.4, CHCI,); IR (CHCI,): G = 1740, 3425 cm-'; 'HNMR (CD- 
CI,): 6 = 1.34 (s, 3 H), 1.38 (s, 3 H), 2.09 (s, 3H), 2.73 (brd, J = 6.8 Hz, 1 H). 2.86 
(brd, J=4.7Hz,  lH) ,  3.53 (brs, lH) ,  3.95-4.01 (m, 2H),  4.06-4.15 (m, 2H), 
4.19-4.25 (m. 2H); I3C NMR (CDCI,): 6 = 20.8. 25.2, 26.7, 66.0, 66.6, 69.1, 71.6, 
76.0, 109.3, 171.3; MS (EI) mje: 219 ([M+-15], 6.3), 201 (21), 101 (100) 


1,4,5-Tri-O-acetyl-o-arabitol(71): R, = 0.60 (75% EtOAc/hexanes); [a]i4 = + 1.5 
( c  = 9.3, CHCI,); IR (CHCI,): i =1729, 3450 cm-'; 'HNMR (CDCI,): 6 = 2.03 
(~,3H),2.04(s,3H),2.05(s,3H),3.38-3.43(m,2H),3.62(m,lH),3.76(m,lH), 
4.12-4.16 (m, 2H), 4.23 (dd, J = 5.4, 12.3 Hz, 1 H), 4.47 (dd, J = 2.5, 12.3 Hz, 
1H),5.02(m,lH);'3CNMR(CDCI,):6=20.6,20.7,20.9,62.9,65.5,67.7,69.1, 
71.3, 170.8, 171.05, 171.1; MS (EI) mje: 279 ([M+ + 11, 5), 261 (35), 43 (100). 


1,2:5,6-Di-O-isopropyIidene-o-mannitol (73): Alkene 72 [48] (228.0 mg, 1 mmol) 
gave diol 73 (183 mg. 76%) as colorless needles: M.p. 113-115°C (ref. [49] M.p. 
1 19 - 120 "C) . 


Structural proof for the dihydroxylation products 64,66,68,69,70, and 71 : The major 
products from the dihydroxylation of compounds (E)-63, (E)-65, and (E)-67 were 
transformed into the same pentaacetate, which was equivalent to synthetic o-ara- 
bitol pentaacetate by the usual criteria. Similarly, the major products from the 
dihydroxylation of compounds (2)-63, (2)-65, and (2)-67 were proved to yield 
D-ribitol pentaacetate. Transformation of 64 and 69 into the pentaacetate was car- 
ried out in three steps: i) DIBAL-H THF, -40 "C; ii) AcOH/H,O (1: l ) ,  RT; and 
iii) Ac,O, pyridine, DMAP (cat.), CH,CI,, RT. Transformation of 66 and 70 into 
the pentaacetate was carried out in two steps: i) AcOH/H,O ( l : l ) ,  RT; and 
ii) Ac,O, pyridine, DMAP (cat.), CH,CI,, RT. Transformation of 68 and 71 into 
the pentaacetate was carried ont in a single step: Ac,O, pyridine, DMAP (cat.). 
CH,Cl,, RT. 
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Centropentaindan, a Fenestrane Bearing Five Mutually Fused Indan Units: 
Syntheses, Molecular Structure, and Bridgehead Substitution** 


Dietmar Kuck,* Andreas Schuster, Detlef Gestmann, Frank Posteher, and Hans Pritzkow 


Abstract: Syntheses, properties, and some 
reactions of a novel centropolycyclic hy- 
drocarbon, centropentaindan (1) , are de- 
scribed. The molecular structure of 1 con- 
sists of a tetrabenzo[5.5.5.5]fenestrane 
bearing a fifth centrically fused indan 
unit. Independent syntheses have been de- 
veloped employing i) twofold cyclodehy- 
drogenation of tribenzotriquinacene (7) 
with PdjC at 500 “C, which gives 1 in 50 % 
yield, and ii) a two-step procedure by te- 


trabromination of di-fuso-centrotriindan 
(8) followed by condensation with two 
molecules of benzene, which provides 1 in 
88 % yield. Some bridgehead-substituted 


centropentaindans are described, includ- 
ing the highly labile dibromo derivative 
19, and the centrohexacyclic, topological- 
ly nonplanar endo-peroxide 26 and endo- 
disulfide 28. The notably rigid ring fusion 
in the molecular framework of 1 is shown 
both by X-ray structural analysis and by 
particular steric interactions of the two 
mutually compressed bridgehead sub- 
stituents. 


Introduction 


In 1981, Gund and Gund showed that centropolycyclic organic 
structures built up from cyclopentane rings should be particu- 
larly stable.[’] At the same time, we designed synthetic routes to 
a new family of centropolycyclic hydrocarbons that consist of 
multiply fused indan units,[’] and, with regard to Gund and 


Gund’s terminolo- 
gy, we named this 
family the “centro- 
polyindan~”.[~, 41 
During the last 
decade, all mem- 
bers of this novel 


1 class of polycyclic 
(4“) arenes as well as 


many derivatives 


a 


investigation of the second highest congener, centropentaindan 


Two independent synthetic routes leading to 1 will be de- 
scribed in detail, and some spectral properties and the crystal 
structure of this parent centropolyindan 1 will be presented. In 
addition, we will discuss functionalization of one and both of 
the two benzhydrylic bridgehead positions of 1, and we will 
show that twofold bridgehead-substituted centropentaindans 
are accessible, in spite of the considerable steric interaction be- 
tween the two bridgehead substituents. This functionalization 
permits condensation reactions that convert the centropenta- 
cyclic, topologically planar skeleton of 1 into centrohexacylic, 
topologically nonplanar frameworks. 


(1) .[8=1 


Results and Discussion 
have been synthe- 
sized[3 - 81 includ- Structural and Synthetic concepts: Conceptually, centropen- 
ing the highest one, taindan (1) may be envisaged as a derivative of neopentane (3), 
centrohexaindan in which five pairs of nongeminal C-H bonds are substituted by 
(2).[4d. 7-81 In this ortho-phenylene groups. Thus, five of the six edges of a tetrahe- 
paper, we present dron defined by the four a-carbon atoms of 3 are bridged by 


2 the results of our benzene rings to give the 
structure of 1. The remaining 
nonbridged edge forms two 
benzhydrylic bridgehead PO- H,C L CH, 
sitions, which are 1,3-orient- 


larly rigid pentacyclic back- 
bone. Alternatively, 1 may 
be formally derived from 
centrohexaindan (2) by re- 
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Part 21, see ref. [7]. phenylene bridges.“] 5 6 
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From a geometrical point of view, the steric fit of the five- 
membered rings at the common center is almost perfect, since 
the bond angle at C 2  of indan is very close to the ideal tetrahe- 
dral angle (109 “28’). Therefore, any increase in strain with an 
increasing degree of centro-annulation should be rather small. 
Force-field calculations for the corresponding alicyclic ana- 
logues, the centropolyquinanes, corroborate the inherently low 
strain of “centropolycyclanes”, which comprise exclusively five- 
membered rings.“] 


Centropentaquinane (5)  and the corresponding olefin, cen- 
tropentaquinacene (6),  are not yet known by experiment. A 
report by Paquette et al.[9a1 summarized attempts to prepare the 
corresponding centrohexacyclic hydrocarbons;[’, lo] however, 
the most highly fused centropolyquinane yet obtained is a 
derivative of 5.[9a9 It is obvious that the construction of ali- 
cyclic compounds of so many rings fused around a common 
atom as in 5 and 6 must be obstructed by the steric congestion 
in the synthetic intermediates and by their tendency to escape 
from the desired cyclization path by rearrangement or fragmen- 
tation. The synthesis of centropolyquinacenes such as 6 repre- 
sents an even greater challenge, since it requires a particularly 
high degree of functionalization to eventually introduce the 
olefinic double bonds : hence these “centropolycyclenes” have 
remained elusive as well. The highest non-benzoannelated cen- 
tropolyquinacene known to date by experiment is all-cis- 
[5.5.5.5]fenestratetraene (“staurane-tetraene”) (4), synthesized 
by Cook, Weiss and co-workers.[121 


In the case of benzoannelated centropolyquinanes, several of 
these drawbacks are considerably reduced. First of all, the in- 
herent stability of aromatic substrates and use of the wealth of 
arene chemistry promised to be of great advantage. Hence the 
applicability of intramolecular electrophilic aromatic substitu- 
tion in construction of centrically fused bi-, tri-, and tetraindan 
systems has been documented in a number of cases. An efficient 
cyclodehydration strategy starting from 1,3-indandiones and 
1,3-indandiok allowed us to generate, in a single synthetic step, 
two new indan units fused to the original one. On that basis, 
several lower centropolyindans, for example 7,12* 4h1 8J2* 4k1 9)4iI 
and 10a,[4as k1 became accessible on a relatively large preparative 
scale. Di-faso-centrotriindan (€9, in particular, was easily ob- 
tained on a half-mole scale in three steps from indan-1,3-dione. 
The two centrotetraindans 9 and 10a appeared promising, in 
that only one further ortho-phenylene unit had to be incorporat- 
ed into their highly fused polycyclic backbone. In fact, twofold 
bridging of 10a with ortho-phenylene units by reaction of the 
tetrabromo derivative 10b with benzene furnished 2 in high 
yield.[4d,71 The synthesis of centropentaindan 1 from 9 or 10a 
suffers, however, from the difficulties encountered with the par- 
tial (single or double) bridgehead functionalization of these cen- 
tropolyindan~.[’~] Therefore, the route to 1 via 9 or 10 was not 
pursued experimentally. 


A more suitable basis for the preparation of 1 was found to 
be the centro-substituted tribenzotriquinacene 7.[4h1 While, as a 
tri-fuso-centrotriindan, this substrate has a lower degree of an- 
nulation and a relatively labile, exocyclic benzhydrylic C - C 
bond, it already provides all of the five arene rings required for 
the construction of the pentaindan ring system of 1. Here again, 
partial bridgehead functionalization (bromination) proved to be 
unsuccessful. Therefore, we sought to apply cyclodehydrogena- 
tion techniques to close the two new five-membered rings in one 
synthetic step (Scheme 1). 


Our first attempt concentrated on the use of quinones as 
dehydrogenating agents. In fact, we succeeded in synthesizing 1 
from 7 in a two-step, low-yield sequence (ca. 7 %) . To improve 
the conversion 7 +l, we then tried to apply direct cyclodehydro- 


- 2 CsHs 
t 4 H  


1 


9 1Oa (R = H) 


l o b  1Oc 1Od 
(R = B r  C1 Me) 


Scheme 1. Potential retrosyntheses of centropentaindan, 1. 


genation techniques, encouraged by recent examples of success- 
ful ring closure reactions by dehydrogenation in the dodecahe- 
drane 15] In fact, utilization of the standard palladium/ 
charcoal catalyst turned out to be surprisingly efficient. 


In addition, an independent and very efficient synthesis of 1 
has been accomplished in analogy to the particularly facile two- 
fold condensation of tetrabromofenestrindan (lob) with ben- 
zene to give centrohexaindan (2) .[4d* 71 Thus, by decreasing the 
number of ortho-phenylene units in the starting material 
using the readily available di-fuso-centrotriindan (8) (a “broken 
fenestrindan”), we synthesized the title centropolyindan 1 by 
the two-step bromination/condensation sequence in exceIlent 
yield. 


Centropentaindan by Cyclodehydrogenation with DDQ : 2,3- 
Dichloro-4,5-dicyano-para-benzoquinone (DDQ) has been 
used successfully as a particularly strong and versatile dehydro- 
genation agent.“ 6l Cyclodehydrogenation of hydrocarbons has 
remained relatively rare, however, and is limited to substrates 
bearing pairs of activated or particularly close C-H bonds. In 
most cases the reported yields hardly exceed 20 %. 


The twofold cyclodehydrogenation of 7 required particularly 
harsh conditions. Best results were obtained by using an approx- 
imately sevenfold molar excess of DDQ in high-boiling 
chlorobenzenes, for example, ortho-dichlorobenzene. The side 
reactions which also occurred were a drawback; in particular, 
chlorination of the remaining benzhydrylic bridgehead posi- 
tions as well as at the aromatic rings was observed (Scheme 2). 
Prolonged heating for several hours led to a mixture of products 
which, according to ‘H NMR and mass spectrometric analysis, 
consisted mainly of the 8 b-chlorocentropentaindan 11 a and 
several 8 b,aryl-dichlorocentropentaindans 11 b. 


Isolation of the centropentaindans by extraction of the com- 
plex reaction mixture followed by medium-pressure liquid chro- 
matography (MPLC) gave a mixture containing the chlorinated 
centropentaindans in up to 9 Yo yield. While the benzhydrylic 
C-CI bonds were reduced very readily with lithium aluminum 
hydride, as shown by mass spectrometry, the removal of the aryl 
chloro substituents required treatment with sodiumltert-bu- 
tanol in boiling Under these conditions, the mixture of 
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I l b  ( X  = Y = C 1 .  
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Scheme 2. Centropentaindan (1) by cyclodehydrogenation of 7 with DDQ. 


chlorocentropentaindans was completely reduced to 1 in > 7 YO 
overall yield from 7. 


Centropentaindan by Cyclodehydrogenation with Pd/C : In order 
to avoid the introduction of chlorine into the polycyclic frame- 
work of 1, alternative methods of cyclodehydrogenation were 
considered. Surprisingly, standard palladium/charcoal (Pd/C) 
catalyst['*] proved to be highly efficient for the direct conver- 
sion of 7 -+ 1 (Scheme 3 ) .  Heating of a finely powdered mixture 


15 (22 %1 i 


[I61 17 (21 %1 


Scheme 3. Centropentaindan (1) by cyclodehydrogenation of 7 with Pd/C. 


of 7 and PdjC to 500°C in a steel tube for 1 h resulted in the 
formation of a mixture of hydrocarbons containing 1 as the 
major product besides minor amounts of the corresponding 
product of single cyclization, 13-phenylcentrotetraindan (13), 
and two fragmentation products, tribenzotriquinacene (17) and 
diphenylmethane (15). MPLC was used to isolate 1 in 50% 
yield. The two fragmentation products 15 and 17 were obtained 
in similar yields (ca. 22 %). Interestingly, some starting material 
7 was isolated as well; this, together with the formation of 13, 
shows that the two cyclodehydrogenation steps occurred at 
comparable rates. Hydrogen atom abstraction from one of the 


bridgehead positions of 7 leads to the benzhydrylic radical 12 
which may either undergo cyclization and hydrogen abstraction 
to give 13 and, in a similar sequence, the title compound 1, or 
eliminate the diphenylmethyl radical (14) to give dihydrotriben- 
zoacepentalene (16). The latter, highly reactive intermediate has 
been generated recently from various tribenzotriquinacenes and 
found to dimerize by [2 + 21 cycloaddition across the central 
double bond.["] Under the reaction conditions used here, 
dimerization of 16 was suppressed by hydrogenation to give 
17.[4e9 h1 The homolytic C-C bond cleavage in 7 parallels the 
base-induced f r a g m e n t a t i ~ n ~ ' ~ ~ ]  of the same system but obvi- 
ously requires much harsher conditions. 


Centropentaindan by Condensation : The third synthesis of 1 is 
even more efficient than the cyclodehydrogenation route de- 
scribed above. It is based on readily available di-fuso-centrotri- 
indan, 8[4k1 (Scheme 4). Whereas, in general, partial bromina- 
tion of the benzylic and benzhydrylic positions is difficult with 


4 Br,, CC1, 
h v ,  A 


AIBr ,  
b e n z e n e  


88 % 
( f r o m  8) 


18 1 
Scheme 4. Centropentaindan (1) by condensation. 


8 and various other centropolyindans,[13. we found that 8 
was converted to the tetrabromo derivative 18 as a mixture of 
stereoisomers bearing one bromine atom at each of the benzylic 
and benzhydrylic positions. Tri- and pentabrominated triindans 
appeared to be formed as minor products only; but we were 
unable to separate or identify the stereoisomers because of the 
facile hydrolysis of the bromides. Inspection of molecular mod- 
els reveals that complete (i.e. sixfold) bromination of the central 
neopentane core of 8 would imply highly unfavorable 1,3-inter- 
actions within three pairs of bromine substituents and that the 
fourfold brominated triindans 18 in fact exhibit at least one such 
interaction. On the other hand, the 1,3-interaction is attenuated 
by enhanced torsion of the conformationally flexible di-fuso- 
centrotriindan framework of 8, as observed for several other 
centropolyindans as well (cf. lob, Scheme 5 ) . [ 4 a - c 9 f ; 5 b 9 c ; Z 1 1  


In the second step, crude tetrabromide 18 was treated with 
aluminum tribromide in benzene solution to achieve the con- 
densation with two solvent molecules. As in our first synthesis 
of 2 from 1Oa via the multiple Friedel-Crafts reaction 
of benzene with 18 took place with high efficiency, producing 1 
in a strikingly high two-step yield (88%) if the reaction was 
allowed to take place at ambient temperature over a period of 
several days. Thus, the bromination/condensation route is clear- 
ly superior to the two approaches described above, furnishing 1 
in 71 YO overall yield in five steps starting from 1,3-indandione. 
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Spectroscopic Properties of Centropentaindan : The electron-im- 
pact mass spectrum of 1 is dominated by the molecular-ion 
signal at an m/z of 442. As might be expected from its multiply 
fused carbon framework, no significant fragmentation of the 
molecular skeleton is observable; the most intense fragment ion 
peak (24%) corresponds to the loss of a hydrogen atom. It is 
noteworthy that the doubly charged molecular ion (m/z = 221) 
is formed with considerable relative abundance (ca. 13 %). The 
'H NMR spectrum reflects the C,, molecular symmetry of the 
title compound by several degenerate resonances, for example 
that of the two bridgehead protons (8bH and 16bH) at 
6 = 5.08. From symmetry considerations and comparison with 
the spectra of related higher centropoIyindan~,[~. 'I the arene 
resonances are easily assigned to the various ortho and meta 
protons. As expected, the 13C NMR spectrum of 1 exhibits only 
three resonances for the five quaternary carbon atoms of the 
central neopentane unit; the central carbon nucleus was identi- 
fied at 6 = 83.2.["] Two groups of doubly and quadruply degen- 
erate resonances are found for the arene carbon nuclei, again in 
line with the C,, symmetrical structure of 1. The UV spectrum 
of 1 is closely similar to those of the other centropolyindans. The 
low-energy (a) band is found at A,,,,, = 276.0 nm; this indicates 
a centropolyindan with conformationally rigid molecular 
framework owing to the presence of at least one triben- 
zotriquinacene 


X-ray Molecular Structure of Centropentaindan: The molecular 
structure of 1 was confirmed by a single-crystal X-ray diffrac- 
tion study (see Table 1 and Experimental Procedure). An 


Table 1. Crystallographic data and structure refinement for centropentaindan (1). 


empirical formula 
formula weight 
crystal system 
space group 


b (A) 
a (4 
c (A) 
v ('47 
z 
D (calcd) ( g ~ m - ~ )  
absorp. coef (mm-I) 
F(OO0) 
crystal size (mm) 


T (K) 
B range (") 
index ranges 
no. refl. collected 
no. indep. refls. 
absorption correction 
max. and min. transmission 
refinement method 
parameters 
GOF on F Z  
final R indices [1>2u(1)] 
(all data) 
absolute structure parameter 
extinction coefficient 
largest diff. peak and hole, e k  


(A) 


C36HZ4C1Z [CJSH22~CHZC121 
527.45 
orthorhombic 


14.637(2) 
16.906(3) 
2655.7(6) 
4 
1.319 
0.269 
1096 
0.4 x 0.3 x 0.3 
0.71070 
293(2) 
1.84-26.99 
O I f z 1 1 3 , 0 1 k I 1 8 , 0 1 / 1 2 1  
3210 
3210 * scan 
0.922 and 0.901 
full-matrix least-squares on F2 
367 
1.029 
R, = 0.046, wR2 = 0.107 
R, = 0.059, wR2 = 0.121 
-0.03(12) 
0.0068(9) 
0.150 and -0.166 3 


ORTEP diagram of the molecule of 1 is shown in Figure 1 and 
some selected bond lengths and angles are given in Table 2. The 
framework of 1 adopts a nearly C,, symmetrical conformation. 
Within this approximation, the fenestrane subunit is almost D,, 
symmetrical, bearing the additional 4 b, 12 b-phenylene bridge 
within a plane of symmetry, and both the two possible triptin- 
dan (propellane) subunits and the two possible (triben- 


Fig. 1. Thermal ellipsoid diagram of centropentaindan (1) 


Table 2. Selected bond lengths, bond angles, and torsion angles for centropenta- 
indan. 1. 


Bond lengths (A) 


C(16 d) - C(4 b) 1.563(4) C@b)-C(Sa) 1.511(4) 
C( 16 d) - C(8 b) 1.552(4) C(8b)-C(8c) 1.509(4) 
C(16 d) - C( 12 b) 1.557(4) C(12b)-C(12a) 1.526(4) 
C(16d)-C(16b) 1.549(4) C(12b)-C(12c) 1.523(4) 
C(4 b) - C(4 a) 1.523(4) C(12 b)-C( 17) 1.525(4) 
C(4 b) -C(4c) 1.523(4) C(16 b) -C( 16 a) 1.508(4) 
C(4 b)-C( 18) 1.526(4) C(16 b)-C( 16c) 1.512(4) 


Bond angles (") 


C(4 b)-C(16 d)-C(8 b) 107.7(2) C( 16 b)-C(16 d)-C(4 b) 107.4(2) 
C(8 b)-C(16 d)-C(12 b) 107.5(2) C(4 b)-C(16d)-C(12 b) 107.7(2) 
C(12b)-C(16d)-C(16b) 108.2(2) C(Sb)-C(16d)-C(16b) 118.0(2) 


Torsion angles (") 
~- 


C(4a)C(4 b)C( 16d)C(16 b) 4.9(3) C( 12a)C(12 b)C(16d)C(8 b) 6.1(3) 


C(18)C(4 b)C(16d)C(12 b) 0.8(3) C(17)C(12 b)C(16d)C(4 b) 0.8(3) 
C(8a)C(Sb)C(l6d)C(4b) OS(3) C(16a)C(16b)C(16d)C(12b) 0.3(3) 


C(4c)C(4 b)C(16d)C(8 b) - 1.5(3) C(12~)C(12 b)C(16d)C(16 b) -0.8(3) 


C(8 c)C(8 b)C(16 d)C(12 b) -6.1(3) C(16~)C(16 b)C(16d)C(4 b) - 5.6(3) 
H(8 b)C(8 b)C(16d)C(16 b) -0.9(19) H(16 b)C(16b)C(16d)C(8 b) -4.5(20) 


zo)triquinacene subunits are nearly C,, symmetrical (Fig. 2). 
Most remarkably, the unbridged angle at the central carbon 
atom CC(8 b)-C(16d)-C(16b) is widened to 118.0", whereas the 
(phenylene-bridged) counterangle X C(4 b)-C(16 d)-C(12 b) and 
the remaining four C-C-C angles (107.4-108.2") are close to the 
value of an ideal tetrahedrally coordinated center (Table 2). 
Within the set of the four central C-C bonds and within the sets 
of those C-C bonds connecting the bridgehead carbon atoms to 
the arene rings only slight but systematic differences are found : 
bonds involving the triphenylmethyl carbon atoms, C(4 b) and 
C(12 b), are slightly longer than those involving the benzhydryl 
carbon atoms, C(8b) and C(16b). 


Closer inspection reveals a slight distortion of the centropen- 
taquinacene framework, that is, a deviation in the molecular 
symmetry. This is evident from Fig. 2, top, which shows a slight 
non-C, type distortion of the propellane subunit, and even more 
so from Fig. 2, bottom. As listed in Table 2, some torsional 
angles at the central C-C bonds are found to deviate systemat- 
ically from the 0" value expected for the perfectly eclipsed situa- 
tion. As a further consequence of the tendency of 1 to avoid the 
all-eclipsed conformation, some of the interplanar angles be- 
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Y 


Fig. 2. Crystal structure of centropentaindan (1). Top: as viewed along the propel- 
lane axis C(12b)-C(16d) of a triptindan subunit; bottom: along the C(8b)- 
(C(16d) bond of a 10-methyltribenzotriquinacene unit. 


ortho phenylene bridge should considerably increase the unfa- 
vorable interaction of the two remaining bridgehead sub- 
stituents. 


As corroborated by the X-ray structure analysis, introduction 
of the additional phenylene unit into the [5.5.5.5]fenestrane 
skeleton of 10a to form 1 renders the molecular framework of 
the latter particularly rigid and its conformational ground 
state(s) nearly C,, symmetrical.[261 This peculiarity of 1 is clearly 
attributable to the presence in the fused structure of a triben- 
zotriquinacene subunit that, on its own, would adopt a 
rigid, perfectly C,, symmetrical ground-state conformation.[281 
Therefore, we expected the introduction of substituents at both 
of the bridgehead positions of 1 to be critical. Much to our 
surprise, however, twofold substitution of 1 was possible; but 
some limitations due to the steric interaction of the two bridge- 
head substituents became evident as well. 


Substitution of 1 with one equivalent of bromine occurred 
smoothly at ambient temperature without additional irradiation 
(Scheme 6). 8 b-Bromocentropentaindan (20) was obtained in 


tween the five-membered rings deviate by approximately 4- 5" 
from the ideal values (60" for thefuso-diindan subunits and 90" 
for the spiro-diindan subunits). This distortion leads to a slight 
out-of-plane orientation of the bridgehead C-H bonds at the 
"open" edge of the neopentane core (Fig. 1, Table 2 ) .  


Bridgehead Functionalization of Centropentaindan : The intro- 
duction of four pairwise syn-oriented substituents at the bridge- 
head positions of fenestrindan 10a has been shown to induce a 
considerable distortion of the central neopentane skele- 
ton,'4d* 241 in line with recent computational work on the corre- 
sponding [5.5.5.5]fenestrane~.[~~~ 251 For example, the confor- 
mational flexibility of the fenestrindan framework in 10b and 
10c is strongly reduced or even removed by 1,3-halogenation 
(Scheme 5) .  Replacing one pair of these substituents by another 


20 
AlBr,. Ph-R 


H,O/THF 
A s  5 h 95 % 


(R = HI 


21 R = H  23 


22 R = OMe 


106 19 


Scheme 5. Torsion of bridgehead-brominated fenestrindan 10 b (left) and bridge- 
head-brominated centropentaindan 19 (right). For the sake of clarity, angles II and 
p have been labeled only once. 


24 
Scheme 6. Bridgehead-monosubstituted centropentaindans. 


70 % yield as a stable, crystalline material, which only decom- 
posed after standing for weeks. The corresponding monoalco- 
hol23 was easily prepared in near-quantitative yield from 20 by 
hydrolysis with dilute sulfuric acid in THE The 'H and I3C 
NMR spectra of 20 and 23 reflect the reduced molecular symme- 
try (CZv + C,) of these derivatives as compared with the parent 
hydrocarbon. It is noteworthy that the 'H NMR AABB' spec- 
trum of the non-fenestrane ortho-phenylene bridge is hardly 
affected by the substitution. The mass spectra of the compounds 
are dominated by the loss of a bromine radical (m/z = 441) and 
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the highly entropically favored 1,3-syn elimination of water crystalline material, which could be stored under argon for sev- 
(m/z  = 440). eral days without decomposition. Mass spectrometry, 'H NMR 


In view of the potential use of 1 as a synthetic precursor of spectroscopy, and subsequent chemical transformations un- 
centrohexaindan (2), arylation of 20 was studied by analogy equivocally confirmed the identity of this dibromide, though the 
with the successful introduction of three aryl groups at the product tended to contain minor amounts of the monobromide 
bridgehead positions of tribenzotriquinacenes (e.g., 24, 20. As expected, the mass spectrum of 19 shows the [M-Br]+ 
Scheme 6).17,z01 In fact phenyl- and p-anisylcentropentaindan, and [M-2Br]'+ peaks (m/z  519/521 (Z 21 YO), m/z 440 (loo%), 
21 and 22, were obtained in good yields by treatment of 20 with respectively) as well as a remarkably large peak corresponding 
aluminum tribromide in benzene and anisole, respectively. The to the doubly charged [M-2BrIZ+ fragment ions (m/z 220, 
hydrocarbon 21 may be regarded as a seco derivative of 2, since 24%). As a characteristic feature, dibromide 19 exhibits two 
a single C-C bond formation remains to be closed to generate 'HNMR resonances at low field (6 =7.96 and 7.81), which 
the sixth indan unit. The catalytic dehydrocyclization technique reflects the two sets of four equivalent ortho protons of the 
described above (cf. 7 --f 2) was not applied in this case, since fenestrindan unit of this centropentaindan. Correspondingly, 
such a multistep approach to centrohexaindan appears inferior the spectrum of monobromide 20 displays only two resonances 
to direct access (see Scheme 7) .[71 further downfield (Ah = 0.3 ppm) for ortho protons of the fen- 


estrindan unit. In fact, the deshielding effect on ortho 
protons by a bridgehead benzhydrylic bromine atom 
is a recurring feature of these centropolyindan deriva- 


Force-field calculations (MM +)t27c1 for dibromo- 
centropentaindan 19 suggest a remarkable increase of 
the unbridged C-C-C bond angle (a = 124.5") and of 
the torsional angles Br-C(8 b)-C(16d)-C(16 b) and Br- 
C(16b)-C(16d)-C(8 b) (b = 22.5') compared with the 
parent hydrocarbon 1 .[301 Comparison with the corre- 
sponding angles calculated for 10b (a = 118.2", j = 
36.4°)[24b, 301 again demonstrates the greatly reduced 


(MeaSi) 2S. SnC1, conformational flexibility of the centropentaindan 
framework. Nevertheless, the calculations indicate 
that the conformational ground state of 1,3-disubsti- 
tuted centropentaindans such as 19 may significantly 
deviate from the ideal C,, symmetrical, single-mini- 
mum structure, in favor of two equivalent conformers 
of C, symmetry. & \\ rated The by identity several of the synthetic dibromide conversions 19 is further (Scheme corrobo- 7). - Treatment of a suspension of freshly prepared 19 with 
trimethylaluminum in n-hexane at room temperature 


26 27 28 gave the corresponding dimethylcentropentaindan 
(25) in 55% isolated yield. The spectroscopic data 
unambiguously support its structure. The arene pro- 
ton region of the 'H NMR spectrum is very similar to 


As a characteristic feature of the aryl-substituted centropen- that of the parent centropentaindan (1). The 13C NMR spec- 
taindans 21 and 22, the 'H NMR spectra display a distinct high- trum of 25 is also in accord with effective C,, molecular symme- 
field shift of the signal of the remaining bridgehead proton try; the resonance of the central carbon atom is shifted down- 
(AS = - 1 .O ppm compared with 1). Similar and even more pro- field (A6 = 8.2 ppm) compared with 1. 
nounced highfield shifts were found for phenylcentrotetraindan The ready formation of 25 is surprising, since force-field cal- 
(13) and for (triaryl)methyltribenzotriquinacenes~7~ such as culations predict high steric strain for this molecule. In this case, 
24. two methyl groups in 25 strongly interact and cannot easily turn 


The EI mass spectrum of 21 has an intense peak for a frag- each other aside. Again, the central, unbridged C-C-C bond 
ment at an m/z  of 440, which corresponds to the readily occur- angle in 25 is calculated to be enlarged to 123.4" (MM + , 122" 
ring elimination of benzene. Presumably this fragmentation is MM2, cf. 117" for 10d[24b]). 
induced by the sterically favorable 1,3-H transfer, similar to the Since hydrolysis of dibromide 19 did not take place cleanly, 
process that induces water loss from ionized 23. 1,3-Elimina- the corresponding diol 27 was obtained in a stepwise manner. 
tions of arenes from the radical cations of alkylbenzenes are The incorporation of an endo-peroxy bridge into the pentacyclic 
frequent in energetically and sterically (i.e. entropically) favored framework of 1 was achieved by means of Ag' ion assisted con- 


densation of 19 with tert-butylhydroperoxide in methylene chlo- 
Treatment of 1 with a slight excess of bromine under forcing The reaction proceeded smoothly and was completed 


conditions (i.e., additional irradiation at elevated temperatures) within 30 min at ambient temperature, giving the centrohexa- 
gave 8 b,l6b-dibromocentropentaindan (19) (Scheme 7) in fair- cyclic endo-peroxide 26 in good yield, in analogy to the related 
ly good yields. This compound was found to be very sensitive to fenestrindan bis-endo-peroxide synthesized from 10 b (cf. 
air and light; in contrast to the monobromide 20, it decomposed Scheme 1) Also analogously to the derivatization of fen- 
readily during the standard workup procedure or upon standing e~trindan,~~']  dibromide 19 was converted to the corresponding 
in tetrachloromethane solution. However, careful workup un- endo-disulfide 28 by treatment with hexamethyldisilthiane un- 
der argon with the exclusion of light and heat furnished 19 as a der Lewis acid catalysis with tin(1v) chloride or, alternatively, by 


1 
tives.[4d. 201 


25 'C 


55 % 


n f E 2 n e  & 
\\ ?/ \ 


- 


19 25 
e i t h e r / o r  


2 


tBuOOH. AgBF., 


30 rnin.  CH2C12 25 'C 


&LiA1H4& - 77 % 


55 % 
:\30% CH,Cl,, 25 'C 
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Scheme 7. Bridgehead-disubstituted centropentaindans. 
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heating with elemental sulfur at 230 "C. The 'H NMR spectra of 
both centrohexacyclanes 26 and 28 show that the apparent 
molecular symmetry (C2J of the parent hydrocarbon 1 has been 
retained, in line with the symmetrical bridging in both cases. 
Besides the A A B B  spectra of the ortho-phenylene bridge oppo- 
site to the heteroatomic grouping (partially overlapped in the 
case of 26), the pattern of the fourfold degenerate ABCD spin 
systems is clearly observed, reflecting the four equivalent arene 
rings of the fenestrindan moieties. In accordance with the high 
symmetry, the I3C NMR spectrum of endo-peroxide 26 shows 
only nine arene and three alicyclic resonances and that of endo- 
disulfide 28 displays eight arene and, again, three alicyclic lines. 
The peroxy and dithio bridges give rise to large downfield shifts 
of the C8b and C16b bridgehead resonances (Ad = 41.8 and 
27.3 ppm, respectively, relative to 1) and of those of the central 
carbon nuclei (A6 = 23.5 and 22.5 ppm, respectively). The EI 
mass spectra of both 26 and 28 are remarkable because the 
dominant expulsion of 0, and S, from the molecular ions (be- 
sides minor losses of atomic 0 and S) gives rise to base peaks at 
an m/z of 440. Elimination of molecular oxygen is particularly 
unusual in mass spectrometry but in full accord with the en- 
ergetically favorable cleavage of the bridgehead C - 0  bonds in 
ionized 26. Furthermore, and similar to the mass spectrum of 
phenylcentropentaindan 21 (vide supra), intense peaks are ob- 
served for the doubly charged ions [26-02]2f and [28-S2I2+ at 
an m/z of 220. The IR spectrum of 26 exhibits a very strong 
absorption band at i; =759 cm-', attributed to the 0-0 
stretching vibration of bis-tert-alkyl peroxides.[321 Finally, endo- 
peroxide 26 was reduced with lithium aluminum hydride to give 
the bridgehead diol27 in good yield. The 'H NMR spectrum of 
this compound is of course similar to that of endo-peroxide 26, 
but even more so to that of 25. The mass spectrum of 27 reflects 
the relatively high stability of the molecular ions under electron- 
impact conditions ([27'+]/[27'+-H,O] = 0.50). This is in line 
with the lack of a weak adjacent C-H bond in 27" (cf. [23'+]/ 
[23'+-H,O] ~ 0 . 1 ) .  


the relatively facile ac- 
cessibility of centropentaindan (1) and its dibromo derivative 19 
opens up a new and efficient synthetic route to the highest con- 
gener of the centropolyindan family, centrohexaindan (2) (the 
"broken fenestrane" route, cf. Scheme 7). Details of this con- 
densation reaction have been presented in detail in another pa- 
per['] together with two other syntheses of 2. 


As has been found very recently,['* 


Conclusion 


Centropentaindan (l), the second-highest congener among the 
regular centr~polyindans,[~ 31 has been prepared by two inde- 
pendent syntheses. The cyclodehydrogenation route starts from 
the tribenzotriquinacene 7 and furnishes 1 in 50% yield in one 
single step by utilizing palladium/charcoal as the catalyst. Use 
of DDQ as a dehydrogenation reagent has been successful, too, 
but is by far inferior to the catalytic technique. Alternatively, 1 
is obtained by a two-step bromination/condensation sequence 
starting from di-fuso-centrotriindan, 8. The latter synthesis 
gives 1 in 88 YO yield (i.e., 71 YO based on indan-1,3-dione as the 
starting material) and enables the preparation of 1 on a scale of 
several grams. 


X-ray structure analysis confirms the rigidifying effect of the 
tribenzotriquinacene structures on the singly bridged fenestrane 
framework of 1. Owing to the additional indan unit (conceptu- 
ally part of either of the possible tribenzotriquinacene moieties 
but not of the fenestrindan unit), the remaining unbridged fen- 
estrane C-C-C bond angle is widened to 118.0'. The solid-state 


molecular structure of 1 is close to the ideal (namely C2,,) sym- 
metry, but a slight residual distortion is found by which 
the all-eclipsed conformation of the molecular framework is 
avoided. 


Centropentaindan (1) is the highest of the parent centro- 
polyindans containing bridgehead C - H bonds. Notwithstand- 
ing its highly rigidified pentaquinacene backbone, it may be 
easily functionalized at these positions; the doubly brominated 
derivative 19 displays both steric peculiarities and interesting 
potential for the synthesis of centropentaindans bearing various 
bridgehead substituents and linking groups. Thus, the steric 
repulsion and/or electronic interactions of two strictly syn-l,3 
oriented substituents may be studied in more detail. Also, a 
variety of novel centrohexacyclic derivatives may be synthesized 
by further bridging the "alicyclic edge" of 1 across the C(8 b)- 
C(16d)-C(16b) grouping to generate further interesting 
topologically nonplanar organic compounds.[341 As exam- 
ples, the hexacyclic endo-peroxide 26 and endo-disulfide 28 
were prepared via 19. Finally, the results presented here 
may be viewed as a distinct step into the chemistry of fenes- 
tranes[j5I bearing more than four rings at the central carbon 
atom. 


Experimental Procedure 


General: Melting points (uncorrected): Biichi 512 and Electrothermal melting point 
apparatus. IR: Perkin-Elmer 841. UV: Beckman model 25. lHNMR: Bruker 
AM 300; CDCIJTMS, if not stated otherwise. 13C NMR: Bruker AM300 (Jmod- 
ulated spin echo experiments); CDCI,/TMS, if not stated otherwise. MS: Finnigan 
MAT311 A and Finnigan CHSDF; EI, 70 eV. Combustion analyses: Perkin- 
Elmer 240 and LECO CHNS-932 Analysator. MPLC: Besta E 100 and Besta UV 1 ; 
column dimensions 25 x 250 mm and 25 x 500 mm; 6 mLmin-' ; Kieselgel LiChro- 
prep Si60, 40-60 pm (Merck), Matrex LC60, 20-45 pm and 35-70 pm (Grace). 
Thin layer chromatography (TLC): Kieselgel 6OFz5., on Al foil (Merck). 


X-ray structure analysis: A colorless crystal of 1 grown by diffusion of n-hexane into 
a solution of 1 in dichloromethane with the approximate dimensions 
0.4 x 0.3 x 0.3 mm was used for data collection on a Syntex R3 diffractometer with 
graphite monochromated Mo, radiation at room temperature. The cell parameters 
were refined from 48 centered reflections (6 < 28 <25"). Reflections in the 28 range 
2-54" were measured in the w-scan mode. Three reflections measured every 97 
reflections showed no decay of the intensity. An empirical absorption correction 
was applied (0.901 < T <  0.922). Of the 3210 unique reflections measured, 2568 were 
considered observed [1<2u(1)]. The structure was solved by direct methods by 
means of the SHELXS86 program. Carbon and chlorine atoms were refined with 
anisotropic thermal parameters. The hydrogen atoms could be located in difference 
Fourier syntheses, but were inserted in calculated positions. Only the two bridge- 
head hydrogen atoms, H(8b) and H(16b), were refined freely in the located posi- 
tions. For the other hydrogen atoms a common isotropic temperature factor was 
refined. The dichloromethane is disordered and was refined by two CCI, groups 
(occupancy factors 0.81 and 0.19). The molecule with lower occupancy was refined 
isotropically with geometrical restraints. The structure was refined with 367 
parameters and all 3210 unique reflections based on FZ to R = 0.046 (for observed 
reflections only), R = 0.059 (for all reflections), and wR2 = 0.122 (wR2 = 


[ (Xbu(<  - ~ ) z ) z / ~ w ~ ] ~ ' ' z )  where l / w  = u z c )  by means of the SHELXL93 pro- 
gram. Listings of final positional and thermal parameters have been deposited [36]. 


8 bHJ6 bH-4 b,l2 b[l',2'~Benzenodibenzo~nffdibenzo~2,3:4,5Jpentaleno~l,6-ectlpen- 
talene (centropentaindan, 1) and 14-phenyl-14 H-4 b,l3~1',2']-knzenodiinden0[1,2-a: 
2',1'-b)indene (14-phenyl-tri-fuso-centrotetraindan, 13): 
A. Cyclodehydrogenation of 7 with DDQ: 10-benzhydryltribenzotriquinacene [12 d- 
(diphenylmethyl)-4 b,8 b,l2 b,12 d-tetrahydrodibenzo[2,3 : 4,5]pentaleno[l,6-ab]in- 
dene] (7) [4 h] (3.00 g, 6.70 mmol) and 2,3-dichloro-4,5-dicyano-p-benzoquinone 
(DDQ; 10.0 g, 44.1 mmol) were dissolved in orlho-dichlorobenzene (175 mL) which 
had been dried twice with phosphorous pentoxide. The red solution was stirred 
under nitrogen and heated to 180 "C for 4 h. After cooling, the solvent was evapo- 
rated in vacuo, and the brown residue was redissolved in chloroform and mixed with 
silica gel. The mixture was dried and extracted in a Thiele-Pape extractor with 
petroleum ether (45-65 "C) for 12 h. The muddy extract was filtered and the filtrate 
concentrated, redissolved in some chloroform and subjected to MPLC (chloroform/ 
n-hexane azeotrope). Two fractions were obtained containing mixtures of isomeric 
mono- and dichlorocentropentaindans 11 a and 11 b (total yield 280 mg, ca. 9 %), as 
shown by mass spectrometry and 'H NMR specctroscopy. 
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Centropentaindan 


B. Reduction of the chlnrocentropentaindans: A mixture of dry THF (50 mL), tert- 
butanol(l0 mL), and finely cut sodium metal (2.30 g, 100 mmole) was stirred under 
nitrogen while a solution of the chlorocentropentaindans 11 a and 11 b (150 mg, ca. 
300 Fmole) in dry THF ( 5  mL) was added through a dropping funnel. The mixture 
was heated under reflux for 24 h, the excess sodium metal was removed and the 
residual reaction mixture was diluted with water and acidified with 2~ aqueous 
sulfuric acid. Workup by extraction with dichloromethane, drying with sodium 
sulfate and evaporation of the solvent yielded a crude product (120 mg) which was 
purified by MPLC (chloroform/n-hexane 1 :2) to give centropentaindan, l(106 mg, 
SO%), as colorless crystals. M.p. 326°C; 'HNMR (300MHz. CDCI,, 25°C  
TMS): 6 =7.86 (d, 'J(H,H) =7.1 Hz, 4H), A A B B  spectrum 6, =7.66 (2H) 
6, =7.16 (2H). 7.50 (d, 'J(H,H) = 6.7 Hz, 4H). 7.31-7.21 (m, SH), 5.08 (s, 2H, 


145.0 (s), 128.1 (d), 124.6 (d), 123.5 (d), 123.4 (d), 83.2 (s, C16d). 76.3 (s, C4b, 
C12b),61.8(d,C8b,C16b);IR(KBr):C = 3065,3023,2904,1471,1455,1262,758, 
731 cm-' ;  UV (n-heptane, c = 5 . 2 ~  ~O-'M): 2.max(~) = 276.5 (4500), 269 (4880), 
263 (3580), 257 nm (s); MS (70 eV, EI): m/z  (%): 442 (100) [M+], 441 (24), 365 (9, 
221 (13); C,,H,, (442.6): calcd C 94.98, H 5.01 ; found C 94.56, H 4.91. The crystals 
tend to incorporate CHCI, or CH,CI,. Crystals for X-ray analysis were grown from 
solutions of dichloromethane and n-hexane. 


C. Centropentaindan (1) and 14-Phenyl-tri-fuso-centrotetraindan (13) by catalytic 
cyclodehydrogenation of 7 :  Finely powdered 7 (1.34 g, 3.00 mmole) and palladium/ 
charcoal (2.0 g, l o%,  Merck) were intimately mixed and placed in a steel tube 
(160 x 16 mm, inner volume 8 mL). The tube was hermetically closed and then 
heated to 500 "C in a cylindrical oven and kept at this temperature for 1 h. After 
cooling to room temperature, the tube was carefully opened while gas (H,) was 
liberated. The partially sintered product mixture was collected as completely as 
possible and extracted with chloroform in a Soxhlet extractor. Evaporation of the 
solvent yielded a crude, partially crystallizing material (1.20 g, 90% mass recovery) 
which was purified by filtration through silica gel and then separated into five 
components by MPLC (n-hexane/dichloromethane 4: 1). The component that elut- 
ed first was diphenylmethane, 15 (110 mg, 22% yield), as identified by mass spec- 
trometry, the second was tribenzotriquinacene, 17 (180 mg, 21 % yield). The prop- 
erties of 17 proved to be identical with those described recently [4e,hj]. The third 
fraction consisted of pure centropentdindan. 1 (660 mg, 50% yield, see above for 
physical data). The final fraction was a mixture of the starting material (7) and the 
singly cyclized hydrocarbon 13 (180 mg). Separation of 13 and 7 was difficult; 
careful fractional crystallization from dichloromethane gave 13 as a colorless solid 
(100 mg, 7.5% yield, ca. 85 % purity). The spectroscopic data obtained by measure- 
ments of this material unequivocally showed the identity of 13: 'H NMR (300 MHz, 
CDCI,, 25°C  TMS): 6 =7.94 (d, 'J(H,H) =7.6Hz, l H ) ,  7.79 (t, 'J(H,H) = 
7.3Hz. 2H), 7.47-6.96 (m. 18H), 5.11 (s, l H ) ,  5.07 (s, l H ) ,  4.29 (s, IH) ;  13C 
NMR (75 MHz, CDCI,, 25°C. TMS): 6 =148.1 (s), 147.6 ( s ) ,  147.2 (s), 145.5 (s), 
145.4 (s), 145.2 (s), 144.5 (s), 143.1 (s), 129.4 (d), 128.5 (d), 128.2 (d), 127.9 (d), 
127.7 (d), 127.6 (d), 127.5 (d), 127.4 (d), 127.3 (d), 126.8 (d). 126.1 (d), 124.5 (d), 
124.2 (d). 124.0 (d), 123.6 (d), 123.3 (d), 122.9 (d), 78.7 (s), 66.7 (s), 66.6 (d), 63.4 
(d), 58.0 (d); IR (KBr): C = 3065,3024,2879,1493.1473,1453,1215,1025,907,760, 
702. 628 cm-'; MS (70 eV, EI): m/z (%): 444 (100) [M' ] ,  366 (78). 365 (36), 183 
(29) [M"-C,H,]; C,,H,, (444.6) calcd 444.1878, found 444.1873 by high-resolu- 
tion mass spectrometry (HRMS). 


D. Centropentaindan (1) from centrotriindan (8) by bromination and condensation 
with benzene: A stirred solution of 8 (1.18 g, 4.00 mmole), in tetrachloromethane 
(150 mL) was irradiated with a photolamp (500 W) while a solution of bromine 
(0.40 M, 40 mL, 16.0 mmole) in the same solvent was added over 90 min. Irradiation 
was continued for another 30 min and the solvent was completely evaporated. TLC 
analysis (CH,CI,) of the bright yellow, foamy residue suggested the presence of at 
least three components in the mixture (note that at least partial hydrolysis of the 
tetrabromides 18 during TLC is probable). Crude I 8  was redissolved in dry benzene 
(1 50 mL), the solution was heated to 50°C and a solution of aluminum tribromide 
(0.13~,  40 mL, 5.20 mmole) in benzene was added over 30min, during which the 
solution turned dark red. After being stirred for 7 d at room temperature the mix- 
ture was hydrolysed with water and extracted with dichloromethane. The extracted 
solution was dried with sodium sulfate and the solvents evaporated to give a crude 
product which was purified by filtration through silica gel and crystallized (chloro- 
formin-hexane) to give 1 (1.57 g, 88%) as an almost colorless, crystalline product. 
The physical properties of this product were identical to those obtained by the 
methods described above. 


H8b, H16b); ',C NMR (75MH2, CDCI,, 25"C,TMS): 6 =148.3 (s), 147.5 (s), 


8 b-Bromo-8 bH,16 bH-4 b,12 b[l',Z'I benzenodibenzo[afldibenzo[2,3:4,51pentaleno- 
[1,6-cdjpentalene (8 b-bromoeentropentaindan, 20): A solution of 1 (442 mg, 
1.00 mmole) in dry tetrachloromethane (25 mL) was stirred while a solution of 
bromine (100mM, 10 mL, 1.00 mmole) in the same solvent was added through a 
dropping funnel over 10 min. The solution decolorized immediately on addition of 
the reagent; irradiation was not necessary. After the addition was complete, the 
volatile components were removed in vacuo and the solid, yellowish residue was 
recrystallized from dichloromethane/n-heptane. The product may be further puri- 
fied by rapid filtration through silica gel (dichloromethane/n-heptane 1 : 1) without 
decomposition. Recrystallization from toluene furnished 20 (365 mg, 70 %) as light 
yellow crystals, m.p. 364 "C (decomp.); 'H NMR (300 MHz, CDCI,, 25 "C, TMS): 


58-67 


6 =7.88-7.80 (m, 6H), 7.62 and 7.16 (AABB spectrum, 4H),  7.58-7.54 (m. 2H), 
7.35-7.26 (m, SH), 5.95 (s, 1 H); I3C NMR (75 MHz. CDCI,, 25"C, TMS): 
6 =147.2(s), 146.7(s), 146.2(s), 144.8(~),144.7(~),  129.9(d),128.8(d), 128.4(d), 
128.2 (d), 126.1 (d), 124.7 (d), 123.5 (d), 123.0 (d), 88.3 (s), 81.8 (s), 75.3 (s), 63.3 
(d); IR (KBr): C = 3067, 3024, 2926, 1470, 1456, 1163 cm-I; MS (70 eV, EI): m/z 
(%): 441 (100) [M-Br]+, 221 (10); C,,H,,Br (521.5): calcd C 80.62, H 4.06; found 
C 80.06, H 4.17. 


8 b-Phenyl-8 bH,16 bH-4 h,12 b[l',2'lbenzenodibenn[ufldi~nzn[2,3:4,5jpentaleno- 
[ I,&cdjpentalene (8 b-phenylcentropentaindan, 21) : 8 b-Bromocentropentaindan, 20 
(255 mg, 500 Fmole), was dissolved in dry benzene (20 mL), and a solution of 
aluminum tribromide (100 FM, 1.00 mL) in benzene was added. The mixture turned 
red-brown upon addition of the reagent and was heated under reflux for 1 h, then 
cooled and hydrolysed with water. The aqueous layer was extracted with 
dichloromethane; the combined organic solutions were dried with sodium sulfate 
and the solvents were removed in vacuo. The solid residue was recrystallized from 
chlorofom/methanol to give 21 (212 mg, 82%) as colorless needles, m.p. 361 "C; 


7.86 (d, 'J(H,H) =7.6 Hz, 2H), 7.74 (d, 'J(H,H) =7.7 Hz, 2H),  7.66 (AA part of 
A A B B  spectrum, 2H), 7.37-7.11 (BB part of A A B B  spectrum, 2H,  partially 
overlapping with m, 16H), 4.06 (s, 1 H, H 16b); 13C NMR (75 MHz, CDCI,, 25". 
TMS): 6 ~ 1 4 8 . 6  (s), 148.4 (s), 147.79 (s), 147.5 (s) 147.4 (s), 144.8 (s), 129.1 (d), 
128.3 (d), 128.1 (d), 127.9 (d), 126.5 (d), 126.0 (d), 124.5 (d), 123.4 (d), 123.1 (d), 
89.5 (s, C16d), 76.2 (s, C4b, C12b), 71.8 (s, CSb), 57.7 (d, C16b); IR (KBr): 
C = 3066, 3024, 1493, 1455, 1162, 1025cm-'; MS (70eV, EI): m/z (%): 518 (39) 
[M'], 440 (loo), 363 (7), 259 (3), 220 (34); C,,H,, (518.7): calcd 518.2035, found 
518.2032 (by HRMS). 


8 b-(4-Metboxyphenyl)-8 bHJ6 bH-4 b,lZ b[ l',Z'lbenzenodibenzoIa~dibenzo- 
[2,3:4Jjpentalenn[l,6-cdjpentalene (8b-panisylcentropentaindan, 22): 8 b-Bromo- 
centropentaindan, 20 (255 mg, 500 kmole) was dissolved in dry anisole (20 mL) and 
a solution of aluminum tribromide (100 p ~ ,  1.00 mL) in anisole was added. The 
mixture turned red-brown upon addition of the reagent and was heated under reflux 
for 1 h, cooled, and hydrolysed with water. Workup and recrystallization as de- 
scribed above gave 22 (246 mg, 90%) as pale yellow crystals, m.p. 360 "C; 'H NMR 


,J(H,H) =7.2 Hz, 2H), 7.64 and 7.13 (AABB spectrum, 4H), 7.36-7.13 (m. 
12H),6.64(s,4H),4.1O(s,lH,H16b),3.73(s,3H,OCH,); "CNMR(75MHz, 
CDCI3,25'C,TMS):6 =158.2(~),148.9(~),148.5(~),147.7(~),145.0(~),139.7(~), 
130.3 (d), 128.3 (d), 128.1 (d), 127.9 (d), 126.1 (d), 124.6 (d), 123.5 (d), 123.2 (d), 
123.1 (d), 113.4 (d), 89.5 (s, C16d), 76.2 (s, C4b, C12b), 71.4 (s, CSb), 57.8 (d, 
C 16b), 55.2 (9, OCH,); IR (KBr): C = 3066, 3022, 2933, 2903, 2837, 1507, 1473, 
1456,1254,1178 cm-'; MS (70 eV, EI): mi.(%): 548 (22) [ M + ] ,  441 (41),440 (loo), 
363 (6), 274 (1). 220 (26); C,,H,,O (548.7): calcd 548.2140; found 548.2139 (by 
HRMS). 


8 bH,16 bH-4 b,12 bll',2'jBenzenodibe~oenzolaJfdibenzol2,3:4,5~pentaleno~l,6-e~pen- 
talene-8b-01 (8b-hydroxycentropentaindar1, 23): To a solution of 20 (256 mg, 
500 pmole) in THF (10 mL) was added aqueous sulfuric acid ( 6 ~ ,  3 mL) and the 
mixture was heated under reflux for 5 h. After cooling to room temperature, the 
mixture was neutralized with aqueous sodium carbonate and extracted with 
dichloromethane. The extracts were dried with sodium sulfate and the solvents were 
removed in vacuo to yield a crystalline residue which was recrystallized from 
methanol to give 23 (217 mg, 95 %) as colorless needles, m.p. 366 "C; 'H NMR 
(300 MHz, CDCI,, 25"C, TMS): 6 =7.88-7.82 (m, 4H), 7.73 (d, 'J(H,H) = 
7.1 Hz, 2H), 7.66 and 7.18 (AA'BB' spectrum, 4H), 7.54 (d, ,J(H,H) = 6.7 Hz, 
2H),  7.39-7.23 (m, SH), 5.57 (s, l H ,  H16b), 2.62 (s, l H ,  OH); 13C NMR 
(75 MHz, CDCI,, 25"C, TMS): 6 =147.7 (s), 147.4 (s), 147.0 (s), 146.2 (s), 145.4 
(s), 129.9 (d), 128.6 (d), 128.3 (d), 128.1 (d), 128.0 (d), 124.9 (d), 124.3 (d), 123.6 
(d). 123.2(d),91.1 (~ ,16d) ,S7 .2 (~ ,8b ) ,74 .8 (~ ,4b ,  lZb),53,7(d,16b);IR(KBr): 
C = 3639, 3550,3438,3065,3023,1471,1456,756 cm-'; MS (70 eV, EI): m/z  (%): 
440 (100) [M+-H,O], 220 (15) [M2+-H,0]; C,,H,,O (458.6): calcd C 91.67, H 
4.83; found C 91.78, H 4.56. 


8 b,16 b-Dibromo-8 bHJ6 bH-4 b,lZ b[1',2'jbenzenodibenzo[u~dibenznl2,3:4,5jpen- 
talenoll,6-cdjpentalene (8 bJ6 b-dibromocentrnpentaindan, 19): A solution of 1 
(663 mg, 1.50 mmole) in dry tetrachloromethane (p.a., 40 mL) was stirred and re- 
fluxed under argon while a solution of bromine (4.00 mmole) in tetrachloromethane 
(20 mL, 0 . 2 ~ )  was added over 20 min under irradiation with a photolamp (500 W). 
Heating and irradiation was continued for 3 h, while after ca. 1 h the product started 
to precipitate as a fine crystalline material. The mixture was allowed to cool, the 
solvent was removed in vacuo, and the light beige, crystalline residue was kept under 
argon to prevent decomposition. Recrystallization from toluene gave fine, colorless 
crystals, m.p. 360-365" (decomp.); 'HNMR (300 MHz, CDCI,, 2 5 T ,  TMS): 
6 =7.96 (dd, 'J(H,H) =7 Hz, 4H), 7.81 (dd, 'J(H,H) =7  Hz, 4H), 7.46 and 7.08 
(AABB spectrum, 4H), 7.36 (mc, 8H); MS (70 eV, EI): m/z  (%): 519/521 (lO/ll) 
[M+-Brl, 440 (100) [M+-2Br]. 363 (lo), 220 (24) [M2+-2Br]. A peak appears at 
m/z 457 (20) which is attributed to 8 b-bromo-16 b-hydroxycentropentaindan 
formed from 19 by single hydrolysis (cf. MS of diol 27). 


8 b,16 h-Dimethyld bHJ6 bH-4 b,l2 b[l',Z']benzenodibenn[u~dibenz0[2,3: 4,5]pen- 
taleno(l,6-c~pentalene (8 b,16 b-dimethylcentropentaindan, 25): According to the 


'HNMR (300 MHz, CDCl,, 25"C, TMS): 6 =7.94 (d, 'J(H,H) =7.6 Hz, 2H),  


(300MH2, CDCI,, 25°C  TMS): 6 =7.91 (d, 'J(H,H) =7.0Hz, 2H), 7.84 (d, 
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procedure given above, crude dibromocentropentaindan (19) was prepared from 1 
(100 mg, 220 &mole) and the solvent was removed in vacuo. The material was 
suspended in dry n-hexane (10 mL) under nitrogen and a solution of trimethylalu- 
minum (2.OOM, 1 mL, 2.00 mmole) in hexane (Aldrich) was added. The solution 
turned orange upon addition of the reagent but decolorized after ca. 15 min. After 
a total of 1 h, the reaction mixture was hydrolysed by careful addition of small 
pieces of ice and the precipitated aluminum salts were dissolved with hydrochloric 
acid. The aqueous layer was extracted with dichloromethane, the combined organic 
solutions were washed with aqueous sodium carbonate and water, and then dried 
with sodium sulfate. Evaporation of the solvents yielded a pale yellow, crystalline 
product, which was purified by MPLC (n-heptaneldichloromethane 4:l)  to give 25 
(58 mg, 55 %a with respect to 1). The purity of 25 was found to depend on that of the 
dibromide 19; attemps to obtain analytically pure 25 by repeated subjection to 
MPLC and recrystallization failed and the final product was contaminated with up 
to 3 % of the corresponding monomethyl compound. The m.p. of 25 thus obtained 
was 396-400°C (subl.); 'HNMR (300 MHz, CDCI,. 25 "C, TMS): 6 =7.89-7.86 
(m, 4H), 7.52 and 7.06(AABB spectrum, 4H), 7.54-7.51 (m. 4H), 7.29-7.25 (m. 
SH), 2.07 ( s ,  6H); NMR (75 MHz, CDCI,, 25°C. TMS): 6 =150.3 (s ,  4C), 
148.4 (s, 2C), 145.7 (s, 4C), 128.05 (d, 4C), 127.98 (d, 4C), 127.8 (d, 2C), 123.22 
(d, 4C), 123.04 (d, 2C), 123.0 (d), 122.62 (d, 4C), 91.4 (s, C16d), 76.0 (s, 
C4b(l2b)), 64.0 (s, C8b(l6b)), 31.0 (q, CH,); IR (KBr): ? = 3069, 3023,2970 (w). 
2918 (w). 1596 (w), 1584 (w), 1474,1454,762,737,613 cm-'; MS (70 eV, EI): m/z 
(%): 470 (42) [M'], 471 (20), 455 (loo), 440 (67), 376 (13), 375 (14), 235 (1 I ) ,  220 
(30); C,,H,, (470.6): calcd 470.2035; found 470.2028 (by HRMS). 


8 b,l6b-endo-Peroxy-8 bHJ6 bH-4 b,l2 b~l',2'Jbenzenodibeno~aJldibenzo- 
[2,3:4,5Jpentalenoll,6-ecilpentalene (centropentaindan 8b,l6b-endo-peroxide, 26): 
Dibromide 19, obtained from 1 (1.50 mmole) as described above, was suspended in 
dichloromethane (40 mL, p.a.) under argon. Anhydrous terr-butylhydroperoxide 
(2.8 mL) and silver tetrafluoroborate (545 mg, 2.8 mmole) were added and the sus- 
pension was stirred for 30 min at room temperature. The organic product was 
separated from the silver salts by filtration through silica gel with ethyl acetate as 
the eluent. The solvents were removed in vacuo and the light yellow residue was 
recrystallized from THF/isooctane to give 26 (390 mg, 5 5 % )  as a colorless, crys- 
talline powder, m.p. 2405 "C; 'H NMR (300 MHz, CDCI,, 25 "C, TMS): 6 = 7.83 
and 7.30 (AABB spectrum, 4H, in part overlapped), 7.80 (d, 3J(H,H) =7.6 Hz, 


overlapped); I3C NMR (75 MHz, [DJDMSO, 2 5 T ,  TMS): 6 =148.9 (s, 4C), 
145.8 (s, 2C), 141.1 (s, 4C), 130.7 (d, 4C), 129.1 (d, 2C), 128.8 (d, 4C), 125.6 (d, 
4C). 125.3 (d, 2C), 124.8 (d, 4C), 106.8 (s, C16d), 103.6 (s, C8b(16b)), 69.1 (s, 
C4b(12b));IR(KBr):? = 3065,3020,2925,1466,1305,1279,1161,759cm~';MS 
(70 eV, EI):m/z(%): 472(41)[M+],456(8) [M+-0],440(100)[M+-0,],220(45) 
[MZ+-02];  C,,H,,O, (472.5): calcd C 88.96, H 4.27; found C 88.94, H 4.66. 


8 bH,16 bH-4 b,12 bll',2'JBenzenodi~nzo~af]dibenzo[2,3:4,5Jpentaleno[l,6-~~pen- 
talene-8 b,l6bdiol (8b,l6Wihydroxycentropentaindan, 27): A suspension of lithi- 
um aluminum hydride (150 mg, 4.0 mmole) in dry THF (2 mL) was stirred under 
nitrogen while a solution of 26 (80 mg, 170 pnole) was added. The mixture was 
heated under reflux for 3 h with continual stirring, then allowed to cool and hy- 
drolysed by addition of ice/water and 2~ sulfuric acid. The mixture was extracted 
with diethyl ether, the extract was dried with sodium sulfate and the solvent was 
evaporated to give a colorless solid. TLC (CH,Cl,) and MS analysis show the 
presence of 27 as the major component (4 0.12) along with minor amounts of 23 
(R, 0.47) and 1. Recrystallization from ethyl acetate/cyclohexane (1 : 1) gave pure 27 
(62 mg, 77%) as colorless crystals, m.p. 370-376°C (decomp.); 'H NMR 


7.85 and 7.16 (AABB spectrum, 4H), 7.76 (d, ,J(H,H) =7.5 Hz, 4H). 7.31-7.42 
(m(twoquasit)3J(H,H)%7.4Hz, 8H),2,90(brs,v,,,%3 Hz,2H,OH); "CNMR 
(75 MHz, (CD,),CO, 25"): 6 =148.61 (s, 4C), 148.13 (s, 2C), 146.8 (s, 4C), 130.2 
(d, 4C), 129.17 (d, 4C), 129.07 (d, 2C), 125.07 (d, 4C), 124.63 (d, 2C), 124.06 (d, 
4C),95.0(s,C8b(16b)),85.3(s,C16d),75.3(s,C4b(12b));IR(KBr):i = 3574(w), 
3310-3425 (br), 3070, 3029, 1598 (w). 1474, 1456, 1206, 1063, 770, 753, 628, 
618 cm-'; MS (70 eV, EI): m/z 474 (50) [M'], 473 (9 ,457  (56) in part [M+-OH], 
456 (100) [M+-H,O], 455 (24), 442 (32), 441 (3). 440 (49,429 (23). 428 (47). 427 
(33),426(33), 425(18),424(21),352 (8),350(11),228 (26)[MZi-H,O],220(13) 
[C,,HZo2+], 213 (16), 212 (20), 206.5 (12), 205.5 (15); C,,H,,O, (474.6): calcd C 
88.58, H 4.67; found C 88.64, H 4.89. 


8 bJ6b-Dithio-8 bHJ6 bH-4 b,l2 b~l',2'~benzenodibenzo[af]dibemo[2,3:4,5)-pental- 
eno(l,6-cdpentalene (centropentaindan 8 b,l6b-endo-disulfide, 28) : 
A. From dibromide 19 with hexamethyldisilthiane: A solution of dibromide 19, pre- 
pared from 1 (221 mg, 500 p o l e )  as described above, was stirred in anhydrous 
dichloromethane (25 mL, p.a.) under nitrogen while tin(1v) chloride (120 pL, 
1.0 mmole) was added. The solution turned deep red, and hexamethyldisilthiane 
(Fluka) (350 pL, 1.7 mmole) was added from a syringe over 30 min. After 2 h of 
stirring, further catalyst (20 pL, 160 p o l e )  was added and stirring was continued 
overnight. After hydrolysis, the organic layer and extracts (CH,CI,) were combined, 
washed with diluted aqueous hydrochloric acid and water and dried with sodium 
sulfate. The solvent was removed in vacuo, and the residue filtered through a 
pad of silica gel. MPLC (chloroform) and subsequent recrystallization from 
dichlorometbane furnished 28 (170 mg, 30%) as light yellow crystals, m.p. > 400 "C; 


4H), 7.62 (d, 3J(H,H) =7.5 Hz, 4H), 7.40 (t, 'J(H,H) =7.5 Hz, 4H), 7.31 (t, 4H, 


(300 MHz, (CD3),CO;25"C,CHDzCOCD,): 6 = 8.15(d, 3J(H,H) =7.2 Hz,4H), 


'HNMR (300 MHz, [DJbenzene, 25°C  TMS): 6 =7.76 (d, 3J(H,H) =7.8 Hz, 
4H),  7.65 and 7.20 (AABB spectrum, 4H), 7.57 (d, 'J(H,H) = 6.7 Hz, 4H), 7.38- 
7.27 (m. 8H); NMR (75 MHz, [D,]benzene, 2 5 T ,  TMS): 6 =147.5 (s, 2C), 
147.0 (s, 4C), 144.6 (s, 4C), 129.8 (d, 4C), 128.9 (d, 4C), 124.5 (d, 4C), 124.2 (d, 
2C), 123.9 (d, 4C), 105.6 (s, Cl6d),  89.1 (s, C8b(16b)), 72.3 (s, C4b(l2b)); IR 
(KBr): 9 = 3067, 3021,1467, 1162,1023, 765,744,614cm-'; MS (70eV, EI): m/z 


[Mzf-S,]; C,,H,,S2 (504.7): calcd C 83.30, H 3.99; found C 83.64, H 3.62. 


B. From dibromide 19 with elemental sulfur: Dibromide 19 was prepared from 1 
(442 mg,1.00 mmole) as described above and, prior to the removal of the last part 
of the solvent, elemental sulfur (500 mmol) was added. The residual solvent was 
then removed in vacuo; the flask was flushed with dry nitrogen, evacuated to 
0.1 mbar, and heated to 230°C for 24 h. The black-brown reaction mixture was 
allowed to cool, and separated by liquid chromatography (silica gel, carbon disul- 
fide) to give, besides excess sulfur, the crude product, which was recrystallized from 
dichloromethane to yield pure 28 (200 mg, 40%). Spectroscopic properties of this 
product were found to be identical to those given above. 
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Abstract: A number of possible strategies 
for the preparation of i5-phosphetes were 
tested as follows: cyclopropenium 6 was 
treated with the lithium salt of diphenyl- 
phosphine to give phosphinocycloprop- 
ene 7, but 7 did not undergo ring expan- 
sion upon photolysis or thermolysis. P- 
chloro-C-trimethylsilyl-substituted ylide 
8b reacted with two equivalents of 
dimethyl acety Ienedicarboxylate to afford 
phosphinine 13 via a transient iS-pho- 
sphete 12. Addition of aluminum trichlo- 


ride to P-halogenated ylides 17a-b led to 
dihydrophosphetium salts 19 a-b, which, 
upon treatment with pyridine, isomerized 
into the 1,2-dihydrophosphet-2-ium salts 
20a-b. Hydrolysis of derivatives 20a-b 
cleanly afforded phosphoniums 21 a-b, 
which reacted with NaN(SiMe,), to give 


rise to the corresponding i5-phosphetes 
22a-b. The benzo-i5-phosphete 22a un- 
derwent ring expansion reactions with 
dimethyl acetylenedicarboxylate and ace- 
tonitrile, leading to benzo-d'-phosphinine 
and benzo-1 ,4i5-azaphosphinine in good 
yields. Derivative 22 b was characterized 
by X-ray crystal structure analysis. Ab 
initio SCF calculations, IGLO-13C chem- 
ical shifts and AX for various benzannulat- 
ed derivatives and phosphorus heterocy- 
cles are presented. 


Introduction 


We have recently shown that the stability of four-n-electron 
four-membered rings['' is considerably increased by replacing a 
carbon atom with a heteroatom possessing no p orbital avail- 
able for the n system. 1,2i5-Azaphosphetes 1[2a9b1 and 2["] and 
1,3,2i5-diazaphosphete 3[2d, el have been prepared either by 
ring-contraction (route a) or ring-expansion reactions (route b) 
(Scheme 1). According to X-ray crystal-structure analysest2", 
and ab initio calculations,t2'] heterocycles 1-3 are rhombic 
four-n-electron ylides (A). Their stability has been explained by 
the strongly polarized and relatively long P-N and P-C bonds, 
which prevent these heterocycles from possessing any anti-aro- 
matic character and also partially release the ring strain. 
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1: X = CR', R' = C02Me (a) 
2: X = CSiMe3, R' = Ph (b) 
3: X = N, R' = Ph (b) 


N 


R2$< >R 
A X  


Scheme 1 


Here we report on the synthesis and chemical behavior of 
i5-phosphetes and of their benzo- and naphtho- derivative^.'^] 
In order to gain more insight into the electronic structures of 
these compounds, we have calculated and evaluated their mag- 
netic susceptibilities. 


Results and Discussion 


In a previous paper[2b1 we showed that L5-phosphete 5 was not 
accessible through route (a); all attempts to eliminate dinitrogen 
from 1 ,2,315-diazaphosphinine 4 failed. Route (b) requires the 
preparation of phosphanyl-substituted cyclopropenes, which 
are potentially accessible through the reaction of cyclopropeni- 
um cations with phosphorus nu~leophiles.[~] Cyclopropenium 6 
is inert towards bis(diisopropylamino)(trimethylstannyl)- 
phosphine, probably because of the considerable steric bulk of 
both reactants, but readily reacts with the lithium salt of 
diphenylphosphine, affording phosphinocyclopropene 7 in 
85 % isolated yield (Scheme 2). The position of the phosphanyl 
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route a 
N-N 


R 2 P g - R "  h:A R2P=C- /I=i R" 


R' R' R=i-Pr2N 
R= C07Me 


R', R' 
5 


route b R"= P(5)Rp 


R2PSnMe3 


f-BU I- no reaction phx + noreaction 
NP 


t-BU A:: 4 Ph2PLi 


- LiBr l-Bu 6 


Np = C(CH3)pPh 7 (85%) 
R= i-Pr2N 


Scheme 2. 


substituent was unambiguously assigned by NMR, the two 
tBuC fragments being inequivalent. However, all attempts to 
induce a ring-expansion reaction failed (heating for days at 
180 "C, irradiation at 1 = 254 or 320 nm, or addition of Lewis 
acids). 


Since known strategies proved fruitless, a new approach was 
sought. It is known that electron-poor alkynes insert into the 
P=C bond of phosphorus ylides 8a leading to vinyl ylides 11 via 
transient betaines 9 a and 15-phosphacyclobutenes 10 a.['] Start- 
ing from the P-chloro-C-trimethylsilyl phosphorus ylide 8 b,[61 
one can anticipate elimination of trimethylchlorosilane from the 
intermediate 10 b leading to 1'-phosphete 12. However, accord- 
ing to 31P NMR spectroscopy, ylide 8b reacted at room temper- 
ature with two equivalents of dimethyl acetylenedicarboxylate, 
affording derivative 13 (M.p. = 129 "C) in 88 % isolated yield 
(Scheme 3). Mass spectrometry and elemental analysis con- 


phosphorus ylides and dimethyl acetylenedicarboxylate, or P- 
chloro-substituted phosphorus ylides and electrophiles,['~ a to 
the best of our knowledge the formation of a six-membered ring 
has not yet been described. 


From these results, it appeared necessary to prepare a 1'-pho- 
sphete in the absence of potential trapping agents, and thus a 
new approach reminiscent of the preparation of the first stable 
cyclobutadiene was developed. In 1968, Gompper and Seybold 
prepared a stabilized "[1,3]-push-[2,4]-pull" substituted cy- 
clobutadiene by deprotonation of the corresponding cyclobuta- 
dienyl salt (Scheme 4) .['I To check this possibility, we used the 


+ 
TfO- 


R' R' R' R' 
1 14 (85%) 


R2P-N-Me + + /H R=i-Pr2N 
,JJ, >P-C, R'=C02Me w 


R' R '  . 
15 16 


Scheme 4. 


azaphosphete 1 as a model. Addition of a stoichiometric 
amount of trifluoromethanesulfonic acid to 1 afforded the cyclic 
phosphonium 14 (M.p. =170°C), in 85% isolated yield. The 
presence of the (iPr,N),PNH sequence was confirmed by the 


observation of a doublet of quintets (J(P,H) = 5.6 and 
19.9 Hz) in the 31P NMR spectrum, while the other NMR 


X E  
X X E  I /  


RpP-C RpP-C, x = R R3P 15 obtained by reacting 1 with iodomethane.[2b1 Addition 
of an excess of triethylamine to a dichloromethane solution 
of 14 indeed regenerates the L5-azaphosphete 1 in 95% 
vield. according to 31P NMR sDectroscopv. Therefore, the 


R&Cf H + R8C-ii-[ 2 H ]  + lR,H: - 
8 a,b R R '  


9 a,b 10 a,b 11 


X = C I  j R'CZCR' = cI '. ..-Me3SiCI 
E = SiMe$ -Me3SiCI 


H '  R' 
E = SiMe3'.\ 


c=c, R ' R '  a : X = R = alkyl, alyl 
b : X = CI. R = i-Pr2N, E = SiMe3 
R' = C02Me R' R' 12 1 


13 (88%) 


Scheme 3. 


firmed that 13 arose from the addition of two molecules of the 
alkyne. In the 13C{H} NMR spectrum, all the carbon atoms 
appeared as doublets, two being directly bound to the phospho- 
rus atom, strongly supporting the cyclic structure. Lastly, the 
location of the hydrogen atom was clearly established from the 
13C NMR spectrum (6 = 100.47 (dd, 'J(C,H) = 160.7 Hz, 
'J(P,C) = 11 7.5 Hz)). 


Two reasonable mechanisms can be postulated : either the 
desired i5-phosphete 12 is formed but a second molecule of 
alkyne inserts rapidly, or the betaine intermediate 9 b reacts with 
the alkyne and undergoes a [1,6] electrocyclization followed by 
elimination of trimethylchlorosilane. We favor the first hypo- 
thesis since, despite the numerous reported reactions involving 


, , data compared well with that for the cyclic phosphonium 


- ,  


desired precursor o~15-phosphetes would be-i,2-dihydrophos- 
phet-2-ium salts 16, but they seem not to be easily available 
(Scheme 4). In contrast, the benzo- and naphtho-analogues ap- 
peared to be accessible according to the procedure below.L31 


P-chloro-substituted phosphorus ylides bearing alkyl groups 
on the phosphorus center possess a reactive P-CI bond that can 
be heterolytically cleaved 
using Lewis acids to yield 
methylene phosphonium 
salts.[81 For the present 
studies, we used the ylides 
17a,b; 17a was character- 
ized by X-ray analysis. The 
molecular structure is 
shown in Figure 1. The 
P1-C1 bond (1.674(3)A) 


W is comparable to distances 
found in other P-halo- Fig. 1. Molecular structure of 17a. Select- 


ed bond lengths (A) and angles r): 
genated y1ides.[8b1 The P- P1-C1 1.674f31. P l - C 8  1.889f31. P1- 
type orbital used to de- c 1 2  1.875(3),'Pl-cli 2.166(2),'Cl-c2 


plane with the P-Cl bond Hydrogen atoms are omitted for clarity. 
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(2.166(2) A). This eclipsed orientation in the crystal is the cause 
of the rather long P-Cl bond (bond order 0.69 according to 
Allmann)191 as explained by the model of negative hyperconju- 
gation whereby electron density is transferred from the ylidic 
carbon atom C 1 into the o* orbital ofthe P-Cl bond.[10] Weak- 
ening of the P-CI bond is essential for the successful prepara- 
tion of methylene phosphonium salts, that is, ylide 8b is not a 
suitable precursor.["] Addition of freshly sublimed (colorless!) 
aluminum trichloride to CH,Cl, solutions of P-halogenated 
ylides 17 a-b afforded transient methylene phosphonium salts 
18 a-b, which possess a highly electrophilic phosphorus center 
owing to the polarizing effect of the C-silyl substituent 
(Scheme 5) An intramolecular electrocyclic ring closure oc- 


r 


L 


17 a-b 18 a-b 


+ ,SiMes 


+ ,SiMe3 


R' 


19 a (80°h)-b (85%) 


20 a (91%)-b (92%) 21 a (91%)-b (94%) 22 a (76%)-b (79%) 


a : R = t-Bu, R' = R' = H 
b : R = CBU, R' ---R' = -CH=CH-CH=CH- 


Scheme 5. 


curred, leading to dihydrophosphetium salts 19a-b, which were 
isolated in good yield. Upon treatment with a strong base, a 
complicated mixture of products was obtained. However, in the 
presence of pyridine, an irreversible and quantitative isomeriza- 
tion to the 1,2-dihydrophosphet-2-ium salts 20 a-b occurred. 
Addition of a strong base such as sodium bis(trimethy1si- 
ly1)amide to 20 a afforded among other products C-silylated 
benzo-A5-phosphete, which was only characterized by 'H and 
31P NMR spectro~copy.[~] All attempts to obtain this four- 
R-electron ylide in a pure form failed. 


Addition of water to a THF solution of 20 a- b cleanly afford- 
ed dihydrophosphet-2-ium salts 21 a-b. Under these slightly 
acidic reaction conditions, the carbon-silicon bond was 
cleaved, and no by-products were observed after recrystalliza- 
tion. The phosphonium salts 21 a-b reacted cleanly with NaN- 
(SiMe,), in toluene solution to yield the desired benzo-A5-pho- 
sphetes 22a-b, which were obtained as highly moisture- and 
oxygen-sensitive deep red crystals from cold n-hexane solution. 
Crystals of 22a proved to be unsuitable for X-ray analysis; 
however, the structure of 22b could be solved by diffraction 
studies. Two independent molecules were found in the unit cell, 
of which one is severely disordered. The SCHAKAL plot of the 
nondisordered one is shown in Figure 2, and selected geometri- 
cal data are collected in Table 1 together with those previously 
obtained for dihydrophosphet-2-ium salt 20 b.l3] 


As expected for a naphthocyclobutadiene derivative, all the 
ring atoms of 22b lie in the same plane (maximum deviation: 
0.042 A). As already observed for the related four-n-electron 
four-membered heterocycles 1 and 3, the value of the inner ring 
angle at P 1 is small (C 1-P 1-C 3, 78.9(3)"), and that of the oppo- 
site angle is large (C 1-C 2-C 3, 106.7(6)"), inducing a short diag- 


Fig. 2. Molecular structure of 22 b showing the numbering scheme used. 


Table 1. Selected bond lengths (A) and angles (") for derivatives 20b and 22b. 


20 b 22 b 20 b 22 b 


PI -CI  1.859(3) 
C1-C2 1.549(5) 
C2-C3 1.360(5) 
C3-P1 1.781(3) 
C3-C4 1.420(5) 
C4-C5 1.350(6) 
C5-C6 1.409(6) 
C6-C7 1.438(5) 
C7-C2 1.424(4) 
C7-C8 1.402(6) 
C8-C9 1.360(6) 
C9-C10 1.401(8) 
CIO-C11 1.328(8) 
C l l -C6  1.421(6) 


1.772(8) 
1.401 (8) 
1.406(7) 
1.773(6) 
1.356(8) 
1.428(8) 
1.382(8) 


1.465(8) 
1.309(11) 
1.406(11) 


1.370(8) 
1.407(8) 


1.459(9) 


1.408(10) 


c I-P 1-c 3 
P 1-c I-c 2 
c 1-c 2-c  3 
c 2-c 3-P 1 
c 2-c 3-c4 
c 3 - c 4 - c 5  
C4-C5-C6 
C 5-C 6-C 7 
C 6-C 7-C 2 
C 1 I-C 6-C 7 
C7-C2-C3 
C 6-C 7-C8 
C 7-C 8-C 9 
C 8-C 9-C 10 
c 9 - c  10-c 11 
C 10-C 11-C 6 


78.7( 1) 
83.8(2) 
105.0(3) 
92.5(2) 
123.7(3) 
1 i6.7(3) 
122.6(3) 
121.1(3) 
11 5.2(3) 
116.2(3) 
121.2(3) 
120.2(3) 
121.1(3) 
118.2(3) 
122.1(4) 
122.1(4) 


78.9(3) 
87.2(5) 
106.7(6) 
87.1(5) 
125.8(6) 
117.8(7) 
118.5(7) 
117.8(9) 
116.1(7) 
117.3(8) 
116.9(6) 
118.2(10) 
125.1(11) 
117.9(9) 
118.8(8) 
122.8(7) 


onal P .  . . C2 distance (2.206(7) A). The four-membered ring is 
almost a symmetrical rhombus: the two P-C bond lengths (P 1 - 
C 1, 1.772(8) A; P 1 -C 3, 1.773(6) A) are in the range of those 
reported for semi-stabilized phosphorus ylides.['] Furthermore 
the two C-C bond lengths (Cl-C2, 1.401(8)A; C2-C3, 
1.406(7) %.) lie halfway between those of single and double 
bonds. In other words, a positive charge is located at phospho- 
rus while the negative charge is delocalized on the carbon frame- 
work, even though this destroys the potential aromatic 4n + 2 
electron configuration of the naphthalene moiety. The electron- 
ic perturbation of the naphthalene rings is obvious on compar- 
ing the measurements for derivatives 20 b and 22 b (Table l), 
keeping in mind that the bond lengths in naphthalene itself 
alternate just as in 20 b.Ila. lZ1 


In order to gain more of an insight into the bonding situation 
of such systems, we have performed ab initio SCF calculations 
on the benzannulated derivatives 23-25 and phosphorus hete- 
rocycles 26-29. Selected calculated bond lengths and angles are 
listed in Table 2. Compounds 25 and 29 are included for com- 
parison to show the effect of annulation of a saturated four- 
membered cycle to the benzene moiety." 31 Compounds 26 and 
27 are formally derived from benzocyclobutadiene 23 by re- 
placement of one CH unit of the four-membered ring with a P 
or HP' group, both of these groups being able to participate in 
the n-electron system by (p,p) R interactions. As expected for 
antiaromatic compounds, electron localization occurs in 23, 26 
and 27, leading to a significant alternation of all the bond 
lengths; in other words, the molecules feature a bis- 
(methy1ene)cyclobutene-like fragment. Comparison of the mea- 
surements calculated for anion 24 and benzocyclobutane 25 
clearly indicates that the negative charge is delocalized on the 
benzene ring. Finally, the bond situation of As-phosphete 28 
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Table 2. Selected calculated SCF bond lengths (A) and angles (") for compounds 23-29 


23 CH CH 1.334 1.516 1.421 1.516 1.343 1.440 1.359 1.440 1.343 91.7 91.7 88.3 88.3 122.8 115.5 121.8 121.8 115.5 122.8 
24 CH, CH- 1.534 1.386 1.441 1.531 1.346 1.435 1.383 1.401 1.416 84.3 92.2 93.3 90.2 118.3 116.6 124.5 118.8 117.6 124.1 
25 CH, CH, 1.570 1.518 1.380 1.518 1.378 1.394 1.392 1.394 1.378 86.4 86.4 93.6 93.6 122.3 116.0 121.6 121.6 116.0 122.3 
26 P CH 1.675 1.491 1.415 1.898 1.350 1.428 1.364 1.425 1.355 75.1 97.0 97.5 90.4 122.2 116.6 121.4 121.3 116.9 121.8 
27 PH' CH 1.650 1.494 1.423 1.833 1.340 1.435 1.361 1.429 1.353 80.8 91.1 101.7 86.3 120.6 116.7 121.7 121.7 115.1 124.2 
28 PH, CH 1.710 1.452 1.425 1.793 1.364 1.401 1.388 1.395 1.391 80.0 89.7 103.1 87.3 117.9 117.5 123.7 119.3 117.2 124.3 
29 PH: CH, 1.847 1.526 1.391 1.774 1.387 1.381 1.400 1.387 1.382 79.0 84.9 104.3 91.8 120.7 116.5 122.4 121.2 115.8 123.4 


appeared to be intermediate between those of derivatives 24 and 
25, the benzene moiety being less perturbed than in 24 because 
delocalization of the negative charge may also occur through the 
7c* orbitals of the PH, group (i.e., negative hyperconjuga- 
tion) .[*'I 


In benzene and phosphabenzene Ax (given in 
lo-, cm3mol-') is strongly negative (C,H,: -63.4 (exp. 
- 59.7)[15]; C,H,P: -66.1 while much larger anisotropies 
are observed for n systems possessing an antiaromatic charac- 
ter. For cyclobutadiene, the standard prototype of an antiaro- 
matic system, Ax is even positive at the MC-SCF The 
calculated IGLO-' 3C chemical shiftsr"] and Ax for derivatives 
23-29 are given in Table 3. None of the parent phosphorus 
heterocycles 26-29 are known; however, the experimental 
NMR data for the Ft-butyl derivatives 22a and 20a-21 a com- 
pare well with 28 and 29, respectively. 


Annulation of a saturated four-membered cycle on a benzene 
ring (compounds 25 and 29) reduces the value of Ax by about 
15 %, indicating relatively little disturbance of the electronic 
properties of the aromatic moiety. The small negative values of 
Ax found for 23, 26, and 27 are indicative of antiaromatic n 
systems; this confirms the electronic similarities between benzo- 
cyclobutadiene (23) and the heterocycles 26 and 27 incorporat- 
ing (p,p) n-bonded phosphorus centers. On the other hand, the 
Ax values of the cyclic hydrocarbon anion 24 (- 26.7) and ylide 


28 (- 29.2) are similar and halfway between those of 23 (- 11 .O) 
and benzocyclobutane (25) (- 55.3). This is confirmed by the 
significant shielding observed for the protons of the benzo and 
naphtho groups in i5-phosphetes 22a (6 = 5.84-7.20) and 22b 
(6 = 6.28-7.83) compared with the "aromatic" phosphonium 
salts 21a (6 =7.16-7.78) and 21b (6 =7.30-8.22). Neverthe- 
less, some care must be taken, since the effects of the delocaliza- 
tion of the different charges in 22a,b and 21 a,b have to be taken 
in account. A careful study of the out-of-plane components for 
the proton shieldings 
could be but is R' 


unfortunately out of reach 
experimentally. 


As expected, benzopho- 
sphete 22 a is very reactive. 
A conventional insertion 
of dimethyl acetylenedi- 22a 
carboxylate into the 
ylide P=CH bond of 22a 
occurred at room tempera- 
ture, giving rise to the bi- 
cyclic [4.4.0]heterocycle 30 


30 (76%) 


R = kPr2N 
R' = C02Me 


(M.p. =147"C) in 76% R" = t-Bu 


isolated yield (Scheme 6). 31 (90%) 


The position of the CH Scheme6. 


Table 3. Calculated IGLO I3C NMR chemical shifts and anisotropy of magnetic susceptibilities Ax 
parentheses. 


cm'mol-') for compounds 23-29. Experimental values in 


6 


X Y X 1 2 3 4 5 6 7 AX [a1 


CH 
CH, 
CH, 


P 
PH' 


PtBu, 
PH2+ 
PtBu, 
PtBu, 


PH, 


CH 
CH- 


150.1 
29.7 
23.8 
(23.4) [bl 


- [cl 
(34.1) 
- 


150.1 
52.4 
23.8 
(146.7) 
230.6 
214.0 
8.2 
(36.1) 
20.4 
(150.5) 
(28.4) 


153.0 
167.3 
146.3 
(1 24.5) 
153.7 
134.9 
184.2 
(1 70.1) 
152.7 
(125.8) 
(1 45.7) 


110.7 
83.7 
122.2 
(128.2) 
108.5 
130.4 
105.6 
(106.6) 
127.3 
(130.6) 
(126.5) 


126.3 
137.2 
126.5 
(128.2) 
129.7 
136.8 
144.8 
(135.9) 
147.9 
(130.8) 
(128.6) 


126.3 
85.8 
126.5 
(124.5) 
131.9 
138.2 
105.3 
(108.5) 
134.4 
(137.8) 
(130.8) 


110.7 
116.2 
122.2 
(146.7) 
124.6 
133.4 
135.4 
(125.1) 
136.1 
(127.5) 
(136.3) 


153.0 -11.0 
133.9 - 26.7 
146.3 - 55.3 


140.8 -7.8 


107.8 - 29.2 
(121.8) 
129.1 - 54.0 


(124.0) 


132.6 - 2.3 


[a] Ax = X . ~ - X , ~ ,  where xlr is the average of the different in-plane components of the susceptibility (op = out-ofplane; ip = in-plane). [b] Obviously erroneous in ref. [21] 
where a value of 133 is given. [c] IGLO "P shift: - 58.4 (28), -49.4 (29). The small downfield shift of the 31P shift resonance (9 ppm) comparing ylide 28 and phosphonium 
salt 29 is in accord with the observed differences between 22421a (8.7 ppm) and 22bjZlb (6.1 ppm) resonances. [d] An IGLO calculation of L'-benzophosphete using 
experimental distances and angles of 22a, and including a PfBu group gives the following 13C shifts: C1 32.2, C2 186.3, C3 108.5, C4 144.5, C6  135.7, C7 97.0. 
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Table 4. Crystallographic data [a] for derivatives 17a and 22b. 


17a [b] 22 b [c] 
~ 


[a] All data were collected on a Siemens-Stoe four-circle diffractometer with Mo, radiation ( A  = 


0.71070 A) by w-scan. Anisotropic temperature factors for all non-hydrogen atoms were used. Hydrogen 
atoms were included in calculated positions or as part of a rigid group (CH,) (22b) with common isotropic 
temperature factors. All calculations were performed by using the programs SHELXS-86 [22] and 
SHELXL-93 [23]. [b] An empirical absorption correction was applied (0.923 < T <  0.998). [c] An empirical 
absorption correction was applied (0.937 < i? 1.000) [24]. 


empirical formula 
formula weight 
temperature (K) 
wavelength (A) 
crystal system 
space group 
0 (A) 
b (A) 
c (A) 
a ("1 
P(") 
Y (") 
volume (A') 


~ ~ ~ i c  (Mgm-,) 
Absorption coeff. (mm-') 
F(000) 
crystal size (mm) 
0 range (") 
index ranges 


reflections collected 
independent reflections 
refinement method 
data/restraints/parameters 
goodness-of-fit on F2 
final R indices [I > 2 u(f)] 
R indices (all data) 
largest diff. peak and hole (e.k3) 


C,8H,2CIPSi 
342.95 
293(2) 
0.71070 
monoclinic 


9.282(5) 
17.881(9) 
12.849(7) 
90 
105.62(4) 
90 
2054(2) 
4 
1.109 
0.316 
744 
0.3 x 0.4 x 0.6 
2.00-25.00 
- 1 l 1 h 1 1 0  
O s k 1 2 1  
011115  
3607 
3607 
full-matrix least-squares on F2 
3606/0/222 
1.01 5 
R1 = 0.0470, wR2 = 0.1023 
R1 = 0.1030, wR2 = 0.1242 
0.193, -0.201 


P21lC 


C19H25P 


284.38 
293(2) 
0.71070 
monoclinic 


12.209(8) 
22.157(12) 
13.841(9) 
90 
111.23(5) 
90 
3490.5(4) 
8 
1.080 
0.148 
1228 
0.4 x 0.5 x 0.6 
1.58 -20.00 
- l l < h 1 1 0  
O1k121  
011115 
3264 
3264 
full-matrix least-squares on F 2  
3264/105/381 
1.047 
R1 = 0.0619, wR2 = 0.1290 
R1 = 0.1381, wR2 = 0.1626 
0.160, -0.164 


P2Ja 


phosphinine was unambiguously assigned by 2 D NMR hetero- 
correlated spectra ('HNMR: S = 5.59 (d, 4J(P,H) =1.7 Hz), 
I3C NMR: 6 =105.76 (d, 3J(P,C) =7.2 Hz)). The high reactiv- 
ity of benzophosphete 22 a was further demonstrated through 
its reaction with acetonitrile. Surprisingly, according to 13C 
NMR and 2 D-heterocorrelated spectra two carbon atoms in the 
resulting product are directly bound to phosphorus (I3C NMR: 


67.0 Hz)), the former bearing a hydrogen atom. All the other 
spectroscopic data also agree with the structure of 1 ,4A5-aza- 
phosphinine 31. This derivative formally results from insertion 
of acetonitrile into a carbon-carbon bond, and not as expected 
into a phosphorus-carbon bond (Scheme 6). 


6 = - 2.03 (d, 'J(P,C) ~ 1 2 0 . 3  Hz), 124.40 (d, 'J(P,C) = 


Conclusion 


The synthesis of stable benzo- and naphtho-A5-phosphetes high- 
lights the particular stability of the four-membered four-n-x- 
electron ylide structure. i5-Phosphetes are versatile building 
blocks in heterocyclic synthesis, and preparation of further rings 
of this type featuring other heteroatoms is under active investi- 
gation. 


Experimental Section 
All experiments were performed in an atmosphere of dry argon. Melting points are 
uncorrected. 'H, "C, and "P NMR spectra were recorded on Bruker AC80, 
AC200, or WM250 spectrometers. 'H and 13C chemical shifts are reported in ppm 
relative to Me,Si as external standard. "P NMR downfield chemical shifts are 


expressed with a positive sign in ppm relative to external 85 % 
H,PO,. Infrared spectra were recorded on a Perkin-Elmer 
FT-IR Spectrometer 1725X. Mass spectra were obtained on 
a Ribermag R10 10E instrument. Liquid chromatography 
was performed with silica gel or neutral alumina. Convention- 
al glassware was used. 


Computation details : The geometries of 23-29 were optimized 
at the SCF level using the TURBOMOLE package of pro- 
grams [I81 (basis set DZ + d for 23-25, DZP for 26-29). 
Most of the IGLO calculations were performed using the 
direct version of the IGLO program [19]. Basis set II was used 
[17]. For calculation using a geometry in accordance with the 
experimental structure of22 b, a DZ basis set 117 was used for 
the hydrogen atoms of the methyl groups and the phenyl ring, 
basis II for all other atoms. 


l-(l,l'-Dimetbylbenzyl)-2-t-butylcyclopropenone: This was 
obtained by distillation as a yellow liquid (86 %) by the proce- 
dure described for the di-t-butylcycloprenone [20]: B.p. 132- 
134 "C (5 x mmHg); 'HNMR (CDCI,, 200 MHz): 
6 = 0.76 (s ,  9H; C(CH,),), 1.24 (s, 6H;  PhCCH,), 6.79-7.01 
(m. 5H; H,,,,); "C NMR (50.323 MHz, CDCI,, 25°C): 
6 = 27.81 (s; C(CH,),), 28.01 ( s ;  PhCCH,), 33.22 (s; 
C(CH,),), 41.02 ( s ;  CPhCH,), 125.42, 127.05, 128.42 (s; 
C.,,,), 144.22 (s; CI), 163.51 (s; CCPhCH,), 164.52 (s; 
CC(CH,),); IR (THF): 5 =I857 (C=C), 1639cm-' (CO); 
C,,H2,0 (228.32): calcd C 84.16, H 8.83; found: C 84.13, H 
8.85. 


l-(l,l'-Dimethylbenzyl)-2,3-f-butylcyclopropeNum bromide 
(6): A pentane solution (100mL) of t-butyllithium ( 1 . 7 ~ ;  
76.00 mmol) was added dropwise over 30 min at 0 "C to a 
pentane solution (1 00 mL) of 1-(1 ,I'-dimethylbenzyl)-2-t- 
butylcyclopropenone (14.50 g, 63.00 mmol). The solution 
was allowed to warm to room temperature and stirred for an 
additional 60 minutes, and water (100 mL) was added at 0 "C. 
The pentane layer was separated, washed with two portions of 
water (2 x 30 mL), dried over magnesium sulfate, filtered, and 
concentrated using a rotary evaporator. The resulting pale 
yellow oil was dissolved in ether (400 mL), and this solution 
was saturated with anhydrous HBr. The solvent was removed 
under vacuum, and the residue washed three times with ether 
(3 x 30 mL). 6 was obtained as a pale yellow solid (17.61 g, 


80% yield): M.p. 120-121 "C; 'HNMR (200MHz, CDCI,, 25°C): 6 = 0.72 (s, 
9H; C(CH,),), 1.26 (s, 6H; PhCCH,), 6.66-6.81 (m, 5H; H,,,,); ')C NMR 
(50.323 MHz, CDCI,, 25 "C): 6 = 26.74 (s, CPhCH,), 27.40 (s; C(CH,),), 34.53 (s; 
C(CH,),), 41.25 (s; CPhCH,), 125.65, 127.84, 128.69 (s; C,,,,), 140.70 (s; Ci), 
180.56 (s; CCPhCH,), 181.69 (CC(CH,),). C,,H,,Br (349.34): calcd C 68.76, H 
8.37; found: C 68.73, H 8.41. 


I-IBis(diisopropy1amino)phosphinol-1 ,2-di-t-butyl-3-( I, 1'-dirnetbylbenzylfcycloprop- 
ene (7): To a THF solution (35 mL) of diphenylphosphine (1.63 g, 8.70 mmol) at 
-78 "C was added dropwise a stoichiometric amount of butyllithium in hexane. 
The solution was allowed to warm to room temperature, stirred for an additional 
10 min, and added at -78°C to a THF solution (5 mL) of derivative 6 (3.03 g, 
8.70 mmol). The solution was allowed to warm to room temperature, stirred for an 
additional 60 min, and the solvent was removed under vacuum. The residue was 
treated with pentane and filtered. Compound 7 was obtained as an extremely air- 
sensitiveviscousoil(3,36g,85%); 'HNMR(200MHz,CDCI,.25"C):6 = 0.80(s, 
9H;  C(CH,),), 1.23 (s ,  9H;  C(CH,),), 1.52 (s ,  3H; PhCCH,), 1.64 (s, 3H;  
PhCCH,), 7.24-7.80 (m. 15H; H,,,,); 13C NMR (50.323 MHz, CDCl,, 25°C): 
6 = 29.16 (s; PhCCH,), 29.80 ( s ;  PhCCH,), 30.29 (s; C(CH,),), 31.22 ( s ;  
C(CH,),), 31.39 (d, 3J(P,C) = 8.6 Hz; C(CH,),), 38.56 (s; PhCCH,), 39.08 (d, 
*J(P,C) = 36.2 Hz; C(CH,),), 47.99 (d, 'J(P,C) = 39.1 Hz; PC), 125.83, 126.61 (s; 
Ca,o,), 127.09 ( 4  4J(P,C) =7.0 Hz; C,,,,), 127.29 (d, 'J(P,C) = 6.0 Hz; C,,,,), 
127.50 (d, 'J(P,C) = 8.5 Hz; C,,,), 127.55 (s; C,,,), 126.37 ( s ;  C=C), 128.01 (s; 
C=C), 134.19 (d, 2J(P,C) =18.7 Hz; C,,,,), 136.52 (d, *J(P,C) = 22.5 Hz; C,,,,), 
139.02 (d, 'J(P,C) =14.5 Hz; CJ, 141.07 (d, 'J(P,C) =18.2 Hz; CJ, 148.07 (s; CJ,  
C,,,, observed; "P NMR (CDCI,, 32.438 MHz): 6 = + 13.77. MS (CH,, CI) mjz 
(%): 455 (4) [Mf +I] ,  269 (100) [M-PPh:]. Satisfactory elemental analysis could 
not be carried out because of the presence of a small amount of the corresponding 
phosphine oxide. 


I,l-~Bis(diisopropylamino)~-2,3,4,5-carbometboxy-~s-pbosphiNne (13): To a CH,CI, 
solution (15 mL) of ylide 8b [6c] (2.65 g, 7.50 mmol) at - 78 "C was added dropwise 
dimethyl acetylenedicarboxylate (2 equiv, 1.8 mL, 1.50 mmol). The solution was 
allowed to warm to room temperature and stirred overnight. The solvent was re- 
moved under vacuum and 13 was isolated by column chromatography (CH2CI,/ 
CH,CN 90jl0, R, = 0.5) as a pale yellow solid (3.49g, 88%): M.p. 129°C; 
'HNMR (200MH2, CDCI,, 25°C): 6 ~ 1 . 0 3  (d, 'J(H,H)=6.7Hz, 12H, 
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CH,CHN), 1.14(d, ,J(H,H) = 6.8 Hz, 12H; CH,CHN), 3.53(s, 3H;  CH,O), 3.56 
(s, 3H; CHJO), 3.67 ( s .  3H; CH,O), 3.73 (s ,  3H; CH,O), 5.37 (d, 
'J(P.H) = 5.8 Hz, 1 H;  PCH), no NCH group was observed, probably hidden by 
CH30, 13C NMR (62.896 MHz, CDCI,, 25°C)- 6 = 23.32 (d, 'J(P.C) = 2.7 Hz; 
CH,CHN). 24.45 (d, 'J(P,C) = 2.5 Hz; CH,CHN), 47.41 (d, 'J(P.C) = S.9 Hz; 
CH,CHN), 50.96 (s; CH,O), 81.57 (s; CH,O), 52.06 ( s ;  CH,O), 52.35 (s; CH,O), 
82 96 (d, 'J(P,C) ~ 1 2 9 . 0  Hz; PCCO), 100.04 (d, '4P.C) =14.0Hz; PCCC), 
700.47 (d, 'J(P.C) =117.5 Hz; PCH), 244.59 (d, 'J(E',C) = 4.3 Hz; PCCHC), ?48 2 1 
(d, 'J(P.C) = 9.0 Hz; PCHCCC), 166.49 id, 4J(P,C) = 0.5 Hz; CO), $66.51 (d, 
'J(P,CJ = 8 2 Hz; CO), 169.33 (d, 'J(P,CJ = 16 8 Hz, CO), 169.91 (d. 
'J(P,C) = 19.9 Hz; CO); "P NMR (32.438 MHz, CDCI,, 25 "C): 6 = + 33.88; IR 
(THFJ: C =1737, 1673cm-' (CO); MS (NH,, CI) m\z (O/.): 529 (100) [M+ +I);  
C,,H,,N,O,P (528.57): calcd C 56.80, H 7.82, N 5.30; found: C 56.79, H 7.84, N 
5.29. 


Four-membered heterocycle 14: Neat trifluaromethanesulfonic acid (0.23 mL, 
2.60 mmol) was added dropwise, at -30 ' C ,  to a dichloromethane solution (5 mL) 
of I [2a,b] (1.00 g, 2.58 mmol). The solution was allowed to warm to room temper- 
ature and stirred for an additional 4 h. The solvent was removed under vacuum and 
the residue washed three times with ether (3x10 mL). Compound 14 was purified by 
recrystallization at room temperature from a CHZCI,/Et,O solution as a colorless 
~011d(l.l8g, 8S%,):M.p. 170°C; 'HNMR(200MHz,CDCI,,ZS"C):6 =1.23(d, 
3J(H,E) =7.4Hz, 1ZH: CH,CHN), 1.27 (d, 'J(H,H) -7.5 Hz, 12H; CH,CHN), 
3.67 (s, 3 H ;  CH,O), 3.78 (sept d, 3J(H,H) =7.5 Hz, 'J(P,H) =19.9Hz, 4H; 
CHICHN), 3.83 (s, 3H; CH,O), 9.45 (d. 'J(P,H) = 5.6 Hz, 1H; NH); '3C NMR 
(50.323 MHz, CDCI,, 25°C): b = 21.62 (d, 'J(P,C) = 1.7 Hz; CH,CHN), 21.84 (d, 
,J(P.C) = 2.0 Hz; CH,CHN), 49.54 (d, 'J(P,C) = 4.6 Hz; CH,CHN), 52.14 (d, 
2J(P3C) =1.5 HZ; CH,O), 53.90 (s; CHSO), 106.07 (d, 'J(P,C)=107.0Hz; PC), 
120.21 (sept, 'J(F,C) = 319.7 Hz; CF,), 157.26 (d, 'J(P,C) = 40.7 Hz; CO), 158.78 
(d, *J(P,C) = 8.2 Hz; CO), 161.97 (d, 'J(P,C) = 12.8 Hz; CN); 31P NMR 
(32.438 MHz, CH2CI,, 2ST) :  b = t 43.11; C,,H,5F,N,0,PS (537.53): calcd C 
42.45,H6.56,N7.81;found:C42.44,H6.60,N7.87. 


Di-f-butyl-[(trimethyIsilylphenyl)methyl~phosphane. To a THF solution (40 mL) of 
benzyltrimethykildne (6.57 g, 40.00 mmol) at 0 "C was added dropwise butyllithium 
in hexanes (26 mL, 1 . 6 ~ ,  41.60 mmol). The solution was allowed to warm to room 
temperature and stirred for an additional 4 h while the solution turned bright red. 
Pure di-r-butylchlorophosphane (6.50 g, 36.00 mmol) was added 10 this solution at 
0°C through a syringe. The solution was allowed to warm to room temperature and 
stirred for an additional 15 h while the red color slowly faded. The solvent was 
removed under vacuum and the residue treated wgfh hexane (60 mL). After filira- 
tion and evaporation of the solvent undec vacuum, di-t-butyI[(trimethylsi- 
lyl)phenyl)methyl]phosphane was obtained as an oil which crystallized as colorless 
crystals upon standing at room temperature fur several days (10.40 g, 94%): M.p. 
76-78°C; 'HNMR (200MHz. C6D6. 25°C): b s 0.20 (s, 9H; SiCH,), 1.12 (d, 


'J(P,H) = 3.9Hz, 1H;  CH), 6.88-7.35 (m, 5H; Ha,@,); I3c NMR (50.323MHz, 
'J(P,H) =10.7 HI. 9H; CCH,), 1.24 (d, 'J(P,H) =10.7 Hz, 9H; CCH,), 2.67 (d, 


C6D6, 25 "C): 6 = 0.72 (d, 'J(P,C) = 6.5 Hz; SiMe,), 31.70 (d, 'J(P,C) = 60.7 Hz; 
PCH). 31.82 (d, 2J(P,C) ~ 1 4 . 9  Hz; CCH,), 31.91 (d, ,J(P,C) =14.8Hz; CCH,), 
33.85 (d. 'J(P.C) = 32.4 Hz; CCH,), 34.15 (d, 'J(P.C) = 33.6 Hz: CCH,). 125.12. 
12822, 131.5j (S; C,,,), 142.54 (s; C,); "P NMR (32.438 MHz, C,D,, 25°C)- 
6 =  +43.31:MS(7UeV, El)m/z(%):308(7) [M+]- 


Di-t-butyll (I-naphthyltrimetbyI~lyl)methyl~phospha~e: The above procedure was 
used starting from I-naphthyimethyl-trimelhyisilane (6.43 g, 30.00 mmol). The 
product was obtained BS colorless crystals from a hesane solution at ~~ 30 "C (8.50 g, 
85%): M.p. 87-89°C; 'HNMR (200MHz, CDCI,, 25°C): 6 =0.04 (s, 9H;  
SiCH,), 0.97 (d, 'J(P,H) =10.4 Hz, QH; CCH,), 1.34 (d, ,J(P,H) =10.8 Hz, 9H; 
CCH,), 3.61(d, 'J(P,H) = 3.7Hz,1 H;CH),7.33-8.23(m,7H;H,,,,);'3CNMR 
(50.323 MHz, CDCI,, 25°C): 6 =1.22 (d, 'J(P,C) = 2.8 Hz; SiMe,). 24.90 (d, 
'J(P,C) = 54.3 Hz; PCH), 31.44 (d, 'J(P,C) =12.7 Hz; CCH,), 31.62 (d, 
*J(P,C) = 13.8 Hz; CCH,). 33.22 (d. 'J(P,C) = 27.6 Hz; CCHJ, 34.44 (d, 
'J(P,C) = 30.8 Hz; CCH,). 124.22, 124.90, 125.00, 125.22, 128.01, 128.35, 129.17, 
132 54, 134.11, 140.02 (S; C,,,,); "P NMR (32.438 MHz, CDCI,, 25°C): 
d = + 57.82. MS (70 eV, EI) m / i  (%): 358 (4) [ M  '1. 


Di-~-butylehloroI@hen~Jfr~e~ylsilyl)methyleneJphosphorane (17a). Neat CCI, 
(4.61 R, 30.00mmol) was added to a hexane solution (4UmL) of di-i-butyl- 
[(trimethylsilylphenyl)niethyl]phosphane (4.63 g. 15.00 mmol) at - 40 "C through a 
syringe. The solution was allowed to warm to room temperature and stirred for an 
additional 1 b. The solvent was removed under vacuum and 178 was obtained as 
yellow-brownish needles at -30°C from a hexane solution. After sublimation at 
85 T / O . O f  Torr, 17a was isolated as yellow crystals (4.05 g, 79%): M.p. 82-83 "C;  
NMRdataarelistedin ref[S]: MS(70eV, EI)m/z(%): 342(4)[Mt]: C,,H,,CISiP 
(342.95):calcdC63.04.H9.40.C110.34,P9.03;found:C63.14.H9.24,C1 10.38, 
P 8.88. 


Di-l-butyl-chloroJ(l-naphthyltrimethybilyI)~ethyleneJpbosphorane (17b): Neat 
CCI, (4.61 g, 30.00 mmol) was added to a hexane solution (50 mL) ofdi-t-butyl-[(l- 
naphtbyltrimethylsilyl)methyl]phosphane (5.38 g, 15.00 mmol) at -40°C through 
a syringe. The solution was allowed to warm to room temperature and stirred for 


an additional 2.5 hours. The solvent was removed under vacuum and 17b was 
obtained as yellow crystals at -30°C from an acetonitrile solutton (5.20 g, 88%): 
M.p. 106- 107 "C; NMR data are listed in ref [S]; MS (70 eV, EI) m/z (%): 392 (2) 
LM 'I. 


Compounds 19a-b and 20a-b: Synthetic and analytical data are listed in ref[3]. 


I ,  I l -Di-r-bulyl-1,2-dihydro~~~phosp~e~-~-~~ chloride (21 a); Tu a T H F  solution 
(20 mL) of 20s  (0.95 g, 2.00 mmol) was added water (4 mL). After the solution had 
been stirred for 3 h at room temperature, the solvent was removed under vacuum. 
The residue was treated with CH,CI, and filtered. Colloidal suspended aluminum 
salts were removed by briefly refluxing the mixture followed by repeated filtration. 
The solvent was removed under vacuum. and after crystallization from a hot toluene 
suspension, 21 a was obtained as a white solid (0.49 g, 91 %): M.p. 197 "C; 'H NMR 
(200 MHz, CDCI,, 25°C): 6 = I S 1  (d, 'J(P,H) =19.9 Hz, 18H; CCH,), 4.28 (d, 
*J(P,H) =10.3 Hz, 2H; CH,), 7.16-7.78 (m, 4H; Hmro,); ',C NMR (50.323 MHz, 
CDCI,, 25 "C): 6 = 26.60 (s; CCH,), 28.42 (d, 'J(P,C) = 46.9 Hz; CH,), 35.44 (d, 
'J(P,C) = 20.8 Hz; CCH,), 123-147(~; (&,,,); "P NMR (32.438 MHz, CDCI,, 
25°C): 6 = + 82.33; C,,H,,CIP (270.78): calcd C 66.54, H 8.93, C1 13.09, P 11.44; 
found: C 66.41, H 8.89, CI 13.12, P 11.60. 


Z,2-Di-~-butyl-l,2-dihydronapbtboJ2,l,blphosphet-l-ium chloride (21 b): To a THF 
solution (2OmL) of 2Ob (.l~OS& 2.00mmoI) was added water (4 mL). After the 
solution had been stirred for 4 h at room temperature, the solvent was removed 
under vacuum. The residue was treated with CH,CI, and filtered. Colloidal sus- 
pended aluminum salts were removed by briefly refluxing the mixture followed by 
repeated filtration. The solvent was removed under vacuum, and after crystalliza- 
tion from a hot toluene suspension. 21 b was obtained as a white solid (0.60 g, 94%): 


18H; CCH,), 4.57 (d, 'J(P,H) = 11.2 Hz, 2H; CH,), 7.30-8.22 (m, 6H; ',C 


CCH,), 35.72 (d, 'J(P,C) = 20.5 Hz; CCH,), 120-147 (s; Cscem); 31P NMR 
(32.438 MHz, CDCI,, 25°C): b = +79.08; C,,H,,CIP (320.84): calcd C 71.13, H 
8.17, Cl 11.0s. P 9.65; found: C 71.08, H 8.12, Cl 11.02, P 9.71. 


1,l-Di-r-butyl-1-benzopbusphefe (22a): To a toluene suspension (10 mL) of 21 a 
(0.42 g, I 50 mmol) at -78°C was added NaN(SiMe& (0.28 g. 1 50 mmol). The 
sulution was aiIowed to warm to room temperature, the mixture becoming deep red. 
Precipitated NaCl was filtered off and the solvent was removed under vacuum. 22a 
was obtained as deep red plates from a hexane solution at -30°C (0.27 g, 76%)' 
M.p.94-9S"C;'HNMR(200MH~,C,D,,25oC).d=1.14(d,3J(P,H)=14 3 Hz, 
leH;cCli,),2.77(d.'J~P.H)=27.8Hz, I H;CH), 5.84-7.20frn,4H;H,,,,);',C 
NMR (50.323 MHz, C,D6, 25°C): 6 =  27.76 (s; CCH,), 34.64 (d, 
'J(P,C) = 26.4 Hz; CCH,), 36.44 (d, 'J(P,C) = 82.1 Hz; PCH), 106.65 (d, 
'J(P,C) = 26.9 Hz; CH,,,,), 108.47 (d. ,J(P,C) = 11.6 Hz; CHaro,), 121.77 (d, 
'J(P,C) =72.5 Hz; PC,,,,), 125.14 ( s ;  CH,,,,), 135.88 (d, 4J(P,C) = 2.2 Hz; 


M.p. 137°C; 'HNMR(2O0MHz,CDCI3, 25°C): 6 =1.61 (d, 'J(P,H) =17.1 Hz, 


NMR (200 MHz, CDCl,, 25°C): 6 = 25.62 (d, 'J(P,C) = 46.9 Hz; CH,), 26.92 (s; 


CH,,,,). 170.13 (d, 'J(P,C) = 3.8 Hz; PCHC); 'IP NMR (32.438 MHz, C,D6, 
25°C): 6 = +73.60; MS (70eV, EI) m / i  (X): 234 (32) [M']; C,,H,,P (234.32): 
calcd C 76.89, H 9.89, P 13.22; found: C 76.85, H 9.83, P 13.34. 


2,2-Di-r-bulyl-l-naphtho[2,1~~~phospleie (22b): To a toluene suspension (10 mL) of 
21 b (0.48 g, f 50mmol) at -78 "C was added NaN(SiMe,), (0.28 g, 1.50 mmol). 
The solution was allowed to D a m  to room temperature, the mixture becoming deep 
red. Precipitated NaCl was filtered off, and the solvent was removed under vacuum. 
22 b was obtained from a hexane solution at - 30 "C as deep red plates suitable for 
X-ray analysis (0.34g, 79%): M.p. 116-127°C; 'HNMR (200 MHz, C6D6, 
25°C):  6 = l . l g  (d, 'J(P,H) -14.3 Hz, 18H; CCH,), 3.38 (d, 2J(P,H) = 26.0 Hz, 
1H; CH), 6.28-7.83 (m, 613; H,,,,); " C  NMR (50.323 MHz, C6D6, 25°C): 
b = 27.41 (s; CCH,), 33.72 (d, 'J(P,C) = 27 .9H~;  CCH,), 41.34 (d, 
'J(P,C) =77.6 Hz; PCH), 106.01 (d, 'J(P,C) =76.9 Hz; PC,,,,), 106.05 (d, 
'J(P,C) =11.7 Hz; CH,,,,), 122.08 (d, 'J(P,C) = 25.0 Hz; C,,,,), 121.42 (s; 
CH,,,J, 123.21 (s; CH,,,,), 123.35 (s; CH,,,,), 125.74 (s; CHaro,), 128.62 (s; 
CH,,om), 140.61 ( S ;  C,,,), 170.11 (d, 'J(P,C) = 3.8Hz; PCHC); ,'P NMR 
(32.438MHz, C6D,,25"C):b= +73.00, MS(70eV, EI)m/ i (%):  284(46)[Mt]; 
C,,H,,P (284.38): calcd C 80.25, H 8.86, P 10 89: found: C 80.19, H 8.91, P 10.93. 


Benzo-P-phosphinine 30: To a n-hexane solution (10 mL) of22a (0.50 g, 2.1 mrnol) 
was added dimethyl acetylenedicarboxylate (0.30 g, 2.10 mmol) at room tempera- 
ture. The red color of the reaction mixture faded immediately and became yellow. 
After a short while, 30 started to precipitate, and crystallization was completed 
overnight at - 30°C. After recrystallization from hot n-hexane, 30 was obtained as 
yellow crystals (0.6 g, 76%): M.p. 147°C; 'KNMR (20OMHr. CD,CN, 25°C): 
6 = 0.94 (d, 32(P,H) =15.4 Hz, 18H; CCHJ, 3.08 (s, 3H; CH,O), 3.25 (s, 3H; 
CH30).5.59(d,4J(P,H)=1.7H~ iH;PCCH),6.68(m,lH,H,,,,),6.76(m,lH; 
HM,,).6.97(m, 1 H;H,,,), 7.46(m, 1 H;H,,,);"CNMR(50.323 MHz,CD,CN, 
25°C): 6 = 29.54 (d, *J(P,C) =1.6 Hz; CM,), 43.28 (d, '.f(P<C) = 41.2 Hz; 
CCH,), 50.76 (s; CH,O), 52.31 (s; CH,O), 54.23 (d, 'J(P,C) = 98.3 Hz; PC), 
105.76 (d, 'J(P,C) =7.2 Hz; PCCCH), 110.44 (d, 'J(P,C) =71.4 Hz; PC_,,), 
123.69 (d, 'J(P,C) =11.0 Hz; C,,,,), 129.10 (d, 'J(P,C) =7.2 Hz; CHara,,,), 132.45 
(d, '4P.C) = 2.2Hz; CH,,,,), 135.42 (d, 4J(P,C) -7.7 Hz; CH,,,,), 140.62 (d. 
,J(P.C) = 4.9Hz; PCCCO), 143.04 (d, 'J(P,C) = 2.2 Hz; Cn,o,), 169.69 (d, 
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'J(P,C) = 17.0 Hz; CO), 172.76 (d, 2J(P,C) = 13.2 Hz; CO); "P NMR 
(32.438 MHz, CD,CN, 25°C): 6 = + 32.20; MS (70eV, EI) m / z  (%): 376 (15) 
[ M ' ] ;  C,,H,,O,P (376.43): calcd C 67.01, H 7.76, P 8.23; found: C 67.10, H 7.83, 
P 8.20. 


Ben~o-l,41~-azaphosphinine 31: A n-hexane solution (2 mL) of 22a (0.5 g, 
2.10 mmol) was treated with acetonitrile (2 mL). The red color faded and the solu- 
tion turned slightly yellow. After evaporation of all volatiles in vacuum (0.01 Torr), 
the residue was dissolved in a minimum amount of n-hexane and stored at -30°C. 
After two days, 31 was collected in the form of slightly yellow crystals by filtration 
(0.40 g; 69%). The mother liquor still contained 31 which was spectroscopically 
(31P NMR) pure. M.p. 90-93 "C: 'HNMR (200 MHz, CDCI,, 25 "C): S =1.04 (d, 
*J(P,H) = 5.8 Hz, 1 H; PCH), 1.35 (d, 'J(P,H) =14.5 Hz, 18H; CCH,), 2.92 (s, 
3H;  CH,CN), 7.20 (m, 2H; H,,,,), 7.31 (m, 1 H; H,,,,), 7.61 (m, 1 H; H,,,,); "C 
NMR (50.323 MHz, CDCI,, 25 "C): 6 = - 2.03 (d, 'J(P,C) = 120.3 Hz; PCH), 
22.81 (d, 'J(P,C) = 2.7 Hz; CH,CN), 28.50 (s; CCH,), 37.49 (d, 
'J(P,C) = 48.3 Hz; CCH,), 124.40 (d, 'J(P,C) = 67.0 Hz; PC,,,J, 124.41 (d, 
'J(P,C) =11.0 Hz; CHar0,), 131.36 (s; PCC,,,,N), 131.48 (d, 'J(P,C) = 2.7 Hz; 
CH,,,), 133.50 (d, 'J(P,C) = 9.9Hz; CH,,,,), 146.19 (d, 'J(P,C) = 6.1 Hz; PC- 
CCH,); "P NMR (32.438 MHz, CDCI,, 25°C): 6 = + 43.20; MS (70 eV, EI) m / z  
(%): 275 (275) [M']; C,,H,,NP (275.36): calcd C 74.15, H 9.52, N 5.09; found: C 
74.21, H 9.60, N 5.09. 
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Fluorescent Sensors for Transition Metals Based on Electron-Transfer 
and Energy-Transfer Mechanisms 


Luigi Fabbrizzi," Maurizio Licchelli, Piersandro Pallavicini, Angelo Perotti, 
Angelo Taglietti and Donata Sacchi 


Abstract: Fluorescent sensors for 3 d diva- 
lent metal ions have been designed by 
means of a supramolecular approach: an 
anthracene fragment (the signalling sub- 
unit) has been linked to either a cyclic or 
a noncyclic quadridentate ligand (the re- 
ceptor). occurrence of the metal-recep- 
tor interaction is signalled through the 
quenching of anthracene fluorescence. 
When the receptor (i.e., the dioxote- 
tramine subunit of sensors 2 and 3) is able 
to promote the one-electron oxidation of 


the metal, quenching takes place through 
a photoinduced metal-to-fluorophore 
electron-transfer mechanism. In the case 
of sensors containing a tetraamine bind- 
ing subunit (4 and s), quenching proceeds 


copper complexes electron trattsfer - 
energy transfer fluoreseaE. ~ ~ 1 1 8 0 ~ )  * 


by an energy-transfer process. Selective 
metal binding and recognition can be 
achieved by varying the pH, and metal 
ions can be distinguished (e.g., Cu" from 
Ni") by spectrofluorimetric titration ex- 
periments in buffered solutions. Whereas 
systems 2, 3 and 5 show reversible metal 
binding behaviour, the cyclam-containing 
system 4 irreversibly incorporates transi- 
tion metals (due to the kinetic macrocyclic 
effect) and cannot work properly as a sen- 


In the supramolecular world, a sensor is a two-component sys- 
tem in which the specific receptor for the intended substrate is 
connected to a subunit capable of signalling the occurrence of 
the receptor-substrate interaction. The signal is given by a dras- 
tic change of a property: thus sensor eficiency is related to the 
ease of detecting such a property and measuring its intensity 
over a substantial concentration range, possibly down to trace 
level, as well as to receptor specificity. In this context, j7uores- 
cence is a convenient property to investigate. Fluorescence is 
visible, can be determined in real time without excessively so- 
phisticated and expensive instrumentation and, if the appropri- 
ate fluorophore is chosen, can be safely monitored at a concen- 
tration level as low as ~ O - ' M .  Efficient sensing should involve 
variation of the investigated property by at least two orders of 
magnitude: in spectrofluorimetric measurements, such a situa- 
tion would correspond to full quenching or to complete revival 
of the emission intensity. 


During the last decade, a number of fluorescent sensors has 
been designed for s-block metal ions.['] Most of them operate by 
a photoinduced electron-transfer (PET) mechanism.['] In a clas- 
sic example from the de Silva group, the binding component of 
the sensor is an NO, crown, which is linked through the amine 
nitrogen atom to the powerful light-emitting fragment an- 
thracene by a methylene group.131 The uncomplexed sensor 
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1 is not fluorescent, as the photoexcit- 
ed fluorophore is deactivated by a 
nonradiative mode through the trans- 
fer of an electron from the highly re- 


(e.g., of a K' ion), the metal-ligand 
interaction decreases the amine oxidation potential drastically 
and prevents the electron transfer. As a consequence, the intense 
and characteristic anthracene emission is largely restored. 


We were interested in developing fluorescent sensors for tran- 
sition metals using the same supramolecular approach. In par- 
ticular, we noted that the fluorophore (anthracene, also in the 
present case) was connected to a multidentate system containing 
nitrogen donor atoms. In fact, amine and amide groups display 
a special affinity for d-block metal ions. Thus, the following 
two-component systems were considered, in which the an- 
thracene fragment has been linked to quadridentate aza crowns 
(2 and 4, derivatives of the classical macrocycles dioxo- 
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~ y c l a m [ ~ ]  and ~yclam,[~]  and of their open-chain counterparts, 3 
and 5). 


It should be noted that PET sensors like 1 must contain a 
group to supply the electrons in addition to the fluorescent 
subunit and the receptor, for example a tertiary amine group 
near the light-emitting fragment. Such a device may be unneces- 
sary in transition-metal sensing with a PET mechanism. In fact, 
as 3 d metals typically exhibite rich redox activity, the electron 
transfer can take place directly from the fluorophore to the 
complexed ion (or vice versa). In this case, one should choose as 
a receptor a ligand able to promote the redox activity of the 
target metal ion, that is, favouring the conversion to an adjacent 
oxidation state. In addition, 3d ions possess empty levels of 
suitable energy which can be involved in energy-transfer pro- 
cesses from the photoexcited fluorophore (according to the 
Dexter mechanism) .L61 This offers a second opportunity (not 
available to non-transition metals) for fluorescence quenching 
and sensing. The aim of this work is to demonstrate that 
supramolecules 2-5 act as eficient sensors for transition 
metals, taking advantage of either electron-transfer or energy- 
transfer mechanisms. A preliminary investigation of the sensing 
properties of 3 has been recently reported."] 


Results and Discussion 


Using dioxotetraamines as receptors: Dioxocyclam is a powerful 
ligand capable of binding divalent metal ions of the late 3d 
series, with simultaneous deprotonation of the two amido 
groups, as outlined in Scheme I.[*] In order to define the pH 
dependence of metal complexation by the dioxocyclam deriva- 


MZ*, 20H 
e R  


NH HN 2H+ u RYNl 6 
Scheme 1. Complexation of a divalent 3d metal ion (M = Cu, Ni) by a dioxote- 
traamine subunit (R = H, dioxocyclam; R = anthracene-9-ylmethy1, 2). 


tive 2 and to study the corresponding effects on the light-emit- 
ting properties of the appended fluorophore, titration experi- 
ments were carried out inside a spectrofluorimetric cuvette. 
First, a solution of 2 and excess strong acid in MeCN and water 
(80:20) was titrated with a standard NaOH solution. No alter- 
ation of the intense characteristic emission of anthracene was 
observed over the investigated pH interval (2- 12). However, if 
the titration was carried out in a similar solution that also con- 
tained I equiv of Cu", the intensity of the emission band, ZF, 
began to decrease at pH = 3.6, and fluorescence was completely 
quenched at pH = 5.3. Specifically, the plot of IF against pH 
displays a sigmoidal profile, as illustrated in Figure 1. Fluores- 
cence quenching has to be associated with the incorporation of 
the Cu" ion by the dioxocyclam subunit of 2 according to an 
equilibrium of the type outlined in Scheme 1. This is confirmed 
by a similar titration experiment carried out in the spectropho- 
tometric cuvette: at pH = 3.7 an absorption band centred at 
510 nm developed, to reach a limiting value at pH = 6.0. Nota- 
bly, the plot of the molar absorbance at 510 nm, A510,  against 
pH shows a sigmoidal profile mirroring that of the ZJpH plot 
illustrated in Figure 1. The band at 510 nm corresponds to a 
species of type 6 (see Scheme I), pink-violet in colour, in which 
the Cu" centre is coordinated by two amine groups and two 


2 4 6 8 10 


PH 


Fig. 1. pH dependence of the fluorescence intensity (IF, T) and of the molar ab- 
sorbance of the band at 510 nm (A, v) for a solution containing equimolar amounts 
of 2 and of Cu" in MeCN/H,O (4: 1). 


deprotonated amide nitrogen atoms of the dioxocyclam sub- 
unit. Similar behaviour has been reported for the open-chain 
analogue 3.[71 The corresponding ZF/pH plot for the system Cu"/ 
3 is reproduced in Figure 2 for the purpose of comparison. The 
ZF/pH profiles have a similar shape, but do not coincide: the 
displacement of the profile of 2 to pH values about 1.5 units 
lower reflects the higher solution stability of Cu" complexes 
with cyclic ligands compared with those with open-chain coun- 
terparts (the thermodynamic macrocyclic effect) .Ig1 


I V 


I . 


4 6 8 


PH 


Fig. 2. pH dependence of the fluorescence intensity (I,) for solutions containing 
equimolecular amounts of a dioxotetraamine sensor and of either Cu" or Ni" in 
MeCN/H,O (4: 1). a) 2 and Cu" (v); b) 2 and Ni" (T); c) 3 and Cu" (0 ) ;  iv) 3 and 
Ni" (*). 


The Ni" ion behaves similarly, as indicated by titration exper- 
iments monitored through spectrofluorimetric and spectropho- 
tometric techniques. In the presence of Nil1 the anthracene emis- 
sion was quenched, and the ZF/pH plot shows a sigmoidal profile 
centred at pH = 5.  Spectrophotometric titration showed that an 
absorption band centred at 450 nm formed and develops 
around the same pH. Such a band corresponds to a dioxo- 
cyclamato(2-) complex of type 6 (the yellow low-spin Ni" chro- 
mophore). Figure 2 shows that the ZJpH sigmoidal profile for 
the Ni"/2 system is centred at a pH about one unit higher than 
that observed for the Cu"/2 systems: this reflects the generally 
observed greater stability of Cu" complexes with polyaza lig- 
ands compared with Ni", in agreement with the Irving- 
Williams series. [lo] 
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Notably, only Cu" and Ni" among 3 d divalent cations had an 
effect on the light-emitting properties of 2. On titration of solu- 
tions containing equivalent amounts of 2 and Mn", Fe", Co" 
and Zn", no decrease of fluorescence was observed. Such be- 
haviour cannot be ascribed to any photophysical effect, but 
simply to the fact that under the experimental conditions the 
above-mentioned ions were not chelated by the dioxocyclam 
ring of 2. In this connection, one should consider that the very 
endothermic effect associated with the deprotonation of the two 
amido groups (see Scheme 1) can be compensated only by metal 
ions late in the 3d  series (e.g., Cu" and Ni"), which can take 
advantage of a very favourable contribution from the ligand 
field stabilization energy. Divalent cations earlier in the series 
profit little from a much less favourable ligand-field effect and 
cannot induce deprotonation of the two amide groups of the 
dioxotetraamine ligand. Thus, the cyclic receptor of the 
supramolecular sensor 2 does not recognize the size of the 
cation, as typically observed in the interaction of sensors of type 
1 with the spherical ions of the s block, but recognizes its posi- 
tion in the Periodic Table. 


A deeper insight into Figure 2 suggests a way to discriminate 
between Cu" and Ni" ions using the fluorescent sensor 2. A pH 
value can be chosen within the interval delimited by the two 
titration profiles at which the Cu" ion is formed, at least in part, 
and the Ni" complex is not. Thus, an MeCN/water solution 
(4:1, v/v) containing 2 was adjusted to pH = 4.7 with 
CH,COOH/CH,COO- buffer. Figure 2 suggests that at this 
pH the Ni" ion is not chelated by the dioxocyclam receptor, 
whereas Cu" is complexed at about 50%. The above solution 
was first titrated with a solution of Ni". Addition of more than 
1 equiv did not have any effect on the emission band of the 
anthracene (Fig. 3). Then the same solution was titrated with 
Cu": fluorescence decreased linearly, to reach 50 % of the orig- 
inal intensity after the addition of 1 equiv, as predicted from the 
titration graph in Figure 2. 
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Fig. 3. Discrimination of Cu" and Ni" by the fluorescent sensor 2 in an MeCN/H,O 
solution (4: 1). buffered at pH = 4.7 with acetate buffer. Titration with Ni" does not 
alter fluorescence (A). On addition of Cu", IF decreases linearly (v) to reach 50% of 
the original value with the addition of 1 equiv. n = number of added equivalents. 


Similar recognition of Cu" and Ni" and discrimination under 
buffered conditions has been observed in the case of the open- 
chain analogue 3."] However, for the noncyclic system the sep- 
aration between the two profiles was about 2 p H  units wide, 
which makes a larger pH interval available for selective titration 
under buffered conditions. In particular, in a solution buffered 
at pH =7.1, addition of Ni" did not induce any decrease in 
fluorescence, and addition of 1 equiv of Cu" fully quenched 
fluorescence. 


Thus, sensors 2 and 3 differ in the following aspects, which 
depend on the cyclic or noncyclic structure of the receptor: 
a) titration profiles for 3 for both Cu" and Ni" are shifted to 
higher pH values: this reflects the higher solution stability of the 
metal complexes of the macrocyclic receptor compared with 
those of its open-chain counterpart (the previously mentioned 
thermodynamic macrocyclic effect-the cyclic ligand is preori- 
ented for coordination and does not lose any energy when encir- 
cling the b) the separation of Cu" and Ni" profiles is 
narrower for the cyclic system 2 than for 3: this may reflect the 
fact that on complexation the high-spin Ni" ion moves to the 
low-spin state (which reduces its radius by 10% or 
This should allow Ni" to fit better into the rather rigid dioxo- 
cyclamato(2-) ring and to profit from the macrocyclic effect to 
a larger extent that the greater Cu" cation. 


Nevertheless, fluorescent sensors 2 and 3 exhibit the same 
qualitative behaviour, independently of the cyclic or noncyclic 
nature of the receptor. Incorporation/release of the metal centre 
is a fast and reversible process, which can be driven back and 
forth by addition of strong base and strong acid, with concur- 
rent quenching/revival of fluorescence, indefinitely (apart from 
dilution effects on emission band monitoring). It will be shown 
later that the reversible binding of a transition metal is rather 
unusual for cyclic polyaza receptors and can be observed for 
dioxotetraamine ligands but not for the 0x0-free analogues like 
cyclam. In fact, for a polyamine receptor, the cyclic or noncyclic 
nature causes significant differences in the application (vide in- 
fra). 


The nature of metal-induced fluorescence quenching in sensors 
containing the dioxotetraamine subunit: A transition-metal cen- 
tre can induce the nonradiative deactivation of a proximate 
photoexcited fluorophore through two distinct mechanisms: 
electron transfer or energy transfer." 31 Both possibilities are 
open to Cu" and Ni" cations that interact with sensors 2 and 3. 
As far as the electron-transfer mechanism is concerned, coordi- 
nation by deprotonated amide groups favours access to the Cu"' 
and Ni"' state; the [Cu1"(dioxocyc1amato(2-)]+ species was the 
first reported macrocyclic complex of trivalent copper(rr1) stable 
in aqueous solution.['4] Thus, electron transfer from the com- 
plexed Cu" centre to the photoexcited anthracene moiety An* of 
2 (or 3), as illustrated in Scheme 2a, should be feasible. On the 
other hand, transition metal ions like Cu" and Ni" possess emp- 
ty or half-filled orbitals of convenient energy, which can be 


(a) electron transfer 


$9 - + 
,/- + 9-f 


+ 


(b) energy transfer 


'An Cull An *Cull 
Scheme 2. Quenching of the excited anthracene subunit by the proximate Cu" cen- 
tre in supramolecular systems of type 2-5:  a) electron-transfer mechanism; 
b) energy-transfer mechanism (Dexter type). 
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involved in an energy-transfer mechanism of the Dexter type. 
Scheme 2 b qualitatively illustrates such a possibility in the case 
of the CU" ion. 


The nature of the quenching mechanism can be assessed 
through spectrofluorimetric investigations carried out in a 
frozen glass solution at low temperature (e.g., liquid nitrogen). 
An electron-transfer process (Scheme 2 a) generates charge sep- 
aration, which would induce a drastic rearrangement of the 
solvation sphere. Immobilization of solvent molecules in the 
glass prevents such a reorganization, precluding the electron- 
transfer process and restoring f lu~rescence .~~~]  In contrast, an 
energy-transfer process like that illustrated by Scheme 2 b does 
not involve any charge separation and consequent mobilization 
of solvent molecules: it is simply an internal double electron-ex- 
change process and cannot be affected by the state of the medi- 
um, be it liquid or frozen. Thus, fluorescence quenching should 
be maintained even in a glass environment. In this context, the 
sensor 2 and Cu" were dissolved in the glass-forming solvent 
ethanol and two equivalents of standard base were added: com- 
plexation took place and anthracene fluorescence was fully 
quenched. However, on freezing the same solution at 77 K, the 
emission band of anthracene was largely restored. This be- 
haviour unequivocally assigns the mechanism of fluorescence 
quenching of the anthracene subunit following the interaction 
with the Cu" ion with 2 to an electron-transfer process. Such a 
process should involve the release of an electron from the Cu" 
centre to the photoexcited fluorophore An*, as indicated in the 
equation in Scheme 3. 


AGO, = -0.5 eV 
Cull + 'An - Cull1 + An- 


2.4 eV f 
An 


Scheme 3. Thermodynamic cycle for the evaluation of the free energy change, 
AG,,, associated with the electron transfer from Cu" to the photoexcited anthracene 
fragment within system 2. 


The occurrence of such an electron transfer is fully justified on 
a thermodynamic basis. In fact, the free energy change associat- 
ed with the electron transfer process, AG,,, calculated from the 
cycle in Scheme 3 through the combination of photochemical 
and electrochemical quantities, has a distinctly negative (fa- 
vourable) value @GET = - EO-,,(,,) + e (~cuIII i cu~~  - E,?AnlAn-) 
= - 0.5 eV, where Eo-,,(,,) corresponds to the energy of the 
emission band; EaAnlAn- and IZu,,IlcuI, have been obtained from 
voltammetric investigations in MeCN solution). Fluorescence 
revival was also observed in a glass ethanolic solution of 2 and 
Ni". In this case too, the electron-transfer process can be ac- 
counted for on a thermodynamic basis (AGE, = - 0.35 eV). An 
analogous temperature-dependent pattern was observed for the 
Cu" and Ni" complexes of the open-chain analogue 3. Thus, 
supramolecules 2 and 3 are genuine PET sensors for transition 
metals. 


Using tetraarnines as receptors: The light-emitting properties of 
the two-component system 5, which contains a fully saturated 
open-chain receptor, were investigated by pH titration experi- 
ments similar to those described in the previous section. When 
a solution of 5 containing excess acid was titrated with standard 
base, the emission band of anthracene was observed in strongly 


acidic conditions, under which all the amine nitrogen atoms of 
the appended multidentate ligand are protonated. Fluorescence 
intensity began to decrease when the excess acid had been neu- 
tralized and further equivalents of base had been added, as 
shown in Figure 4. Quenching was most effectively achieved 
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Fig. 4. Spectrofluorimetric titrations of tetraamine sensors 4 (v) and 5 (0 )  in an 
MeCN/H,O (4: 1) solution. 


during the addition of the second and third equivalents. This 
indicates that the second and third protons are released from the 
two ammonium groups closest to the anthracene subunit. De- 
protonation makes available an electron pair on the nitrogen 
atom: one electron of the pair is transferred to the proximate 
photoexcited fluorophore. The fastest electron transfer and the 
most efficient quenching effect should be provided by the sec- 
ondary amine group immediately adjacent to the anthracene 
moiety. However, the simple spectrofluorimetric titration does 
not permit us to define the deprotonation sequence. pH-depen- 
dent fluorescence quenching of this type has been observed in 
the case of anthrylamines.['I 


Figure 5 is an Z,/pH plot for the titration described above. 
One equivalent of Cu" was added to the same solution, which 
was then titrated. Figure 5 shows that Z, decreased sigmoidally, 
but at a pH 1.5 units lower than observed for the metal-free 
solution. In this case too, fluorescence quenching has to be 
attributed to the binding of the metal ion by the chelating sub- 
unit. In fact, in the same pH interval (2.0-3.5) a d-d band 
centred at 530 nm formed and developed. A band of the same 
energy and comparable intensity was observed for the Cu" com- 
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PH 
Fig. 5.  pH dependence of the fluorescence intensity (IF) for solutions containing: 
a) the tetraamine sensor 5 alone (0 ) ;  b) equimolar amounts of 5 and Cu" (v); 
c) equimolar amounts of 5 and Nil' (7). 
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Fig. 6 .  Differentiation of Cu" and Ni" by the fluorescent sensor 5 in an MeCN/H,O 
solution (4:1), buffered at pH = 2.9 with chloroacetate buffer. Titration with Nil' 
does not alter fluorescence (A). On addition of Cu", IF decreases linearly (v); full 
quenching is observed with the addition of 1 equiv. n = number of added equiva- 
lents. 


plex of N,N'-bis-(2-aminoethyl)propane-1,3-diamine (2.3.2- 
tet), that is, the metal-binding component of 5. This behaviour 
definitely demonstrates that fluorescence quenching in the pH 
range 2.0-3.5 has to be associated with metal chelation by the 
tetraamine fragment. 


Spectrofluorimetric titration in the presence of Ni" gave 
roughly similar results. However, the quenching profile was not 
as symmetrical as that observed for Cu" (Fig. 5). It is possible 
that such a profile results from the superimposition of the 
quenching effect caused by the deprotonation of the anthrylam- 
monium group of 5 (which takes place first) and of the quench- 
ing effect exerted by the complexed Ni" centre (which takes 
place 1 pH unit later). In any case, Ni" binding took place at a 
pH value 2 units higher than for Cu", which reflects its lower 
thermodynamic stability in solution. The distinct separation of 
the two ZF/pH profiles would allow sensor 5 to discriminate 
between Cu" and Ni" under the appropriate pH conditions. In 
fact, addition of Ni" to a solution of 5, buffered at pH 2.9 
(ClCH,COOH/ClCH,COO- buffer) did not alter anthracene 
emission (see Figure 6), whereas subsequent addition of Cu" 
induced quantitative quenching. Notice that owing to the rela- 
tively large separation of the two titration profiles a pH exists at 
which Ni" is not complexed at all, whereas the Cu" complex of 
5 is 100% formed, causing full quenching of fluorescence. In 
this respect, sensors containing either tetraamine or dioxote- 
traamine binding moieties displayed a similar behaviour. How- 
ever, a substantial difference exists between dioxotetraamine 
and tetraamine systems. Sensors of the former type display the 
same qualitative behaviour independent of the cyclic or non- 
cyclic nature of the receptor. In contrast, the closed structure of 
4 lends it properties that differ drastically from those of 5 when 
complexed with transition metals and thus precludes its use as 
a sensor (vide infra) . The spectrofluorimetric titration curve 
(ZJOH-) for a metal-free solution of 4 is shown in Figure 4: in 
this case, fluorescence quenching took place during the addition 
of the third equivalent of base, which allows us to label the third 
deprotonation step (LH:' + OH- = LH' + H,O) as that in- 
volving the anthrylammonium group. Figure 7 shows the ZF/pH 
profiles for the spectrofluorimetric titration of 4 in the absence 
and presence of 1 equiv of Cu". Metal-induced fluorescence 
quenching took place early in the pH scale due to the formation 
of an especially stable Cu" complex of the tetraaza macrocyclic 
subunit (d-d band centred at 506 nm). However, back-titration 
with strong acid, even when the acid was added in large excess, 
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Fig. 7. pH dependence of the fluorescence intensity (IF) for solutions containing: 
a) 4 alone (0 ) ;  b) equimolar amounts of 4 and Cu", data obtained by titrating the 
acidified solution with standard base (T); c) the same solution as (b), data from back 
titration with standard acid (v). 


did not induce any fluorescence revival, in sharp contrast to that 
observed with the open-chain analogue 5 and with both 2 and 3, 
which displayed complete reversibility. Such behaviour reflects 
the extreme kinetic inertness of tetraaza macrocyclic complexes, 
in particular of cyclam and its derivatives, with respect to 
demetallation (the kinetic macrocyclic effect)" 61 and has been 
ascribed to the fact that the four donor atoms of the ring are 
mechanically held in the coordination sites; they cannot rotate 
outwards so their lone pairs are not accessible to the incoming 
H f  ions. Noticeably, the kinetic macrocyclic effect does not 
operate with dioxocyclam and its derivatives (e.g., 2). In this 
case, the protons bind the partially negatively charged carbonyl 
oxygen atoms of the two deprotonated amido groups, increas- 
ing the double-bond character of the carbon-nitrogen bonds 
and drastically reducing the coordinating tendencies of the 
amide nitrogen atoms, which induces a rapid demetallation." 'I 
Reversibility is a mandatory requirement for receptors (and sen- 
sors). Due to its unique electronic features, dioxocyclam is the 
only tetraaza crown that can act as a receptor for transition 
metal ions and can be used to build a sensor. 


Metal-induced fluorescence quenching was observed also in 
the case of the Ni"/2 system in the pH interval 5.7-7.1. In the 
present case, the sigmoidal quenching profile is displaced to- 
wards higher pH values compared with Cu", which reflects the 
lower thermodynamic stability of Ni" polyamine complexes. 
Moreover, it was observed that equilibration after each addition 
during the spectrofluorimetric titration took some minutes. This 
may be because the Ni" cation is intrinsically sluggish and its 
interaction with the partially protonated cyclam subunit of 4 is 
especially slow. As noted for Cu", back-titration with acid did 
not induce any fluorescence revival, further evidence of the ki- 
netic macrocyclic effect. The two-component system 4, in spite 
of the high affinity of its binding subunit towards transition 
metals, definitely cannot work properly as a sensor. 


It should be noted that the kinetically inert metallocyclam 
subunit has been previously linked to the inorganic fluorophore 
[R~(bipy) , ]~+. [ '~*  l9] The proximate transition metal centre 
quenched the photoexcited fluorophore. In contrast, anthracene 
derivatives of open-chain polyamines have been used as fluores- 
cent sensors for multipoint recognition of anions.[20J 


The nature of metal induced fluorescence quenching in sensors 
containing the tetraamine subunit: The mechanism responsible 
for the quenching of the photoexcited anthracene moiety in 
systems 4 and 5 could be assessed through spectrofluorimetric 
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investigations of frozen solutions at 77 K. Solutions of 4 or 5 in 
the glass-forming solvent ethanol did not show any emission at 
room temperature. However, freezing at the temperature of liq- 
uid nitrogen largely restored fluorescence, confirming that 
quenching in liquid solution is caused by the transfer of an 
electron from the closest amine group (tertiary for 4, secondary 
for 5) to the photoexcited fluorophore. On addition of Cu" to 
the same solutions, the metal centre is bound by the tetraamine 
fragment, as shown by the appearance of the violet colour (and 
by the development of the appropriate d-d band). Such solu- 
tions do not fluoresce at room temperature nor at 77 K. This 
indicates that quenching takes place through an energy-transfer 
process (Dexter mechanism) of the type illustrated in 
Scheme 2 b. An energy-transfer mechanism is also responsible 
for the intramolecular fluorescence quenching observed in the 
Ni" derivatives of 4 and 5, whose ethanolic solutions, both liq- 
uid and frozen, did not show any fluorescence emission. 


It should be noted that a metal-to-fluorophore electron-trans- 
fer mechanism, as observed for systems containing the dioxote- 
traamine binding subunit, is not thermodynamically allowed for 
the present systems, essentially owing to the lesser tendency of 
tetramine ligands to favour access to the Cu"' and Nil" states 
compared with the diamine-deprotonated diamide donor set. 
The metal-to-fluorophore electron-transfer process is character- 
ized by positive or slightly negative values of AGE=: [Cu"- 
(4)12', + 0.3 eV; [CU"(~)]~', + 0.4eV; [Ni"(4)I2', -0.1 eV; 
[Ni"(5)l2 +, 0.0 eV. The fluorophore-to-metal electron-transfer 
process, on the other hand, is quite favoured from a thermody- 
namic point of view. AGE, values are distinctly negative for both 
Cu" and Ni" derivatives (e.g., [Cu"(4)I2+, -1.1 eV; [Ni"(4)]2', 
- 0.3 eV). However, in spite of the thermodynamic feasibility of 
the fluorophore-to-metal electron-transfer process, the energy- 
transfer mechanism dominates in tetramine systems 4 and 5. 
This may be ascribed to the facts that: a) the emission band of 
the anthracene fragment (ending at 450 nm) overlaps with the 
absorption bands of the metal chromophore (d-d in nature), 
which provides the basis for the double electron transfer; b) the 
fluorophore and the metal centre are quite close and the flexible 
nature of the connecting bridge allows an easy Van der Waals 
contact of the two subunits. 


In the dioxotetraamine systems 2 and 3, condition (a) (over- 
lap of emission and absorption bands) is still fulfilled. However, 
the anthracene moiety is linked to a chelate ring made rigid and 
planar by n delocalization, which hinders the fluorophore- 
metal contact. This prevents energy transfer and allows a gen- 
uine electron transfer to take place. 


Zinc@)-promoted fluorescence enhancement in sensors containing 
the tetraamine subunit: Zn", which has a d" electron configura- 
tion, cannot be involved in any energy-transfer process. More- 
over, Zn" does not show any redox activity at all, in whatever 
coordinating environment, which excludes any possibility of a 
photoinduced electron-transfer process. Thus, Zn" is an inoffen- 
sive metal centre from a photophysical point of view, and, in this 
respect, is similar to s-block cations. In any case, possible photo- 
physical effects associated with Zn" binding could not be ex- 
plored with sensors 2 and 3, as dioxotetraamine receptors do not 
bind to the non-transition metal ion Zn". The situation is differ- 
ent with polyamine receptors that form solution-stable com- 
plexes with Zn" at not too high a pH value.[211 


Spectrofluorimetric titration of 5 in the presence of Zn" yield- 
ed a singular profile, as shown in Figure 8. After an initial 
quenching, fluorescence began to revive from pH = 3.7 to 
achieve, at pH = 6 and more, almost the original intensity. No- 
ticeably, the first part of the profile superimposes well on that 


obtained for a metal-free solution of 5. In this pH interval, Zn" 
does not interact with the tetraamine receptor and, following 
deprotonation, the free anthrylamine group can transfer an elec- 
tron to the photoexcited fluorophore, quenching fluorescence. 
At pH = 3.7, the Zn"-tetraamine complex begins to form. In- 
teraction with the metal centre drastically reduces the oxidation 
potential of the anthrylamine group, stopping electron transfer 
and restoring fluorescence. Thus, the left edge of the well in the 
Z,/pH profile corresponds to the pH region in which the anthryl- 
amine group has already lost the proton, but has not yet bound 
the Zn" ion. 


2 4 6 8 10 


PH 
Fig. 8. pH dependence of the fluorescence intensity (I,) for solutions containing: 
a) system 5 alone (v); b) equimolar amounts of 5 and Zn" (7); c) system 4 alone (e); 
iv) equimolar amounts of 4 and Zn" ( 0 ) .  


The system containing the cyclic tetraamine receptor, 4, dis- 
plays quite different behaviour. In the presence of Zn", no 
change in the intensity of fluorescence was observed from the 
strongly acidic region up to pH = 4.9 (Fig. 8). At this pH, an- 
thracene emission intensity increases sigmoidally to a constant 
value. Notably, a sigmoidal profile centred at pH = 5.8 was also 
observed in the 386 nm absorbance against pH curve, deter- 
mined through spectrophotometric titration of an equimolar 
solution of 4 and Zn" plus excess acid with standard base. As 
such an absorption band is sensitive to the Zn"- anthrylamine 
interaction, one should conclude that the sigmoidal fluorescence 
enhancement is associated with metal binding by the cyclic re- 
ceptor. While Zn"-induced fluorescence enhancement in anthryl- 
amine systems is an expected phenomenon,[221 the question 
must be why the uncomplexed system, even in a distinctly acidic 
solution, does not display the full fluorescence emission of the 
anthracene fragment, which occurs only following metal coordi- 
nation. In this context, potentiometric titration experiments 
have shown that the fully protonated cyclam subunit of 4 is a 
strong acid, as far as the first two dissociation steps are con- 
cerned (i.e., pK,,, pKAz <2).  This means that from pH = 2 to 
pH = 4.9, when the deprotonation of the anthrylammonium 
group takes place, the tetraamine ring contains two ammonium 
groups (the anthrylammonium and, due to electrostatic repul- 
sive effects, probably the group in the trans position) and two 
free secondary amine groups (those adjacent to anthrylammoni- 
um) . It is possible that an electron-transfer process takes place 
from one of these secondary amine groups to the photoexcited 
fluorophore. Fluorescence quenching is only partial (about 
40 YO), probably owing to the relatively large distance between 
the donor and the acceptor. It is possible that the long-distance 
electron-transfer rate competes with the rate of the radiative 
decay of the photoexcited anthracene fragment. In any case, 
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following Zn" binding (from pH = 4.9 upwards), all the amine 
nitrogen atoms of the cyclam subunit are engaged in coordina- 
tion and any electron release to the proximate photoexcited 
fluorophore is prevented. 


Conclusions 


Requirements for the design of fluorescent sensors for s-block 
cations have been clearly defined:IZ3] a) recognition: the binding 
subunit (a crown ether or a cryptand) recognizes the size of the 
cation; b) signalhg: the metal-ligand interaction suspends 
electron transfer to the photoexcited fluorophore and awakens 
fluorescence (OFF -ON switching). The present investigation 
has tried to outline the principles underlying the design of fluo- 
rescent sensors for transition metals. As far as signalling is con- 
cerned, 3d metals, in view of their electronic properties, can 
quench the fluorescence of a proximate fluorophore (ON-OFF 
switching), through either electron-transfer or energy-transfer 
mechanisms. Occurrence of electron transfer can be controlled 
through the design of a receptor capable of promoting the redox 
activity of the envisaged metal: this offers a further attractive 
element of selectivity. The energy-transfer mechanism is simply 
related to the electronic configuration of the metal (3 d", 
O < n <  lo), that is, to the presence of an empty or half-filled d 
level of lower but not too low energy compared with that of the 
HOMO level of the photoexcited fluorophore. Predominance of 
either electron-transfer (when thermodynamically allowed) or 
energy-transfer mechanisms should be related to the structural 
features of the supramolecular sensor, in particular to the prop- 
erties of the spacer connecting the signalling unit and the recep- 
tor, namely, its rigid or flexible nature and its ability to carry 
electrons. This important aspect has not been considered in 
detail in the present study and deserves further investigation. As 
far as recognition (point a) is concerned, binding selectivity in 
the receptor subunit can be achieved by several approaches. In 
this work, ligands containing donor atoms which are also 
Brernsted bases were considered and pH control was used to 
tune cation binding. Discrimination was especially efficient ill' 
the case of dioxotetraamine receptors 2 and 3, for which the 
endothermic deprotonation of the amide groups emphasized the 
different binding tendencies of divalent transition metals (which 
are related to the electronic configuration). Other elements of 
selectivity could be taken into account for receptor design: the 
nature and number of donor atoms, whether the structure of the 
ligating backbone is linear or branched, and the stereochemical 
demands of the metal centre under investigation. In this context, 
it is helpful that a number of useful tricks for ligand design and 
engineering have been made available during the last one hun- 
dred years of coordination chemistry. 


Experimental Procedure 
UV-visible spectra were measured on a Hewlett-Packard 8452 diode array spec- 
trophotometer. Spectrophotometric titrations were performed in acetonitrile/water 
(4: 1 v/v) solution (50 mL, 5 x lo-, mol L-I); standard aqueous solutions of HCIO, 
(0.1 and 1 molL-') and NaOH (0.1 and 1 molL-') were used. Emission spectra 
were recorded with a Perkin-Elmer LS-50 luminescence spectrometer (excitation 
wavelength 372 nm; maximum emission intensity at 415 nm) and were all uncorrect- 
ed for instrumental response. Spectrofluorimetric titrations were performed in ace- 
tonitrile/water (4: 1 v/v) solutions (SO mL, molL-'); standard HCIO,, NaOH 
and M"(CIO,), solutions were used. The pH scale was calibrated prior to each 
titration experiment in aqueous acetonitrile by the Gran method [24]. Buffered 
solutions were obtained with 2-6 lutidine (pH 7.14), sodium chloroacetate 
(pH 2.86) and sodium acetate (pH 4.68). Emission spectra at 77 K were measured 
in dry ethanol molL-') with quartz sample tubes and the same luminescence 
spectrometer equipped with a low-temperature luminescence accessory (Perkin- 


Elmer). Fluorescence spectra were taken in a frozen ethanolic solution of the sensor 
(2-5),  then in an ethanolic solution containing equivalent amounts of the sensor 
and of the metal ion. For dioxotetramine systems 2 and 3, the typical intense 
anthracene fluorescence was observed before and after the addition of the metal ion 
(+ 2 equiv OH-). For tetramine systems 4 and 5, metal-free solutions displayed 
anthracene fluorescence, which was quenched in the presence of the metal. Mass 
spectra were obtained with a Finnigan Mat 8222 mass spectrometer. 


9-chloromethylanthracene and anthracene-9-carbaldehyde (Fluka) were used with- 
out further purification. N,N'-bis-(2-aminoethyl)propane-1,3-diamine (2.3.2-tet) 
was prepared as described for the analogous tetramine 3.2.3-tet [5], distilled at 
reduced pressure (125 "C; 5 x Torr) and stored over NaOH under refrigera- 
tion. 1,4,8,1l-tetraazacyclotetradecane (cyclam) was prepared following the litera- 
ture method [S]. Experimental details for the synthesis of 2-(anthracen-9-yl- 
methy1)malonic acid diethyl ester, 7, have already been reported [7] 
Supramolecular systems 2-5 were prepared according to Scheme 4. 


2.3.2-tet 


EtOH, reflux /-- 
OEI en, excess 


OEt r. t .  
- 


Na, EtOH 
CH2(COOEt)2 


cyclam, excess 


toluene, reflux 


T 


A 
a) 2.3.2-te1, excess 


b) NaBH4 


2 


3 


4 


Scheme 4. Synthesis of fluorescent sensors 2-5. en = ethylenediamine; 2.3.2- 
tet = N,N'-bis-(2-aminoethyl)propane-l,3-diamine; cyclam = 1,4,8,1 l-tetraazacy- 
clotetradecane. 


6-(Anthra~n-9-ylmethyl)-1,4,8,ll-tetrPazacyclote~ad~~5,7dio~ (2): A solu- 
tion of 7 (0.65 g, 1.9 mmol) and 2.3.2-tet (0.3 g, 1.9 mmol) in dry ethanol (40 mL) 
was refluxed under a dinitrogen atmosphere for 7 d. On cooling, a waxy solid 
separated; it was filtered off and washed several times with diethyl ether. Yield 43 %. 
M.p. 256-259 "C; MS (70 eV, EI, direct introduction, 280 "C): m/z (%): 418 (32 %) 
[ M + ] ,  191 (100%) [C,,H,-CH:]; C,,H,,N,Oz (418.2): calcd C 71.74, H 7.22, N 
13.39; found C 71.79, H 7.05, N 13.54. 


N,N'-Bis-(2-amiooethyl)-2-anthracen-9-y~e~y~alon~de (3): Ethylenediamine 
(30 mL, freshly distilled over CaO) and 7 (0.5 g) were stirred at room temperature 
under a dinitrogen athmosphere for 7 d. Excess ethylenediamine was distilled off 
under reduced pressure; on treatment of the yellow residue with diethyl ether, a pale 
yellow precipitate formed, which was filtered off and recrystallized from ethanol. 
Yield 74%. M.p. 205-208°C; MS(70 eV, EI, direct introduction, 200°C): m/r (x): 


C,,H2,N,Oz (378.5): calcd C 69.82, H 6.92, N 14.80; found C 70.21, H 7.15, N 
14.53. 


