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CONCEPTS 


From Dendrimers to Knedel-like Structures** 


Karen L. Wooley" 


Abstract: Shell-crosslinked knedels are nanometer-sized 
(5-200 nni diameters), amphiphilic core-shell spheres 
that are prepared by the self-assembly of amphiphilic block 
copolymers into polymer micelles, followed by crosslinking 
of side chain functionahties along the block composing the 
shell of the polymer micelles. Such structures resemble den- 
drimers in the basic structural components, and have the 
advantages of a rapid synthetic approach and the produc- 
tion of larger and broader size ranges. 


Keywords: dcndrimers - polymers micelles - nano- 
spheres * supraniolccular chemistry 


In the quest for the creation of organic materials possessing new 
properties, the construction of unique macromolecular architec- 
tures and assemblies are actively investigated arcas of research. 
Dendritic macromolecules have received a great deal of atten- 
tion,"] due to the combination of unusual physical properties 
resulting from their highly branched architecture and seemingly 
unlimited control over the chemical composition at any location 
within their structure. Modification of the numbers and types of 
chain-end functionalities has led to  dendrimers with potential 
applicability in broad areas including catalysis, imaging, DNA 
transfection and molecular machines, whereas the incorpora- 
tion of functionality a t  internal sitcs has been mainly driven by 
the proposed similarities between dendrimers and enzymes. Co- 
ordination of the functions of the chain ends and the core has 
allowed for the creation of sophisticated energy transfer sys- 
tems, or structures that are capable of selective encapsulation 
and release. 


Considering the growing exploration of applications for den- 
drimers and the promise that they have shown, some attention 
has shifted toward the development of less costly, higher-yield- 
ing and less time-consuming syntheses. A double-stage conver- 
gent growth approach,''] a branched monomer approach,'31 
double-exponential dcndrinier growthl4I and orthogonal cou- 
pling strategiesL5] are several methods that have been used to 
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laycr. 
[**I Knedel is a Polish word lo de~crihe a food of meat surrounded by a dough 


acceleratc the preparation of dendritic macromolecules. The di- 
rcct polymerization of A,B monomers gives hyperbranched 
polymers['] of high molecular weight in a single step. but unlike 
dendrimers, the structures are imperfect, with polydisperse 
molecular weights and undefined branching sequences. In addi- 
tion, compositional control a t  different locations within the 
structures is lost, for the hyperbranched materials. Arborescent 
graft copolymers[71 are highly-branched, spherical structures 
that possess a core-shell morphology, and thus resemble dcn- 
drimers. Howevcr, a multistep synthesis is still involved. 


If onc considers only the basic components of the dendrimer 
structure, then dendriiners can be thought of as small particles 
with globular or spherical shape of 5-15 nm diameters and 
narrow size distribution. bearing peripheral functionahties and 
a unique core environment. It seems that a self-assembly process 
would be a powerful tool for the generation of dendritic-like 
structures. For  example, when surfactant molecules are placed 
within the appropriate environment, micellar aggregates arc 
formed. which are spherical core-shell structures. In fact, sever- 
al examples of dcndritic, covalently bound micelles have been 
reported,[81 and the micellar core- shell dendriincrs successfully 
encapsulate small molecules. Again, the syntheses of these struc- 
tures are not trivial. The linking together of individual surbc-  
tant moleculcs, through covalent bonds, would stabilize micelles 
and produce materials similar in shape and composition to the 
dendritic micelles. However, attempts to d o  so have proved 
difficult,['I due to  intramicellar reactions. Furthermore, a large 
core volume is desired to optimize loading for encapsulation or 
delivery applications. 


Amphiphilic block copolymers, composcd of blocks of hy- 
drophilic and hydrophobic nature, self-assemble into micellar 
aggregates much like classical surfactants when placed into a 
solvent selective for one of the blocks.['"] Although polymer 
micelles have greater stability than those formed from small- 
molecule surfactants, their existence remains environment 
specific; the polymer micelles can be distorted or destroyed by 
concentration changes, shear forces, etc. Therefore, reactions to 
bind the preformed polymer micelles is a practical method to 
stabilize the structures. Reaction at only one site of the polymer 
chains has been used to prepare star polymers.'"] However, if 
one takes advantage of the numerous functional sites along the 
backbonc of the polymer chains, then particles are possible with 
either the core[121 or the shell['31 crosslinked (Figure 1 ) .  


The shell-crosslinked polymer micelles are termed shell- 
crosslinked knedels (SCK's), and they resemble dendrimers in 
having a spherical shape, a large number of peripheral function- 
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CONCEPTS 


-+ H y d r o p h o b i e  Hydrophil ic$ 


Amphiphilic Block Copolymer 


Miceile Formation 


Figiirc 1 .  Schematic drawing of the sclf-assembly of emphiphilic block copolymer? 
into polyiiicr micelles, rollowed by crosslinking of the polymer chains through 
l'unctionalilies along the polymer block located either in the core or the shell. 


alities with limited mobility, and a core-shell structure (Fig- 
ure ?). Therefore, the objectives for the SCK synthesis were the 
preparation of spherical nanometcr-sized particles possessing a 
core -shell morphology and reactive peripheral groups. The 
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Spherical micelles composed of. 
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Scheme 1.  Rwction sequcnce for the preparation of polystyrene poly(4-vinjl- 
pyridine) SCK's, by crosslinking of PS-b-PVP micellcs through styrenyl moieties 
along the PVP backbone within the PVP shell layer, with thc PS composing the core. 


Figurc 2. Cross-sectional drawings of the bmc  structural components of dcii- 
drinicrs and SCK's. 


ability to easily produce such structures with narrow size distri- 
bution and with control and variability over the dimensions of 
the entire particle, the shell thickness and the core diameter was 
also of high importance. As shown in Scheme I ,  each of these 
goals was met by using standard chemistry, however, applied in 
a new manner to prepare a polystyrene/poly(4-vinylpyridine) 
SCK, 1. Anionic polymerization was first used to synthesize a 
block copolymer of polystyrene (PS) and poly(4-vinylpyridine) 
(PVP). Thc PVP pyridyl nitrogen atoms were then quaternized 
by reaction with p-chloromethylstyrene. This quaternization 
step imparted the amphiphilic nature over the block copolymer 
and also incorporated a polymerizable styrenyl double bond to 
be used for crosslinking. Organization of 2 into micelles segre- 
gated the PS and PVP into different domains composing a 
spherical macromolecular core-shell assembly. Addition of ;I 


water-soluble radical initiator to the micellar solution and irra- 
diation facilitared polymerization of the styrenyl side groups, 
which formed crosslinks between the PVP chains in the shells of 
the polymer micelles. The final product was an SCK, 1, whose 
composition is shown in Scheme 1. A schematic drawing of this 
SCK structure is given in Figure 3 a. 


Since the first report of SCK's, control over their dimensions 
h a s  been accomplished through variation in the compositions 
and ratios of hydrophobic and hydrophilic block lengths.['41 
Thus, SCK's having diameters ranging from 5 to 200 nm (how- 


Figurc 3 .  Threc-dimensional representation o f  two SCK's of differing chemical 
coiiipositioti. Both SCK's contain a noncrossliiiked hydrophobic PS core. yur- 


rounded hy and covalciilly hound to a crosslinked hydrophilic shcll. The crosslinked 
shell is composed ofeither polystyrene-quaternized PVP (a) or a pol?amide contain- 
ing water-soluble crossliiikcIs (h) 


ever, each sample is of narrow dispersity) have been prepared. 
Although the shell is crosslinked and several nanometers thick, 
it is penetrable to even medium-sized hydrophobic organic mol- 
ecules, for example, pyrene and BDPA. 
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The versatility of the formation of SCK’s has been further 
demonstrated by the preparation of a second series of SCK’s, 
composed of the chemistry shown in Figure 3 b.[I5] In this case, 
a block copolymer of PS and poly(acry1ic acid) (PAA) is orga- 
nized into spherical micelles, followed by crosslinking of the 
PAA shell through amidation reactions involving a water-solu- 
ble diamino linker, for example, diaminotriethylene glycol, us- 
ing a water-soluble carbodiimide as the coupling agent. 


Atomic force microscopy (AFM) has proven to be an invalu- 
able tool in the characterization of the sizes and shapes of the 
SCK’s. Dynamic light scattering is also being applied, to deter- 
mine the sizes of the SCK’s in aqueous solution. Solution-state 
NMR reveals information regarding the core mobility, and 
solid-state NMR is being used for characterization of the entire 
SCK structure, as well as the location and interaction of small 
molecules encapsulated within their cores. DSC shows glass 
transition temperatures for both of the components, indicating 
phase separation between the cores and shells. 


o nu 
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Figure4. Atomic force microscopy (AFM) image (tapping mode) and height pro- 
file for a PS/PVP SCK, 1, demonstrating the solid-state diameter and narrow size 
distribution. 


A broad range of experiments are currently in progress to 
evaluate the performance of SCK’s in a number of applications. 
Importantly, the SCK’s are prepared in aqueous solution and 
many of their applications will therefore involve an aqueous 
environment. The formation of SCK’s bearing the opposite 
core-shell arrangement, with an organic, hydrophobic shell are 
also in progress. 


The SCK’s are of unique size-larger than most dendrimers 
and smaller than particles prepared by emulsion polymeriza- 
tion. Therefore, they are expected to perform well in applica- 
tions targeted for dendrimers, technologies employing latex par- 
ticles, as well as unique areas, where the stability of SCK’s will 
make them superior to noncrosslinked polymer micelles. 
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CONCEPTS 


The Role of Backbone Oxygen Atoms in the Organization 
of Nucleic Acid Tertiary Structure: 


Zippers, Networks, Clamps, and C - H 0 Hydrogen Bonds 


Imre Berger and Martin Egli* 


Abstract: Tight packing between structural elements is a 
prerequisite for molecular recognition and catalysis. In 
proteins, cr-helices and ,B-sheets present the amino acid side 
chains on the surface while the polar amide bonds are 
buried. The opposite is found in double- and polystranded 
nucleic acids, where negatively charged phosphates occupy 
the surface and the side chains are hydrogen bonded in the 
core. Thus the question arises: How d o  densely packed 
nucleic acid molecules achieve close approach, despite the 
repulsion between phosphates that would appear to pre- 
clude tight contacts? One obvious answer is by mediating 
interstrand contacts through coordinated cations that can 
screen the negative charges. In this contribution, however, 
we highlight a variety of alternative direct interactions in- 
volving atoms of the sugar-phosphate backbone that can 
promote tight packing of R N A  and DNA into functional 
molecules. We have analyzed the existing nucleic acid crys- 
tal structures in terms of the presence of close contacts 
between backbone regions. In RNA, ribose 2'-hydroxyl 
groups were observed to  mediate such contacts in the ma- 
jority of cases. However, their absence in D N A  does not 
prevent oligodeoxynucleotides from packing tightly, aided 
by various interactions between backbone atoms. 


Keywords: DNA structures * hydrogen bonds * nucleic 
acids - RNA * tertiary structure 


Introduction 


The three-dimensional structure of a large R N A  molecule, the 
P 4 - P 6 domain of Tetrahyrnena therrnophilia group I self-splic- 
ing intron, features a sharp bend, generating side-by-side pack- 


[*] M. Egli 
Drug Discovery Program and 
Ikpt .  of Molecular Pharmacology and Biological Chemistry 
Northwestern University Medical School, 303 East Chicago 
Avenue, Chicago, IL 60611-3OOX (USA) 
Fax: Int .  code +(312)503-0795 
c-mail: in-egli~r nwu.edu 
1. Berger"' 
Dcpt. of Biology. Massachusetts Institute of Tcchnology 
Cambt-idge, MA 02139 (USA) 


['I New address. Institute for Molecular Biology and Biophysics 
ETH-Honggerberg, 8093 Zurich (Switzerland) 


ing of helices. The recently determined X-ray crystal structure of 
this 160-nucleotide fragment has provided a detailed picture of 
the tertiary interactions stabilizing this fold."] Along with sever- 
al metal -ion binding sites, numerous novel structural motifs 
were observed.[', 31 In particular, ribose zippers, formed by adja- 
cent pairs of hydrogen-bonded ribose 2'-hydroxyl groups, were 
shown to mediate direct contacts between the sugar-phosphate 
backbones of neighboring helices. When the first structure of a 
large ribonucleic acid molecule, tRNAPh', was determined at  
atomic resolution, it became immediately clear that the 2'-hy- 
droxyls play a key role in the stabilization of R N A  tertiary 
structure.141 The intron domain, being only the third structure 
of a large R N A  molecule (after tRNA and the hammerhead 
ribozyme) to  be determined by X-ray crystallography to date, 
thus underscores this crucial function of the ribose 2'-hydroxyl 
group, the chemical moiety that distinguishes R N A  from DNA. 
Through conferring a large number of water molecules on the 
R N A  backbones and grooves, the 2'-hydroxyl groups are fur- 
thermore responsible for the higher thermodynamic stability of 
the R N A  duplex compared with DNA.151 In fact, incorporation 
of single 2'-hydroxyl groups in otherwise all-deoxy DNA du- 
plexes has been demonstrated to convert the duplex conforma- 
tion from the regular B- to  the A-form typical for RNA.['.'] 
Moreover, specific 2'-hydroxyl groups were shown to be impor- 
tant for protein-RNA[*] and RNA-RNA re~ogni t ion. '~]  


Interestingly, the essential structural features of the ribose 
zipper motif are also present in the crystal structure of an RNA 
oligonucleotide ''1 The observation that functional 
groups of the sugar-phosphate backbone can contribute to the 
stabilization of a particular fold in a large RNA domain and 
that similar hydrogen-bonding patterns also exist in the crystal 
lattices of small R N A  fragments prompted us to examine the 
crystal structures available in the Nucleic Acid Database" for 
further stabilizing direct contacts involving atoms of the sugar - 
phosphate backbone. Although the crystal siructurc of the P 4  ~ 


P6  domain constitutes the first example of an R N A  large 
enough to display intramolecular side-by-side helical packing, a 
similar intermolecular arrangement of helices is not uncommon 
in crystal structures of R N A  oligonucleotide fragments.[l3I 


In the following paragraphs, we provide examples of direct 
hydrogen-bonding interactions in crystal structures of R N A  
oligonucleotides that involve the sugar-phosphate backbone. 
In most cases, the specific contacts we found involve the RNA 
2'-hydroxyl group. We compare them to similar interactions in 
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regions. All of them involve segments of the molecule 
whose conformations deviate from the standard A- 
type helical structure typical for regular RNA duplex 
molecules. The sharp turn at the apex of the structure 
for instance is stabilized by an adenosine-rich bulge 
that is packed against the minor groove of the neigh- 
boring stem (Figure 2 a, center). A characteristic fea- 
ture of this bulge is that the bases are turned inside out 
with the phosphates coordinated to two magnesium 
ions in the core.[21 Intercstingly, this arrangement is 
somewhat reminiscent of the structural model for 
DNA proposed by Pauling and C ~ r e y , [ ’ ~ ]  featuring 
the bases on the surface and the negatively charged 
phosphates on the inside, with metal ions compensat- 
ing for Coulomb repulsion. The specific arrangement 
of a portion of this bulge in the minor groove of the 


adenosine residues to pair with riboses from cytidine 
Figure 1. Recently determined nucleic acid structures. Left: hammerhead-ribozyme [18,19] adjacent stem two consecutive from 
(backhonc and base atoms dark greeu and light green, respectively; 2’-oxygens red). Right: 
C-rich i-motif (“intercalated”) DNA [22-241 (atoms in the two parallel-stranded duplexes dark 
green and light green, respectively; 4-oxygens red). 


and guanosine residues of the neighboring stem ( ~ i ~ -  
ure 2 b) through their 2’-hydroxyl groups (0 2‘ atoms 
filled in black throughout). The hydrogen-bonding 


interactions between the ribose pair are asymmetric in the sense 
that the 2’-oxygen from the cytidine residue (Figure 2b, lower 
left) interacts only with the 2’-oxygen of the adjacent adenosine 
(Figure 2 b, lower right), which in turn is involved in a bidentate 
hydrogen bond to the minor groove base function of the adja- 
cent cytidine residue. The same pattern, though reversed, exists 


the structures of two larger RNAs, the hammerhead ribozyme 
(Figure 1,  left) and the group I intron P4-P6 domain (Fig- 
ure 2a). In addition, we illustrate, based on hydrogen-bonding 
interactions observed in the crystal structures of DNA frag- 


a b 


5 4 


c 


Figure 2. RNA backbone interactions: a) Overall fold of the P4-P6 group I in- 
Iron domain [1,2]. b) Example of an 02’ ribose ripper (intron domain; 2’-oxygens 
black, hydrogen bonds dashed). c) Base 02’ interactions, intron domain. 


ments (e.g. the C-rich self-intercalated quadruplex motif, Fig- 
ure 1 b), that deoxynucleic acid, despite the lack of the versatile 
ribose 2’-hydroxyl group, can in fact overcome this handicap, 
and is also able to tolerate close contacts between backbones 
through a variety of hydrogen-bonding interactions involving 
the deoxyribose sugar atoms. 


Discussion 


between the guanosine and adenosine residues paired in the 
second step of this ribose zipper. A further asymmetry arises 
from the fact that the cytidine and guanosine riboses forming 
one half of the zipper are part of a canonical A-stem, while the 
adenosine sugars are situated in a single-stranded bulge. A very 
similar pattern of ribose pairing is found in another region of the 
P4-P6 domain, with two backbones approaching each other 
closely (Figure 2a, bottom of the helix on the right). Here, a 
hairpin tetraloop with the sequence GAAA reaches into the 
minor groove of the adjacent duplex region, the tetraloop recep- 
tor.“’ The resulting ribose zipper involves ribose sugars from 
adenosine residues in the tetraloop on the one hand and ribose 
sugars from uridine and guanosine residues from the receptor 
on the other. 


Pairwise hydrogen bonding between 2’-hydroxyl groups was 
also observed in the crystal structure of the RNA duplex formed 
by the sequence U(UA),A.f’51 In this crystal lattice, the minor 
groove of one duplex is spanned by the backbone of a neighbor- 
ing, symmetry-related molecule (Figure 3 a). However, in con- 


RNA: In the p4-p6 domain structure, ‘lose contacts 
occur between the sugar-phosphate backbones of individual 


Figure 3. RNA backbone interactions: a) Two-helix junction, U(UA),A [11,15]. 
b) Three-helix junction, C,G, [16]. 
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trast to the situation in the P4-P6 group I intron domain, this 
interaction takes place between canonical A-form double helices 
and thus gives rise to a two-helix junction. The pairing does not 
involve any contacts between 2-hydroxyls and bases, as  the 
sugar -phosphate backbone segment crossing the minor groove 
of the adjacent duplex does not penetrate this groove suffcient- 
ly. Another close backbone- backbone contact mediated by 2'- 
hydroxyls is present in the crystal structure of the R N A  octamer 
r(C4G4).[lb1 This junction actually involves three tightly packed 
duplexes. The close arrangement of strands around a crystallo- 
graphic threefold axis is stabilized by direct hydrogen bonding 
between 2'-hydroxyls and additional interactions between 2'-hy- 
droxyls and phosphate groups at  adjacent sites (Figure 3b). 
These examples clearly underscore the important role 01' the 
2'-hydroxyl groups in mediating close backbone- backbone in- 
teractions, and illustrate the numerous ways how the ribose 
zipper and related motifs can provide for the tight intra- and 
intermolecular packing of RNA molecules. 


Being the only functional group in the sugar-phosphate 
backbone capable of acting as both an acceptor and a donor for 
hydrogen bonds, the R N A  2'-hydroxyl group can interact with 
backbone and base sites in many other ways besides the ribose 
zipper motif. For example, a three-way junction formed i n  the 
region of the adenosine-rich bulge in the P4-P6 domain (Fig- 
ure 2 a, center) features an adenosine residue nested against the 
minor groove or the adjacent helix region, forming a base 1 riple 
with a Watson--Crick C . G  base pair. 2'-Hydroxyl groups par- 
ticipate extensively in the network of hydrogen bonds that stabi- 
lize this junction, which involves a second guanosine residue 
(Figure 2c). The 2'-hydroxyl groups mediate intricate inter- 
residue contacts through forming numerous hydrogen bonds to  
bases, phosphare oxygens, and other 2'-hydroxyl groups, thus 
leading to a dramatic extension of the usually encountered pair- 
ing schemes between bases. The list of backbone interactions 
involving 2'-hydroxyl groups could easily be extended. In partic- 
ular, the sharp turn characterizing the structure of the P4-P6 
domain (Figure 2 a) is stabilized by several 0 2'-phosphate and 
0 2-base hydrogen-bonding interactions as well. 


Two further rather frequently encountered folding motifs in 
R N A  molecules are the so-called U-turn, first observed in 
tRNA"he, and the G N R A  tetraloop (R: purine, N:  any base). 
Structural features common to both have recently been pointed 
out and have inspired the notion that G N R A  tetraloops will in 
fact form a sharp bend resembling a U-turn.["] I n  the tRNAPhe 
crystal structure, the U-turn occurs in the anticodon loop and 
the T-loop. It came as a major surprise that the hammerhead 
ribozyme also features the U-turn motif a t  a functionally impor- 
tant location, namely, adjacent to the cleavage site.['*, '''I Con- 
formational characteristics as well as conserved interactions in 
the U-turn motif are illustrated in Figure 4 a  (see also ref. [ I  7]), 
depicting the GUAA tetraloop[lyl in the hammerhead ribozyme 
(Figure 1 a, bottom). The sharp turn in the backbone goes along 
with the formation of a hydrogen bond between the imino pro- 
ton of the guanine (GNRA) and a phosphate oxygen atom 
(GNRA). In addition, a hydrogen bond is formed between the 
2'-hydroxyl of the guanosine ribose and the N 7 of an adenosine 
(GNRA). Perhaps the most striking feature of the U-turn motif 
is the phosphate group (GNRA) sitting on top of the guanine 
base. As pointed out in some detail below, this stabilizing 


a b 'i 


5' 


Figure 4. RNA backbone interactions: a) U-turn, hammerhead (oxygen lone pairs 
black) 1191. b) 0 4 " . . 0 2 '  interactions, hammerhead. 


n + 7c* conjugative effect is not only restricted to the interaction 
between a phosphate group and a base, but is also operative in 
a sugar .--base stacking motif frequently encountered in non- 
canonical nucleie acid structures.[*'. '11 The geometry of the 
U-turn motif is particularly enlightening in terms of how R N A  
overcomes repulsion between negatively charged phosphates 
that could result from tight turns in the backbone, or close 
backbone-backbone interactions in general. In addition to the 
interactions within the U-turn motif, the wishbone-like overall 
structure of the hammerhead ribozyme (Figure 1 a) is stabilized 
by many contacts between 2'-hydroxyls and base atoms in the 
core. An interesting set of interactions is depicted in Figure 4b,  
featuring a guanosine residue forming hydrogen bonds via its 
2'-OH to both the 2'-hydroxyl and a ribose 4'-oxygen from con- 
secutive residues of an adjacent strand; this highlights the po- 
tential of the 4-oxygen atom to participate in mediating close 
backbone contacts as well. 


DNA: DNA, in contrast to  RNA, lacks the hydroxyl group at 
the 2'-position of its deoxyribose sugar ring. Thus, it was rea- 
soned that D N A  by its chemical nature would be less apt to 
form tertiary interactions mediated by the sugar phosphate 


However, careful investigation of nucleic acid crys- 
tal structures reveals that D N A  can bypass the lack of a 2'-hy- 
droxyl group in an elegant fashion. By utilizing the 4-Oxygen 
atom of the deoxyribose sugar ring, in addition to oxygen atoms 
of the phosphodiester linkage, D N A  is indeed able to allow for 
close-packing contacts between nucleic acid molecules. 


Systematic interactions involving 4-oxygen atoms were ob- 
served in crystals of four-stranded intercalated cytosine-rich 
DNA, an unusual nucleic acid motif recently described.[22 -241  


In these structures with stretches of cytidine residues, two paral- 
lel DNA duplexes, each forming hemiprotonated cy- 
tosine,cytosine+ (C .C') base pairs, are intercalated into each 
other with opposite polarity to form a quadruplex. Conserved 
features of this quadruplex structure are a slow, right-handed 
helical twist of 12-20", an average stacking distance of 3.1 A 
and the existence of two broad and two narrow grooves.[23. 241 


A characteristic cross-section through the four-stranded inter- 
calated C-rich motif including two adjacent C .C+ base pairs is 
displayed in Figure 5 a .  This representation illustrates the lack 
of stacking between the cytosine heterocycles of neighboring 
base pairs. Stacking is confined to the exocyclic keto and amino 
groups of the cytosines, resulting in a stacking distance between 
adjacent C . C f  base pairs of approximately 3.1 A. This is less 
than the 3.4 8, stacking distance encountered in regular B-DNA, 
where overt stacking of the aromatic rings occurs. A striking 
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Figure 5.  DNA backbone interactions: a) Cross-section of the I-motifquadruplex 
[20]. b) C-H. . .Ozipper  in thenar rowgrooveof the i -mot i f (Cl ’andC4 hydro- 
gens and 4-oxygen lone pairs black, hydrogen bonda dashed). c) Sugar-base stack- 
ing I. i-motif. d) Sugar base stacking 11, i-motif. 


feature is the close proximity of the deoxyribose sugar rings in 
the narrow grooves on both sides of the molecule. In fact, adja- 
cent 0 4 atoms in these narrow grooves are positioned at  hydro- 
gen bonding distance to the H 1’ (and in some cases also H4’) 
hydrogen atoms of the neighboring sugar ring. Thus, a system- 
atic network of hydrogen bonds involving Hl’ ,  04, and in 
some cases H4‘ atoms is found in the narrow grooves of the 
molecule (Figure 5 b). This C-H . . ’ 0  hydrogen-bond zipper 
links closely spaced backbones of the intercalated parallel du- 
plexes and illustrates a n  elegant possibility to bring DNA 
strands in close proximity through their sugar-phosphate back- 
bones. Another example of closely spaced D N A  backbones in- 
volving C-H . . ‘ 0  hydrogen bonding was observed in the re- 
cently reported crystal structure between the anticancer drug 
cisplatin and a D N A  duplex.[25] In that structure, a series of 
hydrogen bonds were found between C4‘-H and a nonbridging 
phosphate oxygen on the one hand and between 0 3‘ and C 5‘-H 
on the other. 


Crystals of four-stranded intercalated D N A  revealed two fur- 
ther examples of 04-mediated close contacts (Figures 5 c  and 
5d). One of these, the stacking of a sugar on a base, can be 
interpreted as an n + K* conjugative effect, as illustrated in Fig- 
ure 5 c  for a deoxyribose 04 lone pair and the C 8 = N 7  double 
bond from a stacked adenine This Figure also de- 
picts an intracytidine 0 4 ‘ .  . . H 6 - C 6  hydrogen bond. Similar 
n + K* interactions occur between closely spaced thymidine 
residues. Here, the 4’-oxygen lone pair of one thymidine residue 
is positioned approximately normal to the base plane of the 
neighboring residue and vice versa (Figure 5 d). This is consis- 
tent with the existence of partial N 3 = C 2  and N 3 = C 4  double 
bonds and the positioning of the 0 4 ’  lone pairs between the K* 
orbitals associated with them.[201 Interactions of this kind are 
regularly observed in crystals of A-DNA fragments, where the 
base-on-ribose stacking between terminal base pairs of the A- 
form duplexes that rest in the shallow minor grooves of adjacent 
molecules actually appears to be the main intermolecular inter- 
action stabilizing the three-dimensional crystal lattice. 


In crystals of DNA fragments that form short B-type helices, 
an interaction of a different kind is observed, involving phos- 


phate oxygen atoms of the phosphodiester linkage of the back- 
bone,[26, 271 In these crystal structures, stacked B-DNA duplex- 
es form infinite quasi-continuous helices. Unlike in the case of 
the majority of D N A  oligonucleotide crystals, the infinite he- 
lices here are not aligned in a coaxial fashion in the lattice, but 
cross at an angle next to each other forming regions of close 
contact between adjacent DNA duplex molecules. The “inter- 
section” formed by two infinite helices in the crystal is shown in 
Figure 6 a  in a ribbon representation. This arrangement is rem- 
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Figure 6. DNA backbone interactions: a )  Diagonally packed B-DNA helices. 
d(CCGGCGCCGG) [26]. b) Molecular clamp at the intersection of duplexes 


iniscent of the situation associated with genetic recombination, 
where a crossover between adjacent D N A  duplexes occurs a t  
so-called Holliday junctions.[26, The detailed contacts 
formed between two adjacent duplexes at  the intersection are 
shown in Figure 6 b. Two backbone phosphate oxygen atoms 
from a duplex in one infinite helix (only a section is shown with 
black bonds) form hydrogen bonds to the N 4  amino groups of 
cytosine bases in the major groove of a neighboring D N A  du- 
plex (two adjacent base pairs are depicted). Thus, the cytidine 
residues build a tight “clamp” around the phosphate oxygen 
atoms of a neighboring sugar phosphate backbone, forming a 
specific major groove- backbone interaction between adjacent 
D N A  molecules. Similar interactions were observed in other 
crystal structures of B-DNA fragments and a possible role in 
D N A  self-recognition has been implied for such molecular 


In crystals of coaxially packed helical DNA fragments, water 
molecules or  hydrated metal ions were often observed to medi- 
ate indirect contacts between closely spaced molecules by bridg- 
ing backbone oxygen atoms of the phosphodiester linkage. In 
contrast, in crystals of side-by-side arranged left-handed Z-type 
duplexes (Figure 7 a), phosphate oxygen atoms were found to 
form direct close contacts with duplexes of neighboring infinite 
helices. A detail of the interaction involving a phosphate group 
and a guanine base from closely spaced Z-DNA duplexes is 
shown in Figure 7 b. Guanines in Z-DNA with alternating 
dG-dC sequence appear to be electronically strongly polarized. 
This is consistent with the Z-DNA-specific coordination of 
metal or organic cations to 0 6  and N 7  atoms of the guanine 
base, and also with the observation of extensive intramolecular 
base-on-ribose stacking involving the guanine heterocycle in 
Z-DNA crystal structures.[2 ‘ I  The polarization of the guanine 
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Figure 7. DNA backbone interactions: a) Side-by-bide packcd Z-DNA helices. 
d(CG), 1211. b) C - H . . . O  hydrogen bond at the interface between duplexes. 


base in Z-DNA is thought to give rise to  a partially positively 
charged C 8 carbon, rendering its hydrogen slightly acidic. Evi- 
dence for this is provided by adjacent negatively charged phos- 
phate oxygen atoms that are located at  distances from the C8 
carbon that are consistent with the formation of a C-H ' ' 0  
hydrogen bond to the H 8  hydrogen atom as depicted in Fig- 
ure 7 b. This interaction occurs systematically in crystals of left- 
handed Z-DNA fragments, and provides another example of 
close contacts between tightly packed nucleic acid molecules 
mediated by backbone atoms other than the R N A  2'-hydroxyl 
group. 


Conclusion 


The interactions described in this contribution, involving vari- 
ous backbone oxygen and hydrogen atoms, highlight recurrent 
stable motifs in nucleic acid structures. They are likely to be 
encountered frequently in large and elaborately folded mole- 
cules, both R N A  and DNA.  Each interaction represents a way 
to stabilize close contacts between backbones, or backbones and 
bases, that allow for tight packing of adjacent nucleic acid mol- 
ecules or their structural domains. It is of particular interest that 
the chemically uniform, repetitive sugar-phosphate back bone 
may contribute in various ways to a selective and potentially 
even specific self-recognition of neighboring nucleic acid seg- 
ments, making versatile use of 0 2 ' ,  0 4 '  and phosphate oxygen 
atoms. 


Nucleic acids are currently the focus of intensive research 
efforts, as potent catalysts of many chemical reactions as well as 
specific diagnostic markers for numerous biologically relevant 
molecules, including those on the surface of cancerous cells. 
Detailed knowledge of the nature of the inter- and intramolecu- 


lar interactions governing the structural assembly of nucleic 
acids besides the known base-pairing rules will be invaluable, 
not only for more accurate folding predictions of important 
RNA and DNA molecules In the cell, but also for a rational de 
novo design of aptamers and catalytic nucleic acid molecules, 
tailor-made to  recognize a particular epitope or catalyze a 
specific chemical reaction. 
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The Phosphodiester Groups of d(TpT)- and d(TpG)- Coordinate 
to Platinum(I1) in N,N-Dimethylformamide 


Jiri Kozelka* and Gilles Barre 


Abstract: The propensity of the phospho- 
diester group to bind platinum(i1) was in- 
vestigated by examining the reactions of 
the dinucleotide salts NH,{d(TpT)) and 
NH,{d(TpG)} with the complexes [Pt- 
(NO,)(NH,),]NO, (1) and cis-[Pt(NO,),- 
(NH,),] (2) in N,N-dimethylformamide. 
d(TpT)- coordinates to the platinum 
atom of both 1 and 2 through either of the 


Introduction 


two nonbridging phosphoryl oxygen d(TpG)- forms monodentate adducts 
atoms, as revealed by 31P NMR spec- bound to N7(G), as well as two distinct 
troscopy. Conversely, d(TpG)- binds to 1 macrochelates, in which N7(G) and one 
through the guanine N 7  atom. With 2, of the nonbridging phosphoryl oxygens 


are crosslinked by platinum. We suggest 
that guanine-phosphoryl macrochelate Keywords 


antitumor agents . DNA . NMR complexes play a role as intermediates in  
rearrangements of platinum monoad- spectroscopy * platinum 
ducts formed with DNA. 


The antitumor drug cisplatin (cis-[PtCl,(NH,),]) reacts with 
DNA to form guanine-guanine and guanine-adenine 
crosslinks as major lesions in the molecule.[’] It is accepted that 
prior to reacting with a nucleobase, cis-[PtCl,(NH,),] has to be 
hydrolyzed to its monocationic {cis-[PtCl(NH,),(H,O)]’} or 
dicationic { cis-[Pt(NH,),(H20)2]2 ’} form. Accordingly, reac- 
tions between these cationic complexes and (o1igo)nucleotides 
have been extensively studied as model systcms for the more 
complicated interactions with DNA.[’] These studies have 
shown that platinum is coordinated almost exclusively by the 
N 7  atoms of guanines and adenines. Phosphodiester binding 
has never been reported; this agrees with the general observa- 
tion that the “soft” metal ion Pt” has a greater affinity for 
polarizable nitrogen donors than for “hard” oxygen ligand~.[~I 
However, this does not rule out the possibility of phosphodi- 
ester-platinum binding in transient reaction intermediates. It is, 
for instance, conceivable that the cationic complex associated 
with the polyanionic DNA molecule by electrostatic forces 
(outer-sphere complex in Scheme 1) would react with one of the 
phosphodiester groups located on the surface of the double 
helix, forming a transient phosphodiester-coordinated complex 
(green arrows in Scheme I) ,  and subsequcntly rearrange to a 
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Scheme I .  Rcaction between ci.c-[PtCI(NH,),(H,O)]+ (the monocationic form of 
the antitumor drug ci.~-[PtCl,(NH,),1) and DNA. Black arrows: generally accepted 
reaction steps [28-301. Green arrows: hypothetical phosphodiester-mediated path- 
way for monoadduct formation. Red arrows: hypothetical phosphodiester-assisted 
path for mono-to-diadduct conversion via a guanine- phosphoryl macrochelate. 
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stable nucleobase-bound monoadduct. Alternatively, the con- 
version of the latter to a diadduct could be assisted by an adja- 
cent phosphodiester group (red arrows in Scheme 1). 


Whether or not phosphodiester-bound intermediates play a 
role in the reactions between platinum complexes and DNA 
depends primarily on the inherent propensity of the phosphodi- 
ester group to bind a Pt" center. So far, no evidence for plat- 
inum-phosphodiester coordination has been demonstrated, al- 
though platinum complexes of dianionic phosphate monoesters 
are kn0wn.1~- 'I In an attempt to detect platinum-phosphodi- 
ester binding, we have studied the reactions of two dinucleotide 
salts NH,(d(TpT)} and NH,{d(TpG)} with the monofunctional 
complex [Pt(NO,)(NH,),](NO,) (1) and the bifunctional 
complex cis-[Pt(NO,),(NH,),] (2) in N,N-dimethylformamide 
(DMF). We find that in this low-dielectric solvent, platinum- 
phosphodiester coordination is readily observed by 31P 
NMR.[*] 


I 
I 


NH3 
I 
I 


N H 3 1  + 


H3N-Pt-ON02 HsN-R-NH3 NO3- 


ON02 ON02 


1 2 


NH 


t = 2 2 h  L 
t = 39 rnin 


J,, t = 3 min - 
Figure 1. Downfield section of the ' H N M R  spec- 
trum of 1.8 x 1 0 - 3 ~  NH,{d(TpT)) in [D,]DMF, 
alone (bottom spectrum) and at the indicated time 
intervals after addition of a n  equimolar amount of 1 
( T  = 25 'C ,  scale unit = 0.5 ppm). ppm 10 


Thymine Guanine 


0 4  


Results 


The phosphodiester group of d(TpT)- binds quantitatively to 1 
and 2: d(TpT)- was chosen for this study since thymine is 
known not to react with platinum unless it is deprotonated."'] 
Thus, in DMF the only potential sites available for platinum 
binding are the two nonbridging phosphoryl oxygen atoms, 
whose eventual coordination is expected to shift the ,'P NMR 


, 
HO 


Scheme2. Atom connectivity for d(TpG)- with atom numbering scheme for 
thy1nine ;Ind guanine. 


signal downfield.['. 1 2 ,  The progress of the reaction between 
NH,{d(TpT)) and 1 can be conveniently followed by monitor- 
ing the change in the downfield region of the 'H NMR spectrum 
(Figure 1).  The resonance of the H3 imino protons of thymine 
at 6 = 12.2 is broad in NH,{d(TpT)} due to exchange with the 
ammonium protons (for atom numbering in thymine and gua- 
nine, see Scheme 2). Upon reaction with 1, the signal sharpens, 
and after about 1 d at 25 "C,  it splits into two signals at 6 = 13.20 


and 11.25. This suggests that ion-pairing with NH; no longer 
takes place, which is in agreement with the formation of the 
cationic complex [Pt(NH,),{d(TpT)}]+. The 31P NMR spec- 
trum recorded at the end of the reaction (Figure 2) shows two 
singlets of roughly equal intensity at 6 = 8.75 and 8.79, that is, 
8.6 ppm downfield from the signal of free NH,{d(TpT)) in 
DMF (6 = 0.1 3). These observations indicate approximately 
equimolar formation of the two isomeric complexes [Pt(NH,),- 
(d(TpT)-Of')]', in which either terminal oxygen of the phos- 
phodiester group is bound to platinum in a monodentate fash- 
ion. The complete disappearance of the peak due to unreacted 


Abstract in French: L'aptitude du groupementphosphodiester u se 
jixer sur le platine(l1) a Pte examin& en Ptudiant les rPactions 
etztre les sels d'ammonium de d(TpT) ~ et d(TpG) - et 
les complexes [PtjNO,) (NH,) ,]NO, ( I )  et cis- A$\? 7% + S P R  


€ 


a r - - .  
[Pt(NO,) , (NH,) ,]  (2) duns le N,N-dimktlzyljorm- 
amide. La coordirzation du groupementphosphnryle de a m  HZN- Pt-NH, H , N - P ~ -  N H ~  
d(TpT)-  au platine par l'un ou l'autre des atomes 


a 


I 
NH3 v d'oxygsne terminaux a itP mise en evidence pour les 


deu.x complexes par spectroscopie RMN 31 P. Par con- 
tre, d (TpG)-~  se lie au platine de I par l'atome N 7 de 
la guanine. Aver 2, d( TpG)- ,forme, outre les com- 
plexes monodentes coordinks par N 7 ( G ) ,  deux 
nmcrochP1ate.s ou le platine ponte N 7(G) et l'un des 
oq.gPnes terminaux du phospharyl. Nous proposons 
un niicanisme pour les r6arrangements des monoad- 
rluits r l r  plutine sur l 'ADN, duns lequel des 6(3ip) PPm 8 6 4 2 0 - 2 - 4 - 6  
tnacrochi.lates guanine-phosphorq,l,jntleraient un d e  
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Figure 2. .lip NMR spectrum of the reaction inixture of 1.8 x 1 0 - 3 ~  NH,{d(TpT)] with an 
d 'intemPdiaires. equimolar amount of 1 after 1 d incubation at 25 C. Insert: downfield reglon of the spectrum and 


proposed assignment of the two peaks. 
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nate a second equivalent of Pt(NH,):+.[141 
The downfield region of the ' H N M R  spectrum of 


[Pt(NH,)3{d(TpG)-N7)]+ (Figure 4b) reveals an interesting de- 
tail: whereas the H 8  resonance at  6 = 9.17 appears B S  a sharp 


Figure 3. 31P NMR spectrum of 1.7 x 1 0 d 3 ~  NH,{d(TpT)}, alone (bottom) and 
after reaction with an equimolar amount of 2 in [D,]DMF at 25 "C for 5 h (top). 


d(TpG)- binds to 1 through guanine N7: In the 'H NMR spec- 
trum of NH,{d(TpG)}, the imino proton resonances of the 
bases and the ammonium resonance appear as broad features 
between 6 = I 0  and 12, and between 6 =7.5 and 8, respectively 
(Figure 4a), indicating that NHZ and d(TpG)- are largely 
undissociated in DMF, as was observed for NH,{d(TpT)} (vide 
supra). The thymine H 6  appears as a single peak at 6 =7.79, 
whereas the guanine H 8 resonance is masked by the DMF sig- 
nal at 6 = 8.0. Mixing of approximately equimolar amounts of 
NH,{d(TpG)} and 1 in [DJDMF resulted after a few minutes in 
the formation of a species characterized by a downfield H 8  
signal (6 = 9.1). A subsequently recorded 31P NMR spectrum 


--, --,- , -- , 7 , -7 
ppm 10 B 


Figure4. a) Downfield part of the ' H N M R  spectrum of 1 . 9 ~  10-3?4 
NH,{d(TpG)} in [D,]DMF bcroore reaction. b) Same sample after 30 mm incuba- 
tion at 25°C with about 2 equiv of 1 .  c) Same sample after an additional 1 d 
incubation at 60 "C. 


at 60°C for 24 h, however, transformed the broad signal at 
6 = 11.2 into two sharp peaks at 6 = 11.23 and 21.52 (Fig- 
ure 4c). The concomitant appearance of the well-resolved 1 : 1 : 1 
triplet of NH,' centered at 6 = 7.70 showed that ammonium was 
no longer associated with the dinucleotide. Our interpretation of 
these observations is as follows: the hydrogen-bonding/electro- 
static association between NH,' and the phosphodiester group 
of d(TpG)- is sufficiently tight in DMF to resist coordination of 
Pt(NH,): ' by guanine N 7. Only upon heating is this associa- 
tion disrupted, and NHf becomes solvated or pairs with NO;. 
Conversely, when 1 reacts with NH,(d(TpT)} , platinum bind- 
ing to the phosphodiester group necessitates dissociation of 
NHf from d(TpT)-. 


Reaction between d(TpG) - and 2; evidence for a guanine-phos- 
phoryl platinum macrochelate: As shown in Figure 4a, the sig- 
nals due to the thymine H 3 and guanine H 1 imino protons are 
broad in the 'H NMR spectrum of NH,{d(TpG)} . Upon addi- 
tion of about 1 equiv of 2, considerable sharpening of both 
signals was observed, with concomitant appearance of a number 
of smaller peaks between 6 = 8 and 9 (Figure 5 a) characteristic 
of H 8 protons of N 7(G)-coordinated species. Incubation at 
room temperature for 1 d led to increased intensity and further 
sharpening of the signal at 6 = 11.2, disappearance of that at 
6 = 10.7 (thus, the T and G imino resonances overlap due to a 
downfield shift of the HIJG)  signal,['51 which reflects guanine 
coordination to platinum), and, later, the appearance of two 
small peaks at 6 = 11.46 and 11.50 (Figure 5 b,c). These changes 
were accompanied by an increase of the integrated area between 
6 = 8 and 9, whereby two distinct peaks of approximately equal 
intensity appeared at  6 = 8.51 and 8.64. 


In the 31P NMR spectrum (Figure 6), the nearly complete 
disappearance of the initial peak and simultaneous appearance 
of a broad, composite signal centered at 6 = - 0.5, together 
with two fine peaks at 6 = 2.32 and 3.88, were observed. These 
observations indicate that the reaction between NH,{d(TpG)} 
and 2 yields a mixture of N7(G)-coordinated products. The 
broad ,'P resonance near 6 = - 0.5 is assigned, in analogy to 
the monoadduct formed between I and d(TpG)-, to monoden- 
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, - - ~  T--~7--77 ~T-- -7Tv ,- 
ppm 10 8 6 


Figure 5. a) Downfield part of the 'H NMR spectrum of 1.9 x 1 0 - 3 ~  
NH,id(TpG)) in [D,]DMF at 25 'C 10 min after mixing with about 1 equiv of 2. 
b) Same snmple after additional 20 min a t  25 'C. c) Same sample after additional 
14 h at 2 5 ' C  
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Figure 6. "P NMK spectrum of 1.9 x ~ O - ' M  NH,{d(TpG)) in [D,]DMF al 25'C. 
aloiie (bottom) and 30 h arter mixing with about 1 equiv of 2 (top) 


tatc adducts bound to guanine but not to the phosphodiester 
group. These include the monoadducts bearing the N 7(G)- 
bound cis-[Pt(NO,)(NH,),]+ and ~~s - [P~(NH, ) , (DMF)]~+  
moieties,I"] and, possibly, the bis{d(TpG)) adduct cis- 
[Pt(NH,),{d(TpG)},], which may form even under stoichiumet- 
ric  condition^.^"^ The two fine downfield 31P signals are at- 
tributed to two different macrochelates in which platinurn 
crosslinks N 7(G) and either nonbridging phosphoryl oxygen 
atom." This assignment is supported by the observation of a 
similar coordination shift (Ah = 3.5) for the analogous 
macrochelate formed between ~~.Y-[P~(CH,NH,),(H,O)~]~ + and 
5'-IMP' -- in neutral aqueous solution.[51 The considerably 
smaller coordination shift (Ad = 2.7-4.3) of the phosphorus 
signals in the macrochelate species, as compared to that seen for 
the monofunctional adducts of 1 and 2 with d(TpT)- (A6 = 7.4- 
8.6), is consistent with a strained macrocyclic s t r ~ c t u r e , [ ~ ~  'I 


which is cxpected to reduce the platinum-ligand orbital overlap 
and thus the ligand-to-platinum electron transfer. In addition, 
strain-induced variations in 0-P-0 bond angles could also con- 
siderably affect the 31 P chemical shift.["] 


Sincc the platinum-phosphodiester bond is cxpected to bc 
labile, we interpret our observations in terms of an equilibrium 
between the guanine-bound monodentate complexes and 
the two isomeric guanine-phosphodiester macrochelates 
(Scheme 3). 


+ L  


Scheme 3. Equilibrium between a guanine-bound monodentatc complex and two 
isomeric guanine-phosphodiester rnacrochelates (L = NO;. DMF: charges omit- 
ted). 


Discussion 


Because of the "soft" character of the Pt" ion, the typical DNA 
binding sites of platinum(1r) are the heterocyclic nitrogen atoms 
of the bases, particularly the guanine N 7 atoms. However, as 
noted previously by Sigel,'201 decreasing solvent polarity consid- 
erably enhances the affinity of metal ions for negatively charged 
moieties such as phosphodiester groups. It is therefore conceiv- 
able that in the densely packed cell nucleus, where the dielectric 
screening is expected to deviate from that in bulk water, interac- 
tions with the phosphodiester groups could play a significant 
role in the [ormation and/or processing of metal-DNA adducts 
(see Scheme 1). 


On the basis of this idea and with the DNA-binding proper- 
ties of platinum antitumor complexes in mind,", 2'1 we have 
examined in the present work the propensity of the phosphodi- 
ester group of d(TpT)- and d(TpG)- to bind platinum in the 
complexes 1 and 2 in DMF. As the first main result, we have 
found that in DMF, both 1 and 2 bind quantitatively to the 
nonbridging phosphoryl oxygen atoms of d(TpT)-. This shows 
that under the conditions of moderately low dielectric screening 
( E ~ ~ ~  = 36.7), Pt" has a non-negligible affinity for the phospho- 
diester group. Thus, although platinum binding occurs through 
guanine N 7 in the complex formed between 1 and d(TpG)-, we 
consider that transient binding to phosphodiester groups prior 
to base coordination (green arrows in Scheme 1) cannot be ruled 
out in reactions between cationic platinum complexes and 
DNA. 


The second major finding of this study is that the cis-bifunc- 
tional platinum complex 2 (the dinitrato form of the antitumor 
drug cisplatin) forms a macrochelate with d(TpG)- in which the 
guanine N 7 and either terminal phosphoryl oxygen are bound 
to platinum. Since in a platinum monoadduct bound to a gua- 
nine N 7 within duplex DNA, the flanking phosphodiester 
group to the 5'-side is particularly well situated to carry out a 
nucleophilic attack on the platinum atom through one of its 
terminal oxygcn atoms (Figure 3 in ref. [lo]), such macrochelate 
complexes should be considered as possible intermediates in the 
monoadduct-to-diadduct conversion (red arrows in Scheme 1). 
The pathway via the macrocyclic complex would be entropically 
favored over himolecular attack of a solvent molecule and 
would provide an explanation for the "catalytic effect" which 
double-stranded DNA has been reported to exert on reactions 
of various types of platinum monoadducts.r211 In particular, the 
macrochelate pathway plausibly explains the observed depen- 
dence of the monoadduct-to-diadduct conversion rate on se- 
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quence:[221 the stacking of the platinated guanine with its adja- 
cent bases depends on the nature of these bases, as does the exact 
position of the 5'-phosphodiester group with respect to plat- 
inum. Thus, provided that nucleophilic attack of the phosphodi- 
ester group on platinum is the rate-determining step, the rate of 
the monoadduct-to-diadduct conversion should be sequence de- 
pendent, as is observed 


Based on the above arguments, we hypothesize that in reac- 
tions between platinum complexes and DNA, the phosphodi- 
ester groups of DNA could play the role of nucleophilic cata- 
lysts. 


Experimental Section 


The platinuin complexcs 1'23' and 2["' were prepared according to published 
methods and predissolved in a small volume of [D,]DMF before addition to 
the dinucleotide solutions. The dinucleotides (Sigma) were used without fur- 
ther purification. The NMR spectra were recorded on Bruker ARX250 and 
AC 100 spectrometers. Typically, a 45' pulse and a 2-3 s repetition delay were 
used for the acquisition of the 31P NMR spectra. Chemical shifts are refer- 
enced to external 85% aqueous H3P0, ("P) and to the downfield D M F  
signal set to 6 = 8.000 ( 'H).  The spectra reproduced in the figures were 
recorded with the ARX250 spectrometer, except for Figure 3 (AC 100). 


The low-field instrumcnt (AC 100) was employed in a search for 31P-195Pt 
coupling, since lYsPt  chemical shift anisotropy relaxation, whose contribu- 
tion to the relaxation rate increases with B:, can lead to the disappearance of 
doublets due to 'J(Pt,X) c~upl ing. ' '~ '  However, no splitting of the 31P N M R  
signals was observed for any of the adducts. It is possible that additional 
broadening of the satellites due to 31P-195Pt coupling arises from a depen- 
dence of 'J(Pt,P) on the dihedral angle Pt-0-P=O, in analogy to the 
stereospecificity of "P-C-'H and ' ' P C i 9 F  spin-spin coupling con- 
stants.['" Undetectable 31P-1 95Pt coupling, even with low-field spectrome- 
ters, has been previously reported for a number of phosphato complexes of 
platinum.'5. 6 .  "1 
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Studying the Stability of a Helical P-Heptapeptide by 
Molecular Dynamics Simulations 


Xavier Daura, Wilfred F. van Gunsteren,* Dario Rigo, Bernhard Jam* and Dieter Seebach" 


Abstract: []-Peptides consisting entirely of 
homochiral [&amino acids R-CH(NH,)- 
CH2C0,H form 3,-helices in solution, as 
shown previously by N M R  analysis of 
pyridine and methanol solutions. The 
stability of the helical secondary structure 
of one such p-peptide (H-P-HVal-P-HAla- 
/?-HLeu-(S,S)-P-HAla(aMe)-p-HVal-P- 
HAla-p-HLeu-OH, 1) has been investi- 
gated by molecular dynamics siinulations 


using the GROMOS 96 molecular model NOE distance restraints). The restraints 
and force field (962 methanol molecules; derived from the N M R  studies were 
T = 298, 350, 400 K;  with and without equally well satisfied by both the re- 


strained and the unrestrained room-tem- 
perature molecular dynamics simulations. 


Keywords The 3,-helical conformation of 1 was 
shown to be so stable that it was restored 
spontaneously within 400 ps after unfold- 


helical structures - molecular dynam- 
ics simulations * N M R  spectroscopy * 


peptides 


Introduction 


From numerous single-crystal X-ray structures of oligolides 
from (R)-3-hydroxybutanoic acid (A in Scheme I ) ,  we had con- 
cluded that there should be a favourable helical backbone con- 
formation of linear oligo- and polyesters built from 3-hydroxy- 
alkanoate (B in Scheme 1). Modelling studies showed that, 
with building blocks of (R) configuration, a (P) helicity and a 
pitch of approximately 6 A in a 3,-helix should result"] (see 
Scheme 1 ) .  By means of fibre X-ray scattering investigations, 
the polyesters from (R)-3-hydroxybutyrate (PHB) and -valerate 
(PHV) have been shown to form 2,-helices (ca. 6 A pitch, ( M )  
chirality), but the modelled 3,-helix has not been observed ex- 
perimentally.['] Additionally, there is no evidence for sec- 
ondary-structure formation in solutions of the linear and cyclic 
oligomers of these hydroxy acids, a t  least not on the N M R  
timescale.['3 21 IJpon inspection of the modelled PHB 3,-helix we 
noticed, however, that carbonyl and backbone oxygens are in 
rather close proximity (separated by ca. 2.9 A), and therefore we 
thought that replacement of the backbone oxygen by an N H  
should lead to hydrogen bonding and thus stabilisation of the 
helix. To our surprise, a literature search revealed that no sys- 
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c-mail' jaun(~i,org.chein.ethr.ch or seebach(worg.chem.ethz,ch 


ing had been induced by a sudden increase 
of the temperature from 298 to 350 K.  


tematic study had been published on  oligomers of 3-aminocar- 
boxylic acids. We therefore embarked in a general investigation 
of /$amino acids and p-peptides, to find out that oligomers 
containing as few as six p-amino acid residues form stable he- 
lices, identified by C D  and N M R  and that it 
is not necessary to  reduce the conformational flexibility of the 
backbone of such P-peptides[61 to observe the helix in methanol 
solution. Detailed N M R  analysis in this solvent of a P-hexapep- 
tide and the [j-heptapeptide 1 (see Scheme I ) ,  synthesised from 
p-amino acids obtained by Arndt-Eistert homologation of the 
(S ) -  (or L-) a-amino acids, confirmed the helical structure of 
such P-pept ide~ '~]  (a left-handed (or M )  3,-helix of 5 A pitch), 
previously discovered in pyridine solution.[31 The remarkable 
stability of this helix follows also from the slow H/D exchange 
of the central N H  hydrogens in CH,OD. It is specially revealing 
that, despite of the additional a-methylene group in the []-amino 
acids, the P-peptides studied are more structured than the 
analogous a-peptides. 


We now describe detailed molecular dynamics simulation 
studies of the P-heptapeptide 1 in methanol solution, with and 
without NOE distance restraints, at three different tempera- 
tures, using the GROMOS96 force field and molecular mod- 
el.[71 Owing to the nature of the molecular system under study, 
this is also a good test case for this force field. 


Results and Discussion 


Four molecular dynamics (MD) simulations were carried out, 
with the aim of studying the stability of the (left-handed) helical 
structure that the NMR studies14] determined for this p- 
heptapeptide in methanol. The first of the MD simulations 
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A (oligolide from (R)-3-hydroxybutanoic acid) 


(P)-3,-helix of B 


B (linear poly((R)-3-hydroxyalkanoate) 


(M)-dl-helix of a p-peptide such as 1 


H-P-HVaCP-HAla-p-HLeu-(S, S)-P-HAla(aMe)-P-HVal-P-HAla-P-HLeu-OH (1) 


Scheme 1.  Structural comparison of oligomers from 0-hydroxy- and D-amino acids A :  cyclic oligomer 
(oligolide), B :  linear oligomer of (R)-3-hydroxyalkanoic acids, PHB (R = CH,), PHV (R = C2HS); ( P )  and 
( M )  .i,-helices of the polyester (modelled [1,2]) and of the corresponding polyamide (from N M R  measnre- 
ments [3- 61); 1:  /?-heptapeptide used for the molecular dynamics simulations described here (H in front of 
ammo acid symbol represents the prefix “homo”). 


(MDDR) served as a reference simulation. It was set up at 
298 K (room temperature), with a time-averaged restraining 
procedure to force the peptide to satisfy (on average) the NOE 
distances derived from experiment. The other three were stan- 
dard (unrestrained) M D  simulations at different temperatures, 
namely, 298 K (MDTI),  350 K (MDT2) and 400 K (MDT3). 
We should emphasise at this point that the GROMOS96 force 
field, like most others, has been parametrised for room-temper- 
ature simulation and, therefore, the use of high temperatures in 
the MDT2 and MDT3 simulations should be viewed as a way 
to introduce energy into the system, increasing the motion of the 
atoms, and to induce destabilisation of the helix, rather than as 
a picture of the physical behaviour of the real system at the high 
temperatures. 


The analysis of the resulting trajectories shows that the 3 
helix is indeed very stable in the GROMOS 96 force field, sug- 
gesting that this may also be the case for the peptide in vitro. 


The average dynamic and structural prop- 
erties of the peptide in simulation MDTl  
are very similar to those in simulation MD- 
DR even though there were no restraints 
driving the peptide towards a target struc- 
ture. In simulation MDT2, the initial tem- 
perature shock temporarily destroys the he- 
lical structure of the peptide, but this is fully 
recovered after the first 500 ps period. Per- 
manent destabilisation of the helix through 
temperature increase is only achieved by 
keeping the system at 400 K for longer than 
800 ps in simulation MDT3. 


In Figure 1 we have plotted the root 
mean square (RMS) positional deviation of 
the peptide backbone atoms from the initial 
model structure as a function of the simula- 
tion time, calculated for each of the four 
trajectories. This gives an impression of the 
overall structural differences between the 
initial model structure (defined in the sec- 
tion Computational Methods) and each of 
the structures extracted sequentially from 
the trajectory. In simulations M D  DR and 
MDTl  the structure of the peptide always 
remains close to the initial model one (RMS 
deviation around 0.1 nm). Nevertheless, 
while the value of the RMS deviation is 
quite stable in simulation MD DR, it shows 
a slightly more fluctuating behaviour in 
simulation MDTl .  Periods of time in which 
the tails of the peptide move around the 
region of conformational space defined by 
the initial model structure alternate with pe- 
riods of time in which they move away to 
visit distinctly different neighbouring re- 
gions (this can be seen in Figure 3). These 
long-range oscillations of the peptide tails 
are more restricted in simulation MDDR 
due to the presence of distance restraints. In 
simulation MDT2 there is an initial period 
in which the RMS deviation values are 


large, due to partial unfolding induced by the sudden change in 
temperature. Nevertheless, and quite surprisingly considering 
the degree of unfolding already reached, after about 300 ps the 
peptide starts to recover its initial conformation. Beyond the 
first 500 ps, the RMS deviation from the initial model structure 
shows a pattern similar to that of the MDTl  simulation, al- 
though with larger fluctuations due to the higher temperature, 
and always returning to RMS values of around 0.06nm. In 
simulation MDT3 the initial temperature shock does not de- 
stroy the helical conformation. The peptide stays more or less 
close to the initial structure during grossly the first 1000 ps, with 
RMS deviation values between 0.1 and 0.3 nm. This does not 
necessarily mean that the essential features of the helix are al- 
ways present. After that period of time the peptide loses com- 
pletely its initial fold and never recovers a structure with low 
RMS deviation values from the initial model structure. On the 
basis of Figure 1, the following periods of time were considered 
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Figure 1 .  Root mean square (RMS) positional deviation of the  backbone atoms from their 
initial (model structure) positions as a function of the simulation time Before the calculation 
of the RMS deviation, the conformatioiia extracted froin the lrajcctories were least-squarcs 
tilted to the initial model structure bv using the coordinates of the backbone atoms of 


an initial elongation of the structure accompanies the 
increase of the RMS deviation from the initial model 
structure observed in Figure 1. The oscillations observed 
in the RMS deviation values correlate with those in the 
radius of gyration. In simulation MDT3, after a first 
800 ps period in which the radius of gyration presents a 
profile similar to that of simulation MDT2, the 3,-helix 
unfolds in two stages, one (from about 900 to 1500 ps) in 
which it reaches an almost completely extended shape. 
with radius of gyration values up to 0.75 nm, and a sec- 
ond (from about 1600 to 2200 ps) in which the radius of 
gyration decreases again, even though the RMS devia- 
tion from the initial model structure is still slightly in- 
creasing, indicating that the peptide has adopted a non- 
helical (in this case random coil like) fold. 


To obtain a visual picture of the behaviour of the 
system in the simulations (information already implicit 
in Figures 1 and 2), we show in Figure 3 a representation 
of the backbone of the initial model structure as well as 
a superposition of structures extracted at the times 300, 
600,900,1200,1500,1800 and 2100 ps from the different 
trajectories. As indicated by the time course of the RMS . -  


residues 2 to 6. 


whenever the analysis required averaging: between 100 and 
2200 ps in simuiations MDDR and MDTI, and between 500 
and 2200 ps in simulation MDT2. We divided simulation 
MDT3 somewhat arbitrarily into two stages, one between 0 and 
1000 ps (MDT3-H) and one between 1000 and 2200 ps (MDT3- 
C ) .  


The radius of gyration of the peptide as a function of the 
simulation time (Figure 2) gives different structural informa- 
tion. The radius of gyration is a function of the RMS distance 
of the atoms from their common centre of gravity, and is there- 
fore related to the size and shape of the molecule. In simulations 
MDDR and MDTl the radius of gyration oscillates near its 
initial value during the whole simulation. In simulation MDT2, 


deviation and the radius of gyration, in simulations 
MD DR and MDTl the core of the peptide (residues 2 


to 6) keeps the same basic structure along the whole trajectory, 
and only the tails present larger-scale movements, especially in 
simulation MDTl. The conformations extracted from simula- 
tion MDT2 present more dispersion in their superposition due 
to the increase in the fluctuations induced by the higher temper- 
ature, but they still do individually represent a helical structure 
(with the exception of the conformation extracted at  time 
300 ps). There is no reasonable least-squares fitting of the atom 
positions possible for the conformations extracted from simula- 
tion MDT3, with structures that are still partially a left-handed 
helix (at 300 and 600 ps), others that are almost totally extended 
(at 900, 1200 and 1500 ps) and a third group that adopts a 
non-native fold (at 1800 and 2100 ps). 


The RMS positional fluctuations of the backbone 
atoms are shown in Figure 4 for each of the simulations. 
As one could already guess from the superpositions of 
structures in Figure 3, the profile of the RMS fluctua- 
tions is very similar in simulations MD DR and MDTl : 
relatively small fluctuations in the core region 
(residues 2 to  6) and a bit larger fluctuations in thc two 
tails, especially in the C-terminal one. In simulation 
MDT2 the average fluctuations of the backbone atoms 
in the core region are almost twice as high as in the 
simulations a t  room temperature. The two tails are also 
more mobile, the N-terminal one apparently being the 
most affected by the increase in temperature. In the 
MDT3-H simulation the RMS positional fluctuations 
of the backbone atoms are only a bit larger than in 
simulation MDT2, with an even more mobile N-termi- 
nus. In the MDT3-C simulation the RMS fluctuations 
are about four times higher than in simulations MD DR 
and MDT1. The actual profile of the RMS fluctuations 
is in this case not significant, since the distribution of the 


highly dependent on the way the superposition of like 


, . - I . ------- 


--~-----1 ~ . 
400 800 1200 1600 2000 400 800 1200 1600 2000 


time (ps) time (ps) 


bigure 2. Radius of gyration of the peptide ;IS a function ol' the sirnulation time. The hori- RMS fluctuations along the backbone is, i n  MDT3-C, 
zoiital line coi-responds to the radius of gyration of the initial model structure. 
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”a 


DR 


MD T3 


Figure 3. Superposition of conformations extracted from the simulations. NMR refers to  the initial inodel structure. Seven conformations were extracted from each of the 
trajectories, at times 300, 600, 900, 1200, 1500, 1800, and 2100 ps, and superimposed by leaat-squares fitting of the backbonc atoms of residues 2 to 6 .  Thc conformations 
from simulation MDT3 have been classified in three groups according to their approximate folds. The first group (from left to right) contains thc conformations extracted 
at times 300 and 600 ps, the second one contains the conformations extracted a t  times 900,1200 and 1500 ps, and the third one contains the conformations extracrcd at  times 
1800 and 2100 ps. 


atoms is performed, owing to the very different shapes that the 
peptide adopts in this stage of the simulation (see Figure 3). 


To evaluate the degree of agreement between the conforma- 
tions sampled in the two simulations a t  room temperature and 
the NOE distances derived from the NMR experiments, we have 
plotted in Figure 5 the average effective violations of the NOE 
distances for the initial model structure and for simulations 
MD DR and MDTI. Even though the experimental NOES were 
obtained a t  a lower temperature (298 K), we have also plotted 
the average effective violations for simulations MDT2 and 
MDT3 (divided in plots MDT3-H and MDT3-C), since this 
will show how the helical information is distributed in the NOEs 
and how the peptide loses this information in the last 1200 ps of 
simulation MDT3. The negative violations correspond to dis- 
tances that are smaller in the computationally obtained confor- 
mations (including the initial model structure) than the ones 
predicted by the N M R  data, and the positive violations corre- 
spond to distances that are bigger in the computationally ob- 
tained conformations. The NMR (initial model) structure has 
six violations that are clearly over 0.05 nm (in absolute value), 


approximately the average estimated error in the experimental 
NOE distances, which correspond to the sequence numbers 9. 
22, 24, 28, 29 and 31 (see Table 1). One may consider the first 
five of these six violations as being the result of using conserva- 
tive upper bounds when translating the strong, medium and 
weak NOES into upper-distance limits. The cross-peaks corre- 
sponding to NOEs 9 and 29 had a COSY-type (antiphase) com- 
ponent, which made the translation difficult. On the other hand, 
the NOES 9, 22 and 28 involve CH, groups, in which case the 
distances in the model structure must refer to a pseudo atom. 
This may also be a possible source of error, even though there 
is a correction term for the distances in order to  account for it. 
The NOE 31, between NH(5) and NH(6), gives a distance that, 
as  we will see, could not be satisfied by either the model struc- 
ture or by the unrestrained simulation. The positive violations 
observed for the NMR structure have been flattened by the use 
of distance restraints in simulation MDDR. Those negative 
violations which in the initial model structure were bigger than 
0.05 nm in absolute value, are also present here (sequence num- 
bers 9, 22, 24, 28, 29). We should emphasise that we have used 
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Figure 4. Root meaii square (RMS) positional fluctuations of the backbone atoms. Before the calculation of the  RMS fluctua- 
tions. theconformations extracted from the trajectories were least-squares fitled to the initial model structure using the coordinates 
01-the backbone atoms of residues 2 to 6. The RMS differenw's between the avei-age structure from cach of the simulations and 
the initial model structure are, for the backbone atoms and for all atoms, iespectively, the following: 0.8611 66 nin in MDDR,  
0.X3 1.56 nm in MDT1, 0.8111.53 nm in MDT2, 1.16,1.96 nm in MDT3-H and 3.30'4.02nm in MDT3-C. 


I. I .L. , I I _A 


5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40 
NOE distance sequence number NOE distance sequence number NOE distance sequence number 


Figurc 5 .  Effective violations of experimental NOE distances. Difference between 42 experimental NOE distances (obtained for 
the system at rooiii iernperature) and the corresponding average distances calculated from the simulations. The sum of the positive 
violations in the initial model structure and in each of the simulations is the following: 0.29 nm in NMR, 0.08 nm in MDDR. 
0.20 nm in MDTI,  0.31 nm in MDT2, 0.35 nm in MDT3-H and 3 00 nin in MDT3-C 


an attractive interaction term for the restraining, so that nega- 
tive violations (if in this case they can be called violations at  all) 
are permitted. In the MDTl simulation the pattern of negative 
violations is almost identical to  that observed in the MDDR 
simulation. The distance with sequence number 31 is here slight- 
ly over 0.05 nm larger than the NOE-derived distance, as al- 
ready mentioned. In the MDT2 siinulation the average effective 
violations are similar in range to the ones shown for the MDTl 
simulation, reinforcing the impression that in this simulation the 
average structural properties of the peptide were only slightly 
affected by the increase in the temperature (except for the initial 


300 ps period), even though the atomic fluctuations were much 
larger than those at 298 K. No large positive violations are 
found in simulation MDT3-H either, and the pattern of nega- 
tive violations also remains close to  that of the initial model 
structure. In the MDT3-C simulation there are a number of 
large positive violations that correspond to distances that in- 
crease as the helical structure is lost, that is, long-range (in chain 
sequence) NOEs. The NOE distances with sequence numbers 7 
and 8 (see Table I), with average violations of 0.34 and 0.45 nm, 
respectively, correspond to weak NOEs in the helical structure 
between NH(2) (N hydrogen of residue2) and H-C,(4) (C, 
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r..~ 


0.20 spond nm, to strong respectively, NOES corre- in the 


/ 0 0  


tween in the an preceding NH and residue, the Ha,-C, and + 12 / l o g  


helical structure between H- lo -- 8 C,( 5) and HBx- C,(2), and be- 
tween H-C,(6) and Ha,- -$ 6 


C,(3). The violations of the 3 4 


NOE distances with sequence 2 


numbers 11, 19 and 37, be- 


3 


0 0  
0 0  


NMR 
4 . ; .  , :  , i ,  , 


31, between NH(5) and 
NH(6), also becoine sizeable 


Of the central NH to H,, - C ,  
distances, only the one be- 
tween NH(5) and Hax- 


P 6 -  at this stage of the simulation. 5 
0 0  - 


MD 1'2 2 -  


, . _ L  . . .  I . .  


2 4 6 8 1 0 1 2  


Table 1 NOE distances 


1 - 


; '  / 1:' '/ 


/: i // 


1 0 8  


MD DR MDTI  
I i  : . . I  I ,  


1 
0 %  1 


0 "  


0 0  


MD T3-H MDT3-C 1 
. . , , . . . .  ( , .  , . . --A 


2 4 6 8 1 0 1 2  2 4 6 8 1 0 1 2  


s [a] H atoms [b] d [c] s [a] H atoms [h] d lcl 


1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 1  NH(3) 
12 NH(3) 
13 NH(3) 
14 NH(3) 
15 NH(3) 
16 NH(3) 
17 NH(3) 
18 H-C,(3) 
I9 NH(4) 
20 NH(4) 
21 NH(4) 


0.28 22 NH(4) 
0.29 23 NH(4) 
0.30 24 NH(4) 
0.24 25 H--C,(4) 
0.29 26 NH(5) 
0.33 27 NII(5) 
0.35 28 NH(5) 
0.33 29 NH(5) 
0 22 30 NH(5) 
0.23 31 NH(5) 
0.22 32 
0.31 33 
0.31 34 
0.26 35 
0.38 36 
0.34 37 
0.32 38 
0.30 39 
0.23 40 
n.28 41 
0.29 42 


0.30 
0.32 
0.37 
0.26 
0.37 
0.22 
0.35 
0.35 
0.25 
0.35 
0.23 
0.26 
0.25 
0.29 
0.25 
0.22 
0.25 
0.26 
0.24 
0.30 
0.27 


[a] Sequence number of NOE distance. [b] The residue scquence numbers of the 
atoms arc indicated in parentheses. [c] NOE distance in nm. 


hydrogen of residue 4) and between the same NH(2) and H- 
C,(5). The sequence numbers 16 and 17, with average violations 
of 0.29 and 0.1 6 nm, respectively, correspond again to weak 


We have also compared 21 experimental ' J  coupling con- 
stants derived from experiment with their average values in the 
simulations (Figure 6), calculated with the Karplus equation[8] 
[Eq. (1) in Computational Methods]. The upper-left plot com- 
pares the experimental ' J  coupling constants with the ones cal- 
culated for the initial model structure. The first range of exper- 
imental ' J  coupling constant values (between 2 and 5 Hz) 
contains the 3J coupling constants for the pairs H-C,JH,,-C, 
(C, hydrogen, C, equatorial hydrogen), which are generally a 
bit too small in the initial model structure (see Table 2). This is 


Table 2. ' J  coupling constants. 


.? [a1 H atoms [b] ' J  [c] s [a] H atoms [b] ' J kl 


1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 


2.8 
4.5 
4.5 
3 9  
3.8 
4.5 
4.7 
7.0 
9.2 
9.6 
9.3 


12 
13 
14 
15 
16 
17 
18 
19 
20 
21 


9.6 
8.7 
9.5 
11.5 
12.0 
12.3 
10.8 
12.3 
11.6 
10.0 


~ ~~ 


[a] Sequence number of'Jcoupling constant. [b] The residue sequence nuinhers or 
the atoms are indicated in parentheses. [c] '.I coupling constant in H7, 
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tween 8 and 10 I lz )  contains values for the pairs NH/H-C,, for 
which there is general good agreement between model structure 
and experiment, with dihedral angles around 180". The last 
range of experimental 3J coupling constant values (between 10 
and 13  Hz) contains values for the pairs H-C,/H,,-~ C,, which 
are generally a bit too high in the initial model structure, as 
expected, since they are coupled with the same dihedral angle 
as the H-C,JH,,-C, pair. In this case, the dihedral angle be- 
tween the two hydrogens is about I80 and 190" instead of 170 
and 180', predicted from the Karplus curve. In plots M D D R  
and MDTI the points mostly lie very close to  the straight line. 
that is, there is close agreement between the experimental and 
simulated 3 J  coupling constants. This is especially remarkable 
for simulation M D T I ,  where, in the absence of restraints, the 
force field generates the proper dihedral angle distributions, 
even for the side chains. In plots MDT2 and MDT3-H there is 
also quite good agreement between the experimental and the 
averagc calculated ' J  coupling constants, although with an ex- 
pected higher dispersion. In plot MDT3-C, the average calculat- 
ed 'Jcoupling constants for the hydrogen pairs NH/H-C, and 
H-C,I'H,,-C, arc smaller, as the dihedral angles deviate, with 
unfolding of the peptide, from the value that corresponds to a 
maximum 3J value in the Karplus curve, that is, about 280" in 
both cases. 


The picture of the peptide conformations and dynamics is 
completed with the calculation of intramolecular hydrogen 
bonding propensities. In Table 3 we show their occurrences in 
the simulations. As a complement, Table 4 shows detailed hy- 
drogen bonding data from simulation M D T l  . The most impor- 
tant hydrogen bonds supporting the helical structure are the 
three central ones, NH(2)-0(4) (N hydrogen of residue 2 and C 
oxygen of residue 4), NH(3)-0(5) and NH(4)-0(6), which are 
present in the initial model structure and with high occurrences 
and long (in relative terms) lifetimes in simulations M D  DR and 
MDT1.  In particular, the NH(3)-O(5) and NH(4)-0(6) hy- 
drogen bonds appear to be especially stable in these two simula- 


Table 4. Hydrogen bond occurrences in simulation MDTl ;ind their rehtive likliines. 


Tablc 3. Intramolecular hydrogen bonds. 


Donor Accep- NMR M D D R  M D T l  MDT2 MDT3-H MDT3-C 
I4 tor [bl [cl [cl [cl [cl [cl [cl 


+ 
+ 13.7 22.0 24 6 17.6 
+ 91.1 X5.0 68.1 54.5 - 


+ 95.1 93.0 84.6 71.7 - 


- - 26.8 
+ 96.0 92.0 60.7 62.6 - 


- 1o.9 15.8 10.2 - 


t -  6.n 15.3 - 


- - 


- - 22.8 


la]  The residue sequence nuinhers of the atoms are indicated in parentheses. 
[b] Presence ( + j  o r  absence (-) of a hydrogen bond. [c] Occurrence ($6) of a 
hydrogen bond. a hydrogen bond is considered to exist when thc donor-hydropen- 
acceptor angle is larger than 135 ' and the hqdrogen-acceptor distance is rmaller 
than 0 25 nm: only those hydrogen hoiida occurring in niorc than 5 %  of  the 
analysed conl'orinations have been considered. 


tions (see also Table 4). The occurrences of these three hydrogen 
bonds are lower in simulation M D T 2  and in the first period of 
simulation MDT3 (MDT3-H); the central NH(3)-0(5) hydro- 
gen bond is the most resistant to high temperatures. The three 
of them, however, disappear completely in the second part of 
simulation M D T 3  (MDT3-C). The two extreme (in the helix) 
hydrogen bonds, NH(1)-O(3) and NH(5)-0(7), are observed 
less frequently in the simulations, owing to the mobility of the 
peptide tails. The polar atoms that are most exposed and at  the 
same time have more stable hydrogen bonds with the solvent are 
the 0(2) ,  NH(6) and NH(7) (see Tdbk4) .  The 0(1) and the 
terminal NH and 0 atoms are also exposed to  the solvent, but 
the high mobility of the tails prevents them from establishing 
many stable hydrogen bonds. Another interesting feature com- 
mon to simulations M D D R  and M D T l  is that the N(1) (termi- 
nal nitrogen) atom spends more time hydrogen bonded to sol- 
vent than to  peptide oxygens, while the reverse is true for the 
0 l(7) (unprotonated terminal oxygen) and 0 2(7) (protonated 
terminal oxygen) atoms. 


Hydrogen bond5 t o  peptide atoins Hydrogen bonds to solvcnr atoms Total 
,410lII [;I] 11 [bl I I  Ic] Max. Id] 1 6 1  [el I7 [bl 17 [cl Max. [d] < r >  [el I' [bl < I  > [el 


278 
357 
359 


3572 
3921 
3906 
919 


16 
0 


37 
31 


979 
3579 
3906 
3868 
699 
271 


1x2 
21 7 
216 
461 
271 
225 
339 


11 
0 


34 
25 


559 
476 
263 
196 
269 
3 02 


4.5 
11.5 


28.5 
72.0 
66 5 


i o  n 


8.0 
2.0 
0.0 
1 5  
2.0 


11.5 
28.5 


66.5 
8.0 
5.5 


72.0 


1 .0 
1 .0 
1 .0 
4.0 


8.5 
1.5 
0.5 
0 0  
0.5 
0.5 
1 .o 
4.0 
7.5 


10.0 
1.5 
I .5 


7.0 


3on2 


in2 


2910 
2978 


33 
50 


2534 
3663 
3646 


x37 
1311 


504 
3 


122 
I59 
200 
199 


99 7 23.5 1.5 
1019 12.5 1 5  
920 20.5 1.5 


88 1.5 0 5  
31 i .n 0.5 
15 6.5 1 


35x 40.5 3 5  
4nx 40.5 4 5  
474 38 5 4.0 
104 11.5 3 .5 
526 24.5 3 5  
136 13.0 2 0 


7 I .o 0 . 5  
41 5.5 1 5  
31 11.5 2.0 


In9 4.0 1 .o 
70 7.0 1.5 


3273 
3254 
3327 
3673 
3953 
3956 
3442 
3679 
1646 


869 
3341 
1520 
357'1 
3919 
3947 


x9x 
470 


1 5  
I .j 
1 5  
3 5  
6.5 
8 5  
7 5  


4.5 
4 0 
1.5 
3.0 
1 .o 
4.0 
6.5 
8.5 


1.5 
i .n 


['il Ihe  icsidur sequence nuinhers of the atoms are indicated in parentheses. [b] Numhcr of coiilbrinations (out of 4200 conformetions extracted from the simulation period 
of 100 2200 ps) in which the indicated atom is hydrogen bonded (as donor if i t  is a nitrogen o r  as acccptor if i t  is an oxygen) to another peptide atom (column 2 ) .  to a soI\rnt 
atom (column 6) 311d to any of the latter two (column 10). [c] Number ol'times thc indicated atom establishes a new hydrogen bond during the timz period considered: a 
gwcn h)drogcn bond is considered to be hrokcn if i t  disappears for longel- thiiii 0 5 ps (the rcsoliition of thc analysis) o r  if the donor o r  the acceptor atoni\ are suhstitutcd 
b> ;I different onc. [d] Maxiilium lifetime ( i n  ps) ol' the hydrogen bonds established by the indicatzd aloi i i  with other peptide atoms (column 4) and with solbent atoms 
(column 8 ) .  [el Awrage Iil'ctiine ( in  ps) 
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Conclusions 


We have performed MD simulations on a [j-heptapeptide in 
methanol a t  threc different temperatures, namely, 298, 350 and 
400 K. This peptide was found by NMR structure-determina- 
tioii studies to adopt R 3,-helix in this solvent. The molecular 
model, for both solute and solvent, and thc force field used in 
the simulations were those of GROMOS96. The simulations 
show that, in the context of this force field and molecular model, 
the 3,-helix is not only stable a t  298 K, but also remarkably 
resistent to  unfolding with increasing temperature. Strikingly, 
there is no qualitative (and hardly any average-quantitative) 
difference between the two simulations at room temperature, 
even though 42 NOE distance restraints derived from the NMR 
experiments were applied in the first and nonc in the second. 
Both were equally consistent with the experimental observa- 
tions. Furthermore, after a sudden increase of the temperature 
to 350 K ,  which induced thc unfolding of the 3,-helix, the pep- 
tide spontaneously and rapidly (in about 200 ps) recovered its 
helical conformation ; this result indicates that the latter confor- 
mation is most probably strongly favoured for this peptide in 
methanol when the above-mentioned force field is used. De- 
tailed analysis of the sequence of structures obtained from the 
high-temperature trajectories suggests that spontaneous refold- 
ing is possible as long as the central turn is at least partially 
present, even if the hydrogen bond between the NH(3) and the 
O(5) atoms, which closes this turn, is not formally present. Per- 
manent destabilisation of the helix was only achieved after the 
temperature had been raised to 400 K and mainlained at  this 
value for longer than 800 ps. 


Computational Methods 


All simulations and analyses reported here were performed within the fraine- 
work of the GROMOS96 package of programs."' The GROMOS96 inolec- 
ular model and force field"' were used throughout for the evaluation of the 
forces. 


Molecular model and simulation set-up: As starting point for our calculations 
we used a model structure of thc backbone of the /I-heptapeptide built by 
Seebach et al.'41 based on NMR structure-detcrmiiiation studies. The ro- 
tamers of the side chains wcre arbitrarily chosen. The end groups were chosen 
to be protonated (-NH; and -COOH), the most probable state according to 
the experimental data.  This model structure was placed in the centre of a 
rectangular box, the size of which was chosen such that the minimum distance 
from any peptide atom to the wall was 1.4 nm. The solvent was then intro- 
duced into the box hy using as a building block a cubic configuration of 216 
equilibrated methanol molecules. All methanol molecules with the oxygen 
atom lying within 0.3 nm of a non-hydrogen peptide atom were then re- 
moved. In this way, a total of 962 methanol molecules were introduced into 
the system. Rectangular periodic boundary conditions were appllcd. 


In order to relax the first shells of methanol molecules around the peptide, we 
performed a steepest-descent energy minimisation of the system, keeping the 
peptide atoms positionally restrained using a harmonic interaction with a 
force constant of 25 kJ mol ~ I nm- '. After that, we performed a second stccp- 
cst-descent energy minimisation of the whole system without restraints to 
eliminate any residual strain. 


Two M D  simulations of the b-heptapeptide in methanol were then set up, one 
at 298 K with time-averaged NOE distance restraints ( M D  DR) and one at  
298 K (MDTI j .  To start up the M D  simulations, the initial velocities of the 
atoms wcre taken froin a Maxwellian distribution at 298 K. The peptide and 
the solvent were, independently, weakly couplcd to a temperature of 298 K 
with a relaxation time of 0.1 P S . ' ~ '  Parallel to that, the entire systeni was 
weakly coupled to a pressure of 1 atm with a relaxation time of 0.5 ps.I9] Bond 


lengths were conatrained to equilihrium wlucs using thc SHAKE ;il- 


gorithni,""' with a gconielric tolerance of 10 '. Not having to  account for  
bond vibrations. the tiinc step for the leap-frog integrarion scheme 
0.002 ps. The non-bonded interactions were evaluated by mean\ o f  ii twin- 
range method: The short-range van dcr Waals and electrostutic interactions 
were evaluated at  every time step. by using a charge-group pair list t ha t  was 
generated with a short-range cut-off radius of 0 8 nui. Longer-rwige van dcr 
Waals and clecLrostatic interactions (betwccn charge groups at ii dist:ince 
longer than the short-rangc cut-off and shortcr than  ;I long-range cut-off of 
1.4 nni) wcre evaluated every five time steps, at which point the pair list was 
also updated, and were kept unchanged bctweeii these updates. The cut-off 
radii were applied to the centrch of geometry of the peptide chnrgc g r o u p  and 
to the oxygen atoms of the methanol molecules. 


The configuration of the molecular system in siinulntion M D T I  ;it time 
200 ps was used to branch off two new M D  simulations at highel- tenipcra- 
lures, one at 3.50 K (MDTZ) and one at  400 K (MDT1) .  Apnrl from the 
temperature, the parameter scttings were the same ;IS mentioned above. The 
total simulation time was, in each of thc four MD simulations. 2200 ps. Evcry 
0.5 ps configurations wcre saved for analysis. 


In simulation M D  DR we made use of a set of 42 NOE distances (Tahlz 1 )  
obtained hy Secbach et al.[41 In order to make the system sitisfy thc NOE 
distance restraints, we used a time-averaged attractive distaiicc-restl.ainiiig 
interaction.", 'I1 with a force constant of Kdr = 3000 kJ mol I nni '. and ;I 


memory rclaxation time of T~~ = 50 ps. When using this form of intcr;ictioii, 
the (upper-bound) restraints are treated as  quantities that have to he satisfied 
on averagc over time periods of given length (namely, 50 ps) during the course 
of the simulation. 


Analysis: The NOE distances derived from experiment (Tahle I )  were com- 
pared to thc distances derived from the simulations using an I' averaging. 
That is. the average effective violation of an  NOE distsncs I ' ~ ,  is calculated ;is 


r o .  where I' is the instantancous distancc a t  a given simulaticin < r - 3 >  - 1  3 - 


time point. A set of 21 ' J  coupling constants derived f rom experiment 
(Tahle 2) were also compared to thc corresponding ' J  coupling constant\ 
derived from the simulations. These werc calculated using the Karplus rela- 
tion [Eq. (1 j],@I where A ,  Band C were choscn to  equal 6.4. - 1.4. and I .O Hr. 
respectively. for thecalculation of 3J(HN,HC).L"1 and t o  cqunl 9.5. -- I .6 and 
1.8 Hz, respectively, for the calculation of "J(HC.HC').'"' 


3J(H.H) = Acos'B fBcosf) +(' ( 1 )  
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Tris(trimethylsily1)silanides of the Heavier Alkali Metals-A Structural Study 


Karl W. Klinkhammer* 
Dctirtuted to P r o f m o r  Paul von Ragill S c l i l t y r  on the occasion of h i s  68th hrrtlidaj 


Abstract: Transinetalation reactions be- 
tween bis(hypersily1)zinc Zn[Si(SiMe,),], 
and alkali metals have already been cstab- 
lished as a facile route to powders of the 
solvent-free potassium, rubidium, and ce- 
sium derivatives of tris(trimethylsily1)- 
silane (hypersilanc, (Me,Si),SiH) By 
the use of boiling n-heptane as the solvent, 
the hitherto unknown NaSi(SiMe,), ( I )  
along with the previously synthesized 
KSi(SiMe,), (2) have now been obtained 
as colorless crystalline materials. Infor- 
mation from N M R  and Raman spectra in 
conjunction with the acute Si-Si-Si angles 
found in their molecular structures indi- 
cate mainly ionic bonding. This was veri- 
fied by population analyses of suitable 
model systems. Both hypersilanides['I 
consist of cyclic dimers [MSi(SiMe,),], 


( la ,  M = Na; 2a,  M = K) with almost 
planar M,Si, rings (Na-Si = 299 pm 
(av); K-Si = 339 pin (av)), which are 
linked up inlo coordination polymers. In 
a similar manner to the related rubidium 
and cesium derivatives, a pentane suspen- 
sion of the potassium compound afforded 
a yellow solution on addition of benzene, 
from which the crystalline. bright yellow 
tris(benzene) solvate 2.(benzene), (2b) 
was isolated. Complex 2b consists of 
monomers containing short K--Si bonds 
(332-334 pm) and three $'-bonded ben- 
zene molecules. N o  solvate of 1 was ob- 


Keywords 
ab initio calculations - alkali metals 
Si ligands * silicon 
dation 


* structure eluci- 


tained under these conditions. However, 
on crystallization from pure benzene, 
crystals of (l), . benzene (1 b) were isolated 
(Na-Si = 302 pm (av)). Benzene was 
found to be intercalated between rods of 
coordination polymers of (l),.  In addi- 
tion, the influence o f x  or D donors on the 
molecular and crystal structures of hyper- 
silylrubidium (3) and cesium (4) was in- 
vestigated. The structures of the tetrahy- 
drofuran solvate (4);THF (4c), the 
biphenylene/pcntane complex (4), , bi- 
phen.(pentane),, (4b) along with the 
known toluene solvates (3); toluene (3a) 
and (4);(toiuene), (4a)""I are compared. 
Finally, an example is presented of how 
the alkali metal hypersilanides could be 
utilizcd in preparing extremcly bulky 
stannanide anions. 


Introduction 


Alkali metal silanidcs M'-SiR, (R = alkyl, aryl, triorganylsilyl 
etc.), especially the lithium derivatives (M' = Li), have been 
frequently used in the preparation of silyl derivatives of other 
e le~i icnts . [~~ They are usually introduced as thc ether solvates, 
because of their facile syntheses and solubility in organic sol- 
vents. However, their applicability is limited by side reactions, 
such as deprotonation and cleavage of the coordinating donor 
ligand as well as the by formation of ate complexes or other 
undesirable solvated products.[41 To my knowledge, solvent-free 
derivatives of lithium and solvated or unsolvated analogues of 
the heavier alkali metals have been employed very rarely so far, 
although some compounds were first synthesized more than 40 
years ago by Benkeser, Cilman, Wiberg, and The main 
reason for this seems to  be their extreme reactivity. Once 
formed, most compounds of this type readily react with all the 
organic solvents in which they are soluble. Potassium triethylsi- 


I*] K W. Klinkhammer 
Institut fur Arlorganische Chcmie dcr Univcrsitdt Stuttgai-t 
P~~ffenwaldring 55. D-70569 Stuttpart (Gcrmany) 
Fax' Int. code 1(711)685-4241 
e-mail ' kuvr anorg55.chemie.uni-stuttgnrt.de 


1418 ___ ( W1L FY-VCH Verldg GmbH D-69451 Weinhelm 


lanide, for instance, deprotonates even weak acids such as ben- 
zene or toluene to yield potassium hydride and triethylphenylsi- 
lane or benzyltriethylsilane, re~pectively.[~"' With the exception 
of a few organyi-substituted lithium silanides['] and the parent 
compounds MSiH, (M = K, Rb, Cs)-the latter crystallize in 
typical salt-type lattices["-no structural data are available for 
alkali metal silanides in which the metal is not coordinated by 
donor solvent molecules.['] 


A few years ago, we were able to demonstrate that hypersi- 
lanides of potassium, rubidium, and cesium are readily prepared 
as solvcnt-free powders by transmetalation reactions between 
the corresponding mercury. cadmium, or zinc silyl and the ap- 
propriate alkali mctal in n-pentane at room temperature 
(Scheme I).""' One drawback of this method is the long reac- 
tion time in the case of potassium (typically several days) and 
the failure to produce the sodium derivative, even after a reac- 
tion period of two weeks. Nevertheless, the solvent-free silanides 
obtained so far d o  not deprotonate aroinatic hydrocarbons, 
such as benzene or toluene, nor d o  they cleave ethers under 
ambient conditions. This may be due to extensive sterical shield- 
ing of the nucleophilic center in conjunction with an intramolec- 
ular stabilization of the alkali metal complexes through 
M . . CH, interactions-as indicated by the crystal structures of 


199'7 0947-6519 9710109-141X 5 I ?  50+ 50 0 Cherw LIW J 1997 3, No 9 







1418 - 1431 
- ~~ 


Me,Si SiMe, for one day. Yields were improved by 
using a threefold excess of alkali metal. 


I \ Crystallization from the hot-filtered 
mother liquors gave solvent-frec, col- 


+ MI1 
\ SiMe3 ' I SiMe, + 2 M 1  - Me,Si, s i  -MI] - s i  SiMe3 


SiMe, SiMe, 
Me,Si Me,Si 


Scheme j .  Transmetalation reaction for thc preparation of MI hypersilanides (MI = 
Cd, Hg).  


the solvent-free compounds and several solvates containing aro- 
matic hydrocarbons and ethers, such as 3b, 4a,['"] 4b, and 4c. 
Nevertheless, their reactivity towards electrophiles remains 
high, so that temperature-sensitive hypersilyl derivatives of thal- 
l i u m ( ~ ~ ) , [ ~ " ]  tin(~rj, and l e a d ( r ~ ) [ ~ ~ ]  can be prepared by reaction of 
the bis(triniethy1silyl)amides of thallium(I), tin(Ir), and lead(II), 
respectively, with MSi(SiMe,j, a t  -60 "C.  Presumably, 
analogous germanium(1r) and silicon(1r) species are formed ini- 
tially, but they undergo rapid rearrangement to hexakis(tri- 
methylsilyljdisilagermirane and hexakis(trimethylsily1)trisiliranc 
(Scheme 2).['"] 


Scheme 2. Reactions of the mctd  hypersilanldes. 


By using molten alkali metal in boiling n-heptane, the 
transmetaiation reaction has now been extended to the much 
cheaper sodium. The hitherto unknown derivative 1 could be 
prepared, and the synthesis of the potassium derivative 2 has 


NaSi(SiMe,), 1 


KSi(SiMe,), 2 


been optimized. Both compounds can now be obtained directly 
as colorless crystalline materials without the need for time-con- 
suming purification processes. The hypersilyl derivatives of the 
heavier alkali metals can now be investigated more thoroughly 
by X-ray crystallography. There are only a few molecular com- 
pounds known to date in which the heavier alkali metal atoms 
are not bonded to electronegative atoms such as 0, N, S. 


Results and Discussion 


Moderate to high yields of crystalline 1 and 2 were obtained by 
vigorously stirring bis(hypersilyl)zinc, -cadmium, or  -mercury 
with the appropriate molten alkali metal in boiling n-heptane 


Li, Na, K. Rb, Cs; MI1 = Zn, orless crystalline products. which are 
highly pyrophoric. The solubility of al- 
kali metal hypersilanides in aliphatic 


hydrocarbons markedly decreases with increasing atomic mass. 
Thus, while hypersilylsodium (1) dissolves readily a t  room tem- 
perature, the potassium derivative 2 is only sparingly soluble, 
and the derivatives of the higher congeners. synthesized by a 
similar 


The NMR shifts of all alkali metal derivatives recorded in 
benzene solutions are ahnost identical (Table 1 ) .  Common fea- 
tures are the strongly shifted 29Si resonances of the central sili- 
con to higher fields and small 'J(Si-C) coupling constants for 
the peripheral silicon atoms. Surprisingly, systumutic changes 
are found only for 13C and 'H resonances. Perhaps they are 


related to the different extent of in- 
tramolecular M . . ' CH, interactions 
(see below). 


The observed Raman bands of 
the crystalline compounds (Table 2) al- 
so show only small differences. Com- 
pared to the parent silane HSi(SiMe,j,: 
the symmetric Si-Si valence vibration 
v,(Si-Si) is shifted to a higher frequen- 
cy, whereas the corresponding asym- 
metric vibration v,,(Si-Si) is observed 
at  a lower frequency, although the 
mean value is virtually the same for 
both types of compounds. These dif- 
ferences may arise from the more acutc 
Si-Si-Si angles (101-105") in the hy- 
persilanide anions, leading to a reduc- 
tion in coupling between the symmet- 
ric and asymmetric modes. 


d o  not dissolve a t  all. 


Table 1. N M R  data of alkali metal hypersilanides 


Compound 6('H) 6(I3C) 8(29Si) Si(SiMe,), d("Si) S@iMe,), ' J ( C  SI) [ H L ]  


LiSi(SiMe,), (5) 0.45 6.5 -8.9 - 384.2 43.3 


KSi(SiMe,), ( 2 )  0.53 7.4 -5.8 -185.7 3x3 
RbSi(SiMe,), (3) 0.53 7.5 -5.6 - 184.4 38.9 
CsSi(SiMe,), (4) 0.47 7.9 -5.3 - 179.4 38.6 


NaSi(SiMe,), (1) 0.45 6.7 -6.0 -179.8 40.2 


Table 2. Raman lincs of the alkali metal hypersilanides MSi(SiMe,), and hyprr- 
silane below 800 cin '. 


Mode L1 Na K R b  Cs H [2X] 


119 s 
160 sh 
117 vs 
224 w 
232 s 
256 s 
294 H 
371 ms 
433 m 
628 ins 
679 r 
748 ms 


120 s 
161 yh 
1x0 vs 


334 7 


278 s 


171 ms 
433 m 
627 ins 
613 vs 
745 ms 


124 s 
163 sh 
181 vs 


235 s 
217 s 


371 ms 
434 m 
627 ms 
670 s 
744 m 


~ 


120 ms 
162 sh 
180 \ S  


235 s 
276 s 


371 s 
432 m 
624 ms 
66s vs 
745 s 


~ 


118 ms 
162 sh 
178 vs 


237 s 
27.5 s 


372 5 


432 ms 
626 ills 
667 vs 
746 s 


~ 


135 w 


162 v5 


2tx 
218 s 
213 w 


357 V5 


444 111 


623 vs 
685 s 
743 m 
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The similarity of the NMR and Raman spectra can be ratio- 
naliied ifit is assumed that therc is predominantly ionic bonding 
throughout this serics. This hypothesis is further supported by 
nb initio calculatioiis on model systems. These revcal that the 
M --Si bonds possess only about ten percent covalent character 
(Table 3 ;  Figures 1 and 2). The covalent contribution may bc 
somewhat higher only in the case of lithium, or the morc elec- 
tronegativc sodium. Interestingly. the '"Si NMR spcctra d o  not 
display the expected systematic dependence of the chemical 
shifts upon the metal present. This is presumably due to diffcr- 
ent interactions with the employed solvcnt, hexadeuteroben- 
m i e .  Nothing definite is known about aggregation in solution, 
however, benzene forms solvates with the hypersilanides of 
potassium, rubidium, and cesium in the solid state. but not with 
the derivatives of lithium and sodium (see bclow). 


Appropriatc model systems, which arc suitable for ab initio 
calculations at  ii modest level oftheory, are the C2,, structurcs I1 
of the (MSiH,), dimers (Figurc 1 ) .  The calculated geometric 


H1 I 


HI2 Gsi' 
\ 


H21 ' H12' 


F-igure 1 ,  I w i i i e r  11 ofdimcric iilkali nictal triliydrosrlanides ( C L I  symnietr:,). The 
t i l t  anglc T is delinetl ti5 the angle hclween the planes through the hydrogen atoms 
of a trihydrosilyl iiiiiiet)) and the Si 1 - Si2 veclor. 


paramcters and charge distributions from natural population 
analysis (NPA) for these model compounds and for the corre- 
sponding monomers, MSiH,, are listed in Tables 321 and 3b.  


Xihlc 3. (;cometrrc paiarnelcrs and NPA char-gca ( Q ) :  
;I) I n  MP2-optiniiied M > ( S I I I ~ ) ~  structures (11) (values lor the idcnlizud S ~ I - U C ~ L I ~ C ~  I in 
parcntheres) 


In the dimers, the silyl group is strongly tilted with respect to 
the Si --Si vcctor (demonstrated by the angle t between thc nor- 
mal vector on the H, plane of the SiH, group and the Si ~ Si 
bond vector). This is caused by an interaction of one of the 
partially negativcly charged hydrogen atoms on each silicon 
with the alkali metal cation. Comparable structural features are 
observed for some of the alkali metal hypersilanide dimers. As 
will be detailed below, thc partially negatively charged methyl 
groups of the hypersilyl substituent behave similarly, in that 
they also coordinate the metal cations. In some cases, a substan- 
tial tilting of the whole hypersilyl group from the corresponding 
Si ~ ~ S i  vector is observcd (Table 4). The charge distribution. 
derived from natural population analysis (NPA) (Tables 3), in- 
dicates that the bonds are already mainly ionic in the monomers 
and cven more so in the dimers. A similar conclusion was made 
a few years ago by Schleyer et A .  from calculations on LiSiH, 
and NaSiH, .I' ' I  


A closer inspection of the hypersurfacc reveals that the C,,, 
structure I1 is not the only local minimum---it is not even the 
global one. However, all the minima found are close in energy 
and do reflect the variety of alkali metal hypersilanide structures 
found experimentally. The global minimum is represented by a 
second ('12h Etructurc. 111. It is comprised of four hydrogen 
atoms in close contact with the alkali metal cations. Here, as in 
most of the investigated M2(SiH,), isomers (I1 to IX), the silyl 
groups are tilted cven more markedly by the obviously strong 
M . . . H interactions, leading to extremcIy divergent M-Si bond 
lengths (shown for the isomers of Rb,(SiHJ2 in Figure 3) com- 
pared to the idcalized structure ( I ) ,  which has equal Rb-Si 
bonds and local D3<, symmetry for the H,Si..SiH, moiety. The 
energy gained by the M-H interactions is almost additive and 


M L1 N2l K I< b ('a 


hl 1 SI 1 200.5 (264 0) 
M I SI2 258.3 
Xl I \42 2 x 3  (341 6) 
SI1 512 477.x (469.4) 
SiI  H I 1  155.5 (150.1) 
SI 1 ~ H 12 149.7 
M I  H I 1  1x4 9 
M I - S I I - M ~  64.9(51.5) 
SI I-M 1 4 1 2  I I5 1 (125.5) 
H 12-S i l -Hl2 '  103.5 (102.6) 
Ff I I-SI 1-11 I? 97.2 
SI?. 'sll-till 7h.7(115.7) 
512 ..sIl-Iil2 12x.2 


gc M 1 i 0.77 
Q(S1) - 0.20 
Q(H 1 I )  .~0.?X 
Q(l I 1  2 )  0.15 


301.2 (298.3) 
290 6 
337.1 (299.1) 
486.5 (517 9) 
154.3 (150.6) 
150.2 
272 0 
h9.4 (60.21 
110.6 (119.8) 
102.2 (101.11 
97.3 
79.4 (I 16.7) 
128.') 


+0 82 
-0.23 
-0 27 
-0.16 


.340.2 (317.4) 
337.4 
415.8 (394.1) 
535.0 (547.9) 
153 6 (151 3) 
150.8 
260.6 
7 5  7 (71.5) 
104.3 (IOX 5) 
1on.7 (09.4) 
07 0 
84.6 (118.3) 
129.6 


+0.89 
- 0.29 
-0.26 
-0.17 


356.5 (151.1) 370.4 (367 5)  
355 2 374 4 
447.3 (428.9) 484.8 (473 8) 
553.6 (561.1) 565 4 (562.0) 
153.3 ( lS1.0)  153.3 (151 9) 
151.1 151 4 
277 7 295 9 
77.9 (74.8) 81.2 (80.3) 
102.1 (105.:~) Y X  x (99.7) 
99.8 (99.0) 99.0 (98.4) 
97.0 96.9 
86.6(1186'1 OO.h'(l19.0) 
129.7 129.5 


+ a 9 2  + O . X  
-0.30 -0.32 
-0.26 -0.25 
-0.18 -0.18 


X1 I. I N a K R h  CY 


\I s1 24K 7 277.6 319.9 336.3 354. I 
SI  ti I 150 I 150.1 150.8 150.9 151 2 
f f  I-Si-Ff2 102.7 107.x 101.0 100.7 100.(1 
\I-SI-Il 1 I I 5  5 I1 5.5 l l 7 U  117 2 11 7.8 


01 MI ' 0.76 + 0.69 t 0.79 +(MI + o  x 
<I( Si ) -0  li 0.16 - 0.24 0.25 ~~ 0.28 
gcrr, - 0 . 1 7  -~ (I. 1 8 -0.18 -0.19 - 0.1 <I 


can be estimated to be about 7-8 kJrno1-I per Rb-H-Si 
bridge. Notable exceptions arc the isomers VII I  and IX: 
a s  a consequence of steric restrictions, the M-H dis- 
tances arc rather long and the interaction energy is con- 
siderably smaller (< 1.5 kJ m o l ~  '). The interaction ener- 
gy corresponding to the other M-H-Si bridges has been 
detcrmined to  bc approximately 18 (Li). 14 (Na), 9 (K) ,  
and 5 (Cs) kJmol-' .  


The hypersilyl ligand contains a couple of more elec- 
tronegative carbon atoms, thus producing a higher group 
electronegativity than the small trihydrosilyl substituent 
used in these calculations. This may lead to an even more 
ionic bond. Since the alkali metal hypersilanide dimers 
observed experimentally are far too big for reliable calcu- 
lations, the charge distribution was calculated for the 
monomeric lithium hypersilanide at  the Hartree-Fock 
level with medium-sized basis sets and then compared to 
Li -SiH, calculated at  the same level. Indeed, the charge 
of +0.80 on the lithium atom in lithium hypersilanide is 
higher than the + 0.76 calculated for LiSiH,. Further- 
more, it is intcresting to compare the charge distribution 
within the hypersilyl group with that in the related super- 
silyl ligand (( fBu),Si-), since the alkali metal derivativcs 
containing the latter group are much more reactive than 
hypersilanides towards weak bases such as  benzene or 
toluene (as are most of the other known silanides) ,[12'] 


Calculations-- again at  the Hartrec-Fock level--reveal 
that the central silicon atom within the hypersilyl group 
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I(0) 7 = 0  


1122' 
H11\ 


H12 / 
H12' 


,Sil S i p 2 2  


\H2 1 


7 = 62.2 111 (-30.8) 


7=31.3 IV (-13.0) z = 67.0 V (-28.2) 


T = 30.2 VI (-20.6) z = 64.5 


Hll-S 2-H21 


r = 30.9 VII (-22.1) T = 62.4 


H11 


Siz-Hzt 
I 


H12HSi1 
H12/ 


7 = 48.5 IX (-6.0) 


H11-S i2-H21 


Figure 2. Calculated structures of the isomers I -1X o f  dimeric rubidium trihydro- 
silanide, with selectcd distances [pm] and angles ['I. The relative energies [kJ mol- '1 
are givcn in parentheses. T!ie tilt angle T is dctined as in Figure 1. 


bears a relatively high negative charge, as d o  the peripheral 
carbon atoms. Whereas in the supersilyl group, the charge is 
nearly equally distributed amongst all carbon atoms (Figure 3). 
The alkali metal cation is bonded more tightly to the central 
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tioned here: the small amount of electron density remaining at 
the alkali metal is located in nearly equal proportions in s and 
d (!) orbitals, whereas the contribution of p orbitals is negligible. 
This perhaps reflects the fact that ns and (n - l)d orbitals are of 
very similar energy in these elements, particularly if the effective 
charge of the nuclei is raised by (partial) ionization. 


Addition of or G donors to suspensions or solutions of the 
alkali metal hypersilanides in pentane frequently leads to the 
formation of colored solutions, from which crystalline solvates 
can be isolated in some cases. However, with ccrtain potential 
donors, such as phenanthrenc, diphenylacetylenc. and 
bipyridine, reactions such as deprotonation, reduction, and ad- 
dition can take place, and thcy usually lead to complicated mix- 
tures of products. 


Lithium, sodium, and potassium hypersilanidcs form solvates 
with 0 donors bearing oxygen (e.g. tetrahydrofuran (THF),  
dimethoxyethane (DME), diethyl ether) or nitrogen (e.g. te- 
tramethylethylenediamine (TMEDA), pentamethyldiethylene- 
triamine (PMDTA)) from which, in most cases, the donor mol- 
ecule cannot be removed without decomposition. In contrast, 
some solvates of rubidium and ccsium hypersilanides, contain- 
ing such donors, are more labile. For  example, diethyl ether and 
dimethoxyethane are easily replaced by solvent molecules when 
heated in toluene. This ligdnd may then be removed in a vacuum 
to yield the solvent-free compound. A closer look at the solid- 
state structures of these solvent-free derivatives rcveals that, in 
spite of the missing solvent molecules, these compounds are not 
really free of donor ligands. As will be discussed in detail below, 
methyl groups of the hypersilyl ligand may act as intra- and 
intermolecular donors. 


Molecular structures of solvent-free 1 a and 2 a, and the inclusion 
compound 1 b :  The molecular structures of 1 a (Figure 4), 1 b 
(Figure 5), and 2a (Figure 6) were obtained by X-ray diffraction 


[MSi(SiMe,),], l a  (M = Na); 2a (M = K) 


[NaSi(SiMe,),];henzcne 1 b 


at - 100 'C of single crystals obtained by recrystallization from 
n-pentane ( l a ,  1 b) or an rz-pentane/toluene mixture (2a). The 


Figure 3. Charge distributions within the hypersilanide and supersilaiiide anions 
dcrived from natural population analysis (NPA). Mean values arc given for charges 
o n  the hydrogcii atoms. 


silicon in the hypersilyl ligand, as it is additionally chelated and 
held in place by the more negatively charged peripheral methyl 
groups. Thus, the overall effect is a blocking of the nucleophilic 
center. Finally, an interesting result from the population analy- 
ses performed on K,  Rb, and Cs compounds should be men- 


Figure 4. Molccu1;iu structure of one ofthe two independcnt inolccules in 1 a (ellip- 
soids a l  the 30% probability l e i e l ) .  Dotted lines indicate short in~ramolecu1;ir 
Na  ' .  CII, contacts. Selected intramolecular distances [pin] and angles [ 1: N:i 1 
Si1 302 5 ( 2 ) ,  N a l - S i 2  299.3(2), Na2-Si 1 298.3(2), Na2 Si2 294.1(2), 
Na . . . Na 316.9(2), Si I-Na I-Si 2 11  3.78 (5), Si 1 -Na2-Si 2 I16.64(6). Na I-Si I -Nu 2 
63.66(5). Nal -S i2-Na2 64.55(8). 
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c11 


4 c132 


Figure 5 .  The molccular structure of I b  (ellipsoids at the .XI% probability level) 
i h t t c d  lincs indicate short intramolecular Na . .  CH, contacts. Selcctzd in- 
ti-aiiiolecular distances [pm] and angles [ ]: Na 1 -Si 1 304.9(1). Na  1 Si2 304.6(1). 
N a 2  S i t  199.6(1). N a 2  Si2 299.8(2). N a - . . N a  311.1(2), Sil-N;iI-Si'2 
1 13.67(4). Si I -Na l -S i  2 116.70(4). N,i I-Si I -Na?  6i.94(3),  Na I-Si 2-Na2 
61.9h(?j. 


cz1 


kigure 6 .  Molccula- structurc o f  Za (ellipsoids at  the 30"h probahility leiel). Dot- 
ted lines indicate sh~art  intramolecular K . CH, contacts. Selected intramolecular 
distances [pm] and angles [ 1:  K l - S i l  341.06(9). K1-Si2 341.6(1), K2-Sil  
33h.S(1j. K 2  Si2 137.66(9), K . " K  404.86(0). S i l - K l - S i 2  105.70(2). S l - K 2 -  
Si2 107.7?(2). K I - S i l - K 2  73.28(2). Kl -Si2-K2 73.17(2). 


structure of 1 a comprises two symmetry-independent molc- 
cules, one of which shows a statistical disordering of the sodium 
atoms. The discussion therecore concentrates on the well-or- 
dered structural unit. The common structural feature is a four- 
membered M,Si2 ring. virtually planar in 2 a  and slightly bent in 
1 a and 1 b (Table 4). Similar slructures were found for both 
forms of solvent-free lithium hypersilanide (5) (Figures 7 and 
9;i)[lh1 and most of the investigated solvates of the heavier ana- 
logues (see bciow and in ref. [la]). In the lattcr compounds 
pronounced ring-folding occurs, due to additional unsymmetri- 
cal coordination by solvent molecules. The analogous alkali 
metal supersilanides (M'Si(tBu),; M = Li, Na) display very sim- 
ilar structures.ls, lzi'l In contrast, the related alkali metal deriva- 
tivcs of tris(t~imethylsily1)merhune show different structural 
motifs:L131 the tris(trimethylsily1)melhanide anion contains an 
almost planar central carbon, which is coordinated in a ncarly 
linear fashion in its potassium and rubidium derivatives. More- 
over, these compounds d o  r z o f  consist of discrete molecules, but 
arc polymerized to infinitc chains. 


The coordination polyhedron around thc central silicon atom 
of the hypcrsilyl ligand exhibits distinct differences on changing 
the bonded metal from lithium to sodium and potassium (Fig- 
urc8) .  Within thc low-temperature phase of 5 a  a rnono- 


[l.iSi(S~Mc,),]~ S a  


capped tetrahedron is found (Figure 7, 8),Itb1 whereas for 1 b as 
well as for 2a [and for (4);THF (see below)] the coordination 
geometries around Si 1 and Si 2 are more accurately described as 
tetragonal pyramids, with the alkali metal atoms lying in the 
basal planes. The Na,Si, skeleton of 1 a possesses a different 
geometry. which is best described in terms of two NaSiSi, tetra- 
hedra linked by a common sodium atom (Na l ) ,  which are both 
capped by the second sodium (Na 2).  A further possible coordi- 
nation geometry, the trigonal bipyramid, was observed for the 
toluene solvates of rubidium and cesium hypersilanide, 3a and 
4a. respectively (Table 4) .[*'I The different coordination ge- 


c1 


Figui-e 7. Molecular structure of 5 a  at  ~ 100 'C (ellipsoids a t  the 30% probability 
level). Dotted lines indicate short intramolecular Li ' .  CH, contacts. Selected in- 
tramolcculor distances [pm] and angles [ ]: Li I-SI I 258.7(4). Li 1 -Si I '  260.1 ( I ) .  
Li . ' Li' 275 7(7). Si l-Lil-Si 1 '  1 l5.8(1). Li I-Si I-Li 1 '  64.2( I j .  


Sil2 


si22 si23 


m 
Sil 2 


1 


2 
si23 


Figure 8. Coordination geometry around the central ailicon atoins in 5a ,  l a .  I b, 
Za, 3a. 4a, 4b, and 4c.  Axial bonds in trigonal bipyramids. the bond to the apical 
atoiii in tetragonal pyramids. and the bond t o  thc capping atom in capped tetrahe- 
dra iirc depicted as open lines (=). 
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Table 4. Structural parameters in alkali inetal hypcrsilanides [a] 


M CN [h] M-Si M . . . M  S i - . . S i  Si-M-Si M-Si-M T [c] 0 [d] SI Si(mean) Si-Si-Si (mean)  


Li 
Ll 
LI 
Ll 
Na 
Na 
K 
K 
Rh 
CS 
C5 
CS 


2 S i + 2 C  
2Si+ 1 C; 2Si 
1 S i + 3 0  
1 S i t 3 0  
2 S i + 2 C  
2Si+2C 
2Si+3C 
1Si+3A 
2 S i ; 2 S i + I A [ e ]  
2Si+ I A ;  2Si+2A [el 
2 S i + I A ;  2Si [el 
2Si + 1 0  [el 


259, 260 
262-210 
264 
263 
294--303 
300 305 
337-342 
332-335 
352-362 
377-385 
368-381 
367 373 


276 440 
265 462 
- 


317 504 
311 510 
405 545 


431 534 
492 551 
464 538 
420 604 


115 8 
118.2. 122.5 


113.8; 116.6 
113.7: I16 7 
105.7: 107.1 


95.4; 98.3 
92.0: 93.6 
90.5; 93.0 
108.7 109.8 


64.2 
59.4: 59.8 
- 


63.7; 64.5 
61.9, 62.0 
73.2; 73.3 


74.2; 74.3 
80.4; 80.9 
75.7: 77.1 
69.0 


30.9 
10.1; 23.1 
- 


- 


17.4; 19.2 
17.2; 25.X 
7.8; 19.7 


lY.4; 26.1 
18.7; 21.2 
1x 7; 32.2 
20.7; 20.8 


0.0 233.9 
4.5 233.4 


233.0 
234 


10.0 234.0 
20.1 234.4 
3.4 233 x 
~ 233.6 
40.5 233.5 
36.5 234.4 
48.0 233 5 
16.4 233.2 


107.5 
105 1 
102.4 
104 
103.3 
102.5 
102.3 
101.5 
102.4 
I O U  9 
101.2 
1 02.j  


[a] Scveral independent values are separated by a sen~icolon, ranges by a dash. [b] Coordination numbei-s. Si: silicon; C: methyl group: 0: oxygen: A :  a10tnalic ring. [c] Angle 
T defined as in Figurc I. [d] Interplanar angle 0: M-Sl-MIM-Si-M. [el Several additional contacts to  methyl groups. 


ometries are caused by different intra- and intermolecular inter- 
actions and different radii of the alkali metal cations as de- 
scribed in detail below. 


The mean Na-Si and K-Si distances of 298.6 ( la ) ,  302.2 
(1 b), and 339.5 pm (2a) (Table 4) are in excellent agreement 
with the sum of the covalent radii of the alkali inetals derived 
from X-ray data of other organometallic derivatives (Na: 
183 pm; K :  221 ~ m [ ' ~ ] )  and the value for silicon (117 pm), al- 
though deviations occur which correlate to differences in the 
coordination sphere of the cation. Within solvates such as 2 b  
(Table 4) or the [K([I~]c~ow~-~)+],[C,M~,S~~-],['~~~ the K-Si 
bonds are even shorter than those found in the solvent-free 
compound 2a. Similarly, the Na-Si bonds in the monomeric 
PMDETA and THF solvates of sodium supersilanide 
[(tBu),SiNa.(THF),] (297 and 292 pm, respectively)r12a1 are 
much shorter than that in the corresponding dimeric solvent- 
free compound [(tBu),SiNa], (307 pm) . [ 7 3  12a1 The coordination 
numbers of thc potassium cation and the silanide anion are both 
higher in the related structures of KSiH,, leading to longer 
K-Si distances (> 355 pm for the ordered phase P-KSiH,['"]). 
Crystalline NaSiH, has not yet been reported (although it is 
known in however, a N a  . . . SiH, fragment has 
been structurally characterized as part of a mixed silanide/alco- 
holate complex by Sundermayer et al. In this compound the 
sodium ion is not directly bonded to silicon, but is coordinated 
to  the three hydridic hydrogen atoins of the SiH, moiety." 5b1 


Nevertheless, the observed Na-Si distance of 305 pm is only 
marginally longer than the mean Na-Si distances for 1 a and 
1 b. Calculations reveal much shorter Na--Si bonds 
[277.5 277.6 pm (this work)] for the unsolvated mono- 
meric Na-SiH, unit, as would be expected for the higher bond 
order (bo =1 vs. ca. 0.5 in the dimers). 


Very acute Si-Si-Si angles and short Si-Si bonds were found 
to be a common feature in all alkali metal hypersilanides 
(Table 5).  This is indicative for extensive charge transfer from 
the metal to the ligand and leads to steric stress within the 
substituent. The trimethylsilyl groups are tilted outwards to 
produce Si-Si-C angles of up to 120" (in 2 a) .  


All dimers show very close intramolecular contacts between 
the alkali metal atoms within the M,Si, ring ( N a . . . N a :  317 
(1a) ,311 ( lb ) ;  K . . . K : 4 0 5 p m ( 2 a ) ) ,  whicharemuchshorter  
than in the solid-state structure of the corresponding metal. 
Even closer contacts are found in the lithium and sodium super- 


silanides: Li . ' . Li and Na . . . Na contacts as short as 240 and 
286 pm, respectively, are reported.[7. However this, as in 
other small-ring systems, is not necessarily the result of an at- 
traction, but a consequence of the geometric restrictions in such 
small rings. 


Crystal Structures: The peculiarities of the molecular as well as 
the crystal structures of hypersilyl derivatives of lithium (.-(S), 
and p-(5),) ,  sodium ( l a  and 1 b), and potassium (2a) originate 
from the differing sizes of the cations, and as a further conse- 
quence, from the differing extent of interactions between thc 
alkali metal ion and trimethylsilyl groups of the same or of 
neighboring molecules. While the low-temperature x-form of 
lithium hypersilanide (5 a) consists of isolated dimers (Figure 7), 
in all the other hypersilanides two such [MSi(SiMe,),], dimers 
form aggregates-"super-dimers"-through short M . . CH 
links (Figures 9). In high-temperature [i-(5), (Sb) only van der 
Waals interactions are observed between these super-dimers, 
while in the case of the larger sodium cation further aggregation 
leads to  infinite chains, which are stacked in different ways in I a 
and 1 b (Figures 10 and 1 I ) ,  respectively. The structure of potas- 
sium hypersilanide 2a  consists of chains with similar stacking a s  
in 1 b, with additional M t .  . CH, interactions due to the larger 
size of potassium (Figure 12). Thus, a three-dimensional net- 
work is formed resulting in low solubility of 2a in nonpolar 
solvents. 


M .  . CH, interactions are present not only between, but also 
within the dimers. Although they seem to be weaker (longer). at 
least for M = Na and K, they are perhaps partly responsible 
for the rather low reactivity towards solvent inolecules 
as they chelate the alkali metal cation, holding it in place 
and thus blocking the nucleophilic silicon center. Such 
M . . . CH, interactions are often referred t o  as "agostic", al- 
though this expression was originally coined by Green to 
describe the three-center M . . . H .  . C bonds in transition 
metal compounds.["I In hypersilanides, however. as in many 
other cases where a main group metal ion with low charge and 
coordination number interacts with trimethylsilyl or similar 
groups['71 (e.g. in ref. [13,14]), 1 believe that the interaction is 
best described by a different model described by two compo- 
nents: 
1) a purely electrostatic interaction of the M-Si and Si-CH, 


dipoles, which are often aligned in a antiparallel "side-on" 
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k’iztire 9. Formation ol‘”super-dimers” i n  alkali metal hypersilanides. Dotled lines indicatr short inlermoleciilar M . .CH, contacts. M -C 
distances are listed in Tablc 5 .  a) Sb: h) l a :  c) 1 b: d) 2 a  


fashion for the intramolecular case and in a parallel “head- 
to-tail” hshion in the intermolecular case (Figure 13 a); 


2)  a donor--acceptor interaction between C-H bonding elec- 
tron pairs and the electron-deficicnt metal cation (Fig- 
ure 13b). 


The latter is always more advantageous for intermolecular 
interactions, because there are three C-H bonds available, 
whereas for steric reasons only two C-H bonds can serve as 
intramolecular donors. Therefore, the shortest M . . C contacts 
obscrved in the alkali metal hypersilanides (Table 5 )  are inter- 
molecular, with few exceptions-for example, in the lithium 
derivatives 5 a  and S b the small lithium cation is hardly accessi- 
ble for intermolecular interactions. Note that within the molec- 
ular structures of [LiSi(tBu),], and [NaSi(tBu),], only in- 
~ramolecular M . . . CH, interactions occur. As a rcsult of the 
virtually nonpolar nature of the G C H ,  bond, significantly 
longer M-C distances are observed (254 and 313 pm, respec- 


‘There seems to be a (small) influence of these contacts on the 
lengths of thc Si-C bonds. These arc lengthened by somt 2 pni 
(2041) in 1 a, 1 b, and 2 a  compared to other Si-C bonds where 
no such contacts exist, although thc standard deviations of 0.3--- 


tively) , I > ,  1 Zal  


0.6 pm preclude any definitive statement. In the lithium deriva- 
tive Sa, however, the Si-C bonds are significantly lengthened 
by some 2.5% (191 vs. 184 -186 pm). 


Solvent-free 3 and 4: Unfortunately, 3 and 4 have not yet been 
obtained as single crystals since they are insoluble in weakly 


RbSi(SiMc,), 3 


C?Si(SiMe,), 4 


coordinating hydrocarbons such as pentane or heptane. Al- 
though dimeric building blocks similar to those in the crystal 
structures of lithium, sodium, and potassium hypersilanides are 
probable, the larger radii of rubidium and cesium certainly lead 
to ii more extcnsive linking through metal--methyl bridges than 
already observed for 2a. Dimers are definitely found in a num- 
ber of solvates containing aromatic hydrocarbons or ethers as 
donor ligands. 


Hitherto the only exceptions in which the dimeric unit is 
clcaved by hydrocarbons are the benzene solvates. This has been 
proved unambiguously by X-ray diffraction only for the bright 
yellow potassium derivative 2.(benzene), (2b) .  The cesium and 
rubidium hypersilanides 3 and 4, however, also crystallize from 
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Figui-e 10. Further polymerization ol' the wpcr-dimcrs to i n f i n i f c  chains through 
M . . CH, interactions in 1 a. Thc two independent types 0 1  polymer chains foi-in 
sheets parallel to (001) i n  different levcls of the unit ccll, the chains are orientated 
parallel to I1001 and [OlO].  rcspectivcly Dotted lines indicate short intra- and inter- 
molecular Na . . CH, contactr. 


pentane/benzene solutions as bright yellow crystals and, accord- 
ing to their NMR spectra, also contain three benzene molecules 
per hypersilanide moiety. Unfortunately, the investigated speci- 
mcns were twinned and could not be investigated by X-ray 
diffraction so far. Compounds 3 and 4 form crystalline toluene 
solvates (3); toluene (3a) and (4);(tolucne), (4a),"'' whereas 
the toluene solvate of potassium hypersilanide (2b),  which has 
the same stoichiometry and probably a similar structure as the 
rubidium derivative, decomposes below - 10 'C. 


Benzene solvate 2 b :  The (twinned) bright yellow crystals of 2 b  
contain three independent monomeric molecules (A, B. C) all 


KSi(SiMe,), . (benxne), 2 b 


displaying crystallographic C,  symmetry (shown for A in Fig- 
ure 14). These molecules are characterized by a short K-Si 
bond of about 334 pin, acute Si-Si-Si angles of 101' , and nearly 
ideal $-coordination of the benzene ligands. The K -;Irene dis- 
tances (302-308 pin) lie in the same range as in other complexes 
of this type (examples in ref. [14]). The alkali metal ion seems to 
be coordinatively saturated by one hypersilanide ligand and 
three benzene molecules, since, in contrast to all other hypersi- 
lanides mentioned here, no short M . CH, contact (neithcr 
intra- nor intermolecular) is found and thus no aggregation is 


Figui-c 1 1 .  Top: Further polyiiieri~ation of the siipcr-diniers l o  inlinite ~ l ~ i t i n s  
through Na. - .CH, I ~ ~ C ~ I C ~ I O I I S  in I h. The positions of  the ~tipct--tIiincr~ (I:+- 
ure 9 c )  ai-e indicated by brackets. 0111) those carbon atonis :it-c d i \p layd  which arc  
involxd i n  closc intermolecular N a  ' CH ~ contiii ' t~. Uortorn: Packing of  tlic war- 
dination polymers 111 1 b The bcnrenc molecules arc located i n  chnnncls bct~wc'n the 
polymct- rods 


I /I I! I 


kigure 12.  turtlier pol~iiierization 01' the super-dimers to  inlinitc chains ~hl-ough 
K .  Cll, ~ntcractions i t i  I h  The positions o f  thc ~upcr-din~t.ra (Figurc 9 d )  arc 
indicated by parcnthesrs. 


observed for the solid state. A very similar structure had bccn 
observed for the corresponding tris(benzene) solvate o f  potassi- 
um supersilanide, (rBu),SiK.(benzene), The observed K ~~ 


Si and K-C,,,, distances in the supersilanide. however, were 
determined to be 338 and 348-352 pm, respectively, which is 
significantly longer than in 2b.  This difference is probably rnain- 
ly due to steric effects. 


I n  the crystal structure the polar monomers are lined up in 
a head-to-tail fashion, leading to chains of crystnllographical- 
ly  related molecules ( .  . .A'. .A.. A.. . or . ' .  B ' .  . B . .  B .  ' .  
or . . C . . C . . . C . . ). These chains are orientated parallel to  
one another and to the lattice vector c in such a way that a 
pseudorhombohedral lattice is formed. 
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Tahlc 5. Short M " -  CH, distances and corresponding M. . .  C-Si anglcs in alkali metal hypersilanides 


~ - 1 5 ) ~  (Sa) LI 240 87 2 
244 8 1  1 


111-(5)2 i5b)  Li 270 84 
216 87 


(11, ( f a )  Na 285 92 
305 87 


il),  hcii7ene (11)) Na 285 91 
288 92 


(2)? ( l a )  K 334 95 
341 96 


(3),.toluene (3a) Rh 344 94 
359 102 
362 98 


249 171 


280 176 
286 161 
216 173 
299 165 
325 173 
332 170 
333 166 
333 163 
337 111 
351 153 
360 154 


(4)2.(toluene), (4a) Cs 371 
374 
384 
192 


(4); hiphen Cs 363 
(pentane), (4b) 365 


384 
385 
389 


(4);THF ( 4 ~ )  Cs 312 
375 


102 
102 
95 
84 


102 
101 
92 
95 
92 


100 
9x 


378 153 
387 155 


366 154 
371 152 
373 160 
380 111 


a) p' 
C 
1. ' 


M 


"'\ 
s'--s 


/ I 


SI 
M 


b, p' 


"TTH M 


SI 


5i 


Figure 13. Inter- and intramolecular M ' .  . CH, interactions in alkali metal hypcrsi- 
lanides: a )  Dipoleeion component; b) C-H donor/M- -acceptor component. 


Figure 14. Molecular structure of one of the three independent molecules in 2b 
(ellipsoid? at  the 50% probability level). Selected intramolecular distances [pm] and 
angles [ I .  K 1 - S i I  335.2(4). K C11 348(1), K - C I 2  342(1), K-C13 331(1), 
K - C 1 4  328.3(9). K-C15 332(1). K - C l 6  339(1), Kl-centroid 30'). K I - S i l -  
S i l l  116.93(8), Si 11-Sil-Sill' 101.1(1), Sii-K1-centroid 105 8 


At first sight, the structure of 2b looks very similar to that of 
the related tris(benzene) complex of cesium tris(trimethy1si- 
lyl)methanide.[' 3b1 However, the methanide exhibits very obtuse 
Si-C-Si angles (117") at the central carbon atom, in contrast to 
the very ucurc Si-Si-Si angles within the silanide 2b. This differ- 
ence can be rationalized by the more effective sp2 hybridization 
of carbon and a very diffuse p-type orbital bearing the negative 
charge. 


In the toluene solvates 3a and 4a,""] dimeric M,Si, units are 
also present, which are no longer planar but strongly bent 


[RbSi(Si Me,),], .toluene 3 a 


[CsSi(SiMe,),],.(toluene), 4 a  


(Figure 15; Table 4). Differences in the molecular and crystal 
structures are easily rationalized by the influence of different 
cation radii. Whereas the smaller rubidium permits the addition 
of only one toluene per rubidium hypersilanide dimer, there is 
enough space for three molecules of toluene in the cesium 
derivative. However, this prohibits the occurrence of inter- 
molecular Cs . . . CH, interactions and leads to isolated molecu- 
lar units in 4a, whereas the rubidium hypersilanide dimers in 3a 
are extensively interconnected by R b  . . . CH, links forming a 
three-dimensional network. 


The solvate 4b: Addition of biphenylene to a suspension of 
ecsium hypersilanide in pentane produced a pale yellow solu- 
tion, which on cooling to - 60 "C gave pale yellow crystals of 
4b. Rubidium hypersilanide also dissolves in pentane in the 
presence of biphenylene, however, crystals of a corresponding 
solvate have not yet been obtained. 


(4), . biphen.(pentane),,, 4 b 


Once again, a [CsSi(SiMe,),], dimer with a bent Cs,Si, skele- 
ton is found (Figure 16, top). Biphenylene, which for electronic 
reasons is expected to  be a much weaker donor than toluene, 
acts as a bridging ligand here. One phenyl ring are nearly $- 
coordinated to Cs2;  the observed Cs . . . C,,,, distances is signif- 
icantly longer than in the toluene solvate 4a. The second phenyl 
ring acts as a ql-donor to the Cs 1 atom of a neighboring dimer. 
This coordination is best described as the coordination of a 
C-H bond to Csl (Figure 16, bottom). Additionally, there are 
intra- and intermolecular Cs . . . CH, interactions with the tri- 


1426 - 1: WILEY-VCH Vcrlag GmhH. D-694.51 Wcinheim. 1991 0947-6539/97~0309-1426 9; 17.50+.50'0 C'itrrn. Eur. J,  1997. 3. No. 9 







Tris(trimethy1silyl)silanides 1418-1431 


Figure 15. Top: Molecular structure of 3a. Dotted lines indicate short intramolec- 
ular Rb. . ' CH, contacts. Selected intramolecular distances [pm] and angles ["I: 
Rbl -Si l  361.6(4), Rbl -Si2  359.5(4), Rb2-Sil 352.2(4), Rb2-Si2 353.2(4), 
R b  . ' . Rb 430.5 (2), Rb 1 -C (to1 I) 342 (3) .. 391 ( 3 ) ,  Si 1 -Rb I-Si 2 95.4 ( I ) ,  Si 1 -Rb 2- 
Si2 9X.3(1), Rbl -Si l -Rb2 74.2(1), Rbl-Si2-RbZ 74.3(1). Bottom: Molecular 
structures of 4a. Dotted lines indicate short intramolecular Cs . .  . CH, contacts. 
Selected intramolecular distances [pm] and angles ["I: Cs 1 -Si 1 380.7(2), Csl  -Si2 
3X5.0(2), Cs2-Sil 377.7(2), Cs2-Si2 377.4(2), Cs...Cs 492.0(1), CslGC(tol1) 


Si I-Cs 1-Si2 92.0(1), Si 1-Cs2-Si 2 93.6(1), Cs 1 -Si 1-Cs2 S0.9(3), Cs 1-Si 2 0 2  
80.4( 1). 


368(2)-408(2), C S I  C(to12) 351 ( 2 ) ~  390(2), c 5 2  C(tol3) 368.0(7)-386.5(30), 


Figure 16. Top: Molecular structure o f 4 b  (ellipsoids at the 50% probability Icvel). 
Dotted hies indicate short intramolecular Cs . . - CH, contacts. Sclccted intramolec- 
ulardistances[pm]andangles["l: C5lbSi l  367.7(2),CsI-SiZ374.2(?).Cs2~ SiI 
376.5(2), Cs2-Si2 381.1(2), Cs...Cs 463.7(1). Cs l  C325 368.3(7), Cs2  -C311 


C3153859(6), Cs2 C316386.6(6),Csl-C41 (Csl C45)385(1),Sil-CsI-SiZ 
92.99(4), Sil-Cs2-SiZ 90.52(3), Csl-Si 1-Cs2 77.06(3). Csl-Si2-Cs2 75 74(3) 
Bottom: The biphenylene ligand acts as a if'- and a 7'-ligand. thus bridging the Ca2 
atom of one dimcr and the Ccl '  atom of a second one. 


383.6(5), C ~ 2 - C 3 1 2  375.3(5), C ~ 2 - C 3 1 3  373.3(6), C ~ 2 - C 3 1 4  380.9(6). Cs2 


methylsilyl groups; the latter lead to infinite zigzag chains of 
cesium hypersilanide dimers. Together with the above-men- 
tioned linkage by biphenylene ligands, this produces a polymer- 
ic structure with layers parallel to (1 0 1) (Figure 17). Finally, the 
coordination sphere of Cs 1 is completed by interactions with 
the terminal C-H bonds of a intercalated n-pentane, which is 
disordered within the layers over a crystallographic inversion 
center (Figure 17). 


The solvate 4c: Addition of tetrahydrofuran, a strong G donor, 
to a suspension of rubidium or cesium hypersilanide in pentane 
immediately produced orange-yellow solutions. On cooling 
to - 60 "C, these only gave oily products containing approxi- 
mately five to six equivalents of THF per hypersilanide moiety. 


recrystallization from n-pentane yielded-in the case of the ce- 
Drying under high vacuum for l 2  at 40 "' and subsequent Figure 37. Formation of puckered layers of zigzag chains by linkage of thc coordi- 


nation polymers of 4b through biphenylene and pentane molecules. 
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sium derivative --colorless crystals of 4c, which, accord- 
ing to NMR spectra, still contain half ;in equivalent of 
T H F  per hypersilanide group. 


[C.;Si(SiMe,),ll.THF 4c  


In  the solid state, dimers with a virtually planar Cs,Si, 
ring are present. Here the THF molecule acts as an in- 
tramolecular bridging ligand. The two cesium atoms arc 
not coordinated by oxygen in the same manner (Fig- 
ure 18, top). While the one short Cs2-0  3 bond is nearly 
coplanar with respect to the best plane through the atoms 
of the TH F molecule, the second longer Cs 1-0 3 bond is 
virtually perpendicular to this plane, so that two C-H 
bonds of both a-carbon are close to  Cs 1 and may act as 
additional electron donors (Figure 18, bottom). Intra- 


Figure 19 Double laycr, ofdirncis in 4c. Dashed lines indicate 7hort intra- and intermolec- 
ular C s .  ' ' CH , and Cn.. . ('HL contacts The :wows indicate Ihrther connccliony within ~ l ic  
layers. whereas dashed lines signify short contacta hctwcen different layers. 


and intermolecular Cs . . CH, interactions complete the coordi- 
nation spheres of the cesium atoms; the shorter intermolecular 
ones form double-layers, and the longer ones connect them fur-  
ther to produce a three-dimensional network (Figure 19). 


Figure 18. Top: Molecular structure 01'4~ (ellipsoids at the 30% probability level) 
Ilottcd l i n e s  indicate short intramolecular Cc ' . CH and Cs . . . CH, contacts Sc- 
lcctcd intr:iniolecul:ir distances [pin] and angles [ 1 .  Csl  Si1 370.8(1), C j l  Si2 
367 3!1). Cs2-  S i 1  373 ? ( I ) .  C s 2  Si2 36Y.9(1). Cs - C s  419.63(5). C's1 0 3  
328 l ( 3 ) .  Cs2 0 3  309.7(3), Sit-Csl-Si2 109.85(2). Sit-Cs2-SiZ 108.73(2). Csl- 
S i  I-Cs2 6Y.02(2). Csl-Si2-Cs2 69.04(2). Csl-O3-c's2 82.22(7) .  Bottom: Sidc-on 
cnr)rdination ol'the THF in 4 c  Csl . .C31 387.1 (S), Csl  ' ( '34  39O.X(0) 


Hypersilylated alkali metal stannanides: Alkali metal salts of a 
new, extremely bulky stannane were prepared (Scheme 3 ) .  Only 
a brief description of their syntheses is reported here, with a 
focus on the molecular structure of the sodium derivative. Fur- 
ther details of their chemistry and their physical properties will 
be discussed elsewhere."81 


Recently, we were successful in preparing bis(hypersily1)- 
stannylene (6) in high yields by treating alkali metal hypersi- 
lanides with Sn[N(SiMe,),], in n-pentane.r"hl Changing the 
reaction medium and the stoichionietry changed the products. 
111 tolueneln-pentane and a t  temperatures below approximate- 
ly -40 'C, mixtures of the stannylene 6 and an alkali metal 
stannanide bearing three hypersilyl ligands, MI-Sn[Si(Si- 
Me,),], were obtained (Scheme 3). Yields varied depending on 
the ratio of reactants, temperature, reaction time. and the alkali 
metal coinpound employed; a maximum of 62 % was obtained 
for M = Na. At temperatures above -40 " C  M'-Sn(CH2Ph)- 
[Si(SiMe,),], were formed with release of toluene. The corre- 
sponding ptunibanidcs, MI-Pb(CH,Ph)[Si(SiMe,j,l,. were 
the only products obtained from analogous reactions with 
Pb[N(SiMe,),],; no tris(hypersi1yl)plumbanides have been de- 
tected so fir. Sodium tris(hypersily1)slaiinanide (7) was isolated 
as a pale yellow crystalline toluene solvate 7 a by rccrystalliza- 


NaSii[Si(SiMe,),];~olucne-penlane 7a  


SiMe, 
I 
I 


\ I  Me$ - N Me$ SiMe, 
\ 


/ 
+ Sn - + 2 M'N(SiMe,), 


' i. SiMe, 


312 Me,Si , 
Me,Si - N Me,Si Me,Si SiMe, 


Me,Si --- si, 


Me,Si 


I SiMe, 
I 


SiMe, 


Schciiie 3 Prcpara!ion of hypersdylatcd alkali  iiictal Ftaiinanidcs x (MI -= Li. Na, K ,  Rb,  Cs) 
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tion from mixtures of n-pentane and toluene. Although the crys- 
tals of 7 a  are typically very small and tend to  grow together in 
bunches, its crystal structure was determined on a small, but 
well-grown specimen. 


Molecular structure of 7 a :  In contrast to  most of the hypersi- 
lanides of the heavy alkali metals, this stannanide with its ex- 
tremely bulky substituents is a monomer even in the solid state 
(Figure 20). The sodium cation is coordinated by the negatively 
charged tin atom and a (slightly disordered) @-coordinated 


Figurc 20. Molccuhr structure of 7 a  (ellipsoids at  Ilic 30% probability level). Only 
one orientation of the disordered toluene i b  shown. Selected intraniolecular dis- 
tances [pin] and angles [ ' I :  N a l  S n l  307.0(5), Nal-C41a 290(4), N a l b C 4 2 a  
282(5 ) ,  N a l  -C43a 289(4), N a l  -C44a 290(4). Nal-C:4Sa 294(4), N a l  C46a 
292(4), S n l - S i l  270.7(3), Snl-Si2 270.2(3), Snl -S i3  270.4(3). Nal-Snl-Sil 
109.6(1), Na 1-Sn 1 4 1  2 308.8 ( 2 ) ,  Na 1 -Sn I-Si 3 108.7 ( 2 ) ,  Si 1-Sn 1-Si2 
11 0.14(9)(4). Si 1 -Sn 1-SI 3 110.49 (9),  SI 2-Sn 1 -Sn 3 109.2(1). 


toluene molecule. The observed Na-Sn distance of 307 pm is 
16 pm shorter than the sum of the covalent radii, if the value for 
sodium from X-ray crystallography is used (Sn: 140 pm; Na 
183 pm['41). The Na-C distances to the ring atoms of the 
toluene molecule lie in the range 282-31 1 pm; their mean value 
of 291 pm is much shorter than that in the only sodium-toluene 
complex known to date, namely, the silylated alanate Na[AI- 
(SiMe,),].(toluene),. In this alanate the sodium ion is tetrahe- 
drally coordinated by two methyl groups of the alanate anion 
(Na . . C 269 pm) and two $-aromatic rings (308 pm). Neither 
close intermolecular contacts to methyl groups, as found in the 
structures of 1 a and 1 b, nor any unusual interactions with the 
n-pentane molecules incorporated into the crystal lattice are 
observed for the stannanide 7a.  


While acute angles are theoretically predicted for stannanide 
anions and, indeed, are found in the two other structurally char- 
acterized alkali metal stannanides, (PMDTA)Li ..- SnPh,['9"1 
and (toluene),K-Sn(neo-C,H, I ) ,  , [ lybJ they are not observed 
for the tris(hypersily1)stannanide anion in 7a.  Instead, the ster- 
ical requirements of the substituents leads to "normal" Si-Sn-Si 
angles of about 110" and to elongated Sn-Si bonds. These are 
3 pm longer than in bis(hypersily1)stannylene 6 and even 12 pm 
longer than in (Me,Si),Sn-Sn(SiMe,), .I2'] As a further conse- 
quence of this steric stress, remarkable deformations within the 
hypersilyl substituents occur. The mean Si-Si bond length was 
determined to be 237 pm in 7a, this is 3 pm longer than in the 
investigated alkali metal hypersilanides. The Sn-Si-Si angles are 
widened up to  126", the Si-Si-Si angles are compressed down to 
96.6". 


Conclusion 


The hypersilanides of the alkali metals are readily synthesized 
and are valuable reagents for the synthesis of hypersilyl dcriva- 
tives of other elements. All solvent-free derivatives are readily 
soluble in aromatic hydrocarbons, such as benzene or toluene, 
without deprotonatioii o r  reduction of the solvent under ambi- 
ent conditions. However, their reactivity towards substrates, 
such as metal halides, amides, and aicoholates, remains high. In 
spite of the ionic nature of the bonding between the alkali metal 
and the hypersilyl substituent, the lighter hypersilanidcs 
(M = Li-K) are soluble in even aliphatic hydrocarbons. The 
main reason for this behavior is the formation of dimers, con- 
sisting of four ions with only small net dipole moments, which 
are covered by a lipophilic skin of trimethylsilyl groups. Never- 
theless, interactions other than of the van der Waals type occur 
between these dimers. The C-H bonds of the trimethylsilyl 
groups act as electron donors, forming nearly linear Si- 
CH, . . . M bridges, which are additionally strengthened by 
dipole-ion forces between the polar Si-C bond and the metal 
cations. Similar bridges are observed within the dimers, perhaps 
causing the inertness of the hypersilanides towards many organ- 
ic solvents under ambient conditions. The peculiarities of the 
molecular and crystal structures, as well BS the decreasing solu- 
bility froin the lithium to the cesium derivatives, can also bc 
traced back to these secondary forces. The bigger the metal ion, 
the greater the number of such Si-CH, . . M bridges formed. 
Solvent molecules that can act as o or rc donors, such as ben- 
zene, toluene, or T H E  break down the network of Si 
CH, . . M bridges, replacing them-at least partially-~ by 
stronger donor-metal interactions. In some cases even the ionic 
forces williin the dimer are overcome, and monomers are 
formed, such as the benzene solvatc 2 b or LiSi(SiMe,); 
(THF),.["' 


The tris(hypersilyl)stannyI substituent [(Me,Si),Si],Sn- is 
even bulkier than the already very demanding hypersilyl group. 
It is accessible by the reaction of alkali hypersilanides with stan- 
nylene 6 under certain conditions. The monotoluene solvate of 
its sodium derivative, 7a, is a monomer, even in the solid state, 
and contains a virtually linearly coordinated sodium ion. The 
overcrowding within this substituent leads to notable distor- 
tions of bond lengths and angles. Whether this substitilent is 
capable of stabilizing unusual low coordination numbers for 
elements other than the alkali metals is currently under investi- 
gation. 


Experimental Section 
General: All reactions and manipulations were carried out ~iiider a n  incrl 
atmosphere of argon by means of standard Schlenk techniqucs. unless othcr- 
wisc stated. tz-Pentanc and ti-hcptane were distilled from LiAIH,, bcwcne, 
toluene and THF from sodium benzophenone ketyl. Bis(hypersily1)zinc wits 
prepared by a reported the alkali metals were purchased from 
commercial sources without further purification. 
Raman spectra wcre recorded on it DilorXY equipped with a n  :irgon laser 
(514.53 nm) on crystalline samples in serilcd melting point tubes. NMR spec- 
tra were recorded 011 a Bruker AC250 ('H, 250.133 MHz: '.'C, 62.896 MHr) 
or a Bruker AM200 ('H, 200.133MHz; 'T. 50.323 MHz: '"Si. 
39.761 MHz) in [DJben~ene, which had heen degaased, distilled over Na,K 
alloy, and stored over a molecular sieve prior to use. C and H were deter- 
mined by combustion with VzOs n additive and the alkali metals by 
titration with NaOH after ion exchange with H +  
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Preparation of INaSi(SiMe,),l, (1 a) and IKSi(SiMe,),l, (2a): A Schlenk 
llask was charged with Zn[Si(SiMe,),], (8.0 g. 14.27 mmol). a threefold ex- 
ccss of solid N a  or K. a few pieces of broken glass pipettes, and a glass-coated 
magnetic stirrer. n-Heptaue (50 mL (Na) or 100 inL (K)) was added, arid the 
reaction mixture was refluxed under intense stirring for 12 to 16 h. The clear 
solution chauged to a deep black suspension. The hot mixture was filtered 
through a prewarmed G 4  glass filter. In the case of 2a ,  the residue was washed 
with hot heptane ( 2 x  10 m L ) .  The solution was then cooled and kept 
at -20 C for 1 d .  Colorless crystals of l a  or 2 a  were obtained ( l a :  6.33 g, 
11.69 mmol, 82%): 2a:  7.45 g. 12.99 mmol, 91 % I ) .  A further 4 %  of l a  wa? 
obtained by cvapoi-ation of the residual mother liquor to dryness. the oily 
i-esidue treated with n-pentane (10 mL). and the resulting solution cooled 
to - 130 C for 2 d .  Thc compounds wcrc characterized by C,H analysis, NMR 
(Table I ) ,  and Raman spectroscopy (Table 2). As already observed ror pow- 
ders of 2a.""' the crystalline compounds did not melt but decomposed, with 
ii change of color to orange-brown, a t  about 130,'C: l a :  calcd. C 39.94, H 
10.06. Na 8.49: found C 39.61, H 10.12. Na 8.61; 2 a :  calcd. C 37.69. H 9.49. 
K 13.63: fnund C 17.30. H 9.54, K 13.47. 


General procedure for the synthesis of the solvated hypersilanides: A Schlenk 
tube was charged with the appropriate solvent-fiee alkali metal hypersilanide 
(2 iiiniol) and n-pentane (10 mL).  The donor compound (benzene. toluene. 
biphenylene, T H F i  was added to the stirred mixture until the solution was 
clear. The mixture was then cooled to - 30 to - 60 'C. Most of the invcstigat- 
ed solvatcs crystallized in virtually quantilativc yields. 


The resulting crystallinc materials were characteri7ed by ' H  and "Si NMR 
spcct roscopy and elementary analysis. None of the compounds melted, but 
decoinposed with a change ofcolor (4c: ca. 130 C) and release of solvent ( 1  b, 
2h, 4b) .  Sincc the NMR shifts of the solvateb recordcd in [D,]benzene do not 
differ significantly froin those of the solvent-free compounds or from the purc 
solvents, and then intensities arc found in a ratio according to the crystallo- 
graphic results. they are not listed here. 


The C,H analyses pave only acceptable results for 4c .  The other so1vatL.s. 1 b, 
2 b. and 4h, probably lost solvent during the preparation procedure, sirice the 


Table 6. Summary 01- the cryst:illographic d:ita 


determined proportion of carbon was much too low. 1 b: calcd. C 46.53, H 
9.76, Na 7.42; found C 42.63, H 9.92, N a  7.93; 2b:  calcd. C 62.23. H 8.70. 
K 7.50; found C 57.32, H 9.04. K 8.34; 4b:  calcd. C 41.03. H 7.42. K 27.94: 
found C 40.20, H 7.15. Cs 29.13; 4c:  calcd. C 31.71, H 7.50. Cs 31.90: found 
C 31.59. H 7.54, Cs 32.08. 


NaSn[Si(SiMe,),l,.toluene.pentane (7a): A Schlenk flask was charged with 
NaSi(SiMe,), (2.00 g. 7.39 mmol), n-pentane (25 mL), and toluene (2 mL). 
After cooling to -60 -C, a solution of Sn[N(SiMe,),], (1.08 g. 2.46 mmol) in 
n-pentane was added dropwise under intense stirring. The solution immedi- 
ately turned gi-ccn-brown. It  was held at this temperature for 24 h and then 
slowly warmed to room temperature. After filtering through a glass filter, i t  
was again cooled to -60°C. and the precipitated pale yellow crystals were 
rccrystalli~cd scveral times froin a pcntaneltoluene mixture (1 0.1 ) to reniove 
the simultaneously formed NaN(SiMe,),. Yield: 1.57 g (1.50 mmol. 60.8 % I ) :  
decomp.: ca. 125'C.; ' H N M R  (resonances of the Me,Si groups only): 
6 = 0.47 (s): " C  N M R :  6 =7.2: Anal. calcd C 44.65. H 9.32. N a  2.32: found 
C 41.42, H 9.24. Na 2.03, again the C,H analysis did not Site acceptable 
results because of loss of the solvenl 


Crystal structure analyses for I a, 1 b, 2a. 2b, 4b, 4c ,  and 7 a :  Crystals were 
poured into cool (10 '-C), degassed Nujol and transferrcd into capillaries. 
which were sealed and immediately placed in the cold gas stream of a 
Siemens P3 or P4 four-circle difrractonicter equipped with a low-temperature 
device. Unit cell dimensions were derived from the least square fit of the 
angular settings of 25-58 reflections. Data was collected in Wyckoff (P3)  or 
adaptivc omega scan mode (P4). Selected data collection parameters and 
other crystallographic data are summarized in Table 6. All structures were 
solved in the space groups derived l"i.om E-values and systematic absences 
using the direct methods implemented in the SHELXS-86 program.i24"' Be- 
cause of twinning, special treatment was necessary for 2b  (see below) 


The retincinent based on F,2 valucs was performed by the full-matrix least- 
square method employing the SHELXL-93 program.[24b1 Anisotropic dis- 
placeinent parameters were refined for the non-hydrogen atoms. The hydro- 
gen atornu were treated isotropically. Their sites wcrc refined freely with the 


~ 


l a  I b  2a 2h 4b 4c 7a 


C,,H,,Na,Si, C24H,,Na2S~, C,,II,,K,Si, C,-H,,KSi, C,,,50H,oCs,Si, CL,H,20Cs,Si, 
541.32 619.42 573.53 521.09 951.42 833.25 
colorless colorless colorless yellow pale yellow colorless 


nrism p m m  rhombic platelett prism platelet rhombic platelei 
0.6 x 0.3 x 0 4 0.6 x 0.4 x 0.4 0.6 x 0.6 :< 0.2 0.7 x 0.6 x 0.6 0.5 x 0.3 x 0.3 0.6 0.3 x 0.3 


triclinic monoclinic 
P l ( 2 )  P?,/( (14) 
12.490(1) 14.3343(1 I) 
13.105 (1) 23 466(2) 
23.232(3) 12 540(2) 
92.733 (9) 90 
103.264 (10) 106 071 (7) 
101.997 (7) 90 
3602.2(6) 4034.5(7) 
4 4 
2298 1352 
0.9% 1.020 
0.328 0.300 
P 4  P 4  
3.2 <20<45 
9806 8298 
9291 [R,,,, = 0 0371 
9259 7921 
833 541 
11.1 14 5 
sites free: free 
U s  groupwise 
0.099 0.0928 
n 0435: 0 0.0337; 0 
0.042 0 041 


3.4 < 20 i 52 


7'J21 [R,,, = 0.0581 


monoclinic 
P 2 ,  'c (14) 
14.552(2;1 
13.945 (?:I 


18.1 15 13'1 
90 
91 (]?(I) 
90 
3675.5 (10) 
4 
1248 
1.036 
0.525 
P3 
4 5<211<:52 
6731 
6731 
6731 
488 
13.8 
fi-ee 


0 1265 
0.0917. 0 
0.0484 


(;OF [c] 0.894 0.831 0.990 
rcsid. densit) ( c A  ' j  0 491 -0.2XO 0 585~-0.610 0.602: .-0.582 


trigonal 
P 3  (143) 
15.7647(8) 
15.7647 (8) 
1 l.6437(X) 
90 


120 
1506.1 ( 2 )  
3 
846 
1.036 


P4 
3.5 < 20 < 52 
4438 
3806 [R,,, = 0.04791 
3804 
427 
8.9 
sites fi-ec: 
I ' s  groupwisc 
0.0842 
0: 0 
0.034 
0 638 
0.162, -0.165 


90 


0.315 


monoclinic 
P 2 , k  (14) 
15.327(4) 
15.395 (4) 
20.649 (6) 
9 0 
94.41 (I) 
90 
485X(2) 
4 
1948 
1.301 
3.717 
P 3  
3.2<28<48 
7855 
7542 [R,., = 0.0364J 
7542 
600 
12.6 
sites free; 
C"s  livcd 
0.115 
0.0338, 5.983 
0.040 
1 029 
0.777, -0.774 


moiiochnic 
P2,:r (14) 
16.647 (2) 
18.758(2) 
14.227 (2) 
90 
107.56 (1) 
90 
4235.6(9) 
4 
1696 
1.307 
1.961 
P3  
3.3 < 20152 
8928 
XY2X 
8864 
452 
19.6 
sites free: 
c"s groupwise 
0.1 12 
0.0509; 6.41 1 
0.041 
1.059 
1.18X -0.x2x 


C,,H,,,NaSi,,Sn 
1048.96 


0.4xo.1 xO.l 
ncedle 
orthorhonibic 


pale yellow 


P 2 , 2 , 2  (18) 
21.849(7) 
21.368(7) 
13.533(4) 
90 
90 
90 
6318(3) 
4 
2256 
1.103 
0.662 
P3 
3 3<2(1<48 
541 9 
5418 [R,,, = 0.1199] 
5175 
5 x 3  
8.9 
riding 


0.163 
0.0314, 26.5 
0.060 
1.101 
0.459 -0.516 
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exception of those for which the atomic coordinates shifted to nonsense 
values, these wcrc rcfined with cominon C - H  lengths and H-C-H angles, 
riding on the appropriate carbon atom. Further details of the refinement and 
all remaining crystallographic data (excluding structure factors) for the struc- 
tures reported in this paper have been deposited with the Cambridge Crystal- 
lographic Data Centre as supplementary publication 110. CCDC-100267. 
Copies of thc data can be obtained free of charge on application to The 
Director. CCDC, 12 Union Road, Cambridge CB21 EZ, UK (Fax: Int. 
code + (1 223) 336-033; e-mail: teched(ri:cliem-crys.c~m.ac.uk) . 


Crystal structure analysis of 2b:  The crystal of 2 b  was merohedrical twinned 
about a mirror planc ( -  1 ~ 1 0) parallel to the crystallographic threefold 
axis. The method of Pratt, Coyle. and lbers, as implemented in the SHELXL- 
93 program,[24b' was used to refine the fractional contribution of the 
twin domain (with corresponding index transformation being: h' = - k :  
k '  = - h ;  z' = L) t o  give a value of 0.454(2) 


Computational details for the ab initio calculations: The Gaussian 94 pack- 
age[*'] was employed for all calculations. The optimizations of the structural 
parameters of MSiH, and M,(SiH,), molecules were performed using the 
4-electron pseudo-potential for silicon and %electron pseudo-potentials for 
potassium, rubidium, and cesium of the Stuttgart group,'26' whereas for 
lithium and sodium all electrons were included in the calculations. The basis 
sets optimized for the pseudopotentials were partially decontracted (Si) and 
augmented by diffuse (Si) and polarization functions (Si, Rb, Cs). 


Si: (4~4pld) / [5~5pld] :  exponents: s: 4.014378, 1.393707, 0.251658,0.100180, 
0.03989; p .  1.102481, 0.583127, 0.208675, 0.069147, 0.022913; d :  0.28; 


K :  (5~4pld)/[7sSpld]- exponents: s :  8.223362, 3.797211, 1.331607, 0.666282, 
0.272807, 0.037092; p:  21.605670. 1.100212, 0.504345, 0.317869, 0.148125, 
0.022139; d :  0.794; 


Rb: (5s4pld)/[7sSpld]: exponents: s: 4.727461,2.930825.0.601849,0.466244, 
0.246463, 0.053379, 0.02101 8 ;  p:  5.608470. 3.452727, 0.754374, 0.327974, 
0.141797, 0.020506; d :  0.55; 


Cs: (Ss4pld)/[7~5pld]: exponents: s: 5.800659,4.298432, 1.807221,0.388922, 
0.175652, 0.031063, 0.013152: p: 3 738376, 2.110247, 0.558883, 0.281825, 
0.119991; 0.015750; d :  0.40. 


For Li and Na 6-311 G*(+) ,  and for H Dunning's double-7eta correlation- 
consistent basis sets were used (as implemented in Gaussian 94[251). The 
inolecular structures ofboth the monomers and dimers were optimized by full 
MP2 calculations in maximal symmetry: C,, (monomcrs), C,, (11, 111, IX),  
CZv (IV, V, VIII), and C, (VI, VII).  For  the idealized dimer structure 1 the 
R b  Si bond lengths were rcstrjcled to be equal and D,, symmetry was 
superimposed on the H,Si . .  . SiH, fragment. The optimiml structures had 
all been proven to be true local minima (except isomer I) by frequency 
calculations, showing 110 ncgative eigenvalue of the force constant matrix 
(Hesse matrix). 


The charge distributions were all calculated using M P 2  density and natural 
localized molccular orbitals (N LMO) . The calculations have been performed 
employing the NBO module[*" of Gaussian94. For  the hypersilanidc anion, 
the supcrsilanide anion, as well as for lithium hypersilanide and the lithium 
trihydrosilanide (used for comparison), Dunning's double-zeta correlation- 
consistcnt basis sets were used for H, C. and Si, whereas for lithium a 
6-31 1 G*( + )  basis (as implemented in Ga~ss i an94[ '~ ] )  was employed. 
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A Contribution to the Asymmetric Synthesis of 3-Amino P-Lactams: 
The Diastereoselective [2 + 21 Cycloaddition Reaction of Chiral Aminoketene 
Equivalents with Enolizable Aldehyde-Derived Imines 


Claudio Palorno,* Jesus M. Aizpurua,* Marta Legido, Antonia Mielgo, and Regina Galarza 


Abstract: N-[Bis(trimethylsilyl)methyl]imines 9 show unique chemical properties when 
compared with conventional iniines. Their reaction with optically pure aminoketenes 
derived from dehydrochlorination of 14 and 15 affords the corresponding 3-amino-4- 
alkyl-8-lactams 16 and 17 in good yields and high diastereoselectivities. The mild depro- 
tection of bis(trimethylsilyl)methyl- and phenyloxazolidincme moieties with, respective- 
Iy. cerium(rv) ammonium nitrate and lithium/ammonia or hydrogen/Pd(OH), allows 
the preparation of a variety of 8-lactam antibiotic building blocks. 


Keywords 
asymmetric synthesis * cycloadditions 


imines * lactams * 


Introduction 


The lj-lactam skeleton is the key structural element of the most 
widely employed class of antimicrobial agents, the [I-lactain an- 
tibiotics.r'l Some of the well-known representatives, shown in 
Figure 1 ,  are penicillins ( I ) ,  cephalosporins (2), cephamycins 
(3). I-oxacephalosporins (4). and monobactams like aztrconam 


COzH 
0 


C02H 
1 2 


I 0 
COzH Me COzH 


3 4 R3: H, OMe 


5 6 


Figurc I 
eiicc of  the amiiio function at  the C'r position of the /i-lact:im cai-bonpl. 