378 (73%) [M']; 349 (52%) [M-CHNHZ'], 191 (100%) [C,,H,-CH:]. 


l-(Aathracen-9-ylmethyl)-l,4~8,ll-te~aazacyclote~ad~~e (4) : Cyclam (4.42 g, 
22 mmol) was dissolved in hot toluene (230 mL) and 9-chloromethylanthracene 
(1 g, 4.4 mmol) was added portionwise to the boiling solution. The resulting mixture 
was refluxed for 6 h, then filtered and allowed to cool. Unreacted cyclam, which is 
insoluble in cold toluene, was filtered off and the solution washed with aqueous 5 % 
NaOH and water and dried over MgSO,. After removing solvent by rotary evapo- 
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ration, an oily residue was obtained which solidifies on cooling. Yield 54%. M.p. 
137-140°C; C,,H,,N, (390.6): calcd C 76.88, H 8.77, N 14.34; found C 77.23, H 
8.65, N 14.21. 


N-(2-Aminoethy1)-N'{ 2-1 (anthracen-9-ylmethyl)amino~ethyl)propane-l,3diamine 
(5): 2.3.2-Tet (3.2 g, 20 mmol) and anthracene-9-carbaldehyde (0.81 g, 4 mmol) 
were dissolved in ethanol (50 mL) and allowed to react for 36 h at room tempera- 
ture. Then NaBH, (1.7 g, 45 mmol) was added portionwise and the resulting solu- 
tion warmed at  50 "C for 4 h. Ethanol was distilled off under reduced pressure, the 
residue treated with water (40 mL) and extracted with dichloromethane 
(3 x 30 mL). After this was dried over MgSO, and solvent removed by rotary evap- 
oration, a semi-solid residue was obtained that was characterized as the tetrahydro- 
bromide salt and its copper(n) complex. 


The tetrahydrobromide salt 5.4HBr: Compound 5 (0.5 g, 1.43 mmol) was dissolved 
in ethanol and treated with excess aqueous 48% HBr. A yellowish precipitate 
formed which was filtered and dried under vacuum. Yield 73%. C,,H3,N,Br, 
(674.15): calcd C 39.20, H 5.08, N 8.31; found C 39.53, H 4.95, N 8.12. 


[Cu(S)I(CIO,),: An ethanol solution (20 mL) of 5 (0.1 g, 0.28 mmol) was treated 
with an equimolar amount of Cu(ClO,),~6H,O (0.53mL of an aqueous 
0.54 molL-' solution). Violet crystals were obtained on slow evaporation. Yield: 
58%. C,,H,,N,Cl,CuO, (612.8): calcd C 43.11, H 4.93, N 9.14; found C 42.86, H 
4.84, N 9.03. 
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Dedicated to Professor Heinz Hoberg on the occasion of his 70th birthday 


Abstract: 4-Amino-I -azadienes 1 react 
with a,&unsaturated Fischer carbene 
complexes at -40 "C to give stereoselec- 
tively a variety of substituted 3H-4,S-di- 
hydroazepines 3; similarly, 1 -hydroxy-1- 
azadienes (cc,#?-unsaturated oximes) 6 
afforded the corresponding azepine 
derivatives 7. Chiral, nonracemic carbene 
complexes 11 gave azepines 12-13 
(d.e. = 40-44%) upon reaction with 
oxime 623; the major isomers were ob- 
tained in a diastereomerically and enan- 
tiomerically pure form (45- 50 YO overall 
yield) after crystallization. An X-ray 
structure of 12 a allowed assignment of 


the absolute stereochemistry. The acid hy- 
drolysis of azepines synthesized provided 
racemic and enantiomerically pure 1,6-di- 
carbonyl compounds (+)-5,  (-b)-9, and 
(-)44, as well as diol(-)-15. The mech- 
anism of the reaction of 1 and 2 was inves- 
tigated by multinuclear ('H, 13C, I5N, 
and lS3W) NMR characterization of four 


intermediates (A, B, C, and D) at low tem- 
perature. The experimental sequence of 
events involves: i) 1,2-nucleophilic addi- 
tion of the unsubstituted imine nitrogen 
of 1 to the metal carbene function (zwitte- 
rion A, -60 "C), ii) cyclization to the sev- 
en-membered ring with 1,Zmigration of 
the pentacarbonyl metal (zwitterion B, 
- 40 "C), iii) reductive elimination and 
coordination of the metal to the amine 
nitrogen (intermediate C, -4O"C), and 
iv) thermal decomplexation and tau- 
tomerization (intermediate D and com- 
pound 3, above - 20 "C) . 


In the last decade transition metal Fischer carbene complexes 
have become a powerful tool in organic synthesis.['] In particu- 
lar, the cyclopropanation reaction of electron-poor and elec- 
tron-rich alkenes has been the subject of numerous reportstz1 
and utilized in natural products synthesis as well; for instance, 
Wulff et al. have synthesized the prostaglandin PG2 in a short 
sequence consisting of the cyclopropanation of an enol ether 
with the appropriate dienylcarbene followed by ring expan- 
sion.t31 Subsequently, a variety of vinylcyclopropanes were pre- 
pared through the cyclopropanation reaction of 1,3-diene~.[~I A 
novel and interesting approach to racemictS1 and enantiomeri- 
cally puret6] seven-membered carbocycles based on this method 
has recently been reported; the process involves a combination 
of cyclopropanation of electron-rich dienes [x = CH(OMe), 


[*] Prof. Dr. J. Barluenga, Dr. F. L6pez-Ortiz)" Dr. M. Tomas, Dr. A. Balles- 
teros, .I. Santamana, R. J. Carbajo[+' 
Instituto Universitario de Quimica Organomethlica Enrique Moles 
Unidad Asociada al C. S. I. C., Universidad de Oviedo 
Julian Claveria, 8; E-33071, Oviedo (Spain) 
Telefax: Int. code + (85)lO-3450 (3446) 
X-Ray analyses: Dr. S. Garcia-Granda, P. Pertierra 
Departamento de Quimica Fisica y Analitica 
Universidad de Oviedo 


['I NMR studies. 


Y = OSiMe,t5"] and X = CHR, Y = NR,tsb*61] with chromi- 
um vinyl Fischer carbene complexes and [3,3] rearrangement of 
the resulting divinyl cyclopropane species (Fig. 1) .['I 


R R 


Fig. 1. [4 + 31 Annulation reaction of alkenyl chromium carbene complexes 


Because of our interest in medium-ring heterocyclests1 we 
thought of extending this sequence to nitrogen-containing sub- 
strates, for instance X = NR, which would be expected to yield 
azepines (Fig. 1). These nitrogen heterocycles are an extremely 
important class of compounds occurring in a range of natural 
and unnatural products ; moreover, access to them is restricted 
to a very limited number of nongeneral methods of prepara- 
ti0n.[~1 


A literature search shows that the reaction of imines with 
Fischer carbene complexes has only been used in a limited num- 
ber of cases. The most important work has been done by Hege- 
dus et al., who developed an efficient, straightforward synthesis 
of b-lactams through the photochemical reaction of various 
types of imines with stabilized Group 6 carbene complexes.['01 
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Regarding their thermal behavior towards carbene complexes, 
N-unsubstituted imines have been reported to undergo 1,2-["] 
and 1 ,4-additionr"I to simple and a,/?-unsaturated Fischer car- 
benes of Group 6, while simple N-methyl imines were found to 
condense with methyl substituted carbenes of chromium to fur- 
nish the corresponding a,/?-unsaturated carbene complex.[' l 
Moreover, Wulff et al.t'31 found that chromium methoxycar- 
benes decompose when treated with simple imines, whereas the 
more reactive chromium and tungsten acyloxycarbenes yield 
products derived from metathesis and/or insertion of the imine 
function into the carbene carbon-oxygen bond. Therefore, the 
development of practical, synthetically useful routes involving 
the reaction of imine derivatives with transition metal carbene 
complexes still remains as a challenging goal.t141 We thought 
that employing a,/?-unsaturated imine derivatives might result in 
a different reaction course; in fact, we have that simple 
1 -azadienes smoothly undergo cyclopropanation at the carbon - 
carbon double bond followed by rearrangement to substituted 
pyrroles. 


Accordingly, we have extended our research by studying the 
reactivity of a$-unsaturated imine derivatives and alkenyl 
Fischer carbene complexes, and we disclose here a new synthesis 
of racemic and optically active azepines from 4-amino-I -aza- 
butadienes[l6I and from 1-hydroxy-I-azabutadienes. 


Results and Discussion 


Reaction of 4-amino-1-azabutadienes (1) with alkenyl chromium 
carbene complexes (2): We chose our most familiar nitrogen 
substrate, 4-amino-l-azabutadiene," 71 as the reagent to begin 
our studies into the reactions with carbene complexes. 3- 
Iminoprop-1 -enylamines 1, prepared by addition of the lithiated 
N-(tert-buty1)ethylideneamine to the corresponding nitrile 
R'CN,['*] were mixed with chromium complexes 2 in THF at 
- 78 "C. On warming to - 40 "C over 3 h the mixture turned 
light brown, and the reaction went to completion. After treat- 
ment of the resulting mixture with silica gel and removal of the 
solvents, crude azepines 3 were isolated in excellent yields and 
with high purity. Compounds 3 were further purified by flash 
column chomatography (SiO,, hexane/triethylamine 10: 1) 
(Scheme 1, Table 1). 


R2 


R' (CO)&' b OMe 


3 4 


For 3b I IM HC"THF 


C0,Me q 
5 


Scheme 1. [4 +3] Cycloaddition of 4-amino-1-azadienes 1 with alkenyl chromium 
carbene complexes 2. 


Heterocycles 3 were formed as sole stereoisomers according 
to the 'H NMR (300 MHz) data of the crude reaction mixture. 
The trans relationship of the substituents in 3 was deduced from 
NOE experiments. The regioisomeric [4 + 31 cycloadducts 4 
were not detected in the crude reaction mixture. NMR experi- 
ments were used to establish that 3, and not 4, had been formed: 
the correlation of the methoxy hydrogen atoms with the most 
deshielded carbon atom in the 2 D  HMBCrl9] spectrum rules 
out the structure 4. On the other hand, the long-range connec- 
tions derived from the aliphatic protons clearly establish the 
presence of a seven-membered ring in 3. 


The structure proposed was also confirmed by acid hydrolysis 
(Scheme 1); thus, treatment of the azepine 3b (R' = c-C3H,; 
R2 = 2-furyl) with diluted HCl followed by column chromatog- 
raphy afforded the expected E-ketoester (E)-5 (3JH-H = 15.9 Hz) 
and minor amounts of the saturated tert-butylamino ketoester 
precursor. 


Since two stereogenic centers are stereoselectively created in 
the reaction sequence, we decided to investigate the influence of 
a chiral auxiliary attached to either reagent on the stereochemi- 
cal outcome of the cycloaddition. When the cycloaddition was 
attempted with aminoazadienes derived from (+)- and (-)-a- 
phenylethylamine in place of tert-butylamine, a complex mix- 
ture was formed from which no defined compounds could be 
identified. Furthermore, we found that the reaction of chiral 
carbene complexes derived from (+)- and (-)-menthol and 
from (-)-8-phenylmenthol with 1 was more sluggish than that 
of 2 and gave azepines 3 in lower yields, and with poor asymmet- 
ric induction (d.e.'s < 30 %). 


In summary, the reaction discussed above is unprecedented 
and offers an efficient and simple entry into substituted azepines 
in a regio- and stereoselective fashion. The great ease with which 
this [4 + 31 heterocyclization takes place (- 78 to - 40 "C) is 
remarkable. The major drawback appears to be the failure of 
the reaction when chiral azadienes or carbene complexes are 
employed. 


Table 1. Azepines 3 and 7 and hydrolysis products 5, 8, and 9 [a]. 


Product R' R2 T/h [b] Yield [c] 


3a 
3b 
3c 
3d 
3e 
3f 
l a  
7b 
7c 
7d 
7e 
5 
8 
9 


c-C3H5 
c-C,H, 
CH,-CH, 
4-CH3-C,H, 
Ph 
4-C1-C,H4 
CH3 
CH3 
Ph 
Ph 
(E)-1 -Propenyl 


Ph 
2-fury1 
Ph 
2-fury1 
Ph 
Ph 
Ph 
2-fnryl 
Ph 
2-fury1 
2-fury1 
- 
- 
- 


3 
3 
3 
3 
3 
3 


20 
20 
44 
44 
65 
3 
1.5 
1.5 


90 
80 
91 
62 
70 
52 
83 
85 
57 
57 
52 
75 
32 
64 


[a] See Schemes 1 and 2. [b] 3 formed at -40°C; 7 formed at reflux of THF; 5.8, 
and 9 were formed by hydrolysis at 25 "C. [c] Isolated, not optimized yield. 


Reaction of 1-hydroxy-1-azabutadienes (6) with alkenyl chromi- 
um carbene complexes (2) : Interestingly, the cycloaddition reac- 
tion of alkenyl Fischer carbene complexes with more common 
1 -azadiene derivatives such as a,/?-unsaturated oximes was 
found to be successful. Thus, treatment of oximes 6 with vinyl- 
carbenes 2 (molar ratio 1 :2) in refluxing THF for 20-65 hours 
followed by stirring with SiO, resulted in the formation of 
azepines 7 of high purity; column chromatography of the crude 


~~ 
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reaction mixture allowed the isolation of compounds 7 in mod- 
erate to good yields ( 5 2 4 5 % ) .  At least two equivalents of 
carbene had to be used, since one equivalent is required to 
remove the oxygen of the oxime functionality at some point 
during the reaction process. The reaction again proved to be 
stereoselective as only heterocycles 7 were detected in the crude 
reaction mixture ('H NMR, 300 MHz); the trans stereochemi- 
cal relationship was deduced from NOE experiments. Treat- 
ment of 7a (R' = CH,, R' = Ph) with 0.5111 HCI in THF result- 
ed in the formation of azepinone 8 (32%) and formyl ester 9 
(64%) (Scheme 2, Table 1). 


R' R' R' 


- THF / reflux 


-R2*COzMe OMe 


6 2 (2 eqv.) 7 


methanol; this allowed us to isolate enantiomerically pure 
azepines 12a,b ('H NMR, 300 MHz)in about 50% overall yield 
from oxime 6a (see Experimental Procedure). Conversely, car- 
bene complex 11 (R = Ph) derived from (+)-menthol afforded 
a ca. 30:70 mixture of diastereomeric azepines 12c and 13c in 
80% yield, which was crystallized as above to furnish pure 
azepine 13 c (45 YO overall yield from 6 a) (Scheme 4, Table 2). 


OMn 


6a 11 12a-c 13a-c 


Scheme 4. [4 + 31 Cycloaddition of oxime 6a with chiral, nonracemic carbene com- 
plexes 11 (a: R* = (lR,2S,SR)-menthyl, R = Ph; b: R* = (lR,2S,SR)-menthyI, 
R = 2-furyl; c: R* = (lS,2R,SS)-menthyl, R = Ph). 


8 9 


Scheme 2. [4 + 31 Cycloaddition of aJ-unsaturated oximes 6 with alkenyl chromi- 
um carbene complexes 2. 


The reaction of oxime 6b (R' = Ph) and carbene complex 2 
(R' = Ph) led to the azepine 7c (57 % yield, Table 1) along with 
compound 10 a (25 YO yield) resulting from coupling of the 
oxime nitrogen and the carbene carbon (Scheme 3). In the re- 


R' 
OMe THF OMe ( + (c0)5cr+R2 R'>N=(Rz 


OH (2 eqv.) 1Oa: R' = Ph; R2 = CH=CH-Ph(Q 
6 lob: R' = Me; R' = Ph 


Scheme 3. Formation of imidate derivatives 10 from a$-unsaturated oximes and 
chromium Fischer carbene complexes. 


maining examples, the corresponding azatrienes were only de- 
tected in the crude reaction mixture (< 5 %). This particular 
behavior of oximes was then confirmed by using simple carbe- 
nes; thus, the reaction of oxime 6a (R' = Me) with (methoxy- 
benzy1idene)pentacarbonylchromium (molar ratio 1 : 2) in THF 
at reflux, followed by treatment with silica gel and column chro- 
matography, furnished N-(1-buteny1)imidate 10 b in 85 % yield 
along with 5- 10 % of the ( E )  isomer. The (2) stereochemistry 
of the alkenyl moiety and the anti imidate geometry were estab- 
lished on the basis of the coupling constant (35H-H =7.3 Hz) 
and NOE experiments, respectively. 


We then turned to the reaction of 6 with chiral, nonracemic 
Fischer carbene complexes of chromium as outlined in 
Scheme 4. Thus, oxime 6a, carbene complexes 11 (R = Ph, 2- 
furyl) derived from ( -)-menthol,[201 and (l-methoxyethyli- 
dene)pentacarbonylchromium, which serves as the reducing 
agent,[''] in a molar ratio of 1 : 1 : 2 were refluxed in THE The 
diastereoisomers 12a,b and 13a,b were obtained in a ratio of 
approximately 70:30 and in very high yields (87-90%), after 
purification by column chromatography. Significantly, the ma- 
jor diastereoisomers 12 were found to crystallize readily from 


Table 2. Chiral, nonracemic azepines 12 and 13 from chiral, nonracemic carbene complex- 
es 11. 


12 +13 Isolated [a] 
Entry R R* Yield 12: 13 Product Yield [b] [a];' (c) [c] 


a Ph (lR,2S,5R)-menthyl 87 70:30 12a 50 +159.5 (0.19) 
b 2-fury1 (lR,ZS,5R)-menthyl 90 72:28 12b 48 + 295.8 (0.59) 
c Ph (lS,ZR,5S)-menthyl 80 30:70 13c 45 -160.5 (0.18) 
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[a] By crystallization from methanol (d.e. >97%, 'H NMR, 300 MHz). [b] Overall yield 
from 6a or 11. [c] Optical rotations were measured in CH,CI,; c in g per 100 mL. 


Hydrolysis of 12a with 0 . 5 ~  HCI in THF yielded chiral 
azepinone (-)-8a (34%) and formyl ester (-)-14a (63 YO) with 
no signs of racemization; the latter was formed in 90% yield 
(< 5 YO of 8a) when the hydrolysis was carried out with 3 M HCI. 
In the same way, 12b gave rise to (+)-8b and (-)-14b 
(Scheme 5, Table 3). The entire protocol formally represents the 
enantioselective Michael addition of ester homoenolates to a$- 
unsaturated aldehydes, in which two chiral centers are created. 
We are aware of only a few reports on the synthesis of racemic 


0.5 M HCI Me p 
(or3M HCI)_ + x& 
THF / 25 "C 


(-)-14a,b 


12a,b Y 
N O  R 
H 


(+)-8b 
(-)4a LiAIH4 


THF [ (X = CHO; Y = C02R') 


25 "C (+15 
(X 2 Y = CH20H; R = Ph) 


Scheme 5. Hydrolysis of chiral, nonracemic azepines 12. 


Table 3. Chiral, nonracemic azepines 8, formyl esters 14, and diol1.5 from azepines 
12. 


Product R R* Yield (%) [a] [a];' (c )  [b] 


(-)-8a Ph - 34 ( t 5 )  [c] - 7.2 (0.61) 
(-)-14a Ph (1R,2S,SR)-menthyl 63 (90) [c] - 41.3 (0.155) 
(+)-8b 2-fury1 - 32 ( < 5 )  [c] + 31.7 (0.265) 
(-)-14b 2-fury1 (lR,2S,SR)-menthyl 59 (90) [c] - 28.7 (0.275) 
(-)-15 Ph - 95 - 9.6 (0.595) 


[a] Refers to isolated products. The e.e.'s and d.e.'s were >97% (HPLC or 
'H NMR, 300 MHz). [h] Optical rotations were measured in CH,CI,; c in g per 
100 mL. [c] Refers to hydrolysis with 0.5 M HCI. The yields in parentheses are for 
3 M HCI hydrolysis. 
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1,6-dicarbonyl compounds through 1,4-addition of homoeno- 
lates.[22. 231 Finally, the chiral auxiliary was efficiently removed 
by reduction of 14a with LiAIH, at room temperature to give 
the chiral diol 15 in 95% yield. 


An X-ray crystal structure analysis of 12a confirmed the 
structure of the azepines obtained and provided their absolute 
configuration as well as those of subsequent derivatives.[241 


Fig. 2. Crystal structure of 12a. 


Although enantioselective syntheses based on chiral amino- 
carbene complexes are efficient and well known,[251 there are 
almost no examples involving their chiral alkoxy counter- 


in fact, the procedure described here appears to be the 
first thermal cycloaddition using chiral alkoxycarbenes in which 
chiral centers are stereoselectively created.lz6] 


Proposed mechanism: The formation of seven-membered carbo- 
cycles is adequately rationalized in terms of tandem cyclopropa- 
nation/Cope rearrangement (see Fig. 61 In the case of 
aminoazadienes 1, the tandem cyclopropanation of the enamine 
C= C bond/aza-Cope rearrangement does not explain the for- 
mation of azepines 3, since such a sequence would lead to the 
formation of regioisomers 4 (see Scheme 1 ) .  On the other hand, 
the alternative cyclopropanation of the imine C=N bond, which 
is rather unlikely,[' 31 followed by Cope rearrangement would 
account for the regio- and stereochemistry of the azepines 3 
obtained. However, the formation of azepines 7 from qp-unsat- 
urated oximes cannot be accomodated by this pathway, since it 
would give rise to azepines with a cis relationship between R' 
and R2 (see Scheme 2). We now think that an ionic reaction 
pathway, evidence for which comes from NMR studies (see 
below), is more consistent with the results obtained from azadi- 
enes 1 and oximes 6 as well as with the reactivity trends of 
Fischer carbene complexes towards nucleophilic species 
(Scheme 6). Thus, nucleophilic attack of the unsubstituted ni- 
trogen lone pair of amino azadiene l at the carbene carbon, a 
process previously postulated in the case of irnine~['~] and 
proven for azo derivatives[271 and keteneiminesrzS1, would pro- 
duce the zwitterion A, which is stabilized in a chairlike confor- 
mation where the two trans C=C bonds are in close proximity 
owing to electrostatic interactions. This arrangement of A fa- 
vors the diastereoselective cyclization/[l,2]-(CO),Cr shift to give 
intermediate B.IZ9] It should be noted that ( Z )  --t ( E )  isomeriza- 
tion of the enamine moiety of 1 has to occur in order to account 
for the observed sterochemistry. Significantly, an analogous 


M 
Me 


H H 
B C 


Scheme 6 .  Proposed mechanism for the formation of azepines 3. 


structure derived from 1-propyl-4-phenyl-I-azabuta-I ,3-diene 
and (l-methoxy-3-phenylprop-2-ynylidene)pentacarbony~chro- 
mium has just been isolated and its crystal structure deter- 
mined.t301 The conformational flexibility of the seven-mem- 
bered ring B would allow the metal to approach the tert-butyl- 
m i n e  ligand; thus, the elimination of metal pentacarbonyl 
complex would be followed by metal coordination to the nitro- 
gen to form intermediate C,  which, upon thermally induced 
decomplexation, could produce conjugated azepines D and/or 
3. Finally, it was found that treatment with silica gel results in 
the exclusive isolation of the most stable imidate tautomer 3. 


A closely related pathway might explain the reaction of 
oximes 6 and carbene complexes 2 or 11 leading to azepines 7 or 
12/13 (Scheme 7). The intermediates E and F, analoguous to A 


F G 
f 


Me0 


M e O T M  hR R' 
M = (C0)sCr 


H O - N ~ R '  o--N+&~-~- 10 


H I 


Scheme 7. Proposed mechanism for the formation of azepines 7 and imidates 10. 


and B, are thought to be formed first; at this stage, F would 
undergo migration of the hydroxylic proton to the anionic metal 
center to generate nitrone G ,  which would be reduced by a 
second equivalent of carbeneI3'] and undergo reductive elimina- 
tion to afford azepine 7. Moreover, the formation of azatriene 
10a and azadiene 10 b is rationalized by assuming that the zwit- 
terion E cyclizes through its anionic metal center to the metalla- 
cycle H. This process could be followed by ring reopening and 
hydrogen shift to generate the nitrone species I, which would 
give rise to compounds 10 after nitrone reduction and reductive 
elimination of the metal fragment. 


Chem. Eur. J.  1996.2, No. 1 0 VCH VerlugsgesellschuJt mbH, 0-69451 Weinheim, 1996 0947-6539~96~0201-0091$10.00+ .2SlO 91 







FULL PAPER J. Barluenga et al. 


NMR characterization of intermediates A-D: In order to gain 
evidence to support the proposed mechanism the reaction of 
aminoazadiene 1 (R' = cyclopropyl) with tungsten carbene 2 
(metal = W; RZ = 2-furyl) leading to the azepine 3 b  was moni- 
tored by NMR spectroscopy (see Scheme 6).[321 For clarity the 
numbering of the atoms in all of the intermediates is based on 
that of the final azepine. Degassed [DJTHF solutions of 1 and 
2 (molar ratio 1 : 1) were mixed in a 5 rnm NMR tube (c z 0.5 M) 
at - 100 "C; at this temperature the 'H and 13C NMR spectra 
showed only unchanged starting materials. 


Intermediate A (Fig. 3): Formation of the zwitterion A occurred 
slowly at -80°C; the reaction went to completion within 
20min at -60°C. The 13C NMR spectrumt321 of A shows 


P 3 7  
0 f H  


d' / I  
W 


&BH5 H 


Fig. 3. Structure of A. 


the C(2) and the methoxy carbon atoms at 6 =102.70 
[1J('3C,'83W) =71.6 Hz] and 50.75, respectively, shifted signif- 
icantly upfield with respect to the starting carbene complex 
(6 = 304.43 and 71.34). All other signals appear at slightly mod- 
ified chemical shifts and are easily assigned through the direct 
(HMQC[331) and long-range (HMBC[l9I) 2 D  'H,13C heteronu- 
clear correlation spectra. The metal carbonyl region exhibits the 
characteristic two W-CO signals for the (CO),W moiety, and 
C(7) appears at 6 =166.51. These data rule out a four-mem- 
bered azametallacycle. The 3JHH coupling constants of 12.6 and 
15.7 Hz, corresponding to C(5)=C(6) and C(3)=C(4), respec- 
tively, reveal that both the double bonds have an ( E )  configura- 
tion. The amine protons appear as relatively broad signals; the 
NH(8) proton is resolved into a doublet with a vicinal coupling 
of 14.5 Hz. 


"N NMR spectroscopy allowed us to define which nitrogen 
is actually bound to the former carbene carbon C(2). The 2D 
'H,"N HMQC correlation map of A affords a chemical shift of 
6 = - 204.9 for N(l) and -228.7 for N(8) (Table 4). These 
values lie in the expected range for an iminium salt-type nitro- 
gen[34] and an enamine nitrogen[35] considerably deshielded 
owing to the electron-withdrawing effect of the positively 
charged C(7)=N(1) group. NOE measurements permitted us to 
establish that A adopts a chairlike conformation in solution and 
to identify the unsubstituted nitrogen N( 1) as the atom bonded 
to C(2). The most interesting cross-peaks found in the 2D 
ROESY are the correlations of NH(1) (6 = 8.53) with H(3) 
(6 = 6.63) and the peaks connecting the methoxy protons 
(6 = 2.84) with H(6) (6 = 6.33) and H(4) (6 = 5.54). Additional 
dipolar correlations are indicated in Figure 3 by arrows. The 
bulky (CO),W group is thus oriented equatorially, as expected, 
in order to minimize steric congestion. To the best of our knowl- 
edge this is the first characterization of the primary product 
resulting from the nucleophilic addition of an imine nitrogen to 
a Fischer carbene complex. 


Intermediate B (Fig. 4): Compound A is thermally unstabler361 
and disappears completely at -40 "C within 30 min leading to 
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species B and C in a molar ratio of approxi- Me 
Bu Ho mately 70: 30. The 'H NMR spectrum of the 


mixture measured in [DJTHF shows sub- 


6 = 2.7-4.0, which precludes structural stud- 


N% y- .,WH stantial overlap of signals in the region of 


ies. When CD,Cl, was used as solvent[371 the 
relative B:C ratio was reversed, but the char- 
acterization of the intermediates could now be a~hieved!~ 


The 'H NMR spectrum of zwitterion B shows four multiplets 
for the C-H protons of the azepine ring at 6 = 3.05 [H(3)], 3.12 
[H(5)], 4.12 [H(4)], and 5.31 [H(6)]. The trans-diaxial arrange- 
ment for H(4) and H(5) is clearly supported by their coupling 
constant (3JH(4)H(5) = 10.2 Hz). The small coupling between H(3) 
and H(4) (3JH(33H(43 = 0.5 Hz) means that the H(3)-C(3)-C(4)- 
H(4) dihedral angle is close to 90". This condition is fulfilled 
when the seven-membered ring is in a boat conformation with 
the H(3) lying in a pseudoequatorial position. The tungsten 
atom is found to be attached to C(3) according to 183W satellites 
observed at the base of H(3) [6 = 3.05; zJ(1H'83W) = 6.2 Hz by 
resolution enhancement processing of the spectrum]. 


Although no NH signals were identified in CD,Cl,, recording 
the 'H NMR spectrum in [DJTHF allowed us to assign NH(1) 
to the signal at 6 = 9.76, which was used in turn to determine 
6,(,, to be -252.4 from a 2 D  'H,"N HMQC experiment. 


2 D  'H,I3C correlation experiments (HMQC and HMBC 
pulse sequences) on B allowed the full assignment of the I3C 
NMR spectrum (see Experimental Procedure). Notably, the sig- 
nal for C(3) appears at 6 = 26.23 and shows 183W satellites with 
a coupling constant 'J('3C,'83W) = 24.1 Hz. In the HMBC 
spectrum, the 'H,13C connectivity of H(3) extends to the car- 
bons separated by two or three bonds at 6 = 200.4, 176.36, 
155.37, 57.97, and 52.75; these signals correspond to the four 
equivalent CO ligands ['J('3C,'83W) = 129.9 Hz], C(2), the 
ips0 carbon of the furyl substituent, C(4), and C(5), respectively. 
Moreover, C(2) correlates with the methoxy protons, as does the 
ips0 carbon of furyl with all the protons of the ring. The unam- 
biguous assignment of C(4) and C(5) comes from the 'JCH corre- 
lation observed in the HMQC spectrum. One of the pieces of 
evidence that identifies C(6) (6 = 127.93) and C(7) (6 = 134.53) 
is based on the respective cross-peaks with H(4) and H(5) in the 
HMBC spectrum. The upfield shift of C(7) and the deshielding 
observed for C(6) relative to conventional enamine moieties[381 
reflects a low enamine character of the C(6)=C(7) moiety. 


7'6H R2 


Fig.4. Structure 
Of B. 


H 


Intermediate C (Fig. 5): As stated above compound C is formed 
at -40 "C (70 % in CD,CI,) along with B. The structural eluci- 
dation was carried out from the same data 


trum shows the four CH signals of the 
azepine ring at 6 = 3.45 [H(5)], 3.64 [H(4)], 
3.84 [H(3)], and 4.35 [H(6)].[391 The 183W 
satellites at the base of the singlet of NH(8) Meo N R' 
at 6 = 3.0 [zJ(1H(8)'83W) = 4.5 Hz] con- 
firm the presence of tungsten-nitrogen 
bonding. The I5N chemical shifts are 
6 = - 276.0 [N(l)] and -319.8 [N(8)], as- 
signed from a 2D 'H,15N HMQC correlation experiment; these 
values are in the expected range for sp3 nitrogen atoms.[351 


The coupling constant 3JH(4)H(5) = 8.8 Hz is slightly less than 
the corresponding value for compound B, that is, the dihedral 
angle relating H(4) and H(5) is smaller in C than in B. Signifi- 
cantly, the olefin protons H(3) and H(6) are coupled to NH(1) 
(4JH(1)H(3) = 2.3, 4JH(1)H(6) = 2.8 Hz). Long-range coupling 
across four bonds is favored when the coupled protons lie copla- 
nar in a W arrangement. This condition is accomplished when 


set used in the case of B. The 'H NMR spec- hn 


R,i5HBu 
H 


Fig. 5 .  Structure of 
'. 
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the ring of the intermediate C is in a boat conformation with the 
(tert-buty1amino)pentacarbonyltungsten group pseudoaxial. 


Compounds D and 36 (Fig. 6): When the temperature of the 
sample is raised to - 20 "C the mixture of organometallic inter- 
mediates B and C cleanly transforms into a new mixture of two 


compounds D and 3b 3"" within a period of 20 min. 
The NMR spectra[401 in- 
dicate that the 3H-4,5-di- 


Me0 N R' Me0 'N R' hydroazepine 3b  (2:1 ra- 
D 3b tio) is the final product 


Fig. 6. Structure of D and 3b. isolated after treatment 
with silica gel when the re- 


action is carried out on a large scale, while structure D is the 
4H-5,6-dihydroazepine tautomer. These assignments are de- 
duced from the cross-peaks observed in the 2 D  HMBC spec- 
trum of the mixture. The 3JcH correlations of the methoxy pro- 
tons are key to the assignment of the quaternary carbon C(2) in 
both isomers. For compound 3b, C(2) appears at 6 = 175.65 and 
correlates with the methylene protons of C(3) (6 = 2.65/2.77), 
while C(2) in tautomer D resonates at 6 = 156.71. Furthermore, 
the methylene hydrogen atoms of D (6 = 2.27/2.46) correlate 
with C(7) (6 =193.10). Straightforward analysis of the rest of 
the cross-peaks affords the full assignment of the 13C NMR 
spectrum of each compound (see Experimental Procedure), 


The 15N chemical shifts of N(l) (6 = - 145.0 and - 185.4 for 
D and 3b, respectively; Table4) were deduced from the 2 D  
'H,15N HMBC spectrum through the correlations with the 
olefin protons and are characteristic for an sp2-hybridized nitro- 
gen. The values for N(8) could not be determined because the 
NH signals could not be identified in the 'H NMR spectrum. 


x"" 


Table4. I5N and "'W data of intermediates A-D and compounds 2 
[M = W(CO), , R2 = 2-furylI and 3b. 


6 W )  W 8 )  6W 


2 [a1 ~ 3002 
A [bl - 204.9 - 228.7 ~ 3007 
B [CI - 252.4 - 2896 
c tcl - 276.0 - 319.8 - 2815 
D [dl - 145.0 
3 b  [dl - 185.4 


[a] At 25°C in CD,CI,. [b] At -80°C in [DJTHF. [c] At -80°C in CD,Cl,. 
[d] At -80°C in [DJTHF. 


' 8 3  W NMR Spectroscopy: The HMQC pulse sequence based on 
long-range 'H,la3W couplings was applied in the characteriza- 
tion of the '83W resonances in complexes A-C as well as in 
carbene 2. This has proved to be successful even in 
tungsten complexes where the spin-spin coupling between the 
metal and the ligand is very small or even negligible.t421 Long- 
range 'H,Ia3W correlations up to six bonds have recently been 
described.r431 In this way correlations through two and three 
bonds were observed for all compounds in less than 30 min. 
Zwitterion A also showed a four-bond interaction between H(4) 
and the metal. The results are summarized in Table 4. 


The 183W chemical shifts found (6 = - 2875 to -3007) lie in 
the known window for tungsten(0) complexes.[441 Interestingly, 
c~("~W) of carbene 2 (6 = - 3002) is very similar to that of 
intermediate A (6 = - 3007), which again supports the zwitter- 
ionic structure of complex A. It is well known that tungsten 
carbene complexes bearing a donor heteroatom on the carbene 
carbon are actually best described by dipolar limiting forms of 


the type -W-C(R)=O+ -R.[451 Another interesting point is 
the small chemical shift difference between intermediates B and 
C (A6 = 21 ppm), where a carbon ligand is replaced with a 
nitrogen ligand, compared to that for compounds A and B 
(A8 = 11 1 ppm), which are more similar to each other. 


Conclusions 


An efficient [4 + 31 cycloaddition of 4-amino-1-azabutadienes 
and qfl-unsaturated oximes with Fischer carbene complexes 
leading to azepines, whose usefulness as both synthetic interme- 
diates and therapeutic agents is well rec~gnized ,~~]  is described. 
These are the first examples reported in which carbene complex- 
es undergo [4 + 31 heterocyclization reactions. The synthesis of 
enantiomerically pure azepines is accomplished with more than 
acceptable chemical yields from oximes and chiral carbene com- 
plexes. The hydrolysis produces terminally differenciated bi- 
functional organic molecules. A mechanism based on the reac- 
tivity of azadienes, which is strongly supported by the 'H, 13C, 
"N, and la3W NMR characterization of four intermediates, 
has been established in the case of 4-amino-1-azabutadienes. 
This is the first report on 183W chemical shifts of Fischer carbe- 
nes and of the intermediate tungsten complexes formed in the 
course of a reaction.[461 The key step of the process is the 
diastereoselective and novel cyclization of an open-chain, con- 
formationally stable precursor A to the seven-membered ring B 
with concomitant 1,2-migration of the pentacarbonylmetal 
fragment. 


Experimental Procedure 


General methods: All reactions involving organometallic species were carried out 
under a N, atmosphere. All common reagents and solvents were obtained from 
commercial suppliers and used without further purification unless otherwise indi- 
cated. THF was distilled from sodium benzophenone ketyl under a N, atmosphere 
prior to use. Hexane, ethyl acetate and triethylamine were distilled before use. TLC 
was performed on aluminum-backed plates coated with silica gel 60 with FZ5., 
indicator. Flash column chromatography was carried out on silica gel 60,230-240 
mesh. The enantiomeric purities were determined by chiral HPLC analysis using a 
Shimadzu instrument on a Chiralcel OD-H (Daicel Chem. Ind.) column 
(25 x 0.46 cm) and detection with photodiodide array UV/vis detector. Optical rota- 
tions were determined with a Perkin Elmer 241 polarimeter using a Na lamp; data 
are reported as follows: [a];' (concentration in g per 100 mL, solvent). Melting 
points were obtained on a Biichi-Tottoli apparatus using open capillary tubes and 
are uncorrected. NMR spectra were run on Bruker AC 300 and AMX400 spectrom- 
eter. The AC300 was equipped with a 5 mm triple probe ('H, ' 3 C ,  "P) and 90" 
pulses were 12.8 ps ('H, 300 MHz) and 7 ps (I3C, 75 MHz). In the AMX400 a 
5 mm BB reverse probe head was used with the outer coil designed to work in the 
frequency range 18-162 MHz. Although at 9.4 T the '*'W resonance frequency is 
slightly outside the lower limit of the broad-band channel, it could be properly 
tuned, and reasonable pulse widths were obtained without additional frequency 
filtering. The 90" pulses and operating frequencies were: 10.4 ps ('H, 400 MHz), 
17.1 ps ("N, 40.56 MHz), 14.5 ps ("C, 100.61 MHz), 53 ps ("'W, 16.65 MHz). 
The attenuation levels used were 5 dB for the proton channel and 3 dB for the 
heteronuclei. The spectral references used were tetramethylsilane for 'H and "C, 
and neat nitromethane for "N. 6("'W) are referenced to the standard Na,WO, 
taking into account "I(Na,183W0,) = 4.166404 MHz and that under the experi- 
mental conditions used the resonance frequency of Me,Si is 400.134661 MHz. Se- 
lected spectral parameters were as follows. 'H,X 2 D  HMQC (X = "C, l5N): 
spectral width, 4500 Hz in F 2  and 22000/12000 Hz for l3C/l5N in F 1; 128 incre- 
ments recorded; final matrix after zero filling, 2048 x 256; evolution delay of I&,,, 


3.45 ms or I&. 5.56 ms; 16 scans per increment in F1. The same parameters were 
used for the corresponding 'H, X 2D HMBC (X = I5N ) spectra. In these 
experiments the number of scans was 32, and the evolution delay of "JXH was set to 
60111s. 'H,'*'WWDHMQC: spectralwidth,4500HzinF2and 17000 HzinF1;64 
increments recorded; final matrix after zero filling, 2048 x 256; evolution delay of 
"J1*3wH, 100ms; 32 scans per increment in F 1. Once observed the S('83W) a second 
experiment with a spectral window of 1000 Hz in F 1 and 128 I ,  increments was 
performed in order to improve the digital resolution and to check for reflected 
signals. 2 D  ROESY: spectral width, 4500 Hz in both dimensions; 128 increments 
recorded; final matnx after zero filling, 2048 x 256; spin-lock mixing time 200 ms; 
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spin lock field yB,/2n s 4.5 kHz; 40 scans per increment in F1. All spectra were 
acquired in the TPPI mode, and a shifted sinus bell multiplication of n/2 in both 
dimensions prior to transformation was performed. High-resolution mass spectra 
were determined on a Finnigan MAT95 spectrometer. 


General procedure for the synthesis of azepines 3: A solution of 4-amino-I-azadiene 
1 (1.5 mmol) in THF (5 mL) was added to a solution of vinylcarbene 2 (1.5 mmol) 
in THF (40 mL) at - 78 "C; the reaction mixture was allowed to reach - 40 "C over 
3 h, treated a t  room temperature with SiO, (3 g) for 3 h and filtered over Celite. The 
solvents were removed under vacuum and the residue subjected to column chro- 
matography (SiO,, hexane/NEt, 10: 1) furnishing pure cycloadducts 3. Yields are 
given in Table 1. 


tran~-5-tert-~tylam~no-7-eyelopropyl-2-methoxy4-phenyl-4,5~ydro-3~-a~epi~e 
(3a): Yellow oil. 'HNMR (300 MHz, CDCI,, 25 "C, TMS): 6 = 0.35 (m, 1 H, 
CH~).0.55(m,2H,CH~),0.8(s,9H,3xCH3),0.85(m,lH,CH,),1.5(m,lH, 
CH), 2.2 (dd, 'J(H,H)=13.2, 'J(H,H)=0,8Hz, IH,  CH,), 2.8 (dd, 
2J(H,H) =13.2, 'J(H,H) = 9.0Hz, 1H, CH,), 3.25 (m, l H ,  CH), 3.35 (dd, 
'J(H,H) =11.6, 'J(H,H) = 4.5 Hz, 1 H, CH), 3.8 (s, 3H, CH,), 5.35 (d, 
'J(H,H) = 4.5 Hz, 1 H, CH), 7.2-7.4 (m. 5H, CH*rom); ',C NMR (75 MHz, CD- 
CI,,25"C,TMS):6=168.7(~), 145.8(s), 143.3(s), 128.5(d),127.3(d), 127.0(d), 
117.8(d),60.l(d),55.0(d),53.l(q),50.5(s),35.3(t),29.3(q),15.5(d),4.5(t)3.6 
(t); HRMS (70 eV, EI): calcd for CzoH2,N,O ( M ' )  312.2201, found 312.2195. 


rrans-5-~ert-Butylamino-7-cyclopropyl~-(2-f~yi)-2-methox~4,S~ihydro-3~-aze~ 
ine (3b): Yellow oil. 'HNMR (300 MHz, CDCI,, 2 5 T ,  TMS): 6 = 0.35 (m, l H ,  
CH,), 0.55 (m, 2H, CH,), 0.8 (m, 1 H, CH,), 0.9 (s, 9H, 3 x CH,), 1.5 (m, 1 H, CH), 
2.25 (dd, *J(H,H) =12.5, 'J(H,H) =1.3 Hz, 1H,  CH,), 2.8 (dd, 'J(H,H) =12.5, 
'J(H,H) = 8.6 Hz, 1 H, CH,), 3.4 (m, 2H, 2 xCH), 3.75 (s, 3H, CH,), 5.3 (d. 
'J(H,H)=4.3Hz, 1H,CH),6.15(d,3J(H,Hj=3.4Hz,  lH ,CH) ,6 .3 (m,  IH ,  
CH), 7.35 (m, 1 H, CH); 13C NMR (75 MHz, CDCI,, 2 5 T ,  TMS): 6 =168.1 (s), 
156.6(s~,146.1(s),141.l(d~,117.3(d),110.0(d),105.7(d),53.3(d),53.l(d),53.0 
(4). 50.8 (s), 33.6 (t), 29.3 (9). 15.6(d). 4.5 (t) 3.7 (t); HRMS (70eV. EI): calcd for 
CI,Hz6N,O, ( M i )  302.1994, found 302.2002. 


trans-5-terr-Butylamino-7-ethyl-~-methoxy4phenyl-4,S-dihydro-3~-a~epine (3c): 
Yellow oil. 'HNMR (300 MIlz, CDCI,, 25°C. TMS): 6 = 0.75 (9, 9H, 3 x CH,), 
1 .O (t, 'J(H,H) = 7.7 Hz, 3H, CH,) 2.15 (m, 2H. CH,), 2.25 (d, 'J(H,H) = 12.9 Hz, 
1 H, CH,). 2.85 (dd, 'J(H,H) =12.9, 'J(H,H) = 9.0 Hz, 1 H, CH,), 3.25 (dd, 
'J(H,H)=11.6, 'J(H.H)=9,0Hz, 1H. CH), 3.4 (dd. 'J(H,H)=11.6, 
'J(H,H)=~.~HZ,~H,CH),~.~(S,~H,CH,),~.~(~,~J(H,H)=~.~H~,~H,CH), 
7.1-7.4(m,5H,CH,,0,); "CNMR(75 MHz, CDCIj,25'C,TMS):6 =168.0(s), 
147.5 (s), 143.3 (s), 128.5 (d), 127.3 (d), 127.1 (d), 118.5 (d), 60.0(d), 54.8 (d), 53.1 
(q), 50.5 (s), 35.4 (t), 29.3 (q), 29.0 (t), 12.1 (q) ; HRMS (70eV, EI): caicd for 
C,,H,,N,O ( M ' )  300.2202 , found 300.2184. 


trans-5-terr-Butylamino-4-(2-furyl)-2-methoxy-7-(4-metbylphenyl)-4,5dihydro-3~- 
azepine (3d): Yellow oil. 'HNMR (300 MHz, CDCI,, 25"C, TMS): b = 0.85 (s, 
9H, ~ x C H , ) ,  2.25 (s, 3H, CH,), 2.3 (d, 'J(H,H) =12.9Hz, 1H. CH,) 2.8 (dd, 
'J(H,H) =12.9, 'J(H,H) = 9.0 Hz, l H ,  CH,), 3.4 (m, l H ,  CH), 3.5 (dd, 
'J(H,H) =11.6, 3J(H,H) = 4.7 Hz, l H ,  CHI, 3.9 (s, 3H, CH,), 5.95 fd, 
'J(H,K) = 4.7 Hz, 1 H, CH), 6.15 id, 'J{H,H) = 3.4 Hz, 1 W, CHI, 6.25 (m. 1 H, 
CHI, 7.05 (d, 'J(H,H) = 8.2 Hz, 2H, CHS,*,), 7.3 (m, lH ,  CH), 7.45 (d, 


6=168.6(s),156.2(~),143.5(s),141.4(d).137.2(~),135.0(s),128.8(d),124.R(d), 
119.5(d),llO.O(d), 106.1 (d), 53.9(d),53,5(q), 52.8(d),50.8(~),33.6(t),29.3 (4). 
21.0 (q); HRMS (70eV, EI): calcd for C,,H,,N,O, ( M ' )  352.2151, found 
352.2160. 


'J(H,H) = 8.2 Hz, 2H, CHarJ; '3C NMR (75 MHz, CDCI,, 2 5 T ,  TMS): 


trcuts-5-tert-Butylamino-2-methoxy-4,7-diphenyi4,5dihydro-3~-azepine (3e): Yel- 
low oil. 'H NMR (300 MHz, CDCI,, 25 "C, TMS): 6 = 0.8 (s, 9H, 3 x CH,), 2.3 (d, 
'J(H,H)=13,1Hz, l H ,  CH,), 2.9 (dd, 'J(H,H)=13.1, 3J(H,H)=9.2Hz, 1H,  
CH,), 3.4 (dd, 'J(H,H) =11.8. 'J(H,H) = 9.2 Hz, l H ,  CH), 3.6 (dd, 
'J(H,H)=11.8, 'J(H,H)=4.8Hz, l H ,  CH). 4.0 (s, 3H, CH,), 6.15 (d, 
'J(H,H) = 4.8 Hz. 1H. CH). 7.2-7.4 (m, 8H, CH,,,), 7.65 (m, 2H, CHaram); "C 
NMR (75 MHz, CDCI,, 25"C, TMS): 6 =169.3 (s), 143.1 (s), 142.9 (s), 137.8 (s), 
128.7(d), 128.1 (d), 127.4(d),127.3(d), 124.9(d), 120.8(d),59.7(d),55.6(d),53.5 
(q), 50.6 (s), 35.4 (t), 29.3 (4); HRMS (70eV. EI): calcd for C,,H,,N,O (Mi) 
348.2202, found 348.2196. 


trans-5-terr-Butylamino-7-(l-chlorophenyl)-2-methoxy~-phenyl-4,5~ihydro-3~- 
azepine (31): Yellow oil. 'HNMR (300 MHz, CDCI,, 25"C.TMS): 6 = 0.8 (s, 9H. 
3xCHJ.  2.35 (d. 'J(H,H)=13.3Hz, i H ,  CHZ), 2.9 (dd, 'J(H,H) =13.3, 
'4H.H) = 9.7 Hz, 1 H, CH,), 3.4 (dd, 'J(H,H) = 12.1, ,J(H,H) = 9.7 Hz, 1 H, 
CH),3.55(dd, 3J(H,H) =12.1.3J(H,H) = 4.7Hz, 1H,CH).4.0(ss,3H,CH,),6.15 
(d, 'J(H,H) = 4.7Hz, 1H. CH), 7.2-7.4 (m, 7H, CHaro,), 7.55 (d, ' J  
(KH)  = 8.6 Hz, 2H, CHs,mm); ''C NMR (75 MHz, CDCI,, 25 "C, TMS): 6 = 169.6 
(s), 142.7 (s), 142.2 (s), 136.3 (s), 133.1 (s), 128.7 (d), 128.2 (d). 127.3 (d), 126.2 (d), 
121.2 (d), 59.6 (d), 55.6 (d), 53.6 (4). 50.6 (s), 35.4(t), 29.8(q); HRMS (70eV, EL): 
calcd for C,,H,,CIN20 (M+) 382.1812, found 382.1807. 


Hydrolysis of dihydroazepine (3b): A solution of azepine 3b (150mg) in THF 
(30 mL) was treated with 1M HCI (30 mL) for 3 h. The resulting mixture was 
extracted with diethyl ether (3 x 20 mL), washed with sodium hydrogen carbonate, 
and dried with anhydrous sodium sulfate. Removal of the solvents followed by 
column chromatography (SiO,; hexane/AcOEt 5:l) gave 90 mg of eketoester 5 
(75% yield) (Table 1). 


Methyl 6cyclopropyl-3-(2-furyl)-Coxo-4-hexenoate (5): Yellow oil. 'H NMR 
(300 MHz, CDCI,, 25 "C, TMS): 6 = 0.9 (m, 2H. CH,), 1.05 (m, 2H, CH,), 2.1 (m, 
1H. CH), 2.75 (dd, 'J(H,H) =15.9, 'J(H,H) = 8.2Hz. I H, CH,), 2.85 (dd, 
2J(H,H)=15.9, 'J(H,H)=6.9Hz, 1H, CH,), 3.65 (s. 3H, CH,), 4.1 (q, 
3J(H,H)=7.3Hz,lH,CH),6.l(m,1H,CH),6.2(d,3~(H,H)=15.9Hz,1H,CH), 
6.3 (m, 1 H, CH), 6.85 (dd, 3J(H.H) =15.9, ,J(H,H) ~ 7 . 3  Hz, lH, CH), 7.35 (m, 


(s), 143.4 (d), 141.9 (d), 130.8 (d), 110.2 (d), 106.0 (d), 51.8 (q), 37.8 (d), 37.1 (t), 
19.0 (d), 11.4 (q); HRMS (70eV, El): calcd for C,,H,,O, ( M + )  248.1049, found 
248.1046. 


1 H, CH); "C NMR (75 MHz, CDCI,, 2 5 T ,  TMS): 6 =199.9 (s), 171.1 (s), 153.1 


General procedure for the synthesis of azepines 7: A solution of vinylcarbene 2 
(2 mmol) and oxime 6(1 mmol) in THF (50 mL) was refluxed (20-65 h, see Table 1) 
under nitrogen. The resulting mixture was allowed to cool to room temperature, 
stirred with SiO, (3 g) for 3 h, and filtered over Celite. Removal of solvents under 
vacuum followed by column chromatography (SiO,, hexane/AcOEt/NEt, 10: 1: 1) 
led to cycloadducts 7. Yields are given in Table 1. In the case of R' = R2 = Ph, 
imidate 10a was isolated in 25% yield (see below). 


~rans-2-Methoxy-5-methyl-4-phenyl-4,5dihydro-3~-azepine (7 a) : Yellow oil. 
'HNMR (300 MHz, CDCI,, 25 "C, TMS): 6 = 0.9 (d, 'J(H,H) = 6.9 Hz, 3H, 
CH,), 2.5 (dd, 'J(H,H) = 13.3, ,J(H,H) = 4.3 Hz, 1 H, CH,), 2.55 (m, 1 H, CH), 
2.85 (dd, 'J(H,H) =13.3, 'J(H,H) = 6.4 Hz, 1H,  CH,), 3.05 (m, 1 H, CH), 3.8 (s, 
3H. CHj), 5.3 (dd, 'J(H,H) = 8.4, 'J(H,H) = 4.9 Hz, IH ,  CH), 6.5 (dd, 
'J(H,H)=8.4,4J(H,H)=1.9Hz,1H,CH),7.1-7.5(m,5H,CH,,,,);'3CNMR 
(75 MHz, CDCI,, 25"C,TMS): 6 =169.0 ( s ) ,  145.3 (s), 134.6 (d), 128.4 (d), 127.1 
(d),126.5(d),123.5(d),57.1 (d),53.2(q),38.9(d),37.6(t),19.4(q);HRMS(70eV, 
EI): calcd for C,,H,,NO ( M + )  215.1310, found 215.1314. 


f r ~ n s - 4 - ( 2 - F u r y l ) - 2 - m e t h o x y - 5 - m e t h y l - 4 , 5 n e  (7b): Yellowish oil. 
'HNMR (300MHz, CDCI,, 25"C, TMS): 6 =1.0 (d, 'J(H.H) = 6.9 Hz, 3H, 
CH,),2.4(dd,zJ(H.H)=13.2,3J(H,H)=4.0Hz,1H,CH,),2.55(m,1H,CH),2.8 
(dd, 'J(H,H) -13.2, ,J(H,H) = 6.4Hz, l H ,  CH,), 3.2 (m. l H ,  CH), 3.7 (s, 3H, 
CH,), 5.2 (dd, 'J(H,H) = 8.2, 'J(H,H) = 5.0Hz, l H ,  CH), 6.1 (d, 
'J(H3) = 3.0 Hz, l H ,  CH), 6.3 (m. l H ,  CH), 6.4 (dd, 'J(H,H) = 8.2, 
4J(H,H) = 2.2 Hz, 1 H, CH), 7.3 (m. 1 H, CH); "C NMR (75 MHz, CDCI,, 25 "C, 
TMS): 6 = 168.7 (s), 157.7 (s), 141.0 (d), 135.2 (d), 122.7 (d), 109.9 (d), 104.5 (d), 
53.2 (9). 50.8 (d), 35.9 (d), 35.5 (t), 19.6 (4); HRMS (70eV, EI): calcd for 
C,,H,,NO, (Mi) 205.1103, found 205.1112. 


trans-2-i\.fethoxy-4,5-diphenyl-4,5-dihydrn-3~-azepine (7 c ) ,  Yellowish oil. 'H NMR 


IH, CH,), 2.95 (dd, 'J(H,H) =13.3. 'J(H,H) = 5.2 Hz, l H ,  CH,), 3.45 (m. lH ,  
(300 MHZ. CDCI,, 25 "C, TMS): 6 = 2.75 (dd, 'J(H,H) =13.3. 'J(H,H) = 5.4 Hz, 


CH),3.6(ddd, 'J(H.H) =11.2 Hz,'J(H,H) = 4.9,4J(H,H) = 2.1 Hz, 1 H,CH), 3.8 
(s, 3H,  CH,), 5.5 (dd, 'J(H,H) = 8.9, 3J(H,H) = 5.1 Hz, 3 H, CH), 6.55 (dd, 
'J(H,H) 2 8.9, 4J(H.H) = 2.1 Hz, 1 H, CH), 6.9-7.2 (m, IOH, CHa,J; 13C NMR 
(75 MHz, CDCI,, 2 5 T ,  TMS): 6 =168.9 (s), 144.5 (s), 143.4 (s), 135.0 (d), 128.2 
(d). 128.1 (d), 128.0 (d), 127.1 (d), 126.4 (d), 126.2 (d), 121.4 (d), 56.7 (d), 53.4 (q), 
52.6 (d), 37.4 (t); HRMS (70 eV, EI): calcd for C,,H,,NO ( M  +) 277.1467, found 
277.1476. 


tr~~-4-(2-Furyl~2-Mthoxy-5-phenyl4,5-d~ydro-3~-azepine (76): Yellowish oil. 
'HNMR (300MH2, CDCI,, 25"C, TMS): b = 2.6 (dd, 'J(H,H) =13.7, 3J(H,H) 
=4.7H~,lH,CH,),2.85(dd,'J(H,H) =13.7,'J(H,H) = 5.4Hz,1H,CHZ),3.35- 
3.8 (m, 2H, ZxCH), 3.7 (s, 3H, CH,), 5.35 (dd, 3J(H,H)=8.6Hz and 
'J(H,H) = 5.1 Hz, 1H,  CH), 5.8 (m, 1H, CH), 6.1 (m, l H ,  CH), 6.45 (dd, 
'J(H,H) = 8.6, 4J(H,H) = 2.2 Hz, l H ,  CH), 7.0-7.2 (m, 6H, CH,,,,, CH); "C 
NMR (75 MHz, CDCI,, 25°C TMS): 6 =168.4 (s), 156.4 (s), 143.4 (s), 141.0 (d), 
135.3(d), 128.2(d),127.9(d),126.4(d), 120.4(d),109.8(d), 105.2(d),53.3(q),50.0 
(d), 48.5 (d), 35.5 ( t ) ;  HRMS (70eV, EI): calcd for C,,H,,NO, (Mi) 267.1259, 
found 267.1255. 


~rans4(2-Furyl)-2-Methoxy-5-(E-l-propenyl)~,S~~ydr~3~-azepi~ (7e): Yel- 
lowlsh oil. 'HNMR (300 MHz, CDCI,, 2 5 T ,  TMS): 6 =1.6 (d, 'J(H,H) = 


4.1 Hz, 3H, CH,), 2.55 (dd, 'J(H,H) =13.3, 'J(H,H) =4.8Hz, l H ,  CH,), 2.80 
(dd,'J(H,H) =13.3,,J(H3H) = 5.4Hz,1H,CH3,3.15(rn,1H,CH),3.35(m,lH, 
CH), 3.7 (s,  3H, CH,), 5.3 (dd, 'J(H,H) = 8.5, 'J(H,H) = 5.1 Hz, 1 H, CH) 5.35 
(m, 2H, 2xCH),  6.05 (m, l H ,  CH), 6.3 (m, l H ,  CH), 6.45 (dd, 'J(H,H) = 8.5, 
4J(H,H) = 1.9 Hz, 1 H, CH), 7.3 (m, 1 H, CH); "C NMR (75 MHz, CDCI,, 25 "C, 
TMS): 6 =168.3 (s), 157.0 (s), 141.0 (d), 135.0 (d), 132.2 (d), 126.5 (d). 120.0 (d), 
109.9(d), 104.9(d),53.2(q),47.9(d),44.4(d),35.2(t),17.9{q);HRMS(70eV,EI): 
calcd for C,,H,,NO, (M) 231.1259, found 231.1268. 
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Synthesis of Azepines 88-97 


Hydrolysis of dihydroazepine 7 a :  A solution of azepine 7 a  (0.5 mmol) in THF 
(30 mL) was treated with 0 . 5 ~  HCI (30 mL) for 1.5 h. The resulting mixture was 
extracted with diethyl ether (3 x 20 mL), washed with sodium hydrogen carbonate 
and dried with anhydrous sodium sulfate. Removal of the solvents followed by 
column chromatography (SiO,; hexane/AcOEt 2: 1) gave 8 and 9 (Table 1). 


truns-5-Methyl4phenyl-4,5dihydro-lH,3H-mepin-2-one (8 a): H NMR (300 
MHz, CDCI,, 25 "C, TMS): 6 = 0.9 (d. 'J(H,H) = 6.9 Hz, 3 H, CH,), 2.6 (m. 1 H, 
CH),2.7-3.0(m,3H,CH,CH,),5.15(dd,3J(H,H)=9.9,3J(H,H)=3.4Hz,IH, 


7.1-7.4 (m, 5H, CH,,,), 7.55 (bs, IH,  NH); "C NMR (75 MHz, CDCI,, 2 5 T ,  
TMS): 6 =174.9 (s), 145.3 (s), 128.5 (d), 127.1 (d). 126.6 (d), 121.1 (d), 119.7 (d), 
47.6 (d), 43.2 (t). 41.1 (d), 20.3 (4); HRMS (70 eV, EI): calcd for C,,H,,NO ( M + )  
201.1 154, found 201.1 157. 


Methyl syn4methyl-doxo-5phenylhexanoate (9): 'H NMR (300 MHz, CDCI,, 
25~C,TMS):d=0.85(d,3J(H,H)=6.9Hz,3H,CH,),2.2(m,1H,CH),2.45(m, 
2H, CH,), 2.7(m, 2H, CH,), 3.15 (m, 1 H, CH), 3.55 (s, 3H, CH,), 7.1-7.4(m, 5H, 
CH,,,,), 9.7 (m, IH ,  CH); "C NMR (75 MHz, CDCI,, 25°C. TMS): 6 = 202.0 
(d), 172.6 (s), 140.6 (s), 128.3 (d), 126.8 (d), 51.6 (q), 48.7 (t), 46.2 (d), 37.5 (t), 32.4 
(d), 16.8 (q); HRMS (70eV, EI): calcd for C,,H,,O, (M+-I) 233.1178, found 
233.1 179. 


CH), 5.85 (ddd, 'J(H,H) = 9.9 HZ, ,J(H,H) = 5.2, 4J(H,H) =1.7 Hz, IH,  CH), 


1,7-Diphenyl-3-methoxy-(l~,3E,SZ)-4-azahepta-l,3,5-triene (10 a) : This compound 
was obtained in 25% yield along with azepine 7c, as described above, by reaction 
of the oxime derived from cinnamaldehyde 6 (R' = Ph) and the corresponding 
(methoxy)cinnamyl carbene complex 2 (R2 = Ph); 'HNMR (300 MHz, CDCI,, 
25 "C, TMS): 6 = 3.7 (dd, 'J(H,H) =7.3, 4J(H,H) = 1.3 Hz, 2H, CH,), 3.9 (s, 3H, 
CH,), 5.3 (dt, ,J(H,H) =7.7, ,J(H.H) =7.3Hz, IH ,  CH), 6.8-7.6 (m, 13H, 
13xCH); "CNMR(75 MHz, CDC13,250C, TMS): 6 =158.1 (s). 141.6(s), 138.4 
(d), 135.6 (s), 131.2 (d), 129.3 (d), 128.7 (d), 128.4 (d), 128.3 (d), 127.5 (d), 125.6 
(d), 122.0 (d), 113.2 (d), 52.9 (q), 32.2 (t); HRMS (70 eV, EI): calcd for CI9H,,NO 
( M ' )  277.1467, found 277.1463. 


l-Methoxy-l-phenyl-(lE,3Z)-2-aza-l,3-hexadiene (10 b) : (Methoxyhenzy1idene)- 
pentacarhonylchromium (624 mg, 2 mmol) was added to a solution of oxime 6 
derived from crotonaldehyde (R' = Me) (147 mg, 1 mmol) in THF (60 mL) at 
-40 "C. After 10 min the cold bath was removed, and the reaction stirred overnight 
at room temperature. Then, it was refluxed for 7 h and the resulting mixture cooled 
to room temperature, stirred with SiO, ( 5  g) for 3 h, and filtered. The residue was 
chromatographed on silica gel (hexane/AcOEt/NEt, 10: 1 : 1) affording 160 mg of 
imidate 10b (85% yield); 'HNMR (300MHz, CDCI,, 25"C, TMS): d =1.05 (t, 
'J(H,H) =7.5Hz, 3H, CH,), 2.45 (m. 2H, CH,), 3.9 (s, 3H, CH,), 5.0 (q, 
,J(H.H) =7.5 Hz, 1 H, CH), 6.55 (d, 'J(H,H) =7.5 Hz, 1 H, CH), 7.3-7.5 (m, 5H, 


(d), 129.7 (d), 128.6 (d), 128.1 (d), 125.3 (d), 53.3 (q), 19.4 (t), 14.1 (4); HRMS 
(70eV, EI): calcd for C,,H,,NO ( M + )  189.1154, found 189.1157. 


General proeedure for the synthesis of azepiws 12 and 13: A solution of carbene 11 
(1 mmol), derived from (-)-menthol, (CO),Cr=C(OMe)(Me) (500 mg, 2 mmol), 
and oxime 6 a  (85 mg, 1 mmol) in THF (50 mL) was refluxed under nitrogen for 
42 h. The resulting mixture was allowed to cool to room temperature, stirred with 
SiO, (3 g) for 3 h, and filtered over Celite. Removal of solvents under vacuum and 
column chromatography (SiO,, hexane/AcOEt/NEt, 20: 1 : 1) furnished a 70~30 
mixtureofcycloadducts 12a.band 13a,b (R* = (lR,2S,5R)-menthyl). A portion of 
the mixture (100 mg) was dissolved in hot MeOH (1 mL) and allowed to crystallize 
at - 20 "C. The solid formed was filtered and washed with cold MeOH (this opera- 
tion was repeated once) to give pure azepines 12a,b. By starting with carbene 11 
derived from (+)-menthol, a 30170 mixture of cycloadducts 1Zc and 13c 
(R* = (IS,2RSS)-menthyl) was obtained. Crystallization as above furnished pure 
azepine 13c. Yields are given in Table 2. 


( + )-(4~,5R)-2-(1R,2~,5R-Menthyl)-5-methyl4phenyl-4,5dihydr~3~-azepi~ 
(12a): White solid. M.p. 107-108°C; [a]:' = +159.5 (c = 0.19, CH,CI,); 


CHa,om); 13C NMR (75 MHz, CDCI,, 25°C TMS): 6 =160.4 (s), 131.6 ( s ) ,  131.4 


'HNMR (300MH2, CDCI,, 2 5 T ,  TMS): 6 = 0.7 (d, 'J(H,H) = 6.9Hz, 3H, 
CHJ, 0.9 (d, 'J(H,H) = 6.8 Hz, 3H, CH,), 0.9 (d, 'J(H,H) = 6.8 Hz, 3H, CH,). 
0.95(d,3J(H,H)=6.7Hz,3H,CH,),0.9-1.2(m,2H),1.4(m,1H),1.5-1.8(m, 
4H), 1.95 (m;l H), 2.25 (m, 1 H), 2.35 (dd, ,J(H,H) = 12.9, 'J(H,H) = 3.6 Hz, 1 H, 
CH,),2.6(m,1H,CH),2.9(dd,2J(H,H)=12.9,3J(H,H)=6.9Hz,1H,CH,),3.1 
(m, IH ,  CH), 4.9 (dt, 'J(H,H) =10.7, 3J (H,H) = 4.3 Hz, IH ,  CH), 5.3 (dd, 


4J(H,H) =1.2Hz, 1 H, CH), 7.2-7.4 (m. 5H, CHa& I3C NMR (75 MHz, CD- 


122.8 (d), 74.3 (d), 58.4 (d), 47.3 (d), 40.2 (t), 38.2 (d), 37.8 (t), 34.4 (t), 31.2 (d), 
26.2 (d), 23.5 (t), 22.1 (q), 20.7 (q), 19.5 (q), 16.7 (9); HRMS (70 eV, EI): calcd for 
C,,H,,NO ( M ' )  339.2562, found 339.2558. 


( + )-(4~,5R)-4-(2-Furyl)-Z~lR,Z~,5R)-menthyl-5-methyl-4,5dihy~o-3~-mepine 
(12b): White solid. M.p. 83-84°C; [a];' = + 295.8 (c = 0.59, CH,CI,); 'H NMR 
(300 MHz, CDCI,, 25 "C, TMS): 6 = 0.8 (d, ,J(H,H) = 6.9 Hz, 3H, CH,), 0.85 (d, 
'J(H,H) ~ 7 . 3  Hz, 3H, CH,). 0.9 (d, 'J(H,H) = 6.9H2, 3H, CH,). 1.0 (d, 


'J(H,H)=8.1, 'J(H,H)=5,1Hz, IH ,  CH), 6.45 (dd, 'J(H,H)=8.1, 


C I , , 2 5 " C , T M S ) : 6 = 1 6 8 . 0 ( ~ ) , 1 4 5 . 3 ( ~ ) ,  135.6(d),128.3(d), 127.4(d),126.5(d), 


JJ(H,H)=6.9Hz,3H,CH,),0.8-1.1(m,2H),1.35(m,1H),1.45-1.7(m,4H), 
1.9(m,1H),2.2(m,1H),2.35(dd,ZJ(H,H)=12.9,3J(H,H)=3.4Hz,1H,CH,), 
2.6 (m. 1 H, CH), 2.85 (dd. 'J(H,H) = 12.9, 'J(H,H) = 6.9 Hz, 1 H, CH,), 3.25 (m, 
l H ,  CH), 4.85 (dt, 'J(H,H)=10.7, ,J(H,H)=4.3Hz, IH ,  CH), 5.2 (dd, 
'J(H,H) = 8.2, ,J(H,H) = 5.2 Hz, 1 H, CH), 6.1 (m, 1 H, CH), 6.3 (m, 1 H, CH), 
6.4 (dd, 'J(H.H) = 8.2, 4J(H,H) = 2.1 Hz, 1 H, CH), 7.3 (m. 1 H, CH); I3C NMR 
(75 MHz, CDCI,, 25°C TMS): 6 ~ 1 6 7 . 7  (s), 158.0 (s), 140.8 (d), 136.2 (d), 121.8 
(d), 109.9 (d), 104.6 (d), 74.3 (d), 51.9 (d), 47.2 (d), 40.2 (t), 35.8 (t), 35.6 (d), 34.5 
(t), 31.2 (d), 26.2 (d), 23.5 (t), 22.1 (4). 20.7 (q), 19.7 (4). 16.6 (4); HRMS (70eV, 
EI): calcd for C,,H,,NO, ( M + )  329.2355, found 329.2354. 


( - )-(4R,SS)-Z-( IS,ZR,5SMenthyI)-5-methyl-4-phenyl-4,5-dihydro-3H-azepine 
(13c): White solid. M.p. 107-108°C; [a]:' = -160.5 (c = 0.185, CH,CI,). For the 
spectral data, see its enantiomer 12a. 


Hydrolysis of azepines 12 a,b: Method A :  A solution ofazepines 12 a,b (0.5 mmol) in 
THF (30 mL) was mixed with 0.5 M HCI (30 mL) and stirred at room temperature 
for 1.5 h. The resulting mixture was diluted with water, extracted with diethyl ether 
(3 x 20 mL), and the combined organic layers dried over Na,SO,. The solvents were 
evaporated affording a mixture of chiral, nonracemic 8 and 14, which were separat- 
ed by column chromatography (SiO,, hexane/AcOEt 2: l )  affording pure 8 (32- 
34%) and 14 (59-63%). 
MethodB: A solution of azepines 12 a,b (0.5 mmol) in THF (30 mL) was mixed with 
3~ HCI (30 mL) and stirred at room temperature for 1.5 h. Workup as above gave 
a mixture of 8 and 14 (i 1: 20), which yielded pure esters 14a,b (90 %) after column 
chromatography (SiO,, hexane/AcOEt 2: 1) (Table 3). 


( -)-(4S,5R)-5-Methyl-4-phenyl-4,5d~ydr~lH,3~-azepin-2-one [ ( - )-81: Colorless 
oil; [a];' = -7.2 (c = 0.61. CH,CI,). For the spectral data, see those given for 
racemic 8 a. 


(+ )-(4~,SR)4(2-Furyl)-S-methyl-4,~~ydro-l~,3H-azepin-2-one (8 b): Colorless 
oil; [a];' = + 31.7 (c = 0.265, CH,CI,); 'HNMR (300MHz, CDCI,, 25°C 
TMS):d=1.05(d,3J(H,H)=6.9Hz,3H,CH,),2.7-2.9(m,3H,CH,CH,),3.05 
(m, 1 H, CH), 5.05 (dd, 'J(H,H) = 9.9, ,J(H,H) = 4.3 Hz, IH ,  CH), 5.8 (ddd, 
3JJ(H,H)=9.9Hz,3J(H,H)=5.2,4J(H,H)=1.7Hz,lH,CH),6.1(m,1H,CH). 
6.3(m.1H,CH),6.9(bs,1H,NH),7.35(m,1H,CH);'3CNMR(75 MHz,CDCI,, 
25"C,TMS):6 =174.0(~),156.9(~), 141.3(d), i21.2(d),118.9(d),I10.0(d),105.2 
(d), 41.1 (d), 40.2 (t), 37.8 (d), 20.6 (q); HRMS (70 eV, EI): calcd for C,,H,,NO, 
(M" 191.0946, found 191.0947. 


(- )-(1R,ZS,SR)-Menthyl(3R,4R)4methyI-6-oxo-3-phenylhexanoate (14 a): Color- 
less oil; [a]:' = - 41.3 (c = 0.155, CH,CI,); 'H NMR (300 MHz, CDCI,, 25 "C, 
TMS): 6 = 0.45 (d, 'J(H,H) = 6.9 Hz, 3H, CH,), 0.75 (d, 'J(H,H) = 6.9 Hz, 3H, 
CH,), 0.85 (d, 'J(H,H) = 6.5 Hz, 3H, CH,), 0.9 (d, 'J(H,H) = 6.5 Hz, 3H, CH,), 
0.7-1.0 (m, 3H), 1.2 (m. IH), 1.3-1.5 (m, 2H), 1.5-1.7 (m, 2H), 1.75 (m. lH) ,  
2.15 (m. IH), 2.4 (m, 2H), 2.7 (m. 2H), 3.1 (m, lH) ,  4.5 (dt, ,J(H,H) =10.7, 
3J(H,H)=4.3Hz,1H,CH),7.1-7.4(m,5H,CH,,,,),9.7(m,1H,CH);'3CNMR 
(75 MHz, CDCI,, 25% TMS): 6 = 202.0 (d), 171.7 ( s ) ,  140.6 (s), 128.4 (d), 128.1 
(d), 126.7 (d), 74.0 (d), 48.8 (t), 46.7 (d), 46.6 (d), 40.6 (t), 38.2 (t), 34.1 (t), 32.6 (d), 
31.2 (d), 25.7 (d), 23.0 (t), 21.9 (q), 20.6 (4). 16.9 (q), 15.8 (4); HRMS (70 eV, EI): 
calcd for C,,H,,O, ( M + )  358.2508, found 358.2505. 


(- )-(lR,2S,5R)-Menthyl(3R,4R)-~(2-furyI)4methyl-doxohexamate (14 b) : Col- 
orless oil; [a];' = - 28.7 ( c  = 0.275, CH,CI,). 'H NMR (300 MHz, CDCI,, 2 5 T ,  
TMS): 6 = 0.65 (d, 'J(H,H) = 6.9 Hz, 3H, CH,), 0.8 (d, 'J(H,H) = 6.9 Hz, 3H, 
CH,), 0.85 (d, 'J(H,H) = 6.5 Hz, 3H, CH,), 0.9 (d, 'J(H,H) = 6.8 Hz, 3H, CH,), 
0.7-1.1 (m, 3H), 1.3 (m. 2H), 1.65 (m, 3H), 1.85 (m, IH), 2.2 (m, IH),  2.4-2.8 
(m,4H),3.35(m,1H),4.6(dt,3J(H,H)=10.7,3J(H.H)=4.3Hz,1H,CH),6.05 
(m, IH,  CH), 6.25 (m. IH ,  CH), 7.3 (m. IH ,  CH), 9.7 (m. IH ,  CH); 13C NMR 
(75 MHz, CDCI,, 25°C. TMS): 6 = 201.9 (d), 171.4 ( s ) ,  154.5 (s), 141.4 (d), 109.9 
~d),106.9(d),74.3(d),48.9(t),46.8(d),40.6(t),39.8(d),36.0(t),34.l(t),31.2(d), 
25.9 (d), 23.1 (t), 21.9 (q), 20.7 (q), 16.2 (q), 15.9 (q); HRMS (70 eV, EI): calcd for 
C,,H,,O, ( M ' )  348.2301, found 348.2297. 


Reduction of ester derivative 14 a: LiAIH, (76 mg, 2 mmol) was added in portions to 
a solution of 14a (180 mg, 0.5 mmol) in THF (30 mL) at 0 "C and stirring continued 
at room temperature for 4 h. The resulting mixture was treated with methanol 
(2 mL) and then with 1 M NaOH, extracted with diethyl ether (3 x 20 mL), and dried 
over anhydrous sodium sulfate. Removal of solvents under reduced pressure and 
column chromatography (SiO,, ethyl acetate) gave diol 15 (99 mg, 95% yield). 


(-)-(3R,4R)-4Methyl-3-phenyl-l,6-hexanediol (15): Colorless oil; [a]:' = - 9.6 


,J(H,H) = 6.9 Hz, 3H, CH,). 1.3 (m, 1 H), 1.75 (m 1 H), 2.0 (m, 5H), 2.65 (m. 1 H), 
3.4 (m, 1H. CH,), 3.5 (m. l H ,  CH,), 3.65 (m. l H ,  CH,), 3.75 (m, l H ,  CH,), 
7.1-7.4 (m, 5H, CH.,A I3C NMR (75 MHz, CDCI,. 25°C TMS): 6 =142.6 (s), 
128.6 (d), 128.0 (d), 126.1 (d), 61.1 (t), 60.7 (t), 46.9 (d), 37.3 (t), 35.6 (t), 34.3 (d), 
16.5 (4); HRMS: calcd for C,,H,,O, ( M ' )  208.1463, found 208.1465. 


(C = 0.595, CHZCI,); 'HNMR (300 MHz, CDCI,, 25 "C, TMS): 6 = 0.8 (d, 
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Intermediates A-D and compound 3 b: 


18 A: 'HNMR (400.13 MHz, [DJTHF, -8O"C, TMS): 
"' 6=0.55-1.16(m,4H,H12andH'3,2xCH,),1.25 


(S,~H,H'~,~XCH,),~.O~(~,~H,H'~,CH),~.~~(~, 
3H, HI4, CH,), 5.54 (d, 'J(H,H) =15.7 Hz, 1 H, H", 
CH), 5.88 (d, 'J(H,H) = 3.2Hz, l H ,  HI6, CH), 6.24 
(dd, 'J(H.H)=1.8, 3.2Hz, IH, HI7, CH); 6.33 (d, 


(co)5w- N+ 3J(H,H)=32.6H~,1H,Hb,CH),6.63(d,3J(H,H)= 
H 13 ~~.~Hz,~H,H~,CH),~.Z~(~,'J(H,H) =1.8Hz,IH, 


A H'E,CH),8.00(dd,3J(H,H)=12.6,14.5H~,1H.H5, 


14.5 Hz, lH ,  H8. NH); "C NMR (100.61 MHz. [DJTHF, -8O"C, TMS): 
6=206.70(~,C0),204.72(d,'J(C,W)=131.5Hz,4xCO),166.51(~,C~),156.35 


11 12 


CH), 8.40 (brs, I H ,  HI, NH), 8.58 (bd, 'J(H,K) = 


(s, C15), 150.08 (d, C'), 142.21 (d, CIS), 139.20 (d, C4)% 113.05 (d, Ci7), 106.09 (4 
Ci6>, 103.48(d,C3), 102.70(s,C2),95-S3~dd,Ch~,55.70(s~C9), 50.75 (q:Cl4),3O.46 
(q, C'O), 15.04 (d, C"), 9.23 and 7.76 (t, C" and C"); "N NMR (40.56 MHz, 
[D,]THF, -90°C neat MeNO,): b = - 204.9 (N'), -228.7 (N8); IE3W NMR 
(16.67 MHz, [DJTHF, - S O T ,  NalW04). 6 = - 3007. 


18 


w 5  


" 13 
B 


(dd, 'J(H,H) = 1.8, 3.1 Hz. 
4J(H,H) = 0.7 Hz. 1 El, H18. 


B: 'HNMR (400.13 MHz, CD,CI,, -80°C. 
TMS): b = 0.68 (s, 9H, HIo, 3xCH3), 1.85 (m, 
1H, H", CH), 3.05 (ddd, 3J(H,HJ = 0.5 Hz, 
'J(H,H)=O.8Hz, 'f(H,W)=6.2Hz9 l H ,  H3, 
CH), 3.12 (ddd, 'J(H,H) =1 .2H~.  5.0, 10.1 Hz, 
1H. H5, CH), 3.77 (s, 3H, HI4, CHJ. 4.12 (dd, 
'J(H,H) = 0.5, 10.1 Hz, H", CH), 5.31 (dd. 
'J(H:H) = 5.0 Hz, "J(H,H) =1.2 Hz, 1 H, H6. 
CH), 6.20 (ddd, 'J(H,H) = 3.1 Hz, 4J(H,H) = 
0.7 Hz, 'J(H,H) = 0.8 Hz, lH ,  HI6, CH), 6.27 
1H,  Hi', CH), 7.35 (dd, ' 4 B X )  =1.8 Hz, 


CH); "C NMR (100.61 MHz. CD,Cl,. -80°C. 
TMS): b = 202.22(s, CO), 200.4 (d, 'J(C.W) =l29.9 Hz, 4xCO), i7636 ( s ,  Cz): 
155.37 (5, el5), 142.29 (d, CJB), 134.53 (5, C'), 127.93 (d, C6), 109.86 (d, el7). 
108.05 (d, Cl6)), 57.97 (d, C"), 56.40 (4, CL4), 52.78 (s, C'), 52.15 (d. C'}, 29.0 fq, 
C"), 26.23 (d, C3); "N NMR (40.56 MHz, [DJTHF, -9O"C, neat MeNO,): 
d = - 252.4 (N'); Ia3W NMR (16.67 MHz, CD,Cl,, -8O"C, Na2W0*): 
6 = - 2896. 


C: 'HNMR (400.13 MHZ, CD,CI,, -8O"C, TMS): 
b = 0.97 (s, 9H, H", 3 xCH,), 1.57 (m, 1 H, HI1 ,  
CH), 3.00 (d, 'J(H,W) = 4.5 Hz, 1 H ,  Ha, NH), 3.45 
(dt, 'J(H,H) = 2 x  1.7, 8.8 Hz, 1 H, H'. CH), 3.47 (s, 
3 H , H ' " , C H 3 ) , 3 . 6 ~ ( d d , 3 ~ ( H , H ) ~ 4 . ~ , 8 . 8 H ~ , 1 ~ 1 ,  
H' CH), 3.84 (dd, 3J(H,H) = 4.1 Hz, 'J(H,H) 
= 2.3 Hz, 1 H, H3. CH), 4.35 (dd, 3J(H,H) = 1.7 Hz, 


13 *J(H,H): 2.8 Hz, 1 H, H6, CH), 5.41 (dd, 
C '4H.H) = 2.3, 2.8 Hz, 1H. H', NH), 6.37 (dd, 


'JJ(H,H) =1.7, 3.1 Hz, IH ,  H", CHJ, 6.41 fdd, 
3 J (H .H)=3 .1H~,4J (H ,H)~O.7H~,1 f l ,H 'b ,CH) ,7 .45 (dd ,34W,H)=1 .7H~,  
'J1H.H) = 0.7 Hz, 1 H, Hi*, CH); "C NMH (100.61 MHz, CD2CI,, -7O"C, 
TMS): 6 = 201.19(~,CO), 197.93(d, 'J(C.W) =12?.3Hz,4xCO), 153.36(~,C'~) ,  
152.89 (s, C'), 142.76 (d* CL8), 135.23 (5, C'). 110.62 (d, Cl'), 109.78 (d. C"), 
105.37 (d, C'), 75.16 (d, C3). 58.18 (s, C9), 56.86 (d, C5J, 55.68 (9, C1*), 38.89 (d, 
C4), 30.00 (9, Po), 17.88 (d, C"); "N NMR (40.56 MHz, CD,Cl,, -80°C neat 
MeNO,): 6 = - 319.8 (N'), -276.0 (NI); '"W NMR (16.67 MHz. CD,CI,, 
--SO"C, Na,WO,): d = - 2875. 


12 


D: 'HNMR (400.13 MHz, [Da]THF, -6O"C, TMS): 
6 = 0 . 6 2  (s ,  9H, Hi*, 3xCH3), 1.66 (d, 'J(H,K)= 
12.9 Hz, 1H. H', CH,), 2.27 (dd, 2J(H,H) =12.9 H2, 


CH), 2.55 (dd, 3J(H,H) = 6.5, 12.3 Hz, 1 H. H4, CH), 
3.35(ddd,3J(H,H)=1.9Hz,6.1,i2.3Hz,1H,N5,CH), 
3.59 ( s ,  3H, HI4), 4.80 (d, 'J(H,H) = 6.5 Hz, 1H. H', 
CH), 6.23 (dd, 'J(H,H) =1.9, 3.4 Hz, 1 H, HI7 ,  CH), 
6.24(dd.3J(H,H)=3.4H~,4J(H,H)=0.7H~,1H,H16, 


CH), 7.46(dd, ' J ( H , H ) = ~ . ~ H z , * J ( H , H ) = ~ . ~ H z ,  1H,  H",CH); "CNMR 
(100.61 MHz, [DJrHF, -60% TMS): b =193.10 ( s ,  C7), 156.71 (s, C2), 144.30 


3J(HBl = 6.1 Hz, 1 H, H6, CHI), 2.46 (m. 1 H. HI'. 


l2 14'0 


D 13 


( s ~  C 1 7 ?  141.60 (d, C"), 109.53 (d, CI7), 108.02 (d, CI6), 85.77 (s, C'), 66.38 (d, 
C'), 53.97 (4, C'*), 50.18 (s, C9), 40.81 (d, C4), 36.97 (t, C'), 28.0 (9, C'O), 25.15 
(d, C"), 8.67 and 6.18 it, C" and C"); I5N NMR (40.56 MHz, [D,/THF, -60 "C, 
neat MeNO,): d = -145.0 (N'). 


3b: 'HNMR (400.13 MHz, [D,JTHP -6O"C, TMS): 
~=0.78(s,9H,HLo,3xCH,),i.67(m,~H,H".CH), 
2.65(dd,ZJ(H,H)=13.9Hz,3J(H,H)=1.2Hz,1H,H3, 
CH,), 2.77 (dd, 'J(H,H) =13.9 Hz, 3.f(H,€i) ~ 7 . 8  Hz, 
IH ,  H3, CH,), 3.27 (ddd, '4H.H) = J.2 Hz, 7.8, 
12.0H~,lH,H",CH),3.35(ddd,~J(H,H)=O.9Hz,5.3, 


14'0 ,2 12.0Hz,1H,H5,CH),3.42(~,3H,H'4,CH,),5.15(dd, 
'J(H,H) == 5.3 H t ,  4J(H,H) = 1 .O Hz, 1 H, H6, CH), 6.1 8 


3b l3 (dd, 'J(H,H) = 3.1 Hz, 'J(H,H) = 0.9 Hz, 1 H, HI6, 


CH), 6.33 (dd, 'J(H,H)=1.9, 3.1 Hz, l H ,  HI7, CH), 7.48 (dd, 'J(H,H)=0.9, 
1.9Hz, I H ,  H''\ CH); I3C NMR (100.61 MHz, [DJTHF, -6O"C, TMS): 
6 =175.65 (s, c'). 153.83 (s, C"), 148.26 (s, C'), 141.54 (d, C"), 120.16 (d, C6), 
109.96 (d, C"), 106.51 (d, CI6). 56.41 (4. C'3, 51.84 (d, C"), 50.44 (d, Cs), 49.95 
(s, C'), 29.35 (t, C3), 28.73 (9, C"), 15.44 (d, C4). 8.98 and 6.48 (t, CIz and CI3); 
15N NMR (40.56 MHz, [DJTHF, -60°C. neat MeNO,): 6 = -185.4 (N'). 
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A Theoretical Model for the Active Site of Nitrogenase 


Krassimir K. Stavrev and Michael C. Zerner" 


Abstract: A model for the active site of nitrogenase is suggested and examined by means 
of the intermediate neglect of differential overlap (INDO) quantum mechanical 
method. The initial steps of the nitrogen fixation process are discussed within the 
framework of the present model, and it is shown that of several binding sites, initial 
location of the nitrogen molecule inside the MoFe cofactor is favored. Possible path- 
ways for electron and proton delivery to the active site arc also suggested on the basis 
of electrostatic potential calculations. 


Introduction 


In a recent study, Deng and Hoffmann['l proposed a theoretical 
model of the nitrogen-fixing enzyme nitrogenase (N,ase) based 
on the 2.7 8, resolution X-ray structure by Kim and Rees['] and 
the extended Huckel (EH) method. Several possible configura- 
tions corresponding to the positioning of the N, molecule in- 
side or outside the model system were studied."] The struc- 
ture examined corresponds to the formula [HFeS:Fe,(p-S*),- 
Fe,S:MoH,]- where S* stands for an inorganic, intracube sul- 
fur atom, and p indicates an intercube S* atom. According to 
this structure the end transition-metal (TM) atoms-one Fe and 
Mo-are coordinationally saturated by H atoms. 


We propose here a theoretical model for the active site of 
N,ase based on the X-ray structural analysis of the enzyme at 
2.2 8, resolution by Chan, Kim, and Reesr3] and the intermedi- 
ate neglect of differential overlap (INDO) method as a theoret- 
ical tool that differs somewhat from that of Deng and Hoff- 
mann."] The model also reflects experimental quantities 
obtained from ESR and Mossbauer spectra of N,ase and sug- 
gests a reaction path for the initial stage of the nitrogen fixation 
process. In these calculations, we use the actual ligands attached 
to the end TM atoms to explore an electron count that reflects 
the charge distribution and the spin state inferred from magnetic 
experiments, and utilize a theoretical method which we have 
testedr4] and believe can represent the essential features of the 
electronic structure of the model N'ase. In recent studies of 
iron-sulfur proteins[4] we have shown that proper ligand mod- 
eling and the INDO model can provide a good description of the 
magnetic and spectroscopic properties of such systems. 
Here we extend these considerations to the more complex 
MoFe-S cluster that is believed to be the active site of the 
enzyme N,ase.['-*] 


("I M. C. Zerner, K. K. Stavrev 
Quantum Theory Project, University of Florida 
Gainesville, FL 3261 1-8435 (USA) 
Telefax: Int. code + (904)392-8722 


The Model 


The model structure we utilize in this work is shown in Figure 1. 
In this model we preserve the basic structure as observed exper- 
imentally."] The ambiguous p-Y atom in the cofactor with low- 
er electron density than the ordinary sulfur atomst2' 31 has been 


Fig. 1. The structure of the MoFe cofactor utilized in this work (see ref. [3]). The 
coordinates of the atoms were taken from the Protein Data Bank, Brookhaven 
National Laboratory. 


assumed to be S in accordance with possible assignments sug- 
gested[', 3*91 and other X-ray examinations of N,ase discussed 
elsewhere.["] The ligand chain was truncated for Cys-a275 and 
His-ct442 so as to involve the nearest and most influential parts 
of the ligating proteins to the end Fe and Mo atoms, respective- 
ly. The geometry of the homocitrate (HC) group has been pre- 
served as reportedt3] but with replacement of the two groups, 
-CH,COO- and -(CH,),COO-, attached to one of the C atoms 
by C1- ions, which carry essentially the same charge and 
electronegativity as the carboxyl group. This substitution is 
not expected to have a significant effect on the electronic struc- 
ture, as the chlorine atoms are far from the oxygen binding 
site of the HC with the Mo atom; also, N,ases with Cl-sub- 
stituted HC groups still retain the enzyme's nitrogen- 
fixation properties.["] At any rate, we expect that the field 
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created by the negatively charged groups may play a role in the 
eventual chemistry we wish to study. 


Some averaged bond lengths and angles between the atoms in 
the MoFe-S cluster are: Fe-S 2.35 A, Fe-S* 2.29 A, Mo-S* 
2.40 A, Fe-p-S 2.12 A, Fe-Fe 2.73 8,, Mo-Fe 2.91 A, Mo-0  
2.30 A, Mo-N 2.25 A, C-CI 2.00 A; S*-Fe-S* angles 92.4", 
Fe-pS*-Fe 71.2", Mo-S*-Fe 93.4". 


The two sub-cubes in the cofactor are almost of the same size: 
the average bond length in the Mo sub-cube is 2.36 A, compared 
with 2.35 8, in the Fe,S, sub-cube. Given the larger size of the 
Mo atom compared with Fe, such a small difference could also 
indicate the charge distribution within the cluster: one might 
expect more reduced Fe forms on the Fe end of the cofactor than 
on the Mo end. Such a distinction is, however, difficult to ob- 
serve experimentally because of the marked delocalization 
present in this 


The electron count for the structure must correlate with ex- 
periment. It is well-known from ESR experiments that the co- 
factor has a quartet ground state.['3* This corresponds to 
three unpaired electrons out of 35 to 44 open-shell d electrons 
from 7Fe and 1 Mo if we assume formal oxidation states + 2 
and + 3 for the iron atoms and + 4, + 5,  or + 6 for molybde- 
num. Mossbauer 15] strongly suggest that the 
oxidation state of the Mo atom in the native structure is + 4. 
This reduces the electron count range to 37-44. The fact that 
some of the Fe atoms are in a formal + 3 oxidation state, others 
in + 2, additionally limits the range of possible electron config- 
urations. Furthermore, Mossbauer experiments['51 suggest that 
the average charge on the Fe atoms in the MoFe cofactor 
is + 2.66. Only two combinations of Fe" and Fe"' can result in 
such an average charge: overall 39 electrons (2 from Mo, 25 
from 5 Fe"' and 12 from 2 Fe"), or 40 electrons (2 from Mo, 20 
from 4Fe'" and 18 from 3Fe"), with Fe charge averages 
of + 2.71 and + 2.57, respectively. Only the former, however, 
can give rise to a quartet. Other combinations, such as (4Fe" 
and 3Fe"') give an average charge + 2.43, which is far from 
experiment and is, therefore, not so likely, though such a combi- 
nation seems reasonable from the point of view of balance be- 
tween the Fe" and Fe"' species. This latter charge distribution 
was suggested by Deng and Hoffmann;"' this assumption 
should bring more negative charge to the system than the model 
we propose in this work. It would, therefore, be interesting to 
examine how such an electron-excessive model can be used to 
interpret the initial fixation of the nitrogen molecule, as com- 
pared with the 39-electron model adopted in this work. Such a 
comparison might also give us some ideas about the reactivity of 
the more reduced forms of the MoFe cofactor experimentally 
detected in the initial stages of the nitrogen fixation process.["] 


The core charge of the MoFe-S cluster we examine is 
calculated as + 5.  Given that the HC ligand carries a for- 
mal negative charge -4, and the additional -1 charge that 
comes from the thiolate group modeling the Cys-a275 protein 
junction with the cofactor, the overall model structure is neu- 
tral. Besides other computational advantages (such as the possi- 
bility of carrying out effective electrostatic potential calcula- 
tions), the zero charge obtained for the present model gives 
better representation of the native state, which is assumed to be 
neutral. 


Results and Discussion 


We report our initial findings here. Although we fully expect to 
examine this process further, we hope this model will stimulate 
others to pursue this approach also. 
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The INDO/1 model has been used in this work, as it has 
proven useful in a number of previous studies of TM in biolog- 
ical systems.[4* "1 The quartet spin state was calculated within 
the restricted open-shell Hartree-Fock (ROHF) approxima- 
tion. Such a state with S = 3/2 is singled out among 365560 
possible spin-flip states of 39 d electrons in 40 open-shell or- 
bitals by means of a minimization procedure based on the con- 
figuration-averaged Hartree-Fock (CAHF) method['81 and a 
particular technique described in detail elsewhere.['g1 This state 
has the lowest energy compared with other quartet states that 
stem from the above possibilities and is uniquely defined by the 
ROHF approximation.["] We should also mention that other 
methods used to study similar TM systems, such as the X, 
method or the unrestricted Hartree- Fock (UHF) model, either 
have difficulties with the proper description of the spin state or 
carry a significant amount of spin contamination in the calcula- 
tions.["] The EH method is useful in studies concerning one- 
electron properties but is typically unreliable for geometries, as 
two-electron interactions are not explicitly included in the 
Huckel model. 


An important problem for the chemistry involved in the 
nitrogen fixation process is the specific reactivity of the 
MoFe cofactor. In order to shed light on this problem, we 
have performed electrostatic potential calculations on struc- 
ture 1 with CAChe and the multiple moment 
approximation for the electrostatic potential using a 0.3 A 
grid resolution. The result obtained is shown in Figure 2. 
The red color indicates positive, electron-attracting electro- 
static potential. The blue zones are those which correspond to 
proton attraction; owing to the negative electrostatic potential 
in these regions, electron paths through such zones are unfa- 
vorable. 


First, there is a clear indication that protons are likely to be 
supplied to the MoFe cofactor through the HC group, the Cys- 
a275 residue connected to the end Fe, or right in the middle of 
the cofactor (the blue zone around the p-S* atoms). This proton 
could come, for ex- 
ample, from the his- 
tidine group His-al95, 
which has recently been 
found to be of crucial 
importance in the per- 
formance of the en- 
zyme.[221 Similar obser- 
vations have been made 
for the HC group, 
which is also a deter- 
mining factor in enzyme 
performance." Muta- 
tions in the Cys-a275 
residue do not have a 
significant effect on the 
N'ase activity, which 
might indicate that only 
a minor role is played 
by this residue in the 
overall process. 


Secondly, the supply 
of electrons to the sys- 
tem is as important as 
that of protons, since 
both 8electrons and 
8 protons are needed to 
produce two molecules 
of ammonia and one 


Fig. 2. The electrostatic potential of the MoFe 
cofactor obtained from the CAChe-ZINDO 
calculations, ref. [21]. The red zones indicate 
positive, electron-attractive potential; the blue 
areas are those corresponding to proton affini- 
ty. The electrostatic potential is calculated in a 
radius of 16.5 8, around the center of the clus- 
ter. 
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molecule of H, according to the basic stoichiometry of Equa- 
tion (1) .[201 Our electrostatic potential calculations show that 


16MgATP + 8e-  f 8H' + N, 4 16MgADP +16Pi +2NH, + H, (1) 


the most probable way for electrons to reach the cofactor is 
along His-a442 connected to the Mo atom. This idea is support- 
ed additionally by the facts that i) the distance between the P 
cluster, believed to be the source of electrons, and the Mo side 
of the cofactor is much shorter than the distance to the end-Fe 
side,[31 ii) the protein chains of the P-cluster approach the Mo 
side, as can easily be observed in the X-ray structure,[3] and 
iii) the addition of an electron to the model system and recalcu- 
lation of the electrostatic potential turns all regions of Figure 2 
to blue (electron-repulsive) except for the His-a442 group, 
which remains electron-attractive. This path for electron supply 
is again the most likely one after the attachment of the N, 
molecule to the cofactor (vide infra) . 


An important question is exactly how the MoFe cofactor 
succeeds in breaking apart such a very stable molecule as N, . 
The cofactor we have modeled has a charge distribution inferred 
from the Mulliken population analysis, corresponding to Mo'", 
5 Fe"' and 2Fe" ions in their formal oxidation states, consistent 
with our assumption. The dipole moment of this molecule is 
large (23.18 D), but we should note that this calculated value, 
though seemingly high, is quite reasonable given the length of 
the model structurethe distance between the end Fe and the 
HC group is approximately 12 A, so that even higher values of 
the dipole moment might be possible on the basis of simple 
electrostatic considerations. If we insert the model active site 
into a reaction field, utilizing the self-consistent reaction field 
(SCRF)[231 model, the calculated dipole increases to 29.70 D. 
The SCRF, however, was found not to have a significant effect 
on the interaction between the cofactor and the N, molecule we 
describe here. These findings may indicate that the dipoles in- 
duced by the protein around the active site have no direct effect 
on the cofactor reactivity. The latter is, however, strongly de- 
pendent on intact supplies of reactants and electrons, the exclu- 
sion of external inhibitors (such as O,), and the removal of the 
reaction products, factors which are managed in a complex way 
by the protein environment.[22 3. 


The nitrogen molecule is small and light compared with the 
atoms that make up the N,ase active site, so it can easily reach 
various places in the relatively open MoFe cofact~r . [~]  The actu- 
al positioning of the molecule with respect to the cluster is un- 
known, although various suggestions have been made.", In- 
stead of comparing different possible dispositions of the N, 
molecule on or in the MoFe cofactor, we have allowed complete 
freedom of the N, molecule to migrate through the structure 
starting from different initial N, positions in or on our model 
structure. Thus, the position of the N, molecule is judged on the 
basis of optimization of geometry (total energy) rather than 
from a comparison of guessed single points. A serious short- 
coming of the present calculation, however, is the initial neglect 
of cofactor relaxation around the N, molecule which might be 
of importance in the advanced stages of the nitrogen fixation 
process. We therefore restrict ourselves to studies of the initial 
binding of the N, molecule to the MoFe cluster of Figure 1, and 
report the first step of this process here. 


All the geometry optimizations we have performed have led 
us to the structure shown in Figure 3, which gives the most 
energetically favorable positioning of the N, molecule in the 
MoFe cofactor. Since the geometry optimization we have per- 
formed imposes no restrictions on the location of the N, mole- 
cule, this structure should be viewed as the structure preferred 


Fig. 3. The preferred attachment of the N, molecule within the MoFe cofactor. 
Note that the N atom closer to the Mo side is more tightly bound to the surrounding 
Fe atoms than the other nitrogen atom. The former N atom is suggested to be 
protonated first in the subsequent step of the nitrogen fixation process, see text. 


according to our model calculations. Several interesting features 
are observed in Figure 3, and these can be commented upon as 
follows. 


The first and perhaps most intriguing finding we wish to 
report is that the N, molecule was found to bind preferentially 
within the cluster, forming multiple bonds with the 6 central Fe 
atoms. This position of the N, molecule is independent of the 
starting conditions and yields a marked energy gain of nearly 
150 kcalmol-' with respect to the sum of the energies of the 
isolated reactants. The INDO model we use here is known to 
overbind by about a factor of two, but the calculated relative 
energies are believed accurate. The idea that the initial N, at- 
tachment be to this internal position in the cofactor was recently 
put forward on the basis of steric factors, given the relatively 
open structure of the cofactor and the existence of 
6 coordinatively unsaturated Fe atoms in the middle of the co- 
factor.r2* 3J Our calculations strongly support this suggestion as 
being the first step in the nitrogen fixation process. According to 
Figure 3, the N, molecule binds with the Fe atoms in a slightly 
asymmetric way-the N, molecule is not colinear with the end- 
Mo-end-Fe line but prefers a bent position: the Mo-N-N angle 
is 150.6", the N-N-end-Fe 152.0", and the dihedral angle Mo- 
N'-N2-end-Fe is 187.0'. The molecule is also found to be slight- 
ly displaced towards the end-Fe sub-cube, which carries more 
negative charge (see the Mulliken population analysis for more 
details) and is thus more reductive in character-the shortest 
Mo-N' distance is 3.46 A, while the nearest N atom is 2.79 A 
away from the end Fe' atom of the cofactor (see also Table 1). 
The binding pattern of the two N atoms is also different; a 
Wiberg indicates that the N atom on the Mo side is 
bound more strongly to the Fe manifold than the other one 
which is closer to the end Fe atom. This is reflected in the 
different charges the two atoms possess, as shown in Table 1. 
The nitrogen atom closer to the Mo atom is more negative and 
is, therefore, more promising as a binding site for an incoming 
proton in the next step of the nitrogen fixation process. This is 
also seen from our electrostatic potential calculations for the 
structure of Figure 3. A closer view of the N, molecule potential 
is shown in Figure 4. The difference in the electron density on 
the two N atoms is readily seen in this figure, where the blue 
regions of the N' potential surface indicate that this atom is 
prone to further H' bonding. This effect is much more pro- 
nounced for the reduced form of the cofactor (see below) where 
larger polarization of the N, molecule is observed (Table 1). We 
can, therefore, suggest that the first incoming proton should be 
more likely to attack the N atom closer to the Mo atom. 


Similar results were obtained for the alternative 41-electron 
model of the active site already discussed. The differences in the 
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Table 1. Atomic charges from the Mulliken population analysis and geometric 
properties for the two alternative electron counts examined, the 39 and 41 open- 
shell electron models. The charges on the N atoms, the N-N bond length in the 
optimized structure, the N-N bond index ( b i ) ,  and interatomic distances and 
angles are also given. The first column shows data for the MoFe cofactor prior to 
attachment of the N, molecule, the second column, after the optimization of the N, 
molecule position. The first four lines correspond to the end-Fe sub-cube, the next 
four to the MoFe,S, sub-cube. 


39 Electrons 41 Electrons 


end-Fe' 0.984 
Fez 0.776 
Fe3 0.940 
Fe4 0.698 


FeS 0.754 
Fe6 0.787 
Fe' 1.028 
end-Mos 1.159 


N' 
NZ 
r(N'-N2) (A) 
N'-NZ (bi.) [a] 


r(Mos-N') (A) 
r(Fe'-N') (A) 
r(Fe-N) (Mo side) (A) 
r(Fe-N) (Fe side) (A) 
r(Fe'-N') (A) 
4: Mo8-N'-N2 
rN'-N2-Fe'  
4: Mo8-N' -NZ-Fe' 


0.819 
0.977 
1.267 
1.023 


0.873 
0.946 
1.007 
1.100 


- 0.486 
- 0.385 
1.26 
0.999 


3.46 
2.79 
1.90+0.10 
1.90 +0.20 
2.79 
151 
146" 
70" 


0.846 
0.737 
0.808 
0.640 


0.680 
0.669 
0.967 
0.964 


0.855 
0.933 
1.019 
1.066 


0.663 
0.700 
1.014 
0.895 


- 0.510 
- 0.280 
1.40 
0.856 


4.01 
1.97 
2.20f0.10 
1.90+0.10 
1.91 
176" 
170" 
150" 


[a] The bond index for triple-bonded N, is 3.0, that for double-bonded O,,  2.0, etc. 
See also refs. [24, 261. 


optimized geometries, charge distributions, and bonding 
parameters can be seen from the comparison given in Table 1. 
The only significant deviation observed from the structure of 
Figure 3 is the slightly larger displacement of the N, molecule 
towards the end-Fe sub-cube, which results in an increased Mo- 
N1 interatomic distance (4.01 8,). Again partial negative 
charges are observed at the N atoms, a charge distribution orig- 
inating predominantly from Fe-to-N d + x* charge transfer (see 
Table 1). As in the 39 open-shell electrons model, the larger 
negative charge is detected on the N atom closer to the Mo 
atom, and this N atom is again the more probable candidate for 


Fig. 4. A closer view of the electrostatic potential on the two N atoms within the 
MoFe cofactor. The blue areas on the N atoms indicate the negative, proton-attrac- 
tive potential. 


the initial protonation. Interestingly, we find that the electron 
donors are predominantly the Fe atoms that belong to the end- 
Fe sub-cube: the charge supplied to the N, molecule by the 
end-Fe sub-cube is 3.5 times larger than that provided by the 
MoFe, sub-cube. This difference becomes even more pro- 
nounced for the reduced 41-electron model, where the charge- 
transfer is dominated by the end-FeFe, sub-cube. If this is the 
case, this finding gives a hint as to why the native enzyme does 
not necessarily need Mo atoms, but can operate with a vanadi- 
um substitute, or even with all-Fe cofactors.[6-8' 


Finally, we would like to mention that the first step of the N, 
fixation that we examined here was found to have an enormous 
effect on the N-N bond strength. The N-N bond index, initial- 
ly 3 (a triple bond) is reduced to almost 1 (a single bond) as 
follows from our calculations for the first step (see Table 1). As 
already noted, this effect is mostly caused by d --f x* charge 
transfer from the Fe atoms to the N, molecule. The population 
of the N, antibonding 7c* orbitals leads to a marked extension 
of the N-N bond to 1.26 8, in the 39-electron case and 1.40 8, 
in the case of 41 open-shell electrons, compared with the 1.1 8, 
bond length observed in diatomic N, . A bond length of 1.4 8, 
between N atoms is very large indeed, and might suggest that 
reduction of the cofactor might precede the proton addition, 
although this is certainly conjecture at this stage of our examina- 
t i ~ n . [ ' ~ ]  


Conclusions 


We report here on a model that we think reliably mimics the 
active site for nitrogen fixation in nitrogenase. It is consistent 
with the quartet spin state and with the available Mossbauer 
information. We have explored various positions for the nitro- 
gen attachment and, although the potential energy surface is 
reasonably flat for a wide range of similar structures and has 
many local minima, found the most stable one to be the one in 
which the N, molecule is internal to the cluster. This attachment 
leads to a considerable extension of the N-N bond, and leaves 
both ends of the N, molecule with a net negative charge. Al- 
though most of this d + x* charge transfer originates from the 
Fe-ended cube, we speculate that the first proton binds to the 
nitrogen atom on the Mo-end side, as suggested by the electro- 
static potential. We are now examining further steps in this 
process. 
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Bimetallic Sesquifulvalene Complexes-Compounds with Unusually Large 
Hyperpolarizability B* * 
Ulrich Behrens, Hugo Brussaard, Ute Hagenau, Jiirgen Heck,* Eric Hendrickx, Jan Kornich, 
Johannes G. M. van der Linden, AndrC Persoons, Anthony L. Spek, Nora Veldman, 
Bea Voss, and Hans Wong 


Dedicated to Prof. Dr. H .  Schumann on the occasion of his 60th birthday 


Abstract: In order to construct bimetallic 
organometallic donor-acceptor complex- 
es with nonlinear optical (NLO) proper- 
ties, the bimetallic sesquifulvalene com- 
plexes [ { CpFe(q '-C ,H4)) Z(q7-C,H 6)Cr- 
(CO),}]BF, (2 BF,) have been synthesized 
with different bridging functions Z (2a: 


X-ray structure determinations show that 
ZaBF, and 2cBF, crystallize in acentric 
space groups (P4,,  P2,2,2,), whereas 
crystalline 2 b BF, has the centric space 
group P2,/c. The organometallic frag- 
ments in 2 a  adopt a transoid conforma- 
tion, those in 2 b  and 2c  are cisoid. The 
cyclo-C, and cyclo-C, rings of the sesqui- 


Z = -; 2b: Z = C,; 2 ~ :  Z = (E)-CzHz). 


fulvalene ligands are almost coplanar; 
this allows an optimum electronic interac- 
tion between the ferrocenyl donor and the 
[(q7-C,H,)Cr(CO),]+ acceptor moiety in 
the crystalline state. Cyclovoltammetric 
studies show an electrochemically re- 
versible one-electron oxidation (> 0 mV 
vs. FeH/FcHf, FcH = ferrocene) and 
an irreversible one-electron reduction 
(I -900 mV), which are assigned to the 


Introduction 


Currently, the most important class of nonlinear optical (NLO) 
compounds, which show large hyperpolarizabilities and are 
therefore able, for example, to double the frequency of a laser 
beam, has the following typical structure: an electron donor D 
is electronically coupled to an electron acceptor A by a K 
bridge.[' - Compounds of this type undergo a change in pola- 
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U. Behrens, J. Heck, M. Maters, G. Frenzen, A. Roelofsen, H. T. Sommerdijk, 
1 Organomet. Chem. 1994, 475, 233. 


ferrocenyl and [(q7-C7H6)Cr(C0),]+ 
units, respectively. UV/vis spectra reveal 
low-energy absorptions for 2a-c at about 
1 = 600 nm, showing strong negative sol- 
vatochromism. These absorption maxima 
are related to a charge-transfer excitation 
between the ferrocenyl and the [ (q7-  
C,H,)Cr(CO),]+ groups, indicating con- 
siderable nonlinear optical properties. 
Determination of the first hyperpolariz- 
ability j3 by means of hyper Rayleigh scat- 
tering yields exceptionally large p values: 
p(2b) = 570 x esu and p(2c) = 


320 x esu. These unexpectedly large 
p values are explained by resonance en- 
hancement. 


rity caused by interaction with a strong electric field, which leads, 
in particular, to large values of the first hyperpolarizability p 
when the change in polarity is coupled with a charge transfer 
(CT) between the donor and acceptor. Often, such CT states can 
be represented by a polar resonance structure.[51 This also holds 
for sesquifulvalene (1): although it can be described in terms of 
two resonance structures of different polarities (Scheme l), 
sesquifulvalene behaves like 
a polyene with alternating 
bond lengths.t61 and its ., 
ground state is thus best de- 1A 1B 
scribed by the apolar reso- Scheme 1. Resonance structures of 
nance structure 1 A. On ex- 
citation, charge separation 
occurs, and the resulting structure is likely to be related to the 
polar resonance form 1 B. 


of 1 con- 
firm a change in the dipole moment on excitation, but the high 
reactivity of Itg1 prevents the experimental determination of its 
NLO properties. The objective of this work was to stabilize the 
aromatic units in 1 B by complexation, for example, as ferrocene 
and (q7-cycloheptatrienylium)tricarbonylchromium units (2, 
Scheme 2), and to introduce various bridging functions Z into 
the bimetallic sesquifulvalene complexes,[lol in order to modu- 
late the interaction between the donor and acceptor. In addition 


sesquifulvalene. 


Calculations of the first hyperpolarizability pL7, 
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2 
Scheme 2. Bimetallic sesquifulvalene complexes. 


to the stabilizing effect of the complexation, we hoped to induce 
an additional contribution to the first hyperpolarizability f l ,  due 
to metal-ligand and ligand-metal charge transfer in the sand- 
wich subunits of the complex.['] 


Results and Discussion 


Preparation: Complexes 4a and 4b, containing direct (Z = -) 
and acetylenic links (Z = -C=C-), respectively, between the 
subunits, were synthesized by nucleophilic addition of the 
monolithiated ferrocenyl derivates 3a or 3br", 12] to the tropyl- 
ium cation (Scheme 3). The vinylogous product 4c was ob- 
tained by a Wittig reaction between formylferrocene (5)" 31 and 
l,3,5-cycloheptatriene-3-ylmethylidene-~5-phosphane (6) .[14, ' 


6 I 
FeCp 


6 


Cr( CO),(EtCN), / 
H 


/ 


7a - 
7b + 
7c /i,L 


2 :T' 
Scheme 3. 


The ensuing Cr(CO), addition proceeded stereoselectively at 
the endo position with respect to the ferrocenyl moiety.['61 
Hence, 7 a-c possess a hydrogen atom at the exo position of the 
coordinated C, ring, which is essential for successful hydride 
abstraction to form the desired products 2 a-c. Although a 
2:l mixture of (2)-7c to (E)-7c was used to prepare 2c, only 
the ( E )  isomer of 2c was obtained, in more than 80% yield. 
Crystals of 2a-c are stable in air and black to dark green in 
color. The solutions of 2a-c in polar solvents are a deep 
greenish blue. 


X-ray structure analyses: The X-ray structure analyses of 2a-c 
reveal almost coplanar cyclo-C, and cyclo-C, units in the sesqui- 
fulvalene ligands (Fig. 1). The maximum deviation from the 


C17 


C13 20 


c c 4  


c3 


I 
m 


c21 


033 
2b 


c1 c4 


2c 
Fig. 1. Molecular structures of 2a-c. For 2c  the crystal structure depicted was 
obtained from a crystal grown in CH,CI, (see Experimental Section). The thermal 
ellipsoids are at the 50% probability level. The hydrogen atoms, counter ions (BF;) 
and solvent molecules are omitted for clarity. Selected bond lengths [A] and angles 
["I between the cyclo-C, plane and cyclo-C, plane of the sesquifulvalene ligand: Zn: 
Cr l -C l  2.241(7), Crl-C2 2.214(7), Cr l -C3  2.224(9), Crl  -C4 2.228(7), Cr l -  
C5  2.217(9), Crl-C6 2.228(8), Crl-C7 2.320(6), C7-C8 1.451(10), X(C1- 
7)(C8-12) 10.0(4); 2b: Cr l -C l  2.223(11), Crl-C2 2.212(10), CrlLC3 
2.209(11), Crl-C4 2.210(12), Cr l -C5  2.220(11), Crl-C6 2.237(10), CrlLC7 


(obtained from CH,CI, solution): Crl-C1 2.240(5), Crl-C2 2.244(5), Crl-C3 
2.252(5), Crl-C4 2.254(5), Cr l -C5  2.223(5), Crl-C6 2.264(5), Crl-C7 


7)(C 8-12) 16.5(2); 2c (obtained from CHCI, solution, without drawing): Cr 1 -C 1 
2.254(8), Crl-C2 2.227(8), Crl-C3 2.244(8), Crl-C4 2.243(9), Crl-C5 
2.215(8), Crl-C6 2.250(8), Cr-C7 2.358(7), C7-Cl4 1.439(12), CX-C13 
1.462(12), C 13 -C 14 1.347( 14), 4: (C 1 -7)(C 8- 12) 7.2(5). 


2.284(11), C7-Cl4 1.447(15), C8-Cl3 1.427(15), 4:(C1-7)(C8-12) 8.3(5); ZC 


2.308(5), C7-Cl4 1.472(6), C8-Cl3 1.470(6), C13-Cl4 1.340(6), C(C1- 


coplanarity is 16.5(2)", observed for 2c. Here, the cyclo-C, and 
cyclo-C, ligands are twisted out of the ethenediyl plane (C8- 
C13-C14-C7) by 11.5(4) and 5.2(4)", respectively. Thus, in the 
solid state, electronic coupling is greatly facilitated between the 
donor and the acceptor, even for 2c. The elongated complexes 
2b and 2c crystallize in the cisoid conformation, whilst the 
metal-ligand moieties of 2a are disposed trans to one another, 
possibly for steric reasons. Within experimental error, all the 
corresponding C-C and C -metal distances in the ferrocene and 
tricarbonylchromium complex fragments in 2 a -c are identical 
and as expected. The bond lengths in the 7t bridge between the 
cyclo-C, and the cyclo-C, units do not show any anomaly that 
would suggest a substantial interaction between the two 
organometallic fragments in the ground state.["] However, it is 
worth mentioning that a significant increase in the Cr-C 7 bond 
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length is observed relative to the remaining Cr-C distances in 
the cyclo-C, part of the bimetallic complex cations 2a-c 
(Fig. l).['*] 


Redox properties : Cyclovoltammetric investigations reveal that 
the shape and maxima of the redox waves of 2a-c (Fig. 2) are 
very similar to those of the mononuclear complexes, that is, 


4 - 


+4 - 


0 -  


- 4 -  


-8-  


-1 200 -400 400 


E [mvl 
Fig. 2. Representative cyclic voltammogram of the bimetallic sesquifulvalene com- 
plexes (here: Zc, E vs. Ag/AgI). 


ferrocene and [(q7-C,H,)Cr(CO),If (8) (Table 1): the first oxi- 
dation for 2 a-c involves an electrochemically reversible one- 
electron transfer, with the half-wave potential El, ,  showing a 
slight anodic shift relative to that of ferrocene. In contrast, the 
first reduction step of 2 a-c displays complete electrochemical 
irreversibility with a peak potential E,, positioned close to that 
of 8. An analysis of the reductive wave ( I ,  = f(v''2)) confirmed 
that a one-electron reduction had taken place.[", 201 It is thus 
evident that the character of the HOMO in 2a-c is defined by 
the ferrocenyl moiety, whereas the character of the LUMO is 
mainly determined by the (cycloheptatrieny1ium)tricarbonyl- 
chromium unit. These properties of the bimetallic complexes 
2a-c are expected to favor a change in the polarity upon elec- 
tronic excitation. 


UV/vis spectra: The UV/vis spectra of 2a-c in solution (Fig. 3) 
confirm our prediction. Pronounced negative solvatochromism 
is in particular for the low-energy absorption 
about 600 nm (Table 1). This implies a greater polarity for the 
ground state than for the excited state, or even an inversion of 
the polarity upon excitation, as depicted by the resonance struc- 


12000 


T 


400 500 600 700 800 900 1000 I100 
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Fig. 3. Representative UV/vis spectra demonstrating the solvatochromic effect in 
different polar solvents (here ZC: - CH,CI,, ..... acetone). 
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Table 1. UV/vis and cyclovoltammetric data of the sesquifulvalene complexes 
ZaBF,-ZcBF, and [(11'-C,H,)Cr(Co),]BF~ (8) and the first hyperpolarizability p 
of 2 b and Zc. 


E.,.,/nm [a] AV/cm-' E,,,/V [c] EJV AE/V /I/ x lo-'" esu 
CH,CI, acetone [b] (AE,/mV) [c,d] [el [f] 


Za  590 [g] 570 [g] 590 0.33 -1.09 1.42 n.o. [h] 


Zb 600 [g] 560 [g] 1200 0.22 - 0.90 1.12 570 


2 c  670 [i] 590 [i] 2000 0.11 - 0.96 1.07 320 


8 420 -1.06 [j] 


[a] Low energy absorption; for further details see Experimental Section. 
[b] l,,,(CH,CI,)-l,,,(acetone). [c] CH,CI, solutions, vs. FcH/FcH + (FcH = 
ferrocene). [d] E,. = peak potential of the reduction ( v  =100mVs-'). 
[el AE = E,,,-EPc. [fl CH,Cl, solution. [g] ca. IO-,M. [h] Not observed. [i] ca. 
1 0 d 4 ~ .  [j] For more details, see ref. [19,20]. 


(72) 


(56) 


(64) 


tures 2 A  and 2 B  (Scheme 4). The increase of the solva- 
tochromic effect in the order 2 a < 2 b < 2 c corresponds to an 
increase in the change in dipole moment on photochemical exci- 
tation. Solvatochromic absorptions at comparable wavelengths 


2A 28  


Scheme 4. Resonance structures of the bimetallic sesquifulvalene complexes. 


have not been observed for se~quifulvalene,[~~ ferrocene,[221 or 
[ (q'-C,H,)Cr(CO),]+ (8) . I z 3 ]  An absorption close to 700 nm 
has been reported for the structurally characterized cation [(cy- 
cloheptatrienylium)ferrocene]+ (9)  .lZ4] We therefore assign the 
absorption centered at 600 nm to a charge-transfer excitation 
between the cyclo-C, and the cyclo-C, complex units, which 
could be regarded as a transition from the resonance structure 
2 A  to 2 B. The complex subunits [ (q5-cyclopentadieny1)- 
(q6-pentafu1vene)ironl + [251 and (q6-heptafulvene)( tricar- 
bonyl)chromium,[261 which make up the resonance structure 
2 B, are stable mononuclear complexes; this indicates that the 
resonance structure 2 B  might indeed have a certain stability. 


NLO measurements: The assumption that the change in dipole 
moment involves a transition between the two resonance forms 
2A and 2 B  can be confirmed, at least for 2 b and 2c, by investi- 
gating the first hyperpolarizability in solution. Owing to the 
ionic nature of 2a-c, p cannot be determined by means of the 
traditional EFISH technique (electric field induced second har- 
monic generation),", where a strong static electric field is ap- 
plied to the solution containing the hyperpolarizable com- 
pound. Hence, the measurements were carried out using the 
hyper Rayleigh scattering method,[27a1 where a Nd: YAG laser 
(1 = 1064 nm) serves as a light source and the intensity of the 
frequency-doubled scattered light is measured as a function of 
the concentration of the NLO chromophore. For 2a the fre- 
quency-doubled light with a wavelength of 532 nm is still in the 
region of relative strong aborption, and it is therefore impossi- 
ble to measure the intensity of scattered light. However, the p 
values of 2 b and 2c  by far exceed those measured to date for 
mono- and bimetallic ferrocene derivates". 2 s  "I and are among 
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the highest values ever reported for bimetallic complexes 
(Table 1); yet larger first hyperpolarizabilities p have only been 
reported for mixed valence hexacoordinated dinuclear Ru com- 
p I e x e ~ . ~ ~ ~ ]  


The unusually large first hyperpolarizability ,8 of 2b and 2c  
is attributed to resonance enhancement, which can be explain- 
ed by means of the two-level model.[3o] According to this 
model, the relationship between the hyperpolarizability p 
and the optical CT excitation is described by Equation (a), 
where ho,, = energy of the CT excitation, Ap = change 


of the dipole moment between the ground and excited state, 
M = electronic transition moment, o = frequency of the stimu- 
lating laser beam, p, = static hyperpolarizability. 


Resonance enhancement becomes important when the fre- 
quency of the CT excitation urn is either close to the frequency 
u of the stimulating laser beam or close to 2u. The latter is 
the case for 2b and 2c. Applying Equation(a) the static 
hyperpolarizabilty gives P,(2b) = 105 x esu and ,8,(2c) = 
113 x esu. These results indicate that the extraordinarily 
large p values for 2 b  and 2c  in general and the order 
p(2 b) >p(2c) in particular are due to resonance enhancement. 


Conclusion 


The concept of using bimetallic organometallic sandwich com- 
plexes as NLO chromophores seems to be a very powerful way 
of developing new materials with unexpectedly high first order 
hyperpolarizabilities. Our results are not in agreement with oth- 
er theoretical calculations of the first hyperpolarizability p, 
which predict that sandwich compounds do not have a future as 
efficient NLO chromophores.['. 3 1 1  The present results will 
encourage us to look for other sesquifulvalene-type bimetallic 
complexes with enhanced electronic coupling between the donor 
and acceptor function and increased first hyperpolarizability ,8. 


Experimental Section 
All manipulations were carried out using standard Schlenk techniques in a dry 
atmosphere of oxygen-free dinitrogen. The solvents were carefully dried and dis- 
tilled from the appropriate drying agents prior to use. NMR: Varian Gemini 
200BB; measured at 295 K relative to TMS. UV/vis: Perkin-Ellmar Model 554. 
MS: Finnigan MAT 311 A. Elemental analyses: Elementaranalysator CHN-O- 
Rapid, Fa. Heraeus. 


Ethinylferrocene: Powdered sodium hydroxide (11 g, 275 mmol) was added to a 
cooled solution ( T <  20 "C) of (2-formyl-I-chlorovinyl)ferrocene (19 g, 69 mmol) 
[32] in DMSO (100 mL) and H,O (5 mL). After being stirred for 30 min, the reac- 
tion mixture was diluted with H,O (500 mL) and extracted with pentane. The 
pentane extract was evaporated to dryness. Yield: 68-88%. 


(2,4,6-Cycloheptatrien-l-yl)ferrocene (4a): Solid [C,H,]BF, (4.40 g, 24.7 mmol) was 
slowly added to a cooled suspension (- 20 "C) of ferrocenyllithium (LiFc) (4.31 g, 
22.4 mmol) [Il l  in Et,O (125 mL). After being stirred for 2 h, the reaction mixture 
was allowed to warm to room temperature, filtered through celite, and evaporated 
to dryness. Yield: quantitative relative to started LiFc. 'H NMR (200 MHz, CD- 
C13): 6 = 6.73 (2H, pt. C, ring), 6.23 (2H. dm, J =  4Hz. C, ring), 5.48 (2H, dd, 
J = 5 H z ,  9Hz, C, ring), 4.23 (2H, pt, C,H,), 4.18 (5H, s, Cp), 4.17 (2H, pt, 
C,H,), 2.40 (1 H, t, J = 5.4, C, ring). 


(2,4,6-Cycloheptatrien-l-yl)(ferrocenyl)ethine (4 b): see ref. 132 a] 


(Z,E)-l-Ferrocenyl-2-(1,3,5-Cycloheptatrien-3-yl)ethene (4c): An equimolar 
amount of LinBu ( 1 . 6 ~  in hexane) was added to a cooled suspension (-78°C) 


of (1,3,5-cyclo heptatrien-3-yl-methyl)triphenylphosphonium tetrafluoroborate 
(0.91 g, 2 mmol, 11) [14,15] in THF (30 mL). After warming to room temperature, 
a solution of formylferrocene (0.43 g, 2.0 mmol, 5)  in THF (4 mL) was added. The 
reaction mixture was stirred for an additional 24 h and evaporated to dryness. The 
residue was extracted with hexane. Yield: 0.45 g (75%) of a 2: 1 mixture of ( Z ) : ( E )  
isomers. 'H NMR (200 MHz, CDCI,): 6 = 6.50 (3H, m, CH=CH + C, ring), 6.43 
( IH ,  d, J = 9 . 8 ,  C, ring), 6.22 (IH, dd, J = 9 . 5 ,  6.0Hz, C, ring), 5.55 ( lH ,  dt, 
J =  9.8,7,0 Hz,C,ring),5.5(1H,dt,J= 9.5,6.7 Hz,C,rmg);4.40(2H,m,C,H4), 
4.25 (2H, m, C,H,), 4.13 (5H, s, Cp), 2.34 (2H. t, J = 6.7 Hz, C, ring); EI-MS 
(70eV):m/z(%) = 302(100,Mt),237(43,Mt-Cp),180(18), 121 (36), 115(11), 
91 (5). Anal (X) calcd for C,,H,,Fe: C 75.52, H 6.00; found C 75.26, H 5.93. 


[{CpFe(q5-C,H,)}Z{(q7-C,H,)Cr(CO),)J (7a: Z = -; 7h: Z = C,; 7c: Z = (Z ,E)-  
C,H,): In a typical reaction, a mixture of the cycloheptatrienyl compound (5 mmol; 
4a, 4b, or 4c) and Cr(CO),(EtCN), (5 mmol), dissolved in THF (50mL), was 
stirred for 20 h. After the solvent was removed in vacuo, the residue was then 
extracted with hexane, until the hexane extract remained colorless. Quantities used: 
4a, 4.0g (14.8mmol);4b, 3.16 (10.5mmol); 4c, 0.44g(1.5mmol). 
7a :  Yield 1.8 g (30%). 'HNMR (200MHz, CDCI,): 6 = 5.96 (2H, m, C, ring), 
4.86(2H,m,C,ring),4.25(2H,s,C,H,),4.17(2H,s,C,H,),4.10(5H,s,Cp),3.31 
(2H,m,C,ring),2.27(1H,m,C,ring);IR(THF,KBr):B =I975,1907,1885cm-' 
(Fco). Anal (%) calcd for C,,H,,O,CrFe: C 58.28, H 3,91; found C 58.09, H 4.09; 
7b: Yield 2.01 g (63%). 'HNMR (200 MHz, CDCI,): 6 = 6.01 (2H, m, C, ring). 
4.81(2H,m,C,ring),4.43(2H,s,C,H4),4.23(5H,s,Cp),4.19(2H,s,C,H,),3.38 
(2H,dd,C,ring),2.62(1H,t ,J= 3.0Hz,C,ring);IR(THF,KBr):F=1978,1915, 
1889 cm-' ( G c 0 ) .  Anal (%) calcd for C,,H,,O,CrFe: C 60.58, H 3.70; found C 
59.94, H 4,35. 
7c: Yield 0.45 g (75%) as a 2 : l  (ZIE)  mixture. 'HNMR (200 MHz, CDCI,): 
6=6.89(1H,d,J=15.7Hz,CH=CH),6.65(1H,d,J=15.7Hz,CH=CH),6.04 
(1 H, dm, C, ring), 5.14 (1 H, dm, C, ring), 4.88 (1 H, dd, C, ring), 4.54 (1 H, m, 
C,H,), 4.42 (1 H, m, C,H,), 4.32 (2H, m, C,H,), 4.13 (5 H, s, Cp), 3.50 (1 H, dt, C, 
ring), 3.37 (1 H, dt, C, ring), 2.95 (IH,  dt, C, ring), 1.89 (IH, dt, C, ring); I3C 
NMR(50 MHz, CDCI,): 6 =129.2 (CH=CH), 127.0(CH=CH), 112.9(ipso-C, C, 
ring), 100.0 (C, ring), 97.9 (C, ring), 96.4 (C, ring), 69.5 (Cp), 66.2 (C,H,), 68.2 
(C,H,), 56.0 (C, ring), 57.7 (C, ring), 24.0 (C, ring); 1R (THF, KBr): i. =1965, 
1894, 1860cm-' (Fco); EI-MS (70eV): m / z  (YO) = 438 (10, M + ) ,  354 (26, 
Mf-3CO),302(100,M+-Cr(CO),),237(38), 180(22), 121 (29), 115(8),91 (9,  
65 (6). Anal (YO) calcd for C,,H,,O,CrFe: C 60.30, H 4.14; found C 59.85, H 4.16. 


I{CpFe(qS-C,H,)}Z{(q7-C7H~)Cr(CO)3}]BF, (2a: Z = -; Zb: Z = C,; Zc: 
Z = (Z,E)-C,H,): A solution of [Ph,C]BF, (2 mmol) in CH,CI, (5 mL) was added 
dropwise to a cooled (-78") solution of 7a,  7b, or 7c (2 mmol). The green reaction 
mixture was allowed to warm to room temperature and filtered. The product was 
precipitated from the filtrate by carefully adding Et,O (20 mL). Quantities used: 7a,  
0.39 g (0.95 mmol); 7b, 0.85 g (1.95 mmol): 7c, 0.5 g (1.15 mmol). 
ZaBF,: yield, 0.45 g (95%). 'HNMR (200 MHz, CD,Cl,): 6 = 6.60 (2H, m, C, 
ring), 6.33 (2H, dd, C, ring), 6.21 (2H, d, C, ring), 4.93 (2H, pt. C,H4), 4.86 (2H, 
pt, C,H.,), 4.17 (5H, s, Cp ring); 13C NMR (50 MHz, CD,CI,): 6 =104.2, 103.1, 
98.1 (C, ring), 75.4 (C,H,), 72.0 (Cp), 69.7 (C,H,); IR (CH,CI,, KBr): F = 2056, 
2019 (Fco), 1056 in nujol) cm-' ;  UV/vis (CH,CI,): A,,, (6) = 408 (2600), 443 
(sh), 590 (3100) nm (lo3 cm'mol-'); (acetone): A,.. (6) = 400 (1600), 425 (sh), 
570 nm (lo3 cm2mol-'). Anal ( O h )  calcd for C,,H,,O,CrFeBF,,: C 48.24, H 3.03; 
found C 47.41, H 3.36. 
ZbBF,: yield, 0.83 g ( 8 5 % ) ;  'HNMR (200 MHz, CD,CI,): 6 = 6.68 (2H, m, C, 
ring), 6.49 (2H, m, C, ring). 6.35 (2H, d, C, ring), 4.64 (2H, pt, C,H,), 4.46 (2H, 
pt, CSHJ, 4.26 (5H, S, Cp), 3.70 (1,2-C2H,CI,, recrystallized from I,2-C,H4C1,); 


NMR (50 MHz, [D,]acetone, 6 = 29.9, 206.3, 295 K): 6 = 209.8 (CO), 105.5 
(C, ring), 105.4 (C, ring), 105.3 (C, ring), 73.3 (C,H4), 71.1 (Cp), 69.0 (C,H,); IR 
(CH,CI,, KBr): i. = 2063,2026 (Fco), 2215,2198, 2170 ( v c E C ) .  1056 ( v ~ - ~ ,  in nujol) 
cm- ' ; FAB-MS : mjr (%) = 435 (89, M +), 407 (38, M + -CO), 379 (7, M +  -2 CO), 
367 (24), 351 (83, M+-3CO), 299 (100, M'-Cr(CO),); UVjvis (CH,CI,): A,,, 
( E )  = 435 (3100), 600 (3100) nm (lo3 cm'mol-'); (acetone): L,,, ( E )  = 432 (2800), 
560 (2500)nm (10' cm2mol-'). Anal (%) calcd for C,,H,,O,CrFeBF, + 
CH,CI,: C 45.52, H 2.83; found C 46.08, H 3.06 (the elemental analysis agrees with 
a formula that incorporates one CH,CI, molecule! This is also supported by the 
ratio of the intergrals in the 'HNMR spectra). 
2cBF,: yield, 0.39 g (83 % with respect to Ph,CBF,) as pure ( E )  product. 'H NMR 


J =15.7 Hz, CH=CH), 6.72 (2H, m, C, ring), 6.35-6.40 (4H, m, C, ring), 4.82 
(2H, pt, C,H,), 4.73 (2H, pt, C,H,), 4.35 (5H, s, Cp); I3C NMR (50MHz. 
CD,CI,): 211.4 (CO), 145.81 (CH=CH), 119.9 (CH=CH), 104.80 (C, ring), 103.1 
(C, ring), 98.6 (C, ring), 73.9 (C,H,), 70.3 (C,H,), 71.5 (Cp). IR (KBr): F = 2042, 
2007(i,), 1615(i.c=c), 1056(F,..,innuJol)cm";FAB-MS:m/z(%) =437(100. 


M+-Cr(CO),); 236 (16), 232 (18); UV/vis (CH2C12): A,,, ( E )  = 385 (11500), 470 
(6600).670(4700) nm(103 cm2mol~');(acetone):A,,.(&) = 359(2500),433(7700), 
594 (6000) nm (lo3 cm'mol-'). Anal (%) calcd for C,,H,,O,CrFeBF,: C 50.43, H 
3.27: found C 49.98, H 3.26. 


(200MH2, CDZCIJ: 6=7.67 ( lH ,  d, J=15.7Hz, CH=CH), 6.57 ( lH ,  d, 


M +). 409 (44, M+-CO), 372 (16, M+-Cp), 353 (98, Mf-3CO), 301 (82, 


X-ray structure analysis (Table 2): Crystals suitable for X-ray structure analyses 
were obtained by slow diffusion of Et,O from the gas phase into a CH,CI, solution 
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Table 2. Crystallographic data of the compounds ZaBF,, ZbBF,, ZeBF,, and 2cBF,(CHCI,) 


ZaBF, 2 b BF, Zc BF, 2c BF,(CHCI,) 


formula 


M ,  
crystal system 
space group 
a/A 
blA 
CIA 
ai" 
b/" 
?I" 
VIA' 
Z 
crystal size/mm3 
T/K 
PcnlcdlgCm- ' 
monochromator 
abs. coeff./mm-' 
F(OO0) 
scan type 


scan width/" 
index range 


Qmin,maxr  


total reflns 
unique reflns 
obs. reflns [I>2u(I)] 
parameters 
R1 
wR 2 
6' [a] 
Flack parameter 
S 
min, max r e ~ d / e A - ~  


C,,H,,CrFeO,BF, 


497.98 
tetragonal 


10.3713(6) 
10.3713(6) 
17.8335(12) 


p41 


1918.2(2) 
4 
1 . o x o . 2 x o . 1  
150 
1.724 
graphite 
1.38 
1000 
w/20 
2.0-27.5 
0.92 + 0.35 tan0 
- 1 3 1 h S O  
- 1 3 1 k S 1 3  
- 2 3 1 1 1 0  
4994 
2258 
1733 
271 
0.0505 
0.1219 
uz(c) + (0.0673P)' 
+ 0.007(41) 
0.992 
-0.38, 0.75 


C,,H,,CrFeO,- 
BF, (CHzC12)2 
691.87 
monoclinic 


10.352(2) 
7.629(2) 
34.992(13) 


P21lC 


90.61(2) 


2763.4(14) 
4 
0.05 x 0.38 x 0.65 
150 
1.663 
graphite 
1.36 
1384 


1.2-25.0 
1.00 + 0.35 tan0 
- 1 3 1 h 1 1 3  


- 


0) 


- 9 ~ k 1 0  
-45 1 1 5 4 5  
9724 
4818 
2668 
342 
0.0996 
0.2639 
U'(C) + (0.100OP)2 


1.212 
-0.73, 1.20 


C,,H,,CrFeO,BF, 


524.02 
triclinic 


8.056(2) 
1 6.264(6) 
16.259(8) 
89.80(4) 
89.15(3) 
86.01(2) 
2124.9(14) 
4 
0.1 x 0.2 x 0.4 
173 
1.638 
graphite 
1.25 
1056 
4 2 0  
1.2-25.0 
0.80 + 0.35tanO 
O 1 h 1 9  
- 1 9 S k 1 1 9  
- 1 9 ~ 1 1 1 9  
8380 
7530 
5364 
596 
0.0517 
0.1176 
uz(c) + (0.0777P)' 


Pi 


1.063 
-0.44, 0.64 


C,,H,,CrFeO,- 
BF, (CHCI,) 
643.38 
orthorhombic 


8.285(2) 
28.625(7) 
10.385(3) 


p212121 


- 


2462.9(10) 
4 
0.5 x 0.5 x 0.02 
173 
1.735 
graphite 
11.9 
1288 
4 2 0  
2.5-76.0 
1.00 + 0.35 tan0 
- 8 S h S 1 0  
O i k ~ 3 4  
0 1 1 1 1 2  
3938 
3938 
3398 
331 
0.0914 
0.2395 
u'(<) + (0.2037P)' 
- 0.024(12) 
1.025 
- 1.39, 0.91 


[a] P = [max(F,Z,O) + 2c]/3.  


of 2aBF4-ZcBF,. Fpr ZcBF, an additional crystallization was performed with 
CHCI, instead of CH'CI,. The data were recorded on four-circle diffractometers 
(ZaBF,, ZbBF,: University of Utrecht, Enraf-Nonius CAD4, Mo,, 
I, = 0.71073 A, rotating anode; ZeBF,, 2cBF.,(CHCI,): University of Hamburg, 
Hilger & Watts, Mo,., 1 = 0.71073 8, and Enraf-Nonius CAD4, Cu,,, 
d =IS418 A). The structures of ZaBF, and ZbBF, were solved by automated 
Patterson methods and subsequent difference Fourier techniques (DIRDIF-92) 
[33]. The structures of ZeBF, and ZcBF,(CHCI,) were solved by direct methods 
(SHELXS-86) [34]. Refinement on F2 was carried out by full-matrix least-square 
techniques (SHELXL-93) 1351; no observance criterion was applied during refine- 
ments. For ZbBF, the anion BF; and dichloromethane residues appeared to be 
disordered but no satisfactory model could be refined. One of the two symmetry-in- 
dependent cationic sesquifulvalene complexes of Ze BF, (crystallized from CH,CI,) 
was disordered. All non-hydrogen atoms were refined with anisotropic thermal 
parameters. The hydrogen atoms were refined with a fixed isotropic thermal 
parameter related by a factor of 1.2 to the value of the equivalent isotropic thermal 
parameter of their carrier atoms. Weights were optimized in the final refinement 
cycles. Further details of the structure determination (including atomic coordinates, 
bond lengths and angles, thermal parameters, and thermal motion ellipsoid plots) 
may be obtained from the Director of the Cambridge Crystallographic Data Centre, 
12 Union Road, GB-Cambridge CB21EZ (UK), on quoting the full journal cita- 
tion. 


Cyclic voltammetry (CV): For experimental setup see ref. 136). CV measurements 
were performed in CH,CI,, 0.1 M (nBu,N)PF, at room temperature: reference elec- 
trode Ag+/AgI: working electrode: Pt disk ( d  = 3 mm); auxiliaryelectrode: Pt plate 
(0.6 cm2). 


Hyper Rayleigh scattering: For experimental setup see ref. [27a]. All measurements 
were performed at a basic wavelength of 1 = 1064 nm with a the Nd:YAG laser. For 
all measurements, CH,CI, solutions of 2a-c were used; p-nitroaniline in CH,CI, 
was used as reference (b = 21.6 x 
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Electron-Transfer Properties and Active-Site Structure of the 
Type 1 (Blue) Copper Protein Umecyanin 


Christopher Dennison, Gonzalez Van Driessche, Jos Van Beeumen, 
William McFarlane and A. Geoffrey Sykes" 


Abstract: The electron self-exchange rate 
constant for the Type 1 blue copper protein 
umecyanin from horseradish roots has 
been determined as 6.1 x lo3 M-' S - '  at 
pH 7.5, I = 0 . 1 0 0 ~ ~  25°C by an NMR 
line-broadening method. The value ob- 
tained is one of the lower self-exchange rate 
constants determined for this class of 
protein; this is attributed to the presence of 
positively charged residues near to the elec- 
tron-transfer site. The self-exchange rate 
constants calculated by means of a Mar- 
cus analysis of data for the cross-reactions 
(25 "C) of umecyanin with azurin and cy- 


tochrome cssl (both from Pseudomonas 
aeruginosa) are substantially less at 
8.0 M- ' s - ' and 1 3.9 M - s - ', respective- 
ly, and are independent of pH in the range 
7.0-8.0, Z = 0 .100~ .  The discrepancy be- 
tween the self-exchange rate constants ob- 
tained by these two different methods can 


be rationalised if it is assumed that ume- 
cyanin reacts with the two proteins em- 
ployed in the cross-reaction studies 
through the same site, but that this site is 
different from that used for the self-ex- 
change process. A comparison of the pri- 
mary structure of umecyanin with those 
of other Type 1 copper proteins has re- 
vealed that a glutamine rather than a me- 
thionine is likely as the fourth ligand of 
Cu at the active site. Other comparisons 
are made with stellacyanin, and the elec- 
tron-transfer reactivity of the two 
proteins is discussed. 


Introduction 


The structures of five different Type 1 copper proteins, namely, 
plastocyanin, azurin, cucumber basic protein (CBP), amicyanin 
and pseudoazurin, have been determined by X-ray crystallogra- 
phy." -61 The Cu at the active site is coordinated by two histidi- 
nes (N donors) and a cysteine (S donor). In all these cases the 
thioether of a methionine provides a further weak axial interac- 
tion with the copper, and in the case of azurin there is a second 
axial interaction with the carbonyl oxygen of a glycine. The blue 
copper protein stellacyanin does not have a methionine in its 
primary structure,[', 81 and different active site coordination is 
therefore implied. 


The crystal structure of CBP is noteworthy because the se- 
quence is 46 % homologous to that of ~tellacyanin,['~ and has 
been used as a starting point to create a model of stellacyan- 
in.["] Such studies indicate that stellacyanin may have a glu- 
tamine as its fourth ligand. The coordination of the copper by 
the oxygen of a glutamine is also proposed["] as the reason for 
stellacyanin having the lowest known reduction potential of any 
blue copper protein (1 84 mV).["I Site-directed mutagenesis 
studies of azurin have demonstrated that the axial methionine is 


[*I A. G. Sykes, W. McFarlane, C. Dennison 
Department of Chemistry, University of Newcastle 
Newcastle upon Tyne, NEI 7RU (UK) 
Telefax: Int. code + (191)261-1182 
G. Van Driessche, J. Van Beeumen 
Department of Biochemistry, Physiology and Microbiology University of 
8-9000 Gent (Belgium) 


'Gent, 


not essential for the creation of a Type 1 blue copper site.[". 131 


Similar studies of plastocyanin[13] and the Type 1 copper site of 
nitrite reductase[14] have so far failed to produce a Cu" binding 
active site. The fact that the Metl21Gln azurin mutant appears 
to possess many of the properties of oxidised ~tellacyanin[ '~~ 
also indicates the presence of an axial glutamine ligand in stella- 
cyanin. 


The copper protein umecyanin from horseradish roots (Ar- 
moracia laphatifolia), first isolated by Paul and Stigbrand," 6] 


has not been studied in such detail. The CU" state has character- 
istic properties of a Type 1 protein, namely a strong absorption 
in the visible spectrum, in this case at 610 nm, and an X-band 
EPR spectrum with narrow hyperfine ~oupl ing .~"~ The reduc- 
tion potential for the Cu"/Cu' couple is 283 mV at pH 7.0.["] 


The electron-transfer reactivities of ume~yanin~''] and stella- 
cyanin[20-221 with small inorganic complexes have been investi- 
gated. It is interesting to note that stellacyanin generally dis- 
plays a high reactivity, with no apparent discrimination between 
cationic and anionic complexes. This suggests that both types of 
reactant use the same binding site on the protein and that this 
is uncharged. The self-exchange rate constant of stellacyanin at 
pH 7.0 has been determined as 1 . 2 ~  105rvr-'s-' at 20"C.[23] 
Umecyanin, on the other hand, exhibits a distinct preference for 
anionic reactants.["] In order to investigate the electron-trans- 
fer properties of umecyanin further, we have determined the 
self-exchange rate constant directly by an NMR method and 
indirectly by studying cross-reactions. 


An earlier report found umecyanin to consist of 125 
residues.t241 The sequence of the first 88 residues indicated some 
homologies with stellacyanin and the possibility that methion- 
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ine was not involved in coordination of the copper. The com- 
plete sequence has now been determined, and His44, Cys85, 
His90 and Gln95 have been proposed as the amino acids coordi- 
nating the C U . ' ~ ~ ]  We discuss here some of the wider implica- 
tions of this proposal and compare the sequence with those of 
other Type I copper proteins. 


Results 


Assignment of proton resonances : Umecyanin has three histidine 
residues; that at position 65 is uncoordinated. The two singlets 
in the aromatic region of the 'HNMR spectrum of reduced 
umecyanin whose chemical shifts are dependent upon pH can be 
assigned to this residue. The singlets were selected in the way 
described previously for pseudoazurin.[261 The C' proton is as- 
signed on the basis of the greater chemical shift difference be- 
tween its resonance positions in the protonated and deprotonat- 
ed forms of the residue. 


The aromatic regions of the 'H NMR spectra of UCu', UCu" 
and of a 1 : 1 mixture of the two proteins are shown in Figure 1. 


7 .a 6.0 


Fig. 1. Part of the aromatic region of the 'H NMR spectrum (25 "C) of umecyanin 
at pH 7.50, I = 0 .100~ :  a) reduced protein, b) oxidised protein, c) 1 : I  mixture of 
oxidised and reduced protein, d) sum of spectra a and b. 


Along with the titrating His65 resonance at 6 = 7.62 (at pH 
7.50) there are many other singlets in the aromatic region of the 
reduced form of umecyanin, including res- 


oxidation of the protein many of these are CBP Tyr 'Ie 


able singlets remain. Two of these are from "" n Tyr Tyr 'Ie 


onances at 6 =7.59, 7.51 and 7.26. Upon 


broadened and only three readily observ- 


and 2.01 that are all C'H, resonances of Met residues (Fig. 2). 
In the oxidised protein three singlet resonances are seen at 
6 = 2.03,2.02 and 2.00. The resonance at 6 = 2.10 has no coun- 
terpart in the oxidised protein and therefore must arise from 
protons that are within 10 of the Cu" at the active site. 
It follows that this resonance arises from the C H ,  of 
Met43, which is adjacent to His44, one of the proposed copper 
ligands. There is also a signal at 6 =1.96 in the reduced 
protein that appears to be two singlets very close to each other. 
In the oxidised protein these two resonances have shifted to 
6 =1.91. 


l " " I " " I ' " ' ~  


Ppm 3.0 2.5 2.0 1.5 


Fig. 2 .  Part of the aliphatic region of the 'H NMR spectrum (25 "C) of umecyanin 
at pH 7.50, I = 0 . 1 0 0 ~ :  a) reduced protein, b) oxidised protein, c) 1 : I  mixture of 
oxidised and reduced protein, d) sum of spectra a and b. 


Differences are also observable between the 'H NMR spectra 
of reduced and oxidised umecyanin in the region around 6 = 3 
where the C'H, and C'H, residues of lysine and arginine charac- 
teristically appear. In the reduced protein there are obvious 
triplets at 6 = 3.20 and 3.03. In the oxidised protein the reso- 
nance at 6 = 3.03 is broadened whilst that at 6 = 3.20 is shifted 
to 6 = 3.09. Either of these resonances could be from Lys96, 
which is conserved in the amino-acid sequences of umecyanin, 
stellacyanin and CBP (Fig. 3) and is adjacent to the proposed 
Gln95 ligand (in umecyanin), or from Lysl2, which is also 
thought to be close to the active site.[251 


His65 and the third must be from a C6 pro- 
ton of one of the Trp residues. This is most 
probably Trp23 as the homologous 
residues to Trpll have been shown to be 
close to the active site in both CBPr3] and 
stellacyanin." '1 


In the reduced protein it is possible to 
identify four singlets at 6 = 2.10,2.05,2.03 


Fig. 3. Part of the C-terminal sequence of umecyanin (UCu) aligned with those of cucumber basic protein 
(CBP), stellacyanin ( X u )  and cucumber peeling cupredoxin (CPC). With the exception of Met89 of CBP, the 
residues shown inside a border are conserved in all four sequences whilst those inside a double border are 
proposed ligands. 
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Determination of the electron self-exchange rate constant of ume- 
cyanin by NMR: At pH 7.50 the His65 C'H resonance is a sharp 
signal at 6 =7.62 in the reduced protein (Fig. la). In the oxi- 
dised protein this resonance appears at a different chemical shift 
position as one of the three singlets in the aromatic region of the 
spectrum, and in a 1 : 1 mixture of the two forms at a concentra- 
tion of 0 . 6 6 m ~  all four resonances are still present (Fig. 1 ) .  It 
therefore follows that the rate of self-exchange at this concentra- 
tion is relatively low on an NMR timescale. An indication of the 
self-exchange rate constant can be gained from the fact that the 
C'H, resonances at 6 = 2.01 and 2.00 of one of the Met residues 
in the reduced and oxidised protein, respectively, have not coa- 
lesced in the l : l mixture (Fig. 2). At the coalescence point in a 
1 : 1 mixture of the two forms of the protein the self-exchange 
rate constant k,,, can be obtained from Equation (l).12'] With 


(1) 


vo]60x-6redl = 5.0 Hz an upper limit of 2 x  1 0 4 ~ - ' s - '  is ob- 
tained for the self-exchange rate constant of umecyanin. The 
spectrum of the 1 : 1 mixture of the two forms of the protein and 
the sum of the spectra of the oxidised and reduced forms, Fig- 
ures 1 and 2, show a close similarity to each other, but 
a small amount of broadening of several resonances in the for- 
mer. This broadening is due to the self-exchange process 
UCu' + UCu"+UCu" + UCu', and from the amount of broad- 
ening the self-exchange rate constant k,,, can in principle be deter- 
mined from Equation (2) ,  where kobs can be determined from the 


nv,ISOX-PJI 


kese = vT@ry 


broadening of certain resonances (nAv,,2).[26-28-311 Th e results 
obtained by measuring peak widths are given in Table 1 .  


Because the rate of self-exchange in umecyanin was so low, it 
seemed appropriate to determine it more accurately by measur- 
ing T, values of suitable resonances by means of spin-echo 
experiments on fully reduced protein and comparing them with 
the T, values of the corresponding peaks in a 1: l  mixture 
of the two forms of the protein. In this case,[26'28-311 
kobs = 1 T& TYO: I. A plot of ln(Z,) against 2 t for the Met43 
C H ,  resonance in the fully reduced protein and in a 1 : 1 mixture 
with the concentration of UCu" at 0.66mM is shown in Figure 4. 


o:! 0.2 2t lS 0.4 0.6 


Fig. 4. Plot of In(1,) against 21 in the spin-echo experiment (25°C) for the Met43 
C'H, resonance (6 = 2.10) in UCu' (m) and in a I :1 mixture with [UCu"] equal to 
0 . 6 6 m ~  (*) at pH 7.50, f = 0.lOoM. 


Table 2. Self-exchange rate constants kese (25 "C) for umecyanin from T, determina- 
tions with a spin-echo pulse sequence at pH 7.50, f = 0.100 M. 


[ucU11 = [ucU~1] = 3 . 7 ~  IO-'M 
Resonance (6) kJM-'s-' Resonance (6) kcsc/M-'s-l 


[UCu']= [uCu"]= 6 . 6 ~  1 0 - 4 ~  


His65 C'H (7.62) 6.7 His65 C'H (7.62) 6.4 
Met43 C'H, (2.10) 6.8 Met43 C'H, (2.10) 6.0 
Met C'H, (2.05) 6.0 Met C'H, (2.05) 5.0 


All the self-exchange rate constants obtained by this method are 
shown in Table 2. 


Oxidation of UCu' with ACu": Relevant UV-Vis spectra are 
shown in Figure 5. First-order rate constants kobs (25 "C) ob- 


inm 


Fig. 5. UV/Vis absorption spectra of ACu" (-) and UCu" (- - -) 


tained for the oxidation of UCu', concentration ( 5 -  
10) x 1 0 - 5 ~ ,  with ACu" ( ~ 5  x 1 0 - 6 ~ ) ,  are consistent with the 
rate law, Equation (3). Second-order rate constants k, ,  were 


rate = k O b , ~ C u ' ]  = k,,[UCu'][ACu"] (3) 


found to be independent of pH in the range 7.0-8.1, Z = 0 . 1 0 0 ~  
(NaCI) (Table 3). 


Table 3. Second-order rate constants k,, (25 "C) for the oxidation of UCu', 
( 5 - 1 0 ) ~ 1 0 - ~ ~ ,  by ACu" ( = S X ~ O - ~ M )  in the pH range 7.0-8.1, f=O.IOOM 
(NaC1). 


PH 7.02 7.07 7.45 7.55 7.57 8.06 
10-3k1,1~-1 s - l  3.9 4.2 3.9 4.3 4.8 4.2 


Reduction of UCu" with ferrocytochrome c551 : A similar depen- 
dence of first-order rate constants kobs on [UCu"] for the reduc- 
tion of UCu" (concentration 6-13 x 1 0 - 6 ~ )  with ferrocy- 
tochrome cSs1 ( ~ 5  x ~ O - ' M )  was observed. Second-order rate 
constants k , ,  (25 "C) showed no dependence on pH in the range 
7.0-8.4 (Table 4). 


Table 1. Self-exchange rate constants k... (25 "C) for umecyanin obtained From NMR peak-width measurements at  pH 7.50, I = 0.100 M 


[ u c u q  = [ u c U ~ ~  = 3.3 x 1 0 - 4 ~  
Resonance (8) lo-, k&-' sC1 Resonance (6) kcse/M-' s - '  Resonance (6) kere/M-' s - '  Resonance (8) ke,e/M-' s - '  


[ U c u ' ] = ~ C n " ] = 3 . 7 ~ 1 0 - ~ ~  [UCU'] = [UCU"] = 4 . 0 ~  10-4M [uCul] = [UCu"] = 6 . 6 ~ 1 0 - ~ ~  


His65 C'H (7.61) 4.9 His65 C'H (7.62) 7.1 His65 C'H (7.62) 7.5 His65 C'H (7.61) 5.0 
Met43 C'H, (2.10) 5.3 Met43 C'H, (2.10) 6.5 Met43 CsH3 (2.10) 6.7 Met43 C'H, (2.10) 5.9 
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Table 4. Second-order rate constant k , ,  (25 "C) for the reduction of UCu" 
( % 7 x  1 0 - 6 ~ )  by ferrocytochrome cssl ( % S x  ~ O - ' M )  in the pH range 7.0-8.4, 
I = 0 . 1 0 0 ~  (NaCI). 


PH 7.02 7.19 7.55 7.60 7.65 8.03 8.38 
10-4k,,lM-'s-' 1.25 1.25 1.32(4) [a] 1.29 1.41 1.47 1.26 


[a] First-order rateconstants give a linear dependence on 1OS[UCu"] with the latter 
in the range (0.6-1.3)~ ~ O - ' M .  


Determination of the self-exchange rate constant from cross-reac- 
tion studies: In Marcus calculations with Equation (4),[32-331 a 
value of 311 mV was used as the reduction potential of azur- 
in,[341 and a value of 7.5 x ~ O ' M - ' S - '  was used for the azurin 
self-exchange rate constant (k,,),1351 both at pH 7.0. For the 


(4) 


reaction involving cytochrome c,, a reduction potential for this 
protein of 260 mV (pH 7.0)[361 and a self-exchange rate constant 
( k , , )  of 4 . 6 ~  1 0 6 ~ - ' s - '  at 25°C and pH 7.0 were used.'371 
From these values and a reduction potential of 283 mV for 
umecyanin (PH 7.0) the calculated self-exchange rate constants 
for umecyanin (kZ2 in this instance) are ~ . O M - ' S - '  and 
13 .9~- ' s - ' ,  from the studies with azurin and cytochrome cSs1, 
respectively. The driving force of the reactions is small and 
consequentlyfin Equation (4) is close to 1. Since the rate con- 
stants in Tables 3 and 4 do not vary over the pH range 7.0-8.0, 
the self-exchange rate constants obtained are assumed to apply 
over at least this range of pH. 


Discussion 


The self-exchange rate constant for umecyanin determined by 
NMR methods is 6.1 x 1 0 3 ~ - ' s - ' .  This value, obtained from 
an average of data obtained with UCu" at 0 . 6 6 m ~  (Table I), is 
relatively small compared with values for other Type 1 blue 
copper proteins. The lack of structural information for ume- 
cyanin hinders interpretation, but some valid points can be 
made. From the amino-acid sequence, the charge on UCu" at 
neutral pH is -4, and it therefore seems unlikely that the overall 
charge on umecyanin is responsible for the small self-exchange 
rate constant. The rate constant for the oxidation of UCu' by 
[Co(phen),13+ is small, 3 0 0 ~ - ' s - '  at pH 7.55 and 5.8°C,['91 
for a driving force (AE"') of 87 mV. The rate constant (25 "C) for 
the same oxidant with stellacyanin is very large 
(1.8 x IO5~-'s-',drivingforceof 186mV);ithas beensuggest- 
ed that this is due to the presence of a more accessible active site 
in the case of stellacyanin.['Os 20,211 However, for stellacyanin 
the oxidation of SCu' by [Fe(CN),I3- is too fast to monitor by 
stopped-flow spectrophotometry.'" b* 221 In the case of ume- 
cyanin the reaction with [Fe(CN),I3- is also fast and could only 
be monitored at 5.8 "C (2.8 x 1 0 6 ~ - ' ~ - ' ) . r ' 9 1  The ratio of rate 
constants (kFe/kco) for the oxidation of UCu' by [Fe(CN),I3 - 
and [Co(phen),13 + is of interest alongside the slow self-exchange 
rate constant. At 5.8 "C this ratio is 9.3 x lo3 for ~mecyanin,[ '~] 
which compares with that for the Type 1 copper protein pseu- 
doaz~r in , [~*]  k,,/kc, >7.8 x lo3. The small self-exchange rate 
constant for pseudoazurin (2.9 x I O 3 ~ - '  S - ' ) [ ~ ~ ]  has been at- 
tributed to the presence of lysine residues at the surface hydro- 
phobic patch adjacent to the Cu. It is interesting to note that in 
azurin the Met44Ly~[*~- 391 and M e t 6 4 G l ~ [ ~ ~ ]  mutants, which 
incorporate single positive and negative charges in the adjacent 
hydrophobic region, respectively, have drastic effects on the rate 
of self-exchange. It is therefore not unreasonable to assume that 
in umecyanin the basic residues Lysl2 and Lys96 are close to the 


site used for self-exchange. In stellacyanin the lack of a prefer- 
ence for cationic or anionic reactants is consistent with the rela- 
tively large self-exchange rate constant.[231 


In previous studies the use of azurin as the partner in Marcus 
cross-reaction studies has proved extremely successful, and for 
pseudoazurin, amicyanin, a higher plant plastocyanin and a 
blue-green algal plastocyanin has yielded self-exchange rate 
constants which are within a factor of two of those determined 
by NMR.[26,28*29,31,41,42]The success ofthemethod relates to 
the uniformity of the charge distribution on azurin. The self-ex- 
change rate constants calculated for umecyanin by a Marcus 
analysis of the cross-reactions with azurin and cytochrome cSs1 
are substantially ( z  lo3) smaller than that obtained by NMR. 
The only reasonable explanation is that azurin and cytochrome 
cSs1 react with umecyanin at an alternative site that differs from 
that used by umecyanin for the self-exchange process. To date, 
azurin appears to have only one electron-transfer site, its hydro- 
phobic patch,[", 39 ,401  which is presumably the site it utilises in 
the reaction with umecyanin. Cytochrome c,,,, which is less 
highly charged than cytochrome c, has a large self-exchange rate 
constant that is independent of ionic strength,[371 indicating the 
involvement of a hydrophobic surface in this process. In view of 
the similar self-exchange rate constants obtained (8.0 and 
1 3 . 9 ~ -  ' s -  ')it is not unrealistic to assume that cytochrome cSs1 
may react with umecyanin at the same site as azurin. An unusual 
feature observed in the crystal structure of CBP is that both of 
the active-site histidines are exposed to the solvent.[31 This ob- 
servation may account for the existence of two electron-transfer 
sites on umecyanin, with electron transfer in the one case (with 
azurin and cytochrome c,,,) through one of the histidines, and 
electron self-exchange at the other. 