Reprcseiitntive families of /i-liictam antibiotics characterized bq the pres- 
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(5) and carumonam (6), among many others.". 2 ]  In fact, since 
the discovery and structural elucidation of penicillin G and the 
closcly related cephalosporin C ,  much work has been carried 
out in this important field of research for two main reasons: 
first, because of the constant need for new drugs displaying 
broader antibacterial activity and/or different biological prop- 
erties, and, second, because of the requirement for new /?-lactam 
antibiotics to combat bacteria which have built up a resistance 
against most traditional compounds.[31 As a consequence of this 
interest, a large number of methods for the production of /?-lac- 
tams have been devcloped and the topic has been amply docu- 
mented and reviewed several times.[41 Among the existing nieth- 
ods, however, the hydroxamate methodology,['] the metallo- 
ester enolate--imine condensation,[61 the chromium carbene- 
imine reaction,[71 and the [2 + 21 cycloaddition of ketenes with 
imines, also known as the Staudinger have been 
most often employed for the construction of the azetidin-2-one 
ring. In particular, the last provides useful and economical ac- 
cess to 3-amino p-lactanis,lyl mainly due to the ready availability 
of kctenes generated by dehydrohalogenation of their corre- 
sponding acid chlorides and a tertiary organic base. Conse- 
quently, it is not surprising that this reaction has acquired cen- 
tral importance for the asymmetric synthesis of 8-lactams 
during rccent years, from both academic and industrial stand- 
points."', ''' One example is the cycloaddition of Evans- 
Sjogren ketenes, generated from chiral oxazolidinylacetic acid 
chlorides and triethylamine, with imines, generally providing 
good yiclds and excellent diastereoselectivity, typically 2 96 O/O 


~ [ . e . [ ' ~ '  The exceptional quality of stereochemical control im- 
parted by the oxazolidinone moiety has also been demonstrated 
in the reaction of 4-(S)-phenyloxazolidinyl ketene with imines 
derived from substituted benzaldehydes and either (R)-  or  (S)-x-  
amino esters.[131 This reaction has also been employed by us and 
others to synthesise homochiral 3-amino 1-lactams as building 
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blocks of diverse target molecules.['41 Nevertheless, despite the 
advances made in this area, virtually all of the invcstigations on 
this subject have dealt with the use of non-enolizable aldehyde- 
derived imines, and thus, successive chemical elaborations of the 
C ,  substituent are usually required to get the desired targets. 
Actually, ketene- enolizable aldimine cycloadditions, which 
would generate a wider range of substitution patterns a t  the C, 
position of the /]-lactam ring, have not proved very viable, in 
part because of the instability of the starting imines and in part 
because of the presence of competitive deprotonations.['51 Ide- 
ally, the construction of fi-lactams with any desired substituent 
at the C, position should be possible at low cost and with a large 
synthetic extent. Therefore, we have been concerned with the 
question of how /]-lactams could be prepacyd in one step by 
[2 + 21 cycloadditions with imines derived from enolizable alde- 
hydes. Recent research from this laboratory has addressed this 
issue and found that N-[bis(trimethylsilyl)methyl]imines fulfil 
these requirements, furnishing a route to  a number of 3-amino 
/Hactams.r'61 We thought that these imines might provide a 
solution to the above-mentioned problems for two reasons: 
firstly because of the ability of silyl groups to stabilize electron- 
deficient carbon centers in the 0- and/or y-position"'] and, sec- 
ondly, because of the zwitterionic character of the reaction in- 
termediate proposed for this kind of cycloaddition."81 Herein 
we wish t o  disclose details of our  investigation along with the 
development of a new chiral aminokctene equivalent. 


Results and Discussion 


To evaluate the success of the above proposal, the behaviour of 
some representative imines 9, derived from the C,C- 
bis(triniethylsi1yl)methylamine (7)[19] and the enolizablc alde- 
hydes 8a-g and 81-n (Scheme l ) ,  towards aminoketene equiv- 
alents was examined. We initially investigated the reaction of the 
Evans-Sjogrcn acid chloride 14 (Scheme 2), prepared from the 
oxazolidinone 10 via the carboxylic acid 12,16] with imines 9, and 
found that the expected cycloaddition proceeded in refluxing 
chloroform or benzene as solvents to give 16 (cis) and 18 (trans) 
with good to excellent diastereomeric selectivity ratios, typically 
90: 10 to 98:2, and, most notably, with complete asymmetric 
induction at  the C, position (see below). On the basis of these 
results and in view of the existing precedents for asymmetric 
transformations with the oxazolidinone 1 1,[201 we next exam- 
ined the reaction of the aminoketene generated from the acid 


7 8 
SiMe3 


9 


a R: CH, h R: c-C& 1 


b R: CHzCH3 i R:C6H, 
c R: CH,CHpCH, 
d R: CH2CH2Ph 
e R: CH,CH(CH3), 
f R: CH(CH,), 
g R: CH(CH2CH,)p 


j R: CH=CHPh 
k R: C02Me 
I R: CH,OCH,Ph 
m R: CH,Ph 
n R: CH,CH,C02tBu 


Schenic I .  a) Molecular sieve$ (4.&), CHZCI,. 1 11. RT 


10 R' :H 
11 R':Ph 


12 R':H 14 R':H 
13 R':Ph 15 R':Ph 


SiMe3 SiMe, 
18 R ' : H  16 R':H 


17 R': Ph 19 R':Ph 


2o SiMe3 SiMe3 


.o 


SiMe, SiMe3 
16k 21 


Scheme2 a) NaH. THF, BrCH,CO,Me, 2h.  0°C. then N a O H ,  H,O. 2h. RT: 
b) CICOCOCI, CH,CI,. DMF cat., 1 h. RT: c)  14 or IS. NEt,. molecular sievch 
(4A1), CHCI,, reflux, 2 0 h ;  dl  O,, CH,CI,, -78 C, I O m i n .  then Mc2S. 
-78°C-RT;  e) NaIO1. KMnO,, MclCO/H,O. RT. 2 h :  f )  CIzSO. CH,CI,. 
reflux, then McOH. 


chloride 15, the latter prepared from the oxazolidinylacetic acid 
13 that, in turn, was prepared from 11 according to the Evans 
procedure,['] with iinines 9. The primary aim was to see whether 
an additional stereogenic center on  the chiral inductor could 
improve the stereochemical outcome of the cycloaddition. In 
any case, thc use of this aminoketene equivalent would permit 
easy access to 3-amino-fi-lactams by simple hydrogenolytic 
cleavage of the oxazolidinone moiety. As Scheme 2 illustrates. 
treatment of 9 with a twofold excess of 15 and triethylamine in 
refluxing chloroform gave the corresponding 17 (cis) along with 
small amounts of the respective trans isomers 19 epimeric at the 
C, position. The relative cis/rrans stereochemistry was deter- 
mined on the basis of the coupling constants, J3, = 5 Hz for the 
cis isomers and J3, FZ 2 Hz for the trans isomers. 


As expected, the reaction also worked wcll with non-enoliz- 
able imines. For example, the reaction of 9i and 9j with 15 
afforded the respective adducts 17i and 17j as virtually single 
diastereomers. However, to our surprise, on treatment with 
both 14 and 15 and triekhylainine the glyoxylate imine 9 k pro- 
vided a nearly cquimolar mixture of the corresponding 
diastereomeric cis-8-lactams 16k/21.[2'1 In both cases, the as- 
signment of the relative cis stereochemistry between the C ,  and 
the C, positions of the p-lactam ring was based on the coupling 
constant values, vide supra. and the stereochemical course of the 
reaction by conversion of 16j into 16k via the same 4-carboxy 
p-lactam 20 through simple chemical transformations as shown 
in Scheme 2. Taking into account the lack of stereoselection in 
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thc above cycloaddition reaction, we examined an alternative 
way to install functionality at thc C, position of the /I-lactam 
ring. Specifically, we evaluated the reaction of the imine 91, 
derived from the easily enolizable glycoaldehyde,[zz] with both 
14 and 15 which, in turn, would provide a suitable precursor of 
the antibiotic carumonam (6, Figure 1 ) .  In these instances, the 
reaction proceeded to give the respective adducts 161 and 171, 
almost as single diastereomcrs. The results of this study are 
suiniiiarized in Table 1 to show the efficiency of this method for 


Tahlc 1 .  Cycloaddition of 14 and 15 with imines 9 


Compound R Yield [%][:I] m:m~m [b] 


Iha C'H, 70 X 1 :  19 
17a W, 65 85:15 


16c C'H,CH,Ckl, 75 90: 10 


16d C'H >CH, PI1 72 92:X 
17d C'H,CH,Ph 79 91:9  


16f ('H(CH,), 78 >98 2 
17g C'H(CH2CH3)2 70 8 5  15 
17h C.CbIi,, 72 >98 2 
17i C,H, 14 >98 2 
16j ( E )  - CH =C H Plt 70 >98 2 
17j (E)-C!I=CHPh 80 >ox 2 
16 k CO,Me 66 [c] 
161 ('H,OCH,Ph 70 >98:2 
171 ('H,OCH,Ph 70 > 9 8 : 2  
16m CH2Ph 55 >9x:2 
1611 CH,CH,C02tBu 65 >98:2  


16b CI12CH, I 5  >98 2 


17c C'H,CH,CH, 75 95: 5 


16e CH .CH( CH 1)1 70 85 I S  


pa] Yield of the cornxponding mixture of m- and twizs-/i-lactams. [b] Dctrrmincd 
by ' I I N M R  analysis of-thercnctioiicrude bq'integrationofthedoublrtsal d = 4.51 
a n d  4 40. which correspond to the cis- and rr.ons-positioned protons at C 3 .  
[c]  A did3tcreonicric mixture ofthe corresponding ci.s Isomers was obtained rn 53 :47 
ratio. 


the direct construction of homochiral /?-lactams with linear as 
well as branched chains a t  the C ,  position. Remarkably, even 
the imine 9 m derived from the easily enolizable phenylacetalde- 
hyde also afforded the expected fl-lactam 16m, whereas the 
corresponding N-benzyl and N-(4-methoxy)phenyl imines gave 
only enaniides and hydrolysis products. The same enolization 
trend was obscrved for N-(4-methoxy)phenyl imines derived 
rrom both acetaldehyde and p r ~ p i o n a l d e h y d e . [ ~ ~ ]  A further ex- 
ample that defincs the potential scope of this approach is illus- 
trated in the reaction of 14 with the enolizable aldehyde-derived 
irninc 9n to givc in a single step the b-lactam 16n as precursor 
of the antibiotic l o r a ~ a r b e f . [ ~ ~ ]  


Conversion of these adducts into N-Boc-protected 3-amino 
/;-lactams (Scheme 3) was first accomplished by removal of the 
oxazolidinone moiety according to the Evans procedure and 
subsequent introduction of the Boc group under the usual con- 
ditions, but, as pointed out, better yields were attained by re- 
moval of the oxazolidinone moiety in compounds 17 under hy- 
drogenolytic conditions. For example, whilst 16a led to  22 in 
72% yield over the two steps, a solution of 17a containing 
di-tert-butyldicarbonate exposed to  hydrogen over Perlman's 
catalyst gave the samc compound 22 in 95% isolated yield. 
Likewise, 17c afforded 23 in 96% yield. Under these conditions, 
the hydrogenolytic cleavage of the oxazolidinone moiety in 17j  
(R:  CH=CHI'h) proceeded with concomitant reduction of the 
double bond to give 24 (R: CH,CH,Ph) in 90% yield. The same 
compound 24 was also obtained in similar yield from 17d. In 


16 71 a' """y; 
17 


- 
SiMe, 


92-98% SiMe3 
22 R: CH3 


24 R. CH2CHzPh 
23 R: CHpCHpCH3 


27 R.CH3 25 R:CH3 
28 R: CHpCHpCH3 26 R: CHpCHpCH, 


Scheme 3. a )  Lj (6 eq), NH,, THF,rBuOH (5,'O.S v:v), -78 'C. 3 min. NH,CI 
(6 eq). then (Boc),O, CH2CI,, RT, 3 h :  b) H, (60 psi). Pd(OH), (cat ). EtOH, RT, 
20 h:  c) CH,CN/H,O (6,? V I V ) .  CAN ( 3  eq). O'C. 3 h ;  d)  NaHCO,. Na,CO,. 
CH,COCH,, H,O. RT. 24 h. 


addition, these two last experiments served to corroborate the 
initially assigned stereochemistry for the adducts. 


Since removal of  the N-[bis(trimethylsilyI)methyl] moiety is 
an indispensable condition in order for these fl-lactams to be of 
use in p-lactnm chemistry, a t  this stage we addressed this issue 
and, after screening our previously reported method,[2s1 we 
found that cerium ammonium nitrate (CAN) was very effective 
in promoting C-Si bond cleavage. Thus, treatment of 22 with 
CAN in acetonitrilelwater afforded the N-formyl derivative 25 
in 92 % yield after 6 h a t  room temperature. Subsequent N-de- 
formylation under slightly basic conditions[2s, 261 gave the 
known compound 27["] in 95% isolated yield. In a similar 
way, when 23 (obtained as above) was treated with CAN in 
acetonitrile/water, followed by N-deformylation of the resulting 
/I-lactam 26, the product 28 was formed in 88% yield. Alter- 
natively, as Scheme 4 illustrates, upon exposure to CAN in 


SiMe, 


17c R: 'Pr 
171 R:CH,OBn 


I a) 


29 


I 33 R: CH,OBn 


SLhrme 4 J) CAN ( 5  eq). MeOH. RT 4 h. b) CII,COCH,, NdHCO,. N,i,CO, 
R T  4X li 
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CH,CN/H,O, 17c furnished the N-formyl compound 29 in 
89% yield, but attempted N-deformylation of 29 led to an 
equimolar mixture of epimeric /?-lactams 30 and 31.[281 Never- 
theless, prolonged exposure of 1-lactams 17c and/or 171 to  
CAN in methanol either a t  room temperature or under gentle 
reflux provided the corresponding N-unsubstituted fi-lactams 
32 and 33 in 75% and 80% yield respectively. Compound 32 
was then transformed into the N-Boc derivative 26 under the 
established conditions, vide supra, in essentially quantitative 
yield. This novel method of deprotection of N-[bis(trimethylsi- 
lyl)methyl]amides expands their usefulness in synthesis consid- 
erably, representing a cationic (radical) umpolung complemen- 
tary to the known fluoride-mediated reactivity of a-amido 
carbanions developed in our laboratory.[291 


In conjunction with the studies discussed above, these results 
suggest that imines derived from enolizable aldehydes and C,C- 
bis(trimethylsily1)methylamine exhibit pronounced thermal sta- 
bility with regard to the behaviour of standard imines in [2 + 21 
cycloadditions with ketene~.'~' '  This remarkable stability also 
became apparent in the reaction of 14 with the methanimine 34 
(Scheme 5) leading to the 1-lactam 35 in 7 5 %  This 


CH2 


34 


20 b, SiMe, 
35 


Schcme 5 a) 14, NEt,, CHCI,, molecular sievcs (4 A), reflux, 20 h ,  b) (COCI),, 
CH,CI,, reflux 30 min, then (Me,Si),SiH, AIBN, toluene, 80 C, 1 h 


result contrasts with the fact that the cycloaddition between the 
Evans- Sjogren acid chloride 14 and methanimine trimers 
(derived from benzylamine and trimethylsilylmethylamine) af- 
fords only traces of the expected p-lactams (4 15 Yn) together 
with major amounts of the carboxylic acid 12 under the reported 
conditions.[321 In addition, the total asymmetric induction ob- 
served during the single-step convergent formation of the /?-lac- 
tam 35 was particularly noteworthy when compared with the 
limited diastereomeric excesses achieved in comparable ap- 
proaches reported to date.[22. 2 7 3  331 To further corroborate the 
stereochemical outcome of these cycloadditions, the /?-lactam 20 
was first transformed into its acid chloride and then chlorode- 
carbonylated according to the procedure of C h a t g i l i a l o g l ~ . ~ ~ ~ ~  
The resulting product was identical in all respects to  that ob- 
tained by the direct cycloaddition route. 


Finally, to  assess completely the stereochemical course of the 
cycloaddition reaction (Scheme 6), 18a was transformed into 
36, which was identical to that obtained from 19a. Next, 36 was 
converted into the known compound 37IZ7] by removal of the 
bis(trimethy1silyl)methyl moiety and subsequent N-deformyla- 
tion of the resulting N-formyl intermediate. The relative stereo- 
chemistry of the other t ram diastereomers was established by 
analogy and by the assumption of a uniform reaction mecha- 
nism. This latter aspect as well as the synthesis of O-lactams with 
quaternary centers a t  the C ,  position will be described in sepa- 
rate communications.[' 4%1 


.o 


SiMe, 


18a R':H 
19a R'.Ph 


SiMe, 


36 


H H  
BocHN,!&CH, 


b), c )  
+ J-AH 


0 
37 


Scheme6. a) H, (6Opsi). Pd(OH),, (Boc),O, EtOAc. RT. 20 h :  b) CAN (Seq). 
MeOH, RT. 4 h ,  c) CH,COCH,. NaHCO,. Na2C0,,  RT, 48 h 


Conclusions 


The most significant finding of this work is the developrncnt of 
N-alkylidene C,C-bis(trimethylsily1)methyl amincs as a new 
class of stable and isolable imines to  overcome the inajor limita- 
tions associated, up till now, with the Staudinger reaction in- 
volving ketenes generated from acid chlorides and a tertiary 
organic base. As a result, ketene-enolizable aldehyde ~ imine cy- 
cloadditions, which have hitherto been impracticable for a con- 
vergent synthesis of p-lactams, can now be efficiently employed 
for the construction of these important small rings with a 
greater range of substitution patterns a t  the C, position. 


Experimental Section 


General: All reactioiis involving C,C-bis(trimethylsi1yl) methyl iniines werc 
carried out under an atmosphere of dry N, with oven-dried glassware and 
syringes. Hcxane, acetone, and acetonitrile were dricd and purificd by distil- 
lation. T H F  was distilled over sodium and benzophenone ketyl undcr N, 
immediately prior to use. CH,CI, and CHCI, were dried with K,CO, and 
distilled over P,O, under N,. Molecular sieves (4 A) were used after drying 
under vacuum (0.01 mmHg) at 200 'C  overnight. Commercially available 
compounds were used without further purification. C,C-Bis(trimcthy1si- 
1yl)methylamine (7),[19' [(4S)-2-oxo-4-phenyloxazolidin-3-yl]acetyl chloride 
(14),[12] and (4S,5R)-4,5-diphenyl-2-oxooxazolidine (11)'2n'1 were prepared 
according to literature procedures. Melting points were determined on a 
Buchi SMP-20 capillary apparatus and were uncorrectcd. Infrared spectra 
were obtained on a Shimadzu IR-435 spectrometer. Proton nuclear magnetic 
resoiiance (300 MHz) spectra and 13C spectra (75 MHz) were recorded on a 
Varian VXR 300 spectrometer at room temperature in CDCI, solution, unless 
otherwise stated. All chemical shifts are reported as  6 values relative to 
residual CHCI, (6, =7.26) and CDCI, (6, =77.0) as internal standards, 
respectively. Low-resolution electron impact mass spectra (EI-LRMS) were 
obtained on a Finnigan MAT CCQ spectrometer (70cV) using GC-MS 
coupling (column: fused silica gel, 15 m, 0.25 mm, 0.25 mm phasc SPB-5) 
Optical rotations were measured on a Perkin-Elmer 243 B polarimetcr at 
25k0 .2"C  in CH2CI2 unless otherwise stated. HPLC separations were per- 
formed on a preparative column (25 cm, 3.0 cm, 7 mm phase Lichrosorb- 
Si60) with flow rates of 10 m l m i n - '  and a UV detector (254 nm). Flash 
chroinatography was executed with Merck Kiesclgel 60 (230 -400 meah): 
eluants were mixlurcs of EtOAc and hexane. 


General Procedure for the Preparation of [mines 9 and 34: C.f-bis(trimethy1si- 
1yl)methylamine (1.75 g, 10 mmol) was added to a solution of the corrcspond- 
ing aldehyde (10 mmol) in dry dichloromethane (10 mL) containing 4 8, 
molecular sieves, and the mixture was stirred a t  20 'C and monitored by 
GC-MS until completion (typically, 30 min). The molecular sieves were fil- 
tered off, the solvent was evaporated, and the corresponding iminc was either 
purified by reduced pressure distillation or used directly in subsequent rcac- 
tions. 
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Data for 9 a :  Yield 90%. Colorlcss oil. 94:6 Mixtui-e of(E) and ( Z )  isomers. 
IR(NaC1. film): i. =1645cm-' .  Majoriaoincr: 'HNMR(300MHs ,CDCI3 .  
20 c'. TMS): 6 = 0.05 (s, 18H; 6CH,3j, 1.92 (d, "J(H,H) = 4.9 H7, 1 H: 
CH,), 2.54 (s, 1 H ;  CHSi). 7.43 (9, 'J(H,H) = 4.9 HL, 1 H ;  CH=N) :  I3C 


.73(100).59(45),45(37). Minor 
TMS):6 =0 .07 ( s .18H;6CH3) ,  
3.07 (s. 1 H :  CHSi). 7.75 


'J(H.H) =4 .9Hz .  1 H ;  CH=N);  "C NMR (75.5MHz, CDCI,, 20 


. CDCl,, 20°C):  IS = -1.3, 21.6. 58.7, 155.8; MS (70cV. 


= -1.2. 22.0, 61.2, 156.2; MS ( ~ O C V ,  EI ) :  pf1'3 (Y,,) = i x 6  (63)  [,w+ - IS] .  
128 (45). 73 (100). 59 (62), 45 (38). 


Data for 9b: Yield: 8 5 % .  Colorless oil. IR (NaCI. film): i =I645 cni ' ;  


( t .  'J(ll,H) =7.4 H7. 1 H: CIJ,CH,). 2.19 (m. 211; CH,CH,). 2.49 Is, 1 k l ,  


c ' I ,3 .20-C):6= -1.3, 11.2.28.8,58.3,161.6;MS(70eV,EI):rnlz(Oin)=215 
( 1 )  [:M']. 200 (9). 186 ( lo) ,  142 (56). 73 (100). 


Data for Yc: Yield: 88%. Colorless oil. 1R (NaCI. film): i =1644cin 
'H NM K (300 MH7. CDCI,, 20' C. TMS) 6 = 0 02 (5 .  18 H ;  6CII,), 0.94 ( t .  


'J(11,H) =7.2 HY. 3 H :  CH,), 1.51 (in, 2H:  CH,CH,), 2.20 (mi, 214; 
CIf,CH=). 2.53 ( s ,  1 H, CHSi). 7.38 (t, "J(H,H) = 5.1 Hz, 1 H: CH-N); ' "C 
N M R ( ? ~ . ~ M H Z . C D C I , ~ . ~ ~ " C ) : ~ =  -1.2,13.8,20.2.37.6.5X.6,l60.6:MS 
(70 t.V. El i :  ~ I ; Z  {'!4) = 229 ( 2 )  [M ' ] .  214 (13). 186 (12), 165 (751, 128 (7). 73 
( 100). 


Data for 9d: Yicld: 97%. Colorless oil. IR (NaCI, film): S =1645 cin-';  
' H  NMR (300 MHL, CDCI,3, 20 'C,  TMS): 6 = 0.31 (s, 18H: 6CH'). 2.56 (s, 
1 H. CHSi). 2.50 (td, 'J(H,H) =7.6. 4.8 Hz, 2 H ;  CH2CHN),  ;!.86 (t. 
"J(H.H) =7.6Hz.  2 H ;  CHJ'h), 7.19--7.28 (ni. 5 H ;  ArH), 7.44 ( t ,  
-'J(fl,H) = 4.X Hz, 1 H;  CH=N);  13C N M R  (75.5 MHz, CDCI,, 20°C): 
6 = - 1.3, 32.8, 36.9, 58.7, 125.8. 128.1. 128.4. 141.4. 159.2: MS (70 cV, El): 


' H N M R ( ~ ~ ~ M H z , C D C I , , Z O  C,TMSj:d = - 0 .07(~ ,  ISH:hCIl,). 1.02 


CHSi). 7.34 (1. 'J(tl;H) = 4.9 H7. 1 H:  C/I=N): I3C NMR (75.5 MHL, CD- 


1 7 7 :  ("4) = 201 ( 3 )  [ M + ] ,  73 (100). 


Data for9e: Yield: 95%. Colorless oil. ' H N M R  (300 MHz, CDCI,. 20'C):  
d = 0.07 (s. 1811: 6CH,). 0.99 (d, 'J(H.H) = 6.5 Hz, 6 H ;  2CH,), 1.91 (in, 
1 H. HCCFlZ) .  2.17 (m, 2H:  HCCH,), 2.59 (s, I H :  HCSi), 7.44 ( t ,  
'J(H,H) = 5.3 Hz. I H ;  HC=N);  " C  NMR (75.5 MH7, CDCI,. 20'C): 
0 = -1.8. 21.9, 26.2. 44.0, 58.2, 159.5: MS (70eV. El): W ? / Z  (%#) = 292 (0.9) 
[.W' -141. 216 (13), 186 (11). 128 (19). 112 (11), 91 (50). 73 (100) 


Data for 9P: Yicld: 98%. Colorlcss oil. I R  (NaCI, film): i = 1 6 4 J c n - ' ;  
'H NMR (300 MHz. CDCI,, 20 'C, TMS): S = 0.04(~ .  IXH; 6CH,). 1.06 (d. 
'J(H.H) = 6.8 HL, 6 H ;  2CH,), 2.47 (m. 1 H; CHCH,). 2.51 (s, 113, CHSi). 
7.25 (d. 'J(H.H) = 5.6 Hz. 1 H ;  CH=N);  ',C NMR (75.5 MHz, CDCI,, 
20 C):  r )  = - 1.3. 20.0. 34.0, 57.9, 165.3; MS (70cV. El): n2'; (%I) = 229 (1)  
[M-1. 186 (7), I56  (64), 140 (9), 73 (100). 


Data for 9g: Yield: 86%. Colorless oil; 'H  NMR (300 MHy, CDCI,, 20 C): 
(7 = 0.04 (s. 18H: 6CH3), 0 89 (t. ".I(H.H) =7.5 Hz. 6 H :  ?CH,CIf,), 1.40- 
1.51 (ni, 4H:  ?CH,CH,), 2.01-2.16 (111. 1 H ;  IICSiMe,), 7.18 (d, 
'J1H.H) = 6.6 Hz. 1 H :  IfC=N): I3C NMR (75.5 MHz, CDCI,. 20 C): 
6 =  -0.7.12.1.25.8,48.4.59.0. 165.1:MS(70eV.El):n7?li:(%)=243(8), 
242 (34) [M' - I S ] .  228 (54), 186 (28). 184 (100). 154 (12). 73 (80). 59 (12). 


Data for 9h: Yicld: 90%. Colorless oil: 'H NMR (300 MHz, CDCI,, 20°C): 
6 = 0.03 (s, IXH; 6CH,), 1.13-1.35 (m. SH: c-C6Hs). 1.58-1.78 (m. 5H:  
K l , H 5 ) ~  2.16-2.20 (m, 1 H ;  IICCH), 2.48 (s, 1 H:  HCSi), 7.23 (d, 
IJ(H.H) = 5.6 Hz, 1 H ;  HC=N); 20 'C): 
h = - 1.4, 25.9. 30.2, 43.3, 58.1. 164.2; MS (70eV. €3): (%) =: 269 ( 5 )  


NMK (75.5 MHz, CDCI, 


1,M'I. 154 (10) [M' -151, 196 ( I O U ) ,  186 (15). 73 (41). 


Data for 9 i :  Yield: 97%. Colorless oil: ' H N M K  (300 MH7. CDCI,. 20 'C. 
TMS): 0 = 0.06 (s. 18H; 6 C H  ), 2.82 (2. 1 H. C€ISi). 7.33- 7. 
ArH). 8.03 (s, 111; CH=N) I3C NMR (75.5 MHL. CDC 
6 =  -1.3. 59.5, 127.1. 128.2, 128.9. 1374, 155.6; MS (70eV. EI): n7:z 


("41 = 262 ( 3 )  [M'  - 21. 190 (7). 73 (100). 


Data for Y j .  Yield: 97%. Colorless oil: 'HNMK (300 MHz, CDCI,, 20 C. 
TMS): 6 = 0.08 (s. IXH: 6Cl-I,). 2.75 (s, 1 H, CHSi), 6.79 (d. 


CH=CHN):  7.26-7.50 (ni. 5H. ArH), 7.83 (d. 3.1(H.Hj = 8.6 Hz. I H ;  
.'J(fl.H) = 16.0 H Z ,  1 H: CIIPh). 7.00 (dd. 'J(H.H) = 8.6. 16.0 Hz. 1 H: 


C:H=N); I3C NMR (75 5 MHz, CDCI,, 20°C): 6 = 0.6. 61.3. 127.4. 
128.9, 129.2, 129.5. 138.9, 138.4. 159.6: MS (70cV. EI): 171 z ( 'Yo)  = 257 (4) 
[ M '  -141. 216 (40). 73 (100). 


Data for 9k:  Yield: 91 %. Yellow oil: ' H N M R  (300MHz, CDCI,. 20'C. 
TMS) :6=0 .03( s ,  lXH;6CH,).2.96(s.IH,CHSi),3.79(s.3H;CH,).7.46 
(s, IH:CI /=N) ;  '3CNMli(75.S MH7,CDCI,,20LC):11 = -1.4.52.0.62.3, 
147.8, 163.6: MS (70 eV, El ) :  ni):(%) = 230 ( 3 ) [ M  -151, 73 (100). 59(14). 
45 (28). 


Data for 91: Yield: 98%. Chlorless oil. IR (NaCI, film): i =1646cm-' 
' H N M R  (300 MHz, CDCI,+, 20 "C ,  TMS): ii = 0.07 (s, 18H: 6CH3), 2.69 (s. 
I H .  CHSi), 4.16 (d. 'J(H,H) = 4.4H2, 2 H ;  OCH,CH =). 4.57 ( s .  2 H :  
PhCII,O), 7.39-7.32 (in, 5 H ;  ArH), 7.55 (d. '.I(H.H) = 4 3 HL. 1 H:  
CH=N): '"C NMR (75.5 MHz. CDCI,. 20'C): b = - 0.9. 59.5. 72.2. 72.8. 
128.2. 128.7. 130.0, 133.3, 157.8: MS (70cV. El):  ~ 7 7  z ('Yo) = 292 ( I )  
[IW' --15]. 216 (13), 186 ( I f ) .  128 (19). 112 ( Z l ) ,  91 (SOJ. 73 (100). 


Data for 9m: Yield: 87%. Colorless oil. 1K (NaCI, film): i. =1643cm-'. 
'HNMR(~~~MHz.CDCI,.~~'C.TMS):S = 0.04(s. IXH;hCH,).2,57(s, 
IH .  CHSi), 3.58 (d, 'J(H.H) = 5 . 2 H ~ ,  2H:  CH,Ph), 7.32-7.21 (m. 5 H ;  
ArH), 7.42 (t, 'J(H,H) = 5.3 Hz, 1 H ;  CH=N) ;  I3C NMR (75.5 MHz, 
CDCI,, 20'C): 6 = -1.3, -0.8, 42.9, 59.0. 126.7, 128.9, 19.4. 137.9, 159.0; 
MS (70eV, EI): M Z , ~  (Yo) = 292 (12) [ M ' ] ,  262 (7), 204 (44). 186 ( 5 ) .  91 (7). 
8 5  (9). 77 ( 3 ) ,  73 (100). 


Data for 9n.  Yicld: 94%. Colorless oil. IR (NaCI. film): i. =I643 em- ' ;  
'HNMR(300MHz.CDCI, .20 'C,TMS):J= 0.07(s . I8H:6CH,) ,  1.43(s. 
9 H ,  C(CH,),), 2.50-2.30 (ni, 4H:  ( X z C H 2 ) .  2.53 (q ,  1 H :  CIISi). 7.43 (t. 
'J(H.H) = 1.0 Hz. I H; C H = N ) ;  I3C NMR (75.5 MHL, CDCI,, 20-C) :  
6 =  -1.1. 24.6. 28.1. 31.5, 3X.8, 58.4, 159.2, 170.2: MS (70cV, El): WIZ 


( I % )  = 314 (2) [ M ' ] ,  257 (23). 186 (22). 128 (18). 73 (100). 


Compoiind34: Yicld: 77%. Colorless oil: ' H N M R  (300 MHz, CDCI,. 20 -C. 


'J(H.Hj=17.1 HL. I H ;  CH,). 7.02(d, 2.1(H.H)=17.1 Hz. I H .  CH2). " C  
NMR(75.5 M H L , C D C I , , X ^ C ) : ~  = -1.6.61.9. 148.2:MS(70eV.EI):m z 
(X~)=187(1 ) [M+] ,186(5 ) .172(100) ,  128(17). 115(29). 114(99).86(46). 


TMS): 6 = - 0.03 (9. 18M; 6CH,), 2.67 (a. I H .  CHSi). 7.02 (d. 


73 (98). 


~(4S,SR)-4,5-Diphenyloxazolidin-2-oxo-3-y~~acetyl chloride (15): Sodium hy- 
dride (40 mmol, 95%) was added to a solutioii of (4S,SR)-4.5-diphcny1-2- 
oxooxa7olidine (11.40 mmol) in T H F  (200 mL) under nitrogen atmosphere. 
Then methyl bromoacetate (40 mmol) was added dropwise at the same tem- 
perature and the resulting mixture was stirred for 2 h at 0 C. A solution of 
NaOH (8 g) in H,O/THF (80ll00 mL) was then added and after being stirred 
for 2 h at room temperature the mixture was acidified with conc. HCI and 
extracted with CI,CH, (3100 m L ) .  Elimination of the solvents under reduced 
pressure gave the acid 13. which was used in the next step without further 
purification. Yield: 97%. White solid. m.p. 152-153 'C. [ x ] ; , ~  = + 124.5 
(c=1.0inCH2CI,) ;1R(KBr):  i =1734cm- ' : 'HNMR(300 MHz.CDCI,. 
20°C. TMS): b = 3.45 (d, 'J(H,H) =18.2 Hz, 1 H. HCIf). 4.53 (d. 
'J(H,H) =18.1 HL, 1 H ,  HCH), 5.35 (d. ,J(H,H) = 8.6 Hz. 1 H. HCPh).  5.94 
(d. 'J(H,H) = 8.3 HE, 1 H, HCPh), 6.80-7.1 1 (m. 11 H, ArH. COOH). 13C 


128.5. 128.6, 133.0, 134 3, 158.8, 172.7. This compound was transformed. 
prior to use, into the acid chloride 15 by the following procedure: Oxalyl 
chloride ( 3 3  mmol) and D M F  (cat.) were slowly added to a solution of the 
acid (22mmol) in dry CH,CI, (55mL) cooled at 0 -C.  The mixturc was 
stirred at room temperature for 1 h, the solvent was evaporated under re- 
duccd pressure and the acid chloride (yield: 98%)  was used immediately for 
cycloaddition reactions. 


NMR (75.5 MHZ, CDCI,. 2 0 ' ~ ) :  = 43.6: 64.7, 80.0. 127.x. 128.0. 128.3, 


General Procedure for the Preparation of b-Lactams: Triethylamine ( 5  6 mL. 
40 mniol) and a solution of  the acid chloride ofchoice (14 or  15. 20 nimol) in 
chlorof'orm (10 inL) were added dropwise t q  a magnetically stirred suspen- 
sion of the appropriate imine 9 or 34 (10 mnml) and molecular sieves ( 3  g) in 
freshly distilled dry chloroform (30 mL) at 0 C. The resulting mixture v m  
stirred overnight at rctlux tempcrature and worked up by washing it SUCCCS- 


~ ive ly  with 1 M HCI ( S O  mL), NaHCO, (50 mL, saturated solution). and H,O 
(50 niL). Drying and evaporation of solvents yielded the respective /j-Iactams. 
whose major isomers were separatcd by column chromatography (eluanr: 
hexane/CH,C12 10/1). 
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1432 ~ 1441 3-Amino B-Lactams 


Data for 16a: Yield: 70%, m.p. 142-144°C. [c]? = + 91 9 (c  =1.0 in 
CH,CI,); IR (KBr):  i =1734cm '; 'HNMR (300MHz, CDCI,, 20'C, 
TMS): 6= 0.04 (s, 9H;  3CH,3), 0.82 (s, 9 H ;  3CH,), 1.10 (d, 
3J(H,H) = 6.3 Hz, 3H, CH,), 2.12 (s. 1 H; CHSi), 3.67 (m, 1 H; CHCH,), 
4.23 (dd, 3J(H,H) = 6.2 Hz, 'J(H.H) = 8.9 Hz, 1 H;  CH,O), 4.52 (d, 
,J(H.H) = 4.8 Hz, 1 H: CHCO),  4.73 (t. ,J(H,H) = 8.9 Hz, 'J(H,H) = 


9 . 1 H ~ , l ~ 1 ; C H 2 O ) , 5 . 0 8 ( d d , 3 J ( H , H ) = 6 . 2 , 9 . 1 H ~ , 1 H ; C H P h ) , 7 . 4 3 ( s ,  
5H;  ArH) ;  13C NMR (75.5 MHz, CDCI,, 20°C): 6 = - 0.2, -0.1, 13.8. 
38.0,56.7, 59.4,60.4,71.2, 127.6, 128.9, 129.1, 138.5, 158.4, 162.3;MS(70cV, 
El): m/z (%) = 390 (3) [M' -141, 204 (21), 104 (72), 73 (100): 
C,,H,,N,O,Si,: C 59.40, H 7.92, N 6.93; found C 59.67, H 8.09. N 6.98. 


Data for 16b: Yield: 75%, m.p. 152-154°C; [E]? = f74.1 (c =1.0 in 
CH,CI,): IR (KBr): 5. =1748cm- ' ;  'HNMR (300MHz. CDCI,, 20°C. 
TMS): 6 = 0.00 (s, 9H;  3CH,), 0.04 (s, 9H;  3CH,), 0.87 (t, ,J(H,H) = 
7.6Hz, 3H; CH,), 1.24-1.07 (m, 1 H ;  CHCH,), 1.39-1.22 (m, 1 H ;  
CHCH,), 2.04 (s, 1 H ;  CHSi) .  3.33 (m, ,J(H,H) = 4.6 Hz, 1 H ;  CfICH,), 
4.20 (dd, ,.I(H.H) = 6.0 Hz, ,J(H,H) = 8.8 Hz, 1 H ;  CH,O), 4.55 (d, 
'J(H,H) = 4.5 HZ. 1 H;  CHCO),  4.66 (1, ,J(H,H) = 8.9 Hz, 'J(H.H) = 
9.2H~,lH;CH,0),5.05(dd.~J(H,H) =6.2,9.3Hz,lH;CHPh),7.47--7.38 
(m, 5H: ArH); I3C NMR (75.5 MHz, CDCl,, 20°C): 6 = - 0.1, 0.2. 10.5, 
21.9. 38.8, 59.6.60.6. 63.1, 71.3, 126.7, 127.7, 129.3, 138.9, 161.7, 163.0; MS 
(70 eV, EI): m/z (YO) = 404 ( I )  [M' - 151, 172 (4), 104 (84), 91 (12), 73 (100); 
C,,H,,N,O,Si,: C 60.24, H 8.18, N 6.69; found C 60.53, H 8.09, N 6.81. 


Data for 16c: Yield: 73Yv, m.p. 138-139°C; [a]? = + 67.1 (c =1.0 in 
CH,CI,); IR (KBr): 3 =1749. 1753 cm-'; 'HNMR (300 MHz, CDCI,, 
2 0 T ,  TMS): 6 =0.03 (s, 9 H ;  3CH,), 0.07 ( 5 .  9 H ;  3CH,), 0.89 (t, 
'.I(H,H) = 6.6Hz, 3 H ;  CH,), 1.20-1.35 (m, 4 H ;  CH,CH,CH,), 2.05 (s, 
1 H ;  CHSi), 3.45-3.40 (m, I H ;  NCHCH,), 4.20 (dd, 'J(H,H) = 5.9 Hz, 
*J(H,H) = 8.7 Hz, 1 H: CH,O), 4.60 (d, 'J(H,H) = 4.8 Hz, 1 H ;  CHCO), 
4.69 (t, 'J(H,H) = 8.8 Hz, ,J(H,H) = 8.8 Hz, 1 H ;  CH,O), 5.07 (dd, 
,J(H.H) = 5.X, 8.9 Hz, 1 H ;  CHPh), 7.26-7.34 (m, 5H;  ArH); ',C NMR 
(75.5 MHz,CDC13,20"C):d = 0.0,0.2,14.2,19.4,31.1,38.9, 59.4,60.6,61.5, 
71.3, 127.7, 129.2, 129.3, 139.0, 159.2, 163.0; MS (70 eV, El): m/z (%) = 202 
(lo), 172 (4), 104 (66), 91 (14), 73 (loo), 59 (20), 45 (18); C,,H,,N,O,Si,: 
C 61.07, H 8.38, N 6.47: found C 61.12, H 8.25, N 6.52. 


Data for 16d: Yield: 72%, colorless oil purified by preparative HPLC. 
[x]F = + 30.2 (c =1.0 in CH,CI,); IR (film): i; =1743, 1737cm-'; 
'HNMR (300 MHz, CDCI,, 20"C, TMS): 6 = 0.04 (s, 9H;  3CH,), 0.07 (s, 
9H;  3CH,), 1.50-1.85 (m, 2 H ;  CH,CH,Ph), 2.04 (s, 1 H :  CHSi), 2.64 (t, 
,J(H,H) =7.8Hz, 2 H ;  CH,Ph), 3.50 (m, 1 H ;  NCHCH,), 4.18 (dd, 
,J(H,H) = 5.9 Hz, *J(H,H) = 8.8 Hz, 1 H ;  CH,O), 4.58 (db, 1 H; CHCO), 
4.65 (t, ,J(H,H) = 8.8 Hz, 'J(H,H) = 8.8 Hz, 1 H :  CH,O), 4.94 (m, 1 H;  
CHPh), 7.14--7.38 (m, 10H; ArH); I3C NMR (75.5 MHz, CDCI,, 20°C): 
6 = - 0.2, - 0.1, 29.8, 32.1. 38.6, 59.2. 60.5, 60.9, 71.1, 126.0. 127.5, 128.2, 
128.4, 129.0, 129.2, 138.6, 140.7, 158.4, 162.7; MS (70eV, EI): mi; (%) = 219 
(36). 73 (loo), 59 (35); C,,H,,N,O,Si,: C 65.54, H 7.74, N 5.88; found C 
65.83, H 7.80, N 5.68. 


Data for 16e: Yield: 70%, m.p. 163-164°C; [E]F = + 60.4 (c =1.0 in 
CH,CI,); IR (film): 3 =I761 cm- ' ;  'HNMR (300 MHz, CDCI,, 2 0 T ,  
TMS): 6 = 0.05 (s, 9H;  3CH,), 0.08 (s, 9H;  3CH,), 0.89 (t, ,J(H,H) = 
6.4Hz, 6H; 2CH,), 1.17-1.25 (m, 2H;  HCH, HC(CH,),), 1.54-1.68 (m 
1 H;  HCH), 2.04 (s, 1 H ;  HCSl), 3.55 (m. 1 H ;  HCCH,), 4.23 (dd, 
'J(H,H) = 6.0 Hz, 'J(H*H) = 8.9 Hz, 1 H: CH,O), 4.58 (d, ,J(H,H) = 
4.7 Hz, 1 H ;  HCN), 4.69 (t, ,J(H.H) = 8.9 Hz, CH,O), 5.05 (dd, ,J(H,H) = 
6.0 Hz, ,J(H,H) = 9.2 Hz, 1 H: HCPh), 7.40-7.43 (m, 5 H ;  ArH); 13C NMR 
(75.5 MHz, CDCI,, 20°C): 6 = 0.06, 0.23, 22.5, 23.0, 25.1, 37.6, 38.8, 59.5, 
59.7, 60.7, 71.3, 127.8, 129.2, 129.3, 138.8, 158.6, 162.9; MS (70eV, EI): m/z 
(Yo) = 431 (21) [M' -151, 345 ( l l ) ,  318 (23 ,  245 (34), 228 (16), 202 (loo), 
158 (lo), 104 (IX), 91 (21), 73 (40); C,,H,,N,O,Si,: C 61.85, H 8.59, N 6.27; 
found C 61.96, H 8.72, N 6.35. 


Data for 16f: Yield: 56%,  m.p. 157-159'C: [E]$= +91.1 (c=1.0 in 
CH,CI,); IR (film): 3 =1746cin-'; 'HNMR (300MHz, CDCI,, 20"C, 
TMS): 6 = 0.08 (s, 9H;  3CH,), 0.14 (s, 9 H ;  3CH,), 0.82 (d, ,J(H,H) = 
6.5 Hz, 3H; CH,), 0.90 (d, 'J(H,H) = 6.5 Hz, 3H: CH,), 1.30-1.55 (m, 1 H ;  
CHCH,), 2.21 (s, I H ;  CHSi), 3.16 (dd, 3J(H,H) = 4.8, 10.2 Hz, 1 H ;  NCH- 
Ph), 4.22 (dd, ,J(H,H) = 5.6 Hz, 'J(H,H) = 8.8 Hz, 1 H ;  CH,O), 5.56 (sb, 
1 H;  CHCO), 4.68 (t, ,J(H,H) = 8.8 Hz, *J(H,H) = 8.8 Hz, 1 H; CH,O), 


5.05 (m, 1 H ;  CHPh). 7.40 (s, 5H;  ArH); I3C NMR (75.5 MHL, CDCI,, 
20°C): 6 = 0.1, 0.4. 19.6, 21.1, 29.4, 40.4, 59.7, 60.2. 68.2, 70.9. 127 3, 129.0, 
129.2,138.6. 158.2,163.9:MS(70eV,El):in/;(%0) =417(7)[Mf -151, 104 
( 5 3 ) ,  73 (100); C,,H,,N,O,Si,: C 61.11, H 8.33, N 6.48; found C 61.34. H 
8.55, N 6.57. 


Data for 16j: Yield: 63%, m.p. 144 146°C; [.]As = + 43.7 ( c  =1.0 in 
CH,CI,); IR (film): i =I745 cm-'; 'HNMR (300 MHz. CDCI,, 20°C. 
TMS):6 = 0.08(s,9H;3CH3),0.11 (s,9H;3CH3),2.25(s. lH:HCSi).4.10 
(dd, ,J(H,H) =7.0 HI. 'J(H,H) = 9.0 Hz. 1 H: C f f 2 0 ) .  4.18 (dd. 1 H. 
'J(H,H)=4.9.9.4Hz, HCN),4.55(d. ' J (H,H)=4,9Hz,  HC'CO).4.61 (1- 


,J(H.H) = 9.0 Hz CH,O), 4.91 (dd, './(H,H) =7.0 Hz 'J(H3H) = 9.0 Hz. 
1 H ;  HCPh), 6.0 (dd, ,J(H,H)=15.9, 9.4Hz. I H ;  HC=C'H). 6.64 (d. 
,J(II,H) =15.9 Hz, HC=CH), 7.30-7.45 (m. 10H; ArH); " C  NMK 


127.5, 128.4, 128.6. 129.2, 129.4, 135.5. 137.0, 137.6, 157.9. 163.0: 
C,,H,,N,O,Si,: C 65.81. 7.36, N 5.68; found C 65.78. H 7.38, N 5.64. 


Compounds 16k +21: A 47/53 (v/v) mixture of both compounds was ob- 
tained in 66% and separated by column chromatography (hexaneiEtOAc: 


Data for 16k: Yield: 28%, m.p. 123-125°C;. [E]? = + 97 9 ( c = I . O  i n  


CH,CI,); 1R (film): i = 1765, 1738 cm- I ;  'H NMR (300 MHz. CDCI,, 
20-C, TMS): 6 = 0.06 (s. 9 H ;  3CH,), 0.22 (s, 9 H ;  3CH,), 2.61 (s, I H ;  
CHSi) ,  3.77 (s, 3 H ;  COOMe), 4.03 (1, 'J(H,H) = 8.7 Hz, 'J(H.H) = 8.7 Hr, 
1 H ;  OCH,), 4.16 (d, 'J(H.H) = 5.5 Hz, 1 H ;  CHNCHSi), 4.28 (d. 


8.7 Hz, 1 H; OCH,), 4.97 (t, ,J(H,H) = 8.7 Hz, 1 H;  NCHPh). 7.41 (m, 5H; 
ArH); I3C NMR (75.5 MHz, CDCI,, 20°C): d = 0.1, 0.2, 39.2. 52.3. 59.5, 
59.7,60.7,70.9, 127.1.129.0,129.5,136.4,157.2,163.3,168.7; MS(70eV, El): 
m/z (%) = 320 (19), 216 (27), 104 (31), 73 (100); C,,H,,N,O,Si,: C 56.22. 
H 7.19, N 6.24; found C 56.37, H 7.15, N 6.15. 
Data for 21: Yield: 25%, m.p. 134-136 'C; [@]As = +79.7 (c =1.0 in 
CH,Cl,): IR (KBr): ?=1762, 1739cm ' ;  'HNMR (300MHz, CDCI,. 
2 0 ° C  TMS): 6 = 0.07 (s, 9H; 3CH,), 0.28 (s, 9 H ;  3CH,), 2.53 (s, 1 H;  
CHSi),3.80(s,3H;COOMe),4.10(t,3J(H,H)=8.7Hz,2J(H,H)=8.7Hz. 
1 H ;  OCH,), 4.22 (d, 'J(H,H) = 5.5 Hz, 1 H:  CHNCHSi), 4.58 (t. 'J(H.H) = 


8 . 7 H ~ .  *J(H,H) = 8.7 Hz. I H ;  OCH,), 4.80 (d, 'J(H,H) = 5.5 Hz, 1 H;  
CHCO). 4.98 (L ,J(H.H) = 8.7 Hz, 1 H ;  NCHPh), 7.41 (m. 5 H ;  ArH); 13C 
NMR (75.5 MHz, CDCl,, 20'C): 6 = 0.0, 1.1, 39.1, 52.4, 60.1, 60.7. 61.1, 
71.3, 126.7, 126.8, 129.1, 137.8, 157.3. 162.7, 169.1; MS (70eV, EI): 
(%) = 320 (IY), 216 ( 2 9 ,  104 (31), 73 (100); C,,H,,N,O,SI~: C 56.22. H 
7.19, N 6.24: found C 56.18, H 7.15, N 6.23. 


Data for 161: Yield: 70%, colorless oil purified by prcparative HPLC. 
[mi;' = +73.8 (c =1.0 in CH,CI,); IR (film): V =I753 cm- ' ;  'HNMR 
(300 MHz, CDCI,, 20"C, TMS): 6 = 0.09 (s, IXH; 6CH,), 2.31 (s, 1 H;  
CHSi), 3.47 (dd, ,J(H,H) = 6.3, 9.1 Hz, 1 H;  CHNCHSi), 3.70 (m, 2H:  
CH,OCH,Ph), 4.35 (d, ,J(H.H) = 4.8 Hz, 1 H ;  NCH,CO), 4.42 (d, 
'J(H,H) 111.8 Hz, 1 H ;  OCH,Ph), 4.49 (d, 'J(H,H) =11.6 Hz, 1 H:  
OCH,Ph), 4.53 (t. ,J(H,H) = 8.9 Hz, 'J(H,H) = 8.9 Hz, 1 H; OCH,CH,- 
Ph), 4.91 (dd, 'J(H,H) = 8.9 Hz, 'J(H,H) =7.0 Hz, 1 H:  NCHPh). 7.27- 
7.46 (in, 5H;  ArN);  "C NMR (75.5 MHz, CDCI,, 20°C): 6 = - 0.1, 0.0, 
39.5, 59.1, 59.9,69.3, 70.9. 73.6, 127.4, 127.8, 128.0, 128.5, 129.2, 129.4,137.5. 
137.8, 258.1, 163.0; MS (70eV, EI): m / i  ( O h )  = 496 (9) [M' -151, 405 (13), 
332 (40), 73 (100); C,,H,,N,O,Si,: C 63.49, H 7.50, N 5.48; found C 63.57, 
H 7.33, N 5.77. 


(75.5 MHz, CDC13,20'C): 6 = 0.02, 38.4, 59.8.61.5, 64.5. 70.9. 124.2. 126.7. 


511). 


3 J ( H , H ) = 5 . 5 H ~ ,  1 H ;  CHCO) ,  4.63 (1, ,J(H.H)=8,7Hz. 'J(H.H)= 


Data for 16m: Yield: 55%,  colorless oil purified by preparative HPLC. 
[ N I P =  +80.0 (c=1.0 in CH,CI,): IR (film): i = 1 7 2 0 c m - ' :  'HNMR 
(300 MHz, CDCI,, 20"C, TMS): 6 = 0.04 (s, 9 H ;  3CH,), 0.05 (s, 9 H ;  
3CH,), 2.12 (s, 1 H ;  CHSi), 3.04 (m, 2H;  CH,Ph), 3.70 (m, ,J(H.H) = 


5.3 Hz, I H;  CHCH,Ph). 3.97 (in, 2 H ;  CHO, NCHCO). 4.07 (t. 


7.10-7.46 (m. 10H; ArH); I3C NMR (75.5 MHz, CDCI,, 20dC): 6 = 0.1, 
34.4, 38.3, 59.9, 61.8, 70.4, 326.7, 126.9, 128.3, 128.7, 129.0, 129.3. 137.4, 
157.5. 163.1; MS (70eV, El): mi- (%) =I05 (3), 104 (13), 91 ( X ) ,  73 (loo), 
59 (18); C,,H,6N,0,Si,: C 64.96, H 7.55, N 5.83: found C 65.18, H 7.61, N 
5.89. 


'J(H,H) = 4.7 Hz, 1 H;  OCH) .  4.32 (t, ,J(H,H) = 8.8 Hz. 1 H;  CHPh), 


Data for 16n: Yield: 55%, colorless oil purified by preparative HPLC. 
[E]? = + 44.9 (c = 1.0 in CH,CI,); IR (film): 3 =1763. 1737. 1720 cm-'; 
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' H N M R  (300 MHz, CDCI,, 20-C,  TMS): 6 = - 0.06 (s, 9H;  3CH,), 0.00 
is. 9H:  3CH,). 1.40 (s, 9 H ;  3CH,), 1.61-1.80 (m, 2H;  CH,CH,CO,tBu), 
1.99 (s. 1 H ;  CHSi). 2.22-2.10 (m. 2 H ;  CH,CH,CO,tBu), 3.36 (m. 
'.r(H.H) = 9.7. 4.6 Fir, 1 H ;  NCHCH,CH,). 4.17 (dd, 'J(H,H) = 6.2 Hz, 
'J(H.H) = 8.8 Hz. 1 H ;  O C H ) ,  4.56 (d, 'J(H.H) = 4.4 H7, I H; NCHCO), 
4 65 (1. 'J(H.H) = 8.8 Hz, ,J(H,H) = 8.8 Hr, 1 H ;  O C H ) ,  5.05 (dd. 
'./(I-I.H) = 8.9 Hz. 'J(H,H) = 6.0 Hz, 1 H ;  CHPh), 7.20-7.35 (m, 15H;  
A r I f ) ;  '"C NMR ( 7 5 . 5 M H ~ ,  CDCI,, 20°C): 6 = - 0.1. 23.9, 28.1, 31.5, 
3:.(.X, 59.4. 60.7, 71.4. 80.7, 127.8, 128.2. 129.4. 138.9, 158.8, 162.6, 171.8:MS 


2'99 ( 2 2 ) .  261 (loo), 236 (33), 215 (40). 193 (25). 172 (12). 104 (27), 73 (36): 
C,,H,2N,0,Si,: C 60 18, H 8.17. N 5.40: found C 60.32, H 8.18, N 5.28. 


Data for 17a: Yield: 6 5 % ,  m.p. 136-138'C; [%]is = - 0.7 (c =1.0 in 
CH,Cl,); IR (KBr): i. =1757. 1729cm-I; ' H N M R  (300MHz, CDCI,, 
2O'C. rMS): 6 = 0.08 (s. 9 H ;  3CH,), 0.09 (s, 9H: 3CH,), 1.18 (d, 
',J(H,ll) = 6.3 Hz, 3H:  CH,), 2.15 (s, 1 H ;  CHSi), 3.71 (in, 1 H ;  CIICH,), 
4.48 (d, 'J(H,H) = 4.9 Hz: 1 H;  CHCO). 5.21 (d, 'J(H,H) = 8.4 Hz, 1 H ;  
C'HPh). 5.95 (d, 'J(H,H) = 8.3 Hz, 1 H ;  CHPhj, 6.94-7.11 (m, 10H;  ArH) ;  
I3C NMR (75.5 MHz, CDCI,, 20°C): 6 = 0.0, 13.8, 37.9, 57.1, 61.0, 64.8, 
806 ,  125.9, 127.8, 128.2, 128.4, 134.3, 157.9. 162.7: MS (70eV, El): n7:z 
(%)  =73 (17), 149 (loo), 225 (23), 281 (69). 341 (13), 355 (16), 397 (36), 415 
( 2 5 )  [ M '  - 511; C,,H,,N,O,Si,: C 65.79, H 7.66, N 5.90; found C 66.01. H 
7.61. N 5.88. 


(:'neV. EI): m,z  (Yo)  = 519 (1) I M + ] ,  447 (20). 437 (12), 390 (41), 334 (19),  


Data for 17c: Yield: 71 %, syrup. [%IF = -13.7 (c =1 .3  in CH,CI,); IR 
(KHr) :  i =1740cm -', 'HNMR (300MH7, CDCI,, 20"C, TMS): 6 = 0.12 
(s .  9 H :  3CH,), 0.19 (s, 9 H :  3CH,), 0.85 1.02 (m, 5H,  CH,CH,CH,), 
1.28-1.57 (in. 2H,  CH,CH,CH,). 2.18 (s, 1 H ;  CHSi), 3.54 (m. 1 H ;  CHN), 
4.47 (d. 'JJ(H.H)=4.7Hz. 1 H :  CHCO) ,  5.17 (d. " . I (H,H)=8.2Hz,  I H ;  
CHPh), 5.93 (d, 'J(H,H) = 8.2 Hz, 1 H ;  CHPh), 7.00-7.19 (m, 10H;  ArH); 
13C NMR (75.5 MHz, CDCI,, 20°C): d = - 0.1, 0.0, 14.1, 19.7, 30.4, 38.2, 
00.8. 61.4, 65.2, 80.4, 125.8, 127.7, 127.9, 128.0. 128.1, 128.2. 134.0, 134.1, 


:!65 (17). 281 (loo), 355 (39), 452 (261, 479 (30) [(M' - 281: C,,H,,- 
N20,3Si2: C 66.09. H 7.92, N 5.50; round C 66.15, H 7.82. N 5.47. 


Data for 17d: Yield: 79%, m.p. 128-130 C ;  [XI;' = -41.4 (c =1.0 in 
CH,CI,); 1R (KBr): i. =1739cm- ' ;  ' H N M R  (300MHz. CDCI,, 20"C, 
TMS): ri = 0.09 (s, 9 H ;  3CH,), 0.18 (s. 9 H ;  3CH,), 1.90-2.12 (m, 2H.  
CH,CH,Ph), 2.14 (s,  1 H ;  CHSi), 2.75 (t, .'.T(H,H) =7.5 Hr, 2 H ;  CH,Ph), 
3.56 -3.65 (in. 1 H ;  CHN), 4.42 (d, 'J(H,H) = 4.7 H7. 1 H ;  CHCO) ,  4.82 (d, 
.'J(H.H) = 8.2 Hz. 1 H ;  CHPh),  5.83 (d. ,.T(H,H) = 8.2 Hz, 1 H ;  CHPh). 
6.93-7.41 (m. 15H; ArH) ;  ' ,C NMR (75.5 MHz, CDCI,, 20°C): 6 = 0.0. 
0.1. 29.3. 32.9, 38.3, 61.0. 61.4, 65.1. 80.5, 125.9. 126.3, 127.7, 128.0, 128.3. 
128.4, 128.7. 134.2. 140.9, 157.7, 162.9; MS (70 eV, El):  nziz (%) =73 (261, 


/ M i  - 681; C3,HSZN20jSiZ: C 69.43, H 7.42, N 4.90; found C 69.21, H 7.63. 
N 4.81. 


157.5. 162.8; MS (70 CV. EI):  n7 z (01.) =73 (471,156 (221,207 (go), 225 (371, 


149 (140, 207 (641. 221 (43). 281 (loo), 355 ( 8 2 ) .  429 (701, 503 (29) 


Data for 17g: Yield: 70%. colorless oil. [x]? = - 14.8 (c =1.2 in CH,CI,); 
IR (KHr): i = 1762, 1753 em -I: ' H N M R  (300 MHr,  CDCI,, 20-C,  TMS): 
6 = 0.10 (s. 9 H :  3CH,). 0.28 (s, 9 H ;  3CH,), 0.82-1.27 (m, 10H: 
ZCH,CH,), 2.28 (s, 1 H ;  CHSi), 3.54 (dd. ' J (H,H)=4.7,  10.3Hz, I H ;  


1 H: CIfPh), 5.88 (d, ,J(H,H) = 8.2 Hz, 1 H:  CHPh), 6.90-7.29 (m. 10H;  
ArII j ;  ',C NMR (75.5 MHz. CDCl,, 20 'C): 6 = 0.1, 0.3, 20.0, 21.0, 29.1, 
40.1. 60.5, 65.7. 67.9, 80.2, 125.8, 125.9, 127.6, 127.7, 327.9, 128.1, 128.9. 
133.9, 157.4, 163.8;MS(70eV.EI) :mlz(%)=73(9) .  180(65),290(75),334 
(100) [M' - 2031; C3,H,,N,03Si,: C 61.61, H 7.58, N 4.79: found C 61.87, 
H 7.52, N 4.70. 


CHN). 4.39 (d, 'J(H,H) = 4.7 Hz. 1 H ,  C H C O ) ,  5.09 (d, ,J(H.H) = 8.2 Hz, 


Data for 17h: Yield: 72%, m.p. 102- 104 'C:  [%IF = - 32.1 (c =1.1 in 
CH,CI,): IR (KBr): ?=1743cin-  I: ' H N M R  (300MHr, CDCI,, 20°C. 
TMS): = 0.05 (s. 9 H ;  3CH,). 0.18 (s, 9 H ;  3CH,). 0.92-1.27 (m. 5H,  
c - C 6 H s ) >  1.53-1.82 (m, 5H;  c-C6H,) 2.25 (s. 1 H ;  CHSi), 3.24 (dd, 
"J(H.H) = 4.3. 10.1 Hz, 1 H; CHN), 4.47 (d, 'J(H,H) = 4.3 Hr, 1 H ;  
C H C O ) ,  5.10 (d, "J(H,H) = 8.0 HZ, 1 H ;  CHPh), 5.85 (d, ,J(H,H) = 8.0 Hz. 
I H ;  CHPh). 6.92-7.06 (m. 10H;  ArH); 13C NMR (75.5MHz. CDCI,. 
20 C ) :  d = 0.2, 0.4, 24.9, 25.1, 25.9, 29.5, 29.7, 30.9, 38.5, 40.9, 60.8, 65.3, 
66.6, 80.6, 125.9. 127.7, 128.2. 134.0, 134.4, 157.7. 164.0; MS (70 eV, El): niiz 
(56) =73 (33). 94 ( ] I ) ,  149 (100). 167 (99), 196 (93), 209 (17), 279 (34) 


[ M +  - 2701, 355 (6); C,+,H,,N,O,Si,: C 67.83. H 8.08, N 5.10; found C 
67.55, H 7.83, N 5.29. 


Data for 17i: Yield: 74%, m.p. 124-126'C; [XI? = +18.4 (c =1.0 in 
CH,CI,); 1K (KBr): i. =1749cm- ' ;  ' H N M R  (300MHz, CDCI,, 20'C. 
TMS): 6 = 0.15 (s, 9 H ;  3CH3),  0.34(s,YH; 3CH3), 2.34(s, 1 H ;  CHSi),4.48 
(d,3J(H,H)=4.8,10.1H~,1H:CH),4.50(d,3J(H,H)=8.4Hz,lH.CH- 
Ph), 4.83 (d, '.I(H,H) = 4.8 Hz, 1 H ;  C H ) ,  5.13 (d, ,J(H,H) = 8.4Hz, 1 H:  
CHl'h), 6.77-7.11 (in, 10H;  ArH), 7.48-7.55 (in, SH,  ArH); ',C N M R  
(75.5 MHz. CDCI,, 20 'C): 6 = 0.3. 0.4, 38.1, 63.0, 64.5, 64.8, 79.4. 125.7. 
127.4, 127.5, 127.7, 128.2. 128.7, 132.9, 133.1, 133.8, 156.4, 162.7; MS(70eV. 
EI) :mjz(%)  =73(9) .91 (49), 173(14),208(78),236(33),252(33),281 (16), 
343 (100) [ M +  - 2001; C,,H,,N,O,Si,: C 68.59, H 7.05. N 5.16: found C 
68.38, H 7.23. N 4.98. 


Data for 17j: Yield: 80%, m.p. 132-134'C; [c2]g5 = +14.1 (t. =1.0 in 
CH,CI,); 1R (KBr): i =1747cm -I; ' H N M R  (300MHz, CDCI,, 20.C. 
TMS):6 = 0.12(s,9H;3CH3),0.13(s,9H;3CH,),2.30(s, lH ;CHSi ) ,4 .26  
(dd, ,J(H,H) = 4.8, 9.8 Hz, 1 H ;  CKN) ,  4.57 (d, 'J(H,H) = 4.8 Hz. 1 H ;  
CHCO),~.~~(~,~J(H,H)=~.~HZ,~H;CHP~),~.~~(~,~J(H,H)=~.~H~. 
1 H: CHPh), 6.21 (dd, ,J(H,H) = 9.8. 15.9 Hz, 1 H ;  HC=CH), 6.71 (d. 
'J(H,H) = 15.9 Hz, 1 H ;  HC=CH).  6.89-7.37 (m, 15H;  ArH) ;  " C  NMR 
(75.5 MHz. CDCl,, 20 'C):  6 = 0.1. 0.2, 38.3, 62.3, 64.9, 65.0, 80.4, 124.3, 
126.0, 126.8, 127.7, 128.1, 128.7, 133.7, 134.2, 135.6, 137.3, 157.7. 163.2; MS 
(70eV, EI): in/z (%) =73 (24), 207 (loo), 211 (22), 225 ( I l ) ,  267 (25). 281 
(99). 355 (23). 429 (13) [ M +  -1401; C,,H,,N,O,Si,: C 69.67, H 7.08, N 
4.92; found C 69.55, H 6.92, N 5.03. 


Datafor17I:Yield:70O/o,m.p.97-98"C;[r]F = + 1 0 . 2 ( ~  =l.OinCH,CI,); 
IR (KBr): i; =1761, 1750cm-'; ' H N M R  (300 MHz, CDCI,, 2 0 T ,  TMS): 
6 = 0.11 (s, 9 H ;  3CH3), 0.17 (s, 9 H ;  3CH,), 2.35 (s, I H ;  CHSi), 3.64 (m. 
1 H; HCH,O), 3.80 (m, 2 H ;  HCH,O), 4.34 (d, ,J(H,H) = 4.6 Hz, 1 H;  


8.5 Hr,  1 H ;  CHPh), 5.63 (d, ,./(H+H) = 8.5 Hz, 1 H ;  CHPh), 6.83-7.11 (ni, 
10H: A r H ) ,  7.36-7.43 (in, 5 H ;  ArH); I3C NMR (75.5 MHz, CDCI,. 


127.9, 128.0, 128.4, 128.6, 128.9, 129.0. 129.1, 133.9, 134.3, 137.7, 157.6, 
163.1: MS (70 cV, El): m/z (%I) =73 (27), 207 (96), 225 (27), 281 (loo), 355 
(49),429(33),503(14)[M' - 84];C,,H4,N,O,Si,: C67.54,H7.21,N4.77; 
found C 67.73, H 7.18, N 4.73. 


CHCO) ,  4.57 (d, ,J(H,H) e11 .8  Hz, 1 H ;  OHCH), 5.04 (d. "J(H,H) = 


2 0 0 0  = - 0.03,0.06, 39.4, 59.9.60.0, 65.1, 69.3, 73.7, 80.3, 126.0, 127.x. 


Data for 35: Yield: 8 5 % ,  m.p. 150-151 - C ;  [XJ;' = + 89.6 (c =1.0 in 
CH,CI,); IR (KBr): i -1741 cii1-I; ' H N M R  (300 MHz, CDCI,, 20 C, 
~MS):6=0.43(s ,9H;3CH,) ,0 .53(~ ,9H;3CH,) ,2 .63(s , IH,CHSi) ,3 .09  
(dd, 'J(H,H) = 2.6 Hz, 'J(H,H) = 5.5 Hz, 1 H ;  CH,N), 3.32 (t, ,J(H,H) = 


5.5 HZ, *J(H,H) = 5.5 Hz, 1 H; CH,N), 4.05 (dd, ,J(H,H) = 6.0Hz, 
'.I(H,H) = 8.8 Hz, 1 H ;  CH,O),  4.67 (t, ,J(H,H) = 8.8 Hz, 'J(H,H) = 


8.8Hr,lH;CH,0),4.99(dd,3J(H,H)= 8.8,6.0Hz.1H:CH2Ph),5.06(dd. 
,J(H,H) = 2.6, 5.5 Hz, 1 H ;  CHCO),  7.43-7.27 (m, 5 H ;  ArH);  ' ,C NMR 


126.6,127.3,129.2,129.4,138.7,157.9,164.3;MS(70eV,EI):m,';(%)=375 
(2) [M' - 151,262 (18). 104 ( 3 8 ) ,  73 (loo), 54(36); C,,H,,N,O,Si,: C 58.46. 
H 7.69, N 7.18; found C 58.50, H 7.72, N 7.20. 


(75.5 MHZ, CDC~,, 2 0 " ~ ) :  6 = - 0.51, -0.33, 37.6, 48.8. 57.8, 58.9, 71.0. 


Compound 20: Ozone was bubbled until saturation (slight blue color) through 
a stirred solution of the styryl p-lactam 16j (2.46 g. 5 mmol) in CH,CI, 
(50 mL) cooled to -78°C. Then N, was bubbled through the solution for 
10 min to remove the excess ozone and a solution of dimethyl sulfide (2 mL) 
in CH,CI, ( 5  mL) was added dropwise at the same temperature. The mixture 
was allowed to warm to room temperature and washed successively with H,O 
(4 x 20 mL) and NaCl (4 x 20 mL, sat. aq. soh.). The organic layer was 
separated, dried, and evaporated to give an oil (the intermediate 4-formyl 
fi-lactam), which was immediately dissolved in acetone/H,O (28 mL'26 mL) 
Sodium pcriodak (2.75 s. 12.9 mmol) and KMnO, (0.34 g. 2.15 mmol) were 
added at  room tcmperatui-e and the mixture was stirred for 2 h. Then H,O 
(20 mL) was added, the mixture was cooled at 0°C and NaHSO, (40% aq. 
solution) was added dropwise until decoloration. Acidification with cone. 
HCI until pH 1, extraction with EtOAc (2 x 60 mL) and evaporation yielded 
compound 20, which was purified by crystallization from hexane. Yield: 
7 2 % ;  IR (film). V = 2200-3500.1766.1728 cm- ' ;  ' H N M R  (300 MHz. CD- 
Cl,, 20 C ,  TMS): b = 0.06(s, 9 H ;  3CH,), 0.23 (s, 9 H :  3CH,), 2.73 (s, 1 H:  
CHSi ) ,  4.06 (t. 'J(H,H) = 8.7 Hz, 'J(H,H) = 8.7 Hz, 1 H ;  OCH,). 4.18 (d. 
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'.I(H,H) = 5.5 Hz, 1 H ;  CKNCHSi), 4.24 (d. ,J(H.H) = 5.5 Hz, 1 H ;  
CHCO), 4.71 (t, ,J(H,H) = 8.7Hz,  'J(H,H) = 8.7Hz. 1 H ;  OCH,), 5.05 (t. 
'J(H,H) = 8.7 Hz, 1 H ,  NCtTPh), 7.38-7.47 (m, 5 H ;  ArH);  ' ,C NMR 
(75.5 MHz, CDCI,, 20'C): 6 = 0.2, 0.4, 39.2, 59.4, 61.1, 71.52, 127.3, 129.4, 
129.7, 136.2, 163.5, 170.4. 


Radical Decarboxylation of /I-Lactam 20: Oxalyl chloride (0.17 mL, 2 mmol) 
was slowly added at 0 ' C  to a solution or 20 (1  mmol) in CH,CI, (4 mL) and 
the mixture was stirrcd for 1 h. The solvent was cvaporated and replaced by 
dry toluene (8.2 mL). Tris(trimethy1silyl)silane (0.5 g, 2.0 mmol) and a solu- 
tion of AIBN (0.3 mL I N  in toluene) were added dropwise to the mixture, 
which was heated at 80°C and stirred for 3 h. Evaporation of solvents under 
reduced pressure and flash column chromatography of the resulting crude 
product (silica gel 70-230 mesh: eluant: hexane, then CH,CI,) afforded 
P-lactam 35. Yield 69%. 


General Procedure for Simultaneous Hydrogenolysis and N-Boc Protection of 
P-Lactams 17: Pearlman's catalyst (Acros, 200 mg) and di-twt-hutyldicar- 
honate (0.16 g, 0.75 mmol) were added succesively to a solution of the corre- 
sponding 3-oxarolidinyl-P-lactam (17, 0.5 mmol) in EtOH (15 mL). The re- 
sulting mixture was stirred at room temperature under a hydrogen 
atmosphere (60 psi) for 20 h. Then the mixture was filtered through Celite 
and, after evaporation of the filtrate under reduced pressure, the resulting 
crude was purified by flash column chromatography to furnish the corre- 
sponding 3-rert-butoxycarbonyIamino-~-lactam. 


Data for 22: Yield: 72%, m.p. 98-100°C; [%]is = + 32.8 (c =1.0 in 
CH,CI,): JR (film): a =  3240, 1727, 1705cm-'; ' H N M R  (300MHz, 
CDCI,, 20"C, TMS): h = 0.12 (s, 9 H ;  3CH,), 0.15 (s, 9 H ;  3CH,), 1.14 (d. 
3.1(H,H)=6.2Hz,3H;CH,),1.14(s,9H;3CH,),2.21 (s, lH ;CHSi ) ,3 .80  
(m, 1 H ;  CHCH,), 4.91 (dd, 'J(H,H) = 4.6, 7.5 Hz. 1 H: NCHCO). 5.10 (d,,, 


6 =  -0.1,0.0.13.4,28.2,37.2,56.8,58.6,80.1,155.3,165.2;MS(70eV,EI): 
m/z (%) = 301 (100) [M' - 571, 101 (38), 73 (42), 57 (100); C,,H,,- 
N,O,Si,: C 53.63, H 9.50, N 7.82; found C 53.45. H 9.43, N 7.59. 


Data for 23: Yield: 72%; colorless oil. [u]P = + 8.3 (c = 0.9 in CH,Cl,): IR 
(KBr): 71 = 3230, 1747, 1698 cm- ' ;  ' H N M R  (300 MHz, CDCI,, 20'C, 
TMS): S = 0.07 (s ,  9 H ;  3CH,), 0.10 (s, 9 H ;  3CH,), 0.89 (t, 3J(H,H) = 
7.0H7, 3H,  CH,CH,), 1.23-1.35 (m, 4H,  CH,CH,CH,), 1.38 (s, 9H,  
3CH,), (s, 1 H ;  CHSi), 3.45-3.51 (m, lH,  CHNj. 4.89 (dd, 3J(H,H) = 4.7, 


(75.5MHz,CDC13,20'C):6= -0.2,-0.1,14.0,18.9,27.7.28.1,30.5,37.5, 
58.1, 61.1, 79.6, 155.2, 165.6; M S  (70 cV, EI): m/r (%) = 330 (8 )  [ M +  - 571, 
315 (68), 287 (36), 257 (22) ,  230 (32), 185 (31), 129 (loo), 100 (46), 73 (69), 
56 (33): C,,H,,N,O,Si,: C 55.91, H 9.90, N 7.24; found C 56.22, H 9.78, N 
7.30. 


'J(H,H) =7.5Hz,  I H ;  NH);  I3C N M R  (75.5 MHz, CDCI,, 20'C): 


8.0 Hz, 1 H. CHCO), 5.84 (d, './(H,H) = 8.0Hz, NH) ;  I3C NMR 


Datafor24: Yield: 80%,m.p. 97798°C: [u]i5 = + 2.0(c = 0.25 inCH,CI,); 
IR (KBr): 5 =  3270, 1746, 1725cm- ' ;  ' H N M R  (300MHz, CDCI,, 20 'C,  
TMS): S = 0.10 (s, 9 H :  3CH,), 0.13 (s, 9 H ;  3CH,), 1.47 (s, 9 H ,  3CH,), 
1.87-2.15 (m, 2H,  CH,CH,Ph), 2.17 (s, IH :  CHSi), 2.44-2.72 (m. 2H,  
CH,Ph), 3.60 (m. 1 H,  CHN), 5.01 (dd, ,J(H,H) = 4.3, 7.8 Hz, 1 H, CHCO), 
5.12 (d, ,.f(H,H) = 8.6Hz,  NH), 7.16-7.36 (m, 5H, ArH);  I3C N M R  
(75.5 MHz, CDCI,, 20°C): 6 = - 0.09, -0.02, 28.2, 30.3, 31.8, 37.6, 53.4, 
58.4. 80.4, 126.2, 128.3, 141.0, 155.2, 165.3; MS (70eV. El): mjz (YO) = 448 
( 2 )  [M'], 429 (4), 359 (71, 348 (16), 333 (44), 316 (9). 292 (53, 276 (14), 242 
(12). 218 (49),  186 (24), 172 (23). 147 (27), 91 (18), 73 (72), 56 (100); 
C,,H,oN,O,Si,: C 61.57, H 9.00, N 6.24; found C 61.83, H 8.91, N 6.35. 


Data for 36: Yield: 79%, colorless oil. [xj: = + 1.5 (c = 1.0 in CH,CI,); IR 
(KBr): i = 3246, 1725. 1713 cm- ' ;  ' H N M R  (300 MHz, CDCI,, 20'C. 
TMS): 6 = 0.14 (s, 9 H ;  3CH3), 0.16 (s, 9 H ;  3CH,), 1.34 (d, ,J(H,H) = 
6.2Hz, 3 H ;  CH,). 1.44 (s, 9 H ;  3CH,), 2.14 (s, ZH, CHSi), 3.37 (m, ZH: 
CHCH,), 3.43 (dh, 1 H ;  CHCO), 5.29 (d. ,J(H,H) =7.5 Hz, 1 H ;  NH) ;  I3C 
NMR(~~.~MHZ,CDCI,.~O'C):~= -0.1,16.4,28.2,36.8,60.5,62.9,80.1. 
155.3,165.5:MS(70eV,EI):m/z(%) = 302(1)[M+ - 561,101 (46),73(56), 
57 (100); C,,H,,N,O,Si,: C 53.63, H 9.50, N 7.82: found C 54.03, H 9.48, 
N 7.50. 


General Procedure for the Oxidative Desilylation of N-Bis(trimethy1- 
sily1)methyl /I-Lactams: Cerium(rv) ammonium nitrate (10.96 g, 20 mmol) 


was added a t  25 ' C  to  a solution of the appropriate N-[his(trimethylsi- 
1yl)methyll-p-lactam 22,23,24, or  36 ( 5  mmol) in dry methanol (40 mL). and 
the suspension was stirred at the same tempcraturc and monitored by tlc. 
After 6 h. lhe reaction mixture was taken up over water (50 mL) and cxtrnctcd 
with EtOAc (380mL).  The organic layer was washcd successively with 
aqueous NaHCO, (100 mL, sat. soln.). aqueous NaHSO, (350  mL, 40%). 
aqueous NaHCO, (100 mL, sat. soh . ) ,  and aqueous NaCl (100 mL, sat. 
soln.). Evaporation of solvents yielded the corresponding ,V-forniyl-[&lnc- 
tams. 


Data for 25: Yield: 92'%, m.p. 156-157'C; [.]As = ~ 43.4 (c = 1.0 i n  
CH,CI,): 1R (film): ? = 3343, 1801, 1689cni-': ' H N M R  (300 MH7. 
CDCI3,20 'C,TMS):6=1.4I  (d , ,J(H,H)=6.5Hz,3H;CH3),  1.46(s.9H: 
3CH,) ,4 .37(m,IH;CHCH,) .  5 .12(m,2H;NCHCO, N/IBoc),8.85(s.I H ;  
CHO):'3CNMR(75.5MHz,CDC13,20 C):d=13.2,28.1,53.5,60.l ,X1.3,  
154.8. 156.4, 166.0; MS (70cV, El): m / z  (%) =I01 (11). 57 (100). 41 (29): 
C,,H,,N,O,: C 52.63, H 7.02, N 12.28: found C 52.54, H 7.25. N 12.24. 


Data for 26: Yield: 88%, m.p. 120-122'C; [XI? = ~~ 26.8 ( c =  1.0 in 
CH,CI,): IR (KBr): = 3330, 1799. 2689cn- ' ;  ' H N M R  (300 MH7. 
CDCI,, 20"C, TMS): 6 =0.91-0.98 (m. 3H. CH,) ,  1.43 (sd, 13H, 3CN,.  
CH,CH,CH,), 4.18-4.27 (m, 1 H ,  CHN), 5.18 (dd,, 1 H, HCCO). 4.89 (dd 
-'J(H,H) = 4.7, 8.0 Hz, 1 H,  CHCO). 5.78 (da,  NM), 8.82 (s. 1 H. C H O ) :  
NMR(75.5MHz,CDCI,,20"C):6=13.9,19.3,28.0,57.7,5').~,80.9,155.3, 
156.6, 159.8; MS (70eV, El): m / z  (%) = 201 (3) [ M +  ~ 571. 183 (19), 155 
(31). 129 ( I O O ) ,  100 (73), 85 (13), 56 (46): C,,H,oN,O,: C 56.24, H 7.86. N 
10.93; found C 55.99, H 8.01, N 10.75. 


Data for 29: Yield: 88%, m.p. 228-230 [z]? = - 32.1 ( c  = 1 .0 i n  
CH,Cl,); TR (KBr): 0 =1781, 1739, 1701 c m - ' ;  ' H N M R  (300 MHz, 
CDCI,, 20 "2, TMS): d =1.06 (t. 'J(H,H) =7.5 H7, 3H,  C H , ) ,  1.46 1.90 
(m, 3H,  HCHCH,CH,), 2.09-2.19 (in, 1 H ,  HCHCH,). 4.23 4.39 (m, 1 H. 
HCN), 4.41 (d, 'J(H.H) = 4.5 Hz, 1 H ,  HCCO),  5.05 (d, 'J(H,H) = 8.2 Hz, 
1 H, HCPh), 5.97 (d, ,J((II,H) = 8.2 Hz, HCPh), 6.93 7.28 (111. 10H. ArH).  
8.90 (s, 1 H, CHO);  13C NMR (75.5 MHz. CDCI,. 20-Cj:  S = 14.1. 20.3. 
30.5, 58.1, 62.1. 66.3, 80.7, 126.0, 127.8, 128.0, 128.4. 128.7, 129.0, 132.9, 
133.5, 156.8, 157.5, 163.3; MS (70 eV, El): m/z  (%) = 295 (100) [(M + ~ 991. 
252 (38), 208 (46). 191 (II) ,  162 (14), 118 (13), 91 (34): CZ2H,,N,0,: C 
69.82, H 5.86, N 7.40; found C 70.03. €I 5.73, N 7.51 


General Procedure for the N-Deformylation of P-Lactams 25.26: A mixture 0 1  
the appropriate N-formyl-/Mactam (1 mniol), NaHCO, (1.66 mL. sat. nq. 
soln.) and Na,CO, (0.028 g, 0.1 mmol) in acetone (1.66 mL) w a ~  stirred at 
room temperature for 2 11. The mixture was filtered through a pad of silica g d  
and washed with acetone. Drying and evaporation yielded thc corresponding 
NH-P-lactam, which was purified by crystalliration from EtOAc!hexane. 