The question of inhomogeneity of protein samples has been 
raised in a previous paper.[251 As far as the above kinetic studies 
are concerned we have not experienced any inconsistencies from 
one sample to another which might be attributed to such effects, 
which would seem to imply that the C-terminus peptide chain 
has no major influence on reactivity. 


The similarity of the amino-acid sequence of umecyanin to 
those of stellacyanin, cucumber basic protein (CBP) and cucum- 
ber peeling cupredoxin (CPC) is of interest with regard to the 
identity of the fourth copper ligand in these proteins. The 
amino-acid sequence of CPC, which has recently been pub- 
l i~hed:~~]  suggests properties in common with ~ t e l l a c y a n i n . ~ ~ ~ ~  
This protein may also possess a glutamine as its fourth ligand. 
Like stellacyanin and umecyanin, which possess 40 YO and 4 % 
carbohydrate, respecti~ely,[~] CPC is a glycoprotein with ap- 
proximately 10 % associated carbohydrate. It is interesting to 
note that all the multi-copper oxidases which have been charac- 
terised are also associated with carbohydrate.[451 From the se- 
quence alignments (Fig. 3), it appears that umecyanin, stellacyan- 
in and CPC possess a glutamine as their fourth active site ligand. 
This has also been shown in a model of stellacyanin from the 
crystal structure of CBP,'"] which successfully explains a number 
of experimental observations made previously for stellacyanin. 


The visible spectrum of umecyanin shows a reversible change 
with pH in the range 7 to 11 ; the 610 nm peak shifts to lower 
wavelengths upon increasing the pH.['9,461 A pK, of 9.5 has 
been determined for this transition. The visible spectrum of 
stellacyanin is similarly affected by pH, pK, z 10.5,[471 as is that 
of the Type 1 copper site of laccase (which may also be lacking 
a methi~nine[~']), pKaz  10.2.147b*c1 In the case of stellacyanin it 
has been proposed that this change is due to the deprotonation 
of the side-chain amide of the coordinated glutamine, with a 
concurrent switch from oxygen to nitrogen coordination as in 
Figure 6.['OJ However, the EPR spectra of ~tellacyanin[~~] and 
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Fig. 6. The different coordination modes at low and high pH of the glutamine 
(Gln95) at the Cu active site of umecyanin and stellacyanin. 


~mecyanin[ '~] are almost unchanged in the pH range 7 - 11. If 
such a drastic change in coordination was occurring, it would be 
expected to affect the EPR spectrum, which is a highly sensitive 
indicator of Cu" geometry. At pH values above 11 the EPR 
spectrum of stellacyanin shows superhyperfine splitting, and 
this change is irreversible.[471 Studies on the Cu" complexes 
of 3,8-dimethyl-4,7-diazadeca-3,7-dieneamine in solution1481 
demonstrate that a pH-induced change from oxygen to nitrogen 
coordination of an amide group is accompanied by an increase 
in the number of superhyperfine lines in the EPR spectrum. 
Irreversible effects are also observed in the visible spectrum of 
umecyanin at higher pH However, studies of stella- 
cyanin with ENDORr4'] and the EPR results mentioned above 
indicate that the change in coordination at the active site occurs 
at higher pH values (Z 11). The effects seen at lower pH values 
(9 - 11) on the visible spectra of umecyanin and stellacyanin are 
therefore attributed to the protonation/deprotonation of anoth- 
er residue, one possibility being an adjacent lysine. This argu- 
ment is supported by studies on the effect of pH on visible 
spectra of rus t i~yan in [~~]  and CBP["] in the pH range 9-11, 
which are attributed to the deprotonation of a basic amino-acid 
residue (or a tyrosine). Moreover a similar effect of pH on the 
visible spectrum of the Met44Lys mutant of azurin is seen that 
is not present in the wild-type Since all of these 
proteins have a Met as their fourth ligand, the suggestion of 
Freeman et al['O1 may need modifying. From Figure 3, a poten- 
tial candidate as the protonating/deprotonating species in the 
case of umecyanin is Lys96, which is adjacent to the proposed 
Gln95 ligand. We note that a lysine is conserved in all of the 
sequences in Figure 3. Alternatively Lysl2 of umecyanin, which 
is conserved in the sequences of rusticyanin and stellacyanin and 
is known to be close to the active site from the sequence align- 
ments with CBP,[251 might also be considered. 


Further evidence for oxygen being the normal donor atom at 
the fourth coordination site in umecyanin and stellacyanin (at 
low pH) comes from a plot of g , ,  vs A , ,  for the X-band EPR 
spectra of Type 1 copper proteins.[521 The spectral parameters 
for these two proteins are similar and differ from those for 
Type 1 proteins with a methionine coordinated to the copper. 
Active-site mutants of a ~ u r i n [ ' ~ .  531 and a m i ~ y a n i n [ ~ ~ ]  in which 
an oxygen ligand has been introduced result in an oxidised 
protein whose EPR parameters are similar to those of stella- 
cyanin and umecyanin. 


Although stellacyanin and umecyanin appear to have the 
same residues coordinating the copper there are some differ- 
ences at the active site. The visible spectrum of umecyanin is 
more like those for plastocyanin and azurin (Fig. 3, with the 
band at ~ 4 5 0  nm relatively weak compared with that for stella- 
cyaninL4'] and CBP.L9] There are also differences between the 
X-band EPR spectrum of umecyanin, which is axial,['7s 19] and 
spectra of ~ te l lacyanin[~~]  and CBP,[91 which are rhombic. These 
two features, axial EPR and a relatively weak absorption at 
~ 4 5 0  nm in Type 1 copper proteins, are thought to be due to a 
longer axial ligand-copper bond.['2* 1 5 ,  5 5 *  561 Hence the cop- 
per-to-oxygen (Gln95) bond in umecyanin must be longer than 
the corresponding Gln97 bond in stellacyanin (2.54 A from the 


model).['01 This assumption finds some support from EXAFS 
studies, which have identified a fourth ligand in stellacyan- 
in,[57,581 whereas in umecyanin no such ligand was identi- 
fied.["] It is also in agreement with reduction potentials of 184 
and 283 mV for stellacyanin and umecyanin, respectively. The 
stabilising effect of the proximal oxygen atom on the Cu" form 
is accordingly diminished in umecyanin. 


Another feature of umecyanin compared with other Type 1 
copper proteins is that the Asn residue, which is usually present 
immediately after the first His ligand,[61 is replaced by an Asp. 
The side chain of the Asn makes several hydrogen-bonding in- 
teractions that are thought to stabilise the copper active site. 
The role of this residue has been demonstrated in the Am47 Leu 
mutant of Alcaligenes denitrificans azurin, which has decreased 
reduction potential and stability as compared with the wild-type 
protein.[5g1 Rusticyanin, on the other hand, which is stable at 
pH < 2 and has the highest reduction potential among this class 
of proteins (680 mV), has a Ser residue at the corresponding 


The question as to whether stellacyanin and CBP form a 
sub-class among the Type 1 blue copper proteins has been raised 
previously.[31 It must now be concluded that umecyanin and 
cucumber peeling cupredoxin (CPC) also belong to this class 
(Fig. 3). Stellacyanin, CBP, umecyanin and CPC are all found 
in plants, with functions as yet unknown. In a recently published 
phylogenetic tree for small blue proteins[611 the Type 1 copper 
proteins from bacteria occur alongside plastocyanin. The phy- 
tocyanins, including stellacyanin and CBP, are at some distance 
from the bacterial proteins. Umecyanin and CPC, though not 
included in this analysis, would presumably be located along 
with the phytocyanins. However the fact that stellacyanin, ume- 
cyanin and CPC all appear to possess a Gln as the fourth ligand 
suggests that a sub-class of Type 1 copper proteins exists with a 
different active site structure. 


Experimental 
Isolation and purification of umecyanin from horseradish roots: Umecyanin (UCu) 
was isolated from horseradish roots (Armoraria laphatifohz) by a modified version 
of themethod used by Paul and Stigbrand (161. Approximately 20 kg ofhorseradish 
roots were washed and chopped into approximately 2 cm3 portions and blended 
(Waring Blender, 1 gallon capacity) with cooled distilled water (4°C) for 2 x 2 min. 
In the published method it is reported that only the peelings of the horseradish roots 
were used, and this approach was attempted initially but resulted in a low yield of 
umecyanin. The homogenate from the blender was strained through coarse cheese- 
cloth and then through two layers of muslin cloth. The final stage of purification of 
UCu" was carried out on an FPLC system (Pharmacia, Mono-Q column) at pH 7.5 
and gave protein with a UV/Vis absorption ( A )  peak ratio A,, , /A, , ,  of 5 : l .  Ume- 
cyanin concentrations were determined from the UCuI'peak at 610 nm in the visible 
spectrum ( E  = 3400n2-I em-') [16]. Umecyanin from Sigma was also used and gave 
a purity ratio of <4.0:1. Under identical conditions the UCu" from Sigma eluted 
on the FPLC system with the same retention time as the UCu"iso1ated in Newcastle. 
No difference in kinetic behaviour was observed. 


NMR sample preparation: For the acquisition of proton NMR spectra umecyanin 
was exchanged into 99.9% deuterated 3 7 . 3 m ~  phosphate buffer at pH 7.50 
( I =  0.100~) by ultrafiltration through a YM3 membrane. Protein samples were 
reduced by the addition of cooled aliquots of 0 . 1 0 ~  Na,S,O, in 99.9% D,O (0.1 M 


NaOD), and any excess reductant was exchanged out of samples used for rate-con- 
stant determinations. Oxidised samples of umecyanin were obtained with a 0 . 1 0 ~  
solution of K,[Fe(CN),] in 99.9 % D,O, and likewise any excess was exchanged out 
of the solution with an appropriate buffer. Protein solutions of known concentra- 
tion were transferred to an NMR tube which was flushed with argon and sealed. 
Half-oxidised mixtures of umecyanin were obtained by adding oxidised protein to 
reduced protein (both at approximately the same concentration) under air-free 
conditions. The concentration of oxidised protein present was determined by trans- 
ferring the protein solution to a 2 mm UV/Vis spectrophotometer cell under air-free 
conditions and monitoring the absorbance at 610 nm. The pH of the NMR samples 
was measured with a narrow CMAWL/3.7/180 pH probe in combination with a 
Radiometer pH meter calibrated by means of aqueous buffers. The pH of the 
samples was adjusted with NaOD or DCI ( 0 . 1 0 ~ )  as necessary, and no correction 
was made for the deuterium isotope effect. 


~~ 
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NMR spectra: All 'HNMR spectra were acquired at 500.14 MHz on a Bruker 
AMX500 spectrometer at 25°C with samples in 5 mm 0.d. borosilicate glass tubes. 
Free induction decays were accumulated into 16 K data points and transformed into 
32 K data points after zero-filling. The residual HDO resonance was suppressed by 
presaturation at its resonant frequency. All chemical shifts are cited in parts per 
million (ppm) relative to internal dioxane at 6 = 3.74 ppm. Combinations of spectra 
obtained by Hahn Spin-Echo (HSE) [9OX0-t-180;-t] ( t  = 60 ms) [62], and Carr- 
Purcell-Meiboom-Gill (CPMG) [90,"-/-(180,"-2t).-l80,"-t] (n = 59, t = 1 ms) 
pulse sequences [63] were used to identify singlets in the 'H NMR spectra of ume- 
cyanin. The HSE pulse sequence was also used to determine T, (spin-spin) relax- 
ation times of certain resonances from plots of ln(lJ, where I ,  is the intensity of a 
particular resonance when a delay time t is used in the HSE pulse sequence against 
2 t ,  which give a straight line of slope - T; I .  


Isolation and purification of azurin and cytochrome eSSl : Azurin (ACu) and cy- 
tochrome cS5, were obtained from Pseudomonas aeruginosa by a method previously 
described 164-661. Samples of ACu" were purified to give a A,,,/A,,, ratio of 
1.67-1.72: I by FPLC on a Mono-S cation-exchange column. Azurin concentra- 
tions were determined from the ACu" visible peak at 625 nm (& = 520~-'cm-'). 
Ferrocytochrome csx1 was purified by FPLC in a Mono-Q anion-exchange column 
to give protein with a A,,, /A,, ,  ratio of (1.10f0.03): 1 .  Ferrocytochrome c , , ~  con- 
centrations were determined from the a band at 551 nm (& = 2.86 x 1O4Mn-'Cm-').  


Visible absorption spectra of ACu" and UCu": Differences in the absorption spectra 
of ACu" and UCu" are indicated in Figure 5. These are probably the consequence 
of differing coordination at the active sites as already indicated. The differences 
make it possible to monitor the kinetics of the reaction of UCu' with ACu". 


Kinetic studies: All the reactions were monitored on a Dionex D-I10 stopped-flow 
spectrophotometer at 25.0k0.1 "C and I = 0 .100f0 .001~  (NaCI). The oxidation 
of UCul (reactant in >10-fold excess) with ACu" was studied in tris[hydrox- 
ymethyl]aminomethane (tris)/HCl buffer (pH 7.0-8.1), and absorbance changes 
monitored at 650 nm. The reduction of UCu" (reductant in > 10-fold excess) with 
ferrocytochrome c,,, was carried out in tris/HCl buffer (pH 7.0-8.4) and moni- 
tored at 416 nm where the A& for the transition from ferro- to ferricytochrome c,,, 
is 6.25 x IO4w-' cm-'. The stopped-flow was interfaced to an IBM PC/At-X com- 
puter for data acquisitions with software from On Line Instruments Systems (Bog- 
art, GA., USA). First-order rate constants kobr were obtained by averaging at least 
five different determinations with the same solutions. The pH-jump method was 
used, in which solutions at low and high buffer concentrations were mixed, with the 
result that the pH of the latter prevailed. The proteins were either fully reduced or 
oxidised (as required) prior to kinetic studies and dialysed against the appropriate 
buffer. In the case ofUCu' and ferrocytochrome cSsl dialyses were carried out under 
a nitrogen atmosphere with degassed buffer. The stopped-flow runs were under 
air-free conditions. 
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Substrate Uptake and Activation by Dimolybdenum 
and Ditungsten Hexaalkoxides-Factors Influencing the Cleavage 
of C-X Multiple Bonds in the Reactions Between [Mo,(OR),] 
(R = tBu or CH,tBu) and Ar,C=S, Et,NC=N, and P(nBu), 


T. A. Budzichowski, M. H. Chisholm,* and K. Folting 
Dedicated to Professor R .  R.  Schrock at the start of his sixth decade 


Abstract: The reaction between diaryl- 
thiones and [Mo,(OCH,tBu),] in hydro- 
carbon solvents yielded [Mo,(OCH,tBu),- 
(p-S)(=CAr,)] by cleavage of the C=S 
double bond. The Lewis base adduct 
[Mo, (OCH,tBu), ( p -  S) (= CPh,) (PMe,)] 
(2) has been crystallographically charac- 
terized; it contains six- and five-coordi- 
nate Mo atoms linked through p-S  and 
p-OR groups. The rate of the cleavage of 
the C=S bond has been studied by vari- 
able-temperature 'H NMR in [D,]toluene. 
A Hammett plot shows that both elec- 
tron-donating and electron-releasing sub- 
stituents in the aryl groups enhance the 
rate relative to Ph,C=S. The activation 
parameters for cleavage of the C=S bonds 
in Ph,C=S, (p-MeOC,H,),C=S, and (m- 
CF,C,H,),C=S exhibit essentially identi- 
cal values for A S  * , while AH * is some- 


Introduction 


what smaller for the thiones bearing 
electron-donating or -withdrawing sub- 
stituents. We also studied the reversible 
binding of Et,NC=N to [Mo,(OtBu),] 
as a model system wherein the C z N  
bond is reduced but not cleaved and 
the (M=M),+ center oxidized. Finally, 
the reversible binding of P(nBu), to 
[Mo,(OCH,tBu),], wherein the product 
exhibits no net oxidation of the metal cen- 
ters, has been similarly studied. The acti- 
vation parameters for these three classes 
of reactions are compared with previous 


taining (W=W),+ 


studies of the reversible binding of CN- 
to [M,(OR),] compounds and the reac- 
tion ZPN,(OiPr),] $ [W,(OiPr),,]. We 
propose that the activation parameters as- 
sociated with C=S cleavage are associated 
with the formation of a p-$,q2-S-CAr, 
reactive complex similar to others de- 
scribed elsewhere,1231 and that they result 
from a) the bimolecular nature of the re- 
action and b) reorganizational energy. 
The greater facility of C-X multiple- 
bond cleavage in reactions involving 
[W,(OR),] compounds relative to 
[Mo,(OR),] compounds, the substituent 
effects, and the dependence on R are dis- 
cussed in terms of the orbital energy 
match between the M-M and C-X x and 
K* orbitals, and an analogy is made with 
neutral Diels-Alder cycloaddition reac- 
tions. 


are particularly fascinating [Eqs. (1 -3), 


The chemistry of compounds containing metal-metal multiple 
bonds represents an important chapter in modern coordination 
chemistry.['] Aside from interest in structure and bonding, the 
reactivity of these dinuclear complexes often reveals features 
that do not occur in mononuclear chemistry.121 These arise from 
two important factors: a) the M-M multiple bond provides a 
reservoir of electrons for substrate activation, and b) a dinuclear 
center affords unique modes of substrate binding. Amongst the 
many interesting reactions in which these complexes participate, 
those involving the six-electron reductive cleavage of alkyne~,'~] 
nitriles,L3"* 41 and even carbon by compounds con- 


[*] Prof. M. H. Chisholm, Dr. T. A. Budzichowski, Dr. K. Folting 
Department of Chemistry and Molecular Structure Center 
Indiana University, Bloomington, IN 47405 (USA) 
Telefax: Int. code + (812)855-7148 
e-mail: chisholm@ucs.indiand.edu 


where R = Me, Et, nPr and silox = t B ~ , S i 0 ] . ' ~ ~  


(1) ~, (OrBu) , ]  + RC=CR - 22°C 


[W,(OtBu),] + RC=N 22 "C [RC=W(OtBu),] + [(tBuO),W=N] (2) 


2[(tBuO),W=CR] 
hexane 


hexane 


(3) 


The reactivity of the (W=W),+ center is greatly influenced by 
its attendant ligands, as is evidenced by the fact that 
[W,(OSiMe,tBu),] and [W2(0C(CF3)Me,),] do not react with 
MeCEN in a manner similar to that shown in Equation (2) but 
rather MeC-N reversibly binds to each metal center.''] The 
related [Mo,(OtBu),] compound fails to show any reactivity 
toward nitriles and dialkylacetylenes, and may even be recrys- 
tallized from anhydrous MeC-N.161 Similarly, whereas 
[W,(OiPr),(py),] and acetone react rapidly at 0 "C in 


80-100°C 


toluene 
[w,Cl,(silox),(CO),] - [W,(O)(p-C)(silox),Cl,l + CO 
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[D,]toluene to yield [W,(p-CMe,)(Oz?r),(O)(py)] by reductive 
cleavage of the ketonic C=O double bond, the corresponding 
molybdenum complex, [Mo,(OiPr),], does not react with this 
substrate and may be dissolved in dry acetone.[81 


We were interested in establishing how and why such strong 
C-X multiple bonds are cleaved in some instances but not in 
others. From the study of the reaction between cyclopropane 
carboxaldehyde and [W,(OCH,tBu),(py),] we obtained the p- 
CH-c-C,H,-containing ditungsten complex of Scheme 1, which 
implies that radical character or carbonium character was not 
involved.[91 If either a significant positive charge or a free radical 
were localized at the ketonic carbon during bond cleavage then 
ring-opening of the cyclopropyl group would have occurred. 


In order to investigate the manner in which C-X multiple 
bonds are activated by these (MEM),' centers we have studied 
the reaction of diarylthiones with [M,(OR),] compounds, where 
the metal and the nature of the R group may be systematically 
varied along with the substituents on the aryl group. We have, 
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Scheme 1 


furthermore, studied the reversible binding of N,N-diethyl- 
cyanamide to [Mo,(OR),] compounds that form 1:1 adducts 
wherein the nitrile moiety is reduced but not cleaved." Finally, 
we have examined the reversible uptake of tri-n-butylphosphine 
((nBu),P) by [Mo,(OCH,tBu),] in [D,]toluene as an example in 
which substrate reduction is not important. These studies are 
reported herein. They provide the first mechanistic insight into 
the factors influencing the reductive cleavage of C-X multiple 
bonds at dinuclear metal centers. The cleavage of C=S double 
bonds represents a four-electron oxidative addition and the 
quantitative data obtained may be compared with the now well- 
studied two-electron oxidative addition of C-X bonds to 
mononuclear metal centers." '1 


Results and Discussion 


Reactions involving diarylthiones: The reaction between di- 
arylthiones and [W,(OtBu),] in hydrocarbon solvents rapidly 
affords a 1 : 1 mixture of two products (Scheme 2), as evidenced 


22 "C 


toluene 
W2(0-t-B~), + 2 Ph2C=S - 


by NMR spectroscopic studies employing the labeled thione 
Ph,'3C=S.['2"1 The uptake of two equivalents of Ph,C=S paral- 
lels the reactivity of benzophenone with [w,(OzFr),], which has 
previously been investigated.['2b1 By contrast, [Mo,(OtBu),] 
and Ph,C=S failed to react in hydrocarbon solvents at room 
temperature, whereas the less sterically demanding 
[Mo,(OCH,tBu),] reacted with just one equivalent of the thione 
[Eq. (4)]. Reaction (4) is readily monitored by the eye, as 


[Mo, (OCH, tBu) , ]  + Ph,C=S 
(4) 22°C ' [Moz(OCH,tBu),(~-S)(CPhz)l 


hydrocarbons 1 


bright blue Ph,C=S and yellow [Mo,(OCH,tBu),] give red 1 
within minutes of mixing. The reaction is also readily followed 
by NMR spectroscopy, and reactions employing Ph2l3C=S al- 
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low easy identification of the Mo= ' 3CPh, moiety by the 3C-la- 
beled alkylidene resonance at 6 = 279.2 relative to Me,Si in the 
13C{'H} NMR spectrum. At room temperature the NMR data 
indicate a fluxional molecule, shown by a single set of reso- 
nances for the OCH,tBu ligand. However, at low temperatures 
(- 80 "C and below, [DJtoluene) the 'H NMR spectrum con- 
tains five broad resonances in the methylene region (6 = 3.5- 
5.5) in a 1 : 1 : 1 : 2 : 1 ratio and four resonances in the tBu region 
(6 = 0.4-1.6) in the integral ratio 2:2:1:1 (Fig. 1).  


Fig. 1. 'HNMR spectrum for [Mo,(OCH,tBu),(p-S)(=CPh,)], 1, at -80°C in 
[D,]toluene. Inset: 'H-'H correlation spectrum (COSY) showing the -CH, region 
at - 80 "C in [DJtoluene. 


We have not been able to obtain compound 1 in a crystalline 
form suitable for an X-ray study, but we are confident in formu- 
lating its low-temperature structure as A. For structure A the 


alkoxides clearly fall into four 
groups (2 : 2: 1 : 1 ratio) but, 


0 OR based on the C, symmetry of the 
molecule, there should be six res- 
onances in the methylene region : 
two singlets due to the alkoxides 
that lie on the mirror plane and 
four doublets due to the 
diastereotopic methylenes of the 
remaining alkoxides. A COSY 


spectrum (- 80 "C, [DJtoluene) clearly indicates that two reso- 
nances (of 1 : 1 relative intensity) are both coupled to a third 
resonance (of relative integral intensity 2). This is consistent 
with the assigned structure if the latter resonance is actually 
composed of two doublets that appear as a broad singlet be- 
cause of coincidental overlap and poor lineshape. Finally, while 
the fluxional process could not be completely frozen out, the 
aryl-CH resonances are indicative of two different phenyl group 
environments. This is consistent with the proposed structure A, 
since of the two Mo d orbitals available for Mo-C n: bonding, 
one is involved in formation of the Mo-Mo bond. As a result 
the alkylidene fragment is constrained to a conformation paral- 
lel to the Mo-Mo bond with the phenyl groups proximal and 
distal as shown in A. 


Compound 1 reacts reversibly with donor ligands such as 
phosphines and pyridine [Eq. (S), where L = PMe,, P(nBu),, 


R ", / \ :,OR 
MO ~ 


"\'/ \ /M'c-ph 


s l  RO 


Ph 


A 


py], and the trimethylphosphine adduct [Mo,(OCH,tBu),- 
(p-S)(=CPh,)(PMe,)] (2) has been fully characterized by a sin- 
gle-crystal X-ray diffraction study as well as by 'H, 13C{ 'H} , 
and 31P NMR spectroscopy (vide infra). Thus, there really is no 
question that the C=S double bond is cleaved in Reaction (4). 


While this reversible adduct formation is observed when 
donor ligands are added after the cleavage reaction is complete, 
their presence during the course of the reaction [Eq. (4)] causes 
a dramatic deceleration, presumably because they compete 
for binding sites at the metal centers. An example of this 
effect is seen in the following. Whereas a 1 : l  mixture of 
[Mo,(OCH,tBu),] and Ph,C=S react completely (>95 YO) 
within approximately 30 min at room temperature in C,D,, 
only 15 % of the starting materials are consumed after 1 day if 
the reaction is carried out in [DJpyridine solution. It should be 
noted that Lewis bases such as pyridine bind rather tightly to 
[Mo,(OCH,tBu),] to form [MO,(OCH,~BLI),L,],['~~ and in the 
reaction between [W,(OiPr),(py),] and acetone in [DJtoluene, 
the rate-determining step for C=O bond cleavage is the loss of 
pyridine from the starting 


The reaction shown in Equation (4) was conveniently moni- 
tored by 'H NMR spectroscopy under pseudo-first-order reac- 
tion conditions (excess Ph,C=S), and the observed rate con- 
stants were found to be linearly dependent on [Ph,C=S] with 
kobs = k[Ph,C=S] (see Table 1 a, ref. [32]). The activation 
parameters (AH* = 10.2(2) kcalmol-', A S *  = - 29.5(9) eu) 
were determined from the temperature dependence (- 36.7 to 
- 5.3 "C) of the rate constant, k ,  by means of an Eyring plot. In 
this temperature range the fluxionality of 1 was quite helpful 
in monitoring the reaction (Fig. 2). At lower temperatures 
(I -40") decoalescence of the alkoxide resonances for 1 occurs 
and this prevented accurate measurement of the signal intensi- 
ties. 


1 4  1 2  1 Q  0 8  0 6  


- 6  - 6  
Fig. 2. 'H NMR stacked plot for Reaction (4) showing the spectral changes which 
occur as the reaction proceeds at - 5.3 "C in [DJtoluene. The timescale for the first 
to the last spectrum is 4000 s. 


The electronic characteristics of the cleavage reaction 
[Eq. (4)] were investigated by measuring the rate constants of 
the cleavage of a variety of substituted thiobenzophenones (X - 
C,H,),C=S. Interestingly, the reaction was shown to be facili- 
tated by both electron-withdrawing and electron-donating sub- 
stituents on the aromatic rings. A Hammett plot [In(k/k,) vs. a] 
is shown in Figure 3. No correlation was observed for plots 
against other Hammett constants['51 such as G+, a-, or 0,' ; this 
suggests that charge is not developed in the transition state for 


~~ 
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Fig. 3. Hammett plot for the reaction between (X-C,H,),C=S and 
[Mo,(OCH,rBu),] at - 5.3 "C. 


the reaction. This is consistent with our earlier observations 
concerning the reaction between cyclopropane carboxaldehyde 
and [W,(OCH,tBu),(py),], which produced a bridging alkyli- 
dene complex that retained the strained three-membered cyclo- 
propane ring as mentioned previously in discussion of 
Scheme 2. A generalized reaction sequence is shown in Equa- 
tion (6) .  The reaction proceeds without detectable intermediates 


k k [Mo,(OCH,tBu),] +Ar,C=S "Mo,(OCH,tBu),(Ar,C=S)" 2 1 (6)  
k - ,  


in the temperature ranges investigated, so that a steady-state 
approximation is applicable to the overall rate expression with 
k = k , k , / ( k - ,  + k,).  


Three scenarios exist. In one, cleavage of the C=S bond is fast 
relative to substrate uptake ( k ,  % k -  1 )  and the calculated rate 
constant reflects k ,  for adduct formation: k = k ,  . In a second 
scenario, the intermediate adduct dissociates much more rapidly 
than cleavage occurs ( k  - % k,)  and the observed rate constant 
consists of the product of the equilibrium constant for adduct 
formation and the rate constant for cleavage: k = k,k, /k-  , . In 
the final scenario a balance exists between the rate constants for 
cleavage and dissociation ( k -  , z k,) and the expression for k 
does not simplify. 


Based on the current experimental evidence, we can only say 
that adduct formation is not rate-limiting, since this is inconsis- 
tent with the observed rate acceleration by electron-withdraw- 
ing substituents. Furthermore, when 30 equiv of Ph,C=S were 
added to a [D,]toluene solution of [Mo,(OCH,tBu),] there was 
no evidence by 'H NMR spectroscopy for formation of an ad- 
duct even at - 100 "C. The 1 : 1 adduct must have a very small 
negative or even modest positive enthalpy of binding. 


A Hammett plot is constructed with rate data obtained at one 
temperature. We therefore determined the activation parame- 
ters for the cleavage of the C=S bond in a diarylthione with an 
electron-releasing substituent and one with an electron-with- 
drawing substituent by measurement of the influence of 
temperature on the rate and use of an Eyring plot. For 
(p-MeOC,H,),C=S, AH* = 9.1(3) kcalmol-l and AS* = 
- 30(2) eu; for (rn-CF,C,H,),C=S, A H *  = 9.1(3) and AS* = 
- 31(2) eu. The activation parameters are identical within ex- 
perimental error, and the only reason that both react faster than 
Ph,C=S [Eq. (4)J is because of a modest decrease in AH* 
brought about by the substitution of H on the phenyl ring by 
either a p-OMe or a m-CF, group. 


Reversible binding of N,N-dialkylcyanamides to [Mo,(OR),] 
compounds: In an attempt to place these activation parameters 
into perspective, we decided to examine the reversible binding of 
a N,N-dialkylcyanamide and P(nBu), to a [Mo,(OR),] center. 
N,N-dialkylcyanamides are known to form p-NCNR, complex- 
es of type B, wherein the 


duced and the (MoGMo)~' 
center oxidized.["] It should 


C=N moiety is partially re- R 


RO , /"\ .,$OR 
MO = MO be emphasized that there is no 


reactions with [Mo,(OR),] 
compounds, whereas with 
[W,(OtBu),] cleavage to 


[(tBuO),W=CNR,] is rapid 
even at low  temperature^.[^] In the case of the reversible binding 
of P(nBu), there is no reduction of the substrate or oxidation of 
the (Mo=Mo),+ center."'] 


The crystal and molecular structure of [Mo,(OCH,tBu),- 
(p-NCNMe,)] had been previously reported, and it was known 
that reversible adduct formation according to Equation (7), 


RO"'7 \ / \ 
\N - Me 


Me 


cleavage of the C=N bond in RO N===== C 


I 


give [(tBuO),W-N] and B 


[Mo,(OR),] + R,NC-N [Mo,(OR)&-NCNR;)j (7) 


where R = tBu, zPr, CH,tBu and R = Me, Et, is greatly influ- 
enced by the steric properties of R and R.['O1 When the 
cyanide bound to the Mot+ center, the C-N triple bond was 
stretched from 1.160 8, (typical for a C=N bond) to 1.334(4) A, 
and the Mo=Mo triple bond in [Mo,(OCH,tBu),] (2.222(2) 8,) 
was lengthened to 2.449(1) 8, in B (R = CH,tBu). While it is 
hard to say quantitatively how far advanced the oxidation-re- 
duction reaction is, it is at least worth noting that the C-N 
distance of 1.33 8, and Mo-Mo distance of 2.45 A are in the 
range expected for C=N and Mo=Mo double bonds.[l6I This is 
most consistent with a 2-electron reduction of the diethyl- 
cyanamide substrate by the Motf center. 


The most suitable combination of R and R' for NMR studies 
of the equilibrium shown in Equation(7) was found to be 
R = tBu and R' = Et. As shown in Figure 4, the approach to 
equilibrium when R = tBu was easily followed by 'HNMR 
spectroscopy at low temperature ([DJtoluene, - 88.2 to 
- 56.4 "C) in the presence of a large excess of Et,NCN. The 
observed rate constants were found to be linearly dependent on 
[Et,NCN], with kobs = k,[Et,NCN] + k - l .  The forward (k,)  


2.0 1.6 1.2 


-8 


Fig. 4. 'H NMR stacked plot for the approach to Equilibrium (7) at - 60 "C show- 
ing some of the key spectral changes which occur as the reaction proceeds. Reso- 
nances for (CH,CH2),NCN used in large excess occur at 6 = 2.35 and 0.78; these 
have been omitted for clarity. 
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and reverse (k -  1) rate constants were calculated utilizing the 
thermodynamic data in Table 1 and the relationship Keq = 
k , / k _  The temperature dependence of these rate constants 
allowed determination of the activation barrier: for k ,  , 
A H *  = 8.6(5) kcalmol-' and A S *  = - 30(2) eu, while for 
k - , ,  A H *  =17.0(5) kcalmol-' and A S *  = + 6(2) eu. 


Table 1 .  Thermodynamic parameters for Equilibrium ( 7 ) .  


[Mo,(OR),I AW (kcalmol-') As0 (eu) 


R = tBu - 8.4(1) - 36.8(3) 
R = CH,tBu -15.5(8) - 34.5(13) 
R = P r  - 13.2(3) - 33.4(8) 


Reversible binding of P(nBu), to (Mo,(OCH,tBu),]: The 
[M,(OR),] (M=M) compounds are coordinatively unsaturated 
and n-buffered by the presence of the six OR ligands. With 
nucleophiles such as HNMe,, py, and PMe,, a number of 
[M,(OR),L,] structures are known wherein two four-coordi- 
nate M atoms are united by a M=M bond.['31 In solution there 
exist dynamic equilibria of the type shown in Equation (8). The 


relative values of Keq depend upon M, R, and L. The monoligat- 
ed adducts [M,(OR),L] are intermediates in Reaction (8), and 
are favored relative to the formation of [Mo,(OR),L,] by the 
use of a more bulky tertiary phosphine such as P(nBu),. A 
(M=M),+ center ligated by seven ligands has been seen before, 
as in the structurally characterized compounds [K+(1 8-crown- 
6)Mo,(OCH,tBu),], ~,(p-tolyl),(OiPr),(HNMe2)], and 
[Mo,(CH,Ph),(OzPr),(PMe,)] .['*I In this work we studied the 
equilibrium shown in Equation (9) by both 'H and 31P NMR 


spectroscopy and found no evi- 
O R  dence for the formation of a 7, [Mo2(0CH2tBu),(P(nBu),),] com- 


plex. The 'HNMR data at 
low temperature are consistent 
with the adoption of structure C, 
where one Mo atom is four-coordi- 
nate and the other three-coordi- 
nate. 


From the determination of Keq as a function of temperature 
for the equilibrium expressed in Equation (9) we determined 


R O I ~ ~ , , ,  7 
RoTM~ OR nBusP 


C 


[Mo,(OCH,~BU)~] + P(nBu), e [ M ~ , ( O C H , ~ B U ) ~ P ( ~ B ~ ) , ]  (9) 


that AHo = -7.1(2) kcalmol-' and A S '  = - 25(1) eu for P(n- 
Bu), binding. A stacked plot showing the methylene proton 
signals of the CH,tBu ligands as a function of temperature is 
given in Figure 5,  emphasizing the dynamic nature of this equi- 
librium in the temperature range - 75 to + 0 "C, and also sup- 
porting our structural assignment C. At the low-temperature 
limit, four resonances are observed consistent with a nonflux- 
ional (relative to the NMR timescale) phosphine complex that 
exhibits rapid Mo=Mo bond rotation. 


The dynamic behavior of the Equilibrium (9) was studied by 
I3P{ 'H} NMR spectroscopy using the line-shape analysis 
program DNMR 5.["1 This allowed the determination of 
the activation parameters: A H *  = +10.4(5) kcalmol-' and 
A S *  = 0(1) eu for the dissociative reaction, and for P(nBu), 
association, the forward reaction of Equation (9), A H *  = 
3(+ 1)  kcalmol-' and A S *  = - 25(1) eu. The simple forma- 
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Fig. 5.  'HNMR stacked plot (-75°C to 0°C) of the -CH, regon illustrating the 
dynamic behavior of Equilibrium (9). The timescale for the first to the last spectrum 
is 7800 s. 


tion of a Mo-P B bond is thus seen to have a very low enthalpy 
of activation, as might have been expected, since no bonds are 
being broken and relatively little reorganizational energy is nec- 
essary to accommodate the new metal-ligand bond, other than 
that required by steric considerations. The entropy of activation 
for the associative process, -25(1) eu, is rather typical of a 
bimolecular reaction and certainly is not in any way particularly 
large, which implies that the transition state is not highly or- 
dered. Likewise the minimal entropy of activation for dissocia- 
tion A S  * z 0  implies an early transition state with no significant 
gain in degrees of freedom. 


Before proceeding to speculate about the mechanism of 
C-X bond cleavage, it is worth mentioning briefly our earlier 
study of the reversible binding of CN- to [M,(OR),] 
compounds [Eq. Equilibrium (10) was studied in 


[DJtoluene and [D,]benzene with Q' = N(nBu)t. In this sol- 
vent system ion-pairing and solvation factors will clearly be 
important for the position of the equilibrium and thus will influ- 
ence the values of A€P and AS". However, the trends seen for 
variation in R and M = Mo versus W are cosidered to be signif- 
icant. Thus, for M = Mo and R = rBu, zPr, and CH,tBu, 
A W  = - 8.8(1), -10.5(1), and -13.5(1) kcalmol-', respec- 
tively, whereas for M = W and R = tBu and CH,tBu, 
AHo = -11.2(1) and -16.9(1) kcalmol-'. In each instance, 
AS" = - 18 eu.rzol Thus we see that while steric factors are im- 
portant, the relative binding for a given R group is favored by 
tungsten over molybdenum by about 2 or 3 kcalmol-'. The 
thermodynamic parameters for the uptake of Et,NC=N by 
[Mo,(OR),] compounds given in Table 1 reveal a similar trend 
in the enthalpy of binding of the cyanamide ligand as a function 
of R, but a comparison with uptake by [W,(OR),] compounds 
is not possible owing to facile cleavage of the C=N bond, as 
shown in Equation (2). 


Mechanistic speculation concerning the cleavage of C -X multiple 
bonds: It has been said "kinetics is to mechanism as science is to 
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fiction”.[211 Nevertheless, a chemist performs kinetics and relat- 
ed studies in order to gain the privilege of insightful speculation. 


Table 2 summarizes the activation parameters for substrate 
uptake and activation by various [M,(OR),] complexes. It is 
immediately obvious that the [M,(OR),] compounds are kineti- 
cally labile and show relatively small values of AH * for sub- 
strate uptake. Moreover, the magnitudes of AS * for the asso- 


Table 2. Activation parameters for reactions of [M,(OR),] complexes with various 
substrates. 


k ,  k-1 
metal alkoxide substrate AH’ AS * A H *  AS* 


[Moz(OtBu)6I CN- 13.2(5) - 5.3(8) 22.0(5) 13.5(8) 
[Mo,(OCH,IBU)~] CN- 10.6(5) - 4.6(8) 22.2(5) 13.9(8) 
[MO,(OCH,~B~)~] P(nBu), 3.0(5) - 25(1) 10.4(5) O(1) 
[Moz(OtBu)J Et,NCN 8.6(5) - 30(2) 17.0(5) 6(2) 
[Mo,(OCH,~BU),] Ph,C=S 10.2(2) - 29.5(9) 
WZ(OW61 [w,(OiFr),] lO(1) - 39(3) 30(2) 18(6) 


ciative reactions fall within the range -25(1) to -39(3) eu in 
going from the simple binding of P(nBu), to [W,(OiPr),] in the 
formation of the cluster [W4(OiPr),,] . [ 2 2 ]  The activation 
parameters for the binding of Et,NC=N to [Mo,(OtBu),] are 
essentially identical to those involved in the reaction leading to 
cleavage of the C=S double bond in diarylthiones. We are par- 
ticularly attracted to this similarity because it is known that 
Ph,C=S adds to the MGM triple bonds in Cp,Mo,(CO), to 
give an adduct of structure D that bears remarkable resem- 


blance to the cyanamide 


We conclude that the 
entropies of activation for l q  / q - , R , C O  C-X bond cleavage are 
largely the determinants 
in accessing a structure of 


O c Ill type B or D, and that these 
are associated with a) the 
fact that this is a bimolec- 
ular reaction and b) bond 
reorganizations. How- 


ever, the actual C-X bond rupture, with or without M-M bond 
cleavage, adds little if any further entropic barrier. 


Why do these C-X multiple bond cleavages occur so much 
more readily for tungsten than molybdenum, and why do elec- 
tron-donating and electron-withdrawing substituents accelerate 
the C=S bond cleavage of diarylthiones? Based on the differ- 
ences in the enthalpy of binding of CN- and related a-donor 
ligands, the greater reactivity of tungsten relative to molybde- 
num cannot be attributed alone to thermodynamic factors, 
which differ only by 2 to 3 kcalmol-’ in favor of tungsten. We 
propose that electronic factors are responsible and that the en- 
thalpies of activation are significantly influenced by the orbital 
energetics of the M=M and substrate x and x* orbitals. For 
related [M,(OR),] compounds, the photoionization from the 
M-M x orbital is approx. 0.5 eV lower in energy for M = W 
relative to M = M o . [ ~ ~ ]  The ionization energy is, however, sig- 
nificantly influenced by the nature of R, as is shown in Table 3, 
where M = Mo and R = tBu, (CF,)Me,C, or (CF3),MeC.[251 
On the substrate, electron-donating groups will favor associa- 
tion [k ,  in Eq. (6)] and overlap with the vacant M-M x* or- 
bitals, while electron-withdrawing substituents will lower the 
substrate x* orbitals, favor overlap with the filled M - M x-or- 
bitals, and facilitate reduction [ k ,  in Eq. (6)]. This type of ana- 


R adduct shown in B.lZ3l I 


C ,\J T“\ 
0 0  


D 


Table 3. Ionization potentials (eV) of metal alkoxides from PES [25]. 


IP (M-Mu) IP (M-Mn) 


7.80 6.79 
9.00 7.92 
9.89 8.78 
1.79 6.27 
8.98 7.31 


lysis has been previously applied to 1,3-dipolar cycloadditions 
and Diels-Alder reactions.1261 Indeed, an analogy may be drawn 
with the type B or “neutral” Diels-Alder cycloaddition reac- 
tions in organic chemistry, which are accelerated by both 
electron-donating and -withdrawing substituents on the 
dienophile.1261 


The reduction in the W-W x orbital energy in going from 
[W,(OtBu),] to [W,(OCMe,(CF,>),] causes a substrate such as 
M e G N  to change its mode of reaction from cleavage [Eq. (2), 
R = tBu] to simple Lewis base adduct formation [Eq. ( 8 ) ,  
R = CMe,(CF,)] . However, for arylnitriles which are better x 
acceptors, having lower energy C-N IT* orbitals, cleavage of 
the C=N bond still occurs, albeit more slowly, to give 
[((CF,)Me,CO),WN],.[271 


Crystal and molecular structure of [Mo,(OCH,tBu),- 
(p-S)(=CPh,)(PMe,)] (2): A view of the molecule is given in 
Figure 6 and selected bond lengths and bond angles are given in 


Fig. 6. ORTEP drawing of [Moz(OCH,tBu),(p-S)(=CPh,)(PMe,)l, 2, with the core 
atoms labeled. Ellipsoids are at the 30% probability level and hydrogen atoms have 
been omitted for clarity. 


Table 4. The molecule has no element of symmetry and involves 
one six-coordinate Mo atom and one that is five-coordinate 
joined through p-S  and p-OR groups. The Mo-Mo distance of 
2.11 8, is quite long but can still be viewed as consistent with the 
presence of a Mo-Mo single bond.[’6b1 The terminal Mo=CPh, 
and Mo-PMe, bonds are adjacent to one another. The Mo(1)- 
S distance is nearly 0.2 8, less than the Mo(2)-S distance, a fact 
that may reflect internal redox compensation within the mole- 
cule. 


The ‘HNMR spectrum is consistent with the structure ob- 
served in the solid-state. Most significantly there are six differ- 
ent methylene groups each having diastereotopic protons, with 
one methylene proton exhibiting a small coupling to 31P. NMR 
data are given in the Experimental Section. 
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Table 4. Selected bond lengths (A) and angles (") (esd in parentheses) for 
[Mo,(OCH,fBu),(p-S)(=CPh,)(PMe,)] (2). 


Mo(1) - Mo(2) 
Mo(1)-P(l0) 
Mo(1)-O(27) 
Mo(l)-S(3) 
Mo(1) - O(4) 
Mo(1)-C(14) 


Mo( l)-S(3)-Mo(2) 
Mo( 1)-0(4)-Mo(2) 
S(3)-Mo(l)-P(10) 


S(3)-Mo( 1)-O(27) 
S(3)-Mo(l)-C(14) 
P( lO)-Mo(l)-0(4) 
P(1O)-Mo( 1)-O(27) 
P(I0)-Mo(1)-C(14) 
0(4)-Mo(l)-0(27) 


O(27)-Mo( 1)-C(14) 
S(3)-Mo(2)-0(4) 
S(3)-Mo(2)-0(33) 


S(3)-MO(l)-0(4) 


0(4)-Mo(l)-C(14) 


2.7722(11) 
2.5058(25) 
1.942(6) 
2.2548(24) 
2.11 6(6) 
1.951(10) 


75.52(7) 
81.79(20) 
80.66(8) 
105.76(17) 
122.18(21) 
108.7(3) 
165.64(18) 
75.59(20) 
87.3(3) 
89.20(25) 
102.4(3) 
122.2(3) 
99.93(17) 
90.87(20) 


Mo(2)- O(4) 
Mo(2)-O(39) 
Mo(2)-O(51) 
Mo(2) - S(3) 
Mo(2)-O(33) 
Mo(2)-O(45) 


S(3)-Mo(2)-0(39) 


S(3)-Mo(2)-0(51) 
0(4)-Mo(2)-0(33) 
0(4)-Mo(2)-0(39) 
0(4)-Mo(2)-0(45) 


0(33)-Mo(2)-0(39) 
0(33)-Mo(2)-0(45) 
0(33)-Mo(2)-0(51) 
0(39)-Mo(2)-0(45) 
0(39)-Mo(2)-0(51) 


S(3)-M0(2)-0(45) 


0(4)-M0(2)-0(51) 


0(45)-M0(2)-0(51) 


2.119(6) 
1.927(7) 
1.890(6) 
2.4266(23) 
1.861(7) 
1.945(6) 


89.25(20) 
170.32(21) 
84.59(21) 
85.06(26) 
169.02(26) 
87.47(26) 
88.12(26) 
88.8(3) 
96.03(28) 
171.0(3) 
84.12(27) 
98.8(3) 
89.45(28) 


Concluding Remarks 


In this work we have examined the reversible binding of P(nBu), 
and Et,NC=N to [Mo,(OCH,tBu),] to determine the activa- 
tion parameters associated with substrate uptake at the 
(M=M),+ center. In one case the substrate was reduced 
(Et,NC=N), and in the other the substrate acted as a simple 
Lewis base. We have also studied the cleavage of the C=S bond 
of diarylthiones in reactions involving [Mo,(OCH,tBu),], and 
shown that this reaction is accelerated by both electron-releas- 
ing and electron-withdrawing substituents on the aryl group in 
the para and meta positions. The activation parameters for the 
cleavage of the C=S double bond in the reaction with Ph,C=S 
closely resemble those for uptake of Et,NC-N. We propose 
that the transition state for cleavage of the C=S bond has a 
geometry resembling that shown in B and D, wherein the sub- 
strate is bound to both metal centers. The activation parameters 
are determined largely in attaining this geometry and there is 
little in the way of an additional kinetic barrier to the actual 
C=S bond cleavage. Indeed, it may be thought of as an in- 
tramolecular reorganization of electron density involving little 
nuclear motion (Scheme 3). 


I 
Ar 


Scheme 3. 


Ai 


Finally it is worth noting that this represents the first compre- 
hensive study of a four-electron oxidative addition reaction 
wherein the activation parameters reveal insight into the nature 
of the process. This contrasts, for example, with the reductive 
cleavage of ketones by [WCl,(PMePh,),] and [W,(OzPr),(py),], 
where Lewis base dissociation is rate-determining.[14, 281 With 
the insight gained from this work we expect that further synthet- 
ic strategies employing [M,(OR),] compounds will become ac- 
cessibie. 


Experimental Section 


All preparations were carried out in an inert atmosphere by using standard Schlenk 
techniques in conjunction with a Vacuum Atmospheres Company Dri-Lab System. 
Hydrocarbon solvents were distilled from sodium/benzophenone and stored over 
4 A molecular sieves. [D,]toluene was degassed with dry nitrogen and stored over 
4i% molecular sieves. PMe, was used as received from Aldrich. Et,NCN and 
Me,NCN were purchased from Aldrich but were purified by vacuum distillation 
through a column of CaCI,, degassed with N,, and stored over 4 8, molecular sieves 
prior to use. NMR spectra were recorded on Varian XL-300, Nicolet NT-360 or 
Bruker AM 500 spectrometers. Thermodynamic and kinetic measurements were 
performed with temperatures calibrated using a sample of neat methanol and Van 
Geet's equations [29]. The data were analyzed according to standard procedures 
[17]. The thioketones were prepared from the corresponding commercially available 
ketones with Lawesson's reagent [30] and were purified by sublimation or distilla- 
tion (6O-10O0C, 0.01 Torr). Analysis of '3C{'H) NMR spectra was assisted by 
utilizing 13C enriched Ph,13C=S. The latter was prepared from Ph,'3C=0, which 
was in turn prepared from ',CO, and 2 equiv of PhLi according to Gilman [31]. 


Preparation of [Mo,(OCH,fBo),(p-S)(=CPh,)j (1): [Mo,(OCH,tBu),] (50 mg, 
70 mmol) was dissolved in benzene (2 mL) and a solution of Ph,C=S (14 mg, 
71 mmol) in benzene (2 mL) was added through a cannula. The reaction mixture 
turned from green to brown and finally to red as the starting materials, which are 
yellow and blue respectively, were consumed. After 30 min the solvent was removed 
in vacuo (23 "C, 0.01 Torr) and the residue analyzed by NMR spectroscopy. For 1: 
'HNMR (300 MHz, [D,]toluene, -80 "C): 6 = 8.9 (brs, 1 H), 7.6 (brs, 1 H), 7.45 
(brm,5H),6.8(brm,3H),5.15(brs,2H),5.0(brs,2H),465(brs,2H),4.2(brs, 
4H),3.8(brs,2H),1.65(brs,9H),0.9(brs,18H),0.85(brs,9H),0.55(brs,18H); 
l3C{'H} NMR (125 MHz, [D,]toluene, 23°C): 6 = 279.2 ( = O h , ) ,  93.1 
(-OCH,tBu), 35.0 (-OCH,CMe,), 27.1 (-OCH,C(CH,),), aryl region not resolved. 
To date crystalline material has not been obtained for 1 or any other related deriva- 
tive with substituents on the aryl rings. These complexes slowly and irreversibly 
decomposed (tl,, = 24 h at 23 "C for 1) to produce a nearly quantitative yield of 
Ph,CHCHPh,. The molybdenum-containing product(s) have thus far eluded char- 
acterization. This decomposition does not complicate the kinetics of the cleavage 
reaction [Eq. (4)], which is several orders of magnitude faster at low temperature 
(- 40 to 0°C). 


Preparation of IMo,(OCH,tBu),(p-S)(=CPh,)(PMe,)[ (2): One equiv PMe, (7 pL, 
72mmol) was added to freshly prepared 1 in [D,]toluene. For 2: 'HNMR 
(500 MHz, [DJtoluene, 23°C): 6 =7.24 (brm, 2H), 7.15 (t, J = 7 . 5  Hz, 2H), 7.1 
(brm, 2H), 6.93 (t, J =7.5 Hz, 1 H), 6.92 (t, J =7.5 Hz, 2H), 6.77 (t, J =7.5 Hz, 
1H),5.56,5.53,5.40,5.27,5.15,4.99,4.15,3.88,3.65,3.42,3.21,3.03(alld,J=10- 
12.5 Hz, 1 H each for -CH,C(CH,),), 1.36, 1.34, 1.23, 1.06, 0.72, 0.70 (s, 9 H  each 
for -CH,C(CH,),), 1.20 (d, J = 8.6 Hz, P(CH,),); "C{'H} NMR (125 MHz, 
[DJtoluene, 23°C): 6 = 302.87 (d, J = 25 Hz, = O h , ) ,  98.1, 87.8, 86.7, 84.8, 82.3 
(s, 1 : l : l : l : l  for -OCH,tBu), 84.4 (d, Jcp=7.5Hz, -OCH,tBu), 36.1, 35.3, 35.0, 
34.5, 33.9 (s, 1:1:1:2:1 for -OCH,CMe,), 28.5, 28.3, 28.1, 27.8, 27.5, 27.2 (s, 
1 : 1: 1 : 1 :1: 1 for -OCH,C(CH,),), 16.8 (d, Jcp = 25 Hz, P(CH3)3), aryl region not 
resolved. Recrystallization could be performed for preparative scale reactions in 
hexanes/PMe, (1 : 1) or neat PMe, at - 34 "C. The latter solvent provided crystalline 
material suitable for analysis by single-crystal X-ray diffraction. Calcd. for 
C,,H,,Mo,O,PS: C = 55.68, H = 8.66, found: C = 55.56, H = 8.52. While this 
phosphine adduct appears to be indefinitely stable in the solid state it decomposed 
slowly at room temperature in solution (f,,2 % 1 week) to afford Ph,CHCHPh, as 
the predominant (>90%) organic by-product by NMR spectroscopy. The fate of 
the molybdenum-containing products has yet to be determined. 


Studies in kinetics: (X-Ph),C=S + IMo,(OCH,fBu),J: Measurements of the kinet- 
ics were performed in [DJtoluene under pseudo-first-order reaction conditions: 
[Mo,(OCH,fBu),]ca. 5 x lo-' ~,[Ph,C=Slca.  5 x l O - ' - l  x 1 0 - I ~ .  Forcomplete 
experimental details along with rate constants and Eyring plots for X = H, p-MeO, 
and m-CF,, see ref. [32]. 


Equilibrium measurements for Et,NCN + [Mo,(OR),j : The spectral properties asso- 
ciated with these equilibria have been previously reported [lo]. Quantitative mea- 
surements were performed over a 50 "C range for each sample. For tables of K., and 
plots of ln(K,,) versus 1/T, see ref. [32]. 


Studies in kinetics: Et,NCN + [Mo,(OrBu),l: The approach to equilibrium was 
monitored for 1-5 half-lives where time permitted. ([Mo,(OtBu),] = 2.46 x lo-*- 
3.87~10'~hz;[Et,NCN] = 2 . 4 8 ~  10-'-5.80x IO-'~).Atthelowest temperature 
(- 80°C) the approach to equilibrium was exceedingly slow (k,,,%2.5 x ) and 
was followed for only 1 I,,, (for observed rate constants, calculated k ,  and k -  and 
Eyring plots for the latter two, see ref. [32]). 


Equilibrium measurements for P(nBu), + [Mo,(OCH,tBu),j: The addition of 
P(nBu), to a yellow toluene solution of [Mo,(OCH,tBu),] resulted in a chemically 
labile equilibrium as shown in Equation (9). At room temperature, the equilibrium 
was far to the left and no appreciable color change was noted. Upon cooling to 
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- 78 "C, however, the solution turned deep red, consistent with the formation of a 
phosphine adduct. The equilibrium was conveniently monitored by "P{'H) NMR 
spectroscopy, which clearly indicated that only one equivalent of phosphine 
was associated at the lowest temperature. 'HNMR spectroscopy substantiated 
this fact and provided evidence for the structural assignment. For 
[Mo,(OCH,tBu),(P(nBu),)1: 'HNMR (300 MHz, [D,]toluene, -75 "C): -CH,- re- 
gion;6=5.6(d,J=7Hz,2H),5.35(d,J=7Hz,2H),4.42(~,6H),3.93(~,2H). 
The -CH, resonances are not well resolved and overlap with those due to P(nBu),. 
However, from titration experiments involving spectroscopic detection of the -CH, 
region it is clear that binding of only one equivalent of phosphine occurs. 31P{'H} 
NMR (146 MHz, [D,]toluene, -75°C): 6 = 8.40 (s, 1 P). Quantitative measure- 
ments for the equilibrium were obtained from the ,'P('H} data (free P(nBu), 
resonates at 6 = - 32.9) which allowed calculation of K,, over a 50°C range (-75 
to -25 "C) (for a table of Kc, versus Tand a plot of In(K,,) versus l / T ,  see ref. [32]). 


Studies in kinetics: P(nBu)3 + IMo,(OCH,tBu),l: The dissociation of P(nBu), from 
[Mo2(OCH,tBu),(P(nBu),)1 is the slow step in the interconversion of bound and 
free P(nBu), in solution. The rate ofinterconversion was estimated by simulating the 
lineshapes of the respective signals for P(nBu), and [Mo,(OCH,tBu),(P(nBu),11 
with the program DNMR5 [19] over the temperature range -75 to - 2 5  "C (for a 
table of k,,, versus T and a plot of In(k/T) versus l / T ,  see ref. [32]). 


Crystallography for [Mo,(OCH,tBu),(p-S)( =CPh,)(PMe,)l(2) [33]: Single crystals 
suitable for study by X-ray diffraction were grown from neat PMe, at -34°C. A 
crystal was selected under an inert atmosphere, attached to a glass fiber with silicone 
grease, and transferred to the goniostat where it was cooled to - I70 "C for charac- 
terization and data collection. For 2 (C,,H,,Mo,O,PS, FW = 989.09): monoclinic 
P2,, a =10.913(2)& b =19.752(4)& c=12.871(2).&, p =111.95(1)'; V =  
2573.27 p,,,, = 1.277 gem-, (Z  = 2). A total of 3500 independent reflections 
were collected on a Picker four-circle diffractometer using graphite-monochromat- 
ed Mo,. radiation. The final residuals were R,  = 0.0454, R,, = 0.0442 for 
3208 reflections observed with Fn>30(Fn). 
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Studies on the Topography of Biomembranes : Regioselective Photolabelling 
in Vesicles with the Tandem Use of Cholesterol and a Photoactivable 
Transmembrane Phospholipidic Probe 


Yoichi Nakatani," Masakuni Yamamoto, Yvonne Diyizou, William Warnock, ValCrie DollC, 
Wolfgang Hahn, Alain Milon, and Guy Ourisson 


Abstract: 'H NMR, DSC and UV studies 
of DMPC (1,2-dimyristoyl-sn-glycero-3- 
phosphocholine) vesicles have demon- 
strated the favourable physicochemical 
properties of the transmembrane phos- 
pholipid probes 1 a and 1 b for membrane 
topographical studies. In particular, in the 
presence of a physiological amount of 
cholesterol, only one transmembrane con- 
formation is observed. The use of 1 a and 
cholesterol together for photolabelling ex- 


periments in DMPC vesicles led to a re- the myristoyl chains functionalized at 
markable improvement in the regioselec- C 11, C 12 and C 13 made up 95 % of the 
tivity of cross-linking between 1 a and total photolabelled myristates, and 
DMPC, and between 1 a and cholesterol : cholesterol was principally functionalized 


at the C 25 position on the side-chain. This 
indicates the formation of a highly or- 
dered bilayer structure and proves directly 
the orientation of cholesterol perpendicu- 
lar to the membrane plane with its chain 
terminal buried in the middle of the bi- 
layer. 


Introduction 


Cholesterol acts as a reinforcer of eucaryotic membranes.['] It is 
assumed to be oriented perpendicularly to the plane of the bilay- 
ers, with its hydroxyl group in the water phase.['] However, 
there have been few chemical studies bearing on the topography 
of cholesterol in membranes.[31 Even more importantly, the to- 
pography of membrane-bound proteins is known at atomic res- 
olution only in exceptional cases.r4] Since the pioneering work of 
Khorana and Breslowt5] several groups have attempted to ex- 
plore the internal structure of membranes by using photoreac- 
tive phospholipids or amphiphilic molecules, in the hope that 
photoirradiation of membranes containing them would lead to 
the formation of a covalent bond between the photophore and 
groups situated in proximity, thus labelling a definite level inside 
the bilayer. Although several photoaffinity-labelling studies 
have succeeded in determining the active sites of receptors that 
recognize their ligands,'61 there has been no success so far in the 
site-specific cross-linking of lipid chains or of proteins within 
phospholipid bilayer~.'~] Both the yield of labelling and the site 
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selectivity observed are very low in lipid-lipid interactions or in 
lipid-protein interactions. 


By far the majority of photoreactive groups so far employed 
have been phenylazides, which produce nitrenes, and phenyldi- 
azirines or diazo compounds, which produce carbenes. Al- 
though some new and promising photolabelling reagents have 
recently been developed in these classes,[71 the chemistry of ni- 
trenes and carbenes is complex and presents several drawbacks 
in their use for hydrophobic photolabelling inside membranes: 
weak reactivity for C-H insertion (nitrenes), ready reaction 
with water (nitrenes, carbenes), other secondary reactions such 
as rearrangement (nitrenes, carbenes) and the thermal and light 
instability of their precursors. As we shall see below, these draw- 
backs can be circumvented by the use of benzophenonest6'I. 


Furthermore, the lack of regioselectivity in the photolabelling 
experiments described so far is certainly caused by the extensive 
disorder of the phospholipid matrix and/or the lipid probe itself 
above the phase transition temperature. Therefore, one of the 
keys for success in achieving highly depth-selective functional- 
ization should be construction of a well-ordered bilayer system 
and a well-ordered probe. 


Taking these points into consideration, we conceived and test- 
ed the tandem use of cholesterol (for its ordering effect on lipid 
chains) and the transbilayer photoactivable probe l a  (and its 
deuterated derivative 1 b; Fig. 1) for the analysis of membrane 
topography.'" The concept of the transmembrane structure was 
in fact suggested to us by the occurrence of membrane-spanning 
archaeal lipids (see for example structure 3 in Fig. 2).r91 The 
probe l a  has the following desirable characteristics: 1) it is a 
phospholipid with polar groups at both terminals and a 
transmembrane chain whose length is about the same as the 
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la, X = H; lb, X =D 


Fig. 1. Structure of photosensitive phospholipidic transmembrane probes 1 a and 1 b 
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Fig. 2. Examples of dipolar amphiphilic molecules. 


thickness of the lipid bilayer; 2) the photoreactive group is lo- 
cated on the transmembrane chain, so as to restrict its motion 
to a constant depth of the bilayer. 


A 4,4‘-alkoxybenzophenone was chosen as the photophore 
for the following reasons: 1) the efficiency of benzophenones in 
photochemical reactions has been well established theoretically 
and experimentally;[’01 2) benzophenones react preferentially 
with C-H bonds not only in organic solvents, but also in 
aqueous solutions including vesicles or micelles, that is, water 


Abstract in French: L’ttude R M N  ’ H ,  DSC et UV dans des 
bicouches de DMPC a montrk que les sondes transmembranaires 
phospholipidiques I a et 1 6  possident des proprittts physico- 
chimiques favorables pour des ttudes topographiques de mem- 
branes. En particulier, enprtsence d’une quantitt ‘ physiologique ’’ 
de cholestkrol, seule une conformation transmembranaire a PtP 
observke. L’utilisation concertte de la sonde 1 a et du cholesttrol 
pour le photomarquage des vtsicules de DMPC ameliore remar- 
quablement la rkgiosklectivitk du couplage entre I a et le DMPC, 
et entre 1 a et le cholestkrol: les chaines myristoyles fonctionnali- 
sees sur les positions C l l ,  12 et 13 reprtsentent 95 % du total des 
myristates marquks, et le cholestCro1 est principalemeni fonction- 
nalist sur la position C25 de la chaine. Ceci montre qu’il y a 
formation de bicouches tr2s ordonnkes et prouve directement que 
le cholesttrol s briente perpendiculairement au plan de la mem- 
brane, la chaine lattrale ttant positionnke au centre de la bi- 
couche. 


Y. Nakatani et al. 


can be considered as an inert solvent;[”] 3) ben- 
zophenones have a high quantum yield and 4,4‘- 
dimethoxybenzophenone has approximately the 
same reactivity as benzophenone in the hydrogen ab- 
straction of 2-pr0panol;~’ 21 4) benzophenones can be 
activated at 360 nm, which should avoid damage to 
proteins; 5)  they are stable under normal laboratory 
lighting conditions and they are also chemically 
stable. 


These desirable characteristics of benzophenones 
as photophores have been “rediscovered” and used 
especially to determine receptor-ligand binding 
sites.“31 Recently, phospholipidic probes carrying a 
benzophenone group at different positions on a fatty 
acyl chain have been employed for the analysis of the 
topography of bilayer~.r’~] A transmembrane probe 
bearing 3-trifluoromethyl-3-phenyl diazirine as a 
photophore has also been independently developed 
for the study of the topography of proteins in phos- 
pholipid b i l aye r~~’~]  (see structure 6 in Fig. 2). 


We present here some physicochemical properties 
of the probes 1 a and 1 b in lipid bilayers observed by 
UV, DSC (differential scanning calorimetry) and 
’H NMR methods. The results obtained permitted 
us to use the probe l a  further for photochemical 
studies in several vesicle systems that will also be 
described here. Finally, the tandem use of the probe 
1 a and cholesterol enabled us to achieve excellent 
regioselectivity of functionalization near the ends of 
lipid chains,[8b1 and of cholesterol at the expected 
specific site (C 25) on the side-chain. These studies 
are preliminary to work with membrane-bound 
proteins, which will be described later. 


Results and Discussion 


1. Physicochemical studies of the transmembrane phospholipidic 
probes 1 a and 1 b in mixed vesicles with DMPC (1,2-dimyristoyl- 
sn-glycero-3-phosphocholine): The membrane properties of the 
probes 1 a and 1 b have been studied to answer the following 
questions: 1) Do they form vesicles with normal phospho- 
lipids? 2) Are the probes incorporated quantitatively into the 
membrane? 3) Are the probes well miscible with the phospho- 
lipid? 4) How are the probes located and oriented in the bilay- 
er? 5 )  Does the presence of the probes influence the mobility of 
surrounding phospholipid chains? 


Incorporation ratio of the probe in DMPC vesicles: We reconsti- 
tuted vesicles with probe l a  in admixture with DMPC and 
checked their formation by observation with an optical micro- 
scope (see Experimental Procedure). Attempts to prepare vesi- 
cles from the dipolar lipid 1 a alone resulted in the formation of 
a turbid liquid and microprecipitates, though DSC studies sug- 
gested the presence of multilamellar structures. The extent (av- 
erage value per vesicle) of incorporation (“solubility”) of probe 
1 a in mixed vesicles with DMPC was measured by the methods 
described in the Experimental Procedure and expressed as s 
(mole % ratio), and r (equivalence YO ratio to take into account 
the fact that probe 1 a corresponds to two normal phospholipid 
molecules); r represents approximately the volume % ratio oc- 
cupied by the molecule l a  in the mixed vesicles with DMPC 
(Table 1). At lower concentrations of compound 1 a (s I 20), 
almost complete incorporation into the vesicles occurred. How- 
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Table 1. Incorporation ratio of the probe 1 a in DMPC vesicles prepared by sonica- 
tion. 


Initial C, ,  Incorporation ratio 
(mol %) s [a1 r [al 


2 2 4 
5 4 8 


10 9 17 
20 20 33 
50 38 [bl 55 [bl 


[a] s (mole% ratio) =lOOxC,,/(CD,,, + CIJ and r (equivalence% ratio) 
= 100 x 2ClS/(CDMp, + 2C,,), where C,. and C,,,, are the molar concentra- 
tions of the probe l a  and DMPC, respectively. [b] The value obtained from 
the first eluted fraction through Sepharose gel filtration of the crude vesicle prepa- 
ration. 


ever, when the molar% ratio of 1 a was increased to s = 50, total 
incorporation was not achieved. 


Kunitake and Okahata[16] reported that the lamellar struc- 
ture formed by the single-chain dipolar ammonium amphiphile 
2 can be transformed into a vesicular structure by adding a 
second component, either didodecyldimethylammonium bro- 
mide or cholesterol. It has also been found that vesicles formed 
on addition of phosphatidylcholines or cholesterol to an archae- 
bacterial di-bisphytanyltetraether 3 or a synthetic archaebacte- 
rial model compound 4.[", '*I In the present case, DMPC might 
play the same role in the DMPC/1 a system as that of the second 
components above, that is, a "space-filling" role permitting the 
curvature required for vesicle formation. 


Phases of rnultilameilar dispersions of DMPC and probe l a :  
Differential scanning calorimetry (DSC) data were obtained 
from calorimetric heating scans of the hydrated pure compo- 
nents (1 a and DMPC) and of mixtures of different molar frac- 
tion ratios (thermograms not shown here). A sharp thermal 
transition at 51 "C (AH =70 kJmol-') was observed for multi- 
lamellar dispersions of pure 1 a, and this can be identified as the 
main lipid bilayer transition (gel/liquid crystal phase transi- 
tion). Another sharp transition was found for DMPC at 24 "C 
(AH = 20 kJmol-I), as already known (T, = 23.9"C, AH 
= 22 kJmol-'t'91), that is, the phase transition temperature 
(T,) is higher for the transmembrane phosphocholine probe. 
Similar increased values of T, were observed for other synthetic 
bis-phosphocholines (4, T, = 61.5 "C, AH = 69 kJmol-';t'81 5, 
T, = 49"C, AH = 54 kJmol-',[20] to be compared with T, 
= 41.4 "C, AH = 36 kJmol-' for DPPC (1,2-dipalmitoyl-sn- 
glycero-3-phosphocholine), Fig. 2) .[I9] The thermograms of 
mixtures of DMPC and 1 a reveal two phase transitions: a sharp 
one occurring in the same temperature range as that of pure 
DMPC, and a broad transition between the T,'s of the two 
lipids; no thermal anomaly was detected at 51 "C (T, of probe 
1 a). When the proportion of 1 a to DMPC was increased, it was 
observed that the temperature at which the broad peak occurred 
became progressively higher and the relative proportion of tran- 
sition enthalpy of this broad peak increased. 


The phase diagram deduced for the DMPCjl a system from 
the calorimetric results is shown in Figure 3. The phase transi- 
tion of DMPC at about 24 "C remains sharp over most of the 
concentration, its intensity decreasing progressively with in- 
creasing content of the probe 1 a. Thus, the solidus line is indica- 
tive of monotectic phase behaviour, that is, of immiscibility in 
the gel phase. The other transition (liquidus line) occurs at tem- 
peratures increasing from 25 to 51 "C as the relative content of 
1 a in the mixture increases from 0 to 100 %. This implies com- 
plete miscibility of the two lipids in the liquid crystalline phase, 


30 . 


20 - 
I 


l:: 20 40 60 8 0  100 


Probe l a  (Mol %) 


Fig. 3 .  Phase diagram constructed from calorimetric transition curves for aqueous 
dispersions of DMPC/la. G: gel state, L: liquid crystalline state. 


in which the photochemical experiments in vesicles composed of 
DMPCjl a were performed. 


The miscibility properties of binary mixtures of phosphatidyl- 
cholines have been studied as a function of the difference in 
fatty acid chain length ( A  = difference in number of CH, 


A mixture of DMPC and DPPC ( A  = 2) has an 
almost ideal phase diagram curve. As the difference increases 
(A = 4 or 6), for example, DMPC/DSPC (1,2-distearoyl-sn- 
glycero-3-phosphocholine), DLPC (1,2-dilauroyl-sn-glycero-3- 
phosphocholine)/DSPC, the phase diagram diverges from the 
ideal curve (monotectic behaviour). The mixture of DMPC and 
probe 1 a showed monotectic behaviour similar to the case of A 
= 6. This suggests that the phase behaviour of the DMPC/la 
system is influenced by the "mismatch" between the myristoyl 
chains of DMPC and the transmembrane core diacid chain of 
the probe l a ,  though the other regions of the probe l a  are 
identical to DMPC. 


U Y  studies of the probe 1 a in mixed vesicles with DMPC: The 
variation of A,,, for three vesicle suspensions was measured as 
a function of temperature (Fig. 4). In agreement with the DSC 
analysis (Fig. 3 ) ,  we observed that with increasing amounts of 
probe 1 a, the phase transition zone shifted towards higher tem- 
peratures. The A,,, value above the phase transition (284 nm) 
was found to be slightly lower than that in organic solutions 
(300 nm in methanol, chloroform, 2-propanol, 1-decanol). A 
A,,, shift of 15 nm is observed below the phase transition as 
reported for other bilayer systems.[22* 231 


I 


0 10  20 30 4 0  5 0  


T ("C) 


Fig. 4. Variation of the absorption maximum with temperature for different pro- 
portions of incorporated 1 a. Vesicles were prepared from DMPC and probe 1 a in 
the following proportions: 4 mol%, 14mol% and A 38 mol%. 
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Study of the orientation ofprobe Z 6 in the DMPC bilayer by solid 
state ' H N M R :  In order to define the orientation of the probe 
in the membrane, the solid state 2H NMR spectrum was record- 
ed from an oriented multibilayer sample composed of DMPC 
(90 mol YO) and the dideuterated probe 1 b (10 mol%) according 
to a procedure described previously.[241 The 'H NMR spectrum 
of the multibilayer system oriented at 90" to the magnetic field 
shows two quadrupolar splittings: AvQA = 2.75 kHz (about 


90% intensity) and AvQB 7 
10.75 kHz (about 10% intensi- 
ty) (Fig. 5). 


The quadrupolar splitting 
Av was also measured for 
different orientations. The 
curves obtained for the func- 
tions AvQA(8)/AvQA(90") and 
AvQB(@)/AvQB(90") both follow 


kHz pendence nicely, leading to a 
~ i ~ .  5 ,  ~ H N M R  spectrum of 90" minimum when the normal to 
oriented multibilayers of DMPCI membrane surface is oriented 
10 mol% probe 1 b at 45 "C. near the magic angle (0 = 54"; 


8: orientation of the normal to 
the bilayer with respect to the magnetic field). This indicates 
that there are two different coexisting conformations for the 
probe 1 b, both with the axis of motional averaging perpendicu- 
lar to the membrane plane. Because of the internal flexibility 
and geometry of the benzophenone structure,[251 the assignment 
of these two splittings to two possible types of conformations 
for the probe in the bilayer was not easy; however, from the 
photolabelling results described below, the first splitting (A) was 
interpreted as corresponding to the transmembrane orientation 
of the probe 1 b, and the second one (B) to a U form, enabling 
the benzophenone photoactivable group to "explore" most of 
the width of the membrane. Additional support for this inter- 
pretation was obtained as follows. Knowing that the presence of 
33 mol YO of cholesterol in the DMPC/probe 1 a vesicles had 
remarkably increased the regioselectivity of the photolabelling 
on the myristoyl chains (see later in the photochemical studies), 
we measured the 2H NMR spectrum of an oriented multibilayer 
sample composed of DMPC/cholesterol/probe 1 b (at the molar 
ratio of 62:33:5) under the same conditions as cited above (0 
= 90", T = 45 "C). The quadrupolar splitting corresponding to 
AvQ, almost disappeared. This is consistent with the conclusion 
that almost all probe molecules orient in a transmembrane man- 
ner in the presence of 33 mol% of cholesterol. 
, Other groups have already studied the topographical orienta- 


tion of two-headed lipids in phosphatidylcholine vesicles by dif- 
ferent methods. Phospholipase hydrolysis suggested that the 
bis-phosphocholine 5 was organized in a U shape,["] and an- 
other study using NMR and electron microscopy suggested that 
the glycerol dialkyl glycerol tetraether 3 extracted from Sulfo- 
lobus solfataricus can be accepted into egg phosphocholine 
vesicles, provided the molecule bends and it is located on the 
outer layer." 71 Recently, a study using non-membrane-permeat- 
ing reagents showed that when the dipolar phospholipid 6 was 
incorporated into vesicles, only about 50 YO of the molecules 
were found to be in the desired transmembrane conformation, 
the other half being incorporated in a U form, 25 % in the inner 
and 25 % in the outer leaflets.[151 Therefore, there is an obvious 
limitation to the use of bipolar molecules. Our success in select- 
ing the transmembrane conformation is probably based on the 
introduction of a rigid group in the centre of the molecule as 
suggested in the and to the addition of cholesterol 
to the system. 


A VOB . * 


I I I a (3cos28 - 1)/2 angular de- 


A 
10 0 - 10 


Influence of the temperature on the line shapes of ' H N M R  spec- 
tra: 'H NMR spectra of the ordered bilayer system composed of 
probe 1 b (10 mol%) and DMPC (90 mol%) were measured at 
different temperatures (55, 45, 40, 35, 30, 25°C; spectra not 
shown here). Between 55 and 40 "C the spectra were character- 
istic of those of liquid crystalline phases, and both the intensity 
of the peaks and AvQ (AQA and AQB) were unchanged. At 35 "C, 
AvQ increased and the intensity of the peaks with respect to the 
intensity of the peak of D,O which was used as an internal 
reference diminished (about 90% of that at 55-40°C). This 
point is the beginning of the phase transition. At 30 "C, the peak 
intensity was reduced to about one-half its initial level, that is, 
the phases were composed of about 50 O h  of the liquid crystalline 
phase and about 50 % of the gel phase. At 25 "C, the peaks were 
invisible, which implies there was practically no liquid crys- 
talline phase. Using the standard optimum acquisition condi- 
tions for the observation of liquid crystalline phases (SW 
= 250 kHz, DW = 2 ps, recycle time = 52 ms) the liquid immo- 
bilized in the gel phase was not observed. These results agree 
well with those of the phase diagram study described above. 


The relaxation times ( t l )  were also measured by an inversion- 
quadrupolar echo sequence with the bilayer normal oriented at 
90" to the magnetic field following a procedure described previ- 
o u ~ l y ; [ ' ~ ~  the values of t ,  were 5.1 and 4.3 ms at 45 "C and 6.8 
and 5.0 ms at 55 "C for the populations A (transmembrane) and 
B (U-shape), respectively. The increase of t ,  values upon heat- 
ing, that is, upon reduction of the correlation time of the move- 
ment responsible for t ,  relaxation, indicates that we are on the 
rapid movement limit (oz, < 1, that is z, < 4 ns) for both confor- 
mations. 


Influence of the incorporatedprobe 1 a on the internal mobility of 
chains of DMPC in the bilayer : 'H NMR experiments were also 
performed with the unlabelled probe l a  inserted into 'H la- 
belled DMPC. The order parameters (Smo,) (angle 90", 40 "C) of 
oriented bilayers of pure 1-myristoy1-2-[D2,]myristoyl-sn-g1yc- 
ero-3-phosphocholine ([D,,]DMPC) and of [D,,]DMPC 
+ 10 mol% probe l a  were compared (Fig. 6). The peak assign- 


"'- I 


Order 
parameter 
(Smol) 


0.1 I 
3 4 5 6 7 8 9 1 0 1 1 1 2 1 3 1 4  


Carbon number (n) 


Fig. 6. Order parameter profiles for the [D,,]DMPC/probe l a  (10mol%) (0 )  or 
the pure [D,,]DMPC (A) system. The segment order parameter S,, was calculated 
from the spectra of the 90" oriented multibilayers at 40°C. 


ments of the spectra were obtained on the basis of the peak 
intensity and on the assumption that Smo, decreases monotoni- 
cally from position 3 to the terminal methyl group as in the case 
in pure DMPC bilayer~.~'~] 


The order parameter was found to differ by less than 8 % at 
each position of the sn-2 myristoyl chain in [D,,]DMPC, thus 
showing that, at 10 mol YO concentration, the probe causes very 
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little perturbation to the internal mobility of DMPC chains in 
the vesicles. It is important that a probe does not perturb the 
system to be analyzed, and we have generally used 5 mol% of 
the probe 1 a for the photolabelling experiments. 


Thus, we have demonstrated favourable physicochemical and 
topographical characteristics of the probes 1 a and 1 b for mem- 
brane studies, particularly in the presence of a large quantity of 
cholesterol, since only one conformation of the probe is then 
observed. 


2. Photochemical studies of the transmembrane photoactivable 
phospholipid prohe on reconstituted vesicles: The efficiency of 1 a 
as photolabelling probe must now be verified on three points: 
1) Does the probe react not only intramolecularly, but also with 
different surrounding molecular species in the reconstituted 
vesicle system, that is, do intermolecular reactions take place 
efficiently? 2) Does the probe attack the expected specific sites 
on the fatty acid chains, that is, near the middle of the bilayer? 
3) Does the probe functionalize the expected specific position 
(C 25) on the side-chain of cholesterol? Our photolabelling ex- 
periments were performed above the phase transition tempera- 
ture for 3.5 h in different systems which always contained 
5 mol% probe 1 a: POPC/1 a, DPPCjl a, DMPCjl a and DM- 
PCjl a (5 mol %)/cholesterol (10 mol Yo, 20 mol% or 
33 mol %). The photolabelled products were first analyzed by 
FAB MS after a transmethylation step, and further chemical 
degradation steps transformed the products into a series of n- 
0x0 fatty acid methyl esters, which were analyzed by GC/MS in 
order to identify the photolabelled positions on the fatty acid 
chains. The determination of the functionalized position of the 
photolabelled cholesterol was performed essentially by NMR. 


Intermolecular reaction: Our first aim was to demonstrate the 
intermolecular reaction between 1 a and another phospholipid 
component in vesicles such as POPC (1-palmitoyl-2-oleoyl-sn- 
glycero-3-phosphocholine) and DPPC. After UV irradiation of 
vesicles composed of DPPC (or POPC) and the probe 1 a, fol- 
lowed by transmethylation with MeONa and separation on a 
Sephadex LH-20 column, the cross-linked samples were ana- 
lyzed by FAB MS (Fig. 7). The expected molecular species were 
detected as [M +HI+ or [M + H - H,O] ' (products dehydrat- 
ed from the photolysed tertiary alcohols). 


Table 2. Selectivity of intermolecular and intramolecular reactions provoked by 
photolysis, estimated from the intensities of [M +HIf peak in the FAB mass 
spectrum. 


Vesicle Intermolecular reaction Intramolecular reaction 
system m/z  for [M +HI* Intensity mjz for [ M  +HIt Intensity 


DPPCjl a 863.5 (palmitoyl) 100 835.5 (myristoyl) 23 


POPC/la 889.5 (oleoyl) 100 835.5 (myristoyl) 11 
(100) [a1 (26) [a1 


863.5 (palmitoyl) 13 


Probe la Myristoyl chain DPPC. POPC or DMPC 


I Preparation of vesicles 


Vesicles 


. .. . . . . . . . 
t 


. _ _  .. ... . . 


Irradiation 1 
Intermolecular reaction 


Intramolecular reaction 


Fig. 7. Photochemistry of the transmembrane probe 1 a in vesicle systems 


[a] Values obtained by GC 


As expected,'*"] our probe 1 a can attack another lipid compo- 
nent in reconstituted vesicle systems (Table 2). In the DPPCjl a 
system, the intermolecular reaction between 1 a and the palmi- 
toy1 chain of DPPC was 4 times more frequently observed than 
the intramolecular reaction between the core diacid chain and 
the myristoyl chain on 1 a, by estimation from the peak intensi- 
ties. This indicates that the intermolecular and intramolecular 
reactions are almost equally efficient: the expected ratio is 5: 1, 
assuming that the transmembrane chain is surrounded by six 
fatty acid chains in a hexagonal manner, in which pure lipids can 
pack as in the L, phase.['*] This is easily explained in a compact 
system, where intra- and intermolecular reactions do not differ 
entropically even in the liquid crystalline state, and where the 
probe is largely diluted in the phospholipid matrix. This is a 
crucial result, since it is the intermolecular reaction which will be 
used for topographical analyses. 


In the POPCjl a system, the intermolecular reaction between 
l a  and the oleoyl chain of POPC is 8-9 times more efficient 
than the intermolecular reaction between 1 a and the palmitoyl 
chain on POPC or than the intramolecular reaction (Table 2), 
while the pa1mitate:oleate:myristate chain ratio 2.5:2.5: 1 was 
estimated for a compact hexagonal arrangement. In the previ- 
ous work of Khorana's group, the photolabelling ratio for 
palmitates at position 1 :position 2 of glycerol in DPPC was 
shown to be 65: 35,L6"1 and the other cross-linking experiments 
showed the formation of a covalent bond between the carbene- 
generating phospholipid probe and DOPC (1,2-dioleoyl-m- 
glycero-3-phosphocholine) to be twice as efficient as that be- 
tween the mobe and DPPC. while no significant Dreference was 
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observed betweed cross-linking to DMPC and DPPC. 
These results suggest that this preference is based on 
the preferential reaction of the electrophilic carbene 
with or near double bonds.[291 Given that radical for- 
mation is favoured in allylic positions, the photo- 
chemical priority of the fatty acid at the 2 position 
(oleate) in our work also appears to be caused by the 
double bond lying in the middle of the oleate chains, 
and permitted by the disorder prevailing in the ab- 
sence of cholesterol. However, we have not studied 
the structure of the products, nor have we checked 
that the incorporation of cholesterol does reduce the 
impact of the oleoyl double bond. 


For the DMPCjl a vesicles, the yield of the cross- 
linked products (the sum of the intra- and intermolec- 
ular couplings) was as high as 60-64% (based on the 
probe l a ) .  Somewhat lower yields (35-40%) were 
also reported by Lala and K ~ m a r [ ' ~ ~ l  in their 
photolabelling experiments on DMPC employing 
benzophenone-based phospholipids. These yields 
are better by far than those obtained from hydropho- 
bic photolabelling with carbene or nitrene precur- 
sors.['] 
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Regioselectivity in systems without cholesterol: Next, the regio- 
selectivity of the photochemistry in fatty acid chains was ana- 
lyzed according to the procedure described by Breslow et a1.[6b,c1 
(Fig. 8). Chemical degradation (dehydration, oxidative cleav- 
age and diazomethane treatment) of the cross-linked acid 
methyl esters, which were separated by LH-20 chromatography 
(vide supra), led to a series of n-0x0-fatty acid methyl esters, a 
small quantity of dimethyl tetradecanedioate and the parent 
benzophenone-bearing diacid dimethyl ester. 


Photolahelled methyl 1 
Vesicles 


myristates 1 
FAB - MS 
NMR 1) I~IAcOH 


2) RuCI3/NaIO4 


could be explained by the “mismatch” between the length of the 
hydrophobic part of the probe l a  and the bilayer width of 
DPPC.[21cl When we compared the cross-linking on the myris- 
toy1 chains in the DPPCjl a system with that in the DMPC/l a 
system, no difference in the regioselectivity was observed. 


In the literature, a disordered distribution was observed for 
the cross-linked positions using another probe that has two 
polar head groups and two benzophenone groups in the didode- 
cyl phosphate system.16b1 Recently, in other photolabelling ex- 


periments on DMPC vesicles using phospholipidic 
probes, each of which carries a benzophenone at a dif- 
ferent position, a wide range of carbon atoms were 
functionalized on the myristoyl chains, centred around 
the expected position.[’4b1 Although these systems are 
not the same, the regioselectivity for the photolabelling 
is much higher in the DMPC/la system than in these 
earlier cases, justifying the concept of a transmembrane 
probe. It is, however, still much too low to be of use in 
structural studies. 


Core diacid dimethyl ester Methyl n-oxomyristates 
( n = 4 , 5 ,  - - -Jl ,  12, 13 ) 


I 
GC I MS 


Fig. 8. Scheme of chemical degradations of the photolabelled methyl myristates. 


In the DMPC/1 a system, the major product was methyl 13- 
oxomyristate (1 3-ox0 MM) (33 YO yield of functionalization), 
and the yield of photolabelling decreased gradually as the car- 
bon number on MM (methyl myristate) became lower. The sum 
of 11-, 12- and 13-0x0 MMs exceeded half of the total isomers, 
which is in agreement with the probe 1 a being predominantly 
incorporated in a transmembrane conformation. However, 5- 
and even 4-0x0 MMs were also obtained in 4 % yield together. 
This might be due to the presence (10%) of the U-shaped con- 
formations of l a  in addition to the extensive disorder of the 
lipid chains. Two different methods of preparation of the 
DMPC/l a system, purified by centrifugation or by filtration 
through polycarbonate filters, led to no difference in regioselec- 
tivity. 


In the DPPCjl a system, the methyl palmitates (MPs) func- 
tionalized on the methylene groups situated near the middle of 
the bilayer (w - 1 to w - 3-ox0 MPs) were less abundant than 
those observed in the DMPC/l a system or in the intramolecular 
reaction in the DPPCjl a system (Table 3). As the probe 1 a was 
designed to fit the width of the DMPC bilayer, the above result 


Table 3. Distribution of functionalized carbons on the myristoyl and palmitoyl 
chains after photolysis (ME = fatty acid methyl ester). 


Vesicle system 4- and (w - 3)- (a - 2)- (w -1)- 
5-0x0-MEs 0x0-ME 0x0-ME 0x0-ME 
(%) (%) (%) 


DMPCjl a (MMs) 4 11 13 33 
DPPC/l a (MMs, intra) [a] S 8 15 33 
DPPCjl a (MPs, inter) [a] 9 6 10 2s 


[a] The intramolecular reaction in the DPPCjl a system affords functionalized 
methyl myristates (MMs, intra), while the intermolecular reaction in the same 
system affords functionalized methyl palmitates (MPs, inter). 


The effect of cholesterol: To improve the selectivity of 
lipid chain cross-linking, we studied the effect of added 
cholesterol. As summarized in the literature:[’, 
1) cholesterol is a ubiquitous membrane reinforcer in 
eucaryotes, and its content in cellular membranes can 
reach a phospho1ipid:cholesterol ratio of 1 : 1 ;  2) the 
ordering effect of cholesterol on membrane lipids in the 
liquid crystalline state ( T >  T,) is demonstrated by a 
reduction in molecular area (monolayers) , reduced per- 
meability (vesicles) and reduced mobility of the fatty 
acid chains (NMR and ESR); 3) it has been suggested 
that cholesterol is oriented perpendicular to the mem- 


brane surface with its hydroxyl group in the aqueous phase and 
that there are noncovalent attractive interactions between 
cholesterol and phospholipids leading to 1 : 1 and/or 1 :2 com- 
plexes. 


The effect of cholesterol was studied in DMPC/la systems 
that contained this additive in different proportions (Fig. 9). 
When 10 mol YO cholesterol was added, the regioselectivity for 
the distal end of myristoyl chains increased significantly in com- 
parison with the system without cholesterol; for example, the 
yield of 13-0x0 MM rose from 33% to 42%. When 20 mol% 
cholesterol was added, the yield of 13-0x0 MM increased to 
more than 60 YO, and 11 - 13-OX0 MM dominated at 85 YO of all 
isomers. Finally, when 33 mol YO cholesterol was added, the 
yield of 13-ox0 MM reached 70 %, and 11 - 13-0x0 MM domi- 


4 5 6 7 8 9 10  11 12 13  1 4  


Fig. 9. Distribution of functionalized positions: percentage attack at each position 
of the myristoyl chain, for example, n = I  (carboxyl); n = I 4  (C 14, position w). a: 
In the absence of cholesterol; 0: with 10 mol% cholesterol; A: with 20 mol% 
cholesterol: e: with 33 mol% cholesterol. 


n 
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nated almost completely (95 %); the appearance of 4-8-0x0 
MM was completely repressed. This result was confirmed fur- 
ther by the analysis of the dehydration products of the photola- 
belled methyl myristate fraction obtained in the photolysis of 
the DMPC/cholesterol/probe 1 a system (molar ratio: 75: 20:5). 
The mass spectrum of the dehydrated compounds shows, be- 
sides the characteristic peaks of m/z 775 (M' - CO,CH,) and 
595 (the core diacid diester fragment with a transferred 1 H), a 
series of important peaks (mjz: 621,635,649,663,677,691,705, 
719, 733, 747, 761) which correspond to allylic fission for com- 
pounds functionalized at C14, 13, 12, 11, 10, 9, 8, 7, 6, 5 and 4 
on the myristoyl chain, respectively. Among them, by far the 
strongest peak occurs at an m/z value of 635; the second is at 
649, and the intensity decreases towards the lower positions. 
This shows that the (w - 1) position has been principally at- 
tacked, followed by attack at (w - 2), and other positions have 
been functionalized less frequently. This result is in good agree- 
ment with the analytical results described above for the final 
chemical degradation compounds using GC/MS. 


Only a small amount of dimethyl tetradecanedioate (see 
Fig. 9)wasdetected:0.5% (withoutcholesterol), 3 YO (10mol% 
of cholesterol), 1% (20mol%) and 2 %  (33 mol%), even 
though the w-methyl group should lie nearest to the photoactive 
group. This was expected because attack on the methyl group 
leads to a primary radical, an unlikely process. 


The excellent regioselectivity thus achieved could be ex- 
plained by the following known facts : 1) the existence of a 1 : 2 
cholesterol/phospholipid association at 33 mol YO cholesterol 
content has been proposed,[281 in which the associated phospho- 
lipids can pack in a quasi-hexagonal manner as in their pure gel 
state, and cholesterol molecules have phospholipids for all their 
nearest neighbours; 2) 'HNMR studies in the DMPC/ 
30 mol YO cholesterol system showed that the cholesterol mole- 
cule can be considered as an almost rigid cylinder and that not 
only the cholesterol nucleus and the methylene units of the fatty 
acid chain (from C 3  to C l l )  are well ordered, but also the 
methylene units of the cholesterol side-chain and those at C 12 
and C 13 of the fatty acid are fairly rigid.["] At 20 mol% choles- 
terol content, the regioselectivity decreased slightly in compari- 
son with 33 mol%. At 10 mol%, the regioselectivity was greatly 
decreased. This result suggests that free phospholipids, which 
are not influenced by cholesterol, exist predominantly in the 
latter case, while the cholesterol-rich domains contribute to the 
overall increase in regioselectivity.[281 


Determination of the photolabelled positions on cholesterol: The 
functionalized cholesterol was partially purified by HPLC from 
the fraction of cross-linked products (photolabelled methyl 
myristates (MM*) +photolabelled cholesterol (Ch*)), which 
had been isolated on a LH-20 column after transmethylation of 
the photolabelled products from the DMPCjl a/33 mol% 
cholesterol system. A ratio of about 2:l for MM*:Ch* was 
estimated by comparing their peak areas in HPLC. The struc- 
tural analysis of the labelled cholesterols was performed directly 
using FAB MS and NMR spectroscopy. In the mass spectra, 
some important peaks (mjz: 979.6 [M + H  - H,O]+; 611.3 
[M - Ch(cholestery1 moiety)]' (base peak); 595.3 [M 
+ H  - H,O - Ch]'; 319.2 [CH,O,C(CH,),,C,H,CO]+) were 
observed. This shows clearly that cholesterol is cross-linked with 
the probe 1 a (Fig. 10). 


For the determination of the functionalized position(s) on 
cholesterol, the assignment of the 500 MHz 'H NMR spectrum 
of the photolabelled cholesterol was achieved by means of HM- 
BC, HMQC, NOESY and 'H-'H COSY experiments and 
comparison with cholesterol.[311 The methyl proton signals ob- 


,mlz611 I 


6 


0 


Fig. 10. Structure of the functionalized cholesterol and mass fragmentation for the 
base peak. 


served at about 6 = 0.80 as two doublets for C26 and C27 in 
cholesterol were shifted about 0.24 ppm downfield and were 
observed as two singlets (Table 4). A NOE was observed be- 


Table 4. NMR data for the functionalized cholesterol (C3, C5, five methyl groups 
on cholesterol and the attached probe). 


Position 'T 'H Comments 


3 CH 
6CH 
18CH3 
19CH, 
21 CH, 
26CH, 
27CH, 
28 C 
1'C 
2'CH, 
3'CH. 
4 C  
11" CH, 
1 0  CH, 
9 CH, 
4 C H ,  
3"CH, 
2"CH, 
1 " co 
CH,O 


71.5 


12.0 
19.5 
19.0 
24.0 
24.0 
83.0 


121 


138 
1 29 
113 
151 
67.5 
29.5 
26.2 
29.3 
25.2 
33.9 


50.8 
175 


3.47(m) [3.45(m)] [a] 
5.29(d) [5.27(d)] 
0.60(s) [0.61(s)] 
0.95(s) [0.94(s)] 
0.84(d) [O.S5(d)] 
1.04(s) [0.79(d)] 
1.04(s) [0.80(d)] 


1.32 
6.72 


3.86 
1.75 
1.42 
1.29 
1.60 
2.24 


3.61 


HMQC 
HMQC 
HMQC 
HMQC 
HMQC 
HMQC, NOESY(with TCH,) 
HMQC, NOESY(with TCH,) 
HMBC (with CH, 26,27) 
HMBC (with 3'CHJ 
HMBC, NOESY, COSY 
NOESY (with II"CH,), COSY 
HMBC (with YCH,) 
HMQC, NOESY 
HMQC, NOESY, COSY 
HMQC, NOESY, COSY 
HMBC, NOESY, COSY 
HMBC, NOESY, COSY 
HMQC, NOESY, COSY 
HMBC (with 2 C H ,  and CH,O) 
HMQC 


[a] 'H NMR data for cholesterol in square brackets. 


tween the methyl protons (C 26 and C27) and HA (C2') protons 
on the benzene ring. This indicates that the C25 on the side- 
chain of cholesterol was functionalized and the benzene ring is 
located in the vicinity of the above two methyl groups. Further- 
more, the HMBC spectrum clearly indicates cross-peaks be- 
tween the two methyl proton signals (C26, C27) and the car- 
bons (C 25, C 26/C 27, C 24, C 28). The assignment for the signal 
at about 6 = 83 to C28 was deduced from the presence of a 
cross-peak between the HA (C 2') proton signal on the benzene 
ring and the carbon at C 28 (Table 5 ) .  From the viewpoint of 
reactivity (but not of localization) the C 20 tertiary position 
would also be a possible one for photolabelling. In the 'H NMR 


Table 5.  NMR chemical shifts of methyl or benzene protons and connective car- 
bons of the labelled cholesterol. 


CH3 or CHb,",,", Connective carbons 
'H "C 'T-C-H, "C-C-C-H, or W-C=C-H, 


0.60 12.0 (CIS) 42.2 (C 13) 39.9 (C 12), 56.1 (C 17), 57.0 (C 14) 
0.84 19.0 (C21) 36.2 (C20) 56.1 (C17), 37.0 (C22) 
0.95 19.5 (C19) 37.5 (C 10) 38.3 (C I), 50.2 (C9), 141 (C5) 
1.04 24.0 (C26, 27) 42.0 (C25) 24.0 (C26, 27), 38.2 (C24), 83.0 (C28) 
7.37 129fCT) 83.0 (C 28) 
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spectrum, two methyl proton peaks were observed at 6 = 1.09 
and 1.10 as singlets with intensities of less than 10% compared 
with those of the methyl protons at C26 and C27. The former 
signals could be due to the diastereomeric methyl protons at 
C21, which might shift downfield about 0.3 ppm as the conse- 
quence of the functionalization at C 20. However, an unambigu- 
ous assignment of these peaks was not possible, and we have 
observed only one A2B2 system in the region of benzene pro- 
tons, which was assigned as the protons on the benzene rings of 
the C 25 functionalized cholesterol (Table 4). 


Thus, we can conclude that the C25 position is principally 
functionalized by irradiation of the DMPC/1 a/33 mol YO 
cholesterol vesicles. From simulation and experimental data, 
the radius of the reactive sphere for a benzophenone is estimated 
to be 3.1 A, centred at the ketone oxygen.[321 Taking this as- 
sumption into account, our photochemical results indicate that 
cholesterol is oriented perpendicular to the membrane plane, 
with the side-chain end located near the middle of the bilayer 
and the photoactivable group of the probe 1 a in the most cen- 
tred portion in a highly ordered lipid bilayer structure (Fig. 11). 


-- 
Fig. 11. Schematic presentation of an ordered bilayer system comprised of a phos- 
pholipid (a), cholesterol (b) and the transmembrane probe l a  (c). 


Since the work of Breslow’s group in the 1970s the intramolec- 
ular “remote” functionalization of unactivated C -H bonds in 
sterols has been developed.r’Obl However, only one example is 
known for an intermolecular functionalization : Groves and 
Ne~rnann[~ l  reported a catalytic C 25 regioselective hydroxyla- 
tion of cholesterol in ca. 2% yield in a biomimetic system of 
cytochrome P-450, that is, in vesicles using membrane-spanning 
steroidal metalloporphyrins and oxygen. We have shown here 
that, in the presence of cholesterol, our novel transmembrane 
phospholipidic probe 1 a gave excellent regioselectivity both with 
lipid chains and with cholesterol in photolabelling within lipid 
membranes. Studies to define the topography of some mem- 
brane-bound proteins are currently under way using this 
method. 


Experimental Procedure 


Materials: DMPC and DPPC were obtained from Sigma, POPC from Avanti Polar 
Lipids; their purity was checked by TLC before use and they were used without 
further purification. Perdeuterated DMPC ([D,,]DMPC) was prepared as de- 
scribed [24 b]. Cholesterol was purchased from Aldrich and recrystallized from 
ethanol before use. The probes 1 a and 1 b were synthesized as reported previously 
[Sc]. 2-Propanol and MeOH were distilled over Mg, AcOH over P,O, and THF 
over Na. Other chemicals: RuCl,~xH,O (Janssen), NaIO, (Fluka), 25 wt.% Me- 
ONa solution in MeOH (Aldrich), tetradecanedioic acid (EGA), 1 l-bromounde- 
canoic acid (Aldrich). Tetradecanedioic acid and 11-bromoundecanoic acid were 
esterified with diazomethane to give dimethyl tetradecanedioate and methyl 1 i-bro- 
moundecanoate, respectively. Methyl 13-oxotetradecanoate was prepared by the 
condensation of ethyl malonate with methyl 11-bromoundecanoate, followed by 
hydrolysis and decarboxylation. 1,l-Diphenyl-1-tetradecanol was prepared by the 
condensation of methyl myristate with phenyl magnesium bromide. 


Analyses: NMR spectra were recorded on Bruker ARX (500 MHz) or AM 
(400 MHz) equipment withTMS (6 = 0) and CHCl, (6 = 7.26) as internal standards 
for ‘HNMR and ”CDCI, (6 =77.02) as internal standard for NMR. The 
chemical shifts are reported in ppm downfield from TMS. Mass spectra were mea- 
sured on a VG Analytical ZAB-HF double-focusing mass spectrometer in the FAB 
mode or on a LKB 9000 S apparatus in the GC/MS mode. UV spectra were 
recorded on a Uvikon 820 Kontron spectrophotometer. Purifications were per- 
formed on silica gel (40-63 pm, Merck), Bio-Sil A (200-400 mesh, Bio-Rad) 
columns by medium pressure chromatography, on a Sephadex LH-20 (Phar- 
macia) column, or on a silica gel column by HPLC (Waters 486). TLC was 
carried out on precoated plates of silica gel 60F 254 (Merck), dipped in a solution 
of vanillin (1 g) in EtOH/H,SO, (95/5,1 L) and heated on a hot plate to reveal the 
compounds. 


Observation of vesicular structures by optical microscopy: Differential interference 
contrast (DIC) images of the vesicular structures were taken with an inverted micro- 
scope (Axiovert 135, 63 x/1.40 Plan-Apochromat Oil DIC objective, Carl Zeiss) 
connected to a charge coupled device (CCD) camera (C 2400-75 i, Hamamatsu Pho- 
tonics), image processor (Argus-20, Hamamatsu Photonics), S-VHS video recorder 
(SVO-9500MDP. Sony) and video monitor (PVM 1443, Sony). A phospholipid 
sample (1.0 mg) was dissolved in 350 pL of a 2: 1 mixture of ch1oroform:methanol. 
An aliquot (1.5 pL) of the solution was dropped onto a microscope slide and al- 
lowed to dry for 10 min, after which the lamellar solid remaining on the slide was 
brought into focus and was hydrated with 1.5 pL of a phosphate buffer (pH 7.3) at 
23 “C. Vesicles were observed to grow from the edges of the solid. Alternatively, a 
suspension of a phospholipid sample prepared by sonication (5 min above T,, in a 
bath sonicator, Sonorex RK IOOH, Bandelin, Berlin) was dropped on a slide and 
observed. The image of vesicular structures with diameters (d) larger than 0.5 pm 
can be observed by this technique. For example, we confirmed that the mixture of 
the probe 1 a and DMPC (92:s w/w) forms vesicles (photographs not shown here), 
but vesicular formation (d> 0.5 pm) could not be observed from l a  alone in the two 
types of preparation. 


Preparation of the vesicles: 
For the incorporation or UVstudy of the probe l a  in the mixed vesicles with DMPC: 
The sonication method was used to prepare small unilamellar vesicles (SUV) [33]. 
Appropriate aliquots of stock solutions of DMPC (chloroform) and compound l a  
(chloroform/methanol/water, 4: 5: 1 v/v/v) were mixed and the solvents were evapo- 
rated to dryness in vacuo. To this film of mixed lipids (approximately 10 mg) was 
added 10 mL of buffer (10 mM Tris-HCI, 1 mM EDTANa,, 5 mM NaN,, “Ultra- 
pure” water from Millipore). This suspension was sonicated under argon for 90 min 
with a Branson Sonifier B-30 (power setting 5). The vesicle preparation was filtered 
through polycarbonate filters (Nucleopore, Pleasanton, 0.8, 0.4 and 0.2 pm). The 
resulting suspension was concentrated to 2 mL in an ultrafiltration cell (Amicon 
stirred cell). Alternatively, gel filtration of the suspension at 4 “C on a Sepharose 
4BCL column (Pharmacia) previously saturated with a fraction of the same solution 
gave vesicle fractions. Both of these purification procedures eliminate external ag- 
gregates. The filtered vesicles (0.7 mgmL- ’) were submitted to light-scattering spec- 
trometry at 25 “C on a Coulter N 4  MD sub-micron particle analyzer (scattering 
angle 90”) to measure the vesicles. It was found that 97% of the vesicles had 
diameters in the range 78-400 nm (160 nm on average). The concentrations of 
DMPC and compound 1 a in the vesicles were measured by phosphorus determina- 
tion [34] and by ultraviolet spectroscopy, respectively, after destruction of the vesi- 
cles and extraction with chloroform/methanol (1: 1 v/v). The two values s (mole% 
ratio) and r (equivalence% ratio) were calculated according to the relations 
s =lo0 x C,./(CDMK + CIS) and r =l0Ox2C,./(CD,, + 2C,,), where C , ,  and 
C,,,, are the molar concentrations of the probe 1 a and DMPC, respectively. For 
the measurement of UV spectra the sample was kept at the desired temperature 
(within kO.1 “C) for 30 min for equilibration. A series of spectra at several temper- 
atures were taken in heating runs. 


For the phorolabelling experiments: The lipids and cholesterol were weighed as 
follows: sample 1 : POPC (51.2 mg, 0.067 mmol)/la (5.3 mg, 0.0035 mmol); sam- 
ple 2: DPPC (95.6 mg, 0.13 mmol)/la (10 mg, 0.068 mmol); sample 3: DMPC 
(100 mg, 0.15 mmol)/la (11.4 mg, 0.0077 mmol); sample 4: DMPC (104 mg, 
0.15 mmol)/l a (12 mg, 0.0081 mmol); sample 5: DMPC (90.9 mg, 0.13 mmol)/la 
(11.8 mg, 0.0080 mmol)/cholesterol (6.1 mg, 0.016 mmol); sample 6: DMPC 
(69.3 mg, 0.10 mmol)/la (10.1 mg, 0.0068 mmol)/cholesterol (10.5 mg, 
0.027 mmol); sample 7: DMPC (54.8 mg, 0.079 mmol)/la (9.4 mg, 0.0064 mmol)/ 
cholesterol (16.2 mg, 0.042 mmol). The lipids were dissolved in CHCI, (POPC/l a, 
DPPC/l a) or the solution of 1 a in CHCIJMeOH (I : 1) was added to the solution 
of DMPC and cholesterol in CHCl,. After eliminating the solvents by evaporation 
in vacuo and then hydrating with “Ultrapure” water (50 mL), the mixture was 
sonicated with a Branson Sonifier B-30 at power level 6-7 in the pulse mode under 
argon for 40 min; light was excluded with aluminium foil. The crude vesicle prepa- 
ration was purified by centrifugation (3000 rpm x 5 min) for POPCjl a (sample l ) ,  
DPPCjl a (sample 2). DMPCjl a (sample 3), DMPCjl a/10 mol% cholesterol 
(sample 5) ,  or with polycarbonate filters from Nucleopore (0.8 pm x 2, then 
0.4 pm x 2) for DMPC/la (sample 4), DMPC/la/20 mol% cholesterol (sample 6) 
and DMPCjl a/33 mol% cholesterol (sample 7) to exclude the metal particles as 
well as multilamellar vesicles. 
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Differential scanning calorimetry (DSC)  : Lipid mixtures were prepared by dissolv- 
ing the pre-weighed components in a small volume of CHCI, and removing the 
solvent first in an argon stream, then in vacuo. 100 pL of "Ultrapure" water was 
added and the lipids were heated at 60 "C for 1 h. After agitating on a vortex mixer, 
the suspensions were incubated overnight at 37 "C. Approximately 60 pL of the 
mixture was sealed in an inox vial and weighed. All calorimetric scans were per- 
formed using the Perkin-Elmer DSC-2B calorimeter, usually at 1.0 Kmin-' (heat- 
ing). With pure DMPC, a concentration of 100 mgmL-' was used, with pure probe 
1 a a concentration of 116 mgmL-' and with mixtures of lipids, concentrations of 
60-300 mgmL-'. 


' H N M R  experiments: Preparation of the plates: the plates (cover glasses) were 
washed in 100% nitric acid for 24 h. They were rinsed 5 times with distilled water, 
twice with technical acetone and 3 times with pure acetone. They were dried over 
12 h at 100°C. The samples were dissolved in 2-propanol as follows: 1) the 
dideuterated probe 1 b (21.8 mg, 0.015 mmol, 10 mol%)/DMPC 89.8 mg 
(0.13 mmol, 90 mol%); 2) probe 1 b (12.0 mg, 0.008 mmol, 5 mol%)/DMPC 
(104.1 mg, 0.154mmol, 95 mol%); 3) probe l b  (12.0mg, 0.008 mmol, 5mol%)/ 
DMPC (67.9 mg, 0.100 mmol, 62 mol%)/cholesterol (20.6 mg, 0.050 mmol, 
33 mol%); 4) the non-deuterated probe l a  (1.3 mg, 0.88 nmol, 10 mol%)/ 
[D,,]DMPC (5.6 mg, 8.0 nmol, 90 mol%). The organic solution was applied drop- 
wise onto clean microscope cover glasses (30-50 plates, 20 x (6-9) x 0.15 mm) and 
dried under vacuum overnight. The plates were stacked in a 25 x 10 mm NMR tube. 
The lipids were hydrated by adding about 50 pL of deuterium-depleted water 
(Janssen), sealing, and letting the stacked plates stand undisturbed. The 'H NMR 
experiments were performed with a Bruker MSK 300 spectrometer as described [24]. 
The observed quadrupolar splitting of a C-D bond with axially symmetric motion 
is given by : 


AuQ = 3/,(e2qQ/h)S,_D[(3cosz8 - 1)/2] 


where ezqQ/h is the static quadrupolar coupling constant (168 kHz for an aliphatic 
C-D bond), Sc.D the C-D bond order parameter and 8 the angle between the 
symmetry axis for motion and the magnetic field direction (0 = 90" in the present 
experiments). A segmental order parameter S,,, can be assigned to each labelled 
position and is expressed as S,,, = - 2Sc-, for the methylene groups and 
S,,, = - 6 s  C-D for the terminal methyl group [27a,35]. 


Photolysis: The vesicle preparation was placed in a photolysis vessel and the volume 
was adjusted to 80 mL with "Ultrapure" water. Photolysis with a 125 W medium- 
pressure mercury lamp (Philips, HPK 125 W) was performed in a quartz well above 
T, (at 37 "C for the POPCjl a, DMPCjl a and DMPCjl a/cholesterol systems and 
at 50 "C for the DPPCjl a system) under argon until disappearance of the benzophe- 
none (UV, A,,, = 290 nm). The time required was over 3.5 h for all the systems. The 
reaction mixture was lyophilized. 


Transmethylation and chemical degradation of the photolabelled products: The 
residue after lyophilization was dried by azeotropic evaporation with 2-propanol 
(10 mL x 3), then in vacuo and taken up in 0.1 N sodium methoxide (44 mL). After 
stirring under argon overnight at room temperature, the mixtures were acidified 
with 10 mL of 1 N HCI [DPPC/l a. DMPCjl a and DMPCjl aj10 mol% cholesterol] 
neutralized with 4.4 mL of 1 N HCI at 0 "C [POPCjl a, DMPCjl a, DMPC/l a/20 
and 33 mol% cholesterol]. After evaporation at RT, the residue was dissolved in 
CH,CI, (15 mL) and washed with NaCI-saturated H,O (10 mL), and the aqueous 
phase was re-extracted with CH,CI, [lo mL x 3). The combined organic phase was 
washed with NaCI-saturated H,O (10 mL x 3). Evaporation and drying with 2- 
propanol afforded an oily mixture. Photolabelled products (tertiary alcohols) were 
sometimes dehydrated by acidification with an excess of 1 N HCI. The oily mixture 
from the transmethylation step was dissolved in 1 mL of CHCI,/MeOH (1 : I )  and 
passed over a Sephadex LH-20 column (1 cm 6 x 38 cm) with CHCIJMeOH (1 : 1) 
as eluent. Both photolabelled fatty acid methyl esters and photolabelled cholesterols 
were eluted in higher molecular weight (MW) fractions; nonlabelled products 
were eluted in lower MW fractions (followed by TLC). Collection and evapora- 
tion of the higher MW fractions afforded a mixture of photolabelled products as 
follows: POPCjla (sample 1): 1.5 mg (from l a :  5.1 mg); DPPC/la (sample 2): 
2.7mg (from l a :  10.0mg); DMPC/la (sample3): 4.1 mg (from l a :  11.4mg). 
64% (overallyieldbasedonla);DMPC/la(sample4):4.1 mg(from1a: 11.8mg), 
60% (overall yield based on l a ) ;  DMPC/la/10 mol% cholesterol (sample 5): 
3.2 mg (from l a :  11.8 mg); DMPC/la/20 mol% cholesterol (sample 6): 3.7 mg 
(from l a :  11.8 mg); DMPC/la/33 mol% cholesterol (sample 7): 2.1 mg (from l a :  
9.4 mg) . 


In order to separate photolabelled methyl myristates (MM*) and photolabelled 
cholesterols (Ch') in the DMPC/la/20 mol% or 30 mol% cholesterol systems, 
HPLC separation was performed at  RT  on a silica gel column (Zorbax-2-215, 
4.6 mm i.d. x 250 mm, S .  F. C. C.) using hexane/ether (1.5: 1) as eluent. Other stan- 
dard operating conditions: peak detection: UV spectrophotometer at 210 nm; elu- 
tion rate: I.OmLmin-'. Retention time: MM* 5.0-9.3min and Ch* 10.5- 
13.6 min. The ratio of the peak intensities for MM*:Ch* was about 2: 1 for both 
systems. The Ch* peak was collected in two fractions: the ratio of the peak intensi- 
ties for the first eluted fraction (10.5-11.3 min) and the second (11.3-13.6 min) is 


about 1 :2 for the DMPCjl a/20 mol% cholesterol system and 3:7 for the DMPC/ 
1 aj30 mol% cholesterol system. For the photolabelled cholesterol fractions thus 
obtained, 'H NMR spectra showed: sample 6, DMPCjl a/20 mol%: first fraction, 
three A,B, systems in the region of benzene protons, therefore a mixture ofdifferent 
Ch*; second fraction, principally (> 80%) C25 photolabelled cholesterol; sam- 
ple 7, DMPCjl a/30 mol% cholesterol: first fraction, principally (about 80%) C 25 
photolabelled cholesterol; second fraction, principally (> 90%) C 25 photolabelled 
cholesterol (see Results and Discussion). FAB MS data (I = 4.6-9.2 V): Sample 1, 
POPC/la:m/z:889.5([M1 + H -  H20]',77),863.5([M, + H - H,0]',6),835.5 
( [ M ,  + H - H,O]+, 3), 611.3 ( [ M -  fatty acid moiety]', IOO), 595.3 
( [M + H - H,O - fatty acid moiety]', 25). MI = photolabelled methyl oleate 
(MO*), M ,  = photolabelled methyl palmitate (MP'), M ,  = photolabelled methyl 
myristate (MM*). Sample 2, DPPC/la:  m / z :  863.6 [MI + HI', 74), 862.6 ([MI]+, 
IOO), 835.5 ( [ M ,  + HI', 15), 834.5 ([MJ', 23), 595.4 ( [ M  + H - fatty acid moi- 
ety]', 45). M ,  = dehydrated MP', M ,  = dehydrated MM*. Sample 5, DMPC/la/  
10 mol% cholesterol (without HPLC separation): m/z:  979.5 ( [ M ,  + H - H,O]+, 


([M, - H,O]+, 100), 595.3 ([MI + H - cholesteryl moiety]' and/or [ M ,  + 
H - myristoyl moiety]+, 40), M ,  = dehydrated photolabelled cholesterol (Ch*), 
M ,  = dehydrated MM*. Sample 6, DMPCjl a/20 mol% cholesterol (after HPLC 
separation): photolabelled methyl myristate (MM*): mjz: 835.6 ( [ M  + 
H - H,O]+, 98), 611.4 ( [ M  - myristoyl moiety]', IOO), 595.4 ( [M + H - 
H,O - myristoyl moiety]', 12); photolabelled cholesterol (first fraction): 
mjr: 979.6 ( [M + H - H,O]', 9), 637.4 (65), 611.4 ( [ M  - cholesteryl moiety]', 
100). 595.3 ( [ M  + H - H,O - cholesteryl moiety]', 28) 319.1 ([CH,O,C- 
(CH,),,C,H,CO]f, 68); photolabelled cholesterol (second fraction): mjz: 979.6 
( [ M  + H - H,O]', 20), 700.4 (28), 678.4 (38), 611.3 ( [M - cholesteryl moiety]', 
100), 595.3 ( [M + H - H,O - cholesteryl moiety]', 42) 319.1 ([CH,O,C- 
(CH,),,C,H,CO]+, 57). Sample 7, DMPCjl a/30 mol% cholesterol (after HPLC 
separation): photolabelled cholesterol (first fraction): mjz: 979.4 ([M + H - 
H,O]',13),961.4([M+ H - 2H,O]',7),913.1 (11),611.2([M-cholesterylmoi- 
ety]', IOO), 595.2 ( [ M  + H - H,O - cholesteryl moiety]', 20), 579.2 (7), 333.1 
(50),  319.1 ([CH,O,C(CH,),,C,H,CO]+, 55); photolabelled cholesterol (second 
fraction): mjz: 979.4 ( [ M  + H - H,O]+, 13). 961.4 ( [ M  + H - 2H20]+,  7). 611.2 
( [ M  - cholesteryl moiety]', IOO), 595.2 ( [ M  + H - H,O - cholesteryl moiety]', 
22), 579.2 (16), 333.1 (55), 319.1 ([CH,O,C(CH,),,C,H,CO]*, 55). 


Degradation qf the photolabelled,fafty acid methyl esters: The mixture of photola- 
belled methyl myristates (MM*) was dehydrated by stirring with I, (cat.) in dry 
AcOH (10 mL) under reflux for 30 min under Ar. After evaporation, the product 
was cleaved with RuC1, (0.6 mg, 0.0029 mmol) and NaIO, (72 mg, 0.34 mmol) in 
CCI,/CH,CN/H,O (2:2: 3 ml) overnight at RT. The aqueous phase was extracted 
with CH,CI, (2 mL x 3). The combined organic phase was washed with Na,S,O,/ 
H,O (25 mgmL-', 3 mL x 2), then with 0,l N HCI (3 mL x 2). After evaporation 
and drying in vacuo, the residue was dissolved in dry THF (10 mL), CH,N, (1 mL 
ether solution) was added at 0°C and the mixture was stirred for 10 min at 0°C. 
After workup with AcOHjTHF, evaporation and drying in vacuo gave a mixture of 
n-oxo methyl myristoyl isomers (0x0-MM* isomers), dimethyl tetradecanedioate 
and the core diacid dimethyl ester (see Fig. 8). The mixtures were submitted to GC 
and GC/MS analyses. The same chemical and analytical method was applied for the 
analysis of photolabelled methyl palmitates (MP'). Notes: 1) This procedure was 
studied and established with 1,l'-diphenyl-1-tetradecanol as a model compound 
(1 mg) before the real materials were examined. 2) At the dehydration stage, the 
analysis of dehydrated photolabelled methyl myristates (MM*) was performed by 
FAB MS for the sample of DMPCllaj20 mol% cholesterol (sample 6): m/z:  835.6 
( [ M  + HI', loo), 803.6 ( [ M  - QMe]', 5) .  635.5 (15). 595.5 ( [M + H - myristoyl 
moiety]*, 9); the following peaks, which are principally derivable from the allylic 
fission of different dehydrated MM*, were also observed (intensity of the peak at 
m/r - 635.5 as 100): mjz: 621.5 (27), 635.5 (100). 649.5 (34), 663.5 (17), 677.5 (13), 


51), 979.5 ([MI - H20]+, 80), 835.5 ( [ M 2  + H - H,O]+, 30), 834.5 


691.6 (111, 705.6 (lo), 719.6 (la), 733.4 (91, 746.6 (91, 760.6 (10). 


Gas chromatography-moss spectrometry analysis (GCjMS) : The oxidized fatty 
acid methyl esters were identified by GCjMS or by GC integration. Cholesterol and 
n-0x0-MM were quantified by GC in comparison with pre-weighed authentic com- 
pounds. The pentane or ether solution of the mixture obtained above was injected 
into a gas chromatograph with a Ross injector. 0x0-MM isomers and/or 0x0-MP 
isomers were chromatographed on a fused silica capillary column (DB 5 30 W, J. & 
W. Scientific, USA). The column was operated isothermally (150°C for 0x0-MM, 
170"Cforoxo-MP), orwithathermalgradient(90-2SOoC, 2"min-' foroxo-MM, 
120-250 "C, 3"min-' for 0x0-MP, 15O-25O0C, 2"min-' for methyl tetradecane- 
dioateand 150-300 "C, 8 "min-' forthe quantification ofMM andcholesterol. The 
carrier gas (He) was maintained at 3.6 bar. Other standard operating conditions 
were: heated inlet temperature, 300 " C ;  ion source temperature, 300°C. The result- 
ing efluent vapour from GC was analyzed by El MS. Mass spectra were obtained 
at  a constant awerating voltage of 3500 V with an electron energy of 70 eV. For this 
analysis, two authentic comparison samples, methyl 13-oxotetradecanoate and 
dimethyl tetradecanedioate, were used. 


Identification of oxo-jatty acid methyl esters/rom the m a s  spectrum: The position 
of the carbonyl group of 0x0-MM isomers is succesfully specified from the 
mass spectrum by or-cleavage and b-cleavage on either side of the carbonyl 
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group [36] as follows: a-cleavage: [M - MeO,C(CH,),C=O]+ ( M  - a,), [MeO,C- 
(CH,),C=O]+ (a,) and [O=C(CH,),CH,]+ (al); b-cleavage: [MeO,C- 


and [CH2C(=O)(CH,).CH,fHIt (P,+H). Other supplemental m/z  values were 
carefully checked in comparison with the mass spectra in the literature 136 b] or with 
the spectra of authentic specimens cited above (Tables 6 and 7). 


(CH2),C(=O)CH,+H]’ ( M  + H - B,),[M - CH,C(=O)(CH,).CHJ’ ( M  - P I )  


Table 6. Mass spectral data (m/z  value) and GC retention time (r.t.) of the methyl 
oxomyristates (n.d. = not detected). 


n-0x0- r.t. a, M-a, a2 M +  H - P I  P,+H M -  8, Other 
peak [a1 


4 27.4 n.d. 115 
5 27.8 n.d. 129 
6 29.8 n.d. 143 
7 29.9 n.d. 157 
8 30.4 85 171 
9 30.7 71 185 


10 31.1 57 199 
11 31.4 43 213 
12 33.6 n.d. n.d. 
13 34.5 a d .  n.d. 


169 
155 
141 
121 
113 
99 
85 
71 
57 
43 


130 
144 
158 
172 
186 
200 
214 
n.d. 
n.d. 
n.d. 


n.d. 
n.d. 
156 
142 
128 
114 
100 
86 
72 
58 


n.d. 98 [b] 
87 


101 
115 
129 
143 
157 
171 
185 
199 


[a] Peaks at m / z  values of 59, 74, 87,223 ([M - 31]+) and 254 ([MI+) are specific 
for the methyl esters of the fatty acid and were detected in all the spectra. [b] This 
value is specific for the methyl esters of 4-0x0-fatty acids. 


Table 7. Mass spectral data (m/z value) and GC retention time (r.t., min) of the 
methyl oxopalmitates (n.d. = not detected). 


n-0x0- r.t. a, M - a, a, M +  H - b, 8, + H M -  b, Other 
MM [a1 Peak [bl 


4 28.6 n.d. 115 197 130 n.d. n.d. 98 [c] 
5 28.9 n.d. 129 183 144 n.d. 87 


14 34.3 n.d. 255 57 n.d. 72 213 
15 35.1 n.d. n.d. 43 n.d. 58 227 


[a] The methyl (6-13)-oxopalmitates were eluted at 30.7-32.2 min and were not 
well separated under the conditions used. [b] Peaks at m/z  values of 59,74,87,251 
([M - 311’) and 282 ([MI+) are specific for the methyl esters of the fatty acid and 
were detected in all the spectra. [c] This value is specific for the methyl esters of 
4-0x0-fatty acids. 


Acknowledgements: We are grateful for support granted by the Burkinabe Govern- 
ment (Y D.), the Herrmann-Schlosser-Stiftung (W. H.), Shin-Etsu Chemical 
(M. Y), and CNRS (W. W.). This work was supported in part by the JRDC-ULP 
“Supermolecules” Joint Research Project. We thank 0. Dannenmuller and J. Mad- 
den for their valuable help. We are indebted to Mrs. M. Scheer for DSC measure- 
ments, to Mr. R. Graf for ’H and C” NMR experiments, and to Dr. G. Teller and 
Mr. R. Hueber for MS. 


Received: June 21, 1995 [F154] 


[I] a) R. A. Demel, B. de Kruyff, Biochim. Biophys. Acta 1976,457,109-132, and 
references therein; b) P. L. Yeagle, ibid. 1985, 822, 267-287, and references 
therein. 


[2] M. Rohmer, P. Bouvier, G. Ourisson, Proc. Natl. Acad. Sci. USA 1979, 76, 
847 -851. 


[3] a) J.M. Groves, R. Neumann, J. Am. Chem. Soc. 1987, 109, 5045-5047; 
b) J. M. Groves, R. Neumann, J. Org. Chem. 1988, 53, 3893-3894; c) J. M. 
Groves, R. Neumann, J. Am. Chem. Soc. 1989, 111, 2900-2909. 


[4] S. J. Singer, Annu. Rev. Cell Biol. 1990, 6, 247-296. 
[S]  a) J. Westerman, K. W. A. Wirtz, T. Berkhout, L. L. M. van Deenen, R. Rad- 


hakrishnan, H. G. Khorana, Eur. J. Biochem. 1983, f32,441-449; b) L. Ehret- 
Sabatier, B. Kieffer, M. P. Goeldner, C. G. Hirth, in Photochemical Probes in 
Biochemrslry (Ed.: P. E. Nielsen), Kluwer Academic, Dordrecht/Boston/Lon- 
don, 1989, pp. 107-122. 


[6] a) C. M. Gupta, C. E. Costello, H. G. Khorana, Proc. Natl. Acad. Sci. USA 
1979, 76, 3139-3143; b) M. F. Czarniecki, R. Breslow, J. Am. Chem. Suc. 


1979, 101, 3675-3676, c) A. H. Ross, R. Radhakrishnan, R. J. Robson, H. G. 
Khorana, J.  Biol. Chem. 1982,257,4152-4161. 


[7] J. Brunner, Annu. Rev. Biochem. 1993, 62, 483-514, and references therein. 
[S] a) Y L. Diyizou, A. Genevois, Y. Lazrak, G. Wolff, Y. Nakatani, G. Ourisson, 


Tetrahedron Lett. 1987,28,5743-5746; b) M. Yamamoto, W. A. Warnock, A. 
Milon, Y. Nakatani, G. Ourisson, Angew. Chem. 1993,105,302; Angew. Chem. 
In!. Ed. Engl. 1993,32,259-261; c) M. Yamamoto, V. Dolle, W. Warnock, Y 
Diyizou, M. Yamada, Y Nakatani, G. Ourisson, Bull. SOC. Chim. Fr. 1994,131, 
317-329. 


[9] M. De Rosa, A. Gambacorta, B. Nicolaus, B. Chappe, P. Albrecht, Biochim. 
Biophys. Acta 1983, 753, 249-256. 


[lo] a) N. J. Turro, Molecular Photochemistry, University Science Books, Mill Val- 
ley, 1991, pp. 255-264 ; b) R. Breslow, Arc. Chem. Res. 1980, f3, 170-177. 


[Ill M. B. Ledger, G. Porter, J .  Chem. Soc. Faraday Trans. 11972, 68, 539-553. 
[I21 J. N. Pitts, Jr., H. W. Johnson, T. Kuwana,J. Phys. Chem. 1962,66,2456-2461. 
[I31 a) G. Dorman, G. D. Prestwich, Biochemistry 1994, 33, 5661 -5673; b) K. T. 


ONeil, W. F. DeGrado, Proteins: Structure, Function, and Genetics, 1989, 6, 
284-293. 


[I41 a) C. Montecucco, G. Schiavo, Biochem. J.  1986, 237, 309-312; b) A. K. 
Lala, E. R. Kumar, J.  Am. Chem. Soc. 1993, f15,3982-3988. 


[15] J. M. Delfino, S .  L. Schreiber, F. M. Richards, J.  Am.  Chem. Soc. 1993, 1f5, 
3458 - 3479. 


[I61 a) Y Okahata, T. Kunitake, J. Am. Chem. Soc. 1979, fO1, 5231-5234; b) T. 
Kunitake, Y. Okahata, M. Shimomura, S. Yasunami, K. Takarabe, ibid. 1981, 
103, 5401-5413. 


[17] Z. Mirghani, D. Bertoia, A. Gliozzi, M. D. De Rosa, A. Gambacorta, Chem. 


[18] K. Yamauchi, A. Moriya, M. Kinoshita, Biochim. Biophys. Acta 1989, f003, 


[19] S. Mabrey, J. M. Sturtevant, Proc. Natl. Acad. Sci. USA. 1976, 73,3862-3866. 
[20] E. A. Runquist, G. M. Helmkamp, Jr., Biochim. Biophys. Acta 1988,940, 10- 


20. 
[21] a) E. J. Shimshick, H. McConnell, Biochemistry 1973, 12, 2351-2360; 


b) P. W M. van Dijck, A. J. Kaper, H. A. J. Oonk, J. De Gier, Biochim. Bio- 
phys. Acta 1977, 470, 58-69; c) D. A. Wilkinson, J. F, Nagle, Biochemistry 
1979, f8.4244-4249; d) R. N. McElhaney, Chem. Phys. Lipids 1982,30,229- 
259; e) I. P. Sugar, G. Monticelli, Biophys. 1. 1985.48, 283-288; f )  S .  Mas- 
sari, R. Colonna, Biochim. Biophys. Acta 1986,863, 264-276; g) J. H. Ipsen, 
0. G. Mouritsen, Biochim. Biophys. Acta 1988,944, 121 - 134. 


Phys. Lipids 1990, 55, 85-96. 


151 -160. 


[22] M. Shimomura, T. Kunitake, Chem. Lett. 1981, 1001-1004. 
[23] A. Milon, G. Wolff, G. Ourisson, Y. Nakatani, Helv. Chim. Acta 1986, 69, 


12-24. 
[24] a) I. Schuler, A. Milon, Y. Nakatani, G. Ourisson, A. M. Albrecht, P. Ben- 


veniste, M. A. Hartmann, Proc. Natl. Acad. Sci. USA 1991, 88, 6926-6930, 
b) M. A. Krajewski-Bertrand, A. Milon, Y. Nakatani, G. Ourisson, Biochim. 
Biophys. Acta.1992, 1105, 213-220. 


[25] a) Z. Rappoport, S. E. Biali, M. Kaftory, J.  Am. Chem. Soc. 1990, f12,7742- 
7748; b) K. M. Cough, T. A. Wildman, ibid. 1990, 112, 9141-9144. 


[26] M. A. Krajewski-Bertrand, Y. Nakatani, G. Ourisson, E. J. Dufourc, A. Milon, 
J. Chim. Phys. 1992,89,237-242. 


[27] a) J. Seelig, Q. Rev. Biophy.9. 1977 10, 353-418; b) E. Oldfield, M. Meadows, 
D. Rice, R. Jacobs, Biochemistry 1978, 17,2727-2740. 


[28] a) H. Lecuyer, D. G. Dervichian, J.  Mol. Biol. 1969, 45, 39-57; b) D. M. 
Engelman, J. E. Rotham, J.  Biol. Chem. 1972,247, 3694-3697; c) H. J. Hinz, 
J. M. Sturtevant, ibid. 1972,247, 3697-3700; d) P. B. Hitchcock, R. Mason, 
K. M. Thomas, J. Chem. Soc. Chem. Commun. 1974,539-540; e) M. Elder, P. 
Hitchcock, F. R. S. Mason, R. G. G. Shipley, Proc. R.  Soc. London Ser. A .  
1977, 354, 157-170; f) F. T. Presti, R. J. Pace, S. I. Chan, Biochemistry 1982, 
21, 3831-3835. 


[29] W. Curatolo, R. Radhakrishnan, C. M. Gupta, H. G. Khorana, Biochemistry 


[30] E. J. Dufourc, E. J. Parish, S. Chitrakorn, I. C. P. Smith, Biochemistry 1984,23, 
6062-6071. 


[31] S Seo, H. Saito, A. Uomori, Y Yoshimura, K. Toda, Y. Nishibe, M. Hirata, Y 
Takeuchi, K. Takeda, H. Noguchi, Y. Ebizuka, U. Sankawa, H. Seto, J. Chem. 
SOC. Perkin Trans. 11991, 2065-2072. 


1981,20, 1374-1378. 


[32] M. A. Winnick, Ace. Chem. Res. 1977, 10, 173-179. 
[33] C. H. Huang, Biochemistry 1969, 8, 344-351. 
[34] P. S. Chen, Jr. ,  T. V. Toribara, H. Warner, Anal. Chem. 1956, 28, 1756-1758. 
[35] a) G. W. Stockton, I. C. P. Smith, Chem. Phys. Lipids 1976, 17, 251-263; 


b) G. W. Stockton, C. F. Polnaszek, A. P. Tulloch, F. Hansan, I .  C. P. Smith, 
Biochemistry 1976, 15, 954-966. 


[36] a) J. R. Dias, C. Djerassi, Org. Mass Spectrom. 1972, 6, 385-406; b) J. L. 
Weihrauch, C. R. Brewington, D. P. Schwartz, Lipids 1974, 9, 883-890. 


138 ~ 0 VCH Verlagsgesellschaft mbH, 0-69451 Weinheim, 1996 0947-6539/96/0202-0f38 S 10.00+ ,2510 Chem. Eur. J. 1996,2, No. 2 








FULL PAPER 


Stereodivergent Hetero-Diels-Alder Reactions of Chiral l-Oxa-l,3-butadienes 
through a Conformational Switch induced by Lewis Acids 


Abstract: The stereodivergent asymmetric 
hetero-Diels-Alder reaction of achiral 
and chiral 1 -oxa-I ,3-butadienes carrying 
an oxazolidine moiety with various enol 
ethers in the presence of different Lewis 
acids is described as a highly stereoselec- 
tive and efficient approach to dihydropy- 
rans, which can be used for the synthesis 
of carbohydrates. In the cycloaddition of 
the achiral oxabutadiene very good endol 
exo selectivity was possible, and with the 
chiral oxabutadienes excellent 1,6-asym- 
metric induction was additionally ob- 
served. In the processes a reversal of facial 
selectivity occurs by changing the Lewis 


acid, allowing the synthesis of both enan- 
tiomers of the dihydropyrans with the 
same auxiliary. Thus, cycloaddition of 
1 to 2 in the presence of Me2AlC1 gives 
predominantly the endo product 3 (3:4 
=10:1), whereas with SnC1, the exo 
product 4 is obtained (3:4 =1:15). The 
reaction of 7 and l a  in the presence of 
Me2AICl as promoter nearly exclu- 


Introduction 


The Diels-Alder reaction is one of the most fundamental C-C 
bond-forming reactions available to synthetic chemists. Its po- 
tential has been demonstrated by numerous natural product 
syntheses. In addition, heteroanalogues of this process have 
evolved as an important tool for the synthesis of heterocycles."] 
The use of 1 -oxa-I ,3-butadienes especially has been pursued for 
carbohydrate synthesis.[2] These oxabutadienes react with enol 
ethers in an inverse electron-demand fashion to give rise to 
dihydropyrans, which can easily be converted into carbohy- 
drates in a short reaction sequence.L2I Electron-withdrawing 
substituents at the oxabutadiene,['I Lewis acid promotion['. 21 


and high pressure[31 considerably accelerate the reaction. How- 
ever, so far the utility of this process has been badly hampered 
by the lack of feasible methods to obtain a high induced 
diastereo~electivity.[~~ 


Recently we showed that the achiral oxabutadiene 2, which 
contains an acyl oxazolidinone moiety, undergoes cycloaddition 
with enol ethers in the presence of different Lewis acids to give 
either the endo or exo adduct preferentially. Strong Lewis acids 
like TiCI, or SnCl, resulted in high exo selectivity with (Z)-I- 
acetoxy-2-ethoxyethylene (1 a) to give 4, while silyl triflates and 
Me,AlCI predominantly afforded the endo isomer 3 (Scheme 1, 
Table 1) .[5a1 


Institut fur Organische Chemie der Universitat Gottingen 
Tammannstrasse 2, D-37077 Gottingen (Germany) 
Telefax: Int. code +(551)399-476 


sively yields the endo-I adduct 16a 
(16a+17a:lSa+19a = > 50:l; 16a:17a 
= 60:1), whereas with TMS-OTf the en- 
do-11-product 17a was obtained as the 
main component (16a + 17 a: 18 a + 19 a 
= >50:1; 16a:17a = 1:7.9). The use of 
SnCI, leads to a mixture of endo and exo, 
again, however, with excellent induced se- 
lectivity. A similarly good induction was 
obtained with the oxabutadiene 9 con- 
taining the new auxiliary 8. Also, other 
enol ethers lb-g were used, some of 
which afforded excellent induction. 
Mechanistic considerations are used to 
explain the results. 


0 


bEt 


AcO" r + AcO E t o ~ c o x  
OEt 


endo : 3 
OEt 


eX0: 4 
Scheme 1. Hetero-Diels-Alder reaction of achiral l-oxa-1,3-butadiene 2 and the 
enol ether 1 a. 


- 


Promoter T ("C) f (h) endo : exo 3 : 4 [a] Yield (%) 314 [bJ 


Me,AICI - 78 48 10: 1 82 
SnCI, - 78 0.5 1 : 1 5  86 
TMS-OTf - 18 24 7.1: 1 77 


In this paper we describe the hetero-Diels-Alder reaction of 
oxabutadienes 7 and 9, which contain a chiral oxazolidinone 
moiety, with enol ethers 1 a-g to give enantiopure dihydropy- 
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rans in both enantiomeric f~rms.[~' l  We have already published 
a short and efficient de novo synthesis of enantiopure ethyl p-D- 
and j-L-mannopyranoside that uses this method.L6] 


Results 


The oxazolidinone moiety derived from enantiopure amino 
acids was introduced by Evans in 1981 as a chiral control ele- 
ment and has been used since then in numerous enolate-based 
 transformation^.['^ It has been shown to provide excellent lev- 
els of diastereofacial selectivities. In the hetero-Diels-Alder re- 
action of 7 and 9 it was expected that Lewis acids would accel- 
erate the reaction and lock the heterodiene in a specific 
conformation which would allow the selective attack of the enol 
ether from one face only. 


The heterodienes 7 and 9 were readily prepared in a two-step 
procedure from ethyl vinyl ether, oxalyl chloride and the oxazo- 
lidinones 6 and 8, respectively, analogous to procedures of Ef- 
fenberger['] and Evans"] (Scheme 2). Care should be taken 
when distilling the intermediate a-keto acid chloride 5, which 
easily decomposes at higher temperatures to form the decar- 
bonylated acryloyl chloride.["] We envisaged the oxazolidinone 
8 as an attractive new auxiliary that bears a silyloxy group on 
the side chain, thus providing an additional coordination site for 
a Lewis acid. The synthesis of 8, starting from the purchasable 
(1 S,2S)-2-amino-l-phenylpropan-1,3-diol 10, proceeds in a 6- 
step sequence with an overall yield of 60 % via the intermediates 
11-15 (Scheme 3) .  The enol ethers 1 used in this study were 
either commercially available or prepared according to litera- 
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2 JI + 3 c I j i r c l  - O°C + RT E t O d c l  
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EtO 0 
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H 
Ph+OSiBuMe, 
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Ph+OSiBuMe, 


5 + H N ~  rBuLi/THF E t O d N a  


71% 0 


8 9 
0 0 


Scheme 2. Synthesis of the chiral l-oxa-1,3-butadienes 7 and 9. 
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Scheme 3. Synthesis of the new chiral oxazolidinone 8 


8 


ture precedent.r2'. ' '1 The hetero-Diels-Alder reactions were 
generally performed with 1 .O equivalent of the oxabutadiene, 
2.0 equivalents of the enol ether and 1.5 equivalents of the pro- 
moter at temperatures between -30°C and -78°C. Several 
Lewis acids and silylating agents, monodentate as well as biden- 
tate, were screened as activating agents; of these, only Me,AlCl, 
SnCl, and TMS-OTf were used for the whole study, based on 
the preliminary results. Separate experiments with the Lewis 
acids and the silyl triflates confirmed that the starting materials 
were configurationally stable under the reaction conditions. All 
of the reactions investigated proceeded very cleanly and in high 
yield; the diastereomeric ratios were determined on the crude 
reaction mixtures by gas chromatography or 13C NMR spec- 
troscopy. In the first study we investigated the cycloadditions of 
oxabutadiene 7 and the enol ethers 1 a and 1 b. The results are 
listed in Table 2. 


In the cycloaddition the four diastereomers 16-19 with three 
new stereogenic centres were expected to be formed (Scheme 4). 
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Hetero-Diels -Alder Reactions 


16a-19a 


16~-19~ 


16e-1!& 
16f-19i 
169199 


16b-19b 


166194 


20a-23a 


139-148 


OAC Et 


H Et 


Et Et 
-(CH& 
-(CHz)r 


OAc Bzl 


Me Et 


OAC Et 


Table 2. Hetero-Diels-Alder reactions of the chiral oxabutadiene 7 with enol ethers 1 a 
and l b  in CH,CI, to yield cycloddducts 16a-19a and 16b-l9b, respectively. 


Enol Promoter T ("C) f (h) Cendo/xexo [a] endo-I/endo-II [a] Yield [b] (%) 
ether 16+17/18+19 16/17 16- 19 


l a  Me,AICI -40 24 >50:1 60: 1 84 
l a  TMS-OTf -78 48 >50:1 1 : 7.9 90 
l a  SnCI, -78 1 1:l 5O:l (12:l) [c] 41 (37) [c] 
l b  Me,AICI -35 15 >50:1 30:l 94 (86) [dl 


l b  SnCI, -78 2 1:4[e] >50:1 (25:1)[e,h] 94 
l b  TMS-OTf -78 72 30:l [el 1 :8 [el 50 [fl (40) [gi 


[a] Determined by capillary gas chromatography of the crude product. [b] Isolated yield 
of 16,17,18 and 19. [c] 18a/19a in parentheses. [d] Isolated yield of 16 bin parentheses. 
[el Determined by 13C NMR spectroscopic analysis of the crude product. [f] 82 % yield 
based on conversion. [g] Isolated yield of 17b in parentheses. [h] In parentheses l8b/ 
19b, 49% epimerization at C-2 of 18b. 


s 9  R 


16-19: R= (Sj-Bu (0-config) 
20-23 : R= (S)-CHPhOSii'BuMez 7 : R= (s)-eu (p-config.) 


9 : R= (S)-CHPhOSiBuMe, (a-config.) 
(a-config.) 


R20'. R1 r 
OEt 


endc-l. 16,20 


Prornotor 
CHzCIZ 1 
+ 


+ 


Reaction 
of 


7 with la 
lb 
lc 
Id 
le 
If 
19 


9 with la 


Scheme 4. Hetero-Did-Alder reactio 
with the enol ethers la-g. 


RzoQcox R' 


QT 
endc-ll: 17,21 


R20.,, 


R l /  


exc-ll: 19,23 


Products I R' R' 


However, the Me,AICl- and TMS-OTf-initiated reactions were 
completely endo-selective (xendo:Cexo > 50: 1). Here, the endo 
selectivity was even higher than found for the reaction with the 
achiral heterodiene 2. In addition, when Me,AICl was the pro- 
moter, an excellent induced diastereoselectivity was also found 
with 16 a and 16 b, the main products formed in 84 and 86 YO 
yield, respectively. The asymmetric induction amounted to 60 : 1 
(16a:17a) and 30:l (16b:17b), which was remarkably high, 
especially considering the distance of the inducing and the newly 
formed stereogenic centres (1,6-induction). In contrast, employ- 
ing TMS-OTf as promoter for the cycloaddition of 7 to 1 a and 
lb ,  the other endo isomers (17a and 17b, respectively) were 
formed predominantly, albeit with lower selectivity (16a: 17 a 
= 1 : 7.9; 16 b: 17 b = 1 : 8.0). The diastereofacial selectivity in the 


cycloaddition with 7 can therefore be controlled simply by vary- 
ing the promoter whilst leaving the auxiliary unchanged.[12] 


SnCl, as promoter for the cycloaddition of 7 to l a  did not 
produce the significant ex0 preference that was observed for the 
achiral heterodiene 2. Here a 1 : 1 mixture of endo and exo ad- 
ducts was obtained. Apparently, the bulky substituent on the 
oxazolidinone disfavours the e m  transition state. However, 
with the enol ether 1 b a good exo selectivity was again observed 
(Cendo/Cexo = 1 : 4). In both cycloadditions (7 to 1 a and 1 b 
with SnCl,) the induced diastereoselectivity was excellent, not 
only for the endo products with 16 a and 16 b as the main prod- 
ucts, respectively (50:l and >50:1), but also for the exo ad- 
ducts (12:l and 25:l) where 18a and 18b, respectively, are 
formed predominantly. It should be noted, however, that 18b 
partially isomerized into the C-2 epimer under the reaction con- 
ditions (Table 2). 


The Me,AlCI-promoted cycloaddition of the oxabutadiene 9, 
containing the new chiral oxazolidinone, to l a  displayed a 
slightly reduced endo selectivity compared with the reaction of 
7, but the asymmetric induction is only moderate (50 YO de) . The 
use of the silyl triflates TMS-OTf and TBDMS-OTf, however, 
gave rise to more selective transformations (Table 3). Whereas 


Table 3 .  Hetero-Diels-Alder reactions of the chiral heterodiene 9 with enol ether 1 a in 
CH,CI, to yield cycloadducts 20a-Ua. 


Promoter T("C) t(h) xendo/xexo [a] endo-Ilendo-ll [a] Yield [b] (%) 
2Oa + 21 a/22a +23a 20421a 20a-23a 


Me,AICI -30 24 16:l 1:3.2 73 
TMS-OTf -8 1 30:l 17:l 88 
TBDMS-OTf[c] -8 72 17:l 23.1 81 


[a] Determined by 13C NMR spectroscopic analysis of the crude product. [b] Isolated 
yield of 20a, 21 a, 22a and 23a. [c] TBDMS = SitBuMe,. 


the endo selectivity was nearly as good as found for 7, the asym- 
metric induction went up from 8: 1, obtained for 7, to 17: 1 with 
TMS-OTf and even to 23 : 1 with TBDMS-OTf. Since heterodi- 
ene 9 has the opposite configuration at the stereogenic centre to 
that of heterodiene 7, the major endo product 20a formed in the 
silyl triflate-promoted reaction of heterodiene 9 has the same 
absolute configuration at the dihydropyran moiety as the cy- 
cloadduct 16 a obtained predominantly in the Me,AlCI-pro- 
moted reaction of heterodiene 7. With regard to selectivity, yield 
and ease of preparation, heterodiene 9 compared favourably 
with heterodiene 7. 


In an attempt to investigate scope and limitations of the het- 
ero-Diels-Alder reaction of the chiral oxabutadienes 7 and 9 we 
also looked at the cycloadditions of 7 to the enol ethers l c - g  
(Table 4). The reactions of the cyclic enol ethers dihydrofuran 


Table 4. Hetero-Diels-Alder reactions of the chiral heterodiene 7 with en01 ethers 
l c -g  in CH,CI,. 


Enol Promoter T ("C) t (h) xendoixexo [a] endo-I/endo-II [a] Yield [b] (%) 
ether 16+17/18+ 19 16/17 16-19 


l c  Me,AICI -78 24 7:l  2: 1 89 


I d  SnCI, -78 24 1:4.4 12.1 [d] (8:l) [el 85 


l f  Me,AICI -78 18 >50:1 1.6:l 85 
l g  Me,AICI -78 15 >50:1 2.9:l 84 


[a] Determined by capillary gas chromatography of the crude product. [b] Isolated 
yield of 16,17,18 and 19. [c] Isolated yield of 16d in parentheses. [d] 41 % eplmer- 
ization at C-2 of endo-1 isomer 16d. [el In parentheses 18d/19d. [fl Determined by 
"C NMR spectroscopic analysis of the crude product. 


Id Me,AICI -78 24 24:l 6: 1 81 (67) Icl 


l e  Me,AICI -78 15 9.1 [fl  4.1 [fl 79 
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I f  and dihydropyran l g  with 7 were highly endo selective 
(> 50: 1) affording the endo isomers 16 f and 17 f in high yield, 
however, the diastereofacial selectivity was only low. The three 
acyclic enol ethers 1 c-e reveal a similar trend with Me,AICI as 
promoter: useful levels of endo selectivity and moderate levels of 
diastereofacial selectivity ranging from 2: 1 to 12: 1. Here the 
reaction of 7 and the ethyl vinyl ether 3c showed the lowest 
simple and induced selectivity, whereas with ethyl propenyl 
ether 3d a more selective formation of the endo-I cycloadduct 
16d was obtained (16d:17d = 6:1), which was isolated after 
chromatography on silica gel in 67 YO yield. Interestingly, with 
SnC1, as promoter a pronounced preference for the formation 
of the exo product 18d with good induced selectivity was again 
observed (18d:19d = 8:l). 


Structure Elucidation of DielsAlder Products: Structural as- 
signment of the cycloadducts was based on 'H and 13C NMR 
data and on three X-ray structures,[' 31 which ultimately confirm 
the relative as well as the absolute configuration of the cycload- 
ducts. In the 'H NMR spectra the 2-H, 3-H, 4-H and 5-H sig- 
nals of the cycloadducts could be used to determine the relative 
configuration and conformation. For the endo products 16a 
and 20a the 2-H signal appears at 6 = 5.08 and 5.28, respective- 
ly, with coupling constants of J1 = 1.0 and J2 = 0.5 Hz, from 
which J1 is a long-range 4J coupling to 4-H. This W coupling 
clearly indicates that both the 2-H and 4-H are in pseudoequa- 
torial positions and is in agreement with previous studies on 
dihydr~pyrans.[~] Since the (Z)-enol ether 1 a and the products 
were configurationally stable under the reaction conditions the 
3-OAc group has to have a syn relationship to the 2-OEt group. 
Apparently, the destabilizing 1,3-diaxial interaction between 2- 
OEt and 4-OEt is attenuated by the anomeric and vinylogous 
anomeric effect. An X-ray structure analysis of the parent endo 
product 3 confirms this assignment." 31 


In the 'HNMR spectra of the exo products 18a and 22a 
significant changes are found for the signals of 2-H and 4-H. 
The 2-H signal is shifted downfield to 6 = 5.58 and shows only 
a doublet with J = 1.5 Hz. There is no W coupling between the 
2-H and 4-H, suggesting that at least one of the protons occupies 
an axial or pseudoaxial position. In the 13C NMR spectra of the 
exo products the C-3 signal is shifted by about 4 ppm downfield 
relative to the corresponding signal of the endo products, while 
no other resonances are significantly changed. This suggests a 
reversed configuration at C-2 and C-3. The relative configura- 
tion and conformation is depicted in Scheme 5 and is confirmed 
by an X-ray structure of the exo product 4. Unfortunately we 
were not able to obtain suitable crystals of thecycloadducts with 
the chiral oxabutadienes 7 and 9 to determine the absolute con- 


figuration of the 
H dihydropyran moiety. 


Therefore 16 a was se- ?p+y lectively hydrogenat- 
EtO ed to give 24 as a 


OEt single product, then 
reduced to afford 25, 
which was finally 
transformed into the 
crystalline Mosher es- 
ter 26 (Scheme 6). An 


E t o ~ c o x  ,*zEx X-ray structure deter- 
AcO : Y O E t  mination revealed the 


OEt H absolute configura- 
tion of the dihydropy- 


the cycloadducts 16a, 18a. 19a and 22a. to which all other 
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Scheme 5. Configuration and conformation of ran moiety in l6 a, 
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Scheme 6. Transformation of the cycloadduct 16a into the Mosher ester 26 


hetero-Diels-Alder adducts are referred under the assumption 
of identical pathways. 


In the mass spectra the endo and exo products reveal an inter- 
esting and diagnostic difference which especially helps to distin- 
guish between endo and exo products in the GC-MS measure- 
ments. The fragment m/z = 169, which arises by loss of OAc and 
the carboximide group, consistently shows up for the exo prod- 
ucts in an intensity of 60-90% relative to m/z = 99, which is 
usually the base peak, while it is diminished to less than 10 % for 
the endo products. 


The relative configuration of the cycloadducts 16d and 18d 
was unambigously determined after transformation into the sat- 
urated tetrahydropyrans by hydrogenation. The 'H NMR spec- 
trum of the reduced major endo product displays a signal at 
6 = 2.22 with three large coupling constants of J = 12.0 Hz be- 
longing to one geminal coupling of the 4-H and two diaxial 
couplings of J3-H/4-H and J4-H,5-H. Since a large coupling con- 
stant is not present in the 2-H signal, which only shows a doublet 
of doublets with J,-H/3-H = 2.0 Hz and J3-Hi4-H = 4.5 Hz, 2-H 
must be in an equatorial position. 1-H has to have a cis relation- 
ship to 2-H; thus I-H is in the axial position. The endo-I product 
16d can be epimerized at C-2 upon exposure to SnC1, at 


The 'HNMR spectra of the Diels-Alder products 16f and 
16g do not display diagnostic signals or coupling constants. The 
nonexistence of a W coupling between 1 a-H and 6-H and the 
similar resonance of 1 a-H at 6 = 5.65 and 5.59, respectively, 
compared with 6 = 5.58 in 18a indicates that 1 a-H is in a pseu- 
doaxial position. In the I3C NMR spectra the C- l a  signals 
appear at 6 = 98.31 and 98.75, respectively, which is in good 
agreement with a /?-alkoxy group and an axial 1 a-H. For these 
reasons and by analogy with published data for similar hetero- 
Diels-Alder products['41 we assign 16f and 16g the relative endo 
configuration and the conformation which is depicted in 
Scheme 7. 


- 78 "C. 


Mechanistic Considerations: In an effort to explain the course of 
the cycloaddition and, in particular, the reversal of selectivity 
between the reactions promoted by Me,AICI and TMS-OTf, we 
developed the following model.[15] The 13C NMR spectrum 
taken from a solution of the achiral heterodiene 2 and two 
equivalents of TMS-OTf in dichloromethane at - 78 "C clearly 
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Scheme 7. Configuration and conformation of the cycloadducts 161 and 16g. 


shows that TMS-OTf binds to the oxygen atom of the oxabuta- 
diene moiety and not to the carbonyl groups of the imide moiety 
[AS(2'-CO) = 0, AS(1-CO) = 0, AS(2-CO) = 20 ppm]. Semi- 
empirical calculations (AM I and PM3)[l6I conducted on the 
ground state of 2 and of the oxonium ion 27a obtained by 
silylation at the 2-CO group reveal that the anti arrangement of 
the carbonyl groups of the imide moiety is the more stable 
conformation in both cases (AHf anti-2: -7.53 and AHf syn-2: 
-9.20 kJmol-'; AHf anti-27a: -30.96 and AHf syn-27a: 
- 35.98 kJmol- '). It is therefore to be expected that the hetero- 
diene 7 favours conformation 27 b in the transition state of the 
reaction promoted by TMS-OTf (nonchelate control). 


With Me,AICl as promoter the chelate 28b (Scheme 8) 
should be formed; Evans et al.18a, b1 and later Castellino et al.["] 
have shown that such a chelate exists in the Diels-Alder reaction 


Me,AICI, MeMe 


27 28 


27f28a: R = H 
27i28b: R = B U  


Scheme 8. Proposed intermediates in the Diels-Alder reaction Of 7 using TMS-OTf 
and Me,AICI. 


of N-acryloyloxazolidinones promoted by R,AlCI. Unfortu- 
nately, we were not able to confirm the existence of complex 28a 
by low-temperature 13C NMR measurements on a mixture of 2 
and Me,AlCI and thus failed to obtain any information con- 
cerning the preferred coordination site of the Lewis acid at the 
heterodiene. However, 28 b should be the preferred conforma- 
tion in the transition structure of the Me,AlCl-promoted reac- 
tion (chelate control). The facial differentiations of conforma- 
tions 27 b and 28 b are opposite. This means that the attack by 
the enol ethers is preferentially directed to opposite faces of the 
heterodiene, thus inducing the opposite absolute configuration 
in the dihydropyran unit of the cycloadduct. 


Experimental Procedure 


'H NMR and I3C NMR: Varian XL-200, Bruker AMX-300 and Varian XL-500; 
multiplicities were determined with APT pulse sequence. MS: Varian MAT 311 A, 
high resolution: Varian MAT 731. IR: Bruker IFS 25. UV/Vis: Perkin-Elmer 
Lambda 2 and Lambda 9. Melting points: Kofler hot stage or Mettler FP61. Ele- 
mental analyses were carried out in the analytical laboratory of the university. GC 
analytical: Varian 3700 (Machery, Nagel; 50 m fused silica capillary SE-30, carrier 


gas N,). All solvents were distilled prior to use. Reagents and materials were ob- 
tained from commercial suppliers and were used without further purification. All 
reactions were carried out under a positive pressure of nitrogen or argon and 
monitored by TLC (Machery, Nagel; Alugram SILG/UV,,,). Products were isolat- 
ed by column chromatography on silica gel (silica gel 60, particle size 0.04- 
0.063 nm, Merck). 


(E)4-Ethoxy-2-oxo-3-butenoyl chloride (5 ) :  Ethyl vinyl ether 1 c (9.56 mL, 0.10 mol) 
was added dropwise with stirring to oxalyl chloride (12.9 mL, 0.15 mol). While 
stirred for 2 h at 0 "C, the reaction mixture was allowed to warm to room tempera- 
ture and then stirred for a further 15 h. The excess oxalyl chloride was removed in 
vacuo (1 5 Torr, oil bath temperature 70-80 "C)  and the residue fractionally distilled 
(b.p. 55 "C/0.5 Torr, oil bath temperature 80-90 "C) to yield 10.5 g (65 %) of 5. Care 
shouid be taken when distilling 5, which easily decomposes at higher temperatures 
(oil bath temperature > 100 "C) to form the decarbonylated acryloyl chloride. B.p. 
55'C/0.5 Torr; 'HNMR (80MHz, CDCI,): 6 = 1.40 (t. J=7.0Hz,  3H, CH,), 
4.13 (q, J=7 .0Hz ,  2H. OCH,), 6.03 (d, J=12.8Hz,  l H ,  3-H), 7.87 (d, 
J = 12.8 Hz, 1 H, 4-H). 