Data for 27: Yield: 99%, m.p. 182-283°C; [%]is = + 53.0 (c =l .0  in 
MeOH); IR (film): 5 = 3347, 3216, 1720, 1 6 9 0 c n i ~ 1 :  ' H N M R  (300 MHz. 
[DJDMSO. 90 -C) :  6 =1.14 (d, ,J(H.H) = 6.1 Hz, 3 H ;  CH,). 1.45 (s, YH; 
3CH3),3.76(q, ,J(H,H)= 5.9 Hz,lH;CHCH,),4.76(s,lH:CHCH3): ',C 
NMR (75.5 MHz, [D,]DMSO, 90°C): d =15.9, 28.2, 50.6. 60 3,  80.4. 155.1. 
168.0: MS (70eV, EI): m/r  (YO) =157 (1) [ M +  -431, 144 (1). 101 (16). 57 
(loo), 44 (57); C,H,,N,O,: C 53.98, H 8.06, N 13.99: found C 54.22. H 8.23, 
N 14.26. 


Data for 28: Yield: 81 YO, 1n.p. 122-124°C; [XI;' = + 57.3 (c = 0.97 in 
CHCI,); IR (KBr): 5 = 3320,1751,1693 cm-'; ' H N M R  (300 MHz, CDCI,, 
20 'C ,  TMS): 6 = 0.94 (t, 'J(H,H) =7.0Hz,  3 H ,  CH,). 1.21-1.38 [in. 4H,  
CH,CH,CH,), 1.43 (s, 9 H ,  3CH,), 3.75 (m, 1 H, HCN),  5.02 (t,. 1 H. 
HCCO), 5.51 (dd, ,J(H,H) = 6.6 Hz, NH), 6.70 (s~, 1 H,  N H ) ,  "C NMR 
(75.5 MHz. CDCI,, 20'C): ii =19.1, 28.2, 32.6, 55.0. 60.0. 80.2, 155.2. 168.6; 
M S  (70 eV, EIj: miz (%) =185 ( 3 )  [M' ~ nPr]. 155 (32). 129 (100). 100(56), 
85 ( 2 5 ) ,  72 ( 5 8 ) ,  56 (49); C,,H,,N,O,: C 57.87, H 8.83. N 12.27: found C 
57.95, H 8.59, N 12.41. 


Direct Formation of NH-/&Lactams from N-[Bis(trimethylsilyI)methyl~-~-iac- 
tams: Ccrium(1v) ammonium nitrate (1.09 g, 2 mmol) was added to a solution 
of the appropriate N-[bis(trimethylsilyl)methyl]-~~-lactam 17c, 171. or 36 
(0.5 mmol) in dry MeOH (3 mL) a t  25°C. and the suspension was stirred at 
the same temperature for 16 h (60 'C, 3 h for 17c). The reaction mixture was 
worked up as for the general oxidative dcsilylation procedure to yield thc 
corresponding NH-P-lactams. 
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Data  for 32: Yield: 70%. m.p. 226 228 ' C ;  [alp = --7.3 (c = 0.3 in 


CH,CI,): 1R (KBr): i. = 3342, 1765, 1747 cm-. ; 'H NMR (300 M l l z ,  CD- 
CI,, 20 'C, TMS):  6 = 0.97 (t. 'J(H,H) =7.6 HL, 311, C H , ) ,  1.23-1.58 (in, 
IH, IICN), 4.42 (d, ' J (H,H)=5.0Hz.  1H,  HCCO) ,  5.11 (d, 
'J(H.H) = 8.2 Hz, 1 H, HCPh) ,  5.95 (d, 'J(H,H) = 8.2 HZ, HCPh) ,  6.12 (s, 
1 H, NH), 6.94-7.16 (m, IOH, ArH); "C NMR (75.5 MHz, CDCl,, 20 "C): 
6 =14.0, 19.8, 32.2, 55.4, 62.8, 65.8, 80.4, 126.0, 127.9, 128.0, 128.1, 128.5, 
128.6, 133.7, 134.1, 156.9, 164.7; MS (70eV, EI): m / i  (Yo) = 350 (4) [ M  ' 1 ,  
307 (10) [ M  * - nPr], 234 (6). 180 (loo), 84 (18). 51 (20); C,,H,,N,O,: C 
71.98, H 6.33, N 7.99: found C 72.18, H 6.25. N 7.68. 


Data for 33: Yield: 75%. m.p. 198-200 C ;  1 ~ 1 ; ~  = + 21.3 (c = 0.3 in 
CH,C12); IR (KBr): = 3372, 1774, 1753 cni- ' ;  ' H N M R  (300 MHz, CD- 
Cl,. 20°C. TMS): d = 3.70-3.75 (m, 1 H, HCHO), 3.88 (m, l H ,  H C ) ,  3.92- 
4.02 (ni. I H ,  IICHO), 4.37 (d, '..I(H,H) = 4.8 Hz, f ICCO) ,  4.51, (d, 
2J(II.H)=11.5Hr.1H,HCH),4.59(d,ZJ(H,II)=11.5Ha,1H,HCH),5.03 
((1, 'J(H.H) = 8 . 4 H ~ ,  I l l ,  HCPh) ,  5.65 (d, 1 H, 'J(H,H) = 8.4Hz, 1 H, 
HC'Ph),6.09(s,lH,NII),6.K3 7 .42 (n i ,15H,Ar l I j ; ' "CNMR(75 .5MH~,  
CDCI,, 20 C): 5 = 53.8, 62.1, 65.5. 69.8, 73.8, 80.2, 126.0. 127.9, 128.0, 
128.1. 128.5, 128.6, 133.5. 134.1, 137.7, 157.6, 164.4; MS (70eV, EI): n7/z 
('XI = 429 (14) [ M ' ] ,  384 (60), 294 (23). 276 (37), 240 (:36), 206 (61). 180 
(89). 91 (95); CZ6H,,N,0,: C 72.87, H 5.60. N 0.53; found C 72.67. H 5.73, 
N 6.13. 


Data for 37: Yield: 78%, m.p. 134-136.C; [ a l p  = -~ 55.1 ( c  =1.0 in 
MeOI1) ; IR(KBr) : i ,  = 3278, 1749,1689cm-'; 'HNMR(100 MHL,CDC:I,. 
20 'C.TMS):6=1.43(d, ' J (H.H)=6.3Hz.3H;CH3),1.45(a,9H;3C'H,~) .  
4.27 (dq. './(H,H) = 6.3, 1.9 Hz, 1 H ;  CIICH,) ,  5.13 (di,, 1 H; NHBoc), 5.87 
( 5 , I H : N H ) ;  ' "CNMR(75.5 MHz,CDCl,,20"C): 6 =19.4,28.2. 54.3,64.8. 
80.3, 155.0, 167.4: MS (70eV, El): in:? (%) = 57 (loo), 44 OX), 41 (36); 
C'qH,6N203: C 53.98. H 8.06, N 13.99; found C: 53.82, €I 8.27, N 13.74. 


~'-(Trimethylsilyl)methyl-N-vinyl-[ (4S)-2-oxo-4-phenyloxazolidin-3-yllacet- 
amide (38):r301 Yield: 2 8 ' X ,  syrup. [fi]A5 = +112.7 (c =1.0 in CH,CI,); IR 
(KHr): i=1736,  1670cm-'; 'HNMR (300MHz. C:DCI,, 20"C, TMS): 
h = 0.05 (s. 9 H ;  3CH,), 3.17 (d, ,J(H,H) =1 .5  Hz, 2H, CH,Si), 3.47 (d. 
:'J(H,H) = 16.9 Hz, 1 H ;  CHCO),  4.14 (t, 'J(H,H) = 8.6 Hz, CH,O). 4.32 
(dd. 'J(H,H) =13.3 Hz. 3J(H,€I) = 8.6 Hz, 1 H, =CH,). 4.44 (dd, ' J ( l 1 , H )  
=13.3Hz,  3J(H.H)=1.3Hz. 1H,  =CM2),4.53(d, 'J(H,H)=17.0Hz. I H ;  


C:HCO), 4.73 (t. ,J(H,H) = 8.7Hz, 11-1: CfI ,O) ,  5.17 (t. 'J(H,H) = 8.4Hz, 
i H: CHPh) .  6.59 (dd, 'J(H,H) ~ 1 5 . 0  Hz, '..I(H,H) = 8.6 Hz. 1 H ;  =C/ f ) ,  
7.45 -7.28 (m, 5H;  A r H ) ;  I3C NMR (75.5 MHL, CDCI,, 20°C): 


'165.0; MS (70eV, El): n ik  (%) =73 (loo), 260 (3.51, 333 ( 2 )  [ M  '1 ;  
C,-H2,N,0,Si: C 61.23, H 7.56, N 8.40; found C 61.01, H 7.84, N 8.38. 


< 5 =  -1.4,-0.1,33.5.43.2,60.0,70.1,95.5,129.1,129.2,132.0,139.0.158.7, 
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The First Peralkylated Phosphino(stibino)methanes and Their Organometallic 
Rhodium Complexes 


Matthias Manger, Justin Wolf, Matthias Laubender, Markus Teichert, 
Dietmar Stalke, and Helmut Werner* 
Drdic cited to the memory of Profrssor Geoffrey Wilkinmn 


Abstract: The first representatives of 
phosphino(stibin0)methanes R,PCH,Sb- 
R; ( 3  -5) with bulky alkyl or cycloalkyl 
groups R and R' were prepared in two 
steps from Ph,SnCH,I via the isolated 
stannylated phosphanes Ph,SnCH2PR, 
(1, 2) as intermediates. X-ray structural 
analysis of 5 (R = C,H,,, R' = tBu) re- 
veals that the lone pairs and the sub- 
stituents R and R at phosphorus and an- 
timony and the hydrogen atoms of the 
CH, bridge adopt staggered conforma- 
tions. Treatment of [{C8H1,RhC1},] with 
3-5 affords the neutral compounds [Rh- 
Cl(~4-C,H,2)(~-P-R2PCH,SbR2)] (6--8), 


of which 7 and 8 react with CH,MgI to 
give the corresponding methylrhodium 
derivatives [RhCH,(q4-C,H,,)(h--P-R,- 
PCH,SbR;)J (9, 10). Cationic complexes 
[Rh(q4-C8H,,)(~2-P,Sb-R,PCH2SbR2)]- 
X (X = PF,: l l a ,  12a, 13; X = BPh,: 
11 b, 12b) containing the phosphino(stib- 
ino)methanes as chelating ligands were 
obtaincd either from [{C,H,,RhCI},], 


Keywords 
antimony - arene complexes * diene 
complexes rhodium - ylides 


lntroduction 


Recent work in our laboratory has shown that the replacement 
of triisopropylphosphane by triisopropylstibane as a ligand 
leads to remarkable differences in the reactivity of low-valent 
metal complexes of the iron and cobalt triads." - 3 1  While some 
of these differences are probably steric in nature, they mainly 
reflect the unequal o-donor and n-acceptor capabilities of tri- 
alkylphosphane and -stibane ligands. In almost all cases studied 
to date, the M - SbiPr, bond is more labile than its M-PiPr, 
counterpart, and this can be put to advantage for synthetic 
purposes."' 3b.41 A disadvantage ofthe stibane-metal complex- 
es, however, is their tendency to decompose under the condi- 
tions of subsequent conversions. 


In order to combine the favorable aspects of the ligand behav- 
ior of bulky trialkylphosphanes on the one hand and of related 
trialkylstibanes on the other, we set out to prepare mixed P/Sb 


[*] Prof. Dr. H. Werner, M .  Manger. M .  Lauheuder. Dr. J. Wall 
Prof. Dr. D. Stalke,' M. Teichert 
Institut fiir Anorganische Cheniie der Universiliit Wiirzburg 
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R,PCH,SbR; and MX, or (for 13) from 8 
and AgPF,. Compound 12a (R = iPr, 
R' = tBu) was characterized by X-ray 
crystallography. The PF, salts l l a ,  12a. 
and 13 react with CH,N, by insertion of 
CH, into the Rh-Sb bond to yield the 
complexes 14- 16, the first examples of 
transition-metal compounds with Sb 
ylides as ligands. Treatment of BPh, salts 
11 b and 12 b with H, gives the half-sand- 
wich-type complexes [(q6-C,H,BPh,)- 
Rh(h-*-P,Sh-R,PCH,SbR,)] (17, 18), in 
which the tetraphenylborate is coordinat- 
ed like a substituted arene to the metal 
center. 


donor systems. Here we describe the synthesis of peralkylated 
phosphino(stibino)methanes, the molecular and crystal struc- 
ture of one representative, and the use of the unsymmetrical 
ligands to prepare square planar as well as half-sandwich-type 
organometallic rhodium complexes. 


Results and Discussion 


Synthesis of the P/Sb donor ligands: The bulky phosphino(stib- 
ino)methanes 3-5 were prepared by a two-step procedure 
(Scheme 1). The first step is the inetalation of Ph,SnCH,I by 
BuLi in toluene/hexane at low temperature, which, in the pres- 
ence of TMEDA (tetramethylethylenediamine), probably yields 
solvated Ph,SnCH,Li. This in situ generated intermediate re- 
acts with R,PCI at -90 to -80°C to give a clear solution from 
which, upon warming to room temperature and addition of 
water, an oily air-sensitive product i s  obtained. Chromato- 
graphic workup for R = cyclohexyl (Cy) affords white crystals 
(1) and for R = iPr a colorless liquid (2), both in 85-90% yield. 
Following a similar route, Kauffmann and Kriegesmann pre- 
pared the stannylated arsanes R,SnCH,AsPh, (R = Me, Ph) 
from R,SnCH,I, BuLi, and Ph,AsCI. Since they did not use any 
stabilizing agent such as TMEDA for the lithiated intermediate, 
we assume that the yield was rather low (35 YO) because of sever- 
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1) BuLi / TMEDA Ph3SnCH2I c Ph3SnCHzPR2 
2 )  R2PCI 


1.2 + 2 iPr 


1) PhLi / TMEDA * RzPCHzSbR'2 
2 )  R'2SbX 


1 , 2  


3 - 5  


3 PI iPr 
4 iPr tBu I- 5 Cy tBu 


Scheme 1 .  Two-step procedure for the preparation o f  phosphino(stibino)methanes 
3-5. 


a1 side reactions.[51 The only other stannylated alkylphosphane 
R,SnCH,PR; besides 1 and 2 is, to the best of our knowledge, 
Et,SnCH,PH,, but this compound was prepared from 
Et,SnCH,P(O)(OR)H and LiAIH, and not via Et,SnCH,Li as 
an intermediate.L6I 


The new phosphanes 1 and 2 are thermally quite stable and 
soluble in most organic solvents. The * NMR spectra of 1 and 
2 display two doublets for the diastereotopic carbon atoms 
PCHCH, (R = Cy) and PCHCH, (R = iPr), the chemical shifts 
and P-C coupling constants of which are similar to those of the 
chlorophosphanes R,PCI. The signal of the bridging CH, car- 
bon atom appears at 6 = 2.0 (for 1) and 6 = 1.5 (for 2) and is 
also split into a doublet [J(P,C) = 41 -42 Hz]. 


The second step of the synthesis of 3-5 is the transmetalation 
of 1 or 2 with PhLi, which proceeds smoothly in ether/cyclohex- 
ane at room temperature. Besides SnPh,, the corresponding 
lithiated phosphane R,PCH,Li is formed, which reacts with 
rPr,SbBr or tBu,SbCl in the presence of TMEDA at low tem- 
perature to give, after chromatographic workup, 3 and 4 as 
colorless liquids and 5 as a white solid in 75-85% yield. The 
phosphino(stibino)methanes 3-5 are thermally less stable than 
the precursors 1 and 2 and air- as well as light-sensitive. Under 
argon at - 20 "C, they can be stored for weeks without decom- 
position. The 'H, I3C, and 31P NMR data are in full agreement 
with the proposed structure and deserve no further comment. 


The molecular structure of 5 is shown in Figure 1 .  In analogy 
to Ph,PCH,PPh, (dppm)17] and the corresponding cyclohexyl 
derivative Cy,PCH,PCy, ,[*I the molecule of 5 has no crystallo- 
graphic symmetry. The lone pairs at the phosphorus and the 
antimony atoms are on different sides of the plane formed by 
these atoms together with the carbon atom of the bridging 
methylene unit. The relative orientation of the PCy, and SbtBu, 
moieties at  the CH, group is such that the lone pairs and the 
substituents Cy or rBu and the hydrogen atoms of the methylene 
bridge adopt staggered conformations. The most noteworthy 
structural detail is the bond angle P-C(1)-Sb of 119.17(8)" which 
is almost identical to the bond angle P-C-P of Cy,PCH,PCy, 
t120.5 but significantly larger than that of dppm 
[106.2(3)"].[71 In contrast to this, the bond length P-C(l) of 5 
[I .842(2) 4 is virtually the same as in dppm [1.848(5) A][71 and 
differs only slightly from that in Cy,PCH,PCy, [1.858 A].[*] 


:35) 


C(23) 


Figure 1 .  Molecular structure of 5. Principal bond lengths [A] and angles [ ] wlth 
estimated standard deviations in parentheses: P-C(l)  1.842(?), Sh C(1) 2.175(2). 


C(l)-Sb 119.17(8), C(2l)-P-C(31) 101.89(6). C(l)-P-C(21) 104.35 (7). C(l)-P-C(3l) 


98.03(6) 


P--C(21) 1.864(2), P-C(31) 1.870(2), Sh-C(II) 2.223(2). Sb C(1S) 2.218(?); P- 


98.87(7). C(ll)-Sb-C(15) 105.31 (6), C(l)-Sb-C(Il) 93.74(6). C(l)-Sb-C(lS) 


The distance Sb-C(l) [2.175(2) A] of 5, however. is somewhat 
shorter than the distances between Sb and the quarternary car- 
bon atoms C(Z1) and C(15) [2.223(2) and 2.218(2) .&], which is 
probably due to the steric bulk and the resulting repulsion of the 
tert-butyl groups. 


Cyclooctadienerhodium(1) complexes with phosphino(stibin0)- 
methanes as ligands: The reactions of [{C,H ,,RhCI],] with the 
phosphino(stibino)methanes 3-5 in hexane at room tempera- 
ture involve a facile cleavage of the chloro bridges by the P- 
donor site of the substrate but not the replacement of the cy- 
clooctadiene or the chloro ligands. The neutral compounds 6-8 
(Scheme 2), which are isolated in nearly quantitative yield, form 


8 I Cy tBu 


CH3MgI 
7 , 8  


Scheme 2. Reaction of [(C,H,,KhCI},] with phosphino(stibiiio)methant.'i 3 -5  in- 
volves cleavage of the chloro bridges by the P-donor site to give compounds 6 - 8 .  
Treatment of 7 or 8 with CH,MgI displaces the chloro ligand completely to form 
methylrhodium derivatives 9 and 10. 


yellow, moderately air-stable solids that decompose between 
55 "C and 80 "C. The analytical and spectroscopic data leaves no 
doubt that they are monomeric in nature and thus structurally 
related to complexes of the general composition [RhCl(q4- 
C,H,,)(PR,)].[91 The 'H and I3C NMR spectra of 6-8 display 
two sets of signals for the protons and the carbon atoms of the 
-CH=CH- double bonds of the cyclooctadiene unit; this is in 
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agreement with the different trans influence of the chloro and 
P-donor ligands. A typical feature of the I3C N M R  spcctra of 
7 and 8 is that only the signal of the =CH, carbon atoms (for 
assignment H A  and H, see Experimental Section), which are 
adjacent to phosphorus, shows a significant Io3Rh-- 13C cou- 
pling of 14 Hz. Owing to the coordination of the phosphino- 
(stibino)methanes, the signal of the bridging PCH,Sb carbon 
atom in the spectra of 6-8 exhibits an upfield shift of about 
4 p p m  compared to 3-  5, while a t  the same time the 'J(P,C) 
coupling constant decreases from ca. 37 Hz to 8- 10 Hz. 


On treatment of 7 or  8 with CH,MgI in ether/pentane 
at - 25 C, the chloro ligand is readily displaced and the methyl- 
rhodium derivatives 9 and 10 are formed in excellent yield. Both 
compounds are orange-yellow, relatively low-melting solids, 
which were characterized by elemental analysis and spectro- 
scopic techniques. The 'H as well as the ' C  N M R  spectra of 9 
and 10 display a doublet of doublets a t  6 = 0.3-0.4 ('H) and 
6 = 4.6 4.8 ("C), each of which is assigned to the protons and 
the carbon atom of the metal-bonded CH, group. 


The reactions of [{C,H,,RhCI},] with 3 or 4 in the presence 
of AgPF, or KPF, afford the cationic complexes 11 a and 12a 
(Scheme 3) in 60-80% yield. The related compound 13 with the 


1) 3 , 4  


' 'P 
Rz 


I I la ,  12a 


NaBPhd (R = R' = iPr) I 
l l b ,  12b 


CY 2 


13 


Scheme -3. Rcactions of [-/C,H,,RhCI),] with 3, 4. and 5 111 thc presencc of AgPF,, 
01' KPF, 3 and 4 afford cationic complexes 11 a and 12a ITNaBPh, is used l'or the 
reaction inatcad of a PF, salt. cornpounds I l b  and 12b 211-r oblained. The relakd 
compound 13 is obtained from 5 with AgPF,, i n  C'H,CI, 


phosphino(stibin0)methane 5 as ligand is accessible, in the ab- 
sence of light, from 8 and an equimolar amount of AgPF, in 
CH2CI,. If NaBPh, is used as an additional substrate for the 
reaction of [ (C,H ,,RhCI) 2] with 3 or 4 instead of a PF, salt, the 
corresponding compounds 11 b and 12b are obtained. The easy 
formation of l la ,b ,  12a,b, and 13 is noteworthy since related 
chelate complexes of the general composition [Rh(q4-C,H, 2)- 


(ic2-P,P-R2PCH,PR,)]X d o  not exist. For R = Ph, such a spe- 
cies is presumably generated as an intermediate on  treatment of 


[(C,H,,RhCl},] with dppm but it reacts quite rapidly with a 
second molecule of bis(dipheny1phosphino)methane to give 
[Rh(dppm),]CI as the final product."" Compounds l l a ,  12a, 
and 13 are deep red, l l b  and 12b orange-yellow solids that are 
almost air-stable and readily soluble in CH2CI,, CHCI,. and 
T H E  They slowly decompose in acetone. The most significant 
difference between the spectroscopic data of 11- 13 and those of 
6-8 is the downfield shiIi of the signals of the protons H, and 
PCH,Sb by ca. 1.3--1.4 ppm in the ' H N M R ,  the shift to lower 
fields of the signals of the corresponding carbon atoms =CH, 
and PC'H,Sb by ca. 20 and 10 ppm in the 13C NMR, and the 
highfield shift of the signal of the PR2 phosphorus atom by ca. 
25 ppni in the 3 L P  N M R  spectra. Moreover, the 103Rh-31P 
coupling constant of the PR2 resonance is reduced from ca. 
145 Hz for the neutral compounds 6-8 to ca. 125 Hz for the 
chelate complexes 11 a,b, 12a,b, and 13. 


I n  order to obtain information about the detailed structural 
aspects of a transition-metal complex containing a phosphino- 
(stibino)methane as a chelating ligand, an X-ray crystal struc- 
tural investigation of 12a was carried out. The SCHAKAL 
diagram (Figure 2) reveals that the coordination geometry 


Figure 2. Molecular amcture ol'12a. Pi-incipnl bond lenzths [A] and angler [ '1 with 
estima~ed standard deviations in parentheses: Rh P(1) 2.317(1), Rh Sh 
2.5876(5), P(l)-C(O) l.X36(4), Sb ~ C ( 9 )  2 158(4). Rh-C(1) 2 . 2 5 3 ( 5 ) .  Rh C(2) 
2 .225(5 ) ,  Rh C(5)  2.194(5), R h -  C(6) 2.1Xh(5), C(1).  C(2) 1.327(8). C(5)-C(6) 
1.367(8). P(I)-C(lY) I.X47(4), P(Ij-Cj19) 1.843(4), Sb-C(ID) 2.201(4), Sb-  
C(1 I )  2.198(4); P(1)-Rh-Sh 74.88(3), P(1j-C(9)-Sb 96.6(2). C(9)-P(I)-Rh 
102.51 (14), C(9)-Sb-Rh 86.04(11 j ,  C(l)-Rh-C(2) 34.5(2), C(5)-Rh-C(6) 36.4(2). 
C(IO)-Sb-C(l I )  109.1 ( 2 ) .  C(lS)-P(l)-C(l9) 103.8 (2). 


around the rhodium center is square planar with the C(l)-C(2) 
double bond of the cyclooctadiene trans to phosphorus and the 
C(5)-C(6) double bond trans to antimony. The most notable 
features are that 1 )  the four-membered ring RhPCSb is exactly 
planar and 2) the bond angle P-C(9)-Sb [96.6(2) ] is significant- 
ly smaller than in the uncoordinated molecule 5 [119.17(8)']. 
The P(1)-Rh-Sb bite angle [74.88(3)"] is also quite small and 
comparable to the P-Rh-P bite angle of neutral rhodium(]) com- 
plexes with tBu,PCH2PfBu, as chelating unit."'] The Rh -P(1) 
bond length of 12a [2.317(1) A] is almost identical to that of 
cationic square planar cyclooctadienerhodium(1) complexes 
with bidentate phosphanes as ligands.["l The distances Rh-- 
C ( 5 )  and Rh-C(6) are shorter by ca. 0.04-0.05 A than the 
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distances Rh-C(l) and Rh-C(2), which we attribute to the 
stronger twns  influence of the PR, compared to the SbR; moi- 
ety. The Rh-Sb bond length of 12at2.587615) A] is virtually the 
same as the Rh-Sb distances of tuans-[RhCl( =CPh,)- 
(SbiPr,),][lbl and mev-[RhC1,(C,H,)(SbPh,),l,[131 although in 
the latter compound the oxidation state of rhodium is + I11 and 
the ligand is a triaryl- and not a trialkylstibane. 


Studies on the reactivity of the chelate complexes I I - 13: The 
reactions of the compounds l l a ,  12a, and 13 with dia- 
zomethane led to a surprising result. Since we considered the 
phosphino(stibino)methanes as hemilabile chelating systems, 
we had expected that on treatment of the cations [Rh(q4- 
C,H,,)(K~-P,S~-R,PCH,S~R,)]+ with CH,N, a cleavage of 
the supposedly labile Rh-Sb bond would take place and a car- 
benerhodium complex containing the phosphino(stib- 
ino)methane as a monodentate P-bonded ligand would be 
formed. The elemental analyses of the products obtained upon 
addition of diazomethane to a solution of l l a ,  12a, or 13 in 
THF/ether at -30°C and subsequent workup were indeed in 
agreement with those of 1 : 1 adducts of the starting matcrials 
with CH,. The NMR spectroscopic data revealed, however, 
that the new crystalline, almost air-stable compounds do not 
contain a Rh=CH, bond. Instead of a signal for the CH, car- 
bon atom at low field (which has been observed at 6 = 315-260 
for square planar and half-sandwich-type diphenylcarbene- 
rhodium(1) complexes[lb. 14]), the I3C NMR spectra of 14-16 
(Scheme 4) display a resonance at 6 = 2.5-2.9, which is split 


$"" 14 iPr iPr 
14 - 16 


15 iPr rBu 
16 Cy fBu 


Scheme 4. The products 14,15, and 16 obtained from diazomethane and 11 a, 12 a. 
or 13 arc equivalent to I : I  adducts of the starting materials with CH,. 


into a doublet of doublets owing to Rh,C and P,C coupling. 
Since the large value of the coupling constant J(Rh,C) = 31 Hz 
indicates that the CH, group is linked to rhodium, we assume 
that a five-membered RhCSbCP ring is formed by insertion of 
the methylene unit into the Rh-Sb bond. In the 'H NMR spec- 
tra of 14-16, the signals for the protons of the metal-bonded 
CH, group appear at 6 z 1 .O and thus at somewhat lower field 
than for neutral rhodium(1) compounds with CH,PiPr, as lig- 
and.['5] The chemical shift of the resonances of the protons and 
the carbon atoms of the C,H,, ligand and the R,PCH,SbR, 
fragment of 14- 16 are not significantly different to those of the 
precursors l l a ,  12a, and 13; this backs up the structural pro- 
posal shown in Scheme 4. 


With regard to the mechanism of formation of the chelate 
complexes 14-16 we consider two possibilities as most likely. 
Taking the supposed lability of the Rh-Sb linkage into consid- 
eration, the attacking diazomethane could replace the SbR; unit 
and generate a four-coordinate intermediate in which either 


CH,N, or CH, would be bonded to rhodium. However, since 
the metal center in the compounds 14-16 has a 16-electron 
configuration, the alternative could be the formation of a five- 
coordinate species, in which CH,N, or CH, would probably 
occupy the apical position of a square pyramid. Upon elimina- 
tion of N, (if this is not already lost in the initial step) and attack 
of the Sb donor at the CH, carbon atom the five-membcred ring 
RhCH,Sb(R),CH,PR, containing two unequal methylene 
units would be formed. The driving force for this ring expansion 
is probably the decrease of strain on going from the four-mem- 
bered chelate rings of l l a ,  12a, and 13 to the five-membered 
rings of 14-16. A similar heterocyclic system RhCH,- 
P(Ph),CH,PPh, is part of the rhodium(ii1) complex [C,Me,- 
Rhl{ti2-C,P-CH,P(Ph),CH,PPh,]]I, which has been prepared 
from [C,Me,RhCH,I(CO)I] and dppm.['61 


Attempts to displace the cyclooctadiene ligand of 11 b and 
12b by H, and to obtain a (presumably catalytically active) 
dihydridorhodium(m) cation led to the neutral half-sandwich- 
type compounds 17 and 18 (Scheme 5 )  in 70- 80% yield. The 


BPh? 


H2 Rh 
llb, 12b - / \  


R2PVSbR'2 += 17 iPr iPr 17,18 
18 I iPr ~ B U  


Schemc 5 .  Neutral half-sandwich-type compounds 17 and 18 obtained firom ;it- 


tcmpt? to displace the cyclooctndiene ligand o f  11 b or I2b  with H, 


postulated dihydridorhodium(I1r) species is possibly formed and 
responsible for the hydrogenation of cyclooctadiene to give cy- 
clooctane. The red, only moderately air-sensitive solids 17 and 
18 are readily soluble in acetone, T H F  and CH,Cl,, but insolu- 
ble in ether and hexane. Related complexes of the general com- 
position [(qb-C,H,BPh,)RhL,] with L = P(OR),["] and 
L, = R,PCH,CH,PR,,['sl or R,P(CH,),PR,["I have been re- 
ported, while those with L, = R,PCH,PR,. R,AsCH,AsR,. or 
R,SbCH,SbR, are unknown. The 'H and I3C NMR data of 17 
and 18 clearly indicate that one of the phenyl rings of the BPh, 
anion is coordinated to rhodium, in analogy to the complexes 
mentioned above. Compared with those for 1 1  b and 12b, the 
signal of the 31P nuclei in the 3 'P  NMR spectra of 17 and 18 is 
shifted significantly to lower fields, whereas the lo3Rhb3 'P  cou- 
pling constant increases from ca. 125 to 166- 170 Hz. A similar 
value is found for the cyclopentadienyl compound [C,H,Rh- 
(K~-P,P-P~,PCH,PP~, ) ] ,  which is formed from [C,H,Rh- 
(PMe,)(tc-P-Ph,PCH,PPh,)] by elimination of PMe,.'Zul 


Conclusions 


The work presented in this paper has shown that phosphino- 
(stibino)methancs R,PCH,SbR; with bulky alkyl or cycloalkyl 
groups R and R' are accessible in two steps from Ph,SnCH21 via 
stannylated phosphanes Ph,SnCH,PR, as intermediates. In 
order to avoid side reactions, it is important to work at low 
temperatures and to use TMEDA as a supporting reagent both 
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for the lithiation of Ph,SnCH,I and for the transmetalation of 
Ph,SnCH,PR, with PhLi. The closest analogy to the synthetic 
route which we used is probably that reported by Kauffmann 
et al., who prepared (in 20% yield) the tetraphenyl derivative 
Ph,PCH,SbPh, from (Ph,Sb),CH,, PhLi, and Ph,PCI via 
Ph,SbCH,Li as an intermediate.[21' 


The investigations intendcd to prepare rhodium complexes of 
the new phosphino(stibino)methanes reveal that 3 -5 behave as 
monodentate (P-bonded) as well as bidentate iigands. The most 
remarkable feature is that on treatment of the cationic chelatc 
compounds [Rh(y4-C,H,,)(~c2-P,Sh-R,PCH,SbR2)] + with dia- 
zomethane an insertion of CH, into the Rh-Sb bond takes 
place, supporting thc assumption that in a M(rC2- R,P-X- 
SbR;) chelate the M-Sb linkage is more labile than the M-P 
counterpart. The cationic species 14- 16, formed by CH, inser- 
tion, are to the best of our knowledge the first transition-metal 
complexes containing a methylenestiborane (Sb ylide) as lig- 
and.[22' In this context it is worth mentioning that the reaction 
of [Cr(CO),{ K-C-CH,S(O)M~,}] with Ph,PCH,SbPh, leads ex- 
clusively to thc formation of [Cr(CO),(icZ-C,Sh-CH,PPh,- 
CH,SbPh,)] but not to that of the C,P-bonded Final- 
ly, we note that although a huge number of metal compounds 
with methylenephosphoranes (P ylides) are known,[221 therc is 
only one (a dinuclear platinum complex) which has been pre- 
pared by insertion of CH, into a M-PR, bond.[241 


Experimental Section 


Ail experiments were carried out under an atmosphere of argon by Schlenk 
techniques. The stating inaterials Ph,SnCH,I,1251 R,PCl,r2h1 R,SbX,i27' and 
[ (C,H 2RhClj,]r281 were prepared as described in the literature. TMEDA 
(tetramethylethylcnediamine) was a commercial product from Fluka. It was 
dried over CaH, and distilled before usc. NMR spectra were recorded at 
room temperature on Bruker AC200 and Bruker AMX400 instruments. 
Abbreviations used: s, singlet; d, doublet; q, quartet; sept, septet; m, multi- 
plet: br. broadened signal. Melting points were measured by DTA. For the 
assignment of H,, and H, see procedure for the preparation of compound 6 .  


Ph,SnCH,PCy, ( I ) :  A solution of Ph,SnCH,I (4.03 g. 8.21 mmol) in 70 mL 
of toluene was treated dropwise at - 55 "C (over ca. 10 min) with a 2.72 M 


solution of BuLi (3.00 mL, 8.20 mmol) in hexane. The solution was stirred for 
20 min and then TMEDA (2.46 mL, 16.42 mmol) was added. After the reac- 
tion mixture had been cooled to - 9 0 ° C  it was treated with Cy,PCI 
(1.79 mL, 8.04mmol), then warmed to -80-C and stirred for 30 min. 
Thc solution was slowly brought to  room temperature and treated with 
20 mL of water. The organic phase was separated, washed twicc with 10 niL 
portions of water, cartfiilly dried with Na,SO, and then filtered. The filtrate 
was brought to dryness in vacuo, the oily residue was dissolved in 10 mL 
of pentane. and the solution was chromatographed on A1,0, (basic, act- 
ivity grade 111, column height 5 cm). A colorlcss fraction was eluted with 
pentane, and conccntrated to ca. 5 mL in vacuo. Upon storing of the 
solution at - 35°C for 18 h, white crystals precipitated, which were separated 
from the mother liquor. washed twice with 5 mL portions of pentane 
( -  40 C )  and dried; yield 3.80 g ( 8 5 % ) ;  imp. 87 C;  ' H N M R  (200 MFIL 
C,D,): 6 =7.68 (in. 6H, orfko-H of C,H,). 7.15 (m, 9 H ,  nwtn-H and purfi- 
H ofC,H,) ,  1.71-1.30, 1.13 (bolh hrm, 22If. PCH and CH2 of C,H,,), 
3.39 [d. .I(P,H) = 0.8 Hz, 2H. PCH,Sn]: I3C NMR (50 3 MHz, C,D,): 


J("y'"7Sn,C) = 35.8 €17, ortho-C of C,H,]. 129.2 [s, ./(11y'117Sn,C) = 
11.3 HL, mrJtrt-C of C,H,]. 128.8 (s, purrK of C,H,), 36.2 [d, 
J(P,C) =36.9 Hz, PCH], 30.3 [d, J(P,C) =12.7 Hz, PCHCH,], 29.9 [d, 
J(P,C) =11.6 Hz, PCHCH,], 27.7, 27.5 [both d, J(P,C) = 9.5 Hz, CH, of 
C,H, '1. 26.7 (s, CH, of C,H,,), 2.0 [d, .I(P.C) = 41.8 Hz, SnCH,P]; ,'P 
NMR (81.0 MHz, CDCI,): 6 = - 6.7 [s, .I('19Sn,P) = 94.5, J('I7Sn,P) = 
90.1 HL]: C,,H,,PSn (561.3): calcd C 66.33. H 7.00; found C 66.28, H 7.01. 


(5 = 139.7 [d, J(P,C) = 2.0 Hz, ip.s~-C Of C,,H,]. 137.6 Id, .I(P.C) =1.4, 


Ph,SnCH,PiPr, (2): This was prepared as described for 1. from Ph,SnCH,I 
(5.04 g. 10.27 mmol), 3.84 inL of a 2 . 6 7 ~  solution of BuLi (10.27 mmol) 
in hexanc. TMEDA (3.01 mL, 20.53 mmol) and iPr,PCI (1.63 mL, 
10.25 mmol). Colorless liquid ( p  =1.35); yield 4.39 g (89%); ' H N M R  
(200 MHz, CDCI,): 6 =7.90-7.51 (m, 15H, C,H,), 1.90 [dsept, J(P,H) = 
2.0, J(H.H) =7.0 Hr, 2H,  PCHCH,]. 1.66 [brs, J("""Sn,H) =34.6 Hz. 
2H. PCH,Sn], 1.25 [dd, J(P,H) =12.5, .I(H,H) =7.0 Hz, 12H. PCHCH,]; 
I3C NMR (50.3 MHz, C,D,): h ~ 1 3 8 . 9  [d, J(P,C) =1.9 Hz, ips()-C of 
C,H,I, 136.9 [s, J("""'Sn,C) = 32.4 Hz, ortho-C ofC,H,], 128.7 (s,paru-C 
of C,H5), 128.3 (s, n?l,ru-C of C,H,). 25.4 [d, J(P.C) =14.8 Hz, PCHCH,]. 
19.3 and 19.1 [both d, J(P,C) = 13.0Hz, PCHCH,], 1.5 [d, .I(P,C) = 
41.2Hz, SnCH,P]: ."P NMR (81.0 MHz, CDCI,): 6 = - 0.02 [s. 
J(""~'"Sn,P) = 110.0 Ilz]; C,,H,,PSn (481.2): calcd C 62.40, H 6.49; found 
C 62.40. H 6.33. 


iPr,PCH,SbiPr, (3): A solution of 2 (3.32 g, 6.90 mmol) in 60 mL of ether 
was treated with a 1 . 7 2 ~  solution of PhLi (4.00 mL, 6.88 mmol) in cyclo- 
hexanelether (1 : l )  and stirred for 6 h at room temperature. A white solid 
precipitated during the reaction. The reaction mixture was cooled to - 70 ' C, 
and then TMEDA (1.05mL, 6.90mmol) and subsequently a solution of 
iPr,SbBr (1.97 g, 6.84 mmol) in 4 mL of hexane were added. After the solu- 
tion had been stirred at -70°C for 30 min, it was slowly warmed to room 
temperature. The solvent was removed, the residue was extracted with 40 mL 
of hexxane, and the extract was brought to dryness in vacuo. The remaining 
oily product was suspended in 3 mL of pentane, and the suspension was 
chromatographed on AI,O, (basic, activity grade I, column height 8 em). A 
colorless fraction was eluted with pentane; upon removal of the solvent a 
colorless liquid was obtained from this ( p  = 1.16); yield 1.87 g (81 YO): 
' H N M R  (400MHz, CDCI,): 0 =1.83 [scpt. J(I1,H) =7.2  Hz, 2H. 
SbCHCH,], 1.71 [dsept, J(P,H) = 2.0. J(H,H) =7.2  Hz, 2H,  PCHCH,], 
1.30. 2.28 [both d, .I(H,H) =7.2  Hz, 6 H  each, SbCHCH,], 1.24 (s. 2H. 
PCH,Sb), 1.08 [dd, J(P,H) =12.8, J(H,H) =7.2 Ha, 6H, PCHCH,], 1.08 
[dd, J(P,H) =12.0, J(H,H) =7.2 Hz, 6H, PCHCH,]; 13C NMR (50.3 MHz. 
CDCI,): 8 = 25.0 [d, J(P,C) = 14.3 Hz, PCHCH,], 22.0, 21.6 (both s, 
SbCHCH,), 19.8 [d. J(P,C) =14.8 Hz, PCHCH,], 19.1 [d. J(P,C) =10.2 Hz. 
PCHCH,]. 18.2 [d, .I(P,C) = 5.6 Hz, SbCHCH,], 2.5 [d, J(P,C) = 36.5 Hz, 
PCH,Sb]; 3'P NMR (81.0MHz, CDCI,): 6 =1.5 (s); C,,H,oPSb (339.1): 
calcd C 46.05, H 8.92; found C 46.48, H 9.15. 


iPr,PCH,ShtBu, (4): This was prepared as described for 3, from 2 (6.78 g. 
14.08 mmol). a solution of PhLi ( 1 . 6 8 ~ ,  8.30 mL, 14.00 mmol) in cyclo- 
hexanelether (1 : I ) ,  TMEDA (2.13 mL, 14.10 mmol) and tBu,SbCI (3.77 g. 
13.90mmol). Colorless liquid ( p  =1.16); yield 4.70 g (85%); 'HNMR 
(400 MHz, CDCI,): 6 =1.66 [dsept, .I(P,H) = 2.0, J(H,H) =7.2 Hr, 2H. 
PCHCH,], 1.22 (brs. ZH, PCH,Sb), 1.17 (s, 18H. SbCCH,), 1.03 [dd, 
.I(P.H) =11.6, . I ( f i ,H)=7.2H~,  6H.  PCHCH,], 1.02 [dd, .I(P,H) =13.2. 
J(H.H) =7.2 Hz, 6H,  PCHCH,]; I3C NMR (50.3 MHz, CDCI,): 6 = 31.0 
[d. .I(P,C) = 0.9 Hz, SbCCH,], 28.0 [d, J(P,C) = 4.6 Hz, SbCCH,], 25.1 [d, 
J(P.C) = 1 4 . 9 H ~ ,  PCHCH,], 19.8 [d, .I(P,C) =13.7 Hz, PCHCH,], 19.2 [d, 
.I(P.C) =10.7 Hz, PCHCH,], 4.7 [d. J(P,C) = 37.5 Hz, PCH,Sb]; 31P NMR 
(81.0 MHz, CDCI,): 6 = 1.55 (s); C,,H,,PSb (367.2): calcd C 49.06. H 9.33: 
found C 49.09, H 9.64. 


Cy,PCH,SbtBu, (5): This was prepared as dcscrihed for 3, from 1 (1.77 g. 
3.15 mmol), PhLi ( 1 . 6 7 ~ .  1.86niL, 3.11 mmol) in cyc1ohexane:ether (1 : l) .  
TMEDA (470 pL, 3.1 1 mmol) and rBu,SbCl (0.82 g, 3.00 mmol). Recrystal- 
liration from ethanol/hexanc (4: 1) at -25 "C gave colorless crystals; yield 
0.98g (73%); m.p. 37°C; ' H N M R  (200 MHz, C,D,): 6 =1.76-1.55 (hrm. 
10 H,  CH and CH, of C6Hl '), 1.28 (hrm, 14 H, CH, of  C,H, and PCH,Sh), 
1.24 (s, 18H. SbCCH,); I3C NMR (50.3 MHz, CDCI,). 6 = 35.5 [d. 
.I(P.C) =14.8IIz. PCH], 31.2 (brs, SbCC'H,<), 30.2 [d, J(P,C) =12.9Hz. 
PCHCH,], 29.5 [d, J(P.C) = 9.2 Hz, PCHCH,]. 28.4 [d. J(P,C) = 4.6 Hz, 
Sbc'CH,], 27.5 [d, .I(P.C) = 3.7 Hz, CH, of C,H, ,], 27.3, 26.6 (both s, CH, - .  
o f L , H , , ) ,  4.5 [d, .I(P,C) = 36.5 Hz, PCH2Sh]; 
CIA): h = -- 5.8 (s): C,,H,,PSb (447.3): calcd 
55.49, H 9.57. 


IRhC1(~4-C,H,,)(~-P-iPr,PCH,SbiPrz)~ (6 ) :  A 
Cl),] (94 mg, 0.19 nnnol) in 3 mL ofhexane was 
treated with a solution o f  3 (130mg, 
0.38 mmol) in 3 mL of hexane and stirred for 
10 min at room temperature. The solvent was 
removed, the oily residue was dissolved in 


"P NMR (81 0 MHz. CD: 
C 56 39. H 9 46. found C 


suspension of [{C,H,,Rh- 
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1.5 mL of acetone. and the solution was stored at - 78°C. Small yellow 
crystals precipitated, which were separated from the mother liquor, washed 
with 1 mL of acetone (- 40°C) and dried; yield 195 mg (88%); 1n.p. 80°C 
(decomp.); ' H N M R  (400 MHz, C,D,): 6 = 5.54 (brs, 2H,  HA), 3.65 (brs. 
2H, HH). 2.38 (m, 2H,  PCI-ICH,), 2.19 (brm,4H, CH, ofC,H,,), 1.83 (m, 
2H. SbCHCH,), 1.75 (m, 4 H ,  CH, of C,H,,), 1.38 [brd, J(P,H) = 6.8 Hz, 
2H,  PCH,Sb], 1.31 [dd, J(P,H) =14.6, J(H,H) =7.0Hz, 6H, PCHCII,], 
1.26, 1.24 [both d, J(H,H) =7.2Hz, 6 H  each, ShCHCH,], 1.38 [dd, 
J(P,H) =13.8, J(H,H) =7.0 Hz, 6H,  PCHCH,]; I3C NMR (100.6 MHz, 
C,D,): 6 =103.1 (brm, =(?HA), 67.8 (brm. =CH,), 33.6, 28.8 (both brs, 
CH, of C,H,,), 26.3 [d, .I(P,C) = 21.3 Hr, PCHCH,], 22.3, 2.0 (both s, 
ShCHCH,), 20.0 [d, J(P,C) = 2.2 Hz, PCHCH,], 19.5 (s, PCHC'H,), 19.1 
(brs ,  SbCHCH,), -0.14 [d, J(P,C) =10.2 Hz, PCH,Sb]; NMR 
(162.0 MHz, C,D,): b = 34.7 [d, J(Rh,P) =144.2 Hz]; C,,H,,CIPRhSb 
(585.6): calcd C 43.09, H 7.23; found C 43.03, H 7.25. 


lRhC1(q4-C,H,,)(~-P-iPr,PCH,SbtSu,)l (7): This was prepared as described 
for 6, from [{C,H,,RhCI},] (148 mg, 0.30 mmol) and 4 (220 mg, 0.60 mmol). 
Yellow microcrystalline solid; yield 312 mg (86%); m.p. 55°C (decomp.); 
'HNMR(400MHz,C6D6):6 = 5.64(brs,2H,HA),3.68(brs,2H,H,),2.58 
(m? 2H, PCHCH,), 2.30 (brni, 4H, CH, of C,H,,), 1.73 (brm, 4H,  CH, of 
C,H,,), 1.44 [dd. J(P,H) =14.8, J(H,Hj =7.2 Hz, 6H,  PCHCH,], 1.39 [d, 
J(P,H) ~ 7 . 2  Hz, 2H, PCH,Sb], 1 31 [dd, J(P,H) =14.4, J(H,H) = 6.8 Hz, 
6H, PCHCH,], 1.19 (s, 18H, SbCCH,); I3C NMR (50.3 MHz, C,D,): 
6 =103.1 (hrm, =CH,), 67.7 [d, J(Rh,C) =14.1 Hz, =CH,], 33.6(brs, CH, 
ofC,H,,), 31.4 (s, SbCCH,), 29.6 [d, J(P,C) = 2.3 Hz, SbCCH,], 28.7 (brs, 
CH, of C8HI2), 27.0 [d, .I(P,C) = 21.7 Hz, PCHCH,], 20.4 (s, PCHCH,), 
19.8 [d, J(P,C) = 2.8 Hz, PCHCH,], 0.7 [d, .I(P,C) = 8.0 Hz, PCH,Sb]; 'IP 
NMR (162.0 MHr, C,D,): 6 = 36.0 [d, J(Rh,P) = 145.3 Hr]; C,,H,,- 
ClPRhSb (613.7): calcd C 45.01, H 7.55; found C 44.68, H 7.76. 


[RhC1(q4-C,H,,)(~-P-Cy2PCH,SbtBuz)~ (8): This was prepared as described 
for 6, from [{C,H,,RhCI},] (49 mg, 0.10 mmol) and 5 (90 nig, 0.20 mmol). 
Yellow microcrystalline solid; yield 113 mg (81 %); m.p. 64 'C (decomp.); 
' H N M R  (200 MHz, C,D,): 6 = 5.61 (brs, 2H,  HA), 3.68 (hrs, 2H,  H"), 
2.54-1.52 (brm, 18H, C6€I,, and CH, of C8HI2) ,  1.39 [d, .I(P,H) =7.0 Hz, 
2H,  PCH,Sb], 1.21 (s, 18H, SbCCH,), 1.35-1.01 (brm, 12H, CH, of 
C,H,,); I3C NMR (50.3 MHz, C,D,): 6 = I 0 2 3  (briii. =CH,), 67.8 [d, 
J(Rh,C)=14.1 Hz,=CH,],37.2[d,J(P,C)=21.7Hz,PCHCH2],33.6(brm, 
CH, ofC,H,,), 31.5 (s, SbCCH,). 30.0 (s, SbCCH,), 30.9, 29.7,28.8 (all hrs, 
CH, of C,H,, and CH, of C,H,,), 27.6 [d, J(P,C) =11.8 Hz, PCHCH,], 
27.2 [d, J(P,C) = 9.9 Hz, PCHCH,], 26.6 (s, CH, of C6Hl l ) ,  0.5 [brd, 
J(P,C) = 8.4 HL, PCH,Sb]; "P NMR (81.0 MHz, C,D,): 6 = 29.4 [d. 
J(Rh,P) = 143.9 Hz]; C,,H,,CIPRhSb (693.8): calcd C 50.20, H 7.85; found 
C 49.85, H 7.17. 


[RhCH,(q4-C,H, , ) (~-P-~~r,PCH,SbrBu,)~ (9): A solution of 7 (107 mg, 
0.17mmol) in 6mL of etherjpentane (1:l) was treated at -25°C with a 
2 . 5 2 ~  solution of CH,MgI (76 pL, 0.19 mmol) in ether. After the reaction 
mixture had been stirred for 15 inin, i t  was warmed to room temperature. The 
solvent was removed, thc residue was extracted with 15 mL of pentane, and 
the extract dried in vacuo. The residue was dissolved in 2 mL of acetone. and 
the solution was stored at  -78'C. After 18 h an orange-yellow solid was 
obtained, which was separated from the mother liquor, washed twice with 
0.5 mL portions of acetone ( -  40°C) and dried; yield 76 mg (75%); m.p. 
46-C (decomp.); 'HNMR (200 MHz, C,D,): 6 = 4.84 (m. 2H. HA) ,  4.22 
(hrs, 2H, H,), 2.24 (brm, 6H, PCHCH, and CH, of C,H,,), 2.02 (m, 4H,  
CH, of CHHIZ) ,  1.54 [dd, ./(Rh,H) = 0.9, J(P,H) = 6.7 Hz, 2H, PCH,Sh], 
1.27 [dd, J(P.H)=13.7, J(H,H)=7,0Hz, 6H,  PCHCH,], 1.22 [dd, 
J(P,H) ~ 1 3 . 7 ,  J(H,H) =7.2 Hz, 6H. PCHCH,], 1.22 (s, 18H, SbCCH,), 
0.31 [dd, J(Rh.H) =3.6.  J(P,H) = 4.8 Hz, 3H. Rh CH,]; I3C NMR 
(50.3 MHz, C,D,): 6 = 92.1 [dd, J(Rh,C) =12.0, J(P,C) = 9.2 Hz, =CHA], 
78.2 [d, J(Rh,C) =7.6Hz, =CH,], 32.2 [d, J(Rh,C) = 2.1 Hz, CH, of 


2.6 Hz, SbCCH,], 26.9 [dd,J(Rh,C) =1.6,J(P,C) =18.0 Hz, PCHCH,], 20.6 
[d, J(P,C) = 2.1 Hz, PCHC'H,]. 19.7 [d, J(P,C) = 3.5 HL, PCHCH,], 4.8 [dd, 
J(Rh,C) = 25.1, J(P,C) ~ 1 1 . 7  Hz, Rh-CH,], 3.7 [d, J(P,C) = 3.0 Hz, 
PCH,Sb]; NMR (81.0 MHz, C,D,): 6 = 34.5 [d, .I(Rh,P) =170.8 HL]; 


C,H,,], 31.6 (s, SbCCH,), 31.0 (brs, CH, of C,H,,), 29.2 [d, J(P,C) = 


C,,H,,PRhSb (593.3): calcd C 48.59, H 8.33; found C 48.28, H 8.49. 


[RhCH,(q4-C,H,,)(~-P-Cy,PCH,SbfBu,)l (LO): This was prepared as de- 
scribed for 9, from 8 (80 mg, 0.12 mmol) and a solution of CH,MgI ( 2 . 5 2 ~ ,  


50 pL, 0.13 mmol) in cther. Orange-yellow microcrystalline solid; yield 64 m g  
(82%);  m.p. 58-C (decomp.); 'HNMR (200 MHz. C,D,): 0 = 4.88 (brm, 
2H,  HA), 4.25 (hrs, 2H, H8), 2.35-2.07 (brm, IXH, C,HI, and CH, of 
C,H,,), 1.85-1.55 (brm, 6H,  PCH,Sb and CH, of C,H,,). 1.25 (s. 1XH. 
SbCCH,), 1.25 (brm. 12H, CH, of C,H, , ) ,  0.40 [dd, J(Rh,H) ~ 1 . 7 .  
J(P,H) = 4.7 Hz, 3H, Rh-CHJ;  "C NMR (50.3 MHL, C,D,): 6 = 91.9 
[dd, J(Rh,C) ~ 1 2 . 1 ,  J(P,C) = 9.4 Hz, =CH,], 78.2 [d, J(Rh,C) =7.6 Hz, 
=CH,]. 37.3 [brd, J(P,C) =16.6Hr. PCIICH,]. 32.3 [d, J(Rh.C) = 1.Y HL. 
CH, of C8HI2]. 31.7 (s, SbCCH,), 31.0, 30.0 (both ni, CH, ofC,H, ,  and 
CH, of C,H,,). 29.4 [d, J(P,C) = 2.3 Hz, SbCTH,], 27.8 [d. J(P.C) = 


11.1 Hz, PCH(-H,], 27.4 [d, J(P,C) =10.6Hr,  PCHCH,]. 26.8 (s, CH, of 
C,H,,). 4.6 [dd, J(Rh,C) = 25.9, J(P,C) = 11.4 Hz, Rh- CH,3]. 3.3 [d, 
J(P,C) = 3.7 Hz. PCH,Sb]; NMK (81.0 MHz, C,D,): s = 27.3 [d, 
J(Rh,P) =168.6 Hz]; C,,H,,PRhSb(673.4): calcd. C 53.51. H 8.53; found C 
53.44, H 8.78. 


[Rh(q4-C,H,,)(~*-P,S6-iPr,PCH,SbiPr2)~PF, (1 1 a): A solution of [ (CBHI2-  
RhCl),] (54 mg, 0.11 mmol) in 4 mL of CH,CI, was treated with a solution 
of 3 (76 my, 0.22 mmol) in 3 mL ofCH,CI, and stirred for 10 niin at room 
tempcraturc. A gradual change of color from yellow to orange-yellow oc- 
curred. A solution of AgPF, (55 mg, 0.22 mmol) in 4 mL ofCH,CI, was then 
added dropwise, and the reaction mixture was stirrcd for 2 h under exclusion 
of light. An almost colorless solid (AgCI) precipitated. The solution was 
filtered and thc filtrate was brought to dryness in vacuo. The oily residue was 
dissolved in  I .5 mL of methanol (50 ' C ) ,  and the solution w:is stored for 12 h 
at -25 "C. Red needle-like crystals were obtained, which were washed twice 
with 5 mL portions of pentane and dried; yield 90 mg (60%); m.p. 107'C 
(decoinp.); ' H N M R  (200 MHz, CD,CI,): 6 = 5.63 (brs, 2H,  HA). 5.08 (brs, 
2H, H,), 2.70 [dd, J(Rh,H) = 0.9, J(P,H) =10.0 Hz, 2H. PCH,Sb]. 2.65 (m, 
2 H ,  SbCHCH,), 2.32 (brm, XH, CH, of C,H,,), 2.11 (in, 2H. PCIICH,), 
1.49 [d, J(H,H) =7.4 Hz, 6H,  SbCHCH,]. 1.48 [d, .I(H.H) =7.2 Hz. 6H. 
SbCHCH,], 1.32 [dd, J(P,H) =16.8, J(H,H) =7.2 HL, 6H.  PCHCH,], 1.27 
[dd, J(P,H) = 15.3, J(H,H) =7.0 Hz, 6 H ,  PCIICH,]: "C NMR (50.3 MHz, 
CD,Cl,): 6 = 99.1 [dd, J(Rh,C) = 9.2, J(P,H) = 6.5 Hz, =CH,], 88.0 [d, 
J(Rh,C) = 9.9 Hz, =CH,], 31.0, 30.2 (both brs. Cll, of C,H,,), 27.3 [d, 
J(P,C) =17.1 Hz, PC:HCH,], 22.6 (brs,  SbCHCH,). 22.5. 22.0 (both s, 
SbCHCH,), 19.0 [d, J(P.C) = 2.0 Hz, PCHCH,), 17.6 (s, PCHC€I,), 13.1 [d, 
.I(P,C) ~ 1 4 . 1  Hz, PCH,Sh]: 31P NMR (81.0MHz, CD,Cl,): 6 =11.2 [d, 
.I(Rh,P) =125.0 Hz, iPr,P], -344.0 [sept, J(F,P) =710.6 Hz, PP<;]: C,,H,,- 
F,P,RhSb (695.2): calcd C 36.28, H 6.09, Rh 14.80; found C 36.26, H S.96. 
Rh 15.05. 


[Rh(q4-C8H, ,)(K~-P,S~-Z~~,PCH,S~~P~,)JBP~, (11 b): a) A solution of 6 
(56 mg, 0.10 mmol) in 3 mL of methanol was treated with a solution of 
NaBPh, (65 mg, 0.20 mmol) in 4 mL of methanol and stirred for 15 min at 
room temperature. An orange-yellow solid precipitated, which wab separated 
from the mother liquor, washed with 3 mL of water, 4 mL of methanol. then 
twice with 5 mL portions of pentane, and dried; yield 37 mg (450'0). b) A 
solution of I l a  (86 mg, 0.10 mmol) in 8 mL of methanol was treated with 
a solution ofNaBPh, (67 mg, 0.20 mmol) in 5 mL of methanol and stirred for 
15 niin at room temperature. An orange-yellow precipitate was formed, 
which was separated from the mother liquor, washed with 2 mL of methanol. 
then twice with 5 mL portions of pentme, and dried; yield 64 nig (81 Yo);  m.p. 
96°C (decomp.); ' H N M R  (200 MHz, CD,CI,): 6 =7.36-6.89 (m, 20H, 
C,H,), 5.63 (brs, 2H, HA) ,  5.10 (brs, ZH, HJ, 2.66 [d, J (P .1~)  =10.1 Hz. 
2H, PCH,Sbl, 2.58 (m, 2H, SbCHCH,), 2.29 (brm, 8H,  CH, o f  C,I l12) ,  
2.11 (in. 2H, PCIfCH,), 1.50 [d, J(H,H) =7.2 Hz, 6H, SbCHCH,], 1.48 [d. 
J(H,H) =7.3 Hz, hH,SbCHCH,], 1.33 [dd,J(P.H) =16.8. .I(H,H) =7.1 H a ,  
6H,  PCHCH,], 1.27 [dd, J(P,H) =15.3, J(H,H) = 6.9 Hz, 6H,  PCHCH,]; 
I3C NMR (50.3 MHz. CD,Cl,): 6 =164.3 [q, J(B,C) = 40.3 HL, ipso-C of 
C,H,]. 136.1 (s, nietu-C of C,H,), 125.8 (hrs, ortho-C of C,H,), 121.9 (s. 


[d, J(Rh,C) = 9.7 Hz, =CH,], 31.0. 30.2 (both brs, CH, ofC,II,,), 27.3 [d, 
J(P,C) = 17.3 Hz, PCHCH,], 22.6 (brs,  SbCHCH, and SbCHCH,), 22.2 (s. 
ShCHCH,), 19.0 [d, J(P.C) = 3.0Hz, PCHCH,), 17.6 (s, PCHCH,). 13.2 
[d, .I(P,C) =13.9 Hz, PCH,Sh]; "P NMR (81.0 MHz, CD,Cl,): ii = 11.4 
[d, .I(Rh.P) =125.0Hz]; C,,H,,BPRhSb (869.4): calcd C 62.17, H 7.19; 
found C 61.80. H 6.95. 


~ u ~ u - C  of C,Hs), 99.05 [dd, J(Rh,C) = 9.4, J(P,H) = 6.4 Hz, =CHA], 88.3 


[Rh(q4-C,H,,)(~Z-P,Sb-iPr,PCH,SbtBu,)lPF6 (12 a): a)  A solution of 
[{C,H,,RhCI),] (70 mg. 0.14 mmol) in 5 mL of CH,CI, was treated with a 
solution of 4 (105 mg, 0.28 mmol) in 3 mL of CH,CI, and stirred for 10 min 
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at room temperature. A gradual changc of color from yellow to orange-yel- 
low occurred. To this solution, a solution of KPF, (53 nig, 0.28 mmol) i n  
4 n i l  of methanol was added. After thc reaction mixture had been stirred for 
2 h. the solvent was removed. the residue was cxtracted with 10 mL of 
CH,C;I,. and the extract was brought to dryness in vacuo. Rccrystallization 
of the crude product from mcthanol (60 -C to ~- 25 ' C) gave red needle-like 
crystals. which were filtered, washed twice with 5 niL portions of peiitane and 
dried: yield 170nig (82%).  b) A solution of [{C,H,,RhCI),] (141 mg, 
0.29 mmol) in 7 mL of CH,Cl, was treated with a solution of 4 (210 nig, 
0.58 mmol) in 5 niL of CH,CI, and stirred for 20 min at room temperature. 
A solution of AgPF, (144 nig. 0.57 mmoi) in 4 niL ofCH,CI, was then added 
dropwisc. and the resulting reaction mixture was stirrcd for 1.5 h under 
excltision of light. An almost colorless solid (AgCI) was precipitated. which 
was filtered off, and the filtrate was dried in vacuo. Recrystallization of the 
residue from methanol as described for a) gave red crystals: yield 326 ing 
(80Oh): m p .  120 'C (decoinp.); ' H  NMR (200 MHz. CD,CI,): 6 = 5.63 (brs, 
2H.H4),5.11 (brs.2H.HB),2.80[dd.J(Rh,H)=0.8../(P,H) =10.0Hz,2H.  
PCH,Sb]. 2.32 (brm. 8H.  CH, ofC,H,,). 2.19 (m, ZH, PCHCH,), 1.52 (s, 
IXH, SbCCH,), 1.35 [dd, J(P,H) =16.5. .I(H,H) =7.2 Hz. 611, PCHCH,], 
1.30 [dd. J(P,H) =15.3,  J(H,H) = 6.9 Hz, 6H. PCHCH,]; 13C NMK 
(50.3 MHz. CD,CI,): 6 - 98.4 [dd, J(Rh,C) = 9.4, J(P,H) = 6.4 Hz, =CH,]. 
87.9 [d. J(Rh,C) = 9.7 Hz, =CHI,], 38.8 Lbrd, .J(Rh.C) = 1.4 Hz, SbCCH,], 
31.9 (s. SbCC'H,). 30.9 [d. J(Rh,C) = 2.1 Ilz, CH, of C,H,,]. 30.3 (s, CH, 
of C,H,,), 27.8 [d, J(P,C) =16.6 HL, PCHCH,], 19.5 [d, J(P,C) = 2.1 Hz. 
PCHCH,], 18.2 (s, PCHCH,). 16.3 [d, J(P,C) =12.5 HL, PCH,Sb]: 
NMR (81.0 MHr. CD,CI,): 6 = 8.7 [d, J(Rh,P) = 126.4Hz, iPr,P], - 144.0 
[sept. .I(F.P) =710.6 Hz, PFJ;  C,,H,,F,P,KhSb (723.2): calcd C 38.20. H 
6.41. Rh 14.23; found C 37.97, H 6.36. Rh 14.31 


[Rh(q4-C,H, , ) ( K ~ - P , S ~ - ~ P ~ , P C H , S ~ ~ B ~ , ) ] B P ~ ,  (12b): A suspension or 
[/C,H,,RhCI) ,] (82 mg. 0.17 mmol) in 5 mL of methanol was treatcd with a 
s~~ lu t ion  of4 (123 mg, 0.34 mmol) in 3 mL ofmethanol. The reaction mixlurc 
was stirred at room temperature until a clear orange-red solution was formed. 
To this solution a solution of NaBPh, (220 mg, 0.68 mmol) in 4 mL of 
methanol was added. After the resulting reaction mixture had been stirred for 
30 niin. an orange-yellow solid prccipitated. It was separated from the mother 
liquor. washed with 5 mL of water. 5 mL ofmcthanol, then twice with 7 mL 
portions of pentane, and dried; yield 203 mg (68%); n1.p. 117 C (decomp.); 
' H N M R  (200 MHz. CD,CI,): 6 =7.40-6.89 (m. 20H. C,H,). 5.64 (brs, 
2 H .  H J .  5.11 (brs. 2H.  HJ,  2.76 [d, J(P,H) = 9.9 Hz, 2H.  PCH,Sb], 2.29 
(brm.  XH, CH, orC,H,,), 2.17 (m, 2H,  PCHCH,). 1.54 (s, 18H. ShCCH,), 
1.36 [dd. J(P,H) =16.4, ./(H.H) =7.3 HZ. 6H.  PCHCH,], 1.31 [dd, 
J(P.H) =15.3. J(H.H) =7.0 Hz. 6H,  PCHCH,]; 13C NMR (50.3 MHz, 
CD,CI,): 6 =164.3 [q, J(B.C) = 49.2 Hz, ipso-C of C,H,], 136.1 (s, metcr-C 
of C,,H,). 125.8 [q. J(B.C) - 2.8 Hz. orfho-C of C,H,], 121.9 (s. pun-C  of 
C,,H,). 98.5 (brm, =CH,). 88.0 [d. J(Rh,C) = 8.4 Hz. =CH,], 38.9 (s. 
SbCCH,).31.9(s.SbCC'H,).30.9 [d,J(Rh,C) =1.4Hz,CH,ofC,Hi,].30.3 
(s. CH, of C8H,,), 27.8 [d, J(P,C) =17.1 HL, PC'HCH,], 19.6 [d, 
./(P,C) = 2.1 Hz. PCHCH,], 18.3 (s. PCHCH,), 16.1 [d, ./(P,C) =13.411z. 
PCH,Sb]; , 'P NMR (81.0 MHL. CD,CI,). 6 = 8.X [d, J(Rh,P) =126.4 Hi'); 
C+,H,,BPRhSb (897.5): calcd C 62.90. H 7.41; found C 63.1 I ,  H 7.67. 


[Rh(q4-C,H,,)(~2-P,Sh-Cy,PCH,SbtBu,)lPF, (13): A solution of8 (626 mg, 
0.90 minol) in 5 mL ofCH,CI, was treated with a solution ofAgPF, (223 mg, 
0.89 mmol) in 4 mL ofCH,CI, and stirred for 3 h at room temperature under 
exclubion of light. A change of color from yellow to red occurred and an 
almost colorless solid (AgCI) precipitated. The solution was filtered and the 
filtrate was brought to dryness in vacuo. Recrystallization of the oily residuc 
from methanol as described for 12a gave dark red crystals; yield 542 mz 
(75Yn):m.p. 138"C(decomp.); ' H N M R  (200 MH7.CD2CI,): 6 = 5.58(brs, 
2H. I l k ) ,  5.09 (hrs. 2H,  HR). 2.83 [d, ./(P,H) ~ 1 0 . 0  H;!. 211. PCH,Sbl, 
2.35-2.19 (brm.  30H, C,H,, and CH, of C X H L L ) ,  1.51 (s. 18H. SbCCII,): 
'.'C NMR (50.3 MHz, CD,CI,): 6 = 97.8 (dd. .I(Rh.C) 9.3, J(P.H) = 


6.5 Hz. =CH,]. 87.8 [d, J(Rh,C) = 9.7 Hz, =CH,], 38.7 [brd, J(Rh,C) = 


1.6 HL. SbCCH,]. 37.5 [d. J(P.C) = 1 6 . 0 H ~ ,  PCHCH,]. 11.8 (s, SbCCH,), 
30.8. 30.2 (both s. CH, ofC,H, , ) ,  29.5. 28.7 (both s, CH, o f C , H , , ) ,  27.1 
[d. .I(P.C) =12.0Hz, PCHC'H,]. 26.7 [d, J(P.C) =10.6 Hz. PCHCH,], 26.0 
(s. CH, of C,H, , ) ,  16.8 [d, J(P,C) =13.4 Hz. PCH,Sb]: "P NMR 
( X I  .0 MHz. CD,CI,): 6 = - 1.0 [d, ./(Rh,P) = 124.3 Hz, Cy,P], - 144.0 [sept, 
. I ( t P )  =711.4 Hz, PF,]; C,,H,,F,P,RhSh (803.4): calcd C 43.36. H 6.77; 
found C 43.45. H 6.51. 


[Rh(q4-C,H,,){ti2-C,P-CH,Sb(iF'r),CH,PiPr,}~PF, (14): A solution of 11 a 
(76 mg. 0.1 1 mmol) in 6 mL of T H F  was treated at -30'-C with a solution of 
CH,N, (ca. 0.25 M, 1.20 mL, ca. 0.30 mmol) in ether, which led immediatcly 
to ekolution of N, .  Under slightly reduced pressure, the solution was slowly 
warmed to room temperature and stirred for 45 min. The resulting yellow- 
brown solution was concentrated to 3 niL in vacuo, and then 1 mL of hexane 
was added. The reaction mixture was stirred at 40 'C until a clear solution was 
obtained. This solution was layercd with 20 mL of hexane and after standing 
for 18 h at room temperature. yellow needle-like crystals precipitated. They 
were filtered, washed twice with 5 mL portions of pentane and dried: yield 
57mg(74%):m.p. 74 C(decomp.); 'HNMR(200MHz,CD,CI2):b = 4.99 
(brs, 2H. HA). 4.28 (brs ,2H,  HIJ,2.86(m,2H, SbCHCH,), 2.24(brm. 8 H ,  
CH, ofC,H,,), 2.13-1.99 (m. 4H,  PCH,Sb andPCHCH,), 1.59. 1.53 [both 
d ,  J (H,H) -7.3 HZ, 12H. SbCHCH,]. 1.25 [dd, J(P.H) =16.1. J(H.H) = 
7.0 Hz. 6H.  PCHCII,]. 1.21 [dd. J(P,H) -14.1, J(H,H) = 6.9 Hz. 6H. 
PCHCH,], 1.05 (hi-m, 2H.  RhCH,): 13C NMR (50.3 MHz, CD,Cl,): 
15 = 98.0 [dd. J(Rh,C) =11.1. J(P.H) =7.7Hz,  =CH,]. 82.9 [d, J(Rh.C) = 


8.6 1-17. =CH,], 31.8 [d. J(Rh,C) =1.9 Hz, CH, ofC,H,,], 30.0 (s, CH, of 
C,H,,), 27.1 [d, .I(P,C) =17.8 Hz. PCHCH,]. 26.1 [d. J(P.C) = 4.5 Hz. 
SbC'HCHJ. 20.9, 20.5 (both S ,  SbCHCH,). 19.4 [d. J(P.C) = 3.8 HI. 
PCHCH,], 17.9 (s, PCHCH,). 6.6 (brm, PCH,Sb), 2.9 [dd. J(Rh.C) = 30.7, 
.J(P,C) = 7.2 Hz. RhCH,]; "P NMR (81.0 MHz, CD,Cl,): 6 = 52.9 [d. 
.I(Rh,P) =162.0 Hz, iPr,P], -1440 [scpt, J(F,P) =711.4Hz. PF,]: 
Cr2H44F(,PLRhSb (709.2): calcd C 37.26. H 6.25; found C 37.16. H 5.96. 


[Rh(q4-C,H, ,){KZ-C,P-CH,Sb(tBu),CH,PiPr,}lPF, (15): This was prepared 
as described for 14, from 12a (74 mg, 0.10 mmol) and a solution of CHLNZ 
(ca. 0 . 5 M ,  600 pL, ca. 0.30 minol) in ether. J'ellow microcrystalline solid: yield 
62 mg (84%); m.p. 70-C (decomp.); ' H  NMR (200 MHz. CD,CI,): 6 = 4.95 
(br s, 2H, HA).  4.31 (br s. 2 H,  HB), 2.22 (hrm,  8 H ,  CH, of C,H, 2 ) r  2.1 3 - 2.04 
(brm. 4H, PCH,Sb and PCHCH,), 1.61 (s, 18f1, SbCCH,), 1 2 5  [dd, 
J(P,H) ~ 1 4 . 0 .  J(H,H) = 6.9Hz, 6H.  PCHCH,], 1.25 [dd, J(P.H) =16.0. 
.I(H.H) = 7 1  HL, 6H. PCHCH,]. 1.05 (brm, 2H. RhCH,); 13C NMR 
(50.3 MHz, CD,CI,): 6 = 97.2 [dd, J(Rh,C) =11.1. J(P,H) = 8.0 Hz. 
=CH,], 82.3 [d, J(Rh,C) = 8.6Hz. =CH,]. 42.9 [brd, J(P.C) - 4.1 Hz, 
SbCCH,]. 31.9 (s, CH, of C,H,,), 30.4 (s, SbCCH,), 29.9 (s, CH, of 
C81H12), 27.7 [d. .I(P,C) =17.2 Hz. PCHCH,], 19.5 [d. J(P.C) = 2.9 Hz. 
PCHCH,]. 18.4 (s, PCHCH,). 7.8 (brm. PCH,Sb), 2.6 [dd. J(Rh.C) = 31.0. 
.J(P,C) ~ 7 . 2  Hz, RhCH,]: "P NMR (81.0 MHz, CD,CI,): ii = 54.6 [d. 
J(R1i.P) =162.0 Hz. iPr,P], -144.0 [sept, J(F.P) =710.6 Hz, PF,]; 
C,,H,,F,P,RhSb (737.2): calcd 39.10, H 6.56; found C 38.74. H 6.88. 


IRh(q4-C8H,,){tiZ-C,P-CH,Sb(tBu),CH,PCy~}~PF, (16): A solution of 13 
(54 ing, 0.07 mmol) in THF (3 mL) was treated at -30'C with a solution of 
CH,N, (ca. 0 . 3 0 ~ .  100 pL, ca. 0.30 mmol) in cthcr, which led immediately to 
an cvolution of gas (N,). Under slightly reduced pressure, the solution was 
slowly warmed to room temperature and stirred for 30 min. The resulting 
yellow solution was brought to dryncss in v x u o .  The oily residue was washed 
twice with 10 mL portions ofether, then twice with 5 inL portions ofpentanc. 
and dried. Yellow solid; yield 49 mg (86%); m.p. 52  "C (decomp.); ' H N M R  
(200 MHr, CD,CI,): 6 = 4.91 (brs, 2H,  HA). 4.28 (brs. 2H.  HB)% 2.21 (brm. 
8 H ,  CH, of C8HI2) ,  2.12 [dd, J(Rh,H) =1.1, J(P.H) =7.6Hz,  2H. 
PCH2Sb]. 2.00-1.32 (m, 22H, C,H,,), 1.60 (s, 18H. SbCCH,), 1.02 (brm. 
2H.  RhCH,); I3CNMR (50.3 MHz, CD,CI,): 6 = 96.8 [dd. J(Rh,C) =11.1. 
.J(l'.C) = 8.0 Hz, =CH,]. 82.1 [d. .I(Rh.C) = 8.5 Hz. =CH,]. 42.7 [d. 
J(I',C) = 4.1 Hz. SbCCH,], 37.7 [d. J(P,C) = 16.2 Hz, PCHCH,]. 31.8 (brs. 
CH2 olC,H,,), 30.3 (s, SbCCH,), 30.0 (hrs, CH, of C,H,,). 28.9 (s. CH, 
or C,H,,), 27.3 [d, J ( P , C )  = 5.7 Hz. PCHCH,], 27.1 [d, J(P.C) = 4.1 Hz, 
PCHCH,]. 26.3 (s, CH, of C,H,,). 8.1 [d. J(P.C) = 3.2 Hz. PCH,Sb]. 2.5 
[dd, .I(Rh.C) = 30.8, J(P,C) = 6.7 Hz, RhCH,]; "P NMR (81.0 MHz. 
CI>,CI,)- A = 44.5 [d, J(Rh,P) = 160.6 Hz, Cy,P], - 143.9 [scpt. 
J(1-F) -711 4 HL. PFJ];  C,,,H,,F,P,RhSh (817.4): calcd C 44.08. H 6.91. 
Rh 12  59: found C 44.31 ; H 6.49. Rh 12.27. 


~(i~6-C,H,BPh,)Rh(K2-P,Sb-iPr,PCH,SbiPr,)~ (17): A slow stream of H, 
was passcd through a solution o f 1 1  b (100 mg, 0.1 1 mmol) in 5 m L  of CH,CIZ 
for 30 s. After the solution had been stirred under H, for 1.5 h at room 
temperature, it was concentrated to ca. 2 mL in vacuo and then layered nit11 
15 mL ol' hexane. Upon storing for 15 h at 20 C rcd crystals precipitated. 
which were separated from the mother liquor. washed twice with 5 mL por- 
tions of pcntane, and dried; yield 64mg (73%); i1i.p. 108 C (decomp.): 
' H N M R  (400 MHz. CD,CI,): 6 =7.41-6.98 (all ni. 15H. C,H,). 6.48 


1448 - I WILEY-VCH Verlng GmbH. D-69451 Wcinheim 1907 0947-6539 97 010'+1448 '$ 17 5 O f  50 0 Chcnt Eirr J 1997 3. N o  9 







Phosphino(stibino)rnethane Complexes 


[hrd, J(H,H) = 6.0 Hz, 2H,  ortho-H of $-C,H,], 6.22 (m, 1 H,  purci-H of 
$-C,H,), 6.08 (m, 2H,  me6u-H ofq('-C,H,). 2.38 2.30 (m, 41i,  PCH,Sb 
and SbCHCH,), 1.74 (m, 2H.  PCWCH,), 1.27, 1.25 [both d, J(H,H) = 


7.8Hz. 12H. SbCHCH,], 1.12 [dd, J(P,H)=15.4,  J ( H , H ) = 6 , 8 H 7 ,  6 H ,  
PCHCH,], 1.08 [dd, J(P,H) = 17.0, J(H,H) = 6.8 Hz, 6 H ,  PCHCH,]; 13C 
N M R  (100.6 MHz, CD2CI,): 6 =161.1 [q, J(B,C) = 50.3 Hz, i / ~ o - C  of 
C,H,], 135.9, 126.2, 123.1 (all s, C,H,), 103.0, 92.7, 91.8 (all s. qh-C,H,), 
28.3 [d, J(P,C) = 20.3 Hz, PCHCH,], 21.9, 21.2 (both s, SbCHCH,), 21.2 [d, 
.I(P,C) = 3.8 Hz, PCHCH,], 18.X [d, .I(P,C) = 3.5 Hz, PCHCH,], 17.9 (s, 


SbCHCH,). 16.2 [dd, .I(Rh.C) = 1.4, J(P,C) =14.9 Hz, PCH,Sb], the signal 
of the ipso-C of $'-C,H5 was not exactly located; "P N M R  (162.0 MHz, 
CD,CI,): d = 32.8 [d, J(Rh.P) = 166.2 Hz]: C,,H,"BPRhSb (761.2): calcd C 
58.38. H 6.62; found C 58.62, H 7.02. 


I( '16-C,H,BPh,)Rh(KZ-~,~~-~~rzPCHzSbtBuz)~ (18): This was prepared as 
described for 17, from 12b (192 mg, 0.21 mmol) and H,.  Red microcrystalline 
solid; yicld 132mg (78%); ' H N M R  (200 MHz,  CD,Cl,): 6 =7.44-6.96 
(brm, 15H, C,H,), 6.44 [d,J(H,H) = 6.2 H7, 2H, ortlio-H ofq6-C,H,], 5.95 
(m, 3H,  m e h H  and p~rro-H of qh-C,H,), 2.46 [brd,  J(P,H) = 9.9 Hz, 2H.  
PCH,Sb], 1.74 (ni. 2H,  PCHCH,),  1.38 (s, IXH, SbCCH,), 1.14 [dd. 
J(P,H) =15.7, J(H.H) =7.0 Hz, 6 H ,  PCHCH,], 1.08 (dd, J(P,H) =16.5, 
.I(H,H) =7.0Hz,  6 H .  PCHCH,]; "C N M R  (100.6 MHz, CD,CI,): 
6 =161.1 (brm, ipso-C of C,H,), 146.9 (brm. ip0-C of q6-C6H5), 135.9. 
126.2, 123.0 (all s, C,H,), 100.8, 95.6, 91.5 (all s, vh-C,H,), 36.2 [d, 
J(Rh,C) = 3.2 Hz, SbCCH,], 31.2 (s, SbCCH,), 29.1 [d, J(P,C) =19.9 Hz, 
PCHCH,], 20.0 [brd, J(P,C) =14.1 Hz, PCH,Sb], 19.1 [d, J(P,C) =1.7Hz,  
PCHCH,], 18.6 (5, PCHCH,); 31P NMR (81.0 MHz, CD,Cl,): 6 = 28.7 [d, 
J(Rh,P) =169.3 Hz]; C,9H,,BPRhSb (789.3): calcd C 59.35, H 6.90, Rh  
13.04; found C 58.99, H 6.95, Rh  12.97. 


X-ray structure determination of compounds 5 and 12a:[2y] Single crystals of 
5 were grown by cooling a solution in ethanol/hexane (4:l)  (from 50°C 
to -25°C) and those of 12a by cooling a solution in methanol (from 60°C 
to -25 'C). Crystal data for the two structurcs are presented in Table 1 ,  The 


TahIe 1. Crystal btructurc data for 5 and 12a 


Compound 5 12a 


formula C,iH,,PSb C,,H.w,F,P,RhSb 
M. 447.27 723.20 
7- IKI 193(2) 293 (2) 
cryst. size [mm] 0.40 x 0.35 x 0.35 0 8 8 ~ 0 . 7 5 ~ 0 . 3 0  
space group P 1  (no. 2) Ybca (no. 16) 
0 [pml 1050.6(1) 1489.2 (3) 
h [pml ll65.2(1) 1366.5 (3) 
c [pin1 1192.7( I )  2970.6 (6) 
. [ I  61.34(1) 90 
B I 'I 68.91 (1) YO 
i ' r1  66.68 (1) 90 
V [nm3] 1.1500 (2) 6.046(2) 
Z 2 8 
A [Mgm 1.292 1 5 8 9  


F(000) 468 2912 


no. meas. reflns 18 554 41 82 
no. uniquc reflns 6051 3707 
no. refltis uscd 6051 3688 


R I  [ I>  2m(/)] [a] 0.020 0.024 


gl ; g2 Icl 0.023; 0.307 0.030; 8.646 
resid. elec. p [10-hepm-3] 


P [mm- '1 1.269 1.593 


20 range [' ] 4 -  60 5-44 


refined parameters 214 338 


wR2 [all data] [b] 0.050 0.211 


+ 0.94; - 0.45 + 0.45,- 0.30 


data for 5 were collectcd at  low temperature from an oil-coated shock-cooled 
crystal'301 on a Huber-Stoe-Siemens diffractometer fitted with a Siemens 
CCD detector. The data for 12a were collectcd at  room temperature 011 a 
Enraf-Nonius C A D 4  instrument using monochromated Mo,, radiation 
(1. = 0.71073 A). Semiempirical absorption correction was applied.13'] The 


1442- 1450 


structures were solved by Patterson or direct methods with SHELXS-86.1-'21 
All structures were refined by full-matrix least-squorcs procedures on F'. 
using SHELXL-96.'33' All non-hydrogen atoms were refined aniaotropically. 
and a riding model was employed in the refinement of the hydrosen atom 
positions. 
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Theory of the dl'-dl' Closed-Shell Attraction: 1. Dimers Near Equilibrium** 


Pekka Pyykko," Nino Runeberg and Fernando Mendizabal 


Abstract: We study the dependence of the aurophilic attraction (Au'-Au') in perpendic- 
ular model systems of the type [(CIAuPH,),] on the a b  initio method, basis sct and 
different pseudopotentials used, and on relativity. The effects of varying the "halogen" 
(X = F, H, CI, Me, Br, -C=CH, I), the "phosphine" (L = PH,, PMe,, -N=CH) and 
the metal (M = Cu, Ag, ALI) on the M-M' interaction of the [(XML),] dimer are also 
studied. The depth of the interaction potential increases with the softness of the group 
X. It decreases by 27% for M = Au, X = C1 and L = PH, if relativistic effects are 
omitted at  fixed geometry. 


Keywords 
a b  initio calculations - bond theory - 
closed-shell attraction * gold - rela- 
tivistic effects 


Introduction 


From crystallography, NMR spectroscopy,"' Raman spec- 
t r o ~ c o p y [ ~ ]  and t h e ~ r y ' ~ - ~ '  there is evidence for weak attrac- 
tions between d" cations. In the case of gold(]), Schmidbaur[21 
uses the term aurophilic attraction for intra- and intermolecular 
AuI-Au' contacts. In general, these interactions may be referred 
to as metallophilic attractionst5] and are found in both inorgan- 
ic and organometallic compounds. They are weaker than most 
covalent or ionic bonds, but stronger than other van der Waals 
bonds and comparable in strength to typical hydrogen bonds. 


In the case of small mononuclear gold complexes, the van der 
Waals gold-gold contacts are typically 305-350 pm, associated 
with a bond energy of the order of 21-46 kJmol-'.17-Y1 In 
particular, gold(]) complexes of type L-Au-X (L = donor lig- 
ands, X = halide or pseudohalide) can be aggregated into 
dimers, oligomers or polymers. The degree of oligomerization is 
determined by a number of factors, among which the steric 
effect of the ligands is the most clear.['01 This aggregation might 
also be described as a supramolecular chemistry of gold com- 
pounds." '1 Also, other oxidized or neutral closed-shell metal 
atoms, for instance, Cu', Hgo or  TI1, can undergo intermolecular 
aggregation through short van der Waals metal- metal con- 
tacts,~6. 1 1  - 151 


We have presented theoretical evidence that these attractions 
are pure correlation effects, strengthened by relativistic ef- 
f e c t ~ . [ ~ . ~ ~  1 3 ,  16, l7) The absence of any attraction at  Hartree- 
Fock (HF)  level does not support the idea of predominant hy- 
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bridization effects between the filled (n  - 1)d orbitals and the n s 
and n p  or  an analogous explanation to that used 
for ns2 ions, such as In all the cases where there are inter- 
or intramolecular metal-metal attractions, the correlation ef- 
fects are essential; a t  the HF level, repulsive interactions are 
obtaiiied instead. Hence, it is necessary to use at least MP2-levei 
methods for the .description of the dispersion forces, which are 
included among the correlation effects.[4. Our earlier work 
was typically carried out a t  MP2 level, using 1 1  or 19 valence 
electron (VE) pseudopotentials and sometimcs adding polariza- 
tion functions. 


Here, we first examine technicalities, like the influence of the 
basis sets, ab  initio methods and pseudopotentials used, and the 
explicit influence of relativity, which was not previously studied 
for the free dimers. We then return to the influence of the various 
ligands (X and L) on the interaction potential, V(R,), for the 
[ (XML),] dimer models. Typically X is CI and L PH, . Here R ,  
stands for the optimized M-M distance. We also consider the 
mixed-metal dimers (M, M' = Cu, Ag, Au). 


The present studies were carried out on the perpendicular 
[(XML),] dimers of C,  symmetry shown in Figure 1. At this 
geometry the electrostatic dipole-dipole interaction vanishes. 
We emphasize that we are not looking for the absolute minimum 


Figure 1. The assumed structures of the dmeric models. Left: [(XMPH,),]. Right: 
[(CIAuPMe,),]. 
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of the gas-phasc dimer, but rather studying thc necessary techni- 
c 2 , ~  treat,nent of tile aurophjiic 
attraction, at a typical crystallographic geometry. 


relativistic. NR),""' and S t c v c ~ i s . [ ~ ~ '  and 11 -VE "LANLIDZ""h' werc cm- 
ployed for gold. The silverr231 and coppe1P'' atoms were treated by a 19-VE 
Sturtgart PP. Moreover, the atoms C. P and halogens were trcated by 4-VE. 
5-VF and 7-VE PPs, respectively, of ref. [28]. 
Wc employed one 01' two f-type polarization functions for At!, Ag and Cu. 
The diffuse f orbital is necessary for the intermolecular interaction and the 
compact f orbital as polarization fuction i n  intramolecular bonding. The 
d i f f t ~ s ~  f orbital exponent was obtained by maximizing the MI cation M P 2  
electric dipole polarizability and the compact f by minimizing the CCSD(T) 
total energy of thc M" atom (see Table 1).  


F ~ ) ~  the c, p and halogell double.Leta basis sets of rer, 1281 were 
used. augmented by d-type polarization functions.[*'' For the H atom. dou- 
ble-zeta plus one p-type polarization function was used.[30' 
Wc fil-st fully optiniiLcd the geoinetries [or the [XMPH,] and [CIAuPMe,] 
monomers at the MP2 level (see Tables 2-4). We used these geometries for 


for a 


Computational Details 


The Gaussian 94 package'221 was used. The basis sets and pseudopotentials 
(PPs) used in the production runs are given in Table 1. The 19-VE quasi-rel- 
ativistic ( Q R )  pseudopotentials of Andrnc."31 Schwerdtfcgcr (QK and noii- 


Tcrble 1. Bnsls bets and pseudopotentials (PPs) used i n  the  present ~ o r k .  Tho bilinc noinnetal 
bms  w a s  u\cd i n  every case .I hc metal calculations itre labelled its cascb 1 14. 


C:ise Atom PP Basis Remarks 


H - (4slp)"2sIp] x p =  0.8 [30] Table 2. Optimi7ed geometries for thc CIMPH, monomers at MP2 level. The HF 
C Bcrgner [28] villiics are given in parentheses. Distances in pm; HPM angle in degrees: energy in (4s4p ld)/[2s2p 1 d] x ~ =  0.1 561, x d =  0.80 
P Bcrgner [2X] (4$4P I d) "2s 2p 1 d] IX,, = 0 084, a,, = 0.34 
F Rcrgner [28] (4s4pld),"2s2p Id] xy = (1.0848, I X ~  = 1,496 - 
( ' I  Rergiier [28] (4s4p ld)1[2s 2p 1 d] 1 , ,=0 ,0~54,x ,=0 ,514  M Basis P - € 1  I ' M  M-CI HPM E 
Br Bergiier [2X] (4s4p 1d)/[252p Id] a,,= 0.0361, ad= 0.389 
I Dergner [2X] (4s4p Id)/[2s 2p Id] x p =  0.0326. cld = 0.266 Au  1 141.4 226.6 227.9 117.6 -158.20488 


2 A U  Andrac [23] hasis 1 [a] dito. x ,=1.19 Au 2 141.3 222.4 226.2 117.8 -158.42037 
3 A u  Andrae 1231 (Xshp5d2f)~[6~5p3d2f] 0.2, 1.19 A ti 3 141.3 224.3 226.3 137.4 -158.47013[a] 
4 Au Andrae (231 (Os7p6dZf):(7~6p4d2fl diffiisc s, p. d on Au [b] ,411 4 141.3 224.3 226.3 117.4 -158.47159 
5 Au Schwerdtfeger R [24] basis 1 [a] xi= 0.20 Au 5 141.4 226.6 227.9 117.6 -158.38253 
6 h i  Stevens [25] basis 1 [a] xt = 0.20 Au 6 141.6 227.5 228.7 117.6 -158.22902 
7 Au 11-VE LANLIDZ [26] LANLIDZ basis I'or Au z r=  0 20 A u 7 141.2 237.7 2391 117.6 -56.704699 
S Au Schwerdtfccger NR [24] basis 1 [a] 0.20 Au 8 141.5 254.6 243.8 119.0 -153.90693 
9 Au 11-VE LANLIDZ [26] LANLIDZ bari.; for Au diffuses,ponPandCI[c] A u  9 141.2 235.9 238.3 117.7 -56712167 


10 Au Schwerdtfeger NR [24] (8s6p5d lf),"Xs3p4d If] NR x i =  0.20 Au 12 141.3 227.5 229 1 117.7 -158.35343 
1 1  A U  Andrae 1231 (Xs6pSdlf)~[7s5p3dIf] h:tsis R 1241, r ,=02  Ag 13 141.5 232.5 227.4 118.4 -169.72845 
12 Au Scliwerdtfc~er R [24] (856p5dlf)~[7s3p4dlf]  R I,= 0.20 Cu 14 141.5 2ll.Y 206.5 118.5 -220.02072 
1.3 Ag Andrae [23] (Xs6p5d2f) [6s5p3d2r] xi= 0.22. 1.72 
14 ru r)[)ig 1271 (Xs6pSd2f) [6s5p3d21'] x i =  0.24. 3 70 [a] Later taken as standard monomer geometry. 


[a] The basis 1 is defined as (8s6p5dlf)  [6s5p3dlll .  [b] T =  0.004377. 0.007974. 0.0189675 
I'or \~ p. d [23]. respectivel). [c] a= 0.035. 0.040 for a,p on P and IX- 0.059 for s on CI 


1 A u  Andrae [23] (Xs6p5dl f )~[6~5p3dI l ]  x r =  0.2 (140.8 234.6 234.1 117.3) 


- 


Table 3. Optiniizcd geometries and expcrimental results for the [CIAuPMe,] 
monomers at MP2 Icvel. Distances i n  pm; energy in au. 


- System Basis P-C P-Au Au--CI C - H  CPAu HCP E 


Editorial Board Member: [*I Pek- 
ka Pyj3kkii' wus horn 1941 in Hin- 
nerjoki, Finland, untl rrceived his 
fhrniull educution in the t~cwrl,); city 
qf' Turku culminating with a P1i.D. 
in 1967. A,fter working at the Uni- 
versities qf Aarlius, Giitehorg, 
Hel.viiiki, Jjviikylii, Paris und 
Oulu hrtwccn 1968 and 1974, he 
hecatnr Associate ProJ2ssor qf 
Quantum Chrmistrj~ at kho 
Aliarlemi iii Titrku ( (974-  1'984). 


Hc has held the Swedish Chair of' Cheniistr~ at the UniversiiJ2 of 
Ilclsinki since 1984, and is a Researcli Pr?jkssor of  The Ac.cidcnij3 
c?fFinlanrl (1995--2000). He is also the Chairman oftlie RBHE 
Progririnme of' the ESE He Lsticrteci off us on N M R  spectroscopist 
mil  ptildished his first p u p r  on relativistic effects in 1971. In 
uddit ion t o var io us aspec is o f lieu v j x -  elmien t cheni ist ry , his cur ren t 
iiiterests iriclzrde the seurch, for and understanding of' new chemical 
.species, iinif the deterinination of' nzic~l~ur quudrupole moments 
froni  high-preci.sion quuntum cheniistrj. and sprciroscopic datu. 


I*] Members o f t h e  Editonal Hoard will bc introduced to the ieiiders with their first 
inmuscript. 


Au 15 185.9 224.3 227.5 109.7 113.9 109.8 -178.9496X8 
Exp. La] 180.0 223.3 230.9 - 


[a] Ref. [36]. chloro(triinc~hylphospliine)gold(~); chain structure 


Table 4 Optimized geometries for the LXAuPH,] [a] monomers at MP2 level Dis- 
tiiiiccs in pin; cnercgy in au. 


X P H  P-Au Au-X HPAu E 


F 141.3 221.3 196.3 117.1 - 167.70254 
H 141.6 234.5 157.3 118.5 -144 11072 
C1 141.3 224.3 226.3 117.4 - 158.47013 
CH3 141.7 233.1 203.6 1187 -150.93618 
Bi 141.4 225.6 238.8 1175 - 156.84562 


I 141.4 226.9 255.') 117.6 - 154.X7424 
HCC 141.5 230.0 1'15 2 1 18.0 - 155.32139 


[ii] Basis 3 [or gold. 


studying the M' -Mi intermolecular interactions. The interaction energy I'(R) 
of the dimers was obtained according to Equation (1); a counterpoise corrcc- 


( 1 )  


tion for the baais-set superposition error (BSSE)'31' on A E  was thereby per- 
formed. The calculations were mostly carried out at M P 2  level. Furthermore. 
we ctudied the effect of the correlation at  higher MPt7 and CCSD(T) levels in 
the dimers [(CIAUPH,)~] and [(HAuPH,),]. respectively. 


A!{ = EyRE) - [{,\ABl - fJ44.1 = v(R) 
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Tahle 5.  Optimized M- M distances, R,, for the [(CIMPH,),] and [(ClAuPMe,),] 
dimers a (  various levels oftheory. Distance Re in pm; interaction energy V(R,) in au ;  
force constant F(MM') in lo2 Nm- '  ( = 1  m d y n k ' ) .  


M Case Re V(RJ F 


Au 1 [dl 330.3 -0.007494 0.1 1 1784 
Au 2 [a] 341.1 -0.005594 0 075126 
Au 3 [a1 320.8 - 0 009407 0.140959 
Au 4 [a1 320.8 -0.009485 0 140572 


Au 6 la1 32X.7 -0.007848 0.1 15687 
Au 7 [a1 311.1 -0.011179 0.251579 
Au 8 la1 332.9 -0.006301 0.104369 
Au 8 [bl 350.6 -0.005377 0.072533 
Au 9 la1 31 1.2 - 0.01 1544 0.246762 
Au 10 [bl 352.0 - 0.005319 0.071140 
Au 11 lbl i37.9 - 0.006745 0.094451 
Au 12 la1 334.8 - 0.007073 0.099604 
AE 13 [a] 31 1.3 -0.008103 0.122556 
C U  14 [a] 313.7 -0.004885 0.055603 
Au 15 [c] 375.5 -0.008451 0.043637 
Au/Ag 16 [a1 314.3 -0.009066 0.148629 
Au/Cu 17 [a] 314.1 - 0 006944 0.0949 10 
Ag/Cu 1 x [a] 309.7 -0.006580 0.09 1488 


[a] Using the optimized monomer geometry. [b] Using the monomer geometry of 
case 3. [c] Dimer [(CIAuPMe,),]. 


Au 5 la1 330.8 -0.00741 1 o.in928x 


Table 6. Optimized Au- Au distances, R,, for [(XAuPH,),] [a]. Distance R, in pm; 
intcraction energy V(R,) in au: force constant F(MM') in 10' Nni- ' .  


orbitals. This tendency was maintained for [CIAuPR,] and 
[XAuPH,]. As stated above, the P and X polarization functions 
are also important (see Tables 2-4).["] However, the 11-VE 
LANLIDZ QR P P  (case 7) overestimates the bond lengths. The 
HF or N R  bond lengths are also larger than the experimental 
ones. This emphasizes the importance of 19-VE PPs for gold at  
MP 2 level in the monomers. 


Dimers: In the Tables 5 and 6, we summarize the interaction 
energies and equilibrium Au- Au distances. Some representa- 
tive experimental Au-Au distances are given for comparison in 
Table 7. The calculated distances fall in the same range as the 
experimental ones. 


Table 7. Selected experimental structural parameters [a] of  perpendicular 
[(XAuPR,),]. Distances in pin. 


Compound P-Au X-Au Au'-Au' Ref. 


[(CIAuPH,(C,rBu,H,)),] 224.2 228.9 344.0 [351 
[(CIAuPMe.J,l 223.3 231.0 


[(CIAuPMe,Ph),] 223.6 231.6 323.0 [391 
[(BrAuPMe,Ph),] 224.6 242.3 311.9 1391 
[(IAuPMe,Ph),] 225.9 258.8 310 4 1391 


333.8 Lh] [36] 
l(CIAuPEt,),l 223.9 228.4 361.5 [3 71 


[(PhCCAuPPh,),] 227.1 [h] 199.7 [b] 315 4 ~401 


[a] From X-ray crystal structure determinations. [bl Mean value. 


F 
H 
CI 
CH, 
Br 
HCC 
I 


321 .8 
309.1 
320.8 
314.2 
317.6 
309.9 
315.4 


-0.008264 
-0.009211 
-0.009407 
-0.009803 
-0.010698 
-0.01 1433 
-0.01 2315 


0.136309 
0.180949 
0.140960 
0.172909 
0.1 64329 
0 207158 
0.1 79344 


[a] []sing the optimised monomer geometry 


The optimized interaction cnergies [V(R,)] and M-M distances ( R e )  for the 
dirners are shown in Tables 5 and 6. We fitted the calculated points using the 
four-parameter Equation (2), which had previously been usedl6] to derive 


V(R) = A e - B R  - CR-" (2) 


the Herschbach- Laurie relation.[34] Differentiating Equation (2), we obtain 
the force constant F [Eq. (31. This expression will allow us to compare 


(3) F(MM') = V"(R) = AB2r-BR - Cn(n+l)R-'"+Z' 


the available experimental F(MM) force constants from Rarnan spec- 
t r o ~ c o p y ' ~ '  with those calculated for free dimers (Tables 5 and 6). In ref. [3] 
the Herschhach-Laurie equation was used to  correlate F(Au-Au) with the 
Au-Au distance over the entire range from Au, to weak aurophilic interac- 
tions. In ref. [6] (see Chapt. 11. D.  and Figure 36). the bond energy was ap- 
proximately related to the distance. 


Results and Discussion 


Monomers: The geometries of the [XMPR,] monomers were 
fully optimized at  MP2 level. A C,, point symmetry was as- 
sumed. The optimized geometries are given in the Tables 2-4. 
For  some dimers of gold, experimental crystallographic results 
are given in Table 7. 


The calculated P-Au and X-Au bond lengths were close to 
experimental values when we used the 19-VE PPs for gold. I t  did 
not make any difference whether we used basis sets with 1 or 2f 


E f f c t  ojpseudopotential on Au: The basis set was now kept 
constant for the PPs of Andrae,[231 S ~ h w e r d t f e g e r ~ ' ~ ~  and 
Stevens,[251 while for the case of 11 -VE LANLl DZ P P  we used 
the basis set of Hay and WadtlZ6] (see Table 1). One f orbital 
with xf = 0.20 was used in all four cases. The interaction ener- 
gies at MP2 level for the dimers [(CIAuPH,),] are shown in 
Figure 2. All three 19-VE PPs are seen to give very similar 
curves. The 1 1-VE LANLIDZ PP exaggerates the aurophilic 
attraction. The HF curves are invariably repulsive. 
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Figure 2. Calculated [(CIAuPH,),] interaction energies V(R) as function 01' the 
pseudopotential used. Calculated points fitted to Eq. (2). The haais sets are drfiiied 
in Table 1 


As the Andrae and Schwerdtfeger pseudopotentials are ener- 
gy-adjusted, while the Stevens one is shape-consistent, the very 
siinilar results for these three 19-VE pseudopotentials suggest 
that this difference does not matter. Whether the 11 -VE/I 9-VE 
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difference ultimately arises from the nodal structure (for the 
correlating 6 p orbitals), as suggested by or from the 
large Hilbert space in the semicore region, leading to spurious 
low-lying states, as suggested for indium by Leininger et al.,["3] 
cannot be answered here. 


Eifict of the  basis set: We show the effect of the basis set for the 
pseudopotential of Andrae in Figure 3. It can be seen that 
adding cli = I .19 to the previously used clf = 0.2 improves the 
interaction energy. The use of 1.19 instead of 0.2 is not advis- 
able. Further addition of diffuse s, p and d functions on Au to 
the 2f case gives minimal improvement. In this direction the 
basis appears to be saturated. 


effect due to electronic reorganization. If the NR monomer 
geometry is reoptimized, the V(R,) becomes -0.006301 au, a 
decrease of only I 5  %. These are the cases 8 a and 8 b, respective- 
ly. Thus the relativistic effect is there, but it should not be 
overemphasized. 


Effect of the Ligand X in [(XAuPH,),]: The effect of the ligand 
X in this dimer series has been studied before.[51 It was conclud- 
ed that the softer X is, the stronger is the interaction. We have 
now repeated the same study at  the improved 2f-function level, 
and have additionally examined the case X = -C=CH. The re- 
sults, at MP2 level, are shown in Figure 5 and Table 6. The 


0.005 


0 


-0.005 


-0.01 


300 350 400 
WPm 


Figure 3. The effect ofchanging or augmenting the Au basis set l iom thc prcviously 
used I f (xi = 0.2) case (Andrae PP, [(CIAUPH,)~]). 


Rclutivistic Cfj'ects: The importance of relativistic effects for the 
aurophilic attraction was already suggested by the Ag/Au com- 
parison in our first paperf4] and explicitly demonstrated for the 
A-frames.["' It has not been explicitly studied before for the free 
dimers. 


The results in Figure4 show that, for the same monomer 
gcometry, the interaction energy in [ (CIAuPH,),] decreases by 
37 YO (from - 0.00741 1 to - 0.005377 au) on going from rcla- 
tivistic to nonrelativistic pseudopotentials. This is the relativistic 
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I'igurc 4. l h e  effect of relativity on the aurophilic attraction in the perperidicular 
[ (CIAuPH,),] dimer (Schwcrdtfegr PP, xr = 0.20) 
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Figure 5 .  The effect of the group X on the Au Au intcraction in [(XAuPH,),] 


interaction depth, V(R,), increases with the softness of the lig- 
and in the order shown in series (4). 


When these results are compared with the previous study,['] it 
is observed that the tendency in the series is maintained. How- 
ever, when one f orbital on Au is employed for the halide lig- 
ands, the interaction energies and Au-Au distances are on aver- 
age 34% smaller and 5 %  larger, respectively, than the values 
obtained when using two f orbitals. Also, the force constant 
F(AuAu) is now enhanced by 36.5 %. The corresponding exper- 
imental results based on Raman studies are described in refer- 
ences [3,38]. 


For the halide ligands the calculated V(R,) show a correlation 
with Re; the same is possibly true for the hydrocarbon ligands 
as well (see Figure 6). The experimental data on the series of 
binuclear complexes [(XAuPMe,Ph),] (X = C1, Br, given 
in Table 7 allow us to compare our results on the model 
[(XAuPH,),] (Table 6) with the observed effect of the halide 
ligand on the Au-Au interaction. In both cases. the Au-Au 
distance decreases in the order C1> Br > 1. The calculated Au- 
Au distance of 309.9 pni for the dimer [(HCCAuPH,),] is not 
far from the experimental value of 31 5.4 pm for compound 
[ ( P ~ C C A U P P ~ , ) , ] [ ~ ~ ~  (sec Table 7). 


We tried to correlate V(RJ with various parameters (e.g.. Au 
Mulliken charge, NBO charge, dipolar moments, HOMO and 
LUMO energies), only with success for the halides. A plot 
against the calculated monomer MP 2 Au NBO charge is shown 
in Figure 7. 
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a very flat minimum. The calculated interaction energy for 
X = PMe, is 11 % smaller than for X = PH,, and the equilibri- 
um distance increases from 320.8 pm for X = PH, to 375.7 pm 
for X = PMe, (Table 8). We may possibly be seeing a balance 
between two competing effects, namely, the larger size of PMe, 
weakening interaction and its softer naturc strengthening inter- 
action. 


Table 8 EKwt of the group L in [(SAUL),]. Distanccs in pm: energy in aii 


[(HAuNCH),] 19 312.8 -0.005826 
[(CIAuPH,)iI 3 320.8 -0.000407 
[ (Cl A uPMc 15 375.5 -0.UOX451 


[CIAuPEtJ ~ X P .  [bl 361.5 
[CIAuPMe,] exp. [a] 133.8 [c] ~ 


-0.007 I m 1 
[a] Ref. [36j, chloro(trimethylphosphine)gold(r). [b] Ref [37]. chloro(triethy1phos- 
phine)gold(i). [c] Mean value 


Figure 7. The dependence of the V(R,) on the NBO charge of the gold atom for the 
[(SAuPH,),] dimers 


Effect of the “Phosphine” (L = -PR, and -N=CH): We now 
consider the V(R) for dimer [(XAuL),] as a function of the 
distance R (Au-Au) for several phosphines PR, (R = H, Me) 
and -N=CH, using the case 3 parameters in Table 1 for all 
dimers. 


The effect of the group L in the dimers, at the MP2 level, is 
given in the Figure 8. The dimer with trimethylphosphine gives 


0.005 


-0.005 


-0.01 


I I 


WPm 
300 350 400 


Figure 8. The effect of the “phosphine” L (L = PH,, PMc, or -NrCH)  on the 
[(XAuL),] interaction. 


Experimentally, chloro(trimethylphosphine)gold(r) is found 
to have one asymmetric unit cell, containing three crystallo- 
graphically independent molecules.[36J These units show an ag- 
gregation through Au- Au interactions to form a polymeric 
chain structure, with distances between gold atoms of 333 pm, 
on average. This typical aurophilic distance is much shorter 
than our calculated result in the dimer. The comparison of the 
crystal data with diiner calculations is obviously complicated by 
the steric and cooperative effects in the crystal. In the chloro- 
(triethylphosphine)gold(I) dimers, Au- Au contacts are actu- 
ally formed with a large intermetallic distance of 361.5 pm 
(Table 8) .[371 


Higher-Level Methods in [(XAuPH,),J : We now consider the 
effect of the electronic correlation in the dimers [(XAuPH,),] 
with X = C1 and H at MP4(SDQ) and CCSD(T) level, respec- 
tively. The Au-Au distances in both dimers are kept equal to 
those calculated at MP2 level. The basis set and PP correspond 
to case 3. 


The interaction energies for both dimers are shown in Table 9 
at HF, MP2, MP3, MP4(SDQ) and CCSD(T) levels. Figure 9 
shows the effect of these various methods on the interaction 
energy (energy at MP2 level normalized as + 1) for the systems 
[(XAuPH,),] (X = H and Cl). The trend for the individual con- 
t r i b u t i o n ~ [ ~ ~ ’ ~ ~ ]  in Table 10 is similar for the two systems. The 
central conclusion here is that the MP2-level interaction energy, 
AE(MP2), nearly vanishes at the MP3 level for both systems. 
At MP4 level 60 and 54 % of the MP 2 result are recovered for 


Table 9. Effect of method on the interaction energy of systems [(XAuPH,),] Ener- 
gy in au. 


Method I(CIAuPH,),I la1 [(HAuPH,),I (bl 


AE(HF) 0 006062 0 007506 
AE(MP2) -0 009415 -0009195 
AE(MP3) - 0 OOO611 0 000526 


AE(CCSD) - 0 002279 
AE(CCSD(T)) - 0 004184 


AE(M P 4(SDQ)) -0 005659 -0 004947 


~ 


[a] Au- Au distance is 320.8 pm. [b] Au-Au distance is 309.1 pm 
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the two systems, respectively. The triplets between CCSD and 
C'CSD(T) also contribute strongly. The importance of the triple 
excitation has already been noted by Hobza and Zahradnik.[421 
They are the lowest ones coupling intra- and intermolccular 
correlation. 


Szabo and O ~ t l u n d ' ~ ~ ~  showed that the M P 2  supermolecular 
interaction energy corresponds to the dynamic polarizabilities 
calculated at  the "uncoupled" level, with A E  = c, - ci energy 
denominators. The more accurate "coupled" level has Coulomb 
and exchange corrections in AE. 


The present calculations are a t  the limit of what is currently 
possible for systems of the present type. Major methodological 
work is needed to  pinpoint the exact answer. 


Effect of The Coinage Metal (M) in [(CIMPH,),]: 
The [ (CIMPH,),] systems: We studied the series M = An, Ag 
and Cu in the perpendicular (C,) dimers [(CIMPH,),] (Figure 1, 
left). For the three metals, we used 19-VE PPs and basis sets 
with two f orbitals. 


Figure 10 shows the interaction energy at M P 2  level for the 
homoatomic M'-M' van der Waals interactions, calculated with 
the monomer geometries given in Table 2. The V(R,) and Re 
salues are shown in Table 5, and they are labelled as  cases 3, 13 
and 14, for gold, silver and copper, respectively. The metal- 
metal distances for the three cases are close (320.8 to 313.7 pm), 
but the interaction energy for the silver and copper dimers are 
13.8 and 48.1 %, smaller than that for gold. We note that silver 
is both smaller and more weakly bound than gold. The calculat- 
ed CU -Cu distance is much longer than the typical experimental 
('u'--Cu' distances in the (mostly bridged) systems studied so 
far."] I t  is hence not evident that the free dimer is a good model 
for the compact 3 d shells. 


Figure 10. The effect of the metal M on the [(CIMPH,),] interaction. 


The [ /ClMPH,)  ( C l M P H , ) ]  systems: In the mixed-metal sys- 
tems (Au/Ag, Au/Cu and Ag/Cu), we again used the optimized 
monomer geometries for each case. The results are shown in 
Figure 11 and Table 5 (cases 16-18). The M'-(M')' distances 
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Figure 11. The interaction potentials in hcteroatomic systems [(CIM- 
PH,)(CIM'PH,)]. 


span the narrow rangc between 309.7 and 314.4 pm. The inter- 
action energies increase in the order given in serics ( 5 )  and lie 


roughly half-way between the values for the corresponding sin- 
gle-metal systems in each case. 


Conclusions 


The present free-dimer studies provide further support for the 
i ~ l e a [ ~ ]  that the aurophilic attraction is a correlation effect. 
st rengthencd by relativistic contributions. The following points 
summarize the technical details required to describe this interac- 
tion : 
1 ) Increasing the f basis from 1 f to  2f strengthens the interac- 


tion. Diffuse s, p and d functions on Au are not needed. 
2) All three 19-VE pseudopotentials give similar results; 1 I-VE 


LANLl DZ exaggerates the attraction and should be avoid- 
ed, if possible. 
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The interaction energy survives at the higher levels of corre- 
lation, on going from MP2 to MP3, MP4(SDQ), CCSD and 
CCSD(T), but the values obtained in this series oscillate 
quite strongly. This area will require further study. 
If relativistic effects are omitted, at constant monomer ge- 
ometry, the [(CIAuPH,),] attraction V(R,) decreases by not 
more than 27 O h ,  and even less if the nonrelativistic monomer 
geometry is reoptimized. 
R,(Ag-Ag) is slightly shorter and weaker than R,(Au-Au). 
The mixed-metal interaction potentials V(M-M') lie be- 
tween the corresponding V(M-M) and V(M'-M'). 
In the [(XAuPH,),] series, the softer halogens X yield short- 
er and stronger ALI-AU interactions. 


The nature of the interaction and its long-distance limits are 
discussed in Part 2 of this series. 
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Theory of the d10 -d1 Closed-Shell Attraction: 2. Long-Distance Behaviour 
and Nonadditive Effects in Dimers and Trimers of Type [(X-Au-L),] 
(n = 2, 3; X = Cl, I, H; L = PH,, PMe,, -N=CH)** 


Pekka Pyykko* and Fernando Mendizabal 


Abstract: We study the nature of the aurophilic attraction (Au'-Au') a t  its long-range 
limit for the model systems [(X-Au-L),] (n = 2, 3;  X = C1, I, L = PH,, PMe,; X = H, 
L = -N-CH) at  the ab initio M P 2  and Hartree-Fock levels. The nature of the interac- 
tions and nonadditive effects a t  various orientations are related to simple electrostatic 
induction and dispersion expressions involving the individual properties of each 
monomer. 


Keywords 
a b  initio calculations * closed-shell 
attraction - gold * long-range inter- 
actions * relativistic effects 


Introduction 


The experimental and theoretical results available['- 'I for 
gold(r) complexes show the presence of a weak metal-metal 
interaction, called aurophilic attraction. The intra- and inter- 
molecular Au'-Au' contacts are found in the solid state of the 
compounds, and they may even govern the supramolecular 
structure of certain materiaIs.161 


The supramolecular aggregates in gold(1) complexes of type 
[X-Au-L] (X = halide or pseudohalide, L = donor ligand) have 
a varied structural chemistry, from dimers to  oligomers and 
polymers.[' 31 The intermolecular gold- gold contacts be- 
tween [X-Au-L] complexes typically occur perpendicular to the 
main molecular axis. The dihedral angle can vary, correspond- 
ing to having the monomers in parallel (C2J, antiparallel (C2J 
or perpendicular (C,) orientations (Figure 1).  Thc gold-gold 
contacts are typically 300-350 pm, associated with a bond ener- 
gy of the order of 21-42 kJmol-1.1'4.151 These parameters de- 
pend on several factors, including the nature of the ligands 
(chemical effects). 


From a theoretical point of view, the aurophilic attraction is 
interesting, because the classical theory of chemical bonding 
does not give a satisfactory explanation for this type of metal- 
metal interaction.[16. I7I Only when considered as a correlation 
effect, strengthened by relativistic effects,[3 'I can this phe- 
nomenon be accounted for by theoretical studies.['8* 1 9 ]  
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Department of' Chemistry, University of Ilelsinki 
P.  0. R. 55 (A.  I .  Virtasen aukio l), FIN-00014 Helsinki (Finland) 
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Faculty of Science, University of Chile (Chile) 
['I On leave of absenct' from The Department of Chemistry 


[**I Theory of the d'"-d'" Closed-Shell Attraction, Part 2 .  Part 1 : previous paper. 


The intermolecular interac- 
tions in general can be 
analysed in terms of electro- 
static, induction and disper- 
sion terms, and short-range 
Pauli repulsion.16. 201 The elec- 
trostatic terms comprise inter- 
actions between the charges or 
the higher electrostatic multi- 
pole moments. The induction 
terms describe the interactions 
between these moments and 
the static polarizabilities aL. 
The dispersion terms occur be- 
tween the frequency-depen- 
dent polarizabilities, aL(w) ,  of 
the monomers. 


In Part 2 of this study 
(Part 1 '*'I) we try to single out 
the dominant contributions to 
the aurophilic attraction by 
considering the long-range lim- 
its for both dimers and trimers 
of the previously employed 
[XAuL] monomers at typical 
geomctries. More specifically, 
the intermolecular interaction 
energy of dimers and trimers 


I, L = P H , ,  PMe,; X = H ,  
I, = -NCH) are considered at 
M P 2  and Hartree-Fock lev- 
els, and the nature of their 
interactions are related to 


[(X-Au-L),,] (17 = 2, 3 ;  X = C1, 


It  


ri 


(b) CM Syrnrrietry 


x AU 


(_- 
(r:) Cz,, Syinrnrtry 


Figure 1.  a) Perpendicular ( C 2 ) ,  
b) antiparallel (C2J and c )  parallel 
(C2J orientations of diiners 
[(XAuL),l. 
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monomer properties at the specific orientations. For the first 
time we consider both additive and nonadditive induction 
terms. As emphasized by Chalasinski and SzczeSniak,[221 the 
dominant nonadditive contributions between polar monomers 
are p A a B p C ,  where pA is the dipolar moment of monomer A. 


Computational Details and Theory 


Quantum Chemical Methods: The Gaussian 94 package was used.[,,] The 
basis sets and pseudopotentials (PP) used in the production runs are given in 
Table 1. The 3 9 valence electron (VE) quasirelativistic (QR) pseudopotential 
(PP) of A ~ ~ d r a e [ ’ ~ ]  was employed for gold. We used two f-type polarization 
functions for gold. This is desirable for a correct description of the interaction 


The atoms C, N, P, CI and I were also treated by Stuttgart pseudopoten- 
t i a l ~ , [ ~ ~ I  including only the valence electrons for each atom. For these atoms, 
double-zeta basis sets of ref. [25] were used, augmented by d-type polarization 
functions.[2h1 For the H atom, double-zeta plus one p-type polarization func- 
tion was used’z7J (see Table 1). 


Table 1 Basis sets and pseudopotentials (PPs) used in the present work 
-~ 


Atom PP Basis Remarks 


H 
C 
N 
P 
F 
CI 
I 
Au 


- (4s 1 P ) m  1 PI up = 0.8 
Bergner [25] (4s4p Id)/[2s2p Id] ap = 0.1561, ad = 0.80 
Bergner [25] (4s4p ld)/[2s2p Id] q, = 0.222, a,, = 0.864 
Bergner [25] (4s4p ld)/[2s2p Id] a,, = 0.084, md = 0.34 
Bergner [25] (4~4pId)/[2~2pId]  I,, = 0.0848, xd = 1.496 
Bergner [25] (4s4p ld)/[2sZpId] xLp = 0 0154, ad = 0.514 
Bergner [25] (4s4p Id)/[2s2p Id] a. = 0.0326, ad = 0.266 
Andrae [24] (Xs6~5d2f)/[6~5p3d2fl  xI = 0.2, 1.19 


We first fully optimized the geometries for the [XAuPR,] (X = C1 and R = H, 
Me; X = I and R = H) and [HAUNCH] monomers a t  M P 2  level. These 
geometries were left unchanged when studying the Aul-Aul intermolecular 
interactions in dimers and trimers. These monomer data are given Table 2. 


Table 2. Optimized geometries for the [XAuL] monomers at MP2 level. Distances 
in pm, energy in au. 


System P--H L-Au Au-X HPAu E 


[CIAuPH,] 141.3 224.3 226.3 117.4 -158.47013 [a] 
[CIAuPMe,] - 224.3 227.5 - -178.94969 [a] 
[IAuPH,] 141.4 226.9 255.9 11 7.6 - 154.87424 [a] 
[HAUNCH] - 209.8 153.4 - -153.93550 [a] 


[a] Part 1 [21] 


The interaction energies of the dimers and trimers were obtained as Equa- 
tions (1) and (2). respectively; a counterpoise correction for the basis-set 


superposition error (BSSE)[”I on AE was thereby performed. The calcula- 
tions were mostly carried out at M P 2  level. The optimized interaction energy 
V(R,) and Au-Au (R,) distances for the dimers and trimers are shown in 
Table 3. These results were obtained by using the fitting procedure described 
in the Part 1 . [2”  We would like to emphasize that the interaction energy is 
obtained by a supermolecular approach. Another option would have been to  
use symmetry-adapted perturbation theory.[”’ 


Table 3. Optimized MP2 Au-Au distances, Re, for [(XAuL)”] ( n  = 2,3). Distance 
in pm; interaction energy V(R,) in au. 


System R, V(RJ  


320.8 
[a1 
384.9 
375.5 
315.4 
312.8 
[dl 
316.4 
316.9 
308.2 
[a1 
[a1 


- 0 009407 


-0018652 
-0 008451 
-0 012315 
-0 005826 


-0 009239 
-0018802 
-0 010185 


[a] Repulsive curve; no minimum found 


Theory of Intermolecular Forces: An alternative partitioning of the interac- 
tion energies of the Equations (1) and (2) is given in Equation (3),  where 


AE(MP2) = AE(HF) + AE”’ (3) 


AE(HF) is the interaction energy evaluated from a self-consistent field (SCF) 
supermolecule calculation at Hartree-Fock ( H F )  level. Because the in- 
tramolecular second-order correlation energy is included in EA, AE‘” is a 
useful approximation to the dispersion energy at  second order of the many- 
body perturbation treatment (MBPT) .[30. 311 


The total intermolecular potential V, , , [20 ,  321 can be partitioned into different 
contributions at  long ranges [Eq. (4)],[33.341 where the overlap between the 


molecular charge clouds is insignificant. The four terms are the short-range 
( Khar,), electrostatic ( Velect), induction ( Knd) and dispersion ( Vdlsp) contribu- 
tions. For a bound system, the intermolecular forces are repulsive at  short 
range and attractive at  long distance; there must be at  least two contributions 
of opposite sign to the total force, leading to the appearence of the van der 
Waals minimum. The repulsive effects a t  short distance appear because the 
electron clouds of the monomers penetrate each other and bring about charge 
overlap and exchange effects. The electrostatic and induction energies are 
classical long-range contributions. Finally, the dispersion (London) energy 
also has a long-range character, but requires a quantum mechanical interpre- 
t a t i ~ n . [ ~ ~ ]  


It is common practice to associate the Hartree-Fock term (AE(HF)) with the 
sum of short-range ( YhOrf), electrostatic (V,,,,,) and induction ( Ynd) terms; 
while the, AE‘,’ electron correlation term is associated with dispersion 
( Vdisp).[341 Hence, we can separate the different attractive o r  repulsive contri- 
butions and their source at  long-range for dimers and trimers. Furthermore, 
if the separation between the monomers is large compared with their dimen- 
sions, a multipole moment expansion of the interaction Hamiltonian may be 
made and the VeI,,, expressed in terms of the permanent multipole moments 
of each monomer. Hence, our aim is to relate the intermolecular potential to 
the properties of the isolated molecules through the total charge (q) ,  dipole 
moment ( p ) ,  quadrupole moment ( B ) ,  polarizability (a) and first ionization 
potential (IP,)!20,321 These properties are given in the Table4 for each 
monomer studied. Both H F  and M P 2  results are given. The latter are used 
in the Figures and in Table 5 .  


The interaction of the dimers [(X-Au-L),] in their different orientations (par- 
allel (C2,,), antiparallel (Cz,,), and perpendicular (Cz); Figure 3 )  will be stud- 
ied using the specific configuration given for two C3$, molecules A and BLZo’ 
with respect to their dipole moment as  shown in the Figure 2. The angles 9, 
and 9, are fixed at  9 0 .  For  this special case, the expressions for the inter- 
molecular potential are outlined in the following sections 3 -3. 


I) Electrostatic Interactions: The electrostatic energy (V,,,,,) of a pair of 
molecules (monomers) is the energy of interaction between their permanent 
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Tahle 4. Finite field calculations or electric properties of [XAuL] monomers at 
I Iartrc- Fock (HF) level and the increment due to MP ?-level electron correlation 
(21. All values in au. 


( L  > 1 j lead to the higher-order interaction terms C,, C,,, etc. The dispersion 
terms (7-8) are additive. The first nonadditive dispersion term ia the Axil- 
roti-Teller["71 third-ordcr tcrm. 


Pi-opcriics [CIAuPH,] [CIAoPMe,] [IAuPH,] [HAUNCH] 


3.29335 
-0.1 3068 


63.58702 
6.90562 


88.27307 
15.27802 


51.24399 
2.7 I941 


0 65968 
1.95297 


0.38061 
0.00519 


3.85520 
-0.2710s 


95.23497 
x.35751 


118.37330 
18.45078 


83.66580 
3.31080 


7.23505 
- 3.58266 


0.36686 
0 00000 


3.68506 
- 0.43896 


85.98593 
8.08540 


125.69640 
20.3 59 60 


66.13070 
1 ,94829 


9.17850 
0.31842 


0.31842 
-0.01 127 


3.05302 
- 0.48164 


50.86690 
1.95122 


67.09482 
4.53388 


42.75301 
0.65982 


14.80905 
0.1 5346 


0.31899 
-0.00165 


/ 


Figure 2. Dclinition of coordinates for the two polar molecules A and B 


charge distributions [Eq. (5j]. The electrostatic energy is of first order in the 
Coulomb interaction and as such is pairwise additive. Note that the quadru- 
pole term is always repulsive for A = B. The dipolc-quadruple cross-term 
vanishes for 9, = 9, = 90'. 


2) Indztctiun Intrructioiu: The induction energy ( ynd) results fi-om the inter- 
action of the induced electric moments ofcach molecule with the permanent 
charge distribution of its partners. The contribution from monomer B is 
for the angles 3 ,  = :i, = YO' [Eq. (6)], where x l  and 2 , .  are parallel and 


perpendicular coinponcnts, respectively, o f  the total polarizability 1. This 
term is rarely the dominant source of attraction between molecules and is 
bmaller than the electrostatic and dipcrsion energies. The induction energy is 
not pairwise additive. 


3 )  l)i.~prr.siun ( L o ~ ~ d o r t )  1ntrruction.s: The dispersion term makes an impor- 
tant contribution to the intermolecular potential and is attractive between 
polar or nonpolar molecules a t  long and short distance. If the average excita- 
tion energy is approximated by the ionization potential I P ,  , which can be 
ohrained from Koopmans's and static polarizahilitics are uaed, 
we obtain the London approximation given in Equation (7). The leading 


( 7 )  


diqxrsion term behaves as Vd,5p = - C,/R". The cxact expression for the 
dispersioii coefficient C, can he obtained from thc Casimir Polder formula 
[Eq. (8j].'3"' where af(iE) is the dipole polarizability of monomer A ,  evaluat- 


(-<, = -j';a:(iE)~?(~EjdF] 


cd at imaginary frequency iE. At short range. a cut-off is introduced by the 
finite molecular sire, and the true dispersion energy [unlike Eq. (7) ]  does not 
became infinite at R = 0. Thc higher-nitiltipolarity polaritahities xL(iEj 


(8) 
3 
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Non-additive Effects: For complexes composed of more than two monomers. 
for instance for (rimers of type [(X-Au-L),], one has to account for all 
pairwise interactions as well as to allow for nonpairwise or nonadditive 
effects. Although nonadditivc effects are in general much smaller than the 
additive component of the interaction energy (usually by 1 o r  2 orders of 
magnitude), they can be significant when considering the properties of bulk 
matter and moleculai- clusters.[33. ''1 


The nonadditivity in polar complexes appear in induction, dispersion and 
exchange energies. In general, for complexes of polar molecules, the thrce- 
body interaction is dominated by the induction nonadditive effects.[3s. 3 9 1  The 
dispersion errect is usually much smaller. The overall three-body interaction 
is thus well approxiiiialed at  the Hartree-Fock (CIF) level. 


We study the lionadditive effects for trimers [(X-Au-L),] in different orienta- 
tions (perpendicular, linear and triangular) (Figure 3) by means of the devia- 
tion from pairwise additivity (AX),[40' which is obtained as the difference 


(a) Linear Perpendicular (b) Linear Perpendicular 


(1:) Equilateral Triangle 
Figtire 3. 2i.h) Linear perpendicular. c) triangular and d)  linear parallel orientn- 
tions of trimers [(XAuL.),]. 


(d) Linear Parallel 


bt:tween the interaction energy of the trimer and all pairwisc interaction 
energies of  dimers [Eq. (9)]. We have derived for the trimers in Figure 3 


AX = AL(ti-iiner) - 2 AE(pairwise) (9) 
811 pdlr 


some expressions for threc-body and pairwise induction. Fii-st. the local 
electric field a t  site i is obtained as Equation(l0).  Thcn. the exprecsion 


6, = ZE,) (10) 
i 
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AE(MP2) + 
AE(2) X - . . .  London Formula - - - - , 


. . .  Induction + London Formula ........ . . .  
x ;(. ;.. ... 
+ + y k'''.. 


& ... m '-._ . '. . .  
' .*....- . . .  . .  .. F... . .  


' . ;%.. 
' . .3.. , 


' ' , .+i. . . .  . .  
' . :...* . . '  - . '.#$; 


lor the total interaction energy W becomes Equation (1 I ) ,  wherc PI< is given 
by Equation (12). Herc, E, is the total electric field a t  site i. The three- 


W = X W ,  (11) 


curve near R,, but above it for large R. The difference (ix. the 
HF contribution) is dominated by the repulsive Pauli term and 
the attractive induction term in the two cases, respectively. 


The long-range behaviour can be compared with the sum of 
the two R-' attractive terms from induction and dispersion, 
estimated with Equations (6) and (7), respectively. The agree- 
ment is reasonable. The extrapolation f rom Iurge R to R,forms 
our best prooftkat the dispersion term is the main contriburion to 
the auroplzilic attraction. The electrostatic dipole -dipole inter- 
action vanishes at 4 = 90". The quadrupoie--quadrupole term 
is small and repulsive. 


The corresponding curves for [ (CIAuPMe,),] and 
[(IAuPH,),] are shown in Figures 5 and 6, respectively. The 
effective C,  coefficients are shown in Table 5. 


body interaction is obtained by Subtracting from W the sum of the pairwise 
interactions. For idenlical monomers, the following special cases were stud- 
ied: 


I )  Linear prrpendicular orientation [Eq. (13) and (14)]: 


2) Linear purallel orirnlation [Eq. (1 5 )  and (16)]: 


0.1 


0.01 


? 
2 7 0.001 


3)  Equilureral triangle [Eq. (1 7)]  ' 


These expressions can he used for understanding the source of the deviation 
from additivity in the trimers a t  M P 2  and Hartree-Fock levels. As a gencral 
comment, a t  large R, the comparison between numerical results and theoret- 
ical expressions is limited hy numerical noise. At small R the niultipole 
expansion (including the choicc of origin, not necessarily at the gold atom) 
will break down. 


. . .  . . .  . .  ..... + . '.X. . .  . . .  . -  1 .... m . .  . 1. 


0.0001 


1 e-05 I 
300 400 500 600 800 1000 1200 


W m  


Figurc 5. Interaction energy, V(R), in the perpendicular (CJ oricntation of the 
dimer [(CIAuPMe,),]. Results and Discussion 


Perpendicular (C,) Orientation in Dimers I (XAuL),] : 
The ( /XAuPR,) , ]  systems: We consider first the dimer 
[(ClAuPH,),], and then its results are generalized for [(ClAuP- 
Me,),] and [ (IAuPH,),] . The intermolecular interaction energy 
at MP2 level for the dimer [(CIAuPH,),] is shown in Figure 4. 
An energy minimum occurs at  R, = 320.8 pm. Obviously, at  
this distance the attractive and repulsive dVjdR terms cancel. 
The main repulsive term, the Pauli repulsion, already occurs at 
H F  level. Note that the total MP2 curve lies below the AE") 


0.1 


0.01 


Id 
2 


0.001 


0.0001 
iE(MP2) + 


. . .  AE(2) ' X ' I . . .  London Formula - - - - 
Induction + London Formula ........ 1 e-05 


300 400 500 600 800 1000 1200 
Rlpm 


Figure 6. Interaction energy, V ( R ) ,  in the perpendicular (C,) orientation of the 
dimer [(IAuPH,),]. 


. . .  . . .  .. se,.... . .  
.. ,3... . . .  . .  


' . 'k.., . ".+ .. x... . .  . .  - . $..+ . .  . . '..+ . . ?.,+ 


% 
2 0.001 


0.0001 


1 e-05 


Table 5. Dispersion coefficients C, (in l o i 2  aupm-") for the perpendicular (C,) 
geometry of dimcr ((XAuL),]. MP?-level monomer properries are used for the 
London and induction components. 


System M P 2  London London + lnduction 


[(CIAuPH,),I 35.2 40.1 23.5 38 5 


[(lAuPHd,I 48.2 56.5 32.4 53.3 
[(CIAuPMe,),] 94.6 112.4 53.2 80.6 


[(HAUNCH),] 18.2 8.7 12.8 22.4 


300 400 500 600 800 1000 1200 
Pm 


Figure 4. Interaction energy, V(R) ,  in the perpendicular (C,) orientation of the 
dimer [(CIAuPH,),]. 
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k '  AE(MP2) + 
A W F )  x 


0.1 - x Dipole-Dipole Formula - - - - - : 
Dipole-Dipole + Induction Formulas ~~~~~~~~~ ~ , 
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The [(HAUNCH),] systems: This system yields different re- 
sults from those described above (Figures 7 and 8). At short 
distances this system shows an attractive V(R) curve, like the 
earlier three perpendicular dimers. The second order AE") con- 
tribution to the total interaction energy (AE(MP2)) behaves as 
~ - - 6  a t large R and agrees with the London formula. However, 
the interaction energy at long distance (above 500 pm) is domi- 
nated by the Hartree-Fock term (HF) (see Figure 8). This term 
behaves as R-' ,  and is quite close to the quadrupole-quadru- 
pole contribution from the electrostatic formula [Eq. (5)]. 


Near the minimum, between 300 and 400 pm, the quadru- 
pole-quadrupole repulsion is weakened by the induction terms 
(already present at  H F  level, see Figure 8), and cancelled entire- 
ly by the correlation term AE") (see Figure 7). 


d . I 


$ 


0.1 


0.01 


0.001 


0.0001 


1 e-05 


le-06 ' 1 
300 400 500 600 800 1000 1200 


Wpm 


Figure 7. The attractive contributions to V(R)  i i i  the perpendicular orientation of 
the diiner [(HAuNCH),]. 
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Figure 8. The repulsive contributions to V(R)  in the perpendicular orientation of 
the dimer [(HAUNCH),]. 


As seen from Table 4, HAuNCH is unique in having the 
smallest a and the largest 0 among the four monomers. This 
explains why the electrostatic term overrides the dispersion term 
above R = 600 pm. 


Parallel (C2J and Antiparallel (C2,,) Orientation in Dimers 
[(XAuL),]: In this section, we will examine the dominant mech- 
anisms at work in the parallel and antiparallel orientations of 
the dimers [ (ClAuPH,),] and [(HAUNCH),]. 


Tht. [ (ClAuPH,) ,] system: The results for the antiparallel ori- 
entation (C,,) are shown in Figure 9. The total interaction ener- 
gy at MP2 level (AE(MP 2)) reaches a minimum around 375 pm. 
The Hartree--Fock (HF) term is attractive and produces a min- 
imum at 400 pm. At MP2 level, the attraction is strengthened 


i . h 


5 


0.1 


0.01 


0.001 


t .  
300 400 500 600 800 1000 1200 


WPm 


Figure 9. lnteraction energy in the antiparallel (CZh) orientation of the diiner 
[(CIAuPH,),]. 


and R, shortened, to 385 pm (see Table 3). Thus the dispersion 
in not negligible, even in this dipole-dominated case. For long 
dktances (above 400 pm), the HF  term dominates. It shows 
quite a close relationship with the dipole-dipole R -  formula. 
Th,e repulsive quadrupole-quadrupole term is not important. 


'The parallel orientation (C2J (Figure 10) is dominated by 
dipole-dipole repulsion at both HF and MP2 level. The calcu- 
lated HF  curve goes over to the dipole limit at  large R. The MP 2 
curve develops a bulge, but remains repulsive. 


5 


+ 


1 
300 400 500 600 800 1000 1200 


Rfpm 


Figure 10. Long-range ii init  in the pirai ie i  (C2 , )  orientation of the dimer 
[(C'IALIPI 13)d. 


Thus. both orientations are dominated by the electrostatic 
dipole-dipole interaction, but, even here, the correlation effects 
are not negligible (as already suggested by Pyykko and ZhaoC3'). 


The [ (HAuNCH),] system: Figure 1 1  shows the resultqfor the 
antiparallel orientation (C,,). At long range, the attractive elec- 
trostatic dipole-dipole R - 3  term is partially cancelled by the 
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Figure 11. Long-range limit in the antiparallel (C2J orientation of the dimer 
[(HAuNCH),]. 
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repulsive R -  quadrupole-quadrupole term. Their sum is not 
far from the HF curve. At short distances the correlation effects 
become predominant, overtaking the quadrupole-quadrupole 
repulsion, and lead to a minimum near 316 pm. 


For the parallel orientation (C2J, the interaction energy at 
MP2 level (Figure 12) is repulsive at all distances, but there is a 
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0.001 


k. . AE(MP2) . + 
AE(HF) X 


Electrostatic Formula X . 
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Figure 12. Long-range limit in the parallel ( C 2 , )  oricntation of the dimer 
[(HAuNCH),] 


local minimum at 350 pm. At short distance, the AE'2' is impor- 
tant, and produces the minimum at MP2 level. The H F  curve is 
repulsive; the dipole-dipole repulsion is now strengthened by 
the quadrupole -quadrupole term. The downwards deviation of 
the HF curve from the electrostatic curve at around 400 pm can 
be ascribed to induction. 


We conclude that, for this specific system, which has the 
largest quadrupole moment 0, the quadrupole, induction and 
dispersion terms remain relevant, even at geometries permitting 
maximum dipole contributions. 


Trimers [ (XAuL),]; Nonadditive Effects: We now examine the 
nonadditive effects in the trimers [ (XAuL),] for different orien- 
tations (see Figure 3). The nonadditivity is described through 
the deviation from pairwise additivity [AX of Eq. (9)] at MP2 
level. Moreover, we analyse the results by partitioning the devi- 


ation AX(MP 2) into Hartree-Fock (AX(HF)) and electron cor- 
relation (AX(2)) contributions, respectively. The AX(HF) con- 
tribution is analysed by means of the pairwise and three-body 
induction formulae [Eq. (13)-(17)] for each specific orientation 
of the trimers. 


Perpendicular orientation in [ (ClAuPH,) J and [ (HAuNCH) J 1 


For both trimers, we obtained an attractive intermolecular in- 
teraction energy, with gold-gold distances and energies of com- 
parable magnitude to those of the dimers (see Table 3). 


The results of the deviation from pairwise additivity ( A X )  
are shown in Figures 13 and 14 for [(CIAuPH,),] and 
[(HAuNCH),], respectively. The deviation of electron correla- 
tion AX(2) (not included) is very small; thus, the AX(HF) con- 
tribution dominates at long distances (above 400 pm) and is the 
main source of the deviation. 
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Figure 13. Nonadditivity in perpendicular trimer [(CIAuPH,),] 
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Figure 14. Nonaddiuvity in perpendicular trimer [(HAUNCH),] 


For the trimer [ (CIAuPH,),], the deviation AX(HF) behaves 
as R - 6 ,  similarly to the three-body and pairwise induction for- 
mulae [Eq. (13) and (14)] between 400 and 1000 pm (see Fig- 
ure 13). This situation is also found for the trimer 
[(HAuNCH),] (Figure 14), but it does not show a close correla- 
tion with the induction formulae. 
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Parallel linear and triangular orientations in trirner 
[ f HAuNCH),]:  For both orientations in the trimer 
[(HAuNCH),], we obtained an intermolecular interaction ener- 
gy which is repulsive at MP2 level. 


The results of the deviation from pairwise additivity (AX) are 
shown in the Figure 15 and 16 for linear and triangular ge- 
ometries, respectively. The AX(HF) contribution dominates a t  
long distance and is the main source of the deviation. For the 
triangular geometry, it shows a quite close relationship with the 
deviation AX(MP2) at  all distances (see Figure 16). 
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Figure 15. Nonadditivitj in parallel linear Irimrr [(HAuNCH),]. 


R/pm 


Figure 16. Nonadditivity in triangular trinier [(HAUNCH),] 


The deviation AX(HF) for both orientations shows similar 
results when we compared it with the pairwise and three-body 
induction formulae [Eq. (15)-(17)]. The R-' long-range be- 
haviour was verified. 


Through this analysis, we have found the nature of the nonad- 
ditive effects already at  the Hartree-Fock level. The agreement 
with the induction formulae for the trimers [ (CIAuPH,),] and 
[(HAuNCH),] a t  large distance is acceptable . 


Conclusions 


We have analysed the intermolecular interaction energy in 
dimers and trimers of various [X-Au-L] systems as  a function of 
the Au-Au distances R. The dominant terms at various dis- 


P. Pyykko and F. Mendizabal 


tances are related to the properties of the monomers. The main 
conclusions are: 
1) The model systems [(XAuPR,),] (X = CI, I and R = H. Me) 


with perpendicular (C,) orientations are found to  give simi- 
lar results. The R -  behaviour a t  large distanccs provides the 
best proof so far for the dispersive character of the aurophilic 
attraction. 


2) The pairwise induction contributions to C, are, however. not 
negligible. 


3) The model system [(HAuNCH),] with a perpendicular (C,) 
orientation is dominated at  large distances by the repulsive, 
quadrupole-quadrupole term, owing to  the large quadru- 
pole moment of that monomer. 


4) For the [(ClAuPH,),] system with parallel (C,,,) and antipar- 
allel (C,,) orientations, the R -  dipole-dipole term domi- 
nates a t  long distances, while the correlation effects become 
important a t  intermediate distances. 


5 )  For the [(HAuNCH),] system, both the R - 3  dipole and the 
R - 5  quadrupole terms are important. At intermediate dis- 
tances the correlation term is comparable with that of the 
other dimers. 


6) For  the first time we point out the possibility of nonadditive 
induction terms becoming particularly important for large 
oligomers with several Au' centres. 
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Self-Assembly of Dinuclear CH,-bridged Titanium(Iv)/Catecholate Complexes: 
Influence of the Counterions and of Methyl Substituents in the Ligand 


Markus Albrecht* 


Abstract: The spontaneous self-assembly 
of methylene-bridged dinuclear Ti” com- 
plexes M,[L,Ti,] (L =1-3) from CH,- 
bridged di(catecho1) ligands (l-H,- 
3-H,) was found to proceed in the pres- 
ence of lithium or sodium carbonate act- 
ing as a base (M = Li, Na). In contrast, 
only an unspecific mixture of coordina- 
tion compounds was obtained in the pres- 
ence of potassium carbonate. This differ- 
ence in behavior is due to  the ability of 
Li’ or Na’ to stabilize the triple-stranded 
dinuclear titanium(1v) species [L,Ti,14- 
In the solid state, Li4[(l),Ti2] exhibits a 
highly symmetric structure with three 


lithium cations bound to the meso-heli- 
cate tetraanion. 6Li NMR together with 
‘H NMR studies a t  variable temperature 
revcaled that, in solution, an unsymmetri- 
cal “bowl-shaped” species is formed with 
only two Li’ bound to the anion. A 
methyl substituent on the methylene spac- 
er of the di(catecho1) ligand (ligand 2) led 


Keywords 
alkali metals - catechol ligands * 


NMR spectroscopy * supramolecular 
chemistry - titanium 


Introduction 


Supramolecular architectures are formed from molecular com- 
ponents in spontaneous self-assembly processes,[’] whereby 
noncovalent interactions between complementary building 
blocks lead to the formation of specific aggregates. In nietallo- 
supramolecular chemistry the selective formation of defined 
species in thermodynamically controlled processes is achieved 
by the simple mixing of metal ions with appropriate organic 
donor molecules (ligands) in solution. This metal-directed self- 
assembly can be influenced by various factors, for example the 
preorganization of the ligands, prefcrred coordination ge- 
ometries of the metals, or ternplating effects.[2% 31 


Linear coordination compounds can be formed from two or  
threc oligodentate ligands and two or more metal ions. These 
complexes possess either a chiral helical ( “ h e l i ~ a t e ” ) ~ ~ - -  71 o r  an 
achiral nonhelical (“me.so-helicate”)[s’ structure. Recently, we 
reported the formation of a tetraanionic meso-hehate from 
three methylene-bridged di(catecho1ate) ligands and two titani- 
uni(iv) ions.r91 The self-assembly of this dinuclear complex is 
induced by the counterions: lithium or sodium cations lead to  
dcfined coordination compounds; no specific product is ob- 
served if potassium carbonate is used. The X-ray structural 


to supramolecular systems with new ster- 
eocenters and thus a higher content of in- 
formation. However, only one of the four 
possible diastereoisomeric metal complex- 
es of [(2)3Ti,]4- was observed. A third 
type of ligand, with a methyl group at- 
tached to one terminus of the linear ligand, 
was also investigated. The synthesis of such 
an unsymmetrical ligand, 3-H,, was readily 
achieved starting from 2,3-dimethoxyben- 
zyl alcohol (4) and 2,3-dimethoxybenz- 
aldehyde (6). Upon complexation, the lig- 
and 3-H, led to  a statistical mixture of the 
two possible isomers of the dinuclear tita- 
nium(rv) complex [(3)3Ti,]4-. 


analysis of the lithium salt indicates that here the ternplating 
cffect is not duc to  the encapsulation of the Li’ ion. A more 
complicated structure is ob- 
tained, in which three of the 
counterions bind to the anion 
to form an empty “molecular 
box” (Figure 1). 


The main objective of this 
paper is to investigate the fac- 


self-assembly of methylene- 
bridged dinuclear catecholate/ 
titanium(iv) complexes. These 
complexes were investigated by ‘Li NMR and ‘H N M R  studies 
at variable temperature. Additionally, the influence of methyl 
substituents on the spacer methylene (i.e. the introduction of 
new stereocenters upon complex formation) and on one of the 
two catechol moieties of the ligand on the formation of different 
isomers was tested. The results obtained are discussed in this 
paper. 


DMF- 


tors that are important in the 
Figure 1, Structure of‘ the anion 
{Li,[(l),Ti,].3 DMF; ~ as observed in 
the solid state PI 


Results and discussion 


I*]  Ur. M. Albrcclit 
liistitut fur Organische Chemie der Universitit Karlsruhe 
Ricliard-Wilist;ittei--Allec, 76131 Karlsruhe (Gel-many) 
Fax: In t .  code +(721)698-529 


Ligand syntheses: The ligands 1-H, and 2-H, were prepared as 
previously reported.[’’] The directional ligand 3-H,, which 
bears a methyl group as a “marker” at  one of the two catechol 
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moieties, was synthesized from 2,3-dimethoxybenzyl alcohol (4) 
and 2,3-dimethoxybenzaldehyde (6). Benzylic alcohol 4 was de- 
protonated twice by reaction with two equivalents of nBuLi in 
the presence of TMEDA (N,N,N’,N’-tetramethylethylenedi- 
amine) in ether to give the dianion 5. This was subsequently 
trapped with 2,3-dimethoxybenzaldehyde (6) to afford diol7 as 
a yellow oil in 32% yield after chromatographic workup 
(Scheme 1). 


HYo 
Li b”” OMe OH OMe 


T O M e  - %&I% @ O M e , M e o m  


6 
OMe OMe 


I OH 7 
\OH L O L I  


3-Me, 


Scheme 1 Ligands discussed in this study dnd the synthesis of 3-H, 


The ‘H NMR spectrum of diol7 (in CDCI,) displays charac- 
teristic signals for the benzylic alkyl groups at 6 = 6.33 (s, 1 H, 
C H )  and 4.63/4.59 (2d, J=11.0 Hz, each IH ,  diastereotopic 
protons, CH,). The large difference in the shifts of the 
diastereotopic protons of the CH, group suggested that, after 
initial deprotonation of the OH functionality of 4, the second 
attack of nBuLi may not have occurred ortho to the methoxy 
group but next to the benzylic alcoholate.[”] However., no NOE 


Abstract in German: Durch spontane Selbstorgunisution entste- 
hen zweikernige methylenverbriickte T i tan( fv )  -Komplexe M,- 
[L,Ti,] ( L  = I - 3 )  uus entsprechenden Di(brenzkutechin)- 
liganden I-H4-3-H, in Anwesenheit von Lithium- oder Natrium- 
carhonat als Base ( M  = Li,  N u ) .  Mit Kaliumcarbonat wird nur 
ein unspezifisches Gemisch an Koordinationsverbindungen erhnl- 
ten. Dies liegt an der Fahigkeit von Lithium- oder Natriumionen, 
das dreistrangige, zweikernige Tetraanion [ ( I )  3Ti,]4-zu stabi- 
lisieren. Im Festkorper weist Li4[ ( I )  Ti,] eine hochsym- 
metrische Struktur auj; bei der drei der Lithiumgegenionen an dus 
meso-Helicat-artige Tetraanion gebunden sind. ‘Li- und H- 
NMR-spektroskopische Untersuchungen bei mehreren Tempera- 
turen zeigen ,jedoch, daJ in Losung eine unsymmetrische Verbin- 
dung vorliegt, bei der nu7 zwei Lithiumionen gehunden sind. 
Methylsuhstituenten an der Alkylbriicke des Di(hrenzkutechin) - 
liganden juhren zu supramolekularen Systemen mit erhri‘htem 
Informationsgehalt. Wahrend der Metallkor~plexit.rung von 2 
werden neue Stereozentren gebildet. Es wirdjedoch nur einer deer 
vier moglichen diastereomeren Metallkomplexe [ (2) 3Ti,/4- he- 
obachtet. Ausgehend von 2,3-Dimethoxybenzylalkohol ( 4 )  und 
2,3-Dimethoxybenzaldehyd ( 6 )  laJt sich der direktionule Ligand 
3-H,, der eine Methylgruppe an einem Terminus trugt, einfach 
darstellen. In Koordinationsstudien fiihrt dieser Ligand zu einem 
statistischen Gemisch der isomeren zweikernigen Titankomplexe 
I ( 3 )  3Ti214- 


could be observed between the CHOH and the 
CH,OH protons of 7. This indicates that only the 
position pura to the benzylic alcoholate in 4 is depro- 
tonated during the reaction. 


The alcohol 7 was transformed into the corre- 
sponding diacetate 8 by reaction with acetic anhy- 
dride at 140 “C (84% yield). The two ester functional- 
ities of 8 were removed by hydrogenolytic cleavage to 
yield the CH,-bridged ligand precursor 3-Me, in 93 Yo 
yield. The final step-cleavage of the methyl ether 
groups with BBr, in dichloromethane at 0°C -pro- 
ceeded quantitatively to produce the di(catecho1) 
derivative 3-H, as a reddish, waxy solid. 


M4[(1)3Ti2] (M = Li, Na): 
Synthesis of’M,( ( I ) ,  Ti,] ( M  = Li, Nu) : The lithium 
or sodium salts of [(1),Ti2I4- were prepared as previ- 
ously reported by reaction of three equivalents of the 
ligand 1-H, and two equivalents of [(acac),TiO] 
(acac = acetyl acetonate) in the presence of two 
equivalents of the alkali metal carbonate in 
methanol.[’. 12’ After evaporation of the solvent, the 
complex salts were obtained in quantitative yield as 
red solids. The corresponding ‘Li derivative was pre- 
pared by a similar reaction with four equivalents of 
freshly prepared 6LiOMe as the base. 


The complexes M4[(l)3Ti2] (M = Li, Na) were also obtained 
in an NMR cxperiment in which LiClO, or NaC10, (4 equiv) 
was added to a [DJmethanol solution of preformed 
“K4[(1)3TiZ]”. This experiment is shown in Figure 2 for the 
addition of LiCIO,. Within one hour characteristic signals of 


7.0 6.0 5.0 4.0 3.0 
ppm 


Figure 2.  Change in the ‘H NMR spectrum ([DJmethanol) of “K,[(I),TI,]” upon 
addition of 4 equiv LiCIO, 
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Li4[(1),Ti2] were observed. After 20 hours this complex was the 
only detectable coordination compound. This experiment 
shows that the addition of a “template” like Li’ or Na’ induces 
the self-assembly of a defined supramolecular species. Addition 
of only one or two equivalents of Li’ did not lead to clean NMR 
spectra. 


’ H N M R  studies a t  variable temperature: The lithium com- 
pound Li4[(l),Ti2] displays in its ’HNMR spectrum a t  room 
temperature in [D,]methanol one set of signals for the aromatic 
protons: 6 = 6.65 (dd, J = 1.3, 7.6 Hz, 6H), 6.44 (pseudo-t, 
J=7 .6Hz ,6H) , and6 .23(dd , J=1 .3 .7 .6Hz ,6H) .Thereso -  
nances of the diastereotopic protons of the rnethylene spacer are 
a t  (5 = 4.20 (d, J=12 .8  Hz, 3H) and 2.99 (d, J =12.8 Hz, 3H).  
A similar set of signals is observed for the sodium salt 
Na,[(l),Ti,]. The presence of  signals of diastereotopic alkyl 
protons indicates that the dinuclear titanium compounds adopt 
the C,,-symmetric meso-helicate structure A (Figure 3) .[“I In the 
corresponding D,,-symmetric helicate-type structure B only one 
signal of homotopic protons would be detected for the spacer. 
A third possibility is a linear dinuclear complex with trigonal- 
prismatic tris(catecholato)titanium(rv) moieties. Although in a 
related ethylene-bridged system, the coordination environment 
of titanium is close to trigonal-pri~matic,[~”] the coordination 


observation of three different sets of resonances of the ligand 
indicates that not a C,,- but a C,-symmetric species is present in 
solution. At room temperature only averaged spectra can be 
detcctcd. 


Cooling of a sample of Na,[(l),Ti,j in [D,]methanol also led 
to a broadening of the ‘H NMR signals. However. no splitting 


into defined resonances was observed, even at  temper- 
atures as low as 193 K. 


Heteronuclear N M R  spectroscopic investigations: In 
order to gain a better understanding of the influence 
of the alkali metal cations in the self-assembly of the 
dinuclear titanium(1v) complex [ ( 1),Ti2l4 -, heteronu- 
clcar NMR studies were performed at variable tem- 


A B C perature by ’,Na NMR and ‘Li NMR spectroscopy. 
meso-helicate helicate linear structure The 23Na NMR spectrum (105MHz) of Na,- 


[(1),Ti2] a t  room temperature in [DJmethanol shows 
( A,,A2-form ) ( A,A-form ) one signal a t  6 = 0.3, with a line width of 


Avl,, = 435 Hz. Although the line width indicates 
that an exchange process is taking place, no signifi- 
cant changes of the spectrum are observed upon cool- 
ing to 188 K. 


geometry at the transition metal centers of Li4[(1),Ti2] can be The ‘Li NMR spectra (58 MHz) of ‘Li,[(l),Ti,] in 
best described as pseudooctahedral. Additionally, a D,, sym- [II,]methanol are presented in Figure 5. At room temperature 
metric complex C in the ‘H N M R  spectrum should lead to only 
one signal for the CH,-spacer. Thus, at room temperature, the 
tetraunion in solution possesses the same symmetry (A) as that 


The spectra did not change significantly on heating the NMR 


octahedral coordination octahedral coordination trigonal-prismatic coordination 
geometry at the metal geometly at the metal geometry at the metal 


D 3d D3h c 3h 


Figure 3. Schematic representation of the different hlructural possibilities for the tetraanion 
[L7TiJ4 (L: e.g. 1 ) .  


I L  293 K observed in thc solid state[’] (Figure 3). 


samples to  333 K .  However, when the Li4[(l),Ti2] sample was 


i 


I__.I_..---__  ̂233 K lll_ J L-_ 


_. _ _ _ ~  JL ~ __ 


A ___-- 


I___ 


cooled in the NMR instrument, then a splitting of the signals of 218 K 


both the aromatic and alkyl protons was observed (Figure 4). 


t o  numerous new signals. which then sharpened. 
At 193 K ,  rcsonances of the aromatic moieties are detected a t  


c i =  6.78-6.62(ni,6H),6.51-6.40(m,6H),6.26(d,J=7.1 Hz. 


Only broad signals were detected at 223 K. Further cooling led 208 K 


203 K __.___I .-.I_ .--._._.____c_ ____ 


\---.. ~ ~ 


193 K ,”,<. J- ?H),6.1Y (d,J  =7.4 Hz,2H) ,and6,15(d ,J  -7.4 Hz,2H) .  The ~ ~ . _. 


signals of the spacer are observed at (5 = 4.33 (d, J = 11.3 Hz, 1 , >--, I , -,- , .,- - -~~ , 1 -.---_ 1 , ~ I ,-T-~, 1 l---_l-II 


3.0 2.0 1 0  0.0 -1 .o 
2 H ) , 4 . 2 7 ( d . J = l 0 . 3 H ~ , 2 H ) , 4 . 0 5 ( d , J = 1 0 . 3 H ~ , 2 H ) , 3 . 0 5  ppm 


are broadcned at 193 K because of viscosity problems). The 
(d, = ‘3 Hz. 2H) > and 2.98 (d, Hz, } . i g ~ ~ r c  5 ,  v3riable.tempewcure “LI NMR spectra of hLi,[(1),Ti2] (in [DJ 


niethwnol). 
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only one signal at 6 = 0.94 can be detected. However, upon 
cooling the signal broadens and starts to split at about 233 K. At 
193 K two sharp signals are observed at 6 = 1 .I5 and 0.79, in an 
approximate ratio of 1 : 1. The resonance at b = 0.79 is partly 
hidden by a broad signal at 6 = 0.73. This indicates that three 
different types of lithium cations are present in solution. 


The results of both the ‘H  and 6Li NMR spectroscopy of 
6Li,[(l),Ti,] at variable temperature reveal that the highly sym- 
metric species, which is indicated by NMR spectroscopy at 
room temperature, is not present in solution. These observa- 
tions indicate that in solution only two of the lithium cations are 
bound to the tetraanion; this leads to an aggregate with low 
symmetry. All three ligands are now different and three sets of 
ligand signals can be observed by ‘H NMR spectroscopy at 
188 K. The two coordinated lithium atoms are diastereotopic 
and produce two sharp signals in the ‘Li NMR spectrum 
at 193 K,  while the broad resonance at 6 = 0.73 can be 


assigned to two solvated lithi- 
2 0  um counterions. This is in 


contrast with the highly sym- 
metric structure which was 
found in the solid state. In- 
stead of a closed “molecular 
box” {Li3[(lj3TiZ]] - , [91 an 
open, bowl-shaped aggregate Figure 6. Proposed structure of 


{Li2[(l)3Ti2])z~ in solution (L = {Li2[(1),Ti2]}’- (Figure 6) is 
ligandisolvent). observed in solution. 


Li4[(2)3Ti2]: The ligand 2-H,, which bears a methyl group at- 
tached to the spacer, was used to obtain the dinuclear titanium 
compound Li4[(2),Ti2] (FAB( +) MS in glycerin: m/z = 851 
{Li,H[ (2),Ti2]} ’). As depicted in Figure 7, the methyl group 
can adopt two different orientations: “in” or “out”. Theoreti- 
cally, four diastereoisomers can be formed in a triple-stranded 


system : in/in/in, in/in/out, 


However, the ’HNMR 
and I3C NMR spectra in 
[DJmethanol show that 
only one of these possible 
isomers is formed predomi- 
nan t 1 y . 


40 inloutlout, and outloutlout. 


Figure 7. The tetraanion [(Z),Ti,]“- ; 
the two possible orientations of the l H N M R  ’pectruln 
methyl group (injout) are indicated for Signals Of a C,,-Symmetric 
one ligaiid strand. species can be observed at 


b = 6.78 (dd, J=1 .2 ,  
7.8Hz,6H),6.51 (pseudo-t,J=7.8Hz,6H),6.21 (dd ,J=1.2 ,  
7.8 Hz,6H) ,4 .67(q ,J=7 .5  Hz,3H) ,and  1 .32(d ,J=7 .5  Hz, 
9H). Corresponding I3C NMR resonances are dctected at 
6 =157.7 (C), 156.5 (C), 132.4 (C), 119.2 (CH), 117.7 (CH), 
110.4 (CH), 29.0 (CH), and 21.2 (CH,). The symmetry of the 
coordination compound shows that either the in/in/in or the 
out/out/out isomer is obtained. For sterical reasons, the out/ 
outiout isomer should be favored. 