(1S,2S)-l-Phenyl-2-trifluoroacetamidopropan-l,3-dio~ (11): To a solution of 
(1S,2S)-2-amino-l-phenylpropan-1,3-diol(lO) (10.0 g, 59.8 mmol) in dry methanol 
(70 mL) was slowly added at 0 "C ethyl trifluoroacetate (7.85 mL, 65.8 mmol). After 
stirring for 15 h at 0 "C, the mixture was concentrated in vacuo and purified by 
chromatography (300 g SiO,, ethyl acetate/petroleum ether, 2: 1) to give 11 (15.2 g, 
97%) as a colourless solid. R, = 0.29; M.p. 99-100°C (ethyl acetate); [a];' = 
+11.0 (c = 1 in chloroform); 'HNMR (80 MHz, [DJacetone): 6 = 2.82 (s, l H ,  
OH),3.50-3.85(m,2H,3-H,),3.95-4.28(m,IH,2-H),4.70(d,J= 5.0Hz, lH,  
OH),5.05(dd,J=5.0,5.0Hz,lH,l-H),7.28-7.47(m,5H,aromaticH),7.70(s, 
1 H, NH); MS (70eV, EI): m/z (%): 245 (5) [M' - H,0], 227 (6) [Mt - 2H,O], 
139 (72) [F,CCOCHCH,], 107 (100) [PhCHOH]; C,,H,,NO,F, (263.2): calcd C 
50.19, H 4.59, found C 50.01, H 4.58. 


(1S,2S)-3-ter~-Butoxydiphenylsiloxy-l-phenyl-2-trifluoroacetamidopropan-l~l (12) : 
A mixture of 11 (1.70 g, 6.50 mmol) and triethylamine (1.36 mL, 9.75 mmol) in dry 
dichloromethane (60 mL) was treated at 0 "C with terr-butoxydiphenylsilyl chloride 
and stirred for 45 min at 23 "C. The reaction mixture was diluted with brine (50 mL) 
and extracted with ether (3 x 70 mL). The organic layer was dried (MgSO,) and 
concentrated in vacuo, and the residue was purified by column chromatography 
(150g, SO,,  ethyl acetate/petroleum ether, 1.5) to yield 12 (3.30g, 98%). 
R, = 0.38; M.p. 75-76°C (ethyl acetate/petroleum ether); [a]:' = f19.4 (c = 1 in 
chloroform); IR (KBr): i = 3426 (NH, OH), 2976, 2932, 2882 (CH), 1724 
(C=O) cm-'; UV (acetonitrile): A,,, (Igs) = 193 nm (4.922); 'HNMR (200 MHz, 
CDC1,):6 = 1.30(s,9H,SiOfBu),2.80(s,lH,OH),3.88(dd, J =  10.5,4.OHz,lH, 
3-H),3.96(dd,J=10.5,5.0Hz,1H,3-H),4.22(m,,1H,2-H),5.14(d,J=3.4Hz, 
1 H, I-H), 6.86 (brd, J =  7.0 Hz, 1 H, NH), 7.30-7.70 (m, 15H, aromatic H); '3C 
NMR (50 MHz. CDCI,): 6 = 31.91 (SiOtBu-a,) ,  56.18 (C-2), 62.63 (C-3), 72.33 
(C-l), 74.41 (SiOfBu-C), 115.7(CF3), 125.7,127.9,128.0,128.1,128.6, 130.4,133.6, 
133.7, 134.8, 134.9, 140.2 (aromatic C), 157.2 (CO); MS (70 eV, EI): m/z (%): 440 
(9) [M' - Ph], 257 (55) [SiOtBuPh, +2], 199 (100) [SiPh,O +I] ;  C,,H,,NO,F,SI 
(517.6): calcd C 62.65, H 5.84, found C 62.64, H 5.87. 


(1S,2S)-fert-Butoxydiphenylsiloxy-l -terf-butyldimethylsiyloxy-l-phenyl-2-trifluoro- 
acetamidopropane (13): An ice-cold solution of 12 (1.51 g, 2.93 mmol) and triethy- 
lamine (0.61 mL, 4.39 mmol) in dry dichloromethane (30 mL) was treated with 
TBDMS-OTf (0.74 mL, 3.22 mmol) and stirred under nitrogen for 30 min at 23 "C.  
The mixture was diluted with saturated aqueous sodium bicarbonate solution 
(SO mL) and extracted with ether (3 x 70 mL). The organic layer was dried (Mg- 
SO,), evaporated in vacuo and chromatographed (100 g SiO,, ethyl acetate/ 
petroleum ether, 1:15) to give 13 (1.72 g, 93%). R, = 0.49; [a];' = + 19.0 ( c  = 1 
in chloroform); IR (film): i = 3430 (NH). 2974, 2956, 2932, 2886 (CH), 1734 
(C=O) cm-'; UV (acetonitrile): i,,, (Igs) =193.5 nm (4.970); 'HNMR 
(200MHz,CDC13):6 =0.02(s,3H,SiMe),0.22(s,3H,SiMe),l.O6(s,9H,SitBu), 
1.49 (s, 9H, SiOtBu), 3.96 (d, J =  5.8 Hz, 2H, 3-H,), 4.28 (mc, 1 H, 2-H), 5.25 (d, 
J=3.8Hz,lH,l-H),6.84(brd,J=7.0Hz,1H,NH),7.35-7.87(m,15H,aro- 
matic H); I3C NMR (50 MHz, CDCI,): 6 = - 5.07, -4.38 (2 x SiMe), 18.00 (Sit- 
Bu-C), 25.69 (SitBu-CH,), 31.91 (SiOtBu-CH,), 57.58 (C-2), 60.98 (C-3), 71.87 
(C-1),74.18(SiOfBu-C), 115.8(CF3), 126.0,127.8, 127.9,128.3,130.2,134.1,134.8, 
14l.0(aromaticC),l56.7(CO);MS(70eV, EI):m/z(%): 574(3)[M+ - tBu1.517 
(12) [ M C  - SitBuMe,], 439 (17), [ M +  - SitBuMe,PM], 221 (100) [PhCHOSit- 
BuMe,], 199 (49) [SiPh,O +I],  73 (86) [OtBu]; C,,H,,NO,F,Si, (631.9): calcd C 
62.73, H 7.02, found C 62.63, H 6.98. 


(1S,2S)-l-tert-Butyldimethylsilyloxy-l-phenyl-2-trifluoroacetamidopropa~3~~ (14) : 
To a solution of 13 (335 mg, 0.53 mmol) in dry tetrahydrofuran (5  mL) was added 
with stirring at -78 "C a solution of tetra-n-butylammoniumfluoride in 1 mL te- 
trahydrofuran. After stirring at -78°C for 30 min, the cold reaction mixture was 
then filtered through SiO, (2 g, ethyl acetate) and the filtrate concentrated in vacuo. 
The residue was purified by chromatography (20 g SO,,  ethyl acetate/petroleum 
ether, 1:5) to yield 14 (167 mg, 83%); R, = 0.27; [a];' = f15.2 (c = 1 in chloro- 
form); IR (film): i = 3 4 2 4  (NH, OH), 2956, 2932, 2890, 2860 (CH), 1722 
(C=O) cm-';  UV (acetonitrile): E.,,, (Igs) = 191 nm (4.608); 'HNMR (200 MHz, 
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CDCI,):6 = 0.02(s,3H,SiMe),0.25(s,3H,SiMe),1.07(s,9H,Si~Bu),2.20(s,1H, 
OH), 3.87 (d, J = 5.5 Hz, 2H, 3-H,), 4.18 (mc, 1 H, 2-H), 5.17 (d, J = 3.7 Hz, 1 H, 
1-H), 6.99 (brd, J = 7.0 Hz, 1 H, NH), 7.38-7.55 (m, 5H, aromatic H); 13C NMR 
(50 MHz, CDCI,): 6 = - 5.40, -4.71 (2 x SiMe), 18.01 (SirBu-C), 25.67 (SirBu- 


(aromatic C), 157.3 (CO); MS (70 eV, EI): m/z (%): 320 (24) [M + - tBu], 290 (70) 
[M' - tBuMe,], 221 (100) [PhCHOSitBuMe,], 105 (65) [PhCHO -11, 73 (100) 
[SiMe,]; C1,HZ6NO,F,Si: calcd 377.1634, found 377.1634 (MS). 


(1S,2S)-2-Amino-l-ter~-butyldimethylsilyloxy-l-phenylpropan-l-o1 (15): Amberlyst 
A-27 (1.24 g) was added to a solution of 14 (211 mg, 0.56mmol) in dry methanol 
(3 mL) and stirred while sonicated until completion (TLC). The resin was removed 
by filtration and washed with ethyl acetate and methanol (3 x 10 mL). The filtrate 
was concentrated in VdCUO and the residue was purified by column chromatography 
(20 g SO,, ethyl acetate/methanol, 1O:l) to yield 15 (151 mg, 96%); Rr = 0.38; 
M.p. 30-31 "C; [a];' = + 63.2 (c = 0.842 in chloroform); IR (film): C = 3366(NH, 
OH), 2954, 2930, 2888,2858 (CH)cm-'; UV (acetonitrile): A,,, (Iga) = 192.5 nm 
(4.436); 'H NMR (200 MHz, CDCI,): 6 = 0.00 (s, 3H, SiMe), 0.25 (s, 3H, SiMe), 
1.10(s,9H,Si~Bu),2.40(s,3H,NH,andOH),3.09(ddd, J=7.0,4.7,4.5Hz,lH, 


4.82 (d, J=4 .7Hz ,  l H ,  I-H), 7.45-7.58 (m, 5H, aromatic H); 13C NMR 
(50 MHz, CDCI,): 6 = - 5.16, -4.55 (2 x SiMe), 18.11 (SirBu-C), 25.81 (SirBu- 
CH,), 59.66 (C-2), 63.47 (C-3), 75.85 (C-1), 126.4,127.5,128.2,142.1 (aromatic C); 
MS (70eV, El): m/z (YO): 266 (1) [M' - CH,], 224 (14) [M' - rBu], 221 (62) 
[PhCHOSitBuMe,], 132 (31) [OSitBuMe, + l ] ,  73 (99) [SiMe,], 60 (100) 
[H,NCHCH,OH]; C,,H,,NO,Si (281.5): calcd C 64.01, H 9.67, found C 64.00, H 
9.73. 


Synthesis of Oxazolidinone 6 and &-General Procedure I: A dry 250 mL 3-necked 
round-bottomed flask equipped with a thermometer and a 10 cm Vigreux column 
with a distillation head was charged with the amino alcohol (0.10 rnol), dry potas- 
sium carbonate (1.38 g, 0.01 mol) and diethyl carbonate (29 .5  g, 0.25 mol). The 
mixture was carefully heated to 130- 140°C and ethanol was allowed to distill as it 
was formed. After 2 h the suspension was cooled to ambient temperature, diluted 
with dichloromethane (50 mL) and filtered to remove most of the remaining potas- 
sium carbonate. The filtrate was washed with saturated aqueous sodium bicarbon- 
ate solution (3 x 60 mL), dried (MgSO,) and evaporated in vacuo. Crystallization 
from ethyl acetate/petroleum ether afforded 6 and 8, respectively. 


(4Sj-terr-Butyloxazolidin-2-one (6): Reaction of (2S)-2-amino-3,3-dimethylbutan- 
1-01 (1.30 g, 11.1 mmol) with diethyl carbonate (6.50 g, 55.0 mmol) and potassium 
carbonate (0.20 g, 1.50 mmol) according to general procedure I yielded 6 (1.36 g, 
86%) as white needles. M.p. 120°C (ethyl acetate/petroleum ether); [a];' = - 18.0 
(c = 0.50 in ethanol); 'HNMR (200 MHz, CDCI,): 6 = 0.91 (s, 9H, tBu), 3.60 
(ddd, J = 8.8, 5.8, 1.0 Hz, 1 H, 4-H), 4.20 (dd, J = 8.8, 5.8 Hz, I H ,  5-H), 4.37 (dd, 
J = 8.8, 8.8 Hz, 1 H, 5-H), 6.43 (s, 1 H, NH). 


(4S,1'Sj-(l'-ter~-Butyldimethylsilyloxy-l'-pbenyi)~ethylox~oli~n-2-n~ (8): Ac- 
cording to general procedure I, 15 (1.59 g, 5.54 mmol) was treated with diethyl 
carbonate (2.68 mL, 11.1 mmol) and potassium carbonate (153 mg, 1.11 mmol) to 
afford 8 (1.36 g, 80%) as colourless crystals. R, = 0.52 (ethyl acetate/petroleum 
ether); M.p. 83-85°C (ethyl acetate/petroleum ether); [a]? = + 88.6 (c = 1 in 
chloroform); lR(fi1m):i = 3302(NH),2956,2932,2894(CH), 1754(C=O)cm-'; 
UV (acetonitrile): A,,, (Igs) = 192.5 nm (4.508), 205 nm (3.985); 'H NMR 
(200 MHz, CDCI,): S = 0.02 (s, 3 H, SiMe), 0.26 (s, 3H, SiMe), 1.09 (s, 9H, SitBu), 
4 .07-4.19(m.lH,4-H),4.30(dd,J=8.5,5.0Hz,  lH,5-H),4.38(dd,J=8.5,  
8.5 Hz, 1 H, 5-H), 4.74 (d, J = 6.7 Hz, 1 H, 1'-H), 5.55 (s, 1 H, NH), 7.50-7.62 (m. 
5H, aromatic H); 13C NMR (50 MHz, CDCI,): 6 = - 5.64, -4.87 (2xSiMe). 
17.90 (SirBu-C), 25.57 (SitBu-a,), 58.84 (C-4), 66.23 (C-5), 77.00 (C-1'). 126.6, 
128.5, 128.6, 139.3 (aromatic C), 159.2 (CO); MS (70eV, El): m/r (%): 250 (10) 
[M' - tBu], 221 (75) [PhCHOSitBuMe,], 176 (6) [M' - OSitBuMe,], 105 (40) 
(PhCHO - 1],73 (100) (SiMe,]; C,,H,,NO,Si (307.5): calcd C 62.50, H 8.20, found 
C 62.74. H 8.16. 


CH,), 58.19(C-2), 61.29 (C-3), 72.21 (C-1). 115.8(CF3), 125.9, 128.1, 128.4, 140.7 


2-H), 3.57 (dd, J = 10.5, 7.0 Hz, 1 H, 3-H), 3.73 (dd, J = 10.5, 4.5 Hz, 1 H, 3-H), 


Syuthesis of chiral heterodiene 7 and %General Procedure 11: A solution of oxazo- 
lidinone [6 (1.43 g. 10 mmol) or 8 (3.07 g, 10 mmol)] in anhydrous tetrahydrofuran 
(30 mL) was treated with n-butyllithium in hexane (10.5 mmol) and stirred at 
-78°C under nitrogen for 30 min. 5 (1.71 g, 10.5 mmol) was slowly added to the 
reaction mixture and stirring was continued for 1 h. The solution was quenched with 
saturated aqueous sodium bicarbonate solution (30 mL) and extracted with ether 
(2 x 40 mL) and ethyl acetate (1 x 40 mL). The organic layer was dried (MgSO,) 
and concentrated in vacuo, and the resulting residue was purified by chromatogra- 
phy or crystallization to give 7 or 9, respectively. 


(dS)4~ert-Butyl-5~(E)-4'ethoxy-2'-oxo-3'-buteaoyl~-oxazoli (7): Accord- 
ing to general procedure I1 a solution of 6 (1.04 g, 7.30 mmol) in dry tetrahydro- 
furan (25 mL) was treated with n-butyllithium in hexane (7.50 mmol) and 5 (1.22 g, 
7.50 mmol). Flash chromatography (50 g SiO,, ethyl acetate/petroleum ether, 1 :2) 
and recrystalliation (ether) afforded 7 as white crystals; R, = 0.44; M.p. 
100-102°C (ether); [a];" = + 69.8 (c = 1.05 in chloroform); IR (KBr): i = 2970, 
2898 (CH), 1778 (C=O, urethane), 1696 (C=O, amide), 1656 (C=O, conjugated), 


1618 (C=C)cm-'; UV (acetonitrile): Amax (Igs) = 204.5 nm (3.793), 251.5 nm 
(4.118); 'HNMR (200MHz, CDCI,): 6 = 1.01 (s, 9H, tBu), 1.39 (t, J = 7.0 Hz, 
3H, CH,), 4.04(q, J = 7.0 Hz, 2H, OCH,), 4.30-4.43 (m, 3H, 4-H, 5-H,), 5.71 (d, 
J=12.8Hz, lH,3 ' -H),7.55(d,J= 12.8Hz,1H,4'-H);13CNMR(50MHz,CD- 
(3,): 6 = 14.32 (CH,), 25.59 (~Bu-CH,), 36.00 (WU-C), 60.85 (C-4), 66.77, 67.81 
(OCH,, C-5), 103.5 (C-37, 154.0 (C-2), 166.5 (C-4'), 166.9 (C-2), 186.9 (C-1'); MS 
(70eV, EI): m/z ("A): 269 (1) [M'], 99 (100) [EtOCH=CHCO], 71 (51) 
[EtOCH=CH]; Cl,Hl,NO, (269.3): calcd C 57.98, H 7.11, found C 58.05, H 7.24. 


(4S,1"S)-4-(1"-tert-Butyldimethykilyloxy- l"-phenyl)-methyl-3-[ (Q-4'-ethoxy-2'- 
oxo-3'-butenoyl]-oxazolidin-Z-one (9): Reaction of 8 (1.12 g, 3.64 mmol) with n- 
butyllithium in hexane (3.80 mmol) and 5 (0.62 g, 3.80 mmol) according to general 
procedure I1 yielded 9 (1.12 g, 71 %) as a colourless oil. R f  = 0.75 (ethyl acetate/ 
petroleum ether, 1 :2); [a];" = - 116.4 (c  = 1 in chloroform); IR (film): i = 2954, 
2930,2892 (CH), 1796 (C=O, urethane), 1688 (C=O, amide), 1656 (C=O, conju- 
gated), 1618(C=C)cm-1;UV(acetonitri1e):A,,,ax(1g~) = 190.5 nm(4.553),206nm 
(4.034), 251 nm (4.012); 'H NMR (200 MHz, CDCI,): 6 = 0.02 (s, 3H, SiMe), 0.15 
(s, 3H, SiMe), 0.93 (s, 9H, SitBu), 1.41 (t, J =  7.0Hz, 3H, CH,), 4.05 (4. 
J=7.0Hz,2H,0CH2),4.39(dd,  J=9.5,8.5Hz,  IH,5-H),4.62-4.74(m,2H, 


7.42 (m, 5H, aromatic H), 7.56 (d, J = 12.8 Hz, 1 H, 4'-H); 13C NMR (50 MHz, 
CDCI,): 6 = - 5.16, -4.55 (2 x SiMe), 14.33 (CH,), 18.12 (SirBu-C), 25.71 (SitBu- 


128.6, 128.8, 137.2 (aromatic C), 152.5 (C-2), 166.4 (C-4'), 166.6 (C-2'), 186.2 
(C-1'); MS (70eV, EI): m/z ("A): 433 (1) [Mt] ,  376 (16) [ M +  - tBu], 221 (100) 
[PhCHOSirBuMe,], 147 (12), 99 (68) [EtOCH=CHCO], 71 (31) [EtOCH=CH]; 
C,,H,,NO,Si (433.6): calcd C 60.94, H 7.21. found C 61.09, H 7.38. 


Synthesis of tbe Dihydropyrans 16a-19a. 16b-19b and 20a-23a by a Lewis acid 
promoted DielsAlder reaction-General Procedure 111: Reaction of oxabutadiene 7 
with the enol ethers l a  and 1 b and oxabutadiene 9 with enol ether l a :  A solution 
of 7 or 9 (0.20 mmol) in dry dichloromethane (2 mL) was treated with 1 a or 1 b 
(0.40 mmol). The mixture was cooled to - 78 "C and a 1 M solution of the Lewis acid 
in dichloromethane (0.30 mmol) was added dropwise. Stirring was continued at this 
temperature, after which the reaction was quenched by addition of saturated 
aqueous sodium bicarbonate solution (1 -5  mL) and extracted with ether 
(3 x IOmL). After drying (MgSO,), the organic layer was concentrated in vacuo 
and the residue was purified by chromatography to give 16a-l9a, 16bb19b and 
20a-23a, respectively. 


Synthesis of the Dihydropyrans 16a-198,16b-l9b and 20a-23a by a triflate-pro- 
moted Diels-Alder reactioeGenera1 Profedure IV: Reaction of heterodiene 7 with 
the enol ethers l a  and 1 b and heterodiene 9 with enol ether l a :  To a solution of 7 
or 9 (0.20 mmol) in dry dichloromethane (2 mL), enol ether 1 a or 1 b (0.30 mol) was 
added. The reaction mixture was cooled to -78 "C and slowly treated with TMS- 
OTf or TBDMS-OTf. The solution was stirred at - 78 "C until completion of the 
reaction and quenched by the addition of 1 mL of a mixture of triethylamine/ 
ethanol (1 : 1) and filtered ( 5  g SO,, ethyl acetate). The filtrate was washed with 
saturated aqueous sodium bicarbonate solution (3 x IOmL), dried (MgSO,) and 
concentrated in vacuo. The residue was then chromatographed to yield 16a-l9a, 
16b-19b and 20b-23b, respectively. 


Reaction of 2 and l a :  Following general procedures I11 and IV, a mixture of 2 
(43.0 mg, 0.20 mmol) and 1 a (52.0 mg, 0.40 mmol) in dry dichloromethane (2 mL) 
was treated at -78°C with the I M  Lewis acid in dichloromethane (0.30mL, 
0.30 mmol) or TMS-OTf (58.0 mL, 0.30 mmol), to yield after chromatography 
(10 g SiO,, ethyl acetate/petroleum ether, 1 :1) 3 and 4. 


( 2 S R , 3 R S , 4 S R ) - 3 - A c e t o x y - 2 , ~ d i e t b o x y - 6 - ( -  
ZH-pyran (4. exo isomer): R, = 0.42; M.p. 116°C (ether); IR (KBr): 5 = 2978, 
2932,2876 (CH), 1790 (C=O, urethane), 1744 (C=O, OAc), 1694 (C=O, amide), 
1658 (C=C)cm-'; UV (acetonitrile): A,,, (lge) = 212 nm (3.675), 240 nm (3.639); 
'HNMR (200 MHz, C6D,): 6 = 1.04 (t, J = 7.0 Hz, 3H, CH,), 1.08 (t. J = 7.0 Hz, 
3H, CH,), 1.65 (s, 3H, OAc), 2.72-3.08 (m, 4H, 4'-H,, 5'-H,), 3.44 (dq, J =  9.0, 
7.0 Hz, 1 H, OCH),3.54(dq,J= 9.0, 7.0Hz, IH,OCH), 3.65(dq,J= 9.5,7.0 Hz, 
lH,OCH),  3.96(dd, J=4 .2 ,  3.0Hz, IH,4-H),4.09(dq, J=9 .5 ,  7,0Hz, I H ,  
OCH),5.50(d,J= 1.5 Hz, lH,2-H),5.53 (ddd,J= 3.0,1.5,1.2 Hz, 1 H,3-H), 5.84 
(dd, J = 4.2,1.2 Hz, 1 H, 5-H); 13C NMR (50 MHz, C,D,): 6 = 15.20 (CH,), 15.58 
(CH,), 20.53 (OAc), 42.55 (C-4'), 62.02 (C-S), 64.72, 66.23 (2 x OCH,), 70.03 
(C-3), 71.98 (C-4). 98.31 (C-2), 106.2 (C-5), 147.4 (C-6), 152.1 (C-2'), 163.7 (C-7). 
169.8 (OAc); MS (70 eV; EI), m/z (%): 343 (1) [M'], 214 (86) [retro-Diels-Alder 
(RDA), diem +I] ,  169 (62) [ M i  - OAc-carboximide]. 99 (90) [RDA, 
EtOCH=CHCO], 88 (100) [RDA, enol ether - Ac + 11; ClSH21N08 (343.3): calcd 
C 52.47, H 6.17, found C 52.68, H 6.14. 


4-H, 5-H),5.34(d, J=4 .0Hz ,  l H ,  1"-H), 5.69(d, J = 1 2 . 8 H ~ ,  l H ,  3'-H),7.30- 


CH,), 57.27 (C-4), 64.27, 67.83 (C-5, OCH,), 70.44 (C-l"), 103.1 (C-3'), 126.4, 


(2SR,3RS,4SR)-5Acetoxy-2,4-diethoxy-6-fo- 
ZH-pyran (3, endo isomer): R, = 0.35; M.p. 57-59 "C (ether); IR (KBr): i = 2980, 
2930,2908 (CH), 1790 (C=O, urethane), 1744 (C=O, OAc), 1694 (C=O, amide), 
1658 (C=C)cm-'; UV (acetonitrile): A,, (lge) = 211 nm (3.821), 250.5nm 
(3.691); 'HNMR (500 MHz, C,D,): 6 = 1.08 (t, J =7.0 Hz, 3H, CH,), 1.12 (t, 
J=7.0Hz,3H,CH3),1.74(s,3H,OAc),2.68-2.73(m,1H,5'-H),2.86-2.93(m, 
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1 H, 5‘-H), 2.94-2.98 (m, 2H, 4’-H,), 3.17 (dq, J = 8.5, 7.0 Hz, 1 H. OCH), 3.55 
(dq, J = 8.5, 7.0 Hz, 1 H, OCH), 3.69 (dq, J = 9.5, 7.0 Hz, 1 H, OCH), 3.85 (ddd. 
J = 4.5, 2.5, 1.0 Hz, 1 H, 4-H). 4.04 (dq, J =  9.5, 7.0 Hz, 1 H, OCH), 5.16 (dd, 
J z 1 . 0 ,  0.5H2, l H ,  2-H), 5.58 (ddd, J = 4 . 5 ,  1.7, 0.5Hz, 1H. 3-H), 5.72 (dd, 
J =  2.5, 1.7 Hz, 1 H, 5-H); I3C NMR (50 MHz. C,D,): 6 = 15.20 (CHJ, 15.47 


(~xOCH, ) .  72.04 (C-41, 100.6 {CC-~), 108.6 fC-5), 146.0 (C-6), 152.5 (C-2), 163.3 
(CHA 20.63 (OAc), 42.54 (C-43, 62.16 (C-S), 65.06 (C-3), 65.41. 65.88 


(C-71, 170.1 (OAc); MS (70eV; El): m/r (%): 343 (1) [ M + ] .  214 (28) [RDA, dzene 
i l l ,  169 ( 5 )  [M’ - OAc - carboximidel. 130 (11) IRDA, enol etherl, 43 (100) 
[Ac]; C,,H,,NO, (343.3): calcd C 52.47, H 6.17, found C 52.49, H 6.24. 


Reaction of 7 and 1 a: A solution of 7 (54.0 mg, 0.20 mmol) and 1 a (52.0 mg, 
0.40 mmol) in dry dichloromethane was treated according to general procedures 111 
and IV with a 1~ solution of  the Lewis acid in dichloromethane (0.30mL, 
0.30 mmol) or with TMS-OTf (58.0 mL, 0.30 mmol), respectively. to give after 
chromatography (10 g SOl ,  ethyl acetate/petroleum ether. 1 :2) 16a-1911. 


(2S,3R,4S,4‘S)-3-Acetoxy-Z,4~ethoxy-~(car~yl4’-ferf-butyl~xazo~din-2’-one)- 
3,Cdihydro-2H-pyran (18a, exo-I product): R, = 0.46; [a];” = - 32.7 (c = 0.63 in 
chloroform); IR (film): i = 2972. 2940,2896 (CH), 1788 (C=O. urethane), 1744 
(C=O, OAc), 1702 (C=O, amide), 1656 (C=C) cm-I; UV (acetonitrile): A,,q (lgc) 
= 241.5 nm (3.716); ‘HNMR (200 MHz. C,D,): 6 = 0.60 (s, 9H, rBu), 1.03 (t, 
J=7.0Hz,3H,CH3),1.08(t,J=7.0Hz,3H,CH3),1.62(s,3H,OAc),3.17(dd, 
J=9.0,8.5H~,lH,S-H),3.22(dq,J=8.5,7.0H~,lH,OCH),3.44(dd,J=9.0, 


4-H). 4.02 (dq, J =  9.5, 7.0H2, IH ,  OCH), 4.06 (dd, J = 8.5, 2.0 Hz, 1 H, 4-H), 
5.54 (ddd, J = 2.5, 1.5, 1.5 Hz, 1 H, 3-H), 5.58 (d, J = 1.5 Hz, 1 H. 2-H), 5.89 (dd, 
J = 4.5, 1.5 Hz, 1 H, 5-H); ”C NMR (50 MHz, C,D,): 6 = 15.03 (CH,), 15.45 
(CH,), 21.11 (OAC), 25.33 (IBu-CH,), 35.99 (~Bu-C), 60.52 (C-4), 64.77, 65.22. 
66.15 (2x0CHz,  C-5’1, 69.73 (C-3), 71.35 (C-4), 97.60 (C-2), 106.7 (C-5), 147.0 


2.0Hz, l H ,  5‘-H), 3.48-3.76 (m, 2H, 2xOCH), 3.91 (dd, J = 4 . 5 ,  2.5Hz, I H ,  


(C-6). 153.0 (C-T), 164.7 (C-7), 170.4 (OAc); MS (70 eV, EI): m/z (%): 270 (100) 
[RDA, diene + 11,169 (17) [M’ - carboximide - OAc], 130 (8) [RDA, enol ether], 
99 (70) [RDA, EtOCH=CHCO]; C,,H,,NO, (399.4): calcd C 57.13, H 7.32, found 
C 57.04, H 7.37. 


(ZR,3S,4S,4’S)-3-Acetoxy-2,4-diethoxy-6-(car~nyl4’-fer~-butyloxazo~din-2’-o~)- 
3,4-diiydro-2H-pyran (16a. endo-I isomer): R, = 0.40; [a];’ = + 30.2 (c = 1 in 
chloroform); IR (KBr): i = 2974,2908 (CH), 1786 (C=O, urethane), 1746 ( G O ,  
OAc). 1704 ( c = o ,  amide), 1656 (C=C)cm-’; UV (acetonitrile): A,,, (lgc) 
= 252 nm (3.681); ‘HNMR (200 MHz, C,D,): 6 = 0.60 (s, 9H, tBu), 1.07 (t, 
J=7.0Hz,3H,CH3),1.13(t,J=7.0Hz,3H,CH3),1.72(s,3H,OAcj,3.17(dq, 
J~8.5,7.0H~,1H,OCH),3.19(dd,J~9.0,8.5H~,1H,5’-H),3.46(dd,J=9.0, 
2.2 Hz. 1 H, 5‘-H), 3.54 (dq, J = 8.5,  7.0 Hz, 1 H, OCH), 3.69 (dq, J = 9.5, 7.0 Hz, 
1 H, OCH), 3.86 (ddd. J = 4.5,2.5,1.0 Hz, 1 H, 4-H), 4.00 (dq, J = 9.5. 7.0 Hz, 1 H, 
OCH), 4.06 (dd, J = 8.5. 2.2 Hz, 1 H. 4-H), 5.28 (dd, J = 1.0, 0.5 Hz, 1 H, 2-H), 
5.58 (ddd , J=  4.5,1.7,0.5H~, 1 H, 3-H), 5.76 (dd, J =  2.5.1.7 Hz, l H ,  5-H); ”C 


CH3), 36.54 (1Bu-C). 61.21 (C-4‘), 65.56, 66.24, 66.58 ( ~ x O C H , .  C-S), 65.91 
(C-3), 72.88 (C-4), 101.6 (C-2). 110.1 (C-5), 147.3 (C-6). 154.3 (C-2), 165.3 (C-7), 


NMR (50MHz, C,D6): 6 = 16.04 (CH,). 16.25 (CH,), 21.45 (OAc), 25.86 (tBu- 


170.9 (OAc); MS (70eV, EI): mlz (%): 270 (16) (RDA. diene tl], 169 (1) 
[M’  - carhoximide - OAc], 130 (6) [RDA, enol ether], 99 (46) [RDA, 
EtOCH=CHCO], 43 (100); C,,H,,NO, (399.4): calcd C 57.13. H 7.32, found C 
57.23. H 7.45. 


(2S,3R,4R,4’S)-3-Aceto~y-2,Cdietb0~y~-(car~nyl4’-~e~~-b~tyloxazolidin-2’-one)- 
3,4dihydro-ZH-pyran (17a, endo-I1 isomer): R, = 0 39; [a]:” = + 34.8 (c = 1 in 
chloroform); IR (KBr): 6 = 2976. 2932, 2880 (CH), f792 (C=O, urethane), 1746 
(C=O, OAc), 1704 (C=O, amide), 1660 (C=C) cm-’: UV (acetonitrile): i.,,, (lgs) 
= 200 nm (3.868), 247.5 nm (3.424); ‘H NMR (300 MHz, C,D,): 6 = 0.63 (s. 9H, 
~BU),~.~~(~,J~~.OHZ,~H,CH~),I.I~(~,J=~.OHZ,~H,CH,),~.~~(~,~H, 
OAC), 3.17 (dq, J = 8.5, 7.0 Hz, 1 H, OCH). 3.26 (dd, J = 7.0, 7.0 Hz, 1 H, 5’-H), 
3.28 (dd, J = 7.0,4.0 Hz, 1 H, 5’-H), 3.45-3.73 fm, 3H, 4-H, 2 x OCH), 3.92 (ddd, 
J = 4 . 5 ,  2.5, 1.0H2, 1H,  4-H), 4.02 (dq, J =  9.5, 7.0H2, I H ,  OCH), 5.08 (dd, 
J=l .O,  OSHZ, IH ,  2-H), 5.56 (ddd, f=4 .5 ,  1.5, OSHz, l H ,  3-H), 5.62 (dd, 
J =  2.5. 1.5 Hz, i H ,  5-H); I3C NMR (50 MHz. CCD,): 6 = 15.22 (CH,), 15.45 


65.35, 65.65, 65.82 (2xOCH2, C-S) ,  72.03 (C-4). 100.3 (C-2), 108.1 (C-5). 145.8 
(CH,), 20.59 (OAc), 25.69 ( t B u - a , ) ,  35.61 (IBu-C), 62.98 (C-4‘). 65.12 (C-3). 


(C-6). 154.1 (C-27, 163.3 (C-7), 170.0 (OAc); MS (70eV, EI): miz (%): 270 (8) 
[RDA, diene +I]. 169 (3) [M’ - carhoximide - OAc], 131 (42) [RDA, eEol ether 
+11, 99 (89) [RDA, EtOCH=CHCO]; C,,H,,NO,: calcd 399,1893. found 
399.1893 (MS). 


(2S,3S,4S,4’S)-3-Acetnxy-2,4-dietboxy-6-(car~ny~~’-ter~- butyloxazolidin-2’-one)- 
3,4dihydro-2H-pyran (endo-1 epimerized isomer): R, = 0.43; IR (KBr): i: = 2974, 
2936, 2898, 2876 (CH), 1794 (C=O, urethane), 1746 (C=O, OAc), 1704 ( G O ,  
amide), 1658 (C=C) cm-I: UV (acetonitrile): I.,,, (Iga) = 212.5 nrn (3.667), 
248 nm (3.433); ‘HNMR (200 MHz, C,D,): 6 = 0.62 (s, 9H, tBu), 1.02 (t. 
J = 7.0 Hz, 3 H ,  CH,), 1.12 ( t ,  J 7.0 Hz, 3 H, CH,), 1.76 (s, 3 H, OAc), 3.23 (dd, 
J = 9.5, 8.5 Hz, 1 H, 5’-H), 3.24 (dq, J = 9.0, 7.0 Hz, 1 H, OCH), 3.36 (dq, J = 9.0, 
7.0Hz, 1H,OCH),3.39(d~.J=9.5,7.0Hz,1H,OCH),3.47(dd,J=9.S,2.5Hz, 
IH,  5’-H), 4.01 (dd, J=8 .5 ,  2.5Hz, IH ,  4-H), 4.14 (dq, J=9 .5 ,  7.0Hz, l H ,  


OCH), 4.40 (dd, J = 4.0, 2.7 Hz, 1 H, 4-H), 5.23 (d, J = 4.0 Hz, 1 H, 2-H), 5.50 
(ddd,J= 4.0,4.0,1.5Hz,lH,3-H),5.89(dd, J =  2.7,1.5Hz,lH, 5-H);”CNMR 
(50 MHz, C,D& 6 = 15.08 (CH,), 15.54 (CH,), 20.54 (OAC), 25.26 (tBU-CH,), 
35.69(fBu-C),61.13(C-4),64.67,65.04,65.60(2~OCH,,C-5‘),66.11 (C-3),69.00 
(C-4),99.16(C-2), 108.2(C-5), 145.3 (C-6), 153.0 (C-2’), 164.5 (C-7), 170.O(OAc); 
MS (70eV, EI): m/z (%): 399 (5) [ M ’ ] ,  270 (99) [RDA, diene + l ] ,  169 (19) 
[ M i  - carboximide - OAc]. 130 (71) [RDA, enol ether], 103 (33), 99 (99) IRDA. 
EIOCH=CHCO]; C,,H,,NO,: calcd 399.1893, found 399-1893 (MS). 


Reaction of 7 and 1 b: According to general procedures I11 and IV, a mixture of 7 
(50.0 mg, 0.19 mmol) and 1 b (71.4 mg, 0.37 mmol) in dry dichloromethane (2 mL) 
was treated at -78°C wlth a 1 M solution of the Lewis acid in dichloromethane 
(0.28 mL, 0.28 mmol) or TMS-OTf (50.0 mL, 0.28 mmol), respectively, to yield 
after chromatography (10 g SO,) 16b-19b. 


( 2 R , 3 S , 4 ~ , 4 ’ S ) - 3 - A c e t o x y - 2 - b e n z y l o x y ~ t ~ x y - ~ ~ r ~ n y l ~ ‘ ~ e r t - b u t y l o x ~ ~ -  
in-2’-one)-3,4-dihydro-2H-pyran (16b, endo-I isomer): R, = 0.18 (ethyl acetate/ 
petrohum ether. 2:5); [ago = - 6.8 (c = 0.5 in chloroform); IR (KBr): 5 = 3446 
(aromatic CH), 2970,2880 (CH), 1784 (C=O, urethane), 1746 (C=O. OAc), 1704 
(C=O, amide), 1654 (C=C) cm- ’ ; UV (acetonitrile): Am,, (Ige) = 207.5 nm (4.042), 
251.5 nm (3.675); ‘H NMR (200 MHz, C,D,): 6 = 0.59 (s, 9H, tBu), 1.11 (1, 


(dd, J = 9.5, 8.5 Hz, 1 H, 5’-H), 3.43 (m, 1 H, OCH), 3.44 (dd, J s 9.5,2.5 Hz, 1 H, 
J=7.0Hz,3H,CH3), 1.73(~,3H,OA~),3.12(dq, J = 9.0. 7.0 Hz.IH,OCH),3.35 


S-H),3.68(ddd,J=4.5,2.5,1.0H~.lH,4-H),4.07(dd,J=8.5,2.5H~,lH, 
~-H),~.~~(~,J~I~.~HZ,IH,OCHP~),~.O~(~,J~~~.~HZ,IH,OCHP~),~.~~ 
(s ,  1 H, 2-H), 5.60 (ddd, J = 4.5, 1.7, 0.5 Hz, 1 H, 3-H), 5.77 (dd, J = 2.5, 1.7 Hz. 
1 H. 5-H); 13C NMR (50 MHz, C6D6): 6 = 15.44 (CHJ, 20.59 (OAC), 25.05 (tBu- 
a,). 35.71 (IBu-C), 60.46 (C-4), 56.65 (C-3), 64.72, 65.38. 70.94 (2xOCH2, 
C-S), 71.87 (C-4), 99.67 (C-2), 99.67 (C-5), 128.3, 128.8, 137.7 (aromatic C ) ,  146.3 
(C-6), 153.5 (C-2‘), 164.4 (C-7), 170.1 (OAc); MS (70eV, EI): rn/z (%): 461 (2) 
[M‘], 270 (40) [RDA, diene + 1],91 (100) [C,H,+]; C,,H,,NO, (461.5): calcd C 
62.46, H 6.77, found C 62.57, H 6.95. 


(2S,3R,4R,4’S)-3-Acetoxy-2-benyloxy-4-e~oxy-6-(car~nyl-4‘-rer~-~tyloxaznlid 
in-2’-one)-3,4-dihydro-2H-pyran (17 b, endo-11 isomer): & = 0.21 (ethyl acetate / 
petroleum ether, 2: 5 ) ;  [a];” = + 84.4 (c  = 0.25 in chloroform); IR (KBr): i = 3412 
(aromatic CH), 2972,2942 (CH), 1790 (C=O, urethane), 1746 (C-0, OAc), 1700 
(C=O, amide), 1662 (C=C)cm-’; UV (acetonitrile): Amax (Ige) = 204nm (4.196), 
242 nm (3.670); ‘HNMR (200 MHz, C6D,): 6 = 0.62 (s, 9H, rBu), 1.12 (t, 
J=~.OHZ,~H.CH,),~.~~(S,~H,OA~),~.O~(~~,J= 8.5,7.0Hz,lH,OCH),3.30 
(dd, J =  9.0, 7.5Hz, l H ,  5‘-H), 3.42-3.60(m, 2H, OCH, 5‘-H), 3.72(dd,J=7.5, 
1.5Hz,1H,4-H),3.78(m.1H,4-H),4.82(d,J=12.5Hz,lH,OCHPh),5.00(d, 
J=12.5Hz,1H,OCHPh),5.21(s,1H,2-H),5.57(ddd,J=4.5,1.7,0.5Hz,1H, 
3-H), 5.65 (dd, J =  2.5, 1.7H2, 1 H, 5-H); I3C NMR (75 MHz, C6D6): 6 =15.44 
(CH,), 20.59 (OAC), 25.66 (tBu-CHJ, 35.58 (~Bu-C), 63.08 (C-4), 65.15 (C-31, 
65.27, 65.77, 70.99 (2 xOCH,, C-S), 71.69 (C-4). 99.10 (C-2), 108.4 (C-51, 128.5, 
128.6,128.7,137.7(aromaticC), 145.7 (C-6). 154.2(C-2’), 163.2(C-7), 170.0(0Ac); 
MS (70eV, EI): mlz (%): 461 (2) [ M ’ ] ,  270 (42) [RDA, dime +1], 91 (100) 
[C,H,+]; C,,H,,NO,: calcd 461.2049, found 461.2049 (MS). 


(2$3R,4S,4’S)- and (2R,3S,4R,4’S)-3-Acetoxy-2-benzyloxy-Qetnyl- 
4’-tert-butyloxazolidiP2’-one)-3,4dibydro-2 Spyran (18 b and 19 b, exo-I and exo- 
I1 isomer): R, = 0.20 (ethyl acetate/petroleum ether, 2: 5);  IR (KBr): i = 3412 (aro- 
matic CH), 2972, 2942 (CH), 1790 (C=O, urethane), 1746 (C=O, OAc), 1700 
(C=O, amide). 1662 (‘24) CM-’ ;  UV (acetonitrile): A,,, (Ige) = 204 nm (4.196). 
242 nm (3.670); ’HNMR (SOOMHz, C,D6): 6 = O S 2  (s, 9H, tBu), 0.93 (t, 
J ~ 7 . 0  Hz,3H,CH3), 1.56(s,3H,OAc), 3.10(dd,J= 9.0.9.0 Hz, I H, 5’-H), 3.33 
(dq,J=9.0,7.0Hz,lH,OCH),3.38(dd,J=9.0,2.5Hz,1H,5’-H),3.45(dq, 
J = 9.0, 7.0 Hz, 1 H, OCH), 3.88 (dd, J = 4.2,2.8 Hz, 1 H, 4-H), 4.01 (dd, J = 8.5, 
2.5 Hz, 1 N. 4 - H ,  em-I isomer), 4.05 (dd, J = 8.0,3.0 Hz, I H, 4-H, em-I1 isomer), 
4.67(d,J=12.5Hz,1H,OCHPh,exo-Iisomer),4.71(d,J=12.5Hz,1H,OCHPh, 
exo-I1 isomer), 4.89 (d, J=12.5 Hz, 1 H, OCHPh, exo-I1 isomer). 5.01 (d, 
J=12.5Hz,  lH,OCHPh,eru-I isomer), 5S1 (m, l H ,  3 4 1 ,  5.64(d, J=1.2Hz. 
1 H, 2-H), 5.79 (dd, .r= 3.0, 1.0 Hz, 1 H, 5-H, exo-I1 isomer), 5.86 (dd, J =  4.5, 
1.0Hz. 1H,S-H.exo-Iisomer);1dCNMR(75 MHz,C,D,):6=15.51 (CH,),20.43 
(OAc), 25.09 (rBu-CH,), 35.72 (tBu-C), 60.49 (C-4, exo-I isomer), 60.59 (C-4, 
em-I1 isomer), 64.66, 64.74, 71.91 (2 x OCH,. ‘2-5’). 70.04 (C-3, exo-I isomer), 
70.32 (C-3, exo-11 isomer), 72.17 (C-4, exo-I isomer), 75.09 (C-4, exo-I1 isomer). 
98.00 (C-2, exo-l isomer), 101.3 ((2-2, exo-I1 isomer), 107.2 (C-5, exo-1 isomer), 
109.7 (C-5, em-I1 isomer). 127.8, 128.3, 128.5, 137.8 (aromatic C), 147.6 (C-6). 
153.2 (C-2’). 164.8 (C-71, 169.8 (OAc); MS (70eV; EI): m/r (%): 270 (18) [RDA, 
diene + 11.91 (100) [C,H,+], 99(18)[RDA, EtOCH=CHCO~:C,,H3,N08(461.5): 
calcd C 62.46, H 6.77, found C 62.57, H 6.95. 


( ~ R , 3 R , 4 S , 4 ’ S ) - ~ A ~ e t 0 x y - 2 - ~ ~ . y l o x y ~ ~ ~ o x y ~ ~ r ~ n y l ~ ’ - t e r t ~ t y l o x ~ o ~ d -  
in-2’-one)-3,4dihydrn-Z H-pyran (exo-I epimerized isomer): Rf = 0.27 (ethyl ac- 
etate/petroleum ether, 2:5); [a];” = +193.6 (c = 0.5 in chloroform); IR (KBr): 
i = 3412 (aromatic CH), 2972, 2942 (CH), 1790 [C=O, urethane), 1746 [C=O, 
OAc), 1700 (C=O, amide), 1662 (C=C)cm-’; UV (acetonitrile): A,,, (lgc) 
= 204 nm (4.196), 242 nm (3.670); ‘HNMR (500 MHz, C6D6): 6 = 0.64 (s, 9H, 
tB~),1.00(t,J=7.0Hz,3H,CH3),1.65(s,3H,OAc),3.21(dd,J=9.0,7.5Hz, 


~~ 
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1 H, 5’-H), 3.38-3.43 (m, 2H, 2 x OCH), 3.45 (dd, J = 9.0, 1.8 Hz, 1 H, 5’-H), 3.86 
(dd, J=7.5,  1.8Hz. l H ,  4-H), 4.18 (dd, J = 4 . 8 ,  3.5Hz, 1H, 4-H), 4.66 (d, 
J=12.0H~,1H,OCHPh),5.14(d,J=12.0Hz,IH,OCHPh),5.51(d,J =2.QHz, 
1 H, 2-H), 5.54 (dd, J = 4.8, 2.0 Hz, 1 H, 3-H), 5.88 (d, J = 3.5 Hz, 1 H, 5-H); “C 
NMR (75 MHz, C,D6): 6 ~ 1 5 . 5 4  (CH,), 20.39 (OAc), 25.46 (tBu-CH,), 35.65 
(rBu-C), 62.15 (C-4), 64.47, 65.19, 71.87 (2xOCH2, C-5’), 70.18 (C-3), 71.57 
(C-4), 97.82(C-2), 107.09(C-5), 127.9,128.5,137.9(aromaticC), 146.6(C-6), 153.5 
(C-2’), 364.1 (C-7), 169.7 (OAc); MS (70eV): m/z (%): 461 (2) [M+], 270 (42) 
[RDA, diene + 1 ] ,  91 (100) [C,H,+]; C,,H,,NO, (461.5): calcd C 62.46, H 6.77, 
found C 62.66, H 6.67. 


Reaction of 9 and l a :  A solution of 9 (87.0mg, 0.20mmol) and l a  (52.0mg, 
0.40 mmol) in dry dichloromethane was treated according to general procedures I11 
and IV with a 1 M solution of the Lewis acid in dichloromethane (0.30 mL, 
0.30 mmol) or TMS-OTf (58.0 mL, 0.30 mmol), to give after chromatography (10 g 
SO, ,  ethyl acetate/petroleum ether, 2: 7) 20a-23a. 


~2R,3~,4S,4’S,1”S)-3-Acetoxy-2,4-diethoxy-6-~carbonyl-4’-( 1”-tert-butyldimethyl- 
silyloxy-l”-phenylmethyl)-oxazolidin-2’~neJ-3,4-dihydro-2 H-pyran (20 a, endo-I iso- 
mer): R, = 0.47; [a]:’ = - 65.0 (c = 1 in chloroform); IR (film): i = 2976, 2956, 
2932, 2886, 2880 (CH), 1792 (C=O, urethane), 1746 (C=O, OAc), 1700 (C=O, 
amide), 1662 (C=C) cm-’; UV (acetonitrile): E.,,, (Iga) = 191 nm (4.696), 253 nm 
(3.628); ’HNMR(200MHz,C,D6):d = - 0.22(s,3H, SiMe), 0.07(s.3H.SiMe), 


(s, 3 H, OAc), 3.12-3.66 (m, 5 H, 4 x OCH, 5‘-H) ,334-3.94 (m, 1 H. 4-H), 3.99 (dd. 
0.91 (s,9H,tBU), l.OS(t, J=7.0Hz, 3H, CH,), 1.12(t. J=7 .0  Hzq3H,CH3), 1.80 


J = 9.0, 4.0 Hz, 1 H, 5‘-H), 4.41 (ddd, J = 9.0, 4.5, 4.0 Hz, 1 H, 4-H),  5.04 (d, 
J = 4.5 Hz, 1 H, 1”-H), 5.20 (dd, J = 1.0,0.5 Hz, 1 H, 2-H), 5.58 (ddd. J = 4.5, 1.7, 
0.5 Hz, 1 H, 3-H), 5.66 (dd, J = 2.5, 1.7 Hz, 1 H, 5-H), 7.00-7.35 (m. SH, aromatic 
H); ”C NMR (50 MHz. C6D,): 6 = - 5.26 (SiMe), -4.93 (SiMe). 15.05 (CH,), 
15.47 (CH,), 18.26 (Bu-C). 20.71 (OAc), 25.88 ( t B u - a , ) ,  57.34 (C-4), 62.86 
(C-57, 65.07 (C-31, 65.43, 65.54 (2xOCH2), 71.17 (SiOCH). 72.21 (C-4). 100.4 
(C-21, fOE.O(C-S), 127.2,128.3,128.7,138.1 (aromaticc). 146.2(C-6), 152.3 (C-2’), 
163.4 (C-7), 170.0 (OAc); MS (70 eV, EI): m/z = 506 (23) [M + - tBu], 434 (67) 
[RDA, diene], 169 (9) [M+  - carboximide - OAcj, 130 (15) [RDA, enol ether], 99 
(60) [RDA, EtOCH=CHCOI, 71 (62) [RDA, E&OCH=CH]; C,,H,,NO,Si (563.7): 
calcd C 59.66, H 7.33, found C 59.60, H 7.47. 


(2S,3R,4R,4’S,1”S)-3-Acetoxy-2,4-diethoxy-6-~car~nyl-4’-( l”-teri-butyldimethy1- 
silyloxy-l”-phenylmethyl)oxazolidin-2’-one~-3,4-dihydro-Z H-pyran (21 a, endo-11 
isomer): R, = 0.45; [a]:’ = - 99.6 (c = 1 in chloroform); IR (KBr): V = 2976,2956, 
2932, 2896, 2860 (CHI, 1796 (C=O, urethane), 1746 (C=O, OAc), 1694 (C=O, 
amide), 1660(C=C)cm-’; UV(acetonitri1e): d,,T(Ige) =190.5 nm(4.696), 256 nm 
(3.680); ‘HNMR (300 MHz, C,D,): 6 = - 0.09 (s, 3H, SiMe), 0.02 (s, 3H, SiMe), 
0.8E(s,9H,tBu),1.08(t,J=7.0Hz,6H,2xCH,),I.76(s,3H,OAc),3.17(dq, 
J =  8.5, 7.0Hz, j H,OCH),3.41 (dd, J =  9.0, 8.0Hz, IH ,  5’-H), 3.54(dq, J =  8.5, 
7.0 Hr, 1 H, OCH), 3.59 (dq, J = 9.5, 7.0 Hz, 1 H, OCH), 3.78 (ddd, J = 4.5, 2.5, 
l.OH~,lH,4-H),3.94(dq,J=9.5,7.0Hz,lH,OCH),3.95(ddd,J=8.0,4.5, 
2.0Hz, 1HZ4‘-H),4.23(dd, J=9.0,2.0Hz,  1H.  5’-H), 5.04(dd, J=1.0,0.5Hz, 
1 H, 2-H), 5.52 (ddd, J = 4.5,2.0,0.5 Hz, 1 H, 3-H), 5.60 (d, J = 4.5 Hz, 1 H, 1”-H), 
5.77(dd,J=2.5,2.0Hz,1H,5-H),6.98-7.12(m,3H,aromaticH),7.27-7.33(m, 
2H, aromatic H); ”C NMR (50 MHz, C,D,): d = - 5.21 (SjMe), -4.91 (SiMe). 
15.13 (CH,), 15.45 (CH,), 18.26 (Wu-C), 20.60 (OAc), 25.86 (tBu-CH3), 59.58 
(C-4) ,  62.97 (C-S), 65.01 (C-3), 65.38, 65.85 (2 x OCH,), 70.71 (SiOCH), 72.06 
(C-4), 100.5 (C-2)- 109.1 (C-5), 126.4, 128.3,128.6,138.0 (aromatic C ) ,  146.0 (C-6), 
152.1 (C-2’), 163.9 (C-7), 169.9 (OAc); MS (70eV; El): m/r (%): 506 (16) 
[M’ - tBu], 434 (31) [RDA, diene], 221 (100) [PhCHOSirBuMe,], 169 (8) 
[ M I  - carboximide - OAc], 99 (78) [RDA, EtOCH=CHCO]; C,,H,,N09Si 
(563.7): calcd C 59.66, H 7.33, found C 59.60, H 7.47. 


Synthesis of the Dihydropyrans 16c-19c, 16d-19d, 16e-19e, 16f-19f and 
16g-19g by a Lewis acid promoted DielsAlder reacfion-General Procedure V: 
Reaction of heterodiene 7 with the enol ethers I c, 1 d, 1 e, 1 g and 1 g: A solution of 
7 (0.20mmol) in dry dichloromethane (2mL) was treated with one of l c - g  
(0.40 mmol) at -78 “C. After stirring for 3 min at - 78 “C, a 1 M solution of the 
Lewis acid in dichloromethane (0.30 mmol) was added dropwise. The solution was 
stirred at -78°C until completion of the reaction, quenched by the addition of 
saturated aqueous sodium bicarbonate solution (1 - 5 mL) and extracted with ethyl 
acetate (3 x 10 mL). After drying (MgSOd, the organic layer was concentrated in 
vacuo and the residue was purified bychromatography to give 16c- 19c, 16d-l9d, 
16e -19e. 16f-19iand 16g-19g, respectively. 


Reaction of 7 and l c :  A nlixture of 7 (26.9mg. 0.IOmmol) and l c  (28mL, 
0.30 mmol) in dry dichloromethane (2 mL) was treated according to general proce- 
dure V with a 1 M solution of Me,AlCl in dichloromethane (0.15 mL, 0.15 mmol) a t  
-78 “C to afford after chromatography (8 g SiO,, ethyl acetatejpetroleum ether, 
1 :2) 16c-19e. 


(2R,4R,4’S)- and (2S,4S,4‘S)-2,4-Diethoxy-6-(carbonyl~’-~erf-butyloxazo~d~n-2’- 
one)-3,4-djhydro-2 H-pyran(16c and 17c, endo-1 and endo-I1 isomer): Ri = 0.43; IR 
(film): S = 2972, 2940, 2876 (CH), 1786 (C=O, urethane), 1702 {C=O, amide), 
1656 (C=C)cin-’; UV (acetonitrile): A,, (lgc) = 254.5 nm (3.651); ’HNMR 


(500 MHz, CDCI,): 6 = 0.91 and 0.95 (s, 9H, zBu, endo-I and endo-I1 isomer), 


endo-I isomer), 1.99 (dt, J =13.0, 9.5Hz, lH,  3-H.., endo-I1 isomer), 2.27 (ddt, 
J=13.0, 6.8, 1.5Hz, l H ,  3-H,,, endo-I1 isomer), 2.31 (ddt, J=13.0, 7.0, l S H z ,  
1 H, 3-He,,endo-1isomer),3.48-3.66(6x dq, J = 9.0,7.0 Hz, 6H,6xOCH),  3.83- 
3.91(2~dq,J=9.0,7.0Hz,2H,2xOCH),4.26-4.31(m,4H,2~5’-H,),4.32- 
4.37(m,ZH,2~4-H),4.47(dd,J=7.0,3.5Hz, lH,4‘-H,~ndo-Iisomer),5.07(dd, 
J = 8.5, 2.0 Hz, 1 H, exo-I isomer), 5.09 (dd, J = 9.5, 2.0 Hz, 1 H, 2-W, endo-I1 
isomer). 5.18 (dd, J = 10.0, 1.5 Hz, 1 H, 2-H, endo-I isomer), 5.57 (dd,J F 2.5, 1.5, 
1 H, 5-H, endo-I1 isomer), 5.63 (dd, J = 2.5, 1.5 Hz, IH ,  5-H, endo-I isomer), 5.66 
(dd, J =  4.5, 1.0Hz, 1 H, 5-H, e n - I  isomer); 13C NMR (200MHz, CDCl,): 
6 = 15.12,15.45 (2 x CH,), 25.23, 25.71 (2 x tBu-CH,), 34.08, (C-3, endo-11 isomer), 
34.52 (C-3, endo-I isomer), 35.87, 35.97 (2 x tBu-C), 60.54, 62.37 (2 x C-4), 62.37, 
63.53, 63.63, 65.10 (4 x OCH,, 2 x C-S), 69.78 (C-4, endo-I1 isomer), 70.10 (C-4, 
endo-1 isomer), 98.81 (C-2, exo-I isomer), 100.6 (C-2, endo-I1 isomer), 101.4 (C-2, 
endo-I isomer), 106.9 (C-5, exo-I isomer), 108.9 (C-5, endo-11 isomer), 109.7 (C-5, 
endo-I isomer),I45.6,146.4(2xC-6), 153.3,153.8(2xC-2’), 163.9,165.1(2xC-7); 
MS (70 eV, El): m/r (%): 341 (1) [ M + ] ,  99 (100) (RDA, EtOCH=CHCO], 71 (18) 
[RDA, EtOCH=CH]; C,,H,,NO, (341.4): calcd C 59.81, H 7.91, found C 60.07, 
H 7.96. 


1.16- 1.24 (4 X t. J = 7.0 HZ: 12 H, 4 x CH,), 1.95 (dt, J = 13.0, 10.0 Hz, 1 H, 3-H,., 


Reaction of 7 and l d :  A solution of 7 (53.8 mg, 0.20 mmol) and Id  (66 ml, 
0.60 mmol) in dry dichloromethane was treated according to general procedure V 
with a 1 M solution of the Lewis acid in dichloromethane (0.30 mL, 0.30 mmol). The 
crude mixture was chromatographed on 10 g SiO, (ethyl acetate/petroleum ether, 
2:9) to give 16d-19d. 


Reaction of 7 and I d  promoted by Me,AICI: Chromatography on 10 g SiO, (ethyl 
acetate/petroleum ether, 2:9) provided an overall yield of 81% of 16d-19d. 


Fraction I :  8.5 mg (12%) of 17d and 18d. 
(LS,3R,4S34’J)- and (2S,3R,4R,4’4‘S)-2,4-Diethoxy-3-methyl-~(car~nyl-4’-~e~~- 
hutyloxszolidin-2’-one)-3,4dihydro-2 H-pyran (17d and 18d, endo-I1 and exo-I iso- 
mer): R, = 0.23; IR (film): i = 2974,2936,2878 (CH), 1794 (C=O, urethane), 1702 
(C=O, amide). 1658 (C=C)cm-’; UV (acetonitrile): i,,,(Ige) =195.5 nm (3.793), 
249.5 nm (3.540); ‘HNMR (300 MHz, C,D,): 6 = 0.62 (s, 9H, ~Bu), 1.02, 1.14 
(2xt ,  J=7.0Hz, 6H, 2xCH,), 1.34 (d, J=7.0Hz,  3H, 3-CH3), 2.20 (m, l H ,  
3-H), 3.06-3.18 (m, 2H, ZxOCH), 3.24(dd, J=9 .0 ,  7.5Hz. I H ,  5’-H, endo-I1 
isomer), 3.34 (dq, J = 9.5, 7.0 Hz, 1 H, OCH, exo-I isomer), 3.42 (dd, J =  9.0, 
2.0 Hz, 1 H, 5’-H, exo-I isomer), 3.43 (dd, J = 9.0, 1.5 Hz, 1 H, 5’-H, endo-I1 iso- 
mer),3.52(dq,J=9.5.7.0Hz,lH,OCH,exo-Iisomer),3.60(dq,J=10.0,7.0Hz, 
lH,OCH,endo-IIlsomer),3.78(dd,f =7.5,1.S Hz, lH34’-H,endo-II isomer), 3.88 
(dd, J = 5.0, 4.0 Hz, 1 H, 4-H, exo-l isomer), 3.93 (dd, J = 8.0, 2.0 Hz, 1 H, 4-H, 
exo-1 isomer), 4.04 (dq J=lO.O, 7.0 Hz, 1 H, OCH, endo-I1 isomer), 4.08 (dd, 
J = 6.5, 2.5 Hz, 1 H, 4-H, endo-I1 isomer), 5.06 (d, J = 6.5 Hz, 1 H, 2-H, exo-I 
isomer), 5.08 (d, J = 1.8 Hz, 1 H, 2-H, endo-I1 isomer), 5.70 (dd, J = 2.5, 1.5 Hz, 
1 H, 5-H, enddl  isomer), 5.88 (d, J = 4.0 Hz. 1 H, 5-H, exo-I isomer); I3C NMR 


(C-3), 35.59 (iBu-C), 61.44 (C-4, exo-I isomer), 62.42 (C-4, endo-11 isomer), 64.01 
(OCH,), 65.27, 65.44 (OCH,, C-5‘), 71.08 (C-4, exo-I isomer), 73.62 (C-4, endo-II 
isomer), 103.4 (C-2).  107.4 (C-5, em-I  isomer), 108.5 (C-S, endo-I1 isomer), 145.7 
(C-6, endo-I1 isomer), 146.2 (C-6, exo-I isomer), 153.8 (C-2’), 164.1 (C-7, endo-11 
isomer), 164.9 (C-7, exo-I isomer); MS (70 eV, EI): m/r (YO): 355 (2) [ M  +], 270 (38) 
[RDA, dime +1], 86 (100) [enol ether]; C,,H,9N0,: calcd 355.1994, found 
355.1994 (MS). 


(75 MHZ, C6D.5): d = 6.334 (3-CH3), 15.31, 15.49 (CH,), 25.56 (zBu-CH,), 35.42 


Fraction 11: 47.6 mg (67%) of 16d. 
(2R,3&4R,4’S)-2,4Diet hoxy-3-methyl-6-(carhonyld’-ier~-butyloxazolidin-2’-one)- 
3,4-dihydro-ZH-pyran (166, endo-I isomer): Rf = 0.18; [ L X ] ~ ~  = +19.6 (c = 0.5 in 
chloroform); IR (film): B = 2974, 2942, 2876 (CH), 1786 (CEO, urethane), 1704 
(C=O,amide), 1652(C=C) cm-’;UV(acetonitrile):A,,,(Ig&) = 259.0 nm(3.652); 


2xCH,),1.31(d,J=7.0Hz,3H,3-CH,),2.25(m,lH,3-H),3.12-3.22(m,3H, 


OCH), 4.02-4.07 (m, 2H, OCH, 4-H), 4.08 (dd, J = 6.0,2.5 Hz, 1 H, 4-H), 5.32 (d, 


‘HNMR(500MHz,C6D6):S = 0 . 6 2 ( ~ , 9 H , t B ~ ) ,  1.04,1.14(2~ t, J =7,0Hz,6H, 


2~OCH,5’-H),3.46(dd,J=9.0,2.0Hz,1H,5‘-€I),3.71(dq,J=10.0,7.0Hz,lH, 


J =1.5 Hz, 1 H, 2-H), 5.84 (dd, J = 2.5, 1.0 Hz, 1 H, 5-H); I3C NMR (75 MHz, 
C,D,):a 6.260(3-CH3), 15.38, 15.53(CH3),25.11 (tBu-CH,),35.41 (C-3),35.81 
(feu-C), 60.47(C-4‘), 64.05 (OCH,), 64.63 (C-5’), 65.41 (OCH,), 73.86(C-4), 103.9 
(‘2-21, 109.6 (C-3, 146.2 (C-6), 153.3 (C-2’), 165.1 (‘2-7); MS (70 eV, EI): m/z (“h): 
355 (3)[M ‘],270(28)[RDA,diene +1],86(100)~enolether]; C,,H,,NO, (355.43): 
calcd C 60.83, H 8.22, found C 61.15, H 8.35. 


Reaction of 7 and Id promoted by SnC1,: Chromatography on 10 g SO, (ethyl 
acetate/petroleurn ether, 2:9) provided an overall yield of 85% of 16- 19d. 


Fraction I :  50.0mg (70%) of 186 and 19d. 
(2S,3R,4R,4‘S)- and (2R,3S,4S,4’~-2,4-Diethoxy-3-methyl-6-(carbonyl~-teri- 
butyloxazolidm-Z’-one)-3,4-dihydro-2H-pyran (18d and 19d, exo-I and em-I1 iso- 
mer): R, = 0.26; IR (film): C = 2972,2934,2878 (CH), 1790 (C=O, urethane), 1702 
(C=O,amide), 1656(C=C) cm-’; UV (acetonitrile): E.,a,(Ig~) = 241.0 nm(3.582), 
245.0 nm (3582); ‘HNMR (300 MIIz, C,D,): S = 0.62 (s, 9H, tBu), 1.00, 1.15 
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(2xt ,  J=7.0Hz,  6H, 2xCH,), 1.18 (d, J=7.0Hz,  3H, 3-CH3), 2.16 (m, lH ,  
3-H),3.10(dq,J=8.5,6.5H~,lH,OCH),3.21(dd,J=8.5,7.5Hz,lH,5’-H), 
3.34 (dq, J = 8.5,6.5 Hz, 1 H, OCH), 3.44 (dd, J = 8.5,2.0 Hz, 1 H, 5’-H), 3.51 (dq, 
J = 9.5, 7.0 Hz, 1 H, OCH), 3,88 (dd, J = 5.0, 4.0 Hz, 1 H, 4-H), 3.93 (dd, J = 7.5, 
2.0H~,lH,4-H),4.09(dq,J=9.5,7.0H~,1H,OCH),5.05(d,J=6.5H~,lH, 
2-H. exo-1 isomer), 5.20 (d, J = 7 . 5  Hz, 1H. 2-H, exo-11 isomer), 5.87 (d, 
J = 4.0 Hz, 1 H, 5-H, exo-I isomer), 5.97 (d, J = 4.0 Hz, 1 H, 5-H, exo-11 isomer); 
”C NMR (50 MHz, C,D,): 6 =10.69 (3-CH3), 15.30, 15.59 (CH,), 25.38 ({Bu- 
CH,). 35.71 (tBU-C), 36.14 (C-3), 61.46 (C-e), 64.11, 64.86, 65.06 ( ~ x O C H , ,  
C-5’). 71.08 (C-4, exo-I isomer), 74.58 (C-4, exo-11 isomer), 103.1 (C-2, exo-I1 
isomer), 103.2 (C-2, exo-I1 isomer), 106.8 (C-5. exo-11 isomer). 107.4 (C-5, exo-I 
isomer), 146.2 (C-6), 153.2 (C-2’), 164.9 (C-7); MS (70eV, EI): m/z (%): 355 (2) 
[M’], 270 (75) [RDA, diene +1], 86 (100) [enol ether]; C,,H,,NO, (355.4): calcd 
C 60.83, H 8.22, found C 61.15, H 8.35. 


Fraction 11: 7.80 mg (11 %) of 16d and the C-2-epimerized 16d 
(2S,3S,4R,4‘S)- and (2R,3~,4R,4’s)-2,4-Diethoxy-3-methyl-6-(rt- 
butyloxazolidi~2’-one)-3,4diiydro-2 H-pyran (16d epimerized and 16d, endo-I 
epimerized (ep) and endo-1 isomer): Rr = 0.20; IR (film): i = 2972, 2934, 2878 
(CH), 1790 (C=O, urethane), 1702 (C=O, amide), 1656 (C=C) cm-’; UV (ace- 
tonitrile): I,,, (Ige) = 241.0 nm (3.582), 245.0nm (3582); ’HNMR (500MHz, 
C,D,): 6=0.63and 0.64(2xs, 18H, 2xrBu), 1.02, 1.15 (2xt. J=7.0Hz, 6H, 
2xCH3.  endo-Iisomer), 1.05, 1.08(2xt, J=7.0Hz,6H,2xCH,,endo-I-episo- 
mer), 1.06 (d, J = 7.0 Hz, 3H. 3-CH3), 2.25 (m, 1 H, 3-H, endo-l isomer), 2.30 (m, 
1 H, 3-H, endo-I-ep isomer), 3.18 (dq, J = 9.0,7.0 Hz, 1 H,OCH), 3.19 (dd, J = 9.0, 


1 H, 5’-H, endo-I-ep isomer), 3.47 (dd, J = 9.0, 2.2 Hz, 1 H, 5’-H, endo-1 isomer), 
3.55 (dd, J = 4.1, 3.2 Hz, 1 H, 4-H, endo-I-ep isomer), 3.63 (dq. J = 10.0, 7.0 Hz, 
1 H, OCH, endo-I-ep isomer), 3.71 (dq, J = 10.0, 7.0 Hz, 1 H, OCH, endo-I isomer), 
4.03 (dq, J = 10.0, 7.0 Hz, 1 H, OCH, endo-I-ep isomer), 4.07 (dd, J = 2.5, 1.5 Hz, 
1H,4-H,endo-Iisomer),4.10(dd,J=8.5,2.2Hz. lH,4‘-H),5.32(d,J=1.5Hz, 
1 H, 2-H, endo-I isomer), 5.42 (d, J = 2.0 Hz, 1 H, 2-H, endo-l isomer), 5,84 (dd, 
J=2.5,1.5Hz,1H,5-H,endo-Iisomer),5,93(dd,J=4.0,l.OHz,lH,5-H,endo-I- 
ep isomer); NMR (125 MHz, C,D,): 6 = 6.250 (3-CH3. endo-I isomer), 10.69 
(3-CH3, endo-I-ep isomer), 15.34, 15.37, 15.52, 15.74 (4 x CH,), 25.14 (~Bu-CH,). 
35.37 (C-3, endo-1 isomer), 35.81 (tBu-C), 37.59 (C-3, endo-1-ep isomer), 61.45 
(C-4), 63.56, 64.03, 64.49, 64.60, 65.41 (4xOCH,, 2xC-S), 73.85 (C-4, endo-I 
isomer), 75.20 (C-4, endo-I-ep isomer), 101.7 (C-2, endo-I-ep isomer), 103.9 (‘2-2, 
endo-I isomer), 107.4 (C-5. endo-I-ep isomer), 109.6 (C-5, endo-I isomer), 147.4 
(C-61, 152.9 (C-2’), 165.5 (C-7); MS (70 eV, El): m/z (%): 270 (38) [RDA, diene 
+1]. 99 (42) [RDA, EtOCH=CHCO], 86 (100) [enol ether]; C,,H,,NO,: calcd 
355.1994, found 355.1994 (MS). 


Reaction of 7 and le: According to general procedure V, a mixture of 7 (53.8 mg, 
0.20 mmol) and le(60.0 mg, 0.60 mmol) in drydichloromethane(2 mL) was treated 
at - 78 “C with a 1 M solution of Me,AICl in dichloromethane (0.30 mL, 0.30 mmol) 
to give after chromatography (10 g SO,, ethyl acetate/petroleum ether, 2:9) an 
overall yield of 79% of 16e-19e. 


Fraction I: 5.9 mg (8.0%) of 18e and 19e. 
(2S,3R94R,4’q- and (2R,3S,4S,4’S)-2,4-Diethoxy-3.ethyld-(carbonyl~’-tert-buty- 
loxazolidin-2’-one)-3,4-diydro-2H-pyran (18e and 19e, exo-I and exo-I1 isomer): 
R, = 0.27; IR (film): 3 = 2970, 2932, 2874 (CH), 1786 (C=O, urethane), 1702 
(C=O,amide), 1656(C=C)cm-’;UV(acetonitrile): I,,(Ige) =194.0 nm(3.826); 
‘HNMR (300 MHz, C6D6): 6 = 0.66 (s, 9H, [Bu), 0.92, 1.03, 1.12 (3 x t, 
J=7.0Hz, 9 H ,  3xCH,), 1.75-2.02 (m, 3H, 3-CH2), 3.10 (dq, J=9 .0 ,  7.0Hz, 
l H ,  OCH), 3.23 (dd, J=9 .0 ,  8.0Hz, l H ,  5’-H), 3.44(dq, J = 9 . 0 ,  7.0Hz, l H ,  
OCH). 3.45 (dd, J = 9.0, 2.0 Hz, 1 H, 5‘-H), 3.55 (dq, J = 9.5, 7 ~ 0  Hz, 1 H, OCH), 
3.83 (t. J = 4.5 Hz, 1 H, 4-H, exo-I1 isomer), 3.90 (t. J = 4.5 Hz, 1 H, 4-H, exo-I 
isomer), 3.94 (dd, J = 8.0,2.0 Hz, 1 H, 4-H), 4.07 (dq. J = 9.5,7.0 Hz, 1 H, OCH), 
5.23 (d, J ~ 7 . 5  Hz, 1 H, 2-H, exo-l isomer), 5.35 (d, J =7.5 Hr, 1 H, 2-H, exo-I1 
isomer), 5.90 (d, J = 4.5 Hz, 1 H, 5-H, exo-I isomer), 6.00 (d, J = 4.5 Hz, 1 H, 5-H, 
exo-IIisomer);‘3CNMR(75MHz,C6D6):6 =11.81,15.34. 15.64(3 xCH,), 17.90 
(3-CH,, exo-I isomer), 18.00 (3-CH,, exo-I1 isomer), 25.17 (rBu-CH,, exo-I iso- 
mer), 25.46 (tBu-CH,, exo-I1 isomer), 30.21 (tBu-C, exo-11 isomer), 35.73 (rBu-C, 
exo-I isomer), 43.50 (C-3, exo-I isomer), 44.48 (C-3, exo-I1 isomer), 60.55 (C-4, 
e m 1  isomer), 61.72 (C-4, exo-I1 isomer), 63.91, 64.93, 65.24 (2xOCH2, C-S), 
69.09 (C-4, exo-I isomer), 69.33 (C-4, exo-I1 isomer), 102.3 (C-2), 106.8 (C-5, exo-I 
isomer), 108.2 (C-5, em-I1 isomer), 147.1 (C-6), 153.3 (C-21, 164.9 (C-7); MS 
(70eV, El): m/z (%): 369 (1) [Mt], 270 (78) [RDA, diene +l] ,  100 (100) [enol 
ether], 99 (45) [RDA, EtOCH=CHCO]; C,,H,,NO,: calcd 369.2151, found 
369.2151 (MS). 


Fraction 11: 51.2 mg (70%) of 16e and 17e. 
(2R,3S,4R,4‘S)- and (2S,3R,4S,YS)-2 ,4-Diethoxy-~tbyl -6- (eatyI-  
oxazolidin-2’-one)-3,4-dibydro-2H-pyran (16e and 17e, endo-I and endo-11 isomer): 
R, = 0.21; IR (film): : = 2972, 2938, 2876 (CH), 1788 (C=O, urethane), 1704 
(C=O, amide), 1654 (C=C) cm-’; UV (acetonitrile): A,, (IgE) = 254.0 nm 
(3.6.29);’HNMR(300MHz,C,D,):6=0.66(~,9H,tBu),1.04, l . l % , l . l 2 ( 3 ~ t ,  
J =7.0 Hz, 9 H, 3 x CH,), 1.80-2.05 (m. 3 H, 3-CH2), 3.10-3.30 (m, 3 H, 2 x OCH, 
S-H), 3.49 (dd, J = 9.0, 2.5 Hz, 1 H, 5‘-H), 3.60 (dq, J = 10.0, 7.0 Hz, 1 H, OCH), 


8 .5H~, lH ,S-H) ,3 .34~d~ , f=9 .0 ,7 .0H~,1H,OCH) ,3 .45 (dd , /=9 .0 ,2 .2H~,  


3.94 (dq. J = 10.0, 7.0 Hz, 1 H, OCH), 4.00 (dd, J = 6.0,3.0 Hz, 1 H, 4-H), 4.11 (dd, 
J = 8.5, 2.5 Hz, 1 H, 4‘-H), 5.06 (d, J = 1.5 Hz. 1 H, 2-H, endo-11 isomer), 5.25 (d, 
J = 1.5 Hz, 1 H, 2-H, endo-1 isomer), 5.84 (d, J = 3.5 Hz, 1 H, 5-H, endo-11 isomer), 
5.90 (dd, J = 3.0, 1.0 Hz, 1 H, 5-H, endo-1 isomer); NMR (125 MHz, C,D,): 
6 = 13.45, 15.24, 15.68 (3 x CH,, endo-I1 isomer), 14.04, 15.33, 15.59 (3 x CH,, 
endo-I isomer), 16.58 (3-CH2, endo-1 isomer), 17.34 (3-CH,, endo-I1 isomer), 25.12 
(fBu-CH,, endo-I isomer), 25.49 (lBu-CH,, endo-I1 isomer), 35.66 (rBu-C, endo-I1 
isomer), 35.81 (tBu-C, endo-I isomer), 42.46 (C-3, endo-I isomer), 42.89 (C-3, endo- 
I1 isomer), 60.44 (C-4, endo-I isomer), 41.84 (C-4, endo-II isomer), 64.36, 64.60, 
65.32 (2xOCH2, C-S), 71.33 (C-4, endo-I1 isomer), 72.69 (C-4, endo-I isomer), 
102.3 (C-2, endo-I1 isomer), 103.5 (C-2, endo-1 isomer), 108.7 (C-5, endo-11 isomer), 
109.2 (C-5, endo-I isomer), 146.3 (C-6), 153.3 (C-2’), 165.4 (C-7); MS (70 eV, El):  
m/z (%): 369 (1) [M’], 270 (32) [RDA, diene +l] ,  100 (100) [enol ether], 99 (57) 
[RDA, EtOCH=CHCO]; C,,H,,NO,: calcd 369.2151, found C 369.2151 (MS). 


Reaction of 7 and I f :  A solution of 7 (53.8 mg, 0.20 mmol) and I f  (45 mL, 
0.60 mmol) in dry dichloromethane was treated according to general procedure V 
with a 1 M solution of the Lewis acid in dichloromethane (0.30 mL, 0.30 mmol). The 
crude mixture was chromatographed on 10 g SiO, (ethyl acetatelpetroleum ether, 
2:5) to give an overall yield of 85% of 16f and 17f. 


(1 aR,4 aS,SS,4’S)- and (1 4 4  aR,5R,4‘~4’-t~rt-Butyl-7-(carbonyloxazolidin-2’- 
one)-S-etboxy-tetrabydrofuran0~2,3b~3,4d~ydro-2 H-pyran (16f and 17f, endo-l 
and endo-11 isomer): R, = 0.24; IR (film): j = 2970, 2904 (CH), 1788 (c=o, ure- 
thane), 1704 (C=O, amide), 1679 (C=C) cm-’; UV (acetonitrile): L,,, (Igs) 
= 204.5 nm (3.612); ‘H NMR (SO0 MHz, C,D,): 6 = 0.40, 0.62 (2 x s, 18H. 
2xiBu). 1.03, 1.04(2xt, J=7.0 Hz,6H,2xCH1), 1.66-1.75(m,4H, 2x4-H). 
2.12-2.20 (m, 3H, 4-H (endo-I isomer), 2 x 4-Ha), 2.40-2.49 (m. 1 H, 4-H, endo-11 
isomer), 3.06-3.17 (4xdq, J=9 .0 ,  7.0Hz, 4H, 4xOCH),  3.18-3.22 (m, 2H, 
2 x 5‘-H), 3.42 (dd, J = 9.5, 2.0 Hz, 1 H, 5’-H, endo-I1 isomer), 3.44 (dd, J = 9.5, 
2.0 Hz, 1 H, 5’-H, endo-I isomer), 3.59-3.65 (m, 1 H, 3-H, endo-1 isomer), 3.65-3.72 
(m. 1 H, 3-H, endo-I1 isomer), 3.92 (dd, J = KO, 2.0 Hz, l H ,  4-H, endo-I1 isomer), 
4.02(dd,J=8.0,2.0Hz,1H,4-H,endo-Iisomer),4.08(2xdd,J=6.5,2.5Hz, 
2H, 2x5-H), 4.09-4.12 (m. l H ,  3-H, endo-I isomer), 4.32-4.37 (m, l H ,  3-H, 
endo-11 isomer), 5.59 (d, J = 3.3 Hz, 1 H, 1-Ha, endo-11 isomer), 5.64 (dd, J = 2.5, 
1.0 Hz, 1 H, 6-H, endo-I1 isomer), 5.67 (dd, J = 2.5, 1.0 Hz, 1 H, 6-H, endo-1 iso- 
mer), 5.87 (d, J = 3.3 Hz, 1 H, 1-Ha, endo-1 isomer); 13C NMR (75 MHz, C,D,): 
6 =15.59 (CH,), 23.88 (C-4, endo-I1 isomer), 24.06 (C-4, endo-1 isomer), 25.26 
(1Bu-CH,. endo-I isomer), 25.38 (rBu-CH,, endo-I1 isomer), 35.76 (tBu-C), 43.14 
(C-4a, endo-I1 isomer), 43.39 (C-4a. endo-I isomer), 60.77 (C-4, endo-1 isomer), 
61.32(C-4isomer,endo-ll isomer), 63.96,64.08,64.77,64.88,68.52,68.81 (2 xC-5’. 
2 x OCH,, 2 x C-3), 70.98 (C-5, endo-1 isomer), 71.06 (C-5, endo-I1 isomer), 102.9 
(C-1 a, endo-I1 isomer), 103.7 (C-la, endo-l isomer), 104.6 (C-6, endo-TI isomer), 
105.3 (C-6, endo-1 isomer), 145.9 (C-7, endo-I1 isomer), 146.2 (C-7, endo-1 isomer), 
153.2 (C-2’), 164.9 (C-8); MS (70 eV, El): m/z (%): 270 (80) (RDA, diene + 1],99 
(100) [RDA, EtOCH=CHCO], 70 (23) [RDA, enol ether]; C,,H,,NO, (315.4): 
calcd C 57.13, H 7.99, found C 57.01, H 7.80. 


Reaction of 7 and l g :  A mixture of 7 (53.8mg, 0.20mmol) and l g  (0.10m1, 
1.lOmmol) in dry dichloromethane (2mL) was treated at -78°C according to 
general procedure V with a 1 M solution of Me,AICI in dichloromethane (0.30 mL, 
0.30 mmol) to give after chromatography (10 g SO,,  ethyl acetate/petroleum ether, 
1 :2) an overall yield of 84% of 16g and 17g. 


(1 aR,5 aS,6S,4’S)- and (1 aS,5 aR,6R,4’S)-4’-tert-Butyl-7-(carbnnyloxazolidin-Z‘- 
one)-5-etboxytetrahydropyrano~2,3-b~3,4-dibydro-2 H-pyran (16g and 17g, endo-I 
and endo-11): R, = 0.47; IR (film): ‘v = 2970, 2936, 2872 (CH), 1788 (C=O, ure- 
thane), 1704 (C=O, amide), 1458 (C=C) cm-’; UV (acetonitrile): A,,, (lge) 
= 203.5 nm (3.671), 257.5 nm (3.539); ‘HNMR (300 MHz, C,D,): 6 = 0.64 (s, 
9H, ~Bu) ,  1.03 (1, J =7.0Hz, 3H, CH,), 1.20-2.00 (m, SH, 4-H,, 5-H,,  5-Ha), 
3.08, 3.09 (2 X q, J = 7.0 Hz, 4H, 2 X OCH,), 3.24 (dd, J = 9.0, 8.0 Hz, 1 H, 5’-H), 
3.46,3.48(2xdd,J= 9.0,Z.O Hz,2H,ZxS-H), 3.56-3.64(m, 1H,3-H),3.97(dd, 
J=6.0,2.0Hz,1H,6-H),3.98~~4.08(m,1H,3-H),4.02(dd,J=8.0,2.0Hz,1H, 
4-H), 5.63-5.69 (m, 2H. la-H, 7-H); ‘,C NMR (50MHz, C,D,): 6 =15.52 
(CH,), 17.57, 18.03 (2 x C-4). 24.79, 24.94 (2 x C-5), 25.30 (tBu-CH,), 35.81 (rBu- 
C),36.58,36.86(2xC-5a)60.87,61.08(2xC-4~,61.82,62.01,63.98,64.77(2xC- 
5’,2xOCH,,2xC-3),72.97,73.17(2xC-6),98.31,98.75(2xC-la),107.0,107.2 
(2 xC-7), 146.2(C-8), 153.2(C-2’), 164.7,144,9(C-9);MS(70eV,EI):rn/z(%): 353 
(1) [M’], 270 (72) [RDA, diene +1], 99 (100) [RDA, EtOCH=CHCO], 84 (73) 
[RDA, enol ether]; C,,H,,NO,: calcd 353.1838, found 353.1838 (MS). 


(1 R,2~,3S,5S,4‘~-2-~-A~ty~-4,S-didesoxy-2,4-~~eth~l-S~car~nyl-4‘-~er~-butyl- 
oxazolidin-Z’-one)-~-D-manmpyranoside (24): A stirred suspension of 161 (200 mg, 
0.5 mmol) and 10% palladium on carbon (50.0 mg) in ethanol (5 mL) was hydro- 
genated at 1 atm H, for 15 h. The catalyst was filtered off and the filtrate concen- 
trated in vdcuo. The residue was purified by column chromatography (20 g S O , ,  
ethyl acetate/petroleum ether, 1 :2) to yield 24 (182 mg, 91 Yo). R, = 0.15; 
[.]go = - 32.0 (c = 0.54 in chloroform); IR (KBr): i = 2972, 2876 (CH), 1782 
(C=O, urethane), 1740 (C=O, OAc), 1724(C=O, amide) ern-'; UV (acetonitrile): 
E.,,, (Ige) = 205.5 nm (3.859); ‘HNMR (500 MHz, C,D,): 6 = 0.64 fs, 9H, tBu), 
1.14(t,J =7.0 Hz, 3H, CH,). 1.16(t,J =7.0 Hz, 3H, CH,), 1.76(s, 3H, OAC), 1.95 
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(dddd, J = 12.5, 4.8, 2.0, 1 .O Hz, 1 H, 4-H,,), 2.49 (q, J = 12.5 Hz, 1 H, 4-H,.), 3.14 
(ddd, J =12.0, 4.8, 3.0 Hz, 1 H. 3-H), 3.22 (dq, J = 8.5. 7.0 Hz. 1 H, OCH), 3.26 
(dd, J = 9.0, 8.0 Hz, 1 H, 5'-H). 3.48 (dd, J = 9.0, 1.5 Hz, 1 H, 5'-H), 3.69 (dq, 
J = 8.5,7.0 Hz, 1 H, OCH), 4.01 (dq, J = 9.5,7.0 Hz, 1 H, OCH),4.03 (dd, J = 8.0, 
1.5Hz, 1H,4-H),4.44(d,  J=1.5Hz, l H ,  l-H),4.79(dd, J=12.0, 2.0H2, 1H. 
5-H), 5.62 (d, J = 3.0 Hz, 1 H, 2-H); ''C NMR (50 MHz, C,D6): 6 =15.37 (CH,), 


(C-4), 64.16, 64.84, 65.37 (2 XOCH,, C-5'), 67.34 (C-2), 70.41 (C-5). 75.17 (C-3). 
15.56 (CH,), 20.73 (OAc), 25,29 (tBu-CH,), 28.91 (C-4), 35.85 (tBu-C),  60.54 


100,5 (C-l), 153.3 (C-T), 169.0 (C-6), 169.9 (OAc); MS (200eV. DCIINH,): m/z  
(%): 419 (100) [ M  +NH,]+; C,,H,,NO, (401.2): calcd C 56.88, H 7.73, found C 
56.94, H 7.77 


(1R,2S,3S,5S)-2-~-Acetyl-4-desoxy-1,3-O-diethyl-~-~-mannopyra~side (25): To a 
solution of 24 (144 mg, 0.36 mmol) in dry tetrahydrofuran (4 mL) was added at 
-78 "C lithium aluminium hydride (27.2 mg, 0.72 mmol) and stirring was contin- 
ued for 1 h. After careful addition of saturated aqueous sodium bicarbonate solu- 
tion (1 mL), the salts were removed by filtration. The filtrate was concentrated in 
vacuo, and chromatography (6 g SO,,  ethyl acetate/petroleum etherlethanol, 
10:20: 1.5) of the residue afforded 25 (60.4 mg, 64%) as a colourless oil. R,  = 0.20; 
[a];' = ~ 80.8 ( c  = 0.5 in chloroform); IR (film): C = 2976,2932,2847 (CH), 1742 
(C=O, 0Ac)cm-';  'HNMR (500MHz. CDCI,): 6=1.18 (t. J=7 .0Hz ,  3H. 
CH,),1.26(t,J=7.0Hz,31,CH,),1.66-1.74(m,21,4-H2),2.10(dd,J=8.5, 


(ddd,J=11.0,6.5,3.0Hz,1H,3-H),3.58-3.66(m,2H,OCH,5-H),3.66-3.76(m, 
4.5H~,1H,OH).2.19(~,3H,OAc),3.42(dq,J=9.0,7.0Hz,1H,OCH),3.54 


2H.6-H~),3.95(d~,J~9.0,7.0H~,1H,OCH),4.50(d,J=1.0H~,1H,1-H),5.48 
(dd, J = 3.0, 1.0 HZ, 1 H, 2-H); ',C NMR (50 MHz, CDCI,): 6 =15.02 (CH,), 
15.21 (CH,), 21.01 (OAC), 28.76 (C-4), 64.06 (C-6), 65.22 (OCH,), 65.32 (OCH,), 
67.04 (C-3, 73.14 (C-S), 74.74 (C-3). 99.19 (C-l), 170.5 (OAc); MS (200 eV, DCl/ 
NH,): m/z = 280 [M +NH,]+; C,,H,,O, (262.1): calcd C 54.98, H 8.39, found C 
55.18. H 8.53. 


~1R,2S,3S,5S)-2-0-A~etyl-4-desoxy-1,3-diethyl-6-O-~(~)-a-methoxy-a-trifluoro- 
methylphenylacetyll-P-D-mannopyranoside (26): To a solution of (S ) - (  +)a- 
methoxy-a-trifluoromethylphenylacetylchloride (1 10 mg. 0.43 mmol) in dry pyri- 
dine (0.93 mL) was added at 23 "C a solution of 25 in dichloromethane (2 mL). 
After stirring for 2 h, the reaction mixture was quenched with 3-dimethylamino-l- 
propylamine (70 pL, 0.62 mmol) and diluted with ether (10 mL). The organic layer 
was washed with 1 N HCI (1 x 10 mL) and saturated aqueous sodium bicarbonate 
solution (2 x 10 mL), dried (MgSO,) and concentrated in vacuo. The crude product 
was purified by chromatography (10 g SiO,, ethyl acetate/petroleum ether, 3: 1) and 
cyrstallization to give 26 (107 mg, 72%) as white needles. R, = 0.21; [a];' = + 2.4 
( c  = 0.5 in chloroform); IR (KBr): i = 3068 (aromatic CH), 2982,2936,2876 (CH), 
1750 (C=O), 1628 (aromatic C=C)cm-';  UV (acetonitrile): I.,,, (Igc) = 205 nm 
(3.924); 'HNMR (500MHz, CDCI,): 6 =1.14 (t, J=7 .0  Hz, 3H, CH,), 1.20 (t, 
J=7 .0Hz ,3H,  CH,), 1.70-1.80(m, 2H,4-H,,,4-H,,),2.10(s, 3H, OAc), 3.40 
(dq,J=9.0,7.0Hz,1H,OCH),3.46~3.51(m,lH,3-H),3.52(dq,~=9.5,7.0Hz, 
lH,OCH),3.57(~,3H,OMe),3.68(dq,J = 9.0,7.0 Hz,lH,OCH),3.73-3.79(m, 
l H ,  5-H), 3.84(dq, J z 9 . 5 ,  7.0Hz, 1H. OCH), 4.38 (dd, J=11.5,  6.5H2, l H ,  
CHO),4.44(d, J=l .OHz,  l H ,  1-H). 4.49 (dd, J= l l .O ,  5.0, 4.0Hz, l H ,  CHO), 
5.45 (dd, J=3.0,  l.OHz, l H ,  2-H), 7.40 (m, 3H, aromatic H), 7.57 (m, 2H, 
aromatic H); "C NMR (50MHz, CDCI,): S =14.99 (CH,), 15.18 (CH,), 20.96 
(OAc), 29.10 (C-4), 55.44 (OMe), 64.15 (OCH,), 65.17 (OCH,), 66.72 (C-2), 67.47 
(C-6), 69.81 (C-5), 74.57 (C-3), 99.03 (C-l), 121.3 (C-2'),125.1 (CF,), 127.4, 128.4. 
129.6, 132.1 (aromatic C), 166.3 (C-1'), 170.5 (OAc); MS (200 eV, DCIINH,): m/r 
(%): 496 (100) [M fNH,]'; C,,H,,O,F, (478.2): calcd C 55.25, H 6.06, found C 
55.33 ,  H 6.02. 


Acknowledgements: This work was supported by the Volkswagenstiftung and the 
Fonds der Chemischen Industrie. We are grateful to Degussa AG for a gift of 
L-tert-leucine. 


Received: June 8, 1995 [F147] 


[l] a) L. F. Tietze, U. Beifuss, Angew. Chem. 1993, 105, 137; Angew. Chem. int. 
Ed. Engl. 1993, 32, 131, b) D. L. Boger, Comprehensive Organic Synthesis, 
Vol. 5 ,  Pergamon, New York, 1991, p. 451; c) L. F, Tietze, J.  Heterocyclic 
Chem. 1990, 27, 47; d) D. L. Boger, S. M. Weinreb, Hetero-Diels-Alder 
Methodology in Organic Synthesis, Academic Press, San Diego, 1987; e) S .  J. 
Danishefsky, M. P. De Ninno, Angew. Chem. 1987.99, 15; Angew. Chem. Int. 


Ed. Engl. 1987, 26, 15; f) T. Kametani, S. Hibino, Advances in Heterocyclic 
Chemisrry. Vof. 42, Academic Press, Orlando, 1987, p. 245; g) G. Helmchen, 
R. Karge, J. Weetman, Modern Synthetic Methods, Vol. 4, Springer, Berlin, 
1986, p. 261; h) R. R. Schmidt, Ace. Chem. Res. 1986,19,250; i) L. F. Tietze 
in Selectivity-A Goal for Synthetic Ejficiency (Eds.: W. Bartmann, B. M. 
Trost), VCH, Weinheim, 1984, p. 299; j) J. Sauer, R. Sustmann, Angew. Chem. 
1980,92, 773; Angew. Chem. int .  Ed. Engl. 1980, 19,779; k) G. Desimoni, G. 
Tacconi, Chem. Rev. 1975, 75,651; 1) B. B. Snider, Acc. Chem. Res. 1980,13, 
426. 


[2] a) Overview: D. J. Ager, M. B. East, Tetrahedron 1993, 49, 5683; b) L. F. 
Tietze, U. Hartfiel, Tetrahedron Lett. 1990, 31, 1697; c) D. L. Boger, K. D. 
Robarge, J.  Org. Chem. 1988, 53, 3373, 5793; d) R. R. Schmidt, B. Haag- 
Zeino, M. Hoch, Liebigs Ann. Chem. 1988,885; e )  R. R. Schmidt, Pure Appl. 
Chem. 1987,59,415; f)  L. F. Tietze, E. Voss, Tetrahedron Lett. 1986,27,6181; 
g) L. F. Tietze, E. Voss, K. Harms, G. M. Sheldrick, ibid. 1985, 26, 5273; 
h) M. Maier, R. R. Schmidt, Liebigs Ann. Chem. 1985, 2261. 


[3] a) L. F. Tietze, T. Hiibsch, J. Oelze, C. Ott, W. Tost, G. Worner, M. Buback, 
Chem. Ber. 1992, 125, 2249; b) L. F. Tietze, T. Hubsch, E. Voss, M. Buback, 
W. Tost, J. Am. Chem. SOC. 1988, 110,4065. 


[4] For recent improvements, see: a) V. E. Gouverneur, K. N. Houk, B. de Pas- 
cual-Teresa, B. Beno, K. D. Janda, R. A. Lerner, Science 1993,262,204; b) H. 
Lamy-Schelkens. D. Giomi, L. Ghosez, Tetrahedron Lett. 1989, 30, 5887. 
a) L. F. Tietze, C. Schneider, Synlett 1992, 755; b) L. F. Tietze, C. Schneider, 
A. Montenbruck, Angew. Chem. 1994, 106,1031; Angew. Chem. Int. Ed. Engl. 
1994, 33, 980. 
L. F. Tietze, A. Montenbruck, C. Schneider, Synlett 1994, 509. 
a) D. A. Evans, Aldrichimica Acta 1982.15.23; b) D. A. Evans, M. D. Ennis, 
D. J. Mathre, J. Am. Chem. Soc. 1982,104,1737; c) D. A. Evans, J. A. Bartroli, 
T. L. Shih, J.  Am. Chem. SOC. 1981, 103, 2127; d) D. A. Evans, J. M. Takacs, 
L. R. McGee, M. D. Ennis, D. J. Mathre, Pure Appl. Chem. 1981, 53, 1109. 
a) D. A. Evans, K. T. Chapman, J. Bisaha, J.  Am. Chem. Soc. 1988, 110,1238; 
b) D. A. Evans, K. T. Chapman, D. Tan Hung, A. T. Kawaguchi, Angew. 
Chem. 1987,99,1197; Angew. Chem. Int. Ed. Engl. 1986,26,1184; c) J. Viret, 
H. Patzelt, A. Collet, Tetrahedron Lett  1986, 27, 5865. 
F. Effenberger, Chem. Ber. 1965, 98, 2260. 
L. E Tietze, C. Schneider, M. Pretor, Synthesis 1993, 1079. 
a) K. Alder, F. H. Flock, W Zimmermann, Chem. Be?. 1961,944,1860; b) U. 
Hartfiel, Dissertation, Universitlt Gottingen, 1990; c) J. C. Martin, V. W. 
Goodlett, R. D. Burpitt, J.  Org. Chem. 1965, 30, 4309. 
For examples of control of facial selectivity with different Lewis acids, see: 
a) T.-H. Yan. C.-W. Tan, H.-C. Lee, H.-C. Lo, T.-Y Huang, J.  Am. Chem. Soc. 
1993, 115, 2613; b) R. Amoroso, G. Cardillo, P. Sabatino, C. Tomasini, A. 
Treri, J.  Org. Chem. 1993, 58, 5615; c) S. E. Denmark, M. E. Schnute, ibid. 
1991, 56, 6738; d) H. J. Waldmann, ibid. 1988, 53, 6133; e) H. Hartmann, 
A. F. A. Hady, K. Sartor, J. Weetman, G. Helmchen, Angew. Chem. 1987, 99, 
1188; Angew. Chem. int. Ed. Engf. 1987, 26, 1143; f) T. Poll, J. 0. Metter, G. 
Helmchen, ibid. 1985, 97, 116 and 1985, 24, 112; g) T. Poll, G. Helmchen, B. 
Bauer, Tetrahedron Lett. 1984, 25, 2191. 
Crystal data for 3 and 4: E. Pohl, R. Herbst-Irmer, M. Noltemeyer, C. 
Schneider, L. F. Tietze, Acta Cryst. C 1993, 49, 1850. 
Crystal data for 26: C,,H,,O.F,, M = 478.24, colourless, platelet-shaped 
crystals (0.3 x 0.8 x 1.0 mm'), monoclinic, space group PZ, with a = 8.430(3), 
b = 13.788(5), c = 11.174(4) A, p = 108.64(2)", V = 1230.6(6) A', Z = 2, 
pealed =1.29 Mgm-', F(000) = 504, m = 0.111 mm-', 3192 independent re- 
flections, of which 2697 reflections were observed [F>3.0u(F)], Mo,, 
(A = 0.71073 A), Siemens-Stone AED2 diffractometer, temperature 293 K. 
Direct methods were used to solve the structure (SHELXTL PLUS, PC ver- 
sion). It converged to R = 0.072, R, = 6.088. Further details of the crystal 
structure investigation may be obtained from the Fachinformationszentrum 
Karlsruhe, D-76344 Eggenstein-Leopoldshafen (Germany) on quoting the de- 
pository number CSD-58097. 


[14] K. H. Glusenkamp, Dissertation, Universitit Gottingen, 1983. 
[15] For investigations into the structure of Lewis acid-carbonyl complexes, see 


a) S .  E. Denmark, N. G. Almstead, J. Am. Chem. SOC. 1993, 115, 3133; 
b) M. A. McCorrick, Y.-D. Wu, K. N. Houk, J.  Org. Chem. 1993, 58, 3330; 
c) S .  Shambayati, W. E. Crowe, S .  L. Schreiber, Angew. Chem. 1990,102,273; 
Angew. Chem. in t .  Ed. Engl. 1990, 29, 256. 


[16] L. F. Tietze, G. Schulz, Liebigs Ann. 1995, 1921. 
[17] S .  Castellino, W. J. Dwight, J.  Am. Chem. Soc. 1993, 115, 2986. 


148 - 0 VCH Verlagsgesellschaji mbH, 0-69451 Weinheim, 1996 0947-6539/96/0202-0148 $10.00+ .25/0 Chem. Eur. J.  1996, 2, No. 2 








FULL PAPER 


Resolution of the Absorbance and CD Spectra and Formation Constants 
of the Complexes between Human Serum Albumin and Methyl Orange** 


R. Ambrosetti, R. Bianchini," S. Fisichella, M. Fichera, and M. Zandomeneghi 


Abstract: Difference absorbance and cir- 
cular dichroism techniques show that two 
complexes are formed between human 
serum albumin (HSA) and Methyl Or- 
ange (MO). The stoichiometries of the 
two HSA-MO complexes (1 : 1 (C,) and 
1 : 2 (C,)), their association constants 
(Kl, ,  = 2.32 (0 .18 )~  ~ O ' M - '  and K , , ,  
= 1.12 (0.15) x 1011 M-'), and both ab- 
sorbance and dichroic spectra have been 
determined by a computational approach. 
Nearly 900 experimental points, consist- 
ing of absorbance and CD measurements 
registered in the 340- 550 nm interval and 
over a wide range of concentrations of 


protein and ligand, have been included in 
a unique fitting procedure. The Scatchard 
plot indicates the existence of a unique 
binding site which can accommodate up 
to two molecules of MO in a positive co- 
operative process. Calculation of the CD 
spectrum for the C, complex according to 
the DeVoe method reproduces the fitted 
dichroic spectrum for the same complex. 


The shapes of the fitted absorbance and 
dichroic spectra, as well as the influence of 
concentrated NaCl or ethylene glycol on 
the absorbances of both free MO and 
HSA-MO mixtures are consistent with 
the presence of dominant electrostatic in- 
teractions in C, . The C, complex can be 
envisaged as a unique chromophore, con- 
sisting of two MO units associated in a 
stacking process into the same binding site 
of HSA, leading to a well-defined chirali- 
ty. The general validity of this multitech- 
nique, multiwavelength approach in the 
investigation of protein- ligand complex- 
es is discussed. 


Introduction 


The exceptional ability of serum albumins to reversibly bind 
organic molecules and ions has been well known for a long 
time."] This unique property enables albumins to fulfil a funda- 
mental biological role as a universal carrier and reservoir in 
blood plasma, tissues, and secretions throughout the mam- 
malian body.['] Much effort has therefore been devoted to the 
thermodynamic and spectroscopic characterization of the com- 
plexes of albumins with a number of natural and synthetic lig- 
ands.I3] Investigation into the stabilities, stoichiometries, and 
other physicochemical aspects of these species can be included 
under the general topic of complexation of small molecules by 
macromo~ecuIes.~41 


Among the experimental techniques available for this pur- 
pose, spectrophotometric (UV/Vis, CD, fluorescence, etc.) stud- 
ies have been most frequently undertaken, and a large number 
of data-handling methodologies, all requiring more or less re- 
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via Risorgimento 35, Pisa 56126 (Italy) 
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via Risorgimento 35, Pisa 56126 (Italy) 


Physical Organic Chemistry (IUPAC), Padua (Italy), 1994, Abstracts, p. 82. 
[**I A preliminary communication has been presented at the 12th Conference on 


strictive starting hypotheses, have been utilized to manage the 
resulting experimental data. 


In the present paper an investigation into the complexation of 
the human serum albumin (HSA) and Methyl Orange (MO, 
sodium 4-dimethylaminoazobenzene-4-sulfonate) in buffer (pH 
= 7.0) is presented. Many extensive studies of the interactions 
between dyes and polymers, both synthetic and biological, have 
been carried Synthetic dyes are an effective class of com- 
pound for the cheap and efficient detection and purification of 
proteins.[61 The best example of this is affinity chromatography, 
in which the selective adsorption of a protein on a ligand immo- 
bilized on the stationary phase can be employed as a powerful 
method to separate the protein from a multicomponent mixture, 
recover the pure material, and regenerate the solid matrix.['] 
Moreover, many synthetic dyes are increasingly being used as 
mimics of molecules endowed with high biological activity and 
as probes for studying specific interactions with proteins.[*] The 
azo dye Methyl Orange is one such dye, which has often been 
used as a probe to investigate the interactions of albumins, and 
other macromolecules, with organic anions.['] The protein-dye 
interaction is usually accompanied by spectral changes not asso- 
ciated with the acid- base indicator properties of MO,['O] but 
depending instead on the proteinldye concentration ratio, as we 
will show later. 


Here we report on the formation of two stable complexes 
between HSA and MO with 1 : 1 and 1 :2 stoichiometries. Their 
association constants, molar absorptivities, and ellipticities in 
the 340-540 nm interval have been derived by a recently pro- 
posed computational approach, and the nature of the dye- 
protein binding has been investigated in both complexes. 
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Results 


Spectrophotometric Measurements: A set of spectrophotometric 
investigations, consisting of difference UV/Vis absorbance spec- 
tra‘”] registered in the 300-700 nm interval, was carried out. 
The protein and dye concentrations examined ranged from 
1 x to 5 . 4 ~  1 0 - 5 ~ ,  
respectively, and the [HSAJ/[MO] ratio from 9.72 to 0.06. In 
Figure 1 (solid lines) the curves of type 1 are the difference UV/ 
Vis spectra recorded at a constant MO concentration of 
1.57 x 1 0 - 5 ~  and variable concentrations of HSA (0.15- 
15.3 x M); those of type 2 are taken from mixtures contain- 


to 1.53 x 1 0 - 4 ~  and from 1.3 x 


0.251 


wl (nm) 


Fig. 1. Difference absorbance spectra of solutions of MO and HSA in 0.1 M phos- 
phate buffer (pH = 7.0, 1 cm path). Curves of type 1:  [MO], = 1.57 x ~ O - ’ M ,  
[HSA], = 0.102-15.26~ 1 0 . ’ ~ ;  curves of type 2: [HSA], = 1 x ~ O - ’ M ,  [MO], 
= 0.13 -5.44 x lo-’ M. The tilled circles represent the fitted curves corresponding to 


the highest, the lowest, and an intermediate [HSA]/[MO] ratio. 


ing a constant HSA concentration of 1 .O x M and variable 
concentrations of MO (0.13-5.44 x ~O-’M). Higher concentra- 
tions of the species present in excess could not be attained. In 
fact, because of its molecular weight (67 OOO), an HSA concen- 
tration of 1.6 x 1 0 - 4 ~  corresponds to a 1 YO (w/w) albumin 
solution. Higher concentrations of HSA could result in the for- 
mation of dimers or higher aggregates. Because of the large 
molar absorptivities of Methyl Orange in the examined spec- 
trophotometric range, dye concentrations greater than 
5 x 1 On’ M would give nearly opaque solutions, and the regis- 
tered difference absorbances would be unreliable. 


Inspection of Figure 1 reveals that different species are 
formed depending on the [HSA]/[MO] ratio. In the presence of 
excess protein (curves 1) a negative peak with a minimum at 
370-380 nm is obtained, together with a larger, positive ab- 
sorbance centered at 490 nm. Also, an apparent saturation of 
the dye at the highest albumin concentrations reached seems to 
occur. With a large excess of MO at a constant concentration of 
HSA (curves 2), two negative difference absorbance bands, in 
the 350-420 and 450-550nm ranges, together with a small 
positive peak at 420 nm, are exhibited. An isosbestic point oc- 
curs at around 440 nm in both sets of experiments, indicative, as 
we will show later (see Fig. 3), of an equilibrium between com- 
plexes and free MO. 


The fact that at least two different complexes are formed 
depending on the ratio between the concentrations of the start- 
ing materials is also indicated by the CD spectra, reported in 
Figure 2 (solid lines). Here, the appearance of CD spectra must 
be attributed to the bound dye, since the HSA chromophores do 
not display CD activity in the 350-550 nm interval. At high 
[HSA]/[MO] ratios two negative peaks are recorded around 400 
and 490 nm (curves I), while at ratios of less than one drastic 
changes occur; the resulting spectra exhibit a negative band 


2 


- 1  
0, 
v ’ o o  Q) 


CD -1 


-2 


-3 
450 500 550 350 400 


wl (nm) 


Fig. 2. Dichroic spectra of solutions MO and HSA in 0 . 1 ~  phosphate buffer 
(pH = 7.0, 0.5 cm path). Curves of type 1: [MO], = 1.49 x 1 0 - 5 ~ ,  IHSA], = 
0.103-15.02 x 10.’~; curves of type 2: [HSA], = 0.9 x lo-’ M, [MO], = 0.12- 
5.96 x 10.’ M. The filled circles represent fitted curves corresponding to the highest, 
the lowest, and an intermediate [HSA]/[MO] ratio. 


centered at 410nm and a positive maximum at 460nm 
(curves 2). An apparent saturation of the dye seems to take 
place at high [HSA], as was implied from the UV/Vis difference 
absorptions of Figure 1. Correspondingly, a total complexation 
of the albumin was apparent in solutions with higher concentra- 
tions of MO. Moreover, an isodichroic point appears at 430 nm 
in the set of spectra at constant [MO]t,,,, ([MO],). 


The UV/Vis absorbance (539) and dichroic (340) data consist- 
ed of 879 experimental points, collected in the 340-550 nm 
range; the values at 22 discrete wavelengths (340, 350, 360 . . . 
540, 550 nm) were taken into account. The spectroscopic data 
outside this wavelength range were excluded, because of the 
protein contribution to the overall difference absorbance (300- 
340 nm) and because of the low signal-to-noise ratio (CD, 560- 
600 nm) . 


Computational Approach: Although most literature data on the 
association of biological macromolecules are obtained from 
plots of bound fraction vs. bound concentration of the 
Scatchard type,“ 21 we adopt a conceptually simpler and 
straightforward method based on elementary stoichiometry.“ 31 


This approach allows us to fit data, collected by different exper- 
imental techniques, to a model describing the formation of each 
possible A,B, complex. Since the experimental data are spec- 
trophotometric quantities that are proportional to concentra- 
tion, we introduce proportionality constants (differential extinc- 
tion coefficients for difference absorbance and molar ellipticities 
for circular dichroism) in order to compare computed and ex- 
perimental quantities. Comparison was achieved by a nonlinear 
least-squares (NLLSQ) method.[’4] 


In this procedure, the “experimental data” consist of a set of 
five measurements taken on each chemical sample, namely, the 
total concentrations ([A], and [B],), the wavelength, the optical 
pathlength, and the spectroscopic quantity (absorbance, ellip- 
ticity, etc.). Fitting parameters are the formation constants of 
all complexes involved, and the molar absorptivities (and molar 
ellipticities in the present application) of each complex, at each 
wavelength. 


We can obtain the equilibrium concentrations of all complex- 
es by means of the equations based on conservation of mass for 
both species A and B [Eqs. (1) and (2). Substitution of Equa- 
tion (3) into (1) and (2) gives two new equations, containing 
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equations, containing only [A] and [B] as unknowns and the 
expression for the concentration of complexes as a function of 
[A] and [B] [Eq. (3)]. The numerical solution of the above system 
is accomplished by following a Newton-Raphson proce- 
dure." 51 


Although the fitting program can be used to treat many dif- 
ferent stoichiometries, only the A,B, complexes having m = 1 
and n = 1 and 2 have been included: A stands for HSA and B 
for MO. The simplest hypothesis for the stoichiometries of the 
complexes C, and C,, suggested by the data displayed in Fig- 
ures 1 and 2, is 1 : 1 for C, and 1 :2 for C,; the equilibria in which 
they are formed are shown in Equations (4) and ( 5 ) .  The two 


HSA +MO e C, (4) 


C, +MO C, ( 5 )  


association constants K,  and K, for the formation of C, and C, 
are defined by Equations (6) and (7). It is worth noting that, 


K, = ~ ~ , l l ~ ~ ~ ~ l , , , , ~ ~ ~ l , , . ,  (6) 


K2 = [c,ll[c,l[Mol,,., (7) 


while K, is coincident with the K13 , obtained through the fitting 
procedure, K2 is given by Equation (8). 


The fitting procedure requires preliminary assumptions for 
the parameters K,, , and K,, and, moreover, for all molar ab- 
sorptivities and ellipticities at all wavelengths in the examined 
range. To start with reasonable values for these parameters, we 
looked at the extreme curves, both absorbance and dichroic, 
reported in Figures 1 and 2, from which limiting absorbance 
and CD spectra could be evaluated. Moreover, a tentative value 
for Kl. = l/([HSA], - [ C , ] ) z  1 x I O 5 ~ - '  was estimated, as- 
suming that a 50% complexation of the dye could occur at 
[HSA],z2.5 x lO- '~(Fig .  1,curves 1). Wealsousedavaluefor 
K,,, of 1 0 ' o ~ - 2  as starting parameter, obtained by a similar 
approach. 


We tried first to separately fit absorbance and dichroic data. 
In both attempts we obtained a satisfactory fit, as shown by the 
variance of the fittings reported in Table 1. But the computed 
values of the Kl ,  and K l ,  association constants were quite 
different in the two runs: K,,, = 2.62 x 1 0 5 ~ - '  and K,,, 
= 4.27 x 1 0 1 0 ~ - 2  were obtained from the UV/Vis data (run l ) ,  
while the corresponding best-fit values from dichroic data 
(run 2) were K , ,  , = 1.03 x lo5 M - ,  and K,, = 1 .I7 x 10'' M-'. 
Relative standard deviation was 15 % in both runs for K,, 2 ,  and 
7 % in run 1 and 15 % in run 2 for K,, , . The correlation between 
the two parameters was high and positive in both cases. Finally, 
a much higher value for the r.m.s. of the residuals of spectra was 
computed in run 2. This finding reflects the higher values in the 


measured CD data (about 10 times greater than typical differ- 
ence absorbance data) rather than the quality of the fit. 


A fitting including both absorbance and dichroic measure- 
ments was then carried out (run 3). The inclusion of spectro- 
scopic data of both techniques (879 experimental points, see 
Experimental Procedure) results in an improvement of the fit- 
ting: the correlation coefficient becomes lower (0.985), and the 
relative standard deviations of K,, , and K,, , are 14 and 13 %, 
respectively. It is evident that the computed values for both 
constants closely resemble those obtained in run 2. This result 
stems from the larger CD data set, which almost exclusively 
control the residuals. 


We then attempted a final fit (run 4) on the complete set, this 
time having multiplied the absorbance data by 10. This is equiv- 
alent to giving roughly equal weight both to absorbance and CD 
data. An excellent convergence was obtained to K,, , and K,, , 
values of 2.32 x lo5 (0 .18 )~- '  and 1.123 x lo1' (0.15)~-', re- 
spectively. It is worth stressing that this overall fitting furnishes 
well-defined K,, , and K,, , values, as shown by the standard 
deviations relative to K,, , and K, .  , (8 and 13 % of the reference 
parameter), which are significantly lower than in the other re- 
ported attempts, even though the correlation between them re- 
mained almost unchanged (Y = 0.983). Finally, the fitted (filled 
circles) and experimental (solid lines) absorbance and dichroic 
curves compared in Figures 1 and 2 exhibit considerable agree- 
ment. The set of parameters obtained from run 4 fits the data of 
run 1 with only a slight increase in the r.m.s. deviation (to 0.008 
abs. units). This is not surprising, when one considers the very 
high correlation of K l ,  and K,,  , for run 1, which implies some 
degree of ambiguity in the best fit parameters. 


Besides the K l ,  , and Kl ,  , values, the fitting results provide the 
molar difference absorptivities and the molar ellipticities of both 
C, and C, complexes. In Table 2 we report these spectral data; 
the spectra of the complexes are shown as Figures 3 (ab- 
sorbance, curves 1 and 2 )  and 4 (CD, solid lines) and will be 
discussed later. 


Having obtained values for Kl, , and Kl , , ,  we were able to 
calculate the equilibrium concentrations of all species (HSA, 
MO, C, , and C,) for each set of HSA and MO total concentra- 
tions. These values are reported in Figure 5 ,  where [MO] 
= 1 . 5 7 ~ 1 0 - ~ a n d [ H S A ]  = 0.1-15 .3~ 10 -4~ ,and inF igure6 ,  
where total [HSA] = 1.0 x ~ O - ' M  and [MO] = 0.13-5.44 
x 1 0 - 5 ~ .  Looking at these curves, we can conclude that both 
C, and C, complexes are present at all examined experimental 
concentrations of HSA and MO. Thus it can be inferred that it 
is not possible to isolate either C, or C, at the highest experi- 
mentally attainable reagent concentrations. 


Finally, looking at equilibria (4) and (5 )  and applying Equa- 
tions (6)-(8), we can calculate that K,  = 2.32 x lo5 (0 .18)~- '  
and K, = 4.83 x lo5 (0.27)~- ' .  


Traditional Data-Handling Methodologies: The results obtained 
by the computational approach described above could in prin- 


Table 1. Association constants for the formation of C, (Kl, 
fitting procedure. 


1: 1 stoichiometry) and C, (K,,2, 1 :2 stoichiometry) complexes between HSA and MO obtained through the 


Run Technique Data points ~ , , , / x i o 5 M - 1  K1,,/X lO'*M-' r.m.s. [a] 7 [bl 
~ 


1 UV/Vis 549 2.62 (0.19) 4.27 (0.62) 0.007 0.994 
2 CD 340 103 (0.15) 11.7 (1.8) 0.088 0.988 
3 UV/Vis +CD 879 1.05 (0.15) 11.2 (1.5) 0.076 0.985 
4 UViVis +CD 879 2 32 (0.18) 11.2 (1.5) 0.087 0.983 


[a] Root mean square deviation of calculated and experimental spectra, reported in absorbance or/and ellipticity units. [b] Correlation coefficient between the two fitting 
parameters (K,,l and K1,,). 
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Table 2. Computed molar difference absorptivities and ellipticities of C, and C2 complexes. 


Iinm C, (diff. abs.)/ C, (diff. abs.)/ MO [ali C, (full abs.) C, (full abs.) C, (CD) c, (CD) C, (CD-DeVoe) 
M-1cm-I M -  1 cm- M -  cm- [ b ] / ~ -  cm- [ b ] / ~ -  cm- [c]/deg M -  cm- [c]/deg M -  cm- [d]/deg M -  ‘ cm- 


340 
350 
360 
370 
380 
390 
400 
410 
420 
430 
440 
450 
460 
470 
480 
490 
500 
510 
520 
530 
540 
550 
560 


928 (703) 
-203 (150) 


-2248 (851) 
-4757 ( 991) 
-7307 (1110) 
-8470 (1135) 
-8085 (1096) 
-8660 (1235) 
-7418 (1176) 
- 3479 (440) 


1646 (386) 
8145 (443) 


14690 (552) 
21524 (587) 
25272 (611) 
26405 (662) 
23400 (735) 
16754 (500) 
9559 (471) 
3556 (401) 
1437 (386) 
959 (312) 
901 (299) 


-2284 (755) 
-3808 (638) 
- 5068 (558) 
- 5758 (601) 
- 5470 (623) 
- 3325 (623) 


2780 (401) 
4163 (430) 
2995 (410) 
-44 (398) 


-3418 (507) 
-6244 (523) 
-8656 (565) 
-9503 (571) 
-9402 (570) 
-8890 (563) 
-7999 (551) 
-6552 (544) 
-4611 (532) 
-2987 (529) 
-1713 (499) 


-716 (460) 


-619 (355) 


2734 
3500 
5010 
7125 
9689 


12554 
15371 
17907 
20125 
22105 
23907 
25506 
26525 
26381 
24756 
2 1699 
17609 
13090 
8865 
5426 
2993 


3662 
3297 
2761 
2367 
2381 
4084 
7286 
9247 


12707 
18626 
25553 
33650 
41215 
47905 
50028 
48 100 
41009 
29844 
16424 
8982 
4429 
2500 
1500 


451 
- 308 
- 50 
1367 
4219 
9229 


14752 
20687 
24288 
25100 
23863 
22088 
20281 
17725 
15253 
12297 
8719 
5090 
2313 


815 
150 
30 
15 


-25.4 (4.1) 
-82.9 (3.5) 


-154.5 (3.8) 


-309.1 (4.0) 
-334.7 (4.6) 
-295.5 (3.3) 
-240.8 (3.1) 
-201.8 (4.4) 


-236.8 (5.0) 


-200.1 (4.9) 
-234.5 (5.7) 
-295.4 (6.1) 
-343.1 (7.6) 
-366.8 (6.0) 
- 368.7 (6.2) 


-248.4 (5.6) 
-153.5 (4.6) 


- 320.2 (6.2) 


-83.1 (4.4) 
-33.0 (3.6) 


- 14.8 (6.2) 
-68.7 (6.4) 


-152.5 (5.5) 
-288.0 (5.3) 
-428.5 (5.9) 
- 560 (6.6) 
-628.4 (6.7) 
-520.5 (6.8) 
-245.7 (6.9) 


74.6 (6.6) 
326.4 (6.7) 
462.6 (6.8) 
442.2 (6.5) 
390.9 (6.3) 
323.3 (6.1) 
278.5 (5.2) 
245.5 (5.1) 


154.2 (6.4) 
81.8 (6.6) 


201.9 (5.4) 


- 66 
-94.4 
- 145.2 
- 204.4 
- 264 
- 426 
- 541 
-527.6 
-185 


224 
384 
540.8 
461.6 
342.8 
251 
184.8 
145.2 
105.6 
85.6 
66 


[a] Molar absorptivities of Methyl Orange taken from a 3 x 1 0 - 5 M  solution of the dye in the same buffer (pH =7.0). [b] Calculated from the algebraic sum of the computed 
difference absorbance values and corresponding absorptivities of the free dye. [c] The reported standard deviations in parentheses represent the results of the fitting; these 
values can be less relevant than deviations due to experimental errors. [d] CD values obtained through the application of the DeVoe method to the C, complex considered 
as an unique chromophore (see Results). 


6 P 


Fig. 3. Fitted difference molar absorptivties for C, (curve 1) and C, (curve 2). and 
full molar absorptivities for C, (curve 3) and C, (curve 4), compared with the MO 
curve in the 340-560 nm interval. 
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Fig. 4. Fitted CD spectra of C, (curve I), C, (curve 2), and calculated dichroic 
spectrum for C, complex according to the DeVoe method (curve 3). 


ciple be reached through well-known, traditional methods. Of 
these, the Scatchard equation is the mostly widely used,[’21 be- 
cause it allows the number of effective equivalent binding sites 
and the values of the association constants of the complexes to 


0 2 4 6 8 10 12 14 16 
[HSA], (M x lo5) 


Fig. 5. Equilibrium concentrations of C, (o), C, (e), and [MO],,,, (0) calculated on 
the basis of the fitted K,,, and K, , ,  association constants for [MO], = 1.57 x IO-’M 
and [HSA], = 0.102-15.26~ 1 0 - s ~ n .  


0 10 20 30 40 50 
[ M o l t  (M x lo6) 


Fig. 6. Equilibrium concentrations of C, (o), C, (o), and [HSA],,.. (0) calculated on 
the basis of the fitted K1, ,  and K,., association constants for [HSA], = 0.9 x ~ O - ’ M  
and [MO], = 0 . 1 3 - 5 . 4 4 ~ 1 0 ~ ~ ~ .  


be calculated from a single plot. In the form reported as Equa- 
tion (9), the association constant K is obtained directly as the 


v l L = n K - v K  (9) 
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100- 


slope of the straight line resulting from the plot of vlL versus v, 
while the number of binding sites n is obtained from the inter- 
cept on the v axis. The term v is defined as the number of 
molecules of the ligand bound per molecule of the protein, and 
L represents the concentration of free ligand. 


We applied the Scatchard procedure to the data of the differ- 
ence absorbances registered at 490 nm as a function of the ana- 
lytical concentrations of HSA. At a fixed MO concentration of 
1.57 x 1 0 - ' ~ ,  a saturation of the ligand at the highest concen- 
trations of protein (10-15 x ~O-'M) seems to take place (Fig. 1, 
curves 1). Under the assumption that only the 1 : 1 complex was 
present at these concentrations, a molar absorptivity E of 
17000 cm-' M - ~  can be evaluated for C, . On the basis of this 
value, the amount of both bound and free ligands and also the 
term v can be calculated, and the unfilled circles of Figure 7 are 
obtained. These scattered points resemble a sigmoid; the inter- 
cept on the y axis of a hypothetical straight line going through 
the majority of them is around 1.4 x lo5, not too different from 
the computed value for K , ,  of 2.23 x 10' M-', and the intercept 
on the v axis gives the unacceptable value of 0.7 (number of 
equivalent binding sites). 


% 


O t ' ' ' ~ ' " '  " " ' " " ' ~  
0.0 0.5 10 1.5 2.0 


V 


Fig. 7. Scatchard plots of the bound fraction calculated on the basis of a limiting 
E . , ~ ~  = 17000~- ' cm- '  for C ,  complex (0) and through the equilibrium concentra- 
tions of both C, and C2 complexes, calculated using the fitted K l , ,  and K,,* associ- 
ation constants (e). 


A completely different but interesting plot is obtained by 
calculating the equilibrium concentrations of all species on the 
basis of the two fitted values Kl = 2.325 x 1 0 5 ~ - '  and K ,  
= 4.83 x ~ O ' M - ' ,  at the same analytical MO concentration of 
1.57 x lo-' M, while the concentration of HSA is allowed to 
vary between 1 x and 1 x 1 0 - 6 ~ .  The resulting Scatchard 
plot is shown in Figure 7 (filled circles). The concave appear- 
ance of the plot is considered a sufticient criterion for positive 
cooperativity: in this case the intercept with the y axis gives an 
estimate of K ,  ; the slope at high v values gives -nK,, while the 
initial slope equals 2K2 - K, Moreover, an estimate of the 
Hill coefticient nH can be obtained from the value of v at the 
maximum of Scatchard plot, according to Equation (10). 


On the basis of the intercept of the curve with the v/L axis 
( x  240000), the slope at the highest v values (x - 231 OOO), the 
initial slope (x435 OW), and the v value at the maximum of the 
Scatchard plot (zO.6) ,  the following set of binding parameters 
can be evaluated: K ,  = 240000~- ' ,  n =1, K ,  = 340000~- ' ,  
and nH = 1.5. An acceptable match is obtained between the val- 
ues of the two formation constants and those obtained through 
the fitting procedure. 


Ultrafiltration: In order to directly verify the extent of MO 
complexation by HSA, an aqueous buffered solution (pH = 7) 
of MO and HSA in a molar ratio [MO]/[HSA] = 5.8 was sub- 
jected to ultrafiltration. The percentage of free MO in the solu- 
tion was 67%. On average, up to two molecules of MO were 
complexed to each HSA, as found in the fitting procedure. 


Calculation of the CD Spectrum of the C, species (DeVoe 
Method): As shown above, C, and C, complexes are endowed 
with CD properties (see Fig. 3 and 4), which provide specific 
information on the geometry of the C, complex. When dealing 
with an aggregate of molecules, an independent-system ap- 
proach, such as the DeVoe treatment,["] seems particularly suit- 
ed to the calculation of chiroptical properties. According to the 
DeVoe method the "independent systems" are the chro- 
mophores ; here, they are really "independent" of each other, 
since they are localized on different MO molecules. These sub- 
systems are polarized by the external electromagnetic radiation 
and are coupled to each other by their own dipolar oscillating 
fields. Within the framework of classical physics, the optical 
properties (absorption, refraction, optical rotatory dispersion, 
and circular dichroism) of the aggregate of subsystems are cal- 
culated, taking into account, in addition to the above interac- 
tions, the polarizability of the chromophore, an exclusively 
quantum mechanical quantity. The imaginary part of the com- 
plex polarizability can be obtained directly from the absorption 
bands of the chromophore and the real part by means of its 
Kronig-Kramers transform. As far as the direction of the po- 
larization of the chromophore transition is concerned, general 
information as well as symmetry considerations on the MO 
molecule point to a direction along the long molecular axis. 
Thus, the problem has been reduced to calculating the optical 
consequences of the coupling of two oscillating equal dipoles, 
which are almost parallel and separated by about IOA. The 
polarizability of the dipoles was deduced from the measured 
absorption spectrum of a monomeric MO, and the interchro- 
mophoric distance Rl,2 was derived from simple molecular 
modeling. The dissymmetry necessary to obtain an optically 
active system is dependent on the angle of rotation (b of the 
second dipole P, around the interdipole axis 
R,, , : a non-zero 4 angle is required in order to 
avoid zero CD. This angle (b was considered to 
be a variable parameter in order to fit the ex- 


complex, while the MO absorption corre- 
sponding to the band centered at 435 nm was described by 
means of a Gaussian band with a dipolar strength pz of 28 DZ 
with a 3.7 x lo3 cm-' bandwidth. In agreement with the very 
small 4 angle of 0.7", we obtain a CD curve that overlaps satis- 
factorily with that obtained from the fitting procedure for the 
same C, complex, shown as curve 3 in Fig. 4 (dashed line); the 
relative calculated data are reported in Table 2. It should be 
noted that an equally valid fitting of the CD spectrum of C, 
complex can also be obtained at a different interchromophoric 
distance Rl,  ,, corresponding to different (b values. For example, 
with R,, , = 5 A, the value of 4 = 0.18" practically reproduces 
curve 3 in Figure 4. In other words, the tighter the dimer, the 
smaller is the average rotation angle required. In parallel to the 
CD spectrum, the UV/Vis absorption spectrum, too, is perfectly 
fitted by DeVoe computations. 


+v 
perimental CD couplet attributed to the C, R1,2 -*' 


Solvent Effects on Absorbance Spectra of C, and C, Complexes: 
Qualitative information on the nature of the noncovalent bond- 
ing between the dye and the protein both in C ,  and C, can be 
obtained by comparison of their respective difference ab- 
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sorbance spectra with the corresponding spectra recorded after 
adding organic solvents or salts to the aqueous solutions. The 
spectral changes induced by salts, organic solvents, and poly- 
peptides in Cibacron Blue F3GA dye have been used to ascer- 
tain the interactions of the so-called "Blue Dye" with 
proteins.["] Similar effects of the microenvironment have also 
been examined by the absorption changes in Methyl 


A similar approach was applied to the present case. Figure 8 
shows the difference absorbance spectra of a 1.5 x 1 0 - 5 ~  
Methyl Orange solution in phosphate buffer (pH = 7.0) with 
various additives : 1 .OM NaCl (curve l), 50 % ethylene glycol 
(curve 2), 3.8 x 1 0 - 6 ~  HSA with 1 . 0 ~  NaCl (curve 3), 
4.2 x 1 0 - 4 ~  HSA with 1 . 0 ~  NaCl (curve 4), and 4.2 x 1 0 - 4 ~  
HSA with 50 % ethylene glycol (curve 5). 


' - ' I  I 
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Fig. 8. Difference absorbance spectra of solutions containing (MO] = 1.5 x 10- M 
in 0.1 M phosphate buffer (pH = 7.0,l cm path) with various additives: 1 . 0 ~  NaCl 
(curve l), 50% ethylene glycol (curve2), 3 . 8 ~  1 0 - 6 ~  HSA and 1 . 0 ~  NaCl 
(curve 3), 4.2 x 1 0 - 4 ~  HSA and 1 . 0 ~  NaCl (curve 4). and 4.2 x 1 0 . " ~  HSA and 
50% ethylene glycol (curve 5).  


It is worth stressing that curves 1 and 5 display approximately 
the same trends as were observed for the C, complex (Fig. 3, 
curve 1): a positive maximum at 480-500 nm and a negative 
peak around 400 nm. On the other hand, a similarity with the 
absorbance spectrum of the C, complex is evident in curves 2 
and 3, where two negative maxima at 370-380 and 480-500 nm 
are observed, together with a positive maximum at around 420- 
430 nm. Curve 4 resembles neither the fitted spectrum of C, nor 
that of C,. 


Since the effects observed could be due to changes occurring 
to the secondary structure of the protein, control experiments 
were carried out by recording the CD spectra of 4.2 x 1 0 - 5 ~  
albumin dissolved in the reference buffered solution with 50 % 
ethylene glycol or 1 . 4 ~  NaCl as additives. In both cases, the 
dichroic spectra overlapped almost perfectly with the reference 
recorded in the 250-200 nm range for HSA in buffer. 


Discussion 


The results show the suitability of the physical model applied to 
the investigation of the complexation between HSA and MO, 
which involves two rapid reversible equilibria. 


The present approach exhibits some decisive advantages. 
First, the results of different experimental techniques can be 
included in the fitting procedure. Although the inclusion of 
multiwavelength data from both absorbance and CD measure- 
ments in an overall fitting results in a multitude of fitting 
parameters, it is the only available method of circumventing the 
problems of underdeterminationt2'] encountered in the study of 
multiple equilibria. The price is an increase in computational 
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time, but both stability constants and molar spectra for the each 
complex can be obtained from a single fit. 


A further advantage of our approach relates to the conditions 
used to investigate these complex equilibria. With traditional 
methodologies, extreme concentrations are required in order to 
force equilibria towards complete complexation; this allows 
limiting molar absorptivies or ellipticities to be obtained, needed 
for the calculation of the bound and free ligand concentrations. 
In our approach, we can work with data obtained at partial 
complexation, that is, under average, standard conditions. 
Moreover, in the system under investigation, we can go as far as 
to say that no saturation spectrum can ever exist for the 1 : 1 
species. Figure 5 makes it clear that there is no experimentally 
accessible concentration at which it is possible to force full for- 
mation (with respect to the deficient reagent) of the 1 : 1 complex 
without causing appreciable formation of the 1 : 2 complex. 
Thus, the saturation shown in Figure 1 is only apparent and is 
due to partial compensation from the disappearance C, ( E ~ ~ ~  


= -  9402w-'cm-', Table2) and formation of C, (cdgO 
= 26 405 M- ' cm- '> . This is a source of unavoidable error in 
saturation plots of any type. 


Among the outcomes of the fitting procedure, the final root 
mean square deviation, reported in run 4 of Table 1 (0.087 ab- 
sorbance or ellipticity units), allows a direct evaluation of the 
accuracy of the final fitting. Considerable matching of the com- 
puted and experimental difference absorbance and dichroic 
curves is displayed in Figures 1 and 2, too. Moreover, the com- 
puted K,, , and K,, , stability constants, and all molar absorptiv- 
ities and ellipticities are well defined, as shown by their standard 
deviations, never exceeding 15 % of the value of the reference 
parameter. The correlation coefficient between K l ,  , and K,, 
(0.983, run 4, Table I), is high, in spite of the large number of 
experimental points (879) included in the fitting procedure and 
of the wide concentration range of both protein and dye exam- 
ined in the spectrophotometric experiments. However, the fact 
that the number differs significantly from 1 indicates that the 
K,. and K,, values, even if correlated, maintain individual 
significance. 


Cooperativity : In the present case, the C, complex is present in 
significant concentrations over the full range of experimentally 
attainable HSA concentrations, as shown in Figures 5 and 6. 
Neither the assumption that the second equilibrium [Eq. (5)] is 
negligible nor the inference of the molar extinction coefficient 
based on the apparent saturation of the first complex are there- 
fore correct. We conclude that, if positive cooperativity does 
occur, it is extremely difficult, or even impossible, to obtain a 
correct Scatchard plot on the basis of more or less reliable as- 
sumption of ligand saturation. By extension, a similar conclu- 
sion could also affect the application of the Edsall method,["] 
the Bjerrum plot,[221 or the Klotz equation,['d1 all of which are 
based upon the assumption of a limiting molar absorptivity, 
ellipticity, or fluorescence intensity1231 of the investigated com- 
plex(es). Only after the "true" bound ligand has been evaluated, 
taking into account the equilibrium concentrations of both 
complexes, obtained from the fitted parameters, does the 
Scatchard plot show the expected trend (Fig. 7). This "correct- 
ed" plot gives unique information: 1) the number of the equiv- 
alent binding sites n = 1, which allows us to conclude that the 
second molecule of Methyl Orange fits into the same site as for 
the C, complex and that the C, complex therefore actually 
contains two molecules of ligand bound in a single site; and 
2) the Hill coefficient nH = 1.5, indicative of cooperative bind- 
ing.[241 A similar conclusion can be also inferred on the basis of 
2 4  - K' > 0.11 71 
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The occurrence of positive cooperativity can be deduced by 
careful inspection of Figure 5 ,  where the consequences of the 
very high association constants for C, and C, complexes 
( K ,  = 2.32 x 1 0 5 ~ - '  and K, = 4.83 x I O 5 ~ - ' )  appear evident. 
As expected, the equilibrium concentrations of C, increases as 
the total albumin concentration increases. At the highest [HSA], 
=1.53 x 1 0 - 4 ~ ,  Methyl Orange is still not completely com- 
plexed as the C, species. The latter only starts to prevail over C, 
at [HSA],>2 x M, but, even then, C, still makes a contribu- 
tion to the overall complexation of the dye of 18 YO (36 YO when 
the 2 : l  dye/protein stoichiometry in this complex is consid- 
ered). The determination of the limiting spectra of C, suffers 
from a similar uncertainty. At the highest dye concentration, the 
[C,],, contribution to the saturation of HSA is not negligible, 
even in though C, is present in much higher concentrations 
(Fig. 6). In cases where overlapping protein-ligand equilibria 
all contribute to the overall measured physical quantity and 
only one complex is taken into account, we expect a failure of 
traditional data-handling methodologies. 


Interactions in HSA-MO Complexes: It is well known that 
protein-ligand interactions comprise a wide range of noncova- 
lent forces, ranging from hydrogen bonding and electrostatic 
effects to charge-transfer complexation, K stacking, and hydro- 
phobic effects.[251 Since two different complexes between HSA 
and MO were spectroscopically characterized, it was of interest 
to investigate the interactions that allow their formation and to 
confirm that the 1 : 2 C, species contains two MO units in the 
same binding site of the protein. 


Significant, even though indirect, information is provided by 
careful inspection of the UV/Vis absorbance spectra of both C, 
and C, species, and by the spectral changes occurring in the 
absorption spectrum of MO in the presence of either ethylene 
glycol or NaC1, both with and without added HSA. The influ- 
ence of complexation with the protein on the electronic spec- 
trum of Methyl Orange can be better understood by comparing 
the full spectrum of C, and C, with that of the free dye. In 
Figure 3 we report the full UV/Vis spectra of both C, (curve 3) 
and C, (curve 4) complexes, together with that of MO. 


The spectral changes occurring when bovine or human serum 
albumin are added to aqueous solutions of Methyl Orange have 
been known for a long time and have been attributed to strong 
electrostatic dye-protein interactions between specific, proto- 
nated amino groups of the protein and the sulfonate group of 
M0.L3a726.271 Similar shifts of the absorption band of the azo 
dye were found to take place on changing solvents.[26] Upon 
addition of excess HSA, bathochromic and hyperchromic shifts 
of the visible absorption band of MO were found in buffered 
solution, while progressive hypsochromic and hypochromic dis- 
placements were observed with increasingly apolar solvents. 
The latter type of effect is also observed upon addition of small 
amounts of HSA, and has been attributed to the steric strain in 
the dye induced on complexation to the albumin or to the de- 
crease in a specific interaction (hydrogen bonding) with the 
aqueous soIvent.['Ol 


Although the above discussed effects had been attributed to 
a generic complexation of MO with bovine or human serum 
albumin, on the basis of the fitting results we can reasonably 
attribute to C, the first-discussed spectral changes, while the 
second type can be ascribed to the presence of C,. Dye-dye 
interactions and steric constraints can easily be envisaged to 
explain the accommodation of two MO units into the same 
binding site. The fact that the latter effect is thought to predom- 
inate in most cases can be attributed to the positive cooperativ- 
ity found for the formation of the C, complex, discussed above. 


Further information concerning the nature of the protein- 
dye interactions can be derived from the spectral evidence re- 
ported in Figure 8. Comparison with the two UV/Vis difference 
spectra in Figure 3 reveals that electrostatic interactions pre- 
dominate in the C, complex, while hydrophobic forces prevail in 
the C, complex. In the presence of both HSA (3.8 x 1 0 - 6 ~ )  and 
NaCl  OM), the difference spectrum of MO changes from 
curve 1 to curve 3, which is similar to the C, fitted spectrum. On 
addition of HSA to MO dissolved in a 50% ethylene glycol/ 
buffer mixture, a drastic change occurs at [HSA], = 4.8 x 1 0 - 4 ~  
from curve 2 to 5 ,  which is very similar to the fitted spectrum of 
the C, complex. Curve 4 was recorded under the same condi- 
tions as curve 3, but at much higher [HSA], = 4.2 x 1 0 - 4 ~ .  It 
represents an intermediate situation, in which both complexes 
are apparently contributing to the absorbance. Finally, control 
measurements on HSA solutions, in the presence of 1 . 4 ~  NaCl 
or 50% ethylene glycol, gave identical spectra in the 350- 
200 nm interval, and overlapped the reference CD spectrum of 
HSA. We conclude that the addition of NaCl or ethylene glycol 
does not change the secondary structure of the protein. Thus, 
electrostatic interactions appear to predominate between dye 
and protein in the C, complex and hydrophobic interactions in 
the C, complex. A stacking process can be envisaged to take 
place in the C, complex, as discussed below. The protonated 
amino group could interact with the sulfonic moiety of each MO 
unit; this would allow the aggregation between the two whole 
chromophores. 


Chirality: An induced dichroism arising from dimeric MO units 
bound to poly-L-lysine (PLL) has been used to show an ( S )  
chirality of these dye molecules, considered as two chro- 
mophores bound through their sulfonate groups to the same 
protonated amino residue.[5c1 This interpretation, incorporating 
a strong stacking interaction between the two bound MO mole- 
cules, was later enriched to include different bound states of MO 
attached to the PLL polymer. Interestingly, at low protein/dye 
ratios, an almost parallel stacking (~1x0~) was envisaged for 
closely bound MO molecules.[281 


A similar interpretation can be invoked here, because of the 
appearance of an exciton couplet in the CD-fitted spectrum of 
C, species. This finding allows us to reasonably consider the two 
dye units as a unique bichromophoric molecule, endowed with 
a (R) chirality (Fig. 9).r291 This interpretation is supported by 


Fig. 9. Schematic geometry for the C ,  complex and (R) chirality of the dipole 
transition moments of MO. 


the CD spectrum of the same C, species calculated according to 
the DeVoe method (Fig. 4, curve 3) assuming a 5-10 8, separa- 
tion between the stacked MO units and a 0.2-0.7" angle be- 
tween molecular axes. The almost perfect overlap of the fitted 
and calculated CD spectra points to a unique binding site for the 
two MO unities, and can be considered as decisive support for 
the entire concept of HSA-MO complexation. 


~~ 


Chem. Eur. J 19%. 2 ,  No.  2 0 VCH Verlagsgesellsc/iaf! mbH. 0-69451 Wernheim, 1996 0947-6539/96/0202-0155 $10.00+ .2SjO 155 







FULL PAPER R. Bianchini et al. 


Experimental Section 
Materials: Human Serum Albumin (HSA) A-1653 Frac. V was purchased from 
Sigma (96-99%), stored at 4”C, and used without further purification. At the 
highest concentrations, HSA exhibited a weak absorption band centered at 405 nm, 
devoid of any CD activity and attributable to an impurity that could not be identi- 
fied as a fatty acid or as bilirubin (according to control experiments). In control 
experiments, CD spectra of HSA were recorded, which exhibited the usual negative 
dichroic absorption in the 350-200 nm range. Methyl orange (MO, sodium 4- 
dimethylaminoazobenzene-4-sulfonate) was purchased from C. Erba (TLC, pure). 


Spectrophotometric Measurements: HSA and MO were dissolved in the selected 
concentration ranges in buffered (pH = 7.0) water solutions, prepared by adding 
0.1 N NaOH to a solution of 0.1 M NaH,PO, up to the required pH value. UV/Vis 
spectra were recorded on a Perkin-Elmer Lambda 2s instrument, with 1 nm band- 
width and a 1 cm cell thermostatted at 25°C by using the so-called “difference 
absorbance technique” [I 11. This technique allows the small differences in absorp- 
tion induced by complexation of the dye with albumin in the sample cell, with 
respect to a reference solution containing an identical dye concentration in the same 
buffered water solution, to be read directly. 
CD spectra were registered on a Jasco 5-600 spectropolarimeter, with a 2 nm band- 
width and a 5 cm cell thermostatted at 25°C. J-600 PC software was used to record 
CD spectra. The reference solution consisted of a cell containing only the buffer. 
Control experiments showed that no dichroic activity was exhibited by albumin in 
the 350-550 nm interval. 
The spectrophotometric data are the results of at least three independent, perfectly 
reproducible measurements. Many CD and difference absorbance measurements 
were also checked by preparing solutions containing the same analytical concentra- 
tions of HSA and MO by different procedures. The usual method consisted in the 
preparation of stock solutions containing the highest reported concentration of the 
excess species (either HSA or MO) and appropriate concentrations of the other 
material (MO or HSA, respectively). These stock solutions were then diluted with 
appropriate volumes of a solution containing the species at the concentration cho- 
sen to be constant during the measurements. In addition to this method, the follow- 
ing dilution techniques were also used: a) preparation of both HSA and MO stock 
solutions, which were then mixed in the selected ratios; b) preparation of a stock 
solution containing both HSA and MO. which was then diluted with suitable vol- 
umes of the buffer; and c) preparation of a stock MO solution, to which appropri- 
ate amounts of weighed albumin was directly added. In all cases both the CD and 
UV/Vis spectra agreed independently of the method used to obtain the given con- 
centrations of HSA and MO. 


Fitting Procedures: The overall data set consists of slightly less than 1000 vectors, 
each consisting of five experimental data points (two concentrations, wavelength, 
optical path, absorbance, and ellipticity). Ellipticities were associated with “dum- 
my” wavelength values, obtained from the true ones by adding 300 nm. This simple 
trick eliminated possible ambiguities from absorbances and ellipticities measured at 
the same wavelength. The number offitting parameters was also large, including the 
two formation constants together with a number of molar absorbances and elliptic- 
ities. This meant that a workstation (IBM R6000/580) with a large memory was 
required to perform calculations with a FORTRAN program. Fitting took a few 
seconds on the workstation. The small contribution from the impurity present in 
albumin to measured difference spectra was taken into account by adjusting the 
molar absorptivities of albumin itself in the short wavelength range where this 
unwanted absorption was apparent. 


Ultrafiltration Experiments: A buffered solution (pH = 7) containing [HSA] 
= 1 X ~ O - ~ M  and [MO] = 5 . 8 ~ 1 0 - ~ ~  was filtered through a Spectrum CK20 


membrane. The concentration of free dye was deduced from UV/Vis spectrum of 
the filtrate. 


CD “DeVoe” Calculations: A FORTRAN program was used to calculate the polar- 
izability values corresponding to the absorption band attributed to each MO moiety 
at frequencies between 18000cm-’ (555.5 nm) and 29000 cm-’ (344.8 nm); a step 
size of 200cm-’ was used. Then, the appropriate DeVoe equations [17], in which 
coupling terms depended on the assumed geometry of the MO units, were resolved 
by the same program at each frequency. This process finally yielded the UV, CD, 
and ORD data for comparison with experimental results. 
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In Situ 13C Solid-state NMR and Ex Situ GC-MS Analysis of the Products 
of tevt-Butyl Alcohol Dehydration on H-ZSM-5 Zeolite Catalyst 


Alexander G. Stepanov," Vladimir N. Sidelnikov, and Kirill I. Zamaraev" 


Abstract: The hydrocarbon products that 
are formed upon dehydration at 296- 
673 K of tert-butyl alcohol (tBuOH), ad- 
sorbed on H-ZSM-5 zeolite in concentra- 
tions equal to that of active Al-OH-Si sites 
in the catalyst, have been analyzed by 13C 
solid-state MAS NMR and GC-MS. To 
facilitate 13C NMR analysis, the alcohol 
selectively labeled with 13C isotope in the 
COH group was used. It was found that 
tBuOH transforms to the adsorbed C, 
butene dimers plus a trace amount of 
alkanes at 296 K. Butene dimers exist in- 
side H-ZSM-5 pores in the form of inter- 
converting adsorbed octene, octyl silyl 
ether, and octyl carbenium ion; octyl silyl 
ether is the main adsorption state. Flux- 


ionality of the carbenium ion form pro- 
vides a pathway for isomerization of the 
highly branched hydrocarbon skeleton of 
the initial alcohol to the predominantly 
linear one in the adsorbed butene dimer. 
The driving force for the isomerization in- 
to the linear structure is the shape selectiv- 
ity induced by the small size of the zeolite 
channels. At 373 K the adsorbed butene 
dimers further crack into species that 
contain an average of about 6.5 carbon 


1. Introduction 


Dehydration of tert-butyl alcohol (tBuOH) on acidic-form zeo- 
lites has been extensively studied by in situ IR,[' - 31 solid-state 
NMR (I3C, 2H),[4-6i and GC kinetic methods.[31 Diffusion 
and molecular dynamics of both tBuOH and the reaction prod- 
ucts in zeolite pores have also been ~ t u d i e d . [ ~ , ~ ]  From all these 
and similar studies with other isomeric butyl  alcohol^[^^ 8l the 
key features of reaction mechanism were elucidated, and, in 
particular, reaction intermediates as well as oligomeric products 
trapped in zeolite pores were partly though not completely char- 
acterized. 


In this work we further clarify the dehydration pathways 
(including subsequent isomerization and cracking of hydrocar- 
bon products) at 296-673 K for tBuOH adsorbed on zeolite 
H-ZSM-5 in concentrations equal to that of the active catalytic 
AI-OH-Si sites. Both the species initially formed in the catalyst 
pores and the products escaping into the gas phase are charac- 
terized simultaneously with in situ 13C solid-state NMR and ex 
situ GC-MS. In particular, we observe paraffins that are 


[*I Dr. A. G. Stepanov, Prof. K. I. Zamaraev 
Laboratory for the Studies of the Mechanisms of Catalytic Reactions 
Boreskov Institute of Catalysis 
Siberian Branch of the Russian Academy of Sciences 
Prospekt Akademika Lavrentieva 5, Novosibirsk 630090 (Russia) 
Telefax: Int. code +(3832)35-57-56 
e-mail: kiz[~catalysis.nsk.su 
Dr. V. N. Sidelnikov 
Analytical Laboratory, Boreskov Institute of Catalysis 


atoms, in addition to further alkanes. At 
448 K the adsorbed C,-C,, paraffins be- 
come the predominant hydrocarbon 
products observed with both in situ 13C 
NMR and ex situ GC-MS. Simulta- 
neously, a mixture of adsorbed polyenes 
is formed. According to 13C CP/MAS 
NMR, polyenes exist in the zeolite pores 
in the form of rather stable cyclopentenyl 
cations. At 573-673 K adsorbed cy- 
clopentenyl cations further transform into 
a mixture of condensed and simple aro- 
matics and then into xylenes and toluene. 
Simultaneously, paraffins crack further to 
give mainly C,-C, paraffinic species at 
573 K and propane at 673 K. 


known to be formed on zeolites from hydrocarbons and 
alcohols at 400-700 K (see, e.g., refs. [9-18]), and show that 
they start forming from tBuOH at significantly lower tempera- 
ture. 


2. Results 


2.1. Thermodesorption and GC-MS Analysis: To analyze the 
products that can &orb from the zeolite intracrystalline void, 
thermodesorption experiments were carried out at three differ- 
ent temperatures. The products were desorbed from the zeolite 
at 373 K, accumulated in a condenser, separated by gas chro- 
matography (GC), and then analyzed by mass spectrometry 
(MS) (see Fig. 1 and description of the thermodesorption exper- 
iments in Experimental Section). The oniy detected product was 
isobutane (Fig. 2A). A similar experiment at 296 K showed no 
organic compound desorbing from the zeolite. At 448 K 
(Fig. 2B), C,-C, paraffins were the main products. Note that 
our GC-MS analysis does not allow us to quantitatively assess 
the distribution of paraffins desorbing from the zeolite, nor does 
it give us any information about their structure (linear or 
branched). Moreover, it should be stressed here that the distri- 
bution and the structure of the volatile products escaping into a 
gas phase and identified by ex situ GC-MS analysis can be 
different to that of the organics remaining inside the zeolite 
pores.[' 4l The organic products that are trapped inside zeolite 
intracrystalline void can, however, be monitored in situ by 
means of 13C MAS NMR spec t ros~opy .~ '~~  
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Fig. 1. Sketch of the thermo- 
desorption apparatus with facili- 
ties for gas chromatographic 
separation on a capillar column 
and subsequent mass spectro- 
metric analysis (GC-MS) of the 
hydrocarbons desorhed from the 
catalyst. 


2.2. I3C NMR Analysis: In principle, the known 13C chemical 
shifts for the CH, groups with various n (n  = 0-3) in the liquid 
state can be used to identify hydrocarbons inside the zeolite 


since such shifts change only slightly (by 1 -  
2 ppm["]) upon adsorption into a zeolite. Unfortunately, for 
aliphatic hydrocarbon fragments, the positions of the I3C sig- 
nals from the CH, groups with various n often 
Therefore, to facilitate the assignment of the observed 13C CP/ 
MAS (cross-polarization magic-angle spinning) NMR signals, 
we used the two-dimensional (2  D) J-resolved 13C solid-state 
NMR spectroscopy. The advantage of this method["] is that it 
yields information on both the I3C chemical shifts (F2 dimen- 
sion) and multiplicities, arising from scalar couplings of 13C 
nuclei with the attached protons [J(13C- 'H) couplings] (F1 
dimension). One can reliably attribute carbon signals to CH, 
groups with a particular value of n by simply counting the num- 
ber of lines in the corresponding multiplet signal. 
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2.2.1. Analysis of hydrocarbons formed at high temperatures 
(448-673 K): First, we analyzed products that are formed at 
elevated temperatures (448, 573 and 673 K), since their 13C 
NMR spectra contain less signals and are simpler to interpret. 
Moreover, some signals observed at elevated temperatures are 
also observed at lower temperatures (296 and 373 K). Their 
preliminary assignment to certain products helps in the analysis 
of the more complicated spectra at lower temperatures. 


Assignment of 13C NMR signals to hydrocarbons formed at 
448 K :  We already know from the thermodesorption experiment 
(vide supra) that a mixture of C,-C, paraffins is formed on 
H-ZSM-5 zeolite at 448 K. Therefore, at least some of the 13C 
NMR signals that were observed earlier for the products of 
tBuOH dehydration at 448 Kr43 51 may be ascribed to paraffins, 
rather than aliphatic fragments of butene oligomers as we as- 
sumed earlier.[’] 


13C CP/MAS NMR spectrum of the products of [2- 
‘3C]tBuOHr221 dehydration on H-ZSM-5 zeolite at 448 K is 
shown in Figure 3 A. Note, however, that the relative intensities 
of the signal integrals in this spectrum do not correspond to the 
contents of the various CH, groups, because of the peculiarities 
of recording of 13C NMR spectra with cross-polarization tech- 
n i q u e ~ . [ ~ ~ ’  


To resolve the multiplicities of carbon signals in the spectrum 
of Figure 3A, the 2 D  J-resolved 13C NMR spectrum was 
recorded for the same sample. Figure 4A represents a contour 
plot of the 2D J-resolved spectrum. The one-dimensional spin- 
echo spectrum is given above the contour plot (Fig. 4B). From 
Figure 4A it can be seen that all the signals at 6 = 8.1 -25.5 


(*I** * * * ****  Y- 


450 400 350 300 250 200 150 100 


Fig. 3. I3C CP NMR spectra of the products of [2-”C]rBuOH dehydration on 
H-ZSM-5 zeoliteat 448 K. (A) 6 = 0-200 region; the spectrum was recorded with 
MAS of the zeolite sample with adsorbed alcohol, 16500 scans. (B) and (C) 16-fold 
magnification of signal intensities relative to (A) for 6 = 100-500; (B) static spec- 
trum, 14900 scans; (C) spectrum recorded with magic-angle spinning at a rate of 
3.2 kHz. Asterisks denote spinning sidebands. 


I -1 l F 1 I  
- 6  


Fig. 4. (A) Contour plot of 2D J-resolved 13C solid-state MAS NMR spectrum for 
the products of [2-’3C]tBuOH dehydration on H-ZSM-5 zeolite at 448 K. The 
observed value of scalar J(I3C-’H) coupling is equal to a half the real J(’3CC-1H), 
because of proton high-power decoupling during the second half of the evolution 
time 1, [21]. (B) One-dimensional ”C MAS spin-echo NMR spectrum. Asterisk 
denotes a spinning sideband. 


represent quartets (with the exception of the signal at 6 = 24.5) 
with J(”C-’H) =140*16 Hz, and they can therefore be as- 
signed to CH, groups.r241 The signals at 6 = 28.4, 30.7, 31.8, 
and 43.5 are doublets and should therefore be attributed to CH 
groups. The triplet structure of the signals at 6 = 24.5,33.7, and 
36.4 points to the presence of CH, resonances at these positions. 
The signal at 6 = 34.2 is a singlet or, possibly, triplet that is 
unresolved because of its low intensity. This signal should be 
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attributed to either a quaternary carbon atom or CH, group. 
The signal at S = 27.1 represents a superposition of a triplet and 
quartet and should therefore be ascribed to a sum of CH, and 
CH, groups. 


To assess quantitatively the relative peak areas for various 
CH, signals, one-dimensional one pulse excitation 13C MAS 
NMR spectrum was recorded (Fig. 5A). Further, we have sim- 
ulated the experimental spectrum of Figure 5 A to derive peak 
areas. The experimental spectrum, which is given in Figure 5A, 
can be approximated by a superposition of 25 signals (Figs. 5 B, 
C). Note that some of the signals in Figure 5 A were not detected 
in the 2D J-resolved 13C NMR spectrum (Fig. 4). This can be 


/ , I . I I I * I t I  * / , I  
60 50 40 30 20 10 0 


-6 
Fig. 5. (A) Experimental one pulse excitation "C MAS NMR spectrum with high- 
power proton decoupling for the products of [2-"CC]tBuOH dehydration on H- 
ZSM-5 zeolite at 448 K, 2100 scans. (B) Simulation of the experimental spectrum, 
with the superposition (C) of 25 signals from 11 paraffhic hydrocarbons (see 
Table 1). Asterisks denote spinning sidebands. 


explained in terms of the peculiarities of recording 2D spectra, 
where spin-echo pulse sequence is used.[211 In spin-echo expen- 
ments the signals with short T2 (slow molecular motion), that is, 
large line widths, may be undetectable. We therefore did not 
resolve the multiplicities of the signals with short T, , which may 
belong to hydrocarbons of high molecular weight. 


It should be remembered that in all our 13C NMR studies 
tBuOH selectively labeled with the 13C atom in the COH group, 
[2-13C]tBuOH, was used. However, even at room temperature 
and all the more at elevated temperatures, this selectively intro- 
duced 3C atom becomes scrambled randomly between various 
groups of both the initial alcohol and reaction intermediates and 
products.[51 (See, for example, the assignments of the 13C CP/ 
MAS spectra at 6 = 10-40 in Figs. 1 and 3 of ref. [5] for the 
dehydration products formed at 296 K from tBuOH, selectively 
labeled with 13C in 13COH or 13CH, groups). Therefore, our 
one-dimensional one pulse excitation 13C MAS NMR spectra 
can indeed be used for the quantitative assessment of the relative 
amount of various hydrocarbon fragments and molecules inside 
the zeolite pores. 


By comparing the chemical shifts and multiplicities of the 
signals observed for the reaction products at 448 K with those 
for liquid alkanes,['91 and by taking into account the relative 
peak areas, we assign the spectra in Figure 5 to a mixture of 11 
saturated hydrocarbons, containing isobutane, isopentane, pen- 
tane, and C, + paraffins as well as butene oligomers as the major 
fractions (see the assignment of the 13C NMR signals and rela- 
tive concentrations of the hydrocarbons in Table 1). Note that, 
according to ref. [25], for one of the expected products of 
tBuOH dehydration, namely, oct-1-ene adsorbed in H-ZSM-5, 
the signals from the )C=C( moiety are not detected in the 13C 
NMR spectra (presumably, because of broadening due to the 
exchange phenomena), while those from all other CH, groups 
are clearly observed.[25' We therefore only observe the signals 
from the aliphatic fragments of the adsorbed octenes and higher 
butene oligomers (remember that isobutene is one of the prima- 
ry products of tBuOH dehydration on H-ZSM-5), together with 
the signals from a mixture of paraffins. 


We next turned to the identification of the 13C NMR signals 
at 6 =loo-400. 13C CP NMR spectrum of hydrocarbons 
formed from tBuOH at 448 K also exhibits two broad lines 
around 6 = 200 and 350 (nonspinning sample, Fig. 3 B). Magic- 
angle spinning of this sample revealed that these broad lines are 


Table 1. Assignment of NMR signals and concentrations (mol%) [a] for paraffins, butene oligomers, and aromatics formed from tBuOH on H-ZSM-5 at 373-673 K.  


Chemical shifts [b] Concentration 


*CH3- -*CH,- *CH3-CH-CH, -*CH( -*c- 373K 448K 573K 673K 


ethane 
propane 
n-butane 
isobutane 
n-pentane 
isopentane 
neopentane 
n-hexane 
2-methylpentane 
2.3-dimethylbutane 
2,2-dimethylbutane 


C,, parafiins 
+ butene oligomers 


0- and p-xylenes 
toluene +m-xylene 


7.5 (5.7) [b] 
17.0 (15.4) 
14.7 (13.1) 


14.7 (13.7) 
11.8 (11.4) 


14.7 (13.7) 
14.7 (14.0) 


8.5 (8.5) 


10.6, 11.8 
13.9 


20.7 (19.6, 20.9) 
22.5 (21.3) 


18.0 (15.9) 
27.1 (24.9) 


25.5 (24.3) 
24.5, 36.6 (22.6, 34.6) 
33.6 (31.7) 23.0 (21.9) 


24.5, 33.7 (22.8, 31.9) 
20.2, 40.9 (20.5, 41.6) 23.5 (22.4) 


20.2 (19.1) 
36.6 (36.5) 29.6 (28.7) 


22.3, 23.4, 30.7, 
34.2, 36.6, 40.9 


8.7 
<1 1.0 29.8 59.2 


<1.7 18.5 5.3 
25.5 (25.0) 6 17.2 19.6 5.3 


11.2 3.7 
30.7 (29.7) 5 11.9 11.7 
27.1 (27.4) 31.8 (31.4) 0.7 


6.9 
I 4.1 28.4 (27.6) 


34.9 (33.9) 3.4 
30.7 (30.2) 2.1 


43.4, 30.7 82 27.8 


16.7 [c] 13.4 [c] 
8.1 [c] 


[a] With respect to the total amount of CH. groups with signals between 6 = 10 and 40. [h] The chemical shifts of CH, groups of adsorbed hydrocarbons presented here are 
taken from Figures 3-1 1; accuracy of the 6 measurement IS +0.5 ppm; the chemical shifts of hydrocarbons in solution (from ref. [19]) are given in parentheses. [c] These 
values only take into account the amount of CH, carbon and not the amount of carbon in the benzene ring. 
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superpositions of four anisotropic signals with the isotropic 
chemical shifts at 6 = 145, 155, 159, and 254[261 (Fig. 3C). The 
isotropic signal at 6 = 254 is indicative of a trivalent carbon 
atom in a carbenium ion center of a l l ~ l [ ~ ~ ]  or cycloalkenyl[281 
cations. The isotropic signals at 6 = 145-159 can be attributed 
to carbon atoms adjacent to the carbenium ion center in these 
cations. The simultaneous disappearance at 573 K of both the 
signals at 6 = 145-159 and the signal at 6 = 254 (vide infra) 
supports our suggestion that the two groups of signals belong to 
the same species. The observed set of signals can not be attribut- 
ed to simple ally1 cations, since the latter are not persistent inside 
acidic zeolites.[29. 301 This set of signals best matches that for a 
mixture of the adsorbed alkyl-substituted cyclopentenyl cations 
with symmetrically disposed alkyl fragments around the carbe- 
nium ion center, such as 1,2,3-trimethylcyclopentenyl cation 
(the shifts in solution are 6 = 247 and 155IZ8l), 1,3-dimethylcy- 
clopentenyl cation (the shifts in solution are 6 = 249 and 
1481311), and similar cations with alkyl substituents other than 
methyl groups (6 = 254 and 150 in Fig. 3C). Note that similar 
I3C NMR signals from cyclopentenyl cations inside zeolites 
have already been observed earlier by Haw et al.['6,321 Accord- 
ing to the same authors, cations of this type can also be generat- 
ed in high yield on acidic zeolites from cyclic[331 or aromatic [341 


precursors. 


Assignment of 13C NMR signals to hydrocarbons formed at 
573 K:  Heating of the zeolite sample with adsorbed tBuOH at 
573 K results in a redistribution of the signal intensities in the 
region of 6 = 10-40 (compare Figs. 3 A and 6). Now the signals 
from C,-C, paraffins are mainly observed, with propane and 
butanes as the predominant products (see Table 1). 


In the region of 6 = 100- 300 the signals from cyclopentenyl 
cations have now practically disappeared (compare spectra in 
Fig. 3 C and Fig. 6 B). A weak signal at 6 = 145 may correspond 
to trace quantities of this cation. The main signals observed 
above 6 = 100 (Fig. 6B) are now those with the isotropic chem- 


I . .  I I I I I * 1 1  
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-6 


I . . , , I . . .  
200 100 


-6 
Fig. 6. I3C CPIMAS NMR spectrum of the products of [2-13C]1BuOH dehydration 
on H-ZSM-5 zeolite at 573 K, 3000 scans. (A) Region of 6 =10-200; (B) 8-fold 
magnification of signal intensities in the region of b = 40-240. Asterisks denote 
spinning sidebands. 


ical shifts 6 = 129 (the most intense signal), 6 = 127 (seen as a 
shoulder of the signal at 6 = 129), and the signals of essentially 
lesser intensity with isotropic shifts 6 = 137, 139, and 147. Such 
isotropic chemical shifts are typical for simple and condensed 


The range of shifts is known to be narrower for 
condensed aromatics (e.g., 6 =125-131 for pyrene in solu- 
tion[lgl) than for simple ones (e.g., 6 = 126-138 for liquid xyle- 
n e ~ [ ' ~ ] ) .  


Though one cannot conclude unambiguously whether the sig- 
nals at 6 = 127-139 belong to simple or condensed aromatics, 
or to a mixture of both, it is tentatively possible to assign the 
most intense signal at 6 = 129 to a superposition of lines from 
adsorbed condensed aromatics and the weak but clearly de- 
tectable signals at 6 = 127, 137, and 139 to adsorbed simple 
aromatics, such as xylenes. The formation of xylenes is also sup- 
ported by the presence in the spectrum of Figure 6A of the signal 
at 6 = 20, which certainly does not belong to parafins and is 
indicative of methyl groups attached to a benzene ring. Numerous 
spinning sidebands observed for the signals of aromatics and 
cyclopentenyl cations (vide supra) show that these species are 
rather immobile inside the zeolite channels. Relative amounts of 
various hydrocarbons formed at 573 K are given in Table 1. 


Assignment of 13C N M R  signals to hydrocarbons formed at 
673 K :  Heating of the zeolite with adsorbed alcohol at 673 K 
results in a further increase in the amount of lighter paraffins 
inside the zeolite. A new signal at 6 = 7.5 from ethane appears, 
and the main signal observed at 6 = 10-40 arises from propane 
(see Fig. 7 and Table 1). Rather narrow and compactly disposed 
signals at 6 = 127-139 indicate the formation of a mixture of 
simple aromatic compounds. According to their chemical shifts, 
the signals at 6 = 20.7, 22.4, and 127-139 can be assigned to a 
mixture of 0-, p- ,  m-xylenes and toluene.['g1 Relative amounts of 
hydrocarbons formed at 673 K are given in Table 1. 


I , , ,  . I ,  , , , I , , ,  , I , , , , I ,  
200 150 100 50 0 
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Fig. 7. "C MAS NMR spectrum of the products of [2-13C]rBuOH dehydration on 
H-ZSM-5 zeolite at 673 K, 700 scans. Asterisks denote spinning sidebands 


Note, that the total amount of aromatics increases with in- 
creasing reaction temperature. At 573 K the overall intensity of 
the signals from aromatics in the regions of 6 =lo-40 and 
120-140 are about 40% of that from paraffins, while at 673 K 
the overall intensities are approximately equal. Thus, the in- 
crease of the reaction temperature favors cracking of paraffins 
to a lighter species, on the one hand, and formation of aromat- 
ics, on the other. A similar trend has been observed many times 
by ex situ methods for conversion of various hydrocarbon feed- 
stocks on zeolites (see, e.g., refs. [9-181). 
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2.2.2. Analysis of hydrocarbons formed at low temperatures 


Assignment of I3C N M R  signals to hydrocarbons formed at 
373 K :  Figure 8A shows I3C CP/MAS NMR spectrum of the 
products of [2-'3C]tBuOH dehydration at 373 K. At first 


(296-373 K): 
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Fig. 8. (A) CP/MAS NMR spectrum of the products of [2-I3C]tBuOH dehy- 
dration on H-ZSM-5 zeolite at 373 K, 9300 scans, S = 10-200. (B) Experimental 
one pulse excitation I3C MAS NMR spectrum with high-power proton decoupling 
of the hydrocarbon products for the same zeolite sample. (C) Simulation of the 
experimental spectrum with the superposition of the signals from the adsorbed 
butene dimers and paraffins. Asterisks denote spinning sidebands. 
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glance, the spectra for the products formed at 373 K and 448 K 
are similar (compare Figs. 3 A and 8 A), except that the spec- 
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Fig. 9. 13C MAS spin-echo NMR spectra 
of the products of [2-"C]tBuOH dehydra- 
tion on H-ZSM-5, formed at different tem- 
peratures. Spectra were recorded with the 
pulse sequence described in the Experimen- 
tal Section) and t ,  = 0.5 ms. (A) 448 K, 
1200 scans; (B) 373 K, 800 scans; (C) 
296 K, 10000 scans. 


trum for 373 K contains 
an additional small signal 
at 6 = 86 for the previous- 
ly identified tert-butyl silyl 
ether.['] However, our at- 
tempts to record 2 D  f-re- 
solved 13C NMR spectra 
for the dehydration prod- 
ucts formed at 373 K were 
not successful. In the spin- 
echo spectrum (used in 
2 D NMR experimentt2 'I) 
recorded for these prod- 
ucts with t, = 0.5 ms, 
some signals observed for 
the hydrocarbons formed 
at 448 K are absent, and 
the common signals ex- 
hibit a different distribu- 
tion of intensities (com- 
pare Fig. 9A and B). We 
attribute these experimen- 
tal facts to a rather short 
relaxation time T, (0.3- 
0.6 ms) for CH, groups of 
the reaction products. 
Short values of T, for CH, 


fragments indicate that hydrocarbon species formed at 373 K 
exhibit low molecular mobility inside the zeolite and may there- 
fore represent adsorbed long-chain oligomers or paraffins, 
rather then the short-chain paraffins that have been observed by 
I3C NMR at more elevated temperatures (vide supra). Indeed, 
according to 2HNMR, for butene oligomers formed from 
deuterated tBuOH at 373 K, the correlation time for the 
isotropic reorientation at 296 K is T,> s . [~ ]  If one assumes 
that carbon 13C relaxation times (T,, T2) of the adsorbed 
oligomers are governed mainly by the dipolar m e ~ h a n i s m , ~ ~  
then one can estimate that at the magnetic field of 9 Tesla, T, 
should be of the order of few seconds and T,zO.l ms. This 
means that for the spin-echo spectrum, recorded with 
t, = 0.5 ms, the intensity of the signals from CH, groups should 
be of the order of several percent, compared to the same signal 
expected for the usual one pulse excitation sequence. Therefore, 
the signals from fast rotatingmethyl groups with T = Z  10- l o  s[361 
and T, z 1-4 ms dominate at 6 = 14-25 in the spin-echo spec- 
trum for the sample heated at 373 K (Fig. 9 B). However, signals 
from the groups other than CH, are clearly visible and even 
dominate in the one pulse excitation 13C MAS NMR spectrum 
for the same sample (Fig. 8 B). 


The arguments mentioned above do indeed suggest that 
oligomeric species with longish hydrocarbon chains are the 
main products at 373 K. However, short-chain alkanes are also 
formed in small amount. Indeed, on the one hand thermode- 
sorption experiment reliably shows the formation of isobutane 
at 373 K (Fig. 2A); on the other hand, the positions of sharp 
signals at 6 = 10-25 in Figure 9 B from the methyl groups coin- 
cide with those for the CH, groups of alkanes identified at 
448 K (vide supra). We therefore conclude that some of the 
paraffinic species are formed at 373 K. 


To quantitatively estimate the amount of various species 
formed at 373 K, we have simulated the experimental one pulse 
excitation spectrum of Figure 8B in the same way as for the 
sample heated at  448 K (vide supra). Simulations (Fig. SC) 
show that the experimental spectrum (Fig. 8 B) can be satisfac- 
torily approximated by a superposition of the signals from 
propane, isobutane, isopentane, 2-methylpentane, and two 
types of long-chain oligomers (linear oligomers and branched 
oligomers with the terminal (CH,),CH fragments). In simula- 
tions the chemical shifts indicated in Table 1 were used for the 
alkanes. The following values were taken as the shifts for long- 
chain o l i g o m e r ~ : ~ ' ~ ~ ~ ~ ~  1) linear species: 6 = 10-14.7 (CH, ter- 
minal), 22-26 (CH, next to CH,), and 30-35 (inner CH,); 
2) branched species: 6 = 22-26 for CH, and 30-40 for CH 
groups of the (CH,),CH fragment. For oligomers the following 
ratios for the amounts of various groups were found : CH, : CH, 
(adjacent):CH, (inner):(CH,),CH = 1:1:2.5:0.34. Thus, our 
analysis shows that hydrocarbons with linear chains are prefer- 
entially formed from tBuOH at 373 K. The distribution of the 
various paraffins formed from tBuOH at 373 K are shown in 
Table 1. All together they make up about 18% of the total 
hydrocarbon fragments exhibiting NMR signals at 6 = 10-40. 
The remaining 82 % of carbon atoms belong to oligomers. 


Assignment of 13C N M R  signals to hydrocarbons formed at 
296 K :  tBuOH was reported to undergo a slow dehydration on 
H-ZSM-5 zeolite to form butene oligomers and water even at 
room temperature.['-61 Figure 10A shows the 13C CP/MAS 
NMR spectrum of [2-' 3C]tBuOH that was recorded four hours 
after adsorption at 296 K. The less intense signal at 6 = 81.6 
from the initial unchanged alcohol with the labeled I3COH 
group and the more intense signals at 6 = 10-40 from butene 
oligomers dominate this spectrum. The signal from the tert- 
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Fig. 10. 13C CPIMAS NMR spectra of [2-13C]fBuOH adsorbed on H-ZSM-5 zeo- 
lite at 296K. (A) 4 h after adsorption, 2200scans; (B) 24h after adsorption, 
5800 scans; (C) 48 h after adsorption, 15000 scans. Asterisks denote spinning side- 
bands. 


butyl silyl ether, tBuSE,IS1 is also visible in this spectrum as a 
shoulder at around 6 = 86. After this sample had been kept at 
296 K for 24 hours, the signal at 6 = 86 from tBuSE was clearly 
visible, while the sharper signal at 6 = 81.6 from the initial alco- 
hol could hardly be made out against the background of the 
broad signal at 6 = 86 (Fig. 10B). 


Note the appearance of a sharp signal at 6 = 29.7 among the 
signals from butene oligomers. This signal corresponds to 
the CH, group of [2-13C]tBuOH, which is formed from 
[2-13C]tBuOH as a result of scrambling of the 13C label between 
the COH and CH, groups by a reversible reaction inside the 
zeolite [Eq. (a)] .IS1 The signals at 6 = 29.7 from the unchanged 


[2-''C]tBuOH tBu+ + H O -  [I-13C]tB~OH (a) 


alcohol are also observed 24 hours after adsorption (Fig. 10 B). 
This is an additional piece of evidence for the slowness of 
tBuOH dehydration on H-ZSM-5 at 296 K. Note that the rate 
of dehydration increases with increasing Si/AI ratio in the zeo- 
lite. For example, in the sample with Si/Al = 29 the dehydration 
was reported to be complete within 15 hours,[5] notably faster 
than for the sample with Si/AI = 44 used in this work. 


To estimate the relative amounts of the various fragments in 
the butene oligomers formed at 296 K, we have simulated 
(Fig. 11 B) the experimental one pulse excitation spectrum of 
Figure 11 A, recorded 48 hours after tBuOH adsorption. The 
following ratios were obtained: CH, (terminal linear): CH, (ad- 
jacent):CH, (inner):(CH,),CH = 1: 1 :3.9:0.31. This ratio pat- 
tern is very close to the ratio of 1 : 1 :4:0.27 previously reported 
for oct-I-ene (with the natural 13C abundance) adsorbed on 
H-ZSM-5 zeolite at 290 KLZ51 (see also Section 3.1. for addition- 
al clarification of this ratios pattern). Thus, the decrease of 
temperature from 373 K to 296 K leads to a slight decrease in 
the amount of branched (CH,),CH fragments and to an in- 


crease in the average 
length of the hydrocar- 
bon chain in oligomers 
up to about eight car- 
bon atoms. It is inter- 
esting that linear 
chains dominate over 
branched ones in 
oligomers, despite the 
fact that the initial al- 
cohol contains a highly 
branched hydrocarbon 
fragment. 


We failed to record 
2 D  J-resolved 13C 
NMR spectra for the 
CH, groups of the hy- 
drocarbon products 
formed at 296K, for 
the same reason as 
for T =  373 K (vide 
supra), namely, low 
molecular mobility and 
too short values of 
T, = 0.1 ms. Indeed, the 
spin-echo spectrum 
(recorded with t ,  = 
0.5 ms, Fig. 9C) ex- 
hibits a notably lower 
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Fig. 11. Quantitative estimation of relative 
peak areas in the I3C MAS NMR spectrum 
for the hydrocarbon products formed from 
[2-13C]fBuOH at 296 K. (A) Experimental one 
pulse excitation spectrum, 3300 scans. (B) Sim- 
ulation of the experimental spectrum. 


signal-to-noise ratio than that at 448 K (Fig. 9A), in spite of the 
tenfold increase in the number of free induction decays (FIDs) 
accumulated before Fourier transformation. The signals from 
fast rotating methyl groups with relatively long T2 = 1 ms are 
mainly observed. Analysis of 13C NMR signals in the spin-echo 
spectrum of Figure 9 C  and one pulse excitation spectrum of 
Figure 11 suggests that the same paraffinic products are formed 
at 296 K as at 373 K, namely, isobutane (signal from methyl 
groups at 6 = 25.5) and also perhaps isopentane (the signals 
from methyl groups 6 = 11.8 and 23.4) as well as 2-methylpen- 
tane (the signals from methyl groups at 6 =14.7 and 23.4), 
though in quite small amount. 


3. Discussion 


On the basis of previous GC and IR kinetics as well as NMR 
studies, the pathways shown in Scheme 1 for dehydration of 


-._ -Bu IV *<--- 


//' OBuR '.\, 
/' /$77 \ 


/ 


Scheme 1. The pathways for the conversion of butyl alcohols on zeolite H-ZSM-5 
according to refs. [3,5,7,8]. 
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tBuOH and other isomeric butyl alcohols inside the pores of 
H-ZSM zeolite were proposed.[3. ’9 ’3 Note that stages I11 and 
VII were not elucidated for tBuOH, but for other less bulky 
butyl alcohols. According to Scheme 1, butene oligomers bound 
to the zeolite lattice (-OBuR) are among the reaction products. 
NMR data obtained in ref. [25] and this paper shed further light 
on the nature, composition, structure, and further transforma- 
tions of the adsorbed oligomers within the zeolite pores. 


3.1. The Nature of Adsorbed Butene Oligomers: The character- 
istic signals from the olefinic )C=C( moiety are absent[3- ’] at 
5 = 1660-1670 (C=C) and 3020-3090 cm-’ (=C-H) in the IR 
spectra[381 and at 6 = 110-140 in the 13C NMR spectra.[’g1 At 
first glance, these results provide evidence that the oligomeric 
species exist as alkyl silyl ethers 2 or carbenium ions 3 rather 
than adsorbed olefins I (Scheme 2). However, in support to the 
earlier finding by van den Berg et al.[391 we have recently 
found[’’] that oct-I-ene, which can be considered as one of the 
expected products of butene oligomerization, when adsorbed on 
H-ZSM-5, exhibits neither the characteristic signals of stable 3 
at 6 = 300-330[401 (C’ center) nor those at 6 =70-90 from the 
C - 0  moiety of 2 in its 13C NMR ~ p e c t r a . [ ’ ~ ~ ’ ~ ~ ~ ~  At the same 
time the adsorbed oct-I-ene clearly exhibits[”] fluxionality that 
is typical for 3.[42s431 For example, a 13C label initially located 
at the =CH, group of the olefinic moiety gradually scrambles 
over the entire hydrocarbon skeleton of o ~ t - l - e n e . [ ~ ~ ]  


The absence of the 13C NMR signals from the characteristic 
moieties for 1-3 in adsorbed oct-I-ene over a wide temperature 
range (173-296 K) was rationali~ed[’~I in terms of signal 
broadening as a result of slow or intermediate-rate (on the 13C 
NMR timescale) interconversions shown in Scheme 2. 


1 2 3 
Scheme 2. Interconversions of oct-1-ene adsorbed on zeolite H-ZSM-5. 


Note, that hydrogen-bond complexes 1 between olefins and 
acidic OH groups of zeolites are indeed formed, as is known 
from IR data from 1966.t441 Alkyl silyl ethers 2 have been ob- 
served by NMR spectroscopy.[’. 32*411 Ev’ idence for the forma- 
tion of carbenium ions 3 comes from the scrambling of the ’H 
and/or 13C label, initially introduced selectively into the active 
catalytic site or into the reactants (alcohols or hydrocarbons), 
over the entire hydrocarbon skeleton of the reacting molecules 
adsorbed on acidic zeolites.[2,4-6, 2 5 3 4 1 3 4 ’ - 4 8 1  Th’ is scrambling 
was observed by kinetic and chemical trapping of 
adsorbed carbenium ions with carbon monoxide.[501 


The fact that 1, 2, and 3 cannot be observed by 13C NMR 
spectroscopy, because of the slow or intermediate rate of the 
exchange process in Scheme2 (vide supra), implies that the 
these adsorbed butene dimers should be observable by IR spec- 
troscopy. Indeed, the characteristic timescale (ca. 10- l 3  s) of IR 
is many orders of magnitude shorter than that of I3C NMR 
spectroscopy (ca. 10-4-10-5 s). Therefore, the IR spectra 
would be expected to show separate nonaveraged signals for 
each of the species 1-3. However, as mentioned above, the 
bands characteristic of the olefinic moieties in 1 are not observed 
in IR spectra of oligomeric products formed by tBuOH dehy- 
dration.[’. 31 This fact clearly indicates that the adsorbed butene 


oligomer is not present in any substantial amount in the form 1. 
The absence of the signal in the IR spectrum from carbenium 
ions at Gas =1290-1300 cm-’ (+C-C)[511 for the products of 
tBuOH dehydration[’. 31 suggests that species 3 is also not the 
predominant form of oligomer adsorption in the H-ZSM-5 zeo- 
lite. However, a small fraction of butene oligomers must exist in 
form 3, otherwise carbon scrambling for oct-I-ene in H-ZSM- 
5[’51 cannot be explained. 


Unfortunately, the characteristic IR lines of 2 at 3 = 1055- 
1175 cm-’ (C-O)t’’l cannot easily be observed against the 
background of the substantially more intense band at 5 = 
1100 cm-’ corresponding to v(Si-0) of the zeolite frame- 


Our failure to observe the v(C-0) band of 2 with IR 
does not therefore prove that these species are not present in the 
zeolite in substantial amounts. Moreover, quantum-chemical 
calculations by Kazansky and Senchenyars41 indicate that spe- 
cies 2 should be a considerably more stable form of olefin ad- 
sorption on acidic zeolites than species 1 and 3. 


Thus, we come to the conclusion that 2 is most probably the 
main adsorption state for butene oligomers inside H-ZSM-5, 
but that it is certainly in equilibrium with species 1 and 3 
(Scheme 2) in significantly smaller concentrations. 


As mentioned above, the absence in our 13C NMR spectra of 
the signals near 6 =70-90 characteristic of species 2 can be 
rationalized in terms of its dynamic behavior. A simple mecha- 
nism that would account for the absence of a signal from the 
C-0-Si moiety is presented in Scheme 3. With an intermediate 
rate of exchange (on the 13C NMR timescale), the signal in the 
vicinity of 6 =70-90 is expected to be too broad to be visi- 
ble.[’sl 


Scheme 3. A possible dynamic behavior of alkyl silyl ethers in acidic zeolite. 


Thus, the whole set of available NMR, IR, and quantum- 
chemical data, when taken as a whole, suggest that olefin 
oligomers formed inside the channels of the H-ZSM-5 zeolite 
exist predominantly in the form of alkyl silyl ether 2, which 
participates in the exchange processes shown in Schemes 2 
and 3. 


3.2. Composition and Structure of Adsorbed Butene Oligomers: 
Our data show that mainly linear rather than branched fluxion- 
al oligomers are formed both during tBuOH dehydration (vide 
supra) and oct-1-ene adsorption on H-ZSM-5. Indeed, the 
chemical shifts for the terminal CH,, the adjacent CH,, and 
further removed CH, groups, as well as the ratios of the inten- 
sities of their 13C NMR signals for the adsorbed linear 
oligomers formed from tBuOH, practically coincide with the 
corresponding values for adsorbed ~c t - l -ene . [ ’~~ This means 
that linear butene oligomers formed from tBuOH are dimers, 
that is, C, species adsorbed inside H-ZSM-5 in the same way as 
oct-I-ene. 


One can assume that the predominant formation of linear C, 
species from highly branched tBuOH is driven by the shape- 
selectivity effect induced by the narrow pore channels (ca. 
5.5 in H-ZSM-5 and rapid isomerization (compared to 
the rate of dehydration) of the hydrocarbon skeleton in the 
carbenium ion form 3. As the temperature increases from 296 K 
to 373 K, the average number of carbon atoms in the oligomer 
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decreases, from about 8 to about 6.5 (i.e., by ca. 18 %), owing 
to cracking process. As expected, this value is the same as the 
percentage of carbon atoms that are transferred from oligomers 
to paraffins at 373 K (vide supra). 


3.3. Transformations of Butene Dimers inside H-ZSM-5: The 
13C NMR data suggest that small amounts of light paraffins are 
formed as products at temperatures as low as 373 K and even 
296 K under our reaction conditions, when concentrations of 
the reactants and products in the zeolite pores are close to that 
of the Al-OH-Si active site. Of course, one may argue that the 
quantitative analysis of our experimental NMR spectra in terms 
of a superposition of more than twenty lines from more than 10 
different species is ambiguous. Indeed, although we found su- 
perpositions that fitted well with the experimental spectra, we 
cannot prove that they are the only ones that fit. Nevertheless, 
we feel that our conclusion about the formation of paraffins at 
low temperature is qualitatively correct. Indeed, the chemical 
shifts for some of the paraffins (such as propane and isobutane) 
are rather characteristic. Moreover, our thermodesorption GC- 
MS data clearly confirm the formation of isobutane at 373 K 
(Fig. 2A). 


The suggested pathways for the transformation of butene 
dimers inside our H-ZSM-5 samples are shown in Scheme 4 (to 
simplify the scheme only linear species are shown). We think 
that paraffins are formed upon cracking (disproportionation) of 


2 CHz=CH-CH=CH2 CH3-CH=CH-CH=CH-CH=CH-CH3 (IX) 


C* 


CHJ-CH=CH-CH=CH-CH=CH-CH~ v 


CH3 


Scheme 4. The pathways of transformation of butene dimers on zeolite H-ZSM-5 
at 296-448 K.  


the adsorbed butene dimers through reaction (VIII) . This con- 
clusion is supported by the simultaneous increase in the amount 
of paraffins and decrease in the ratio of CH, (inner) to CH, 
(terminal linear) for the fluxional alkyl silyl ether from 3.9 at 
296 K to 2.6 at 373 K. This corresponds to the decrease in the 
average number of carbon atoms in the hydrocarbon skeleton 
from about 8 to about 6.5. 


According to the classic scheme for the cracking of high 
olefins on acidic solids,[571 diene hydrocarbons should be 
formed in reaction (VIII) together with paraffins. The signals 
from the dienes would be expected at around 1600 cm-' in the 
IR[581 and at 6 =loo-140 (1,3-dienes) or b =70-90 and 200- 
210 (allynes) in the 13C NMR spectra,["] at least at elevated 
temperature (448 K) where a significant proportion of the 
oligomers crack. However, numerous IR studies on the trans- 
formation as a function of temperature of oligomers formed 
from various olefins on H-ZSM-5 have shown that the band at 
Cx1510 rather than at 1600 cm-' is usually observed,['*59-631 
sometimes even at room temperature."] The intensity of the 
signal at 1510 cm- ' first increases with temperature, reaches its 
maximum at about 473 K, and then decrea~es.1~~1 This IR band 


was assigned either to v(C=C) stretch in aromatic rings[599 6os 621 


or to CaS(CCC) in allylic carbenium  ion^.[^'*^^] The 13C NMR 
studies by Haw et a1.[16*321 and the data of this work suggest 
that the band at 1510cm-' should be attributed to cyclopen- 
tenyl cations. We assume that dienes formed in reaction (VIII) 
react rapidly, presumably via the triene species (reaction (IX)) . 
Isomerization and cyclization (reaction (X)) and subsequent 
protonation (reaction (XI)) finally yield cyclopentenyl cations 
(see I3C NMR spectra in Fig. 3). It should be mentioned that we 
have also observed (13C NMR) the formation of the same cy- 
clopentenyl cations on H-ZSM-5 at temperature above 373 K 
from iBuOH, nBuOH, oct-1-ene, and ethylene. 


Thus literature data on the conversion of olefins and alcohols 
to paraffins and simple aromatics on acidic zeolites (IR: 
see, e.g., refs. [1,59-631; 13C NMR: refs. [15,16,32,64-661) 
together with the data presented in this paper allow us to con- 
clude that the formation of a stable cyclopentenyl cations is a 
common feature of such conversions. These cations are pro- 
duced simultaneously with paraffins from oligomers. Their con- 
centration increases with temperature and reaches its maximum 
at about 473 K.163] At higher temperatures they gradually con- 
vert to aromatics, which have been identified on many occasions 
by 13C NMR spectro~copy.[ '~~ 16365,661 


There is a remarkable similarity between the processes of 
olefin conversion (alcohol dehydration) on zeolites and in con- 
centrated sulfuric acid. As far back as the 1870s Butlerov found 
the main products of butyl alcohol dehydration in sulfuric acid 
solutions to be butenes, butene oligomers (dimers), and dibutyl 
ethers.[67] As seen from Scheme 1 the same products are formed 
over a heterogeneous H-ZSM-5 catalyst. 


In 1936 Ipatieff and Pinest681 revealed that in 96-98 YO sulfu- 
ric acid at 273 K olefins (other than ethylene and propylene) 
convert into a mixture of paraffins and cycloolefins. In the early 
sixties Den0 et al.[691 showed, using NMR spectroscopy, that 
the latter exist in 96% H,SO, in the form of stable cyclopen- 
tenyl cations. 


3.4. Role of Fluxional Alkyl Silyl Ethers in Catalysis: In this 
paper we have intentionally studied tBuOH dehydration with 
very small concentrations of reagent (comparable to that of 
active Al-OH-Si sites in the zeolite). This helped us to minimize 
the background 13C NMR signals from physisorbed reactants 
and products and thus to increase the visibility of the signals 
from the chemisorbed reaction intermediates. 


tBuOH dehydration: Let us now discuss the expected behavior 
of the chemisorbed states characterized here, in reactions that 
proceed under more practical conditions, when the total concen- 
tration of reactant in the feedstock stream considerably exceeds 
that of active catalytic sites. 


Under steady-state conditions in a flow system, dehydration 
of tBuOH on H-ZSM-5 zeolite at 296-333 K resulted in bute- 
nes and H,O as the only compounds detected by GC in the 
product stream.l3] No paraffins were observed under these 
conditions. Fluxional octyl silyl ether remains trapped 
(chemisorbed) in the zeolite pores under these conditions. With 
its formation the catalytically active Al-OH-Si groups gradually 
disappear through the sequence of reaction steps I, 11, VI and/or 
V,VI (see Scheme 1) and are converted to the octyl silyl ether. 
Thus, the active AI-OH-Si sites located in the pores become 
poisoned. This cannot be prevented by reaction(II1) of 
Scheme 1, since the diffusion of bulky tBuOH molecules 
through the zeolite pores to the active sites is now hindered 
dramatically by octyl silyl ether species, which are also rather 
bulky. As a result, tBuOH dehydration into butene and water 
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proceeds under steady-state conditions only on the external sur- 
face of H-ZSM-5 ~rystallites.[~] Thus, octyl silyl ether 
chemisorbed in the zeolite pores plays the role (in terms of applied 
catalysis) of "coke", which poisons the H-ZSM-5 catalyst. 


Processing of hydrocarbons: As mentioned above, fluxional 
octyl silyl ether can be formed not only during tBuOH dehydra- 
tion, but also upon oct-1-ene adsorption on the H-ZSM-5 cata- 
lyst. It is therefore also expected to play some role in the conver- 
sion of hydrocarbon feedstocks on H-ZSM-5. At low 
temperature (below 373 K) fluxional octyl silyl ether is expected 
to poison H-ZSM-5 catalysts, like it does during tBuOH dehy- 
dration. However, the data presented here suggest that at more 
elevated temperature it (as well as fluxional alkyl silyl ethers 
with lower or shorter hydrocarbon skeletons) may become in- 
volved in the main reaction stream as a key intermediate 
through which paraffins and aromatics are formed. 


Conclusion 


Using in situ 13C solid-state MAS NMR in combination with ex 
situ GC-MS, we have characterized the hydrocarbon products 
that are formed in the pores of H-ZSM-5 zeolite upon tert-butyl 
alcohol dehydration at 296-673 K in samples with comparable 
concentrations of adsorbed alcohol and catalytically active Al- 
OH-Si sites. The following conclusions have been drawn on the 
nature, composition, structure, and transformations of these 
products: 
1) At 296K the main hydrocarbon products are adsorbed 


butene dimers with predominantly linear structure, despite 
the fact that the initial alcohol had a highly branched struc- 
ture. The dimers exist in the zeolite pores as a mixture of 
octene, octyl silyl ether, and octyl carbenium ion; octyl silyl 
ether is the main adsorption form. The driving force for the 
formation of linear (rather than branched) dimers is the 
shape-selectivity effect induced by the small size (ca. 5.5 A) of 
the zeolite channels. The vehicle of isomerization of the 
branched species into the linear ones is the rapidly isomeriz- 
ing carbenium ion state of adsorbed dimers and their ad- 
sorbed butene precursors. Traces of the adsorbed light 
paraffins are also detected among the reaction products at 
296 K, formed by cracking of the adsorbed butene dimers. 


2) At 373 K cracking of the adsorbed butene dimers becomes 
more pronounced. According to 13C NMR spectra, the aver- 
age length of hydrocarbon skeleton decreases and more ad- 
sorbed paraffins are formed. Isobutane is blown out of the 
zeolite pores with the flow of helium and is clearly detected 


3) At 448 K the adsorbed C,-C,, paraffins become the domi- 
nant hydrocarbon products observed by both in situ I3C 
NMR and ex situ GC-MS. Simultaneously a mixture of 
adsorbed polyenes is formed. According to 13C NMR spec- 
tra, polyenes exist in the zeolite pores in the form of rather 
stable cyclopentenyl cations. 


4) At 573-673 K adsorbed cyclopentenyl cations further trans- 
form into a mixture of condensed and simple aromatics and 
then into xylenes and toluene. Simultaneously, paraffins 
crack further to give mainly C,-C, species at 573 K and 
mainly propane at 673 K. 


5) Under practical steady-state conditions in a flow reactor the 
concentration of reactant in the feedstock stream consider- 
ably exceeds that of catalyst active sites and tBuOH dehy- 
drates below or near 373 K on H-ZSM-5 zeolite mainly into 
butenes and water. Here, the fluxional octyl silyl ether is 


by GC-MS. 


expected to act as a poison that blocks the active catalytic 
Al-OH-Si sites both chemically and sterically. 


6) In conversions of hydrocarbon feedstocks below 373 K, 
octyl silyl ether (if formed) is also expected to poison H- 
ZSM-5 catalysts. However, at more elevated temperature it 
(as well as fluxional alkyl silyl ethers with longer or shorter 
hydrocarbon skeleton) should become involved in the 
main reaction stream as key intermediates through which 
paraffins and aromatics are formed. 


Experimental Section 


Samples preparations: H-ZSM-5 zeolite (Si/AI = 44, concentration of the strongly 
acidic AI-OH-Si groups ca. 350 pmolg-') was synthesized according to ref. [70] 
Approximately 0.3 g of the zeolite was placed into a glass tube and further activated 
for 1.5 h in air and 3-4 h under vacuum torr) at 723 K. After cooling the 
zeolite sample to room temperature, approximately 300 gmolg-' of tBuOH were 
adsorbed on it at 296 K. Thus, the ratio of the concentrations of the adsorbed 
tBuOH and acidic AI-OH-Si groups was about 1 : 1. For NMR experiments tBuOH, 
labeled with "C isotope in the COH group ([2-'3C]tBuOH ],82% "C enrichment) 
was used. The zeolite sample with adsorbed alcohol was then sealed off from the 
vacuum system and retained at 296 K or heated for a certain period of time at  
373-673 K. Before NMR or thermodesorption experiments, the glass tube with the 
sample was cooled back to room temperature, opened, and the zeolite sample with 
adsorbed reaction products was transferred in air into a special container for a 
thermodesorption experiment or into a 7 mm zirconia NMR rotor for NMR exper- 
iment (vide infra). We also performed NMR experiments, where the zeolite sample 
was not exposed to air. For this purpose around 0.1 g of the zeolite sample was 
placed into a glass tube, which, after fBuOH adsorption and sealing off from the 
vacuum system, could be tightly packed into the zirconia rotor [71]. We found no 
difference in the NMR spectra for the samples that had or had not been exposed 
to air. 


Thennodesorption experiments: In these experiments the reaction products desorbed 
from the zeolite were concentrated in a focusing capillar at 77 K 1721. The experi- 
mental setup is shown in Figure 1. The glass container (10 x 4 mm i.d.) with the 
zeolite sample was placed into the heated section (desorber) of the gas chro- 
matograph injector. In the desorption mode, the carrier gas (helium) was passed 
through the top of the desorber, and the desorbed vapor streamed out of the 
chamber to the cryofocusing capillary, where it condensed on cold walls. The setup 
was then switched to the analysis mode. In this mode, the carrier stream was injected 
into the bottom part of the desorber body. The focused mixture of organic com- 
pounds was then heated, and separated in the capillary column. A combination of 
the cryofocusing procedure with subsequent separation of the desorbed organics 
with the capillary column allowed: 1) very low concentrations of the desorbed 
organics to be measured (starting with lo-" gcm-' of the zeolite) and 2) a better 
separation of the mixture of the desorbed organics. The temperature of the chamber 
with the zeolite sample was 296,373, or 448 K ;  the stream of helium flowed through 
at 5 mlmin- ' ;  the desorption time was 30 min. 
For the separation of a condensed mixture of hydrocarbons desorbed from the 
zeolite, a silica fused capillary column of 0.3 mm diameter (i.d.) and 30 m length 
with SE-30 liquid phase was used. The separation conditions were as follows: 3 min 
at  323 K, then the programmed increase of temperature (8 Kmin-') up to 473 K. 
A 70-70HS " V G '  mass spectrometer (MS) was used as the GC detector. Tempera- 
ture of the MS source was 478 K, scan rate 1.5 s per spectrum, accelerating voltage 
2.6 kV. The mass spectra obtained were identified with the aid of a library search 
procedure. With our GC-MS thermodesorption device we could detect hydrocar- 
bons with four and more carbon atoms. C, -C, hydrocarbons could not be 
detected. 


I3C NMR measurements: 13C NMR spectra with magic-angle spinning (MAS) with 
or without cross- polarization (CP) and with high-power proton decoupling were 
recorded at 100.613 MHz (magnetic field of 9.4 Tesla) on a Bruker MSL-400 spec- 
trometer at 296 K. The following conditions were used for recording MAS spectra 
with CP: proton high-power decoupling field was 12 G (4.9 ps 90" 'H pulse), con- 
tact time 5 ms at Hartmann-Hahn matching conditions 51 kHz, delay time be- 
tween scans 3 s, spinning rate 2.4-3.3 kHz, number of scans 600-15000. 
Measurements of spin-lattice (TI) and spin-spin (T,) relaxation times were per- 
formed with the use of standard methods [73], and at least 12 delay values were used 
to characterize each curve. We found that T2 was within 0.5 - 1.1 s at 373 and 448 K 
and 1.0-2.8 sat  296 K for all "C signals ofthe organic products formed. Therefore, 
for quantitative assessment of signal areas, one pulse excitation MAS spectra with 
high-power proton decoupling were recorded using 45" flip angle pulses of 2.5 ~s 
duration and 10-15 s recycle delay in order to avoid the loss of the I3C signal areas. 
High-power proton decoupling in these experiments was used only during acquisi- 
tion time. This eliminates nuclear Overhauser enhancement of the signal areas and 
allows them to be assessed quantitatively [74]. 
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"C chemical shifts (6) for carbon nuclei of adsorbed organic species were measured 
with respect to TMS as the external reference with an accuracy of 6 = f0.5. The 
precision in b determination of the relative line position was 0.1-0.15 ppm. Het- 
eronuclear 2D J-resolved 13C MAS NMR spectra were recorded with the following 
pulse sequence: 90" ("C)- I ,  - 180" (' 3C)/180" ('H)-t, -acquisition [21,75,76]. Pro- 
ton high-power decoupling was used during the second half of the evolution period 
and acquisition time. The increment in I ,  between experiments was 0.5 ms. The 
increment in I ,  was synchronized with an integer number of rotor periods. Rate of 
the sample spinning was 2000 Hz. The length of both "C and 'H 90" pulses was 
4.9 ps. The number of experiments recorded was 32 with a 4 s recycle delay. 1200 
transients were accumulated per experiment. A sweep width in F1 dimension was 
500 Hz. Free induction decays (FIDs) in F1 dimension were zero-filled to 128 points 
to give digital resolution of 7.8 Hz per point. Gaussian apodization in the F1 and 
F2 dimensions and power calculation were used for the data processing, followed 
by a symmetrization. The temperature of the samples was controlled with BVT-1000 
variable-temperature unit. 
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The “Peroxo Perrhenic Acid” H,Re,O, : An Oxygen-Rich Metal Peroxide 
and Oxidation Catalyst** 


Wolfgang A. Herrmann,” JoHo D. G. Correia, Fritz E. Kuhn, Georg R. J. Artus, 
and Carlos C. RomHo 
Dedicated to Professor Herbert Roesky on the occasion of his 60th birthday 


Abstract: The rhenium oxides Re,O, and 
ReO, react with hydrogen peroxide solu- 
tions yielding peroxo complexes that effi- 
ciently catalyze the oxidation of olefins, 
aromatics, and certain organometallic 
compounds. In contrast, related oxides of 
molybdenum (MOO,) and vanadium 
(V,O,) do not activate H,O, under com- 
parable conditions. The active rhenium 
peroxo complex was isolated from the sys- 
tem Re,O,/H,O,: the crystalline red-or- 
ange, explosive compound of formula 
H,Re,O,, is the most oxygen rich rheni- 


um compound isolated to date. Its struc- 
ture resembles a “peroxo perrhenic acid”. 
The binuclear compound could be isolat- 
ed in the form of a diglyme adduct, struc- 
turally defined as two corner-sharing pen- 
tagonal bipyramids with apical 0x0 and 
aquo ligands; the equatorial positions are 


Introduction 


The peroxorhenium(w1) complex [CH3ReO(0,),]~H,0 (1) has 
been isolated in pure form and structurally characterized.[’] This 
unusual organometallic peroxide is the active catalyst of the 
H,O,/[CH,ReO,] system in the epoxidation of olefins,[’] the 
Baeyer-Villiger oxidation,[31 aromatic oxidation,[41 and in the 
oxidation of aniline derivatives.[,’ Stoichiometric reactions have 
demonstrated that 1 is responsible for oxygen transfer, and ki- 
netic studies have shown that only one of the two peroxo groups 
is active in olefin epoxidation.I6”] The present study presents 
new peroxometal oxidants that derive from both organic and 
inorganic oxorhenium precursor compounds. 


Results and Discussion 


1. Catalytic oxidation of [(q5-C,Me5)Re(CO),] (Re’) to [(q5- 
C,Me,)ReO,] (Re“”) with hydrogen peroxide : Contrary to pre- 
vious predictions,”’ simple inorganic rhenium oxides become 


occupied by the bridging oxygen and by 
q2-peroxo groups (two [O,]’- ligands per 
rhenium). In contrast to the known com- 
plex [CH,ReO(O,),] . H,O, the new per- 
0x0 species [O{ReO(O,),.H,O},] decom- 
poses hydrolytically during the catalytic 
cycle and can thus not compete in terms of 
catalytic activity in oxidation reactions in- 
volving H,O, . Hydrolysis yields “per- 
rhenic acid” Re2O,.2H,O, the diglyme 
adduct of which compound was also char- 
acterized by means of an X-ray diffraction 
analysis. 


catalytical active upon treatment with H,O,: the x complex 2 
(Re’) underwent smooth oxidation to the 0x0 complex 3 (Re’”) 
(Scheme 1, Table 1) with an anhydrous solution of H,O, in 


Scheme 1. 2 3 


Table 1. Catalytic oxidation of [(qS-C,Me,)Re(CO),] (2) to [(q5-C,Me,)Re0,] (3) 
with H,O, and different rhenium oxides as catalysts. 


~~ ~ _ _ _ _ _  


Catalyst Yield 1%) Catalyst Yield 1%) 


[CH,ReO,] [6b] 90 
[CH,CH,ReO,] 78 


[(q5-C,H,Me)Re0,] 73 
[(r15-CsH5)Re031 75 


CIReO, (in situ) 69 
Re@, 81 
ReO, 72 


[*I Prof. Dr. W. A. Herrmann, J. D. G. Correia, Dr. E E. Kiihn, 
G. R. J. Artus, Prof. Dr. C. C. RomHo[+I 
Anorganisch-chemisches Institut der Technischen Universitat 
Lichtenbergstrasse 4, D-85747 Garching (Germany) 
Telefax: Int. code +(89) 3209-3473 


R. da Quinta Grande 6, 2780 Oeiras (Portugal) 
[**I Multiple Bonds between Transition Metals and Main-Group Elements, 


Part 149. Part 148: W. A. Herrmann, E E. Kiihn, C. C. Romlo, J.  Organomet. 
Chem. 1995, 495, 209-213. 


[‘I Permanent address: Instituto de Tecnologia Quimica e Biologica 


ether and Re,O, (4 mol YO) as catalyst (81 % yield). Under the 
same conditions and with the same amount of catalyst, ReO, 
gave 3 in 72% yield, while catalytic amounts of [CH,ReO,J 
afforded 3 in excess of 90% yield.[6b1 Surprisingly, other 
organorhenium(vI1) oxides of the type [R-ReO,] (R = C,H,, 
q5-C,H,, qs-C,H,Me) can also activate H,O,. Yellow-orange 
solutions are obtained in organic solvents (THF, diethyl ether) 
when these organorhenium(vI1) oxides are treated with H,O, . 
However, the formation and lifetime of the catalytic species 
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obtained depends on the water content of the H,O, solutions 
used. In fact, when a 30% (w/w) H,O,/water solution is used, 
no catalytic active species is formed. Formation of these species 
is only achieved by using an aqueous 85 % (w/w) H,O, solution 
or an anhydrous H,O, solution (e.g., 10% H,O, in 1,4-dioxane, 


10%in diethyl ether). The 
R R nature of the catalytic active 


o"p*o 0 3  10 tion, but is expected to be 
similar to 1 (Scheme2) in 
the case of [C,H,ReO,] and 


I 2H202 I species is under investiga- 


0 


H / O \ H  
to the ReO,/H,O, system 
(see below) in the case of Scheme 2. R = CH,, C,H,, C,H,. 


[(rlS-C5H,)Re0,1 and [('I5- 
C,H,Me)ReO,]. The latter rhenium(vI1) oxides are expected to 
lose their organic ligands under the strong oxidizing conditions 
used. The active species of the ClReO,/H,O, system is also 
expected to be similar to that of the ReO,/H,O, system, owing 
to the lability of the chlorine ligand under the given reaction 
conditions. 


the cationic part of the molecule (base-stabilized [ReO,]'). 
[CH,ReO,. tpy] (no. 5) shows a low catalytic activity compared 
to the analogous derivative [CH,ReO,. bipy] (no. 2). However, 
this difference is easily understood if one recalls that 2,T- 
bipyridine, as a bidentate ligand, saturates the rhenium coordi- 
nation sphere while tert-butylpyridine leaves an empty site facil- 
itating attack of water molecules[8] which induces decomposi- 
tion (see below). 


Some organorhenium(vIr) oxides are not stable enough under 
the previously described acidic conditions. Therefore, acid-free 
conditions were chosen (Scheme 3), employing 85 % (w/w) 
H,O, in water as oxidizing agent. As can be seen from Figure 2, 
[CH,ReO,] is again the most efficient catalyst, closely followed 
by ReO, and the base-stabilized Re,O,. The organorheni- 
um(vr1) oxides tested ([R-ReO,]; R = C,H,, $-C,H,, $- 
C,H,Me) show a moderate catalytic activity. The activity of the 
system C,H,ReO,/H,O, can again be ascribed to peroxorheni- 
um(vr1) complexes of the type [R-ReO(O,),].H,O (Scheme 2). 


I I I I I I 


2. Oxidation of aromatic compounds: Aromatic compounds are 
also oxidized by an aqueous 85% (w/w) H,O, solution in the 
presence of catalytical amounts of Re,O, in acetic acid as sol- 


The oxidation of 2,3-dimethylnaphthalene to the 1,4- 
quinone (Scheme 3) is catalyzed by a number of different 


acH3 M H  orTHF ~ 


[Cat.] I H202 / 25 "C 
CH3 


n 
Scheme 3. 


rhenium-containing catalysts (Fig. 1). Though [CH,ReO,] is 
the most efficient catalyst affording the highest product yields, 
not only in the reaction described above but also in the previous- 
ly reported synthesis of 2-methyl-I ,Cnaphthoquinone (vitamine 
K3),[4a1 the base-stabilized Re,O, (no. 3) shows an activity close 
to that of methyltrioxorhenium. In contrast, ionic perrhenates 
such as K[ReO,] (no. 7) exhibit no catalytic activity. ReO, 
(no. 4) and the ionic ReV" complex [O,Re{(CH,),N- 
C,H,},NCH,][ReO,] (no. 6) occupy an intermediate position in 
terms of activity. The activity of catalyst no. 6 is attributed to 


I I I I I A- -t 
70 


60 


.- 50 s 


e 


I 


5 40 


s 
a, 
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20 


10 


0 
1 2 3 4 5 6 7  


Fig. 1 .  Catalytic activity of rhenium oxides in the oxidation of 2.3-dimethylnaph- 
thalene to 2,3dimethyl-l,4-naphthoquinone with H,O, under acidic conditions 
(acetic acid), 4 h (L, = 2,2'-bipyridine (bipy), L, = 4-terr-butylpyridine (tpy), 
L, = N,N,N',N",N"-pentamethyldiethyltriamine). 


1 2 3 4 5 6 7  
Fig. 2. Catalytic activity of rhenium oxides in the oxidation of 2,3-dimethylnaph- 
thalene to 2,3-dimethyl-l,4-naphthoquinone with H,O, under nonacidic conditions 
(THF), 24 h (L, = 2,2'-bipyridine, Cp' = $-C,H,Me, Cp = q5-C,H,). 


For the sake of comparison, MOO, and V,05 were used as 
catalysts under both conditions: MOO, does not dissolve even 
upon addition of H,O,, while V,05 promotes violent decompo- 
sition of H,O,, making it unsuitable as an oxidation catalyst. 


Comparing the catalytic activity of [CH,ReO,] and Re,O, 
under acidic (Fig. 1) and nonacidic conditions (Fig. 2), we see 
higher conversion rates with shorter reaction times in the former 
case, that is, with acetic acid as the solvent. This behavior can be 
explained if we bear in mind that acidic conditions favor the 
mechanism which is likely to yield quinones. By analogy with 
the dioxirane oxidation under acidic conditions, where arene- 
epoxide intermediates are post~lated,['~ a similar mechanism is 
proposed for the [CH,ReO,]/H,O, and Re,O,/H,O, systems 
(Scheme 4). Since both systems are powerful epoxidizing 


i" 
OH 


Scheme 4 
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reagents for olefins, we believe that an epoxide is formed in an 
intermediate step. Epoxides are known to be sensitive to acid or 
base yielding the corresponding hydroquinones, which are 
rapidly oxidized to quinones. 


Control experiments have shown that [CH,ReO,] and Re,O, 
can catalyze the formation of peroxyacetic acid from acetic acid 
in the presence of H,O, (KMnO, titration of H,O, followed by 
iodometry of the peroxyacetic acid in the same sample['01). 
However, under the applied reaction conditions, the resulting 
amount of peroxyacetic acid is only responsible for around 5 % 
of conversion in the case of [CH,ReO,] and around 12% in the 
case of Re,O,. 


3. The oxidation system ReO,/H,O,: When a 3 . 5 ~  H,O, solu- 
tion in ether was added to a suspension of ReO, in THF, 
the red-purple solid started to dissolve yielding a red-orange 
solution (A,,, = 350 nm, &,(THF) = 624 Lmol-'cm-'). The 
red-orange product is believed to be responsible for the cata- 
lytic activity of ReO,. The decomposition of this complex 
follows a first-order reaction leading to the formation of per- 
rhenic acid (UVjVis). Its half-life ( f l / , )  at 25 "C is approximately 
5820s. If excess water is added to a solution of the same 
concentration, the stability is much lower ( f , / ,  2 2 5 0  s); this 
demonstrates the pronounced water sensitivity of the catalyti- 
cally active species. The colorless solutions obtained after de- 
composition of the peroxo complex do not show any catalytic 
activity. 


The "0  NMR spectrum of a solution of 170 enriched Re*O, 
treated with H,O, exhibits only one peak (S(l7O> =1157) as- 
signed to a terminal 0x0 ligand.[8* ''] No bridging oxygen lig- 
ands are seen. 


Treatment of a suspension of ReO, in diethyl ether with an 
anhydrous solution of H,O, (3.5~) in the same solvent pro- 
duced a deep red-orange solution. Further addition of HMPT 
(hexamethylphosphorus triamide) to this solution, previously 
dried with MgSO,, and evaporation of the solvent at -60°C 
gave an oily compound. When this oil was dissolved in a mixture 
of methylene chloride and n-hexane and the solution cooled 
down to - 78 "C, a red-orange highly explosive solid was ob- 
tained, with a Re:O ratio of 1:7 as determined by elemental 
analysis. Considering these data we tentatively propose the 
"peroxo perrhenium acid" [ReO(O,),OH] . H,O as the active 
species of the ReO,/H,O, system. It can formally be derived 
from the known complex [ReO(O,),CH,] .H,O by replacing 
CH, with OH; the first step of its formation is clearly the oxida- 
tion of ReO, to the (solvated) ionic species [ReO,]+ (cf. 
ref. [15]). 


4. The active species in 
the system Re,O,/H,O, : 
Apart from the above- 
mentioned catalytic reac- I.' 
tions, this system cata- 3 0.8 
lyzes Bae~er-Villiger[~] 
and olefin oxidations. In 
spite of being water-sen- o,4 
sitive (UV/Vis evidence), 


4a 
Scheme 5. L = diethyl ether 


When Re,O, was suspended in diethyl ether and an etheral 
solution of H,O, was then added (Scheme S), a clear red-orange 
solution was immediately obtained. Careful evaporation of the 
solvent at -60 "C afforded a red-orange, explosive solid. 1 7 0  


NMR experiments show that the peroxo complex 4a contains 
metal-coordinated water, reflecting the Lewis acidity of the hep- 
tavalent rhenium. If '70-labeled ReTO, is used to prepare ['70]- 
4a, not only are terminal 0x0 ligands observed (6(170) = 816), 
but also a bridging oxygen group (S(170) = 184). The coordi- 
nated water molecules undergo a fast exchange process on the 
NMR timescale, as we have also shown for l.["I The formation 
of 4a can be followed in situ by UV/Vis spectroscopy (A,,, at 
350nm, &,(THF) =1314Lmol-'cm-') (Fig. 3).  
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Fig. 3. Time-dependent UV/Vis spectra (A = 250-550 nm) of H,Re,O,, (4a) gen- 
erated in situ in THF; c(Re,O,) = 0.73 x 1 0 - 3 ~ ,  c(H,O,) = 5 . 3 2 ~  1 0 - 3 ~ ,  
T = 2 5 " C .  


Complex 4a is of pronounced lability: even in dry organic 
solvents (containing around 12 ppm of water), it decomposes 
rapidly yielding perrhenic acid (Fig. 4 left, k = 0.51 x 
lo-, s-l). Addition of excess water leads to a faster decompo- 
sition process (Fig. 4 right, k = 4.07 x lo-, s-I) .  


7 1.2 , 


0.2 - 
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0 900 1800 2700 3600 4500 5400 0 100 200 300 400 500 f 


Time [sec] 


the active species 4a 
(Scheme 5)  of the Re,O,/ 
H,O, system was isolat- 
ed in pure form. As far as Time [sec] 


10 


we are aware, this com- 
Fig. 4. Kinetics of decomposition of H,Re,O,, (4a) generated in situ in THF, monitored by UVjVis spectroscopy at A,,, = 350 nm. 
Left: in dry organic solvent; c(Re,O,) = 0.73 x lo-", c(H,O,) = 5.32 x I O - ~ M ,  k = 0.51 x lo-, s - l  (calculation based on apseudo- 
unimolecular reaction), T =  25°C. Right: decomposition accelerated by addition of water; c(Re,O,) = 0.73 x ~ O - ' M ,  c(H,O,) = 
5.32 x 1 0 - 3 ~ ,  k = 4.07 x lO-'s-' (calculation based on a pseudo-unimolecular reaction), c(H,O)%0.09~, T = 25°C. 


pound is the most OXy- 
gen rich rhenium corn- 
pound isolated to date. 
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Single crystals of 4 b were ob- 
tained by adding diglyme (2- 


0 'O,H' methoxyethyl ether) to a solution 
in diethyl ether and cooling to 
- 35 "C. These crystals corre- 


ll\;~~ spond to the solvent adduct of 
0 formula [H,Re,O,,] .(diglyme), 


(4 b). The solid-state structure of 
this peroxide complex is shown 
in Figure 5. Each rhenium atom 
in the binuclear molecule is coor- 


dinated by seven oxygen atoms. If one considers a peroxo ligand 
as one structural unit, the coordination geometry can be de- 
scribed as a distorted trigonal bipyramid. The two y2-peroxo 


' o..H ~ q 0 ,  
0, v, 


( j A e - 0  1 0 1 0  t '0-Re" 
/o\ 


.H H.. 
/O>,O, 


4b 


1 


10 


Fig. 5. PLATON representation [23a] of the "peroxo perrhenic acid" H4Rez0,, as 
the diglyme adduct 4b in the solid state. Thermal ellipsoids are at the 50% proba- 
bility level. The hydrogen-bonded diglyme molecules are omitted for clarity. Select- 
edbondlengths(A)andangles("): R e l - 0 1  1.674(9), R e l - 0 2  1.912(9), R e l - 0 3  
1.87(1), R e l - 0 4  1.87(1), R e l - 0 6  2.217(9), R e l - 0 7  1.86(1), Re2-07 1.90(1), 
0 2 - 0 3  1.45(1), 0 4 - 0 5  1.48(1); 02 -Re l -01  100.3(5), 03 -Re l -01  98.7(5), 0 3 -  
Rel-02 45.0(4), 04-Rel-01 99.2(6), 04 -Re l -03  86.4(5), 06-Rel-01 179.4(5), 
06 -Re l -02  79.3(4), 06 -Re l -03  81.3(4), 07 -Re l -01  97.2(5), 07 -Re l -06  
82.4(4), 08-Re2-07 97.6(4), 013-Re2-07 80.2(4), Re2-07-Re1 150.6(5). 


groups and the bridging oxygen occupy equatorial positions, 
while terminal 0x0 ligands and water molecules are axial. 
The bridged structure of this compound is different from all 
other known solvent adducts of the general formula 
~ ~ , 0 ~ . ~ , [ 1 2 a . b . c . d .  el (L = H,O, CH,CN, THF), since both 
metal centers exhibit equivalent environments (0 7-Re 1,2 
1.86(1), 1.90(1) A; Rel-07-Re2 150.6(5)"). Other ReV1 and 
ReV1' oxygen-bridged dimers with symmetrical coordination of 
both metals are known, for example, [{(CH,),ReO},O] and 
[(ReO,py),O] (R = methyl, neopentyl) .[12f1 


Hydrolysis of 4a,b afforded "perrhenic acid" Re,O, .(H,O), 
(5). The bisdiglyme adduct of 5 was crystallographically charac- 
terized (Fig. 6). The diglyme adduct of "perrhenic acid" was 
obtained in the form of yellow crystals as a decomposition 
product of 4b. The structure reveals the typical asymmetric 
[4 + 61 coordination. All bond lenghts and angles are as expect- 
ed. The water molecules are stabilized by hydrogen bonds to 
diglyme molecules. The Re-0-Re angle is 138.9(3)". The related 
ReV" compound Re,07.(H,0),['Za1 shows a linear bridge, and 
the water molecules are stabilized by intermolecular hydrogen 
bonds. 


In spite of being isostructural (Table 2) with some binuclear 
complexes of molybdenum, tungsten, and vanadium,['31 
H4Re,01, presents some advantages as a catalyst over the other 
binuclear peroxo complexes : 1) broad scope of application (dif- 
ferent types of substrates can be oxidized) and 2) higher catalyt- 


L 


Fig. 6. PLATON representation [23a] of the dirhenium heptoxide aquo complex 
H,Re,O, (=Re,O,~(HzO),) as diglyme adduct 5. Thermal ellipsoids are at the 50% 
probability level. Hydrogen atoms of diglyme are omitted for clarity. Selected bond 
lengths (A) and angles ("): R e l - 0 1  1.693(5), R e l - 0 4  1.783(5), Re2-04 
2.086(4), Re2-08 2.160(4), Re2-09 2.211(4);09-Re2-08 76.2(2), Re2-04-Re1 
138.9(3). 


Table 2. Bond lengths (A) of structurally characterized dinuclear peroxo complexes 
of rhenium(vn), molybdenum(vr), tungsten(vI), and vanadium(v) [a]. 


Complex 0-0 M-O,,,,., M=O Ref. 


[a] Average bond lengths; Hpy = pyridinium. 


ic activity than [PhCH,PPh,]2[W,0,(0,)4(H20)z] in the oxida- 
tion of cis-cyclooctene. H,Re,O,, is a better catalyst in the 
epoxidation of alkenes, at least when an anhydrous H,0,/1,4- 
dioxane solution is used as the primary oxidant (Fig. 7). Owing 
to its extreme water sensitivity, H4Re,01, , the active species of 
the Re,O,/H,O, system, obviously cannot compete with the 
tungstate anion [WO4I2-, which shows a remarkable activity 
towards olefin epoxidation in aqueous solutions.[' 3*1 Under the 
oxidation conditions tested, 1 is the most catalytically active of 
the complexes examined (cf. Fig. 7). The "peroxo perrhenic 
acid" described above reacts stoichiometrically with the sub- 
strates of Schemes 1 and 3 to give results comparable to those 
obtained when catalyst 4a is generated in situ. 


0 60 120 180 240 300 360 420 


Time [min] 


Fig. 7. Catalytic activity of CH,Re03 (a), Re,O, (b), and [phCH2PPh,],- 
~z03(Oz)4 (HzO)2]  (c) in the oxidation of cis-cyclooctene to cyclooctene oxide with 
H,O,. Curved: no catalyst. cis-cyclootene:H,O,:[cat.] =1:1.1:0.02; T =  25°C. 
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Conclusion 


A major advantage of the catalyst [CH,ReO(O,),]-H,O (1) 
is that the hydrolysis products [CH,ReO,] and [CH,ReO,(O,)]. 
H,O regenerate the active species 1 on reaction with H,O, . In 
contrast, the hydrolysis product of H,Re,O,, is perrhenic acid 
H[ReO,], which does not react with H,O,. This explains why 
the Re,O,/H,O, system must be used under anhydrous condi- 
tions, to avoid early deactivation by hydrolysis.['41 However, 
water is continuously formed when H,O, acts as an oxidant 
(H,O, + H,O + <O>).  The ready hydrolysis of H,Re,O,, is 
thus the intrinsic weakness of this species in oxidations by 
H202. 


Experimental Procedure 


All reactions were performed using standard Schlenk techniques in an oxygen-free, 
dry nitrogen atmosphere. Solvents were dried by using standard methods and dis- 
tilled under N,. Infrared spectra were recorded on KBr pellets or CH,CI, solutions, 
on a Perkin-Elmer 1600 series FT-IR instrument (resolution 4 cm-I). 'H and "0  
NMR spectra were measured at 399.78 and 54.21 MHz, respectively, on a FT-JEOL 
GX instrument. All NMR solvents were degassed in a "freeze-pump-thaw'' cycle 
and stored over molecular sieves before use. Elemental analyses were performed at 
the microanalytical laboratory of our institute. The kinetics investigations were 
carried out on a Hewlett-Packard 8542-A instrument. In all the cases freshly pre- 
pared solutions or suspensions were used. The calculation of the rate constants is 
based on the absorbance decrease or increase at Amax = 350 nm. GC/MS data were 
obtained on a Hewlett Packard 5890 (GC) apparatus equipped with a fused-silica 
column HP-1 (No. 190912-102, I = 50 m, d = 0.2 mm, thickness of film = 
0.33 mm) and a mass-selective detector HP 5970 Band a FI detector. Re,O, (Degus- 
sa) was used as received. For the preparation of "0-labeled RefO, see ref. [8,11]. 
ReO, was prepared from Re,O,(DME), [15] according to ref. [8a], and "0-labeled 
ReO, was prepared from "0-labeled Re:O,(DME), . 


1. Procedure related to Scheme 1, Table 1:  A solution of 2 [16] (1.00 g, 2.47 mmol) 
in a H,O,/diethyl ether mixture (20 mL, c(H,O,) = 3.501) was cooled down to 
-45 "C. Catalyst (0.1 mmol) ([C,H,ReO,] [17], [(q5-C5H,)Re0,] [18], [(qS- 
C,H,Me)Re03] [18], CIReO, [19], ReO,, or Re,O,), dissolved (ReO, and R,O, 
were added as solids) in diethyl ether (1 mL) was then added. The solution immedi- 
ately turned yellow-orange. The reaction was allowed to warm up to room temper- 
ature overnight, and stirred for an additional 6 h. Diethyl ether (20 mL), MgSO, 
(2 g), and a catalytical amount of MnO, were added to the light yellow solution and 
stirred until no more oxygen was liberated (ca. 10 h). After filtration, the residue 
was washed (2 x 20 mL) with diethyl ether, and the yellow solution obtained was 
cooled down to - 30 "C after partial evaporation of the solvent in order to precip- 
itate 3. The solution was then filtered and the remaining solid dried in vacuo. The 
yields are shown in Table 1 .  The analytical data of 3 are identical with those of 
authentic pure samples. 


2. Procedure related to Scheme >acidic conditions: Catalyst (0.1 mmol) 
([CH,ReO,] [l], [CH,ReO,].bipy [20], Re,O,,bipy [19], ReO,, [CH,ReO,].tpy 
[21], [ReO,.L]+[ReO,]- [15], K[ReO,]) and 2,3-dimethylnaphthalene (0.78 g, 
5 mmol) were dissolved in glacial acetic acid (5 mL) and dry THF (2 mL). An 85% 
(w/w) aqueous hydrogen peroxide solution (75 mmol) was added and the reaction 
was allowed to stir for 4 h at room temperature under nitrogen. The solution was 
diluted with water and extracted with CH,CI, (3 x 10 mL). The combined organic 
layers were washed with water (2 x 20 mL) and dried over MgSO,. The solvent was 
evaporated under reduced pressure. The crude material obtained was analyzed by 
GC/MS and by 'H NMR. The analytical data correspond to those of authentic pure 
2,3-dimethyl-l,4-naphthoquinone samples. Conversions are shown in Figure 1. 


3. Procedure related to Scheme Snonacidic conditions: The same procedure was 
followed as in procedure 2, but pure THF was used as solvent and reaction times 
were longer (24 h). C3H,Re0, was generated in situ according to ref. 1221. Conver- 
sions are shown in Figure 2. 


4. UV/Vis spectroscopic studies: a) ReO,/H,O, : Data for formation and decompo- 
sition studies were obtained from freshly prepared solutions of ReO, (0.025 g, 
0.10 mmol) in THF (50 mL) and a 3 . 5 ~  solution of H,O, in ether (420 pL, 
1.47 mmol). To achieve the desired concentrations (c(Re0,) =1.45 x ~O- ,M,  
c(H,O,) =19.6Ox ~O- ,M) ,  the red-orange solution (2mL) was added to THF 
(1 mL), directly in the spectrometer cell ( I  = 1 cm, slits = 2 nm). For the accelerated 
decomposition studies, 10 pL of H,O (c(H,O) = 0.18 M) was also added to the cell. 
The calculation of the rate constants (k)  and t,,, are based on the absorbance 
decrease at I.,,, = 350 nm. 
b) Re,O,/H,O,: Data for formation and decomposition studies were obtained 
from freshly prepared solutions of Re,O, (0.13 g, 0.27 mmol) in THF (30 mL, 


solution A) and a solution of H,O, in ether ( 0 . 1 7 ~ ,  solution B). For the formation 
kinetics of 4a, solution A (250 pL) was diluted with THF (2.75 mL) directly in the 
spectrometer cell and solution B (97 pL) was added (c(Re,O,) = 0.73 x 1 0 V 3 ~ ,  
c(H,O,) = 5.32 x 1 0 - 3 ~ ) .  For the accelerated decomposition studies, H,O was 
added to the cell (5 pL, c(H,O)z0.09~).  The calculation of rate constants (k) are 
based on the absorbance decrease at A,,, = 350 nm. 


5. Preparation of the p-0x0-his[aquo(oxo)diperoxorhenium(va)l (4 a) and of the 
his(aquo)heptaoxodirhenium(vu) (5) as bis(dig1yme) adducts: A dry 3.5 M solution of 
H,O, in ether (1.3 mL) was added dropwise to a suspension of Re,O, (1.02 g, 
2.10mmol) in scrupulously dried diethyl ether (14mL) at room temperature and 
under nitrogen. Re,O, immediately started disolving yielding a deep red-orange 
solution. The reaction mixture was allowed to stir until a completely clear solution 
was obtained (ca. 15 miu), and then dry diglyme was added (0.5 mL). The solution 
was cooled down to -60 "C, and the ether was then evaporated. After about 2 h a 
white solid started to precipitate. The solution was then filtered, and the remaining 
white residue washed with diethyl ether at -60 "C. The solvent was further evapo- 
rated to a volume of around 10 mL (when white solid precipitated. the procedure 
was repeated), and a small amount of n-pentane was then added. The solution was 
maintained at - 35 "C for 18 h. Deep red-orange cystals were obtained in 60 % yield 
(1.05 g): "0  NMR (54.21 MHz, CDCI,, -20" C, H,O): 6 =184 (Re-0-Re), 816 
(Re=O); IR (CH,CI,): C =1145 (Re-OH), 1108 (Re=O), 860 cm-' (0,); UV/Vis 
(THF): A,,, ( E )  = 350 (1315) nm; C,,H,,O,,Re, (852.7): calcd C 16.90, H 3.78, 0 
35.64, Re 43.67; found C 17.18, H 3.83, 0 36.26, Re 43.66; decomposition point: 
45 "C. 
Yellow crystals of 5 were also obtained in a small amount as a decomposition 
product of4b: "0  NMR (400 MHz, CDCI,, -20°C H,O): 6 =I84 (Re-0-Re), 
800 (Re=O); IR (CH,CI,): a =1141 (Re-OH), 932 (Re=O). C,,H,,O,,Re, 
(788.7): calcd C 18.25, H 4.05, 0 30.42, Re 47.21; found C 18.36, H 3.74, 32.46 0, 
Re 46.94. 


6. X-ray structure determinations: a) p-0x0-bis[aquo(oxo)diperoxorhenium( V I I )  J 
as u bis(diglyme) adduct ( 4 b ) :  Orange crystals of the compound C,,H,,O,,Re, 
(852.79 gmol-') were obtained at -35 "C from a mixture of ether and pentane. A 
crystal with an approximate size of 0.15 xO.31 mm was transferred into a Linde- 
mann capillary under an inert gas atmosphere (dry box). Crystal system triclinic, 
space group Pi, int. table no. 2. Cell constants by least-squares refinement of 25 
well-centered reflections in the range 22.5<28<33.2", L = 0.70930 A, Mo(K,,), 
with programs SET4, CELDIM [23 b]: u = 9.232(2), b = 9.344(2), c = 14.755(4) A, 


2.33 g ~ m - ~ ,  Fooo = 812. Data collection with CAD4 diffractometer with graphite 
monochromator, i. = 0.71073 A, Mo(K,), -8O( +4) "C, data collected in the range 
1.0 < 0 < 25.0 '; h( - 1 l/O), k (  - 12/12), I (  - 18/18); w scan, max. 60 s; every 3600 s, 
three intensity-monitoring reflections; every 100 reflections three orientation-mon- 
itoring reflections, scan width (2.0 + O.Z.tan8)". Data were corrected for Lorentz 
and polarization terms with the program BEGIN [23c], 10.7% loss of intensity 
during 73 h of exposure corrected, absorption effects corrected with @-scan data 
(miu/max correction: 0.8235/0.9999). 4550 data measured, 397 with negative iuten- 
sity (I/u(I)<O.Ol), 445 data merged, R ( I )  = 0.025, R(F) = 0.022, 3902 independent 
reflections, 3471 data with />2 .0a(I )  used for refinement. Structure solution by 
Patterson methods f23d1 and refinement by standard difference-Fourier techniques 
[23e]. 298 parameters refined, 11.6 data per parameter. All hydrogens calculated 
and not refined. M' =l/u*(F,), shift/error<0.0001 in the last cycle of refinement, 
residual electron density max. 2 . 4 e k 3  at 1.03 8, from Rel ,  min. -4.4eA-,, 


C( = 84.37(2), p = 88.80(2), y =73.37(4)", V =1213.6 A', Z = 2, Psnlsd = 


R = x(llFal - [&lI)/~lF,~ = 0.049, R, = [X:w(lF,l - (F,1)2/X~vc]1'z = 0.032. 


b) Bis(uquo)heptaoxodirhenium( V I I )  (5 )  as u bis(dig1yme) adduct: Yellow crystals 
of the compound CI,H,,O,,Re, (788.79 gmol-') can be obtained at -35 "C from 
a mixture of ether and pentane. A crystal with an approximate size of 
0.1 8 x 0.1 8 x 0.18 mm was transferred into a Lindemann capillary under an inert gas 
atmosphere (dry box). Crystal system monoclinic, space group P2,/n, int. table 
no. 14. Cell constants by least-squares refinement of 25 well-centered reflections in 
the range 30.1 <2@<39.1", L = 0.70930A, Mo(K,,), with programs SET4, 
CELDIM [23b]: a = 9.254(2), b = 18.702(2), c = 13.398(3) A. fl = 90.14(2)", 
V = 2318.7 A', Z = 4, psalcd = 2.26 gem-,, F,,, = 1496. Data collection with 
CAD4 diffractometer with graphite monochromator, L = 0.71073 A, Mo(K,), 
-80(*4)"C, data collected in the range 1.0<@<25.0"; h(O/l2), k(0/23), l(-l6/ 
16), w scan, max. 60 s; every 3600 s, three intensity-monitoring reflections; every 
100 reflections, three orientation-monitoring reflections; scan width (0.9 
+0.2 tan@)". Data were corrected for Lorentz and polarization terms with the pro- 
gram BEGIN [23c], 4.8% loss of intensity during 74.9 h of exposure corrected, 
absorption effects corrected with @-scan data (minimax correction: 0.9105/0.9994). 
4474 data measured, 435 with negative intensity (Z/u(Z) <0.01), 402 data merged, 
R(I)  = 0.03, R(F) = 0.03, 3652 independent reflections, 3438 data with I >  l.Ou(I) 
used for refinement. Structure solution by Patterson methods [23 d] and refinement 
by standard difference-Fourier techniques [23e]. 263 parameters refined, 13.1 data 
per parameter. All hydrogens calculated and not refined. w = l/u2(Fa), shift/er- 
ror <0.0001 in the last cycle of refinement, residual electron density max. 0.96 e k 3  
at 1.43 8, from H25, min. -0.91 e k ' ,  R = X(lIF,l - I & l l ) / ~ l ~ o l  = 0.032, 
R, = Ew(lFol - l F , l ) 2 / ~ ~ ~ ] 1 ' *  = 0.023. 
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Further details of the crystal structure investigations may be obtained from the 
Fachinformationszentrum Karlsruhe, D-76344 Eggenstein-Leopoldshafen (Ger- 
many), on quoting the depository number CSD-59169. 


7. Procedure related to Figure 7: a) Preparation ojoxidation solution (10 % H,O, in 
1,Cdioxane): 1,4-Dioxane (1 L) was maintained at 25-30 “C and mixed with 0.1 L 
of 85 % (wlw) H,O, in H,O. The solution was stirred with anhydrous MgSO, (ca. 
100 g) for 3 h and then filtered, c(H,O,) = 3 . 5 ~ .  
b) Generalprocedure for catalytic oxidation: The catalyst (0.28 mmol) was dissolved 
or suspended in the oxidation solution (5.2 mL, 15.6 mmol). Dibutyl ether (1.633 g, 
internal standard) was added to the catalytic solution. The temperature was main- 
tained at 25+1 “C. cis-Cyclooctene (2 mL, 94%) was then added. The reaction 
was monitered by GC. The results are presented in Figure7. [PhCH,PPh,],- 
[w,O,(O,),(H,O),] was prepared according to ref. [13fl. 
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Chirality of Large Random Supramolecular Structures* * 


Omer Katzenelson, Hagit Zabrodsky Hel-Or, and David Avnir* 


Abstract: The structural chirality of large, random supramolecular structures, spiral 
diffusion-limited aggregates, is analyzed and studied in detail by using a continuous 
chirality measure. It is found that classical definitions and terminologies of chirality are 
too restrictive for the description of such complex objects. A refined methodology and 
a conceptual vocabulary are developed, along with a generalized definition of chirality. 
Their application is demonstrated in detail on these large structures. The classical 
definition of chirality, tailored for small, nonrandom species, is a limiting case of the 
generalized viewpoint we propose. 


Introduction 


Comments on the Definition of Chirality: "I call any geometrical 
figure, or any group of points, chiral, and say it has chirality, if 
its image in a plane mirror, ideally realized, cannot be brought 
to coincide with itself'' (Kelvin, 1884) .['I This 11 1 year old defi- 
nition held remarkably well over the decades of evolution of 
structural chemistry (see Prelog's definition in his Nobel lec- 
ture,['] cited below) and is still used routinely today. The recent 
intensive research into disordered and semi-ordered structures 
(polymers and oligomers, aggregates, clusters, liquid crystals, 
and other supramolecular structures), many of which are chi- 
1-a1,[~- s] led us to re-explore some conceptual aspects of chirality 
associated with such structures. We find that while the classical 
definition of chirality is well suited to deal with small molecules, 
it fails in the accurate description of large random structures. 
We point out explicitly the inadequacies of the classical defini- 
tion, and show that this definition is a limiting case of much 
broader concepts, which are needed to encompass the structural 
richness of both small molecules and supramolecular structures. 


We concentrate here on aggregate structures of the type 
shown in Figure 1 a ;  however, the questions, arguments, and 
proposed solutions presented below are general. This aggregate 
(Fig. 1 a) has perhaps been the most studied random struc- 
ture,t61 known in short as DLA (diffusion-limited aggregate); it 
represents a very wide variety of both growth (polymerizations, 
coagulations, electrodepositions, surface island formations, 
etc.) and disintegration phenomena (dissolution, forced pene- 
tration, etc.).171 A simple algorithm for obtaining the DLA is to 
build one particle after the other, letting the particle diffuse and 
stick to the growing structure.l6, 71 Although entirely random, 
the DLA in Figure 1 a is chiral under Kelvin's definition: it does 
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Institute of Chemistry, The Hebrew University of Jerusalem 
Jerusalem 91904 (Israel) 
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[**I Continuous Symmetry Measures, Part V. Part IV, ref. [21]. 


a b 


Fig. 1. a) A diffusion-limited aggregate (DLA) and b) its mirror image. The DLA 
(a) is incidentally chiral and its enantiomer (b) virtual. 


not coincide with its two-dimensional (2 D) mirror image (mir- 
ror line, in 2D), shown in Figure 1 b. Since we realized the 
nontriviality associated with chirality of an entirely random 
nature (c.f. Ruch's potato[B] and Mislow's discussion of the 
chirality of large ensembles[9]), we first decided to create DLAs 
in which chirality is inherent. There are a number of ways in 
which this can be done;"'. one of them is to bias the diffu- 
sional pathways of the aggregating particles from purely Brow- 
nian to chiral.["] 


For instance, if clockwise diffusion is (partially) favored over 
counterclockwise diffusion, a chiral object reflecting this bias 
will form. The way in which we actually do this is described 
below, but at the moment let us concentrate on a typical result, 
shown in Figure 2a, depicting a clearly chiral DLA. It should be 
noted, however, that induction of macroscopic chirality need 
not be the result of a continuous external bias; initial fluctua- 
tions are enough, as shown both by experiment[lZ1 and simula- 
t i ~ n . " ~ ]  We emphasize that chiral clusters and aggregates have 
indeed been observed e~perimentally,~~~ 14, and that the prin- 
ciples of the structural analysis described below are directly 
applicable to the patterns observed in these experiments. The 
DLAs shown in Figures 1 and 2 raise the following problems: 


Problem I : ,  What is the enantiomer of the chiral DLA shown in 
Figure 2a? Figure 2 b shows an artificial reflection of 2a. The 
problem is that, being formed in a random process, not only can 
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Problem 3 :  Coming back to the DLA in Figure 1 a and to the 
very fact that it is chiral because it is random, how can one 
differentiate between incidental (Fig. 1 a) and inherent chirality 
(Figs. 2a, 2c, 2d)? What is it that makes incidental chirality 
distinctly different, at least by intuition, from inherent chirality? 
Is there place at all for a distinction? Should one refer to objects 
that are incidentally chiral (almost any object around us) in 
terms of chirality at all? 


a Problem 4 :  We termed the structures in Figures 2c and 2d nat- 
ural enantiomers of 2a. Since their structures are different in 
detail, how can one quantitatively assess whether the chirality 
content of structures (Figs. 2 b-d) are similar? Furthermore, 
Figure 3 shows a series of DLAs with clearly changing spirality 
character. How can this be measured? 


b 


d 


Fig. 2. Chiral DLAs. a) One way of obtaining such structures is to take the DLA 
in Figure 1 and rotate it clockwise against friction around its center; we therefore 
assign it the symbol ( R )  [16]. b) The virtual ( S )  enantiomer of (a). c) and d) two 
natural ( S )  enantiomers of (a). 


the structure in Figure 2a  never be repeated, but, in principle, 
the enantiomer in Figure 2 b can never form. What then is the 
meaning of chirality of an object that can never have an exact 
enantiomer ? 


Problem 2 :  For the sake of further discussion, let us refer to the 
reflected shape of the random object as the virtual enantiomer 
(both Figs. 1 b and 2b) and the object obtained by the same 
random process, only biased in the opposite (enantiomeric) di- 
rection, as the natural enantiomer, shown in Figure2c (new 
terminology is collected in Appendix A). There is an infinite 
number of natural left-handed enantiomers (e.g., Figs. 2c and 
2d)[l6I for each right-handed structure (Fig. 2a). What is then 
the meaning of an enantiomeric pair when each member of this 
pair has an infinite number of distinctly different structures, 
and, taking a single member of the infinite group of clockwise 
(R) enantiomers, how justified would we be in picking out any 
one of the infinite counterclockwise (S) structures and calling 
the chosen structures, which are definitely not reflections of 
each other, an enantiomeric pair? 


Fig. 3. The degree of chirality can be controlled by varying the construction 
parameters of the structure (see text). Here, N = lo4, p = 1.0, and Ar = 0.2 were 
kept constant, while Aa was vaned as follows: a) 10, b) 22, c) 30, d) 50, e)  70. and 
f )  90. 


Problem 5 :  Whenever large detailed objects are analyzed, the 
question of resolution of measurement is obvious. Thus, where- 
as the chirality of the equilibrium structure of, say, 2-iodobu- 
tane is uniquely defined because all information on the positions 
of all the nuclei is given quite accurately, the situation with, say, 
proteins is different: their structures can be determined at vari- 
ous degrees of resolutions. Our fifth problem therefore concerns 
the dependency of chirality on resolution. This problem (c.f., 
Mezey’s treatment of resolution-based chirality and similarity 
measure)[”] is intimately linked to the next one. 


Problem6: The building blocks of the chiral DLAs are not 
chiral (square pixels, in our case); yet the whole structure is (for 
experimental observations, see ref. [4]). Where is the transition 
from achirality to chirality? What is the minimum size of fea- 
tures that contribute to the chirality of the whole? (the equiva- 
lent question for small molecules is to ask where the chiral 
center is.) 


Problem 7 :  An interesting phenomenon observed in many arti- 
ficial and natural random objects, which has been the center of 
intensive studies in the past 15 years, is that many of their 
properties scale isotropically with size as a power law.[’I For 
instance, in DLAs the mass (m) scales with the radius (r)I6] 
according to Equation (I), where D is the mass fractal dimen- 


m zz r - D  (1 1 
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sion. It has been shown that an approximate geometric interpre- 
tation of Equation (1) is in terms of an invariance to scale;[61 in 
other words, a large DLA (with r,) and a small DLA (with r,) 
are indistinguishable when the large DLA is reduced in size from 
r1 to Y,. Later on we show that chiral DLAs obey Equation (1) 
as well, that is, they are symmetric to scale transformations. 
With this in mind, let us now examine Prelog’s definition of 
chirality:[’] “An object is chiral if it cannot be brought into 
concurrence with its mirror image by translation and rotation”. 
The two transformations in this definition are symmetry opera- 
tions; but so is the change of scale for self-similar objects-the 
symmetry operation is then a dilation/contraction. Should Per- 
log’s definition not be extended to “translation, rotation, and 
scaling”?[1s1 Are the objects in Figures 2a and 5a, which only 
differ in size (lo4 and 22880 particles, respectively), but are 
otherwise constructed with the same parameters, an enan- 
tiomeric pair? 


Methodology 


1. Continuous Chirality Measure: A central tool that we use to 
formulate, apply, and analyze the conceptual questions raised in 
the Introduction on a quantitative level is the measurement of 
the chirality content on a continuous scale. As the methodology 
has been described in great detail in a recent series of publica- 
t i o n ~ , [ ‘ ~ - ~ ~ ]  only a brief outline will be provided here. The 
method of measurement of chirality is part of a more general 
approach for the evaluation, on a continuous scale, of the sym- 
metry content of any configuration of points Pi with respect to 
any symmetry element or symmetry group. Basically, one 
searches for the minimum movement that the set of vertices P, 
has to undergo (from Pi to Pi) in order that the set of vertices Pi 
has the desired symmetry G. The symmetry measure of the set 
Pi with respect to G is then defined by Equation (2). The scale 


is bound between zero (the configuration has the desired sym- 
metry) and 1 ,  and the factor of 100 is used for convenience. The 
latter limit arises as a result of the standard scaling of the size of 
the configuration to 1 (center of mass to the farthest point) and 
is obtained when the nearest object with the desired symmetry 
is a center point; this is the case, for example, when calculating 
the amount of hexagonality, C,, in a perfect pentagon. How- 
ever, since translation to a nearest plane is shorter than transla- 
tion to a center point, we find that S with respect to mirror 
symmetry cr is always smaller than the maximum possible value 
of 1 (or 100, on the expanded scale). 


S(G) also serves as a measure of chirality, if one takes G as a 
symmetry group containing the identity element E and an im- 
proper symmetry element. In the majority of cases we 
that the nearest achiral group is simply composed of the ele- 
ments E and a. In 2 D  (all examples in this report), the nearest 
achirality is always associated with a reflection line, which we 
denote as cr too. We shall therefore look for the minimum 
S({E,a}), denoted for short as S(a). 


The main issue with Equation (2) is how to find the nearest set 
of Pi’s. A general algorithm towards this goal was developed 
and is described in detail in ref. [20-221, along with a proof that 
the S(G) thus obtained is indeed a minimum. Variations on the 
central theme of that algorithm are possible for various specific 
cases.L211 In our case it is sufficient to analyze the contour of the 
DLA, which is possible because contour and mass coincide in 


these structures.I6I The example in Figure 4 captures most of the 
relevant elements of the method: The object to be symmetrized 
(Fig. 4a) is converted to a necklace of an even number of 


a 


Yt 
b 


Y t  


C d 


‘t ’1 


e f 


Fig. 4. a) A contour composed of 30 points P, (the size is scaled to 1 as shown by 
the arrow). b) The nearest u-symmetric p ,  to (a). c)-f) Evaluation of the S(u) value 
for a pair of points PJP2 with respect to a given mirror line. PJP2 (c) are folded (d) 
to PJP,, averaged (e) to p ,  and unfolded (f) into the o-symmetric pair p , /P , .  


boundary points Pi, as dense as desired ( N  = 30 points in our 
case). Its center of mass is then determined and placed at the 
origin, and the distance from that center to the farthest Pi is 
scaled to 1 (Fig. 4 a). The aim is to find the nearest set of Pi’s 
that is a-symmetric, that is, to find the reflection line that will 
cause the set of Pi’s to move minimally to the set Pj’s (Fig. 4b). 
Elsewhere we showed that the procedure employed here does 
not translate the object,r20. 221 that is, the center of mass of the 
set pi coincides with the center of mass of P:.  This means that the 
elements of the group are centered at the origin as well, and the 
best a must pass through it. 


In the symmetrized object, each Pi must have a a-symmetric 
counterpart P,-i across the reflection line (or it must be located 
on the reflection line). The full set of Pi’s is divided into subsets 
of two points, and all possible divisions are tested (points on the 
reflection line are duplicated). Here is how a pair of points Pl/Pz 
are 0-symmetrized with respect to a given a (Fig. 4c-f): - 


E operates on Pl and it remains in place (P, = P “ , ) ;  cr oper- 
ates on P, forming the reflected P2; a pair of adjacent points, 
P“, and P“,, is obtained (Fig. 4c-d). We term the step of apply- 
ing the elements on the vertices thefolding step. The essence of 
our methodology is to minimize the distance between 8, and 
P , .  In higher symmetry groups the cluster is much larger. 
For instance, in order to find the tetrahedricity measure 
(S(T.)), a cluster of 24 points (the number of the element in 
the group) is formed and minimized (see ref. [20] for details). 
The folded points P”, and p2 are averaged to P ,  (Fig. 4e), and 
P ,  is unfolded (Fig. 4 f) by applying the elements of the group 
to it: E leaves it in place and cr forms P ,  across the reflection 
line; the pair PJP, is a-symmetric, and the sum of distances 
I I p1 - B ,  I I + I IP, - B, I I is minimal (for proofs see previ- 
ous parts in this seriesfz1]). Minimization is performed by 
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screening over all possible divisions into opposite pairs, that 
is, over all inclinations of o (below we shall see that sweeping 
over all o's yields a profile with several local minima). Fig- 
ure 5 shows what a a-symmetrized DLA looks like. The rota- 
tional symmetry content, S(C,) of DLAs, is briefly comment- 
ed on in Appendix C .  


a b 


Fig. 5 .  A DLA (a) and the nearest a-symmetric shape (b) of its envelope 
(S(a) = 3.06). 


2. The Construction and Properties of Aggregates with Varying 
Degrees of Chirality: Diffusion-limited aggregates (DLAs) were 
built by standard procedures, described many times in the liter- 
ature.[63 '] As explained in the Introduction, one particle after 
the other randomly diffuse to a growing cluster and stick to it 
upon collision; this procedure results in incidental chirality 
(Fig. l), and inherent chirality is induced in the structure when 
the diffusion of the random walker is chirally biased.[", 13, 14] In 
our application, the chiral bias is a probability of moving clock- 
wise or counterclockwise along a spiral in each step of the ran- 
dom walk as shown in Figure6. The spiral we selected is a 


---&-+- 
a b 


Fig. 6. a) A trace of 1.45 x lo5 random-walk steps. b) A trace of a spirally biased 
random walk (4.0 x lo4 steps). These are two paths from an external starting point 
to the growing seed. 


logarithmic in which the angle of rotation of the spiral 
4 is related to the radius r by Equation (3), where K is a phase 


4 = K +clogr (3) 


shift and c is the spiral curvature. For computational conve- 
nience we build this spiral by a recursive procedure, in which 
motion along a spiral line from x,,y, to x,+ ,Y ,+~ is achieved 
by changing the radius with an incremental radial translation 
Ar and by an angular translation Aa, according to Equa- 
tion (4), where (p = arctg(y,/x,), r ,  = ((x: +y:))"' and r i ,  the 


x,+~ = (x, +cos(+ +Aa))(rn +Ar)r;' 
yntl  = CV, +sin(@ +Aa))(r ,  +Ar)r;' 


(4) 


position to which r,  is shifted by the angular translation Aa, is 
((x, + C O S ( ~  + Aa))' +(j, +sin(@ +Aa))2)'/2.  In Appendix B 
we demonstrate that Equations (3) and (4) lead to the same 


spiral and show some of its other properties. The shape of the 
spiral is determined by the values of Aa and Ar. Basically, as Ar 
or Aa increase (up to z 90" for the latter), the spiral spreads out 
faster (this is equivalent to increasing c in Eq. (3)). 


Results and Discussion 


1. The Properties of Chiral DLAs: The shape of the chiral DLA 
is dictated both by the shape parameters of the underlying spiral 
direction (Ar, Aa) and by the probability p of moving in that 
direction. Figure 3 shows how chirality becomes more pro- 


t * *  


* *  


0 M) 120 180 240 3w 560 


A a  W e d  
Fig. 7. Quantitative evaluation of the degree of chirality of the DLAs in Figure 3, 
and the relation between the chirality measure S(a) and the structural parameter Aa. 
Points a, b, c, and d are isochiral. Points a and b are homochiral, as are c and d. 
Points a, b are enantiomers of points c, d. 


nounced in a series of DLAs built from N = lo4 particles, by 
changing Aa while keeping all other parameters fixed ( p  = 1.0; 
Ar = 0.2). Our methodology allows this visual increase in chi- 
rality to be expressed on a quantitative level, as shown in Fig- 
ure 7. Here, s(~)  is plotted as a function of Aa, and it can be seen 
that the chirality value increases with Aa up to a maximum at 
Aa = 90" where the spiral curvatures is at a maximum, beyond 
which it drops to a minimum at Aa =180"; the cycle then re- 
peats itself in the 180-360" range. The minima do not reach 
zero, but rather a small chirality value typical of incidental chi- 
rality; we return to this point below. Except at the extrema, 
there are four isochiral DLAs (DLAs with the same S(a) value) 
in one full cycle of 360 ' : a and b are separated by IT - 2 Aa and 
are enantiomers of the same handedness (homochiral), as are c 
and d. The pairs {a b) and {c d} , separated by x, are natural 
enantiomers of each other: a is an enantiomer (and not the 
enantiomer, as in the language for small molecules) of c and/or d. 


Figure 8 shows how the chirality content of the DLAs is con- 
trolled by two other structural parameters. Figure 8 (top) shows 
the relation between S(o) and Ar: as Ar increases, the curling of 
the spiral opens, and the chirality of the DLA decreases. Fig- 
ure 8 (bottom) shows the effect of changing the magnitude of 
the probabilityp on movement along the spiral path: as expect- 
ed S(a) increase with p ,  showing high sensitivity to changes in p 
at low p values. 


The random nature of the construction of the DLAs and the 
resulting noise in Figures 7 and 8 point to answers to some of the 
questions raised in the Introduction: It is clear that although the 
computation of an S(o) value of a specific DLA is unique, the 
understanding and evaluation of the S(a) are possible within the 
determination of statistical distribution of S(o) values for a 
given set of parameters. This procedure is computationally cost- 
ly, because it requires the analysis of many (a statistically signif- 


Chem. Eur. J.  1996, 2. No. 2 0 VCH Verlags~esellschaft mhH. 0-69451 Weinheim, 1996 0947-6539I96/0202-0l77$ 10.00 f ,2510 177 







FULL PAPER D. Avnir et al. 


5.0 


-? _ _  - - _ _ _ _ - - - -  
b e  


0 . 0  
0 0 . 2  0 . 4  0 . 6  0 . 8  


Probability 
Fig. 8. Top: The dependence of S(o) on the structural parameter Ar ( N  =lo4, Aa 
= 30", p = 0.7). Bottom: The dependence of S(u) on the probability p of walking 
along the spiral line (N = lo4, Aa = 90", Ar = 0.2) (the dashed line serves to lead 
the eye and is a best fit t o y  = 4.21 +1.061ogx, with corr. coeff. of 0.890). 


icant number) DLAs. Yet within the framework of this study, 
it was important to perform this analysis in order to demon- 
strate how to approach one of the key questions we raised in the 
Introduction, namely, whether the S(o) values of inherent chiral 
DLAs are significantly higher than those obtained for incidental 
chiral objects and whether this type of analysis can provide a 
tool for distinguishing between these two principally different 
types of chirality. Figure 9 shows the frequency of S(a) values 
for incidentally chiral DLAs and for two sets of inherently chiral 
ones; bell-shaped, relatively narrow, normal distributions are 
obtained (the parameters of which are given in the legend of 
Fig. 9). The inherently chiral DLAs are significantly outside the 
region of incidental chirality. Obviously, given other construc- 
tion parameters, the normal-distribution bells may overlap in 


0.15 
O'*O i X 


x *  
x .  


* x  .= 0.050 oom oso X * b  1 
0 I 2 3 4 5 


S(0) 
Fig. 9. The distribution of S(u) values for a population of incidental DLAs (0) and 
for two sets ( x , +) of inherently chiral DLAs. 0: Number of DLA's (n,) = 158; x : 
n 0 = 9 3 1 , A a = 3 0 " ,  Ar=O.Z,p=I.O; * :nD=888,Aa=139" ,  Ar=0.2 ,p=1.0 .  
The bell-shape parameters, from left to right, are: S(u) =1.23+0.27; 2.9350.37; 
3.34k0.34. 


part, and the distinction between incidental and inherent chiral- 
ity may become statistically blurred. 


The importance of establishing the minimum S(o) value is 
seen in Figure 10. Here the S(o) value is shown as the function 
of the orientation angle 6' of various reflection mirrors of the 
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Fig. 10. The fluctuations in the chirality values as the orientation of the mirror line, 
around which o-symmetrization is imposed, changes. Incidental (bottom line) and 
inherent (top line) cases are shown. The lowest values are the reported S(u) (top: N 
=lo4, Aa = 90", Ar = 0 . 2 , ~  =1.0; bottom: N =lo4, Aa = 90", Ar = 0 . 2 , ~  = 0). 


symmetrized DLA passing through the origin (Fig. 5). The 
"spectrum" obtained is a fingerprint of a specific DLA and 
changes from one object to the next, for the same set of parame- 
ters. (Looking at this type of analysis one might perhaps pro- 
pose that the average S(o) is another representation of the chi- 
rality of the object; yet we recall that the basis of our 
methodology is to find the minimum distance that the vertices of 
a structure have to move to reach achirality; this means that 
while the average S(o) may be high, it is sufficient to have one 
deep valley, indicating a specific inclination of o, for which S(o) 
will be significantly smaller than the average). Here too 
(Fig. lo), as in the case of Figure 9, the inherently chiral and the 
incidental DLA occupy different zones in the S(o) vs. 6' plot, and 
only in such cases can one make the distinction between the two 
types. Minima in each of the two plots can be seen in Figure 10, 
which are at about the same depth-this calls for care in search- 
ing for the global minimum. In our case, this is achieved by 
dense screening over the inclination angles followed by even 
denser screening around the identified minimum. An important 
conclusion can be drawn from Figure 10: given a certain accura- 
cy of computation, there may be more than one nearest symmet- 
ric shape (leading to the same S(a) value); this, however, does 
not affect the very task of Equation (2), to find the minimum 
S(o). 


Next we analyze properties of the DLAs associated with the 
resolution of measurement. As mentioned in the Introduction, 
unlike statical structural properties of small molecules, where 
resolution is usually not an issue at all, this parameter becomes 
important in the analysis of large (random) objects. A first inter- 
esting question is whether the S(o) value is affected by the den- 
sity of sampling, in other words, whether one needs to use all the 
structural information available in order to obtain a reliable 
S(o) value. The result, shown in Figure 11, is that 10% of the 
data points are enough for this purpose; this reflects the self- 
similarity of the object. This simplifies calculations significantly. 
A second question that should be asked in this context con- 
cerns the way in which the chirality content of a DLA change 
along the history of its growth, that is, with the number of 
particles that go to build it. The result (Fig. 12) is that S(o) 
remains fairly constant from the "early childhood" of the DLA 
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Fig. 11. The sensitivity of S(u) to the sampling density of an inherently chiral DLA. 
Full density is N =lo4, and it can be seen that S(u) remains unaffected down to 
N%Z x lo3 (parameters as in Fig. 10, top) 
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Fig. 12. The S(u) values ofinherently chiral DLAs (top) and incidental chiral DLAs 
(bottom) as the DLAs grow, that is, as N increases. Top: Au = 139”. Ar = 0.2, p 
=l.O;bottom:p =O). 


( N z  1.5 x lo3 particles) up to N = lo4. This is actually a mani- 
festation of the self-similarity of these aggregates: brought 
down to the same scale, small and large DLA are indistinguish- 
able from the point of view of their chirality. This scale invari- 
ance is also seen in Figure 13, where a set of DLAs of varying 
size is analyzed according to Equation (1). The scale invariance, 
both to global structure and to the chirality, is a unique feature 
of the chiral DLAs. 
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Fig. 13. Mass scaling analysis of the set of inherent DLAs in Figure 12. The appar- 
ent fractal dimension is 1.7 (parameters as in Fig. 10, top). 


2. Discussion and Proposed Answers to the Questions Raised in 
the Introduction: The following conclusions emerge from Sec- 
tion 1 : 


1) For large, random chiral objects, an enantiomeric pair has 
meaning within a statistically large collection of objects. 


2) Each member of this group is chiral in itself, and there are 
two types of answer as to what the enantiomer of a given mem- 
ber is: First, there is the enantiomer that is obtained by perfect 
reflection. As this enantiomer can be obtained only as a mirror 
image and never by actual repetition of the (chemical) process in 
which the original chiral object was obtained, we have proposed 
to term it a virtual enantiomer. Second, there is a natural enan- 
tiomer, which is any member of the set of objects obtained by 
repeating the construction in an enantiomeric way. 


3) A last distinction must also be made within a set of enan- 
tiomers of the same handedness (for instance, the direction of 
spirality in our case): there are the natural homochiral members, 
and then there are virtual homochiral structures obtained by 
artificial “photocopying” of a structure. 


4) The degree of chirality of a homochiral set can be expressed 
as a given mean S(o) value with a variance (which at least in the 
case of DLAs has the characteristics of a normal distribution). 


5) Having separate enantiomeric populations of right-hand- 
ed[16] ( R )  and left-handed (S) objects, we define an enantiomeric 
match between two individual members of these populations as 
A S  = S(Gimproper)R - S(Gimproper)S. Intuitively one might perhaps 
guess that minimal AS, or even A S  = 0, is indicative of ap- 
proaching perfect reflectivity of the two structures. While this 
may be the case, it is not necessarily so, as different fine struc- 
tural details may lead to different S(o) values. In fact, isochiral- 
ity, the property of having identical S(o) values, does not neces- 
sarily indicate structural identity. The insensitivity of the 
continuous symmetry approach to details which lead to a cer- 
tain S value is a manifestation of the globality (in the thermody- 
namic sense) of that parameter. In this sense, S(G) can serve as 
a state function. 


6) The two enantiomers of a chiral object are classically labeled 
“left” or “right” under an agreed convention for these terms. 
Thus, our inherent chiral DLAs were labeled ( R )  or ( S )  accord- 
ing to the directionality of the underlying spiral.“ 61 However, 
one should bear in mind that labeling handedness is determined 
by a specific definition and that it is possible to construct chiral 
objects for which handedness cannot be assigned according to 
this definition (see, for example, the “meso” structure described 
in point 9 of this section). 


7) Assigning handedness to incidental chirality is even more 
problematic, as already noted by Ruchtel (who used potatoes to 
demonstrate the problem). A large assembly of incidentally chi- 
ral DLAs (p = 0) can be divided into two enantiomeric popula- 
tions, because “leftness” or “rightness” of each individual DLA 
is random. Specific rules can be constructed to help assign hand- 
edness to an incidental chiral DLA, but these will be so case- 
specific, that one wonders if one might not be better off reserv- 
ing such assignments for when a specific need arises. One 
solution to this problem, however, is to use a small chiral probe 
structure (molecules) whose handedness can be assigned by 
standard rules (e.g., CIP rulestZ4l). The interaction of large chi- 
ral structures, such as our DLAs, with each of the two enan- 
tiomers of the small molecule will be different (diastereomeric) , 
and this difference in interaction can be used for the assignment 
of handedness. We will show that this is indeed the case in a 
separate report.[251 In fact, only with an external small probe 
could we make a distinction between incidental and inherent 
chirality: the former shows statistical indifference to the two 
enantiomers of the probe. 


8) As to the problem of the minimal feature required to dictate 
the chirality of the whole, one cannot adapt the approach used 
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for small molecules. In such a case, one looks both for local 
centers of chirality (e.g., tetrasubstituted atoms) and at the 
whole. In the case of the DLAs, the smallest chiral feature is 
composed of four pixels arranged in an L; there is a large num- 
ber of these units in a DLA, and the influence the single entity 
on the chirality of the whole is negligible. A larger feature must 
be identified. In the case of the chiral DLAs we propose to use 
the smallest cluster for which the S(o) value begins to stabilize 
(at the highest resolution), for instance, the chiral cores com- 
posed of N z  500 particles in Figure 12. The nature of the mini- 
mal feature depends on the details of the analyzed structure; for 
the DLAs this means looking at the center of the object and not 
at the arms. 


Another approach might be the search for minimum correla- 
tion length within which the object has the same handedness. 
Again, as in point I ,  this can be established with various sizes of 
small molecular probes entering the DLA by diffusion or by 
mixing. We find that this correlation length is quite large, of the 
order of the radius of the DLA. We will elaborate on this finding 
in a subsequent report devoted to the interaction of chiral DLAs 
with small molecules.[251 


9) Let us now treat the chiral DLAs as building blocks and 
analyze the chirality of larger constructs. For instance, let us 
form dimers by attaching to one external point two DLAs from 
enantiomeric populations (R) and (S). As in the case of small 
molecules, there are three possible products, namely, (R,R), 
(S,S),  and the meso (R,S).  If the selection of (R)  and ( S )  DLAs 
is limited to natural ones, and not to virtual copies or reflections, 
then (R,R) is in fact (R ,  ,Rz) and an enantiomer of (S, ,S2), within 
the constraints of point 3. Interestingly, the meso form is chiral (in 
contrast to small molecules where it is achiral), and its S value 
need not be small. Another distinction from small molecules is 
that four (not one) meso combinations are possible: (R,  ,Sl), 
(R2,S2) ,  (R2,Sl), and (Rl,S2). Closely linked to the meso issue 
are the properties of a racemic mixturetg1 of chiral DLAs. Its 
properties can be treated along the lines described so far. 


10) Randomness and resolution dependency are the two main 
features of DLAs that require the extension of the concept of 
chirality. To clarify this point, let us consider an important class 
of inherently chiral, very large, non-random objects, namely, 
proteins. An exact enantiomer of a natural protein can be syn- 
thesized; a beautiful example is the synthesis of the unnatural 
enantiomer of an HIV protein.1261 Furthermore, the synthesis of 
proteins, unlike that of DLAs, is exactly reproducible, and the 
only variations in structure, which can also be reproduced, are 
in the folding of the chains. The common feature that DLAs 
share with proteins is that structural information is resolution 
dependent; this is a well-known aspect of protein studies. 


11) Let us now return to Kelvin’s definition of chirality,“] in 
which he specifies that the “plane mirror [be] ideally realized”. 
We are now in a position to lift this century-old restriction: with 
the possibility of scaling chirality, an ideal mirror becomes the 
limiting case in the rich arsenal of natural structures. 


12) Coming back to Prelog’s definition,[’] we asked whether the 
test for superimposability by translation and rotation could be 
extended to a third type of symmetry operation, namely, dila- 
tion. We have indeed shown that scale invariance (dilation sym- 
metry) of S(a) is one of the structural characteristics of a series 
of growing DLAs (Figs. 12 and 13). Actually, our definition of 
S takes care of this property, because the size of the analyzed 
structure is always normalized to 1. An important consequence 
of scale adjustment in the quantitative evaluation of S(a) is that 
the chirality content is an intensive structural property. Yet, care 


should be exercised in drawing this conclusion: if one wishes to 
evaluate the effects of (molecular) size on physical behavior 
(e.g., the absorption cross-section for circularly polarized light), 
such scaling should be removed. 


Conclusion 


The classical definitions of chirality are quite suitable for small 
molecules; however, more general concepts must be introduced 
when dealing with large random objects. A generalized defini- 
tion should refer to the fundamental inability to form an exact 
enantiomer, to the fact that chirality is resolution dependent, to 
incidental vs. inherent chirality, to the restrictive nature of an 
ideal mirror, and to the fact that superposition can be tested by 
criteria other than rotation-translation. We tentatively propose 
the following extended definition of chirality, which addresses 
many of these points (note that the classical definition that holds 
for small molecules is a limiting case): 


Chirality is the inability to make a structure coincide with a 
statistical realization of its mirror image; the probe-dependent 
measure of this inability is the chirality content of the struc- 
ture. 


Beyond the conceptual analysis, a legitimate question con- 
cerns possible practical aspects of this approach. Separation of 
enantiomers on a chiral supports is one such practical example: 
each of the specific particles of the chiral chromatographic ma- 
terial, such as chirally derivatized silica, is different in detail 
from the other. It is a large collection of small chiral objects, 
randomly structured, yet with a characteristic chirality value, 
determined by a minimal unit, the derivatizing unit. The chro- 
matographic interactions of the analyte with a given particle are 
not unique, but are determined by the distribution of orienta- 
tions of the chiral ligands and by the diffusion, in and out, of the 
analyte, which, again, is dictated by the chirality of the sur- 
face.[”] 


Finally, we note that the chiral DLAs we analyzed here, may 
be of relevance to domains beyond chemistry: spiral galaxies, 
spiral hurricane cloud formations, and spiral bacterial 
colonies[’41 are but some examples of such domains. 


Appendices 


Appendix A-Vocabulary : 


Chira/ity measure: the deviation of a chiral structure from exact achirality. 
Enantiomeric match: the difference between the S values of two homochiral struc- 
tures or within an enantiomeric pair, or between the mean S values of chiral popu- 
lations. 
Enantiomeric population: a collection of  chiral structures, obtained by an identical 
chirally biased (random) process. 
Homochirality is defined in a standard manner as the property of having the same 
handedness. 
Incidental chirality: chirality that is the result of a random construction process. 
Inherent chirality: chirality which is built-in owing to a chiral construction pathway. 
Isochirality : chiral structures having the same chirality measure, S(G,,,,,,,,), regard- 
less of their handedness. 
Natural enantiomers: chiral structures with opposite handedness, obtained by re- 
peating the (random) procedure of construction with opposite chiral bias. 
Random chirality: chirality resulting from a construction procedure that contains 
elements of randomness. 
Virtual enantiomer: an exact mirror image of a random chiral structure, which in 
reality can never be obtained by repetition of the construction procedure with an 
opposite handedness. 


Appendix &Properties of the Underlying Spirals: Figures 14 and 15 and their cap- 
tions summarize various properties of the underlying spirals and their S(o) values. 
It can be seen (cf. Figs. 7 and 8) that these properties are preserved in the chiral 
DLAs. 
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Appendix C-Do DLAs have a Five-Fold Symmetry? It was proposed by Areneodo 
et al. (291 that DLAs have an approximate C ,  (and Cia) symmetry. Our methodol- 
ogy allows the amount of symmetry in any element to be quantitatively evaluated 
(391, and we thus tested the hypothesis by analyzing 158 DLAs built from lo4 
oarticles. with resDect to C ,  + Cqn. The results are shown in Figure 16: we find that 


W 
a b C 


* ." 
the nearest symmetry is C ,  and that the deviation for higher C,'s is significantly 
larger. S(CJ must be smaller or equal then any S(C,,), because C ,  is a subgroup of 
C,". At least by our method of analysis, C, or C,, do not seem to have exceptional 
features. 


d e 


Fig. 14. Some properties of the underlying spirals. a) The fit between Equations (3) 
and (4) (Ar = 0.2, Aa = 60". K = - 194, C = 236). b) Spirals having values of Aa 
and 180' - Aa are a rotated homochiral pair. See Figure 7, points a and b (Ar = 0.2, 
Aa = 60" and 120"). c) Spirals with values of Au and -Aa are an enatiomeric pair. 
See Figure 7, points a and d (Ar = 0.2, Aa = 60" and -60"). d) The effect of 
increasing Ar (Ar from center moving outwards: 0.1, 0.3, 0.5; Aa = 60"). e) The 
effect of increasing Aa (Aa from center moving outwards: 30,45, 60; Ar = 0.2). 


Fig. 15. The chirality measure of the underlying spirals as a function of the struc- 
tural parameters Ar and Aa (N =lo3)). 
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Fig. 16. The rotational symmetry content, S(C,), with respect to C ,  + C,, of 158 
DLAs (the distribution bars are shown; for C ,  it is smaller than the dot size). 
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Tricarbonyl(~6-1,2-dioxobenzocyclobutene)chromium(o): Preparation, 
Nucleophilic Addition Studies and Syntheses of Complex Polycyclic Systems by 
Dianionic Oxy-Cope Rearrangement 


Michael Brands, Hans G. Wey, Joachim Bruckmann, Carl Kriiger, and Holger Butenschon* 


Dedicated to the memory of Stephanie Zimmermann 


Abstract: The tricarbonylchromium com- 
plex 3 of I ,2-dioxobenzocyclobutene (1) is 
easily prepared by hydrolysis of diacetal 
4. Complex 3 stereoselectively undergoes 
both single and double nucleophilic addi- 
tion reactions at the keto groups. As a 
consequence, addition of excess alkenyl- 
lithium to 3 gives rise to a dianionic oxy- 
Cope rearrangement yielding benzocy- 
clooctenedione complexes with good 
diastereoselectivity. Trapping of the 
bis(eno1ate) intermediate with chloro- 
trimethylsilane gives bis(eno1ether) 23. 


Subsequent addition of two different dianionic oxy-Cope rearrangement. This 
alkenyllithium derivatives yields the results in the formation of benzoanellated 
asymmetrically substituted rearrange- bicyclo[3.3.0]octane derivatives and, in 
ment product 15. To some extent, depen- the case of I-cyclopentenyllithium as the 
dent on the method of hydrolysis, an in- alkenylmetal, in the tetraquinane system 
tramolecular aldol addition follows the 19. The trans-anellation of one of the cy- 


clopentane rings in trans-20 has been veri- 
fied by an X-ray structural analysis. The 
highly substituted rearrangement product 
21/22 is formed only in small yield; in so- 
lution the bis(eno1) tautomeric form 22 is 
favored over diketone 21. 


Introduction 


Since the first synthesis carried out by Cava et al. in 1963,"' the 
synthetic potential of 1,2-dioxobenzocyclobutene (1) has at- 
tracted continuous interest. In particular, much attention has 
been paid to the addition of carbon nucleophiles like Grignard 
or organolithium reagents to one of the keto groups of 1. In a 
more methodological work, Liebeskind et a]. added different 


1 2 3 


alkynyl and aryl nucleophiles to 1 to obtain monoadducts which 
upon heating underwent a rearrangement to form the corre- 
sponding naphthoquinones.['. 31 The alkynyllithium monoad- 
ducts were also used for a palladium-catalyzed ring expansion as 
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Prof. Dr. C. Kruger 
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D-45470 Mulheim an der Ruhr (Germany) 


Schneiderberg 1 B, D-30167 Hannover (Germany) 
Telefax: Int. code + (511)762-4616 


['I New address: Institut fur Organische Chemie, Universitat Hannover 


a route to indanone derivatives. Moore et a1 made use of the 
transformation of 1 into naphthoquinone derivatives in the syn- 
theses of naturally occurring naphthoquinones like nanao- 
mycine D and deo~yfrenolycine.~~. 51 


The reactivity of 1 with organometallic reagents has also been 
investigated. Here, interest was focused principally on insertion 
reactions of metal fragments into the highly strained four-mem- 
bered ring.[6- lo] The metallacyclopentanes bearing acyl com- 
plex moieties thus formed were transformed to naphtho- 
quinones by a variety of methods. 


The complexation of 1 to a metal fragment was hitherto un- 
known. In the light of the well-developed chemistry of ($- 
arene)tricarbonylchromium(o) complexes," - 14] coordination 
of 1 with chromium should be feasible. A tricarbonylchromium 
complex of 1 would be an attractive target for at least three 
reasons: a) As has been found in recent investigations of tricar- 
bony]($-1-oxobenzocyclobutene)chromium(o) (2),[' ', 16] the 
electron-withdrawing effect of the tricarbonylchromium moiety 
should be transferred to the keto groups through the rigid ligand 
with the n: orbitals of the aromatic ring and those of the keto 
groups parallel to one another. Thus an increased electrophilic- 
ity of the keto groups is to be expected. b) Complexation of the 
aromatic ring in 1 eliminates one plane of symmetry in 1 and 
causes a differentiation of endo and exo faces of the coordinated 
ligand which should result in highly stereoselective nucleophilic 
additions. c) It is expected that electron withdrawal by the tri- 
carbonylchromium(o) moiety will facilitate ring-opening reac- 
tions. This could lead to new reactions of the organic ligand 
which are not observed in the uncomplexed case. 
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In this paper, we report in detail the evaluation of the de- 
scribed concept by synthesis of tricarbonyl($-I ,2-dioxobenzo- 
cyclobutene)chromium(o) (3) and reactions of 3 with carbon 
nucleophiles. Parts of this work have been published as prelim- 
inary communications.[' ', '*] 


Results and Discussion 


Synthesis and properties of tricarbonyl(~6-1,2-dioxobenzo- 
cylobutene)chromium(o) (3): As expected from the similar case 
of 2,["] attempts at the direct complexation of 1 to a tricar- 
bonylchromium(o) fragment failed. This is reasonable given the 
variety of known insertion reactions into the four-membered 
ring of 1.16- lo] Therefore, the known tricarbonylchromium(0) 
complex 4" of the 1,2-bis(ethylenedioxy) derivative of 1 was 
employed as starting material for the preparation of 3. Depro- 
tection of the two keto groups was possible under strongly 
acidic conditions by suspending 4 in concentrated aqueous hy- 
drochloric acid under exclusion of air. Following this proce- 
dure, 3 was isolated in 85-95% yield. The deep red solid was 
fully characterized, including an X-ray structural analysis show- 
ing that the bicyclic ligand is not completely planar, but that the 
anellated cyclobutenedione ring is bent towards the metal atom 
by about 8°.['71 


The 3C NMR data of 3 deserve special attention. The com- 
paratively small chemical shift of the carbonyl ligands 
(6 = 228.3) indicates strong backbonding between the carbonyl 
ligands and the chromium atom. This shows that the electron 
withdrawal by the two keto groups in 3 is perfectly transferred 
to the metal fragment by the coplanar keto and aromatic K or- 
bitals. Furthermore, the shift of A6 = 48 ppm for the signals 
of the quarternary aromatic carbon atoms on coordination is 
noted. One can interpret this as a stronger coordination of 
the K bond between these two atoms effecting a strain reduction 
in the anellated four-membered ring. This hypothesis is support- 
ed by inspection of the 'J(C,C) coupling constants for the 
analogous monoketone complex 2, available from 2 D  INADE- 
QUATE measurements (2 was chosen for this study because of 
its asymmetry) .[201 In contrast, the X-ray data of diketone 
complex 3 showed equal bond distances for the aromatic n 
bonds (within the accuracy of measurement) .I1 71 Because of the 
experimental error, it is very difficult to discuss the so-called 
Mills-Nixon EffectL2" on the basis of X-ray data only.[221 Cou- 
pling constants 'J(C,C) apparently provide a more sensitive 
measure. 


Single nucleophilic additions to 3: As an initial test of the as- 
sumed strong acceptor properties of the keto groups in 3, addi- 
tion of several Grignard reagents was envisaged. As in the un- 
complexed case,[2, 31 these additions took place at -78 "C, 
affording the corresponding monoadducts 5 -7 in good yields 
(Scheme 1). Whereas the yield for the ethynyl adduct 6 is com- 
parable to the one in the uncomplexed series, the yield for the 
phenyl adduct 7 is about 20% higher. The vinyl adduct 5 is 
unknown in the uncomplexed case, probably because treatment 
of 1 with vinyllithium leads to a complex mixture of products 
(vide infra). To avoid side reactions, the transformations are 
carried out by slow addition of two equivalents (R = vinyl) or 
four equivalents (R = ethynyl, phenyl) of the precooled Grig- 
nard reagents to the solution of 3. Monoadducts 5-7 were ob- 
tained as single diastereomers (de 2 90 %, NMR) . In analogy to 
a vinyl Grignard adduct of 2, which has been subjected to an 
X-ray structure analysis,[16] compounds 5-7 are assumed to be 
endo alcohols. 


4 3 5 R = vinyl, 87% 
6 A = ethynyl,78% 
7 R = phenyL7756 


/ \ 
d) ore)  


9 R = B  
10 R = CH2C02Et 


cis4 8 :  1 trans4 


Scheme 1. a) HCI (conc.), 2 5 T ,  2h,  85-95%. b) 1. RMgBr (2-4equiv), 
-78°C; 2. H 3 0 t .  c) 1 .  LiAIH,, -78°C; 2. H,O+, 90%. d) 1. EtMgI 
(10equiv). -78°C; 2.  H30' (twice), 60%. e) 1. LiHMDS, EtOAc (4 equiv); 
2. 3, -78"; 3. H,O+, 88%. 


Double nucleophilic additions to 3: Reduction of 3 takes place at 
- 78 "C with lithium aluminum hydride as a hydride donor to 
afford diol complex 8 in 90 % yield (Scheme 1) .  This experiment 
highlights again the enhanced acceptor character of the keto 
groups in complex 3, because in the case of uncomplexed 1, the 
reduction with the same reagent in boiling diethyl ether occurs 
in only 30 O h  Diol complex 8 is formed as a 8 : 1 mixture 
of cis and trans diastereomers, presumably resulting from a 
competition of steric and coulomb interactions. For the same 
reason as discussed for the monoadducts 5-7, strong evidence 
exists for a cis-endo configuration of the main product. Hither- 
to, treatment of 1 with phenyllithium in a temperature range of 
- 60 to + 25 "C represented the only example of a double nucle- 
ophilic addition taking place without opening of the four-mem- 
bered According to the authors, the synthesis of the 
diadduct was successfully completed by an extremely careful 
aqueous workup of the reaction mixture. On the other hand, it 
is known from the work of Cava that treatment of 1 with 
phenylmagnesium bromide leads exclusively to the formation of 
1,3-diphenylisoben~ofuran.[~~ 


Complexation of 1 by a tricarbonylchromium(0) fragment 
renders the double addition of a simple nucleophile like ethyl- 
magnesium iodide more feasible. Treatment of 3 with an excess 
of the Grignard reagent at -78 "C leads to a mixture of the 
corresponding mono- and diadduct (1 : 1 ,  NMR) which, after 
workup, was again subjected to the same conditions. By this 
route diethyl adduct 9 is accessible in 60% yield as a single 
cis-endo diastereomer. With a more powerful nucleophile such 
as the ester enolate of ethyl acetate, double addition takes place 
in a single operation at -78 "C in high yield. Again, the cis-en- 
do diastereomer 10 is exclusively formed (de 2 90 %). The two- 
fold addition of the enolate ofethyl acetate can also be observed 
in the uncomplexed case (Scheme 2). Under identical condi- 
tions, a 5:4 mixture of the cis and trans diastereoisomers of 11 
is accessible in 85% yield. One crystallization from diethyl 
ether/pentane provides diastereomerically enriched material 
(cis-11: white solid, de = 90%; trans-11: colorless oil, 
de = 80 %, NMR). Comparison of the NMR spectra of the two 
diastereomers of 11 with those obtained from a decomplexed 
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5 : 4  
1 cis-1 1 trans-I 1 


Scheme 2.  a) 1. LiHMDS, EtOAc (4 equiv), -78°C; 2.  H,Ot, 85%. 


sample from cis-endo complex 10 allows the assignment of the 
relative configurations. 


All attempts to synthesize the diphenyl adduct of 3 failed. 
Starting from the monoadduct 7, addition of phenylmagnesium 
bromide was carried out in a temperature range from -78 to 
- 5 "C. After aqueous workup, 1,3-diphenylisobenzofuran was 
obtained in 40% yield in analogy to the work of Cava."] The 
formation of this product is reasonable assuming a hypothetical 
double adduct as an intermediate. In contrast to the uncom- 
plexed case[241 the ring opening of the hypothetical diphenyl 
adduct of 3 may be facilitated (vide infra) . 


Double anionic oxy-Cope rearrangements of dialkenyl adducts of 
3: Double additions of vinylic nucleophiles to diketo complex 3 
have been regarded as particularly interesting, because corre- 
sponding reactions are unknown in the uncomplexed case. 
Based on the double addition of simple nucleophiles like ethyl- 
magnesium iodide to 3, compounds containing a diallyl diol 
substructure should be accessible, and could serve as starting 
materials for oxy-Cope  rearrangement^.^^^, "I Therefore, 3 was 
treated with an excess of vinyllithium at - 78 "C (Scheme 3). 


12 


14 


- @  (OC),Cr OLi 


13 


Scheme 3. a) Vinyllithium (6equiv), -78°C. b) H,O+, 87% 


After hydrolysis at -78 "C and workup, we obtained the tricar- 
bonylchromium(0) complex of 5,1O-dioxobenzocyclooctene 14 
in 87 YO yield instead of the simple diadduct expected. The con- 
stitution of 14 is elucidated by spectroscopic and elemental anal- 
ysis as well as by comparison of NMR spectra derived from 
decomplexed material with those published for the organic lig- 
and of 14.12'1 Obviously, a sequential transformation of 3 by a 
double addition of vinyllithium and subsequent double anionic 
oxy-Cope rearrangement has occurred. 


This transformation can be regarded as a consequence of the 
results already described and examples from the literature: pre- 


sumably, di-exo-vinyl di-endo-diolate 12 is formed in analogy to 
diadducts 9 and 10. In 12, the synperiplanar orientation of the 
vinyl groups is a necessary prerequisite for an anionic oxy-Cope 
rearrangement. This was shown by Salaiin[281 who succeeded in 
the transformation of cis-divinylcyclobutanols into cy- 
clooctenone derivatives under the conditions of an anionic oxy- 
Cope rearrangement. Application of the same conditions for the 
corresponding trans diastereomer leads to an open-chain com- 
pound which is formally the product of a retro-hetero ene reac- 
tion. 


The low temperature for the rearrangement step from 12 to 13 
is remarkable. In related cases,129-321 a temperature of at least 
0 "C is necessary to carry out this step. Several factors render the 
dianionic oxy-Cope rearrangement of 12 favorable : a) The 
rigid skeleton results in geometric proximity of the vinyl groups. 
This was also found to be advantageous for monoanionic oxy- 
Cope rearrangements in norbornene derivatives.[331 b) The 
electron withdrawal by the metal fragment is the most probable 
reason for the ease with which the distal bond of the four-mem- 
bered ring is opened. Moreover, the double anionic oxy-Cope 
rearrangement must be regarded as the driving force for the 
double addition, which was comparatively sluggish with the 
alkyl Grignard reagent. 


Whatsoever the influence of the metal fragment may be, the 
analogous treatment of uncomplexed 1 with vinylmagnesium 
bromide failed completely. Instead of $1 O-dioxobenzocy- 
clooctene, a complex mixture was obtained consisting of several 
vinyl-group-containing species. The desired product of the oxy- 
Cope rearrangement could only be detected in traces. With 
vinyllithium, a product of double addition, double anionic oxy- 
Cope rearrangement and subsequent transannular aldol reac- 
tion could be isolated in 15 YO yield beside other reaction prod- 
UCts.[321 


Despite the manyfold use of the anionic oxy-Cope rearrange- 
ments reported for the construction of complicated carbon 
skeletons, the attention paid to the dianionic version is rather 
slight. We therefore treated 3 with several alkenyllithium deriva- 
tives to explore the scope and limitations of this reaction. 


Treatment of the monovinyl adduct 5 with 2-propenyllithium 
under the conditions described above opens the way to the 
asymmetrically substituted 5,lO-benzocyclooctenedione deriva- 
tive 15 in 60% yield (Table 1). Although it has so far not been 
possible to determine the relative configuration of the newly 
formed chiral center, it is believed that the methyl group is on 
the coordinated face of the ligand. This hypothesis is supported 
by the fact that hydrolysis of a dienolate analogous to 13 takes 
place from the outside of the eight-membered ring (vide infra) 
finally leading to an endo-orientation of the methyl group. 


Treatment of diketo complex 3 with excess 2-propenyllithium, 
1-lithio-I-phenylethene and 1-cyclopentenyllithium at - 78 "C 
followed by hydrolysis with aqueous diluted hydrochloric acid 
at the same temperature affords similiar types of product mix- 
tures. Beside benzocyclooctendiones 17 and 20, cyclopentaanel- 
lated indanones 16 and 18 and the benzoanellated tetraquinane 
19, formally generated by a subsequent transannular aldol reac- 
tion of their eight-membered ring counterparts, are isolated as 
the major components (18 is accompanied by two diastereomer- 
ic benzocyclooctenediones, which could not be separated and 
completely characterized). Separation of the products is pos- 
sible by crystallization and column chromatography. The con- 
stitution of products 16 to 20 can be unambiguously elucidated 
by inspection of their spectroscopic data. The relative configu- 
rations of the diastereomeric complexes trans-17 and cis-17 are 
derived from their symmetry properties obtained from their 
NMR spectra. X-ray structure analyses show the relative con- 
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Table 1. Dianionic oxy-Cope rearrangements with substituted alkenyllithium derivatives 


15 16 frans-17 cis-17 


18 19 trans-20 


0 HO 


cis-20 


21 22 


S. M. [a] Alkenyllithium Hydrolysis Products (yield) 


5 2-propenyllithium HCI (aq) 15 (60%) 
3 2-propenyllithium HCI (aq) 16 (48%). trans-17 (lo%), cis-17 (4%) 
3 2-propenyllithium CF,SO,H 16 (8%), trans-17 (29%), cis-17 (11%) 
3 1 -1ithio-1 -phenylethene HCI (aq) 18 (30%) +side products 
3 1 -cyclopentenyllithium HCI (aq) 19 (22%), trans-20 (20%) 
3 1 -cyclopentenyllithium CF,SO,H 19 (9%), ~rans-20 (27%), cis-20 (10%) 
3 2-Methyl-1-propenyllithium HCI (aq) 21/22 (9%) 


[a] S. M. = starting material 


figurations of 16[341 and 19,[18] whereas that of 18 is assumed to 
be the same as that of the closely related product 16. For the 
doubly cyclopentaanellated benzocyclooctenedione trans-20, 
the NMR spectra revealed the existence of a non-C, symmetric 
compound. Because trans-20 bears two asymmetric carbon 
atoms more than trans-17 the relative configuration was not 
accessible in all details by this way. Therefore trans-20 was sub- 
jected to an X-ray structure analy~is.1~~1 


Figure 1 shows the structure of trans-20 in the solid state. The 
molecule possesses a boat - boat conformation.[361 The analysis 
confirms a cis,cis,trans-anellation of the cyclopentane rings. 
Therefore the hydrogen atoms in the cr-positions of the keto 
groups must be positioned on different faces of the organic 
ligand, thus explaining the large difference in the chemical shift 
for the signals of these atoms in the 'HNMR spectra (A6 = 
0.57 ppm) . Additionally, the X-ray structure analysis reveals 
that the eight-membered ring in trans-20 is sterically crowded, 
thus disrupting the coplanarity of the keto groups and the aro- 
matic ring. This steric strain is also reflected in nonequivalent 
C-C bonds within the rf-benzene moiety.[37] As in similar com- 
pounds, the Cr(CO), unit forms an eclipsed conformation with 
the ligand.[381 


Information concerning the stereochemical course of the re- 
action is available from the relative configurations of the prod- 
ucts, particulary of those derived from the reaction of 3 with 
1-cyclopentenyllithium. Most probably, the addition of two 
equivalents of the alkenyllithium derivative forms a cis-di- 


alkenyl intermediate which undergoes a 
double anionic oxy-Cope rearrangement. 
In this step, the relative configurations of 
the stereogenic centers in the /? position to 
the enolate moieties of the bisenolate 24 are 
determined (Scheme 4). Thus it becomes 
obvious that the relative cis configuration 
of these two centers has to be the same in all 
three products, 19, trans-20, and cis-20. In- 
dependent of the kind of alkenyllithium 
derivative used, the bisenolate intermediate 
should be the common precursor for the 
eight-membered ring complexes as well as 
for the aldol products. This hypothesis was 
confirmed by trapping the bisenolate 
derived from the reaction of 3 and 2- 
propenyllithium with trimethylsilyl tri- 
fluoromethane sulfonate. Bis(trimethy1si- 
lyl) enol ether 23 was formed in 60% yield 
as the only product (Scheme 5). The con- 
formation of the bis(eno1ate) intermediate 
seems to be crucial for the stereochemical 
outcome of the reaction sequence. The fol- 
lowing explanations are again concerned 
with the reaction of 3 with l-cyclopentenyl- 
lithium: inspection of a molecular model of 
bis(eno1ate) 24 indicates that the boat con- 
former 24a should be the primary product. 
Protonation of one of the enolate double 
bonds from the outside face of the ring 
opens the way for a transannular aldol ad- 
dition leading exclusively to tetraquinane 
19. Because hydrolysis with aqueous hy- 
drochloric acid at -78 "C can be regarded 
as a slow reaction (the main quantity of the 
reagent being frozen) the aldol process is 
fast as compared with a second protona- 
tion. Therefore, the aldol products become 


ciw5 
ci7 
1 


0 3  


04 


Fig. 1. Crystal structure of trans-20 [35]. Selected bond lengths (A) and angles (") 
(numbering is arbitrary): Cr-C1 2.185(2), Cr-C2 2.212(2), Cr-C3 2.185(2), Cr- 
C 4  2.196(2), Cr-CS 2.197(2), Cr-C6 2.199(2), Cl-CZ 1.401(3), C l - C 6  
1.416(3), C2-C3 1.384(4), C3-C4 1.404(3), C4-C5 1.405(3), C5-C6 1.430(3), 
C5-Cl2 1.517(3), C6-C7 1.513(3), C7-C8 1.510(3), C7-01  1.208(3), C8-C9 
1.577(3), C8-Cl3 1.539(3), C9-CIO 1.524(3), C9-Cl5 1.535(3), ClO-C11 
1.556(3), C10-C16 1.532(3), C l l -C12  1.508(3), C l l -C18  1.532(3), C12-02 
1.205(2); C 5-C 6-C 7 125.8(2), C6-C 7-C 8 119.8(2), C 7-C 8-C9 109.2(2), C8-C 9- 
C 10 116.7(2), C9-C 10-C 11 117.2(2), C 10-C 11-C 12 110.8(2), C l l -C  12-C 5 
116.1(2). 
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24a 


Scheme 4. 


24b 


iPr0 


iPr0 =g - 26 (26%) 


25 


QSiMe, 
20 (4%) 


dr(co), (OC),C'r OSiMe, 


3 23 


Scheme 5. a) 1. 2-Propenyllithium (6 equiv), -78°C; 2. CF,SO,SiMe,, -40°C 
60 Yo. 


the major component of the product mixtures. On the other 
hand, one would expect that double protonation of a bisenolate 
conformer like 24 a would lead to the cis-benzocyclooctene- 
diones cis-17 and cis-20, but the observed products are predom- 
inantly the trans diastereomers. The formation of the trans 
diastereomers can be explained by assuming an equilibrium be- 
tween 24a and the flatter, twisted conformer 24b in which 
gauche interactions are minimized and the direction of the pro- 
ton attack is no longer effectively controlled. Alternatively, the 
preference for the trans over the cis diastereomers could derive 
from an epimerization under the acidic workup conditions 
caused by transannular interactions. Both explanations are in 
accord with the observation that a change in the conditions of 
hydrolysis leads to different product ratios. With strong tri- 
fluoromethanesulfonic acid instead of aqueous HCI, the trans 
configurated benzocyclooctenediones trans-17 and trans-20 be- 
come the major components of the product mixture, and the 
aldol products are isolated as side products. 


A recently published report of a similiar reaction of the squar- 
ic acid ester 25 with 1-cyclopentenyllithium supports the central 
role of a bis(eno1ate) conformer corresponding to 24 401 


The authors used molecular mechanics calculations for their 
bis(eno1ate) to show that the boat conformer possesses an ener- 
gy minimum. Therefore, the relative conformation of their 
product 26 (Scheme 6) obtained by hydrolysis with an aqueous 
NaHCO, solution is similiar to that found for 19. The observa- 
tion that one of the cyclopentane rings is trans-anellated could 
perhaps be explained assuming different conformations of the 
monoenolate precursors for 19 and 26. Attention should be fo- 
cussed on the fact that only 26 is derived from an oxy-Cope 
rearrangement whereas the tetraquinanes 27 and 28 are prod- 
ucts of an electrocyclic ring opening of the cyclobutene ring 
followed by an electrocyclization and transannular aldol reac- 
tion. This reaction path is reasonable because in 25 addition of 
the I-cyclopentenyllithium takes place to form both the cis and 
the trans adducts. Thereby it is geometrically impossible for the 
trans adduct to undergo an oxy-Cope rearrangement.[281 In con- 
trast, the face differentiation in chromium complex 3 guarantees 
a uniform sequential transformation consisting of a double nu- 
cleophilic cis addition, a dianionic oxy-Cope rearrangement, 
and, possibly, a transannular aldol addition. 


A limitation of the described procedure of double addition of 
alkenyllithium derivatives to 3 and subsequent dianionic oxy- 


27 (40%) 


Scheme 6. a) 1. I-Cyclopentenyllithium (exc.), -78 to 25°C; 2. NaHCO, aq 


Cope rearrangement is elaborated by means of P-disubstituted 
alkenyllithium derivatives. Treatment of 3 with 2-methyl-l- 
propenyllithium provides 21 in only 9 YO yield (Table 1). Inter- 
estingly, diketone 21 is in equilibrium with the dienol 22, most 
likely to reduce gauche interactions of the four methyl groups. 
In acetone and dichloromethane, the dienol 22 is the major 
component as indicated by 13C NMR. The reaction of 3 with 
(1-1ithiomethylene)cyclohexane and treatment of the reaction 
solution with trimethylsilyl trifluoromethanesulfonate did not 
lead to the isolation of the expected product at all. However, a 
product possessing the correct molecular mass (m/z = 604, MS) 
was isolated in 26 YO yield, but the constitution has not yet been 
elucidated. 


In a preliminary experiment, the integration of triple 
bonds[411 into the rearrangement process was investigated. 
Monoalkynyl adduct 6 was treated with vinyllithium 
(Scheme 7). The only 
compound isolated 
from the very dark 


green was the reaction ortho disubsti- mixture ..-e tuted complex 29 (the 


in the course of the 
yield was diminished Cr(CO), Cr(CO), O 


chromatographic pu- 6 29 


rification of 29, which Scheme 7. a) 1. Vinyllithium (6 equiv), -78 "C; 
tended to polymerize 2. H,O+, 15%. 
very fast). 29 is be- 
lieved to be formed by the addition of vinyllithium to the keto 
group of 6 followed by a retro-ene-like rearrangement. 


Finally, an additional point should be mentioned. Generation 
of divinyldiolates from 3, 25,[39, 401 or acenaphthenequin~ne[~'I 
leaves no doubt that divinyldiolates are indeed formed. In con- 
trast, other oxy-Cope rearrangements described as dianionic 
start from the divinyldi~ls,[~~, 301 which are deprotonated by 
base. One cannot be sure at which point in the double deproto- 
nation sequence the rearrangement really takes place. 


Conclusion 


In summary, the reaction sequence of double addition of 
alkenyllithium derivatives to tricarbonyl(q6-l ,Zdioxobenzocy- 
clobutene)chromium(o) (3) followed by a double anionic oxy- 
Cope rearrangement was shown to be a powerful method for the 
construction of complicated polycyclic carbon skeletons. Natu- 
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ral compounds containing triquinanel4'I and t e t r aq~ inane l~~]  
fragments are widely known. The synthesis of eight-membered- 
ring-containing compounds has been a source of continuous 
interest in the last few The method described repre- 
sents an excellent and fast route to this kind of compound. 
Further studies to explore the use of this method in organic 
synthesis are under way in our laboratories. 


Experimental Section 


All operations were performed in an argon atmosphere in flame-dried vessels. M.p. 
(uncorrected): Buchi SMP-20, determined in sealed glass capillaries in an argon 
atmosphere. IR: Nicolet 7199 FT-IR. 'HNMR: Bruker WH400 (400.1 MHz), 
AM200 (200.1 MHz). "C NMR: Bruker WH400 (100.6MHz), AM200 
(50.3 MHz); signal multiplicities were determined either by inspection of gated 
spectra ('J(C,H) coupling constants are omitted for space economy) or by applica- 
tion of the DEPT technique; chemical shifts refer to bTMS = 0 according to the 
chemical shifts of residual solvent signals. MS: Varian 31 1 A. HRMS: Finnigan 
MAT820. Preparative column chromatography: SO,, 0 0.04-0.063 mm (230- 
400 mesh ASTM), Ar saturated, flash technique [45]. Elemental analyses: Mikro- 
analytisches Laboratorium Dornis und Kolbe, Miilheim ad der Ruhr (Germany). 
Commercially available reagents were employed. 1.2-dioxobenzocyclobutene (I) 
1461, tricarbonyl(q6-l ,2-dioxobenzocyclobutene)chromium(o) (3) [17,34], vinyllithi- 
um 1471, and the alkenyllithium derivatives used [48] are synthesized according to 
literature procedures. 


General procedure A for aqueous workup: After addition of an aqueous reagent 
solution to the reaction mixture, the organic layer was diluted with diethyl ether and 
the layers were separated. The aqueous phase was extracted with equal volumes of 
diethyl ether until the extract remained colorless. The combined organic layers were 
washed with water (three times) and dried over MgSO,. After filtration the volatile 
components were evaporated in vacuo to give the crude product. 


TriearbonyI(~6-1,2d~ydroxybetlzofyelobutene~hrnmium(o) (8): A red solution of 3 
(1.00 g, 3.73 mmol) in diethyl ether (250 mL) was added dropwise to a suspension 
of lithium aluminum hydride in diethyl ether (20 mL) at - 78 "C. The yellow suspen- 
sion obtained was stirred for 2 ha t  - 78 "C. The excess of lithium aluminum hydride 
was decomposed by adding ethyl acetate ( 5  mL) at -25 "C. After the mixture had 
been stirred for a further 2 h, hydrolysis was carried out by addition of 1 M aqueous 
hydrochloric acid followed by aqueous workup. The crude product was dissolved in 
a minimum amount of diethyl ether and the solution was treated with a sixfold 
amount of pentane, whereupon 8 partially precipitated. Crystallization was com- 
pleted at -30 "C to afford a light yellow powder (910 mg, 3.30 mmol, 90%). Com- 
pound 8 was obtained as a mixture of two diastereomers (ris-8:trans-8 = 89:ll). 
M.p. 151 "C; 'HNMR (200 MHz, [DJTHF): cis-endo-8: 6 = 4.42 (br, 2H, OH), 
4.96 (s, 2H, 1(2)-H), 5.25 + 5.48 (AABB system, 2 x 2H, 3(6)-H. 4(5)-H); rrans-8 
(some signals are covered by those of the major diastereorner): 6 = 4.68 (br, 1 H, 
0 H), 4.73 (hr, 1 H, OH), 5.16 (m. 1 H, 1-H or 2-H), 5.39 (d, 1 H, 3-H or 6-H), 5.65 
(dd, 1 H, 'J(H,H) = 6 Hz, 4-H 01 5-H); 13C NMR (50 MHz, [DJTHF): cis-endo- 
8:  6 = 73.0 (d, C-1(2)), 88.2 (d, C-4(5)), 92.4 (d, C-3(6)), 121.0 (s, C-2a(6a)), 233.6 
(s, CO); trans-8: 6 =78.7 (d, C-1 or C-2), 80.9 (d, C-1 or C-2), 89.3 (d, 2C, arom. 
C).91.3(d,arom.C),94.7(d.arom.C), 115.7(s.C-2aorC-6a), 117.2(s,C-2aor 
C-6a), 234.0 (s, CO); IR (KBr): i = 3390 (br, OH), 3080 (w), 2940 (w), 1970 (s, 
CO), 1880 (s, CO), 1400 (m), 1310 (w). 1205 (m), 665 (m), 575 (m)cm-'; MS 
(70eV, El): m/z (%): 272 (46) [ M  '1, 244 (12) [M' - CO], 216 (28) [ M i  - ZCO], 
189(20), 188(95)[M+ - 3C0],170(64),102(54).91 (12),69(10),53(11)[53Cr+], 
52 (100) [52Cr+]; C,,H,CrO, (272.18): calcd C 48.54, H 2.96, Cr 19.10; found C 
48.54, H 3.0,  Cr 19.18~ 


General procedure B for single additions of nucleophiles to tricarbonyl(q'-l,Z- 
dioxobenzocyclobutene)cluomium(o) (3): A solution of the Grignard reagent cooled 
to -78 "C was added in small portions over a period of 4 h to a THF/diethyl ether 
solution of 3 at -78°C. A color change from red to orange-yellow and finally 
brown is observed. After complete addition the solution is stirred for 16 hat - 78 "C 
followed by hydrolysis with 2~ aqueous hydrochloric acid and workup. 


Tricarbonyl(q6-2-e~-hydroxy-l-oxo-~ex~-vinyl~~cyclobutene)chromium(o) 
(5):  General procedure B was used with 3 (1.144 g. 4.27 mmol) in diethyl ether/THF 
(1:l. 200mL), a 1.1 M solution of vinylmagnesium bromide in THF (6.65mL, 
7.32 mmol) diluted to a volume of 60 mL. Crude product 5 (1.103g, 3.73 mmol, 
87%. pure by NMR, light- and air-sensitive red oil). An analytically pure sample 
was obtained by column chromatography (200 mg of crude 5,200 x 20 mm, diethyl 
ether:pentane = 4:l). Owing to the sensitivity of 5, the yield was diminished by 
chromatography to 47%. 'HNMR (200 MHz, [D,]acetone): 6 = 5.33 (dd, l H ,  
*J((E)-8-H,(Z)-8-H) = - 0.8 Hz, '&(H,H) = 10.6 Hz, (E)-S-H), 5.40 (dd, 1 H, 
'J,,,(H,H) = 17.4 Hz, (Z)-S-H), 5.63 (dd, 1 H, 'J(H,H) = 6.4 Hz, 'J(H,H) = 


6.0 Hz. 4-H or 5-H), 5.83 (dd, 1 H, 'J(H,H) = 6.4 Hz, 'J(B,H) = 6.0 Hz, 4-H or 


5-H), 5.87 (d, I H, 3J(H,H) = 6.4 Hz, 3-H of 6-H), 6.07 (d, 1 H, 'J(H,H) = 6.0 Hz, 
3-H or 6-H), 6.22 (dd, 1 H, 7-H); I3C NMR (50 MHz, [D,]acetone): 6 = 86.4 (d, 
arom. C),87.6(d,arom. C),93.4(d,arom. C),95.0(d,arom. C),96.O(s,C-2), 105.8 
(s,C-6a), 118.1 (t,C-S), 130.1 (s, C-Za), 136.8(d,C-7), 188.3(s,C-i),231.2(~, CO); 
IR(THF):? =1985(s,C0),192O(s,CO), 1709(s,ketoCO)cm-';(KBr):i = 3414 
(m,OH),3208(w),2964(w),2000(s,CO),1931 (s,CO), 1895(s,CO), 1744(s, keto 
CO), 1636 (w), 1499 (m), 1414 (w). 1287 (m, CO), 1263 (m, CO), 1245 (m, CO), 
1000 (w), 953 (m), 903 (w), 826 (m). 769 (w), 715 (w), 652 (m), 611 (s), 558 
(w)cm-';MS(70eV,EI):m/z(%) =296(8)[M+],240(2)[Mf -2CO],212(13) 
[M' - 3CO1, 194 (21), 184 (Il), 69 (lo), 53 (13) [53Cr'], 52 (100) [52Cr+]; 
C,,H,CrO, (296.21): calcd C 52.71, H 2.73, Cr 17.56; found C 51.69, H 2.84, Cr 
17.79. 


T r i e a r b o u y l ( q 6 - 2 - e x o ~ t h y n y l - 2 - e n d o - h y d  
(6): General procedure B was used with 3 (836 mg, 3.12 mmol) in diethyl ether/THF 
(l:l,  200 mL), a 0 . 6 8 ~  solution of ethynylmagnesium bromide in THF (18.4mL, 
12.5 mmol), diluted to a volume of 40 mL. The solution of the crude product in 
dichloromethane (30 mL) was treated with hexane (5  mL) and stored for 4 d at 
-30°C to furnish 6 (486 mg) as red needles. Addition of hexane (7 mL) to the 
mother liquor and storage at - 30 "C for 4 d resulted in additional 6 (226 mg) being 
obtained. Yield: 6 (712 mg, 2.43 mmol, 78%). M.p. 141 "C (decomp.); 'H NMR 
(200 MHz, [DJacetone): 6 = 3.55 (s, 1 H, 8-H), 5.67 (dd, 1 H, 3J(H,H) = 6.4 Hz, 
'J(H,H)=6.4Hz, 4-H or 5-H), 5.87 (dd, l H ,  'J(H,H)=6.4Hz, 3J(H.H) = 
6.4Hz, 4-H or 5-H), 5.95 (d, IH ,  'J(H,H) = 6.4Hz. 3-H or 6-H), 6.16 (d, 1H. 
3J(H.H) = 6.4Hz, 3-H or 6-H), 6.77 (s, IH ,  OH); NMR (50MHz, 
[D,]acetone): 6 = 80.2 (d, C-8), 80.5 (d, C-7), 86.0 (s, C-2), 86.4 (d, arom. C), 86.5 
(d, arom. C), 93.4(d, arom. C), 95.0 (d, arom. C), 105.3 (s, C-6a), 128.8 (s, C-2a), 
184.0 (s, C-I), 230.7 (s, CO); IR (THF): 'v = 1989 (s, CO), 1921 (s, CO), 1767 (m. 
keto CO) cm-'; (KBr): i = 3388 (w, br, OH), 3292 (w), 3103 (w), 2994 (w), 2964 
(w), 1992 (s, CO), 1936 (s, CO), 1745 (s, CO), 1511 (w), 1493 (w), 1426 (w), 1400 
(w), 1252(w), 1176(m,CO), 1165(m,CO), 1123(m,CO), 1082(w), 1015(w),893 
(w), 829 (w), 748 (w), 714 (w), 694 (w), 660 (m), 640 (w). 611 (m), 599 (m) cm-'; 
MS (70eV, EI): m/z (%) = 294 (6) [M'], 238 (2) [ M +  - 2CO], 210 (8) 
( M  + -~ 3CO],53 (9) [*'Cr+], 52(100) ["Cr']. C,,H,CrO, (294.19): calcd C 53.07, 
H 2.06, Cr 17.68; found C 52.95, H 2.10, Cr 17.58. 


Tricarbonyl (q6-2-en~hydroxy- l -oxo-2-e~~phenyl~~oc~clobnte~e~c~omi~(o)  
(7): General procedure B wasused with3(1.180 g,4.40 mmol) indiethy1etherlTHF 
(l:l,  300 mL), 1 . 0 4 ~  solution of phenylmagnesium bromide in THF (17.3mL, 
18.0 mmol), diluted to a volume of 60 mL. Compound 7 crystallized as a red solid 
from a solution of the crude product in a mixture of dichloromethane/hexane 
(70 mL/lO mL) at - 30 "Cover a period of 3 d. Twofold repetition of the crystalliza- 
tion procedure with the material obtained by evaporation of the solvents from the 
mother liquor gave additional 7. Yield: 7 (1.196 g, 3.45 mmol, 77%) as a red pow- 
der. M.p. 170°C; 'HNMR (400 MHz, [DJacetone): 6 = 5.69 (dd, 1 H, 'J(H,H) = 


6.4Hz. 3J(H.H) = 6.0Hz, 4-H or 5-H), 5.90 (dd, 1 H, 'J(H,H) = 6.0 Hz, 
'J(H,H) = 6.4 Hz, 4-H or 5-H), 5.92 (d, 1 H, 3J(H,H) = 6.0 Hz, 3-H or 6-H), 6.25 
(d, 1 H. 'J(H.H) = 6.4 Hz. 3-H or 6-H), 6.38 (s. 1 H, OH), 7.36 (m, 3H, rn-H. p-H), 
7.50(d, 2 H. 3J(H,H) = 6.4 Hz, o-H); I3C NMR (100 MHz, [D,]acetone): S = 86.3 
(d, arom. C), 88.1 (d, arom. C). 93.7 (d. arom. C ) ,  95.1 (d, arom. C), 96.8 (s, C-2). 
106.6(s,C-6a), 127.1 (d,m-C), 129.2(d, o-C), 129.3(d,p-C), 130.6(s,C-Za), 140.1 


1748 (m, keto CO)cm-'; (KBr): i = 3443 (w, br, OH), 3074 (m), 1985 (s, CO), 
1920 (s. CO), 1748 (s, keto CO), 1598 (w), 1583 (w), 1496 (m), 1448 (m). 1421 (w), 
1400 (w), 1334 (w), 1230 (w), 1190 (w), 1161 (w), 1132 (w), 1055 (w). 959 (w), 899 
(w). 827 (w). 773 (m), 741 (w), 702 (m), 663 (w), 646 (w). 604 (m), 522 (w)cm-'; 
MS (70eV, EI): m/z ( O h )  = 346 (4) [Mi], 290 (3) [ M +  - 2CO], 262 (13) 
[M' - 3C01, 244 (13), 234 (23), 165 (17), 53 (12) IS3Cr+], 52 (100) [5ZCr+]. 
C,,H,,CrO, (346.273: calcd C 58.96, H 2.92, Cr 15.02; found C 59.02, H 3.04, Cr 
14.98. 


T r i c a r ~ n y l ( ~ 6 - 1 , 2 d i - e x o - e t h y l - l , Z ~ i - e n d ~ h y d r n ~ y ~ ~ ~ y c l o b u t e n e ~ b r n ~ i u ~ ( o )  
(9): The red solution of 3 (385 mg, I .43 mmol) in diethyl ether/THF (1 : I ,  100 mL) 
was added over a period of 5 h to a cooled ( - 78 "C) 0.87 M solution of ethylmagne- 
sium iodide (16.1 mL, 14.0 mmol). The orange-yellow solution obtained was stirred 
at -78°C for a further 16 h and then hydrolyzed with 2h1 aqueous hydrochloric 
acid (10 mL). Workup provided a mixture of the mono- and diaddition products 
(1 : 1, NMR). This mixture was added to a solution containing ethylmagnesium 
iodide (10.0 mmol) at -78 "C as in the described procedure. Aqueous workup and 
column chromatography (200 x 30 mm, diethyl ether:pentane = 2:l )  gives 9 
(284mg, 0.87mmoL 60%) as a yellow solid. M.p. 102°C (decomp.); 'HNMR 
(200MHz, [D,]acetone): 6 =1.13 (t. 6H, CH,, 'J(H,H) =7.8Hz), 1.86 (9. 4H, 
CH,), 5.38 f5.74 (AABB line system, 2 x 2 H ,  3(6)-H, 4(5)-H); "C NMR 
(50 MHz, [D,]acetone): 6 = 9.1 (q, CH,), 27.5 (t, CH,), 84.4 (s, C-1(2)), 88.7 (d. 
C-4(5)),93.0(d,C-3(6)), 123.8(s,C-2a(6a)),233.9(s,CO);IR(TTKF): i =1963(s, 
c o ) ,  1893 (% c o )  cm-'; (KBr): i = 3410 (w, br, OH), 3089 (w), 2970 (w), 2939 
(w). 2880 (w), 1969 (8, CO), 1880 (s, CO), 1514 (w), 1458 (w), 1399 (w), 1378 (w), 
1295 (w), 1263 (w), 1188 (w), 1147 (w), 1093 (w). 1052 (w). 821 (w), 756 (w), 710 
(w), 663 (m), 628 (m), 536 (w) cm-' ; MS (70eV. EI): m/z(%) = 328 (2S}[M+], 300 
(4) [ M I  - CO], 272 (31) [M' - 2C01, 245 (17) [ M i  - 3C0 ,  "Cr], 244 (76) 
(M' - 3C0, '*Cr], 226(32), 158 (82), 143 (37). 129 (24), 128(28), 53 (12) [53Cr'], 


(S,~~SO-C),I~~.~(S,C-~),~~~.~(S,CO);IR(THF):S =1984(~,CO), 1919(s,CO), 


~ ~~ ~ 
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52 (100) [5ZCrtl; ClSH16CrOS (328.31): calcd C 54.87, H 4.92, Cr 15.84; found C 
54.86, H 5.00, Cr 15.73. 


T r i c a r b o n y l ( ~ 6 - 1 , 2 ~ - e ~ ~ ~ t h o x y c s r b o n y ~ m e t b y ~ e ~ - l , ~ i - e ~ ~ ~ b y ~ o x y b e n z ~ y -  
clnbutei)e)chromium(o) (10): TO a cooled {-- 78°C) solution of lithium 
bis(trimethy1siIyl)amide (1.983 g, 12.14 m m o l j  in THF (50mL) ethyl acetate 
(1.070 g, 12.14 mmol, 1.1 9 mL) was added. The resulling ester enolate solution was 
stirred for 15 min at - 78 "C and then ?rea!ed with 3 (814 mg, 3.04 mmol) in THF 
(40 mL) Over a perfad of I h. After being stirred for a further 30 min the yellow 
solution was hydroiyzed at -78°C by addition of 7hi aqueous hydrochloric acid 
(10mL). Aqueous workup yieIded a yellow solid, which was recrystallized from 
dichlorornechane to afford I 0  (i.f9U g, 2.68 rnrnol, 88%) as a yellow powder. M.p. 
128°C; 'HNMR (200MHz. [DJacetone): 8' =1.27 (t, 6H, CK,, 31(H,H) 
~ 7 . 0  Hz), 1.99 (s. 4H, CH,), 4.19 (q* 4H, CH,CH3. 5.43 t5.89 (AAEB' Iine 
system, 2 x 2 5 ,  3(6)-H. 4(5)-H): "C NMR (50 MHz, IDJaeetone): 6 = 14.5 (q, 
CHd, 39 7 (1, CHJ, 61.2 N ,  CHICK,), 81.8 (s,  C.1(2)), 90.1 (d. C-3(6)),  93.4 (d. 
C-YS)), 122.6 (s, C-2aj6a)), 171.0(s, CH,CO), 233.8 (s, CO); IR (THF): 5 =I973 
(s, CO), 1896 is, CO), 1740 (m, ester CO) cm-' ; (KBr): i = 3326 (m, OH), 3097 
(~,),2985(~),2940(w), 199O(s,CO), 188O(s,CO), L733(s,esterCO), 17jS(s,ester 
CO), I514 (w), i46S ( w ) ~  1432(w), 1375 (m), 1347 (m), 13lZ(m), (239 (s,CO), 1204 
(s,CO), 116S(m), 1143 (mi, ¶I21 (m), 1029(m), 897 (w). 852(w), 825(w), 793(wj, 
668 (m),627 (s), 532 (m) cm-'; MS (70eV, El): m/z (%) = 444 (14) ( M ' ] ,  388(17) 


iCH,)], 2-56 (2@, 195(17), 53 (12) [53Cr+], 52 (100) [52Cr+J; C,,H,,CrO, 
(,444.39): calcd C 51.35, H 4.54, Cr 11.90; found C 51.22, H 4.57, Cr 11.68. 