In 


M4[(3)3Ti21 (M = Li, Na): If a methyl substituent is attached to 
one of the aromatic moieties the directional ligand, 3-H, is 
0btained.1’~’ This linear ligand bears a “marker” at one end and 
can thus adopt two different orientations (“up” or “down”) in 


a dinuclear coordination compound. It is possible to obtain a 
linear triple-stranded complex with two ligands oriented in one 
and the third in the other direction (C, symmetry). On the othcr 
hand, an analogous complex with all threc ligands oriented in 
one direction (C, symmetry) could be formed. In a coordination 
study, a mixture of three equivalents of ligand 3-H, together 
with two equivalents of [(acac),TiO] and two equivalents of 
lithium carbonate or sodium carbonate as a base was stirred in 
methanol at room temperature for 20 h. The solvent was re- 
moved to afford Li4[(3)3Ti2] or Na4[(3),Ti,] as red solids. The 
negative FAB-MS (glycerin as matrix) contains a peak for 
Li,[ (3)3Ti2] at m/z = 843. Corrcsponding signals are detected 
for the sodium compound in the FAB(+)-MS (glycerin) at 
m/z = 915 (HNa,[(3),Ti2]+) and 937 (Na,[(3),Ti,lt). 


The 13C NMR as well as the ‘HNMR spectrum 
([DJmethanol, 296 K) of Li,[(3),Ti,] or Na,[(3),Ti2] display a 
number of resonances. Signals of the CH, substitucnts of 
Li,[(3),Ti2] are observed at 6 = 15.9, 15.8, and 15.7 and 2.08, 
2.07, and 2.05 (intensity 1.0: 1.8:1.0), respectively. This indi- 
cates that the C,-symmetric (all three ligands arc different, in- 
tensity 1 .O: 1 .O: 1 .O) as well as the C,-symmetric isomer (all three 
ligands equivalent, intensity 0.8) are formed. The corresponding 
‘HNMR spectrum of Na,[(3),Ti2] is shown in Figure 8 and 


6.0 5.0 4.0 3.0 2.0 


Figure 8. ‘H NMR spectrum of Na,[(3),TiZ] in [DJmethanol. The signals of the 
methyl groups at 6 = 2.0-2.1 indicate the presence of a 4 : l  mixlure of the unsym- 
metrical (left) and the C,-symmetrical isomer (right) 


reveals similar features to those discussed for the lithium salt. A 
ratio of the C,- to C,-symmetric isomers of 4: 1 can be estimated 
from the ‘HNMR as well as the I3C NMR spectra of 
M,[(3j3Ti,] (M = Li, Na). This observed ratio is close to that 
expected by statistical formation of the two structures (expect- 
ed: C , : C ,  = 3: l )  


This coordination study shows that ligand 3 and titanium(1v) 
ions form a dinuclear coordination compound [ (3)3Ti,]4- with 
a statistical preference for the C,-symmetric structure. 
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Conclusions 


This paper reports on an example of a self-assembly process in 
which the formation of a dinuclear triple-stranded tetraanionic 
nwso-helicate is influenced by the counterion that is present. 
Only counterions that can stabilize the tetraanion (Li' or Na', 
but not K') lead to the formation of defined supramolecular 
species. For  Li,[( l)3Ti2], stabilization occurs in the solid state 
by the binding of three of the four lithium cations to the tetra- 
anion. However, N M R  spectroscopic studies indicate that in 
solution only two lithium ions are bound to the anion, leading 
to a loss of symmetry. The understanding of such templating 
effects will lead to a deeper insight into self-assembly processes, 
and should help to understand and to control such processes.[141 


'The attachment of substituents to the ligands allows the for- 
mation of different isomers and thus leads to systems that 
contain more information than the unsubstituted derivatives. 
Reaction with ligand 2 only produced one diastereoisomer of 
Li,[(Z),Ti,], while the directional ligand 3 gave M4[(3)3Ti2] 
(M = Li, Na) as a statistical mixture of the possible isomers. 


Future work will focus on the investigation of control mech- 
anisms, which are important for the selective formation of 
(meta1Io)supramoIecuIar species or 


Experimental Section 


'H NMR. ',C NMR, 6Li NMR, and "Na NMR spectra were recorded on 
a Hrukei- DRX500, AM400, or WM250 NMR spectrometer using DEPT 
techniques for the assignment of the multiplicity of Carbon atoms. FT- IR 
spectra were rccordcd by diffuse rcflection (KBr) on a Bruker IFS spectrom- 
eter. UV,'Vis spectra werc recorded in methanol on a Perkin Elmer UV/Vis 
Lambda? spectrometer. Mass spectra (EI, 70 eV or FAB( + I) -1, glycerin as 
matrix) were taken on a Fiiinigan MAT90 mass spectrometer. Elemental 
analyses were obtained with a Heracus CHN-0-Rapid analyzer. Solvents 
were purified by standard methods. Melting points: Biichi 535 (uncorrected). 
Awsensitive compounds werc prepared and handled under Ar using Schlenk 
techniques. 


(4-Hydroxy1nethyl-2,3-dimethoxyphenyl)(2,3-dimethoxyphenyl)methanol (7): 
A colution of nBuLiihexanc (1.621, 7.5 mL, 12 mmol) at  room temperature 
w a s  added to 2.3-dimethoxybenzyl alcohol (4) (1.0 g, 5.94 mmol) and 
TMEDA (1.5 mL) in ether (20 n i l ) .  2,3-Dimethoxybenzaldehyde (6) 
(990 mg, 5.96 mniol) in cther (20 mL) was added aftcr 4 h and the mixture 
then slirred overnight. 6~ HCI was added and the phases were separated. The 
ether phase was dried (MgSO,) and solvent removed in vaciio. The residue 
was purified by column chromatography (silica gel, C:H,CI,). Yield: 630 mg 
(32%). ycllow~ oil. ( 'HNMR (CDCI,): 6 =7.06-6.98 (m, 3H).  6.89 (dd, 
J=1 .3 .  7.8H7, I H ) ,  6.84 (dd, J=1 .3 ,  8.1 Hz, l H ) ,  6.33 (s, I H ) ,  4.63 (d, 
,1-11.0Hr, I H ) . 4 . 5 9 ( d . J = l l . O H z ,  lH) .3 .83(~ ,6H) ,3 .69(~ .3H) ,3 .66  
(s. 3H); I 3 C  NMR (CDCI,): 6 =152.5 (C), 150.7 (C), 150.1 (C), 146.3 (C), 
137.4 (C). 137.1 (C). 134.3 (C), 123.9 (CH), 123.3 (CH), 122.7 (CH), 119.6 
(CH), 111.8 (CH). 66.6 (CH), 61.0 (CH,), 60.5 (CH,). 60.4 (CH,), 60.1 
(CH,). 55.7 (CH,); l R  (KBr): t = 3404, 2938, 2835, 1586. 1480, 1271. 1016, 
761 em- ' ;  MS (EI) :  m i z  (%) = 334 (22) [ M I + ,  165 (100); HRMS calcd for 
C,,H,206: 334.1416. found: 334.1426. 


(4-Acetoxymethyl-2,D-dimethoxyphenyl)(2,3-dimethoxyphenyl)methyl acetate 
(8): D i d  7 (630 mg, 1.88 iiimol) was hcated (140 C) in acetic anhydride 
(10 m L )  for 14 11. After evaporation of the solvent. Lhc residue was dissolved 
i n  CH,CI, and washcd with sat. aqueous N;IHCO,~. The organic phase was 
dried (MgSO,) and CH,CI, removed in vdcuo. Yield: 660 mg (84%). yellow 
oil. ' H N M R  (CDCI,): 6 =7.47 (s, I H ) ,  7.05--6.99 (m, 3H),  6.88-6.82 (in, 
2H).5.11 (9,ZH). 3.84(2s. 3Heach) ,  3.80(s, 3H),3.75(s, 3H),2.11 (s, 3 H ) ,  
2.07 (a ,  3H); ',C NMR (CDCI,): 6 =170.8 (C). 169.6 ( C ) ,  152.8 (C). 151.5 
(C), 150.6 ( C ) ,  146.8 (C), 134.7 (C), 133.5 (C). 130.0 (C), 124.6 (CH). 123.8 


(CH), 122.8 (CH), 119.8 (CH), 112.3 (CH), 67.2 (CH), 61.5 (CH,), 60.7 
(CH,), 60.4 (CH,), 60.1 (CH,), 55.8 (CH,), 21.2 (CH,). 21.1 (CH,); 1R 
(Klk):  i = 2940, 2836, 1742, 1483, 1373, 1234, 1024, 773 c m - ' ;  MS(E1): PI/: 


(% ' )=418  (100) [MI', 285 (49), 165 (56) ,  151 (60); HRMS calcd for 
C,,H,,O,: 418.1628, found: 418.1614. 


(4-Methyl-2,3-dimethoxyphenyl)(2,3-dimethoxyphenyl)methane (3-Me,): Di- 
acetate 8 (580 mg, 1.39 mmol) and Pd'C (200 mg) in  methanoliethyl acetate 
(1 : 3,  15 mL) were stirred for 46 h under an atmosphere of H, (50 bar). The 
mixture was filtered and the solvent removed. Yield: 390 mg (86%), yellow 
oil. LHNMR(CDCI,):b=6.94(t.J=7.9Hz,1H),6.79(m,2H).6.71 (d. 
.1=:7.8Hz,lH),6.67(dd,J=1.4.7.7Hz,lH),3.98(~,2H),3.X5(s,3H). 
3.83 (s, 3H) ,  3.77 (s, 3H). 3.76 (s, 3H),  2.23 (s, 3H); 13C NMR (CDCI,): 
6 =:152.8(C), 151.4(C), 151.2(C),147.2(C),l35.1 (C),132.7(C), 130.2(C). 
125.4 (CH), 125.2 (CH), 123.7 (CH), 122.5 (CH), 110.4 (CH). 60.4 (CH,), 
60.2 (CH,), 60.0 (CH,), 55.7 (CH,), 29.5 (CH,), 15.7 (CH,); IR (KBr): 
i =: 2935, 2833, 1481, 1278, 1081, 752cm-'; MS (El): mi; ("A) = 302 (100) 
[ M I + ;  HRMS calcd for Ci8H,,0,: 302.1518. found: 302.1507. 


(4-Methyl-2,3-dihydroxyphenyl)(2,3-dihydroxyphenyl)methane (3-H,): At 
0°C a solution of BBr,/CH,CI, (1 M .  6.5 mL) was added to a solution of the 
ligand precursor 3-Me, (350mg, 1.16mmol) in CH,CI, (20 mL) .  The mix- 
ture was stirred overnight at room temperature and methanol was added 
(5 mL). The solvent was removed and the residue then dissolved in cther and 
washed with water. The ether phase was dried (MgSO,) and the solvent 
evJporated in vacuo. Yicld: 295 mg (93%). slightly red. hygroscopic solid; 
m.p. 46-C. 'H NMR ([D,]methanol): 6 = 6.63-6.55 (m, 3 H ) ,  6.52 (d, 
J=8.0Hz,1H),6.50(d,J=8.0Hz,lH).3.83(s,2H),2.15(s,3H); ',C 
NMR ([D,]methanol): b = 146.1 (C), 144.5 (C), 143.5 (C), 143.4 (C), 129.5 
(C), 126.9 (C), 123.8 (C), 122.6 (CH), 122.3 (CH), 121.8 (CH), 120.8 (CH), 
114.1 (CH), 31.0 (CH,), 16.0 (CH,); IR  (KBr): 3 = 3311. 3051, 2936, 1476. 
1279, 756cm-'; MS (EI): m j z  =246 [ M I + ,  137, 124; HRMS calcd for 
C,,H,,O,: 246.0892, found: 246.0883; calcd for C,,H,,0,.18,H,0: C 
66.66. H 5.86; found: C 66.54, H 6.06. 


General procedure for the preparation of titanium(lv) complexes: Ligdnd 
(3 equiv), M,CO, (M = Li, Na;  2 equiv), and [(acac),TiO] (2 equiv) were 
dissolved in methanol and stirred overnight. The mixture was evaporated to 
dryness to afford a red solid. The coordination compounds may be purified 
by chromatography (Sephadex LH-20, methanol), but this was often unnec- 
essary. 


"K,l( l ) ,Ti ,~":  Yield: 100% red solid as theoctahydrate; IJV'Vis(melhanoli: 
i = 205, 273, 369 nm; MS (FAB(-)): miz (YO) = 897 (very low intensity. 
K3[(1),Ti2] -); calcd for C3,H,,K,012Ti;8H,0: C 43.34. H 3.73; found: C 
41.70. H 4.01 


Na,[(l),Ti,J: Yield: 100% orange-rcd solid as the nonahydrate, 'H NMR 
([D,]methanol): 6 = 6.74 (d, J =7.7 Hz, 6H), 6.53 (pseudo-t, J = 7 . 7  Hz. 
6H),  6.29 (d, J =7.7 Hz, 6H), 3.73 (d, J = 13.5 Hz, 3 H ) ,  3.19 (d, .I = 13.5 Hz, 
3H) ;  I3C NMR ([DJmethanol): 6 =158.4, 155.7, 126.9. 122.8. 120.2. 
111.7, 31.5; "Na N M R  (D,O, 0.1 M, 296 K) :  6 = 0.98 (Av,  , = XX0 Hz): 
KJVjVis (methanol): 1 = 206, 273, 366 nm; MS (FAB( +)) :  pi?!: = 895 
(Na5[(l),Ti,]7), 873 (Na,H[(l),Ti2]7), 851 (Na,H,[(l),Ti,]+). 829 
(Na,H,[(l),Ti,]+); cdkd for C,,H2,Na,0,,Ti;Y H,O: C 45.28. H 4.09; 
found: C 45.07, H 4.27. 


Li4[(l),TiZl: Yield: 98% orange-red solid as the nonahydrate: 'H NMR 
([DJmethanol): 6 = 6.65 (dd, J z 1 . 3 ,  7.6Hz, 6 H ) ,  6.44 (pseudo-t. 


2.99(d,.7=12.8 Hz, 3H);  " C  NMR([D,]methanol):6 =158.2. 156.9. 127.6. 
121.9, 119.0, 111.0, 31.9; 6Li NMR of 'Li[(l),Ti,] ([DJmethanoI, 296 K ) :  
ii = 0.94, (187 K):  6 =1.15, 0.79, 0.73 (br.); UVlVis (methanol): ;. = 205. 
771, 359 nm; MS (FAB(+j): m/z = 809 (Li,H[(l),T12]+). 803 
(li,H,[(1j3Ti,l+), 797 (Li,HJ(l),Ti,]+); calcd for C,,H,,Li,0,2- 
'Ti,.9H20: C 48.28, H 4.36; found: C 48.16, H 4.76. 


Li4[(2)3Tiz]: Yield: 98 % orange-red solid as the octahydrate; ' H  NhlR 
~[D~lmethanol) :  6 = 6.78 (dd, J =1.2, 7.8 Hz, 6H),  6.51 (pseudo-t. 
.I =7.8 Hz, 6H),  6.21 (dd, J = 1.2,7.8 Hz, 6H), 4.67 (q,  J =7.5 H7, 3H).  1.32 
(d, J =7.5 Hz, 9H) ;  ',C NMR ([D,]methanol): b = 157.7 (C) ,  156.5 (C), 
132.4 (C), 119.2 (CH), 117.7 (CH). 110.4 (CH), 29.0 (CH). 21.2 (CH,); IR 


J = 7 . 6 H 7 ,  6H),  6.23 (dd, J = 1 . 3 ,  7.7Hz, 6H), 4.20 (d, . l=12.8Hz.  3H).  
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(KBr): V = 3390,3059,2973, 1451, 1254,924,725 cm- ' ;  UV/Vis (methanol): 
2 = 205, 271, 360 nm; MS (FAB(+)):  m/z = 853 (Li4H[(2),Ti2]+); calcd for 
C,,H,,Li40,,Ti,~8H,0: C 50.73, H 4.66; found: C 50.35, H 4.91. 


Na41(3),Ti,]: Yield: 56% red solid as the nonahydrate after chromatogra- 
phy; 'HNMR ([D,]methanol): 6 = 6.71 (d, J = 7 . 6 H z ,  3H),  6.59 (d, 
J = 7 . 6 H z , 3 H ) , 6 . 5 1  ( rn ,3H) ,6 .35 (d , J=X.OHz ,3H) ,6 .27 (m,3H) ,3 .66  
( d , J = 1 3 . 4 H ~ , 3 H ) , 3 . 1 5 ( d ,  J=13.4Hz,3H),2.07,2.06,2.04(3s,C9II);  
',C NMR ([DJmethanol): 5 =15X.3, 156.9, 156.8, 155.8, 127.3, 127.2, 
124.5, 124.4, 122.8, 122.5, 122.3, 122.0, 121.8, 120.9, 120.2, 120.0, 111.7, 
31.6, 15.9, 15.8, 15.7; MS (FAB(+)):  m/z = 937 (Na5[(3),Ti,]+), 915 
(Na4H[(3),Ti,]+); calcd for C,,H,,Na,OJ,Ti,~9H,O: C 46.86, H 4.49; 
found: C 46.87, H 4.71. 


Li4[(3)3Ti2]: Yield: 100"h orange-red solid as the decahydrate; 'H N M R  
([D4]methanol):6=6.67(d,J=7.6Hr,3H),6.59(d,J=7.7Hz.3H),6.47 
(m,3H),6.36(d,J=7.6Hz,3H),6.25(m,3H),4.11 ( d , J = 1 2 . 9 H z > 3 H j ,  
3.03 (d, J = 1 2 . 9 H z ,  3H). 2.08, 2.07, 2.05 (3s. x 9 H ) :  13C N M R  
([D,]methanol): b = 157.8 (3 signals), 156.3 (3 signals), 156.2 (2 signals), 
128.1 (2 signals), 128.0, 125.4 (2 signals), 125.3, 122.4, 122.2 (2 signals), 121.9 
(2 signals), 121.7 (2 signals), 121.1, 120.9, 120.3, 120.2 (2signals), 119.3 
(2signals), 119.1 (2signals), 111.2, 111.1, 32.3, 15.9, 15.8, 15.7; 1R (KBr): 
i = 3587, 2924, 1455, 1261, 1076, 731 cm- ' ;  UV/Vis (methanol): A = 204, 
271, 342 nm: MS (FAB(-)): m/z = 843 (Li3[(3),Ti,]-); calcd for 
C,,H3,Li,0i2Ti,~10H,0: C 48.96, H 4.89; C 48.96, H 5.21. 
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Chiral Lewis Acid Controlled Synthesis (CLAC Synthesis) : 
Chiral Lewis Acids Influence the Reaction Course in Asymmetric Aldol 
Reactions for the Synthesis of Enantiomeric Dihydroxythioester Derivatives 
in the Presence of Chiral Diamines Derived from L-Proline 


Shij Kobayashi* and Mineko Horibe 


.4bstract: Both enantiomers of 2,3-dihy- 
droxythioester derivatives werc prepared 
with almost perfect stereochemical con- 
trol by chiral Lewis acid controlled syn- 
thesis (CLAC synthesis). CLAC synthesis 
means synthesis of all individual dia- 
stcreomers or enantiomers from the same Keywords 
starting materials by designing chiral aldol reactions * asymmetric svnthesis 
Lewis acids. For  example, (Z)-1 -ethyl- diamines * enantioselective synthesis 
thio-1 -(trimethylsiloxy)-2-(tert-butyldi- Lewis acids 
methylsi1oxy)ethene (1) reacted with alde- 


hydes in the presence of chiral tin(1r) 
Lewis acids using (S)- 1 -methyl-2-[ (isoin- 
dolinyl)methyl]pyrrolidine (4) and (S)-1- 
methyl-2-[ (indolinyl)methyl]pyrrolidine 


(5) to afford enantiomeric dihydroxy- 
thioester derivatives. Chiral diamines 4 
and 5, which were readily prepared from 
L-proline, differ only in the fusion point of 
the benzene ring connected to the pyrro- 
lidine moiety. The uniquc selectivities 
were ascribed to the conformational dif- 
ference between the chiral tin(rr) Lewis 
acids of chiral diamines 4 and 5, and the 
function of chiral sources for obtaining 
high selectivities has also been clarified. 


Introduction 


The development of highly selective reactions is one of the most 
important tasks in modern organic synthesis. Great advances 
have been made in this Gcld during the last decade, and many 
chemo-, regio-, diastereo- and enantioselective reactions have 
been reported.['] In spite of the high selectivities attained in 
these reactions, however, changing the reaction courses and ob- 
taining all diastereomers or enantiomers is difficult. For  cx- 
ample, there are many highly endo-selective Diels-Alder reac- 
tions,"' while few examples of em-selective Diels-Alder 
reactions are known.'31 As for aldol reactions, eiiolate geometry 
is known to change the diastercoselectivity in some  reaction^.'^' 
However, in most cases these reactions d o  not dcal with enan- 
tioselective synthesis, and therefore there is no control of enan- 
tiofacial selecti~ity. '~] 


Our goals are to control the course of reactions and to obtain 
all diastercomers or enantiomers from the same starting materi- 
als. In order to atlain these goals, we have focused on asymmet- 
ric reactions based on chiral Lewis acids. Recently, due to the 
increasing importance of asymmetric synthesis, development of 
new methods for the preparation of chiral compounds has be- 
come an important research topic. Thus, asymmetric reactions 
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Science Univer-xty of Tokyo (SUT). Kagurazaka 
Shinjuku-ku. Tokyo 262 (Japan) 
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based on chiral Lewis acids are of great current interest as one 
of the most efficient asymmetric synthetic methods carried out 
under mild rcaction conditions.[61 Asymmctric reactions with 
chiral Lewis acids have been carried out, for example, by coor- 
dination of the Lewis acid to  achiral aldehydes. On the basis of 
the chirality of the Lewis acid, one face (prochiral enantioface) 
of an aldehyde is shielded sterically or electronically, and a 
nucleophile attacks the aldehyde from one open side to attain a 
high selectivity. We surmised that a higher level of stcreocontrol 
could be achieved by designing chiral Lewis acids. For  example, 
in the aldol reactions shown in Scheme 1. all individual 


//./ 
LA* = chiral Lewis acid 


r I I 
OH 0 OH 0 OH 0 OH 0 


R I V R 2  R ' d R Z  R f a R 2  R1+.R2 


R3 R3 R3 R3 
SYn anti 


Scheme 1. Chiral Lewis acid controlled synthesis. 
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diastereomers or enantiomers would be synthesized from the 
same starting materials using designed chiral Lewis acids (chiral 
Lewis acid controlled synthesis, CLAC synthesis). 


Based on this idea, we have developed a new method for the 
preparation of both enantiomers of a chiral compound.['] Syn- 
thesis of both enantiomers is a very important task in asymmet- 
ric synthesis, and traditional methods have required sources of 
enantiomeric precursors, auxiliaries, or cata- 
lysts.[81 However, it is often hard to obtain both 
enantiomers of the sources (for example, alka- 
loids, amino acids, sugars, etc.). We now report 
the preparation of both enantiomers including 1,2- 
diol units with almost perfect selectivities by using 
similar types of chiral sources derived from L-pro- 
li11e.[~~ The origin of the unique selectivities and 
function of the chiral sources for obtaining the 
selectivities are also discussed. RCHO + 


Results and Discussion 


Synthesis of Both Enantiomers: We have already 
reported the asymmetric aldol reactions of silyl 
enol ethers with aldehydes using chiral tin(I1) 
Lewis acids coiisistinz of tin(n) triflate and a chiral 


structure of the chiral sources completely reverscd the enantio- 
facial selectivity."'] We further examined the effect of chiral 
diamines and found that almost perfect diastereo- and enan- 
tioselectivities with reverse absolute configurations were ob- 
tained when chiral diamines 4 and 5 were employed (Table 1, 
Scheme 2). We then tested several aldehydes: the results are 
summarized in Table 2. While adducts with the (2S.3R) configu- 


Sn(OTf), + Me 


Bu2Sn(OAc), , CH,CI, , -78°C 
L 


4 


12S,3R) 


TBSO SEt 
/+OSiMe3 1 


I * 
BUpSn(0AC)Z , CHzCIz, -78°C 


synianti = 98/2->99/1 
syn = 96-99% ee 


c \ I  


synianti = 9911 ->99/1 
syn = 98->99% ee 


Schcme 2. Diabtereo- and enantiosclecrtvitics of reactions in thc presence of chii-al d i an i i tw  4 and 5. 


diamine," " 3  and that optically active 2,3-dihy- 
droxythioesters can be prepared from silyl enol 
ethers derived from r-alkoxy thioesters (or esters) 
and aldehydes by these reactions.["] In the course 
of our investigations to examine asymmetric aldol reactions 
of (Z)-l-ethylthio-l-(trimethylsiloxy)-2-(tcrt-butyldimethylsil- 
oxy)ethene (1) with ol-ketoesters for constructing a-alkoxy-fi-hy- 
droxy-/&methyl units, we developed a new type of chiral di- 
amine, 2, which was prepared from L-prolinc and tetrahydroiso- 
quinoline." PM 3 calculations indicated that the benzene ring 


connected to the pipe- 
ridine moiety had a n  im- A 
portant effect on the 


p N m  I p.Cp-' selectivities,[141 and 
that Sn(OTf), - 2 and 
Sn(OTf),-3 complexes 


' A  
2: R = M e  3: R = M e  


had different conforma- 
tions (see the following section). Bearing this information in 
mind, we performed synthetic experiments. When the reaction 
of 1 with benzaldehyde was carried out in the presence of 
tin(1I) triflate, chiral diamine 2, and dibutyltin diacetate 
(Bu,Sn(OAc),) in dichloromethane at - 78 "C, the aldol adduct 
with a (2S,3R) configuration was obtained in a n  85 YO yield with 
a syn/unti ratio of 9515, and the enantiomeric excess of the syn 
adduct was 80%."51 On the other hand, when chiral diamine 3 
(prepared from L-proline and tetrahydroisoquinoline) was used, 
the reaction also proceeded smoothly to afford the aldol adduct 
in a high yield with high syn selectivity. The enantiomeric excess 
of the syn-aldol was also high (92% er),  but tlzc ubsolutr coilfig- 
uration qf the adduct w a s  reversed (2R,3S). While diamines 2 
and 3 were both prepared from L-proline and the absolute con- 
figurations of the 2-position are S in both cases, the difference 
is the fusion point of the benzene ring connected to the pipe- 
ridine moiety. It was exciting that the slight difference in the 


T'ihle 1 Etfect of chirdl diamines 


Sn(OTf), + chiral diamine 
PhCHO + &0SiMe3 P 


TBSO SEt BU2Sn(OAC)2, CHzCI, -78 "C 


OH 0 OH 0 


P h v S E t  + Ph2SEt 


(2S73R) ( 2 W S )  


1 


OTBS OTBS 


Chiral diamine Yield (%) synianti 2S,3R/2R,3S ee (%)[a] 


pNs 82 99i 1 l.Oi99.0 98 


Me 5 


[a] Enantiomcric excesses 01' ,xw adducts 


ration were obtained from chiral diamine 4, adducts with the 
(2R,3S) configuration were produced from chiral diamine 5 for 
all eight typical aldehydes including aromatic, aliphatic, unsatu- 
rated, heterocyclic, and diene aldehydes. In every case, the selec- 
tivities were very high; almost perfect syri selectivities and more 


~ ~ ~~ 
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Table 2. Synthesis of both enantiomers 


Sn(OTf), + chiral diarnine 


BuzSn(OAc)2, CHpCIz, -78 "C 
_r RCHo + 


TBSO SEt 
1 OH 0 OH 0 


Chira' Yield (%) synianti 2S,3R/2F1,3S ee (%)[a] diamine 


m 0 


m 0 


4 86 


4 61 


4 83 


4 86 


4 84 


4 91 


4 94 


4 86 


5 82 


5 63 


5 66 


5 81 


5 80 


5 83 


5 86 


5 78 


981 2 


>99/ 1 


981 2 


>99/ 1 


>99/ 1 


>99/ 1 


>99/ 1 


981 2 


99/ 1 


>99/ 1 


971 3 


>99/ 1 


991 1 


>99/ 1 


>99/ 1 


>99/ 1 


99.01 1.0 98 


99.0/ 1.0 98 


98.51 1.5 97 


99.0/ 1.0 98 


99.5/0.5 99 


99.510.5 99 


98.51 1.5[b] 97 


98.0/ 2.0 96 


1.0/99.0 98 


1.0/99.0 98 


1.5198.5 97 


1.0/99.0 98 


1.0199.0 98 


1.0199.0 98 


<0.5/>99.5[b] >99 


<0.5/>99.5 >99 


[a] Enantiomeric excesses of syn adducts. [h] (2S,3S)/(2R,3R) 


than 96% enantiomeric excesses of the syn adducts were ob- 
tained. (E)-3-(Tributyl~tanny1)-2-propanal[~~~ also worked well 
to afford synthetically useful enantiomers in high yields with 
excellent selectivities. It should be noted that the benzene ring 
connected to the pyrrolidine moiety in the chiral diamines con- 
trolled the enantiofacial selectivities with high generality. In 
addition to the unique selectivities, the present reaction provides 
convenient methods for the preparation of both enantiomers of 
syn-2,3-dihydroxythioesters,[ls1 not using enantiomeric chiral 
sources but using similar chiral sources derived from L-proline. 


Function of Chiral Diamines: In order to  clarify the function of 
the c h i d  diamine hgands in the chiral tin(rr) Lewis acids, we 
carefully screened chiral diamines in a model reaction of 
benzaldehyde with 1 ; the results are summarized in Table 3. The 
excellent syn and (2R,3S) selectivities obtained with chiral di- 
amine 5 decreased when diamine 6 or 7 was used. The N-alkyl 
groups also influenced the selectivity: larger groups (Et, Pr) 
decreased the selectivities (chiral diamines 8 and 9). Of the larger 
heterocyclic segments in the chiral diamines, a pyrrolidine ring 
gave the best (2R,3S) selectivity and substituents on the pyrro- 
lidine ring decreased the selectivity. A benzene ring connected to 
the pyrrolidine ring was found to  be essential for (2R,3S) selec- 
tivity. High diastereo- and enantioselectivities were obtained by 
introducing electron-donating and electron-withdrawing sub- 


C p N S  


Me 6 


3: R =Me 


11: R = P r  
10: R = Et 


7 


I 
Me 


12 


p-3 
Me 15 


CpyJ  I 


Me 
18 


22: R = Et 
23: R = P r  


19 


P N S  


R 
5: R = M e  
8: R = Et 
9: R =  Pr 


pNa 
Me 


17 


R 


4: R = M e  
20: R = Et 
21: R = Pr 


Table 3 Effect of chiral diamines 


Chiral diamine Yield (Yo) .ryn/anri (2S,3R)/(2R,3S) ee (X) [a] 


6 
7 
5 
8 
9 
3 
10 
I 1  
12 
13 
14 
15 
16 
17 
18 
19 
4 
20 
21 
2 
22 
23 
24 


89 
94 
82 
86 
90 
71 
78 


I1 
90 
81 
86 
89 
83 
92 
80 
86 
82 
73 
68 
69 
88 
80 


90 


17/83 
66/34 
9911 
96/4 
9713 
9416 
85/15 
9416 
91,9 
97/3 


>99/1 
9713 
9614 
9119 
86/14 
9416 
98/2 


19911 
>99<1 


9614 
97,7 
97 3 
95,s 


51.0i49.0 


1.0199.0 
7.01'93 0 
8.0192.0 
4.0196.0 
12.0/88.0 
6.5193.5 
4.5195.5 
1.0199.0 
1.5/98.5 
90.519.5 
94.016 0 
74.5125.5 
61.0139.0 
82 5!17.5 
99.0!1 .O 
97.512 5 
99.0/1.0 


I 1 ,0189.0 


9n.o/in.n 
97.0!3.0 
98.0i2.0 
97 0!3.0 


2 
78 
98 
86 
84 
92 
76 
87 
91 
98 
97 
81 
88 
49 
__  77 


65 
98 
95 
98 
80 [bl 
94 
96 
94 


~ ~~ 


[a] Enantiomel-ic excesses of s j f 7  adducts. [b] Trihutyltin fluoride (Bu,SnF) was 
used instead of Bu,Sn(OAc), 


stituents on the benzene rings, respectively (chiral diamines 13 
and 14). Reverse enantioselectivities were obtained when chiral 
diamine 16, with a cyclohexane ring instead of the benzene ring, 
was used. Unlike the case for 5, 8, and 9, the excellent syn and 
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(2S,3R) selectivities obtained with chiral diamine 4 were also 
achieved when chiral diamines with larger N-alkyl groups (Et, 
Pr) were used (chiral diarnines 20 and 21; diastereoselectivity 
was slightly improved). In contrast was the fact that the high 
selectivities (90% de, 94% ee) were still obtained when chiral 
diamine 24, having a cyclohexane ring instead of a benzene ring, 
was used. 


The functions of the chiral diamines in these reactions are 
summarized in Scheme 3. 


I472 -14% 


that used chiral diamines 4 and 5 in lower enantiomeric excesses 
in the aldol reaction of 1 with benzaldehyde.[201 As shown in 
Figures 1 and 2, complete linear correlation was observed be- 
tween the ee of the aldol adduct and the ee of the chiral diamine 
in each case. 


Possible Mechanism and Transition States: It was confirmed 
from the ‘H NMR spectra of a [D,]dichloromethane solution of 
tin(ii) triflate, chiral diamine 4 or 5, Bu,Sn(OAc), , and silyl enol 


Pyrrolidine ring 
gives the best 
selectivity. 


Pyrrolidine ring gives 
the best selectivities. Pyrrolidine ring 
Substituents on the 
ring decrease the selectivity. 


gives the best Pyrrolidine ring 
gives the best 
selectivity. selectivity. 


1 


Sn 
b \ b 


I 
Larger groups Benzene ring has Larger groups / 


retain the decrease the an imoortant role. 
selectivity. I selectivity. 


Benzene ring is 
not necessary. 
Cyclohexane ring 
afso gives high I selectivity. 


Scheme 3. Functions of chiral diamines. 


Structure of Chiral Lewis Acids: The 13C NMR chemical shifts 
of the amine parts in the Sn(OTf),-4 and Sn(OTf), -5 complex- 
es (two-component complexes), and the Sn(OTf), -4- 
Bu,Sn(OAc), and Sn(OTf), -5-Bu,Sn(OAc), complexes 
(three-component complexes) are shown in Tables 4 and 5,  re- 
spectively. There are slight differences between the two- and 
three-component complexes. Differences in asymmetric fields 
created by the two- and three-component complexes have al- 
ready been demon~trated.[’~] Both ”F NMR spectra of 
Sn(OTf),-5 and Sn(OTf),-5-Bu2Sn(OAc), showed only one 
sharp signal, and the chemical shifts of Sn(OTf),-5 and 
Sn(OTf),-5-Bu2Sn(OAc), were 6 = - 83.9 and -79.1, re- 
spectively. These results indicated that triflate anions dissociat- 
ed on coordination with the two nitrogens of the chiral diamine, 
and that a fast equilibrium would exist. Bu,Sn(OAc), interacted 
with triflate anion in the Sn(OTf), -5-Bu,Sn(OAc), complex to 
induce the lower field shift. The proposed structures of 
Sn(OTf),-5 and Sn(OTf),-5-Bu2Sn(OAc), are shown in 
Scheme 4. 


The existence of monomeric structures of the above complex- 
es in 0 . 2 ~  CH,Cl, solution was also supported by experiments 


ether 1 at - 78 “C that there was 
no metal exchange from silicon 
to tin(ir) in the silyl enol ether. 
This means that the asymmetric 
aldol reaction did not proceed 
via a tin(ii) enolate,[”I but that 
the silyl enol ether directly at- 
tacked the aldehyde, which was 
activated by the chiral tin(“) 
Lewis acid. 


The origin of the unique se- 
lectivities observed in the asym- 
metric reactions can be ascribed 
to conformational diffcrences 
between the tin(il)-diamine 
complexes.[221 When the chiral 
diamines coordinate tin(ri), bi- 
cyclo[3.3.0]octane-like struc- 
tures Conformational 
analysis by semiempirical 
molecular orbital calculations 
(PM 3)[l4l proved that confor- 
mation 1 had the lowest energy 
in the case of the Sn(OTf),-4 
complex (Figure 3). On the oth- 
er hand, conformation 2 had 
the lowest energy in the 
Sn(OTf),-5 complex. These 
conformations were corrobo- 


Tahlc 4 I3C NMR chemical shlfts of 4 (CD,CN, -30 C )  


9 ’0 


2 3 p ; 9 1 0  8 ’ 9  


7’ Me 
1 


5 Sn(OTF), +5 Sn(OTf), +5 + Bu,Sn(OAc), 
c- 1 41.6 44.2 44.7 
c - 2  58.4 54.8 55.0 
c - 3  23.2 21.5 22.0 
c -4  31.0 24.9 25.5 
C-5 65.4 69.3 68.8 
C-6 61.3 60.9 60.4 
c - 7  60.3 59.7 59.0 
C-7’ 61.6 60.5 
C-8 141.5 137.0 137.2 
C-8’ 137.4 138.0 
c - 9  123.0 123.7 123.7 
C - 9  124.3 124.3 
C-10 121.4 129 .o 129.1 
c-I0 129.1 129.2 


- 


- 
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Table 5 I3C N M R  chcinical shifts of 5 (CD,CN. -30°C) 


5 Sn(OTf), + 5  Sn(OTf), + 5  +Bu,Sn(OAc), 


C - I  
c-2 
c -3 
c-4 
c-5 
C-6 
c-7 
C-ii 
c-9 
C'- I 0 
c-11 
CGI 2 
c-I 3 
C-14 


41.6 
58.3 
23.2 
30.8 
65.2 
54.9 
55.1 
29.2 


130.5 
125.1 
1 17.9 
128.0 
107.3 
154.1 


45.2 
59.0 
22 3 
26.1 
68.8 
55.1 
55.6 
29.1 


134.9 
126.9 
126.4 
124 5 
11 6.4 
146 7 


44.7 
59.2 
22.2 
25.9 
68.3 
55.3 
57.0 
29.2 


134.4 
126.3 
126.3 
128.3 
116.0 
147.7 


Me/ '1,. :. 
&2+ OTf- + OTf-.Bu2Sn(OAc)2 


2 OTf~ li 
OTf-.BU2Sn(OAC)p + OTf- 


Schcme 4. Structures of Sn(OTf), 5 and Sn(OTf),-S~Bu,Sn(OAc), 


'O0- 


80 1 0 l 


rated by NOE We note that the benzene ring 
connected to the pyrrolidine part of chiral diamine 5 is located 
on the top side of conformation 2, and that conformations of 
bicyclo[3.3.0]octane-like structures in conformations 1 and 2 are 
quite different. We also calculated the minimized energies of the 
Sn(OTf),-24 and Sn(OTf), - 16 complexes (conformations 3 
and 4). Almost the same conformation as that of Sr1(0Tf)~-4 
was indicated in the Sn(OTf),-24 complex (conformations 1 


2oI 0 0 20 40 60 80 100 


% ee of chiral diamine 5 


Figure 2 Correlation between thc ee of the aldol adducts and the ee of chiral 
diamine 5 .  


and 3). On the other hand, in the Sn(OTf),-16 complex, the 
cyclohexane ring connected to the pyrrolidine part of chiral 
diamine 16 is located on the bottom side (conformation 4) .  The 
difference in selectivity between the Sn(OTf), --5 and Sn(OTf), - 
16 complexes is thus explained. 


Although these considerations and explanations concerning 
the unique selectivities would be acceptable, we carried out in- 
vestigations to confirm them. We prepared (S)-l-methyl-2-[(1- 
benz[c~indolinyl)niethyl]pyrrolidine (25),[251 a "mixed-type" 
chiral diamine, which means 25 was designed by combination of 
4 and 5 (Scheme 5). In the Sn(OTf),-25 complex the lowest 
energy was calculated for conformation 5 (PM 3) ,[I4] which is 
similar to conformation 2. We evaluated chiral diamine 25 in the 
reaction of 1 with benzaldehyde under standard conditions 
(CH,CI,, -78 "C, 21 h), and found that the corresponding al- 
do1 adduct was obtained in an 81 YO yield with good diastereose- 
lectivity (syn/anti = 80/20). The enantiomeric excess of the syn 
adduct was 81 % with a (2R,3S) absolute configuration. The 
sense of the asymmetric induction was the same as  that of the 
reaction using chiral diamine 5, and these results also supported 
the conformational analyses. 


From these experiments, the unique selectivities would be 
explained by assuming the existence of the transition states 
shown in Scheme 6. In chiral diamine 4-coordinated tin(]]) (con- 
formation I ) ,  an aldehyde approaches from the bottom side. 
The re face of the aldehyde is shielded by the amine part and silyl 
enol ether 1 attacks the aldehyde from the si face via an acyclic 
transition stateL2'] to  form the syn-(2S,3R)-aldol adduct. On 
the other hand, in chiral diamine 5-coordinated tin(I1) (confor- 
mation 2), the bottom side of the complex is crowded with 
nitrogen substituents and an aldehyde coordinated at  the top 
sidc of the complex. At this time, the ,si face of the aldehyde is 
shielded and silyl enol ether 1 attacks this aldehyde from the re 
face via an acyclic transition state to  form the .syn-(2R,3S)-aldol 
adduct. 


We also found that the a-substituents of the silyl enol ethers 
influenced the selectivities.[2s1 (Z)-1-Ethylthio-I-trimethyl- 
siloxypropene reacted with benzaldehyde in the presence of 
tin(1r) triflate, chiral diamine 4, and Bu,Sn(OAc), . to afford the 
corresponding aldol adduct in a 98 YO yield with an excellent sjx 
selectivity (sjn/anti = 99/1). The enantiomeric excess of the syn 
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(Sn(OTf),-4 complex) 


\o 
conformation 2 


(SII(OT~)~-C complex) 


r\ 


(Sn(OTf)*-24 complex) 
I 


Figure 3. Assumed stable conformations of Sn(OTf),-diamine complexes 


adduct was 66% with a (2S,3S) absolute configuration. On the 
other hand, when the same reaction was carried out in the pres- 
ence of chiral diamine 5, the reaction also proceeded smoothly 
to  give the adduct in a high yield with a high diastereoselectivity 
(90% yield, synlrtnri = 93/7). Although reverse ( 2 R J R )  selec- 
tivities were observed in this case, the enantiomeric excess was 
only 30%. It is assumed from these results that the steric bulk- 
iness of the rev(-butyldimethylsilyoxy group of silyl enol ether 1 
plays an important role in generating the unique high selectivi- 
ties.[”] 


PhCHO + _/OSiMe3 
TBSO SEt 


1 


OH 0 Sn(OTf)z + Bu,Sn(OAc)* - PhdSEt 
OTBS 


81 Yo yield, syn/anfi = 80/20 
syn = 81% ee (2R, 3.5) 


conformation 5 ‘i \ 


(Sn(OTf),-25 complex) 


Scheme 5. Asymmetric aldol reaction between 25 and posited stable conforniation 
of Sn(OTf), -25 complexScheme 6. Postulated transition stales. 


(Sn(OTf)p-l 6 complex) 


Conclusion 


Synthcsis of both enantiomers including 1,2-diol units has been 
achieved with almost perfect stereochemical control by chiral 
tin(n) Lewis acid mediated asymmetric aldol reactions. The chi- 
ral Lewis acids could change the reaction course (CLAC synthe- 
sis), and control of the enantiofaces in the reactions has been 
attained not by using enantiomers from chiral sources. but by 
using similar chiral diamines (4 and 5). Diamines 4 and 5 were 
readily prepared from L-proline, the only difference between 
them being the fusion point of the benzene ring connected to  the 
pyrrolidine moiety. The unique selectivities were assumed to be 
due to conformational diffcrences between the chiral tin(ii) 


TBSO 3 
H+-SE~ 


1 OSiMe3 


R V S E t  OTBS 


( 2 ~ , 3 ~ )  
Scheme 6. 
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Lewis acids derived from 4 and 5, and the means by which the 
chiral compounds ensure high selectivities has also been clari- 
tied. 


Although this report has shown an example of the synthesis 
of enantiomers including 1,tdiol units, synthesis of all individ- 
ual diastercomers or enantiomers from the same starting materi- 
als by chiral Lewis acids (CLAC synthesis) should also be pos- 
sible. Further studies along these lines are now in progress. 


Experimental Section 


General: IR spectra were recorded on a Horiba FT-300 infrarcd spectrome- 
ter. IH and N M R  spectra were recorded on a Hitachi R-1100 or JEOL 
JNR-EX 270 L spectrometer, and tetramethylsilane (TMS) served as internal 
standard. HPLC was carried out with a Hitachi LC-Organi~m; L-4OOO UV 
Dctector, L-6200 Intelligent Pump, and D-2500 Chromato-Integrator. Opti- 
cal rotations were rocorded on a Jasw, DIP-360 digital plarimctcr. Column 
chromatography was performed on silica gel 60 (Merck) or Wakogel B 5 F. All 
reactions were camed out under argon in dried glassware. 
Dichloromethane was distilled from P,O,, then CaH,, and dried over 
MS4A. Tin(@ trifluoromcthanesulfonate (tin@) triflate) was prepared BC- 


cording to the literature,'28*291 and always handled under argon. 


(s)-l-methyl-~(isoindo~~yl)methylJpyrroIidi~ (4): This diamine was pre- 
pared by the literature rnethod.[''..29*301 [z];' = -76.5 (c 1.3, EtOH); b.p. 
98-99"C/0.08 mmHg; 'HNMR (CDCI,): 6 =1.62-1.85 (m, 3H), 1.99- 
2.38(m.3H),2.44(~,3H),2.65(dd, lH,J=8.1, 11.7Hz),2.93(dd, lH, 
J=4.6,11.9Hz).3.04-3.11 (m,lH),3.95(~,4H).7.18(m,4H);~~CNMR 


HRMS calcd for C,,H,,N, [M'] 216.1628, found 216.1632. 


(s)-l-rnetbyl-2~(indoliayl)coetayrlpyrro (a: To a dichloromethane 
(30 mL) solution of dicyclohexylcarbodiimide (7.10g, 34.0 mmol) was added 
Boc-(S)-proline (7.30g, 34.Ornmol) at 0°C. After this had been stirred for 
15 min, a dichloromethane solution of indoline (4.53 g, 38.0 mmol) was slow- 
ly added to the mixture at 0°C. The mixture was slowly warmed up to room 
tcmperature and stirred for 10 h. The solvent was evaporated in vacuo, ethyl 
acetate (100 mL) was added, and the precipitatc was removed by filtration. 
The organic layer was washed with 10% citric acid solution, 4% sodium 
hydrogencarbonate solution and brine, and dried (Na,SO,). After removal of 
the solvents, the crude product was chromatographed on silica gel to give 
(S)-1-(N-terr-butoxycarbonylpro1yl)indoline (10.21 g, 95%). A THF (20 mL) 
solution of this amide (6.32 g, 20.0 mmol) was added slowly to borane/THF 
complex (1.0~ THF solution, 34 mL) at 0°C. and the mixture was refluxed 
for 2 h. 1 N HCI was added carefully at 0°C to quench the reaction. Water was 
then added and the aqueous layer was extracted with ethyl acetate. The 
organic layer was washed with water, saturated sodium hydrogencarbonate, 
and brine, and dried (Na,S04). After removal of the solvents, the crude 
product was chromatographed on silica gel to give (S>l-terf-butoxycar- 
bonyl-2-[(indolinyl)methyl]pyrrolidinc (5.18 g, 86%). A THF (20 mL) solu- 
tion of this Boc-protected amine (5.18 g, 17.2 mmol) was slowly added to a 
THF suspension (20 mL) of LiAlH, (9.78 g, 20.5 mmol) at O'C, and the 
mixture was stirred for 2 h. Then saturated sodium sulfate solution was added 
carefully to the mixture at O"C, and the organic materials were collected by 
decantation. The organic layer was dried (Na,SO~K,CO,) and the solvent 
was removed under reduced pmure.  The crude product was chro- 
matographed on alumina and then distilled to give 5 (2.80g, 75%): 
[2]in = - 82.5" (c 1.6, EtOH); b.p. 102-104"C/0.7 mmHg: 'H N M R  (CD- 
Cl,):6=1.57-1.86(m,3H),1.94-~2.08(m,1H),2.21 (9. lH.J=9.1Hz), 
2.37-2.47 (m. 4H), 2.92-3.00 (m, 3H). 3.08 (t. 1 H, J = 8.3 Hz), 3.20 (dd. 


(t, 1 H, J =7.3 Hz), 6.97-7.23 (m. 2H); I3C N M R  (CDCl,): 6 = 22.8, 28.6, 
30.3. 41.3, 54.4, 54.5, 57.7, 64.4, 106.4, 117.2, 124.2, 127.2, 129.5, 152.9; 
HRMS calcd for C,,H,,N, [ M i ]  216.1628, found 216.1619. 


Othcr chiral diamines were prepared from L-proline according to the litera- 
ture methods.'10a*29.30~ 


(CDCI,): d=22.5, 30.5, 41.3, 57.7, 59.6, 61.1, 64.7, 122.1, 126.5, 140.1; 


1 H, J = 4.5,13.4 Hz). 3.3Y(t, 2H, J = 8.4 Hz), 6.47(d, 1 H, J =7.9 Hz). 6.62 


( S ) - l ~ t h y l - 2 ~ ( 1 , 2 , 3 , ~ t e b P h y d ~ ~ ~ 0 ~ ~ ~ ~ ~ 1 ~ ~ ~  (2): 
[%]in = - 53.6 (c 1.5, EtOH); 'HNMR (CDCI,): 6 =1.55-1.87 (m, 3H), 


1.95-2.08 (m, lH), 2.17 (dd, lH, J=7.6, 9.2Hz), 2.35-2.47 (m, SH), 
2.64-2.79 (m, 3H), 2.87 (1, 2H, J =  5.6 Hz), 3.02-3.08 (m, lH), 3.63 (s, 
2H),6.98-7.12(m,4H); "CNMR(CDCI,):6 =22.5,29.0,30.8,41.4,51.5, 
56.8,57.7,63.0,63.5,125.4,125.9,126.4,128.5,134.3,134.9;HRMScalcdfor 
C1'HZ2N2 [M'] 230.1785, found 230.1781. 


( s ) - ~ ~ e t h y ~ - ~ ( ~ , ~ ~ , ~ t e b . h y d r o q u i w l i  (3): [4i7 = 


6=1.41-1.85(m,3H),l1.87-2.02(m,3H),2.12-2.26(m,1H).2.42(d,3H, 
J=2.3Hz), 2.47-2.53 (m, lH), 2.73 (t, 2H, J=6.1Hz), 2.99-3.01 (m, 
2H), 3.27-3.37 (m, 2H), 3.49-3.57 (m, 1 H), 6.50-6.61 (m, 2H), 6.90-7.05 
(m,2H);'3CNMR(CDCl,):6=22.1,22.2,28.1,30.3,41.3,50.7,56.3,57.3, 
63.4, 110.4, 115.3, 121.9, 126.9, 129.1, 145.5; HRMS calcd for CISH,,N, 
[M'] 230.1785, found 230.1788. 


- 90.7" (C 1.4, EtOH); b.p. 119.. 126"C/0.1 mmHg; 'HNMR (CDCI,): 


(s)-l-methyl-2-((indolinyl)rnethyl~~o~ (6): [a]is = - 93.4" (c 1.6. EtOH); 
b.p. 260"C/0.07 mmHg (bath temp): 'HNMR (CDCI,): d =1.42 (s. 2H), 
2.82 (s, 3H), 2.96 (t, 2H, J =  8.3 Hz), 3.10-3.22 (m, 2H), 3.30-3.40 (m. 
lH),3.43-3.52(m,lH),3.61-3.64(m,lH),6.45-6.49(m,2H).6.61-6.69 
(m. 2H). 7.02-7.11 (m. 4H); I3C N M R  (CDCl,): 6 = 28.7, 30.3, 33.9. 35.1, 
54.5, 66.0,106.4,107.2, 117.5,117.9, 124.2, 124.4, 125.5, 127.3, 127.4, 128.6. 
129.4, 153.4; HRMS calcd for C,,H,,N, [M+] 264.1628, found 264.1631. 


(R>zl(indolinyl)methylltetrPbydrotbiophe (7): = -76.6' (c 2.6, 
CHC13); b.p. 197"C/0.02 WHg (bath temp); 'HNMR (CDCI,): 6 t1.62- 
1.79(m.3H),1.80-2.03(m,3H),2.69-2.88(m,2H),2.98(dd, lH,J=7.3, 
13.5Hz),3.10(dd,lH,J=7.6,13.5Hz),3.22-3.33(m,2H),3.36-3.59(m, 
1H),6.36(d,lH,J=7.6H~),6.50-6.55(m,lH),6.91-6.96(m,2H);~"C 
N M R  (CDCl,): 6 = 28.4,29.7,32.0,34.7.47.2,53.7,56.0,106.3.117.2,124.2, 
127.0, 129.2, 152.2; HRMS calcd for C,,H,,NS [M+] 219.1083, found 
219.1091. 


(s)-l-Ethsl-2l(~o~~~ethyIlpyrrolid (8): [a]:' = - 86.1" (c 0.9, 
EtOH); b.p. 200 "C/0.05 mm Hg (bath temp); 'H N M R  (CDCI,): 6 = 1.1 3 (t. 
3H,J=7.3Hz),1.60-2.00(m,4H),2.09-2.19(m,lH),2.21-2.34(m.1H), 
2.56-2.66 (m, lH), 2.91-3.02 (m, 4H), 3.11-3.24 (m, 2H), 3.30-3.45 (m, 
2H),6.46(d,lH,J=7.9Hz),6.61(t,lH,J=7.4Hz),7.00-7.06(m,2H); 
13C N M R  (CDCld: 6 =13.9, 22.4, 28.5, 29.8. 49.1, 53.9, 54.3, 54.8, 62.9, 
106.3, 117.0, 124.1, 127.1, 129.3, 152.8; HRMS calcd for CI5Hz2N2 [MI] 
230.1785, found 230.1779. 


( s ) - l -~py~~(enao~y l )metby l lpyno lMi  (9): [a]~' = - 91.3" (c 0.9, 
EtOH); b.p. 185-205"C/O.l mmHg (bath temp); 'HNMR (CDCI,): 
6=0.92(t,3H,J=7.4Hz),1.46-1.81 (m,SH),1.83-1.99(m, lH),2.11- 
2.27 (m, 2H), 2.59-2.63 (m, 1 H), 2.77-2.87 (m, I H). 2.92-3.00 (m, 3H), 
3.10-3.18 (m, 2 H), 3.35-3.43 (m, 2H), 6.46 (d, 1 H, J = 8.2 Hz), 6.61 (t. 1 H, 
J=7.4Hz), 7.01-7.06 (m, 2H); "C NMR (CDCI,): 6 =12.1, 22.0, 22.7, 
28.6, 29.8, 54.4, 54.5, 54.8, 57.8, 106.4, 117.1, 124.2, 129.4. 153.0; HRMS 
calcd for C,,H,N, [M'] 244.1941, found 244.1946. 


(s)-l-Ethyl-2l(isoinaolinyl)methyIlp~~~~ (10): [a];' = - 79.1" (c 2.4, 
EtOH); b.p. 195"C/0.02 mmHg@ath temp); 'HNMR (CDCI,): 8 =1.12 (t, 
3H,J=7.2Hz),1.55-2.00(m,6H),2.12(dd, lH, J=8.7, 17.0Hz),2.20- 
2.33 (m, IH), 2.66-2.75 (m, 3H), 2.93-3.11 (m. 2H). 3.16-3.27 (m, lH), 
3.30-3.35(m,lH),3.48(dd,lH,J=4.8,14.7Hz),6.50-6.61 (m,2H),6.90 
(m. 1 H), 6.97-7.04 (m, 1 H); 13C N M R  (CDCI,): 6 =14.0,22.0, 22.4, 28.1, 
29.8, 49.2, 50.8, 53.8, 56.6, 61.9, 110.3, 115.2, 121.8, 126.8, 129.0, 145.5; 
HRMS calcd for C,,Hz4N, [M'] 244.1941, found 244.1942. 


(s)-l-Propyl-2i(isoiaaorinyl)metByllp~~d~ (I 1): [a]i* = - 83.2' (c 1.2, 
EtOH); b.p. 2OO-215"C/0.08 mmHg (bath tanp); 'HNMR (CDCI,): 
S = 0.84 (t, 3H, J =7.3 Hz), 1.37-1.76 (m, 6H), 1.78-1.90 (m, 3H), 2.01- 
2.19 (m, 2H). 2.61-2.81 (m, 4H), 2.95-3.13 (m. 2H). 3.28 (t. 2H, 
J = 5.6 Hz), 3.38 (dd, 1 H, J = 5.0, 14.5 Hz), 6.43-6.53 (m, 2H). 6.82 -6.97 
(m,2H);'3CNMR(CDCl,):6=12.1,22.1,22.3,22.6,28.1,29.7,50.8,54.3, 
56.6, 57.6, 62.3, 110.3, 115.2, 121.8, 126.9, 129.0, 145.6; HRMS calcd for 
C,,H26N2 [M'] 258.2098. found 258.2091. 


(s)-l-Methyl-z((2'-methplindolinyl)methy (12): [ag' = - 88.6' 


1.29 (m, 3H), 1.56-1.84 (m, 3H), 1.92-2.04 (m, 1 H), 2.14-2.28 (m, lH), 
2.39-2.61 (m, SH), 2.87 (dd, IH, J =  8.7, 13.7Hz), 3.00-3.13 (m, 2H): 


(C 0.9. EtOH); b.p. 112~-113"C/0.5 W H g ;  'HNMR (CDCl,): 6t1.26- 
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3.19-3.27(m,1H),3.57-3.76(m,lH),6.45(dd,1H,J=7.9,13.9Hz),6.60 
(dd, 1 H, J =7.1, 14.0 Hz), 6.99-7.06 (m, 2H);  ',C NMR (CDCI,): d = 19.4, 
19.5, 22.1, 22.2, 30.4, 30.7, 37.2, 41.2, 41.4, 51.4, 52.6, 57.4, 57.7, 61.1, 61.2, 
64.1.64.8. 105.6, 106.2, 116.6, 117.0, 123.8, 124.0, 125.3, 127.1, 128.3, 128.6, 
152.3, 153.0; HRMS calcd for C,,H,,N, [M']  230.1785, found 230.1792. 


(S)-l-Methyl-l-[(5'-methoxgindolinyl)meth~lJpyrrolidine (13): [XI? = 


- 83.0- (c 1.1, EtOH); b.p. 180 "C/0.02 mmHg (bath temp); 'H NMR (CD- 
Cl,): 6 =2.57-1.86 (m, 3H), 1.95-2.09 (m, I H ) ,  2.16-2.37 (m, 1 H),  2.38- 
2.46 (m, 4H),  2.86-2.94 (m. 3H),  3.05-3.15 (m, 2H), 3.28-3.35 (m, 2H),  
3.72 (s, 3H),  6.41 (d. 1 H, J =  8.3 Hz), 6.99-7.06 (m, 2H) ;  " C  NMR (CD- 
Cl,): 6 = 22.3, 28.9, 30.3,41.2, 55.1, 55.8, 55.9, 57.6, 64.3, 106.9,111.5, 111.9, 
131.0, 147.3, 152.5; HRMS calcd for C,,H,,N,O [ M ' ]  246.1734, found 
246.1 730. 


(S)-l-Methyl-2-((5'-chloroindolinyl)methylJpyrrolidine (14): [ci]i7 = - 77.3" ( r  
1.4, EtOH); b.p. 21OoC/0.15 mmHg (bath temp); ' H N M R  (CDCI,): 
6 =1.53-1.85 (in, 3H),  1.88-2.05 (m, I H ) ,  2.16-2.27 (m, I H ) ,  2.35-2.45 
(m,4H),2.88-2.94(m,3H), 2.96-3.19 (m. 2H), 3.30--3.43(m, 2H),6.33 (d, 
1 H, J = 8.9 Hz), 6.94-6.97 (m, 2H);  I3C NMR (CDCI,): 6 = 22.3, 28.3, 
30.1, 41.2, 54.25, 54.34, 57.6, 64.1, 106.8, 121.4, 124.3, 126.7, 131 2, 151.5; 
HRMS calcd for C,,H,,N,CI [ M ' ]  250.1239, found 250.1239. 


(S)-l-Methyl-2-[(perhydroindolinyl)methyllpyrrolidine (16): [&IF = - 50.2- 
(c 1.3, EtOH); b.p. 141 "C/0.15 mmHg (bath temp); 'H NMR (CDCI,): 
6 =1.13-1.55 (m, IOH), 1.56-1.84(m, 4H), 1.84-1.95 (111, 2H) ,  2.02-2.23 
(m, 4H),  2.26-2.36 (m, 2 H ) ,  2.40 2.44 (m, 2H) ,  2.80-3.12 (m, 2H);  I3C 
NMR (CDCI,): 6 = 20.6, 21.1, 22.1, 22.3, 24.8, 24.9, 25.7, 25.9, 28.95, 29.04, 
30.3. 30.6,30.8, 38.06,38.10,41.3, 52.3, 52.6, 57.8, 58.2, 58.4, 59.6,63.0, 63.5, 
64.5, 64.9; HRMS calcd for C,,H,,N, [ M + ]  222.2098, found 222.2091. 


(S)-1 -Methyl-2-l(perhydroisoindolinyI)methyl]pyrrolidine (18) : [a]? = 


- 55.1' (c 2.8, EtOH); b.p. 119"C/2.0mmHg (bath temp); 'HNMR (CD- 
Cl,); d =1.17-2.08 (m, 17H),  2.10-2.67 (m, IOH), 3.01-3.06 (m, 1 H); 13C 
NMR (CDCI,): 6 = 22.4, 24.9, 25.5, 30.2, 30.5, 30.9, 41.2, 41.5, 57.7, 57.8. 
59.7,60.7,61.2, 63.5,63.9; HRMS calcd for C,,H,,N, [A4 '1 236.2254. found 
236.2255. 


(S)-l-Methyl-2-l(pyrrolidine)methyl~indoline (19): [ZIP = -71.5" (c I .9, 
EtOH); b.p. 173"C/0.4mmHg (bath temp); ' H N M R  (CDCI,): 6 = 1.65- 
1.85 (m, 6H), 2.48 -2.57 (m, SH), 2.72 (s, 3H) ,  3.04-3.13 (m, I H ) ,  3.35-  
3 . 4 3 ( n i , I H ) , 6 . 3 7 ( d , l H ,  J = 7 . 6 H z ) , 6 . 5 7 ( t , l H ,  J=7.3Hz),6.90-7.01 
(m, 2H); I 3 C  NMR (CDCI,): 6 = 23.5, 35.0, 35.2, 54.8, 60.4, 66.3, 107.2, 
11 7.8, 124.0,127.2, 129.1, 153.5; HRMS calcd for C,,H,,,N, [M' ]  216.1628, 
found 216.1624. 


(S)-1-Ethyl-2-[(1,2,3,4-tetrahydroquinolinyl)methyl]pyrrolidine (20): [&]A4 = 


- 81.8" (c 2.4, EtOH); b.p. 108-110'C/'l.5mmHg; 'HNMR (CDCI,): 
6 = 1 . 1 3  (t, 3H,  J = 7 . 1  H7), 1.66-1.85 (m, 3H),  1.96-2.32 (m, 3H). 2.50- 
2.57 (ni, I H ) ,  2.66 (dd, I H ,  J z 8 . 6 ,  l l .SHz) ,  2.91 (dd, I H ,  J = 4 . 0 .  
11.6Hz), 2.96-3.08 (m. I H ) ,  3.16-3.23 (m, I H ) .  3.94 (m, 4H),  7.16 (m, 
4H); ',C N M R  (CDCI,): 6 =23.9, 22.5, 30.1, 49.2, 53.9, 59.7, 61.4, 63.2, 
122.1, 126.5, 140.0; HRMS calcd for Cl5H2,N2 [ M ' ]  230.1785, found 
230.1779. 


(S)-l-Propyl-2-[(1,2,3,4-tetrahydroquinolinyl)methyl]pyrrolidine (21): [a];, = 


- 9 0 . 0  (c0.8, EtOH); b.p. 185 "Ci0.05 mmHg; 'HNMR (CDCI,): 6 = 0.92 
(t. 3H,  J = 7 . 4 H z ) ,  1.49-1.62 (m, 3H),  1.67-2.80 (m, 2H),  1.96-2.06 (m, 
1 H), 2.12-2.27 (m, 2 H), 2.43-2.56 (m, 1 H),  2.65 (dd. 1 H, .I = 8.9, 11.9 Hz), 
2.78-2.92 (in, 2H),  3.13-3.20 (m, l H ) ,  3.94 (m, 4H),  7.16 (m, 4H);  I3C 
NMR (CDCI,): 6 =12.1, 22.1, 22.6, 30.0, 54.4, 57.7, 59.8, 61.3. 63.6. 122.1, 
126.5, 140.1; HRMS calcd for C,,H,,N, ( M + ]  244.1941, found 244.1940. 


(S)-l-Ethyl-2-[(1,2,3,4-tetrahydroisoquinolinyl)methyl)pyrrolidine (22): 
[XI:' = -76.1" (c 1.4, EtOH); b.p. 181 "C/0.75mmHg; ' H N M R  (CDCI,): 
6=1.03 (t, 3H,  J = 7 . 3 H z ) ,  1.52-1.79 (m, 3H) ,  1.85-2.21 (m, 3H),  2.36 
(dd, 1 H, J =7.6, 11.5 Hz), 2.45-2.69 (m, 4H),  2.71 -2.87 (in, 2H),  2.90- 
3.00 (m, l H ) ,  3.07-3.13 (m, l H ) ,  3.55 (m, 2H) ,  6.90-7.04 (m, 4H);  '"C 
NMR (CDCI,): 6 =13.8, 22.5, 29.0, 30.5, 49.1, 51.5, 53.9, 56.8, 61.8, 63.8, 
125.4, 125.9, 126.4, 128.5, 134.3, 134.9; HRMS calcd for C,,H,,N, [ M ' ]  
244.1941, found 244.1946. 


(S)-1 -Propyl-2-~(1,2,3,4-tetrahydroisoquinolinyl)methyl)pyrrolidine (23) : 
[XI;' = - 86.2 '  ( ~ 2 . 1 ,  EtOH); b.p. 190"C/0.02 mmHg; 'HNMK (CDCI,): 
6=0.91( t ,3H.J=7.3Hz) ,1 .44-1 .6O(m,3H) ,  1.61-1.86(m,3H),1.92- 
2.04(m,lH),2.08-2.27(m,2H),2.43(dd,lH,J=7.9,11.6Hz).2.52-2.90 
(in, 6H),  3.13-3.19 (m, I H ) ,  3.64 (m, 2H) ,  6.99-7.14 (m, 4H) ;  I3C NMR 
(CDCI,): 6 =12.1, 22.2, 22.7, 29.1, 30.5, 51.6, 54.5. 56.9, 57.8. 62.3, 63.8. 
125.4, 125.9, 126.5, 128.6, 134.4, 135.1; HRMS cnlcd for C17HLhN2 [ M ' ]  
258.2094, found 258.2091. 


(S)-l-Methyl-2-l(perhydroisoindolinyI)methylJp~rrolidine (24): [XI;: = 


-61.3"(cl . I ,EtOH);h.p.  155'C;0.6mmHg: 'HNMR(CDCI , ) :6=1 .30  
1.37 (m. 1 H). 1.43-1.61 (ni, SH), 1.63-1.84 (m, 2H) .  1.90 2.08 (m. 1 H). 
2.10-2.27 (m, 4H) ,  2.38-2.42 (m, 3H).  2.43 2.53 (in, 3H),  2.70-2.77 (ni, 
3H),  3.00-3.07 (m, 1 H); I3C NMR (CDCI,): 6 = 22.4, 22.7. 22.9. 26.85. 
26.92, 30.6, 37.0,41.4,57.7,58.9, 59.3, 62.6.64.X: HRMScalcdforC1+H2hNZ 
[M']  222.2098, found 222.2103. 


(S)-l-Methyl-2-((l-henz~c~indolinyl)methyl~pyrrolidine (25): [XI; ,  = - 59.6 
(c  3.0, EtOH); b.p. 236"C/0.1 mmHg (bath temp): ' H N M R  (CDCI,): 
6 =1.60-1.87 (m, 3H),  1.89-2.02 (m, 1 H). 2.15 -2.26 (m. 1 H), 2.41-2.54 
(m, 4H) ,  3.07 (dd, 1 H, J = 6.8, 8.4 Hz), 3.27 (dd, 1 H, J = 6.9, 14.1 H L ) .  3.53 
(dd,1H,J=4.6,14.2Hz),4.80(m,2H).6.25(d.1H,J=7.3Hz),6.X5(d. 
1 H , J =  8.3Hz),7.08(d, l H , . / =  6.9 Hz),7.19-7.24(m. 1 H).7.32-7.37(m. 


57.6, 58.6, 64.8, 95.7, 110.9, 115.4, 122.1, 127.7, 129.8. 130.8. 132.0, 139.1, 
152.8; HRMS calcd for C,,HZ,N, [ M ' ]  252.1628, found 252.1631. 


General Procedure for the Asymmetric Aldol Reaction: A typical experimental 
procedure is described for the reaction of 1 with benzaldehyde. Chiral di- 
amiiie 6 or  10 (0.48 mmol) in dichloromcthane (0.5 mL) and dibutyltin diac- 
etate (0.44 mmol) werc added successively at room temperature to a suspen- 
sion of tin(11) triflate (0.4 minol) in dichloromethane (0.5 mL).  The mixture 
was then cooled to -78°C and dichloromethane solutions (0.5 mL each) of 
1 (0.4 mmol) and benzaldehyde (0.27 mmol) were successively added. The 
mixture was stirred for 21 h, and saturated NaHCO, was added to quench the 
reaction. After the standard workup, the crude product was chro- 
matographed on silica gel to give S-ethyl 2-(tcrr-butyldiniethyIsiloxy)-3-hy- 
droxy-3-phcnylpropanethioate. The diastereoiners were sepiiratcd and the 
optical purity was determined by HPLC using a chiral column. 


S-Ethyl (2S,3R)-2-(tuvt-butyIdimethylsiloxy)-3-hydroxy-3-phenylpropane- 
thioate: IR (neat): 3 = 3490, 1680cm-'; 'HNMR (CDCI,): 6 = - 0.42 (s, 
3H),  0.03 (s, 3H),  0.95 ( s ,  9H),  1.29 (t. 3H, J =7.4 Hr ) ,  2.93 (q, 2 H .  
J =7.4 Hz). 3.08 (d, 1 H,  J = 8.6 Hz), 4.34 (d, 1 H, J = 2.7 Hz). 5.16 (dd, 1 H, 
J = 2 . 7 , 8 . 6 H ~ ) , 7 . 2 8 ~ 7 . 4 3 ( r n , S H ) ; ' ~ C N M R ( C D C I , ) : 5 =  -5.68. 14.41. 
18.06,22.79,25.73, 75.26, 82.34, 126.11, 127.67, 128.14, 140.45,203.38;anal. 
calcd for C,,H,,O,SSi: C 59.96, H 8.29, S 9.42; found: C 59.89, H 8.36. S 
9.73; HPLC (Daicel Chiralcel OD, hexaneli-PrOH = 50:l, flow rate = 
1.0mLmin I ) :  t, =7.6 min (2S,3R), I ,  = 9.4 min (2R.3S). 


S-Ethyl (2S,3R)-2-(frrt-butyIdimethylsiloxy)-3-hydroxypentanethioate: IR 
(neat): i = 3510, 1680cin-I; ' H N M R  (CDCI,): b = 0.10 (s. 3H).  0.14 (s. 


1.64 (m, 2H), 2.23 (d, 1 H, J = 9.2 Hz), 2.85 (q. 2 H ,  J =7.4 Hz), 3.48-3.66 
(m, 1 H) ,  4.12 (d, 1 H, J = 3.6 Hz); I3C NMR (CDCI,): 6 = - 5.01, -4.82. 
10.28, 14.46, 18.12, 22.60, 25.81, 26.23. 75.48, 80.31. 204.82: anal. calcd for 
C,,H,,O,SSi: C 53.38, H 9.65, S 10.96; found: C 53.12, H 9.73, S 10.81: 
HPLC (Daicel Chiralcel OD, hexaneii-PrOH = 100/1, flow rate = 


1.0 mLmin-  I ) :  f ,  = 4.4 min (2R,3S), I ,  = 4.8 min (2S,3R). 


S-Ethyl (2S,3R)-2-(tcrf-hutyl~methylsi\oxy)-3-hyd1o~ydecanet~oate: IR 
(neat): b = 3500, 1680cm-': ' H N M R  (CDCI,): 6 = 0.08 (s. 3H).  0.13 (s. 
3 H ) , 0 . 8 5 ( t , 3 H , J = 7 . 3 H z ) , 0 . 9 6 ( ~ . 9 H ) , 1 . 1 9  1.40(m,13H).1.40-1.48 
(m,2H) ,2 .31  ( b r s , I H ) , 2 . 8 3 ( q , 2 H . J = 7 . 4 H z ) , 3 . 4 8 ~  3.84(m, 1H),4.10 
(d, I H ,  J = 3 . 2 H z ) ;  I3C NMR (CDCI,): d =  -4.90. 14.04, 14.43, 18.08, 
22.57, 25.72, 29-15, 29.33, 31.72. 32.98, 73.87, 80.45, 204.74; ;trial. calcd for 
C,,H,,O,SSi: C 59.62. H 10.56, S 8.84; found: C 59.45, H 10.61, S 8.68; 
HPLC (Daicel Chiralcel OD, hexane/i-PrOH = 20011, flow rate = 
1 .O m l in in - ' ) :  lR = 8.1 min (2R,3S), iR = 28.6 min (2S.3R). 


(S)-Ethyl (2S,3R,4E)-2-(tert-hutyldimethylsiloxy)-3-hydroxy-4-hexene- 
thioate: IR (neat): i = 3500, 1680 cm- I ;  'H  NMR (CDCI,): 6 = 0.08 (s, 
3H) ,  0.13 (s, 3 H ) ,  0.96 ( s ,  9H),  2.23 (t, 3H,  J = 7 . 4 H z ) ,  1.70 (ddd. 3H. 


1H),7.45(d,1H,J=8.3Hz):'3CNMR(CDCI,):~~=22.3,29.Y,41.2,51.4, 


3 H ) , 0 . 9 7 ( ~ , 9 H ) , 0 . 9 9 ( t , 3 H , . I = 7 . 3 H ~ ) , 1 . 2 4 ( t . 3 H , J = 7 . 4 H 1 ) , 1 . 2 9 ~  
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J = 1.7, 2.3, 6.6 Hz), 2.55 (d, 1 H,  J = 9.3 H7), 2.84 (q, 2H,  J =7.4 Hz), 4.13 


15.2Hz).  5.74 (ddq, I H ,  J = 1 . 3 ,  6.6, 15 .2Hz) ;  " C  N M R  (CDCI,): 


204.15; anal. calcd for C,,H,8C),SSi: C 55.22, H 9.27. S 10.53; found: C 
55.47. H 9.20, S 10.52; HPLC (Daicel Chiralcel O D .  hexaneii-PrOH = 50,'l, 
llow rate = 1 .0 mLmin ~ I): f K  = 5.8 inin (2R,3S) ,  t, = 8.3 min (2S,3R). 


(S)-Ethyl (2S,3R,4E)-2-(tevt-butyldimethylsiloxy)-3-hydroxy-S-phenyl-4-pen- 
tenethioate: 1R (neat): 3 = 3480, 1680cni-'; 'HNMR (CDCI,): 8 = 0.04 (s, 
3Hj.  0.11 ( s ,  3H) ,  0.93 (s, 9H),  3.17 (t. 3H, J = 7 . 4 H z ) ,  2.76 (d, I H .  
J =  9 . 2 H ~ ) .  2.81 (q, 2H,  J=7 .4Hr ) ,4 .23  (d,  I H , J =  3 .3  Hz).4.47 (ddd. 
I H ,  J = 1 . 3 .  5.1, 9 .2Hz) .  6.17 (dd, I H ,  J = 5 . 1 ,  15.8Hz). 6.62 (dd, I H ,  


(d. I H ,  J = 3 . 5 H z ) ,  4.26-4.32 (m. I H ) .  5.47 (ddd, I H ,  J = 1 . 7 ,  5.6, 


j = - 4.90. 14.45, 17.68, 18.17, 22.64, 25.72. 74.23. 80.77, 128.05, 129.52. 


J =1.3,  15.8 Hz), 7.16 -7.85 (m. 8H); 13C N M R  (CDCI,): 6 = - 4.94, 


128.50, 131.36, 136.44, 204.25; anal. calcd for Cl,H,,03SSi: C 62.25, H 8.25, 
S 8.75: found: C 61.98. H 8.39, S 8.94; HPLC (Daicel Chiralcel A D ,  hexane/i- 
PrOH = l00il. flow rate =1.0 niLmin I): I, = 1 5 . 0 m i n  (2R,3S), tR = 
22.1 min (2S,3R). 


(S)-Ethyl (2S,3R,4E)-2-(tert-butyldimethylsiloxy)-3-hydroxy-S-tributylstan- 
nyl-4-pentenethioate: IR (neat): 3 = 3500. 1680 c n i - I ;  ' H N M R  (CDC1,): 


(m. 12H). 1.42 1.53 (m, 6H). 2.74 (d,  1 H. J = 9.8 Hz), 1.25 (t, 3H,  
J = ? . 4 H z ) .  2.83 (q, 2H, J=7 .4Hz) ,  4.22 (d, I H .  J =  3.0Hz), 4.27 (ddd, 
1 H. J = 3.0, 4.3, 9.8 Hz), 6.02 (dd, 1 H. J = 4.3, 11.3 Hz). 6.28 (d, 1 H, 
.I -11.3 Hz); anal.calcdforC,,H,,O,SSiSn: C 51.81.H9.04.S5.53;found: 
C 52.07. H 9.30. S 5.38; HPLC (Daicel Chiralccl O D ,  hexanc/i-PrOH = 300/ 
1. flow rate =I.OmLmin-'): t k  = 4.5 inin (2R,3S) ,  f, = 5.8 min (2S,3R). 


(S)-Ethyl (2S,3S)-2-(tert-butyIdimethylsiloxy)-3-(2-fury~)-3-hydroxypropane- 
thioate: I R  (neat): i. = 3490, 1680cm- ' ;  ' H N M R  (CDCI,): 6 = - 0.20 (s. 
3H),  0.10 (s,  3 H ) ,  0.91 (s, 9 H j ,  1.25 (t, 3H.  J = 7 . 4 H z ) ,  2.88 (q, 2 H ,  
.I =7.4Hz), 3.01 (d, IH,J=10.2Hz),4.49(d,  l H , J =  2.6 H;.),4.91 (d,  l H ,  
J=10.2Hz),  6.30-6.35 (m, 2H). 7.36 (m, 1 H) ;  I3C N M R  (CDCI,): 


153.23, 203.18; anal. calcd for C,,H,,O,SSi: C 54.51, H 7.93, S 9.70; found: 
C 54.38, H 5.01, S 9.96: H P L C  (Daicel Chiralccl A D ,  hexaneli-PrOH =loo/  
1. flow rate =1.0mLmin-'): fR =9.6mi i i  (2S.3S), f, =11.0min (2R,3R). 


(S)-Ethyl (2S,3R,4E,6E)-2-(te,.t-butyldimethylsiloxy)-3-hydroxy-4,6-octadi- 
enethioate:[i'h' A small amount  of geometrical isomer derived from the start- 
ing aldehyde was not Fcparated. 1R (neat): i. = 3400, 1675 cm-  '; ' H N M R  
(CDC1,): b = 0 . 0 6  (s, 3H), 0.12 (s, 3H),  0.95 (s, 9H),  1.21 (t. 3H,  
J=7 .4Hz) .  1.73 (d, 3H,  J = 6 . 3 H z ) ,  2.63 (brs, I H ) ,  2.83 (4. 2 H .  
. /=7 .4Hz) ,4 .14 (d . lH ,  J=3 .6Hz) ,4 .33(brs , lH) ,5 .51-6 .23(m,4H);  
13C N M R  (CDCI,): Cr = -4.87, 14.40, 18.10, 22.61. 25.68, 74.00, 80.56, 
128.30, 130.28, 130.50, 132.00, 204.1 1;  HPLC (Daicel Chiralcel A D ,  hcxaiie/ 
i-PrOH =100:1. flow ratc =1.0 m L m i n - I ) :  rR = 6.9 min (minor enantiomer 
(2R .3S)  of geometrical isomer). I, =7.8 min (2R.3S), f R  = 19.5 min (major 
enantiomer (2S,3R) of  geometrical isomer). 1, = 24.6 min (25',3R). 
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I 


1' 


111 IV 


[24] We carried out NOE cxperirnents on the chiral tin(rr) Lewis acids. NOE be- 
tween the N-methyl protons and the methylcne protons of the right part of the 
chiral diamine was observed in the Sn(OTf),-5 Bu,Sn(OAc), complex, while 


no obvious NOE data was obtained in the Sn(OTf), 4- Hu,Sn(OAc), coni- 
plex after several trials at various temperatures and in various solvent< (The 
NOE cxperimeiits were carried out in CD,CN tit 20 'C. In CD,CI, sufficient 
well-resolved NMR spectra were not obtained. probably due t o  the insolubility 
ol' the tiii(ii) complex and fdst equilibrium. We confirmed that similar high 
selectivities were obtained in CH,CN at -40 C or in C,H,CN a t  -78 C.) 