1,2-Di(ethox~carbonyirnetbyleoe)-l,2-dibydroxybenzocycIobutene (1 1): A mixture of 
lithium bis(trimethy1silyl)amide (653 mg, 4.00 mmol) and ethyl acetate (352 mg, 
4.00 mmol) in THF (20 mL) was stirred for 15min at -78°C. A solution of 1,2- 
dioxobenzocyclobutene (I, 132 mg, 1.00 mmol) in THF (25 rnL) was added drop- 
wise at -78 "C, and the resulting solution was stirred for a further 30 min. Hydrol- 
ysis with 7M aqueous hydrochloric acid (20mL) and workup afforded pure 11 
(262 rng, 0.85 mmol, 85%) as a mixture of diastereomers (cis-1l:frans-11 = 5:4, 
NMR). Crystallization from diethyl etherjpentane (l:l, 10mL) gave ri.1-11 
(134mg, whitesolid,m.p. 77"C,dc = 90%(NMR))and from-11 (128mg,colorless 
oil, de = 80% (NMR)); cis-11: 'H NMR (200 MHz. CDC1,): 6 = 1.32 (t, 6H, 
,J(H,H) =7.2 Hz, CHd,  2.90 (s, 4% CH,), 4.25 (4, 4H, CH,CH,), 7.36 (m,4H, 
3(6)-H,d(S)-Hj; "CNMR(5UMHz, CDC1,):d =14.O(q, CH,),39.4(t,CH2), 60.8 
(t, CH,CH,), 81.4 (s, C-l(2)), 123.1 (d, C-4(5)), 130.0 (d, C-3(6)). 147.0 (s, C- 


[M' - 2C01, 360 (30) [ M +  - 3C01, 343 (34, 342 (76) ( M +  - (CH,COIEt 


2a(6a)), 171.2 (s, CO); trans-11: 'HNMR (200MHz, CDC1,): b = I 2 5  (t. 6H, 
CH,,3J(H,H) =7.2H~),2.99(~,4H,CH,),4.17(q,4H,CH,CH,),7.30(m,4H, 
3(6)-H, 4(S)-H); I3C,NMR(SO MWE, CDC1,): 6 = 13.9 (q, CHJ, 40.2 (I, CH2},60.9 
(t, CH,CH,,), 83.1 IS, C-1(2)), 122.4 (d, C-4(5)), 129.9 (d, C-3(6)), 145.1 (s, C- 
za(6a)),173.4(s,CO);IR(KBr): ? =  3368~111~' (~,OH),307Z(w),2981 (m),2934 
(w), 2905(w), 1734(s,esterCO),1459(~),1370(m), 1329(m), 1219(s,CO), 1175 
(m), I088 (rn, CO), 1039 (w}, 1021 (w) ,  938 (w), 895 (w), 772 (wj, 752 (w), 653 (w), 
557 (w); MS (70 eV, C! (NH,)): ml-. (%) = 326 (100) [M + tNH,], 291 (40), 280 
(23), 238 (30); C&,,,O, (308.34): calcd C 62.32, W 6.54; found C 62.07, H 6.55. 


Reaction of t t i c d r 6 o n y ~ ( ~ 6 - 2 - e ~ - h y d r o x ~ - ~ ~ x o - 2 - e ~ u - ~ b e ~ y l ~ ~ ~ y c ~ o b ~ ~ e ~ ~ ~  
chromiuro(a) (7) with phenyimagnesium bromide: A solution of 7 (347rng, 
1.00 mmol) in diethyk ether/THF ( J  : I ,  LOOmL) was added to a cooled (-78°C) 
0.52~solutioaofphenylmagnesium bromide(t1.6 mL,6.00 mmot)overa periodof 
6 h. Tbe resulting brown solution was warmed to - 5 "C over a period of 16 h, then 
cooled to -78°C and hydrolyzed with aqueous 2hl hydrochloric acid (20mL). 
After workup, the brown oil was crystallized from acetone to afford 1,3- 
diphenylisobenzoiurane (108 mg, 0.40 mmol, 40%. identified by comparison of the 
NMR spectra with those obtained from commerc~ally available material). 


General procedure C for the double nucleophific addition of alkenyllithium derivatives 
to 3 and subsequent double anionie oxy-Cape rearrangement: A solution of 3 in 
diethyl ether/THF (I : 1) was added lo a cooled (- 78 "C) solution of the alkenyllithi- 
urn derivative (6 equiv) over a period of 6 h. The resulting intensely dark red solu- 
tion wds stirred for a further 16 h at -78°C before hydrolysis was carried out by 
owe of two different procedures: a) A 2u aqueous sotution of hydrochloric acid 
(10 mL) was added at ~- 78°C. b) Oneequivalent (with regard to the amount of the 
alkenyllithium derivative) of trifluoromethanesulfonic acid was added at - 78 "C. 
Aqueous workup was carried out in both cases according to general procedure A 
above. 


T r i e a r ~ ~ ~ ~ 6 - 6 , 7 , % , ~ ~ ~ ~ a ~ y d ~ ~ ~ ~ ~ y c ~ c ~ ~ ~ S , ~ ~ i o n ) c ~ t ~ m i ~ o )  (14) : 
General procedure C was used with 3 (421 mg, 1.57 mrnol) in diethyl ether/THF 
(f : 1.12OmL}, a 0.48 M vinyllithium solution in THF(2O mL, 9.6 mmol), hydrolysis 
according Lo method (a). The crude oily product was crystallized from a concentrat- 
ed soilltion in acetone at - 30/ -78 "C. After recrystallization from diethyl ether. 14 
was obtained as orange-red needles (442 mg, 1.37 mmol, 87%). M.p. 145 - 146°C; 
'HNMR (.200rjlHz,ID,]acetone): 2 =I.% (m,4H,7(8)-H), 2.73(m, 4H, 6(9)-H), 
5.87 (m, 4H, 1(4)-H, 2(3)-H); NMR (50 MHz, [Da]acetone): 6 =25.3 (t, C- 
7(S)), 41.3 (t. C-6(9)),93.3 (d, C-1(4)), 93.8 (d, C-2(3)), 105.4 (s, C-4a(lOa)), 202.3 
(s, C-5(10)).231.7(s,CO);IR(THF):i =1984(s, CO), 1919(s,CO), 168Z(m,keto 
CO) cn-'; (KBr): 7 = 3087 (w), 2976 (w), 2948 (w), 2902 (w), 2872 (w), 1977 


(s.C0),1921 (~.CO).1894(s,CO),1679(s,ketoCO),1456(w), 1318(wj,1260(m), 
1214 (w), 1189 (w), 1145 (m), 1092 (w). 99B (w), 933 (w), 666 (m), 648 (m), 61s 
(mjcm-';MS(70eV, E l ) : m / z ( % ) =  324(12)[Mt], 268(8)fM' -2C0],241 
(25) [M' - 3CO. '"Crl, 240 (100l IM' - 3C0, "Crl, 53 (9) IS3Crtl3 52 (71) 
["Cr']. C,,fi,,CrO, (324.27): calcd C 55.56, H 3.74, Cr 16.04; found C 55.66, H 
3.79, CF 16.12. 


~ ~ c a r b u o y l ( ~ 6 - ~ 7 ~ 9 - ~ t r a h y d r c - b m e ~ h y l b ~ ~ o ~ y c l o o c t e ~ ~ 5 , ~ ~ ~ i ~ ~ ~ ~ ~ h r o -  
miurn(o) (15): General procedure C was used with 5 1220 mg, 0.82 rnrnoi) in dielhyl 
etherlTHF (1 : 1, 70 mL). a 0.58 M solution al2-propenydithiurn in THF (9.9 z n L ,  
5.74 rnmof) diluted to a volume of 20 mL, hydrolysfs aceording to procedure {a). 
Chromatogrdphy of the crude product (250 x 30 min. diefhyl ether:pentaoe = 2: 1) 
provided (5 (165 mg, 0.49 mmo4 60%) as a red oil (de>90% (NNMR)). 'H NMR 
(200 MU7, [Dejacekme): 8 = 1.21 (d. 3 H, CH,, 'J(H,H] = 6.6 Hz), f A 5  (m, 2 H ,  
7-H/8-Hf3 2.10 im, 2 H ,  7-H/X-H), 2.60 (m, 2H. 9-H), 3.02 (m, 1 H, 6-R),  5.60 (d, 


'4H.H) = 6.4 Hz, 2-H or 3-H), 6.01 (dd, 1 H, '1W.H) = 6.1 Hr,  ' J  = 6.4 Hz, 2-H 
ot 3-H). 6.08 (d, 1 H, 3J(H,H) = 6.4 Hz, 1-H or 4-HI; "C NMR (50 MHz, 
[D&etone): d = 15.1 (4, CH,), 23.2 (i, C-7 or C-S), 31.6 (t, C-?or C-8). 39.0 (t, 
C-9). 46.2 (d. C-6). 91.5 fd, C-1 or C-4), 92.9 (d. C-l or C-4). 94.5 (d, C-2 or C-3), 
94.6(d, C-2orC-3). 97.1 (s, C-4a orC.lOa), t 15.4 (s, C-4a or C-lOa), 199.8 ( s ,  C-5 
or C-10). 207.7 (s, C-S or C-lo), 231.8 (s, CO); IR (THF): G = 1980 (s, CO), f9tl 
(s. CO), 158D (m, keto CO) cm- ; (KBr): V - 3082 (w}, 2930 (w), 1983 (s, CO), 
1906 (s. CO),  1677 (s, keto CO). 1592 (w). 1456 (w), 1377 (w), 1276 (w). 998 (w), 
649 (m), 616 (mlcni-'; MS (70eY EIj: m/z (%) = 338 (14) [M' j ,  282 i l l )  
[M' ~~ 2C0],255(20)\Mt -3CO,"Crl,254(~9~[1Mf -3CO,"Crj,252(22), 
172 (13). 53 (I2)["Cr'], 52 (IOO)['ZCr'). c,,Ht,CrO, (338.30): calcd C 56.80, H 
4.18. Cr 15.37; found C 56.69. H 4.23, Cr 15.24. 


Reactions of 3 with 2-propeoyllithium: 
I .  General procedure C was used with 3 (423 mg, 1.58 mmol) in diethyl ether/THF 
(1 :1, 80 mt), a 0 . 3 4 ~  solution of 2-propeny!lIthium in diethyl ether (32.5 mL, 
11.04 mmol), hydrolysis according to procedure (a). Consecutive treatment of the 
crude product (red oil) with dichloromethane (2 mL) and diethyl ether (2  mL) pro- 
vided 16 (238 ng). Solvent was removed in V ~ C U O  from the combined washing 
solutions, and the residue was chromotographed (280 x 20 mm, ethyl ace- 
ta1e:pentaoe = 1 :3)  lo gne  cis-17 (21 mg, Rf = 0.47), 16 (31 mg, R, = 0.36), and 
trans-17 (59 mg, R( = 0.29). Yield: 16 (269 mg, 0.76 mmol, 48 %) as an orange solid, 
trans-17 (59 mg, 0.17 mmol, 10%) as an orange oil, and cis-17 (21 mg, 0.06 mmol, 
4 %) as a red oil. 
2. General procedure C was used with 3 (287 mg, 1.07 mmol) in diethyl etherjTHF 
(111, 50 mL), a 0 . 4 5 ~  solution of 2-propenyll1thium in diethyl ether (lSmL, 
6.75 mmol), hydrolysis according to procedure (b) with trifluoromethanesulfonic 
acid (1.013 g, 6.75 rnmol). Chromatography of the crude product (200 x 30 mm, 
ethyl acetate:peotane = 1 3 )  affords cis-17(40 mg, 0.1 1 mmoi, 11 YO, R, s 0.25). 16 
(30mg, 0.09mno1, 8%, Rf = 0.18), and trans-17 (lfOmg, 0.31 mmol, 29%, 
R, .= O.f 3). 


T r i ~ a c b o n ~ ~ ~ - 1 , 2 , 3 , 3 a ~ ~ ~ ~ r o - 3 a - e ~ ~ ~ ~ ~ ~ 1 0 ~ y - 3 , 8  a~-enda-methylcyclopen- 
ta-lal-inden-~~a)~ne)~r~mium(cf (16): M.p 188 "C: 'H NMR (400 MHz. 
CD,CI,): d =1.15 (d, 3H, 'J(H,H) = 6.8 Hz, CHCH,), 1.39 (s, 3H, CCH,), 1.65 
(m. 2H. I-K1, 2.77 (m, 1 H, 2-H or 3-K), 1.93 (m, 2H, 2-H or 3-H), 2.17 (s, IH,  
OH), 5.44 (m, 1H, arom. ff). 5.69 (m, 3H, arom. H); "C NMR (lOOMHz, 
[D,lacetone): 8 = 13.2 (4. CH,), 23.4 (4. CH,), 33.3 (t, C-1). 36.4 (t. C-2),49.0 (d, 
C-3),61.8(s5,C-8a), 85.5(s,C-3a),86.?(d,C-4crC-?),87.5(d,C-4orC-7),93.5 
(d, C-5 or G 6 ) ,  95.3 (s, C-7a) 96.4 (d, C-5 or C-6), 129.8 (s, C-3b), 208.4 (s, C-S), 
232.2(s, CO);IR(THF).? =1979(s,CO), 1910(s,CO), 1718(rn,ketoCO)cm-'; 
(KBr): i. = 3450(w. br,OH),3085(w),2973(~),2958(~),2926(w),2869(~), 1984 
(s, CO), 1912 (s. CO), 1895 (s, CO), 1687(m, keto CO), 1522 (w), 1424 (w), 3378 


656(m). 618(rn). 531 fw) cm- ' ; MS (70 eV, EJ): rn/z(%) = 352(16)[Mf],296(15) 
[M' - 2COj,269(30)fM1 - 3 ~ 0 , s 3 C ~ ~ , Z 6 8 ( ~ 0 0 ) [ ~ ~ ~  - 3C0,.f2Cr],238(34), 
52 14) [J2Cr+l.  C,,H,,CrO, (352.33): calcd C: 57.95, H 4.59, Cr 14.76; found C 
57.81, H 4.61. Cr 14.87. 


IH,  JI(H,H) -6.1 Hz, 1-H 01 4-H), 5.74 (dd. j H ,  'J@f,H) 26.1 H2, 


h), 1293 (WL 1227 (w). 1202 (w). 1148 (w), 1033 (w), 999 tW), 97s (w), 834 (w), 


Tricarbaoyl(~'d,7,8,9-tetrahydrcr-~.ns-6,9dimetby~&~ocy~lo~te~-5,1~- 
dione~chrornium(a)(~runs-17): 'H NMR (200 MHz,CD,CI,):6 =f.lS(d, 3H, CH3, 
'J(H,H) = 6.4 Hz), 1.26 (d, 3H, CH,, 'J(H,H) = 6.4Hz), 1.58 (m, i H ,  7-H or 
8-H), 1.90 (m7 ZH, 7-H, 8-H), 2.21 (m, IH, 7-H or 8-H), 2.76 (m, 2-H, 64 ,g -U) ;  
5.29 (d, I H ,  l-H or 4-B, 'J(H,H) - 6.2Hz), 5.40 (dd, f H, 2-H or 3-H, 
' J ( H , H )  = 6.4 Hz, 3J(H,H) = 6.2 Hz), 5.68 (dd, IH, 2-H or 3-H, 
3J(H,H) = 6.2 Hz, 'J(H,H) = 6.4 Ez), 6.071~3, I-H Or4-H, 3J(H,H) = 6.4 Hz); 'T 
NMR (100 MHz, [D,]acetone): 6 =14.1 (4, CH,), 17.0 (q, CH,), 29.8 (t, C-7 or  
C-8), 31.4 (t, C-7 or C-8). 31.1 (p. C-6 or C-9), 46.4 (xi, C-6 or C-9), 90.4 (d, C-2 or 
C-3),91. I (d, C-I or C-4),  92.9 td, C-f orC-4), 93.5 (d, C-2 or C-3), 95.3 (s, C-4a 
or C-IOa), 114.5 (s, C 4 a  or C-lOa), 202.0(s. C-5 or C-lo),  207.1 (s, C-5 or C-10), 
230.8(s, CO); IR(THF): b =1984(s,CO),1919(s,CO), 1684(m, ketoCO)cmrl; 
(KBr): V = 3087 (w), 2973 (w), 2937 (w), 2874 (w), 1981 (s, CO), 1909 (s,  CO), 1682 
(s,ketoCO), 1507(w), 1459(m), 1377(w),1337(~),1194(m)~1103(w),1031 (w), 
994 ( w ) ,  961 (w), 937 (w). 906 (w), 836 (w), 756 (w), 651 (m), 615 (m), 524 
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(w) cm-', MS (70eV, EI}: m/z (%) = 352 (12) [M+] ,  296 (11) ( M i  - ZCO]. 269 
(22) [M' - 3 C 0 ,  5JCr], 268 (88) [M' - 3C0, "Cr], 266 (55). 53 (11) ["Cr'], 52 
(100) IS2Cr+l. C,,H,,CrO, (352.33): calcd C 57.95, H 4.59, Cr 14.76; found C 
57.82, H 5.06, Cr 14.18. 


T r i c a r b o n y l ( ~ 6 6 , 7 , 8 , 9 - t e t r ~ y d r o - 6 , 9 - d i - e n ~ - m e ~ h y l ~ ~ ~ y c l ~ c t e n e - ~ , l ~ ~ o n e ) -  
chromium(o) (eis-17): 'HNMR (200 MHz, [DJacetone): 5 =1.28 (d, 6H, CHI, 
3J(H,H) =7,0Hz),  1.71 (m, 4H, 7(8)-H), 2.90 (m, 2H, 6(9)-H), 5.77 + 5.93 
(AABB' system, 2 x 2K, $(4)-H, 2[3)-H). 


T r \ c a r b o n y \ l r 6 - 7 , 8 ~ ~ ~ y d ~ ~ ~ ~ ~ e ~ ~ y ~ ~ , ~ ~ ~ s ~ t ~ m e ~ y ~ ~ y l o x y ) ~ ~ ~ y c ~ ~  
octenejchromium(o) (23): General procedure C was used with 3 (290 mg, 1.08 mmol) 
In diethyl ether/THF (1 :1,70 mL), a 0.65 M solution of 2-propenyllithium in diethyl 
ether (9.96mL, 6.48 mmol), diluted with THF (IOmL), but instead of hydrolysis 
trimethylsilyl trinuoromethanesulfonate (8.05 g, 36.2 mmol) was added at -78°C. 
The resulting solution was stirred for 3 h at -4OoCc, then cooled to -78°C and 
treated with triethylamine (20 mL). Workupincluded extraction of the organic layer 
with a saturated aqueous solution of NaHCO, and water, drying over MgSO, and 
solvent removal in vacuo. The residual hrown oil was chromatographed 
(230 x 30 mm, ethyl acetate:pentane = 1 12) toprovide 23as an orangesolid. which 
was recrystallized from diethyl ether to give23 (322 mg, 0.65 mmol. 60%) as yellow 
needles. M.p. 132°C; 'HNMR (200 MKz, CD,C1,): d = 0.10 (5. IRK, Si(CH,),), 
1.17 (S, 6H, CH,), 2.13 i 3.21 (AABB' line system, 2 x 2H, endo-7(8)-53> exu-7(8)- 
H),5.38 + 5.81 (AA'BB'Linesys(em,Z*ZH. 1(4)-H,2(3)-H):lJCNMR (SOMHz, 
[DJacetone): 6 = 0.8 (9. Si(CH,),), 19.8 (q, CH,). 33.5 (t. C-7(8)). 93.0 (d, C-1(4)), 
96.1 (d, C-2(3)), 111.4 (s, C-4a(lOa)), 123.5 (s, C-6(9)), 138.7 (P. C-5(10)), 234.0 (s, 
CO); 1R (THF): i~ =I964 (s, CO), 1889 (s, CO) cm-I; (KBr): t = 2958 (m), 2930 
(m),2860(m),2831 (m). 1968(s,CO),1877(s,CO). 1660(w), 1450(m), 1375(w), 
1278(m),1256(s), 1214(m), 1197(s),1163(m), 1142(m), 1107(~),1047(w),1014 
(w), 957 (w), 874 (S), 843 (5). 756 (m), 724 (w). 673 (m), 659 (m). 628 (s), 515 
(mjcm-'; MS (70 ev, EI): m/z (%) = 496(22) [M'],  413 (42) [ M "  - 3C0,  sJCrI, 
412 (100) [Mt - 3C0,  "Cr], 322 (61) [M' - (3CO + C,H,,OSI)], 232 (533 
[M' - (3CO+2C,H,,OSi)], 199 (2s). 182 (26). 167 (25). 126 (33), 73 (64) 
[C,H,,OSi'1, 52 (56) fiZCr*]. C,,H,,CrO,B, (496.75): cald C 55.61, tf 6.51, Si 
11.31, Cr 10.47; found C 55.65, H 6.57, Si 11.24, Cr 10.35. 


Tricarbonyl(q6-I,2,3,4 a-tetrahydro-3 a-anrlo-hydroxy-3,8 a-di-en8o-pbenylcyclopen- 
taluFDden-g(sa)-one)chromi~t0) (18): General procedure C was used with 3 
(350 mg, 1.31 mmol) in diethy1 ether/THF (1 :1, 80 mL), 1-Iithio-1-phenylethene 
(9.14 mmol) in 20 mL of diethyl ether, hydrolysis according to procedure (a). Chro- 
matography of the crude product (30x 220 mm, diethyl ether:pentane 5 1  : I )  af- 
forded 18 (186 mg, 0.39 mmol, 30%) as an orange powder. M.p.212"C; 'HNMR 
(ZOO MHz, [DJTHF): 6 = 2-14 (m, 1 H, I-H or 2-H), 2.41 (m, 2H. 1-H. 2-H), 2.78 
(m. 1 H, 1-H or 2-H), 2.99 (5. 1 H, OH), 3.09 (dd, 1 H, 3-H. 'J(H,H) 2 3.3 Hz, 
'J(H,H) =12.5 Hz),4.97(d, 1H.4-Hor7-H,3J(H,H) = 6.1 Hd35.42(dd.lH.5-H 
or 6-H, '&H,H) = 6.1 Hz. 3JfH,ti) = 6.4Hz)). 5.65 (dd, I S ,  5-H or 6-H, 
3J(H,H) = 6.1 Hz, 3J(H,H) = 6.4 Hz). 6.09 (d, I H ,  4-H or 7-H, '4H.H) 
= 6.4 Hz), 7.30 (m. ]OH, phenyl H): " C  NMR (50 MHz, [DJTHF): 6 = 35.0 (I. 
C-1 or C-2). 39.4(t. C-1 or c-2), 61.3 (d .  C-3,). 70.9 (s, C-8a). 83.9 (d, arom. C), 
86.5(s,C-3aorC-7a),89.7(d,arom.C),90.7(d,arom.C),95.4(s,C-3aorC-7a), 
97.3(d,arom.C).127.7(d,p-C), 127.9(d,p-C),f28.4(d,o-Corm-C),128.6(d,o-C 
or m-C), 129.7 (d, 0-C or rn-C), 130.1 (s, C-?b), 130.9 (d, 0-C or m-C), 138.0 (s, 
ipso-C), 142.6 (5, ipso-C), 204.0 (s, C-B), 231.3 (s, CO); IR (THF): ? = 1980 (s, CO), 
190S(s,C0),1714(m,ketoCO)cm-';(KBr):'v = 3450(w,br,OH),3064(~),3029 
(w), 2968 (w), 2930 (w), 1978 (s, CO), 1902 (s. CO), 1708 (s, keto CO). 1602 (w). 
1517(w), 1496(w), 1449(w), 1377(w). 1321 (w), 1262(w), 1205(w). 1101 (w). 1029 
(w), 910(w), 773 (w), 756(w), 700(m), 654(m), 612 (m), 527 (w) cm- ' ; MS (70 ev, 
~l) :n7/z(%)=476(9)tM'] ,420(1)[Y~ -2CO],393(44)IM' -3CO. 5JCr], 
392 (100) fM+ - 3C0,  5*Crl, 52 (78) vZCr+]. HRMS for C,,H,,CrOs: calcd 
476.07379; found 476.07269. 


Reaction of 3 with cyclopentmyllithium: 
1. General procedure C was used with 3 (498 mg, 1.86 mmol) in diethyl ether/THF 
( I  : 1, 105 mL), a 0.51 M solution of cyclopentenyllithium in diethyl ether (24 mL, 
f2.3 mmol), hydrolysis according to procedure (a). The crude product is chro- 
matographed (200 x 30 mm, ethyl acetate:pentane = 1 :4) to afford 19 (165 mg, 
0.41 mmol, 22%, R, = 0.44) and trans-20 (153 mg, 0.38 mmol. 20%, R, = 0.34), 
both as red oils, which can be crystallized from dichloromethaneihexane. 
2. General procedure C was used with 3 (417 mg, 1.56mmoI) in diethyl etheriTHF 
( f  : I ,  100 mL), a0.57M solution ofcyclopentenyliithium in diethylether (16.4mL. 
9.3 mmol), hydrolysis according to procedure (b) with trifluoromethanesulfoflonic 
acid (1.426 g. 9.5 mmol, 0.84 mL). The crude product was chromatographed 
(23Ox30mm, ethyl acetate:pentane =1:4) to give 19 (57 mg, 0.14 mmol, 9%), 
cis-20 (62 mg. 0.15 mniol, 10%. R, = 0.41) as a red oil, and Irons-20 (169 mg, 
0.42 mmol, 27%). 


Tricarbony1{q6-l,2,3,3 a,3 b,4,5,6,6 a,6 b-decahydro-6 b-endo-hydroxy-end#-cycb 
penta-15,6l-enrlo-pentaleno-14,5-crl-inde~J 101 u)-one)chromium(O) (19): M.p. 
166°C: 'HNMR (400MHz, CD,CI,): b =1.62 (m, 4H, aliph. H), 1.86 (m, 6H, 
aliph. H), 2.01 (m, 1 H, aliph. H), 2.09 (m, 1 H, aliph. H), 2 20 ( e ,  1 H, OH), 2.55 (m, 
2H,aliph.H),2.80(m,1H,aIiph.H),5.44(dd,tH,8-H0r9-H,~~(H.H) 5 5.8 Hz, 


' J  = (H,H) 5.8 Hz), 5.63 (d, 1 H, 7-H or 10-H, 34H,H)  = 5.8 Hz), 5.65 (dd, 1 H, 
8-H or 9-H, 'J(H,H) = 5.8 Hz, 3J(H,H) = 6.4 Hz), 5.72 (d, 1 H, 7-H or 10-H, 
'J(H,H) = 6.4 Hi); ',C NMR (100 MHz, \D6)acetone): d = 26.2 (t, aliph. C), 27.4 
(t. aliph. C), 28.5 (t, aliph. C), 30.0 (t, aliph. C), 31.5 ( t ,  aliph. C ) ,  36.1 (t. aliph. C), 
49.4(d, C-3aorC-3b),S2.3(d,C-3aorC-3b),61.1 (d,C-6a),76.4(s,C-lta),85.5 
(s,C-6b),86.6(d,C-7orC-10),87.8(d,C-7orC-10),87.8(d,C-8orC-9),95.8(~, 
1Oa),93.2(d3 C-8 orC-9), 131.7 (s, C-6c),208.4(s, C-ll), 232.2(s.C0); IR(THF): 
i. =I979 (s, CO), I911 (s, CO), 1712(m, keto CO) cm-'; (KBr): ? = 3486(w, OH), 
3086 (w). 2951 (w). 2924 (w), 2872 (w), 1979 (s, CO), 1919 (s, CO), 1899 (s, CO). 
1690(m,ketoCO). 1521 (w) ,  1449(w), 1427(w), 1328(w), 1283 (w), 1228(w), 1192 
(w), 1090 (w). 1049 (w), 827 (w), 652 (m), 617 (m), 535 (w) cm' ' ; MS (70 eV, El): 
ml'z (%) = 404 (11) fM+l,  448 (9) [M' - 2CO],321 (26) [M+ - 3C0, Y r ] ,  320 
( lOo)[M+ - 3C0 ,  "Cr], 52(73) [r2Crt]. C,,H,,CrO, (404.41): calcdC 62.36, H 
4.99, Cr 12.86; found C 62.28, H 5.04, Cr 12.94. 


Tri~arbooyl(~~-1,2,3,3 a,3 b,4,5,6,6 a,lt adecnhydro-3n,3b,6a-endo-12 a-exodicy- 
clopent~lllJ)benz~yclwctene-7,12dione)) (trans-20): M.p. 195 "C; 
'H NMR (400 MHz, CD,CI,): S = 1.51 (m, 4H, aliph. H), 1.65 (m, 1 H, aliph. H), 
1.78(m,3H,aliph.H),1.89(1~1, tH,aliph.H),2.07(m,2H,aliph.H),2.3O(m,lH, 
aliph. H), 2.53 (m, IH, aliph. H), 2.58 (m, I H ,  aliph. H), 2.87 (m. lH ,  6a-H or 
I2a-HI. 3.45(m,IH,6a-Horf?a-H),S.03(d,8-Hor 11-H,'J(H,H)=6.0Hz). 
5.38(dd, IH.9-Hor 10-H, 'J(H,H)=6.0Hz, 3.i(H,H)=6.4Hz), 5.61 (dd, IH, 
9-H or LO-H, 'J (H,H)  =6.UHz, 'J(H,H) = 6.4Hz), 6.17 (d, l H ,  8-H or 11-H, 
,J(H.H) = 6.4 Hz); "C NMR (I00 MHz, CD,CI,): d = 22.9 (t, aliph. C), 24.3 (t, 
aliph. C ) ,  27.0 (t, aliph. C), 29.5 (t, aliph. C), 29.6 (t. aliph. C), 34.1 (t ,  aliph. C ) .  
45.2 (d. C-3a or C-3b), 47.4 (d. C-3a orC-3b), 57.1 (d, C-6a or C-l2a), 89.4 (d, 
C-8 orC-ll),90.5(d,C-9orC-10),91.8(d, C-8orC-l t ) ,92.0(~,  C-7aorC-lla). 
92.6 (d, c -9  or C-IO), 120.8 (s, C-7a or C-11 a), 198.3 (s, C-7or C-12), 208.2 (s, C-7 
or C-121, 230.8 (s, CO); IR (THF): i =I984 (s, CO), 1919 (s, CO), 1683 (m, keto 
C0)cm-';(KBr): i =  3085(w),2955(m), 2871 (m), 1973(s,CO),1902(s,CO), 
1682(s, ketoCO), 1506(w), 1439(w), 1365(w),1341 (w), 1284(w), 1248(w), 1181 
(m), 1049(w), 987(w),834(~),651 (~),619(~),523(m)cm-';MS(70eV,EI):m/z 
(Sb) 2 404 (10) [Mi]., 348 (11) [M' - 2CO], 321 (28) { M i  - 3CO. 5JCfl, 320 
(100)IM' - 3C0, SZCrl. 52(48){52Cr+~.C2,H20C~051404.41): cakdCbZ.36, K 
4.99, Cr 12.86; found C 62.32, H 5.02, Cr 12.69. 


Tricarbonyl(q*--1,2,3,3 a,3 b,4,5,6,6 a, 12 a-decabydro-3a,3 b,6 a,12 a-endo-dicyelopen- 
t a ~ d f l b e n ~ ~ y c l o o e ~ ~ 7 t w e = ) , l z d i o n e ~ h ~ o ~ ~ ~ o ~  (cis-20):  'HNMR (400MH2, 
CD,CI,): d = 1.76 (m, 6H, aliph. H), 1.92 (m. 6H, aliph. H), 2.27 (m, 2H, aliph. 
H), 2.76 (m. 2H, aliph. H), 5.55 + 5.75 ( A A B B  line system. 2 x 2 H ,  8(11)- 
H + 9(1O)-H); "C NMR (100 MHz, CD,CI,): 6 = 22.7 (t, aliph. C), 27.5 (t, aliph. 
C),28.8(1, ahph. C), 46.4@, C-3a(3by), 54.8 (d, C-ba(l2a)), 92.1 (d, C-8(1r)), 93.2 
(d. C-9(1 O)), 103.0 (s. C-7 a( 11 a)), 202.3 (s, C-7( 12)), 230.7 ( s ,  CO) ; MS (70 eV): m/z 


(100) [M' - 3CO. '*Cr]. 318 (23). 52 (48) [52Cr']. 
(%) = 404 (11) (A!']. 34s (11) [ M  ' - 2C0], 321 (28) [M' - 3C0,  53CfI* 320 


Crystal structure determinations for truss-20: [35] Enraf - Nonius CAD-4 diffrac- 
tometer, Mo,, radiation, 1 s 0.71069A, graphite monochromator, T =  20°C. 
During data collection 25 standard reflections were periodically measured as a 
general check of crystal and instrument stability. No significant changes were ob- 
served, The structure was solved by heavy-atom methods (SHELX-86) and com- 
pleted by difference Fourier syntheses (GFMLX). Formula C,,H,,O,Cr. 
M ,  = 404.4 gmol", crystal color red, crystal size 0.35 x 0.35 x 0.28 mm, 
a = 8.153(1), b =16.328(2), c =13.827(f)A, = 91.88(1)", V =1839.7AJ, d,,,,, 


spacegroupP2,/c[no.l4],scanmodew - 26,20,,,  = S4.9,((sinB)/~]=00.65A-', 
4525 measured reflections ( k h ,  + k .  f 0, 4193 independent reflections, 
3453 observed reflections [f> 20(1)] for 304 refined parameters. H-atom positions 
calculated and kept fixed in the final stage of refinement, R = 0.038, R ,  = 0.048, 
residual electron density 0.38 e k J .  


- - 1.46 gcm- ,, p = 6.34 cm-', F(OO0) = 840 e, Z = 4, crystal system monoclinic. 


Trkarbonyl(q6-6,7,8,9-tetrahydro-7,7,8,&t- 
chromium(0) (21): General procedure C was used with 3 (487 mg, 1.82 mmol) in 
diethyl etheriTHF (1: 1,530 mL), a 0 . 3 8 ~  solution of 2-methyl-1-propenyllithium in 
diethyl ether/THF (I : 1,28 mL, 10.6 mmol), hydrolysis according to procedure (a). 
The crude product was chromatographed (230 x 30 mm, ethyl acetate:pentane = 
1.3) providing 21 (62mg, 0.16 mmol, 9%, purity 795% (NMR)) as a red oil. 
'HNMR (200MHz. CD,Cl,) of the dienol: d =1.97 (5, 6H, CH,), 2.18 (s, 6H, 
CH,), 5.46 t 5.60 (AABB' line system, 2 x 2H, 1(4)-H, 2(3)-H)), 6.32 (s, 2H, 6(9)- 
H); I3C NMR (50 MHz, (D,]acetone) of the dienol: 6 = 20.9 (q, CH,), 28.5 (q. 
CH,), 50.1 (s ,  C-7(8)), 93.0 (d, C-1(4) or C-2(3)), 93.1 (d, C-1(4) or C-2(3)), 109.8 
(s, C-4a(lOa)), 122.8 (d, C-6(9)), 158.2 (s, C-5(10)). 232.3 (s, CO); IR (KBr): 
F = 2964 (w), 2929 (w), 1978 (s, CO), 1898 (s, C O ) ,  1668 (m, keto CO), 1611 (m), 
1446 (m), 1377 (m). 1174 (w), 863 (w), 759 (w), 661 (m). 625 (mj cm- I ; MS (70 eV. 
El): m/z (YO)= 380 ( I )  [ M ' ] ,  322 (8) [ M *  -(CO+ 2CH,)], 294 (18)  
[M' - (2CO+2CH,)f ,266(l i ) IMt -(3CO +2CH3)],226(24),212(30),210 
(27). 53 (12) [53Cr'I, 52 (100) ["Crt]. 


Reaction of 6 with vinyllithium: A solution of 6 (188 mg, 0.64 mmol) in diethyl 
ether/THF ( l : lq  50 mL) was added to a 0.44~ solution of vinyllithium in THF 
(10.0mL, 4.4 mmol) at -78°C over a period of 4 h. The resulting green-black 
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solution was stirred at -78°C for 16 h, then hydrolyzed with hydrochloric acid 
(10 mL) and worked up. The "C NMR spectra of the obtained material shows only 
the signals of tricarbonyl[q6-l,2-bis(l -oxopropenyl)benzene]chromium(o) (29). The 
material was further purified by chromatography (200 x 20 mm, ethyl ac- 
etate:pentane = 3 :2) to afford 29 (32 mg, 0.10 mmol, 15%) as a red oil. 'H NMR 
(200 MHz, [D,]acetone): 6 = 5.86 + 6.02 (AABB line system, 2 x 2H, 3(6)- 
H + 4(5)-H), 5.91 (dd, 2H, (E)-9(12)-H, 'J(H.H) = -1.2 Hz, 'J,,,(H,H) 
= 10.3 Hz), 6.22 (dd, 2H, (Z)-9(12)-H, 34,ans(H,H) = 17.3 Hz), 6.84(dd, 2H, 8(11)- 
H); "C NMR (50 MHz, [DJacetone): 6 = 92.9 (d, C-3(6) or C-4(5)), 93.7 (d, 
C-3(6) or C-4(5)), 106.5 (s, C-1(2)), 130.1 (d, C-8(11)), 134.2 (t, C-9(12)), 189.8 (s, 
C-7(10)), 231.3 (s, CO); IR (KBr): i = 3083 (w), 2962 (w), 2928 (w). 1977 (s, CO), 
1898 (s, CO), 1691 (s, keto CO), 1603 (w), 1515 (w), 1426 (w), 1147 (w), 1095 (w), 
1051 (w), 1023 (w). 934 (w), 653 (m), 617 (m), 524 (w) cm-'; MS: Decomposition. 
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Molecular Dynamics with a Quantum-Chemical Potential: Solvent Effects on 
an S,2 Reaction at Nitrogen 


Haiyan Liu, Florian Miiller-Plathe and Wilfred F. van Gunsteren" 


Abstract: Solvent effects on an S,2 
reaction at nitrogen (Cl- + NH,Cl -+ 


ClNH, + Cl-) in dimethyl ether solution 
were studied by means of molecular dy- 
namics simulation with a combined quan- 
tum-chemical and molecular-mechanical 
potential. The energetics and geometrical 
parameters of the reaction in the gas 
phase, calculated by means of the semiem- 
pirical model PM 3 (the quantum chemi- 
cal part of the combined potential), were 
compared with ab initio calculations up 
to the 6-311+G**/MP2 and 6-311+ 
G(2d,p)/MP 2 levels of theory. Compared 


with the gas phase potential energy sur- 
face, the free energy profile of the reaction 
in dimethyl ether solution shows that the 
solvent makes the ion-dipole com- 
plex well shallower by approximately 
6.4 kcalmol-' and raises the height of the 
effective barrier from the complex to the 


transition state by about 2.2 kcalmol- '. 
The overall transition barrier between the 
separated reactants and the products 
is raised from 6.4 kcalmol-' to 
15.0 kcalmol-' upon solvation. The radi- 
al distribution functions between solvent- 
solute atom pairs at different stages of the 
reaction course were compared. Results 
show that better solvation of the charge- 
localised separated reactants is responsi- 
ble for the increase in the barrier height. 
Polarisation of the solute by its surround- 
ings is also discussed. 


Introduction 


While quantum-chemical methods can provide excellent de- 
scriptions of molecular systems in the gas phase (in a vacuum), 
they often fail to account for effects caused by an environment, 
such as a solvent, a surface or the active site of a protein. This 
happens because explicit treatment of all the atoms that form 
the environment quickly becomes prohibitively expensive as the 
size of the system increases. On the other hand, classical molec- 
ular simulation methods based on empirical force fields have the 
capability to treat effects of the environment, of finite tempera- 
ture as well as dynamic processes, and so on. However, since the 
force fields are empirical, they can be inaccurate and they may 
fail in circumstances for which they have not been designed or 
parameterised. One of the classic cases is the breaking and mak- 
ing of chemical bonds, their description not being included in 
standard force fields. 


The approach used in this article combines the best of both 
worlds in order to study a chemical reaction in solution. We use 
a hybrid scheme in which the reactants and the products are 
treated by quantum chemistry, whereas the solvent is described 
by a classical force field."' This hybrid method allows us to 
study the evolution of the system over several hundred picosec- 
onds by conventional molecular dynamics (MD) with the forces 


on the reactant atoms being evaluated by quantum chemistry. 
We have used this hybrid approach previously on the conforma- 
tional equilibrium of dimethoxyethane in solution.[ldI There, it 
was successful: it explained features that could not be explained 
by vacuum quantum chemistry nor by a continuum reaction 
field approach.[21 Details of the method are reported else- 
where."] 


In this paper, we investigate the model reaction (1) in the gas 
phase and in solvent (dimethyl ether, DME). We use con- 


CI- + NH,CI --* ClNH, + CI- (1) 


ventional ab initio quantum chemistry to calibrate the semiem- 
pirical method (PM 3L31) in a vacuum, which we then use in the 
hybrid MD scheme in solution. We report properties of statisti- 
cal -mechanical nature (for example the free energy profile 
along the reaction coordinate) as well as electronic properties, 
reflecting the ,dual origins of the method. 


Experimental and theoretical investigations have suggested 
an SN2 mechanism for nucleophilic substitutions at nitro- 
gen;[4* '] double labelling experiments with isotopes have yield- 
ed evidence for a classical S,2 transition state.[41 Gas phase ab 
initio quantum-mechanical calculations have been reported for 
the model reaction (2)[51 which show the same characteristics 


[*] W. E van Gunsteren, H. Liu, E Muller-Plathe 
Laboratorium fur Physikalische Chemie, Eidgenossische Technische Hoch- 
schule 
ETH-Zentrum, CH-8092 Zurich (Switzerland) 
Telefax: Int. code + (1)632-1039 
e-mail: wfvgn@igc.chern.ethz.ch 


F- + NH,F FNH, + F- (2) 


as SN2 reactions at carbon,[61 namely, formation of a 
complex and a symmetric transition state (barrier height 
= 24.0 kcalmol-' at the TZP+/CISD level of theory). SN2 re- 
actions at carbon in the gas phase and in solution have been 
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studied extensively.[63 ', It has been found that in solution the 
reactants are better stabilised by polar, protic solvents than the 
transition state, the charges on which are less localised.[6a] It has 
yet to be shown to what extent these findings apply to S,2 
reactions at nitrogen. 


Results and Discussion 


Ab initio calculations were carried out at the SCF/6-31 +G**, 
SCF/6-311 +G** and MP2/6-311 +G** levels of theory. The 
resulting geometrical parameters and relative energies for struc- 
tures shown in Scheme 1 are listed in Table 1. 


Harmonic vibrational frequencies calculated at SCF/6- 
31 +G** level show that complex 1 (with C, symmetry) is actu- 
ally a transition state for the migration of CI- between the two 
hydrogen atoms, with an imaginary frequency of 133i cm-'. 
This is quite similar to the F- . . . NH,F complex with the same 


Complex 1 Complex 2 Transition State 


Scheme 1. Different NH,CI; species. 


Table 1. Gas phase optimised geometrical parameters and relative energies of dif- 
ferent NH,CI; species (Scheme 1) at different levels of theory [a]. 


P M 3  SCF/ SCFI MP2/ 
6-31+G** 6-311+G** 6-311+G**[b] 


NH,CI + Cl-, separated reactants 
rN ~ CI 


T N - H  


3: CI-N-H 
3: H-N-H 
energy 


Complex 1 
I N  CI1 


I N  H 


IC12-H 


3:CIl-N-H 
3: H-N-H 
3: CI 2-H-N 
t C I l - N - C l 2  
energy 


Complex 2 
TN-Cll 


~ N - H I  


I"-HI 


3: H I-N-H 2 
3: N-H 2-CI 2 
3: CI I-N-H 1 
t C I l - N - H 2  


energy 


Transition state 


T N - H  


XCI-N-CI 
3: H-N-H 
3: CI-N-H 
energy 


rC12-H2 


TC12 H 2 - N - C I I  


r N - C l  


1.737 
0.997 
108.6 
109.7 
0 


1.753 
1.004 
2.449 
107.9 
107.6 
106.9 
120.3 


- 15.4 


1.750 
0.997 
1.065 
1.739 
108.2 
164.5 
106.0 
110.3 
121.0 
- 18.9 


2.006 
0.992 
173.2 
113.4 
91.9 
6.4 


1.726 
1.001 
106.2 
108.1 
0 


1.748 
1.004 
2.789 
105.4 
102.2 
111.6 


-13.2 
126.0 


1.745 
1.002 
1.012 
2.405 
104.1 
150.1 
104.4 


128.7 
-13.5 


106.2 


2.288 
1.000 
166.2 
106.9 
85.9 
9.5 


1.730 
1.001 
105.8 
107.6 
0 


1.749 
1.004 
2.799 
105.2 
102.1 
111.7 


-13.2 
126.0 


1.747 
1.002 
1.012 
2.399 
103.8 
150.2 
104.1 
106.1 
129.4 


-13.5 


2.288 
1 .ooo 
166.4 
106.0 
85.9 
9.6 


1.746 
1.018 
105.5 
105.8 
0 (0) 


1.760 
1.022 
2.631 
105.4 


112.2 
126.0 


98.7 


-15.2 (-15.5) 


1.757 
1.019 
1.041 
2.141 
102.5 
163.4 
103.5 
105.9 
130.5 
- 16.6 ( -  16.6) 


2.220 
1.019 
170.2 
103.3 
86.9 
3.3 (2.8) 


[a] Distances in A; angles in '; energies in kcalmol-'. [b] Energies calculated at 
MP2/6-311 +GI* geometries, but at the MP2/6-311 +G(2d,p) level, are given in 
parentheses. 


symmetry.[5b1 The transition state of the SN2 reaction has an 
imaginary frequency of 474 i cm- '. 


The results in Table 1 do not show strong dependence on the 
levels of theory used. At the SCF level, going from the 6- 
31 +G** basis set to the 6-311 +G** basis set has only minor 
effects on the resulting geometrical parameters. The relative 
energies show almost no change (less than 0.1 kcalmol-'). In- 
clusion of electron correlation at the MP2 level has a somewhat 
larger effect. Inclusion of a second polarisation function on the 
heavy atoms [MP 2/6-31 1 + G(2 d,p)] has no significant effect on 
the gas-phase energetics (Table 1). This insensitivity to change 
in basis set also indicates that the effect of the basis set superpo- 
sition error is minor. Most of the geometrical parameters show 
only moderate changes, except that the CI-H distances in the 
two hydrogen-bonded complexes are shortened by more than 
0.1 A. The transition state is stabilised by approximately 
6 kcalmol-' compared with the SCF result with the same basis 
set, while complex 1 and complex 2 are stabilised by approxi- 
mately 2 kcal mol- ' and 3 kcalmol- ', respectively. Similar ef- 
fects have also been found in the study of reaction (2), in which 
the configuration interaction method has been used to deal with 
electron correlation.[51 At the highest level of theory employed, 
that is, the MP 2/6-31 1 + G** level, the "intrinsic" barrier of 
reaction (I), namely, the energy difference between the transi- 
tion state and complex 2, is 19.8 kcalmol-', higher than that of 
the analogous reaction (3) (13.9 kcalmol-' calculated at the 


C1- + CH,CI- --t ClCH, + C1- (3) 


MP 2/6-31 G* levelt6"- 91). The difference between the barrier 
heights of these two reactions involving chloride is almost equal 
to that between the barrier heights of the two reactions involv- 
ing fluoride, reaction (2) (24.0 kcalmol- at the TZP + /CISD 
level[']) and reaction (4) (17.1 kcalmol-' at the DZDP/CISD 
level).[51 (For a more recent discussion, see ref. [7].) Both cases 


F- + CH,F - FCH, + F- (4) 


suggest that the SN2 mechanism is viable for nucleophilic substi- 
tution at nitrogen, although the barriers may be higher than 
those of analogous S,2 reactions at carbon. 


The ability of the PM 3 method, the quantum-chemical model 
used in our hybrid scheme, to describe reaction (1) can be judged 
by comparing it with ab initio models. Most of the geometrical 
parameters and relative energies agree reasonably well between 
PM 3 and MP2 (Table 1). However, there are also some dis- 
crepancies. Complex 1 becomes a real minimum rather than a 
saddle point, the lowest mode having a frequency of 75 cm-'. 
This complex, however, was not observed in the MD simula- 
tions since its energy is about 6 k,T higher than that of complex 
2. The height of the intrinsic barrier is overestimated by approx- 
imately 5.4 kcalmol-' compared with the MP2/6-311 +G** re- 
sults. Notable discrepancies in the geometrical parameters are 
the C1-H "hydrogen bond" distances in the two complexes, for 
which the PM3 results deviate slightly more from the MP2 
results than the ab initio SCF results, albeit with opposite sign. 
Another large deviation (0.2 A) occurs in the N-CI distance of 
the transition state. In the transition state, the CI-N-CI angle 
calculated by PM3 also bends in the opposite direction with 
respect to that shown in Scheme 1, although it still remains close 
to 180". However, in general, the PM 3 model is able to repro- 
duce the basic features of this reaction in the gas phase and thus 
should be appropriate for MD simulations of the reaction in 
DME solution. 
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The free energy profile along the reaction coordinate of the 
reaction in solution at 248 K and 1 atm has been determined by 
means of MD simulations and umbrella sampling[’01 (see com- 
putational details). The reaction coordinate rc has been defined 
as the difference between the two N-CI distances of the solute. 
It has large values when the reactants are separated. At the 
transition state, its value is 0. 


The calculated free energy profile is shown in Figure 1, to- 
gether with the gas-phase potential energy curve along the min- 
imum energy reaction path calculated by PM 3. The reaction 


-4 -2 0 2 4 


Reaction Coordinate/Angstrom 


Fig. 1. Free energy profile for the S,2 reaction C1- + NH, CI -+ CINH, + C1- in 
dimethyl ether solution (solid line) and the gas-phase potential energy surface (cal- 
culated by PM 3, dashed line). In both curves, the energies of the separated reactants 
are taken to be zero. The reaction coordinate is the difference between the two CI-N 
distances. 


path from the intermediate (complex 2) to the transition state is 
as follows. As the C12 atom approaches the nitrogen atom, the 
H-N-H plane becomes more and more perpendicular to the 
N-CI 1 vector until the transition state is reached. Meanwhile, 
the CI 2 atom gets closer to the plane which corresponds to the 
symmetry plane of complex 1. C, symmetry is reached only 
when ro becomes less than 0.3 A. As in the analogous carbon 
reactions, an inversion of the tetrahedral configuration (in this 
case, formed by the N atom, its lone-pair electrons and the two 
H atoms) happens in going from the reactant to the product 
state. The overall features of the two profiles in Figure 1 are 
quite similar, suggesting a similar reaction path in solution and 
in the gas phase. Inspection of the solute configurations encoun- 
tered during the MD simulations confirmed that, in solution, 
the basic features of the reaction path remain the same as in the 
gas phase. The intermediate complex corresponds to complex 2. 


The effects of solvation on the relative free energies are mod- 
erate. The well depth at the intermediate complex minimum 
(complex 2) decreased from 18.9 to 12.5 kcalmol-’ (relative to 
the separated reactants both in the gas phase and in solution). 
The transition state barrier is raised from 6.4 to 15.0 kcalmol- ’. 
The largest part of the solvent effect (ca. 6 kcalmol-’) occurs 
during the process of complex formation, owing to the superior 
solvation of the separated species compared with the complex. 
As in the well-studied carbon case (reaction (3)),[6b1 one can 
expect that a solvent with stronger anion-solvent interactions 
will further decrease the well depth. However, for this reaction, 
a solvent with much stronger anion-solvent interactions may be 
needed to change the mechanism into a “concerted” S,2 one, 
that is, to make the complex well in the free energy profile 
disappear completely and the free energy profile unimodal, 
since the well in the gas-phase energy profile is much deeper 


than for the carbon analogue. The “intrinsic” barrier was in- 
creased by approximately 2 kcal mol- ’ in DME solution, re- 
flecting the difference between the ability of DME to solvate the 
transition state and to solvate the more charge-localised hydro- 
gen-bonded complex. In Figure 1, one also observes the effec- 
tive shielding of the charge-dipole interaction between C1- and 
NH,Cl at intermediate distances: in solution, the “infinite-sepa- 
ration” limit is reached for an rc of approximately 4 A (the 
corresponding CI-N distance is about 5.7 A). 


Solute-solvent atom-pair distribution functions have been 
computed from the MD trajectories. These functions, which 
correspond to the separated-reactant state, the hydrogen-bond- 
ed complex state (complex 2) and the transition state, respective- 
ly, are shown in Figure 2. Comparing the distribution functions 
of different states, it is seen that the rearrangement of the solvent 
molecules during the reaction process is consistent with the di- 
rection of charge transfer. Key changes occur around the C1 
atoms. From the reactant state to the transition state, negative 
charge is transferred from the attacking CI- anion to the depart- 
ing CI atom. Correspondingly, in the CI-C pair distribution 
functions (Figs. 2 a  and b), the peak at about 4 A around the 
C1- anion decreases, while the same peak around the attached 
CI atom is narrowed. The peak at about 5.2 A in the curves for 
the CI-0 pairs (Figs. 2c and d) shows the same trend. However, 
the peaks are not high compared with, for example, those in the 
case of C1- in protic solvent,t61 and their changes are moderate. 
This is because of the large size and the moderate partial charges 
of the solvent atoms, and explains why the free energies of 
solvation of complex 2 and the transition state differ by only 
about 2 kcalmol-’. 


Atom-pair distribution functions involving solute atoms oth- 
er than the two C1 atoms are far less structured (Figs. 2e and f), 
but they still reflect the changes in charge distribution and in 
structure of the solute. For example, a small peak at about 3.0 
appears in the N - 0  pair distribution function for the separated- 
reactant state (Fig. 2f), suggesting the existence of weak hydro- 
gen bonds. This peak disappears as the negatively charged C1- 
anion approaches the nitrogen in the complex 2 state, The exis- 
tence of these weak hydrogen bonds also explains why in Fig- 
ure 2c the first peak in the curve corresponding to the separated 
state shows a shoulder at a smaller C1-0 distance. The differ- 
ences between the radial distribution functions around the two 
solute hydrogen atoms for the complex 2 state (not shown here) 
are consistent with the fact that only one of the hydrogen atoms 
is hydrogen-bonded to the C1-. 


Upon solvation, the solute is polarised. This is reflected in the 
difference between its charge distributions in the gas phase and 
in solution. Figure3 shows the Mulliken charges on solute 
atoms as a function of the reaction coordinate. The curves cor- 
responding to the reaction in solution show the same character- 
istic charge transfers as those of the gas-phase reaction. In both 
cases, the charges on the two solute hydrogen atoms are differ- 
ent in between rc = 0.3 and 1.3 A, corresponding to the asym- 
metric hydrogen-bonded complex 2 in Scheme 1. However, the 
polarisation of the solute is also clearly shown in Figure 3. From 
the separated reactants up to an re of about 0.5 A, the Mulliken 
charge on the nitrogen atom is about 0.1 e more negative for the 
reaction in solution. At the same time, the two solute hydrogen 
atoms are more positively charged. In the transition state, the 
polarisation of the solute is somewhat less obvious. The negative 
charges on the two C1 atoms are slightly larger in solution than 
in the gas phase, while the positive charge on the nitrogen is 
smaller and the positive charges on the two hydrogen atoms are 
larger than their gas-phase values. For this reaction, DME as a 
solvent has only slightly modified the charge-transfer process. 
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Fig. 3. Mulliken charges (PM 3) on atoms along the reaction coordinate of the SN2 
reaction CI- + NH,CI -CINH, + C1- in the gas phase (dashed lines) and in 
dimethyl ether solution (solid lines). The reaction coordinate is the difference be- 
tween the two Cl-N distances. C11 is the attached Cl atom; C12 is theattacking C1 
atom; H 2  is the H atom forming a hydrogen bond with C12. 


The transfer of negative charge to the attached C1 atom is almost 
unchanged. The negative charge on the C1- in the complex state 
is increased by about 0.06 e. Consequently, its decrease is slight- 
ly accelerated when the system goes from the complex state to 
the transition state. 


Conclusion 
To summarise, results obtained with the hybrid MD scheme 
show that in a dipolar solvent, the barrier height of reaction (1) 
is raised because solvent molecules interact more strongly with 
the reactants. In dimethyl ether solution, the barrier height is 
only moderately increased. One major reason for this is that 
DME is aprotic and in our solvent model the partial charge on 
the methyl groups is small (0.18 e). In the hybrid scheme, the 
wavefunction of the solute electrons responds to the change in 
the solvent charge distribution and thus the polarisation of the 
solute is taken into account naturally. Polarisation effects are 
observed in these simulations; this provides further support for 
the use of hybrid quantum-classical simulation methods in 
studying chemical processes in solution. 
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Computational Details 
The combined quantum-mechanical and molecular mechanical potential energy 
function used here contains various Lennard-Jones terms and Coulombic terms 
[I d]. Parameters for these terms have been taken from the GROMOS force field [I I] 
and are listed in Table 2. The DME molecules were held rigid by the SHAKE 
method [12]. The heat of vaporisation and the density of liquid DME at 248 K and 


Table 2. Potential energy function parameters and solvent model used in the MD 
simulations [a]. 


Atom type C,z (10' kcalmol-1A12) C, (kcalmol-'A6) Charge (e) 


solute CI 2.5553 3299.4 ~ 


solute N 0.040450 582.26 ~ 


solute H 0.0 0.0 ~ 


solvent CH, [h] 0.62500 2121.5 0.18 
solvent 0 0,017724 540.56 -0.36 


[a] The Lennard-Jones interactions take the form Vij = Cyz/r!; - C$/r:, where rij 
is the distance between the two atoms. Combination rules for the parameters are Qz 
= (C?lzC\z)1'2 and C'd = ( C ~ C ~ ) " 2 .  [h] rc.o =1.41 A, XC-0-C =111.0". 


1 atm calculated from MD simulation with this DME model have been found to be 
in good agreement with experimental values. A truncated-octahedron periodic box 
containing one NH,CI; as solute and 349 DME molecules as solvent was used. The 
cutoff radius for the nonhonded interactions was 11 A. The weak coupling method 
[13] was used to keep the temperature at 248 K and the pressure at 1 atm with 
relaxation times of 0.1 and 0.3 ps, respectively. The initial structure ofthe solute was 
the gas-phase transition state structure optimised by PM 3. The length of the time 
steps was 0.5 fs. The restraining potential energy function used in the umbrella 
sampling procedure had the form V, = 0.5Kr(r,  - ro)2, where K, is the force con- 
stant and ro is the reference value of the reaction coordinate. After a 40 ps equilihra- 
tion with a restraining potential of K ,  =750 k J r n o l - ' k '  and ro = 0, the umbrella 
sampling procedure was started. 24 different values of V, were used with ro values 
ranging from 0 to k3.8 A and K,  values from 200 to 650 k J m o l - ' k 2 .  With each 
V,, 5 ps were used for equilibration and 20 ps for sampling. 


Ab initio calculations were carried out with the GAUSSIAN92 programs (141. 
Semiempirical calculations were carried out with the MOPAC programs [15]. MD 
simulations were carried out with the GROMOS programs [If]  and MOPAC mod- 
ules modified to integrate the quantum-chemical and the force-field methods. 
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The Effect of Microsolvation on E2 and S,2 Reactions: 
Theoretical Study of the Model System F- + C2H,F + nHF 


F. Matthias Bickelhaupt,* Evert Jan Baerends," and Nico M. M. Nibbering 


Abstract: The model reaction system 
F- +C,H,F +nHF (n  = 0-4) has been 
investigated by use of a density-functional 
method, in order to achieve a qualitative 
understanding of the effect of solvation 
on the E2  and SN2 reactions. Two charac- 
teristic effects already occur upon mono- 
solvation: a) the activation energies of 
the E 2 and S,2 pathways increase signifi- 
cantly and even become positive, because 
reactants are more strongly solvated than 


transition states; b) the SN2 transition 
state is stabilized much more and becomes 
lower in energy than the anti-E2 transi- 
tion state. This agrees with general experi- 


ence from gas- and condensed-phase ex- 
periments. The solvation is analyzed from 
two complementary viewpoints: a) as an 
interaction between solvent molecules and 
the F-/C,H,F reaction system; b) as an 
interaction between the [F-, n HF] solvat- 
ed base and the C,H,F substrate. The ex- 


eliminatiens . orbital interactions . tent to which condensed-phase character- 
istics can be modeled by this microsolva- 


Keywords 


. substitutions * theo- 
retical chemistry 


1. Introduction 


Base-induced 1,2-elimination [E 2, Eq. (1 a)] and nucleophilic 
substitution [SN2, Eq. (1  b)] constitute two fundamental types of 


chemical reactions and are of considerable importance in organ- 
ic synthesis.['] They have been thoroughly investigated in con- 
densed-t21 and gas-phaset3 -61 experiments as well as in theoret- 
ical studie~.["~] Principally, E 2 elimination is always in 
competition with SN2 substitution, and the two pathways may 
occur as unwanted side reactions of each other. Therefore, a true 
understanding of the factors that determine the course of these 
processes is important for the design of efficient syntheses. 


The nature of E 2 reactions is now well understood and inter- 
preted in terms of a variable transition state (VTS) . [1*21 Accord- 
ing to this concept, reactions are categorized according to the 
geometry of the transition state (TS), which is conceived as 
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Sectie Theoretische Chemie, Scheikundig Laboratorium der Vrije Universiteit 
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Prof. Dr. N. M. M. Nibbering 
Instituut voor Massaspectrometrie, Universiteit van Amsterdam 
Nieuwe Achtergracht 129, NL-1018 WS Amsterdam (The Netherlands) 
Fax: Int. code +(20)525-6971 


tion approach is discussed. 


being located at one point in a continuous spectrum of mecha- 
nistic possibilities. The VTS theory for E 2 reactions comprises 
the Bunnet-Cram E2H spectrum[2d9 involving linear proton 
transfer and the Winstein-Parker E2H-E2C spectrum[2'-h1 in 
which bent proton transfer may occur with a certain degree of 
covalent base/C" interaction. Recently, we have pointed out that 
one of the factors directly determining the relative importance 
of the E 2  and SN2 mechanisms is the character of the substrate 
LUMO and that a gradual improvement of the leaving group 
ability favors substitution (Scheme 1) This constitutes an 


L 
E2H E2C SN2 


-.. ,.- 
, .  . ,  . .  .. - -.* *.. 


- 
LUMO LUMO 


Scheme 1. 


E2-SN2 spectrum (Scheme 1) that builds a bridge between these 
mechanisms. Furthermore, the intrinsic preference for base-in- 
duced anti over syn elimination has been traced to a combina- 
tion of the following effects:[7b1 a) the energy of the substrate 
LUMO is lower in the anti-E 2 transition state, and a stronger, 
more stabilizing interaction with the base HOMO results; b) in 
the anti-E 2 transition state the leaving group is further removed 
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from the attacking base, and there is therefore less electrostatic 
repulsion. 


The E2  and S,2 reactions obey the same mechanistic prin- 
ciples in either the condensed or the gas phase,[3d1 but solvation 
has a tremendous influence on the chemical reactivity.". - '3 7 ,  9I 
Generally, reactions are up to 20 orders[5b1 of magnitude slower 
in solution than in the gas phase, and different pathways can be 
affected differently. In particular, the gas-phase competition 
between E 2 and SN2 is in general strongly in favor of elimina- 
tion, whereas nucleophilic substitution prevails in the con- 
densed phase. The observed solvent effects are ascribed to a 
differential solvation of reactants and transition states. In the 
case of ion-molecule reactions, the reactants are more strongly 
solvated than the transition state, in which the charge is more 
delocalized over the reaction system. This causes an increase in 
the activation barrier. The magnitude of the differential solva- 
tion depends on the solvent, the reaction system, and the specific 
pathway, and is generally thought of as an electrostatic phe- 
nomenon.['. 91 


Experimental["] and theoretical[". ' 21 studies on microsol- 
vated gas-phase ion-molecule reactions provide a more de- 
tailed picture of solvent effects. The experimentally observed 
trend is a drastic reduction in the reaction efficiency, which 
begins already upon monosolvation. The efficiency (keaperimental/ 
kcol,ieion) of the S,2 reaction of [OD-, nD,O] +CH,Cl [Eq. (2)] 


(n-l)DzO + CH30D + [Cl-,DzO] (2b) s 1% t- 
decreases from 0.5 via 0.1 to 0.001 for n = 0-2 (for n = 3 rate 
constants are too small to be measured) .['Od1 Similar results 
have recently been reported for the S,2 reaction of [F-, nH,O] 
+CH,X (n = 0-2; X = C1, Br, I).['oa1 Theoretical investiga- 
tions on microsolvated SN2 reactions reveal a stepwise transfor- 
mation of the gas-phase double-well potential (Fig. 1 a) to an 
energy profile with much shallower reactant and product com- 
plex minima and an increased activation barrier (Fig. 1 b) .["* 2] 


Thus, the energy profile of microsolvated ion -molecule reac- 


tions approaches the unimodal form (Fig. 1 c), which is general- 
ly assumed for condensed-phase reactions. However, it is 
stressed that the analogy between condensed-phase and micro- 
solvated gas-phase reactions is limited.t5b, 'Oh] The transfer of 
solvent molecules from the base to the leaving group in micro- 
solvated gas-phase ion-molecule reactions is relatively ineffi- 
cient for dynamic reasons [e.g., as in Eq. (2c)l. This leads to the 
abundant, although thermodynamically unfavorable, forma- 
tion of the unsolvated leaving group [Eq. (2a)], whereas in the 
condensed phase the leaving group can be solvated without the 
need for solvent transfer. There are various approaches to the 
theoretical investigation of condensed-phase reactions that 
more or less confirm the unimodal reaction energy profile for 
ion-molecule reactions in aqueous solution (Fig. 1 c) . [ 13 -  161 


Interestingly, the energy minima associated with the ion- 
molecule complexes are reintroduced and the activation barrier 
reduced in DMF solution (Fig. 1 b).['5b1 These results indicate 
that not only gas-phase but also condensed-phase ion-molecule 
reactions can proceed through a double-well potential with re- 
actant and product complexes. 


In the present paper we try to achieve a qualitative under- 
standing of the effect of solvation on E2  and SN2 reactions: 
What is the nature of the solute-solvent interactions (electro- 
static or charge transfer)? How do they influence the E2  versus 
S,2 competition? Can macroscopic trends be reproduced with a 
limited number of solvent molecules or does exclusion of the 
bulk principally change the picture? 


To answer these and other questions, we have carried out 
a study on the model reaction system F- +C,H,F + n H F  
(n = 0-4) with use of density-functional theory (DFT).1'7-'8] 
The geometries of all microsolvated species are optimized 
through energy minimization with certain restrictions for transi- 
tion states (fixed Cfl-H and/or C"-F bond lengths) to reduce 
the computational effort. This work does not aim to be quanti- 
tatively predictive, but to give a detailed of the 
bonding in the microsolvated species, which is interpreted in 
terms of physically meaningful concepts from MO theory.[20] 


The model reactions and our notation are given in Scheme 2. 
The effect of protic solvent molecules is modeled by the intro- 
duction of one to four HF  molecules. Six modes of microsolva- 
tion are studied: 1)-4) solvation by one to four HF  molecules 
at the base (sB, sBB, sBBB, sBBBB), 5) solvation by one H F  at the 


F(Sd)  + st-C2H5F(sC) 
I SN2 ~ 


I I 


Reaction Coordinate 
Fig. 1. Reaction energy profiles for a concerted ion-molecule reaction: a) gas- 
phase double-well potential; b) double-well potential for weak solvation; 
c) condensed-phase unimodal potential; d) double-well potential for strong and 
asynchronous desolvation and ion -molecule complexation. 


gas phase: 


no transfer: 


transfer: 


a - d = 0 


a = c, b = d: SB, SBB, sL, SBL 


Scheme 2. Model reactions and notation used in this paper (see Introduction and 
Methods for detailed explanation of abbreviations). 
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leaving group (sL), and 6) solvation by two H F  molecules, one 
at the base and one at the leaving group (sBL). Two different 
situations are examined concerning the reorganization of sol- 
vent molecules during the reaction: a) “no transfer”, where all 
solvent molecules keep their original position at the base or the 
leaving group throughout the reaction, and b) “transfer”, 
where the solvent molecules that were originally connected to 
the base are transferred to the charged leaving group after the 
transition state has been passed. 


2. Method 


The computations were performed with the Amsterdam Density-Functional (ADF) 
program [18]. The MOs were expanded in two different uncontracted sets of Slater 
type orbitals (STOs), namely, the DZP and the TZ2P basis [ISd]. The DZP basis 
is of double-< quality, with one polarization function added on each atom: 3d on 
C and F, 2 p on H. The TZ2P basis is of triple-( quality and has been augmented with 
two polarization functions on each atom (3d and 4f on C and F ;  2 p  and 3d on H). 
The 1 s core shells of carbon and fluorine were treated by the frozen-core approxi- 
mation [ISa]. An auxiliary set of s, p, d, f, and g STOs was used to fit the molecular 
density and to represent the Coulomb and exchange potentials accurately in each 
SCF cycle [18e]. Geometries were optimized at the XaIDZP level (with a = 0.7) 
(17 b] through energy minimization using analytical gradient techniques [18 f]. Ener- 
gies were evaluated in single point calculations in either the DZP or the TZ2P basis, 
with the local density approximation (Xa +VWN) [18g] with Becke’s nonlocal 
exchange [18i] and Stoll’s correlation [18 h] corrections added perturbatively (NL/ 
DZP and NL/TZZP). 
The C ,  point group symmetry was imposed on all species, except RC(a), TS(SN2), 
PC2, and PC3 (the isolated reactants are denoted by R; the reactant complexes are 
denoted by RC, where st means complexation at the HB of the staggered conforma- 
tion of C,H,F, and a at an H atom attached to C“; PC stands for a product complex; 
see Fig. 3, Tables 2 and 3, and ref. [7b]). Fully optimized (i.e.. at the Xa/DZP level) 
gas-phase equilibrium and transition state (TS) structures were taken from our 
previous study [7 b]. Geometries of microsolvated species were determined through 
energy minimization under the constraint for TS structures that the CB-H and 
C“-F (E2) or the two C“-F distances (SN2) are fixed to their gas-phase (8) values. 
This restriction was applied because the energy surface is extremely shallow with 
respect to these coordinates; this forced us [7 b] to determine the gas-phase transi- 
tion state through a time-consuming calculation of a two-dimensional grid in these 
two coordinates. Since this procedure would be too time-consuming to be applied 
to all the various solvated transition states, we applied the above-mentioned restric- 
tion. This implies that the geometries of the solvated transition slates are not fully 
determined, at least as far as these two degrees offreedom are concerned, but in view 
of the very shallowness of the energy surface, the TS energies will not be much 
affected. 
Detailed analyses of the solute-solvent and the solvated basebbstrate interactions 
were carried out for selected reactant complexes and transition states at the NL/ 
DZP level [19]. The overall bond energy AE is made up of two major components 
[Eq. (3)]. The preparation energy AE,,,, is the amount ofenergy required to deform 


AE = AE,,, i AE,,, (3) 


the separated fragments from their equilibrium structure to the geometry that they 
acquire in the overall molecule. The interaction energy AELn, corresponds to the 


actual energychange when the prepared fragments are combined to form the overall 
molecule. The interaction energy is further split up in three physically meaningful 
terms [Eq. (4)] [19,20]. The term AE,,,, corresponds to the classical electrostatic 


(4) 


interaction between the unperturbed charge distributions of the prepared fragments 
and is usually attractive. The Pauli repulsion AEpau,j comprises the four-electron 
destabilizing interactions between occupied orbitals and is responsible for the steric 
repulsion. The orbital interaction AEoi accounts for charge transfer (donor-accep- 
tor interactions between orbitals on different fragments, including the HOMO- 
LUMO interactions) and polarization (empty -occupied orbital mixing on one 
fragment). 
Throughout, energies are expressed in eV so as to allow a straightforward compari- 
son with (orbital) energies in our related work [7b] on gas-phase E2 and SN2 
reactions; note that the conversion factor to kJmo1-l is approximately 100 (96.49 
to be exact). 


AEm = AEeist i- AEpauii +W, 


3. Results and Discussion 


The results are summarized in Tables 1-7 and Figures 2-7. In 
the following, we discuss the effect of microsolvation on the E 2 
versus S,2 and anti-E 2 versus syn-E 2 competitions, focusing on 
aspects of both the kinetic (Sections 3.2 and 3.3) and the elec- 
tronic structure (Sections 3.4 and 3.5). Finally, we will discuss to 
what extent our model calculations relate to the condensed 
phase (Section 3.6). However, we first take a look at a series of 
“accurate” calculations on the unsolvated systems [F-, HF] and 
[F-, st-C,H,F], and on the monosolvated reactant complex 
[FHF-, st-C,H,F] (RC(sB)) and transition state TS(anti- 
E 2)(sB), in order to establish the similarities and differences 
between our model system (as defined by the basis sets and 
density functionals used and the constraints applied in the struc- 
ture determinations) and the “real” systems (as far as these are 
approximated by the best basis sets and functionals currently 
available) (Section 3.1). 


3.1. Accurate Calculations on IF-, HF], IF-, st-C,H,F], 
(FHF-, st-C,H,F] (RC(%)), and TS(anti-E 2)(sB): Our model 
study employs Xa/DZP geometries and NL/DZP and NL/TZ2P 
energies. In Table 1 we compare the results at this level with a 
series of other levels. In particular the basis set was allowed 
to range from DZP for all atoms to, in order of increasing 
quality: 1) DZP(F:TZ2P) = DZP for H and C, TZ2P for F; 
2) TZP(H : DZP) = triple-l; plus one polarization function for C 
and F, DZP for H; 3) TZ2P for all atoms. As for the density 
functionals, we considered the local density approximation 
(LDA) as well as density functionals in which nonlocal correc- 
tions for exchange (Becke)[’8j1 and correlation (Perdew)“ 8kl are 
included self-consistently [’ 8’1 (NL-SCF) . 


Table 1. Calculated [F-, st-C,H,F] and [F-, HF] complexation energies AE,,, (in eV) and selected equilibrium geometry parameters (in 8, and degrees) at selected theoretical 
levels. 


Level [F-, st-C,H,F] FHF- 
AE,,, F--HB CP-HB F-HBCB HBCPC“ AE,,, F-H 


Xa/DZP 
NL/DZP//Xa/DZP [a] 
NL/TZ2P//Xa/DZP [a] 


LDAIDZP 
LDA/DZP(F : TZ2P) 
LDA/TZP(H : DZP) 
LDA/TZ2P 


NL-SCF/DZP 
NL-SCF/DZP(F:TZZP) 
NL-SCF/TZP(H : DZP) 
NL-SCFITZ2P 


-1.91 
-1.18 
- 0.46 


-1.89 
-1.39 
-1.33 
-1.34 


- 1.47 
-1.04 
-1.00 
- 0.99 


1.189 


1.149 
1.280 
1.345 
1.348 


1.188 
1.443 
1.506 
1.597 


1.394 


1.420 
1.284 
1.242 
1.245 


1.408 
1.211 
1.191 
1.172 


179 


180 
176 
175 
175 


180 
173 
174 
168 


106 


107 
104 
104 
104 


107 
104 
106 
103 


- 3.27 
- 2.66 
- 2.04 


- 3.14 
- 2.76 
- 2.79 
- 2.66 


- 2.78 
- 2.40 
- 2.43 
- 2.29 


1.162 


1.154 
1.148 
1.149 
1.144 


1.170 
1.158 
1.162 
1.156 


~~ ~ 


[a] Calculations at the Xc(/DZP optimized geometnes. Abbreviated in the text to NL/DZP and NL/TZ2P. 
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First we note that the results with the DZP basis yield, irre- 
spective of the density functional used, a fairly strong complex- 
ation energy, a short F- -HB bond, and a concomitant strong 
distortion of the st-C,H,F substrate (significant lengthening of 
the CP-HB bond). The geometries do not differ much for the 
different functionals; the NL-SCF complexation energy, how- 
ever, is some 0.4 eV smaller than in the Xa and LDA cases. This 
fits in with known trends: a) Xa and LDA differ very little, in 
particular when closed-shell interactions are considered (the 
only important difference between Xa and LDA occurs for high- 
ly spin-polarized systems, such as some atoms); b) density-gra- 
dient corrections (NL) diminish the bond energies. The DZP 
results indicate that F- with a DZP basis set is a quite strong 
base. In our energy decomposition this basis set dependent in- 
crease in the basicity (which also contains the BSSE) shows up 
in a larger orbital interaction term (vide infra). When the F- 
basis set is enlarged, the orbital energy of the F- 2p  orbitals 
drops and F- becomes a much weaker base. The results in 
Table 1 show that the F--HP bond length becomes much 
longer and the CP-HB bond lengthening much less significant 
compared to the F- DZP basis results. This important effect 
occurs upon enlarging the F- further extension of the 
basis sets on C and H has, for a given functional, far less effect. 
The same holds true for the energetics. When we compare the 
NL-SCF/DZP results with any of the NL-SCF results with 
TZ2P basis on F-,  the effect is a reduction in bond strength of 
approximately 0.5 eV . Note that, if the complexation energy in 
the TZ2P basis is evaluated, not at the optimum geometry for 
this basis but at the geometry obtained for the DZP basis (cf. the 
NL/TZ2P//Xa/DZP result), the rather large deviation of the 
DZP geometry leads to an additional bond energy reduction of 
0.5eV. The [F-, HF] complex shows similar trends, but less 
pronounced. 


Thus, we conclude that, from a physical point of view, our 
model study using F- with a DZP basis effectively employs an 
artificially strongly basic F- and is therefore indicative of the 
effects for a base of this strength rather than the "real" F-. In 
a similar vein we use a model solvent HF  that is more acidic (i.e., 
that interacts more strongly with the attacking base) than a 
more typical solvent such as H20 .  These properties of our mod- 
el lead to pronounced effects of solvation, facilitating interpre- 
tation. 


It has recently been argued by Gronert, Merrill, and KassrZ2] 
(GMK) that the DZP basis of our model F- and in particular 
the use of Xa-optimized geometries makes our transition-state 
structures unrealistic, the actual TS geometry allegedly being 
characterized by a much smaller shift of the conjugate acid 
F-HP towards C" (the angle HPCPCa decreases in the GMK TS 
from 110" in C,H,F to 92", and in our TS to ca. 60"). This is 
somewhat surprising; firstly, since structural effects of NL cor- 
rections (as opposed to energetic ones) are usually modest; sec- 
ondly, since the change from DZP to TZ2P basis is only large 
when one is dealing with a highly negatively charged F- ion 
(e.g., isolated F-), while in the TS the negative charge has 
already partly diffused over the whole substrate. The solution is 
probably as follows: As we have pointed out in ref. [7b], and 
further demonstrated recently in ref. [23], the 1,2-elimination 
reaction in the gas phase is characterized by a very shallow 
transition state, or rather a transition plateau. The F-HB sepa- 
ration can change on this plateau, with considerable variation in 
the HBCBCa angle, without much energetic consequence. The 
location of the highest point in the plateau therefore depends on 
the precise details of basis set and level of the calculation. In the 
highest level of DFT calculation that we have carried out-also 
introducing gradient corrections to the LDA correlation energy 


that had been omitted by GMK-we again find a strong shift of 
F-HB to c".t231 However, we feel that the important point is not 
the precise value of the HBCBC" angle in the TS, but the existence 
of the flat transition region. The physical origin of this special 
behavior is important: F-HB and the leaving group (F-) start 
moving towards each other since they eventually have to com- 
bine (in the gas phase)'to form the F- . . . HB-F complex. 


We wish to stress here that the situation with respect to the TS 
geometry in the case of microsolvation bears a close resem- 
blance to that of the gas phase, at least when the leaving group 
is not itself solvated and will therefore try to travel around the 
forming ethylene to gain complexation energy with the conju- 
gate acid. Again there is a rather flat transition region that 
makes it impossible to determine the TS structure by automatic 
saddle-point searching. As mentioned earlier, it would be com- 
putationally too demanding to locate the TS in all our solvated 
species by computing the energies in a full 2 D  grid in the coor- 
dinates d(CB-HB) and d(Ca-F), as we did for the gas phase.[7b1 
We therefore constrain these two coordinates to their gas-phase 
values. It has been confirmed that this yields reasonable TS 
structures by calculating specific cuts through the PES at a high 
level (NL-SCF/DZP (F : TZ2P)). For instance, Figure 2 shows 


~ .. ..a 
I S l i  1.651; 1.957:' 2.48,$.,' 


1.1 1 eV 1.15 eV 1.34 eV 1.54 eV 


Fig. 2. NL-SCF/DZP(F: TZ2P) linear transits on the anti-E2 "saddle-point area" 
of the [F- ,  HF] + C,H,F (s,,) reaction system. The LT parameter is tHBCBC", and 
d(C"-F) is fixed at 2.268 A. The energies given are relative to the reactants; the 
reactant complex is at -0.44 eV relative to reactants. 


the optimized structures and the energies along a linear transit 
path in the coordinate CHBCBCa at the NL-SCF/DZP 
(F:TZ2P) level. It should perhaps be pointed out that for the 
monosolvated base similar effects occur as given in Table 1 for 
the unsolvated base. For instance, the reactant complex is 
0.44 eV more stable than the free reactants at the NL-SCF/DZP 
(F:TZ2P) level at the optimized geometry, compared to 0.09 eV 
for NL/TZ2P calculations at the (considerably different) 
Xa/DZP geometry. However, again the Xa/DZP results for the 
TS region are confirmed by the higher level calculations. The 
relatively small variation in AE with HB-CP-C" angle in Figure 2 
shows that the transition region is rather flat. As another linear 
transit coordinate one could choose the CB-HB distance. When 
we lengthen this coordinate and optimize all other geometrical 
parameters for each fixed CB-HB distance, the monosolvated 
conjugate acid at a certain point shifts towards C" (for instance, 
in a calculation at d(CB-HB) = 2.6 A, the HB-CB-C" angle 
becomes 42"). In these one-dimensional pathways we are of 
course not able to locate the TS. However, it is clear that, as in 
the gas phase, the conjugate acid F-HB moves on a transition 
plateau until, beyond a shift of F-HB toward C" characterized 
by a fairly sharp HB-CP-C" angle and long CB-HB distance, the 
energy can descend again by the leaving group and conjugate 
acid moving towards each other. This last motion is prohibited 
by the constraints (fixed H P - C B C  angle or fixed CB-HP 
distance) in the above calculations, but has been observed in 
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unconstrained geometry optimizations where the conjugate 
acid has been pushed still further away from CB in the initial 
geometry. 


We conclude that the “TS” structures used in this paper, 
determined while constraining the Cfi-Hfl and C“-F distances 
to the gas phase values, which for instance leads to a HB-Cp-C“ 
angle of 46” for the monosolvated base (see Fig. 3 c), seem rea- 
sonable. 


3.2. E 2 versus SN2-Transition-State Barriers: In this section 
the influence of microsolvation on the anti-E 2 versus S,2 com- 
petition is examined. For the energetics and structures of the 
unsolvated gas-phase reactions, we refer to our previous 


Site of Solvation: Of the two isolated reactants F- and 
st-C,H,F, the free F-  base is preferentially solvated by HF  
molecules, as shown by comparison of the solvation energies of 
sB (- 2.04 eV) versus sL (- 0.12 eV) and sBB (- 3.1 5 eV) versus 
sBL (- 2.15 eV) microsolvation of the reaction system R(st) 
(Tables2 and 3). The data in Table2 refer to the NL/DZP 
energies, at which level the energy decomposition will also be 


Table 2. NL/DZP energies AE (in eV) of selected points along the reaction path- 
ways of F -  +C,H,F relative to the reactants R(st) for different microsolvation 
modes (R = reactants, RC = reactant complexes, TS = transition states, PC 
= product complexes, P = products) [a]. 


W g )  AE(4 W S n n )  AE(sL) WSBL) 


R(st) solvation 


R(ecl) (F- +ecl-C,H,F) 


RC(ecl) ([F-, ecl-C,H,F]) 
RC(d ([F-, st-C,H,FI,) 
TS(unri-E 2) 
T S ( s p E 2 )  
TS(SJ)  
PC 1 ([FHF-, C,H,I,) 


PC3 ([HE C,H,, F-I) 


P I  (FHF- + C,H,) 


R(st) (F-  +st-C2H,F) 


RC(st) ([F-, st-C,H,F]) 


PC2 ([FHF-, C,H&) 


P 2  (HF +[C,H,, F-1) 
P 3  (HF +C,H, +F- )  
PSN2 (F- +st-CzHsF) 


0.00 -2.66 -4.03 


0.00 0.00 0.00 
0.07 0.07 0.07 


-1.18 -0.31 -0.18 


-1.03 -0.32 -0.18 


-0.85 1.43 2.48 
-0.75 1.30 2.49 
-0.53 0.88 1.41 


-2.07 -0.80 -0.28 


-1.08 1.08 2.07 
-2.25 -0.95 -0.52 
-0.58 1.97 3.27 


0.41 2.96 4.26 
0.00 2.45 [d] 


-0.87 -0.13 [b] 


-2.51 -1.05 -0.55 


-0.21 


0.00 
0.08 


[CI 
[CI 


[CI 
[CI 


- 1.44 


-1.52 


-3.14 
- 3.50 
-2.62 
-3.41 
- 2.30 
- 2.04 
- 2.45 


- 2.87 


0.00 
0.08 


-0.57 
-0.30 
-0.57 


-0.09 
0.51 
0.07 


- 1.43 
-1.68 
-0.36 


- 1.63 
0.25 
0.50 
0.00 


~ - 


[a] No transfer (Scheme 2). [b] No stable RC(ecl)(s,,) structure exists [c] RC(sL) 
collapses to product structures without going through a barrier. [d] Not calculated 


carried out (Tables 5 and 6). We will focus in the present discus- 
sion on the NL/TZ2P energies of Table 3. The data in Table 3 
refer to the “no transfer” case, that is, the solvent molecules are 
not transferred, in the product complexes and products, to the 
negatively charged leaving group F-. However, the reactions in 
which the base remains solvated (“no transfer” mode sB, sBB, 
and sBL) become quite endothermic (0.36-3.43 eV) because a 
bare and unstabilized leaving group F- is formed, except for the 
eliminations leading to P1. It would clearly be energetically 
favorable if solvent molecules were transferred to the expelled 
leaving group after the transition states had been passed, but 
dynamic bottlenecks may hamper this process. 


Otha and Morokuma have shown that the transfer of H,O 
solvent in the dihydrated SN2 reaction of OH- + CH,C1 occurs 
only after the transition state has been passed.“ b1 The reason 
for this is that the early transition state of this very exothermic 


Table 3. NL/TZ2P energies AE (in eV) of selected points along the reaction path- 
ways of F -  + C,H,F relative to the reactants R(st) for different microsolvation 
modes [a]. 


AEk) W S n )  AE(SnB) W S L )  W S B J  


R(st) solvation 0.00 -2.04 -3.15 -0.12 -2.15 


R(st) (F- + st-C,H,F) 0.00 0.00 0.00 0.00 0.00 
R(ecl) (F- + ec-C,H,F) 0.10 0.10 0.10 0.11 0.11 


RC(st) ([F-, st-CZHsF]) -0.46 -0.09 -0.03 [c] -0.33 
RC(ecl) ([F-, ecl-C,H,F]) -0.11 0.04 [b] [c] -0.07 
RC(a) ([F-, st-C,H,F],) -0.43 -0.11 -0.02 -0.70 -0.29 


TS(unti-E 2) 
TS(syn-E2) 
TS(SN~) 


-0.41 1.37 2.36 [c] 0.01 
-0.02 1.51 2.73 [c] 0.75 
-0.02 1.00 1.49 -0.89 0.35 


PC1 ([FHF-, CzH4I.) -1.36 -0.55 -0.06 -2.33 -1.13 
PC2 ([FHF-, CZH4],) -1.78 -0.82 -0.43 -2.73 -1.41 
PC3 ([HF,C,H4,F-]) -0.37 1.28 2.18 -1.89 -0.17 


P1 (FHF- + C,H,) -1.75 -0.83 -0.47 -2.74 -1.44 
P 2  (HF + [C,H,, F-I) -0.02 1.99 3.13 -1.65 0.36 
P 3  (HF + C,H, + F - )  0.29 2.30 3.43 -1.62 0.39 
PSN2 (F- +st-C,H,F) 0.00 1.91 [d] -1.91 0.00 


[a] No Transfer (Scheme 2). [b] N o  stable RC(ecl)(snn) structure exists. [c] RC(s,) 
collapses barrierless to product structures. [d] Not calculated. 


reaction (AEr = - 2.99 eV, 6-31G* t an ion  p) is still preferen- 
tially disolvated at the base. However, in the thermoneutral 
dihydrated reaction of C1- + CH,Cl, the transfer of H,O pref- 
erentially occurs already in the reactant complex.[’“] With re- 
gard to our work it must be understood that the migration of 
H,O is energetically more feasible than that of H F  because the 
former can effectively bridge the base and the leaving group 
with two 0 - H  bonds. However, we recall that in practice sol- 
vent transfer in microsolvated gas-phase reactions is extremely 
inefficient for dynamic reasons, irrespective of the energetic as- 
pects[’0g9 h] [see also Eq. (2)] 


s, and sBB Solvation: In the gas phase (g) the base-induced anti- 
E 2  elimination is favored over the SN2 substitution for both 
energetic and entropic reasons (Table 3) This picture already 
changes drastically upon the introduction of only one H F  sol- 
vent molecule at the base (sB, Fig. 3) and the trends continue 
and become even more pronounced for two HF molecules (sBB, 
Fig. 4). In the foilowing we give a detailed examination of the 
sBB disolvated anti-E2 and S,2 reactions of F- +st-C,H,F. The 
base F -(sBB) forms significantly weaker ion -molecule complex- 
es with the substrate st-C,H,F than the bare F- and even 
F-(sB). The reactant complexes RC(st)(sBB) and RC(a)(sBB) are 
hardly bound any more, with complexation energies of -0.03 
and -0.02 eV, respectively (Table 3). The st-C,H,F fragment 
therefore essentially maintains the geometry of free fluoro- 
ethane.[7b1 In RC(st)(sBB) the solvated base is more bent towards 
C“ (Fig. 4b) than in gas-phase R C ( S ~ ) [ ~ ~ ]  or in RC(st)(s,) 
(Fig. 3b). This suggests an increase in the SN2 reactivity and a 
decreased tendency to react further through the anti-E 2 path- 
way. 


Reactants and reactant complexes are more strongly stabi- 
lized upon microsolvation than transition states (Table 3, 
Fig. 7).  This is a consequence of the relatively strong interaction 
of the base with the substrate in the TS,[7b] particularly by 
charge donation from the base HOMO to the substrate LUMO 
8a’, resulting in a lower charge on the base in the transition 
states TS(anti-E2) (- 0.52 e) and TS(SN2) (- 0.62 e, Fig. 8) 
than in the reactants (- 1.00 e) and reactant complexes RC(st) 
(- 0.65 e) and RC(a) (- 0.73 e). The lowering of the charge on 
the base and stabilization of the base HOMO make interaction 
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a. Reactants (SB) 


F ~ ~ H F  F-(s,, = FHF- 


b. Reactant Complexes (SB) 


180" 


F 
\I399 


C. Transition States (SB) 


F\0.986 


'..,2.268 


TS(unti-E2)(sg).,~ TS(syn-EZ)(sg) TS(SNZ)(SA 


Fig. 3. Xa/DZP structures (A, degrees) for the reaction system [F-, HF] + C2H,F 
( S J .  


F 


a. Reactants (sgg) 


F-(snn) 


IF-, 2HF1 


b. Reactant Complexes (SBB) 


of the base with solvent molecules less favorable. This explains 
the increase in the TS barrier in solution. The structural data fit 
in with this picture: the FH . . . F-C2H,F bond between solvent 
and base elongates considerably from reactant complex 
(1.328 8, in RC(st)(s,,)) to transition state (1.549 8, in TS(anti- 
E2)(sB,), see Figs. 3b,c and 4b,c). This is in line with con- 
densed-phase experimental and Monte Carlo studies in which 
the weaker solvation of the transition state is ascribed to a 
reduction in strength rather than in the number of specific sol- 
vent-solute interactions (hydrogen bonds) 


These effects are somewhat different for the S,2 and E2 tran- 
sition states. The base-substrate interaction is stronger in the 
E 2 transition state, as has been analyzed in ref. [7 b], and lowers 
the gas-phase E 2 TS barrier. However, the subsequent stabiliza- 
tion by solvation is then understandably smaller, and the S,2 
transition state is indeed stabilized more strongly than the anti- 
E 2 transition state (Fig. 7a,b and Table 3). This leads to a rever- 
sal in the relative barrier heights, a trend that is already observed 
for sB monosolvation. The introduction of a second HF solvent 
molecule further increases the difference in solvation stabiliza- 
tion and makes the TS(S,2)(sBB) (1.49 eV above R(st)(sBB)) 
0.87 eV lower in energy than the TS(anti-E2)(sB,) (2.36 eV 
above R(st)(sBB)). 


' 5b1 


sL Solvation: The solute- solvent interaction is relatively weak at 
the leaving group; the s,-solvated reactants R(st)(sL) are only 
-0.12 eV lower in energy than the unsolvated reactants. Also, 
the F . . . H distance of 1.572 A between the neutral st-C,H,F 
and HF is relatively long. The s,-solvated substrate is extremely 
reactive toward F-. The reactant complex RC(st)(s,) is labile 
and reacts without passing through a barrier to the productlike 
structure PC(st)(s,) (Fig. 5 b), irrespective whether F- ap- 


a. Reactants (SI)  


;) 174' 
1.0391 


F 


Fig. 5. Xa/DZP structures (A, degrees) for the reaction system F- + [C,H,F, HF] 
(SL) 


~~ 
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proaches st-C,H,F(s,) along the CP-H axis or from the back- 
side of the u-methyl group. Thus, the s,-solvated anti-E 2 pro- 
cess proceeds essentially without an energy barrier. On the other 
hand, the F- base may be captured, upon approach to an u-hy- 
drogen, to form the stable reactant complex RC(a)(s,) 
(- 0.70 eV relative to R(st)(s,)). Further reaction can proceed 
through protophilic or nucleophilic attack. There is an energy 
barrier associated with these pathways, because the strong F-- 
H-C" hydrogen bond in RC(a)(s,) has to be broken to bring the 
base in the right orientation. The barrier height has not been 
calculated, but should be much less than the 0.70 eV required to 
dissociate RC(u)(s,). The energy of the TS(SN2)(sL) structure 
(- 0.89 eV relative to R(st)(sL)) is already lower than that of the 
reactant complex RC(u)(s,) (- 0.70 eV relative to R(st)(s,)). 
This result must be ascribed to geometry constraints (i.e., fixed 
C"- F bond lengths): our calculated TS(SN2)(s,) structure corre- 
sponds to a reaction system that has already passed through the 
real reorientation transition state. These results provide further 
evidence for a predominant role of orientation effects in rela- 
tively exothermic gas-phase ion-molecule reactions, in line with 
previous theoretical studies.L2 


sBL Solvation: The monosolvated base F-(sB) binds only slightly 
more weakly to the monosolvated substrate st-C,H,F(s,), 
forming the s,,-solvated reactant complexes RC(st)(s,,) 
(- 0.33 eV) and RC(u)(s,,) (- 0.29 eV), than the unsolvated 
(g) base, but rather more strongly than the sB- and s,,-solvated 
bases to the unsolvated substrate (Table 3, Fig. 7c). There is 


a. Reactant Complexes (SBL) 


:IS58 


b. Transition States (SBL) 


.*%6F 


177' 


2.33y' jl.964 , .  . ,  


1.2491 


Fig. 6. Xa/DZP structures (A, degrees) for the reaction system [F-, HF] + [C,H,F, 
HFI 


evidently a competition between the reduction in basicity and 
reactivity of the base F- by solvation and the increase in reactiv- 
ity towards the incoming base by solvation of the substrate at 
the leaving group. The solvation of the base prevents the barri- 
erless reaction with st-C,H,F(s,), in spite of the excellent leav- 
ing group. The structural deformations in RC(st)(s,,) and 
RC(u)(s,,) are between those of the unsolvated (g) and sB- or 
sBB-solvated reactant complexes (compare Fig. 6 a  with Figs. 3 b 
and 4 b) . 


The differential solvation of reactants and transition states 
decreases on going from sBB to sBL solvation because of both a 
reduced solvation energy of the reactants and an increased stabi- 
lization of the transition states, most notably for the E 2  transi- 
tion state (Fig. 7 c). Thus, the activation energies of the sB,-sol- 


a 1 


g -1.0 


-3.0 


-4.0 


R RC TS PC P 
-5.0 


b 1 


1 C 


R RC TS PC P 
-5.0 4.0 1 


Fig. 7. NL/TZ2P anti-E2 and S,2 energy profiles for microsolvated F- + C,H,F 
(transfer mode, Scheme 2). 


vated anti-E2 and SN2 reactions are lower than those of the sB- 
and sBB-solvated ones, although they are positive (Table 3). The 
increased stabilization of the E 2 transition state when the sec- 
ond solvent molecule binds to the leaving group rather than to 
the base is in line with the charge distribution in the unsolvated 
(8) transition states (Fig. 8). In TS(anti-E 2) the negative charge 
on the leaving group (- 0.70 e)  has increased considerably with 
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a. Reactant Complexes (g) 
-0.65 


F: 


k 0.26 
0.07 


b. Transition States (g) 


4.62 
E 


0.03 


RC(ec1) 


-0.52 -0.55 
F 
\ 4.62 


TS(anti-E2) " F TS(syn-E2) TS(SN~) 


Fig. 8. LDA/DZP atom charges (in electron charge e) for the E2 and S,2 reaction 
complexes and transition states of F- + C,H,F. 


respect to the reactant complexes (- 0.52 e for RC(st), Fig. 8). 
In case of s,, solvation, this negative charge is effectively stabi- 
lized; this is not the case for s,, solvation. The net result is that 
the difference in s,, solvation stabilization between the SN2 and 
the anti-E 2 transition states is relatively small (only 0.05 eV 
stronger for SN2), so that order of the TS energies in the gas 
phase (SN2 higher than anti-E2) is not reversed in this case 
(Table 3). For sBL solvation the elimination pathway still pre- 
vails over S,2 substitution (Fig. 7 c). 


3.3. m i - E  2 versus syn-E2-Transition-State Barriers: In this 
section the effects of microsolvation on the anti-E 2 versus syn- 
E 2  competition are briefly discussed. In the gas phase (8) the 
base-induced anti elimination is favored over the syn elimination 
for both energetic and entropic reasons (Table 3).[7b1 Microsol- 
vation has a similar effect on anti- and syn-E 2 elimination, and 
the difference in solvation effects on these pathways is small. As 
a result, the relative order of both pathways is unchanged at the 
NL/TZ2P level (but is reversed at the NL/DZP level, Table 2).  
The microsolvated syn-E 2 reactant complexes are very weakly 
bound (RC(ecl)(s,,) is even unbound), and the solvated base 
bends away from the leaving group to minimize repulsion. Sol- 
vation of the leaving group drastically enhances the syn-E 2 
reactivity: RC(ecl)(s,) collapses to the product complex PC l(sL) 
without going through a barrier (Fig. 5c). The reactants and 


reactant complexes are much more strongly stabilized by s,, sBB, 
and (to a lesser extent) sBL solvation than the transition state 
TS(syn-E 2); this results in positive activation energies (Table 3).  
The syn-E2 transition state is slightly more stabilized by s, and 
sBB solvation and somewhat less so by sBL solvation than the 
anti-E 2 transition state. The fact that the anti- and syn-E 2 path- 
ways are similarly affected by microsolvation reflects their close 
resemblance, for example, in the structural changes along the 
reaction pathways (Figs. 3 -6) and charge distributions in reac- 
tant complexes and transition states (Fig. 8). Consequently, the 
anti-E 2 elimination remains dominant over the syn-E 2 elimina- 
tion upon microsolvation (NL/TZ2P, Table 3). 


We note that it is still possible to influence the anti-E 2 versus 
syn-E 2 competition considerably, for example, through the in- 
troduction of certain counterions (e.g., Na') that specifically 
stabilize the syn-E 2 transition state.'', However, these fea- 
tures are beyond the scope of this investigation. 


3.4. E2 versus SN2-MO Interactions: In this section, the effect 
of microsolvation on the anti-E2 versus SN2 competition is ex- 
amined in detail by means of two different approaches: a) an 
analysis of the interactions between the reaction system F-/ 
C,H,F and solvent molecules (solute-solvent interaction), at 
various stages along the reaction pathway (R, RC, TS); b) an 
analysis of the interaction of the solvated base F-(s,) with the 
substrate C,H,F. 


Reaction SystemlSolvent Interactions: The solute- solvent inter- 
action increases when the site of solvation is more negatively 
charged; this leads to stronger solvation of reactants than tran- 
sition states and the selective stabilization of TS(SN2) (Fig. 8, 
Table 3). These results suggest that the interactions are electro- 
static. However, the charge transfer from reaction system to 
solvent follows the same trends (Table 4). In the microsolvated 
reactants and reactant complexes a substantial amount of 
charge is transferred to H F  (Table 4). The charge transfer to the 
solvent is drastically reduced in the transition states, and the 
largest TS charge transfers are in TS(SN2). This indicates that 
specific donor- acceptor bonding (hydrogen bonds) contributes 
to the solute-solvent interaction. 


Indeed, the break down of energy terms at the NL/DZP level 
(Table 5)  reveals that the solute-solvent interaction in the sB- 
and s,,-solvated species has nearly equal contributions from 
electrostatic (AE,,,,) and donor -acceptor (A&) terms (the latter 
is somewhat smaller). The orbital interaction (A&) basically 
consists of the donor-acceptor interaction between the lone 
pairs of the F-/C,H,F reaction system and the o* LUMO (i.e., 
2p- 1 s) of the H F  solvent molecules (Scheme 3). The main con- 
tribution to the lone pairs of the reaction system is given by the 
2p orbitals of F-,  which are lowered in energy when the base 


Table 4. LDA/DZP fragment charges Q (in electron charge, e) for F-, C,H,F, and HF  solvent molecules in the unsolvated (g) and microsolvated (sB and sBn) reactants, 
reactant complexes and transition states [a]. 


(F- +st-C,H,F) - 1.00 
(F- +ecl-C,H,F) - 1.00 


([F-, st-C,H,FI) -0.65 
([F-, ecl-C,H,F]) -0.62 
([F-, st-C,H,F].) -0.73 


-0.52 
-0.55 
-0.62 


0.00 
0.00 


-0.35 
-0.38 
-0.27 


-0.48 
-0.45 
-0.38 


-0.68 -0.32 0.00 
-0.68 -0.32 0.00 


-0.62 -0.25 -0.13 
-0.64 -0.23 -0.13 
-0.62 -0.25 -0.13 


-0.51 -0.10 -0.39 
-0.51 -0.12 -0.37 
-0.54 -0.16 -0.30 


-0.59 
-0.59 


-0.59 
[bl 


-0.58 


-0.54 
-0.55 
-0.52 


-0.41 
-0.41 


-0.34 
[bl 


-0.32 
-0.17 


-0.23 
-0.23 


0.00 
0.00 


-0.07 


-0.10 


-0.29 
-0.22 
-0.25 


[bl 


[a] No-transfer situation [Eq. (S)]. [b] No stable RC(ecl)(s,,) structure exists 
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Table 5. NL/DZP analysis of the sg and snn solvation energy AE,,,, (in eV) for selected points along the reaction pathways of F- +C,H,F [a]. 


AE,,,, -3.46 -5.22 -2.44 -4.08 -0.92 -1 69 -1.15 -2.80 -1.74 -2.97 
AEPrn"ll 2.98 3.86 2.42 3.60 0.98 1.65 1.14 2.58 1.81 2.93 
AEa1 -2.79 -2.93 -2.17 -2.83 -0.60 -1.03 -0.75 -1.73 -1.43 -2.06 


A L L  -3.27 -4.29 -2.19 -3.31 -0.54 -1.07 -0.76 -1.95 -1.36 -2.10 
AEprep 0.61 0.26 0.40 0.28 0.16 0.37 0.15 1.16 0.11 0.01 


AESdV -2.66 -4.03 -1.79 -3.03 -0.38 -0.70 -0.61 -0.79 -1.25 -2.09 


[a] See Section 2 for definition of the components making up AE,,,, 


..-. o*-:: 


and the substrate interact more strongly. Thus, the lone pair 
orbital energy and the charge on F- decrease along the series 
reactants (free F-),  reactant complexes (moderate F-/C,H,F 
interaction), and transition states (strong F-/C,H,F interac- 
tion); this is most pronounced for TS(anti-E 2). Both AE,,,, and 
AEoi reflect the marked differential solvation of reactants and 
transition states and the selective stabilization of TS(SN2). 


Finally, it is noted that the bonding donor-acceptor interac- 
tion AEoi is counteracted by a strong Pauli repulsion (AEPauli, 
Table 5), which is mainly ascribed to the 2-orbital/4-electron 
interactions between the lone pairs and the HF  o orbitals (i.e., 
2p  + 1 s) (Scheme 3). The fact that AEPauli is larger than AEoi 
shows that the electrostatic interactions have forced shorter hy- 
drogen bonds between solute and solvent than would have been 
the optimum in the balance between attractive (AEOi) and repul- 
sive (AE,,,,,) orbital interactions. 


Solvuted BaselSubstrate Interactions: Next, we focus on the 
base-substrate interaction and how it is influenced by solvation 
of the base. An essential difference between the E2 and SN2 
transition states is the inherently stronger deformation of the 
substrate in the former and the associated lower energy sub- 
strate LUMO. As a result, the donor-acceptor interaction AEoi 
with the base HOMO (Scheme 4) and thus the net base-sub- 
strate interaction A&,, is always stronger in the anti-E2 than in 
the SN2 transition state (Table 6). However, the deformation 
energy AEprep is significantly more endothermic for the anti-E 2 


than for the S,2 transition state (Table 6). Only in the gas phase 
does the strong base-substrate interaction LIEi,, outweigh 
AE,,,, in the unti-E2 transition state and E 2 elimination become 
the prevalent pathway (Fig. 9). Upon microsolvation, however, 
the HOMO of the base is significantly lowered in energy 
(Scheme 4), and A&, can no longer compensate for the high 


C 2 H 5 F  TS(E2) P TS(S$) CzHsF 
Scheme 4 


deformation energy AE,,,, in the anti-E 2 transition state (al- 
though AEinI remains stronger here than in the SN2 transition 
states), which therefore becomes higher in energy than the S,2 
transition state (Fig. 9, Table 6). 


3.5. anti-E2 versus syn-E 2-MO Interactions: In this section, 
the effect of microsolvation on the anti-E 2 versus syn-E 2 com- 
petition is examined in detail by analysis of the solvated base/ 
substrate interaction. In particular, we wish to establish whether 


Table 6. NL/DZP analysis of the base-substrate interaction (in eV) between [F- ,  nHF] (n = 0-2) and C,H,F for selected reactant complexes and transition states [a] 


AE,M -2.98 -0.75 -0.50 -1.73 -0.56 -5.38 -4.09 -3.10 -4.18 -3.38 -2.27 -2.97 -2.46 
AEmut, 4.65 0.93 0.57 2.54 0.68 7.06 6.14 5.24 6.87 6.55 3.88 4.50 4.43 


-3.71 -0.57 -0.25 -2.09 -0.30 -8.04 -6.23 -4.51 -6.97 -5.71 -2.31 -3.36 -1.71 


M", -2.04 -0.39 -0.18 -1.28 -0.18 -6.36 -4.18 -2.43 -4.28 -2.54 -0.70 - 1.83 0.20 
5.51 5.61 4.91 3.53 3.84 3.19 1.30 1.21 4..* 0.86 0.08 0.00 0.25 0.00 


AEO, 


AE -1 .18  -0.31 -0.18 -1.03 -0.18 -0.85 1.43 2.48 -0.75 1.30 2.49 -0.53 1.41 
~ ~~ 


[a] More thdn 80% of A& comes from A' symmetry in C, symmetric species See Section 2 for definition of the components making up A E  
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- 7-  - - - - - - - - - - ri- - - - - 


Fig 9 The base-substrate inter- 
action AE,", and deformation ener- 
gy AE,,, in E2 and SN2 transition 
states for an unsolvated (s) and a 
solvated (solv) base (for clarity, the 
relatively small variations between 
AEP,Jg) and AE,,,,(solv) have 


g 


R TS been omitted, cf Table 6) 


the picture of a base that selectively catalyzes the anti elimina- 
tion can be extrapolated from the gas17b1 to the condensed 
phase. 


We recall that the structures of the substrate C,H,F in TS(an- 
ti-E 2) and TS(syn-E 2) may serve as a model for the uncatalyzed 
transition states UTS(anti-E) and UTS(syn-E), respectively 
[Eq. (5)J and that the corresponding deformation energies 


AEprep can be associated with the activation energies for the 
thermal eliminations.[7b1 We stress in particular the model char- 
acter of the uncatalyzed anti elimination via UTS(unti-E), 
which, in practice, will be dominated by lower energy radical 
processes such as homolytic C-H bond cleavage. The AEPrep 
energies are consistently higher for the anti elimination (ca. 
4.9-5.5 eV) than for the syn elimination (3.2-3.8 eV, Table 6).  
The introduction of the base F-(s,) stabilizes the unti transition 
states (A&, = - 2.4 to -6.4 eV) much more than the syn tran- 
sition states (AE,", = - 0.7 to -4.3 eV, Table 6), for solvated as 
well as unsolvated base. Not at the NL/DZP level (Tables 2 and 
6), but certainly at the NL/TZ2P level (Table 3), this leads to the 
prevalence of the anti-E2 over the syn-E2 elimination for all 
degrees of microsolvation (8, sB, and sBB). The anti-TS is selec- 
tively stabilized for two reasons (Table 6): a) a stronger donor - 
acceptor interaction AEo, owing to a lower energy LUMO in the 
more strongly deformed TS(anti-E 2) of C,H,F; b) a stronger 
electrostatic interaction AE,.,, because of the more favorable 
magnitude and orientation of the C"-F dipole moment. We thus 
conclude thatthe base also selectively catalyzes the anti elimina- 
tion in the presence of solvent molecules. 


3.6. Condensed-Phase versus Microsolvation: In this section 
we discuss to what extent the conclusions from our micro- 
solvation model study (Scheme 2) can be extrapolated to con- 
densed-phase solvation and what kind of differences are to be 
expected. 
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Thermochemistry : The reaction energies, starting from solvated 
base and C,H,F as reactants and ending with a solvated leaving 
group (i.e., taking solvent transfer into account), have been 
calculated for the E 2 and S,2 pathways for mono- (sJ through 
tetrasolvation (sBBBJ of F- by H F  molecules (Table 7). The 


Table 7 NL/TZ2P reaction energies AE, (in eV) for F-(s.) + st-C,H,F for different 
degrees of solvation [a] 


Mech- Products 
anism 


g s: SB; sBsd SBBB: 
n = O  n = l  n = 2  n = 3  n = 4  


E2 Pl(s,)FHF-(s,)[b]+C2H, -175 - 0 8 3  -047 -027 -015 
E2 P2(s.) HF+[C,H,, F^](s,) -0  02 0 26[c] 0 30 [d] 0 33 [el - 
E2 P3(s.)HF+C2H,+F-(s,) 029 029 029 029 029 
SN2 F-(s,)+St-C,H5F 000 000 000 000 000 


[a] Transfer (Scheme 2). [b] FHF-(s,) = F-(s"+J. [c] [C,H,, F-](s,) = PC2. 
[dl [C,H,. F-](s,) = PC2(s,) [el [C,H,, F-](s,) = PC2(s,,). 


symmetric S J  reaction always remains thermoneutral. Similar- 
ly, the E2  pathway leading to the formation of H F  + C,H, 
+F- (P3) remains endothermic by 0.29 eV because the base 
and the leaving group, which are solvated before and after the 
reaction, are identical. The E 2  pathway leading to FHF- 
+ C,H, (P 1) is quite exothermic in the unsolvated gas phase (g: 
- 1.75 eV, Table 7) because of the strong association energy 
( - 2.04 eV) between the leaving group and the conjugate acid of 
the base. Upon microsolvation, this exothermicity decreases 
gradually to - 0.15 eV in the case of four H F  solvent molecules 
(s,,,;, Table 7). This mirrors the gradual reduction in the com- 
plexation energy of an additional H F  to IF-, nHFj (Table S), 


Table 8. NL/TZ2P complexatron energies AEcm(sm) (in eV) in [F-. nHF] between 
[F-, (n - l)HF] and H E  


n 1 2 3 4 5 


AEe&J -2.04 -1.12 -0.76 -0.55 -0.44 


the P 1 product complex IF-, (n + 1) HF] always containing just 
one H F  molecule more than the solvated base. The products 
Pl(s,) and P3(s,) differ only in whether the conjugate acid 
formed by the base upon proton abstraction from the substrate 
is (P 1) or is not (P 3) added to the solvation shell of the leaving 
group. When n is large, the addition of an (n +l)th H F  will 
make little difference (cf. the trend in Table 8), and the reaction 
energy BE, for P 1 will approach that for P3, a trend which can 
be observed in Figure 10. Thus, the overall effect of microsolva- 


1 0  


0 5  


- - -  - - - - -  - - -  - - - - - -  - 6 SN2 0 0  


-10 


-1 5 


Fig 10 NL/TZ2P thennochemistry of the mono- through tetrasolvated E2 and 
SN2 reactions (transfer mode, Scheme 2) 
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tion on the thermochemistry of the reactions seems to converge 
rather fast to a limiting (condensed-phase) value. 


Desolvation Effects: The prominent role that ion-molecule 
complexes play in the unsolvated (g) reactions of F- +C,H,F 
has already been found to diminish strongly upon mono- and 
disolvation (Section 3.2); this makes the reaction energy profile 
nearly unimodal (Fig. 1 b) and suggests that it becomes virtually 
unimodal at complete (i.e., condensed-phase) solvation 
(Fig. lc) .  However, one must also take into account that the 
reactive sites of the reactants get blocked when the first solva- 
tion shell is completed and that association (and reaction) can 
only proceed when the reactants are partially desolvated 
(Scheme 5). This phenomenon can introduce new features to the 


This may even be seriously hindered by the bulk solvent mole- 
cules (Fig. 11). The solvent structure, on the other hand, may 
also encounter kinetic and dynamic barriers in its “attempt” to 
react to the chemically fast-changing solute.[”- 161 The s, and 
s,, solvation modes can be taken as models for early reaction 
stages and for situations in which the solvent structure has not 
yet reacted to the expulsion of the leaving group; the sBL solva- 
tion mode (which becomes energetically favorable during the 
expulsion of the leaving group, Table 3 )  models a situation in 
which the solvent structure reacts immediately. In general, both 
extremes and a range of intermediate situations are present in 
the condensed phase, depending on the specific reactants and 
solvent. Our results indicate that a larger contribution of the s,, 
solvation mode lessens the relative promotion of SN2 substitu- 
tion by solvation (Table 3) .  


R(so1v) 
Scheme 5. 


RC( soh) 


reaction energy ~urface .~”~ *‘* ‘Ib1 The energy minima corre- 
sponding to reactant and product complexes may become more 
shallow (Fig. 1 b) or even disappear (Fig. 1 c). However, an en- 
ergy barrier between the complex and its separated components 
shows up (Fig. 1 d) if the solute-solvent and base-substrate 
interactions are both strong and the desolvation and association 
processes do not occur in a concerted manner. Thus, a triple- 
well mechanism arises with solvent-caged reactant and product 
complexes. The desolvation effects are probably similar for E 2 
and SN2 reactions, because for both pathways the main contri- 
bution comes from desolvation of the anionic base. Therefore, 
the E 2 versus SN2 competition is expected to be essentially un- 
changed. 


Bulk Effects: A related phenomenon that occurs in the con- 
densed phase is “cavitation”, the breaking of solvent-solvent 
interactions to create a hole in the bulk for the reaction system. 
The cavitation effect reduces the overall solvation energy, de- 
pending on the effective volume of the solute. Another essential 
characteristic of condensed-phase reactions is that the expelled 
leaving group can attract solvent molecules from the bulk 
(Fig. 11). There is thus no need for the dynamically difficult 
transfer of solvent molecules from the base to the leaving group. 


Fig. 11. Bulk solvent effects on the anti-E2 reaction (grey circles = tightly bound 
solvent molecules; white circles = more weakly bound or bulk solvent molecules) 


4. Conclusions 


Certain characteristic trends of condensed-phase solvation of 
the E 2 and SN2 reactions can be qualitatively reproduced with 
our theoretical model study of the reaction F- +C,H,F 
+ n H E  Initial microsolvation of the base has two main effects : 
a) the activation barriers of all pathways increase significantly 
and even become positive, because reactants are more strongly 
stabilized than transition states; b) the SN2 transition state is 
significantly more stabilized and becomes lower in energy than 
the anti-E2 transition state. Thus, all pathways are retarded and 
SN2 substitution becomes prevalent over E 2 elimination upon 
the introduction of only one or two solvent molecules. The 
influence of solvation on the anti-E 2 versus syn-E2 competition 
is much smaller. 


We have argued that the s, and sBB solvation modes model the 
early reaction stages and situations in which the solvent struc- 
ture has not yet reacted to the expulsion of the leaving group, 
whereas the sBL solvation mode models a situation in which the 
solvent structures reacts immediately. Our results indicate that 
a larger contribution of the sBL solvation mode lessens the rela- 
tive promotion of SN2 substitution. 


The solute-solvent interactions are provided by electrostatic 
and nearly equally strong donor-acceptor interactions (hydro- 
gen bonds) between the lone pairs of the reaction system (mainly 
at F-) and the o* LUMO of the H F  solvent molecules. We 
expect that the resulting accumulation of charge in the solvent 
molecules of the first solvation shell strengthens the interaction 
with additional solvent molecules, compared to solvent -solvent 
interactions in the bulk. 


These results suggest that the inclusion of a few solvent mol- 
ecules in the quantum mechanical treatment can significantly 
improve the theoretical description of some condensed-phase 
characteristics (see also ref. [I 5 a]). For classical molecular dy- 
namics (MD) methods we propose the introduction of variable 
atomic charges (in the solute and in solvent molecules of the first 
solvation shell) that depend on the solute-solvent distance. 


An alternative picture of the solvation effects is that they 
stabilize the HOMO of the base and thus reduce both its (E2) 
protophilicity and its nucleophilicity, but the former is reduced 
to a greater extent. Finally, the finding that the base selectively 
catalyzes the anti elimination (previously found for the gas 
phase) is preserved for condensed-phase E 2 eliminations. 
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1,2,3=Triphosphetenes, First Examples of a New Class 
of Phosphorus Heterocycles** 


Heike Pucknat, Joseph Grobe,* Duc Le Van, Burkhardt Broschk, Marianne Hegemann, 
Bernt Krebs, and Mechtild Lage 


Abstract: Hitherto unknown 1,2,3-triphos- 
phetenes RC =P-PCF,-PCF, (3 a-d) are 
formed as main products in reactions of 
phosphaalkynes R-C=P [R = iPr,N 
(la),  tBu(lb),Me,EtC(lc), l-methylcy- 
clohexyl (1 d)] with the cyclotetraphos- 
phane (PCF,), (2). According to NMR 
results the CF, groups in 3a-d have a 
trans disposition; an X-ray diffraction 
study of 3a  confirms this structure. The 
P-P bond lengths in 3 a  are equal 
[2.201(2) and 2.204(2) A] and correspond 
to single bonds. A considerable shorten- 
ing is observed for the spZ-C-N bond 


- (1.336 .&) which, together with the elonga- 
tion of the P=C bond (1.746 A), indicates 
effective 7c donation of the lone pair on 
nitrogen. Surprisingly, 3 a can be prepared 
in quantitative yields by reaction of the PP 
ylide Me,P=PCF, (6) with 1 a (molar ra- 
tio: 2: 1). In contrast, the corresponding 


Keywords 
insertion reactions - 
* phosphorus ylides * 


reactions of 6 with the alkyl-substitut- 
ed phosphaalkynes lb-d lead to the 
novel phosphorus ylides Me,P=C(R)- 
P-PCF,-PCF,-PCF, [R = tBu (lOa), 
Me,EtC (lob), I-methylcyclohexyl (~OC)] 
in good yields. In their molecular ground- 
state structures, determined by X-ray 
diffraction, the lone pair on the phos- 
phano P atom prefers the syn position 
with respect to the ylidic P=C bond. 
An unusual lengthening of the spz-C-C 
bond [1.553(4) (lOa), 1.543(6) (lob), 
I .SSI (4) A (IOC)] to values typical for sp3- 
C/sp3-C distances is observed. 


Introduction 


The triphosphacyclobutenide ion I, produced and spectroscopi- 
cally (,'P NMR) detected by Baudler et al.,['] seems to be the 
only unsaturated four-membered triphosphaheterocyclic sys- 
tem reported to date.[31 Uncharged 1,2,3-triphosphetenes with 
P-C (11) or P-P (111) n bonds are also unknown.[41 Recent 


R 
I 


(PRk.5 + R'CsCR" 


I II m 


studies of [2 + 21 cycloaddition reactions of phosphaalkyne~[~I 
with heteroalkenes like phospha-16 -'I or silaalkenes["] suggest 
that a successful synthesis of system I1 might be achieved by 
using reactive diphosphenes. According to earlier reports by 
Mahler," '1 Schmidt[lZ1 and others,[13 - 15] diphosphene inter- 
mediates clearly play an important role in reactions of cy- 
clophosphanes (PR),, with alkynes to yield 1,2-diphosphetenes 
and 1,2,3-triphospholenes (Scheme 1). Since phosphaalkynes 


[*] Prof. Dr. J. Grobe. Dip1.-Chem. H. Pucknat, Dr. D. Le Van, Dip1.-Chem. B. 
Broschk, Dr. M. Hegemann, Prof. Dr. B. Krebs, M. Lige 
Anorganisch-Chemisches Institut der Universitat 
Wilhelm-Klemm-Strasse 8, D-48149 Minster (Germany) 
Telefax: Int. code +(251)83-3169 


[**I Reactive E=C(p-p)n Systems, Part 41. Part 40: see ref. [l]. 


Scheme 1 


and alkynes in some respect show similar properties, we recently 
decided to investigate the reactions of phosphaalkynes R-C=P 
(1 a-d) with trifluoromethylcyclophosphanes (PCF,), (n = 4, 5 )  
and the phosphorus ylide Me,P=PCF, (6), respectively. Here 
we report on the interesting results obtained. 


Results and Discussion 


Synthesis and Characterization of the 1,2,3-Triphosphetenes 3 a- 
d: Phosphaethyne 1 a reacted with (PCF,), (2) in a 2: 1 molar 
ratio in THF at 25 "C. Within 7 h 2 had been completely con- 
sumed (detected by "F NMR), and 3 a  formed as the main 
product (ca. 70% yield relative to 1 a) (Scheme 2). The 1,2,3- 
triphosphetene 3 a  was characterized by elemental analysis (C, 
H, N), spectroscopically and by single-crystal X-ray diffraction. 
In addition to 3a, small amounts of the expected 1,2,3,4-te- 
traphospholene 4 were formed, but could not be isolated in pure 
form from the reaction mixture. The alkyl-substituted phos- 
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CF3 


P I 
Crystal and Molecular Structure of the Triphosphetene 
3a: The crystal structure analysis of 3a confirms the 


\ /CF3 F3C\ P / \dCF3 composition and the molecular structure (Fig. 1) de- 
duced from the NMR studies. 


As expected the P3C ring skeleton is nonplanar; the 
angle between the vectors of the P=C and the P-P 
bond is 20.7". The P-P bond lengths are almost identi- 
cal (2.201(2) and 2.204(2)A) and correspond to a 
P-P single bond. 
The result of equal 
lengths for 02-P/ 
03-P and a3-P/a3-P 
bonds is in agree- 
ment with literature 
data of both acyclic 


and cyclic diphospha 
compounds.116a,18,191 The 
c(2)c(5)N(1)c(1)p(2>p(3) 


F3C 


P-P 
+ P R - C z P  + (PCF3), - I 1  \ I  


/c=p /c=P 
R 3  R 4  


(70%) 


( 
u I 


Scheme 2. 


phaalkynes 1 b-d undergo similar reactions with 2 affording 
high yields of the derivatives 3 b-d. The only difference to 1 a is 
that a longer reaction time (ca. 24 h) is required. A much lower 
reactivity is observed under similar conditions in reactions of 
cyclopentaphosphane (PCF,), (5) with the phosphaalkynes to 
give the 1,2,3-triphosphetene derivatives. 


The novel heterocycles 3 a-d are stable at room temperature 
and in the usual organic solvents, provided that air is excluded. 
Dimerization by [2+ 21 addition of the P=C units of two triphos- 
phetene molecules was not observed. Identity and structure of 
the new compounds were confirmed by spectroscopic investiga- 
tions. The mass spectra generally show a molecular ion peak of 
relatively high intensity. The fragment ion [M' - CF,] is very 
often the base peak. The "F NMR spectra consist of two 
groups of signals, a low-field resonance with a chemical shift 6, 
between -46.2 and -49.9 for the F,CP-P unit and a high-field 
resonance between -53.2 and -55.2 for the F,CP-C frag- 
ment. The coupling pattern dddq is due to the interactions with 
the three nonequivalent 31P atoms and the second CF, group. 
An unusually low value of 1.2 Hz is observed for the ,J(PF) 
coupling to the 02, A3-P atom. 


The 31P{ 'H} NMR spectra of 3a-d result from an AMX spin 
system. The complex coupling pattern can be interpreted and 
the coupling constants established from the spectra by using 
decoupling experiments and NMR simulation programs. As 
expected the resonances of the 02, L3-P atoms are found in the 
low-field region (6, = 117.5-318.9) with typical 'J(02-P/03-P) 
values of 185-200 Hz.[16] The signals of the c3, L3-P nuclei 
appear at higher field with only small variations. A strong influ- 
ence of the amino group is observed on the oZ, L3-P resonance 
of 3a causing an upfield shift of about 200 ppm relative to the 
signals of the C-alkyl compounds 3b-d. The 'f(a3-P/o3-P) cou- 
plings in 3a-d (100-120 Hz) are distinctly larger than those of 
tBuP or PhP diphosphetenes,[13' but agree very well with cou- 
pling constants of the corresponding CF,P corn pound^.^'^^ To- 
gether with literature results['39 141 they point to a trans arrange- 
ment of the CF, groups in 3a-d, a hypothesis proved to be 
correct for 3a by X-ray diffraction. 


Further support for the molecular structures of 3a-d emerges 
from 13C{lH} NMR investigations. Thus the resonance of the 
phosphaalkene carbon atom with ddd splitting is observed in 
the expected low-field region (6, = 185.4-229.7) with typically 
large 'J(a2-P/C) coupling constants of 68.3-81.7 Hz.[', 17] The 
special influence of the amino group on the bonding in 3a shows 
up in a 20 ppm upfield shift of the sp2-C resonance relative to 
those of the alkyl substituted analogues 3b-d and a larger 
'J(a2-P/C) coupling (by about 10 Hz). The 13C NMR signals of 
the isopropyl substituents on the nitrogen atom of 3a appear 
separately; this indicates chemical nonequivalence due to hin- 
dered rotation of the amino group about the sp2-C-N bond. 


framework of 3 a is compar- 
able to that of the 1H- 3a 


diphosphirene ( l ~ r ) ~ e , ~ i ~ -  Fig 1 Molecular structure of 3a Select- 
ed bond lengths (A) and angles (") m 


C =P-P-NiPr, described by ~ ( 1 ) - ~ ( 2 )  2 2 0 ~ 2 ) .  P(I)-P(~) 2 2040). 


the view that the amino N(I)-c(~) ii6.8(1). 
group acts as an effective K- 
electron donor and that the mesomeric form B makes a consid- 
erable contribution to the ground-state structure of 3a. 


A '  B '  


As in the known 1,2-dipho~phetenes,[~~~'~] the CF, sub- 
stituents on P(l) and P(2) occupy tram positions. The torsional 
angle is 137.6". The iPr groups are twisted so as to avoid close 
intramolecular contacts. Their geometrical arrangement resem- 
bles the conformation of the iPr,N group in phosphaalkyne 
la[''] and several other compounds derived from it.["] 


Phosphorus Ylides Me,P=C(R)-P -PCF,-PCF,-PCF, (10 a-c): 
In 1989 Fritz et al.[2z] reported on reactions of the PP ylide 
adduct tBu,P-P=P(Br)tBu, . LiBr with 2,3-dimethyl-l,3-butadi- 
ene (DMB) and cyclohexene. The products obtained point to 
the intermediate formation of the diphosphene [tBu,P-P=P- 
PtBu,] and/or the phosphinidene [tBu,P-P:]. Our investigations 
of the generation and reactivity of the trifluoromethyl-substitut- 
ed diphosphene [F,CP=PCF,] or phosphinidene [F3C-P][23] 
led us to the observation that the analogous reaction of the PP 
ylide Me,P=PCF, (6)1241 with DMB exclusively yields the phos- 
pholene derivative H,C-C(Me)=C(Me)-CH,-PCF, .I1'] These 
diverging results caused us to study the reactions of 6 with the 
phosphaalkynes 1 a-d. 


The reaction of 1 a with 6 (molar ratio: 1 :2) took a surprising 
course to give the 1,2,3-triphosphetene 3a in quantitative yield 
and, therefore, is particularly suited for the preparation of this 
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R' 


heterocycle. Even on changing the stoichiometry of 1 a/6 to l / l ,  
no intermediate could be detected by NMR measurements. This 
allows us to make some conclusions with respect to the mecha- 
nism. As the formation of the diphosphene F,CP=PCF, from 6 
seems unlikely under the reaction conditions, the pathways 
shown in Scheme 3 can be considered as possible mechanisms 
for the formation of 3a. According to course (a) the addition of 
6 to l a  followed by the loss of Me,P yields the 1H-diphos- 
phirene 7, which quickly takes up an additional CF,P unit into 
the PP bond to form 3a. Support for this hypothesis comes from 
the known insertion of [F,C-P:] into the E-E bond (E = P, As) 
of diphosphanes or d i a r~anes . ' ~~]  Route (b) begins with the in- 
sertion of 1 a into the P-P bond of 6, thereby transforming 6 to 
the PC ylide 8, which adds another molecule of 6 to give 3a by 
ring expansion and Me,P elimination. There is good evidence 
that route (b) is more plausible than (a), because the reactions 
of 6 with the phosphaalkynes 1 b-d lead to the phosphorus 
ylides 10a-c as main products (yields of 60-70%). By-prod- 
ucts can be largely limited by adjusting the molar ratio lb-d:6 
to 1:3 (Scheme 4). 


a b C 


IBu MeStC 


7 
l a  + MesP=PCF3 


6 \  
0 b L  [ Me3:- C(NiF'r2) = P - PCF3 c) MqP = C(NiR2) - P = 


8 


9 


Scheme 3. Possible mechanisms for the formation of 3a from 1 a and 6 


The novel compounds 10a-c are attacked by oxygen to give 
Me,PO as one of the oxidation products. They were character- 
ized spectroscopically. The "F NMR spectra consist of two 
complex signals at 6 = - 47 and - 51 with an intensity ratio of 
1 :2. In the corresponding 31P{1H} NMR spectra five interact- 
ing resonances are observed, which can be attributed to the 
different 'P nuclei by decoupling experiments (Table 1). With 


Table 1. I9F and "P NMR data [a] of compounds 10a-c 


CF3 I 


10a 10b 1oc 


I9F NMR 
CF3P3 -47.5 (dt, 3F)  -47.8 (dtd, 3F)  -46.2 (dt, 3F)  


'J(P,F) = 56.5 'J(P,F) = 55.5 'J(P,F) = 57.0 
'J(P,F) = 9.0 'J(P,F) = 9.9 3J(P,F) = 9.2 


4J(P,F) = 3.0 


CF3P"' -51.2 (dm, 6F)  -51.6 (dm, 6F)  - 50.0 (dm, 6F)  
'J(P,F) = 45.6 'J(P.F) = 45.8 'J(P,F) = 44.0 


"P{'H} NMR 
Me,P 8.4 (d) 8.5 (d) 10.5 (d) 


P' 1.2 (m) 2.6 (m) 5.2 (m) 
PZ, P4 - 69.4 (m) -67.6 (m) - 70.0 (m) 
P3 -94.8 (m) -94.2 (m) -93.1 (m) 


[a] "F (188.31 MHz, CD,CI,, CCI,F as external reference), "P (81.01 MHz, 
CD,CI,, 85% H,PO, as external reference), J i n  Hz; 10a in C6D6. 


'J(P,P) = 248.8 'J(P,P) = 250.4 'J(P,P) = 251.9 


the exception of the Me,P signal, all other resonances 
show complicated multiplet structures due to numerous 
PP and PF couplings of the extremely complex spinsys- 
tem. 


Clear proof for the structures of the crystalline compounds 
10a-c was obtained by single-crystal X-ray diffraction (see be- 
low). With reference to the chemistry of low-coordinate phos- 
phorus compounds and phosphorus ylides, the formation of 
10a-c can be plausibly explained as follows: The multistep 
process starts with the insertion of a phosphaalkyne into the 
P=P bond of 6 (Scheme 5). Reaction of the intermediate 11 with 
an additional molecule of 6 yields the three-membered cy- 
clophosphane derivative 12 after Me,P elimination. Like 
(PCF,), , 12 is a labile system,[261 which is stabilized by further 
addition of a CF,P unit from 6 to produce the ylides 10 a-c. 


The different behaviour of the related intermediates 9 
(Scheme 3) and 12 (Scheme 5) is caused by the n-donating prop- 
erties of the amino group in 9. It is known from experimental[271 
and theoretical studiestzs1 that n-donor substituents like NR, , 
OR or F destabilize PC ylides. Therefore, compounds of the 
type R,P=C(X)R (X = n-donor group) exhibit an increased 
tendency to dissociate to R,P and [:C(X)R] . Intermediate 
9 belongs to this class of ylide derivatives and spontaneously 
releases Me,P. The resulting carbene then inserts into the 
neighbouring PP bond of the cyclotriphosphane fragment to 
give 3a. 


The reactions of the phosphaalkynes 1 a-d with the PP ylide 
6 demonstrate for the first time the ability of crl, 13-P=C species 
to insert into double bonds between 04, I5-P and 02, 13-P, prob- 
ably via intermediates formed by [2 + 21 cycloaddition followed 
by ring opening. 


PCF3 ] 


Crystal and Molecular Structures of the P Ylides 1Oa-c: The 
crystallographic data of 10a-c are given in Table 2.  Figure 2 
shows the molecular structures as determined from single-crys- 
tal structure analyses. As expected the different alkyl sub- 
stituents on the ylidic C atom only slightly affect the molecular 
structure. 
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8 e 
R-CIP + MqP=PCFj -[ Me3P-qR)=P-PCF3 


1 b - l d  6 


I ICF' 1 


12 
Scheme 5. 


The new phosphorus ylides exhibit the following com- - MqP=C(R)-P=PCFs 1 mon structural characteristics: 


11 


1Oa- 1Oc 


( 1  


10b 


Fi21 F131 


I 


I Fig. 2. Molecular structures 
10c of 10a-c. F191 


Table 2. Selected bond lengths (A) and bond angles (") for Compounds 10a-c. 


10a 10 b 10c 


d[L5, u4 P-C(ylide)] 1.736(5) 
d[i13, u3 P-C(y1ide)l 1.734(5) 
d(P-P) 2.258(2) 


2.221(2) 
2.212(2) 


d[C(ylide) -C] 1.553(7) 
2.290(2) 


r PPP 85.2(1) 
86.4(1) 
84.7(1) 
83.7(1) 


4- C(y1ide) 110.3(3) 
122.0(3) 
127.6(3) 


1.749 (4) 
1.728(4) 
2.259 (2) 
2.213(2) 


2.272(2) 
1.543 (6) 
86.0(1) 
87.0(1) 
85.7(1) 
84.5(1) 
109.4(2) 
121.3(3) 
129.2(3) 


2.212(2) 


1.737 (3) 
1.735 (3) 


2.212(2) 
2.210(2) 


2.250(2) 


2.296(2) 
1.551 (4) 
83.0(1) 
85.6(1) 
84.2(1) 
82.8(1) 
109.9 (2) 
121.9(2) 
127.8(2) 


1) The geometries around the ylidic P=C unit are tetrahedral 
and trigonal-planar as expected. 


2) Both sp2-C-P bond lengths are approximately equal; the a4, 
A5-P-C bond length of between 1.736(5) and 1.749(4) A is sig- 
nificantly longer than typical for P ylides (1.63 to 1.71 A) .[291 


3) The molecular structures of 10a-c can be described as a 
combination of two known structural units, namely, phosphano 
substituted phosphonium ylide~[~'] and cyclotetraphos- 
phane~.[~' .  321 Thus, the phosphano centres in 10a-c show trig- 
onal-pyramidal geometries as expected for R,P=CH-PR, 
compounds.[30] The lone pair on phosphorus occupies the syn, 
or ( Z ) ,  position relative to the P=C bond (Fig. 3). According to 
a theoretical the phosphano lone pair is expected to 
take up either the syn ( Z )  or the anti ( E )  position perpendicular 
to the p (or IT) orbital of the ylidic C atom. 


syn (R' eclipsed) syn (R' staggered) 


Me\ /R' 


R 


M e  
Me.:. /R' 


P=c\ & 
Me' R"..P 


A 
R 


onti (R' eclipsed) anti (R' staggered) 


Fig. 3. Possible conformations of monophosphano-substituted phosphonium 
ylides. 


In the three structures presented in Figure 2, the alkyl sub- 
stituent on the spz-C atom generally takes up a staggered orien- 
tation relative to the methyl groups at the phosphonium centre 
and to the CF3P groups bound to the phosphano P. Conse- 
quently, of the two possible syn conformations, only the struc- 
ture with eclipsed positions of the phosphano lone pair and one 
of the methyl groups at the phosphonium P atom is observed. 


4) A surprising elongation is found for the sp2-C-C bonds 
[1.553(4) (lOa), 1.543(6) (lob), 1.551 (4) (1Oc) A], which are 
now very close in length to sp3-C/sp3-C bonds;[341 these bonds 
differ distinctly from those in other P ~1ides.L~~. 361 This devia- 
tion very probably is due to the steric interaction of the alkyl 
groups with the cyclotetraphosphane fragment. 


5) The structural parameters of the cyclotetraphosphane frag- 
ment of the molecules 10a-c mirror the d(PP), d(PC) and inter- 
nal angles of (PCF3)4.[311 On the other hand, the (sp2-C)P-P 
bond lengths of 2.250(2) to 2.296(2) 8, are considerably longer 
than typical single bonds (2.20 A). 


Conclusion 


The reported efficient synthesis of the 1,2,3-triphosphetenes (ac- 
cording to Scheme 2) once more demonstrates the close rela- 
tionship between phosphaalkyne and alkyne chemistry. The 
novel compounds are the first examples of a new class of unsat- 
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urated four-membered phosphaheterocycles, which will open a 
broad field of interesting preparative work in organoelement 
and coordination chemistry by making use of the different reac- 
tive sites of the molecules. 


Experimental Procedure 
All reactions were carried out using a standard vacuum line. Reaction vessels were 
either Schlenk flasks or ampoules with serveral break seals and an NMR tube. 
Solvents and deuterated compounds for NMR measurements were carefully dried 
and degassed. Bis(isopropy1amino)phosphaethyne (1 a) was prepared by a proce- 
dure described recently [37]. Literature preparations were used for the syntheses of 
the phosphaalkynes 1 b-d [38,39], the cyclophosphanes (PCF,),, [40] and the PP 
ylide Me,P=PCF, (6) [24]. 


Apparatus: For elemental analyses: Perkin-Elmer Analyser 240. NMR: Bruker 
AC200 (200.13 MHz. 'H, Standard: TMS; 188.31 MHz, I9F, Standard: CC1,F; 
81.02 MHz, ,'P, Standard: 85% H,PO,; 50.32 MHz, 13C, Standard: TMS). MS: 
Model CH 5 MAT-Finnigan. 


Preparation of the 1,2,5Triphosphetenes (3a-d): The best method for the prepara- 
tion of the amino substituted triphosphetene 3 a  is the reaction of l a  with the ylide 
Me,P=PCF, (6) in a 1 :2 molar ratio. The derivatives 3b-d could only be obtained 
by reacting phosphaalkynes 1 b-d with the cyclotetraphosphane (PCF,), (2). 


1,2-Bi~tnfluoromethyl)-4-di(isopropyl)amino-l,2,3-triphosphe~ene (3a): (PCF,), 
(451 mg, 1.13 mmol) was transferredinto a Schlenk flask (100 mL, thoroughly dried 
by heating under vacuum) and treated with Me,P (342 mg, 4.5 mmol) at room 
temperature with stirring. The PP ylide 6 was formed quantitatively in an exother- 
mic reaction indicated by a colour change to yellow. After M min dry degassed 
diethyl ether (ca. 5 mL) and rF'r,N-C=P (1 a) (322 mg, 2.25 mmol) were introduced 
by vacuum condensation. The mixture was stirred at 20 'C for 24 h and then sepa- 
rated by trap-to-trap condensation (cooling baths at 0 and -196°C). 3 a  was con- 
densed at 0°C in form of pale yellow crystals. After dissolution in n-pentane it was 
recrystalhzed at -30°C. Yield: 70%. 'HNMR (CDCI,. 25°C): 6 = 3.82 
(sept., 'J(H,H) = 6.8 Hz, 2H; CH), 1.49 (d. ,J(H,H) = 6.4 Hz, 3H; CH,). 1.47 (d, 
,J(H,H) = 6.4H2, 3H; CH,), 1.22 (d, 'J(H,H) = 6.5 Hz, 3H; CH,), 1.16 (d, 
,J(H.H) = 6.4 Hz, 3H;  CH,); "F NMR (CDCI,, 25°C): 6 = - 49.9 (dddq, 
'J(P,F) = 40.5, 'J(P,F) = 23.5, 'J(P,F) =1.2, 5J(F,F) = 1.2 Hz, PPCF,), -53.6 
(dddq, 'J(P,F) = 38.7, ,J(P.F) = 20.3, ,J(P,F) = 3.1, 5J(F,F) =1.2 Hz, CPCF,); 
"P{'H) NMR (CDCI,. 25°C): 6 =117.5 (ddqq, 'J(P,P) =195.1, 'J(P,P) = 44.2. 
3J(P,F)=l.2,4J(P,F) = 3.1 Hz,P=C),7,7(ddqq,'J(P,P) =106,8,'J(P,P) =44.2, 
'J(P,F) = 38.7, 'J(P,F) = 23.5 Hz,CPCF,), -111.6(ddqq, 'J(P,P) =195.1,106.8, 
'J(P,F) = 40.5, 'J(P,F) = 20.3 Hz, PPP); I3C NMR (CDCI,, 25°C): 6 =16.1 (d, 
4J(P,C) ~ 1 0 . 8  Hz, CH,), 20.9 ( s ,  CH,), 51.3 (s,  CH), 57.7 (d, 'J(P,C) =19.2 Hz, 
CH), 129.5 (dddq, 'J(F,C) = 325.5, 'J(P,C) = 68.8, 'J(P,C) =7.1 Hz, CF3), 132.5 
(ddq, 'J(F,C) = 324.1, 'J(P,C = 84.9, 'J(P,C) =7.2 Hz. CF3), 185.4 (ddd, 'J(P,C) 


274 (82) [M' - CF,], 143 (29) [M' - PzC,F6], 43 (100) [C,H;]. C9Hl,F6NP3 
= 81.7, 24.8, 'J(P,C) = 15.4 Hz, C=P); MS (70 eV, EI): m/z (%): 343 (44) [M+], 


(343.1):calcdC31.48,H4.08N4.08;foundC32.22,H4.09,N4.11 (the rather large 
deviations of the experimental C values are very probably due to the difficult 
combustion and the air sensitivity of fluorine-containing organophosphorus com- 
pounds). 


3b-3d: These compounds were prepared by the same general procedure, described 
here for 3b. (PCF,), (320 mg, 0.80 mmol) was transferred into a carefully dried 
ampoule equipped with several break seals. Phosphaalkyne 1 b (160 mg, 1.60 mmol) 
was introduced by vacuum condensation, and the evacuated ampoule sealed off 
with liquid N, cooling. The reaction started when the compounds were melted and 
mixed, reflected in a colour change to yellow. The mixture was allowed to warm to 
room temperature over 3-4 h. Over this period it turned orange. NMR control 
measurements indicated complete reaction with formation of the 1.2,3-triphos- 
phetene 3 b (main product) and the corresponding 1,2,3,4-tetraphosphole (by- 
product). Isolation of 3 b  was achieved by vacuum condensation with traps at -30 
and - 196 "C. The light yellow triphosphetene 3 b was collected in the - 30 "C trap, 
while the nonvolatile phosphole remained in the reaction vessel as an orange oily 
residue. Yields of 3b-3d: 50-60%. 


1,2-Bis(trifluoromethyl)-4-tert-butyl-l,2,ftriphosphetene (3b): 'HNMR (C6D6, 
25 "C): 6 = 0.95 (ddd, 4J(P,H) = 1.5.1.0, 5J(P,H) = 0.25, CH,); 19F NMR (C6D6, 
25°C): 6 = - 46.9 (dddq, 'J(P,F) = 41.5, 'J(P,F) =18.6. 1.0, 5J(F,F) =1.0 Hz, 
PPCF,), -55.2 (dddq, 'J(P,F) = 48.2, ,J(P,F) =17.1, 4J(P,F) = 2.8, 'J(F,F) 
=1.0 Hz, CPCF,); 31P{'H) NMR (C6D6, 25°C): 311.3 (ddqq, 'J(P,P) =186.6, 
'J(P,P) = 50.1, ,J(P,F) =1.3, 4J(P,F) =1.0 Hz, P=C), -18.2 (ddqq, 'J(P,P) 
=101.4, 'J(P,P) = 47.9, 2J(P,F) = 41.4, 'J(P,F) =18.2 Hz, CPCF,), -100.7 
(ddqq, 'J(P,P) =182.4, 100.9, 'J(P,F) = 41.4, 'J(P,F) = 17.1 Hz, PPP); I3C NMR 
(C6D6, 25 "C): 6 = 28.9 (ddd, ,J(P,C) = 10.4.3.9, ,J(P,C) = 1.1 Hz, CH,), 44.5 (dd, 
'J(P,C) = 8.0 Hz, CCH,), 128.3 (dddq, 'J(F,C) = 319.2, 'J(P,C) = 69.6, 'J(P,C) 
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=7.9 Hz,CF,), 130.6 (ddq, 'J(F,C) = 325.1, 'J(P,C) =73.8, 'J(P,C) =7.8 Hz, 
CF,), 228.7 (ddd, 'J(P,C) = 68.3, 40.1, ,J(P,C) = 18.0 Hz, C=P); MS (70 eV, EI): 
m/z (YO): 300 (10) [M']. 231 (98) [M' - CF,], 69 (100) [CF,']; C,H,F6P, (300.1): 
calcd C 28.02, H 3.02; found C 27.85, H 2.90. 


1,2-B~(trifluoromethyl)4(2,2~~ethylbu~l)-l,2,5triphosphetene (3c) was pro- 
duced from (PCF,), (320 mg, 0.80 mmol) and a 0.9: 1 mixture of l c  and hexa- 
methyldisiloxane (469 mg, corresponding to 1.60 mmol of l c ) .  'H NMR (CD,CI,, 
25°C): 6 =1.65 (dq, 'J(H,H) =7.49Hz, 2H, CH,), 1.27 (dd, '4H.H) =10.08, 
,J(P,H) = 0.79 Hz, 6H,  C(CH,),), 0.92 (t, 'J(H,H) =7.49 Hz, 3H, CH,); I9F 
NMR (CDZCI,, 25"): 6 = - 46.2 (dddq, 'J(P,F) = 41.5, 'J(P,F) = 18.7, 'J(P,F) 
=1.1, 'J(F,F)=l.l Hz, PPCF,), -54.1 (dddq, ,J(P,F) = 48.2, 'J(P,F) =17.5, 
4J(P.F) = 2.5, 5J(F,F) =1.1 Hz, CPCF,); 31P{'H) NMR (CD'CI,, 25°C): 6 
= 317.9 (ddqq, 'J(P,P) =185.3, 'J(P.P) = 49.3, ,J(P,F) =1.1, 4J(P,F) = 2.5 Hz, 
P=C); -15.4 (ddqq, 'J(P,P) =119.9, 'J(P,P) = 49.3, ,J(P,F) = 48.2, 'J(P,F) 
=18.7 Hz, CPCF,), -97.4 (ddqq, 'J(P,P) =185.3, ,J(P,P) =119.9, 'J(P.F) 
=41.5, 'J(P,F) =17.5 HZ.PPP);'~C"MR(CD~CI~,~~~C):~ = 8.65(dd,4J(P,C) 
= 6.91 Hz, CH2CH3), 26.15 (ddd, 'J(P,C) =13.43, ,J(P,C) = 4.54 Hz, C(CH,),), 
34.45 (dd, ,J(P,C) =7.46 Hz, CH'CH,), 48.32 (dd, 'J(P,C) =13.82, 'J(P,C) 
= 6.91 Hz, C(CH&), 128.13 (dddq, 'J(F,C) = 325.61, 'J(P,C) =72.95, 'J(P,C) 
= 9.36, CF,), 130.45 (ddq, 'J(F,C) = 322.12, 'J(P,C) = 67.40, 2J(P,C) = 5.73 Hz, 
CF,), 228.6(dddq, 'J(P,C) =70.84,38.31, 'J(P,C) =14.0, 'J(F,C) = 2.1 Hz, C=P); 
MS (70eV, EI): m/z (YO): 314 (17) [Mt ] ,  245 (93) [ M +  -CF,], 99 (42) 
[M' - CH,], 83 (42) [C6Hll+]; C,H,,F6P, (314.1); calcd C 30.59. H 3.53; found 
C 29.45. H 3.48 (the rather large deviations of the experimental C values are very 
probably due to the difficult combustion and the air sensitivity of fluorine contain- 
ing organophosphorus compounds). 


1,2-B~(trifluoromethyl)~-~l-methylcyctohexyl)-l,2,3-~riphosp~tene (3d) was ob- 
tained by reaction of (PCF,), (320 mg, 0.80 mmol) and 1 d (224 mg, 1.60 mmol). 
'HNMR (CD,CI,. 25°C): 6 =1.0-2.18 (m. 10H, cyclohexyl), 1.25 (s, 3H, CH,); 
I9F NMR (CDZCI,, 25 "C): 6 = - 46.2 (dddq, 'J(P,F) = 41.35, ,J(P,F) = 18.75, 
'J(P,F) =1.08, 'J(F,F) = 1.08 Hz, PPCF,), -54.05 (dddq, 'J(P,F) = 47.6, 'J(P,F) 
=17.9, 4J(P,F) = 3.5, '4F.F) =1.08 Hz, CPCF,), 'IP{'HJ NMR (CD,CI,, 
25°C): 6 = 318.9 (ddqq, 'J(P,P) =186.6, 'J(P,P) = 49.3, 'J(P,F) =1.1, ,J(P,F) 
= 3.5 Hz, P=C), -15.9 (ddqq, 'J(P,P) =119.5, 2J(P,P) = 49.5, 'J(P,F) = 47.6, 
'J(P,F) =18.8 Hz, CPCF,), -93.0 (ddqq, 'J(P,P) =186.6, ,J(P,P) =119.5, 
'J(P.F) = 41.4, 'J(P,F) = 17.9 Hz, PPP); 13C NMR (CD'CI,, 25 "C): 6 = 22.6 (dd, 
4J(P,C) =11.3, 'J(P,C) = 3.8 Hz, C-3 cyclohexyl), 25.8 (s, C-4 cyclohexyl), 36.3 
(ddd, 'J(P,C) =11.8, ,J(P,C) = 4.8 Hz, CH,), 37.3 (dd, 'J(P,C) = 8.9 Hz, C-2 cy- 
clohexyl), 48.1 (dd, 2J(P,C) =12.8 Hz, C-1 cyclohexyl), 128.1 (dddq, 'J(F,C) 
= 325.2, 'J(P,C) ~ 7 4 . 1 ,  ,J(P,C) =10.6Hz, CF,), 130.1 (ddq, 'J(F,C) = 322.1, 
'J(P,C) = 67.7, 'J(P,C) = 5.6 Hz. CF,), 229.7 (dddq, 'J(P,C) =72.1, 39.9, 'J(P,C) 
=14.3, 'J(F,C) = 2.01 Hz, C=P); MS (70eV. EI): m/i  (%) = 340 (12) [M'], 271 
(69) [M' - CF,], 69 (100) [CF,+]. 


Synthesis of the Phosphorus Ylides 10s-c: The PP ylide Me,P=PCF, (6) (792 mg, 
4.5 mmol) was prepared as described for the synthesis of 3a.  The phosphaalkyne 1 b 
(1.5 mmol) was added to the resulting ether solution (5 mL) in the Schlenk flask by 
vacuum condensation. The reaction mixture was then warmed to 20 "C and mixed 
with a magnetic stirrer. At the beginning of the reaction, the mixture slowly changed 
from yellow to red-orange. For the purpose of isolating the product 10a all volatile 
compounds of the mixture were pumped off into a - 196 "C trap. The orange oily 
residue was taken up in dry degassed n-pentane (ca. 2-3 mL) and kept in a refrig- 
erator at -30 "C. After 3 d pale yellow crystals of 1 0 s  separated from the red-or- 
ange solution and were collected for further investigations. Compounds 10b and 
10c were produced similarly from 6 (792 mg, 4.5 mmol) and 1 c and Id, respectively 
(1.5 mmol). Yields: 60-70%. The new compounds were characterized by NMR 
spectroscopy (Table 1) and X-ray diffraction studies (Table 2). 


X-ray Crystal Structure Analyses [41] of 3a, 10a-c: 
3 a :  C,H14F6NP3; M ,  = 343.14, crystal dimensions: 0.17 xO.23 x 0.18 mm, mono- 
clinic, space group P2,/c, u = 14.052(7), b = 6.157(3), c = 17.558(8) A, 6 
= 104.28(4)", V =1472.1 A', 2 = 4, D, = 1.557 Mgm-), p = 0.454 mm-'. Mea- 
surements: SYNTEX P2,, radiation: Mo,. ( A  = 0.71073 .&), T = 150 K, 2 8  range: 
4.0-54", index ranges: O<h i17 ,  O < k < 7 ,  -21 21222. Reflections collected: 
3604, independent reflections: 3235 [R(int) = 0.0176]. Data/restraints/parameters: 
3234/0/228. Solution: direct methods. Refinement method: Full-matrix least- 
squares on F2 (SHELXL-93 [42]). R indices (all data): R ,  = 0.0343, WR' = 0.0733; 
final R indices [1>2u(1)]: R, 2 0.0274, wR2 = 0.0674. 


10a: C,,H,,F,P,, M ,  = 476.1, crystal dimensions: 0.15 xO.18 xO.2Omm, mono- 
clinic, space group P2,/c, u = 8.515(4), b = 24.072(9), c = 10.359(4) .&, s 
= 108.80(3)", V = 2010 A3, Z = 4, D, =1.57 gem-,. Measurements: SYNTEX 
P2,, radiation: Mo,, ( A  = 0.71073 .&), T=150K, 28 range: 4-54", reflections 
collected: 4412, reflections with 1>2u(f): 2911. Solution: direct methods, 
SHELXTL PLUS, full-matrix least squares, all non-hydrogen atoms from E-map, 
H atoms from difference Fourier synthesis, isotropic temperature factors. R ,  
= 0.0558, R ,  = 0.552. 


lob:  C12H2,F,P,. M ,  = 491.14, crystal dimensions: 0.22 xO.12 xO.15 mm, or- 
thorhombic, space group Pbca, u = 15.086(5), b = 14.163(4), c = 20.047(6) & 
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Z = 8, D, = 1.523 Mgm-3, V = 4283 A3, fl = 0.498 mm-'. Measurements: 
SYNTEX P2, radiation: Mo,, ( A  = 0.71073 A), T = 150 K, 28 range: 5.0-54", 
index ranges: O<h<19,O<k~20,011<26.  Reflections collected: 4691, indepen- 
dent reflections: 4691 [R(int) = 0.0000]. Solution: direct methods. Refinement: full- 
matrix least-squares on Fz, (SHELXL-93 [42]). Data/restraints/parameters: 4691101 
235. R indices (all data): R, = 0.1189, wRZ = 0.1548; Final R indices [1>2u(I)]: 
R, = 0.0594, wR2 = 0.1247. 


1Oc: C,,H,,F,P,, M, = 516.17. crystal dimensions: 0.22 x 0.15 x 0.08 mm, mono- 
clinic, space group P2,/n, a =10.860(4), b =13.805(4). c =15.014(6)8,, j 
= 98.69(3)", V = 2225.1 A3, Z = 4, D, = 1.541 Mgm--', fl = 0.483 mm-'. Mea- 
surements: SYNTEX P2,, radiation: Mo,, (A = 0.71073 A), T=150 K, 20 range: 
4.0-54", index ranges: O I h s 1 3 ,  O1k117, -1911118. Reflections collected: 
5139, independent reflections: 4885 [R(int) = 0.0289]. Solution: direct methods. 
Refinement: full-matrix least-squares on Fz  (SHELXL-93 [42]). Datalrestraintsl 
parameters: 4883/0/341. R indices (all data): R, = 0.0802, wR2 = 0.1072: Final R 
indices [1>2a(I)]: R, = 0.0450, wR2 = 0.0905. 
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Effect of the Position and Number of Chiral Carbons on Ferroelectric Liquid 
Crystals from Multichain Mononuclear ortho-Palladated Complexes 


Neil J. Thompson, JosC Luis Serrano,* Maria Jesus Baena and Pablo Espinet* 


Abstract : A series of twelve mononuclear ortho-ualladated comulexes incornorating a 
Schiff base and a /I-diketone ligand have been synthesised. These compounds have four 
nonequivalent terminal chain positions and differ in the number and position(s) of 
chiral chains [(R)-2-methylheptyl] in the structure. A study of the ferroelectnc proper- 
ties of the compounds has been performed. It is found that the spontaneous polarisation 
is highly dependent not only on the number of chiral carbons present, but also on the plexes 


In recent years interest in metal-containing liquid crystals has 
been increasing, and several review articles have appeared de- 
scribing this field."] Investigation into ferroelectricity in metal- 
lomesogens (metal-containing liquid crystals) is a relatively re- 
cent development, and the first transition-metal compound to 
exhibit ferroelectric behaviour was reported in 1 989.L21 Since this 
first example, a number of other compounds have been report- 
ed, including paramagnetic ferroelectric copper(n), vanadiu- 
m(1v) and palladium ~alicylaldiminates,[~~ mononuclear P-diket- 
onate ortho-palladated imine~, '~] and dimeric chloro-bridged 
ortho-palladated imine complexes containing either two or four 
chiral chains.*5] 


The most common problem associated with metal-containing 
mesogens is the high transition temperatures often encountered. 
At these elevated temperatures thermal decomposition often 
occurs, which hinders the study of the physical properties of the 
mesophases. An approach that has been successfully applied to 
obtain systems with lower transition temperatures is the synthe- 
sis of molecules with less symmetrical shapes.[61 On changing 
from a dinuclear to a mononuclear complex, reductions of 
around 100 "C in the clearing points are obtained (Fig. 1). 


The mononuclear complex shown in Figure 1 is of particular 
interest because it combines relatively low transition tempera- 
tures with the possibility of incorporating chiral carbons in dif- 
ferent positions. The aim of the work described here was to 
synthesise a series of twelve mononuclear mixed-ligand palladi- 
um complexes covering all possible permutations for the incor- 
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poration of one, two, three or four chiral chains (see Fig. 2), in 
order to study the effect of the position and number of chiral 
carbons on the liquid crystalline and ferroelectric properties of 
the compounds. 


This is the first time, in metallomesogens or in purely organic 
liquid crystalline systems, that the influence of chiral sub- 
stituents in four nonequivalent positions has been studied sys- 
tematically. 


8 CIO ClOC,* cs* 
9[al Cx* Cg* Cx* Clo 
10 c,o* cgcg* c,* 
11 c,o c,* c,* C8* 
12 c** c** c** cg* 
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Results and Discussion Table 1. Transition temperatures of the complexes 1-12 shown in Figure 2 (C: 
= (R)-2-methylheptyl, C,, = decyl). 


Synthesis : The chloro-bridged dimeric palladium precursors 
were prepared and characterised according to the literature pro- 
cedure.15] The synthesis of the thallium 8-diketonates and the 
subsequent synthesis of the mononuclear complexes is outlined 
in Scheme 1 .  


R 3 0 0 c o c H 3  


l a o r b  


R 4 0 ~ C 0 2 C H 3  


1 C I 


TI 


\ *‘ a(,.**. see Ref.151 
5 Mononuclear palladium complexes 


(see Fig. 2) 


Scheme 1. Synthesis of mononuclear palladium complexes in Figure 2. 
a) Williamson etherification with CH,(CH,),Br or b) Mitsunobu reaction with 
CH,(CH2),*CH(OH)CH,, TPP and DEAD; c) NaH [8]; d) TIOEt 191. For final 
coupling step, see Experimental Procedure. 


4-Decyloxyacetophenone and methyl 4-decyloxybenzoate 
were obtained by Williamson etherification of 4-hydroxyace- 
tophenone and methyl 4-hydroxybenzoate, respectively 
(Scheme 1 a). The chiral chains were introduced by means of the 
Mitsunobu reaction[’] between the appropriate phenol deriva- 
tive and (S)-Zoctanol (Aldrich) , triphenylphosphine and di- 
ethyl azodicarboxylate to give the (R)-1-methylheptyl deriva- 
tives (Scheme 1 b). The 8-diketones were prepared by the 
reaction of the 4-substituted acetophenone with the 4-substi- 
tuted methyl benzoate and sodium hydride according to the 
literature procedure (Scheme 1 c) ,Is]  followed by formation 
of the thallium salts by reaction with thallium ethoxide 
(Scheme 1 d) .I9] The mononuclear complexes were prepared by 
the reaction of the thallium 8-diketonates with the appropriate 
chloro-bridged dimer.I6] 


Mesogenic Properties: The transition temperatures of the twelve 
complexes are given in Table 1. It can be seen that as the number 
of chiral carbons increases, the transition temperatures de- 
crease. The parent complex (l), which contains four achiral 
decyloxy chains, clears at 155 “C, whereas complexes which con- 
tain one chiral chain (2,3 and 4) all have clearing points that are 
about 40 “C lower, regardless of the position of the chiral chain. 
It is remarkable that when the chiral group is in the imine ligand 
(compounds 2 and 3) only monotropic behaviour is observed. 
On the other hand, compound 4, bearing the chiral group in the 
fi-diketone, exhibits enantrotropic mesophases over a wide tem- 


R’ R2 R3 R4 Transition temperatures (“C) [a] 


1 c,, CI, Cl, Cl, 
2 [b] CIO CIV Cia 
3 c,, c: c,, c,, 
4 [c] c,, c,, c: c,, 
5 c: c: c,, c,, 


7 [cl c,, c: c: CI, 
8 Cl, C,, c: c: 
9[c] cg c: c: c,, 


10 c: c,, cg c: 
11 c,, c: c: c: 
12 c: c: c: cg 


6 [c] C: Cio C: C1v 


K 80 S, 150 S, 154 N 155 I 
K 118 (S,* 109 S, 117) I 
K 118 (S,* 114) I 
K 63 S,* 104 Ch 115 I 
K 72 (S,* 60) I 
K 85 (S, 77) I 
K 93 ( S ,  60 S, 64) [d] I 
K 67 I 
viscous oil 
viscous oil 
K 77 I 
viscous oil 


~ 


[a] Phases: K = crystalline, S, = smectic C, S, = smectic A, N = nematic, I 
= isotropic, S,* = chiral smectic C, Ch = cholesteric; notation: A TB indicates that 
the phase transition A-B takes place at temperature T. [b] (S) isomer of this 
compound previously reported in ref. [4]. [c] Mixture of ( E )  and ( Z )  isomers. 
[d] S,, S, = unidentified monotropic ordered smectic phases; S, = orthogonal 
(probably SB), S, = tilted (probably S, or SF). 


perature range (52 “C). This phenomenon can be understood by 
taking into account the asymmetric geometry of these complex- 
es. A detailed explanation of this point is given in the section on 
ferroelectric properties of the pure compounds (see below). The 
introduction of the second chiral carbon leads to further reduc- 
tion in the mesogenic properties, which are monotropic in all 
cases (compounds 5, 6 and 7), or to complete loss of liquid 
crystallinity (compound 8). Compounds that contain three or 
more chiral carbons are, without exception, not liquid crys- 
talline; indeed, most (compounds 9, 10 and 12) are viscous oils 
which only change viscosity with temperature. 