11 
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Reactivity of Coordinatively Unsaturated Trivalent Chromium Complexes 
with Sulfur : Preparation of Novel Sulfide-Bridged Dinuclear CrIV Derivatives 


Damien Reardon, Istvan Kovacs, Kamalesh B. P. Ruppa, Khalil Feghali, 
Sandro Gambarotta,* and Jeffrey Petersen* 


Abstract: The homoleptic Cr"' amide complexes [(RR'N),Cr] [R = R' = cyclohexyl 
( la ) ;  R = adamantyl, R = 3,5-Me2Ph (1 b)] were prepared and characterized. Reac- 
tions with elemental sulfur produced the corresponding dinuclear complexes 
[j(RR'N),Cr),(p-S),] (2) through loss of one amide group. These two new dinuclear 
Cr'" species are paramagnetic with magnetic moments lower than expected for the d2  
electronic configuration of Cr'". Magnetic measurements and a b  initio calculations 
were carried out to elucidate the nature of magnetic interactions in these dinuclear 
systems. The molccular structures of I a and 2 a  were elucidated by X-ray crystal struc- 
tures 


Keywords 
a b  initio calculations chromium - 
coordinative unsaturation * magnetic 
properties * sulfur 


Introduction 


In striking contrast to the extensive organometallic and coordi- 
nation chemistry reported for trivalent chromium,['] informa- 
tion about complexes containing chromium in the oxidation 
states + 4 and + 5 is scarcc and limited to a few diverse complex- 
e s . [ ' ~ ~ ~  For  a long time this lacuna in the chemical literature[41 
was ascribed to an intrinsic instability of these oxidation states. 
However, a recent revival of interest in this field has shown that 
the oxidation state + 4  is more accessible and stable than previ- 
ously thought.'3c% 'I This is a rather interesting development be- 
cause these species are normally expected to easily dispropor- 
tionate or reductively eliminate towards the most stable 
trivalent state. This implies that the redox couples C"'/Cr'V and 
Cr"'/Crv may be particularly useful for catalytic purposes['' 
related to oxidationIbh1 and desulfurization reactions. Another 
stimulus to study this chemistry is provided by the rather impor- 
tant role played by these species in the biochemistry of chromi- 
um['] in relation to the mechanism of toxicity and carcinogenic 
activityc8] of this metal, a topic of continuous interest. 


Anionic organic amides have proven to be versatile support- 
ing ligands for the stabilization of unstable oxidation states and 
the trapping of rare functionalities.["' In particular, sterically 
demanding amides have allowed a number of interesting trans- 
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formations. A notable example is a mononuclear derivativc of 
Mo"' that is able to convert dinitrogen into nitride.["I Although 
this type of reaction is apparently not observed with the chromi- 
urn analogue, still coordinatively unsaturated Cr"' derivatives 
are able to denitrogenate nitrogen oxides.["] This remarkable 
behavior suggested to us that triangular Cr"' amides could po- 
tentially be versatile reagents. However, little is known about 
the chemical reactivity of these species." b * c l  Therefore, follow- 
ing our interest in the chemistry of Cr'" derivatives,["] we have 
now prepared several sterically encumbered chromium(u1) 
tris(aniide) complexes and have begun to evaluate their reactiv- 
ity with oxidizing agents to  form Cr'" or CrV derivatives. The 
goal is twofold. First, we arc interested in studying the possibil- 
ity of increasing the reactivity of relatively inert trivalent 
chromium species through coordinative unsaturation. Second, 
we are interested in probing the stability of CrIv species. Our 
subsequent investigations of the reaction of sulfur with chromi- 
um(ii1) tris(amide) complexes have resulted in the isolation of d' 
Cr" sulfide-bridged dinuclear complexes. The results of our 
synthetic work, structural characterization, and magnetic sus- 
ceptibility measurements are reported herein. 


Experimental Section 


All operations were performed under an inert atmosphere of a nitrogen-filled 
dry-box (Vacuum Atmospheres) or by using standard Schlenk techniques. All 
solvents were freshly distilled from the appropriate drying agent. CyZNH was 
distilled prior to use over molten potassium. NaH and nBuLi wci-e used as 
received (Aldrich). Anhydrous CrCI,(THF), was prepared by reaction of 
CrCI,(H,O), with TMS-CI in Lithium biscyclohexylamide 
(Cy2NLi) was prepared by treating a solution of Cy,NH in hexane with a 
stoichiometric amount of r~BuLi."~"'  (3,5-Me2Pli)AdNLi (Ad = 


adamantyl),"4h1 [{[(3,5-Mc2Ph)AdN],Cr},]"4"1 and [((Cy,N),Cr),]"4d1 
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were prepared according to described procedures. I R  spcctra were recorded 
on a Michelson BOMEM FTIR instrument from Nujol mulls prepared in a 
dry-box. Elcmental analyses were carried out with a Perkin Elmer 2000 C H N  
analyzer. The ratio between Cr  and S atoms was determined by X-ray fluores- 
cence on a Philips XKF2400 instrument. Data for X-ray crystal structures 
were obtained with a Rigaku AFC6S diffractometer (Ottawa) and a Siemens 
P 4  diffractometer (WVU). Mass spectra were obtained by a VG7070E spcc- 
trometer. Samples for magnetic susceptibility measurements were weighed 
inside a dry-box equipped with an analytical balance, and were scaled into 
calibratcd tubes. Magnetic measurements wcrc carricd out with a Gouy bal- 
ance (Johnson-Matthey) at room temperature. The magnetic moment was 
calculatcd following standard niethod~. ' '~ '  and corrections for underlying 
diamagnetism werc applied to the data."" Variahlc-temperature magnetic 
measurements were performed at  the Department of Chemistry of Memorial 
University (St. John's, Newfoundland) by using samples sealed in Teflon 
capsules under He atmosphere, and by using a Faraday balance. 


Preparation of [(Cy,N),Crl ( l a ) :  Freshly prepared Cy,NLi (8.3 g, 
44.1 mmol) was added to a slurry of CrCI,(THF), (5.1 g, 13.7 mmol) in 
toluene (1 50 mL) at - 80 'C. The color slowly changed to dark brown upon 
mixing. The reaction mixture was stirred overnight at room temperaturc and 
filtered to eliminate a small amount of white solid. The volume of the result- 
ing orange-brown mother liquor was reduced to  a small volume. Slow cooling 
to - 30 "C yielded dark brown crysVals of l a  (4.78 g, 8.1 mmol, 59%). Anal. 
calcd. (found) for C,,H,,N,Cr: C 72.92 (73.39), H 11.22 ( l l .27) ,  N 7.09 
(6.92). IR [NaCI, Nujol mull, c m -  'I: 5 =1451 (s), 1341 (m), 1256 (m), 1189 
(w), 1145 (m), 1112 (s), 1088 (s), 3039 (s), 961 (s), 917 (w). 887 (m), 841 (m), 
801 (s), 780 (m). 699 (m), 638 (m), 621 (w), 582 (m). pelf = 3.81 p,. MS (EI): 
m:z = 592.2 [ ( C Y ~ N ) ~ C ~ ] + ,  41 1.6 [(Cy2N),Cr]+, 329.3 [(Cy,N)(CyN)Cr]+, 
232.7 [(Cy,N)Cr]+, 180.0 [Cy,N]+, 150.0 [(CyN)CrH]. 


Preparation of [{(3,5-Me2Ph)AdN},Crl (1 b): A solution of CrCI,(THF j3  
(1.8 g, 4.8 mmol) in T H F  (125 mL) was treated with (3,5-Me2Ph)AdNLi 
(5.1 g. 15.2 mmol) a t  ambient temperature. The color of the mixture rapidly 
changed to dark greenish brown. The reaction mixture was stirred for an 
additional 8 h a n d  then evaporated to dryness. The residue was extracted with 
T H F  (100mL) and then filtered to eliminate LiCI. The clean solution was 
concentrated and mixed with ether (100 mL). The resulting solution was 
cooled to - 30°C and allowed to stand for 2 d a t  low temperature, during 
which time crystals of 1 b separated (2.49 g, 2.94 mmol, 61 %). Anal. calcd. 
(found) for C,,H,,N,Cr: C 79.56 (79.22), H 8.90 (8.92), N 5.15 (4.57). LR 
[NaCI, Nujol mull, cm '1: 3 =1587 (s), 1351 (m),  1342 (w). 1298 (s), 1186 
(w), 1160 (s), 1110 (s), 1089 (s), 1031 (m), 994 (s). 953 (s), 923 (s), 848 (m), 
842 (m), 814 (w), 792 (w), 709 (ni), 691 (s)). peff = 3.97 fin.  MS (FAR): 
m / i  = 815.5 [L,Cr]+, 560.3 [L2Cr]+, 307.1 [LCr]+. 


Preparation of ~f(Cy,N),Cr},(p-S),I (2a): 
Merhod A :  Crystalline sulfur (0.05 g. 1.7 mmol) was added to a dark brown 
solution of l a  (I.Og, 1.7 mmol) in toluene (100 mL) at  room temperature. 
The mixture was stirred for 2 h and then filtered to remove any unreacted 
material. The resulting dark burgundy-red solution was allowed to stand at  
room tempcrature for 2 d yielding black crystals of 2 a  (0.7 g, 0.78 mmol, 
91 %). Anal. calcd. (found) for C,,H,,N,S,Cr,: C 64.82 (64.71), H 9.97 
(9.73), N 6.30 (6.24). IR [NaCI, Nujol mull, cm-'1: 3 =I359 (mj, 1342 (m), 
1259 (m), 1157 (w), 1138 (m), 1095 (s), 1030 (s), 978 (w), 954 (s), 891 (m),  
844 (m). 801 (s), 699 (m). peff = 2.15 pg per dimcr. MS (FAB): mlz = 409.3 
[Cy,N]t, 196.1 [Cr2SZN2]+, 168.1 [Cr,S,]+. 
MethodB.  A solution of [{(Cy,N),Cr},] (1.0 g, 1.2mmol) in T H F  (100 mL) 
was treated with sulfur (80 mg, 2.5 mmol). The emerald green color of the 
solution changed instantly to red-brown, and after stirring overnight a t  room 
temperature, the solution was filtered and concentrated in vacuo. The result- 
ing solution was allowed to stand at  -30°C for 1 d ,  during which time 
crystals o f 2 a  separated (0.9 g, 1 .0 mmol, 84%). Analytical and spectroscopic 
data were in good agreement with those of the product obtained by 
method A. 


Preparation of [{[(3,5-MezPh)AdN12Cr(p-S)}2] (2 b): 
Method A [from 1 b]: A brownish-green solution of I b  (1.4 g, 1.7 mmol) in 
T H F  (80 mL) was treated with sulfur (0.1 1 g, 0.4 mmol) a t  room tcmperature. 
The reaction mixture was refluxed for 2 d and then cooled to room tcmpera- 
ture. After filtration, the solvent was removed in vacuo, and the solid residue 
was suspended in ether (30 mL). The solid rapidly dissolved and a brown 


crystalline 2b separated upon allowing the solution to stand at room temper- 
ature for a few hours (0.3 g, 0.25 mmol, 30%) .  Anal. calcd. (found) for 
C,,II,6N,S,Cr,: C 72.94 (72.78), H 8.16 (8.09). N 4.73 (4.61). IK [NaCI. 
Nujol mull, cm-'1: i. = 1596 (s), 1356 (m), 1343 (w). 1303 (s). 1262 (s). 1186 
(m). 1159 (s), 1081 (s). 1030 (s), 957 (w), 928 (w). 849 (w). 803 (s). 721 (w). 
701 (s). per( = 3.48 /in per dinicr. 
Method B (from [{{3,5-Me2Ph)AdN],Cri,l. A solution of [j(3.5-Me2Ph)- 
AdN],Cr),]"4L1 (1.5 g, 1.34 mniol) in T H F  (100 niL) w a ~  treatcd with sulfur 
(0.0') g, 0.3 mmol) at ambient temperature. In about 10 min the color of thc 
solution changed from emerald grecn to brownish red. The solution was 
warmed to 55 'C and stirred for 5 h a t  that temperature. The I-euction mixturc 
was then cooled to room temperature, filtered and concentrated to a small 
volume of nearly 10 mL. Ether (about 50 mL) was addcd to the flask and the 
resultant solution was cooled to -30°C. After 8 h standing at this tempera- 
ture brown crystals of 2 b  scparated (0.8 g. 0.67 mmol. SO"4i). Spectroscopic 
and analytical data were in good agrecment with those of thc compound 
obtained from method A. 


X-Ray Crystallography 
Complex 1 a :  Data were collected at - 153 C. An air-sensiti\.e crystal was 
mounted on a g l a ~ s  fiber inside a dry-box and transferred under thc liquid 
nitrogen stream of the cooling system of a AFC6S Rigaku X-ray diffractome- 
ter. The UI-20 scan technique was used to a maximum 2 0  of 99 9 . Cell 
constants and orientation matrices were obtained from the least-squares re- 
finemcnt of 25 centered reflections. The intensities of thrce standard reflec- 
tions, measured after every 1 S O  reflections, showed no statistically signilicant 
decay over the duration of the data collections. Data were correctcd for 
Lorentz and polarization effects and for absorption (DIPABS), Thc structure 
was solved by direct methods. which resulted in the location all the non- 
hydrogen atoms. Their positions were refined anisotropically. Hydrogen 
atom positions were calculated but not refined. Refinements were carricd out 
by using full-matrix least-squares techniques on F, minitniiing the function 
Cw(IF,l - IFc!)', where LV = I i d ( F ~ )  and F, and t;, are the observed and 
calculated Structure factors. Atomic scattering factors and anomalous disper- 
sion terms were taken from the usual sources (Cromer & Waher) .[I '*I Anoma- 
lous dispersion effects were included in F,. All calculations were performed 
using the TEXSAN (Molecular Structure Corporation) package on a Digital 
VAX station. 


Complex 2a:  A purple rectangular crystalline plate of 2 a  was sealed under 
nitrogen in a capillary tube and then optically aligned on the goniostat of a 
Siemens P 4 automated X-ray diffractometer. The corresponding latticc 
parameters and orientation matrix for the monoclinic unit cell were dcter- 
mined from a least-squares fit of the orientation anglcs of 30 reflections at 
22 'C. Intensity data were measured with graphite-monochromated Mo,, 
radiation (i = 0.71073 A) and variable w scans (2.0-10.0 'min I )  for reflec- 
tions within the dctector range of 3.0 <20<45-.  Background counts were 
measured at  the beginning and at the end of each scan with the crystals and 
counter kept stationary. The intensities of three standard reflections werc 
measured periodically during data collection to monitol- crystal decomposi- 
tion and instrument stability. The data were corrected for Lorentz-polariza- 
tion effects and a face-indexed analytical absorption correction (T,,,, - a,, 
range: 0.895 to 0.957) was applied. Thc positions for the two independent Cr 
atoms and the remaining non-hydrogen atoms were initially determined by a 
combination of direct methods and difference Fourier calculations performed 
using the algorithms provided with the SHELXTL IRIS software running on 
a Silicon Graphics Iris Indigo workstation. Following anisotropic refinement 
of the non-hydrogen atoms, idealized positions for thc hydrogen atoms werc 
mcludcd at fixed contributions using a riding model. Full-matrix least- 
squares refinement, based upon the minimization of Xiv,lF, - FCI2. with 
IC,-' = s2(F,) + 0.0008F~.  converged to give final discrepancy indices'17b1 of 
R(F,) = 0.0728, R,(F, )  = 0.0754 and 0, =1.43 for 1484 retlcctions with 
F0>4.0a(F,). The final difference map was essentially featureless. 


Details on crystal data and structure solution for both 1 a and 2a arc givcn 
in Table 1. Selected bond lengths and angles are given in  Table 2. Crystallo- 
graphic data (including atomic coordinates and thermal parameters, exclud- 
ing structure factors) for the structures reported in this paper have been 
deposited with the Cambridge Crystallographic Data Centre as supplemen- 
tary publication no. CCDC-100350. Copics of the data can be obtained free 
ofcharge on application to The Director, CCDC, 12 Union Road. Cambridgc 
CB2 1 EZ, U K  (Fax: Int. code +(1223)336-033; e-mail: deposit(cc~cheni- 
crys.cam.ac.uk). 
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lbblc 1. Crystal data and structure analysis rewlts for I a and 2a R R  


l a  2 a  


C,,,H,,CrN, 
592.93 
P 2 , , n  
10 712(1) 
19.486 (2) 
17.1 x5 ( 2 )  
96.78(1) 
3562( I) 
4 
1.541 78 
- 153 
1.105 
28.47 
0.059. 0.05x 


C,,H,,Cr2N,S, 
889.4 
P 2  I1 


13.437(3) 
12.587 (4) 
14.950(5) 
95.96(2) 
2514.8(10) 
4 
0.71069 
2') 5 
1.174 
5.49 
o.n73,0.076 


Complex 1 a Coinplex 2 a  


('r I -N 1 
Crl N 2  
C r l  N3 
Y I  c13 
N1 c19 
NI-Crl-N2 
1' 1-Cr I - N  3 
N2-Cr I-N3 
C 13-N I-C I9 
C r l - N l - C l 3  
(Cr I - N  I-C 19 


1 864(5) 
1 853 (5) 
1 X59(5) 
1464(X) 
1 469(8) 
119 9(2) 
119 7 ( 2 )  
120 4(2) 
1133(5) 
122 5 (4) 
124 1 (4) 


Crl-Cr2 
C r l - N l  
Cr?-N2 
C r l - s 1  
C r ?  S I  
N I  C1 
N 1 -C7 
Cr 2-Cr I-S 1 
SI-Crl-S1' 
Crl-S I-Cr 2 
N I - C r l - N  1' 
N 2-Cr2-N 2' 
C 1 -N 1-C 7 
C r l - N I - C I  
Cr 1-N I-C7 


2.821 (4) 
1303 (10) 
1806(10) 
2.174 (4) 
2.17') (4) 
1 4xx (I 5 )  
1.493(14) 
49.7 (I) 
99.4(2) 
80.8(1) 
I12.0(6) 
112.4(6) 


131.4(7) 
113.1 (9) 


115.5(7) 


Molecular Orbital Calculations: All molecular orbital calculations were 
performed on ii Silicon Graphics computer by  using the software package 
SPARTAN 4.0 (Wavefunction. Inc.: 18401 Von Karman Ave., # 370. Irvine, 
CA 92715 USA. 1995). The program's default parameters were used in the 
unrestricted Hartrce-Pock ah initio calculations on the model compounds 
[(Mc,N),Cr] and [ { ( M ~ , N ) , C I - ( ~ - S ) ) ~ ]  by using the STO-3G basis. Thc frac- 
tional atomic coordinates of the crystal Structures were converted to the 
corresponding cartesian coordinates by using a special device of the NRC- 
VAX program. The methyl group carbon atoms were delcted from the list and 
i-eplaccd with hydrogen alonis placed at  thcir calculated positions. Minor 
adjus~mcnts were iiiade to fit the geomctry in  the C3, and C,, symmetry 
CIII\\CS. 


Results and Discussion 


The reaction of CrCI,(THF), with 3 equiv of (RR'),NLi 
[R = R' = Cy; R = Ad, R' = 3,5-Me2Ph] in toluene (Scheme 1) 
resulted in a rapid color change from purple to  dark brown. 
Dark brown. air-sensitive crystals of a paramagnetic complex 
formulated as [(RR"),Cr] [R = R = Cy ( l a ) ;  R = Ad, 
K '  = 3,5-Me2Ph (1  b)] were obtained in reasonable yield after 
suitable workup and crystallization. The formulations were in- 
ferred from combustion analysis data. The magnetic moments 
were determined a t  room temperature and calculated on the 
basis of the proposed formulation (,LL,,~ = 3.81 and 3.97 , L L ~  for 
1 a and 1 b, respectively). In the case of 1 b the value was found 
to be slightly highcr than expected for the spin-only d 3  electronic 


I I  


R-N\CfN-R I - s8 / \  (RR),NLi 
CrCI,(THF)? - 


N-R I s\ Cr J R-N 


R ' R' 
I 


R-N 
I 


2 


R = Ad, R = 3,5-Mc,Ph (1)) [ C ~ d W r l ,  7 S, 1 
1 


R = R '= Cy (a) 


[(RR'Nj2Cr(THF)12 


Scheme 1 


configuration of Cr"', but still in the normal range. Complexes 
1 a,b arc highly soluble in hydrocarbons, and are extremely air 
and moisture sensitive. In agreement with the analytical data, 
the IR spectra did not show any absorption bands that might be 
attributed to  coordinated THE The mass spectra of both com- 
plexes showed the parent peaks in agreement with the proposed 
formulations, and fragmentation patterns consistent with the 
loss of R R "  units. 


The molecular connectivity of 1 a was confirmed by an X-ray 
crystal structure. The complex is monomeric (Figure 1) with a 
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C l l  


Figure 1 ORTEP plot of 1 a. Thermal ellipsoids arc drawn at the 50 ' /o  prohahilit! 
level. 


trigonal planar coordination geometry around the metal center 
dcfiiied by the three nitrogen atoms of the amide groups [N 1- 
C r I - N 2  =119.9(2)'. N I - C r l - N 3  =119.7(2)', N 3 - C r l - N 3  = 


120.4 (2)"]. The coordination geometry around each nitrogen 
atom is also trigonal planar [Cr l -NI-C13 =122.5(4) , C r l -  
N I X 1 9  =124.1(4)", C13-NI-Cl9  =113.3(5)"], consistent 
with spz hybridization of the nitrogen atom. The short Cr - N 
distances [ C r l - N 1  =I.X64(5)A, C r I G N 2  =1.851(5)r\, 
Cr 1 -N 3 = 1.859 ( 5 )  A] also suggest the presence ofa significant 
degrce of Cr--N x-bond character. The three planes containing 
the three amide ligands arc skewed with respect to  each other 
and confer an overall propeller-shaped geometry around the 
chromium From preliminary diffraction data it was 
also possible to obtain the molecular structure of complex I b. 







Chromium(iv) Derivatives 


Although the quality of the X-ray data for this analysis is mar- 
ginal, it is sufficient to  demonstrate the connectivity, the formu- 
la, and the presence of a very similar trigonal planar coordina- 
tion geometry around the chromium atom.['8b1 


The d 3  high-spin electronic configuration of the metal center 
was expected for complexes 1 a,b. In fact, either one of the C,  , 
C,,, or D,, symmetries, which may be reasonably assumed for 
the metal center, will maintain a sufficient level of degeneracy of 
the d orbitals to produce high-spin electronic configurations. An 
a b  initio unrestricted Hartree- Fock molecular orbital calcula- 
tion (UHF/STO-3 G) was performed by the Spartan software 
package on  the crystallographic geometry by replacing the large 
amide groups with Me,N. The total energy of the molecule was 
calculated for both high-spin (S = 3/2) and low-spin ( S  = 1/2) 
configurations. The high-spin configuration was found to be 
the more stable by about 40 kca1 mol- '. Molecular orbitals were 
calculated for the 99 electrons of the molecule with a spin mul- 
tiplicity of 4 (quartet state). The three unpaired electrons reside 
in three nearly degenerate  orbital^.^"^ As summarized in 
Scheme 2, the HOMO is primarily composed of contributions 


I E(eV) -0.206 (HOMO) -0.248 -0.251 I 
Scheme 2 


from the 4pL atomic orbital of chromium with a slightly out-of- 
plane combination of the py and p, orbitals of one nitrogen 
atom, and two in-plane combinations of both the p, and p, 
orbitals of each of the two other nitrogen atoms. This molecular 
orbital is essentially nonbonding with respect to  the Cr-N 
bonds and is consistent with the charge distribution being local- 
ized primarily on the three nitrogen atoms. The second niolecu- 
lar orbital is mainly n in character with respect to the Cr-N 
bonds and arises from the interaction of a n  in-plane combina- 
tion of p,,, d,,-,,, and dxy chromium atomic orbitals with three 
in-plane combinations of the p orbitals of the three nitrogen 
atoms. The third orbital corresponds to  a n-bonding interaction 
between the chromium d,,+ atomic orbital with two in-plane 
pn orbitals of two nitrogen atoms. The complicated shape of 
these molecular orbitals can probably be ascribed to  the partic- 
ular propeller-like geometry adopted by the three ligands 
around the metal center. Calculations carried out on model 
compounds with same bond lengths and angles, but with a sym- 
metry constrain to either C,, or D,,, showed that the three 
frontier orbitals are mainly formed by the three nitrogen p or- 
bitals perpendicular to the molecular plane, with only a minor 
participation of the out-of-plane d orbitals of the metal center. 


The EPR spectra in solution at  room tenipcrature show no 
resonance for 1 a and a broad and very weak resonance for 1 b. 
However, upon cooling a sharp and intense derivative signal 
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(g = 3.87, 1 a; g I = 3.91, 1 b) was observed for both complex- 
es (Figure 2). Another weaker absorption band for 1 a was ob- 
served with an effective value of g ,, = I .99. These features, con- 
sistent with the presence of an axial symmetry at  chromium, 


0 1000 2000 3000 4000 5000 6000 7000 


B (gauss) 


'1 


0 2  
m 
p o  
fn Q g - 0 2  


0 4  


-0 6 


-0 8 
1000 1500 2000 2500 3000 3500 4000 


B (gauss) 


Figure 2 EPR spectrn of l a  and l b  in frozen benzene wlution d t  100 K 


were also observed for solid state samples. The spectra did not 
show hyperfine structure arising from the coupling between the 
unpaired spin density on the Cr"' center and the amide nitro- 
gens, which possess very little s character. This is likely to be the 
result of the trigonal planar coordination, which places the un- 
paired electrons in molecular orbitals that primarily involve 
n-bonding with the amide nitrogen p orbitals. As a result. the 
coupling between the unpaired electron spin on Cr and the "N 
nuclear spin through the Fermi contact mechanism is expected 
to  produce a very small coupling for spin density delocalized on 
a p orbital of nitrogen. The EPR spectra are consistent with the 
results of the calculations described above; this shows that the 
three unpaired electrons are localized in thrce orbitals contain- 
ing substantial in-plane nitrogen px contributions. 


Reaction of 1 a,b with sulfur in toluene led to a minor color 
change from dark brown to dark reddish brown through a slow 
reaction (Scheme 1). Dark red crystals of two new compounds 
formulated as [{(RRN),Cr],(p-S),] (2) [R = R' = Cy (2a); 
R = Ad, R = 3,5-Me2Ph (2b)l were obtained by allowing the 
resulting solutions to  stand a t  room temperature. The proposed 
formulations were consistent with combustion analysis and 
mass spectroscopy data. Although it was not possible to obtain 
a parent ion peak by using different ionization techniques, nev- 
ertheless, in both cascs the spectra showed three intense peaks 
that ciln be attributed to [(RR'N),Cr]+, [N,Cr,S,]+, and 
[Cr,S,]+, respectively. These peaks also showed the expected 
isotopic distribution for chromium. 
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sulfides forming a planar Cr,S, core. The coordination geome- 
try around the chromium atom is distorted tetrahedral and is 
dctined by the two bridging sulfur atoms [Cr 1 -S 1 = 
2.174(4) A, Cr2-S1 = 2.179(4) A] and the nitrogen atoms of 
two terminal amide groups. The Cr-S distances are slightly 
shorter than those found in other sulfido- and persulfido- 
bridged mono-Cp Cr'" compounds.'201 The short Cr-N dis- 
tances [ C r l - N l  =1.803(10)A, Cr2--N2 =1.806(1O)A] and 
the trigonal planar coordination geometry around each nitro- 
gen atom [Crl-N1-C1 =131.4(7)', C r I - N l - C 7  =115.5(7)", 
C I-N 1-C 7 = 113.1 (9)"] reflects some degree of Cr-N x-bond- 
ing. The Cr,S, core is perfectly planar with acute sharp angles 
subtended at the S atom [Cr l -S l -Cr2  = 80.8(1)"], which com- 
pare well with those of some sulfido-bridged organometallic 


The reaction leading to the formation of 2a,b involves the 
elimination of one amide ligand per chromium and is accompa- 
nicd by an increasc in the formal oxidation state of the Cr center 
from + 3 to + 4. So far our efforts to isolate and identify other 
species possibly present in the reaction mixture have been un- 
successful. It is reasonable to envision that the reaction mecha- 
nism proceeds with the formation of an intermediate pentava- 
lent chromium complex [(R,N),Cr=S], from which the 
tetravalent complex 2 is obtained by reductive elimination of 
one amide radical.["] Consistent with this hypothesis, signiti- 
cant amount of free aminc were detected by GC-MS in thc 
mother liquor. 


Complexes 2 a,b can also be produced in better yield by rcac- 
tion of the corresponding Cr"comp1excs with sulfur (Scheme 1). 
These reactions are rapid and d o  not require heating. To our 
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Figtire 4. Diayram of the inverse of the molar magnetic susceptibility and of the 
magnetic moment a s  a function of thc temperature for complex 2a. 


magnetic moment of 2a varies from 2.15 to 1.80 pB. This behav- 
ior is somewhat reminiscent of that of monomeric and tetrahe- 
dral Cr" 0x0 derivatives which also show minor deviation from 
the Curie-Weiss law, and which are weakly antiferromagneti- 
cally coupled.["] However, a t  about 50 K the magnetic moment 
decreases more rapidly to reach a value of 3.2 ptl at 4.5 K. These 
data indicate that a t  temperatures above SO K 2a behaves as an 
almost regular paramagnet. The absence of an abrupt disconti- 
nuity in the variable-temperature magnetic susceptibility data, 
however, seems to  rule out the possibility of antiferromagnetic 
coupling between the two paramagnetic Cr" centers of 2 a. The 
observed decline in peir from I .8 to 1.2 pn may inore likely reflect 
a change in the relative populations of the triplet and singlet spin 
populations associated with each d Z  Cr" center. By compari- 
son, the magnetic moment of 2 b at  room temperature of 3.48 pB 
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is significantly larger than that of 2a. Similarly, the magnetic 
susceptibility of 2b obeys the Curie-Weiss law (0  = - 49 K) 
within the temperature range 60-200 K (Figure 5 ) .  As the tem- 
perature is lowered, the magnetic susceptibility decreases gradu- 
ally toward zero, thus showing a behavior reminiscent of anti- 
ferromagnetism. However, the complexity of the observed 
magnetic behavior suggests that several different phenomena 
may be contributing to  producing the temperature dependence 
of the magnetic moments of 2a  and 2b. 
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Figure 5. Diagram of the inverse of the molar magnetic susceptibility as a function 
of the temperature for complex 2b. 


In an effort to  clarify the magnetic behavior and the nature of 
the Cr-Cr interaction in 2a,b, a b  initio UHF/STO-3 G calcula- 
tions were performed on the model complex [{(Me,N),Cr(,u- 
S)),], with the atomic coordinates of the non-hydrogen atoms 
obtained from the X-ray crystal structure of 2a. Given the value 
of the magnetic moment, the triplet state was considered to be 
the most reasonable basis for the calculations (calculations car- 
ried out on  the quintet state yielded a significantly higher value 
of the total energy). The result showed a rather small HOMO- 
LUMO gap of 0.245 eV, which may well account for the low 
paramagnetism. The two unpaired electrons are located in two 
frontier orbitals, namely, the HOMO ( -  0.216 eV) and the next 
lower MO [HOMO - 1 ( -  0.223 eV)] . The near degeneracy of 
these two orbitals nicely explains the significant decrease of the 
magnetic moment observed at  low temperatures. These two or- 
bitals are centered on Cr-N with a weak Cr-S antibonding 
character. The bonding of the Cr,S, core is mainly realized with 
five molecular orbitals. Four of them [HOMO - 4 
(~ 0.277 eV), HOMO - 5 ( -  0.282 eV), HOMO - 6 
(- 0.283 eV), HOMO - 15 (- 0.419 eV)] possess a marked 
o character with respect to  the Cr-S bond, while the fifth one 
[HOMO - 13 ( -  0.388 eV)] is mainly a Cr-S n: bond. As illus- 
trated in Figure 6, the four Cr-S CT bonds are originated by the 
chromium d orbitals (or hybrid combinations) with in-plane p 
orbitals of the bridging sulfide. Conversely, the Cr-S TC bond is 
formed by the two out-of-plane d,, chromium orbitals with p, 
of the two bridging sulfur. Three more MO’s also are Cr-S 
bonds, but display some significant Cr-Cr bond character. 
Two of them [HOMO - 9 (- 0.362 eV) and HOMO - 16 
( -  0.433 eV)] are reminiscent of Cr-Cr o bonds. The two or- 
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Figure 6. Energy-level diagram for [{[(CH,),N],Cr)2(~l-S)~] showing the most rcle- 
vant Cr-S and Cr-Cr molecular orbitals. 


bitals are similar in shape and are formed by the overlap of the 
sulfur py orbitals with either the d,,_,,, or a hybrid combination 
of d,, with dX2_,, orbitals of the two chromium atoms. Both 
orbitals are characterized by the presence of a large lobe delocal- 
ized between the four core atoms and may be regarded as Cr- Cr 
CT bonds. However, the participation of the bridging atoms 
atomic orbitals is very substantial. A third orbital (HOMO - 7) 
located at  - 0.323 eV is formed by the overlap of the sulfur p, 
with the two d,, orbitals of the two chromium atoms; two large 
lobes on the two sides of the Cr’S, core result. This MO may be 
regarded as a sort of Cr-Cr TC bond which, again, involves the 
atomic orbitals of the bridging sulfur atoms in a rather impor- 
tant manner. 


These observations indicate that the electronic coupling be- 
tween the two d’ Cr atoms may involve mechanisms other than 
direct M-M bond or antiferromagnetic exchange. While the 
direct Cr-Cr interaction appears to be weak and certainly un- 
able to hold together the dinuclear frame in the absence of 
bridging atoms, the Cr-Cr “bonds” made with the determinant 
participation of the bridging atom orbitals provide a rather 
efficient coupling between the two metal centers and, ultimately. 
are probably responsible for the low magnetic moments. Clear- 
ly, all the bonding interactions in  the molecule concur to dcter- 
mine the HOMO-LUMO gap and consequently the magnetic 
properties of the complex. The sharp lowering of the magnctic 
moment observed at  low temperatures is probably due to 
changes in the relative spin populations resulting from the near 
degeneracy of the two highest occupied molecular orbitals. In 
addition, since the participation of the atomic orbitals of the 
bridging atoms (and also of the amide nitrogen atoms) is crucial 
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to the formation of three MO's with Cr-C:r character, even 
small modification of the geometry of the ligand system will 
change their relative stability as well as the size of the HOMO- 
LUMO gap. This may well explain the difference in magnetic 
moments observed for the two isostructural compounds 2 a,b. 
Obviously theoretical calculation are needed in each individual 
case in order to make these assessments. 
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Electrospray Mass Spectrometry of Poly(propy1ene imine) Dendrimers- 
The Issue of Dendritic Purity or Polydispersity 


Jan C. Hummelen, Joost L. J. van Dongen, and E. W. Meijer* 


Abstract: Electrospray mass spectrometry 
(EN-MS) is used to  analyze in detail the 
structure of the first five generations of 
the poly(propy1ene imine) dendrimers 
with 4-64 end groups. Although the reac- 
tion sequence to prepare these dendrimers 
is highly optimized, an accumulation of 
statistical defects is observed a t  higher 
generations. A simple statistical simula- 
tion allows the assignment of all peaks in 


the deconvoluted spectrum and the deter- 
mination of yields for each side reaction in 
the formation of each generation. The 


fifth generation of the poly(propy1enc 
imine) dendrimer containing aminc end 
groups, which is formed after 748 consec- 
utive reaction steps, possesses a dcndritic 
purity of approx. 20%, which corre- 
sponds to a polydispersity of approxi- 
mately 1.002. The defecls in the divergent 
growth patterns of dendrimers are com- 
pared to those observed i n  the Merrifieid 
synthesis of polypeptides. 


Keywords 
defects dendrimers * electrospray * 


mass spectrometry * polydispersity * 


selectivity 


Introduction 


Dendritic macromolecules, prepared by divergent or convergent 
syntheses, are generally depicted as well-defined organic com- 
pounds of single composition."] This representation is correct 
for most of the convergent dcndrimers, which are of high purity 
due to their method of formation, isolation, and purification.[*] 
In contrast, the divcrgent approach starts with a core molecule, 
which is transformed into higher-generation dendrimers by a 
multiple reaction sequence without purification. This strategy 
has been developed in most detail for the poly(amino amido) 
d e n d r i m e r ~ , ~ ~ ]  the arborols,'"] and the poly(propy1ene imine) 
d e n d r i m e r ~ . ~ ~ ]  The poly(propy1ene imine) dendrimers with 
:mine or nitrile end groups have been synthesized on a large 
scale following the reaction sequence given in Scheme 1 .['I The 
alternating sequence of Michael and hydrogenation reactions 
leads in ten steps from diaminobutane (DAB) to DAB-drnrlr- 
(NHJ,,. Only after 248 successful consecutive reactions is the 
ideal structure formed. In the past we have acknowledged the 
possibility of incomplete Michael addition (path C) and the for- 
mation of cyclic structures during hydrogenation (path D) .  
Therefore, the product should suffer from a small number of 
statistical imperfections and, hence, should be polydisperse, 
even when the reactions involved are highly optimized.[" This 
phenomenon of the expression of small imperfections is well 
known in the area of the Merrifield synthesis of polypeptides, as 
is illustrated for the synthesis of the 124-amino-acid ribonucle- 


[*I Prof. Dr. E. W. Meijer, Dr. J. C .  Hummelen. J. L. J. v a n  Dongen 
Laboratory or Organic Chemistry, Eindhoven University 01' Technology 
P. 0. Box 523, 5600 ME Eindhovcn (The Netherlands) 
Fax: Inl. code +(40)245-1036 
e-mail: tgtobm(<c chem.tue.nl 


I 


DAB-dendr-( NH&,, 


Scheme 1 .  Thc hynthesis ofpoly(propq1ene imlnc) dsndrinisrs and thc poy\iblc SIJZ 


rcachon\ ( C .  D) 


ase, which is obtained in 17 '/o purity after 369 chcmical conver- 
sions, while the other 83 'A) of the material possesses one or more 
defects in the amino acid sequence.[" 


The divergent synthesis of dendrimers is ideally suited to 
probe dendritic growth patterns, provided that a powerful ana- 
lytical technique is available. Recently, mass spectrometry has 
been applied very successfully to the characterization o f  den- 
drimers. namcly, through the use of fast atom bombardment 
(FAB),[*] liquid secondary ion,['' electrospray (ESI) ,[101 and 
matrix-assisted laser desorplion~ionization time-of-flight 
(MALDI-TOF) spectrometry." In this paper we will present 
3 detailed analysis, supported by simulations, of ESI-MS data 
on poly(propy1ene imine) dendrimers by which all imperfections 
present a t  the level of ca. 0.1 Yn are assigned. The statistical 
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origin and the low level of imperfections are used to introduce 
the term “dendritic purity” for dendrimers, and we discuss how 
this term relates to  the term polydispersity. 


740.6 


Results and Discussion 


The commercially available series DAB-dcvzdr-(CN), and DAB- 
clendr-(NH,), are both very polar and polybasic compounds, 
and arc partially protonated when dissolved in methanol- water 
mixtures.” 21 This property allows the direct analysis of such 
solutions by positive ion ESI-MS. Samples with a concentration 
of ca. 25 x mmolL-I  in MeOH/H,O (75/25) are directly 
in.jected into the Perkin-Elmer Sciex API 300 triple quadrupole 
mass spectrometer by means of a syringe pump at  a flow rate of 
5 pLmin-. In the postive ion mode a voltage of 5.5 kV is ap- 
plied to the capillary. The actual and deconvoluted ESI-MS 
spectra of DAB-dendr-(NH,),, are given in Figure 1. The spec- 
trum measured shows a repetition of different clusters of peaks, 
corresponding to dendrimers with 4- 12 charges per dendrimer 
(n7/2 with z = 4-12), while no counterion interactions are ob- 
served. Deconvolution by standard methods yields a spectrum 
in which the largest peak at M ,  = 7168 corresponds to the per- 
fect DAB-dendr-(NH,),,. A series of peaks of lower abundance 
itre found at  regular intervals of AM = 57.1 (missing propyl- 
amine units via path C) from the perfect dendrimer at  
M, =7168. Furthermore, the peak at  M ,  =7151 ( A M  =17, 
missing ammonia via path D) is assigned to  the dendrimer with 
62 primary amine end groups and one cyclic secondary amine 
structure; there is also a series of peaks with int.ervals of 57.1 
from M ,  = 71 51 (again via path C in earlier generations). 


In order to fully understand the origin of the smaller peaks, 
ESI-MS spectra of all generations with both end groups (NH,, 
CN) were recorded. The deconvoluted spectra of the DAB- 
rkndr-(CN), series with x = 8-64 are given in Figure 2. The 
lowest generations (up to x = 8) are seemingly defect-free, and 
;i molecular ion peak is found at  M ,  = 740.6 for .Y = 8. For  the 
third generation with x = 16, the perfect dendrimer is found at  
M ,  = 1622.0, while at least one defect in the dendrimer synthesis 
is recorded at 1569.0 ( A M  = 53; acrylonitrile). For the fourth 
and fifth generation, a repetition of defects a t  intervals of 
A M  = 53 is found, assigned to missing acrylonitrile units. The 


1 2X1O6 1 
7+ 171678 1 


1 ox106 


8 o x i  o5 


C 


2 0 X l O S  


0 0  


m/z 


5000 5500 6000 6500 7000 7500 


Mass (arnu) 


Figure 1 .  Thc cxperimental (inset) and deconvoluted ESI-MS data of DAB-den&- 
the assignmcnts of A H arc given i n  Table 1 and Figure4. 


500 1500 2500 3500 4500 5500 6500 7500 


m/z 
Figure 2 Deconvoluted ESI-MS datn of DAB-dendr-(CN), with Y = 8. 16. 32. 64 


presence of peaks at  AM = 17 originates from path D in the 
synthesis of the earlier generations, while the peaks at  A M  = 57 
originates from path C in earlier generations. A number of den- 
drimers with small defects were further investigated with the 
MS/MS techniques and fragmentation products assigned, in 
order to verify that no fragmentation had occurred in the spec- 
tra presented 


All the defects follow the rules of statistics for both side reac- 
tions (paths C and D), and no other defects are found in the 
ESI-MS spectra of the two series of poly(propy1ene iminef den- 
drimers. Once the probability of both side reactions in each step 
is known from the individual ESI-MS spectra, it is possible to 
simulate the ESI-MS spectra of all generations, provided that 
the isotope distributions are accounted for and assuming that 
the response factors are equivalent for the perfect and imperfect 
dendrimers. These simulated spectra can then be fitted to the 
actual reconstructed spectra in an iterative process. The results 
of the DAB-dendr-(NH,),, simulation are given in Figure 3, and 
an almost perfect fit is found with the actual spectrum (Fig- 
ure 1). Based on this simulation, we are able to assign all peaks 


I I I I I 
5000 5500 6000 6500 7000 7500 


Mass 
Figure 3. The deconvoluted (upper trace) and the simulated (lower trace) ESI-MS 
spectra of D A B - ~ W I L / ~ - ( N H ~ ) ~ ~ .  
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A=DAB-dendr-(NH& 


Figure 4. Prominent structures present in DAB-rlmdr-(NH,),,; see also Figure 1 and Table I 


in the spectrum and to determine the yield of each side reaction in 
the,formation qf each generation. A number of assignments are 
illustrated in Table 1 and Figure 4. 


Table 1.  Interpretation of the most prominent structures present in the mass spectrum of DAB-dendv-(NH,),,. 


Despite the fact that the IR spectra of the DAB-riendr-(NH,), 
series sometimes indicate the presence of small amounts of resid- 
ual C N  groups, the detailed analysis of the reconstructed and 


simulated ESI-MS spectra clearly 
shows that no shoulders a t  M ,  - 4 (or 
n x 4) are present. Remarkably in these 
cases, however, the ESI-MS spectra 


Cluster [a] M ,  Structure [b] Defect history [c] A /  % [d] 


A 7167.8 
B 7150.6 
C 7111.7 


D 7053 2 


E 6995.6 


F 6979 1 


G 6939.7 


no defects I00 
1 D at gen. 5 
1 C at gen. 5 


1 C a t  gen. 4 
2C a t  gen. 5 


1 C at gen. 4 + 1 C at gem 5 
3C a t  gen. 5 


1 D at gm.  4 
3 C a t g e n . 5  + I D g e n . S  


18.7 
36.2 


35 8 


17.1 


14.1 


1 C at gen. 3 37.8 
2 C  at gen. 4 


contain signals corresponding to traces 
of starting material DAB-rie.ndr-(CN), 
(see the small cluster around m/z = 
1728.7 in Figure 1). This observation 
was investigated further by using ma- 
terial obtained by interrupting the 
hydrogenation of DAB-tlentlr-(CN),2. 
The ESI-MS spectrum, deconvoluted 
by means of two envelopes, clearly 
shows the presence of only two prod- 
ucts: fully converted dendrimer and 
comdetelv unreacted startino material 


1 2  - 
(Figure 5 ) .  Obviously the kinetics of 
reaction and diffusion of the den- 
drimer favor full hydrogenation as 


H 671 1.2 DAB-dendr-(NH,)s,,,l(NH,),,,, 1 C at  gen. 2 12.4 


[a] Isotope clusters taken from the spectrum of Figure 1 (see also Figure 4). [b] Notation: ( N H ~ ) = [ ~ ~  means X N H ~  
endgroups at generation y. [c] Notation: "xC at gen. y" means .Y randomly missing Michael additions (path C, 
Scheme 1) in the generation y. followed by normal growth; "1 D at gen. 1''' mean5 one ring formation (path D. 
Scheme 1)  in the generation y, followed by normal growth. [d] Normalized abundance out of the deconvoluted as the dendrimer 
mass spectrum. [el Main constituent. on to the Raney-Co catalyst. This all- 


~ 
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I 3514.7 


,, -._ . 
\ ,  


> \ '  ,- 
_, %_,&..I , 


I I I I 


0 500 1000 1500 2000 2500 3000 


rn/z 
bipure 5 .  EST-MS spectrum of thc mixture obtained from interi-upted hydrogena- 
t ion  of DAB-dmdr-(CN),, Insct A depicts thc selective decoiivoluicd spectrum of 
the lowmass rcgion (see deconvolution envelope) and shows clearly fully converted 
material (DAB-~~;. , idr-(NH,),~,  M, = 3514.7). Inset B depicts the sclecti\e deconvo- 
luted spcctrum of the high-niaqs rcgion and shows unreacted I)AB-~/~,lr~l,.-(C"),, 
I .If, = 3384.0). 


or-nothing phenomenon has been observed on other occa- 
sions""' and will be investigated in more detail. 


Using the data available from the ESI-MS spectra of the 
dendrimers and the simulation for the region of 4000- 
7250 amu, we have calculated the polydispersity (1.0018 and 
1.0024 from the deconvoluted and simulated spectra, respcctive- 
ly) as well as the dendritic purity of DAB-dccndr-(NH,),, (15.3 
and 23.2% from the deconvoluted and simulated spectra, re- 
spectively). The polydispersity M,JM,, is calculated by the stan- 
dard method for macromolecules, while the dendritic purity is 
defined as the number of error-free dendrimers divided by the 
total number of dendrimers multiplied by 100 YO." 51 


The overall branching efficiency, as typically used for hyper- 
branched polymers, is calculated lo be a = 0.987."" Further- 
more, the yield of each individual reaction for all ten steps can 
be estimated from the simulated spectra and the results are given 
in Table 2. This ESI-MS analysis raises the question whether the 
statistical defects in dendrimers made by the divergent route 
should be discussed in terms of polydispersity or in terms of 
dendritic purity. Since it is highly preferred to use the terminol- 
ogy that is most informative, we would like to propose here that, 
in the case of dendrimers in which the fully converted and per- 
fect product is the dominant species. the mixture should bc 
discussed in terms of dendritic purity. Polydispersity of den- 
drimers is only useful when an imperfect dcndrimer is the main 
product or when it is impossible to  detect the individual mole- 


T:ible 2 Dim on  thc DAB-~/.n[/,.-(N~I,), series celculatcd fron, the simnlated spcc- 
truin of DAB-dcw/r.-(NH,),, 


PI vduct Pat11 c Path D Dendritic pur i t )  
YO pcr end group 


D4B-dwdr-(NH,). 1 .0 0.0 96 


70 per end group "0 of total 


I~AH-di,ndr.-(NH,), 1.0 0.55 86.7 
I~AH-i/r.ridr.-(NH,),, 1.65 0.50 63.8 


I )AB-[II.,ir/r--(NH,)h, 0.58 0.65 23.1 
I)AB-i/oir/r.-(NH,),, 0.97 0.77 41 .? 


cules. In this case it is also difficult to use the methodology 
presented here, because too many defects in the different m1: 
regions will not allow the ESI-MS spectrum to be deconvoluted. 


Conclusion 


We have shown that electrospray mass spectrometry (ESI-MS) 
in combination with a simple statistical simulation program 
allows full characterization of the polar poly(propy1ene imine) 
dendrimers, including their statistical errors. These commercial- 
ly available dendrimers, which are currently used in a variety of 
modification reactions, are of high dendritic purity. The term 
dendritic purity is introduced next to  polydispersity, because the 
latter is not very useful for almost defect-free dendrimers. The 
divergcnt growth of high-generation dendrimers can be com- 
pared to the Merrified synthesis of polypeptides and polynucle- 
otides; even with reactions that are highly optimized. it is impos- 
siblc to obtain defect-free products when the synthesis uses a 
large number of conversions. The ESI-MS techniques now 
availablc can be used to analyze these dendrimers in detail and 
thus open the way to  a classification based on dendritic purity 
for dendrimers synthesized by a divergent approach. Howevcr. 
if the number of defects is large, it is not possible to use the 
technique presented here; it is then better to classify these den- 
drimers in terms of polydisperity as determined by more classi- 
cal tcchniques for polymer characterization. 


Experimental Section 


Materials: The poly(propy1ene imine) dzndrimers of all five generations, with 
primary amine and nitrile end groups, wei-c obtained from DSM Research 
aiid inadc according to the procedure published in refs. [ 5 ]  and [ 6 ] .  


Electrospray analysis: Electrospray inass spectra were recorded on a API 301) 
MS:MS mass spectrometer (PE-Sciex, Foster city, USA) with a m a a h  rang< 
of' 3000. The coinpounds were dissolved (1 50 ppm) i n  a mixture of 75 % 
methanol and 2 5 %  water. The sample solutions were deli\ercd directly to the 
ESI-MS by a Harvard syringe pump (Harvard Appni-atus, Massachusctts. 
USA) at a flow rate of 5 ~ L i n i i i -  I. The mass spectrometer was used in 
positive ion mode by applying a voltage of5.5 k V  to the  capillary. while the 
orifice was set at 35 V. Mass spectra were collected in full scan mode. scanning 
over the range 3 0 i w / z i 2 5 0 0  in 25 s. Dry air was used as nebulizer g a a  a t  
aflow rateof 1.04 Lmin~'(ionspraymode).Nitrogenwasuaedasthedrying 
bath gas at a flow rate of0.63 Lmin-  I .  Electrospray data wcre deconvoluted 
by the Bio-reconstruct pi-ogram available on the Apple power-PC of APl300. 


Simulation: The simulated ESI-MS spectra were obtained by Monte Carlo 
cdculations. Spectra of single dcndriniers that could be present in the miutui-e 
were generated, atartin$ at DAB and allowing both amino groups to react 
ni th  a chance f&C): subsequently. the cyano groups were quantltarl\eiy 
converted into amino groups. For  every two amino groups present ii rine 
closurc rcaclion (chance f.&(D)) was then allowed in the conversion of the 
cyano group to the iimino group. During all reactions we kept track of the 
niolectiliir wcight as well its the iiuinbcr of reactive groups. This sequence wa\ 
repeated to obtain higher generation dendrimers. From the total formula the 
E SI-MS spectrum of'thc single dendrimer w ~ s  calculated from thc cxact inash 
a n d  natural  abundance of the atoms. In  this manner many spcctra were 
gcneratcd and added to  give the final simulated ESI-MS spectrum of  the 
mixturc. 
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tions l to 5 ,  and ic(D), ~c the cfficicncp of the ring closure reaction (route i n  
Scheme 1 j in generations 1 to 5 
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A Square As, and a Prismatic As, Structure as Complex Ligands 


Carsten von Hanisch, Dieter Fenske,* Florian Weigend and Reinhart Ahlrichs 


Abstract: [As,(SiMe,),] reacts with [(Cp*CoCI),] to give black crystwls of the ionic 
compound [(Cp*Co),As,][CoCI,] (1 ) .  The cation [(C~*CO),AS,]~+ consists of an As, 
prism, with squares capped by [Cp*Co] fragments. When [(Cp'""CoCI),] is used instead 
of [(Cp*CoCI),] in the reaction, dark red crystals of [(Cp'""Co),As6][CoC1,(thf)], (2) 
and green-black crystals of [ (Cp'B"Co),As,][Co3Cl,(thf),] (3)  can be obtained, The 
cation in 2 shows a structure very similar to that of 1. The [(Cp'""Co),As,]'+ cations 
in  3 can be described as a triple-decker sandwich complex with two [Cp'""Co]+ frag- 
ments bridged by an As, ligand. Density functional calculations reproduce the experi- 
mental data of 1 and 3 and allow an interpretation of molecular electronic structure and 
bonding in these and related compounds with As replaced by P and Co by Fe. 


Keywords 
arsenic * cobalt * density functional 
calculations * structural elucidation * 


Zintl anions 


Introduction 


Over the past few years a number of authors" 31 have reported 
on molecular and ionic compounds with As, ligands. (PhAs), 
and (MeAs),"' as well as As,[23 31 usually served as the starting 
compounds. However, in comparison, only little is known about 
the chemical behaviour of intermetallic phases of the composi- 
tion M3As, (M = alkaline metal). Eichhorn et al. reported, 
for example, the reaction of [Cr(CO),(C,H,)] with Rb,As, 
in ethylenediamine which results in the formation of the 
anionic species [As,Cr(CO),]3-.[41 Recently, the synthesis of 
[Co,As, z(PEt,Ph),] from K,As, and [CoCI,(PEt,Ph),] was 
succe~sfuI.[~~ 


Here we report on the synthesis of the ionic compounds 
1, 2 and 3, which were obtained through the reaction of 


[ (Cp*Co),Aa,][CoCI,] 1 


I(Cp'"UCo),A~,][CoCl,(thf)]2 2 


[(Cp'""Co),As,][Co,Cl,(thf),] 3 


[As,(SiMe,),] with [(Cp*CoCI),] or [(Cp'B"CoC1),], respective- 
ly (Cp* = C,Mc,, Cp'*" = CsMe4fBu).[61 We first present and 
discuss the structures of the new compounds. Molecular elec- 
tronic structure calculations have been carried out for 1 and 3 
and related compounds, to elucidate bonding in the central 
cages. 


[*] Prof. Dr. D. Fenske. Dipl.-Chein. C. K.  F. v. Hinisch 
Insrift i t  f u r  Anorganischc Chcmie dcr Universitst 
EngesserstraBe. Geb 30.45, D-76128 Karlsruhe (Germany) 
Fax: In t .  codc +(721)661 921 


Prof. DI-. R .  Ahlrichs, DipLPhys. F. Weigcnd 
liistitut fur Physikalische Chemic der Universilit 
KaiserstraBe 12. 11-76128 Karlsruhe (Gcrmany) 


Results and Discussions 


Synthesis of Complexes and Discussion of Structures: A suspen- 
sion of CoC1, and Cp*Li in THF at -78°C was treated with 
[As,(SiMe,),], and the solution was slowly heated to 0 ~ ' C .  
Black, octahedral crystals of were obtained, which are com- 
posed of [ ( C ~ * C O ) ~ A S , ] ~ +  cations (Figure 1) and [COCI,]~- an- 
ions. According to the crystal structure analysis, the cation con- 
sists of an As, prism, the rectangular areas of which are capped 
by a Cp*Co fragment (Figure 1). The distances between As and 
Co are 236.3(1) and 241.1(1) pm, and the As-As distances in 
the As, rings are 256.4(1) pm. Owing to the coordination of the 
Cp*Co fragments, the As-As distance between the two As, 


PP 
As 
(21 


v T Y- 


Figure 1 .  Molecular structure of the cation in 1 .  Selected distances [kO.l pni] and 
anglcs [F0.02']: As(l)-As(l'). 256.3; As(l)-As(2), 285.4: As(?) -As(2'). 256.4: 
Aa(1) - C O ( ~ ) ,  236.3; Aa(2) Co(1). 241 1 ;  As(~)-As(I')-As(I"). 60.00: As(l)-As(1')- 
As(2'), 90.00; AS( 1 )-Co(l)-As(2), 73.43 : CO( 1 )-Ay(l)-A~(l'). 104.44: Co(l )-A7(2)- 
As(2'). 104.14; Co(I)-As(l)-As(l"). 57.15; Co(i)-As(2)-As(2). 57 88;  Co(l)-As(l)- 
Co(l'), 104.6X; Co(l)-As(2)-Co(l'), 101 3 0 .  
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rings is significantly longer (285.4(1) pm) than the usual values 
(240-260 pm) for As single bonds. 


The structure of the Co,As, polyhedron is analogous to that 
of the Bi;' cation in [Bi,,Hf3Cl,,].[s1 Application of the Wade 
concept1'] to the Co,As, cluster results in 22 valence electrons 
for the cluster core, which is equivalent to the valence electron 
number for Bi;+. 


The 22-valence-electron compound [(Cp*Fe),(Cp*Co)As,] 
(4)'lo1 published recently by Scherer et al. also shows a tricapped 
trigonal prismatic structure. However, the coordination of dif- 
ferent transition metals leads to a slightly distorted As, prism. 


To investigate steric effects on the reaction products 
[(CptB"CoCl),] was used instead of [(Cp*CoCl),] as the starting 
compound. In this reaction dark red crystals of 2 were formed 
initially, and then dark green-black crystals of 3 were obtained 
in the filtrate.['] 


[ (C~'""CO),AS,]~ + cations, which show a structure very simi- 
lar to that of the [(Cp*Co),AsJ2+ cations, can be found in 2, 
but the asymmetrically substituted cyclopentadienyl ligand 
causes a slight distortion of the As, prism (Figure 2). The 
As-As distances between the As, rings are no longer identical; 
instead they have the following values: As(1)-As(4), 
277.5(2)pm; As(2)-As(5), 279.3(2)pm; As(3)-As(6), 
293.3 (2) pm. 


The [(CplB"Co),As,]2+ cations in 3 form an octahedral clus- 
ter core with four arsenic and two cobalt atoms (Figure 3). The 
As, ring deviates only slightly from the geometry of a square, 
with As-As distances of As(1)-As(2) = 246.8(1) pm and 
As(l)-As(2') = 245.5(1) pm, and angles of 90.07(3)" at  As(1) 
and 89.93 (3)" at As(2). The cation can therefore be described as 
a 34-VE triple-decker sandwich complex in which two 
[CptB"Co]+ fragments are bridged by a neutral (p2 ,q4-As,) lig- 
and. 


In the anions in 3 (Figure 4), there are two cobalt atoms with 
a distorted tetrahedral environment of four chlorine atoms. One 
cobalt atom is surrounded by four chlorine atoms and two oxy- 
gen atoms of the THF ligands in a nearly octahedral configura- 
tion. A trinuclear cobalt chloride anion of this type has not yet 
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Abstract in German: [As, (SiMe,),] reagiert mit 
[ (Cp*CoCl),] unter Bildung von schwarzen Kristallen deer 
ionischen Vrrbindung [ (Cp*Co) As,][  CoCl,] 1. Das 
[ ( C p * C o ) , A ~ , j ~ ~ - I o n  besteht aus einem As,-Prima, dessen 
Rechtecksfliichen von [Cp*Co]-Fragmenten iiherkuppt sind. 
Setzt man statt [ (Cp*CoCI),] [ (CprnuCoC/),] mit 
(As,(SiMe,),] um, so erhalt mun dunkelrote Kristulle von 
[ (CpfE"Co),As,](CoCl, ( t h f ] l z  2 und grun-schwarzc lion 
[ (CptB"Co)2A~4J[C~3C18(thf)2/ 3 .  Die Sfruktur des Kations in 
2 ist der des Kations in 1 sehr ahnlich. Das [ (CptnuCo)2A~4]2+-  
Ion in 3 kann als Tripeldecker-Sandwichkomplex heschriehen 
werden, in dem zwei [CplBuCo/'-Fragmente iiher einen neutralen 
As,-Liganden verhriickt sind. Durch Dicht~junktionulrechnungen 
kdnnen die experimentell bestinimten Strukturen der Kationen in 
1 und 3 nachvollzngen werden. Die elektronischen Strukturen die- 
ser und verwandter Verbindungen werden beschriehen und inter- 
pretiert. 


Figure 2. Molecular structure of the cation in 2. Selected distances [ +0.2 pm] a n d  
~ingles [ i0 .08 ' ] .  As(l)-As(2), 260.2; As(1) As(3). 256.2: As(?)- As(3). 253.2: 
A~( l ) - -A~(4),277.5;  As(2)--As(5), 279.3; A~(4)-As(5). 260.0; As(5)~ As(6), 255.1, 
As(6) -As(4), 253.9: Co(l)-AS(l). 239.2; Co(1) -AS(?). 239 1 ;  Co(1) As(4). 


Asis), 237.7; C0(2)-As(6), 238.8; Co(3) AS(1). 238.2; CO(3) Aa(3), 23X 9; 
CO(3)- -   AS(^), 239.3, Co(3)-As(6), 239.2; As(l)-AS(2)-As(3), 59.85: As(?)-As(3)- 
As i l l ,  61.44; AS(3)-AS(l)-As(Z), 58.71; A~(3)-Aa(l)-Aa(4), 91.4X; As(4)-As(5)- 
As(6), 59.02; A s ( ~ ) - A s ( ~ ) - A ~ ( ~ ) ,  61.43; A s ( ~ ) - A s ( ~ ) - A s ( ~ ) .  59.50: As(l)-Co(l)- 
As(4), 70.89; AS(?)-Co(l)-As(S), 71.56; A s ( ~ ) - C O ( ~ ) - A S ( ~ ) .  75.99, 
As (~ ) -CO(~) -AS(~ ) ,  75.68; CO(~) -AS(~ ) -CO(~) ,  102.1 1 ; Co(Z)-As(h)-Co(l), 101 66. 


239.4; Coil) As(5), 238.7; Co(2)-As(2), 238.5; Co(2)-As(3). 237 7: Co(2)  


\\ 


A S  
(21  As 


I ?  I 


h 
Figurc 3. Molecular structure of the cation in 3. Sclected distances [ 20.1 pm] and 
angles [+0.03-]: As(1) As(2), 246.8; As(l)-As(2'), 245.5; Co(1) -As( l ) ,  243.3; 
Co(l)-As(l '), 242.0; Co(1)  AS(^), 242.8; Co(1) As(?), 242.9; As(?)-As(l)- 


Co(l'), 88.34; Co(I)-As(l)-As(Z), 59.38; As( l ) -Co( l ) -As(2) .  61.03. 
AQ), 90.07; As(l)-As(Z)-As(l'), 89 93; Co(1)-As(1)-Co(l'), 88.40: Co( I)-As(2)- 


been described in the literature. The distmces between the 
cobalt and chlorine atoms for the terminal chlorine ligands are 
223.9(2)-224.3(2) pm. For the bridging atoms the Co-CI dis- 
tances range from 230.6(2) to 231.0(2) pm in the tetrahedron 
and from 241.2(1) to 248.7(1) pm for the octahedrally coordi- 
nated cobalt atom. 


The neutral compounds [(Cp*Co),As,] (5 )  and 
[(CpE'Co),As4] (CpEt = C,Me,Et), which are anakogous to the 
cations [ (Cp*Co),As,]'+ and [(Cp'B"Co),As4]2 +, have been 
known for some years now.[''] In those cases, however, the As,, 
polyhedrons do not have the highly symmetrical form of a prism 
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LUMOs e, and e, 


+k + e ,  
nonbonding nM0 of 


Asq + 3d,, + 3d, of Co 


bonding A40 of As,, a,, 


Figurc 5. MOs relevant for cage bonding in Co,As, 


Fifurc 4 Molecular structure of the anion in 3. Selected distances l i 0 . 2  pm] and 


Co(3)-CI(1). 230.6. Co(3l-C1(2). 231.0; Co(3)-Cl(3). 224.3; Co(3)-C1(4). 223.9: 
96: Cl( 1)-Co(2)-Cl(2'). 94.04; CI(l)-Co(2)-0(1), X9.62; Cl(2)- 


C ' l (? ) .  Y2.71; c'I(l)-Co(3)-C1(3), 110.19; Cl(l)-Ch(3)-CI(4), 11 1.40; C1(2)-Co(3)- 
C'l(3). 116.65: U(2)-Co(3)-C1(4). 3 11.X9; C1(3)-Co(3)-C1(4). 112 33. 


angles [ i 0 . 0 7 ' ] :  Co(2)-Cl(l), 241.2; Co(2) CI(2). 248.7; Co(2) 0(1), 212.8, 


I(1')-Co(2)-0(1), 90.38; C1(2')-CO(2)-O(l), 90.33; CI(I)-Co(3)- 


or a square; instead, they are distorted and therefore have to be 
described as being constructed of three or two As, units, respec- 
tively. 


Quantum-chemical Calculations: Density functional methods 
were applied to investigate the electronic structure of the com- 
plexes. The calculations were performed with the TURBO- 
MOLE program system" '] employing the B-P functional.['31 
The molecular structures were optimized on the basis ofanalyt- 
ical gradients by means of a relaxation procedure. During thc 
optimization the KI (resolution of identity) approximationrt4] 
was used for energies and gradients. Finally the electronic struc- 
ture was calculated again without this approximation. To reduce 
computational effort, methyl groups were substituted by hydro- 
gen atoms throughout. SVP (split valence plus polarization) 
basis sets" 51 were uscd in all calculations. 


For [(Cp'Co),As,lZ+ (3') (Cp' = C,H,Me), Ci symmetry 
was assumed. The lowest energy was found for a diamagnetic 
state ( S  = 0) with the occupancy 68ag67a,,. The calculated 
structure parameters for this state are in good agreement with 
experimental results (in parentheses): As- As, 250-251 pm 
(246-247 pm); As-Co, 245-246 pm (243 pm). The larger devi- 
ations for the As-As distances are expected, since DFT meth- 
ods always overestimate the covalent radius of As by about 
1.5 pin (tetrahedral As,: As-As, 247 pm (244 pm)). For  the 
bonding in the Co,As, cage in 3, 14 electrons have to be consid- 
ered. This agrees with Wade's (2n+2) rule.[91 The dz, and dzy 
AOs of the metal play the role of the p, and p,. AOs of the boron 
atoms (in ckiso-B,H~ --), where the z axis is identical with the C, 
axis of the Co,As, cage. 


To obtain a more detailed picture, let us first consider a planar 
As, ring. capped by two Co atoms. The d,,, d,,~.,., and d,, AOs 
of the cobalt atom interact only weakly with the MOs of the As, 
ring, whereas there is pronounccd overlap between the dZ, and 
dr, AOs of Co and the 4p, MOs of the As, ring. These interac- 
tions lead to a bonding eg M O  (in D,, symmetry) which is 
occupied. Figure 5 then shows the nature of the bonding in the 
cage. This picture is confirmed by a Mulliken population analy- 
sis.'I6] For the Co 3d AOs we obtain d~;yd$7,,d&7d~;1 d;;', 
which shows ii well-localized d" configuration .(almost double 


occupation of dz2, d,,, d,,-,,) and one electron in each of d,, and 
d,,,, which are available for bonding to the As, plane. 


1 n discussing the neutral [(Cp"'Co),As,] molecule, which has 
16 clectrons for the cage bonding, it is most important to point 
out that the lowest unoccupied MOs are of type cig (and e,) and 
that they have nearly identical orbital energies. For  a diamag- 
netic state, a Jahn-Teller distortion is expected. This distortion 
was calculated by first taking the structure parameters of the 
dication, then adding two electrons to obtain a 68a,68aU state, 
and finally optimizing the geometric structure. The calculated 
structure parameters are again in relatively good agreement 
with experiment: As-As (short), 232 pm (227 pm); As-As 
(long), 293 pm (284 pm); As-Co, 245 pm (242 pm). 


Unlike structures with six atoms in the cage, those with nine 
atoms sometimes show exceptions to the (2n+ 2) rule: in B,CI,, 
a capped trigonal prism (D,,,), there are 18 electrons, whereas 
in 1 with an approximately D,, cage structure and in 
[(Cp*Fe),(Cp*Co)As,] (4), which was published recently by 
Scherer and co-workers,""] there are 22 electrons in the cage. 
Systems with 20 clectrons, the Wade case, tend to assume a 
distorted D,,, structure. A detailed discussion of the bonding in 
molecules of this type is rather cornplicated,[l7l but the As-Co 
bonding is quite similar to  that of 3: there are weak interactions 
between the d,,, d+,, and d,, AOs of the metal atom and the 
arsenic atoms, but the interactions of the cobalt d,, and d,; AOs 
with those p MOs of the underlying As, plane that point ap- 
proximately to  the cobalt atoms are strong. This is confirmed by 
a Mulliken population analysis for 1' which shows the following 
values for the 3d AOs o f C o :  dt. 'd~;,bd~;s~2d~,'d:~'.  ThecaIcu- 
lated structure parameters agree well with the experimental 
ones: As-As (As, ring), 261 pm (256 pin); As-As (between 
rings), 285-286 pm (285-286 pm); As-Co, 240-241 pm (236-- 
241 pm). 


The distortion of the neutral molecule 5' (Figure 6) is again 
rationalized by a Jalin--Teller effect. The two LUMOs. both e 
representations in the assumed C,, symmetry, are nearly degen- 
erate (energies -0.3642 and -0.3588 hartree). By reducing the 
symmetry to  C, ,  by occupying one of the LUMOs and optimiz- 
ing the geometric structurc, the calculation of this distortion 
leads to good agreement with experiment: As(1) -As(2), 232 pin 
(229 pm); As(3)-As(5), 246 pm (241 pm); As(l)-As(3), 
305 pm (301 pm); Co(1)-As (mean), 242 pm (240 pm); 
Co(3)--As(l), 246 pm (242 pm); Co(3)-As(3). 239 pin 
(237 pm). 


The calculated structurcs for compounds 1' (Figure 7) and 
(4') (Figure 8) indicate that electron-deficient cases with nine 
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As, and As, Structures 1494- 1498 


As 


@==&b 
Figure 6 Calculated molecular structure of [(CpCo),As,] (5') 


f l , l lb u 
Figure 7.  Calculated inolccular structure of [(CpCo),As,]'+ (1') 


Figurc 8. calculalcd molecular structure of [(CpFe),(CpCo)As,] (4') 


atoms in the cage prefer a threefold-capped trigonal prism with 
D,, symmetry if there are 22 electrons. The structures may be 
slightly distorted if the ligands are bulky and cause a reduction 
in symmetry. The compound [(Cp*Fe),(Cp*Co)P,] (6), recently 
synthesized by Scherer and co-workers,[tol could be an excep- 
tion: although 6 is analogous to 1 and 4 (i.e., it has 22 electrons 
for cage bonding), the structure is remarkably different. The 
published structure parameters are in fact virtually identical to  
those previously obtained for [(Cp*Co),P,] (7)[5J (6 and 7 differ 
only in the replacement of the two Fe by two Co atoms). This 
would be an unusual coincidence, and we have perforiiied DFT 
calculations to investigate the case in more detail. The structures 
computed for 4' and 7' (Figures 8 and 9) are in close agreement 


P 
A r 


Figure 9 Cdculatcd molecular structure of [(CpCo),P,] (7') 


with those deduced from X-ray diffraction (in parentheses) for 
4 and 7: 
4: As (between rings), 284-288 pm (280-287 pm); Co-As, 
242 pm (239 pm); Fe-As, 238--242 pm (238-239 pm). 
7: P(3)-P(5), 221 pm (217 pm); P(3)-P(4), 264 pm (255 pm); 
P(l)-P(2), 208 pm (205 pm); Co-P, 229-234 pm (227- 
231 pm). 


The stucture predicted for 6' (Figure 10) is analogous to that 
o f 4  (Figure 8) and l'(Figure 7), and it is Incompatible with the 
experimental results of Scherer et al.r'ol Calculated distances for 


Figure 10 Cnlculded molecular Structure of [(CpFe),(CpCo)P,] (6') 


C a r e :  P-P (P, rings), 236-241 pm; P-P (between rings), 269- 
274 pm. These incompatibilities would be most easily resolved 
if the structure assigned previously['01 to 6 belonged to 7. This 
suggestion has in fact been confirmed.['*I 


All structures discussed above with a composition 
[(CpM),E,]"+ (E = P, As; P I  = 0, 2) form a regular threefold- 
capped trigonal prism, if 22 electrons are available for the cage 
bonding, and are Jahn-Teller-distorted if there are two more 
electrons in the cage. 


Experimental Procedure 


1 :  A suspension of CoCI, (0.09 g, 0.67 mmol) and Cp*Li (0.10 g, 0.67 mmol) 
in THF (25 mL) was slirrcd for 30 min at room tcmperature, then cooled to 
-75 C. [As,(SiMc,),] (0.5 g. 0.67 mmol) was added in solid form. This 
solution was heated to O'C over a period of 10 h,  with continuous stirring. 
The dark brown solution was liltercd at 0°C and then stored at  -25°C. 
Black crystals of 1 (0.1 g. 30%) were forined within three weeks. 
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2.3:  [As,(SiMe,),] (0.5 g, 0.67 mmol) in solid form was added to a suspension 
of CoC1, (0.26p, 2.01 mmol) and Cp""K (0.44g, 2.01 mmol) in T H F  
(25 mL). which had been cooled to - 78 C. This solution was heated 10 room 
temperature over a period of 10 h while being stirred constantly. The dark 
brown solution was decanted from the dark brown precipilatc and coolcd to 
--25 -C;  during the cooling pocess. red needle-shaped crystals of 2 (IS%. 
0.2 g) wei-e formed. These were recrystallized from 10 mL of THF. After 2 
had bceii separated, the filtrate was concentrated to a small volume. Dark 
preen-black crystals of 3 (36%, 0.2 g)  were formed over II period of two 
weeks. 


Crystal structure analysis: A STOE TPDS diffractometer with Mo,, radiation 
(;. = 0.71073 A) was used at T =  -73°C. Data collection, structure solution 
(SHSLXS-86) and refinement (SHELXL-93) parameters of 1-3 are described 
hclow. 


1 .2THF: n =1376.0(2), h =1376.0(2) ,~ = 2224.2(4)pin, V =  3647.3(10)x 
10" pm'; trigonal, R301, Z = 3, p(MoKa) = 5.643 mm- ' ,  28,,, = 56"; 4554 
reflections, 1775 independent reflections, 1590 [/> 2o( f ) ]  reflections observed, 
88 parameters (Co, As, C1, C anisotropically rerincd, H calculated for ideal- 
ired positions. the two disordered T H F  solvent molecules isotropically re- 
fined): R ,  = 0.033. 
2.0.5THF: (1 =1317.6(3), h =1964.7(8). c = 2579.4(5)pm, c( =104.90(3) . 
/; =102.39(2) , ;, = 94.89(3) ~ V = 6232(3) x 106 pm3; triclinic, PT, 2 = 2. 
/ I (  Mo,,) = 4.757 mm 2VmdS = 45-, 15  287 reflcctions, 15  287 independent 
reflections, 10458 [/> 2o(/)] reflections observed, 1183 parameters (Co, As, 
CI. C anisotropically refined. H calculated for idealixd positions, the disor- 
dered T H F  solvent molecule and one disordered anion molecule isotropically 
refined); R ,  = 0.071. 


1414.8(8)x 10' pin3; monoclinic. IJ2, ,c,  Z = 2. p(MoKo) = 4.874 mm- ' ,  
2t),,,tx = 52 ; 10285 reflections, 4351 independent reflections, 3072 [/>20(1)] 
I-eflcctions ohscrved, 248 paramelers (Co. As, C1, 0, C anisotropically re- 
fined. H calculated Tor idealized positions); R ,  = 0.044. 


3: u =1327.8(3), h =1122.5(2). c =1685.9(3), /I =106.05(3)", V = 
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Relaxometric Determination of the Exchange Rate of the 
Coordinated Water Protons in a Neutral Gd"' Chelate 


Silvio Aime," Mauro Botta, Mauro Fasano, Silvia Paoletti, and Enzo Terreno 


Abstract: Thc exchange rate of the coordi- 
nated water molecule in the neutral com- 
plex [Gd(DTPA-BBA)(H,O)] (DTPA- 
BBA = 1,7-bis[ (N-benzylcarbamoy1)me- 
thyll-I ,4,7-triazaheptane-l,4,7- triacetate 
or diethylenetriaminopentaacetate N,N'-  
bis(benzy1amide)) is slower than in the 
parent complex [Gd(DTPA)(H,0)I2-. 
From the analysis of the temperature de- 
pendence of the solvent 7O NMR trans- 
verse relaxation time in a n  aqueous solu- 
tion of the paramagnetic complex, a value 
of 4.5 x lo5 s - '  (at 298 K) is obtained for 
the exchange rate of the coordinated wa- 
ter molecule. This rate constant does not 


vary in the pH range 7-12. Conversely, 
over the same pH range and a t  298K 
and 20 MHz, the longitudinal water pro- 
ton relaxivity increases from 4.8 to 
6.5 s- nlM- '. The analysis of the depen- 
dence of the longitudinal water proton re- 
laxation rate on magnetic field and tem- 
perature a t  pH 7 and p H  12 shows that 
the increase in relaxivity a t  basic p H  has 


Keywords 
gadolinium . NMR spectroscopy - 
prototropic exchange - rare earth 
compounds water exchange rate 


Introduction 


The exchange of protons among water molecules is a slow pro- 
cess a t  p H  values close to neutrality, but its rate markedly in- 
creases a t  both basic and acidic pH, as well as in buffered solu- 
tions. The evaluation by NMR spectroscopy of the prototropic 
exchange rates in pure water was reported by Meiboom et al., 
who showed that the exchange lowers the transverse relaxation 
time T, of the water protons following modulation of the 170- 


'H coupling constant.['' 'H NMR spectroscopy is also the 
method of choice for investigating prototropic exchange pro- 
cesses involving the water molecules in the first hydration sphere 
of a metal ion. To obtain reliable values of the kinetic parame- 
ters involved in this dynamic process, the exchange of the whole 
water molecule has to be negligible compared to proton ex- 
change. This condition is nicely met for trivalent transition 
metal ions such as Al"', Cr"', and Rh"', in which the rate con- 
stants for the tightly bound inner-sphere water molecules are 
very small (kex < 2 s-') .['I Since the hydrated complexes of these 
metal ions are readily hydrolyzed, the prototropic exchange rate 
for these species was determined at  acidic pH values.[3 'I 


To date, no report dealing with the prototropic exchange of a 
water molecule coordinated to lanthanide(rr1) ions has appeared 


[*I Prof. S. Aime, M. Botta. M. Fasdno, S. Paoletti, E. Terreno 
Dipartimento di Chimica I. E M., Universiti di Torino 
Via P. Giurid 7, 1-10125 Torino (Italy) 
Fax: In t .  code +(11)670-7524 
e-mail: aime(u>ch.unito.it 


to be assigned to the contribution of the 
prototropic exchange at  the water mole- 
cule in the inner coordination sphere of 
the metal ion. This exchange process 
is catalyzed by OH- ions (kp = 1.7 x 
lo9 M- 'S  ' at  298 K) and causes an in- 
crease in the observed relaxivity when i t  
occurs a t  a rate larger than the exchange 
rate of the entire water molecule. At 
pH 12 the limiting effect of the slow ex- 
change rate for the coordinated water 
molecule is removed, and the longitudinal 
water proton relaxivity measured at this 
p H  then represents the maximum value 
attainable for this complex. 


in the literature, in spite of the large number of studies devoted 
to their chelates due to their extensive use in biomedical applica- 
tions.['] In particular, Gd"' complexes are widely used in medi- 
cal diagnosis as contrast agents (CA) for magnetic resonance 
imaging (MRI) because of their ability to  increase thc proton 
relaxation rates ( R ,  = i/T,, i = 1,2) of tissue fluid.'71 In all the 
complexes so far used in clinical practice, the nine coordination 
sites of the Gd"' ion are occupied by eight donor atoms of a 
polyaminocarboxylate ligand and one water molecule. 
Polyaminocarboxylate and related ligands have been found to 
be particularly suitable for ensuring a high thermodynamic (and 
possibly kinetic) stability of the resulting complexes, which re- 
duces the possibility of the in vivo release of the toxic Gd"' ions. 
Furthermore, the high thermodynamic stability constant of 
these chelates prevents the occurrence of hydrolytic processes a t  
the metal ion and thus allows the investigation of their proper- 
ties even at high p H  values. 


In order to maximize the enhancement of the water proton 
relaxation rate by a Gd"'chelate, the exchangc rate of the water 
molecule in the first hydration sphere of the metal ion has to be 
of the order of 10* s-'. For Gd"'comp1exes the rate constants 
k,, fall in a rather broad range of values, from 8.3 x 10' s - '  in  
the case of the octaaquo ion to  4.5 x lo ' s - '  for the neutral 
complex [Gd( DTPA-BMA)(H,O)] .[*I 


This large range can be rationalized in terms of the different 
exchange mechanisms proposed for the two Gd"' complexes. 
The exchange of the water molecule in [Gd(H20)J3+ occurs by 
a n  associatively activated mechanism (A or IA)['I which involves 
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the formation of a nine-coordinate activated state, whereas for 
the nine-coordinate Gd"' chelate, exchange takes place by for- 
mation of an eight-coordinate activated state (dissociatively ac- 
tivated interchange mechanism, ID)  following the loss of the 
metal-coordinatcd water molecule. Thus, k,, is relatcd to the 
encrgy difference between the ground state and the activated 
state . [ '1 


As the neutral Gd"' complexes so far investigated exhibit slow 
exchange of the whole inner-sphere water molecule.['. l o -  ''I 


they are good candidates for the assessment of the prototropic 
exchange rate at the metal-coordinated water molecule. Fur- 
thermore, since a slow water exchange rate may reducc the po- 
tential efficacy of a Gci"' chelate in diagnostic applications, i t  is 
particularly interesting to evaluate whether or not the pro- 
totropic exchange rate affects the relaxivity of the paramagnetic 
('A. 