Mesophase Characterisation : Cholesteric, smectic A and smec- 
tic C phases were assigned on the basis of their optical tex- 
tures[”’] and confirmed by X-ray diffraction studies. The 
cholesteric phase was identified by the “oily streak” texture. The 
characteristic focal-conic and homeotropic textures of the smec- 
tic A phase were clearly identified in the cooling process. The 
chiral smectic C phases showed schlieren and broken focal-conic 
textures; no dechiralisation lines were observed. When the sam- 
ples showing this S,* phase were submitted to mechanical stress 
a “pseudo-homeotropic” texture appeared. In compound 7 two 
ordered smectic mesophases were detected. The mesophase that 
appeared at higher temperature was orthogonal and the second 
tilted. Because it was impossible to study these phases by X-ray 
diffraction techniques, we have tentatively assigned the former 
as S, (mosaic texture) and the latter as S, or S, (schlieren and 
pseudohomeotropic textures) by using optical microscopy. 


Ferroelectric Properties-The Pure Complexes: Unfortunately, 
only five of the twelve complexes prepared show a smectic C 
phase, and only four of these examples contain a chiral carbon 
(compounds 2, 3,4 and 5). The ferroelectric properties of these 
four compounds have been studied, and the properties are 
shown in Table 2. Compound 5 bearing two chiral carbons 
shows a very viscous monotropic S, phase. Its ferroelectric 
properties were consequently measured under different condi- 
tions than for the other three compounds (see Experimental 
Procedure). For this reason this compound is not included in 
the discussion of the ferroelectric properties of the pure com- 
plexes. The temperature dependencies of their spontaneous po- 
larisations (P,) are shown in Figure 3. 


Although all three compounds contain only one chiral car- 
bon, there are marked differences in the magnitude of their 


~ 
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Table 2.  Ferroelectric properties of pure complexes 2-5 with a chiral smectic C 
phase. 


P,(max) [a] Ps(Tc -10) [b] r(max) [c] T ( K  -10) y(max) [d] y(T, -10) 
(nccm-’) (nCcrnd2) (msvpm-’) (msvpm-’) (Pas) (Pas) 


2 36.8 33.5 2.9 2.0 0.57 0.39 
3 21.1 26.5 1.8 1.8 0.28 0.28 
4 9.1 9.5 3.0 2.1 0.17 0.14 
5 30 [el 78 [el 13 [el 


[a] P,: spontaneous polansation. [b] T,: temperature of transition to S,* phase in the 
cooling process. [c] z :  switching time. [d] y: rotational viscosity. [el These proper- 
ties were measured at T,  -7. The high viscosity of the S y  phase in compound 4 
rendered measurements at lower temperatures impossible. 


4 0 7  


30 35j 


-0 


O i , , , , I , , , , , , , , ~ , , ~ , , , , ~ , , ,  
80 85 90 95 100 105 


T m m  W) 
Fig. 3. Temperature dependence of the spontaneous polarisation of compounds 2 
(A), 3 (0) and 4 (0). 


spontaneous polarisations. The P, (max) of compound 2 
( 3 6 . 8 n C ~ m - ~ )  is higher than that of compound 3 
(27.7 nCcm-2), which, in turn, is significantly higher than that 
of compound 4 (9.7 nCcm-2). Similar values of spontaneous 
polarisation are obtained at (T, - 10) “C. It is clear that the 
position of the chiral carbon in the core plays an important role 
in determining the magnitude of P,, and it is interesting to note 
that, within this series, the least effective position for the chiral 
tail is in the b-diketone ligand. 


If we consider the structure of the molecule, there are several 
factors that might explain the low P, obtained when the chiral 


Molecular axis 


Fig. 4. K-shaped core and main 
molecular axis of the palladium com- 
plex. The structure can he regarded 
as being made up two rod moieties 
fused together. 


carbon is in the diketone ligand. 
The core of the complex is K- 
shaped, and both chains R’ and 
RZ in the complex lie along the 
main molecular axis (shown in 
Fig. 4), which incorporates the 
Schiff base ligand and the palla- 
dium/Schiff base ring system. 
The chains R3 and R4 would al- 
so be expected to lie parallel to 
the main molecular axis, thus 
leading to a more “rodlike” 
shape of the molecule, which 
can pack more efficiently (a 
similar effect to that found pre- 
viously in carboxylato-bridged 
complexes) .I’ ‘1 However, the 
rigidity and geometry of the K- 
shaped aryl core means that the 
R3 and R4 chains, although in a 
parallel disposition with respect 
to the molecular axis, are quite 
remote from R’ and R2 and 
from the metal centre. It is well 


known from organic systems that the polarisation is greatest 
when the chiral carbon is close to the central molecular core,[121 
as are chains R’ and R2 in Figure 4. 


The geometry of the complexes under discussion here is some- 
what unusual in comparison to conventional calamitic organic 
systems. The chiral carbon in the j-diketone moiety, although 
adjacent to an aromatic ring in each case (R3 and R4), is more 
isolated and remote from the major axis of the molecular core. 
The remoteness of this chiral carbon in the “secondary” core 
may lead to less effective coupling of molecular dipoles and thus 
to relatively low P, values. Another potentially significant factor 
in compound 4 (and also compounds 6, 7 and 9) is that it 
consists of a mixture of the ( E )  and ( Z )  isomers, that is, the 
chiral carbon in the diketone can be in R3 or R4 (Fig. 5).[131 


( E )  isomer 
‘0 


(Z) isomer 


Fig. 5. (E) and (Z) geometrical isomers of compound 4 (analogous isomerism oc- 
curs in compounds 6, 7 and 9;  priority groups according to the Cahn, Ingold and 
Prelog system [13]). 


However, the two isomers could not be separated, and this influ- 
ence could not be investigated further. Geometrical factors of 
this type could also explain the different mesogenic behaviour 
observed in compounds 2 and 3 compared to compound 4. 
When the chiral centre is in the terminal chains of the imine 
ligand, strong, negative steric factors perturb the molecular in- 
teractions; this makes the molecular packing, which is necessary 
for mesomorphism, difficult. However, when the chiral centre is 
in the terminal chains of the fi-diketone ligand, the negative 
steric factors are clearly lower, owing to its remoteness from the 
central rigid core; consequently, enantrotropic behaviour is ob- 
served. 


Comparison between the P, values of compounds 2 and 3 
shows that the position of the chiral carbon within the Schiff 
base ligand (R’ or R2) also has a marked effect on the sponta- 
neous polarisation: compound 2 has a significantly higher P, 
than 3. This phenomenon can be attributed to the difference in 
rotational freedom between the aromatic rings that bear the 
chiral carbon and has been reported previously in dinuclear 
palladium complexes.[’] It has been well documented that, in 
order to obtain high P, values, the coupling of molecular dipoles 
is an important factor.[121 More effective coupling of the dipoles 
is obtained when the motion of the chiral carbon is reduced. In 
the case of compound 3, it is the anilinic ring that bears the 
chiral substituent (R2), and this ring is free to rotate. In com- 
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pound 2, however, the chiral chain (R') is in the aldehydic ring 
which, by virtue of being incorporated in the ortho-palladated 
ring system, is rotationally restricted. Consequently, compound 
2 has a higher P, value than compound 3. Owing to the unusual 
geometry of the core unit, compounds 2, 3 and 4 are, as far as 
we know, the first series of ferroelectric compounds in which the 
influence of the chiral group in more than two different posi- 
tions has been examined. 


Ferroelectric Properties-Binary Mixtures: Although the fer- 
roelectric properties of compounds 2, 3 and 4 could be studied 
in the pure state, the main aim of the work described here was 
to perform a comparitive study between all the complexes. The 
absence of the chiral smectic C phase in a majority of them 
forced us to consider the study of binary mixtures. Attempts to 
study binary mixtures of the complexes with commonly used 
organic hosts, such as 4-hexyloxyphenyl 4-decyloxybenzoate, 
were unsuccessful due to the limited miscibility of the metal-con- 
taining complexes in the structurally different hosts. Fortunate- 
ly, the achiral mononuclear complex (1) shows a smecticC 
phase with a wide temperature range, and this compound 
proved to be a suitable host for the study of the other complexes. 
By trial and error it was found that mixtures containing around 
20 mol% of chiral dopant in the host complex were the most 
suitable for the study of ferroelectric properties. Lower percent- 
age mixtures (10 %) led to spontaneous polarisation values that 
did not differ greatly for different dopants, whereas higher per- 
centage mixtures (30%) proved to be problematic as regards the 
miscibilty of the dopants containing three or four chiral chains. 


Table 3 shows the structures, percentage of the guest compo- 
nent, transition temperatures and ferroelectric properties of the 
binary mixtures of the complexes in compound 1 in order of 
increasing P, values. 


Many comparisons between the data are possible, but in or- 
der to keep the discussion to a reasonable length, only the most 
significant trends regarding the ferroelectric property/structure 
relationships will be highlighted. For the sake of discussion the 
P, values will be compared, because the change in tilt angle with 
temperature was similar for each of the mixtures. Other factors 
have to be considered when using the P,(max) values in the 
comparison because all the curves (plots) of P, versus tempera- 
ture in the mixtures show a similar trend, becoming a plateau at 
lower temperatures (similar to that observed for compound 4 in 
Fig. 3). Consequently we prefer to use the P, (max) value, which 
normally corresponds to the P, value observed in the plateau. 


In general, the spontaneous polarisation values increase as 
the number of chiral carbons in the molecule increases. The 
compounds in Table 3 have been subdivided into four groups in 
order to facilitate the discussion. The first group comprises the 
complexes that contain only one chiral carbon, and the second, 
third and fourth groups contain the complexes with two, three 
and four chiral carbons, respectively. In the discussion which 
follows the binary mixtures will be indicated by the prefix M. 
For example, M 2  is the binary mixture of compound 2 in the 
host compound 1. 


As can be seen, all the mixtures show a smectic A phase above 
the chiral smectic C phase, and in three mixtures (M4, M7 and 
MS) a cholesteric phase is also observed over a short range. The 
transition temperature S,-S, gradually decreases as the num- 
ber of chiral carbons in the guest complex increases (group 1 
around 135 "C, group 2 around 126 "C, group 3 around 118 "C 
and group 4 at 114°C). In all cases the mixtures show a chiral 
smectic C phase range wider than 20 "C. 


If we consider the complexes containing one chiral carbon 
(group 1 in Table 3), we can see that the trend found in the pure 
compounds relating the position of the chiral substituent with 
spontaneous polarisation is again evident in the binary mix- 
tures. Mixture M4, containing the chiral carbon in the /?-diket- 
one ligand, has a relatively low P,(max) of 1.7 nCcm-'. In M3 
the chiral carbon is in the anilinic ring (R' in Fig. 2), and this 
mixture shows a P,(max) of 3.3 nCcm-', whereas M2, with the 
chiral carbon in the aldehydic ring (R', Fig. 2), shows a P,(max) 
of 4.8 nCcm-'. A clear order for increasing P, values is seen: 
aldehydic ring > anilinic ring> /?-diketone. The reasons for this 
order were discussed above for the pure compounds. 


The positional effects discussed above are again evident in 
mixtures of compounds containing more than one chiral centre, 
although the effects are often far less marked. Mixture M8 
(group 2) shows the lowest P,(max) (5.1 nCcm-') of the com- 
pounds containing two chiral centres. Both chiral carbons in 
this compound are situated in the remote /?-diketone unit. A 
similar conclusion conclusion can be drawn as for the mixtures 
in group 1 and for the pure compounds: chiral carbons in the 
diketone core do not give rise to high P, values. The mixture with 
the highest P,(max) value within group 2 is M5, which has a 
P,(max) of 8.5 nCcm-'. In this case both chiral carbons are 
situated in the Schiff base core. Mixtures M6 and M7 exhibit 
the same intermediate P,(max) value of 7.0 nCcm-'. In this 
case no difference between the compounds with the chiral car- 
bon in the fixed aldehydic ring (M6) and in the anilinic ring 


Table 3. Structures and properties of ca. 20 mol% binary mixtures of complexes in host compound 1 


Guest [a] % Guest Transition T [c] P,(max) PJT, -10) P. PJT, -10) B(max) B(T, -10) rfmax) r(T, -10) y(max) y(T, -10) 
I-S, I-Ch Ch-S, S, -Sc  [d] [el [fl [ d  [hl [il 


0.04 0.03 4 [b] 19.6 140 138 133 1.7 1.6 3.2 3.2 32 30 3.7 2.9 
3 20.1 141 136 3.3 2.0 6.8 4.1 29 29 3.9 1.8 0.07 0.02 


0.09 0.02 2 19.9 141 135 4.8 2.6 9.3 5.5 31 28 3.5 1.3 


8 20.6 138 132 127 5.1 3 .O 10.2 6.8 30 26 3.1 1.1 0.09 0.02 
7 [b] 20.5 135 132 128 7.0 4.9 15.4 10.8 21 27 3.3 1.8 0.13 0.05 
6 [b] 19.4 134 127 7.0 4.9 14.0 10.4 30 28 4.1 1.4 0.17 0.04 
5 19.6 131 124 8.5 6.4 17.0 12.8 30 30 3.5 1.5 0.17 0.05 


11 20.1 127 
10 19.8 132 
9 [b] 20.7 130 


120 7.9 7.0 15.8 15.4 30 27 4.2 2.0 0.17 0.08 
117 8.0 6.9 16.5 16.3 29 25 4.2 1.5 0.17 0.06 
120 8.7 7.4 18.1 16.3 29 27 4.2 1.9 0.16 0.08 


12 19.6 122 114 12.1 11.0 24.2 24.2 30 27 4.1 1.6 0.25 0.09 


[d] For R', RZ. R3 and R4 refer to Figure 2. [b] Mixture of ( E )  and ( Z )  isomers. [c] Measured in "C during the cooling process in the electrooptkal cells. [dl P, (nCcm-'): 
spontaneous polarisation. [el T, ("C): temperature of transition to S y  phase in the cooling process. [Q Po (nCcm-2): normalised polarisation. [gl 0 ("): optical angle. [h] 7 
(msVpm-I): switching time. [i] y (Pas): rotational viscosity. 
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(M7) was detected. This fact coincides with the existence of 
( E / Z )  isomers as exhibited by compounds 6 and 7. 


The next group of mixtures to be considered contain complex- 
es with three chiral carbons (M9, MI0 and M11 in group 3, 
Table 3 ) .  Once again no significant difference was found be- 
tween compounds bearing the chiral carbon in the aldehydic or 
anilinic ring (M 10 and M 11, respectively); both show very sim- 
ilar P,(max) values of around 8 nCcm-’. With two chiral car- 
bons in the Schiff base ligand, M9 again shows a somewhat 
higher P,(max) value of 8.7 nCcm-’; however, in this case the 
difference is much less significant than that observed in the 
comparable mixtures of group 2. It is worthy of note that, al- 
though compound 5 contains only two chiral carbons, M5 
shows a P, value similar to those of M9, M 10 and M 11, all of 
which contain three chiral centres. Indeed, generally speaking, 
there is only a rather small difference between the P, values of 
mixtures from groups2 and 3 (except for M8 which, in the 
absence of a chiral carbon on the Schiff base ligand, shows a 
smaller polarisation than expected). In other words, the addi- 
tion of the third chiral carbon in the /?-diketone ligand 
(M7+Mll;M6-+MlO;M5+M9)makesonlyaverysmall 
contribution to the spontaneous polarisation. 


In the comparison between groups 1, 2 and 3 a clear trend 
appears: the differences in P, values arising from positional dif- 
ferences of the chiral carbons are for more marked in com- 
pounds containing one or two chiral centres and become less 
significant when three chiral centres are introduced. 


The trends regarding the influence of the position of chiral 
centres on the spontaneous polarisation are clear. We will 
now discuss the effect of adding chiral centres to a system 
and assess whether their contributions to the polarisation are 
additive. 


The addition of a second chiral centre to compounds already 
containing one chiral carbon leads to significant increases in th 
P, (compare compounds in group 1 and 2 ) .  The increases ob- 
served are, in all cases, greater than expected from a purely 
additive contribution of the chiral centres to P,. The expected 
values of the P,(max) (nCcm-’) in compounds of group 2 
wouldtobe3.4forM8,5.0forM7,6.5forM6and8.1 forM5, 
all of these lower than the experimental values. In contrast, the 
addition of a third chiral centre to any of the complexes contain- 
ing two chiral carbons only leads to modest increases in P, 
(compare groups 2 and 3). The smallest increase of only 
0.2 nCcm-’ is observed for the addition of a chiral centre to the 
/?-diketone ligand (cf. 8.5 nCcm-2 for M5 with 8.7 nCcm-’ for 
M9). In this case, the existence of ( E / Z )  isomerism in com- 
pound 9 might also play an important role in the observed 
phenomenon. For mixtures of 12, which contains four chiral 
carbons, the trend of diminishing increases in P, is reversed. 
Within the series, M12 shows a remarkably high P, 
(12.1 nCcm-’). This trend is comparable to that reported for 
dinuclear palladium complexes containing four chiral centres 
and homologues containing fewer chiral centres.I5] 


It is clear the contributions of the chiral centres to the overall 
spontaneous polarisation of the system are not simply additive 
and that an additional factor must be involved. Compound 12 
is indeed a special case in that each of the four terminal positions 
bears a chiral substituent. In order to explain this phenomenon, 
we must consider the packing of the molecules and the possible 
differences in molecular interactions that may occur. This is 
especially important in systems consisting of complexes with 
unusual geometries and of much greater width than typical rod- 
like organic molecules, such as the complexes reported here and 
previously.[51 These H- or K-shaped molecules show significant 
restrictions in rotation about the main molecular axis.[’41 For 


this reason the number and positions of the chiral chains is 
especially relevant in the molecular arrangements. 


The K-shaped molecules can, to a rough approximation, be 
regarded as two fused rods, and we can compare the possible 
orientations for complexes 5, 9 and 12 as representative ex- 
amples. In compound 12 the effect of the positions of the chiral 
centres on the magnitude of the spontaneous polarisation need 
not be considered, since all four positions bear a chiral centre. 
Consequently, in contrast to compounds containing achiral 
chains, adjacent molecules of 12 in any relative orientation lead 
to chiral centres coming into close proximity (Fig. 6a). This 
would be expected to lead to a significantly higher density of 
interactions between chiral centres and enhanced spontaneous 
polarisation, which is indeed observed. 


5 


Fig. 6 .  Schematic representation of the molecules as two fused rods (the asterisks 
denote chiral carbons) showing the relative molecular orientations of a) complex 12 
in the S, layer, b) complex 5 and c) complex 9, which is a mixture of (E)  and (2) 
isomers. 


Complex 5 has two chiral carbons in the imine ligand and 
behaves in a similar way to complex 12, but with a clearly lower 
degree of interaction between the chiral carbons (Figure 6 b). 
Finally, complex 9 with three chiral carbons has a greater num- 
ber of possible molecular orientations in mixtures (Fig. 6c), 
owing to the presence of ( E )  and ( Z )  isomers. This would be 
expected to lead to a less effective dipolar coupling in the fer- 
roelectric phase. Consequently, the introduction of the third 
chiral carbon does not significantly increase the P, value in 
relation to M5. 


Response Times (z) and Rotational Viscosities ( y )  : The rota- 
tional viscosities and response times of the pure compounds are 
given in Table 2 and those of the mixtures in Table 3. The re- 
sponse times are in the order of 2-3 ms in the pure compounds 
and 3-4 ms in the mixtures. Although these values are not high 
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compared to those of organic low molecular weight ferraelectnc 
systems, they are similar to those observed in ferroelectric poly- 
mers and in classical nematic devices.'' 51 


As far as the rotational viscosities of the complexes are con- 
cerned, the main trend observed is that the viscosity increases as 
the number of chiral chains increases. The rotational viscosities 
range from 0.04 Pas in mixture 4 (one chiral carbon in the 
diketone) to 0.25 Pas in mixture 12 (four chiral chains). The 
rotational viscosities observed in the mixtures are far higher 
than those observed in rodlike organic ferroelectric systems. The 
high viscosity values are not surprising, given the unusual K- 
shaped structure of both guest and host in the mixtures, and are 
probably a consequence of the hindered or cooperative rotation 
necessary during the switching of noncylindrical molecules. 


Conclusions 


The main conclusions that can be drawn from the results pre- 
sented here concern the relative effectiveness of the position of 
the chiral carbons in contributing to the overall P, of the system. 
These conclusions are best illustrated by the compounds con- 
taining one chiral centre, and the trends observed in both pure 
complexes and binary mixtures are the same. Chiral carbons in 
the main linear molecular core (R' and R2 in the Schiff base) 
contribute more effectively to the spontaneous polarisation. In 
addition, the chiral group in the rotationally restricted aldehydic 
ring is more effective in promoting higher P, values than that in 
the rotationally free anilinic ring. Chiral carbons in the more 
remote fi-diketone moiety contribute less to the overall P,.  The 
influence of the positions of chiral centres on P, is also apparent 
in compounds containing more than one chiral centre, although 
it becomes less marked as the number of chiral centres increases. 


The number of chiral carbons present in each system also has 
an influence on the spontaneous polarisation. In general. P, 
increases with the number of chiral centres present. The addi- 
tion of a second chiral centre leads to comparatively large in- 
creases in P,. The relative magnitudes of the increases in P, 
observed are commensurate with the position of the chiral cen- 
tre introduced. The addition of a third chiral centre, although 
causing an increase in the P,, does not have such a marked effect 
as the change from one chiral centre to two. Indeed, the influ- 
ence of both the number and position of the chiral centres ap- 
pears to be less distinct in compounds containing three chiral 
centres than in their analogues with fewer chiral centres. The 
existence of (EIZ) isomers in some compounds has also been 
shown to have a negative influence on ferroelectric properties, 
leading to a decrease in P, values. 


The compound containing four chiral centres is an exception, 
and shows a higher P, than expected given the trends discussed 
above. This is thought to be due to packing arrangements which 
lead to favourable interactions between molecular dipoles. 


Experimental Procedure 


Materials: Owing to the repetitive nature of the synthesis of the complexes and their 
structural similarity, the synthesis of one representative example is described. The 
analytical and spectroscopic data of the rest of the final compounds are given below. 


Synthesis and characterisation of 1: To a stirred solution of the chloro-bridged 
complex (0.78 g, 0.6 mmol) in dry dichloromethane (8 mL) was added a suspension 
of the thallium B-diketonate (0.91 g, 1.2 mmol) in dry dichloromethane (10 mL). 
The mixture was stirred at room temperature for I h, filtered, and the solvent 
removed under reduced pressure. The crude product was purified by column chro- 
matography (silica gel, dicbloromethane: hexane, 1 : 1) followed by crystallisation 
(ethanol/methyl ethyl ketone) to give a yellow solid (several complexes did not 


crystallise from solution and were purrked by column chromatography only). 
Yield: 1.2g. 87%. Andyssscalculated (found): C 72.05 (71.97), H 9.12 (8.97), 
1.20 (1.23); 'HNMR(300MHz, CDCl,): 6 = 0.81-0.85(m, 12H). 1.20-1.60(m, 
S6H~.1.70-1.70(m,8H),3.95-4.10~m,6H),4.12(t,2H),6.60(s,1H),6.61(dd, 
1H),6.79(d,2H),6.89(d,2H),6.92(d,2H),7.28(d,lH),7.33(d,lH),7.71 (d. 
2 H), 7.96 (d, 2H), 7.99 (s, 1 H); IR(Nujo1). t (em-') = 1604 (C=N), 1588 (C=O). 
1541 (C=C), 1251 (C-0). 


Compound 2: yield 80%. Analysis calculated (found): C 71.61 (71.62), H 9.06 
(8.831,N 1.23(11277;1HNMR(300MHz,CDC13): 6 = 0.81--0.85(m, 12H), 1.20- 
1.60 (m, 53 H), 1.70- 1.90 (m, 8 H), 3.95-4 10 (m, 6H). 4.60 (m, 1 H), 6.61 (s, 1 H), 
6.60 (dd, 1 H), 6.79 (d, 2H), 6.90 (d, 2 H), 6.94 (d, 2 H), 7.29 (d, 1 H), 7.31 (d, 1 H), 
7.42(dd,2H),7.71 (d,2H),7.97(d,2H).7.Y9(~,1H);IR(Nujol):i(cm-') =1604 
(C=N), 1586 (C=O), 1537 (C=C), 1251 (C-0). 


Compound 3: yield 67%.  Analysis calculated (found): C 71.52 (71.62), H 9.36 
(8.83),N 1.13(1.27); 'HNMR(3OQMHz,CDCI3):6 = 0,81-0.8S(m,12H), 1.20- 
l.SO(m, 53H), 1.70-1.90(m,8H), 3.YS(t,2H), 3.Y9(t 2H),4.12(t, 2H),4.38(m, 
lH),6.61(s,lH),6.62(dd,lH),6.78(d,2H),6.88(d,2H),6.92(d,2H),7.30(d, 
1H).7.33(d, 1 H),7.42(d,2H),7.71 (d.2H),7.97(d,ZH),8.00(~, 1 H);IR(Nujol): 
i (cm-') =1601 (C=N), 1586 (C=O), 1536 (C=C), 1252 (C-0). 


Compound 4: yield 56%. Analysis calculated (found): C 71.63 (71.62). H 9.19 
(8.83),N 1.21 (1.27); 'HNMR(300MHz, CDCI,): 6 = 0.81-0.85(m, IZH), 1.20- 
1.70(m, 53H),1.70-1.90(m,8H),3.98(m,4H),4.12(t,2H),4.40(m,lH),6.60 
(s, 1 HI, 6.62 (dd, 1 H), 6.78 (m, 2H), 6.90 (m, ZH), 6.94 (d, 2H), 7.29 (d, 1 H). 7.32 
(d, 1 H), 7.43 (d, 2H). 7.70 (d. 2H), 7.98 (d, 2 8 ) ,  8.00 (s, 1 H); IR (Nujol): i (cm-') 
=1603 (C=N), 1586 (C=O), 1538 (C-C), 1251 (C-0). 


Compound 5: yield 77%. Analysis calculated (found): C 71.50 (71.26), H 8.85 
(8.681,N 1.O7(1.30);'HNMR(300MHz,CDCI3):6 = 0.80-0.85(m, 12H), 1.20- 
1.70(m, 52H), 1.70-1.80(m,6H), 3.95(t,2H),4.00(t2H),4.39(m, 1 H),4.60(m, 
IH),6.60(d, IH), 6.61 (s, lH),6.78(d,ZH).6.89(d,2H),6.92(d,2H), 7.26-7.34 
(m,?H), 7.42(d,2H),7.72(d,2H),7.98(d,2H),8.00(~, lH);IR(Nujol):P(cm-') 
=I602 (C=N), 1577 (C=O). 1541 (C-C), 1248(C-0). 


Compound 6: yield 64%. Analysis caicutated (found): C 71.37 (71.26), H 8.43 
(8.68),N1.24(1.30);'HNMR(300 MKz.CDCI,): 6 = 0.84-0.90(m, f2H),1.20- 
1.70(m, 52H), 1.70-1.80(m, 6H), 3.95-4 05(rn, 4H),4.40 (m, 1 H),4.58 (m, 1 H), 
6.6O-6.64(mm, 2H), 6.78 [26,2H), 6.88 (26,2H), 6.93 (d, ZH), 7.29 (d, 1 H), 7.31 
(s, lH), 7.42 (d. 2H). 7.72 (2d, 2H), 796 (2d, ZH), 8.00 (s, IH); IR (Nujol): ? 
(cm-') =I604 (C=N), 1586 (C=O). 1537 (C=C), 1250 (C-0). 


Compound 7: yield 61 %. Analysis calculated (found): C 71.35 (71.26), H 8.87 
(8.681.N 1.25(1.30);'HNMR(300MWz,CDCI,):6= 0.84-0.89(m, 12H),1.20- 
1.60 (m, 50H), 1.60-1.90 (m. 8H),4.00 (t, 2H),4.13 (t, 2H),4.30-4.50 (m, ZH), 
6.61(s,~H),6.63(dd,lH),6.76(2d,2H),6.89(d,2H),6.93(d,2H),7.30(d,lH), 
7.33 (d, IH), 7.42 (d, 2H), 7.71 (d, 2H), 7 97 (d, ZH), 8.01 (s. 1H); IR (Nujol): 3 
(cm-l) =I604 (C=N), 1.586 (C=O), 1537 (C=C), 1253 (c-0). 


Compound 8: yield 40%. Analysis calculated (found): C 71.25 (71.26), H 9.09 
(8.681,N 1.26(1.30);'HNMR(300MHz.CDCI,):6 = 0.84-0.89(m. 12H),1.20- 
1.70(mm, 50H),~.70-1.90fm,8H),3.99(t,2H),4.12(t,ZH),4.35-4.45(m,2H), 
6.60 (s, 1 H), 6.62 (dd, 1 H), 6.79 (d, 2H), 6.88 (d, 2H). 6.94 (d, 2H). 7.30 (d. 1 H), 
7.32 (d, 1 H), 7.42 (d, 2H). 7.70 (d. 2H), 7.98 (d. ZH), 8.00(s, 1 H); IR (Nujol): G 
(cm-') =I601 (C=N), 1586 (C=O), 1537 (C=C), 1250 (C-0).  


Compound 9: yield 54%. Analysis calcukited (found): C 70.97 (70.87), H 9.01 
(8.53),N 1.22(1.33); 'HNMR(300MHz,CDCI,):6 = 0.84-0.89(m, 12H), 1.20- 
1.70 (m, 49H). 1.70-1.90 (m, 6H), 3.95-4.05 (m, 2H), 4.30-4.50 (m, 2H), 4.60 
(m, IH), 6.58-6.65 (m, 2H), 6.76 (2d, 2H), 6.85-7.00 (m, 4H), 7.25-7.35 (m, 
2H), 7.92 (d, 2H), 7.72 (2d, 2H), 7.85-7.95 (m, 2H), 8.00 (s, 1 H); IR (Nujol): a 
(cm-I) =I603 (C=N), 1576 (C=O). 1538 (C=C). 1250 (C-0) .  


Compound 10: yield 54%. Analysis calculated (Found): C 71.94 (70.87), H 8.79 
(8.53),N 1.24(1.33); 'HNMR(300MHz,CDCI3):6 = 0.84-0.87(m, 12H),1.20- 
1.60fm.49H),1.79(m,6H),4.00(t,2H),4.41(m,2H),4.59(m,lH),6.55-6.65 
(m,2H).6.78(d,2H),6.88(d,2H),6.94(d,2H),7.25-7.35(m,2H),7.42(d,2H), 
7.71 (d,2H),7.96(d,2H),8.00(~, lH);IR(Nujol):t(cm-')=I602(C=N),1576 
(C=O), 1538 (C=C), 1250 (C-0 ) .  


Cornpound 11: yleld 35%. Analysis calculated (found): C 71.12 (70.87), H 8.95 
(8.53), N 1.28 (1.33); 'HNMR(300 NHz, CDCI,): 6 = 0.82-0.88 (m. 12H), 1.20- 
1.70 (m, 49H), 1.80 (m, 6H). 4.12 (t, ZH), 4.34-4.44 (m, 3H), 6.61 (s, 1 H), 6.63 
(dd, 1 HI, 6.76 (d, 2H), 6.88 (d, ZH), 6 93 (d, 2 Hi, 7.30 (d. 1 H), 7.33 (d, 1 H). 7.42 
(d. 2H), 7.71 (d, 2H), 7.96 (d, 2H), 8.01 (s, IH); IR (Nujol): ! (cm-') -1600 
(C=N), 1586 (C=O), 1531 (C=C), 1247 (C-0)  
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Compound 12: yield 51%. Analysis calculated (found): C 70.16 (70.47), H 7.90 
(8.37),N1.27(1.37);'HNMR(300MHz, CDCI,):6 = 0.82-0.92(m, 12H),1.20- 
1.70 (m, 48H), 1.70-1.90 (m, 4H), 4.35-4.45 (m. 3H), 4.56-4.64 (m, 1 H), 6.55- 
6.65(m,2H),6.75(d,2H),6.90(d,2H),6.94(d,2H),7.25-7.35(m,2H),7.42(d, 
2H),7.70(d,2H), 7.97(d,2H), 8.00(s, lH);IR(Nujol) : t (m- ' )  =1601 (C=N), 
1580 (C=O), 1537 (C=C), 1251 (C-0). 


Techniques: Microanalysis was performed with a Perkin-Elmer 240-B microanaly- 
ser. Infrared spectra were recorded on a Pekin-Elmer 1600 (series FTIR) Spectrom- 
eter in the 400-4000 cm- ' spectral range. 'H NMR were recorded on a Varian 
Unity 300 spectrometer operating at 300 MHz for 'H. 
The transition temperatures and the natures of the phases were determined by 
polarising optical microscopy with an Olympus BH2 microscope with a Mettler 
FP-82 heating stage and temperature control unit. Transition temperatures were 
measured by differential scanning calorimetry on a Perkin-Elmer DCS-7 calorime- 
ter calibrated with indium (156.6"C) and tin (232.1 "C) and with scanning rates of 
10 "C per minute. 
Powder X-ray diffraction patterns were obtained on a Guinier diffractometer (Hu- 
ber 644) operating with a Cu(Ka,) beam issued from a germanium monochromator. 
The samples were held in rotating Lindemann glass capillaries (0.7 mm 0.d.) and 
heated with a variable-temperature attachment. The diffraction patterns were regis- 
tered with a scintillation counter. 
Spontaneous polarisation, switching times and rotational viscosities of the complex- 
es and binary mixtures were determined simultaneously by the triangular wave 
method [16,17] by using 4 pm polyimide coated cells with indium tin oxide elec- 
trodes (Standish LCD). Electrical fields of 30 V (peak to peak) with a frequency of 
50 Hz were applied to samples of both pure complexes and binary mixtures with the 
exception of the pure compound 7 (100 V, 5 Hz). Tilt angles were determined by the 
field-reversal method, by observation of the extinction condition. The sign of P. was 
determined by rotation of the stage in accordance with Lagerwall's convention I1 81. 
The binary mixtures of the chiral complexes with the achiral host (compound 1) 
were prepared by weighing the appropriate amounts of each component and mixing 
with stirring in the isotopic phase for 1 min. The mixture was then allowed to cool. 
This operation was repeated twice. 
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Diphosphonio Dihydrophosphetide and 1 ,ZDiphospholide Cations 
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Dedicated to Professor Rolf Appel on the occasion of his 75th birthday 


Abstract: Condensation of a 1,3-diphos- 
phoniopropenide cation at its reactive 1,3- 
positions with a dichlorophosphine in the 
presence of triethylamine provides a route 
to 2,4-diphosphoniodihydrophosphetide 
cations. An excess of dichlorophosphine 
in the presence of an additional reducing 
agent results in a ring expansion and 
yields 3,5-diphosphoniodihydro- 1,2-di- 
phospholide cations. The chlorosubstitut- 
ed cation derived from PCl, can be further 


reduced to the hydrolytically stable 3,s- duct. Structural comparison of the 1,2- 
diphosphonio-I ,2-diphospholide cation. diphenyl- and 1,2-dichlorodihydro-1,2- 
It adds halogen to the P=P bond and can diphospholide cation with the 1,2-di- 
easily be regained from the halogen ad- phospholide cation shows three stages of 


interaction of the C, and the P2 entities of 
the ring: no conjugation in the first case, 
hyperconjugative extension of the allylic 
system to include the phosphorus atoms 
in the second case and cyclic n: conjuga- 
tion in the third. 


Introduction 


In contrast to 1,3-diphospholes, little is known about 1,2- 
diphospholes. The first examples were metal-coordinated.['. 21 


Recently we reported the first noncoordinated representative, 
the phosphoranylidene-substituted and benzanellated 1,2- 
diphosphole 2. It resulted from the unintentional and unexpect- 
ed formation of the five-membered ring in the reaction of benzyl 
triphenylphosphonium bromide 1 and phosphorus trichloride 
and its subsequent reduction (Scheme 1),[31 or simply from the 
sulfide-initiated disproportionation of the primary product of 
this reaction .I4] Assuming similar reactivity we hoped to ob- 
tain the diphosphonio-l,2-diphospholide 4 from the 2-phenyl- 
1,3-bis(triphenylphosphonio)propenide bromide 3.I" At the 


P = P  
- 3 H X  


Ph3&CH2-Ph X- - 
- 2 %  1 (X= Br) 


+ 2 PX, 2 


+ 2 PX, 4 


Scheme 1 


[*I Prof. Dr. A. Schmidpeter, Dr. G. Jochem, Prof. Dr. H. Noth"' 
Institut fur Anorganische Chemie der Universitat 
Meiserstrasse 1, D-80333 Miinchen (Germany) 
Telefax: Int. code +(89)5902-578 
e-mail: ui 161 aa@ sunmail.lrz-muenchen.de 


[ '1 X-ray stucture investigations. 


same time we expected that these investigations would throw 
light on the pathway by which the five-membered ring is formed. 
The intended synthesis may furthermore be compared to that of 
the first monocyclic and noncoordinated 1,2-diphospholide ion 
which was reported by F. Mathey et aLL6] very recently. 


The phosphonio-substituted phospholides merit special inter- 
est for the unusual behaviour of their phosphorus ring mem- 
ber(s) as already discussed for the diphosphonio isophosphin- 
dolide 'l 


Results and Discussion 


Synthesis: Chlorophosphines react with benzyl triphenylphos- 
phonium halides in the presence of triethylamine to give phos- 
phino-substituted phosphonium ylide~.[~] In the same way, one 
equivalent of phenyl dichlorophosphine or phosphorus trichlo- 
ride and two equivalents of triethylamine react with compound 
3. Both positions adjacent to the phosphonio centres are substi- 
tuted, yielding the 2,4-bis(triphenylphosphonio)-3-phenyl dihy- 
drophosphetide halide 5 (Scheme 2). This reaction is complete 
within some minutes at room temperature. Besides 5 as the 
principal product, the reaction mixture always contains a small 
amount of the respective 3,5-bis(triphenylphosphonio)-4- 
phenyl-l,2-dihydro-l,2-diphospholide halide 6 (molar ratio 5: 1 
in the case of 5a and 6a), which can be identified by its charac- 
teristic AABB signal pattern in the 31P{ 'H} NMR spectrum. 
The isolated products 5a  and b therefore also contain small 
amounts of 6. The compounds 6 can be understood to be formed 
from the primary product 5 and a second molecule of the 
chlorophosphine by reductive P-P coupling and expansion of 
the four-membered ring; compound 5 must serve in this instance 
as the reducing agent. Consequently, if compound 3 is made to 
react with two equivalents of the dichlorophosphine XPCl,, one 
equivalent of triphenyl phosphine as reducing agent"'] and 
again two equivalents of triethylamine, compound 6 becomes 
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ph3p5+:ph3 (CI,Br)- 


+ 2 NEt3 


- 2 HNEt3(Cl.Br) 
3 + XPCI, p 


Ph 


5a X=Ph 
5b x=CI  


+ PPh, 


x x  
\ /  
P-P 
I I A  


ph3p Y Ph (CIJ3r)- PPh3 


+ 2 NEt, 


- 2 HNEt,(CI,Br) 
3 + XPCI, - 


- Ph3PCI2 


68 X=Ph 
6~ X=CI  


Scheme 2 


the main product. Monitoring the reaction by "P{ 'H} NMR 
reveals that 6 in fact forms from 5 as the intermediate. The latter 
is generated in a rapid first step of the reaction and is then slowly 
converted to 6. Compound 6a is also formed when one equiva- 
lent each of PhPCl, and PPh, are added to a solution of 5a. 
Furthermore, compound 5a reacts with PC1, and PPh, to give 
selectively the mixed substituted representative 6b (Scheme 3). 
No subsequent exchange of the two phosphorus ring members 
(PCl and PPh) can be observed. 


Ph X 
\ /  
P-P  


pbp=Yph3 (cl,w- 


P P b  


- PbPCI, 
!% + XPCI, - 


Ph 


6a X-Ph 
6b X-CI  


Scheme 3. 


These results clearly identify the compounds 5 as intermedi- 
ates in the reaction sequence leading from 3 to 6. The second 
step from 5 to 6 corresponds in principle to the conversion of a 
1,2-dihydrophosphete to a 2,3-dihydro-l ,2-diphosphole in the 
synthesis of the 1,2-dipho~pholide.[~~ It is probably formed by a 
different mechanism, however, as 5 can attack the dichloro- 
phosphine by its nucleophilic ylidic carbon atom. The resulting 
ring opening will be followed by the addition of triphenylphos- 
phine (or in its absence by the addition of the phosphine moiety 
of a second molecule of 5)  and by the elimination of a 
chlorophosphonium ion, closing the ring again (Scheme 4). 


+ 
C1 PhsP CI 


\ / 


PPh3 --t P h $ v p p g  - 6 


U x-P  P-x 


Ph 
k 


Scheme 4 


In the same way the synthesis of the bromo derivative 6d has 
been attempted from 3, PBr,, PPh, and NEt,. Indeed, it can be 
identified by its 31P NMR spectrum (Table I), but it is heavily 
contaminated by the polymeric phosphorus subbromides 
known to result from reduction of PBr, by PPh, .rlO1 


To obtain 5 and 6 as ?? ,Ph 
pure products they se 
must be separated 5a 
from the triethylam- 
monium halides. This 
was possible for 6 by 
recrystallization from 
a dichloromethane/ 
benzene mixture lead- 
ing to isolation as 
mixed chloride/bro- ge - .. 


mides. They form air- 
sensitive yellow crys- 
tals which are readily 8 
soluble in dichloro- 
methane or chloro- 
form and insoluble in 
nonpolar solvents like 


1% 
Ph Ph 


1 %  benzene. Attempts to S b L - p l ,  


isolate pure 5a and b 
were unsuccessful. 


however, be oxidized 9 


P,,=yb 


(C1,Br)- Compound 5a can, Ph 


with grey selenium to Scheme5, 
give the phosphine se- 
lenide 7 (Scheme 5 ) ,  which is stable towards water; this allows 
easy removal of the triethylammonium salts. Analogously, 6 a 
forms the monoselenide 8, characterized only in solution, and 
the diselenide 9. 


Reduction of 6 c with tri-n-butylphosphine yields a mixed 
chloride/bromide of the expected 1,2-diphospholide cation; its 
salt 4a (Scheme 6) can be isolated as colourless crystals, which 


c\ ,c1 
P-P 


4a x-CI,Br 


4b X-BPh4 
+NaBPh4 K 


Scheme 6. 


are stable towards air and water. By metathesis, the halide ions 
in 4a can be exchanged for the tetraphenylborate anion to give 
4b. Halogenation of 4b yields the 1,2-dihalodiphospholide te- 
traphenylborates 6e-g (Scheme 7). This reaction complements 


x x  


4b 


Scheme 7. 


6e X I C l  
61 X-Br 
6g X - I  
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the direct synthesis of compounds 6 by which the dibromo and 
diiodo derivatives are not accessible. The addition can easily be 
reversed, in the case of the diiododiphospholide 6g, for ex- 
ample, by treating its dichloromethane solution with elemental 
mercury. Even without a reducing agent added the 31P NMR 
spectra of 6e-g in dichloromethane solution always contain the 
signals of 4b and some others which could not be assigned. 
Their intensities increase with time and are higher in the case of 
the iodo derivative 6g than of the chloro derivative 6e. Obvious- 
ly compounds 6 are self-reductive. This is in accord with the 
observation that they can take up more halogen, the ring system 
being destroyed in the reaction. 


31P NMR Spectra: The 'lP{ 'H} NMR spectra (Table 1) of the 
four-membered-ring compounds 5 and 7 reveal A,B spin sys- 
tems for the phosphorus nuclei. The spectra of the five-mem- 
bered-ring compounds 4, 6, 8 and 9 represent AABB spin sys- 
tems in the case of the symmetrically substituted derivatives, 
and ABCD spin systems in the case of the unsymmetrically substi- 
tuted derivatives. Although with regard to the substituents at P 1 
and P 2  in 6, 8 and 9 cis and trans isomers would be possible, 
only signals of the latter (see below) are observed. The signals of 
the triphenylphosphonio groups of the four-membered com- 
pounds 5 and 7 (6,w7) are characteristically found at higher 
field than those of the five-membered-ring compounds 4, 6, 8 
and 9 (6,,.~16). The chemical shift of the ring phosphorus 
atoms varies with their coordination number and the nature of 
their substituents. A value of 6 = 286 found for the two-coordi- 
nate phosphorus atoms in 4 is in agreement with the shift of 
those atoms in other five-membered-ring compounds and in 
particular in compounds of type 2. The phosphorus atom next 
to the triphenylphosphonio group gives rise to a signal at 6 
= 309-317 and the other at 6 = 219-229.L3] In diphospholides 
not influenced by phosphonio groups this signal is found at 
considerably higher field: 6 = 1 52-206.L61 The phosphorus- 
phosphorus coupling constants confirm the structures of 4-9: 
lJPp = - 466 Hz for 4 clearly indicates a cyclic diphosphene 
group; values of the coupling constants from -460 to - 500 Hz 
were found for five-membered-ring compounds with this struc- 
tural moiety such as 1,2-dipho~pholides[~. 6l or 1,2,3-triphos- 
ph~lides."~. 14] Coupling constants 'JPp for 6 are typical for 


diphosphines, especially cyclophosphines, and point to a trans 
position of the substituents at the phosphorus atoms. The con- 
stants 'JPp for the coupling between the substituent phosphonio 
group and the tervalent phosphorus atom in the five-membered 
rings of 4 and 6 lie in the usual ranget3, 71 and as expected['51 are 
considerably smaller in the four-membered rings of 5. 


Halogen Exchange: The 31P NMR spectra of equimolar mix- 
tures of 6e and f, 6e  and g and 6f  and g in dichloromethane 
solution show very broad and unstructured signals for P 1 and 
P 2  and an averaged signal for 3,5-PPh3 instead of the signals of 
the individual compounds. They indicate a rapid exchange of 
halogen substituents (resulting in 6h, 6 i  and 6k, respectively; 
Scheme 8). This can be demonstrated by adding halide, which 


Scheme 8. 


increases the rate of exchange : the signals of PCI and PBr in the 
spectrum of the equilibrium mixture of 6e  and f (shown in 
Fig. 1, top) recorded at ambient temperature merge into one at 
an averaged position on addition of a catalytic amount of benzyl 
triphenylphosphonium bromide. 


At -80°C in the 31P NMR spectra of each of the above 
mixtures, separate signals are observed for the two symmetrical 
dihalodiphospholides and for the mixed substituted species 6 h, 
6i or 6k, respectively, formed by halogen exchange. The molar 
ratio of the three compounds in each equilibrium mixture is 
nearly statistical (1 : 1 : 2). In the case of the Cl/Br (Fig. 1, bot- 
tom) and the Cl/I systems the exchange rate at - 80 "C is slow 
enough to allow the recording of well-resolved spectra of the 
three components, including the spectra of ABCD spin type of 


Table I. 3'PNMRdataofcompounds4-11 in CD,CI,. 6,refers to the PPh, groupat C3,6, to other PPh, groups; &,refers to P1 or toP1,2 ifequivalent, 6, to P2. Coupling 
constants J are given in Hz; where signs are given they origmate from a simulation of the spectrum by LAOCOON [Ill  and refer to JBc = lJPp taken as negative [12]. 


Substituents Anion Spin 8, 6. 6, 6, ,JAB ' J K . A W  4 J ~ ~ . ~ ~ ,  'JBC.BB. 3Jm 2 J ~ ~  
P I  P2  system [a] 


Ph Br,Cl 
CI Br,CI 
Br Br 
Ph, Se Br,CI 


Br,CI 
BPh, 


Ph Ph Br,CI 
CI Ph Br,CI 
CI CI Br,CI 
Br Br Br 
CI CI BPh, 
Br Br BPh, 
I I BPh, 
CI Br BPh, 
C1 I BPh, 
Br I BPh, 
Ph, Se Ph Br,CI 
Ph, Se Ph, Se Br,C1 


6.6 
7.1 
6.9 
6.7 


15.6 
15.6 
15.3 
17.6 
16.9 
16.4 
16.7 
16.4 
16.5 
16.4 
16.3 


15.8 
16.6 


20.3 
97.2 
96.0 
46.3 


285.7 
285.8 
- 2.9 
132.3 2.4 15.0 
101.9 
97.7 


101.9 
97.9 
92.1 


102.1 96.5 16.2 
108.0 71.7 15.6 
107 77 
51.0 1.1 15.9 
38.6 


36.6 
31.4 
36.6 
18.3 


+80.0 
f80.2 
+86.1 


87.0 
+ 85.3 
+ 83.7 
+85.8 
+83.3 
+ 80.7 


78.6 
80.9 


25.6 


-6.7 +2.7 
-6.5 +2.7 
-5.8 +1.6 
< 5  < 5  
-5.2 +0.8 
-7.4 < 1  
-4.7 +1.0 
-7.0 f0.1 
-9.0 f0.2 
< 5  < 5  


8.4 < 2  


6.1 3.5 


-465.6 
-465.5 
-237.4 


-260.9 
-246.6 
-261.2 
-247.3 
-231.9 


280.0 4.4 85.5 


254.4 < 5  78.6 
244.1 6.1 81.6 


222.8 32.3 68.3 


[a] Relating to "P nuclei only. [b] lJSIp =777.0 Hz, 6"Se = - 292.7. [c] Coupling constants obtained from simulation. [d] At -80 "C. [el Broad signals; coupling constants 
and 6, and 6, were not obtained. [fl 'Jscp =756.6 Hz, 'JSlp< 10 Hz. [g] 877Se = - 129.7; because of superposition of the 77Se satellites in the 31P NMR spectrum, coupling 
constants were not obtained, except N A B  = 52.1 Hz. 
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110, 


1M)- 


90- 


80- 


70 - 


6e U A-part [AB], 


6f - A-part [ABI, 
6h - AB-pan ABCD 


Fig. 1. Low-field part of the 31P{1H} NMR spectrum of the equilibrium mixture of 
equimolar amounts of 6e and 6f. top: at 25 "C; bottom: at - 80 "C showing super- 
imposed one half each of the A A B B  spectra of the symmetric compounds 6 e  and 
6f and of the ABCD spectrum of the mixed substituted compound 6h. 


6h and 6i. However, the signals stay broad for the Br/I 
system. 


It seems noteworthy that the phosphorus chemical shifts of 
PX' and PXz in any mixed substituted dihalodiphospholide 6 
deviate more from each other than the shifts of the two symmet- 
ric parent compounds. This is most pronounced for the combi- 
nation Cl/I in 6i. As a rule, the phosphorus nucleus in a bro- 
mophosphine is a little more shielded and in an iodophos- 
phine considerably more shielded than in the corresponding 
chlorophosphine.[161 This is also true for compounds 6. How- 
ever, as shown in Figure 2, the chemical shift also depends on 
the halogen at the neighbouring phosphorus, but in the opposite 
sense and somewhat less. This may be explained by the electron- 
ic effect of the allylic part of the ring for which the two phospho- 


$'P a) b) 


= I  


= Br 


= c1 


X=Cl 


X = B r  


X = I  


80 1 b Me,PX 


CI Br I CI Br I 


X X' 
- - 


Fig. 2. Dependence of 6(PX) of compounds 6: a) on the nature of halogen X with 
the halogen X at the neighbouring phosphorus atom kept constant, b) on the 
nature of the halogen X at the neighbouring phosphorus atom for a constant PX 
group. In a) 6(Me,PX) is shown for comparison [16]. 


rus atoms compete (see Molecular Structures). As a conse- 
quence of the counteracting influences in the symmetric com- 
pounds 6e, f and g, the chemical shifts of the latter are rather 
similar (Table 1). Also consistent with this picture is the low- 
field signal of the PC1 group in compound 6 b. 


Molecular Structures: Single-crystal X-ray investigations of the 
compounds 4a, 6c  and 6a prove them to be ionic also in the 
solid state. The compounds result from the synthesis as mixtures 
of chloride and bromide and the crystals also represent mixed 
chloride/bromides. The ratio of chloride to bromide and the 
amount of cocrystallizing solvent found by elemental and struc- 
tural analyses do not always correspond. Figures3, 4 and 5 
show the molecular structures of the three cations. In the 
diphosphoniodiphospholide cation of 4 a the ring is almost per- 
fectly planar with the four phosphorus atoms hardly (5 pm at 
the most) deviating from the plane C 1 -C 2-C 3. In the dichloro- 


Fig. 3. Molecular structure of the cation in 4 4  (thermal ellipsoids with 25% prob- 
ability). 


Fig. 4. Molecular structure of the cation in 6c (thermal ellipsoids with 25% proh- 
ability). 


Fig. 5. Molecular structure of the cation in 6a (thermal ellipsoids with 25% prob- 
ability). 
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and diphenyl-substituted cations of 6c and 6s the substituents 
at P 3  and P4  (corresponding to P I  and P2  in heterocyclic 
nomenclature) are in the trans position. The ring members P 3 
and P4  deviate significantly (up to 14 pm) from the plane C 1- 
C 2-C 3 in the corresponding directions; this results in a flat 
half-chair conformation of the ring. In each case the phenyl ring 
at C 2 stands roughly perpendicular to this plane (Table 2). 


Table 2. Relevant bond lengths (pm) and bond and dihedral angles (") ofda, 6c  and 
6a. 


4a 6c  6a 


P I - c 1  
P2-C3 
c 1 - c 2  
C2-C3 
C1-P3 
C3-P4 
P3-P4 
C2-C71 
P3-C1, C81 
P4-CI2, C91 


c 1-C2-C 3 
c 1 -c 2-c 71 
c 3-c 2-c 71 
P 1-C 1 -C 2 
P 1-C 1-P 3 
c 2-c 1-P3 
P2-c 3-c 2 
P2-C3-P4 
C2-C3-P4 
c 1-P 3-P4 
Cl-P3-C11, C81 
P4-P3-Cll, C81 
c 3-P4-P 3 
C3-P4-C12, C91 
P3-P4-C12, C91 


P 1-C l-P3-C11 ,C 81 
P2-C3-P4-C12,C91 
C2-C I-P 3-Cl1,C 81 
C 2-C 3-P4-C12,C 91 
CI 1 .C 81-P 3-P4-C12,C 91 


177.8 (3) 
177.9(3) 
141.7(5) 
141.2(5) 
177.0 (3) 
177.3 (3) 
207.7(1) 
150.8(5) 
- 
- 


114.8 ( 3 )  
123.5(3) 
121.6(3) 
123.3(3) 
119.0(2) 
117.6(3) 
125.3(3) 
117.1 (2)  
117.6 (3) 
95.0(1) 


94.92 (1 2) 


176.8(5) 
177.3 (5) 
141 .O (7) 
141.0(6) 


179.4(5) 
221.6(2) 
150.7(7) 
212.3(2) 
212.6(2) 


118.9 (4) 


121.0(4) 
124.8(4) 
118.2 ( 3 )  
117.0(4) 
125.3(4) 
117.6 (3) 
11 7.1 (4) 
93.4(2) 


103.2(2) 
94.2 (1) 
93.2(2) 


102.6 (2) 
93.1 (1) 


87.5 
92.3 


- 90.5 
- 87.5 
- 159.4 


179.4(5) 


120.1 (4) 


174.2 (6) 
174.4 (6) 
142.2 (7) 
141.2 (7) 
183.215) 
183.8(6) 
219.3 (2) 
149.1 (7) 
184.4(7) 
184.3 (7) 


118.6(5) 
120.5(5) 
120.9(5) 
128.4(4) 
115.1 (3) 
116.2 (4) 
127.0(4) 
115.8(3) 
11 7.2 (4) 
94.1 (2) 


101.0(3) 
98.5(3) 
93.0(2) 


103.1 (3) 
102.7(2) 


-94.4 
-87.7 


91.2 
96.2 


161.8 


The cations may be viewed as being Composed of the phos- 
phocyanine system P 1-C 1-C 2-C 3-P 2'") and the diphosphene 
or diphosphine group P 3 -P 4 bridging C 1 and C 3. The way in 
which the two fragments interact is in fact the most interesting 
aspect of the comparison of the three structures: in the phenyl 
derivative 6a they behave rather independently. The distances in 
the phosphocyanine part (dpc = 174.3(6), dcc = 142.2(7) pm, 
averaged values) are similar to those in an acyclic analogue (& 
=172,5(4), d,, =139.1(5) pm['*]) and the bonds CI-P3  and 
C3-P4 as well as P3-P4 are normal single bonds.['g1 The 
differences observed when the phenyl substituents are replaced 
by chlorine atoms in 6c indicate an electron shift from C 1 and 
C 3  to P3  and P4, respectively. This is expressed by elongation 
of the ylidic P-C bonds (3 pm), a shortening of the endocyclic 
P-C bonds (4 pm) and-again-an elongation of the P-P bond 
(2 pm). Furthermore, the P-CI bonds are longer than normal 
(Pel,: 204 pm[l9]), indicating that electron density from the 
allylic n system C 1 -C 2-C 3 is transferred to the antibonding PCI 
orbitals. This transfer is possible as the dihedral angles are close 
to 90" (Table 2) and the two interacting orbitals are thus roughly 
parallel, a prerequisite for this kind of interaction (negative 
hyperconjugation) .Izo1 


On reduction of 6c to 4a the P-P bond becomes 14 pm short- 
er. The distance of 207.7(1) pm is now characteristic of a double 


bond. The bond is, however, still somewhat longer than in 
acyclic trans diphosphenes (202-204 pmt2 'I) but is comparable 
to that in 1,2,3-azadiphospholes (205.5(9)[221 or 206.3 
(1) pmrz3I), where it is part of a cyclic ~f conjugated system. It 
seems most remarkable that the P-C bond lengths change less 
in going from 6c to 4a than from 6a to 6c, although the three- 
coordinated phosphorus atoms in 6 prevent cyclic n conjuga- 
tion: the ylidic bonds remain almost unchanged and the endo- 
cyclic P-C bonds are only 2 pm shorter in 4a than in 6c. This 
means that the structural effect of the negative hyperconjuga- 
tion in 6c is almost as strong as the effect of n conjugation in 4a. 


PhP - PPh CI P - PCI 


+*+ +*+ +a+ 
6a 6c 4a 


The three cations may thus be described and distinguished in 
short by the symmetric formulae with two positively charged 
phosphonio substituents and a negatively charged ring. In 6a 
this surplus of electrons in the ring is restricted to the allylic 
system and no conjugation to the phosphorus atoms of the ring 
is observed. The delocalized system extends by negative hyper- 
conjugation to the two phosphorus atoms of the ring in 6c and 
eventually includes all ring members and becomes "aromatic" 
by R conjugation in 4a. 


Experimental Procedure 
All operations were carried out in flame-dried glassware under dry argon by Schlenk 
techniques. Tetrahydrofuran was dried by refluxing it with sodiumlbenzophenone 
and distillation. Pentane was dried over a molecular sieve (4A). Dry 
dichloromethane and benzene were used as obtained (Fluka). Triethylamine was 
dried by refluxing with sodiumlbenzophenone and distillation. The chlorophosphi- 
nes were distilled prior to use. Triphenyl methylenephosphorane [24] was prepared 
from methyl triphenylphosphonium bromide (Merck) and sodium bis(trimethy1si- 
1yl)amide [25] in benzene. Phenylethinyl triphenylphosphonium bromide [26] was 
obtained from the alkylation of triphenylphosphine with bromophenyl acetylene 
127) in tetrahydrofuran. Melting points were measured in sealed capillaries and are 
uncorrected. NMR: Jeol GSX270 ("P, 77Se), Jeol EX400 ('H, "C) with TMS 
(int.), 85% H3P04 (ext.) and Me,Se (ext.) as standards. 31P and "Se NMR data 
are given in Table 1. The atoms of Ph,P groups are identified as o,m,p-H and 
i,o,nt,p-C, the atoms of C-phenyl groups as 2,3,4-H and C-1,2,3,4, the atoms of 
P-phenyl groups as C-5,6,7,8. 


1,3-Bis(triphenylphosphonio)propenide bromide (3): (ref. [S], without detailed proce- 
dure.)] To a magnetically stirred solution triphenyl methylenephosphorqne (45.28 g, 
127.1 mmol) in THF (300 mL), solid phenylethinyl triphenylphosphonium bromide 
(56.21 g, 127.1 mmol) was added at room temperature. A dark red solution and a 
yellow precipitate were formed instantaneously; the reaction mixture was stirred for 
15 h at room temperature. The yellow precipitate was filtered off, washed with 
3 x 50 mL of THF and dried in vacuo. Yield 67.7 g (74%). ''P{lH} NMR 


1H,PCH),3.59(dd,ZJ,,=22.7H~,4JpH=7.1H~,1H,PCH),6.78-6.84(m,4H, 
arom. H), 6.95-7.01 (m. 7H, arom. H), 7.31 (m, 6H, m-H), 7.48 (m, 3H,p-H), 
7.59-7.74 (m, lSH, arom. H); 13C(lH) NMR (CDCI,): 6 = 59.4 (dd, 


C-PPh,), 123.1 (d, 'Jpc = 88.5Hz, i-C), 125.3 (d, 'JK = 90.1 pz, i-C), 127.4 (s), 


m-C), 132.3 ( A  *Jpc = 9.2 Hz, a-C), 132.6 (d, 4JK = 3.1 Hz, p-C), 132.8 (d, 'Jpc 


(CH2CIZ): b =10.3 ( s ) ,  11.4 ( s ) ;  'HNMR (CH,CI,): b = 3.50 (d, 'JPH =15.2 Hz, 


'Jpc =121.3 Hz, ,Jpc = 6.9 Hz, C-PPh,), 60.9 (dd, '.Ipc = 102.2 Hz, 'Jpc = 16.8 Hz, 


127.8 ( S ) ,  127.8 (s, C-4), 129.0 (d, 'JPc ~ 1 2 . 2  Hz, m-C), 129.8 (d, 'Jpc  =12.2 Hz, 


=10.7H~,0-C),133.6(~,p-C),142.7(dd,~J,~ = 1 6 . 8 H ~ , ~ J ,  =6.1 H~,C-1),171.0 
(t. *Jpc = 6.8 Hz, C-Ph). 


dPhenyl-3,5-bis(triphe~ylphosphonio)-1.2de ehloride/bromide (4 a): To a 
magnetically stirred solution of crude 6c  (20.50 g, ca. 21 mmol, contaminated by 
about 10% by weight of triethylammonium chloride) in dichloromethane (60 mL), 
trihutylphosphine (4.39 g, 21.7 mmol) was added through a syringe. The colour of 
the solution turned from dark yellow to pale yellow. After 3 h of stirring at room 
temperature, benzene (100 mL) was added. After 5 d pale yellow crystals had sepa- 
rated. They were filtered off, washed twice with a 2:l mixture of benzene and 
dichloromethane and dried in vacuo. A solution of these crystals in dichloro- 
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methane (100 mL) was washed with 4 x 20 mL of water to remove the ammonium 
salts, then the solvent was removed in vacuo and the pale yellow residue was 
recrystallized from dichloromethane/benzene. Yield 15.1 g (ca. 90 %), pale yellow 
crystals of 4a.0.5C6H,, decomp. above 285°C. [C,,H,,P,IBr, ,C1,.,~0.5C6H, 
= C,8H38Bro.sClo.sP, (796.4): calcd C 72.39 H 4.81, found C 72.32 H 4.88; 
'HNMR(CDC13):6= 5.84(d,3JHH=7.3Hz,2H,2-H),6.00(t,3JHH=7.3Hz,2H, 
3-H), 6.47 (t, 'JHH =7.3 Hz, l H ,  4-H), 7.20 (s, 3H, C,H,), 7.30-7.42 (m. 24H, 
om-H), 7.55 (m, 6H,p-H); ',C{lH) NMR(CDC1,): 6 =122.0 (d, 'JPc = 89.3 Hz, 
i-C), 126.3 (s, C-2/3) 126.4 (s, C-4), 126.4 (m, C-PPh,), 127.5 (s, C-2/3), 128.6 (m, 
m-C), 129.2 (s, C,H,), 133.0 (s,p-C), 133.1 (m, OX), 134.4 (t, 'JPC = 3.1 Hz, C-l), 
164.6 (tt, 'JK =16.8 Hz, 'JK = 3.1 Hz, C W ) .  


1,3-Diphenyl-2,4-bi~triphenylphosphonio)-l,2-dihydrophosphetide chloride/bromide 
(5a): To a magnetically stirred solution of 3 (11.80 g, 16.4mmol) in dichloro- 
methane (30 mL) were added triethylamine (3.33 g, 32.8 mmol) and phenyldichloro- 
phosphine (2.94 g, 16.4 mmol) through syringes. The orange-red solution was 
stirred for 15 h a t  room temperature. After addition of benzene (20 mL) the colour- 
less precipitate was filtered off. After addition of further benzene (40 mL), yellow 
crystals precipitated at room temperature. These were filtered off, washed twice with 
a 2: 1 mixture of benzene and dichloromethane and dried in vacuo. By concentration 
of the filtrate, two more fractions of 5a together with various amounts of triethy- 
lammonium halides and 6a were obtained. These impurities could not be removed 
by recrystallization from dichloromethane/benzene; therefore 5a was used without 
further purification. 


1,2,4-Tripbenyl-3,5-bis(triphenylphosphonio~l,2dihydro-l,2-diphospholide chloride/ 
bromide (6a): To a magnetically stirred solution of 3 (7.82 g, 10.9 mmol) 
and triphenylphosphine (2.85 g, 10.3 mmol) in dichloromethane (40 mL) were 
added phenyldichlorophosphine (3.89 g, 21.7 mmol) and triethylamine (2.20 g, 
21.7 mmol) through syringes at room temperature. The reaction mixture was stirred 
for 3 d at room temperature, then benzene (20 mL) was added. After 1 d, the colour- 
less precipitate was filtered off. Benzene (50 mL) was added to the orange filtrate. 
On standing at room temperature, yellow crystals precipitated, which were filtered 
off after 3 d, washed twice with benzene and dried in vacuo. By concentration of the 
filtrate, an additional crop was obtained. The combined fractions were recrystal- 
lized from dichloromethane/benzene. Yield 8.45 g yellow crystals (ca. 85%, con- 
taminated by about 5% triethylammonium halides). A small amount of this 
product was recrystallized four more times from dichloromethane/benzene to ob- 
tain a pure sample, M.p. 260-263 "C, decomp. [C,,H,,P,]Br,,, CIo.,"2H,CI,~1.5 
C,H, = C,,Hs,Bro,,Clz ,P, (1122.5): calcd C 71.69 H 5.03 Br 4.98 C1 7.26, found 
C 71.75 H 5.08 Br 4.93 CI 7.17; 'H NMR (CDCI,): 6 = 6.22 (m, 2 H, 3-H), 6.35 (m. 
2H, 2-H), 6.51 (m, l H ,  4-H), 7.12-7.17 (m, 30H, arom. H), 7.35-7.38(m, 12H, 
arom. H), 7.47 (m, 4H, arom. H); '3C('H] NMR (CD,CI,): 6 =73.3 (m, C-PPh,) 
124.3 (d, 'JPc = 89.6 Hz, i-C), 128.0 (s), 128.2 (s, C,H,), 128.3 (s), 128.5 (m, C-7), 
128.6 (s), 128.7 (m, m-C), 129.1 (s), 131.4 (m, C-6), 132.8 (m,p-C), 133.7 (m, o-C), 
135.9 (t, ,JPC = 3.8 Hz, C-l), 138.7 (m, C-5), 181.2 (t. 'JK =16.6 Hz, C-Ph); the 
multiplets m represent the X parts of AABBX spin systems which were, however, 
not analyzed. 


l-Chloro-2,4-diphenyI-3,5-bis(triphenylphosphonio)-l,2dihydro-l,2diphospholide 
chloride/bromide (6b): To a magnetically stirred solution of 5a (3.56 g, ca. 3.9 mmol, 
contaminated by about 10% by weight of triethylammonium halides) in 
dichloromethane (20 mL) were added triphenylphosphine (1.02 g, 3.9 mmol) and 
phosphorus trichloride (0.54 g, 3.9 mmol) at room temperature. After 5 h stirring at 
room temperature the yellow solution was concentrated in vacuo to half of its 
former volume, and benzene (20 mL) was added. After 15 h colourless crystals of 
chlorotriphenylphosphonium halides were filtered off. All volatiles were removed 
from the filtrate and the yellow residue was dissolved again in dichloromethane 
(3 mL) and benzene (15 mL). On standing at room temperature, yellow crystals 
precipitated, which were filtered off after 3 d, washed twice with benzene and dried 
in vacuo. By concentration of the filtrate, one more crop was obtained. The com- 
bined fractions were recrystallized from dichloromethane/benzene. Yield 2.74 g (ca. 
80%) of yellow crystals of 6b. A small amount of this product was recrystallized 
four more times from dichloromethane/benzene to obtain a pure sample; decomp. 
above 130°C. [C,,H,,CIP,]Br,,CI,,, = C51H~oBro,,Cll,,P, (878.8), calcd C 69.70 
H 4.59, found C 69.90 H 4.63. 


1,2-Dichloro4phenyl-3,5-bis(triphenylphosphonio)-l,2~ihydro-l,2diphospholide 
chloride/bromide (6c): As described for 6a, 3 (45.00 g, 62.5 mmol), triphenylphos- 
phine (16.40 g, 62.5 mmol), phosphorus trichloride (17.18 g, 125.1 mmol) and tri- 
ethylamine (12.66 g, 125.1 mmol) were allowed to react in dichloromethane 
(100 mL). Recrystallization from dichloromethane/benzene yielded acrude product 
(yield 50.90 g, ca. 90%) containing about 10% triethylammonium halides. This 
product was used to synthesize 4. A small amount of the mixture was recrystallized 
four more times to obtain an analytically pure sample of 6c; yellow crystals, de- 
camp. above 120 "C. [C,,H3,C1,P,IlBr,.,,Clo,2s~2C~H6 = C,,H,,Bro.,,C12 ,,P4 
(995.6): calcd C 68.77 H 4.76 Br6.02 CI 8.01, found C 68.42 H 4.84 Br 6.02 C18.07; 
'HNMR (CDCI,): 6 = 5.82 (m, 2H, 2-H), 5.94 (m. 2H, 3-H), 6.41 (m. l H ,  4-H), 
7.19(~,6H,C,H,),7.40-7.43(m,24H,o,m-H),7.56-7.60(m,6H,p-H);'~C{'H} 
NMR (CDCl,): 6 = 86.9 (m. C-PPh,), 122.2 (d, ' J C  = 91.5 Hz, i-C), 126.8 (s), 
127.1 (s), 127.7 (s), 127.8 (s, C,H,), 129.2 (m, m-C), 132.8 (t, ,JPc = 2.9 Hz, C-l), 
133.3 (m, 0-C), 133.5 (s. p-C), 183.6 (t. 'JPc =16.8 Hz, C-Ph). 


1,3-Diphenyl-l-selenoxo-2,4-bis(tripbenylphospho~o)-l,2dihydrophosphetide chlo- 
ride/bromide (7): To a magnetically stirred solution ofcrude 5a (1.89 g), containing 
about 15% by weight of triethylammonium halides in dichloromethane (14 mL), 
grey selenium (0.20 g, 2.5 mmol) was added at room temperature. After stirring for 
5 d, the excess selenium was filtered off and the orange filtrate was extracted four 
times with 5 mL water each time to remove the ammonium salts. Afterwards, all 
volatiles were removed in vacuo from the dichloromethane solution and the yellow 
residue was recrystallized from dichloromethane/benzene. Yield 1.22 g of 7, yellow 
needles, decomp. above 210 "C; [C,,H,,P,Se]Br,,C1,., .0.5 CH,CI, .0.5 C,H, 
= C,, ,H,,Br,,CI,,,P3Se (950.5): calcd C 68.87 H 4.67 Br 1.66 CI 6.71, found C 
68.65 H 4.94 Br. 1.67 CI 6.77; 'HNMR (CDCI,): 6 = 6.65-6.71 (m, 4H, 2-H 
+3-H),6.90(m, 1H,4-H), 7.22(s, 3H,C,H,), 7.36-7.54(m,27H,arom.H), 7.58 
(m, 6H,p-H), 7.92 (m. 2H, 6-H). 


1,2,CTriphenyl-l,2-diselenoxo-3,5-bis(triphenylphosphonio)-l,2dihydro- 1,2-diphos- 
pholide chloride/brnmide (9): A solution of 6 a  (0.51 g, 0.6mmol) in dichloro- 
methane (5 mL) was treated with grey selenium (135 mg, 1.7 mmol). The reaction 
mixture was stirred for 3 d at ambient temperature. The excess of selenium was 
removed by filtration and the filtrate treated with benzene (10 mL). The pale yellow 
precipitate was filtered off, washed twice with a mixture of dichloromethane/ben- 
zene (3:l) and dried in vacuo. Yield 0.59 g (95%), pale yellow needles, m.p. 317- 
319 "C. [C,,H,,P,Se,]Bro.,C1,,~CH,CIz = C,,H,,Br,,CI,,,P,Se, (1 163.3): calcd 
C 59.88 H 4.07, found C 59.67 H 4.46. 


4-Phenyl-3,5-bis(triphenylphosphonio)-l,2-diphospholide tetraphenylborate (4 b): A 
solution of sodium tetraphenylborate (3.45 g, 10.1 mmol) in methanol (20 mL) was 
added dropwise over 10 min at room temperature to a magnetically stirred solution 
of 4 a  (7.65 g, 9.6 mmol) in methanol (50 mL). A colourless precipitate formed 
instantaneously, and the reaction mixture was stirred for 30 min at room tempera- 
ture. The precipitate was filtered off, washed three times with methanol (50 mL) and 
dried in vacuo. Yield 9.52 g (97%) of 4b, colourless, microcrystalline powder, m.p. 
208-212°C. [C,,H,,P,]C,,H,,B = C,,H,,BP, (1018.9): calcd C 81.34 H 5.44, 
found C 80.87 H 5.46; 'H NMR (CDCI,): cation, 6 = 5.97 (m, 2H, 2-H), 6.09 (m, 
2H, 3-H),6.51 (m, 1H,4-H), 7.38-7.43(m, 24H, o,m-H), 7.56-7.61 (m, 6H,p-H); 
anion, 6 = 6.89 (m, 4H,p-H), 7.04 (m. 8H,  m-H), 7.47-7.50 (m. 8H, o-H). 


1,2-Dichloro-4-phenyI-3,5-bis(triphenylphospbonio)-l,2-dibydro-l,2-diphospholide 
tetraphenylborate (6e): To a magnetically stirred solution of 4b (1.57 g, 1.5 mmol) 
in dichloromethane (10 mL), a solution of sulfuryl chloride (208 mg, 1.5 mmol) in 
dichloromethane (3 mL) was added dropwise over 10 min at -78°C. The resulting 
yellow solution was concentrated in vacuo to half of its former volume, then ben- 
zene (15 mL) was added. On standing at room temperature, orange crystals precip- 
itated, which were filtered off, washed with benzene and recrystallized from 
dichloromethane/benzene. Yield 1.45 g (86%) of 6e, orange crystals, decomp. 
above 150°C. [C,5H3,CI,P,]C,,H,,B = C,,H,, BCl,P, (1089.8): calcd C 76.05 H 
5.09, found C 75.55 H 5.15. 


1,2-Dibromo4phenyl-3,5-bis(triphenylphosphonio~l,2-dihydro-l,2-diphospbo~de 
tetraphenylbnrate (6f): As described above, from 4 b  (2.20 g, 2.2 mmol) in 
dichloromethane (20 ml) and bromine (0.35 g, 2.2 mmol) in dichloromethane 
(5ml). Yield 2.34g (92%) of 6f, orange crystals, decomp. above 160°C. 
[C,,H,,Br,P,]C,,H,,B = C,,H,,BBr,P, (1178.7): calcd C 70.31 H 4.70, found C 
70.35 H 4.79. 


1,2-Duodo-4-phenyl-3,5-bis(triphenylphosphonio)-l,2dihydr~l,2diphospholide te- 
traphenylborate (6g): As described above, from 4 b  (0.59g, 0.6mmol) in 
dichloromethane (5 mL) and iodine (146 mg, 0.6 mmol) in dichloromethane 
(3 mL). Yield 0.59g (80%) of 6g, red crystals, decomp. above 150°C. 
[C,,H,,I,P,]C,,H,,B~C,H, = C,,H,,BI,P, (1350.8): calcd C 66.69 H 4.55 I 18.79, 
found C 67.68 H 4.38 I 18.98. 


Crystal Structure Determination: Crystals suitable for X-ray diffraction were grown 
from mixtures of dichloromethane and benzene. X-ray data were recorded on a 
Siemens P4 diffractometer with low-temperature equipment and graphite- 
monochromated Mo,, radiation. Cell constants were determined from the setting 
angles of 20-30 centred reflexions. Data were collected in the w-scan mode with 
variable scan speed. They are summarized together with other relevant data in 
Table 3. Structure solutions were performed with SHELXTL PLUS software; the 
SHELX93 program package was used for refinement. Semiempirical absorption 
corrections based on psi-scans were applied for compounds 4 s  and 6 a  besides 
Lorentz and polarization corrections. Non-hydrogen atoms were refined anisotrop- 
ically; hydrogen-atom positions were revealed by difference Fourier synthesis. 
However, they were first placed in calculated positions and then finally fully refined 
with fixed U, values. 


The following points should be noted. Compound 4a: Refinement ofthecompound 
as the bromide resulted in an anomalously large U,, which led to a nonpositive 
definite value in anisotropic refinement. An unacceptable U., also resulted when 
Br- was replaced by C1-. This pointed to theconclusion that the halide position was 
occupied by CI- and B f .  On this assumption the site occupancy factor converged 
close to 0.75 for CI and 0.25 for Br, and the final refinement used these as fixed SOF 
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Table 3. Crystal and data collection parameters for compounds 4a, 6b and 6a. 


4a 6 c  6a 


formula 
molar mass 
colour, habit 
crystal size (mm) 
crystal system 
space group 
a (A) 
b (A) 
c (A) 
a (4 
B (A) 
Y (A) 
v (A') 
z 
F(OO0) 
Psalcd ('gm-3) 
P (mm-') 
T (K) 
2 0 range (") 
index ranges h,k,l 
refl. coll. 
refl. indep. 
R(int) 
refl. observ. [a] 
scan speed ("min-') 
scan range (") 
variables 
restraints 
R(F>4uF) 
wR2 (F') 
GOOF on F2 
largest diff. peak (eA 


C,5H3,Bro.,5CIo.,sP,.0.5 C6H6 


785.2 
yellow block 
0.40 x 0.32 x 0.29 
triclinic 


10.094 (3) 
12.373 (3) 
17.841 (4) 
107.79 (1) 
97.82(2) 
105.92(2) 
1980.6(9) 


Pi (no. 1) 


L 


815 
1.317 


198 
2.5-49 


6894 
6447 
0.085 
4530 [b] 
4-60 
1.2 
60 1 
0 
0.049 
0.090 
1.054 


- 7 0.734 


- 


O / l l ,  -13113, -20/20 


Cd5H35Bro.7SCI, 25P4'2C6H6 


995.52 
yellow prism 
0.4 x 0.3 x 0.22 
triclinic 
Pi (no. 2) 
11.519(2) 
14.856(3) 
15.750(3) 
110.51 (1) 
90.39 (1) 
94.33(1) 
2515.6(8) 
L 


1036 
1.329 
1.088 
223 
2.8-50 


9064 
8596 
0.035 
5606 [c] 
3-60 
0.9 
577 
0 
0.050 
0.106 
1.041 
0.438 


-1310, -16116, -18,18 


Cs,H,~Br,,,CIo,,P,~0.5 C6H6.0.6CH2CI, 
1001.2 
yellow prism 
0.4 x 0.36 x 0.2 
monoclinic 
P2Jc (no. 14) 
11.192(2) 
20.495(3) 
22.965 (8) 
90 
102.18(2) 
90 
5149(2) 
4 
2076 
1.292 
0.662 
293 
2.7-48 
- 12/0, - 2310, - 25/26 
8517 
8059 
0.094 
4131 
6.5-60 
1.1 
649 
30 
0.069 
0.137 
1.01 3 
0.369 


~~ ~ ~~~ 


[a] F> 4 u ( 0 .  [b] Semiempirical absorption correction, min./max. transmission: 0.885/0.957. [c] Semiempirical absorption correction, min./max. transmission: 0.685/0.878. 


values. Compound 6 c :  A problem similar to that for 4a was noted for the anionic 
halide, and in the final refinement SOF was fixed at 0.25 for CI- and 0.75 for Br-, 
while data for the CI atoms attached to P atoms refined normally and there was no 
residual electron density at these CI atoms to suggest CI/Br exchange, although the 
Uij values of atom C11 are noticeable larger than for atom C12. Two benzene 
molecules were found for each 6 c  molecule. Their parameters refined normally, 
suggesting no splitting of the C positions. Compound 6a:  Once again the position 
of the free halide is occupied by CI- and Br- (SOF 0.5 for each atom in the final 
refinement) and SOFs converged in the refinement close to 0.5. The thermal 
parameters of the crystal solvent benzene are fairly large. and the SOF was not 
refined. However, the SOF for the CH,C12 molecule was refined. It converged close 
to 0.6 and this value was kept fixed in the final stages. Moreover, Ui, values of the 
carbon atoms of the phenyl group at P3 (C81-C86) suggested splitting of 
3 positions (C82,83,84) resulting in additional positions (C 87,88,89). SOFs of 0.5 
were assumed. Fig. 5 represents only one of the two orientations of this phenyl 
group. In the lattice of 6a the voluminous cations leave a cavity which is filled by 
molecules of dichloromethane and benzene and into which the phenyl group at P 3  
also extends. The positions of the solvent molecules are occupied only in part, 
however, with the consequence that this phenyl group aligns in a different way 
depending on whether the local dichloromethane position is filled or not. 


Further details of the crystal structure investigation may be obtained from the 
Fachinformationszentrum Karlsruhe, D-76344 Eggenstein-Leopoldshafen (Ger- 
many). on quoting the depository number CSD-59035. 
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Mechanism of an Alkyl-Dependent Photochemical Homolysis of the Re - Alkyl 
Bond in [Re(R)(CO),(a-diimine)] Complexes via a Reactive m* Excited State 


Brenda D. Rossenaar, Cornelis J. Kleverlaan, Maartje C. E. van de Ven, 
Derk J. Stufkens", and Antonin VlEek, Jr.* 


Abstract: MLCT excitation of the com- 
plexes [Re(R)(CO),(a-diimine)] (R = Me, 
Et, benzyl (Bz); a-diimine = iPr-PyCa, 
R-DAB) results in the homolysis of the 
Re-R bond leading to the formation of 
radicals R and [Re(CO),(a-diimine)]' as 
primary photoproducts. The quantum 
yield of this photoprocess is dependent on 
the alkyl group used. For R = Me, the 
quantum yield is low and depends 
on the temperature and excitation wave- 
length, whereas for R = Et and Bz the 
quantum yield is near unity and indepen- 
dent of T and A,,,. The reaction is shown 


to proceed via a o(Re-R)x* excited state 
that is rapidly (< 20 ps) populated by a 
nonradiative transition from the optically 
excited MLCT state. Time-resolved IR 
and UV/Vis absorption spectra studied in 
the ns-ps and ps-ps time domains, re- 
spectively, show that the ox* excited state 


is rather long-lived (z x 250 ns) in nonco- 
ordinating solvents; the dissociation of 
the Re-R bond from this state is strongly 
accelerated by polar or coordinating sol- 
vents (rent < 20 ps). The ox* excited state 
is spectroscopically characterized by a 
(presumably ox* -+ MLCT) transition at 
approximately 500 nm and by CO stretch- 
ing frequencies closely resembling their 
ground-state values. The relative energies 
of the MLCT and reactive cm* states, 
controlled by the nature of the alkyl lig- 
and, determine the photoreactivity of the 
complexes. 


Introduction 


Organometallic complexes containing an a-diimine ligand 
bound to a low-valent metal atom have been the subject of 
numerous photochemical and photophysical studies."- Most 
of their intriguing photoactivity, for example long-lived emis- 
sion and excited-state electron transfer, originates in the d, -+ a- 
diimine metal-to-ligand charge transfer (MLCT) excited states. 
An interesting situation arises when such an MLCT-active a-di- 
imine complex contains another ligand that is bound covalently 
to the metal atom by a relatively high-energy o orbital. Such 
metal-ligand bonds are often prone to homolytic splitting. 
Hence, optical excitation of these mixed-ligand complexes is 
expected to initiate a very interesting photoreactivity. Indeed, 
homolytic splitting occurs upon MLCT excitation of metal- 
metal bonded complexes [L,MM'(CO),(a-diimine)] (L,M = 
(CO),M', Ph,Sn, (CO),Co, etc.; M = Mn, and 
[L,MRu(Me)(CO),(a-diimine)],['*~ or metal-alkyl com- 


[*I Prof, Dr. D. J. Stufkens, Dr. B. D. Rossenaar, C. J. Kleverlaan, 
M. C. E. van de Ven 
Anorganisch Chemisch Laboratorium, J. H. van 't Hoff Research 
Universiteit van Amsterdam, Nieuwe Achtergracht 166 
1018 WV Amsterdam (The Netherlands) 
Telefax : Int. code + (20) 525-6456 
e-mail: inorg.chem@sara.nl 
Dr. A. VlEek, Jr. 
J. Heyrovsky Institute of Physical Chemistry 
Academy of Sciences of the Czech Republic 
DolejSkova 3, 182 23 Prague (Czech Republic) 


Institute 


plexes [ZnR,(a-diimine)],[201 [Pt(Me),(a-diimine)] ,lZ1, 22]  [Ir(R)- 
(CO),(PAr,),(mnt)] ,[231 [R~(X)(R)(CO),(a-diimine)][~~* 251 and 
[M(R)(CO),(a-diimine)] (M = Mn, Re).[26-281 


In principle, visible excitation of these complexes may lead to 
the occupation of either the MLCT or the OK* excited state. 
However, only in the cases of [ZnR,(a-diimine)][201 and 
[Pt(Me),(~~-diimine)][~'l has direct population of the ox* excited 
state by optical excitation been observed. In all other cases, 
direct optical population of the OK* excited state is prevented by 
the fact that the o -+ x* spectral transition is overlap-forbidden 
and thus has only rather small oscillator strength. The m* 
excited state may then only be populated indirectly by a nonra- 
diative transition from the MLCT excited state; it has been 
proposed that this occurs after visible excitation of several of the 
complexes mentioned 1 9 9  2 5 ,  271 The intense MLCT 
transition then functions as a very efficient input of optical 
energy in the reactive molecule. Which excited state is populated 
and which deactivation pathway is followed (e.g., decay to the 
ground state, homolysis of the o bond, heterolytic release of a 
ligand) are determined among other factors by the relative ener- 
gies of the c orbital and the filled d, orbitals of the complex, 
which, in turn, are strongly dependent on the nature of the 
ligands. 


The versatile ligand-dependent excited-state behaviour of 
mixed-ligand a-diimine complexes has been clearly demonstrat- 
ed for the [Ru(X)(R)(CO),(a-diimine)] c o m p l e x e ~ . [ ~ ~ ~  29, 301 


Changing X from C1 to I to Mn(CO), caused the excited-state 
behaviour to change from typically MLCT to I -+ a-diimine 
XLCT to ox*, respectively. Also the alkyl R had a profound 
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influence on the excited-state behaviour. For X = halide and 
R = Me or Et, the complexes were photostable, whereas the 
i-propyl complexes decomposed into radicals by homolysis of 
the Ru- iPr Apparently, the relative energies of the 
MLCT and on* excited states depend on R, and the reactive 
on* state can only be reached for R = iPr. 


We have observed a similar dependence of the excited-state 
behaviour on R for the complexes [Mn(R)(CO),(R’-DAB)] 
(R = Me, Bz).[”] For R = Me, release of CO was observed 
upon visible excitation, whereas for R = Bz homolysis of the 
Mn-Bz bond resulting in the formation of radicals was ob- 
served. Also in this case, the excited-state behaviour observed 
could be explained with the relative energies of the MLCT and 
on* states. For R = Me, the MLCT state is the lowest-energy 
excited state, whereas for R = Bz the on* state is populated 
nonradiatively after excitation into the MLCT absorption band. 


Recently, we have prepared and characterized[311 a series of 
complexes [Re(R)(CO),(a-diimine)] (R = Me, Et, Bz; a-di- 
imine = pyridine-2carbaldehyde-N-isopropylimine (iPr-PyCa) , 
N,N’-diorgano-I ,4-diaza-l,3-butadiene (R’-DAB)). The struc- 
tures of these complexes and of the a-diimine ligands used are 
depicted in Figure 1. 


0 4-+ 
iPr-N N-ifr tBu-N N-tBu 


iPr-DAB ~Bu-DAB 


p.. N- Re.-CO 
I co 


R = Bz,Me,Et 
Fig. 1. Structures of the complexes [Re(R)(CO),(a-diimine)] and ligands used. 


Preliminary experiments on some of these compounds have 
immediately pointed to their intriguing photochemical be- 
haviour.[28,32] Hence, in order to gain more insight into the 
delicate properties of the ox* excited state, we have investigated 
the photochemical reactivity of these complexes as well as their 
exciied-state dynamics in the picosecond-. 
to-nanosecond time domain as a function 
of the a-diimine and R ligands in different 
solvents and at various temperatures. This 
study allows us to draw more general con- 
clusions on the structural factors that de- 
termine the properties and reactivity of 
the, often elusive, ox* state, as well as on 
the mechanism of its population. Hence, a 
better understanding of the photochemi- 
cal activation of metal-carbon bonds 
may be achieved. 


Results 


Photochemistry: All [Re(R)(CO),(a-di- 
imine)] complexes under study are more 
or less photoreactive upon irradiation in- 
to their MLCT absorption bands. The 
photochemical reactivity of the complexes 
was followed in situ by IR, UV/Vis and 
‘H NMR spectroscopy in different sol- 
vents. 


In neat CCI,, all complexes underwent a thermal reaction 
with the solvent, resulting in the formation of [Re(CI)(CO),(a- 
diimine)]. However, in CHCl, or CH,Cl,, most complexes were 
thermally stable and afforded [Re(Cl)(CO),(a-diimine)] only 
upon irradiation into the MLCT absorption band. When this 
reaction was followed for [Re(Bz)(CO),(iPr-DAB)] in situ with 
‘H NMR by means of a CIDNP probe in which the sample was 
irradiated through a fibre, the signals of the starting material 
disappeared and new signals from [Re(Cl)(CO),(zl’r-DAB)] 
grew in. In addition, signals of dibenzyl appeared at 6 = 7.3 (m) 
and 2.94 (s), as well as signals of toluene (in a ratio of 3: 1). The 
GCMS analysis of the organic products also showed the forma- 
tion of dibenzyl and toluene. All other complexes [Re(R)- 
(CO),(a-diimine)] discussed in this paper underwent a similar 
reaction to yield the chloro complex, as is clear from compari- 
son of the IR and UV/Vis spectra of the photoproduct with the 
data for authentic [Re(Cl)(CO),(a-diimine)] complexes.[331 The 
photoreactivity of the methyl complexes was always much lower 
than that of their ethyl and benzyl congeners. 


All these results suggest that the Re-alkyl bond is split ho- 
molytically upon irradiation, resulting in alkyl radicals and 
[Re(CO),(a-diimine)]’ radicals, according to Equation (1). 


hv 
[Re(R)(CO),(a-diimine)] - [Re(CO),(a-diimine)r +R‘ 


CHtCll (1) - [Re(Cl)(CO),(a-diimine)] +R,/RH 


Irradiation in THF, 2-MeTHF, toluene etc. in the absence of 
a radical scavenger such as a CI-donating solvent resulted in a 
more complex product formation. The spectroscopic data of the 
products formed upon photolysis in THF together with relevant 
literature data are collected in Table 1. The IR spectral changes 
observed during the photolysis of the complexes indicated that 
at room temperature two major types of products were formed 
in these solvents. For example, irradiation of [Re(Et)(CO),(zFr- 
PyCa)] in THF led to a product A that has CO stretching fre- 
quencies at 2002, 1888 and 1875cm-’, and to a second 
product B with CO stretching frequencies at 2021, 1918 and 
1891 cm- ’. In some cases other CO-containing by-products 
were formed in low concentrations. Those by-products were not 
further investigated. When the temperature was lowered to 


Table 1. IR v(C0) frequencies and UV/Vis absorption maxima of the major photoproducts of [Re(R)(CO),- 
(a-diimine)] in THF at room temperature, together with relevant literature data. 


Complex Photoproduct !(CO)/cm-’ L.,lnm 


[Re(Me)(CO),(iPr-PyCa)] product A 2001 (s) 1889(s) 1874(s) 385 
product B 2019(s) 1917(s) 1889(m) 


product B 2021 (s) 1918(s) 1891 (m) 


product B 2019(s) 1914(s) 1890(s) 


product B 2020(s) 1911 (s) 1890(s) 


product B 2021(s) 1912(s) 1888(s) 


product B 2017(s) 1909(s) 18901s) 


product B 2021(s) 1912(s) 1888(s) 


[Re(Et)(CO),(iPr-Py Ca)] product A 2002(s) 1888(s) 1872(s) 375 


[Re(Me)(CO),(tBu-DAB)] product A [a] 2001(s) 1884(s) 18621s) 400 


[Re(Et)(CO),(tBu-DAB)] product A [a] 2001(s) 1883(s) 1860(s) 380 


[Re(Me)(CO),(iPr-DAB)] product A [a] 1998(s) 1880(s) 1863(s) 400 


[Re(Et)(CO),(iPr-DAB)] product A [a] 2000(s) 1882(s) 1867(s) 400 


[Re(Bz)(CO),(iPr-DAB)] product A [a] 2004(s) 1887(vs, br) 410 


[Re(THF)(CO),(iPr-PyCa)]’ [b] 
[Re(THF)(CO),(iPr-PyCa)]. [b] 
[Re(THF)(CO),(rPr-DAB)]’ [c] 
[Re(THF)(CO),(zPr-DAB)]’ [c] 
(Re,(CO),(C-C-iPr-PyCa),] [b] 


2020(s) 1919(s) 1896(s) 380 


2021 (s) 1920(s) 1899(s) 
2007(s) 1891 (s) 1875(s) 
2014(s) 1993(s) 1907(m) 1890(vs) 1871 (s) 


1995(s) 1875(s) 1851 (s) 395 


390 


[a] Only product at T<273 K. [b] From ref. 1341. [c] From ref. [40] 
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273 K, species A was the only product formed in the case of the 
[Re(R)(CO),(R-DAB)] complexes. Raising the temperature af- 
ter the irradiation led to the conversion of product A into 
product B. This shows that product A is the only photoproduct, 
which is thermally unstable and converts to product B at 
T > 273 K. 


UV/Vis spectra measured in situ during the irradiation in 
THF at 273 K showed that the MLCT absorption band of the 
parent complex disappears and that a new, weaker band grows 
in at about 380 nm (Table 1). The spectral changes show an 
isosbestic point that remains well-defined until a rather large 
degree of conversion is reached. Formation of dimers [Re,- 
(CO),(cr-diimine),], which was reported to occur after irradia- 
tion of [Re(R)(CO),(bpy)] ,Iz6] can thus be excluded here, since 
no absorption bands in the red spectral region, characteristic for 
this type of dimer,[". 13,343 were observed. Radical coupling 
leading to CC-coupled products can also be excluded since the 
IR frequencies of the CC-coupled dimer (Table do not 
correspond to those of any of the products formed. 


Based on the spectroscopic data for the cations [Re- 
(THF)(CO),(cr-diimine)]+ and the radicals [Re(THF)(CO),(cr- 
diimine)]' (Table I) ,  we tentatively assign A to a radical product 
and B to a cationic product. Up to now, all attempts to isolate 
the photoproducts have failed so no further characterization 
and confirmation of the assignment of the products was pos- 
sible. 


In order to demonstrate that the splitting of the Re-R bond 
observed in chlorinated solvents also occurs in THF, the 
[Re(R)(CO),(a-diimine)] complexes were photolysed in THF in 
the presence of a small excess of the spin trap nitrosodurene or 
~ B u N O . [ ~ ' - ~ ~ ]  The photolysis was carried out in situ within the 
EPR spectrometer with 450 nm light selected from the output of 
a high-pressure mercury lamp by an interference filter. Forma- 
tion of the radical adducts of both the [Re(CO),(cr-diimine)]' 
and R' radicals with the spin traps was observed. The EPR 
results (coupling constants) are summarized in Table 2, while 
Figure 2 shows representative EPR spectra of trapped Et' and 
[Re(CO),(tBu-DAB)]' radicals. 


Table 2.  EPR parameters [a] for the radical adducts R"(O')-Re(CO),(a-diimine) 
and R"(0')-R (RNO = nitrosodurene (ArNO) or tBuNO) formed upon irradia- 
tion of [Re(R)(CO),(a-diimine)] with ArNO and tBuNO in THF (273 K). 


Complex ArNO-Re [b] ArNO-R [b] rBuNO-Re [c] tBuNO-R[c] 


rBu-DAB/Me n.0. [d] aN = 14.0 aN = 14.2 aN =16.5 
aH = 12.5 a,, = 35.9 an =11.6 


tBu-DAB/Et n.o. aN = 14.0 aN = 14.2 aN =15.7 
an = 10.9 aRe = 35.9 aH = 10.6 


iPr-DAB/Bz n.o. aN = 14.0 aN = 14.1 aN =15.7 
aH =7.7 a,= = 35.9 aH =7.0 


iF'r-PyCa/Me aN = 14.0 [el aN = 14.0 aN = 14.5 aN =16.1 
a,. = 36.1 a,, = 12.7 aRI = 31.6 an =11.9 


iPr-PyCa/Et aN = 14.05 [el aN = 14.0 aN = 14.5 aN =I53 
a,= = 36.1 an =10.8 a,, = 31.6 an = 10.4 


[a] Coupling constants in Gauss (f 0.1). [b] Spin-adduct formed with 5-fold excess 
of nitrosodurene (ArNO). [c] Spin-adduct formed with 3-fold excess of tBuNO. 
[d] n.0. = Not observed. [el Very low concentration. 


The values of the EPR parameters of the trapped radicals 
agree reasonably well with previously reported values;[35. 38* 


the small differences can be attributed to solvent effects (THF 
instead of benzene). It is clear that changing the ligand from 
R-DAB to iPr-PyCa causes a decrease in uRe of the adducts, 
reflecting the stronger o-donating and weaker naccepting ca- 
pacity of iPr-PyCa. The total electron density is then higher at 
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' 40G ' 


Fig. 2. EPR spectra of the radical adducts formed by the irradiation of 
[Re(Et)(CO),(tBu-DAB)] in THF at 273 K in the presence of the spin traps ni- 
trosodurene C,H(CH,),NO (a) and rBuNO (b). a) C,H(CH,),N(O')-Et. 
b) tBuN(0')-Et (indicated with 0) together with tBuN(0')-Re(CO),(tBu-DAB). 


the metal atom and the electron becomes more localized at the 
oxygen atom of the spin trap. The data in Table 2 show that the 
spin traps have different selectivities for the [Re(CO),(a-di- 
imine)r radicals. Thus, (Re(CO),(R-DAB)]' was trapped by 
tBuNO, whereas no radical adduct was detected in the presence 
of nitrosodurene. This phenomenon has been observed be- 
foretz5] when a solution of [Ru(I)(zl?r)(CO),(iPr-DAB)] was ir- 
radiated in the presence of either nitrosodurene (only trapped 
P r *  observed) or tBuNO (radical adducts with both iPr' and 
[ Ru( I)( CO) (Pr-DAB)] ' detected) . 


In conclusion, the EPR spin-trapping experiments clearly 
show that the homolysis of the Re-R bond [Eq. (l)] is the pri- 
mary photochemical reaction of [Re(R)(CO),(a-diimine)] com- 
plexes. The complicated follow-up thermal reactivity of the 
[Re(CO),(a-diimine)]' radicals was not further investigated. 


Quantum Yields: The efficiencies of the photoreactions of the 
complexes [Re(R)(CO),(cr-diimine)] were determined by the 
measurement of the quantum yields (@) of their disappearance 
as a function of the irradiation wavelength, the temperature 
and, in some cases, the solvent. The quantum yield values ob- 
tained in THF are summarized in Table 3. Because of the ther- 
mal instability of [Re(Et)(CO),(iPr-DAB)] at room tempera- 
ture, all data were collected at 273 K. For the methyl complexes, 
the excitation wavelength dependences are presented in Fig- 
ure 3, together with the absorption spectra. 


As can be seen from Figure 3 and Table 3, the quantum yields 
show a remarkable dependence on the alkyl group. For 
R = Me, the quantum yield values are low (ranging from 0.033 
for a-diimine = iPr-DAB to 0.121 for Pr-PyCa) and excitation- 


Table 3. Quantum yields [a] of the photochemical homolysis of [Re(R)(CO),(cc-di- 
iminef] as a function of the excitation wavelength measured in THE 


iPr-PyCa tBu-DAB iPr-DAB 
R/nm Mex 10' Et Mexl0 '  Et Mex102 Et BZ 


457.9 1.21 1.15 2.47 0.98 3.28 0.97 0.82 
476.9 - - 1.70 - 2.09 - 


488.0 1.15 1.11 1.17 0.96 1.60 0.98 0.77 
501.7 - - 0.86 - 1.31 1.06 - 


514.5 1.11 1.23 0.63 0.99 1.00 0.99 0.76 


- 


[a] T =  273.0+0.1 K; estimatederror 5%. 
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wavelength dependent. Increasing the excitation energy results 
in a concomitant rise of the quantum yield. On the other hand, 
virtually no excitation wavelength dependence was found for 
R = Bz and Et. The quantum yields of these complexes are 
much larger, about 0.75 for R = Bz and 1 or even slightly higher 
for [Re(Et)(CO),(iPr-PyCa)] . In the latter case, the Et radical 
seems to react also with the starting material. 


Apart from a dependence on the alkyl group, the quantum 
yield also depends on the u-diimine used. The quantum yield of 
[Re(Me)(CO),(u-diimine)] increases from iPr-DAB to zPr-PyCa 
by a factor of about four. For u-diimine = bpy, a quantum yield 
value of 1 has even been reported.[261 


The temperature dependence of the quantum yield of the 
[Re(R)(CO),(a-diimine)] complexes was investigated by the 
measurement of the quantum yields at 4 different temperatures 
at several excitation wavelengths. In this case too a dependence 
on the alkyl group was found. No significant temperature de- 
pendence was seen for the efficient homolysis reactions of the Et 
and Bz complexes, whereas the Me complexes showed a consid- 
erable decrease in quantum yield with decreasing temperature. 
The experimental values for [Re(Me)(CO),(a-diimine)] can be 
fitted to an Arrhenius-type equation: G = Goexp( - E,/RT) 
with high correlation coefficients (> 0.995). The calculated acti- 
vation energies E, and preexponential factors Go are collected in 
Table 4, while Figure 3 shows their dependence on the excitation 
wavelength. 


Table 4. Quantum yields ( x 10') [a] and activation parameters (Ea ,  0d of the pho- 
tochemical homolysis of [Re(Me)(CO),(a-diimine)] as a function of the irradiation 
wavelength measured in THF (253 < T<283 K) (Tin K, in nm, E. in cm-'). 


iPr-Py Ca tBu-DAB iPr-DAB 
457.9 476.9 501.7 457.9 488.0 457.9 488.0 501.7 


283 15.9 15.6 15.7 2.73 1.45 3.45 1.85 1.52 
273 12.1 11.5 11.1 2.47 1.17 3.28 1.60 1.31 
263 8.15 8.11 7.45 1.85 0.96 2.77 1.40 1.07 
253 5.81 5.59 4.96 1.46 0.86 2.46 1.18 0.91 


Ea 1697 1705 1923 1078 878 627 736 861 
6, 915 920 2720 6.9 1.2 0.9 0.8 1.2 


~~ ~ 


[a] TkO.1 K; estimated error 5% 


For [Re(Me)(CO),(tBu-DAB)], G was measured in THF, 2- 
MeTHF and toluene (A,,, = 488 nm, T = 273 K), the values 
being 0.0117,0.0117 and 0.0103, respectively. The solvent influ- 
ence on the quantum yield of [Re(Bz)(CO),(iPr-DAB)] was 
studied in more detail and the results are collected in Table 5. It 
clearly follows that the quantum yield is, within experimental 
error, identical in THF and in toluene. 


Fig. 3. Dependence of the quantum yields, activa- 
tion energies and preexponential factors of the pho- 
tochemical Re-Me homolysis of [Re(Me)(CO),(i?r- 
PyCa)] (a) and [Re(Me)(CO),(iPr-DAB)] (b) on the 
excitation wavelength in THF at 273 K. (+ = 0, 
0 = @,, 0 = E,). 


Table 5. Solvent and temperature dependence of the quantum yield [a] of the pho- 
tochemical homolysis of [Re(Bz)(CO),(iFr-DAB)] . 


E..,,/nm THF, 273 K THF, 253 K toluene, 273 K toluene, 253 K 


457.9 0.82 0.79 0.75 0.79 
488.0 0.77 0.75 0.77 0.73 
514.5 0.76 0.71 0.72 0.72 


[a] T =  273.0_+0.1 K; estimated error 5% 


Time-Resolved Spectroscopy: In order to gain more insight into 
the excited-state dynamics and nature of the intermediates in- 
volved in the photochemistry of the [Re(R)(CO),(a-diimine)] 
complexes, a flash photolysis study with UV/Vis absorption 
detection was carried out in the ps-ps time domain, while the 
IR spectra were studied in the ns-ps range. To obtain the ns-ps 
UV/Vis spectra, solutions of the complexes were excited either 
at 532 nm or 460 nm, depending on the ground-state absorption 
maximum, and the transient absorption spectra were taken at 
different time delays after the laser pulse. Picosecond spectra 
could only be obtained with 532 or 355 nm, which somewhat 
limited the choice of the complexes. The solvent dependence of 
the transients was investigated by comparing the spectra ob- 
tained in THF and in toluene for all complexes studied. A more 
detailed solvent dependence study was carried out for [Re(- 
Bz)(CO),(iPr-DAB)], in which cyclohexane, benzene, 2- 
MeTHF, 2-chlorobutane and CH,CN were also used. General- 
ly, two basic types of excited-state behaviour were observed : 
one for the relatively photostable methyl complexes and another 
for their highly reactive ethyl and benzyl congeners. Picosecond 
absorption spectra of [Re(Me)(CO),(tBu-DAB)] and [Re(- 
Me)(CO),(pAn-DAB)] (see Figs. 4 a  and b) show considerable 
bleaching of the ground-state absorption together with a weak 
transient absorption at longer wavelengths that extends over the 
whole visible spectral region, overlapping partly with the 
bleached ground-state absorption. In accordance with the ps 
time-resolved spectrum of [Re(Br)(CO),(pTol-DAB)] ,I4'] it is 
assigned to the Re -+ R-DAB MLCT excited state, the inten- 
sity of the excited-state absorption being lower for the com- 
plexes of the DAB ligands bearing aliphatic substituents (tBu, 
zPr). Both the bleach and transient absorption are fully devel- 
oped within the 30 ps excitation laser pulse. For [Re(- 
Me)(CO),(tBu-DAB)], the intensities of both the bleach and the 
transient absorption decay by about 50 % within 500 ps after the 
excitation, indicating that the excited state deactivation is dom- 
inated by a rather fast nonradiative transition to the ground 
state. The picosecond absorption spectrum of [Re(Me)- 
(CO),(pAn-DAB)] shows absorptions caused by two transients. 
The short-lived one absorbs between 530 and 630nm and 
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Fig. 4. Picosecond transient absorption spectra of [Re(Me)(CO),(R-DAB)] complexes. a) [Re(Me)- 
(CO),(tBu-DAB)] in CH,CI, at 20, SO, 100,200 and 500 ps following laser excitation at 532 nm in order 
of decreasing bleach. b) [Re(Me)(CO),(pAn-DAB)] in CH,Cl, at 20, SO, 200 ps and 1 ns following laser 
excitation at 532 nm in order of decreasing absorption at 600 nm. (Note that the difference absorption 
spectra are shown, the negative absorbance corresponding to the bleached ground-state absorption). 


decays within 250 ps, leaving another transient absorbing weak- 
ly above 630 nm that persists over about 10 ns. By analogy with 
the complex [Re(Br)(CO),(pAn-DAB)] ,I4'] which exhibits very 
similar excited-state behaviour on the picosecond timescale, the 
short- and long-lived transients of [Re(Me)(CO),(pAn-DAB)] 
are tentatively assigned to the MLCT andpAn-DAB intraligand 
(IL) excited states, respectively. 


In accordance with the results obtained in the picosecond 
time domain, almost no transient absorption was observed for 
any of the [Re(Me)(CO),(a-diimine)] complexes in THF or in 
toluene by nanosecond laser flash photolysis. This means that 
the excited states of all the methyl complexes studied have lives 
much shorter than 20 ns. 


The time-resolved absorption spectra of all the photoreactive 
[Re(Et)(CO),(a-diimine)] and [Re(Bz)(CO),(a-diimine)] com- 
plexes demonstrate a common behaviour that will be explained 
by means of [Re(Bz)(CO),(iPr-DAB)] as a representative ex- 
ample. The difference absorption spectrum (425-675 nm) ob- 
tained 50 ps after excitation of a THF solution of this complex 
at 532 nm shows only bleached ground-state absorption, the 
signal observed being just a mirror image of the ground-state 
absorption spectrum (see Fig. 5a). It does not change over the 
next 10 ns. In accord with this observation, the spectrum mea- 
sured by nanosecond laser flash photolysis shows only one ab- 
sorption band at 390 nm that is already fully developed within 
the 7 ns laser pulse and whose intensity remains constant over at 
least the next 15 ps. No ns transient absorption in the visible 
region was found (Fig. 6 a). A markedly different behaviour was 
observed in toluene. The picosecond absorption spectrum tak- 


en 20 ps after the excitation pulse (Fig. 5 b) 
clearly shows the presence of a transient 
whose strong absorption band at about 
500 nm is superimposed over the negative 
bleached ground-state absorption. The ab- 
sorption band at 500 nm is fully developed 
within the excitation pulse and it remains un- 
changed, both in intensity and position, over 
the next 10 ns. Accordingly, spectra mea- 
sured by nanosecond laser flash photolysis 
(Fig. 6 b) exhibit a transient absorption band 
at 500 nm that is already fully developed 
within the 7 ns excitation pulse and whose 
intensity decays according to single-exponen- 
tial kinetics with a lifetime of about 250 ns. 
Concomitantly with the decay of the 500 nm 
transient, a product absorbing at 390 nm is 
formed according to the same kinetics. This 
product appears to be identical to that 
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Fig. 6. Nanosecond transient absorption spectra of [Re(Bz)(CO),(iPr-DAB)] in 
a) 2-MeTHF at 30 ns and b) toluene at 30 ns, 230 ns and 430 ns after the 532 nm 
excitation pulse. The spectra are corrected for the bleaching of the ground-state 
absorption of the parent compound. 


formed immediately in THE Nanosecond 
absorption spectra measured in various sol- 
vents show that the transient species ab- 
sorbing at about 500 nm is formed only in 
noncoordinating solvents and relatively non- 
polar solvents such as toluene, benzene and 
cyclohexane. The absorption maxima and 
lifetimes are summarized in Table 6. In con- 
trast, prompt formation of the final product 
absorbing at 380-390 nm was observed in 
the coordinating and/or polar solvents THF, 
2-MeTHF, CH,CN and 2-chlorobutane. 


Other [Re(Et)(CO),(a-diimine)] and [Re(- 
Fig. 5. Picosecond transient absorption spectra of [Re(Bz)(CO),(rPr-DAB)] in a) THF and 
b) toluene at 50 ps after 532 nm excitation. 


Bz)(CO),(a-diimine)] complexes behave in es- 
sentially the same way as described above for 
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Table 6. Absorption maxima [a] and lifetimes [b] of transients formed after !lash 
photolysis of [Re(R)(CO),(a-diimine)] (R = Bz, Et) in different solvents. 
~~~~ ~ ~ ~ ~ 


Ria-diimine Transient 1 [c] Transient 2 [d] 
solvent A,,, lifetime/ns A,,, 


~~~~~~~~ 


Et/iPr-DAB toluene 495 
Bz/tPr-DAB toluene 500 


benzene 500 
cyclohexane 495 


BzItBu-DAB toluene 510 
Et/iPr-PyCa toluene 525 


EtlcBu-DAB toluene 502 


60 385 
250 390 
90 


155 
60 380 


215 380 
20 405 


[a] Wavelength in nm (& 5 nm). [b] Due to the relatively low absorptions the sig- 
nal-to-noise ratio is not high enough for accurate determinations, so reported life- 
times are rough estimates (?  10%). [c] Transient formed in noncoordinating sol- 
vents. [d] Transient formed immediately in THF and after decay of transient 1 in 
noncoordinating solvents; reported values in THF. 


[Re(Bz)(CO),(zFr-DAB)]. Results obtained are summarized in 
Table 6. There are only small variations in the position of the 
absorption band of the “500 nm” transient found for all these 
complexes in toluene. In all cases, this transient converts into the 
photoproduct absorbing around 380nm. In THF, the same 
product is always formed much more rapidly, within the picosec- 
ond excitation laser pulse, without any observable intermediates. 
This photoproduct is stable for at least 15 ps, with the single 
exception of the photoproduct of [Re(Et)(CO),(iPr-PyCa)] for 
which a further reaction was found that diminished its lifetime to 
about 2 ps. The [Re(Et)(CO),(iPr-PyCa)] complex showed in ad- 
dition a third broad transient absorption with an absorption max- 
imum at about 600 nm. This transient had a very short lifetime 
(< 20 ns) and was seen in THF as well as in toluene. A similar 
weak absorption band was observed as the only transient for 
[Re(Me)(CO),(iPr-PyCa)] in both solvents. By analogy with the 
transient absorption of [Re(Br)(CO),(zFr-PyCa)] (A,,, = 560 nm, 
~ < 2 0  ns), it is assigned to the Re + iPr-PyCa MLCT state. 


Time-resolved infrared spectra of [Re(Bz)(CO),(iPr-DAB)] in 
the region of the CO stretching vibrations, v(CO), were mea- 
s~ red [~’ ]  in order to get more structural information on the 
intermediate, that is, the “500 nm” transient, and on the 
product observed in the time-resolved UV/Vis absorption spec- 
tra. Shown in Figure 7a is the difference IR absorption spec- 


I -0.08 { 
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Fig. 7. Time-resolved infrared spectra of [Re(Bz)(CO),(cPr-DAB)] in n-heptane at 
293 K. a) TRIR spectrum at 120 ns after the laser flash (532 nm, 10 ns); b) TRIR 
spectrum at 3.5 ps after the laser flash. 


trum of the [Re(Bz)(CO),(i?r-DAB)] complex measured in a 
n-heptane solution 120 ns after excitation with a 10 ns 532 nm 
laser pulse. It shows negative peaks at 2009, 1916 and 
1909 cm- ’ caused by the depletion of the starting complex and 
the formation of a transient species with CO frequencies that are 
slightly shifted to about 2015 and 1909 (br) cm-’ (exact band 
frequencies could not be determined because of the overlap with 
the ground state and photoproduct spectra). In accord with the 
results obtained by UV/Vis time-resolved spectroscopy, this 
transient was found to decay with the concomitant formation of 
a product characterized by IR bands at approximately 2023 and 
1900 (br) cm-’. This is seen in Figure 7 b, which shows the IR 
spectrum obtained 3.5 ps after the excitation. The conversion of 
the transient into the product occurs single-exponentially with a 
lifetime in the range 210-290 ns, in agreement with the results 
of the time-resolved UV/Vis spectra (the actual lifetimes mea- 
sured depend slightly on the monitoring IR frequency because 
of the strong overlap of the IR bands involved). No concomi- 
tant recovery of the bleached ground-state absorption was ob- 
served. The formation of the transient and photoproduct was 
completely quenched by oxygen, indicating that the primarily 
observed transient can indeed be assigned to an excited state. By 
comparison with the IR spectra of [Re(S)(CO),(iPr-DAB)]‘ rad- 
i c a l ~ ~ ~ ~ ]  (2005 and 1894 (br) cm-’ for S = nPrCN, and 2007, 
1891, 1877 cm-’ for S = THF), the IR spectrum of the photo- 
product is assigned to the [Re(CO),(iPr-DAB)]‘ radical. The 
small positive shift of the v(C0) frequencies is expected because 
of the absence of an electron-donating coordinated solvent mol- 
ecule and because of a general solvent effect found even for 
[Re(Bz)(CO),(iPr-DAB)] itself (- 9 cm- ’ going from n-heptane 
to THF). Apart from this radical, formation of another product 
absorbing weakly at about 1992 cm- ’ occurs directly from the 
initial transient, as shown by the kinetic traces measured at this 
frequency. It may correspond either to some unidentified by- 
product or to an isomeric form of the pentacoordinated radical. 
The time-resolved IR spectrum obtained in CH,CN in the re- 
gion of the high frequency v(C0) band showed only bleached 
ground-state absorption and a photoproduct band at slightly 
higher frequency which appears as soon as 120 ns after the laser 
pulse and which decays in intensity by 25 % over the next 50 ps. 
No evidence for any intermediate species was found in the 
CH,CN solution. The broadness of the IR bands observed in 
CH,CN prevented a more detailed study. 


Discussion 


The experimental results discussed above clearly show that the 
homolytic splitting of the Re-R bond [Eq. (l)] is the primary 
photochemical step for all the [Re(R)(CO),(a-diimine)] com- 
plexes studied. The ultimate fate of the photochemically 
produced radicals depends on the solvent used : they abstract 
chlorine or hydrogen atoms, dimerize, decompose or dispropor- 
tionate. 


Photochemical homolysis of a metal -1igand bond upon 
MLCT excitation is a process characteristic of those complexes 
that contain in their coordination sphere a o-bonded ligand 
with a high-lying o-orbital (e.g., metal-containing groups, 
alkyls) and an electron-accepting ligand with an unoccupied, 
energetically accessible K* orbital, usually, but not necessarily, 
an a-diimine ligand. Complexes like [L,M-Re(CO),(a-di- 


Fe[431), [ (CO),MnRu(Me)(CO),(iPr-DAB)1“9) as well as mole- 
cules containing metal-alkyl bonds like [Re(R)(CO),(bpy)],[261 
[Mn( R)(CO), (R’-DAB)] [’’I and [Ru(I)( iPr)(CO),( iPr-DAB)][’ 


imine)] (L,M = Ph,Sn,[”] (CO)5Re,[2”’,12-42] (CO),(CP)- 
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may serve as typical examples. Analogous behaviour has been 
observed for the non-carbonyl complexes [Pt(Me),(a-di- 
imine)][”* ”I and [Zn(Me),(R-DAB)],[20~ as well as for 
[Ir(R)(CO)(PAr,),(mnt)][231 (mnt = maleonitriledithiolate) and 
for [1r{(6-isopropyl-8-quinolyl)diorganosily1},] (diorgano = 
Me,, Ph, or PhMe)144-461 complexes. For the latter two types 
of complexes, the mnt ligand and the N-coordinated quinolyl 
group serve as the R* electron-accepting sites. Recent interpreta- 
tion of the photoreactivity of all these complexes assumes“, 471 


the involvement of a reactive on* excited state originating in 
electron excitation from the o bond to be split to the R* orbital 
of the acceptor ligand (a-diimine) . However, direct character- 
ization of these on* excited states has so far proved rather 
elusive. Only in the case of the [Ir{(6-isopropyl-b-quinolyl)- 
diorganosilyl)} ,] complexes a strong solvent-dependent emission 
was found,[451 presumably from the o(Ir-Si)x* excited state, 
together with the absorption spectrum of the OK* state dominat- 
ed by the bands of the reduced quinolyl group.t461 The lifetime 
of the o(Ir-Si)R* state was found to be much shorter in coordi- 
nating solvents than in hydrocarbons. 


The [Re(R)(CO),(a-diimine)] complexes under study are typ- 
ical representatives of this family of photoreactive compounds. 
Significant population of the o(Re-R)x* excited state is expect- 
ed for the strongly photoreactive species with R = Et or Bz. 
Indeed, all the ethyl and benzyl complexes show the prompt 
formation of a transient species that absorbs at about 500 nm, 
from which the radicals are produced. Hence we propose that 
this transient represents the complex in its on* excited state. The 
500 nm excited-state absorption is tentatively assigned to the 
d, -+ o excitation, that is, to a transition from the OR* excited 
state to a higher-lying MLCT state. The assignment of the 
“500 nm” transient to the on* excited state is further supported 
by the detailed TRIR The electron density on the Re 
atom is expected to be rather similar in the ground and on* 
electronic states as the o -+ R* excitation does not directly affect 
the population of the d, orbitals and the diminished electron 
donation from R is offset by the decreased R back-donation to 
and increased o-donation from the a-diimine ligand. Accord- 
ingly, only a very small shift of the CO stretching frequencies 
from the ground-state values was found in the IR spectrum 
of the transient generated from [Re(Bz)(CO),(iPr-DAB)] 
(Fig. 7 a). This shows that the extent of the Re .+ CO R back-do- 
nation is virtually the same as in the ground state, lending fur- 
ther support for the assignment of the “500 nm” transient to the 
OR* state. 


Interestingly, the relatively long lifetime (250 ns) of the on* 
excited state of the [Re(R)(CO),(a-diimine)] (R = Et, Bz) com- 
plexes and the well-developed excited-state visible and IR ab- 
sorption bands indicate that this state is not inherently dissocia- 
tive, despite the depopulation of the o(Re- R) bonding orbital. 
The potential energy surface of the OR* state appears to have a 
well-defined energetic minimum, from which the Re - R bond 
dissociation takes place with unit efficiency (k  = 4 x lo6 s-l in 
toluene), the nonradiative return to the ground state (if any) 
being much slower and kinetically completely uncompetitive. 
This conclusion is supported by the time-resolved experiments, 
which showed that no ground-state regeneration occurs at all 
during the decay of the on* state. The surprising stability of the 
OR* state towards the unproductive deactivation to the ground 
state may be explained by assuming it has spin-triplet “biradi- 
cal” character, [R-Re‘(CO),(a-diimine’-)] . A small distortion 
of the OR* state with respect to the ground state, found for 
emissive [(CO),MnRu(Me)(CO),(a-diimine)] complexes,[291 
might also contribute to the long, nonreactive, lifetime of the 
OR* state. 


The lifetime of the OR* excited state decreases dramatically in 
coordinating solvents like THF, where the radical product for- 
mation is fully completed within 30 ps. A similar, albeit less 
pronounced, solvent-dependent drop in the on* lifetime was 
found for the Ir-silyl c o m p l e x e ~ . [ ~ ~ - ~ ~ ~  Apparently, the inter- 
action between the Lewis basic solvent molecule and the elec- 
tron-deficient Re-Bz one-electron bond in the OR* excited state 
modifies the potential energy surface of the OR* excited state to 
such an extent that the reacting system smoothly evolves into 
the reaction products. 


Our previous spectroscopic study of the [Re(R)(CO),(a-di- 
imine)] showed that their visible absorption 
bands, into which the excitation occurred during the photo- 
chemical experiments, correspond to Re --f a-diimine MLCT 
transitions. Hence, the first step involved in the excited-state 
dynamics, one that is ultimately responsible for the Re-R bond 
homolysis, has to be the MLCT -+ OR* conversion that involves 
a symmetry- and overlap-allowed transfer of an electron from 
the o to the d, orbital. The picosecond absorption spectra show 
that this conversion into the, presumably spin-triplet, on* excit- 
ed state is very rapid, being fully completed within the 30 ps 
excitation pulse in both THF and toluene; this indicates a sub- 
picosecond rate for the process. This conclusion agrees with the 
large quantum yield values found for the photolysis of the ethyl 
and benzyl complexes. Remarkably, identical quantum yields 
( ~ 0 . 7 5 ,  see Table 5)  were measured for [Re(Bz)(CO),(zFr- 
DAB)] in toluene and THF despite completely different 
timescales for the Re - Bz homolysis, hundreds of nanoseconds 
versus subpicosecond, respectively. This, together with the ab- 
sence of any OR* deactivation to the ground state, indicates that 
the overall photochemical quantum yield is determined by the 
efficiency of the MLCT --f 3 0 ~ *  conversion that is about 0.75, 
independent of the solvent used. Moreover, the independence of 
the quantum yields on the excitation energy and temperature, 
together with the prompt nature of the MLCT + on* conver- 
sion, indicate that the OR* state lies lower in energy than the 
MLCT state, their potential energy surfaces crossing each other 
close to the energetic minimum of the MLCT state. 


Compared with those of the ethyl and benzyl complexes, the 
quantum yields from the homolytic splitting of the Re-Me 
bond in the [Re(Me)(CO),(a-diimine)] complexes studied are 
much lower and excitation wavelength- and temperature-depen- 
dent. Assuming that the on* excited state of the methyl com- 
plexes is as reactive as in their ethyl and benzyl analogues, the 
different photochemical behaviour of the methyl complexes 
seems to be caused by a different mechanism of the population 
of the reactive OK* state. The UV-PE spectra of the [Re(Me)- 
(CO),(iPr-DAB)] and [Re(Me)(CO),(iPr-PyCa)] complexes 
show that the ionization potential of the o electron is higher by 
about 1 eV than the average ionization potential of the d, elec- 
t r o n ~ . ‘ ~ ~ ]  It therefore appears that the o orbital lies well below 
the d, orbitals, thus placing the reactive m* excited state at 
higher energy than the optically populated d p *  MLCT excited 
states (Fig. 8). The temperature dependence of the quantum 
yields indeed shows that extra energy is needed to populate the 
OR* state after the MLCT excitation. Moreover, the quantum 
yield increases with increasing excitation energy, and the activa- 
tion energy decreases concomitantly (Fig. 3). These results 
clearly show that the crossing between the MLCT and OR* 
potential energy surfaces in the relatively unreactive methyl 
complexes takes place at energies well above the minimum of the 
MLCT state. Hence, the MLCT --f OR* conversion is promoted 
by high-energy excitation into higher vibronic levels of the 
MLCT state. In fact, the dependence of the quantum yields of 
the homolytic Re-Me bond-splitting on excitation energy and 
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I OX* (Me) I 


+ R‘ 


1 Ground Staie I 
Fig. 8. Excited-state dynamics of the [Re(R)(CO),(a-diimine)] complexes. For 
R = Me, the conversion from the MLCT to the ux* excited state is an activated 
process, E.. The reactive ox* excited state can he depopulated by a reactive (k)  or 
a deactivation pathway (kd) ,  the former dominating. 


temperature closely resembles that of the quantum yield of CO 
dissociation from the MLCT-excited [Cr(CO),(bpy)] com- 
p l e ~ . [ ~ * , ~ ~ ]  It is quite possible that the reactivity of the [Re- 
(Me)(CO),(cc-diimine)] complexes may be interpreted with a 
similar in which the MLCT excited state is vibronical- 
ly coupled with the on* state along the reaction coordinate. The 
energy barrier would then arise from an avoided crossing be- 
tween these two excited states. 


Finally, it should be noted that the coupled dependence of the 
quantum yields of the Re-Me bond homolysis on excitation 
energy and temperature excludes an alternative interpretation 
of the activation energy observed as originating from the energy 
barrier of the dissociation of the stable Re-Me bond from the 
OK* state. If this were the case, the quantum yield would have 
been temperature-dependent but independent of the excitation 
energy, as all the memory of the original Franck- Condon exci- 
tation would have been lost during the conversion to the ox* 
state and its thermalization. Moreover, a build-up of a substan- 
tial concentration of on*-excited molecules, which was not ob- 
served spectroscopically, would have been expected. 


Going from the [Re(Me)(CO),(R-DAB)] complexes to [Re- 
(Me)(CO),(iPr-PyCa)] the activation energy increases, on the 
average, by almost 1000 cm- ’. However, the photochemical 
quantum yield concomitantly increases about 5-fold because of 
a large increase of the preexponential factor O0 apparently 
caused by a decrease in the rate of a competitive unproductive 
deactivation of the MLCT state by its nonradiative transition to 
the ground state, k,,.r501 Such a pronounced decrease in the rate 
constant of the nonradiative deactivation of the MLCT state on 
changing from DAB to PyCa has been observed in many cc-di- 
imine complexes. For example, the corresponding values calcu- 
lated from the emission data measured at 80 K for [Re- 
(Br)(CO),(a-diimine)] decrease from 1.7 x lo7 to 1.4 x lo6 s - l  
when the ligand is changed from iPr-DAB to iPr-PyCa, support- 
ing the above conclusion. 


The above discussion of the mechanism of the Re-R bond 
homolysis in [Re(R)(CO),(cc-diimine)] complexes points to the 
critical role played by the relative energetic positions of the 
optically populated MLCT and the reactive ox* states, which 
are controlled by the nature of the alkyl ligand. Hence, the 
strongly donating methyl ligand gives rise to a relatively stable 
o(Re-Me) bonding orbital that lies well below the d, orbitals, 
as was proved by the UV-PE spectra. Weaker bonding and 
electron donation from the ethyl and, especially, benzyl ligands 
apparently leads to a reversal of the MLCT and on* excited 


states, the latter becoming the lowest-lying excited state, which 
may thus be easily and efficiently populated from the optically 
excited MLCT states. The influence of the alkyl ligand on the 
excited states of the [Re(R)(CO),(a-diimine)] complexes is 
shown in Figure 8. Unfortunately, it was not possible to demon- 
strate the low-energy shift of the o(Re-R) orbital upon chang- 
ing the R ligand from Me to Et and to Bz by UV-PE spec- 
troscopy since the ethyl and methyl complexes do not have 
sufficient vapour pressure to obtain these spectra. However, it 
should be noted that the essential features, that is, large, temper- 
ature- and excitation wavelength-independent quantum yields 
of the Re-R bond homolysis in the highly photoreactive 
[Re(Et)(CO),(a-diimine)] and [Re(Bz)(CO),(a-diimine)] com- 
plexes were found also for the metal-metal bond homolysis in 
[L,M -Re(CO),(a-diimine)] complexes whose UV-PE spectra 
clearly demonstrate that the o(M-Re) orbital lies above the 
d,(Re) orbitals.[”] Moreover, spectra and MO calculations of 
[ZnR,(R-DAB)] complexes showedtzo1 that the o(Zn-R) or- 
bital energy decreases significantly when R is changed from Et 
to Me. This effect was explained by a hyperconjugative destabi- 
lization of the o lone electron pair in the (formally) carbanionic 
Et ligandtZo1 and it may well be expected to occur also for the 
Re-R bond. Also a hyperconjugative interaction with the C-H 
bonding orbitals of the Me ligand would destabilize the d, or- 
bital in [Re(Me)(CO),(a-diimine)]. Both these effects may con- 
tribute to the reversal of the energetic order of the o(Re-R) and 
d, orbitals and, hence, of the on* and MLCT excited states in 
the [Re(Me)(CO),(a-diimine)] complexes as compared with 
their Et analogues, accounting thus for the remarkable change 
in photoreactivity. 


Conclusions 


Irradiation of [Re(R)(CO),(a-diimine)] complexes (R = Me, Et, 
Bz; cc-diimine = iPr-PyCa, R-DAB) into their visible MLCT 
absorption band results in a homolytic splitting of the Re-R 
bond, which occurs as a primary photochemical step. This reac- 
tion takes place via a on* excited state from which the radical 
products are formed without any further intermediates. Dissoci- 
ation of the Re-R bond in the on* state is strongly accelerated 
by donor or polar solvents. Despite significant weakening of the 
Re-R bond, the on* state is, at least in noncoordinating sol- 
vents, rather long-lived (250ns). It is a bound state with a 
well-defined energetic minimum and, hence, equilibrium geome- 
try. It is spectroscopically characterized by a, presumably 
on* -P MLCT, transition at about 500 nm and by CO stretching 
frequencies close to their ground-state values, implying only a 
very small change in the electron density on the Re atom upon 
the 0 -+ n* excitation. 


Population of the optically inaccessible on* state by a nonra- 
diative transition from the optically populated MLCT state is 
fast (subpicosecond) and very efficient as long as the on* state 
lies at lower energy than the MLCT state. The intense MLCT 
spectral transition provides an efficient gateway for the energy 
that is then channelled to the on* state and utilized chemically 
in the Re-R bond splitting. The on* state may be populated, 
albeit less efficiently, even if it lies above the MLCT state 
through an activated process that appears to involve vibronic 
coupling between the on* state and MLCT excited states. 


The [Re(R)(CO),(a-diimine)] complexes studied closely in 
this paper represent the whole family of the photodissociative 
alkyl- and metal-metal bonded organometallics containing an 
electron-accepting a-diimine ligand. Hence, the conclusions on 
the involvement of the at* state in the photochemical bond 
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homolysis, on its properties and on the determining role of the 
mechanism of its population have rather general implications. 
Further investigation of the properties and reactivity of the OK* 
excited state are continuing in our laboratories. 


Experimental Section 


Materials and Preparation: The synthesis of the ligands R-DAB and iPr-PyCa and 
of the complexes [Re(R)(CO),(R-DAB)] (R = Me, Et, Bz; R = #r, tBu,pAn) and 
[Re(R)(CO),(mr-PyCa)] (R = Me, Et) has been described elsewhere [31,52]. The 
complexes were identified by FTIR, UV/Vis, 'H NMR and mass spectroscopy. 
The spin traps 2,3,5,6-tetramethylnitrosobenzene (nitrosodurene) and 2-methyl-2- 
nitrosopropane dimer (tBuNO, Aldrich) were commercially obtained and used 
without further purification. Solvents for spectroscopy and for photochemical ex- 
periments were of analytical grade (THF, 2-MeTHF, toluene, hexane, 2-chlorobu- 
tane, CH,CI,, CH,CN) or Uvasol (cyclohexane), dried over sodium (THF, hexane, 
toluene, 2-MeTHF), CaCI, (2-chlorobutane, CH,CI,), CaH, (CH,CN) or molecu- 
lar sieves (cyclohexane) and distilled under N, prior to use. 


Spectroscopic Measurements and Photochemistry: All preparations for photochem- 
ical experiments were carried out under an atmosphere of purified N, using Schlenk 
techniques. The solutions were stored and handled in darkness before the experi- 
ments were performed. For the photochemical conversions the complexes were 
irradiated either with one of the lines of an SP 2025 Argon ion laser or with a Philips 
HPK 125 W high pressure Hg lamp equipped with an appropriate interference filter. 
Electronic absorption spectra were measured on a Varian Cary 4E  spectrophotome- 
ter or a Perkin-Elmer Lambda 5 UV/Vis spectrophotometer, the latter provided 
with a 3600 Data Station. Infrared spectra were recorded with either a Biorad FTS-7 
FTIR spectrometer or a Biorad FTS-60A FTIR spectrometer equipped with a 
liquid-nitrogen-cooled MCT detector. An Oxford Instruments DN 1704/54 liquid 
nitrogen cryostat was used for low-temperature IR and UV/Vis measurements. 
'H NMR spectra were recorded on a Bruker AMX 300 spectrometer. To measure 
'H NMR spectra of in situ photolysed solutions the spectrometer was equipped with 
a special Bruker CIDNP 300 MHz 'H probe. The sample was irradiated through a 
glass fibre (d = 8 mm) by a water-cooled Oriel AG 150 mW high-pressure lamp with 
suitable cut-off filters. Concentrations varied between lo-*- 1 0 - 3 ~ .  EPR spectra 
were recorded on a Varian E6 EPR spectrometer equipped with a temperature 
controller. Typical sample concentrations for these measurements were 5 x M. 
Laser flash photolysis was used to obtain the ps and ns transient absorption spectra. 
Nanosecond absorption spectra in the visible spectral region were measured after 
the excitation of the sample with 7 ns (fwhm) pulses of a Spectra Physics GCR-3 
Nd:YAG laser. The desired excitation wavelength was obtained by frequency dou- 
bling of the 1064 nm 10 Hz fundamental (532 nm), or by means of a Quanta-Ray 
PDL-3 pulsed dye h e r  (Spectra Physics) with a suitable dye (Coumarin 47 for 
E.,,, = 460 nmf pumped with the third harmonic frequency of the Nd:YAG laser. 
Typical pulse energies were 20 mJ per pulse for 532 nm and 14 mJ per pulse for 
460 nm excitation. The sample absorbance at  the excitation wavelength was kept 
between 0.3 and 0.9 and the maximum absorbance did not exceed 1.2. A 450 W 
high-pressure Xe lamp pulsed with a Muller Elektronik MSP05 pulser was used as 
a probe source. After passing through the sample, the probe light was transferred 
through an optical fibre to a spectrograph (EG & G Model 1234) equipped with a 
150 gmm-' grating and a 250 pm slit resulting in a 6 nm resolution. The data 
collection system consisted of a Model 1460 OMA-I11 console provided with a 1302 
fast pulser, a 1303 gate pulser (gate = 5 ns) and a MCP-gated diode array detector 
(EG&G Model 1421). The pump and probe beams were focused perpendicularly 
on a home-made stopped-flow cell which consisted of a capillary (d = 3 mm) of 
1 cm path length attached to an airtight 25 mL sample container, to ensure that 
fresh sample was excited. Operation of this cell was controlled by the OMA program 
in such a way that the photosensitive sample solution flowed through after each 
excitation pulse. Picosecond time-resolved absorption spectroscopy was carried out 
with a system described in detail elsewhere [53,54]. The samples were excited by the 
second (532 nm) and third (355 nm) harmonic of the Nd:YAG laser with an average 
pulse energy of 2.5 mJ and a pulse width of approximately 30 ps. The probe pulse 
was generated by focussing a fraction of the 1064 nm fundamental of the excitation 
pulse onto D,PO, to give a super-broadened probe pulse covering the 425-675 nm 
range. A delay line enabled the spectra to be recorded at delays varying from 0 ps 
to 10 ns after the excitation pulse. The changes in absorbance relative to the spectra 
measured without the excitation were recorded with an EG & G PAR OMAII con- 
sole with a silicon-enhanced vidicon array detector. Each spectrum is an average of 
6 to 8 recordings. The sample solutions were prepared under nitrogen in a Schlenk 
tube with attached quartz cuvette (Hellma, 2 mm path length) and were thoroughly 
mixed between individual excitations. The sample absorbance at the excitation 
wavelength was kept between 0.3 and 0.5. The time-resolved infrared (TRIR) spec- 
tra were collected with a system described elsewhere [30,55]. The 532 nm 
(fwhm = 10 ns) line of a Nd:YAG laser was used to excite the sample. The output 
of an infrared diode laser (Miitek MDS 1100) was used as a probe beam. Its frequen- 
cy was tuned in steps of 4 cm-' between 1880 and 2040 cm-'. The changes in IR 
absorption at one frequency were monitored with a photovoltaic 77 K HgCdTe 


detector (Laser Monitoring Systems PV2180) with a risetime of about 50 ns. The 
kinetic traces obtained at different wavenumbers were used to construct the IR 
spectra as a function of time by means of the "point-by-point" method. After each 
laser flash, the sample solution was made to flow through the cell in order to avoid 
decomposition of the starting material. Quantum yields of the disappearance of the 
complexes studied were determined by measuring the decay of their visible absorp- 
tion band on a Cary 4E  spectrophotometer. The sample was irradiated within the 
spectrophotometer with one of the laser lines of a SP2025 Argon-ion laser by an 
optical fibre and a computer-controlled mechanical shutter. Light intensities were 
measured with a Coherent model 212 powermeter, which was calibrated with an 
Aberchrome 540 and 540P solution according to literature methods [56,57]. The 
1 cm cuvette was kept at constant temperature and the solution vigorously stirred 
during the measurements. The sample concentration was adjusted to keep the max- 
imum absorbance of the MLCT band between 1.5-1.8. The irradiation time inter- 
vals were chosen in such a way that the conversion in each irradiation step was less 
than 5 %. The quantum yields reported are average values of several measurements. 
Typical incident light intensities at the irradiation wavelength were 8- 
13 x einsteins-'. The program used to calculate the quantum yield corrects 
for changes in the partial absorption of the photoactive compound caused both by 
its depletion and by the inner filter effect of the photoproduct, by a previously 
reported procedure [48,58]. 
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Zintl Anions as Starting Compounds for the Synthesis of 
Polynuclear Transition Metal Complexes 


Reinhart Ahlrichs, Dieter Fenske,* Katharina Fromm, Harald 
Ulrike Krautscheid, and Oliver Treutler 
Dedicated to Professor Kurt Dehnicke on the occasion of his 65th birthday 


Abstract: The Zintl anion P:- reacts with 
complexes of transition metal halides to 
form multinuclear metal phosphorus clus- 
ters. Reaction of Li3P,’3DME with 
[FeCp(CO),Br] or [NiCI,(PBu,),] leads to 
the formation of [P,(FeCp(CO),},] (1) 
and [{Ni(PBu,),},P,,] (2), respectively. 
X-ray structure determinations show that 
in 1 the P, cage of Li,P, remains intact, 
but in 2 a P,, framework is formed by 
linkage of two norbornadiene-like P, 
units. The P,, skeleton coordinates to 
four Ni(PBu,), groups. LiCp* and CoC1, 
react with P,(SiMe,), to give [(Cp*Co),- 
(P,),] (3) with three Cp*Co groups bridged 
by P, units. Reaction of FeCI, and LiCp* 


with P,(SiMe,), yields [(Cp*Fe),P,]- 
[FeCl,(thf)] (4) or [(Cp*Fe),((q3-P3)Fe)- 
P6] (5 ) ,  depending on the reaction condi- 
tions. In 4 the structure of the Fe,P, core 
of the [(Cp*Fe),P,]+ cation is comparable 
to cl~so-B,H,~-, while in 5 the Fe,P, core 
does not obey the Wade rules. The unusu- 
al Co-As cluster [Co,As,,(PEt,Ph),] (6),  
prepared from K, As, and [CoCI,(PEt,- 


Keywords 
crystal structure - density functional 
calculations polyarsenido complexes 
* polyphosphido complexes * 2intl 
anions 


Krautscheid, 


Ph),], can be described as a Co,As, het- 
eroicosahedron linked to two Co,As, oc- 
tahedra by common Co, faces. A theoret- 
ical treatment within the density functional 
approximation reproduces the experimen- 
tal structures of 2 and 6 and allows an 
interpretation of molecular electronic 
structures. In 2 one finds P-P double 
bonds that are delocalized to some extent 
into vacant Ni AOs. For the cage com- 
pound 6 the Co 3d AOs participate in 
cage bonding and 38 electrons can be as- 
signed to cage bonds; this is in accord 
with the (2N +2) rule for 18-atom cages 
but not with the usual electron counting 
rules. 


Introduction 


Molecular and ionic compounds containing Group 15 elements 
have been the subject of intense investigation over a long period 
of time. In particular the variety of structures in polyphospho- 
rus derivatives is impressive, which is shown by the work of 
Baudler et al. and von Schnering et al.“] However, there are 
only a few examples of the reaction of these compounds as 
ligands for transition metal complexes. Investigations of Fritz et 
al. showed that Li3P;3DME reacts with [FeCp(CO),Br] to 
form [P,{FeCp(CO),},] (1); the structure was determined by 
31P NMR spectroscopy, but no crystal structure was avail- 
able.L2] Baudler et al. reported the formation of [($- 
P,)Mn(CO),] by reaction of [Mn(CO),Br] with LIP, .I3] There 
are a large number of complexes with P,, and As, ligands known, 
which were synthesized by Scherer and Scheer by reaction of 
white phosphorus or arsenic with transition metal complex- 
es.[4.s,61 Recently Eichhorn et al. reported the reaction of 
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metal(o) complexes with Rb,As, or K,E, (E = P, As, Sb)17* 8, 


from which anionic species like [As,C~(CO),]~ - and [Sb,Ni,- 
(C0),l3- were isolated. Reaction of Rb and As in an Nb ampule 
gives A[Rb(NbAs,}lZ- containing Zintl anions.“’] 


Except for the syntheses of [($-P,)Mn(CO),] and [P,{FeCp- 
(CO),},], no further reactions of metalated or silylated poly- 
phosphides with transition metal complexes have been reported. 
The driving force of this type of reaction is the formation of 
metal salts or trimethylsilyl halides. For several years this prin- 
ciple has been utilized for reactions of phosphine complexes of 
transition metal halides with E(SiMe,), (E = S, Se, Te) or 
E(SiMe,), (E’ = P, As, Sb). A large number of transition metal 
clusters containing S, Se, Te, P, As, or Sb as bridging ligands 
have been isolated.“ 


Results and Discussion 


In continuation of the work described in the introduction, the 
reactions of Li,P,.3 DME, P,(SiMe,), , or “K3As7” (prepared 
in liquid NH,, K :As = 3 : 7) with transition metal complexes are 
now under investigation. Li,P, .3 DME reacted with [FeCp- 
(CO),Br] to form [P,{FeCp(CO),},] (1)[”] [Eq. (a)]. This trans- 


Li3P,.3DME +3[FeCp(CO),Br] --t [P,(FeCp(CO),},] +3LiBr (a) 
1 
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formation was also reported by Fritz et a1,[21 and 1 was de- 
scribed as an unstable compound that decomposes in vacuo. 
The 31P NMR spectrum of the red needles of 1 is identical with 
literature data.['] 


Figure 1 shows the P, nortricyclane frame of 1. The [FeCp- 
(CO),] groups are coordinated by the P atoms P4, P 5, and P 6, 
which have two bonds to other P atoms and carry a negative 
charge according to the Zintl-Klemm concept. The P-P bond 
lengths of the basal triangle P1, P2, and P3  are 220.3- 
220.9(3) pm. The distances to the equatorial P atoms are simi- 
lar: P l -P4  221.1 (2); P2-P5 220.2(2); P3-P6 220.0(2) pm. 
The bond lengths to the apical P atom, P7, are slightly shorter 
(217.9-218.6(3) pm). These bond parameters correspond with 
those found in P7R3 (R = SiMe,, SiPh,) .[2, 131 This shows that 
the SiR, and the [FeCp(CO),] substituents have a similar influ- 
ence on the bonding in the P, cage. 


Fig. 1. Molecular structure of 1. Selected distances [+0.2 pm] and angles [+0.1 "I: 
P l -P2  220.6, P2-P3 220.9, P l L P 3  220.3, P l - P 4  221.1, P2-P5 220.2, P3-P6 
220.0, P4-P7 218.0, P5-P7 218.6, P6-P7 217.9, Fe lGP4 232.8, Fe2-P5 232.5, 
Fe3-P6 232.8, P2-Pl-P3 60.14, Pl-P2-P3 59.84, Pl-P3-P2 60.02, PI-P4-P7 
100.83, P2-PS-P7 100.92, P3-P6-P7 100.69, P4-P7-P6 99.66, P4-P7-P5 98.83, 
P5-P7-P6 100.32. 


Reaction of [NiCl,(PR,),] (R = Et, Pr, Bu, Ph) with 
Li,P7.3DME or P,(SiMe,), led to the formation of dark brown 
solutions, but so far crystals have only been isolated from the 
reaction of [NiCI,(PBu,),] with Li,P7.3 DME. The product 
formed has the composition [{Ni(PBu,),},P,,] (2) [Eq. (b)]. In 
2 the P7 nortricyclane framework does not remain intact, but 


L 


a Pi, cage is formed that contains two linked P, units with 
norbornane-like structure (Fig. 2). The molecule has a crystallo- 
graphic center of inversion between P 7 and P 7'. In the Pi, cage 
three P atoms (P 1, P4, P7) are bound to three other P atoms, 
whereas P2, P3, P5, and P6  are bound to two P atoms. Accord- 
ing to the Zintl-Klemm concept, the extended Grimm-Som- 
merfeld rule, and the (8 - n) rule of Mooser and Pearson, the P 
atoms P 1, P4, and P 7 carry no charge, and P 2, P 3, P 5, and P 6 
have one negative charge 51 The [Ni(PBu,),] frag- 
ments are bound to the P:- pairs (P5-P6, P2-P3, andsymme- 
try equivalent positions). In this assignment Ni is in the 
oxidation state +II,  and 2 can therefore be described as 
[.{Ni(PBu3),)2+],P~,. 


An alternative description of the bonding arrangement in 2 is 
the following: All P-P distances (220.2-224.1 (4) pm) are in the 
expected range of P-P single bonds, with the exception of the 
P2-P3 (212.7(4) pm) and P5-P6 (213.1 (4) pm) bonds, which 
are much shorter.[l6I Therefore the Pi, cluster could be better 


P3 


U 
P 11 


Fig. 2. Molecular structure of 2 (without Bu groups). Selected distances [ k0.4 pm] 
and angles [+0.2"]: P1GP2 222.2, P l L P 6  221.7, P1GP7 220.2, P2-P3 212.7, 
P 3-P4 222.4, P4-P 5 222.1, P4-P 7 221.1, P 5 -P 6 213.1, P 7-P 7' 224.1, Ni 1 -P 5 
230.8, N i l -P6  230.1, Ni l -PS 219.7, N i l -P9  220.4, N i l -P2  279.8, N i l -P3  
281.3, Ni2-P2 232.4, Ni2-P3 231.7, Ni2-P7 226.4, Ni2-PI0 222.2, Ni2-PI1 


P 6  105.3, P5-P6-P1 106.2, Pl-P7-P4 98.3, Pl-P7-P7' 94.6, P9-Nil-P6 143.6, 
P8-Nil-P6 93.5, P7'-Ni2-P3 98.2, PIO-Ni2-P7' 110.3. 


223.4, P6-PI-P2 96.2, Pl-P2-P3 105.6, P2-P3-P4 106.0, P3-P4-P5 95.0, P4-P5- 


described as two linked P7 cages with norbornadiene-like struc- 
ture, where P2-P3 and P5-P6 are double bonds. These double 
bonds act as 2e donors for the uncharged [Ni(PBuJ2] frag- 
ments. The electronic structure calculations (vide infra) clearly 
favor the second alternative. Two PBu, groups (Nil-P8 
219.7(3); Ni l-P9220.4(3) pm) and the double bond pairs P5- 
P6  (Nil-P5 230.8(3); Nil-P6 230.1(3)pm), and P2-P3 
(Nil-P2279.8(3); Nil-P3 281,3(3)pm)coordinate toNi1 in 
a distorted tetrahedral fashion. The interaction of Ni 1 with P2 
and P3  is very weak as indicated by the long Ni-P distances, 
with Ni 1 40 pm above the Ieast-square mean plane of P 5, P 6, 
P 8, and P 9. Ni 2 is also distorted tetrahedrally coordinated by 
the double bond P2-P3, Pi", P10, and P11 (Ni2-P2 232.4(3); 
Ni2-P3 231.7(3); Ni2-P7' 226.4(3); Ni2-Pl0 222.2(3); 
Ni2-Pll  223.4(3)pm). Assuming that the PBu, groups and 
the P-P double bonds are 2e donors, Nil  has 16 and Ni2 18 
valence electrons. 


The 31P NMR spectrum (Fig. 3) of 2, which is almost temper- 
ature independent in the range of - 80 to 50 "C, shows that the 
structure of the PI, cage in solution is about the same as in the 
solid state. A homoscalar correlated 2 D  "P('H) NMR spectrum 
(COSY90, THF/C,D,, 293 K) was employed to assign the sig- 
nals at 6 = 100.6 to the atoms P 1 and P4. The resonance signals 
at 6 = 127.6 and 9.8 belong to P7 and the P atoms of the PBu, 


ppm 100 50 0 


Fig. 3. "P{'H} NMR spectrum of 2 (THF/C,D,, T =  27°C). 
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groups, respectively. The multiplets at 6 = 28.2 and - 27.0 can 
be assigned to P2,P3 and P5,P6 respectively. Obviously, in 
solution P2  and P3, P5  and P 6  as well as P1 and P4  are 
equivalent. In the solid state a mirror plane through P 7 and the 
Ni atoms is broken merely by the different orientation of the Bu 
groups of the PBu, ligands. 


Reaction of in situ generated [Cp*CoCI], with P,(SiMe,), 
gave a mixture of various products in low yields. So far, the only 
product to be structurally characterized is [ (Cp*Co),P6] (3) 
[Eq. (c)]. The analogous As compound has already been de- 


[Cp*CoCI], +P7(SiMe3), + [(Cp*Co),P,] 
3 


scribed by Scherer et al.["] In 3 (Fig. 4) three Cp*Co fragments 
are bridged by three P2 units. Two P, units act as p 3 ,  q2 bridges 


and one as a p,, 
9' bridge. The bond 
lengthsP3-P4andP5- 
P 6 are 217.2 (4) pm, typ- 
ical for double bonds co- 
ordinating to metal 
atoms.['61 There might 
possibly be weak inter- 
actions between P 3 and 
P 6  (255.4(4) pm) and P4  
and P 5 (252.3 (4) pm). 
The bond PI -P2  
(204.7 (4) pm) is unusu- 
ally short. If the P2 units 
are considered as 4e " 
donors, all Co atoms 


configuration. Obvious- 


Fig. 4. Molecular structure of 3. Selected dis- 
tances[f0.4pm]andangIes[f0.4"]:Pl-P2 achieve an l8 
204.7, ~ 3 - ~ 4 2 1 7 . 1 ,  ~ 5 - ~ 6 2 1 7 . 2 ,  ~ 4 .  . . p 5  
252.3, P 3 . .  . P6 255.4, Co 1 -P 1 230.2, Co 1 - ly, the formation of 3 is 


Co2-P1 230.9, C02-P2 230.5, Co2-P3 
226.4, Co2-P6 226.7, Co3-P3 227.0, c 0 3 -  dictable reaction 


P2 230.6, c O l - P 4  227.1, c O l - P 5  226.6, the result of an unpre- 


~4 228.6, c 0 3 - p ~  228.5, c 0 3 - P 6  227.9, in which the P, cage is 
P I - C O I - P ~  52.7, P4-COl-P5 67.6, P l - C o l -  destroved. 


This behavior was 
P A 6 9 7  also observed in the 
P 4  79.9. PI-Col-P5 109.1, P4-P3-P6 89.8, 
P3-Co3-P4 56.9. P3-Co3-PS 94.1, P3-co3- 
I " --.-. 


reaction of FeCl, with 
LiCp* and P,(SiMe,),. A brown solution was formed at 
-78°C in THE Layering this solution with heptane gave 
black crystals of 4 [Eq. (d)], which consists of [(Cp*Fe),P,]+ 


( 4  
- 7 8 T  


FeCI, + LiCp* +P,(SiMe,), - [(Cp*Fe),P,][FeCl,(thf)] 
4 


cations (Fig. 5) and [FeCl,(thf)]- anions. To describe the bond- 
ing in terms of localized bonds is problematic, since the P-P 
distances vary from 226.8(1) to 249.8(2) pm. For this reason, a 
simple assignment of bonds is not possible. However, according 
to the Wade rules['*I the cation of 4 has 20 valence electrons for 
the cluster of six phosphorus and three iron atoms. This corre- 
sponds to the bonding structure found in B,Hg-.['91 The dis- 
tances in the polyhedra of the cation of 4 vary in a similar 
manner to those in B,Hg- (B-B 168-193 pm). The shortest 
P-P edge of the polyhedron is 226.8 pm (P 1 -P2), the longest 
249.8(2) pm (P3-P3'). The Fe-P distances vary from 223.8(1) 
to 234.3 (1) pm. A metal-metal bond between Fe 1 and Fe 2 is 
proposed because they are separated by 277.2 (1) pm. An alter- 
native description of 4 is that the P atoms form a distorted P6 
prismane with one P-P bond broken. The square planes coordi- 
nate to the Fe atoms of the Cp*Fe groups. 


Fig. 5. Molecular structure of the [(Cp*Fe),P,]+ cation in 4. Selected distances 
[+0.5 pm] and angles [+0.5"]. For a better understanding of the cluster geometry 
P-P distances up to 250pm were drawn as lines. P1-P2 226.8, P2-P3 239.3, 
Pi-P3227.2,Pl...P1'4ii,P2-P2'248.2,P3-P3'249.8, F e l - P I  225.5, F e l -  
P2234.3.Fe2-P1225.5, Fe2-P3234.3,Fe3-P2224.4,Fe3-P3223.8,Fel-Fe2 


89.8, Fe2-Fel-P2 85.1, Fe2-Fel-P1 52.1, P3-Fel-P3'67.9, P3-Fe3-P2 64.6, Fe2- 
P3-Fe3 106.4. 


277.2, P2-P 1-P3 63.6, Pl-P2-P3 58.3, P 1-P3-P2 58.1, P 1-P2-P2 103.6, P2-P3-P3' 


Reaction of the same starting compounds in THF at room 
temperature led to black crystals of 5 [Eq. (e)] after one day 


RT 
FeC1, +LiCp* +P,(SiMe,), - [(Cp*Fe),{(q3-P,)Fe}P,] ( 4  


5 


Figure 6 shows that the polyhedron consists of four iron and 
six phosphorus atoms. The Fe atoms Fe l ,  Fe2, and Fe2' are 
coordinated by Cp* ligands, while Fe3 is coordinated by an 


P 5  


Fig. 6. Molecular structure of 5. Selected distances [ f 0 . 2  pm] and angles [f0.1"]: 
F e l - P 2  229.7, F e l - P 4  226.9, F e l - F e 3  274.9, Fe2-Pi  230.2, Fe2-P2 229.9, 
Fe2-P3 221.0, Fe2-P4 226.9, Fe2-Fe3 274.9, Fe3-P3 217.9, Fe3-P4 217.9, 
Fe3-PS 233.1, Fe3-P6233.8, P l -PZ 233.0, P1-P3 241.3, P2-P2'232.6, P2-P4 
241.4, P5-P6210.7, P 6 - P 6  211.7, P4-Fel-P263.8, P4-Fel -P2 109.8, P2'-P2-P4 
104.0, Fel-Fe3-Fe2 83.0. P6-P5-P6 60.3. 


q3-P3 ligand. The P, nortricyclane frame of the P,(SiMe,), is still 
recognizable. The basal triangle is formed by P 1, P2, and P2' 
(P 1 -P2 233.0(1); P2-P2' 232.6(2) pm); the equatorial posi- 
tions are occupied by P3, P4, and P4' (P l -P3  241.3(2); P2- 
P 4  241.4(1) pm). The apical P atom is substituted by the (1,- 
P,)Fe group (Fe3-P5 233.1 (2); Fe3-P6 233.8(1); P5-P6 
210.7(2); P6 -P6  211.7(2)pm). The three lateral faces of the 
nortricyclane framework are capped by Cp*Fe groups. These 
three Fe atoms bind to the apical Fe atom, Fe3, at a distance of 
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274.9 (1) pm. In the polyhedron Fe 3 has six neighbors, whereas 
in the corresponding boron hydride B,,Hf, each B atom is 
bound to four or five other B atoms.[201 According to the Wade 
rules 5 is expected to have, analogous to B,,H;;, 22 electrons 
for the bonds in the polyhedra. On condition that the cycfo-P, 
ligand is a 3 e donor, 5 has only 20 electrons. The As homologue 
crystallizes with a similar structure and was described by Scher- 
er et a1.[2'l 


The product of the reaction of potassium and arsenic (K: 
As = 3:7, in liquid NH,) with [CoCl,(PEt,Ph),] in THF [Eq. (f)] 


[CoCI,(PEt,Ph),] + "K,As," - [Co,As,,(PEt,Ph),] (0 
6 


has a very unusual structure. The product 6 (Fig. 7) consists of 
a heteroicosahedron formed by six Co atoms and six As atoms, 


A 
1 s  P1 


AS 
AS 
2'. 


2" 


- 
P 1' AS 


1"' b 
P 1"' 


Fig. 7.  Molecular structure of 6. Selected distances [ k0.4  prn] and angles ["I: As 1 - 
Col '  242.6, Asl-Cof 250.5, As2-Co"233.6, As2ZCol' 234.0, Col -PI  221.2, 
C o l - C ~ l " '  260.0, As l -Asl '  256.7, As2-As2"' 254.1, A~ l ' -As l -As l"  104.0(1), 
COl'-ASl-Col 106.7(1), Col-Asl-Asl'  57.2(1), A s ~ ' " - A s ~ - C O ~ '  57.02(9), Co1'- 
A s 2 - A s 2  90.78(8). 


fused with two Co,As, octahedra via the two Co, faces. In the 
heteroicosahedron, there is an As, ring in chair conformation 
with two Co, triangles completing the structure. Each Co atom 
is bound to three As atoms of the As, ring, two As atoms of the 
As, rings, and in addition to two Co atoms and the P atom of 
the PEt,Ph ligands. As, rings like those in 6 have been observed 
in the cluster [Co4(p,-As),(p3 ,q3-As,)(PPh,),] .[221 The As-As 
distances within the As, and As, rings are 254.5(6)- 
256.4(4) pm, about 10 pm longer than in the above-mentioned 
Co, cluster, in As,, and in (AsPh), However, the As- As 
bond lengths in [As,C~(CO),]~- are 235-246 prn.['] Similar 
bond lengths are found in [(Cp*Nb),As,] (235.5-253.0 pm) 
and [(Cp*Nb)2{As8Cr(CO),}] (236.0-254.6 pm)['0*41, but 
these complexes contain cyclo-As, rings. All known complexes 
with As, rings (e.g., [ (Cp*Mo),As,]) have planar As, rings,"' 
but a corrugated P, ring is known in the compound 
[ (CP*T~)~P,] .I6] 


Molecular electronic structure calculations : To investigate the 
electronic structure, density functional theory (DFT) calcula- 
t i o n ~ [ ~ ~ ]  were carried out, This method has proved useful in the 
treatment of transition metal compounds.[251 The calculations 
were performed with the program system TURBOMOLE[261 
employing the "Becke-Perdew functional" (B-P).[271 The 
molecular structures were optimized on the basis of analytical 


gradients by means of a relaxation procedure.[281 Phosphane 
ligands were modeled by PH, to reduce computational effort. 
This simplification should have only a minor effect on bonding 
in the cages. 


Cage bonding in 6: For 6 D,, molecular symmetry was assumed 
and a total of 13 states differing in molecular orbital (MO) 
occupation and total spin were considered. Basis sets of the SVP 
type (split valence plus polarization)[291 were used; larger basis 
sets such as TZVP (triple zeta valence plus polarization)[301 did 
not lead to significant changes in structure parameters. The 
lowest energy was obtained for a diamagnetic state (S = 0) with 
the occupancy [Co,(PH,),As,,]: 42a,, 14a,, 55e, 15a,, @a2, 
55e,  ( 'Alg) .  This state also leads to good agreement of comput- 
ed and measured structure constants; the largest deviation is 
6 pm in the Co-Co bond length. All other electronic states show 
markedly larger deviations. 


For the discussion of bonding in the fused cages of 6 we have 
to consider 90 electrons from Co 3 d and As 4 p atomic orbitals 
(AOs), which occupy the 45 high-lying MOs. These cage MOs 
are energetically well separated from As 4s AOs and interact 
only weakly with PH,. Clearly, 24 electrons have to be assigned 
to the (T bonds in As rings. Of the remaining 66 electrons, 60 
occupy MOs that are Co 3 d or have an appreciable 3 d partici- 
pation (vide infra), and six are left for further cage bonds. The 
corresponding three MOs (one of alg and two of a2" symmetry) 
are formed by linear combinations of Co 4s AOs and the 4p, 
A 0  of As (4p I denotes here the 4 p  A 0  that is orthogonal to the 
plane formed by neighboring As atoms and is not involved in 0 
bonding). 


A discussion of bonding in the Co -As cages has to be based 
on the energetic ordering of the AOs involved: As, ~ ( 4 p )  
= - 0.215 hartree; Co, ~ ( 3 d ) w  - 0.2 hartree; 4 4 s ) ~  - 0.18 
hartree. The orbital energy 44p) results from the DFT calcula- 
tion on the isolated As atom. 4 3  d) is inferred from the orbital 
energies of the MOs 13a2, and 14a2, of 6; these MOs have 
almost pure d character, since no other a2, orbitals are available 
for interaction (the energetically closest orbitals belong to the e 
type MOs of isolated PH,). The 3d energy is in between the 
values obtained in atomic Co DFT calculations for occupancies 
3d74s2 and 3d84s, and thus points to an occupation of about 
3d7.' for Co. The Co 4s energy has consequently been assumed 
to be the average of (4s) values of the two Co occupations in 
question. Support for the d occupation of Co inferred from 
orbital energies is provided by the results of a Mulliken popula- 
tion analy~is,'~'] which yields 3d7.' 4pI-O for Co and 


The similarity of A 0  energies is an important characteristic of 
6: the d shells of Co are just filled to an extent that allows 
optimal resonance; this results in partly pronounced 3 d (and 4s) 
participation in cage MOs. The valence MOs of the Co-As 
cages are, as a consequence, highly delocalized and not easily 
interpreted, but the following somewhat simplified picture de- 
scribes the most important features of the electronic structure : 
Appreciable contributions of Co 3 d AOs to cage bonding are 
only expected from the two d functions oriented in the tangent 
plane of the cage, for example, d,, and d,, - y 2  in an appropriate 
local coordinate system. The As atoms nearest to Co form a 
distorted square, for example, As 1, As l'", As 2, and As2" rela- 
tive to Co 1 (Fig. 7). The lobes of the 3 d,, function point to 
these As atoms; this leads to optimal overlap with the 4 p  AOs 
of As available for cage bonding (dX2-,,* consequently leads to 
smallest overlap). 


The six functions of 3 d,, type give rise to irreducible represen- 
tations a2,, a,,, e,, and e,. The a2, and a,, combinations have 


for As. 
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no partners to interact with and are doubly occupied (vide 
supra). The e, and e, functions interact strongly with the corre- 
sponding functions of the 4p, AOs of the As, ring, and to a 
lesser extent with those of the As, rings (which are high-lying x* 
MOs). The Co -As bonding effected by these delocalized MOs 
is depicted in the contour diagram shown in Figure 8 (top). All 
other d functions of Co (except 3d,,) show smaller interactions 
and occupations relatively close to 2.0. The 3 d,, contribution to 
MOs of type e, and e, leads to eight electrons involved in cage 
bonding. 


The other cage MOs mentioned above-one of type a,, and 
two of a,, character-involve Co 4 s contributions. For both Co 
rings there is a bonding 4s combination describing a three-cen- 
ter bond, which yields an ulg  and an a2" orbital for the two Co 
rings. These Co orbitals interact with the 4 p  x MO of the isolat- 
ed As, ring; this also results in ulg and a,, MOs. The contour 
diagram Figure 8 (middle) shows the corresponding a,, MO; 
the As,-Co, bonding is clearly visible, as is the 4p  x character 
(indicated by the node in the As, plane). The lowest-lying As, 
MO of dominant 4p  I character has a," symmetry (since there 
is no occupied CJ MO of this symmetry, which would destabilize 
it), which leads to the bonding co,(4s) As,(4p) CO,(~S)  MO 
displayed in Figure 8 (bottom). 


The above considerations can be summarized in the following 
way, starting from 2As:' and As:' with all o bond MOs occu- 
pied and Co' with d8 occupation, that is, 3d,, is unoccupied 
and available for cage MOs. The remaining 18 electrons occupy 
three cage MOs with Co 4 s and As 4 p I participation (one of a,, 
and two of a," symmetry; Fig. 8, middle and bottom), four MOs 
with strong 3 d,, and As 4 p  I participation (one of symmetry e, 
and e, each; Fig. 8, top), and the two nonbonding 3 d,, MOs of 
symmetry a,, and a,". In addition to this schematic representa- 
tion there are clearly slight delocalizations of Co d electrons into 
higher MOs of 4p  I and also o* character. 


As a support for our interpretation we report the computed 
shared electron numbers (SEN),[32] which are a measure of co- 
valent bonding: SEN (As2 As2'") = 0.84; SEN (As1 Asl') 


(As 1' Co') = 0.23; SEN (Co 1' Co 1") = 0.15. These values indi- 
cate relatively weak As-As CJ bonds-in agreement with some- 
what elongated bond lengths-and weak but non-negligible 
covalent Co-As and Co-Co contributions. In agreement with 
the delocalized character of cage MOs discussed above, the pop- 
ulation analysis further indicates multicenter effects, for ex- 
ample, SEN (As7 As2" As2") = 0.21; SEN (As2' As2" 
c o  1) = 0.10. 


It remains to compare the analysis of the electronic structure 
in 6 with common formal descriptions of bonding in transition 
metal complexes. The counting rules of Wade"'] would assign 
30 electrons to cage bonding; this corresponds to 24 electrons 
in As-As CJ bonds plus six electrons in the alg  and u2" MOs 
(discussed above) with Co 4s participation. The electrons in the 
eg and e, MOs with strong 3 d, participation were then assigned 
to Co, formally leading to a 3d'O occupation. This yields an 
oversimplified or even misleading picture. It is more appropriate 
to add the eight electrons in these e, and e, MOs to those in- 
volved in cage bonding; this leads to a total of 38 electrons, 
which is in accord with the (2N + 2) rule for an 1 8-atom cage. 
The (2N +2) rule has proved useful for polyhedral cages 
(e.g., Bl,Rf;), but is less useful for fused cages since the 
HOMO -LUMO gap is less pronounced than for simple polyhe- 
dral cages (the presence of heteroatoms adds to this difficulty). 
With these precautions in mind 6 can be considered to represent 
a case of (2N + 2) cage bonding with active participation of 3 d 
AOs of Co. 


= 0.82; SEN (As2 CO 1') = 0.33; SEN (AS 1 CO 1') = 0.28; SEN 


... .... .... 
. ... . . .. ... ... 


'\ 
,.-- 


I - - .  


Fig. 8. MO contour diagrams that depict the bonding in the cage of 6. Functional 
values: 0 (dotted), 0.001,0.002,0.004 etc. Top: section Co 1 Co 1' Co 1'"; the e, MO 
with bonding Co 1'-As 1 interaction, which is described by overlapping of Co 3d,, 
and As 4p AO. Middle: section As 1' As2 A s 2 ;  the alp  MO shows the bonding of 
the As, ring with the Co, rings through bonding linear combination of the As, K 
MO (indicated by the node in As2') with the bonding Co, 4s MO. Bottom: section 
Asl '  As2' A s 2 ;  the azu MO describes, analogously to the middle diagram, the 
bonding of the Co, rings with the As, ring. 
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two possible interpretations (Klemm-Zintl concept with Ni" 
versus x-x double bonds and Ni', as discussed above). C,, 
symmetry was assumed, since this complies with structural data 
when the Bu groups are ignored. The DFT calculations have 
again been performed with the B-PrZ7l parametrization em- 
ploying SVP[z91 and TZVP[301 basis sets. The Bu groups were 
replaced by H. 


The computed structure constants obtained with the smaller 
and larger basis sets differ, at most, by 4.4pm in the bond 
lengths (Ni 2-P7', Fig. 2), but the larger basis gives consistently 
better agreement with experiment. The largest deviation in bond 
lengths between DFTiTZVP and experimental data reported 
above occurs for the Nil-P2-P3 ring. The computed P2-P3 
distance is 7 pm too long (all DFT methods give P-P distances 
that are 2pm too long). The Ni l -P2  distance obtained is 
258 pm (23 pm too short) but, even here, experiment and theory 
agree in giving a Ni-P distance that is much longer than found 
for typical Ni-P bonds (220 pm). The close agreement between 
measured and computed data is a strong indication that the 
correct occupation of molecular orbitals, which corresponds to 
a diamagnetic closed-shell case, has been selected by the pro- 
gram. 


Population analyses[31. 321 first of all show that no major 
electron displacements take place: all Ni and P atoms are virtu- 
ally neutral (absolute charges less than 0.3 for both basis sets). 
P2-P 3 and P 5-P6 show some double-bond character, but the 
x electron pairs are partly delocalized into Ni AOs. This is 
especially indicated by the SEN,[321 which are scattered around 
1.07 for the single bonds and 1.33 for P2ZP3 and P5-P6. The 
computed three-center SEN, such as SEN(Ni 1 P 5  P6) = 0.21, 
also conforms with the idea of delocalized x electron bond pairs. 


Conclusion 


Reactions of transition metal halogen complexes with Zintl 
anions of P and As open up an interesting new type of chemistry. 
In most cases the P, cage of the Li3P7.3DME or P7(SiMe3), 
does not remain intact. In 2 a P,, framework is formed by two 
linked norbornadiene-like P, cages. In 3,4, and 5 unpredictable 
redox reactions occur, and structures with P, fragments with 
double-bond character are observed. The Co-As cluster in 6 
consists of a heteroicosahedron formed by six As and six Co 
atoms; in addition, two Co,As, octahedra are linked to the 
heteroicosahedron by common Co, faces. 


Density functional theory (DFT) calculations performed for 
2 and 6 show good agreement of experimental and calculated 
structural data. The calculations confirm the norbornadiene- 
like bonding structure in 2 and a cage electron count of 38 
for 6. 


Experimental Procedure 
1: At -78 "C a solution of [FeCp(CO),Br] (0.74 g, 2.88 mmol) in THF (15 mL) was 
slowly added to a solution of Li,P,.3DME (0.49 g, 0.96 mmol) in THF (50 mL). 
Thedark red mixture was allowed to warm up to room temperature within 15 h. The 
solution was filtered and layered with 50 mL heptane. The product 1 could be 
obtained as crystalline red needles (30%, 0.23 g). 


2 :  A solution of [NiCI,(PBu,),] (2.12 g, 3.97 mmol) in THF (25 mL) was added to 
a solution of Li3P,.3DME (0.88 g, 1.73 rnmol) in THF (25 mL) at room tempera- 
ture. The solution immediately turned dark brown. The THF was removed in 
vacuo, the residue dissolved in heptane and filtered. Black crystals of 2 were ob- 
tained by slowly removing the solvent (13%, 0.26 g). 


3:  LiCp* (0.51 g, 3.59 mmol) and CoCI, (0.48 g, 3.70 mmol) were stirred at room 
temperature in THF (20 mL) for 15 min. The solvent was removed in vacuo, the 
residue dissolved in pentane and filtered. A solution of P,(SiMe,), (0.51 g, 
1.1 7 mmol) in toluene (5 mL) was added by diffusion. After one week a few crystals 
of 3 were isolated. 


4, 5 :  FeCI, (0.56 g, 4.42 mmol) and LiCp* (0.59 g, 4.15 mmol) were suspended in 
THF (30 mL) at -78 "C. Addition of P,(SiMe,), (0.63 g, 1.44 mmol) caused an 
immediate color change to dark brown. The mixture was allowed to warm up to 
room temperature within 15 h and was then filtered. Layering with heptane gave 
veryair-sensitive browncrystals of4(11%,0.18 9). MS(70 eV, EI, T = 270°C): m/r 
(%): 759 (100) [M'], 624 (0.9) [M' - Cp*], 506 (7.7) [M' - (Cp*FeP,)]. 
When the reaction was performed at room temperature, 5 crystallized as black 
crystals from the reaction solution after one day (26%, 0.28 8). MS (70 eV, EI, T 
= 300°C): m/z  (%): 908 (100) [M+], 759 (15.9) [M' - (FeP3)], 648 (3.8) 
[ M +  - (Cp*P,)], 506 (3.9) [ M +  - (Cp*Fe,P,)]. 


6: [CoCI,(PEt,Ph),] (0.56 g, 1.21 mmol) and 1.94 g of the product of the reaction of 
K with As (in liquid NH,, ratio 3: 7) were stirred in THF (50 mL) at room temper- 
ature. After a few minutes the solution turned dark brown. After one day half of the 
solvent was removed in vacuo. After 12 h black needles of 6 could be isolated (&I%, 
0.27 g) 


X-Ray structure analysis: STOE IPDS imaging plate (1-3.6) or STOE STADI IV 
(4, 5) ;  Mo,,, T = - 73 "C, data collection, structure solution (SHELXS-86) and 
refinement (SHELXL-93) of 1-6: 


1.THF: a=1459.8(8), b=2084(2) ,~=2120(2)pm, V=6451(8)x106pm3; or- 
thorhombic, Pbca (no. 61), 2 = 8, ~(Mo,,) =1.72mn-' ,  28,,, = 52"; 33527 re- 
flections, 5963 independent reflections, 4027 [ I>  2u(I)] reflections observed, 364 
parameters (Fe, P, C, 0 refined anisotropic, H calculated for idealized positions, 
one THF solvent molecule disordered); R1 = 0.056. 


2 :  a =1367.6(5), b =1376.2(5), c=1915.7(10)pm, a = 93.38(3), 8=109.53(3), 
y = 108.16(3)", V = 3175(2) x lo6 pm3; triclinic (no. 2), 2 =1, p(Mo,) = 
0.899 mm-', 28,,. = 52"; 22342 reflections, 11451 independent reflections, 8119 
[ I >  2u(1)] reflections observed, 522 parameters (Ni, P, 37 C atoms of the Bu groups 
refined anisotropic, 9 C atoms refined isotropic, 4 of them disordered, H calculated 
for idealized positions for non disordered C atoms); R1 = 0.104. 


3:  a =1157.9(3), b =1486.7(6), c =1969.9(5)pm, p = 99.73(2)", V = 3342(2) 
x lo6 pm3; monoclinic, P2Jn (no. 14), Z = 4, ~(Mo,) = 1.779 mm-', 28,,, = 
56"; 15563 reflections, 7603 independent reflections, 4021 [ I >  2 u(I)] reflections 
observed, 363 parameters (Co, P, C refined anisotropic, Cp* group at c o 3  disor- 
dered, H calculated for idealized positions); R1 = 0.088. 


4: a=1524.2(5). b=3442.8(10), c=1587.8(5)pm, V=8332(5)x106pm3; or- 
thorhombic Cmcu (no. 64). 2 = 8, ~(Mo,.) =1.816mm-', 28,, = 56"; 7694 re- 
flections, 5208 independent reflections, 3769 [ I >  2 @)] reflections observed, 241 
parameters (Fe, P, C of the cation refined anisotropic, H calculated for idealized 
positions, anion disordered); R1 = 0.040. 


5.THF: a =1592.7(4), b =1730.6(6), c=1452.7(4)pm, V=4004(2)x106pm3; 
orthorhombic, Pnma (no. 62), 2 = 4, p(Mo,J =1.809 mn- ' ,  28,., = 54"; 5634 
reflections, 4522 independent reflections, 3247 [ I>  2 .(I)] reflections observed, 233 
parameters (Fe. P, C refined anisotropic, H calculated for idealized positions, sol- 
vent molecule disordered); R1 = 0.031. 


6: Q = 2435.7(4), c =1077.0(4) pm, V = 5533(2) x lo6 pm3; trigonal Rf  (no. 148). 
2 = 3, ~(Mo,,) = 6.661 mm-I, 28,,, = 50"; 6457 reflections, 2155 independent 
reflections, 1037 [1>2a(I)] reflections observed, 145 parameters (Co, As, P, C 
refined anisotropic, H calculated for idealized positions); R1 = 0.089.6 also crystal- 
lizes with a different unit cell to 6.3THF: u =1763.9(3), c = 2444.3(5)pm, 
V = 6600(2) x lo6 pm3; trigonal R7 (no. 148), 2 = 3. 
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Thianthrene 5-Oxide as a Mechanistic Probe in Oxygen Transfer Reactions: 
The Case of Carbonyl Oxides versus Dioxiranes Revisited 


Abstract: Thianthrene 5-oxide (SSO) con- 
stitutes a useful mechanistic tool for the 
assessment of the electronic character of 
oxygen transfer agents by means of their 
X,, values, which reflect the extent of nu- 
cleophilic oxidation at the SO site in SSO. 
Treatment of dioxiranes 1 a-d with the 
SSO probe confirms that these are elec- 
trophilic oxidants (Xso < 0.15). Dioxirane 
sulfoxidation is sensitive to protic solvents 
and acids, which implies a polar mecha- 
nism (S,2) with nucleophilic attack of the 
sulfide electron pair on the dioxirane per- 
oxide bond. In contrast, the carbonyl ox- 


ides 2a  and b, diethyl persulfoxide (3), 
and adamantylideneadamantane per- 
epoxide (4) are nucleophilic oxidants 
(Xso > 0.85). However, the cyclopenta- 
dienone carbonyl oxides 2c and d show 
low Xso values typical for electrophilic 
oxygen transfer agents. For these car- 


Introduction 


During the last decade, the oxidation of thianthrene 5-oxide 
(SSO) has been used as a mechanistic probe to determine the 
electronic character of an oxidant (Scheme l)." -41 Valuable in- 
formation on the nucleophilic (oxidation at the sulfoxide site, 
i.e., SO in SSO) versus electrophilic (oxidation at the sulfide site, 
i.e., S in SSO) nature of oxidants has been acquired by the SSO 
probe. Diverse oxygen transfer systems have been examined in 
this manner, including peroxometal complexes,[51 metallopor- 
phyrin catalysts,[61 hemoprotein oxidizing species,['] hetero- 
polyoxometalate oxidants,"] persulfoxides,[61 dimethylphenyl- 


sso 
. 0 0 


6 b 


bonyl oxides, photoisomerization to the 
respective dioxiranes is proposed under 
the photooxidation conditions of the dia- 
zoalkanes. Additionally, the trans/& ra- 
tio of bissulfoxides (SOSO) formed pro- 
vides valuable information on the stereo- 
chemical course of the oxygen-transfer 
process due to the steric requirements of 
the oxidant. Thus, the electrophilic dioxi- 
ranes preferentially attack the axial lone 
pair of SSO because of repulsion by the 
peri hydrogen atoms to afford trans-SO- 
so. 


silyl hydrotrioxide (R3Si000H),[9] dialkyl peroxonium inter- 
mediates (R'R20+ -OH),[""* b1 and carbonyl oxides versus 
dioxiranes.[21 


The development of the SSO mechanistic probe was original- 
ly motivated by the desire to differentiate between in situ gener- 
ated dioxiranes and carbonyl oxides on account of their expect- 
ed electrophilic versus nucleophilic oxygen transfer nature. The 
preliminary results implied that dioxiranes and carbonyl oxides 
are differentiable valence isomers, separated by a substantial 
thermal activation barrier. This has now been unequivocally 
established by theoretical,[' - chemical-trapping,['. *I spec- 
tra1,['3-151 and most recently even by preparativet161 work. In 


contrast, carbonyl oxides can be photochemically cy- 
clized to dioxiranes with visible light; however, to our 
knowledge, examples of the reverse thermal or photo- 
chemical isomerization are not yet known. 


In view of the mechanistic significance of the actual 


soso* 


electronic nature of the oxygen transfer step for car- 
bonyl oxides versus dioxiranes, in this study we have 
reexaminedl2] their oxidation of SSO by means of our 
new analytical  protocol,^' which takes explicit ac- 
count of the trans-SOSO product, the bissulfoxide. 
Frequently trans-SOSO is the major oxygen transfer 


cis-SOSO tmnr-SOSO product, but it was previously missed because of the 
unusually long HPLC retention times that result from 
its highly polar nature. Consequently, too high a val- 


Am Hubland, D-97074 Wiirzburg (Germany) 
Fax: Int. code +(931)888-4756 
e-mail : adam@chemie.uni-wuerzburg.d4OO.de (1 ) 


nucleophilic oxidation - sso, + soso, - 
Xso = total oxidation sso, + soso + 2 soso, 
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SSO to afford the sulfone SSO, . Fortunately, our present results 
confirm our previous conclusions['] that carbonyl oxides 
(A',, mO.9) are definitely nucleophilic oxygen transfer agents, 
while dioxiranes (A',, m0.1) are definitely electrophilic ones. 


Results and Discussion 


The results are summarized in Table 1 (entries 1-4). All oxida- 
tions of SSO by the isolated dioxiranes la-d gave low X,, 
values (<0.13) under a variety of experimental conditions. 
Thus, the expected" *, ''I electrophilic nature of these oxygen 
transfer agents is established beyond any doubt. 


The temperature effect on the chemoselectivity is quite evi- 
dent for the case of trifluorodioxirane l a  (entries l a,b). While 
the reaction at - 78 "C (X,, = 0.01, entry 1 a) gave nearly exclu- 
sively SOSO, at 0°C (Xs0 = 0.10, entry 1 b) a significantly 
higher amount of overoxidation product SOSO, (Scheme 1) 
was observed, while the increase in the sulfone product SSO, is 
less pronounced. This should not be construed to mean that the 
dioxirane 1 a becomes more nucleophilic at higher tempera- 
tures, but rather that in the latter stages of the oxidation process 
the accumulating bissulfoxide SOSO (major product) is compet- 
itively more effectively oxidized to the overoxidation product 
SOSO,. Such overoxidation results in lack of selectivity and 
masks the true electronic nature of the oxidant [Eq. (I)]; thus, it 
is important to minimize overoxidation by reactive oxidants 
such as dioxirane 1 a. 


The much less reactive (by a factor of about 1000 compared 
with 1 a['']) dimethyldioxirane (DMD, 1 b) leads to an X,, value 


Table 1. Oxidation of thianthrene-5-oxide by dioxiranes and @oxides. 


l a  l b  l c  


of 0.07 (entry 2 a) at - 50 "C. At higher temperatures (0 "C) the 
X,, value increases to 0.13, but not as the result of overoxida- 
tion, since the amount of SOSO, is negligible. Thus, the amount 
of nucleophilic oxidation product, namely the sulfone SSO,, is 
significantly higher for dioxirane 1 b (entry 2a) than 1 a (en- 
try 1 a) and, as expected, the larger A',, value implies more nu- 
cleophilic character for dioxirane 1 b. 


As was done for dioxirane epoxidations["I and CH inser- 
tions,[22a1 the effect of protic solvents and acids on the het- 
eroatom oxidation of SSO was examined. The use of a 1:l  
mixture of CH,Cl,/MeOH as solvent (entry 2c) versus CH,Cl, 
(entry 2 b) resulted in a reduction of the amount of SSO, from 
12 to 8.8 % and a comparable change in the X,, value from 0.13 
to 0.09. With acetic acid instead of methanol, the amount of 
SSO, dropped to 6.5% and X,, to 0.07 (entry 2d). The most 
effective reduction in the amount of SSO,, to 1.6 %, and Xso, to 
0.02 (entry 2e), was achieved with 10% trifluoroacetic acid 
(TFA). Similar temperature and TFA effects were observed in 
the oxidations of SSO by isopropyl(methy1)dioxirane (1 c), en- 
tries 3a-c, and by cyclohexanone dioxirane (Id), entries 4a-c, 
which confirm their general nature. 


To explain these results, we propose transannular oxygen 
transfer as an additional source of the sulfone SSO, product, as 
displayed in the mechanism of Scheme2. S,2 attack of the 
sulfide lone pair of the thianthrene oxide on the dioxirane per- 
oxide bond leads to the dipolar intermediate A, analogous to the 
one postulated in dioxirane epoxidation reactions on the basis 
of solvent effects["] and allylic oxidation.[22b1 Usually the latter 
affords trans-SOSO by acetone elimination along path 1 
(Scheme 2); however, we postulate that in view of the favorable 


~ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  


Entry Solvent [b] T("C) Oxidant Conv [a] (%) Product distribution [a] (%) 
sso, soso soso, [CI Xso [dl 


CIS trans 


l a  CH,Cl, - 78 l a  21 0.8 3.1 96 0.2 0.01 
l b  CH,CI, 0 l a  20 2.8 3.9 85 8.1 0.10 


2a CH,CI, - 
2b CH,CI, 
2c CH,CI,/MeOH (1 : 1) 
2d CH,CI,/AcOH (1:l) 
2e CH,CI,/TFA [el (1O:l)  


3a  CH,CI, - 
3b  CH,CI, 
3c CH,CI,/TFA [el (1O:l)  


4a CH,CI, - 
4b  CH,CI, 
4c CH,Cl,/TFA [el (10: 1) 


50 l b  
0 l b  
0 l b  
0 l b  
0 l b  


40 l c  
0 l c  
0 l c  


.70 I d  
0 Id  
0 I d  


52 6.8 3.1 90 0.1 0.07 
56 12 3.9 84 0.3 0.13 
35 8.8 16 75 0 0.09 
35 6.5 13 80 0 0.07 
53 1.6 5.7 93 0 0.02 


44 4.3 1.2 94 0 0.04 
44 13 2.5 84 0 0.13 
42 0 2.5 98 0 0.00 


46 5.8 11 82 1.9 0.08 
46 12 12 76 0.9 0.12 
45 1 .o 13 86 0 0.01 


5a MeCN/CH,CI, (9:2) - 20 Ph,C=N, (Za)/'O, 26 85 0 6.5 8.9 0.86 


5c MeCN/CDCI,/CCI, (1:l:S) -20 ZC/'O, 2.2 30 12 57 0 0.30 
5 b MeCN/CH,CI, (9 : 2) - 20 p-An,C=N, [fl  (Zb)/'O, 23 88 0 7.6 4.7 0.88 


5d MeCN/CDCI,/CCI, (1:1:7) -20 Zd/'O, 2.7 21 1.6 71 0 0.21 
6a MeCN/CH,CI, (9:2) - 20 Et,S ( W O ,  21 100 0 0.1 0 1 .oo 
6b  MeCN/CH,Cl, (1:l) - 20 Ad=Ad (4)/'0, [g] 42 87 0 8.2 4.7 0.88 


[a] Product distributions and conversions were determined by HPLC (RP-18 column, 64: 34:2 MeOH/H,O/MeCN as eluent) 1171 detected at 254 nm, error & 3 Yo of the stated 
values, normalized to 100 % conversion. [b] For exact conditions, see Experimental Section. [c] The amount of overoxidation product, the trioxide SOSO,, should be kept 
small (below lo%), since it masks information on the chemoselectivity, that is, electrophilic S versus nucleophilic SO oxidation in SSO (Scheme 1). [d] Xs,  is defined in 
Equation (1); error +0.03 units. [el TFA = trifluoroacetic acid. [fl  p-An = para-anisyl (p-MeOC,H,). [g] Ad=Ad = adamantylideneadamantane; treated with Me,S after 
irradiation. 
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sso 


l a  (R=CH3, R'%F3) 
lb  (R=R'=CH3) 
lc (R=CH3, R'=zFr) 
Id (R+R"(CH2)5) 


Scheme 2. 


,solvent oxides gave electrophilic Xso values, with trans-SOSO 
as the main product. These low X,, values for the 
carbonyl oxides 2 c,d are typical for dioxiranes. Pre- 
sumably, the visible light (1 = 589 nm) used for the 
photosensitized generation of the carbonyl oxides 
2c,d photoisomerizes the latter in situ to their dioxi- 
ranes more efficiently than oxidizing SSO directly 
(Scheme 3). 


In this context, it is known from low-temperature 


R 


tram-SOSO 


- sso, spectroscopic  experiment^['^] that the carbonyl oxide 


B 


2c  cyclizes to its dioxirane isomer on irradiation at 
1>418 nm, while for the carbonyl oxide 2a  isomer- 
ization at 1 > 630 nm[13] has been reported. This 
agrees with our data, in that 2c does and 2a  does not 
photoisomerize under irradiation with 1 = 589 nm. 


puckered geometry of the thianthrene skeleton, the negatively 
charged oxygen of the dipole A may reach across to add nucleo- 
philically at the electrophilic sulfoxide site to generate the 
bridged dipole B (path 2). The latter fragments into sulfone 
SSO, and acetone and would explain the higher amount of 
SSO, formed in all the dioxirane oxidations even at low temper- 
ature (entries 2-4). In the presence of proton sources, particu- 
larly the strong acid TFA, the dipolar intermediate A is proto- 
nated at the negatively charged oxygen atom, its nucleophilic 
attack at the sulfoxide site thereby blocked, and the amount of 
SSO, product decreases in favor of SOSO. 


PM 3 calculations[231 revealed that the intermediate B occu- 
pies a local minimum with a heat of formation (AH,) of 
19.4 kcalmol- ', which means that intermediate B is plausible. 
For comparison, we also calculated the AH, energies of SSO 
(44.6), cis-SOSO (19.9), trans-SOSO (23.7), SSO, (lo%), DMD 
(-18.1), and acetone (- 53.0 kcalmol-'). This means that the 
intermediate B (19.4) would lie well between the starting materi- 
als (SSO +DMD, 26.5) and the products (SSO, + acetone, 
-42.2 kcalmol-') of path 2. 


Again, such competitive transannular oxygen transfer by the 
dioxirane to afford sulfone SSO, does not signify higher nucleo- 
philic oxidative character and masks the inherent electronic 
nature of the dioxirane. Nonetheless, it must be emphasized that 
such complications as overoxidation and transannular oxygen 
transfer are minor deviations, because dioxiranes are unques- 
tionably pronounced electrophilic oxidants. 


The fact that predominantly the trans-SOSO bissulfoxide is 
obtained for all dioxiranes 1 a-d (trans: cis ratio approximately 
8-3O:l) is of stereochemical interest. Thus, the axial lone pair 
at the sulfide site of SSO is attacked in preference to the equato- 
rial one because of steric shielding by the peri hydrogen atoms 
in the thianthrene 5-oxide (Scheme 2). The trans/cis ratio, which 
at 0 "C covers a range from 8 to 30 (Table 1 ,  entries 1 b, 2b, 
3 b  and 4b), reflects a clear trend in the steric demand of 
the dioxirane substituents, the order of transleis ratio is 
l c >  1 a w l  b> 1 d. 


The carbonyl oxides 2a-d were generated in situ by pho- 
tooxygenation of the corresponding diazoalkanes, a well-estab- 
lished m e t h ~ d . [ ' ~ - ' ~ I  For practical reasons (solubility, side 
products, etc.), rose bengal (RB) was used as a sensitizer in 
solvent mixtures of acetonitrile and chloromethanes (CH,CI, , 
CHCI,, and CC1,). Control experiments confirmed that singlet 
oxygen alone in the absence of diazoalkanes did not oxidize SSO 
even at higher temperatures and longer reaction times. 


The results in Table 1 show a definite nucleophilic selectivity 
for the diphenyl carbonyl oxide (2 a) and for its para-anisyl-sub- 
stituted derivative 2 b (entries 5 a,b). Surprisingly, the cyclopen- 
tadienyl (2 c) and the dibenzocycloheptatrienyl (2 d) carbonyl 


x 3 0 2 , ~ , h v  [ +,"I sso 
or * x=o * sso, 


X=N, Solvent, -20 "C, 2 h X = AQC: (Zqb), Et2S (3). Ad=Ad (4) 


Scheme 3 


The photoisomerization of carbonyl oxides 2c  and 2d under 
the photooxidation conditions requires a major revision of our 
earlier conclusions['] that the carbonyl oxides 2c,d also act as 
nucleophilic oxidants in their oxygen transfer to SSO. However, 
the previous analytical protocol, which failed to detect the trans- 
SOSO (major product), was responsible for this artifact. 
Nonetheless, the benzophenone-type derivatives 2a,b are au- 
thentic carbonyl oxides and as expected preferentially oxidize 
SSO by nucleophilic oxygen transfer at the sulfoxide functional- 
ity. 


For comparison with the carbonyl oxides 2a,b, the persulfox- 
ide 3 postulated in the photooxygenation of diethyl sul- 
fideL6. 2 4 3  (Scheme 3) was reexamined. Under the present ana- 
lytical p r o t o ~ o l , [ ' ~ ~  the SSO probe again confirmed the highly 
nucleophilic character (X,, = 1 .OO) of 3 (entry 6 a). Thus, like 
the carbonyl oxides 2a,b, 3 is also a nucleophilic oxidant. More 
significant from the mechanistic standpoint is the fact that the 
dipolar valence isomer rather than the cyclic dioxirane-type 
structure intervenes as intermediate in the oxidation of diethyl 
sulfide by singlet oxygen. 


Similarly, reexamination of the photooxygenation of 
adamantylideneadamantane in the presence of the SSO probe 
under the new analytical protocol[' 71 gave predominantly SO 
oxidation (entry 6b, X,, = 0.88). This nucleophilic oxygen 
transfer suggests that the postulated perepoxide 4 figures as the 
oxidizing species.t26a. 271 


Conclusion 


In summary, the thianthrene 5-oxide probe is a useful mechanis- 
tic tool for assessment of the electronic character of oxygen 
transfer agents by means of the X,, parameter, for which low 
values (Xso < 0.3) signify electrophilic and high ones (Iso > 0.7) 
nucleophilic oxidative character. In addition, the translcis ratio 
of bissulfoxides provides information on the stereochemical 
course of the oxygen transfer process. Of particular mechanistic 
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import is the observation that some carbonyl oxides, for ex- 
ample 2c and d, may photoisomerize to their respective dioxi- 
ranes, while the persulfoxide 3 of diethyl sulfide remains as the 
dipolar valence isomer under the photooxygenation conditions. 


Experimental Section 


Equipment: IR spectra were recorded on a Perkin-Elmer 1420 ratio-recording 
infrared spectrophotometer. ‘H and I3C NMR spectra were acquiredan a Bruker 
AC250 spectrometer. The HPLC analyses were carried out on a KONTRON ana- 
lytical system (T-414 pumps, detector 430 and the data system 450MT/EMS), 
equipped with a C-18 reversed-phase column (250 x 4.6 mm i.d.; particle sue 5 pm) 
with the ternary solvent mixture of CH30H/H,0jCH3CN (64:34:2) as eluent. 
Detection was performed at 1 = 254 nm and the flow rate was 1.2 mLmin-’ [17]. 


Materials: All oxidations were run in distilled solvents (CH,CI, over P,O,, MeCN 
over CaH, MeOH over Mg). CDCl,, acetic acid and trifluoroacetic acid were used 
without further purification. The concentration of the dioxiranes in the ketone 
solution was determined iodometrically. Caroate (potassium monoperoxysulfate, 
the triple salt 2KHSO,~KHSO,.K,SO,) for the synthesis of DMD [28], TFD 
[29,20], and the other dioxiranes [30a] was obtained from Peroxid Chemie (D-82049 
Pullach, Germany) and used as received. 1,l.l-Trifluoroacetone, which was usually 
not contamined by ether, was obtained from FLUKA [30b]. Solutions of dimethyl- 
dioxirane, isopropyl(methyl)dioxirane, cyclohexanone dioxirane, and methyl(tri- 
fluoromethy1)dioxirane in their respective ketones were prepared according to the 
published procedures and their peroxide content was determined by iodometry. The 
dimethyldioxirane solutions were stored over molecular sieves (4 A) at -2O”C, 
while the other dioxirane solutions were kept at -20°C without drying agent. The 
diazoalkanes were prepared according to standard literature methods [31]. 


General Procedure for the Oxidation of Thianthrene %Oxide ( S O )  by Dioxiranes: 
To a cooled, stirred solution of thianthrene 5-oxide (23.2mg, 0.100mmol) in 
the solvent (ca. 10mL) (Table 1) was added a dioxirane solution (0.05-0.6~, 
0.2-0.5 equiv). After 1 h the peroxide had been consumed and the solvent was 
evaporated (40°C. 12 Torr); the residue was taken up in ethanol/CH,CI, (1: 1 vjv, 
5 mL) and analysed by HPLC as described above; the results are summarized in 
Table 1. 


General Procedure for the Oxidation of Thianthrene %Oxide (SSO) by 0-Oxides: 
Thianthrene 5-oxide (23.2 mg, 0.100 mmol) and catalytic amounts (ca. 1 mg) ofrose 
bengal (RB) were placed in a 25 mL test tube and dissolved in ca. 10 mL of solvent. 
Several equivalents of the diazoalkane, diethyl sulfide, or adamantylideneadaman- 
tane were added and cooled to -20°C. By means of a Pasteur pipette a constant 
slow stream of oxygen gas was allowed to pass through the solution under irradia- 
tion with two sodium lamps (300 or 500 W). After 2 h the diazoalkane had been 
consumed, the solvent was evaporated (40°C. 12 Torr), and the residue was taken 
up in ethanol/CH,CI, (1 : 1 vjv, 5 mL) and analysed by HPLC as described above. 
The results are summarized in Table 1. 
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Design and Synthesis of a “Starburst”-Type Nonadiazo Compound and 
Magnetic Characterization of Its Photoproduct 


Kenji Matsuda, Nobuo Nakamura, Katsuya Inoue, Noboru Koga, and Hiizu Iwamura* 


Abstract: A “starburst”-type nonadiazo 
compound was designed and synthesized 
by using the cyclotrimerization of 3 3 -  
dibenzylphenyl ethynyl ketone as a key 
step. The diazo compound was pho- 
tolyzed in methyltetrahydrofuran solid 
solution at cryogenic temperatures and 
analyzed by means of Faraday magne- 
tometry and EPR spectroscopy. While the 
m-phenylene-connected nonacarbene was 
predicted to have a nonadecet ( S  = 9) 


ground state, the magnetic data of the 
photoproduct was more consistent with a 
pentadecet ( S  = 7) species. The result was 
interpreted in terms of the intramolecular 


Introduction 


The synthesis and characterization of organic molecules with 
very high-spin ground states is currently of great interest.“ -31 In 
typical organic molecules, all the electrons are paired to form 
singlet ground states, and triplets with two parallel spins are 
often generated only as lowest excited states. The two singly 
occupied orbitals in diradicals are often independent, in which 
case their singlet and triplet states are nearly degenerate, or they 
overlap weakly to stabilize the singlet relative to the triplet state. 
When they are orthogonal in space, as in diphenyl carbene, or 
in terms of topological symmetry, as in m-quinodimethane, the 
triplet becomes the ground state according to Hund‘s rule. 


Incorporating the above two struc- 
tural features within one molecule, 
Itoh and Wasserman prepared the m- 


n-1 phenylene dicarbene 1 (n = 2)  and 
1 demonstrated that it has a quintet 


ground state ( S  = 2).[41 Linear tri-, tetra-, 
and pentacarbenes 1 (n = 3, 4, 5 ,  respectively) have also been 
reported. From their EPR fine structures and/or magnetization 
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cross-linking between the carbene centers 
by the determination of both the amount 
and the multiplicity of the spin. In the 
“starburst”-type polycarbenes with ex- 
tended branching, the reactive carbene 
centers are able to approach one another 
and thus appear to readily recombine. 
This study highlights one of the limita- 
tions of the extension of the carbene net- 
work by way of flexible “starburst”-type 
structures. 


data these molecules were shown to have ground states with 
S = 3, 4, and 5, respecti~ely.[~] 


The linear structure can in principle be extended to poly(rn- 
phenylene carbene)s 1 (n --f a). In practice, however, there are 
a number of drawbacks with the linear structures. Firstly, it 
becomes more and more difficult to produce all the carbene 
centers without fail and to keep them intact. Once a chemical 
defect is formed in the middle of the cross-conjugated main 
chain, the high-spin multiplicity would be hal~ed.‘’~ Secondly, 
the linear polyketones, which are key precursors, become less 
and less soluble in typical organic solvents in which further 
chemical transformations have to be carried out. Thirdly, one- 
dimensional alignment of spins is unstable from the point of 
view of statistical mechanics. Linear magnetic chains, including 
1, are not expected to exhibit spontaneous magnetization at 
finite temperatures, because the magnitude of the required en- 
thalpy is 2J for multiply degenerate lowest excited states, where 
2J is the exchange coupling parameter between the adjacent 
spins.c61 


To overcome these 
problems, construc- 


sional network be- 0 0 /  \ 


tion of a high-dimen- .- \ * \  \ 


came an important . 
objective. A rigid 
structure would also -. 
help to reduce the 
high reactivity of 
triplet carbene cen- 
ters, as one-center di- 
radicals, toward re- 
combination, etc. We 
thus arrived at the 
network structure 2 2 
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as a long-term goal in The polycarbene 8 was ob- 
our search for strongly tained by photolysis of the 
magnetic super high corresponding diazo precur- 
spin polycarbenes. This sor 19. The preparation of the 
structure is obtained on diazo precursor was carried 
paper by removing ev- out in an usual way from the 


-. ery third benzene ring corresponding 
from Mataga's net- ketone 17, which in turn was 


3 work polyradical 3.["] synthesized from 9 by using 
Previously, we reported the cyclotrimerization of the 


the design, synthesis, and characterization of three types of K- ethynyl ketone 15 as a key step 


we demonstrated that it is not the shape or geometrical symme- Tribromobenzene (9) was 
try of the molecules, but rather the topological symmetry that is 


Fig, Dendritic StrUCtnre or Bethe 
conjugated hexacarbenes, namely, 4,lSa3 b1 5,l8"I and 6.["] Here, (Scheme 1) .r121 lattice. 


lithiated and then allowed to react with N,N-dimethylfor- 
mamide to give 3,5-diformylbromobenzene 
(10). Phenyllithium was added to 10, and the 
product 11 was then reduced to give bromo 
compound 12. Lithiation and followed by 


\ *  treatment with N,N-dimethylformamide gave y&Q ; V l 0  \ .. - - .. I /  . . .  I /  the added aldehyde to 13 to 13. give Lithium 14, which monoacetylide was then oxidized was 


by Jones reagent to ethynyl ketone 15. Cy- 
clotrimerization catalyzed by a secondary 
amine followed by oxidation gave nonaketone 
17.["] 


Ketone 17 was characterized by 'HNMR, 
13C NMR, IR, and FAB mass spectroscopy. 


The 'H NMR spectrum of 17 shows singlets at 6 5 8.42, 8.46, 
and 8.55, and a mono-substituted benzene pattern at 6 =7.50 


/ \ .  


/ \  
\ / .  - .  * O l * l ;  \ 


10 


/ \  
- - *  


/ \ *  
- *  \ *  


' 0  


4 5 6 


most important in determining the spin multiplicity of the alter- 
nating hydrocarbon molecules. Moreover, the nonacarbene 7 
was prepared, and its magnetic measurement revealed 7 to be a 
ground-state nonadecet (S = 9).lg1 This is the highest spin ever 


ture obtained 2 remains for an to organic be synthesized. molecule. In However, this report, the the network "starburst"- struc- yp-* 
Br Y type dendritic structure 8, which is nearer to a real two-dimen- 


sional structure, will be discussed. 11: X = OH; Y = Br 
12: X = H; Y = Br , d 6 1 3 : X = H ; Y = C H 0  


9: R = Br 
a C  10: R = CHO 


a \ \ .  \ 
/ / /  


7 8 


Results and Discussion 


Molecular Design and Synthesis of the Precursors: The "star- 
burst"-type structure as given in Figure 1 is popular as a den- 
drimer in chemistry and as a Bethe lattice in physics.['01 Ising 
spins on a Bethe lattice are calculated to show a phase transition 
at finite temperature. Thus, the number of spins in the system 
becomes significantly larger as it extends. The most basic den- 
dritic structure in 2 is 8, which is expected to have nonadecet 
ground state (S = 9). The 1,3,5-benzenetriyl unit might be 
deemed to be as good as or even better than the m-phenylene 
unit at assembling organic free radical centers in high concentra- 
tions within a molecule and aligning those spins parallel to one 


' * I  


l4 


Scheme 1. Reagents and Conditions: a) 4 equiv of tBuLi, ether, and then DMF, 
84%; h) PhLi, THF; c) LiAIH,/AlCI,, ether, 47%, 2 steps; d) nBuLi, THF, and 
then DMF; e) HC=CLi/TMEDA, THF; f)  CrO,/H,SO,, acetone, 70%. 3 steps; 
g) Et,NH, toluene, 86%;  h) Na,Cr,O,, AcOH, 43%; i) N,H,, N2H,.HCl, DM- 
SO, 93%; j) HgO, EtOK, Et,O, CH,CI,, 11 %. 
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(t), 7.60 (t), 7.84 (d) (Fig. 2). The I3C NMR shows ten signals 
corresponding to aromatic carbons (6 = 128.7, 130.1, 133.4, 
133.9, 134.6, 135.0, 136.2, 136.7, 133.7, and 138.7) and two 
signals for carbonyl carbons (6 = 192.8 and 194.4). In the FAB 
mass spectrum there is a peak at (rn + l)/z = 1015 (calculated, 
101 5.3). 


r 


Fig. 2. ’HNMR (270 MHz, CDCl,) spectrum of nonaketone 17. 


Ketone 17 was converted to the corresponding hydrazone 18. 
The oxidation reaction with yellow mercury oxide was carried 
out in the dark and monitored by thin-layer chromatography 
(TLC) on alumina. The diazo compound 19 was purified by 
column chromatography on alumina (activity IV) in the dark. 
Its IR spectrum shows an absorption at 2037 cm-’ characteris- 
tic of the diazo group. The UV/Vis spectra of 19 has an absorp- 
tion maximum at 516 nm attributable to the n--R* absorption 
and at 289 nm assigned to the K-Z* absorption. The molar 
absorptivity ( E )  of the former is 954, a value nearly nine times as 
large than that of diphenyldiazomethane; this indicates that the 
molecule had nine cross-conjugated diazo groups. 


Magnetization of Photoproducts: The photolysis was carried out 
at 2 K in the sample room of a Faraday magnetic balance. The 
light (400 <I < 500 nm), from a Xe lamp with a combination of 
a band-pass filter and a cold mirror, was introduced through a 
quartz light guide installed for irradiation of the precursor.[’ 31 


After the photolysis, the field dependence of magnetization of 
the photolysate was determined in situ in the dark. The plots of 
the magnetization vs. the temperature-normalized magnetic 
field ( H / T )  (Fig. 3) were analyzed in terms of the Brillouin func- 
tion [Eq. (l)]. 


where 


Bs(x) = 2s ~ coth(T 2 s  + I x  ) -&coth(&) 
2 s  


and 


(3) 


( N  is the number of molecules, S the spin quantum number, pB 
the Bohr magneton, g the Lande g factor, and kB the Boltzmann 
constant). Since these carbenes are hydrocarbons and contain 
only light elements, the orbital angular momentum should be 
negligible and S can be used for total angular momentum in 
Equations (1 -3). The observed data were fitted best with the 
Brillouin function with S =7. The data were collected at two 
different temperatures, but no temperature dependence was ob- 


O m  ” 
G 


0 Magnetic Field /Temperature (kOe / K) 35 


Fig. 3. Field dependence of the magnetization of the photoproduct of nonadiazo 
compound 19 in an MTHF matrix (0.04 mM), measured at 2.1 (0) and 4.0 K (0). 
The ordinates are normalized by the amount of the starting diazo compounds and 
uncorrected for the degree of photolysis. 


served. This confirms that the pentadecet is the ground state. 
The reason why S = 7 was observed instead of the theoretically 
expected S = 9 will be discussed below. 


The magnetization curves of hexacarbene 7 were also record- 
ed at different stages of the photolysis (Fig. 4). The spin quan- 
tum numbers of these curves are nearly constant (in the range 
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Fig. 4. Magnetization curves for the photoproduct of nonadiazo compound 19 
after photolyses at 2.1 K for 10, 40, and 100 min. 


S = 6.5-7). These values were larger than would be expected 
for a random generation of the carbenes. This suggests that the 
diazo groups attached to the same molecule are probably elim- 
inated preferentially. After 200 min of photolysis, the observed 
Svalue became somewhat smaller (5.67). This may be due to the 
recombination of the carbene centers on prolonged irradiation. 
This recombination is also considered to explain why S = 7  is 
observed instead of S = 9 (vide infra). The irradiation time 
shoud therefore be kept below 100 min. 


The carbene generated from the “starburst”-type diazo com- 
pound 19 was concluded to be a pentadecet (S = 7) species from 
the analysis based on the Brillouin function. To confirm this 
observation and to obtain further information, we measured the 
UV/Vis spectra before and after the magnetic measurements, 
that is, before and after irradiation. The rate of the photolysis 
could be determined by comparing the n--R* absorptions. From 
the comparison of the UV/Vis data, the degree of the photolysis 
was concluded to be 90 % complete (Fig. 5).  


From these data, two theoretical curves were obtained. The 
S = 9 curve in Figure 6 is for the ideal case, that is, all the 
carbene centers are generated and remain intact. The S =7 
curve corresponds to the case where only seven carbene centers 
are intact and ferromagnetically coupled to each other. 
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Fig. 5. UV/Vis spectra measured before and after photolysis of nonadiazo com- 
pound 19. 
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Fig. 6. Magnetization curves (measured at 2.2 (o), 3.9 (o), and 9.0 K (A)) compared 
to the theoretical curve derived from the results of UV/Vis spectra. 


ESR Spectra of the Photoproduct: Photolyses were carried out in 
an ESR cavity with light (400 < 1 < 500 nm) obtained from a Xe 
lamp with a combination of band-pass filter and cold mirror. 
The ESR signals observed in situ were centered at g = 2 (Fig. 7). 


' 335rnT 


Fig. 7. ESR spectrum (9.40 GHz) of the photoproduct of nonadiazo compound 19 
in an MTHF matrix (0.1 mM) at 9.5 K. 


The signal shapes did not change from the initial stages of the 
irradiation. It was difficult to simulate the observed spectra 
because the line width was broader than the simulated line spac- 
ing. But the smaller signal spacing than for S = 6 hexacarbene['] 
suggested that the D value of this carbene was smaller than that 
of the hexacarbene. This observation is consistent with the trend 
towards smaller D values with higher spin multiplicities.[5e1 For 
further study, the ESR fine structure of the oriented species 
should be analyzed. 


Temperature dependence of this spectrum obeyed a Curie law 
in the temperature range 10-40 K ( I  = C(1+0.12)/T, where Zis 
the ESR signal intensity). At temperatures above 40 K, the car- 
bene started to decompose with no change of the signal shape 
due to thermally populated lower spin states. These results sug- 
gests that the observed carbenes are the ground state (Fig. 8). 


* O 0 1  


a 
0 
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o + .  , . , . I .  a .  8 .  I .  I 
0.01 0.02 0.03 0.04 0.05 0.06 0.07 


1 nemperature(1 /K) 
Fig. 8. Temperature dependence of the ESR signal intensities (Curie plot) of the 
photoproduct of nonadiazo compound. 


Feasible Structures for the Oligocarbene Responsible for the Ob- 
served S=7: Our analyses showed that, while the nine diazo 
groups were photolyzed from nonadiazo compound 19, only 
seven carbene centers appeared to be aligned parallel in the 
photoproduct. It is not likely that the nonacarbene 8 has a 
pentadecet ground state (S = 7). Two terminal carbene centers 
must have strong antiferromagnetic interaction with each other. 
A feasible and extreme case of 
such an interaction would be the 
formation of a chemical bond, as 
shown in heptacarbene 20. When 
diphenyldiazomethane is pho- 
tolyzed at high concentrations, 
azine, anthracene, and phenan- 
threne as well as tetraphenyl- 
ethylene are obtained.[14] Recom- 
bination of two triplet carbene 
centers to form a singlet ethylene 
is considered to be a chemical ver- 
sion of triplet - triplet annihilation 


tures with azine or phenanthrene 
instead of the stilbene unit in 20 cannot be excluded. Unfortu- 
nately, the amount of the photoproduct from our experiments 
did not allow us to obtain independent structural proof for 20. 
The nonacarbene 8 has a highly branched starburst structure. 
After the release of the nitrogen molecules, two carbene centers 
might therefore be generated in close proximity and undergo 
facile recombination. After bonding, the molecule would not be 
flexible enough to undergo further recombination. The spin 
quantum number was constant at 7 regardless of the extent of 
the photolysis. An energetic one-photon cascade reaction with 
multiple diazo group cleavage and/or surface effects of the solid 
photolysis might explain this phenomenon; the preferential re- 
lease of only seven diazo groups from nonadiazo compound 19 
seems unlikely. 


and is spin-allowed. The struc- 20 


Conclusion 


In this paper, we have described the synthesis and magnetic 
characterization of a "starburst"-type polycarbene. The photol- 
ysis of the diazo precursor proceeded smoothly and the degree 
of the photolysis was determined by UV/Vis absorptions. The 
magnetization curves obtained were consistent with S = 7, re- 
gardless of the degree of photolysis. The nonacarbene 8 has a 
highly branched starburst structure, and, after release of the 
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nitrogen molecules from the diazo groups, two carbene centers 
might therefore be generated in close proximity and undergo 
facile recombination. The side chains of the less highly branched 
nonacarbene 7 are thought to be more stretched out and may 
contain solvent molecules intertwined with the chains, which 
provide greater protection against the cross-linking of the car- 
bene centers. In fact, analysis of the zero-field tensor of 1 (n = 4) 
revealed that the linear chain is reasonably stretched out and 
surrounded by host It is concluded that, while the 
polycarbenes based on the m-phenylene and 1,3,5-benzenetriyl 
coupling units are promising candidates for extending the two- 
dimensional structures, too much branching of the flexible poly- 
carbene chains might generate problems. Efforts to extend the 
polycarbene strategy should therefore focus on the higher ana- 
logues of less branched 7 and more rigid 6. 


Experimental Section 
A. Materials: 'H and "C NMR spectra were recorded on a JEOL GX-270 instru- 
ment. IR spectra were obtained on a Hitachi 1-5040 spectrometer. UV/Vis spectra 
were recorded on a Hitachi U-3300 spectrophotometer. Mass spectra were obtained 
by JEOL JMX-SXlO2L instruments. Melting points are not corrected. Diethyl ether 
and tetrahydrofuran (THF) used in the reactions were distilled, under a dry nitro- 
gen atmosphere, from lithium aluminum hydride just before use. 2-Methyltetrahy- 
drofuran (MTHF) used in the magnetic measurements was purified by successive 
distillation from lithium aluminum hydride under a nitrogen atmosphere and from 
sodium-benzophenone ketyl under a dry nitrogen atmosphere. N,N,N',N'-Te- 
tramethylethylenediamine (TMEDA) was distilled under reduced pressure from 
lithium aluminum hydride. N,N-Dimethylformamide (DMF) and dimethyl sulfox- 
ide (DMSO) were distilled under reduced pressure from calcium hydride. All reac- 
tions were performed under an atmosphere of dry nitrogen unless otherwise speci- 
fied. Anhydrous magnesium sulfate was used as the drying agent. All reactions were 
monitored by thin-layer chromatography carried out on 0.2 mm E. Merck silica gel 
plates (60F-254) with UV light as a detector. Column chromatography was per- 
formed on silica gel (Wakogel C-200, 200 mesh) or neutral alumina (ICN, activity 
grade IV) . 


3,5-Dibenzylbenzaldehyde (13): To a stirred solution of 3,5-dibenzylhromobenene 
12 [8a] (2.0 g, 6.0 mmol) in dry THF (50 mL) was added 1 . 6 ~  n-butyllithium in 
hexane (5.5 mL, 7.2 mmol) under argon atmosphere at - 78 "C. After the mixture 
had been stirred for 1 h at -78 "C, DMF (0.56 mL) was added. The solution was 
allowed to warm to 10°C with stirring. The reaction mixture was treated with 
aqueous ammonium chloride and extracted with diethyl ether. The organic layer 
was washed with water, dried, filtered, concentrated, to give 13 (1.79 g) as a pale 
yellow oil. The product was sufficiently pure for the next step. IR (NaCl): 
i =1694cm-'; 'HNMR (270MHz, CDCI,): 6 =4.01 (s, 4H, CH,), 7.15-7.32 
(m, 11H, Ar), 7.53 (d, J = l . l  Hz, 2H, Ar), 9.91 (s, l H ,  CHO). FAB HRMS {(m 
+ l)/z) calcd for C,,H,,O: 287.1436; found: 287.1436 (100). 


3,5-Dibenzyl-l-(l-hydroxy-2-propynyl)benzene (14): To dry THF (50 mL) was 
added with stirring a hexane solution of n-hutyllithium ( 1 . 6 ~ ,  5.5 mL) and TMEDA 
(1.2 mL) under argon atmosphere at -78 "C. Acetylene was then bubbled through 
the solution with vigorous stirring at - 78 "C. After the acetylene absorption was 
complete, as judged by appearance of a slurry, the gas flow was stopped and the 
solution was stirred for 0.5 h. Crude 13 (1.79 g) was added to the mixture at - 78 "C 
to give a clear solution, which was then allowed to warm up to 10 "C. The reaction 
mixture was quenched with aqueous ammonium chloride, extracted with diethyl 
ether. The organic layer was washed with water, dried, filtered, and concentrated to 
give 14 (1.87 g) as a pale yellow oil. The product was sufficiently pure for the next 
step. IR (NaCl): i = 3544, 3287, 2118crn-'; 'HNMR (270MHz, CDCI,): 
6 = 2 . 0 9 ( d , J = 6 . 2 H z , 1 H , O H ~ , 2 . 6 2 ( d , J = 1 . 5 H z , l H , C ~ C H ) , 3 . 9 6 ( ~ , 4 H ,  
CH,), 5.38 (dd, J =  6.2Hz, 2.0Hz, l H ,  CH(OH)), 7.16-7.31 (m, 12H,Ar). FAB 
HRMS {(m -l)/z} calcd for C,,H,,O: 311.1436; found: 311.1448 (100). 


3,5Dibenzyl-l-(2-propynoyl)benzene (15): To a stirred solution of crude 14 (1.87 g) 
in acetone (100 mL) was added dropwise at 0 "C aqueous Jones reagent (2 g) pre- 
pared from chromium trioxide (400 mg), water (0.8 mL), and sulfuric acid (0.4 mL) 
at 0 "C. The reaction mixture was stirred for 1 h while the temperature was allowed 
to warm up to ambient temperature. After evaporation of acetone, water and 
diethyl ether were added. The mixture was extracted with diethyl ether, washed with 
water, dried, and concentrated, and purified by column chromatography on silica 
gel eluted with hexane/dichloromethane (2: 1 v/v) to give 15 (1.28 g, 70% from 13). 
M.p. 57.0-58.7"C; IR (KBr): Q = 3270, 2095, 1651 cm-'; 'HNMR (270 MHz, 
CDCI,):6= 3.36(s,lH,C~CH),4.01(s,4H,CH,),7.14-7.33(m,llH,Ar),7.85 
(d, J = 1 . 1  Hz, 2H, Ar). FAB HRMS {(m +l)/z} calcd for C,,H,,O: 311.1436; 
found: 311.1437 (84.3). 


1,3,5-Tris(3,5-dibenzylbenzoyl)benzene (16): To a stirred solution of 15 (1.28 g, 
4.12 mmol) in toluene (13 mL) was added diethylamine (40 mg). The resuiting yel- 
low solution was refluxed for 40 h, with stirring under argon atmosphere. The 
solvent was then removed in vacuo, and the residual brown oil was chro- 
matographed on silica gel and eluted with hexane/dichloromethane (1 : 1 v/v) to give 
16 (1.10 g, 86%) as a brown viscous oil. IR (NaCl): i = 3085, 3061, 3027, 2915, 
1663 cm-'; 'H NMR (270 MHz, CDCI,): 6 = 4.01 (s, 12H, CH,), 7.10-7.31 (m, 33 
HAr),7.46(d, J = l . l  Hz,6HAr),8.21 (s,3H,Ar).FABHRMS{(m +l)/r}calcd 
for C,,H,,O,: 931.4151; found: 931.4147 (100). 


1,3,5-Tris(3,5dibenzoylbenzoyl)benzene (17): To a stirred solution of 16 (1.10 g, 
1.37 mmol) in acetic acid (10mL) at 100°C was added sodium dichromate dihy- 
drate (8 g, 26.8 mmol), and the mixture was refluxed for 12h. The warm reaction 
mixture was poured into water, extracted with benzene, washed with water, dried, 
concentrated, and purified by column chromatography on silica gel. Elution with 
dichloromethane and concentration gave 17 (510 mg, 43%) as a white solid. M.p. 
114-124°C; IR (KBr): i = 3061, 1663cm-'; 'HNMR (270MHz. CDCl,): 
6 = 7.50 (t, J = 7.7 Hz, 12H, Ar), 7.60 (t. J = 7.3 Hz, 6H,  Ar), 7.84(d, J =7.3 Hz, 
12H, Ar), 8.42(s, 6H, Ar), 8.46(s, 3H, Ar), 8.55(s, 3H, Ar); 13C NMR (67.8 MHz, 
CDCI,): 6 =128.7, 130.1, 133.4, 133.9, 134.6, 135.0, 136.2, 136.7, 133.7. 138.7, 
192.8, 194.4. FAB MS (m-nitrophenyl octyl ether) (m/z + 1) calcd for C,,H,,O,: 
1015.3; found: 1015 (4). 


1,3,5 -Tris[[3',5'- bis(phenyl(1,l -diazanediyl)methyljphenylj(l, 1 -diazanediyl)methyl] - 
benzene (18): To a solution of nonaketone 17 (100 mg, 0.10 mmol) in anhydrous 
hydrazine (1.5 mL) and dry DMSO (3.0 mL) was added hydrazine monohydrochlo- 
ride (240 mg, 3.50 mmol). After being stirred at 110 "C under argon atmosphere for 
6 h, the reaction mixture was poured into water. The precipitate was collected and 
washed with water to give nonahydrazone 18 (105 mg, 93 %) as a white solid. IR 
(KBr): i = 3393, 3285, 3204, 3056, 1561 cm-'; 'HNMR (270 MHz, CDCl,): 
6 = 5.35-5.57 (m, 18H, NH,), 7.02-7.56 (m, 42H, Ar). 


1,3,5-Tris~~3',5'-his~phenyl(diazo)methylJphenylJ(di~o)methyl~benzene (19): Yellow 
mercury oxide (600 mg) was added in the dark to a solution of nonahydrazone 18 
(20 mg, 18 mmol) in dichloromethane (4 mL), diethyl ether (2 mL), benzene 
(4 mL), and saturated ethanolic potassium hydroxide (30 drops). The mixture was 
stirred for 4 d in the dark at ambient temperature and was monitored by TLC 
(alumina). Filtration, concentration, and purification by chromatography on alu- 
mina (act. IV, elution with benzene/hexane, 1 : 1. v/v) gave nonadiazo compound 19 
(2.1 mg, 11 %) as a deep red viscous oil. IR (KBr): i = 2037, 1578 cm-' ;  UV/Vis 
(MTHF): ,I,,, ( E )  = 289 (187000), 516 (954) nm; 'HNMR (270 MHz, CD,Cl,): 
6 = 6.86-7.38 (m, 42H, Ar). 


B. Magnetic Measurements: Magnetic measurements of the polycarhenes were per- 
formed by using a Faraday-type magnetic balance system of Oxford Instruments in 
the temperature range 2.1 -10 K. The diazo precursors were dissolved in a MTHF 
matrices in a quartz sample basket, which was suspended by means of a quartz 
filament in the cryostat, in the magnetic field and field gradient. Photochemical 
generation of the carbenes was accomplished by introducing, through a quartz light 
guide, the light (400<1<500 nm) tapered through the hand-pass filters. The tem- 
perature setting during the photolysis was under 2 K, but the temperature rose to 
4 K during irradiation. The field dependence of magnetization was measured before 
irradiation at the same temperature and magnetic field. These data before irradia- 
tion were used as background data, and the net magnetization data for the carhenes 
were obtained by subtracting these data from those after photolysis. 
Photolyses of solutions of diazo compound 19 in MTHF (100 pL) were carried out 
as follows: By using a field gradient of 5 Tm- ', the main field was scanned from 0 
to 7 T at temperatures of 2 and 8 K. The decrease in the magnetic force between 0 
and 7 T due to diamagnetism of the precursors including the solvent and basket 
material was about 6.0 mg at 4 K. Relative to this background, the increase in the 
magnetic force due to the paramagnetism of the carbenes generated after the irradi- 
ation was ca. 0.2 mg and read to f 1 pg between 0 and 7 T at 4 K. 
The degree of photolysis was determined by comparing the absorbance of the n-n* 
transitions. The UV/Vis spectra of a sample before and after photolysis were deter- 
mined. UV/Vis spectra of the sample after photolysis were recorded after leaving the 
sample in the dark at 100 K for some time to exclude reactions between molecules. 
The ordinate of the magnetization curve was calibrated from these data. 


C. ESR Spectra: Photolysis of diazo compounds 19 were carried out in MTHF 
matrices at 9 K in an ESR cavity. The light (400 < 1 < 500 nm) was obtained from 
a Xe lamp with combination of a Kenko B-390 band-path filter and an OCLI B cold 
mirror. A Bruker ESP300 spectrometer was used to obtain X-hand ESR Spectra. 
Temperatures were controlled by an Air Products LTD-3-110 cryogenic tempera- 
ture controller. The cryostat was maintained at high vacuum by a diffusion/rotary 
pump set. The ESR intensities for Curie plots in the temperature range 4-50 K were 
measured at appropriate power attenuation calibrated to exclude saturation effect. 
The temperatures were stepped up from 9 to 70 K with intervals of ca. 5 K. 
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The Pre-Reactive Complex of H,S and BrCl; 
Observation and Characterisation by Rotational Spectroscopy 


Hannelore I. Bloemink and A. C. Legon” 


Abstract: By using a fast-mixing nozzle in 
a Fourier transform microwave spectrom- 
eter, any chemical reaction accompanying 
mixing of H,S and BrCl was prevented, 
thus allowing the observation of the pre- 
reactive complex H,S . . . BrCl. The rota- 
tional spectra of eight isotopomers of the 
complex were recorded. The analysis of 
the determined spectroscopic constants 
shows that the atoms S...Br-CI are 


collinear or nearly so and that the H,S 
plane is approximately perpendicular to 
the S .  . . Br-C1 axis with r(S . . .Br) = 


3.094(7) A. This geometry is in agreement 
with previously stated rules for B . . . XY 
complexes, where B is a Lewis base and 
XY is an (inter)halogen molecule. The in- 
termolecular interaction is shown to be 
relatively weak, both in terms of the inter- 
molecular stretching force constant k, 
and the intramolecular electric charge re- 
distribution 6 within the BrCl subunit that 
accompanies formation of H,S . . . BrCl. 


1. Introduction 


A number of pre-reactive complexes B...XY, where B is a 
Lewis base and XY is an (inter)halogen, have been investigated 
recently.[’.21 One of the aims of these studies is to determine 
whether there is any significant extent of electric charge transfer 
between the two molecules when the complex is formed from its 
components. In the language of M~l l iken [~]  the question of 
interest is whether the complex is of the “inner” [BX]+ . . . Y - 
(strong binding, significant intermolecular charge transfer) or 
the “outer” B . . . XY (weak binding, minor intermolecular 
charge transfer) type. An additional aim is to examine whether 
rulesL4] for predicting the angular geometries of the hydrogen- 
bonded complexes B . . . HX also apply to B . . . XY complexes. 


A detailed characterisation of the complex formed by H,S 
and BrCl represents an important objective in achieving these 
aims for two reasons. First, it is generally acceptedi5] that 
the order of electron-acceptor ability among halogen or 
interhalogen molecules in forming complexes B .  . . XY is 
IC1> BrCl> I, > Br, > C1, , and hence BrCl is expected to lead 
to strong complexes and to enhance the possibility of charge 
transfer when involved in a complex with a given Lewis base B. 
Second, the hydrogen bonded H,S . . . HX complexes have a 
right-angled structure, that is, the H,S plane is approximately 
perpendicular to the S .  . . X axis,[61 a result that can be under- 
stood according to the rules if the HX axis is assumed to lie 
along the axis of a nonbonding electron pair carried by S. Such 
a structure for H,S. . . BrCl would be a strong indication that 
the rules also apply to B . . . XY complexes. 


[*] Prof. Dr. A. C. Legon and Dr. H. I. Bloemink 
Department of Chemistry, University of Exeter 
Stocker Road, Exeter EX44QD (UK) 
Fax: Int. code + (1392)263-434 
e-mail: ACLegon@jexeter.ac.uk 


In this paper we report the observation and characterisation 
of a complex formed between H,S and BrCl. This was achieved 
by using a Fourier-transform microwave spectrometer, fitted 
with a fast-mixing nozzle[71 to prevent any chemical reaction 
between the two species. The results are analysed in terms of 
geometry of the complex and electric charge redistribution with- 
in BrCl upon complex formation and are compared with those 
for a number of related complexes. 


2. Results 


2.1. Spectral analysis: The observed spectrum of each of the 
isotopomers was that of a nearly prolate asymmetric-top mole- 
cule with a large rotational constant A ,  and exhibited hyperfine 
structure characteristic of the presence of the two nuclei 
Br(f = 3/2) and Cl(1 = 3/2) on or close to the a axis of the 
complex. Frequencies of the observed transitions for the isoto- 
pomers H,S . . . 79Br35C1, H,S . . . s1Br3sC1, H,S . . . 79Br37C1, 
H,S...81Br37C1, HDS.’.  79Br35C1, HDS...8tBr35C1, 
D,S...79Br35C1 and D,S...81Br35C1 can be found in Ta- 
bles 1-4. When the complex geometry established in Section 2.2 
is used, the predicted rotational constants for the isotopomer 
H,S . . . 79Br35C1 are A = 141082.5 MHz, B = 1053.5502 MHz 
and C = 1053.0304 MHz, leading to a Ray’s asymmetry 
parameter K = - 0.999992. As might be expected, a-type transi- 
tions having K -  t 2 0 were not observed since these levels lie 
24.7 cm-’ in wave number above the K - ,  = 0 levels and are 
thus rotationally cooled in the supersonic expansion. The estab- 
lished geometry also implies a nonzero value of the c component 
of the electric dipole moment but transitions allowed by pc were 
predicted to lie outside the frequency range of our spectrometer. 
Hence, the observed spectrum consisted only of the pa transi- 
tions ( J  + J+l+Jo, J .  
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When K is so close to -1, the observed ( J +  l)o, J + l + J o , J  
transition frequencies of the complex can be fitted by using a 
Hamiltonian for a K = 0 symmetric-top molecule.ts1 The 
Hamiltonian operator H used is given by Equation (l), where 
HR is the rotational energy operator [Eq. (2)], HQ(x) is the 


HR = 1/2(Bo + C0)P - DJJ4 


energy operator describing the interaction of the electric 
quadrupole moment Q(X) (X = Br or Cl) with the electric field 
gradient VE(X) at the appropriate nucleus [Eq. (3)], and 


(3) 


HSR(X) is the energy operator describing the interaction of the 
magnetic dipole moment p(X) = g(X)p,Z(X) with the magnetic 
field strength B(X) at X resulting from the molecular rotation 
[Eq. (4)], where M(X) is the spin-rotation coupling tensor of 


HsR(x) = - Z(X) . M(X) . J (4) 


the nucleus X. The Hamiltonian H was set up in the coupled 
basis Z(Br) + Z(C1) = Z, Z + J = F and was diagonalised in 
blocks of F. The matrix elements of HQCx, and HSR(X) in this basis 
have been given e l ~ e w h e r e . ~ ~ ~  lo] The assignment of the observed 
transitions using labels and quantum numbers appropriate 
to this basis can be found in Tables 1-4. The spectro- 
scopic constants determined in the least-squares fit of transi- 


Table 1. Observed and calculated transition frequencies of H,S . . . 79Br35C1 and 
H,S. ..81Br35Cl. 


H , S . .  . 79Br35C1 H,S.. .81Br35C1 
J ' t l  I' P e l "  F' v,,,/MHz Av/kHz [a] v,,/MHz Av/kHz [a] 


4,,+3,, 0 4-0 3 
1 5-1 4 
2 5 t 2  4 
1 4-1 3 
2 6-2 5 
3 7 t 3  6 
1 3 t l  2 
3 6-3 5 
3 2 c 3  1 
3 4-3 3 
3 3 t 3  2 
2 3 t 2  2 
3 5 + 3  4 
2 4 t 2  3 


5,,+4,, 0 5 t O  4 
1 6cl 5 
2 6-2 5 
1 5 t l  4 
2 7 t 2  6 
1 4-1 3 
3 8-3 7 
3 7-3 6 
0 5 t l  5 
3 3 t 3  2 
3 4 + 3  3 
3 5-3 4 
3 2-3 1 
2 4-2 3 
2 3 t 2  2 
3 6 + 3  5 
2 5 t 2  4 


8417.4525 
8418.1225 
8418.9238 
8419.8583 
8419.8810 
8420.6516 
8420.6782 
8421 A679 


8440.9873 
8441.1485 
8443.2208 
8445.8237 
8447.4676 


10526.7425 
10527.4904 
10527,6082 
10528.1571 
10528.3620 
10528.3805 
10528.8066 
10529.1026 
10531.8930 
10540.2887 
10540.8016 
10541.3380 
10541.9318 
10542.6001 
10542,9563 
10543.7224 
10544.3926 


- 


0.1 
-0.2 
-0.7 


2.2 
0.9 
0.8 


-2.2 
-1.2 


0.4 
-1.5 


0.4 
0.0 
1 .o 


- 0.1 
-1.5 


0.7 
0.4 


-2.6 
6.0 


-1.2 
0.3 


-1.3 
0.1 


- 1.5 
1.8 


-0.1 
-1.1 
-0.8 


0.3 
0.6 


- 


8417.3298 
841 8.1 020 
8418.7930 
8419.1469 
8419.7469 
8420.5091 
8420.5722 
8421.0931 
8435.0607 
8437.1993 
8437.3536 
8439.0617 
8441.9396 
8443.2653 


10526.0417 
10526.8638 
10526.8929 
10527.4622 
10527.6498 
10527,6747 
10528.0914 
10528.4228 


10537.2471 
10537.9285 
10538.4356 


10539.5548 
10540.0230 
10540.7684 
10541.3380 


- 


- 


- 1.3 
1.7 


-1.1 
-2.6 


1.5 
1.4 


-0.9 
-0.6 
-0.4 


1.1 
0.5 
0.2 
0.2 
0.3 
0.0 
0.8 


-1.1 
2.6 


-3.5 
4.5 
0.5 


-0.8 


-0.6 
-0.3 
- 0.9 


0.9 
- 1.2 


0.7 
-1.6 


- 


- 
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Table 2. Observed and calculated transition frequencies of H,S'  ' 79Br37C1 and 
H,S. *1Br37CI. 


H,S . . . '9Br37C1 H,S. .  . 81Br37CI 
J ' t J ' '  f F e T  F' v,,/MHz Av/kHz [a] v,,,/MHz Av/kHz [a] 


4,,c3,, 0 4 t O  3 
1 5 c l  4 
2 5 t 2  4 
1 4+1 3 
2 6+2 5 
3 7-3 6 
1 3 c l  2 
3 6-3 5 
3 4+3 3 
3 5 t 3  4 


5,,+4,, 0 5 c o  4 
1 6 c l  5 
2 6 c 2  5 
1 5 c l  4 
2 7 6 2  6 
1 4 + l  3 
3 8 c 3  7 
3 7+3  6 
3 3+3  2 
3 4 + 3  3 
3 5 c 3  4 
3 6-3 5 
2 5 t 2  4 


8230.3397 
8230.7908 
8231.5049 
8232.2241 
8232.2564 
8232.8770 
8232.8770 
8233.2307 


- 
~ 


10292.5310 
10293.0725 
10293.2238 


10293.8128 


10294.171 6 
10294.3740 
10306.3002 
10306.5735 
10307.0254 
10308,9275 
10309.5405 


- 


- 


0.4 
-0.9 
-0.8 


1.8 
-1.9 


1.0 
-0.5 


0.8 
- 
- 


0.3 
-0.7 


1.2 


-2.9 


0.1 
2.0 


-0.2 
-1.3 


3.4 
-0.2 
-1.5 


~ 


- 


8230.6583 
8231.1618 
8231.7855 
8232.5174 
8232.5369 
8233.1490 
8233.2095 
8233.5775 
8250.5423 
8254.3457 


10292.3660 
10292.9422 
10293.0305 
10293.4618 
10293.6280 
10293.6605 
10293.9780 
10294.2221 
10303.7788 
10304.2194 
10304.6528 
10306.5339 
10307.0075 


-0.4 
-0.9 
-1.0 
- 1.5 


0.7 
0.1 
1.3 
0.2 
0.6 
0.9 


-0.7 
1.1 


-1.4 
-1.2 


1.9 
2.2 


-0.3 
0.9 
1.3 


-0.9 
0.3 


-0.1 
-3.1 


Table 3. Observed and calculated transition frequencies of HDS . . 79Br35CI and 
HDS ' .  81Br35CI. 


HDS . . . "Br3'CI HDS'  ' .  "Br"C1 
J ' - l  P F+T F' v,,/MHz AvlkHz [a] v,,/MHz AwlkHz [a1 


4,,+-3,, 1 5-1 4 
2 5+2 4 
1 4 t l  3 
2 6 t 2  5 
3 7 c 3  6 
3 6-3 5 
3 5-3 4 
2 4 c 2  3 


5,,t4,, 0 5 t O  4 
1 6 t l  5 
2 6-2 5 
1 5 t l  4 
2 7+2 6 
3 8-3 7 
3 7+3  6 
3 5 t 3  4 
3 6-3 5 
2 5+2 4 


8267.4997 
8268.3081 
8269.2380 
8269.2592 
8270.0311 
8270.5430 
8295.1687 
8296.8334 


10338.4654 
10339.2137 
10339.3310 


10340.0898 
10340.5311 
10340.8224 
10353.0411 
10355.4247 
10356.1019 


- 


-0.3 
1.2 
0.6 


-2.3 
0.4 
0.2 
0.0 
0.2 
0.0 
0.4 


-1.8 


1.0 
0.0 
0.7 
0.7 


-0.1 
- 0.9 


- 


8267.2637 
8267.9567 


8268.9074 
8269.6691 


- 


8291.0752 
8292.4156 


10337.4925 
10338.3162 
10338.3440 
10338.9105 
10339.1018 
10339.5404 
10339.8742 
10349.8743 
10352.2033 
10352.7810 


0.4 
-0.5 


-0.6 
-0.2 


1.3 
-0.5 
-1.1 


2.1 
-0.7 


1.3 
-1.7 
-0.2 


1.4 
0.5 
0.2 


-1.9 


- 


- 


tion frequencies using the Hamiltonian of Equation (1) are 


x,,(X) = - (eQ(X)/h)(a2 V/aa2),, and their values from the final 
cycle of the fit are shown in Table 5 for the eight isotopomers 
investigated. Also included in Table 5 are the standard devia- 
tions of the fits, 0. For each isotopomer, o is smaller than the 
estimated error in the frequency measurement; this indicates 
that the Hamiltonian used was adequate, although Mbb(Cl) is 
barely significant. 


1/2(B0 + Co)? DJ, X..(Br), Xm(Cl)> Mbb(Br) and Mbb(C1), where 


2.2. Structure of the complex: The observed changes in 
(B ,  + C,)/2 upon isotopic substitution (see Table 5 )  are consis- 
tent only with the order S...Br-Cl of the heavy atoms. The 
small deviations of X,,(Br) and ~,,(cl)  from the free BrCl values 
imply that the heavy atoms are collinear or nearly so, a result 
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Table 4. Observed and calculated transition frequencies of D,S. . 79Br"C1 and 
D2S . "Br3'CI. 


D,S . . 79Br35CI D,S ...81Br"Cl 
J ' c J "  P F-I" F' v,/MHz Av/kHz [a] v,,,/MHz AvlkHz [a] 


4,,+3,, 0 4 t 0  3 
1 5-1 4 
2 S t 2  4 
1 4 c l  3 
2 6 t 2  5 
3 7 c 3  6 
3 6+3  5 
3 4-3 3 
3 5-3 4 
2 4 t 2  3 


5,,t4,, 0 5 t O  4 
1 6 t l  5 
2 6-2 5 
1 5 t l  4 
2 7+2  6 
3 8 t 3  7 
3 7-3 6 
3 4 t 3  3 
3 5 t 3  4 
2 4-2 3 
2 3-2 2 
3 6 + 3  5 
2 5-2 4 


8123.6850 
81 24.3520 
8125.1597 
8126.0892 
8126.1 116 
8126.8794 
8127.3887 
8147.1563 
8 15 1.9847 
8153.6685 


10159.5309 
10160.2772 
10160.3980 
10160.9439 
10161.1533 
101 6 1.5942 
10161.8809 
10173.5596 
10174.0868 
10175.3671 
10175.7059 
101 76.4675 
10177.1541 


0.1 
0.3 


-0.9 
1.3 


-1.9 
-1.3 


1.7 
0.0 
1.5 


-0.8 
0.0 
0.6 
0.1 


-0.8 
0.9 
0.5 


-0.3 
1.9 


- 0.9 
-0.9 
-0.6 


0.0 
-0.4 


~ 


8123.8904 
8124.5878 


8125.5378 
8126.2971 
8126.8794 


8147.6786 
8149.0356 


10158.2845 
10159.1033 
10159.1339 
10159.6996 
10159.8903 
10160.3284 
10160.6571 
10170.1462 
101 70.6507 
10171.7790 


10172,9762 
10173.5596 


~ 


- 


- 


- 


-1.6 
-1.3 


-0.4 
-0.2 


2.4 


0.5 
0.6 
1.2 
1.9 


-1.0 
0.5 


- 1.6 
0.9 


- 0.3 
1.2 
0.8 


-0.7 


-0.3 
- 2.6 


~ 


- 


- 


established in detail in Section 2.3. In the model used to deter- 
mine the geometry of the complex, the monomer geometries 
(Table 6)["* 12]  are assumed to be unchanged upon complex 
formation; thence only the angles 0 and 4 and the distance 
r(S . . . Br) defined in Figure 1 are required. By keeping the angle 
0 fixed at 0" (as dictated by the conclusion of Section 2.3), a 
value of the bond length r(S . . . Br) for each angle 4 can be 


Table 5. Ground-state spectroscopic constants of eight isotopomers of H,S . . - BrCI. 


t b  


Fig. 1. Definition of  the angles q4 and 0 and the distance r (S . . .Br)  used in the 
discussion of the complex geometry. The principal inertial axes a and b are also 
indicated. 


calculated by fitting the observed value (B, + C,) for the isoto- 
pomer H,S. . . 79Br35C1 (the parent complex). In this way, 
pairs of r(S ... Br) and 4 values that reproduce (B, + C,) 
are established. For each pair of quantities, ( B  + C) is calculat- 
ed for the deuterated isotopomers D,S. . . 79Br35C1 and 
HDS . . . 79Br35C1, so that the difference A(B + C) in ( B  + C) 
between the parent complex and each of the deuterated com- 
plexes can then be obtained as a function of the angle 4; this 
results in the curves shown in Figure 2. The observed values of 
A(Bo + C,,) are indicated by the solid lines and lead to 
4 = 96.1 (13)" and r(S . . . Br) = 3.094(6) 8, when the isoto- 
pomer D,S...BrCl is used and 4 = 95.9(13)' and 
r(S . . . Br) = 3.094(7) 8, for the HDS . . . BrCl isotopomer. 
With the average value of 4 = 96.0(13)' (and thus 
r(S . . . Br) = 3.094(7) A), the difference between the observed 
and calculated (B + C)/2 for all investigated isotopomers are as 
shown in Table 7. The errors in 4 and r(S . . . Br) were estimated 
by assuming a deviation of f 10" of the S . . . Br-Cl nuclei from 
collinearity (see Section 2.3). 


'/,(B0 + C,)/MHz D,/kHz x..(Br)/MHz x,(CI)/MHz M,,(Br)/kHz Mbb(Cl)/kHz u/kHz [c] 


H I S . .  . 79Br''CI 1053.2903(1) 0.503 (3) 885.96(4) -93.78(1) -3.3(3) -0.1 (1) 1.7 
H,S~~. '1Br35CI 1053.1513 (1) 0.504(2) 740.14 ( 3 )  -93.78 (1) -3.8(3) 0.0(2) 1.7 


H,S . . '9Br37C1 1029.8354(1) 0.483 (3) 886.30(5) - 73.90(2) -4.1 (3) - 0.5 (2) 1.8 


H,S. ..81Br37C1 1029.7484 (1) 0.473 (2) 740.32 (3) -73.92 (1) -4.2(3) -0.1 (1) 1.4 


885.98(4) [a] 


-93.77(3) [b] 


886.20(4) [a] -93.80(1) [b] 
HDS . .. 79Br3SCI 1034.4613 ( 1 )  0.487 (1) 885.95 (2) -93.68(1) -4.0(2) 0.3(2) 1.1 


D,S . . . 79Br3'CI 1016.5661 (1) 0.466(2) 885.87 (2) -93.43 (1) - 3.4 (2) 0.1 (1) 1.1 
D,S.. .81Br3SC1 1016.3731 (1) 0.475(2) 739.84(3) -93.53(2) -1.8(3) 0.7(3) 1.5 


HDS~~~"Br' 'C1 1034.2958 (1) 0.499(2) 739.87 (3) -93.66(2) - 2.0 (3) -0.2(2) 1.4 
885.66(4) [a] 


885.62(4) [a] 


[a] The observed x.,("Br) multiplied by the ratio Q(79Br)/Q(81Br) from ref. [12]. [b] The observed X J ~ ~ C I )  multiplied by the ratio Q(35Cl)/Q(37CI) from ref. [12]. [c] The 
u are the standard deviations of the fits reported in Tables 1-4. 


Table 6. Spectroscopic and geometric properties of H,S [a] and BrCl [b]. 


H2S 310182.24 270884.05 141705.88 
HDS 292351.30 147861.80 96704.1 2 
DzS 164571.12 135380.31 73244.07 


4559.3827 (1) 
4524.8598 (1) 
4388.9109 (1) 
4354.3855(1) 


t H S H  =92.13" 
r,(S-H) =1.3518A 


875.309(1) -102.450(2) ro = 2.138766 A [c] 
731.223 (1) - 102.451 (2) 
875.304(1) - 80.740 (2) 
731.219(1) -80.740(2) 


[a] Ref. [ I l l .  [b] Ref. [12]. [c] Calculated from the rotational constants. 
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Fig. 2. The calculated difference A(B + C) in ( B  + C) between H,S.."9Br35C1 
and D,S ' .  . 79Br35CI and between H,S ' .  79Br35C1 and HDS ' .  79Br35C1, respec- 
tively, as a function of the angle 4. The experimental values A(Bo + C,) are indicat- 
ed by the horizontal lines. 


Table 7. Observed and calculated values of ' / ,(B + C) and stretching force constant 
k, for eight isotopomers of H,S ' .  BrCl [a]. 


H,S ...'9Br35C1 
HIS... *'Br"Cl 
H,S ... 79Br37C1 
H,S ... "Br3'C1 
HDS ...79Br35C1 
HDS...s1Br35C1 
D,S... 79Br35C1 
D,S ...81Br35C1 


1053.2903 
1053.1513 
1029.8354 
1029.7484 
1034.4613 
1034.2958 
1016.5661 
1016.3731 


1053.29 
1053.29 
1030.07 
1029.95 
1034.47 
1034.26 
1016.53 
1016.29 


12.17 
12.15 
11.84 
12.10 
12.19 
11.91 
11.86 
12.17 


~ _ _ _  


[a] The calculations were done with 6 = 96.0" and r(S. Br) = 3.094 A. 


The large angle 4 x 96" is consistent with a permanently pyra- 
midal configuration at S, with no inversion to the equivalent 
form with 4% - 96" on the timescale of this experiment. As 
discussed el~ewhere"~] for H,S . . . CI,, the absence of inversion 
splitting and pa transitions involving K- > 0 supports the con- 
clusion that pc is nonzero. On the other hand, K _  ' = 1 transi- 
tions are observed in related molecules like H,P . . . Cl,, in which 
pc is identically zero.['41 


2.3. Interpretation of the nuclear quadrupole coupling constants : 
The nuclear quadrupole coupling constants x,,(Br) and x,,(Cl) 
contain information about the electric charge redistribution in 
the BrCl subunit upon complex formation and the collinearity 
of the heavy nuclei in the complex. The first obvious conclusion 
is that the observed values x,,(Br) and x,,(CI) do not differ 
dramatically from the free BrCl molecule values xo(X); the dif- 
ferences are only + 1.2% and -8.8 YO, respectively (see Table 6 
for the free-molecule values" ', ''I). 


The small deviation of x,,(Br) and x,,(CI) from the free- 
molecule values can be attributed to three effects. First, there is 
the change in the electric field gradient (e.f.g.) at the Br or C1 
nucleus that arises from the proximity of the electric charge 
distribution of the H,S subunit in the complex. As in other 
B . . . XY complexes (where B is a Lewis base and XY an (in- 
ter)halogen) this causes the inner coupling constant xo(X) to 
increase in absolute value and the outer constant xo(Y) to de- 


crease in absolute value relative to the free molecule, to give the 
modified quantities xb(X) and xb(Y), respectively.[' 51 Second, 
the observed x,,(X) (X = Br or Cl) is the projection of xb(X) 
through the angle B onto the a axis of the complex (see Fig. 1). 
This effect will decrease both x's in absolute value by the factor 
P,(cosO). Third, angular oscillation of the BrCl subunit will 
similarly decrease the magnitude of both x's by the factor 
< P,(cosp) > . If there is no variation of the xb(X) with the angu- 
lar oscillation of the H,S subunit, we can derive Equation ( 5 ) ,  


where X = Br or C1, &(X) is the nuclear quadrupole coupling 
constant along the BrCl axis z ,  but changed from the free- 
molecule value only as a result of the modified e.f.g. at the 
halogen nucleus X following complex formation and 
P,(cosct) = '/,[3 cos2(cc) - 11 is the appropriate projection term 
for the angle ct = 0 or p. 


The angle 0 can be established approximately by considering 
the effect of dideuteration of the H,S subunit on the x,,(X) 
values. We can use either x.,('~B~) or x,,(81Br) or xaa(35C1) for 
this purpose, since the appropriate values are available (see 
Table 5). Substitution of H,S by D,S causes a rotation of the a 
axis of the complex through an angle 68. It is a reasonable 
assumption that this substitution does not affect the angular 
oscillation of the BrCl subunit, and that < P2(cosp) > therefore 
remains unchanged. If we further assume that xb(X) remains 
unaffected (i.e., there is no change in the e.f.g. along the BrCl 
axis resulting from D substitution), x(X) will change only 
through the term P,(cosB) in Equation (5) and hence we can 
derive Equation (6). The angle 68 can be calculated by using 


the geometry of the complex obtained in Section 2.2, that is, 
with the S . . . BrCl nuclei collinear. The result is 60 = 0.591" for 
both H,S . . . 79Br35C1 and H,S.. . 81Br35C1 as the parent mole- 
cule. Equation (6) leads to B = 0" for X = 79Br and O = 0.4" for 
X = "Br when H,S.. . '9Br35C1 and H,S . . . 81Br35C1 are the 
parent molecules, and to 8 = 6 and 4.6" for X = 35Cl when 
H , S . .  . 79Br35C1 and H,S . . . 81Br35C1, respectively, are the par- 
ent molecule. We conclude that B is indeed small, in agreement 
with the requirement 8 = 0.6" when the S...BrCl nuclei are 
collinear. As shown in Section 2.2 a deviation of S . . . BrCl from 
collinearity by f 10" has little effect on the angular geometry 
derived for H,S . . . BrC1. We shall assume collinearity in what 
follows and set P,(cosB) FZ 1. 


To calculate xb(X), a value for the oscillation angle p needs to 
be estimated. It has been that, for complexes in which 
an HX subunit is undergoing a two-dimensionally isotropic an- 
gular oscillation /I, pa, scales as (k&,)-1'4, where Z, is the mo- 
ment of inertia of the subunit undergoing the oscillation and k, 
is the angle bending force constant. Since k,  = 12.1 Nm-' for 
H,S. . . BrCl (see Section 2.4) is almost identical to that of the 
complex NH3...C1, (k ,  =12.7Nm-', p,, =7.5"["1), we as- 
sume that k, is the same for both and hence that the p,, will be 
in the ratio of Zil4 for C1, and BrCl, leading to pa, = 6.7". By 
using Equation ( 5 ) ,  this results in &(Br)z920 MHz and 
xb(C1) % - 97 MHz. Indeed, &(X) has increased in magnitude 
for the inner of the halogens (Br) and decreased for the outer 
one (Cl) compared to their respective free monomer values. For 
both nuclei, the difference between &(X) and xo(X) is approxi- 
mately 5 %, which means that any significant charge redistribu- 
tion within the BrCl subunit can be ruled out, since this would 
lead to much larger differences from the monomer values (com- 
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pare, e.g., ~ ( ~ ~ c l )  = - 5.64 MHz in Na+CI-['8] to the free C1, 
value of - 11 1.8 MHz["]). 


It is possible to interpret x,,(X) and estimate the fractional 
electronic charge 6 that can be assumed to be transferred from 
Br to CI when H,S . . . BrCl is formed. In case of B . . . C1, com- 
plexes it has been shown that 6 is given by Equation (7), where 


(7) 


i = inner and o = outer. In this expression for 6 the effects of the 
angular oscillation of the BrCl subunit cancel between the nu- 
merator and denominator. It has been demon~trated['~] for 
complexes of the type B . . . C1, that '/,{xaa(Cli) + 
xaa(Clo)} z xO(Cl), the free C1, coupling constant. Hence Equa- 
tion (7) can be rewritten in good approximation as Equa- 
tion (8). Thus, 6 is half the difference between the relative 


change in x,,, of the inner and outer halogen nuclei. If this also 
holds for a B . . . BrCl complex, the corresponding expression 
[Eq. (9)] is obtained. Equation (9) leads to 6 ~ 0 . 0 5 e  for 


(9) 


H,S . . . BrC1, which represents a small electric charge redistribu- 
tion within the BrCl subunit upon complex formation and indi- 
cates a relatively weak interaction between the two subunits. 


2.4 Strength of the interaction: The conclusion of a weak inter- 
molecular interaction established in the previous section is rein- 
forced when the intermolecular stretching force constant k, is 
considered. For an asymmetric-rotor complex B . . . XY in 
which the XY subunit is perpendicular to the plane of the nuclei 
of the planar subunit B, k, can be calculated from the observed 
spectroscopic constants by using expression (lo), valid in ap- 
proximation of unperturbed rigid subunits and negligible cubic 


and higher force constants.[201 Here, A ,  is the quartic centrifugal 
distortion constant appropriate to the Watson A reduction,["] 
p = mH2SmBrCl/(mH2S + mBrCI), Bo and Co are the rotational con- 
stants of the complex and BHZs, BBrCl, etc. are the rotational 
constants of the monomers (see Table 6 ) .  B,  and Co can be 
obtained separately by calculating (Bo - C0)/2 from the com- 
plex geometry of Section 2.2 and combining this with the ob- 
served (Bo + C0)/2, respectively. We have assumed that D, de- 
termined here can be used in place of d ,. This leads to the k,  
values shown in Table 7, where the average of all observed isoto- 
pomers isk, =12.1(2)Nm-'. 


3. Discussion and Conclusions 


plane nearly perpendicular to the S . . . Br-CI axis. The distance 
S . . . Br is found to be 3.094(7) A. This structure is what can be 
expected when the rules[41 previously enunciated for hydrogen- 
bonded complexes B . . . HX are applied to B .  . . XY. The con- 
ventional picture of the electronic structure of ground state H,S 
is that the S-H bonds are formed from pure 3p, and 3p, or- 
bitals of S, in accord with the observed angle HSH ~ ~ 9 0 ' .  The 
nonbonding electron pairs on S are then envisaged as occupying 
sp hybrid orbitals, each of which makes an angle of 90" with the 
plane of the H,S nuclei. The observed angular geometry of 
H,S. . . BrCl can then be understood if it is assumed that it is 
largely electrostatically determined and that the polar subunit 
"BrC1'- lies along the axis of one of the nonbonding electron 
pairs on S. There is evidence that the angular geometries of 
several other B .  . . BrCl complexes['] and an extended series of 
B . . . C1, complexes['] can be rationalised on a similar basis. 


Both the intermolecular stretching force constant k, 
(= 12.1 (2) Nm- ') and the intramolecular electric charge redis- 
tribution 6 ( z  0.05 e) from Br to C1 indicate that intermolecular 
interaction within the complex is relatively weak. It therefore 
seems unlikely that a significant extent of charge transfer be- 
tween H,S and BrCl has occurred. The complex can thus be 
described as an "outer" type in Mulliken's language. This con- 
clusion has also been reached for several other B .  . . BrCl and 
B . . . C1, complexes, as discussed elsewhere.", 'I 


When a series of B...BrCl complexes is compared with 
B . . . HBr it has been shown['' that for most B's the B . .  . Br 
distance is approximately 0.8 8, shorter for the B . . . BrCl com- 
plexes than for the B. .  . HBr complexes. A similar trend has 
been observed for B . . . CI, and B . . . HCI complexes['] and was 
ascribed, in part at least, to an anisotropy in the van der Waals 
radius of the C1 atom. For the H,S...BrCl, the difference is 
0.897 A. and is consistent with the earlier observations. 


Experimental Procedure 
By using a fast-mixing nozzle in our Fourier transform microwave spectrometer, 
complexes of H,S and BrCl were formed, but any chemical reaction was prevented. 
Detailed descriptions of the fast-mixing nozzle [7] and the spectrometer [22,23] are 
given elsewhere. A mixture composed of approximately 2% of H,S (Argo Interna- 
tional) diluted in argon was pulsed via a Series 9 (General Valve Corp.) solenoid 
valve from a stagnation tank at a pressure of = 3  bar down the outer Teflon tube of 
the fast-mixing nozzle into the evacuated Fabry-Ptrot cavity of the spectrometer. 
BrCl was flowed continuously through the inner glass capillary of the nozzle to give 
a pressure of = 2 x mbar in the vacuum chamber. The complexes H,S . . . BrCl 
formed at the interface of the BrCl flow and the H,S gas pulses were observed by 
rotationally polarising them with microwave radiation of appropriate frequency 
and monitoring the subsequent spontaneous emission in the conventional manner. 
D,S was made by dropping D,O (Aldrich) onto aluminium sulfide (Aldrich) under 


The pre-reactive complex of H,S and BrCl has been isolated and 
characterised by using a pulsed-nozzle Fourier-transform mi- 
crowave spectrometer. The complex was found to be of C, sym- 
metry with the S . . . Br-Cl nuclei collinear and the H,S in a 


10180.1 10160.2 10160.3 10160.4 10160.5 10160.6 10160.7 
frequency /MM 


Fig. 3. Recorded frequency spectrum of two transitions in the &+4,, band of 
D,S . . BrCI. The assignment of I and Fvalues can be found in Table 4. The signal 
is averaged over 88 gas pulses. 
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vacuum conditions and HDS by using a 50j50 mixture of H,O and D,O instead of 
pure D,O. BrCl was made by mixing chlorine gas (Aldrich) with bromine vapour 
(Aldrich) in equal amounts. The isotopomers of complexes containing 79Br35C1 , 
81Br35CI, 19Br3’CI and 81Br37C1 were observed in natural abundance. 
Observed transitions carried an extensive hypertine structure arising from the pres- 
ence of the electric quadrupole moments of the Br and CI nuclei, which lead to 
coupling of the nuclear spin and the molecular framework angular momenta. A 
spectrum consisting of a few of these individual hyperfine components is shown In 


Figure 3. Each component has a FWHM of x15-20 kHz, allowing frequency 
measurement with an accuracy of =2  kHz. The hyperfine splitting due to the deu- 
terium nuclear quadrupole moment was too small to be resolved in species contain- 
ing HDS and D,S. 
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Synthesis and Properties of 4,4,9,9-Tetramethyl-l-oxa-cycloundecane- 
5,6,7,8-tetrone and 5,5,10,1O-Tetramethyl-l-oxa-cyclotridecane-6,7,8,9-tetrone 


Rolf Gleiter," Uwe Ackermann, Thomas Oeser, and Hermann Irngartinger 
Dedicated to Professor Richard Neidlein on the occasion of his 65th birthday 


Abstract: The synthesis of 4,4,9,9-te- 
tramethyl - 1 - oxa-cycloundecane - 5,6,7,8 - 
tetrone (9) and 5,5,10,1O-tetramethyl- 
l-oxa-cyclotridecane-6,7,8,9-tetrone (10) 
has been achieved in a multistep proce- 
dure. The key steps in this synthesis were 
the ring closure of 23 and 24 to 25 and 26, 
respectively, and the oxidation of the 
triple bond with RuO,/NaIO, to the dihy- 
droxydiketones 31 and 32. Compound 9 is 
the first cyclic tetraketone for which an 
intramolecular donor-acceptor stabiliza- 
tion has been found. A strong transannu- 


Introduction 


lar interaction between the ether oxygen 
and the C404 unit in 9 was detected by 
X-ray studies on single crystals of 9. The 
transannular distance is 2.7-2.8 A. Fur- 
ther evidence for a strong transannular in- 
teraction was obtained from the compari- 
son of the reduction potential and the first 


band in the UV/Vis spectrum with the 
corresponding values from other open- 
chain tetraketones. These findings were 
substantiated by PE investigations on 9. 
The crystal structures of the dihydroxy- 
diketones 31 a and 32 a showed that, in the 
case of the eleven-membered ring (31 a), 
there are also short transannular distances 
between the ether oxygen and the C,O, 
moiety (2.5 A and 2.9 A). In the case of 
the thirteen-membered ring (32a), no 
transannular interactions were found in 
the solid state. 


I - X The tri-['] tetra-I2I, and pentaketones['I are known members of 
the family of vicinal polyketones. They are of interest with re- 
spect to their reactivity towards nucleophiles, their photochem- 
istry, and as acceptor groups for forming complexes with 


are of interest in so far as the dihedral angles between the CO 


the ring size is thus possible. There are several procedures avail- 


one method has been published for the synthesis of cyclic vicinal 


ature were either hydrates, such as 1 and 2,181 or were conjugated 
with strong electron-donor fragments, such as in rhodizonic 
acid (3) .Ig1 


(CH&ficooH ( (cHl)n<cooR 


donors.[4, Cyclic vicinal polyketones of medium-sized rings 4 5 


groups are defined and a study of the properties as a function of 


able for the preparation of cyclic vicinal trike tone^,[^] but only 


pH*)"); [(cHz)n) 


OSiYe3 - --c 


OSiMe, - - x -- 
tetraketones.t6s '1 Other cyclic tetraketones described in the liter- (W). (CHz). 


6 7 


1 2 3 Scheme 1. Key steps to synthesize cyclic tetraketones. 


The key steps of a recently described synthesis of cyclic vicinal 
tetraketones,"" summarized in Scheme 1, are the Arndt-Eis- 


sation (5 6), and the oxidation of the bis(silyl) 
ethers of type ,. This protocol has a number of shortcomings, 


when X was a nucleophilic atom such as 0 or N,I'O1 due to faster 
intramolecular rearrangment of the neopentyl fragment in an 
SN' reaction. Furthermore the bis(eno1 ether)s such as 7 could 
be obtained only for ring sizes larger than eleven.['01 


tert procedure for chain (4 + 5, > the acyloin conden- 


[*] Prof. Dr. R. Gleiter, Dr. U. Ackennann, Dr. T. Oeser, Prof. Dr. H. Irngartinger 


The step from the 4 to the homologous diester 5 failed 


Organisch-Chemisches Institut der Universitlt Heidelberg 
Im Neuenheimer Feld 270. D-69120 Heidelberg (Germany) 
Fax: Int. code +(6221)564-205 
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In this paper we report a new reaction pathway that over- 
comes the above-mentioned limitations. We report the synthesis 
of 4,4,9,9-tetramethyloxacycloundecane-5,6,7,8-tetrone (9) and 
its congener 5,5,30,3O-tetramethyloxacyclotridecane-6,7,8,9- 
tetrone (10). 


9 I0 


Results and Discussion 


Synthesis: We started our synthesis with the diols 11 and 12, 
prepared by conventional methods as described recently.['OIThe 
diols were treated with one mole of triisopropylsilyl trifluoro- 
methanesulfonate (TIPS triflate)" 'I in a dilute solution to give 
the monoprotected alcohols 13 and 14, respectively (Scheme 2). 
The oxidation of the alcohol function with pyridinium 
chlorochromate (PCC)['21 gave the corresponding monoalde- 
hydes 15 and 16 in good yields. A C, unit was introduced by 
reaction of 15 and 16 with the dilithium salt of acetylene (Li,C,) 
to yield the ynols 17 and 18, respectively. Protection of the 
secondary alcohol group with dihydropyran (DHP)" 31 in pres- 


n=2 11 
n-3 12 


n=2 13 
n=3 14 


n=2 15 
n=3 I6 


n=2 17 
n=3 18 


n=2 19 
n=3 20 


n=2 21 
n=3 22 


n=2 23 s 2  25 
n-3 24 rr3 26 


Scheme 2. Synthesis of 25 and 26. a)TIPS triflate/2,6-Lutidine; b)PCC/AOX; 
c)Li,C,/THF; d)DHP/PPTS; e)NBu,F; f)LBTSA. 


ence of pyridinium p-toluenesulfonate (PPTS) and removal of 
the TIPS protecting group at the primary alcohol with tetra- 
butylammonium fluoride ( ~ B u , N F ) [ ~ ~ ]  yielded 21 and 22. Oxi- 
dation of the primary alcohol function with PCC yielded the 
aldehydes 23 and 24. The ring of 23 and 24 was 
achieved by deprotonation in situ with lithium bis(trimethy1si- 
1yl)amide (LBTSA) . This yielded the eleven- and thirteen-mem- 
bered rings 25 and 26 in excellent yields. 


The OH function in 25 and 26 was protected by reaction with 
isopropyldimethylsilyl chloride (IPS-C1)['61 to yield 27 and 28. 
The triple bond could then be oxidized with RuO,/N~IO,~"~ in 
excellent yields to afford the yellow diketones 29 and 30. Depro- 
tection with ion exchange resins (Bio-Rad)"*l and oxidation of 
the dioldiones 31 and 32 with NBS["] yielded the desired te- 
traketones 9 and 10 (Scheme 3). Both compounds are red; 9 is 


n=2 25 
n=3 26 


n=2 27 
n=3 28 


n=2 28 
n=3 30 


n=2 31. n=2 31b 
n=3 32a n=3 32b 


n=2 31a+31b n=2 9 
n=3 328+32b 1-133 10 


Scheme 3. Synthesis of 9 and 10. a)IPS-C1/2,6-lutidine; b)RuO,/NaIO,; c)Bio- 
Rad; d)NBS/CCI,. 


crystalline while 10 is an oily liquid. The synthetic protocol 
presented in Schemes 2 and 3 is superior to that used earli- 
er,[63 '* lo] since all steps afforded yields of between 60 and 90 %, 
all reactions were fast, and there were no problems with in- 
tramolecular rearrangements due to SN' reactions. 


Crystal Structures of 31a, 32a, and 9: We were able to grow 
single crystals of 31 a, 32 a, and 9. The molecular structures are 
shown in Figures 1-3. Our motivation for investigating the 
molecular structure of 31 and 32 was twofold: 1) we wanted to 
investigate conformational differences between the eleven- and 
thirteen-membered rings and 2) we were interested in the con- 
figurations of the diastereoisomers 31 a/b and of 32a/b. In the 
oxidation of 7 with m-chloroperbenzoic acid (m-CPBA (Rubot- 
tom reaction,", Scheme 1) the ratio of the two diastereomers 
32a and b was found to depend strongly on the solvent used.["] 
We ascribed this to the fact that two different reaction mecha- 
nisms were operating: In methylene chloride, we assume that the 
monoepoxide rearranges before the second double bond is oxi- 
dized. For steric reasons this rearrangement yields mainly the 


~ 
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Fig. I .  Crystal structure of 31a 


Fig. 2. Crystal structure of 32a (only one of two independent molecules is shown). 


Fig. 3. Crystal structure of 9. 


"syn" isomer 32a ((R,S) configuration at the secondary alcohol 
functions). In ether the bisepoxide is relatively stable (an inter- 
mediate bisepoxide can be isolated) and rearranges to the "anti" 
isomer 32b ((R,R) or (S ,S)  configuration at the secondary alco- 
hol functions) .[''I 


In the crystal structure of 32a (Fig. 2) the asymmetric unit 
contains two independent molecules 32 a and 32 a', which have 
very similar conformations. Our investigations showed a pro- 
nounced difference between 31 a and 32 a: in 31 a the distances 
between the ether oxygen 0 1 and the carbon atoms C 5 and C 6 
of the C,O, unit are shorter than the sum of the van der Waals 
radii of C and 0 (3.1 A) (Table 1); in 32a the corresponding 
distances are longer than 4.6 A. We ascribe the short distance in 
31 a to a donor-acceptor interaction between the ether oxygen 
and the C,O, acceptor group. This interpretation is supported 
by cyclovoltamrnetric studies on 31 and 32. The recorded half- 
wave potential of 31 a and 31 b is 160-200 mV higher than that 


Table 1. Selected geometrical parameters (distances in A, torsional angles in ") of 
31 a and 32a. The numbering refers to that shown in Figures 1 and 2. 


31 a 32 a 32 a' 


c 4 - c 5  1.511 (3) C5-C6 1.525 (3) 1.519(2) 
C5-C6 1.530 (2) C6-C7 1.531(3) 1.535(2) 
C6-C7 1.534(3) C7-C8 1.515(2) 1.514(2) 
0 3 - C 5  1.210(2) 0 3 - C 6  1.206(2) 1.208(2) 


O I . . . C 5  2.574(2) O I . . . C 6  4.615(2) 4.548 (2) 
0 1 , , , C 6  2.913(2) O I . . . C 7  5.291(2) 5.234(2) 


0 3 - C  5-C6-04 - 114.4(2) 03-C6-C7-04  - 130.7 (2) 130.6(2) 


0 4 - C 6  1.21 5 (2) 0 4 - C 7  1.208 (3) 1.211 (3) 


of 32a and 32b, respectively (Table 3, see below). There is no 
signifigant change in the bond lengths in the C,O, unit between 
31 a and 32 a. The only difference is in the torsional angle be- 
tween the (CO) units, which is 114" for 31a and 131" for 32a 
(Table 1). Between the hydroxyl group 05-H22 and the keto 
oxygen atom 0 4  in 32a and 32a' there is an intramolecular 
hydrogen bond(O4 . . . 05  = 2.640(2),04'.. .05' = 2.637(2), 
0 4 . . . H 2 2  = 2.22(2), 04 ' . . -H22 '  = 2.15(3)&. The second 
hydroxyl group 0 2-H 20 forms an intermolecular hydrogen 
bond to an ether oxygen atom of a neighboring molecule 
[ 0 2  . . . O  1* (1 - x, 0.5 + y ,  1.5 - z )  = 2.809(2) A; 02' . . . O  I*' 
(2 - x, -0.5 +y,  1.5 - Z)  = 2.748(2) A]. 


In the crystal, compound 9 has a twofold rotational axis of 
symmetry. Like 31a, 9 has relatively short transannular dis- 
tances of 2.703(2) and 2.794(2) 8, between the ether oxygen 
atom and the carbonyl carbon atoms of the C,O, moiety (see 
Table 2). 


Table 2. Selected geometrical parameters (distances in A, torsional angles in ") of 9, 
33, and 34. 


9 33 [71 34a  [21 a] 34b [21 b] 


0 2 - C 4  1.210(2) 1.203 (5) 
1.206(5) 


0 3 - C 5  1.202(2) 1.208(5) 


c 3 - c 4  1.519(2) 1.522(6) 
1.527(6) 


c 4 - c 5  1.529(2) 1.541 (6) 
1.543 (6) 


c 5 - c 5 *  1.534 (2) 1.541 (6) 
0 1 , . . c 4  2.703 (2)  
O l . . . C 5  2.794(2) 


02-C4-C 5-03  - 130.2(2) - 141.2(4) 
- 145.414) 


03-C5-C5*-03* 107.1(2) -132.7(4) 


1.201 (5) 


1.221 (3) 1.218 
1.220(3) 
1 .I94 (4) 1.196 
1.200 (4) 
1.465(3) 1.463 
1.465(3) 
1.522(4) 1.541 
1.5 12 (4) 
1.552(4) 1.523 


144.6 144.1 
128.4 


-24.2 128.5 


In the tetrone moieties of cyclic compounds 9 and 33, which 
have aliphatic substituents, the C-C bond lengths are equal 
within the accuracy of measurement. The O=C-C=O torsion 
angles are of the same order of magnitude in both compounds 


0 0: R-(CO),-R (3 0 
33 34a: R-Ph 35 35 


34b: R = W  
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(Table 2). The C-C bond lengths in the tetrone units of the 
open-chain analogues 34a and 34b, which have aromatic sub- 
stituents, are slightly different to those in 9 and 33, as a result 
of the different torsion angles and of substituent effects 
(Table 2) .["I 


spectum of 9 with that of 35LZ51 and tetrahydropyran 
(Fig. 5).[231 The bands at 8.5, 9.6, and 10.3 eV in the PE spec- 
trum of 9 can thus be assigned to ionizations from various 
combinations of lone pairs at the oxygen atoms of the carbonyl 


Reduction Potentials, UV/Vis Spectra, and PE Spectra: We com- 
pared the reduction potentials (Table 3) and first two bands in 
the UV/Vis spectra (Table4) of 9 and 10 with those of the 
tetraketones 33,35, and 36, which also have alkyl groups adja- 
cent to the (CO), moiety. A pronounced difference was found 


Table 3. Half-wave reduction potentials of the tetraketones 9, 10, 33, 35, and 36, 
and the dihydroxydiketones 31a, 31 b, 32a, and 32b. 


Ell2 lmvl El, ,  bvl  


9 -810 31 a -1180 
10 - 660 31 b -1240 
33 -685 32 a - 1020 
35 - 630 32 b - 1008 
36 - 630 


Table 4. First bands of the UV/Vis Spectra of 9, 10, 33, 35, and 36 (wavelength 1 
in nm, the extinction coefficient E in Lmol-'cm-'). 


b 0 10 ii I.E.(eV) 


Fig. 5. Correlation between the first bands in the PE spectra of 9.35, and tetrahy- 
dropyran. 


9 
10 
33 
35 
36 


400 (27) 
512 (25) 
507 (59) 
525 (85) 
533 (87) 


362 (64) 
380 (132) 
402 (42) 
386 (76) 
385 (87) 


between the value of the first half-wave potential of 9 and those 
values recorded for the other compounds. We ascribe this to a 
through-space interaction in 9 between the lone pair at the ether 
oxygen and the lowest unoccupied ?I* orbital (LUMO) of the 
C40, moiety. This interaction destabilizes the lowest ?I* MO 
and stabilizes the n orbital. As a result the reduction potential is 
higher. The destabilization of the LUMO in 9 is also confirmed 
by a blue shift of the first two bands in the UV/Vis spectra as 
compared to the bands recorded for 10, 33,35, and 36. Owing 
to the low intensity of the first bands, it is safe to assign these 
bands to n * e n  transitions localized at the C404 moiety. To 
check our conclusions further we recorded the He(1) photoelec- 
tron (PE) spectrum of 9 (Fig. 4). It shows three peaks below 
10.5 eV. The peak areas are in a ratio of 1 : 1 : 2. To assign these 
peaks to individual ionization processes we compared the PE 


W 
I- 
Q 
[r c z 
3 
0 
0 


Fig. 4. PE spectrum of 9. 


groups.[231 Furthermore, the third peak (bands 3,4; Fig. 4) can 
be assigned to two transitions, one from the 2p  lone pair at the 
ether oxygen and one from the lone pairs at the carbonyl oxy- 
gens. The larger area below the third peak is consistent with this 
assignment. The areas below the first two peaks indicate that 
they each correspond to one transition. 


To check these qualitative assignments further we carried out 
semiempirical MO calculations on 9 by the MIND0/3[241 
method assuming that the first vertical ionization energies (ZT, j) 
are equal to the negative value of the calculated orbital energies 
cj (Koopmans' approximation["]) (Table 5). The agreement be- 
tween experiment and calculation is rather good. For the calcu- 
lations we adopted the geometrical parameters derived from the 
X-ray investigations. 


Table 5. Comparison between the recorded vertical ionization energies (I", j) of 9 
and calculated orbital energies E~ (all values in eV). 


Band 1". i Assignment - E j  


1 8.5 n, 8.24 
2 9.66 n2 9.71 
3 10.2 2P 10.75 
4 10.3 n3 10.73 


In Figure 5 it can also be seen that the ionization energy from 
the 2p  orbital at the ether oxygen in 9 is considerably greater 
than that from the lone pair of the ether oxygen in tetrahydropy- 
ran.[251 Assuming that the latter is a good model for an unper- 
turbed ether oxygen in 9, we ascribe the high-energy shift to the 
above-mentioned interaction between the LUMO of the C,O, 
moiety and the ether oxygen. 


It is noteworthy that the first absorption band of 9 is 0.14 eV 
higher in energy than that of 35, whereas the HOMO of 9 is 
0.3 eV higher in energy. This can be rationalized by a very 
strong shift of the LUMO of 9 towards higher orbital energy, 
shown by the reduction potentials listed in Table 3. 
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Experimental Procedure 


General: All melting points are uncorrected. NMR spectra were measured on a 
Bruker AS200 ('HNMR at 200 MHz and 13C NMR at 50.23 MHz), Bruker 
AS300 ('H NMR at 300 MHz and ',C NMR at 75 MHz) with either the solvent or 
Me,Si as internal standard (6, JIHz). Owing to the THP protecting group in 19-30 
there are two diastereomers for each of these compounds. This affects the number 
of 13C and 'H resonances in the NMR spectra of these compounds. The resulting 
second set of proton resonances of the propargylic and acetal protons, and, in some 
cases, of the proton bound to the triple bond and of the OH group are assigned to 
Ha, Hb, Hc, and Hd, respectively. The ratio of the two diastereomers ranges from 
1 : 1 to 3: 1. The mass spectra refer to data from a Vacuum Generators ZAB instru- 
ment (EI, 100 eV). IR spectra were recorded with Perkin Elmer 580 Band Beck- 
mann 4200 instruments. UV absorption spectra were recorded with a Varian Cary 
17D spectrometer. The He(1) photoelectron spectrum was recorded with a PSI8 
spectrometer of Perkin Elmer (Beaconsfield, England) at 109 "C. For the calibration 
we used Ar and Xe. A resolution of 25 meV of the 'P,,, Ar line was obtained. The 
buffer solution used in the cases of 25-28 was a 1 M aqueous solution prepared from 
equal parts of H,PO, and NaH,PO,. The elemental analyses were carried out at 
Mikroanalytisches Laboratorium der Chemischen Institute der Universitat Heidel- 
berg (Germany). 


X-ray analysis: The crystallographic data of 9, 31 a, and 32a are listed in Table 6. 
The data were collected on an automatic diffractometer (CAD4. Enraf-Nonius, 
Mo,, radiation, graphite monochromator. 0-2 0 scan); Lorentz and polarization 
corrections were applied. The structures were solved by direct methods (MULTAN 
[26]) and refined by full-matrix least-squares procedures on F2 with anisotropic 
thermal parameters for the carbon and oxygen atoms. The hydrogen atoms were 
refined isotropically. The atomic coordinates are given as supplementary material 
[28]. The MolEN program system [27] was used. 


Table 6. Crystallographic and refinement parameters of 9, 31 a, and 32 a [28] 


Compound 9 31 a 32 a 


empirical formula 
M ,  [gmol-'1 
solvent 
crystal size [mm] 
crystal color 
crystal shape 
space group 
a "41 
b "41 
c [A1 


C,.tH2005 
268.3 
Et,O/CH,CI, 
0.45 x 0.4 x 0.35 
red 
pyramid 
Pbcn 
11.364(1) 
11.282(1) 
10.903(1) 
90 
90 
90 


1.28 
4 
576 
293 
0-15 
0-14 
0-14 
0.66 
0.09 
1677 
1677 
1015 


1397.9(4) 


127 
tO.O1 
0.044 
0.048 
1.94 
0.16 
-0.21 


C1&H2405 


272.3 
Et,O 
0.45 x 0.35 x 0.15 
yellow 
prism 


7.541 (1) 
9.629(1) 
10.454(2) 
102.84 (1) 
90.41 (1) 
97.01 (1) 
734.1 (4) 
1.23 


Pi 


L 


296 
293 
0-9 
-12-12 
-13-13 
0.66 
0.09 
3768 
3503 
2237 
0.019 
268 
0.01 
0.046 
0.058 
2.29 
0.28 
-0.20 


CL6H2805 


300.4 
Et,O/pentane 
0.3 x 0.4 x 0.5 
light yellow 
prism 
P2,jC 
20.474(3) 
10.374(1) 
16.649 (2) 
90 
110.40 (1) 
90 
3314(2) 
I .20 
8 
1312 
293 
0-27 
0-13 
- 21- 21 
0.66 
0.08 
8150 
7936 
4145 
0.016 
603 
0.03 
0.044 
0.048 
1.88 
0.17 
-0.05 


Cyclic voltammetry : The electrochemical measurements on 9,10,33,35, and 36 were 
performed with the HEKA potentiostat system PG28 in a 0 . 1 ~  solution of 
(nBu),NPF, in CH,CI,. A METROHM disk electrode was used as the working 
electrode ( r  = 0.3 an). The potential of ferrocene/ferrocene+ was measured at 
480 mV with an error of f 5 mV. 


4-(4-Triisopropylsiloxy-3,3-dimetbylbutoxy)-2,2dimethylhutan-l~l (13) : Triisopro- 
pylsilyl triflate (8.75 mL, 32.6 mmol) dissolved in methylene chloride (400 mL) was 


added (under argon atmosphere) over 2 h to a solution of the diol 11 (22 g, 
58.7 mmol) and 2,6-lutidine (5.85 mL) in methylene chloride (500 mL). After being 
stirred overnight the reaction mixture was concentrated to a volume of approxi- 
mately 200 mL and then twice washed with buffer solution. The combined aqueous 
phases were extracted twice with diethyl ether. The organic phases were combined 
and dried over MgSO,. Flash chromatography over silica gel with cyclohexanej 
ethyl acetate yielded 8.5 g (70%) of 13. Excess 11 was eluted with ethyl acetate. 
'HNMR (300 MHz, CDCI,): 6 = 3.51-3.39 (m; 4H), 3.32 (s; 2H), 3.23 (s; 2H), 
1.58-1.49 (m; 4H), 1.11-0.93 (m; 21H). 0.87 (s; 6H), 0.86 (s; 6H); I3C NMR 
(75 MHz, CDCI,): 6 =72.38 (t), 71.33 (t), 68.27 (t), 67.44 (t), 39.69 (t). 38.14 (t), 
34.97 (s), 34.94 (s), 25.08 (9). 24.39 (4). 18.03 (q), 17.70 (q), 12.33 (d), 12.00 (d), 
11.61 (d). C,,H,,O,Si (374.5): calcd C 67.32, H 12.37; found C 67.49, H 12.24. 


5-(5-Triisopropylsiloxy-4,4d~ethylpentyloxy)-2,2~methylpent~-l~l (14): The 
same procedure as described for the preparation of 13 yielded 9.17 g (70%) of 14 as 
a colorless liquid. 'HNMR (300 MHz, CDCI,): 6 = 3.39-3.35 (m; 4H), 3.33 (s; 
2H), 3.29(s;2H), 1.86(brs; IH),  1.57-1.47 (m;4H), 1.29-1.16(m;4H), 1.07- 
1.03 (m; 21 H), 0.86 (s; 6H), 0.84 (s; 6H); 13C NMR (75 MHz, CDCI,): 6 =72.03 
(CH,), 71.61 (CH,), 71.45 (CH,), 35.42 (C), 34.91 (C), 34.82 (CH,), 34.64 (CH,), 
24.35 (CH,), 24.17 (CH,), 24.10 (CH,), 23.96 (CH,), 18.07 (CH,), 17.71 (CH,), 
12.30 (CH), 12.01(CH). C2,H5,0,Si (402.5): calcd C 68.59, H 12.51 ;found C 68.74, 
H 12.52. 


4-(4-Triisopropylsiloxy-3,~dimethylhutoxy)-2,2d~ethy~hutanal(l5) : To a solution 
of 13 (2.4 g, 6.4 mmol) in methylene chloride was added a mixture of pyridinium 
chlorochromate (2.52 g) and of Alox (neutral, 2.52 g). The mixture was stirred at 
RT until the reaction had stopped (monitored by TLC). The dark brown solution 
was filtered through silica gel with ether as solvent. The resulting dark brown 
solution was allowed to stand for three days at RT. After removal of the ether, the 
product was purified hy flash chromatography on silica gel with cyclohexane/ethyl 
acetate 20:l as eluent. The reaction yielded 1.78-2.02 g(75-85%) of 15. 'H NMR 
(300 MHz, CDCI,): b = 9.42 (s; 1 H). 3.48-3.33 (m; 4H), 3.32 (s; 2H), 1.76 (t. 
= 6.3 Hz; 2H), 1.50 (t, = 6.5 Hz; 2H), 1.13-0.98 (m; 27H), 0.88-0.81 (m; 
6H); NMR (75 MHz, CDCI,): 6 = 205.28 (CH), 72.42 (CH,), 68.12 (CH,), 


(CH,), 18.04 (CH,), 12.00 (CH); C,,H,,O,Si (372.5): calcd C 67.68; H 11.90; 
found C 67.44, H 11.70. 


5-(5-Triisopropylsiloxy-4,~~ethylpentyloxy~2,2~ethylpentan~ (16) : The same 
procedure as described for the preparation of 15 yielded 1.92-2.17 g (75-85%) of 
16 as a colorless liquid. 'H NMR (300 MHz, CDCI,): 6 = 9.44 (s; 1 H), 3.39-3.32 
(m;6H), 1.67-1.45 (m;6H), 1.26-1.19(m;2H), 1.07-0.84(m; 33H); I3C NMR 
(75 MHz, CDCI,): 6 = 206.12 (C), 72.08 (CH,), 71.94 (CH,), 70.68 (CH,), 45.5 
(C), 35.4 (C), 34.94 (CH,), 33.68 (CH,), 24.87 (CH,), 24.53 (CH,), 24.27 (CH,), 
22.44 (CH,), 17.94 (CH,), 11.91 (CH); C,,H,,O,Si (400.5): calcd C 68.94, H 12.07; 
found C 69.21, H 11.98. 


6-(4-TriisopropyLsiloxy-3,3-dimethylbutoxy)-4,~~ethy~x-l-yn-~l (17) : THF 
(8 mL) was cooled to -45°C under argon atmosphere, and n-butyllithium (1.6 M in 
hexane, 6 mL) was added. Acetylene was bubbled through the solution. The rising 
temperature and formation of a white precipitate indicated that reaction had begun. 
Acetylene continued to be bubbled through for about 4 h, and the temperature was 
maintained at -50°C. The reaction mixture was then cooled to -78"C, and the 
aldehyde 15 (1.49 g, 4 mmol) dissolved in THF (5 mL) was added. The cooling bath 
was removed, and the reaction was allowed to warm up to 0 "C. The homogenous 
mixture was then hydrolized with buffer solution (10mL). Ether (10mL) was 
added, and the phases were separated. The aqueous phase was extracted three times 
with ether. The organic phases were combined and dried over MgSO,. Subsequent 
flash chromatography (cyclohexane/ethyl acetate 1O:l) yielded 1.37-1.45 g (86- 
91 Oh) of 17. 'HNMR (300 MHz, CDCI,): 6 = 4.43 (d, =7.7 Hz; 1 H), 4.02 (dd, 
4J = 2.2 Hz, ,J =7.7 Hz; 1 H), 3.57-3.43 (m; 4H), 3.31 (s; 2H), 2.38 (d, 
=2.2Hz;1H),2.05-1.88(m;1H),1.56(t,3J=7.8Hz;2H),1.44-1.32(m;lH), 
1.09-1.00 (m; 27H), 0.85 (s; 6H); I3C NMR (75 MHz, CDCI,): 6 = 83.82 (C), 
73.16 (CH), 72.41 (CH,). 69.95 (CH), 68.24 (CH,), 67.09 (CH,), 38.31 (CH,), 
38.09 (C), 38.04 (CH,), 34.97 (CH,), 25.23 (CH,), 24.55 (CH,), 24.35 (CH,), 23.92 
(CH,), 18.11 (CH,), 12.01 (CH); C,,H,,O,Si (398.7): calcd C 69.29, H 11.63; 
found C 69.28, H 11.43. 


7-(5-Triisopropylsiloxy-4,~imethylpenty~oxy)~,~imethy~ept-l-y~~l(18): The 
same procedure as described for the preparation of 17 yielded 1.38-1.59 g (81- 
93%) of 18. 'H NMR (300 MHz, CDCI,): 6 = 4.09 (d, = 2.1 Hz; 1 H), 3.40- 
3.35(m;4H),3.34(s;2H),2.43(d,4J=2.1H~;1H),1.71-1.42(m;6H),1.40- 
1.13 (m; 2H), 1.09-1.01 (m; 21 H), 0.97 (s; 3H), 0.95 (s; 3H), 0.84 (s; 6H); "C 
NMR (75 MHz, CDCI,): 6 = 83.50 (C), 73.93 (CH), 72.05 (CH,), 71.99 (CH,), 
71.52 (CH,), 70.03 (CH), 37.94 (C), 35.42 (C), 34.87 (CH,), 34.31 (CH,), 26.92 
(CH,), 25.01 (CH,), 24.36 (CH,), 24.10 (CH,). 22.55 (CH,). 22.31 (CH,), 18.07 
(CH,), 12.03 (CH); C,,H,,O,Si (426.5): calcd C 70.36, H 11.81; found C 70.30, H 
11.83. 


66.66 (CH,), 44.54 (C), 38.05 (CH,), 37.94 (CH,), 34.93 (C), 24.37 (CH,), 21.56 


6-(4-Triisopropylsiloxy - 3,3-dimethylbutoxy) -4,4- dimethyl- 3- tetrahydropyran-2 - 
yloxyhex-1-yne (19): Alcohol 17 (713 mg, 1.79 mmol), 3,4-dihydro-2H-pyran 
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(270 mg, 3.22 mmol), and pyridinium p-toluenesulfonate (50 mg, 0.18 mmol) were 
dissolved in methylene chloride (4 mL). The mixture was stirred overnight and then 
worked up by adding ether (10 mL) and buffer solution (10 mL). The aqueous layer 
was separated and extracted once with ether. The organic phases were combined 
and dried over MgSO,. The product was purified by flash chromatography on silica 
gel with cyclohexane/ethyl acetate 1O:l yielding 737-806mg (85-93%) of 19. 
'HNMR (200 MHz, CDCI,): 6 = 5.01-5.00 (m; Ha), 4.65 (s; Ha') (Ha +Ha' 


3.75-3.43 (m; 6H), 3.32 (s; 2H), 2.38 (d, 4J = 2.1 Hz; Hc), 2.33 (d, 4J = 2.1 Hz; 
Hc')(Hc +Hc' =1H), 1.80-1.50(m; 10H). 1.10-0.91 (m;27H),0,86(~;6H); '~C 
NMR (75 MHz, CDCI,): 6 = 100.73 (CH), 94.82 (CH), 82.62 (C), 81.08 (C), 76.69 
(CH), 74.60(CH), 73.47(CH), 72.77 (CH), 72.51 (CH,), 67.95 (CH,), 67.90 (CH,), 
67.54(CH2), 62.25(CHz),61.85(CH,), 38.31 (CH,), 37.81 (C), 37.70(CH2), 37.49 
(CH,), 36.85 (C), 35.00 (C), 30.36 (CH,), 30.32 (CH,), 25.55 (CH,), 25.46 (CH,), 
24.41 (CH,), 23.59 (CH,), 23.57 (CH,), 23.20 (CH,), 23.15 (CH,), 19.02 (CH,), 
18.06 (CH,), 12.03 (CH); C,,H,,O,Si (482.8): calcd C 69.65, H 11.27; found C 
69.54, H 11.30. 


7-(5-Triisopropylsiloxy-4,4-dimethylpentyloxy)-4,4-dimethyl-3-tetrahydropyran-2- 
yloxyhept-1-yne (20): The same procedure as described for the preparation of 19 
yielded 766-866 mg (84-95%) of 20. 'HNMR (300 MHz, CDCI,): 6 = 5.01 (t, 
= 3.9 Hz; Ha), 4.67 (t, 3J = 3.2 Hz; Ha) (Ha +Ha' =1 H), 4.12-3.34 (m; 9H), 
2.40 (d, 4J = 2.1 Hz; Hc), 2.34 (d, 4J = 2.1 Hz; Hc') (Hc +Hc' = 1 H) 1.84-1.50 
(m: 12H), 1.38-1.21 (m;2H), 1.09-1.02(m; 21H), l.OO(s; 3H),0.96(s; 3H), 0.85 
(S; 6H); I3C NMR (75 MHz, CDCI,): 6 =100.70 (CH), 94.92 (CH), 82.74 (C), 
81.33 (C), 76.45 (CH), 74.42 (CH), 73.39 (CH), 72.58 (CH), 72.07 (CH,), 71.88 
(CH,), 71.67 (CH,), 71.58 (CH,), 62.32 (CH,), 61.90 (CH,), 38.32 (C), 37.34 (C), 
34.95 (CH,), 34.63 (CH,), 34.37 (CH,), 30.40 (CH,), 30.33 (CH,), 26.92 (CH,), 
25.57 (CH,), 25.46 (CH,), 24.45 (CH,), 24.34 (CH,), 24.11 (CH,), 24.04 (CH,), 
23.16 (CH,), 23.10 (CH,), 19.09 (CH,), 18.06 (CH,), 18.02 (CH,), 12.05 (CH); 
C,oH,80,Si (510.9): calcd C 70.53, H 11.44; found C 70.77, H 11.55. 


6-(4-Hydroxy-3,3-dimethylbutoxy)-4,4-dimethyl-3-tetrahydropyran-2-yloxyhex-l- 
yne (21): To a solution of 19 (672 mg, 1.39 mmol) in THF (3.6 mL) was added 
NBu,F (1M in THF, 1.44 mL). The reaction was stirred until 19 was consumed (ca. 
3 h). Then buffer solution (5 mL) and ether (10 mL) were added, and the phases 
separated. The aqueous phase was extracted three times with ether. The combined 
organic phases were dried over MgSO,, and the product was isolated by flash 
chromatography on silica gel, with cyclohexane/ethyl acetate (4: 1) as eluent, yield- 
ing418-431 mg(92-95%)0121. 'HNMR(300 MHz, CDCI,): 6 = 4.99-4.97(m: 
Ha), 4.65-4.63 (m; Ha') (Ha +Ha' =1H), 4.07 (d, "5 = 2.0 Hz; Hb), 4.03-4.00 
(m; Hd),  3.83 (d, 4J = 2.1 Hz; Hb),  3.77-3.69 (m; Hd) (Hb + H b  =1H, Hd 
+ H d  =1H), 3.53-3.42(m; 6H), 3.24 (s; l H ) ,  3.22 (s; IH),2.40(d, 4J = 2.1Hz; 
Hc'), 2.35 (d, 4J = 2.1Hz; Hc) (Hc + Hc' = 1 H), 1.82- 1.49 (m; lOH), 1.01 (s; 3 H), 


(CH), 82.36(C), 80.88 (C), 76.56(CH), 74.79 (CH), 73.72 (CH), 72.59 (CH), 71.35 


(CH,), 39.54 (CH,), 37.76 (C), 37.55 (CH,), 37.30 (CH,), 36.78 (C), 34.95 (C), 
30.34 (CH,), 30.21 (CH,), 25.49 (CH,), 25.41 (CH,), 25.08 (CH,), 25.03 (CH,), 
23.74 (CH,), 23.67 (CH,), 23.42 (CH,), 23.22 (CH,), 19.07 (CH,), 18.95 (CH,); 
CI9H,,O, (326.5):  calcd C 69.90, H 10.50; found C 69.70, H 10.57. 


7-(5-Hydroxy-4,4-dimethylpentyloxy)-4,4-dimethyl-3-tetrahydropyran-2-yloxyhept- 
1-yne (22): The same procedure as described for the preparation of 21 yielded 
446-470 mg(90-95%)of22. 'HNMR(300 MHz,CDCI,):6 = 5.01 (m; Ha),4.67 
(s;Ha')(Ha +Ha'=lH),4.12(d,4J=2.1 H~;Hb) ,3 .88 (d ,~J=2 .1  Hz;Hb)(Hb 
f H b  =IH),3.78-3.65(m; 1H),3.50-3.40(m; lH) ,3 .41-3 .36(m;4H) ,3 .31  (s; 
2H), 2.40 (d, 4J = 2.1 Hz; Hc), 2.35 (d, 4J = 2.1 Hz; Hc') (Hc +Hc' =1H), 
2.2-2.05(broad; IH),  1.84-1.50(m; 12H), 1.38-1.21 (m;2H), l.OO(s; 3H),0.06 
(S; 3H), 0.86 (s, 6H); 13C NMR (75 MHz, CDCI,): 6 =100.65 (CH), 94.81 (CH), 
82.59 (C), 81.16 (C), 74.50 (CH), 73.45 (CH), 72.50 (CH), 71.71 (CH,), 71.63 
(CH,), 71.51 (CH,), 71.30 (CH,), 62.23 (CH,), 61.84 (CH,), 38.24 (C), 37.26 (C), 
34.83 (CH,), 34.60 (CH,), 34.47 (CH,), 34.19 (CH,), 30.30 (CH,), 30.22 (CH,), 
26.83 (CH,), 25.46 (CH,), 25.35 (CH,), 24.12 (CH,), 24.10 (CH,), 23.90 (CH,), 
23.07 (CH,), 23.01 (CH,). 22.72 (CH,), 22.64 (CH,), 19.00 (CH,), 18.94 (CH,); 
C,,H,,O, (354.5): calcd C 71.15, H 10.80; found C 70.93, H 10.79. 


4-(4-Tetrahydropyran-t-yloxy-3,3-dimethyl-hex-5-ynyloxy)-2,2-dimethylbutanal 
(23): To a solution of 21 (326 mg, 1 mmol) in methylene chloride (3.5 mL) was 
added a mixture of pyridinium chlorochromate (347 mg) and Alox (neutral, 
347 mg). The mixture was stirred at RT until the reaction had stopped (monitored 
by TLC). The dark brown solution was filtered through silica gel with ether as 
solvent. After removal of the ether, the product was purified by flash chromatogra- 
phy on silica gel with cyclohexane/ethyl acetate 5: 1 as eluent. The reaction yielded 
268-298 mg (83-92%) of 23. 'H NMR (300 MHz, CDCI,): 6 = 9.42 (s;l H), 4.99 
(t, ' J  = 2.8 Hz; Ha), 4.65 (t, ' J  = 3.3Hz; Ha) (Ha +Ha' =1H), 4.07 (d, 4J 
= 2.1 Hz; Hb), 3.75 (d, 4J = 2.9 Hz; H b )  (Hb + H b  =1 H), 3.72-3.71 (m; IH) ,  
3.52-3.48 (m; IH) ,  3.45-3.30 (m; 4H), 2.40 (d, ' J  = 2.1 Hz; Hc'), 2.35 (d, 4J 
= 2.0Hz; Hc) (Hc' +Hc =1H), 1.89-1.52 (m; IOH), 1.16-0.90 (m; 12H); ',C 


81.01 (C), 76.61 (CH), 74.71 (CH), 73.58 (CH). 72.61 (CH), 67.83 (CH,), 66.80 


=1  H), 4.07 (d, 4J = 2.1 Hz; Hb), 3.86 (d, = 2.2 Hz; Hb) (Hb + H b  =1H), 


0.96 (s; 3H), 0.86 (S; 6H); 'T NMR (75 MHz, CDCI,): 6 =100.76 (CH), 94.91 


(CH,), 67.95 (CH,), 67.58 (CH,), 67.53 (CH,), 62.23 (CH,), 61.95 (CH,), 39.58 


NMR (75 MHz, CDCI,): S = 205.26 (CH), 100.72 (CH), 94.83 (CH), 82.5 (C), 


(CH,), 66.75 (CH,), 62.28 (CH,), 61.90 (CH,), 44.54 (C), 37.90 (CH,), 37.88 
(CH,), 37.76 (C), 37.48 (CH,), 37.23 (CH,), 36.7 (C), 30.35 (CH,), 30.29 (CH,), 
25.52 (CH,), 25.43 (CH,), 23.82 (CH,), 23.65 (CH,), 23.61 (CH,), 23.29 (CH,), 
23.17 (CH,), 21.61 (CH,), 21.51 (CH,), 19.03 (CH,); C,,H,,O, (324.5): calcd C 
70.33, H 9.94; found C 70.35, H 10.06. 


5-(5-Tetrahydropyran-2-yl-oxy-4,4-dime~yl-hept-6-ynyloxy)-2,2-dimethylpentanal 
(24): The same procedure as described for the preparation of23 yielded 281 -330 mg 
(80-94%) of24. 'HNMR(300 MHz, CDCI,): 6 = 9.43 (s; 1 H), 5.01 (m; Ha), 4.66 
(m; Ha') (Ha +Ha' =1H), 4.11 (d, 4J = 2.1 Hz; Hb), 3.86 (s; Hb)  (Hb f H b  
=1H), 3.79-3.72 (m; l H ) ,  3.53-3.41 (m; IH),  3.38-3.34 (m; 4H), 2.40 (d, 
= 2.1 Hz; Hc'), 2.35 (d, 4J = 2.1 Hz; Hc) (Hc +Hc' = I  H), 1.80-1.39 (m; 14H). 


(CH), 100.98 (CH), 94.86 (CH), 81.24 (C), 74.50 (CH), 73.45 (CH), 72.55 (CH), 


(C), 37.32 (C), 36.92 (CH,), 34.57 (CH,), 33.61 (CH,), 30.35 (CH,), 25.51 (CH,), 
25.40 (CH,), 25.27 (CH,), 24.94 (CH,), 24.61 (CH,), 24.19 (CH,), 23.14 (CH,), 
23.06 (CH,), 22.68 (CH,), 21.26 (CH,), 19.05 (CH,); C21H3604 (352.2): calcd C 
71.14, H 10.80; found C 71.04, H 10.56. 


1.03 (S; 3H), 0.98 (S; 6H), 0.94 (S, 3H); "C NMR (75 MHz, CDCI,): S = 206.20 


71.69(CH,), 70.90(CH,), 70.74(CH2), 62.30(CH2), 61.90(CH2), 45.50(C),41.78 


4,4,9,9-Tetramethyl-8(tetrahydropyran-2-yloxy)-l-oxacycloundec-6-yn-5-ol (25): A 
solution of 23 (217 mg, 0.67 mmol) in THF (400 mL) was added slowly during 
4-5 h to a solution of lithium bis(trimethylsilyl)amide (350 mg, 2.1 mmol) in THF 
(60 mL). Then ethanol (10 mL) was added, and the reaction mixture concentrated 
to a volume of 30 mL. Buffer solution (20 mL) and ether (30 mL) were added. The 
phases were separated, and the aqueous layer extracted three times with ether. The 
organic layers were combined and dried over MgSO,. The product was purified by 
flash chromatography on silica gel with cyclohexane/ethyl acetate (4: 1) as eluent 
yielding 151 - 184 mg (70-85%) of 25. 'H NMR (300 MHz, C,D,): 6 = 5.29 (t. ' J  
= 3.4 Hz; 1 H). 4.31 (s; Ha), 4.19 (2s, ' J  = 2.4 Hz; Ha') (Ha +Ha' = 1 H), 3.90 (t, 
' J  = 8.4 Hz; 1 H), 3.76-3.08 (ni; 6H),  2.23-2.13 (m; 1 H), 1.72-0.87 (in; 21 H); 
"C NMR (75 MHz, C,D,): 6 = 95.35 (CH), 95.22 (CH). 88.63 (C), 87.88 (C), 
84.56 (C), 84.11 (C), 72.90 (CH), 72.66 (CH), 70.27 (CH), 67.53 (CH,), 67.15 
(CH,), 65.91 (CH,), 65.48 (CH,), 61.85 (CH,), 39.74 (C), 39.44 (C), 38.74 (C), 
38.56 (C), 38.01 (CH,), 37.81 (CH,), 37.41 (CH,), 34.95 (CH,), 30.96 (CH,), 30.80 
(CH,), 28.98 (CH,). 28.53 (CH,), 27.58 (CH,), 27.45 (CH,), 25.95 (CH,), 25.88 
(CH,), 23.85 (CH,), 19.61 (CH,), 19.55 (CH,); C,,H,,O, (324.5): calcd C 70.33, 
H 9.94; found C 70.48, H 9.82. 


5,5,10,10-Tetramethyl-9-(tetrahydropyran-2-yloxy)-l-oxacyclotridec-7-yn-~ol (26) : 
A solution of 24 (232 mg, 0.67 mmol) in THF (240 mL) was slowly added over 
4-5 h to a solution of lithium bis(trimethylsily1)amide (350 mg, 2.1 mmol) in THF 
(60 mL). Then ethanol (10 mL) was added, and the reaction mixture concentrated 
to a volume of 30 mL. Buffer solution (20 mL) and ether (30 mL) were added. The 
phases were separated, and the aqueous layer was extracted three times with ether. 
The organic layers were combined and dried over MgSO,. The product was purified 
by flash chromatography on silica gel with cyclohexane/ethyl acetate 4: 1 as eluent, 
yielding 195-225 mg (83-96%) of 26; 'HNMR (300 MHz, C,D,): 6 = 5.35 (s; 
IH) ,  4.51-4.05 (m; 2H), 3.75-3.62 (m; IH),  3.48-3.44 (m; IH),  3.36-3.22 (m; 
4H). 1.93-0.90 (m; 26H): I3C NMR (75 MHz, C,D,): 6 =101.89 (CH). 95.02 
(CH), 87.67 (C), 86.43 (C), 86.26 (C), 83.80 (C), 73.44 (CH), 72.99 (CH), 71.20 
(CH), 70.93 (CH), 70.76 (CH,), 70.69 (CH,), 70.66 (CH,), 70.52 (CH,), 70.42 
(CH,), 61.65 (CH,), 38.98 (C), 38.93 (C), 38.85 (C), 38.49 (C), 38.39 (C), 36.26 
(CH,), 35.91 (CH,), 35.48 (CH,), 35.41 (CH,), 35.03 (CH,), 30.76 (CH,), 28.10 
(CH,), 25.91 (CH,), 25.29 (CH,), 24.95 (CH,), 24.80 (CH,), 24.21 (CH,), 24.17 
(CH,), 24.06 (CH,), 23.59 (CH,). 23.24 (CH,), 23.10 (CH,), 22.65 (CH,), 22.55 
(CH,), 22.19 (CH,), 22.12 (CH,), 19.52 (CH,), 19.35 (CH,); C,,H,,O, (352.5): 
calcd C 71.14, H 10.80; found C 70.91, H 10.58. 


4,4,9,9-Tetramethyl-8-(tetrahydropyran-2-yloxy)-5-i~propyldime~ylsiloxy- l-oxa- 
cycloundecd-yne (27): To a solution of 25 (486 mg, 1.5 mmol) and 2,6-lutidine 
(1 mL) in methylene chloride (3 m i )  was added (under argon atmosphere) iso- 
propyldimethylsilyl chloride (240 mg, 1.5 mmol). After the mixture had been stirred 
overnight, a white precipitate formed. Buffer solution (10 mL) with ether (20 mL) 
were added. The aqueous phase was twice extracted with diethyl ether. The organic 
phases were combined and dried over MgSO,. Flash chromatography over silica gel 
withetherlpentane 1:lOyielded 578-616mg(91-97%)of27; 'HNMR(300 MHz, 
C6D,):6 = 5.36-5.33(m;Ha),4.7-4.68(m;Ha')(Ha +Ha' =lH),4.39-3.21 (m; 
SH), 2.05-1.88 (m; IH), 1.78-0.85 (m; 27H), 0.35-0.05 (m; 7H); 13C NMR 
(75 MHz, C6D.J: 6 =100.39 (CH), 100.28 (CH), 95.36 (CH), 95.15 (CH), 87.54 
(C), 87.40 (C), 84.17 (C), 83.94 (C), 76.44 (CH), 76.05 (CH), 72.90 (CH), 72.53 
(CH), 70.99 (CH), 70.84 (CH). 67.46 (CH,), 67.41 (CH,), 67.29 (CH,), 67.13 


38.23 (CH,), 37.71 (CH,), 37.51 (CH,), 37.40 (CH,), 36.91 (CH,), 30.95 (CH,), 
30.88 (CH,), 30.84 (CH,), 30.61 (CH,), 28.38 (CH,), 28.11 (CH,), 27.90 (CH,), 
27.86 (CH,), 27.63 (CH,), 27.46 (CH,), 27.22 (CH,), 26.76 (CH,), 26.36 (CH,), 
26.21 (CH,), 26.06 (CH,), 25.94 (CH,), 25.86 (CH,), 25.56 (CH,), 19.76 (CH,), 
19.64 (CH,), 19.11 (CH,), 17.20 (CH,), 17.13 (CH,), 15.33 (CH,), -3.17 (CH,), 
-3.31 (CH). -3.32(CH), -3.95(CH3), -4.00(CH3), -4.02(CH3); C,,H,,O,Si 
(424.7): calcd C 67.87, H 10.44; found C 67.75, H 10.53. 


(CH,), 62.09 (CH,), 62.01 (CH,), 61.96 (CH,), 61.84 (CH,), 39.96 (C), 38.88 (C), 
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5,5,10,10-TetramethyI-9-(tetrahydropyran-2-yloxy)~isopropyldimethy~oxy-l~xa- 
cyclotridec-7-yne (28): The same procedure as described for the preparation of 27 
yielded 630-657 mg (93-97%) of 28; 'HNMR (300 MHz, C6D6): 6 = 5.31 (s; 
1H): 4.46 (d, 5J =1.2Hz; IH),  4.15 (d, 5J =1.2Hz; lH),  3.81-3.73 (m; lH) ,  
3.46-3.37(m; IH), 3.36-3.28(m;4H), 1.92-0.87(m;26H),0.29-0.13 (m; 13H); 
13C NMR (75 MHz, C6D6): 6 =100.35 (CH), 95.54 (CH). 87.39 (C), 84.02 (C), 
77.22 (CH), 73.52 (CH), 71.84 (CH), 70.45 (CH,), 70.38 (CH,), 61.98 (CH,), 39.58 
(C), 39.30 (C), 38.48 (C), 35.91 (CH,), 35.06 (CH,), 34.87 (CH,), 30.93 (CH,), 
30.37 (CH,), 25.95 (CH,), 25.08 (CH,), 24.96 (CH,), 24.32 (CH,), 24.12 (CH,), 
23.14 (CH,), 22.51 (CH,), 22.47 (CH,), 22.24 (CH,), 19.75 (CH,), 17.18 (CH,), 
16.92 (CH,), 15.30 (CH), -3.50 (CH,), -4.29 (CH,), --4.35 (CH,); C2,H,80,Si 
(452.8): calcd C 68.97, H 10.68; found C 69.04, H 10.61. 


4,4,9,9-Tetramethyl-8-(tetrahydrop~ran-2-yloxy)-5-isopropyldmethy~~oxy-l -oxa- 
cycloundecane-6,7dione (29): To a solution of 27 (127 mg, 0.3 mmol) in carbon 
tetrachloride (1.4 mL) was added acetonitrile (1.4 mL), water (2.1 mL), and sodium 
periodate (250 mg). The mixture was stirred vigorously until two clearphases result- 
ed. After that 1 mg of RuO,.H,O was added, and the vigorous stirring was contin- 
ued. The mixture immediately turned black, and a white precipitate was formed. 
The reaction was complete within 30-60 min (monitored by TLC) and worked up 
by adding wafer (7.5 mL). The phases were separated, and the aqueous phase was 
extracted with methylene chloride (3 x 10 mL), The organic layers were combined, 
dried with MgSO,, and then concentrated slightly. The black organic phase was 
filtered through Celite with methylene chloride as eluent. After removal of the 
solvent the product was purified by flash chromatography on silica gel with ether/ 
pentane 1:20 as eluent, yielding 116-131 mg (85-96%) of 29 as a yellow oil. 
'H NMR (300 MHz, C,D,): 6 = 5.16 (s; Ha), 4.94 (s; Ha') (Ha +Ha' = 1 H), 
4.91-4.40 (m; 2H), 3.84-3.79 (m; 1 H), 3.42-3.25 (m; 2H), 3.07-2.81 (m; 3H). 
1.78-0.85 (m; 28H), 0.29-0.13 (m; 7H); I3C NMR (75 MHz, C,D,): 6 = 203.6 
(C), 203.33(C), 196.91 (C), 196.56(C), 101.29(CH),98.13 (CH),81.35(CH), 76.66 
(CH), 75.52 (CH), 73.80 (CH), 86.00 (CH,), 67.71 (CH,), 76.58 (CH,), 67.39 
(CH,), 64.83 (CH,), 63.70 (CH,), 61.82 (CH,), 39.76 (CH,), 39.33 (CH,), 38.71 
(C), 38.07 (C), 37.10 (C), 37.03 (C), 36.35 (C), 31.52 (CH,), 31.41 (CH,), 30.05 
(CH,), 29.78 (CH,), 28.05 (CH,), 26.56 (CH,), 25.69 (CH,), 21.52 (CH,), 19.63 
(CH,), 17.29 (CH,), 17.26 (CH,), 17.20 (CH,), 17.16 (CH,), 15.46 (CH,), 15.37 


C,,H,,O,Si (456.7): calcd C 63.12. H 9.71; found C 62.89, H 9.46. 
(CH,), -3.28 (CH), -3.53 (CH), -3.87 (CH), -4.06 (CHJ, -4.11 (CH,); 


5,5,10,10 - Tetramethyl-9 - (tetrahydrop yran - 2 - yloxy) -6- isopropyldmethylsiloxy - 1 - 
oxacyclotridecane-7,8-dione (30): The same procedure as described for the prepara- 
tion of 29 yielded 126-137mg (87--95%) of 30. 'HNMR (300MHz, C,D,): 6 
= 5.46(m;Ha), 5.21 (m; Ha')(Hd +Ha' = I  H),4.96-4.44(m; 2H), 3.84-3.72(m; 
l H ) ,  3.35-2.99 (m; 5H), 2.19-0.72 (m; 33H), 0.28-0.00 (m; 6H); 13C NMR 


199.13 (C), 198.15 (C), 102.21 (CH), 101.46 (CH), 97.37 (CH), 82.42 (CH), 79.05 
(CH), 77.33 (CH), 76.42 (CH), 70.92 (CH,), 70.86 (CH,), 70.84 (CH,), 70.23 
(CH,), 69.87 (CH,), 69.80 (CH,), 69.47 (CH,), 65.84 (CH,), 64.55 (CH,), 62.85 
(CH,), 61.99(CH,), 39.68 (C),39.47(C), 39.33 (C), 39.04(C), 38.98(C), 38.83 (C), 
38.67 (C) ,  36.59(CHZ), 35.51 (CH,), 35.25 (CH,),34.91 (CH,). 33.90(CHZ), 31.45 
(CHz), 30.91 (CH,), 30.86 (CH,), 30.61 (CH,), 25.62 (CH,), 25.52 (CH,), 25.37 
(CH,). 25.05 (CH,), 24.98 (CH,), 24.39 (CH,), 24.13 (CH,), 23.97 (CH,), 23.85 
(CH,), 23.72 (CH,), 22.00 (CHJ, 21.92 (CH,), 21.09 (CH,), 20.55 (CH,), 19.97 
(CH,), 19.88 (CH,), 19.64 (CH,), 17.39 (CH,), 17.29 (CH,), 17.22 (CH,), 17.18 
(CH,), 17.16 (CH,), 17.08 (CH,), 15.51 (CH), 15.23 (CH), 15.14 (CH), -3,.66 
(CH,), -3.75 (CH,), -3.87 (CH,), -4.09 (CH,), -4.17 (CH,); C,,H,,O,Si 
(484.7): calcd C 64.42, H 9.98; found C 64.68, H 9.93. 


(75 MHz, C,D,): 6 = 202.8 (C), 200.55 (C), 200.36 (C), 199.76 (C), 199.30 (C), 


syn/onti-4,4,9,9-Tetrametbyl-1-oxacycloundecane-5,8-dihydroxy-6,7-dione (31): 
The ion exchange resin AG500W-X2 from Bio-Rad in methanol (2.5 mL) was 
added to a solution of 29 (456 mg, 1 mmol) in methanol ( 5  mL). The suspension was 
stirred until 29 was no longer detected by TLC (ca. 4 h). The ion-exchange resin was 
then removed by filtration. Methanol was removed in vacuo, and the products were 
isolated by flash chromatography (silica gel; ether/pentane 1 : 1). The diastereomeric 
products were obtained in a 1:1 ratio. The.overal1 yield was 225-242mg (83- 
89%). s.vn isomer 31a: 'HNMR (300MHz, CDCI,): 6 = 4.26 (d, 'J=7.5 Hz; 
2H),3.68(d, 'J=7.5 Hz;2H), 3.43-3.33(m;4H), 1.94-1.85(m;2H), 1.48-1.23 
(m; 2H), 1.09 (s; 6H), 1.05 (s; 6H); 13C NMR (75 MHz, CDCI,): b = 201.24 (C), 
80.80 (CH), 67.76 (CH,), 37.43 (C), 35.93 (CH,), 25.68 (CH,), 25.40 (CH,); IR 
(KBr): Z [cm-'1 = 3548 (vs), 3470 (vs), 2961 (m), 2944 (m), 2886 (m), 1710 (vs), 
1699(vs), 1478(w), 1387(w), 1108(vs), 1066(m), 710(w);UV(CH,CI,): J.,,.[nm] 
(logr) = 232 (2.88), 414 (1.35); C,dH,,0,(272.3): calcd C 61.74, H 8.88; found C 
61.77, H 8.95. anti isomer 31 h: 'H NMR (300 MHz, CDCI,): 6 = 4.62 (d, J = 


8.6 Hz. 2H), 3.35-3.23 (m; 4H), 2.82 (d, J = 8.7 Hz; 4H), 2.01-1.90 (m; 2H). 
1.46-1.41 (m; 2H), 1.17 (s; 6H), 0.91 (s; 6H); 13C NMR (75 MHz, CDCI,): 


18.97 (CH,); IR (KBr): t [cm-'1 = 3500 (vs), 2982 (s), 2968 (m), 2938 (m), 2911 
(s), 2871 (s), 2857 (s), 1707 (vs), 1124 (vs), 1063 (s), 763 (m); UV (CH,CI,): E.,,, 
[nm](log~) = 234(2.96),406 (1.29); C1,H,,0,(272.3):calcd C61.74, H8.88;found 
C 61.94, H, 8.92. 


6 = 199.15 (C), 76.91 (CH), 67.89 (CH,), 37.41 (C), 36.30 (CH,), 29.16 (CH,), 


5,5,10,10-TetramethyI-6,9dihydroxy-7,8dioxo-l~xacyclotridecane (32): The same 
procedure as described for the preparation of 31 yielded 255-270 mg (85-90%) of 
32 [lo]. 


4,4,9,9-Tetramethyl-l-oxacycloundecane-5,6,7,8-tetro~ (9): To a solution of 31 
(68 mg, 0.25 mmol) in CCI, (10 mL) was added N-bromosuccinimide (98 mg, 
0.55 mmol). The mixture was heated to reflux until succinimide precipitated (ca. 
2 h). Succinimide was filtered off in a frit under argon, and the red solution was then 
concentrated. The resulting red crystals of 9 were washed with ether (2 x 5 mL). The 
ether was evaporated, and the residue heated under vacuum (0.01 torr) in a kugel- 
rohr apparatus, where additonal9 was obtained. The overall yield was 40-45 mg 
(59-67%) of 9. M.P. 136-137°C; 'HNMR (200MHz. CDCI,): 6 = 3.46 (t. J 
= 5.5Hz; 4H), 1.94 (t. J = 5.5 Hz; 4H), 1.29 ( s ;  12H); 13C NMR (SOMHz, 
CDCI,): b = 203.48 (C). 191.48 (C), 68.27 (CH2), 44.53 (C), 38.35 (CH2), 24.03 
(CH3). IR (KBr): S [cm-'1 = 2975 (s), 2936 (m), 2903 (m)% 2873 (m), 1733 (vs), 
1720 (vs), 1476 (m). 1363 (m), 1339 (w). 1097 (vs), 1037 (m); UV (CH,CI,): A,,, 
[nm](log&) = 460(1.44).362(1.8), 294(2.53),226(3.08); HRMS: m / z  = 268.1312 
(calcd for C,,H,,05: m/z = 268.1310). 


5,5,10,10-TetramethyI-l-oxacyclotridecan~6,7,8,9-tetrone (10): The same proce- 
dure as described for the preparation of 9 yielded 54-63 mg (74-85%) of 10 [lo]. 
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