Here we show that the prototropic exchange rate can be accu- 
rately determined by measuring the longitudinal water proton 
relaxation rate of aqueous solutions containing a hydrated neu- 
tral Gd"' complex, provided the cxchange rate of the coordinat- 
ed water molecule has been detcrmined by analysis of the tern- 
perature dependence of the "O NMR transverse relaxation 
rate. To this purpose we have considered the Gd"' chelate of the 
lipind DTPA-BBA 1,[1s-'81 for which slow exchange of the 


coordinated water molecule 
has already been suggest- 
ed.["' Like a number of 
related bisamide derivatives 
of DTPA , 3, ' 61 DT PA- 
BBA acts as an octadentate 
ligand towards the Gd"' ion. 
with a formation constant of 
about IO"M-' at 298 K and 


9 COOH 4 i r". 
L O Y '  - 1 loo' pH 7,0.['51 


Results and Discussion 


Determination of the exchange rate of the inner-sphere water 
molecule by I7O NMR: The exchange rate of the coordinated 
water molecule in [Gd(DTPA-BBA)(H,O)] has been determined 
by analyzing the temperature dependence of the ' O  transverse 
relaxation rate of the solvent water. According to Swift and 
C'on~iick,[~'] the paramagnetic contribution R:P to the observed 
relaxation rate Rt)l,hs (RY,, = Ryobs - RYd, where R:d is the dia- 
magnetic term measured in a solution o f t h e  diamagnetic Lu"' 
complex) is given by Equation ( I ) ,  where P, is the molar frac- 


tion of thc coordinated water, RYM represcnts its "0 transverse 
relaxation rate, its exchange rate and AWE the chemical shift 
difference between the " 0  N M R  resonances of coordinated 
and bulk water. 


I n  principle, R:M consists of four contributions [Eq. ( 2 ) ] ,  
where the supcrscripts .sc, dip ,  quid and Cur rcfer to  the nucleus- 


electron scalar. nucleus-- electron dipolar, nuclear quadrupolar 
and Curie relaxation mechanisms, respectively.[2R1 


At the magnetic field strength used here (2.1 T) and for rapid- 
ly reorienting Gd"' chelates such as [Gd(DTPA-BBA)(H,O)] , 
RYh,, is dominated by the scalar term. In fact. we estimated that 
for this Gd"' complex the contribution arising from the other 
relaxation mechanisms is less than L % over the entire investi- 
gated temperature range (273-363 K) .  


The scalar relaxation, related to the Gd"' unpaired electron 
spin density a t  the ''0 nucleus. is given by Equation ( 3 ) ,  where 


S is the electronic spin quantum number ( ' i2  for Gd"'), A l h  is 
the Gd " 0  scalar coupling constant and T~~ ( i  = 1,2) represents 
the correlation time of the processes modulating the scalar inter- 
action. This modulation may occur through both the longitudi- 
nal and the transverse electronic relaxation times (TIE and TZE) 
and the mean residence lifetime T: of the water molecule at the 
paramagnetic site, that is, T;' = (T:)-' + T i i .  


The scalar coupling constant is a measure of the spin density 
of the Gd"' unpaired electron at the I7O nucleus. This constant 
is related to the distance ro between the metal ion and the coor- 
dinated water molecule. Since ro does not vary significantly for 
polyaminocarboxylate Gd"' chelates with a single inner-sphere 
water molecule, we used the value of - 3.8 x lo6 rad s- for Ajh, 
as previously reported for the closely related [Gd(DTPA- 
BMA)(H,O)] 


For Gd"' chelates 7;, are mainly related to the modulation of 
the zero-ficld splitting (ZFS) of the electronic spin states due to 
the dynamic distortions of the ligand-field interaction, and ac- 
cording to Bloeinbergen - Morgan theory["] are expressed by 
the Equations (4) and ( 5 ) ,  where A' is the trace of the square of 


(4) 


the transient ZFS tensor D (0' = D:x + D:y + D L ) .  T ,  is the 
correlation time for collision-related modulation of the ZFS 
Hmil tonian and o), is the electronic Larmor frcquency. There- 
fore, the temperature dependence of R:M is expressed in terms 01' 
the temperature dependence of T:, T ~ ,  and AwE by Equations (6) 
and ( 7 ) .  where the subscriptsj refers to the differcnt correlation 
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times (j = M ,  v), A H ,  is the activation enthalpy for the corre- 
sponding dynamic processes, B is the magnetic field strength, 
and k ,  is the Boltzmann constant. 


Figure 1 shows the temperature dependence of R:,, for 
[Gd(DTPA-BBA)(H,O)] a t  p H  7. The bell-shaped profile has 


., . "  
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Figure 1. Temperature dependence of the water "0 NMR transverse relaxation 
rate for [Gd(DTPA-BBA)(H,O)] (0 .048~)  at 2.1 T, p H  7 (filled squares) and 12 
(open squares). 


been fitted on the basis of Equations (1)-(7), and the calculated 
parameters are listed in Table 1. The values obtained are quite 
similar to those reported in the literature for other Gd"' com- 


Table 1. Calculated relaxation parameters for [Gd(DTPA-BBA)(H,O)] [a] 


Parameter 1'0 'H (PH 7 )  'H (pH 12) 
~~ ~ 


4 2  [lo19 s - 2  1 2.5(0.3) 4.1 (0.2) 4.X(0.2) 


IPS1 - 90.1 (2.2) 91.8(2.2) 


T$98 [PSI 38.9(1.5) 23.1 (1.0) 23.1 (1 .O) 
k::' [lo5 sCL] 4.5(0.2) 4.0 (0.2) 170.0 (8.5) 


Aff? [kJmol-'] 22.5(1.1) - ~ 


AH, [kJmol-'1 28.5 (1 -2) ~ 


[a] Numbers in parentheses represent standard deviations in mean parameter esti- 
mates for 1000 simulated relaxation rate data sets obtained by repeatedly introduc- 
ing a random error of I Yu into the experiinental data set and estimating best 
parameters. 


plexes;['* 301 in particular, the exchange rate of the coordinated 
water a t  298 K (k:x = 4.5 x lo5 s - l )  is identical to  the value 
found for [Gd(DTPA-BMA)(H,O)] .[''I 


Field and temperature dependence of longitudinal water proton 
relaxivity: RTp represents the paramagnetic contribution to the 
observed water proton relaxation rate (R7p = RYObs - Ryd) and 
is given by the sum of two terms, namely the inner-sphere (RYF) 
and the outer-sphere relaxivity (Ry?) [Eq. (S)] .[311 The former 


represents the contribution of the exchanging water protons 
from the first coordination sphere of the metal ion to the bulk 
and is given by Equation (9), where cM is the longitudinal 


(9) 


relaxation rate of the inner-sphere water protons and 7M is their 
mean residence lifctime. As already mentioned, a t  neutral pH 
the prototropic exchange rate is expected to be rather long (ca. 
lo3  s - l  for pure water"]) and thus zM basically coincides with z g  


According to the well-established Solomon - Bloembergen- 
Morgan theory, the magnetic-field dependence of p,', is de- 
scribed by Equation (lo), where yl is the proton gyromagnetic 


(zg = l/kE). 


ratio, g ,  is the free-electron Lande fdctor (2.0023, pH is the Bohr 
magneton, rH is the mean Gd"'-H(water) distance, and 0 ,  and 
us are the nuclear and electronic Larmor frequencies, respec- 
t i ~ e l y . [ ~ ~ ,  3 2 ,  331 Since the distance between the water oxygen 
atom and the lanthanide ion in the X-ray structure of [Lu(DT- 
PA-BBA)(H,O)] is 2.39 we used a reasonable rH value of 
3.0 8, in our calculations. 


The two correlation times zcl and z,, associated with the 
modulation of the proton -electron dipolar coupling are given 
by the relationship in Equation (1 l), where zR represents the 


reorientational correlation time of the Gd"' chelate. Since thc 
rotational motion of the whole complex is assumed to be 
isotropic, tR is simply related to its molecular size, and for small 
Gd"' chelates it usually dominates zCi at the magnetic field 
strengths routinely employed in MRI applications (0.2- 1.5 T). 


The outer-sphere term R77 describes the contribution of the 
nonbonded water molecules surrounding the Gd"' complex. Ac- 
cording to the approach developed by Hwang and Freed,f34. 3s1  


this mechanism depends mainly on  the diffusion-controlled 
dipolar constant Cos (5.8 x lo-'' C 2 ) ,  the molar concentration 
M of the paramagnetic solute, the distance of closest approach 
between the paramagnetic center and the water molecules cz, thc 
sum of the solute and solvent diffusion coefficients D, the elec- 
tronic relaxation times rE (which are included in the non- 
Lorentzian spectral density functions J ( w , ) [ ~ ~ ]  related to the 
translational diffusion motion), and the magnetic field strength 
[Eq. (12)l. 


For  low molecular weight Gd"' chelates, the outer-sphere 
contribution accounts for about 50% of the overall observed 
proton relaxivity at imaging field strengths, and the analysis of 
the 'H N M R D  (nuclear magnetic relaxation dispersion) profiles 
collected over the years allowed us to  obtain good estimates for 
Li and D,[3',371 which are currently assumed to be 3.8 A and 
2.2 x 


Figure 2 (lower curve) shows the relaxometric profile for a 
1 mM solution of [Gd(DTPA-BBA)(H,O)] recorded at  25 "C and 
pH 7. The values of the relaxation parameters obtained from the 


em's-' (at 298 K). 
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bigurc 2 .  Magnetic licld dependence of thc water pn i ton  iongitudinal relaxivity 
( ' H  N M K U )  of [Gd(DTPA-BBA)(H,O)] at 25 C. pH 7 (fillcd squares) and 12 
(opun squares) 


fitting procedure [Eqs. (8--12)] are listed in Table 1. The good 
correspondence between the 'H and I7O exchange rate con- 
stants corroborates the hypothesis that the prototropic ex- 
change rate a t  neutral pH is remarkably slow and therefore does 
not affect RY,,. Furthermore, this result confirms the occurrence 
of a slow exchangc rate of the inner-sphere water molecule for 
this neutral Gd"'-- DTPA bisamide complex, as already inferred 
from the qualitative analysis of the temperature dependence of 
R7p at pH 7 and 20 MHz (Figure 3).[''] 


-. 
o 1 0  20 30 40 50 60 70 80 


T (  "C) 


I-igure 3. Temperature dcpendence of the water proton longitudinal relaxivity fbr 
[(;d(DTPA-BBA)(H,O)] at  0.47 T. pH 7 (circles) and 12 (squares). 


At this magnetic ficld strength, the temperature dependence 
of the outer-sphere contribution corresponds essentially to the 
temperature dependence of D, and RYT decreases with increas- 
ing temperature. The same behavior is expected for the inner- 
sphere component of the relaxivity when the fast-exchange con- 
dition holds (T,,, < e,,,); this appears to be the case at  tempera- 
tures above 30 "C. In contrast, the flat profile measured at  lower 
temperatures indicates the progressive approach to the slow 
exchange condition (7,,,> qM), which results in a marked 
quenching of the relaxivity. The large z,,, value may also explain 
the small (compared to the value expected on the basis of the 
molecular size) longitudinal relaxivity measured at  room tem- 
perature ( 4 . 8 m ~ - ' s - '  a t  0.47 T). 


Assessment of the contribution to Ry,, arising from prototropic 
exchange: The observation of the highest possible relaxivity for 
this complex may be possible in the conditions of a fast pro- 


totropic exchange superimposed on the slow exchange of the 
whole water molecule. Although the prototropic exchange is 
catalyzed by both H,O+ and OH- ions, we decided to carry out 
the measurements only at  the basic limb, in order to  avoid the 
complications associated with the fast dissociation of the com- 
plex that occurs at low pH. 


The pH dependence of the proton longitudinal relaxivity RY,, 
for [Gd(DTPA-BBA)(H,O)] at room temperature (Figure 4) 
indicates a marked relaxation enhancement in the pH range 


4.5 j 
4.0 


4 5 6 7 8 9 1 0 1 1 1 2  3 


Plf 


Figure 4 pH dependence of the water proton longitudindl reldxivity lor [Gd(DT- 
PA-BBA)(H,O)] at 0 47 T and 25 C 


8.0-12.5. The outer-sphere contribution is pH independent, 
since it only depends on the diffusion of the solvent molecules in 
the neighborhood of the paramagnetic center, and thus the re- 
laxivity increase has to be ascribed exclusively to changes in the 
RY: component. On the basis of Equation (9), this might arise 
either from a reduction of pj,,, and/or 7:, or from an increase in 
Ph, (e.g., due to an increase in the number of inner-sphere water 
molecules). In order to discriminate between these possibilities 
it is useful to analyze the temperature dependence of RY,, at 
pH 12 and 20 MHz. The profile (upper curve in Figure 3) is fully 
consistent with the occurrence of the fast-exchange condition 
over the entire temperature range. Furthermore. the conver- 
gence of the two profiles to  the same relaxivity value at high 
temperatures excludes an increase of PM at basic pH. To assess 
whether the shortening of 7 ;  is due to an increase in the ex- 
change rate of the whole water molecule or  to a prototropic 
exchangc effect, we measured the temperature dependence of 
the 1 7 0  water transverse relaxation rate a t  pH 12 (Figure 1 ) .  
The experimental data a t  the two p H  values are perfectly super- 
imposable; thus the exchange rate of the inner-sphere water 
molecule remains unchanged over the investigated pH range. 
Therefore, the most likely explanation for the observed behav- 
ior is the occurrence, a t  pH > 8.5, of a prototropic exchange that 
is faster than the exchange of the whole water molecule, that is, 
kyx> k:x. It follows that the data of Figure 4 can be fitted by 
means of Equation (1 31, a modified version of Equations (8) 
and (9) in which T,,, is represented explicitly by Ihe sum of the 
two contributions. 


( I 3)  
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The value obtained for the pseudo-first-order prototropic ex- 
change rate constant k, at  25 "C is 1.7 x ~ O ' M - ' S - ' ,  about half 
of the value found in pure water.['] The coordination to the 
lanthanide(n1) ion thus appears to affect the prototropic ex- 
change process only to a very limited extent; a t  pH 12 this has 
a rate almost two orders of magnitude larger than that of the 
whole water molecule. 


It is noteworthy that the values obtained for the outer-sphere 
contribution ( 2 . 3 m ~ - ' s - ' )  and for qM (4.3 x s) are fully 
consistent with those derived from the analysis of the NMRD 
profile, and this represents a further check of the accuracy of the 
procedure and of the reliability of the results. 


As discussed above, the occurrence of a fast prototropic ex- 
change removes the limiting effect on the relaxivity due to  a low 
exchange rate of the coordinated water molecule. This is partic- 
ularly clear from the analysis of the 'H N M R D  profile recorded 
at  pH 12 (upper curve in Figure 2), which, over the entire mag- 
netic field range, displays an amplitude substantially higher 
than that found at pH 7. A good fit between calculated and 
experimental data has been obtained by using the 7M value calcu- 
lated from Equation (13) (5.9 x IO-'s), whereas the other 
parameters (Table 1) are basically independent of pH. 


This finding provides further support for the view that no 
change either in the stoichiometry or in the structure occurs on 
going from p H  7 to p H  12. The occurrence of a hydroxyl species 
a t  the basic limb would be expected to  cause significant changes 
in several parameters and, therefore, differences in the observed 
N M R D  profile that cannot be accounted for by a variation in 
zM alone. Furthermore, the observation of identical '0  trans- 
verse relaxation rates a t  p H  7 and pH 12 definetely rules out this 
possibility. 


Conclusions 


From the observations reported in this work we conclude that 
for neutral complexes of the size of [Gd(DTPA-BBA)(H,O)] the 
highest relaxivity cannot be obtained at  neutral pH because of 
the low values of both the water and prototropic exchange rates. 
Furthermore, this quenching effect of k:! on the observed relax- 
ivity would be even stronger if the Gd"' chelate were bound to 
a macromolecular substrate.[381 Under these conditions, the in- 
crease in T~ leads to a reduction in cM, but this cannot be 
exploited for relaxation enhancement if T~ is not short enough. 
In principle zM can be shortened by increasing the exchange rate 
of the coordinated water molecule or by catalysis of the pro- 
totropic exchange. At physiological p H  values, the latter route 
appears rather difficult to realize, although the design of ligands 
containing groups with exchangeable protons involved in hy- 
drogen bonding interactions with the coordinated water and 
endowed with suitable pK, values could provide novel catalytic 
pathways for enhancing this process. As far as the exchange of 
the whole water molecule is concerned, one must remember that 
in these nine-coordinate complexes this occurs through a disso- 
ciative interchange mechanism that implies the exchange rate to 
be basically determined by the energy difference between the 
nine-coordinate ground state ( q  = 1) and the octacoordinate ac- 
tivated state (q  = 0). 


It follows that complexes with a destabilized ground state 
structure should have a lower activation energy for the exchange 


process and an accelerated water exchange rate. Complexes en- 
dowed with such characteristics are under intense s c r u t i ~ i y ~ ~ " ~  as 
they may provide a significant improvement in the attainablc 
relaxivity upon interaction with macromolecular systems com- 
pared to  currently available contrast agents. 


Experimental Section 


The DTPA-BBA ligand and its Gd"' and Lu"' complexes were syiithcthized 
and characterized by the literature procedure"] froin chemicals purch 
from Sigma (St. Louis, MO, USA). 
The longitudinal water proton relaxation ratcs were mearurcd on a Stelar 
SpinMaster spectronicter (Stelar, Mede (PV), Italy) operating at  a 
magnetic field strength of 0.47 T (corresponding to a proton Larinor frequcn- 
cy of 20 MHz) by means of the usual inversion -recovery pulse sequcncc 
(180'-~-90"). A phase cycle (+ x, -.Y. -x, +li) w 
observation pulse in order to cut off the yscale receiver offsel Each measure- 
ment consisted of four scans, and the values o f  the magnetization on the j~ 
axes were obtained in the time domain by averaging the first 128 points of the 
free induction decay. The reproducibility in TI measurements was *0.4%. 
The temperature was controlled with a Stelar VTC-91 air-flow heater 
equipped with a copper-constantan thermocouple: the actual temperature 
was measured inside the probehead (uncertainty of k0.1 C) by using a 
Fluka 52 kij  digital thermometer. 
The H N M R D  profiles were recorded on the Koenig- Brown lield cycling 
relaxometer installed at  the Department of Chcmistry, Univcrsity of Florence 
(Italy). This instrument tneasures water proton longitudinal relaxation rate in 
the range of magnetic field strength from 2.4 x 10- to 1.5 T (cori-csponding 
to 0.01 -50 MHz proton Larmor frequencies) with a unccrtamty in T,  of 


1 %. The temperature was controlled by a circulating bath of  1.1.2- 
trichloroethylene. 
'rhc "0 transverse relaxatioii rates were measured on a JEOL E X 4 0  spec- 
trometer operating a t  2.1 T (corresponding to  a "O Larmor frequency of 
12.2 MHz) with an external D,O lock. The temperature calibration was 
performed by the same procedure described for the Stelar SpinMasrer spcc- 
trometer. The value of the transverse relaxation rate w115 obtained by evalu- 
ating the line width at half height of the water "0 signal (R, = I L A L , ~  ..). 
The diamagnetic contribution was obtained by measuring the tempcraturc 
dependence of the I7O transverse relaxation rate o f  a 0 . 0 4 8 ~  solution of 
[Lu(DTPA-BBA)(H,O)]. These values were subtracted from those obtained 
in the presence of the same amount of the paramagnetic Gd"' complex. 
For " 0  NMR measurements, solutions containing 2.6% ofI7O isotope were 
used. "0-enriched (10.4%) water was purchased from Yeda ( R & D  Co.. 
Rehovot, Israel). 
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Poly(triacety1ene) Oligomers: Synthesis, Characterization, and 
Estimation of the Effective Conjugation Length by Electrochemical, 
UV/Vis, and Nonlinear Optical Methods 


Rainer E. Martin, Ulrich Gubler, Corinne Boudon, Volker Gramlich, Christian Bosshard, 
Jean-Paul Gisselbrecht, Peter Giinter, Maurice Gross, and Franqois Diederich* 
Dedirutcd to Profe,tou Dieter Seehaih on the occmion of 1717 60th birthduy 


Abstract: Poly( triacety1ene)s [PTAs, 
-(C-C-CR=CR-C-C),-] are a new 
class of linearly conjugated polymers with 
a nonaromatic all-carbon backbone. To 
explore structure-property relationships 
in PTAs, we prepared a series of 
monodisperse oligomers ranging from 
monomer to  hexamer by oxidative 
Glaser-Hay coupling of a bifunctional 
("chain-forming") (El-hex-3-ene-I ,5- 
diyne in the presence of an eridcapping 
unit. All six oligomers are amazingly 
stable towards exposure to light, air, and 
temperatures beyond their melting points. 


Introduction 


They have been fully characterized and 
are readily soluble in a wide range of sol- 
vents. The conjugated rods are reversibly 
reduced in one-electron transfer steps and 
cannot be oxidized below + 1.23 V vs. Fc/ 
Fc+. The effective conjugation length in 
PTAs was estimated from the electronic 
absorption (UVjVis) data, and various 


Keywords 
conjugation length . electrochemistry 
* nonlinear optics * oligomers poly- 
(triacety1ene)s 


evaluation methods yielded convergence 
of the optical properties in the range of 7 
to 10 monomer units. The nonresonant 
second-order molecular hypcrpolarizabil- 
ity y was measured in CHCI, by means of 
the third harmonic generation (THG) at 
i = 1.907 pm. A plot of ;I//? vs. / I  revealed 
a power law y z n "  for y with a fitted expo- 
nent CI = 2.SkO.1. From the THG iiica- 
surements, an effective conjugation length 
of about 10 monomer units was found, in 
surprisingly good agreement with the val- 
ue obtained rrom U V W s  spectroscopy 
data. 


An increasing number of conjugated organic materials and 
polymers are widely explored as advanced materials for elec- 
tronic and photonic applications," since they possess inherent 
synthetic flexibility, potential ease of processing, and the possi- 
bility of tailoring material characteristics to suit a desired prop- 
erty. Conjugated organic molecules of multinanometer length 
are of particular interest for use as molecular wires with poten- 
tial application in the emerging field of molecular electronics.['' 
Oligomers of defined length also play a n  important role for 
establishing structure-property relationships in the corre- 
sponding long-chain conjugated polymers.[3] 


[*] Prof. F. Diederich, Rainci- E. Martin 
Laboratorium fur Organische Chemie, ETH-Zentruni 
Univeryilitstrasse 16, CH-8092 Zurich (Switzerland) 
Fax: lnt. code +(1)632-1109 
Prof. P. Gunter, Dr. C. Bosshard. U. Cubler 
lnslitut fu r  Quanlenelcktroiiik 
ETH-Henggerberg, CH-8093 Zurich (Switrerland) 
Prof. Dr. V. Gramlich 
Institut fur  Kristallographie und Pelrographic. ETli-Zcntriim 
Sonneggstrasse 5, CH-8092 Zurich (Switzerland) 
Prof. M. Gross, D r  C. Boudon, Dr. J.-P. Gisselbrecht 
Lnhoratoirc d'Elcctrochiniie ct de Chimir Physique du Corps Solide. 
Faculte de Chimic. UniversitC Louis Pastcur 
1 et 4, rue Blaise Pascal. B: P. 296, F-6700X Strasbourg Cedex (France) 


The number of repeat units in a conjugated polymcr required 
to furnish size-independent redox, optical, or other properties is 
of great general interest. Although the effective n-electron dclo- 
calization length cannot be measured directly, the idea of "con- 
jugation length' or "effective conjugation length" has become 
one of the central concepts in thc thcoretical and experiniental 
understanding of many properties of conjugated polymers.'""] 
The usefulness of monodisperse oligomers for the experimental 
determination of the effective conjugation length has been wide- 
ly 


We recently reported poly(triacety1enc)s [PTAs. 
-(CrC-CR=CR-C=C),-][5,61 as the third linearly conjugat- 
ed polymers with a nonaromatic all-carbon backbone in the 
progression which starts with polyacetylene [-(CR=CR),-; PA] 
and poly(diacety1ene) [-(C=C-CR=CR),-; PDA], and ulti- 
mately leads to carbyne [-(C=C),-]. To explore structure- 
property relationships in PTAs, we had also prepared a series of 
stable monodisperse oligomers ranging from phenylacetylene 
endcapped monomer 1 a to pcntainer 1 e."] Although trends in 
electrochemical[81 and linear optical properties in this series 
have been investigated, difficulties in large-scale preparation 
and poor solubility prevented a more extensive investigation of 
the physical properties of these molecular rods as a function of 
their length. 
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To determine the effective conju- 
gation length in PTAs, we prepared a 
new, much more soluble and readily 
available series of monodisperse 
PTA oligomers ranging from 
monomer 4aL5.’] to hexamer 4f .  
Here, we examine the trends in elec- 
trochemical (cyclic voltammetry), 
linear optical (UV/Vis), and nonlin- 
ear optical (third harmonic genera- 


n 


l a  1 


l b  2 


1c 3 


Id 4 


l e  5 


R Xn Mn 


2 CZC-Si(CPr), 22 9600 


3a CHzOSiterf-BuMe2 31 11300 


3b CHZOSitert-BuMe2 22 8000 


the endcapping Me,% group, was carried out in dry 
CH,CI, a t  room temperature (Scheme 1). The size dis- 
tribution of the oligomers was strongly dependent on 
the reaction conditions and the ratio of the two starting 
materials. The individual oligomers 4b-f were isolated 
by a combination of size-exclusion chromatography 
(CH,CI,, Bio-Beads S-X 1 beads), flash chromatogra- 
phy (SiO,, hexane/PhMe 1 : I ) ,  and precipitation from 
MeOH. Higher oligomers were also formed, but were 
not separable despite their good solubility. All com- 
pounds are stable towards exposure to light, air, and 
temperatures beyond their melting points and are read- 
ily soluble in a wide range of solvents (Table 1). 


n yield 


4b 2 55% 
4c 3 20% 


4e 5 2% 


H SiMe, 
Meztert-B,,l$ M e 2 t e r t - B u S i ~ S i t e r t - B u M e i  a) 4d 4 9% 


OSitertBuMep + 


4f 6 1 % H H 
5 6 


Scheme 1. a)  CuCI, TMEDA,  CH,C12, rnoleculai- sieve? 4 A, 0,. 20‘C, 2 11. TMEDA = ili,iV.N’,N’-tetraInethylenr- 
diamine. 


tion) properties within this series and compare our results to 
those previously described for oligomeric (1 a-e) and polydis- 
perse longer-chain PTAs (2, 3a, and 3b).[’] By use of various 
evaluation methods, estimations of the effective conjugation 


The number of monomer units in 4a-f  was confirmed by 
means of their ‘H and 13C N M R  spectra, which show nsp2 and 
2nsp carbon atom resonances, where II is the number of 
monomer units. In the I3C N M R  spectra of 4a-f, all sp2 and sp 


length in poly(triacety1ene) polymers are made. 
OSitert-BuMe2 


Me,ferf-BuSiO 


OSitert-BuMe2 
OSitert-BuMe, 


- SiMe, 
Me3Si+ = = 


MeZtert-BuSiO 
Me,tert-BuSiO 


4a 


4b 


4c 


4d 


4e 


4f 


carbon atom resonances are clearly sep- 
arated, and coalescence of peaks begins 
only at  the stage of the hexamer. Thc 
resonances of the terminal double bonds 
in 4c-f  appear around 6 =129.5 and 
133.5 and those of the interior alkene 
moieties near 6 = 132. Correspondingly, 
the sp2 carbon atoms in the polydisperse 
polymers 3 a  and 3 b give a single peak at 
(r = 132.37.1s1 In accord with studies on 
poly(enyne)s and related systems,[’’] we 
did not find the I3C NMR data very 
useful for estimating the effective conju- 
gation length of our PTA materials. 


The rigid rodlike oligomers are be- 
tween 9.6w (4a) and 46.1 A (4f) in 
length (measured from terminal Si to 
Si), as shown by force-field energy-mini- 
tnization calculations (Table 1) ‘I A 
general forinula for estimating the 
oligomeric length ( I )  is given by I 
(A) = 7.3 (n - 1) + 9.6, where n is the 
number of monomeric subunits. The 
computed length for monomer 4 a  is in 
good agreement with the value found by 
X-ray structural analysis, which shows a 
distance between the two Si atoms at the 


Results and Discussion 


Synthesis and Structural Characterization: The synthesis of 
oligomers 4 b  -f by oxidative Glaser-Hay polymerization of 
(E)-hex-3-ene-I,S-diyne (5)r5,91 in the presence of bearing 


termini of 9.71 A (Figure 1, top). Similarly to 4a,  the free di- 
ethynyl derivative 5 has a nearly perfectly planar carbon frame- 
work in its X-ray crystal structure, with a maximum deviation 
from the least-squares plane passing through the entire conju- 
gated carbon backbone of only 0.02 A (Figure 1. bottom). 
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Table I .  Physical and optical propertiea of oligoiners 4a - f .  


IZ I [A] M.P. [ C] i.,,,, [ntn] i.,,, [nml (eV) i: [M 'cm '1 E, [evl (nrn) 
bl [bl [cl [dl [el [rl 


4a 1 9.6 49 296.4+0.l (4.18) 19700 4.01 (309) 
4b 2 16.9 97 425 378.1 k0.1 (3.28) 24200 3.14 (395) 


4d 4 31.5 I68 439.0k0.2 (2.82) 35200 2.67 (464) 
4e 5 38.8 189 458.9 f 0 4 (2.70) 29700 2.58 (480) 
4f 6 46.1 1'16 463.6f0.5 (2.67) 36500 2.54 (488) 


4c 3 24.2 138 445 420.3f0.1 (2.95) 28600 2.82 (439) 
- 


[a] Length cstimated by energy minunization calculations [I 11 [b] Uncorrected. 
[c] Longest-wavelength emission in CHCI,, i,, = 300 nm. [d] Longot-wavclength ab- 
sorption in CHCI, at room temperature. obtained by deconvolution of the absorption 
spectra. [el Molar extinction coefficient. [fl Solution optical gap. 


ll 


Figure 1. Molecular structures in the crystals or4a (top) and 5 (bottom). Selected 
bond lengths [A] and angles ["I i n  5: C(I)-C(2) 1.162(6), C(2)-C(3) 1.425(5), 
C(3)-C(3A) 1.349(7), C(3) C(4) 1.511(5), C(4)-0(5) 1.423(5),Si-0(5) 1.649(3); 
C(l)-C(2)-C(3) 176.3(5), C(2)-C(3)-C(4) 11 5.6(3) ,  C(4)-C(3)-C(3A) 123.0(4), C(3)- 
C(4)-0(5) 1 1  1.9(3), Si-O(5)-C(4) 125.7 (2). 


Electrochemistry: The electrochemical properties of 4a-f were 
examined by steady-state voltammetry, polarography, and 
cyclic voltammetry (Table 2) in T H F  or CH,CI, with 0.1 M 


Bu,NPF, as the supporting electrolyte. Whereas all six conju- 
gated rods were reversibly reduced in one-electron transfer 


Table 2. cyclic voltammetric reduction characteristics of oligomers 1 a - e  [7,8] and 4a f. 


Poly(triacety1ene) Oligomers 1505- 1512 
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E"(red.) [a] E'(red.  1) [b] E,,(red. 2) [c] E,,(ox.) [dl 


l a  -1.57 4a -2.68 [a] ~ 


1 b ~ 1.32, - 1.60 4b -2.10 1.29 
l c  -1.17, -1.42. -2.00 4 c  -1.88 - 2.09 1.25 
I d  -1.14, -1.32, -1.76, -1.99 4d -1.80 - 1.95 1.23 
l e  -1.07, -1.24, -1.55. -1.65, -1.85 4e -1.75 -2.30 1.23 


4f -1.71 -2.30 1.23 


- 


[a] V vs. Fc/Fc+, Hg electrodes in T H F  +O.lu Bu,NPF,, formal redox potential 
E "  = (Ep,+E,,)/2. [b] V vs. Fc/Fc', glassy carbon electrode in CH,CI,+O.I M Bu,NPF,, 
formal redox potential E "  = (E,,+Ep,)/2 [c] Peak potential E,, for irreversible reduction. 
[d] Peak potential E,,. for irreversible oxidation. 


steps, they could not be oxidized bclow + 1.23 V vs. Fc/Fc+. 
This result helps to explain their ainazing stability to laboratory 
air over periods of months. With increasing oligomeric length, 
the first reversible reduction step became increasingly facile. A 
comparison between 4 a-f with the corresponding oligomers in 
the series 1 81 however, clearly showed that the reduction 
of the former requires much more negative potentials in each 
case. At the stage of the oligomers, the pendant alkynyl groups 
and the phenylacetylene endcapping groups in 1 a-e  provide a 
significantly larger stabilization of the lowest unoccupied 
molecular orbital (LUMO) than the pendant Me,rBuSiOCH2 
groups and the Me,Si endcapping residues in 4a-f. Compari- 
sons between 1 b-c and the corresponding oligomers with 
(iPr),Si instead of P h C r C  endcapping groups showed that the 
influence of these groups on the first reduction potential rapidly 
decreases with oligomeric length: the first reduction potentials 
vs. Fc/Fc+ in T H F  (+0.1  M Bu,NPF,) for the (iPr),Si-end- 
capped oligomers corresponding to 1 b,c are - 1.52 (dimer) and 


~ 1.23 V (trimer).[7b,81 
The second striking difference betwcen the two scts of 


oligomers is that the number of reversible one-electron reduc- 
tion steps for la -e  corresponds directly to the number of 
tetraethynylethene (TEE) moieties in each rod, whereas in the 
series 4a-f, only a second, irreversible reduction step is ob- 
served for trimer to  hexamer. 


The disparity in the first reduction potential between the two 
oligomeric series, however, vanishes upon passing to longer- 
chain polymers. From small amplitude waves, duc to the low 
solubility of the long-chain PTAs in T H F  and due to low diffu- 
sion coefficients, the first reduction potential have been deter- 
mined as -0.70 V for 2 and as -0.65 V for 3a.''' The shorter 
22-mer sample 3 b (Mw/Mn=2)  was reduced at -0.60 V vs. 
Fc/Fc+ on a Hg electrode in CH,CI, (+ 0.1 M Bu,NPF,): this 
verified nicely the previous results found for 3a. Figure 2 shows 
a plot of the first reversible reduction potential versus the num- 
ber of monomeric units n (top) and as a function of l /n  (bottom) 
for both sets of oligomers as well as for the longer-chain poly- 
mers 2, 3a, and 3b. Despite the differences encountered at  the 
stage of the shorter oligomers, the first reduction potentials of 
both series ultimately converge to the same limiting value at  the 
stage of the longer-chain polymers around -0.6 V. Apparently, 
the nature of the pendant groups ((iPr),Si-C-C vs. 
Me,tBuSiOCH,) affects the reduction potentials of PTAs only 
in the shorter oligomers, whereas the conjugation pathway 
along the linear all-carbon backbone largely determines the LU- 
M O  energy and reducibility in the longer-chain polymers. A 
linear fit between l / n  and the first reduction potential can only 
be obtained for the shorter oligomer series l a - e  and 4a-f 
(Figure 2, bottom). Upon inclusion of the data for the three 
polydisperse compounds 2, 3a, and 3b, however, a linear corre- 
lation is no longer obtained. In view of the lacking data for 
intermediate-sized oligomers with n = 7-20, an estimation of 
the effective conjugation length from the electrochemical data is 
not straightforward. 


Electronic Absorption Spectroscopy: The UV/Vis spectra of the 
series 4 a-f only display a clear longest-wavelength transition 
3L,,, for monomer and dimer, whereas for the longer oligomers 
the lowest-energy transition i s  covered under a broad, intense 
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I'igtire 2. First reduction potentials of 1 a -e, 4a. 2. aiid 3a in THF ( +  0.1 M 


Hu,NPF,, V v b .  Fc ,Fc+)  and of 3h and 4h f i n  CH,CI, plotted as a function of n 
( 1 o p ) a n d o f I  ~ ( b o t t o i n ) .  o l a - e . 2 : 0 4 a - f , 3 a . h .  


absorption band. A precise determination of I,,,, and Em,, , re- 
spectively, therefore required the deconvolution of the UV/Vis 
spectra. By assuming a sum of Gaussian line shapes in energy 
space, all spectra could be exactly reproduced. The obtained 
absorption energies Em,, and their uncertainties were trans- 
formed back to wavelengths and are given in Table 1 for 
oligomers 4a-f." With increasing oligomeric length, the 
longest-wavelength absorptions i,,, as well as the end absorp- 
tions are increasingly bathochromically shifted. However, no 
apparent saturation for i,,,, is reached. In the spectrum of hex- 
iiiner 4 f  (Figure 3a) the lowest-energy transition is fully covered 
under the broad absorption band. i,,, was calculated as 
463.6k0.5 nm (E,,,, = 2.67 eV), and the solution optical gap E, 
was determined to be 2.54 eV (488 nm).[131 The observation of 
significant vibrational fine-structure in the spectrum even at  the 
stage of the hexainer provides support for a rigid planar conju- 
gated backbone in solution. Temperature-dependent UV/Vis 
measurements in n-hexane for pentamer 4 e  between 54 and 
-45 -C gave similar spectra with a weak bathochromic shift of 


the most intense absorption band from 407nm a t  54':C to 
415 nm at -45 "C.  This demonstrates that the conjugation 
length in PTAs is only slightly affected within this temperature 
range. Similar findings had been reported for poly(enyne)s serv- 
ing as model compounds for PDAs.'"] Oligomers 4 b  and 4 c  
displayed a bright fluorescence in CHCI, solutions (Table 1).  


Thc plot of the most intense absorption band against the 
reciprocal number of monomer units l / n  gave a straight line 
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Figure 3. a) Electronic absorption spcclra of oligomers 4a- f  in CHCI, b) Plot or 
the lowest-energy transition vs. 1 tr (n = number of monoincric unils) for the 
series 4 a -  f, 3a, and 3b. Lincar rcgression for 4a- f  affords E,l,ax(eV) = 1 . 8 3 ( 1 ~ ~ 7 )  
+ 2.35. c) Plot ofthe solution optical gap energy E, vs. 1 . n  for the series 4a-f .  3a. 
and 3h. Linear regression for 4 a - f  affords E,(eV) = 1.78(l .n) f 1.23. I n  boih 
casts. saturation is obsei-ved for 3 a  and 3b. as indic'ited by Llic horizontal line. The 
effective conjugation length is evaluated at the c rowng point of boll1 Iinch 


with an intercept a t  4 4 5 h 4  nm (2.79k0.03 eV). This extrapo- 
lated value of i,,,, for the related infinite-chain polymer is in 
very good agreement with the experimental numbers measured 
for 3 a  (449 nm, 2.76 eV) and 3b (448 nm, 2.77 cV), dernonstrat- 
ing that 4 a  - fa re  suitable model oligomers for long-chain PTAs. 
To estimate the effective conjugation length in PTAs, the lowest 
transition cncrgies E,,,, were plotted as a function of 1,'n for 
compoimds 4a--f and 3a-b (Table 1,  Figure 3 b).[121 The cross- 
ing of the straight line for the oligomers wit11 the horizontal 
saturation level line for the polymers revealed that the effective 
conjugation length was reachcd in PTAs containing 8k 1 
monomer units, which corresponds to a total of 21 -27 double 
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and triple bonds and a rod length of 53-68 A. In an analogous 
evaluation, using the solution optical band gap E,, a slightly 
higher value of 10*1 monomer units was obtained (Fig- 
ure 3 c) .[I4] 


To evaluate the effective conjugation length, we also applied 
a linear expression [Eq. (l)],["' derived on the basis of the free 
electron gas model of Kuhn.['61 In Equation ( l ) ,  E is the 


optical absorption energy or band gap, N the number of conju- 
gated double and triple bonds per molecule, V, the amplitude of 
a sinusoidal potential which corrects the free electron gas model 
for bond length alternation, Lo the length of the unit of conjuga- 
tion, h the Planck constant, and m the mass of the electron. 
Linear regression analysis[10~151 of the plot of the energy at 
the longest-wavelength absorption maximum Em,, against 
I/(N+0.5) yielded V, = 2.2850.02 eV and n = 7 f l .  Thus, this 
analysis provided a slightly lower value for n than the analysis 
of the plot of Em,, vs. l / n  (Figure 3b). A plot of the solution 
optical band gap E, vs. 1/(N f 0 . 5 )  gave similar values with 
n = 9 + 1  and Vo = 2.16i0.02 eV. Overall, the value for V, in 
PTAs fits very nicely into the general trend seen in the series of 
PAS (V, = 1.75 eV), PDAs (V, = 2.25 eV), and polyyne models 
of carbyne (V, = 2.50 eV).["] In conclusion, this UV/Vis study 
disclosed that the convergence of the linear optical properties in 
PTAs is reached in the range of about 7-10 monomer units. In 
comparison, for PDAs, an effective conjugation length of 
n % 6["l and n z  10[''' monomer units has been reported, corre- 
sponding to 12 or 20 double and triple bonds, respectively, 
depending on the method of extrapolation. 


Third Harmonic Generation: The nonresonant second-order hy- 
perpolarizability 7 ,  measured by means of the third harmonic 
generation (THG) in CHCI, solutions at  1 = 1.907 gm["I was 
analyzed in the series 4a-f as a function of oligomeric length 
(Table 3). For comparison, y was also determined for the sol- 
uble, shorter tetraethynylethene oligomers 1 a-c, in order to 
estimate the impact of the additional conjugation paths in these 


Table 3 .  Second-order hyperpolarizability of oligomers 1 a-c and 4a-f from third 
harmonic experiments at I = 1.907 pm. f )  was measured relative to fused silica (Is ,  
3.9 x mZV-' (2.8 x 10 l4 em)).  


l a  1 
I h  2 
I c  3 


4a 1 
4h 2 
4 c  3 
4d 4 
4e 5 
4f 6 


240 
1030 
2570 


22 
1 ox 
363 
740 


1320 
1750 


3.41 
14.5 
35.9 


0.32 
1.51 
5.0X 


10.3 
18.5 
24.9 


41 1.1 
105 2.9 
183 5.1 


5 0.14 
13 0.37 


49 1.4 
72 2.0 
79 2.2 


31 0.86 


1.6 
4.1 
7.2 


0.19 
0.52 
1.2 
1 .9 
2.8 
3.1 


[a] Rotational average of the 7 tensor. [h] z''' values are cxtrapolated from mea- 
sured values of ;I, assuming a linear dependence on concentration. The estimations 
present a lower limit, since density and thc small (with respect to the pure com- 
pounds) refractive indices for local field corrections of CHCI, were used in the 
calculation of x'". 


molecules, involving the laterally pendant alkyne groups and 
the additional PhC=C endcapping groups. From the obtained 
microscopic hyperpolarizability 11, we estimated a macroscopic 
hyperpolarizability f 3 )  by assuming an isotropic arrangement 
of the molecules and using the density and refractive indices (for 
local field corrections) of the solvent CHCI,. This estimate givcs 
a lower limit of what can be expected in the bulk. 


Different mathematical approaches, such as Hiickel-type 
tight-binding modeling, ab initio calculations, or Pariscr - Parr - 
Pople simulations, predict for conjugated molecules shorter 
than the critical conjugation length a power law dependence 
y % na, where n corresponds to the total number of monomer 
units. For thc exponent a, values between 3 and 6 have been 
reported, depending on the model used.'"] Above the critical 
conjugation length: the cubic hyperpolarizability 7 should satu- 
rate and increase only linearly with the number of monomer 
units n. The related macroscopic susceptibility should not be 
further enhanced and stay constant. 


For the PTA samples 4a-  f, a plot of ?,in vs. 17 revealed a 
power law for y with a fitted exponent a = 2.550.2 (Figure 4). 


10 
1 10 100 


n 


Figure 4. Dependence on conjugation length of the sccond-order 1iyperpolari~:ihil- 
ity 7 ,  presented In a double logarithmic plot of ; ' / J I  vs. 1 1 .  For oligomers 4a  f. it 
power law : , -no  ( a  = 2.5f0.1) IS obtained (solid line), and liir the polydispcrse 
polymers 3a and 3h, saturation (broken line). The effective conjugation length 15 


evaluatcd at the crossing point of both lincs. 


THG measurements of a polydisperse film sample of 3 a L 5 ]  
showed a macroscopic susceptibility 31(3) = 7.8 x lo-'" m2 V-' 
(5.6 x lo-'' em), and in solution this value was reproduced for 
3b within one percent, confirming that the limit of the critical 
conjugation length is certainly passed. The corresponding y / ~  
values for 3a (y = 300 x m 5 V 2 ,  22000 x esu) and 
3b(y = 2 1 9 ~ 1 0 - ~ *  rnsV~',15650x 10-36esu)areincludedin 
Figure 4, and the saturation level is indicated by a horizontal 
line. The crossing of the power law and the saturation level 
yields a critical conjugation length of about 10 monomer units 
(30 double and triple bonds), in good agreement with the value 
obtained from UV/Vis spectroscopy. It is not yet clearly under- 
stood whether linear absorption and second-order hyperpolar- 
izability data should lead to the same critical conjugation 
length, but it seems to hold true in the case of PTAs. 


Only few nonlinear optical data as a function of chain length 
have been reported for linearly conjugated polymers, owing to 
the often difficult synthesis of homologous series of larger 
oligomers. In comparisons, attention needs to be paid whether 
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the measurements were performed out of resonance ; further- 
more, differences in experimental techniques need also to  be 
considered. Measurements by degenerated four-wave mixing 
(DFWM) and electric field-induced second-harmonic genera- 
tion (EFISH) tend to give a bigger exponent for the power law 
(between 3 and 5) than THG data.['u1 


Unsubstituted PA showed an exponent for the power law in 
the range of 2.5, but the critical conjugation length seems to  be 
much longer than in PTAs, with about 120 double bonds.["] 
Substituted PAS gave exponents between 2.3 and 4.6 depending 
on the attached substituents, showing clearly the influence of the 
electron density distribution on the conjugated backbone.[2 ' I  A 
comparison between PDAs and PTAs would be of interest, but 
second-order hyperpolarizability data for series of homologous 
PDA oligomers have not been published to the best of our 
knowledge. T H G  studies on polythiophene yielded an exponent 
of2.8 for the power law.[221 For the critical conjugation length, 
different, contradicting results have been published, and com- 
parisons to  PTAs are therefore difficult. THG measurements 
disclosed an exponent of 2.4 for poly(3-ethylthiophene 
ethynylene) and a critical conjugation length of about 10 
monomer units (30 double and triple bonds).r231 Thus, the sec- 
ond-order hyperpolarizability 7 of different linearly conjugated 
polymers seems to scale with a power law y z d ' ,  with an expo- 
nent a around 2.5 for THG measurements. This is significantly 
below the theoretical predictions and quantum chemical calcu- 
lations. 


THG measurements in the series of tetraethynylethenc 
oligomers were limited to the shorter members 1 a-c, owing to 
low solubility (Table 3). The existence of additional conjugation 
paths in these compounds increased the second-order hyperpo- 
larizabilities by about one order of magnitude, as compared to 
4a-c. 


dependence y=n" with a fitted exponent a = 2.5k0.1.  This ex- 
ponent showed an amazing coincidence with that of other con- 
jugated polymers, measured by the same technique in their 
transparency range. The effective conjugation length for the 
second-order hyperpolarizability y was found to be around 10 
monomer units. Thus, linear and nonlinear optical methods 
showcd a striking accordance of the effective conjugation length 
in PTAs. However, it is not well understood at the moment, 
whether both methods should lead to the same critical conjuga- 
tion length or  not. This will be the subject of further investiga- 
tions. 


The preparation of even larger, monodisperse PTA oligomers 
is now being pursued in our laboratory in order to close the 
interesting gap between oligomer and polymer analysis. Once 
this has been achieved, a reinvestigation of the effective conjuga- 
tion length by electrochemical methods is also planned. 


Experimental Section 


General Methods: Reagents and solvents were purchased at  reagent-grade 
from Aldrich or Fluka and used without further purification. Compounds 5 
and 6 were prepared as described in refs. [5,9]. Melting points were deter- 
mined on a Biichi SMP-20 apparatus and are uncorrected. UV,Vis spectra 
were recorded on a Varian-Cary-5 spectrophotometer a t  RT, and low-temper- 
iiture measurements were obtained on a Kontron Uvikon 941 instrument with 
a homc-huilt cryostat. I R  spectra were recorded on a Perkin-Elmer-1 600-FT- 
1K spectrometer. Fluorescence spectra were obtained on a SPEX-1580 double 
spectrophotometer at RT. 'H NMR spectra weia recorded on a Bruker- 
AMX-500 instrument, and 13C NMR spectra on a Bruker-AMX-500 
(125 MHr) spectrometer with complete proton decoupling. Laser-desorption 
time-of-flight (LD-TOF) mass spectra were obtained using a Bruker Reflex 
instrument with an N,  laser system (337 nm) to desorb and ionize analyte 
molecules, which were previously dissolved in CH,CI, and deposited onto the 
center of the probe tip, and dried under vacuum. All reported data were 
acquired using the linear positive-ion mode at  + 15 and 20 kV. respectively. 
Elemcntal analyses were carried out by the Mikrolabor in  the Laboratorium 
fiir Organische Chemie at ETH Zurich. 


Conclusions 


.4 readily available, new series of monodisperse poly(tri- 
acetylene) (PTAs) oligomers 4a-f, ranging from monomer to 
hexamer, exhibited amazing environmental stability and solu- 
bility. which allowed systematic investigation of their physical 
properties by different methods. In the cyclic voltammetry stud- 
ies, all six oligomers underwent a reversible one-electron trans- 
fer reduction, becoming increasingly facilitated with increasing 
length of the conjugated backbone, but could not be oxidized 
below + 1.23 V vs. Fc/Fc+.  Whereas a linear fit was obtained in 
the plot of the first reduction potential against l / n  (n  = number 
of monomcric units) in the oligomeric series 4a-f, the linear 
correlation vanished upon inclusion of the longer-chain poly- 
mers, and an estimation of the effective conjugation length from 
the electrochemical data therefore was not straightforward. 


In the UViVis spectra of oligomers 4a-f, the longest-wave- 
lcngth absorptions i,,, as well as the end absorptions were 
increasingly bathochromically shifted with increasing conjuga- 
tion length. From the linear optical properties, the effective 
conjugation length in PTAs was estimated by various evaluation 
methods to be in the range of 7-10 monomer units. 


Third harmonic generation measurements in the series 4a-f 
showed for the second-order hyperpolarizability y a power law 


Third-harmonic generation measurements: Chloroform solutions with initial 
concentrations of 0.5.- 1.5 wt '/a were prepared and later diluted to four lower 
concentrations. The laser source was a pulsed Nd:YAG laser (;. = 1.064 pm, 
10 Hz repetition rate. pulse duration of 5 ns), which was used to pump an 
H2-gas Raman cell yielding a frequency-shifted wavelength of i. = 1.907 pm. 
The s-polarized beam was then focused onto the sample with a n y =  500 mm 
lens. Third-harmonic generation measurements were performed by rotating 
the 1 mm-thick fused silica cuvette with the solution parallel to the polarira- 
tion to generate well-known Maker-fringe interference patterns. The Maker- 
fringe patterns were analyzed in a manner similar to that described in the 
literature.rz41 All measurements were calibrated against fused silica 
xk:' = 3.9 x 10-" m2 V- '  (2.8 x 10- l4 e s ~ ) . ' ~ ~ '  A comparison of measure- 
ments of fused silica 111 vacuum and air allowed all subsequent measurements 
of our solutions to be performed in air. 


Synthesis of Oligomers 4b-f :  To a solution of 5 (0.087 g. 0.24 mmol. 1 equiv) 
and 6 (0.210 g, 0.48 mmol. 2 equiv) in dry CH,CI, (10 mL, molecular sieves 
4 A) w;is added TMEDA (0.079 g, 0.10 mL, 0.68 mmol) and CuCl (0.019 g. 
0.19 mmol) at  RT. After the mixture had been stirred under ambient atmo- 
sphere [or 2 h,  an EDTA solution (EDTA = cthylendiaminetetraacetic acid, 
pH 8) was added and the reaction mixture extracted with CH,C12 until the 
washings were colorless. The organic phase was washed with saturated 
aqeous NaCl solution and dried (anh. MgSO,). Concentration at water 
aspirator pressure, size-exclusion chromatography (Bio-Rad Bio-Beads S-X 1 
beads, CH,CI,), flash chromatography (Fluka 40-63 pm (230-400 mesh) 
SiO, 60, hexane/PhMe 1 : 1 ) .  and precipitation from McOH gave the pure 
oligomcrs 41) f as ycllow solids. 


(E,E)- 1,12-Bis(trimethylsilyl)-3,4,9,10-tetrakis(( (tevt-butyl)dimethylsilyloxyl- 
niethyl}dodeca-3,9-dienc-l,5,7,ll-tetrayne (4b): Yield: 5X % (121 mg); M p 
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97°C; ' H N M R  (500 MHz, CDCI,): 6 = 0.075 (s, 12H), 0.078 (s, 12H), 0.18 
(s, 1 XH), 0.892 ( s ,  ISH), 0.894 (3, 18H),  4.39 (s, 4H) ,  4.45 (s, 4H);  I3C N M R  
(125 MHz, CDCI,): b = - 5.21. -5.18, -0.26, 18.34, 18.36, 25.87, 63.81, 
63.87, 81.93, 85.41, 101.48, 109.23, 129.59, 133.11; FT-IR(CHC1,): ? = 2144 
(w =weak),  1600 (wjcm- ' ;  UV/Vis (CHCI,): I = 274 (17600), 286 
(19200), 300 (21 800), 319 (21 400), 351 (28000). 376 (24700); LD-TOF-MS: 
mji: 870 [MI ' ,  814 [A4 - C(CHJ,]+; C,,H,,O,Si, (871.71): calcd C 63.38, 
H 9.94; found: C 63.49, H 9.90. 


(E,E,E)-l ,18-Bis(trimethylsilyl)-3,4,9,10,1 5,16-hexakis{[(teut-butyl)dimethyl- 
silyloxylmethyl}octadeca-3,9,15-triene- 1,5,7,1 1,13,17-hexayne (4 c )  . Yield : 
20% (59 mg); M.p. 138°C; ' H N M R  (500 MHz, CDCI,): b = 0.076-0.082 
( n ~ ,  30H), 0.19 (s. 18H).  0.89 (s, 54H), 4.39 (.s, 4H) ,  4.44 (s, 4H). 4.45 (s, 
4 H ) ;  "CNMR (125 MHz,CDCI,): 6 = - 5.20, -5.18, -0.27,18.32, 18.34, 
18.36, 25.84, 25.86, 63.79, 63.85, 63.87, 81.88, 83.18, 85.22, 87.35, 101.44, 
109.51, 129.44, 132.15, 133.45; FT-IR (CHCI,): i. = 2144 (w), 1600 
(w) cm-': UV/Vis (CHCI,): ib = 271 (26000, sh), 285 (28400), 302 (25300), 
322 (24200), 377 (42200, sh), 389 (46200), 407 (36700, sh); LD-TOF-MS: 
mi.: 1235 [MI', 1177 [ M  - C(CH,),]+; C,,H12,0,Si, (1234.37): calcd C 
64.22, H 9.80; found: C 64.37, H 9.76. 


(E,E,E,E)-l,24-Bis(trimethylsilyl)-3,4,9,10,15,16,21,22-nctakis{[(trvt-butyl)- 
dimethylsilyloxy)methyl) tetracosa-3,9,15,21-tetraene-1,5,7,11,13,17,19,23-oc- 
tayne (4d). Yield: 9 %  (34mg); M.p. 168°C; ' H N M R  (500MHz. CDCI,): 
d = 0.075-0.081 (VI, 4XH), 0.18 (s, lXH), 0.89 (s, 72H), 4.39 (s, 4 H ) ,  4.43 
(s, 8H),  4.45 (s, 4H);  I3C N M R  (125 MHz, CDCI,): 6 = - 5.18, -5.17, 
-5.14, -0.24, 18.34, 18.35, 18.37, 18.39, 25.86, 25.89, 63.82, 63.86, 63.88, 
63.90, 81.86, 83.13, 83.35, 85.21, 87.17, 87.59, 101.46, 109.60, 129.45, 132.00, 
132.53, 133.54; FT-IR (CHCI,): t = 2359 (w), 2133 (w) cni-I;  UViVis 
(CHCI,): i = 278 (25800, sh),  287 (27100), 301 (25800), 322 (22200), 380 
(39700, sh), 403 (52100), 423 (42500, sh);  LD-TOF-MS: mi?: 1597 [MI' ,  
1540 [ M  - C(CH,),]+; C,(,H,,,O,Si,, (1597.04): calcd C 64.68, H 9.72; 
found: C 64.50, H 9.60. 


(E,E,E,E,E)-1,30-Bis(trimethylsily1)-3,4,9,1~, 15,16,2 1,22,27,28- 
decakis~~(tevt-butyl)dimethylsilylnxy~methyl~triaconta-3,9,15,2 1,27-pentaene- 
1,5,7,11,13,17,19,23,25,29-decayne (4e). Yield: 2 %  (9 mg); M.p. 189 T ;  
'HNMR(500MHz,CDCI,) :O = 0.083-0.089 (rn,60H),0.19(.~, 18H).0.90 
(s. YOH), 4.40 (s, 4H), 4.44 (s, 12H), 4.46 (s, 4 H ) ;  I3C N M R  (125 MI+, 


63.82, 63.84, 63.87, 81.81, 83.04, 83.24, 83.35, 85.17, 87.09, 87.35, 87.61, 
101.42, 109.59, 129.43. 131 -94. 132.32, 132.57, 133.53; FT-IR (CHCI,): 
i = 2359 (w), 2333 (w), 1600cm-' (w): UV/Vis (CHCI,): 7, = 285 (27700), 
302 (27100), 321 (23800), 341 (22000, sh), 416 (57200): LD-TOF-MS: mii: 
1960 [ M ] ' ,  3901 [A4 - C(CH,),]+; C,,,W,,,O,~,Si,, (1959.70): calcd C 
64.97, H 9.61; found: C 64.84, H 9.72. 


(E,E,E,E,E,E)-1,36-Bis(trimethylsilyi)-3,4,9,lO,l5,16,21,22,27,28,33,34-dnde- 
cakis{[ (teut-l~11tyl)dimethylsilyloxy~methyl}hexatriaconta-3,9,15,21,27,33-hex- 
aene-1,5,7,11,13,17,19,23,25,29,31,35-dodecayne (4f). Yield: 1 Yo (6 mg); 


(.~,18H),0.90(~r,108H),4.40(s,4H),4.44(s,16H),4.46(.s,4H);~~CNMR 


25.86, 63.79, 63.82, 63.85, 63.88, 81.82, 83.04, 83.20, 83.30, 83.38, 85.16, 
87.07, 87.29, 87.39, 87.61, 101.45, 109.57. 129.43, 131.94, 132.29, 132.40, 


(w)cm- ' ;  UV/Vis(CHCI,): = 285(29400), 301 (28400), 321 (26200). 425 


C i z 6 H z z z O i ~ S i 1 4  (2322.36): calcd C 65.17, H 9.64; round: C 65.07, H 9.65. 


X-ray Crystallography:'2h1 4a (C,,HSZO,Si,, M ,  = 509.05): Single crystals 
were grown from hexane by slow evaporation at  20°C; monoclinic space 
group P2,ln, pcalcd = 0.962 gem-,, Z = 2; a = 6.278(8), h =11.867(14), 
c = 23.58(4) A, p = 91.40(12)", V =1756(4) A", Syntex P21 diffractometer, 
Mo,, (A = 0.71073 A) radiation, 26 <4V, 1963 unique reflections. The struc- 
ture was solved by direct methods and refined by full-matrix least-squares 
analysis (SHELXTL PLUS: heavy atoms anisotropic. H atoms fixed, where- 
by H positions are based on stereochemical considerations), yielding 
R(F) = 0.0557, R J F )  = 0.0780 for 169 variables and 878 independent reflec- 
tions with F> 4.0o(F). 
5 (C,,H,,O,Si,, M, = 364.68): Single crystals were grown from hexane by 
slow evaporation at 20 -C: monoclinic space group C2/c, pcalcd = 


CDCI,): 6 = - 5.20, -5.17, -0.27, 18.32, 18.34, 18.36. 25.83, 25.86, 63.79, 


M.p. 196'C; ' H N M R  (500 MHz, CDCI,): 6 = 0.079-0.086 (m, 72H), 0.19 


(125MH2, CDCI,): 6 = - 5.20, -5.18, -0.28, 18.30, 18.33, 18.35, 25.83, 


132.59, 133.54; FT-IR (CHCI,): i = 2161 (w), 2125 (w), 1678 (w), 1606 


(64000); LD-TOF-MS: VI/Z: 2320 [MI+,  2260 [ M -  C(CH,),]+; 


1.004gcni-', Z = 4 ;  a=26.81(2) ,  h=6.292(5) .  c=l4,576(13)A.  
[I = 100.97(7)', V' = 2414(4) A', Syntex P21 diffraclometer, MoKZ (i = 
0.71073 A) radiation, 28<40 , 1317 unique reflections. The structure was 
solved by direct methods and relined by full-matrix least-squares analysis 
(SHELXTL PLUS; heavy atoms anisotropic, H a t o m  fixed. whereby H 
positions are based on stereochemical considerations). yiclding R(F) = 
0.0384, !?,,(I.') = 0.0551 for 123 variables and 844 independent reflections 
with F>4.0a(F).  
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1',5'-Anhydrohexitol Oligonucleotides : Hybridisation and 
Strand Displacement with Oligoribonucleotides, Interaction 
with RNase H and HIV Reverse Transcriptase 


Chris Hendrix, Helmut Rosemeyer, Bart De Bouvere, Arthur Van Aerschot, 
Frank Seela and Piet Herdewijn* 


Abstract: Hexitol nucleic acids (HNAs) with four natural bases form stable and se- 
quence-selective duplexes with RNA. This was investigated by T, determinations and 
gel shift experiments. The CD spectra of an HNA-RNA duplex show similarities with 
the CD spectra of the A-form of dsRNA. Single-stranded HNAs are able to induce 
strand displacement in a double-stranded RNA sequence. An HNA-RNA duplex is a 
poor substrate for RNase H, and can inhibit the RNase H-mediated cleavage of a 
natural DNA--RNA substrate. The HNA-RNA hybrid enhances the activity of HIV 
reverse transcriptase. 


Keywords 
duplex . gel mobility . nuc,eic acids . 
oligonucleotides - strand displacement 


Introduction 


In previous publications we reported the discovery of hexitol 
nucleic acids (HNAs) and studied their hybridisation mainly 
with ssDNA (single-stranded DNA)." ~ 31 The studies in these 
publications" 31 are restricted to oligoadenylate-oligothymidyl- 
ate interactions and polypurine sequences. As dA-dT duplexes 
in particular have a rigid conformation, such oligoiners cannot 
be considered as ideal models for hybridisation studies. Exami- 
nation of the structure of a l',S'-anhydrohexitol nucleoside sug- 
gests a good fit with a natural furanose nucleoside in its 3'-endo 
conformation, rather than in its 2'-endo conf~rmation.'~. 51 This 
results from the axial orientation of the base moiety,['] which 
can be explained by the preference of hexitol nucleosides for a 
conformation avoiding sterically unfavourable 1,3-diaxial re- 
pulsion~.[~] If hexitol oligomers preserve this sugar conforma- 
tion, an oligonucleotide may be obtained exhibiting a confor- 
mational preorganisation of the single strand that fits an 
A-form helical structure. In that case, strong hybridisation with 
natural single-stranded RNA can be expected. Therefore, the 
torsion angles of the backbone structure should deviate from the 
ideal staggered conformation, which is normally not the case 
with pyranose oligonucleotides, which more often fit the classi- 
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Dr. H. Roserneyer. Prof. Dr. F. Seela 
Laboratorium fur Organische und Bioorganische Chemie, Institut fur Chemie 
UniversitPt Osnabruck, Barbarastrasse 7, D-49069 Osnabruck (Germany) 


cal diamond lattice."] However, the positioning of the base 
moiety in the 3'-axial position in HNAs allows base stacking to 
occur. Here, we report on the sequence-specific and strong hy- 
bridisation of HNAs with natural RNA and describe their po- 
tential strand displacement properties and interactions with the 
selected nucleic acid binding enzymes RNase H and HIV reverse 
transcriptase. 


Results and Discussion 


Our earlier work on the hybridisation properties of oligonucle- 
otides constructed of 1',5'-anhydrohexitol nucleoside building 
blocks (HNAs, Figure I), proved that these HNA oligonucleo- 


0 


1 
3 


Figure 1. Structural formula of hexitol nucleic acids (HNA): l'.S-arthydroht.xitol 
nuclcic acids. 
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tides are completely stable against 3'-exonuclease and form very 
stable duplexes with natural DNA and RNA.['. 31 Formation of 
triple helices has also been observed. These encouraging results 
prompted us to extend the study of these promising antisensc 
constructs. 


A mixed HNA 8-mer 6'-GCGTAGCG-4 was synthesised and 
subjected to a number of melting experiments. The HNA 8-mer 
was mixed in a 1 : 1 molar ratio with either its RNA complement 
( 1 ,  3'-CGCAUCGC-5') or with RNA strands 2 to 13 (Table I ) ,  
each containing one mismatch (buffer: NaCl 0.1 M, KH,PO, 


a less favourable enthalpy change but a more favourable en- 
tropy change. Thus here the stabilisation is due to the smaller 
reaction entropy. The low A S  value may be due to smaller con- 
formational changes during complexation and/or to differences 
in counterion organisation and hydration (presence of hydro- 
phobic regions and tightly bound water molecules) in the single- 
stranded and double-stranded state. It is expected that the 
order of hydration of the single-stranded form will be 
HNA<DNA<RNA.  From the T, values obtained with the 
mismatch sequences it can be seen that the HNA 8-mer can 


O . 0 2 ~ ,  pH 7.5, EDTA 0.1 mM). Melting of the duplexes followed discriminate clearly 


Table 1 ltiflucnce ormismatches 011 [he riieltitig temperatures ( C) of a tnixcd H N A  X-nier and its DNA and RNA 
analogues with thcir R N A  complement conraining one mismatch (bold and italic). delernitncd at  260 nm in NaCl 
(0 .1  v) .  KH2P0,  (20nlM, pH 7 . 9 ,  EDTA (0.1 mM), with 4 p ~  of  each oligonuclcottdc. The thermodynamic data 
ucre calculated only for the matching sequences. 


6-GCGTAGCG-4 5'-GCGT'AGCG-i' S'-GCGUAGCG-?' 
RNA H N A  DNA RNA 


T, A T n  T", AT,, r., ATm 


1 


7 


3 
4 
5 
6 
7 
X 
9 


10 
1 1  
12 
13 


3'-CGCAUCGC-S 
- A H  (kcalniol- ' )  
- A S  (cal K mol- ') 
- A G z s c  (calinol-I) 
3'-CC;CAACGC-S 
3'-CGCAGCGC-S' 
3'-C'GCACCGC-5' 
3'-CGCGUCGC-5' 
3'-CGCCUCGC-5' 
3'-CCrCCAJCC;C-5' 
3'-CGAAUCGC-S' 
3'-CGUAUCGC-5' 
3'TGGAUCGC-5' 
3'-CCCAUCGC-5' 
3'-CACAlJCGC-5' 
3'-CL'CAUCGC-S' 


54.4 
73.6 


225 
6550 


32.7 
37.0 


41.5 
31 .o 
33.8 
16.2 
40.s 
30.6 
3 6 2  
41.6 
37.4 


40.8 


- 


-21.7 
~ 1 7 4  
-13.6 
- 12 9 
-23.4 
-20.6 
-38.2 
- 13.6 
-23.8 
-18.2 
- 12.8 
- 17 


21 .0 
40.0 


135 
230 
La1 
(32.0) [bl 
[a1 
(33 3) [bl 
bl 
[a1 


[a1 
12.1 


11.9 
11.8 
15.2 
10.6 


41.6 
81.5 


254 
5800 


27.3 -20.3 


30.5 -17.1 


30.1 -17.5 
30.1 -17.5 


-8.9 19.7 -27.9 
35.0 ~- 12.6 


-9.1 28.1 -1cl.5 
-9.2. 36.5 -11.1 
-5.8 38.5 -9  1 
- 10.4 35.8 -11.8 


32.9 - 14.1 


43.7 - 3.9 


[a] N o  c,, ohset-ved between 5 and 90 C. [b] Melting points observed are those of self-association of the RNA 
\Lrands. The other RNA strandy did not show any self-association 


a himolecular all-or-none mechanism.[8, 91 The first derivative of 
the absorbance vcrsus tempcrature curves resulted in the melt- 
ing temperatures (T,,,) summarised in Table 1. The T, values for 
thc duplexes of the DNA and RNA analogues of the HNA 
8-mer with RNA strands 1 to 13, evaluated the same way, are 
given in comparison. The completely matching HNA- RNA 
duplex (T,,, = 54.4 "C) clcarly hybridises more effectively than its 
corrcsponding DNA-RNA and RNA -RNA analogues (T,  
21 .O and 47.6 "C, respectively), resulting in a T, increase of 4.2 
and 0.9 C per base pair respectively. For the DNA complement 
3'-CGCATCGC-S, no complex formation could be observed 
between 5 and 90 -C with either the HNA 8-mer or its DNA or 
KNA analogues (data not shown). From the melting curves 
obtained for the completely matching duplexes, the thermody- 
namic data AH and A S  were calculated (Table 1)  by means of a 
two-state model for helix-coil transition."'] Although we are 
awarc that thermodynamic data obtained this way are less infor- 
mative than those obtained by direct calorimetric measure- 
ments, these data may give LIS an initial idea about the changes 
in AH and A S  upon complexation. The stabilisation of the 
HNA R N A  duplex compared with its DNA-RNA analogue 
is due to  a considerable gain of reaction enthalpy ( A H ) ,  which 
compensates for the unfavourable entropy change ( A S ) .  Com- 
pared to the RNA-RNA duplex, the HNA-~RNA hybrid has 


between the match and mismatch se- 
quences, which indicates that HNAs 
have a very strong potential for selective 
hybridisation to an RNA target. The 
temperature difference (AT,) between 
match and mismatches varies between 
- 12.8 .'C (CA mismatch base pair) and 
- 38.2 I'C (GA mismatch base pair). 
The mixtures of the DNA strand 5'- 
GCGTAGCG-3' with the RNA mis- 
match sequences 3 or 5 gave T, values 
which were higher (32.0 and 33.3 ' C ,  re- 
spectively) than the T, observed for the 
completely matching duplex (21 .0 T). 
These melting temperatures, however, 
were due to  self-association of the RNA 
strands 3 and 5, demonstrated by mea- 
suring melting curves of the single- 
stranded RNA ( 4 1 1 ~ ) .  The other RNA 
strands did not display any self-associa- 
tion. Some of the DNA-RNA mis- 
match duplexes had a T, too low to be 
observed under the experimental condi- 
tions. In those cases where clear duplex 
formation was observed between the 


DNA strand and the RNA mismatches, the absolute AT, val- 
ues, representing the discriminating capacity of the oligonucle- 
otide, were always smaller than for the corresponding HNA- 
RNA duplexes. Also compared with the RNA-RNA 
analogues, the HNA-RNA mismatch duplexes exhibited better 
discrimination, except for one mismatch duplex with oligori- 
bonucleotide 4 (3'-CGCACCGC-5'), where the RNA- RNA 
mismatch duplex gave a higher absolute AT,, than its HNA- 
RNA analogue. Therefore, this HNA 8-mer is generally superi- 
or to its DNA and RNA analogues as an antisense construct. 
both in hybridisation strength and in discriminating capacity. 


These observations were confirmed by CD measurements 
(Figure 2).  The HNA 8-mer and its DNA and RNA analogues 
and complements were dissolved in a buffer containing NaCl 
( 0 . 1 ~ ) ,  Na cacodylate (lOmM, pH 7.0) and MgCIZ (10mM). 
Spectra were recorded of the single-stranded oligomers and of 
mixtures with their complementary RNA or DNA strands. The 
spectrum of the single-stranded HNA 8-mer is very similar to 
those of both RNA strands (Figure 2A). The analogous DNA 
strands gave a different spectrum with a negative Cotton effect 
around 250 nm and the positive Cotton effect shifted to 275 nni 
(spectra not shown). The spectra of the HNA-RNA and 
RNA-RNA mixtures (Figure 2B) were also very much alike. 
which is indicative of a similar helical structure of both duplex- 
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Figure 2. CD spectra recorded at  10 'C and temperature-dependent CD curves of the monmneric and duplex rorms of the HNA 
8-iner 6'-GCGTAGCG-4 and its RNA analogue 5'-GCGUAGCG-3' and RNA complement S'-CGCUACGC-3', measured in A, 
Band C. NaCl(0.1 M). cacodylate (IOmM, pH 7.0), MgCI, (10niM); D: NaCI (0.1 M), KH,PO, ( 2 0 n 1 ~ ,  pH 7.5). EDTA (0.1 mbt), 
at a concentration of 3 . 2 1 1 ~  of each oligonucleotidc. 


es. These results confirm our earlier  observation^,^^^ in which 
CD experiments suggested a DNA-HNA duplex structure 
closely resembling the A-form structure of dsRNA. The temper- 
ature-dependent CD measurements (Figure 2C) yielded a T, of 
65.3 'C for the HNA-RNA duplex and 56.6 "C for the RNA- 
RNA duplex in the Mg2 +-containing cacodylate buffer. The 
presence of a small amount of Mg2+ ions seems to stabilise both 
duplexes compared with the results from UV melting curves we 
obtained earlier using a phosphate buffer with- 
out Mg2+ (T, 54.4 "C and 47.6 'C, respective- 
ly). The stabihsing effect of Mg" ions on the 
HNA-RNA duplex is in agreement with ob- 
servations that divalent ions increase the T, of 
RNA duplexes, because two phosphates on op- 
posite strands in A-form RNA are close 
enough to bind a single metal ion, thus reduc- 
ing the electrostatic repulsion between the 
phosphate groups. The CD experiments were 
repeated in this phosphate buffer (NaCl 0.1 M, 


KH,PO, 2 0 m ~ ,  pH 7.5, EDTA 0 . 1 m ~ ) ;  the 
CD spectra (Figure 2 D) were similar to those 
obtained in the cacodylate buffer. The temper- 
ature-dependent CD curves (not shown) had 
inflection points that confirmed the melting 
temperatures observed by the above-men- 
tioned UV experiments. The CD spectra of 
mixtures containing the DNA analogue of the 
HNA 8-mer or its DNA complement did not 
show any cooperative melting at all (data not 
shown). 


In order to extend and confirm our results, 
another HNA 8-mer and a 12-iner were synthe- 


sised, both targeted towards the Ha-ras oncogen.["] The melt- 
ing behaviour of these HNA oligomers and their DNA ana- 
logues mixed with thcir RNA or DNA complements was studied 
in the phosphate buffer specified above. It can be seen from 
Table 2 that the T, of the HNA -RNA duplexes was always 
higher than those of the corresponding DNA- RNA duplexes 
with an increase of the T, of 2.5 "C and 1.4 'C per base pair for 
the HNA 8-mer and HNA 12-mer, respectively. From the ther- 


Table 2. Melting points ( C) and thermodynamic data for an HNA 8-mer and 12-mer and their DNA 
aualogucs with the complenieniary RNA and DNA scquenccs, determined at 260 nm in NaCl (0.1 M), 


KH,PO, (20mM,pH 7.5), EDTA(O.l mM). at aconcentration of4~~ofedchol igonucleo t ide .  AHisgivcn 
in kcalmol I ,  A S i n ~ a l K ~ ' m o I ~ ~ , A ~ i i n c a l i n o l ~ ~ .  


S'TGACGGCG-3' 5'-CACCGACGGCGC-3' 
DNA HNA (6'-...-4) DNA HNA (6'-...-4) 


RNA I'GCUGCCGC-5' 
Tm 
- A H  
- A S  
- AG 


T", 
- A H  
- A S  
- AG 


DNA 3'-GCTGCCGC-5' 


RNA 3'-GUGGCUGCCGCG-5' 


- A H  
- A S  
- AG 


DNA Y - G l  GGCTGCCGCG-5' 


- A l l  
- A S  
- AG 


46 
80.0 


251 
5200 


51 
89.6 


276 
7350 


52 
55.7 


171 
4750 


56 
73.0 


222 
6850 


65 (ATrn = + 19) nd [a] 
96.5 nd 


285 nd 
11 550 lld 


46 (AT,, = - 5) nd 
70.8 nd 


220 nd 
5250 n d 


68 (ATD = +16) 63 
85 0 117 


249 347 
10800 13600 


44 [b] (AKl = -12) 69 
33.6 149 


105 435 
2310 19150 


nd 
nd 
nd 
nd 


nd 
I l d  


nd 
nd 


80 (AT, = +17) 
143 0 
405 


22300 


59 (AT, = -10) 
42 2 


127 
4350 


[a] nd = not determined. [b] A broad melting curve was obtained which might be indicative for irregular 
hybridisation. 
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modynamic data calculated from the melting curves, it can be 
concluded that this increased stability is due to an increase in 
reaction enthalpy. which compensatcs for the unl'avourable en- 
tropy change. The HNA-DNA duplexes listed in Table 2, in 
contrast, were less stable than their DNA--DNA analogues. 
Notwithstanding a considerable favourable change in reaction 
entropy for the HNA-DNA duplexes, the decreased reaction 
enthalpy causes duplex destabilisation. Similarly, the stabilisa- 
tion of the HNA-RNA hybrids compared with their HNA- 
DNA analogues is driven by favourable reaction enthalpy, 
counteracted by the large entropy change. This unfavourable 
entropy change is unexpected, as we found a high similarity o f  
the C D  spectra of the HNA and R N A  strands. indicating a 
structural resemblance between these strands. However, as men- 
tioned above, other important factors such as differences in 
counterion organisation and hydration have to be considered 
too. Summarising these results and those of our earlier work,r31 
we can conclude that the increase of the melting temperature of 
an HNA-RNA duplex compared with that of its DNA-KNA 
analogue is sequence-dependent and generally decreases with 
growing chain length of the duplex. From the available data and 
by analogy with natural duplexes it seems that the prcseiice of 
pyrimidine bases in the HNA strand results in the formation of 
less stable duplexes than the presence of purine bases. The rea- 
son for this finding is not clear yet but might be due to different 
solvation a s  well as to different stacking interactions. The melt- 
ing temperatures for the sequences examined demonstrate a 
clear preference in the HNA oligoiners to hybridise with their 
RNA complement rather than their D N A  complement. This 
implies that such HNA oligomers might be used as antisense 
oligonucleotides, able to hybridise strongly as well a s  selectively 
with their KNA target. 


Next, the hybridisation of the HNA oligomers was visualised 
by means of gel mobility shift analyses. Because we were unable 
t o  radiolabel the HNA oligomers following the classical proce- 
dures. the complementary strands were 32P-labelled a t  the 5' 
end. The results are represented schematically in Table 3. The 


T,iblc 3 .  Results of tlic gel shift niohtltty analyses. Thc  nunilicr of complcment;iry 
\ttands IS  given a t  thc head of each column + = gel shift to complete duplex formation. 
ii = partial hyhridisation (both single strands and duplcx pt-esent). r = very f~iiti! duplcx 
Ixind. - = n o  gel shift. no hybridisatton. € INA X-mrr- 6'-CGACGGCG-4', DNA X- 


GCG-3': I INA I?-mer: 6-CA CGC-4:  DNA I2-1ner. 5'- 
YX-3 ' :  RNA* 8-mer: 3'-GCU : DNA* X-mer: 3'-GClG<'- 
A* 12-mer. 3'-GUGGC C i - 5 ' :  DNA" 12-mcr: 


?'-(i I'GGCTGCC'GCG-5'. See expel-imental section for the condiiions. 


T:rhle 3:t. 


l l N A  6'-GCQTAGCG-4 DNA S'-GCC;TAGCG3' 
I 10 100 1 10 100 


Rh.4" 3'-CGC'AlJCGC-5' I + + + - . -  


D Y 4 *  3'-CGC'ATCGC.-S' 1 -. - - - - _  


HNA 8-mcr DNA 8-mcr HNA 12-mcr DNA 12-nier 
I i o i o o  I i o i o o  I i n r o o  I i o i o o  


RhA* X-mer I + + + - p + 
DN-\* 8-IllCl- 1 - + + Q + + 
KNA" I?-mcr 1 t + + - p t + + +  + + +  
DNA* 12-mer I - - E p + +  p p +  + + +  


HNA oligomers and their DNA analogues were mixed with 
their complementary radiolabelled RNA or  DNA strand in a 
1 : 1,  10: 1 01- 100: 1 ratio, in the same phosphate buffer as used 
for the thermal denaturation profiles. After incubation for 4 h at 
room tempcrature, the samples were analysed on a native 20% 
pnlyacrylamide gel (PAGE) cooled to  2 "C .  The PAGE results 
for the mixed HNA 8-mer 6'-GCGTAGCG-4 (Fable 3 a)  were 
in line with the melting experiments: the HNA 8-mer formed 
only a duplex with its R N A  complement and, thus, exhibited a 
lower gel electrophoretic mobility than the single-stranded ref- 
erence oligomer. The mixture of the DNA analogue 5'-GCG- 
TAGCG-3' with the RNA complement did not result in  mobility 
retardation. Its low T, of 21 "C probably hampered hybridi- 
sation at room temperature. In case of the HNA 8-mer 6 -  
CGACGGCC-4 and the HNA 12-mer 6'-CACCGACGGCGC- 
4' (Table 3 b), all the mixtures examined show a clear band shift, 
except for the mixture of the HNA 8-mer with its complemen- 
tary DNA 12-mer, where only a very faint band could be ob- 
served on the original autoradiograph at  the 1OO:l HNA:DNA 
ratio. This mixture also gave a broad melting curve, which might 
be due to competition with the slow self-association of the DNA 
12-mcr. which has X potential self-complementary G-C base 
pairs. Thermal dcnaturation of the DNA 12-mer showed an 
irregular melting curve with a possible T, around 53-C.  but 
only after heating the mixture to 65°C. Nevertheless, the ex- 
tremely poor hybridisation is unexpected. since the same HNA 
8-mer gave a sharp melting point and a significant band shift in 
PAGE when mixed with its complementary DNA 8-mer. This 
was also the case for the mixture of the HNA 12-mer with the 
same complementary D N A  3 2-mer. The result of the gel shift 
experiments carried nut with the mixtures containing this radio- 
labelled Complementary D N A  12-mer (DNA* 12-mer) is shown 
in Figure 3. When comparing the mobility shifts of the D N A  
12-mer/DNA* 12-mer mixture (lanes 2-4) with those of the 
analogous HNA 12-mer/DNA* 12-mer mixture (lanes 5-7). it 
is clear that the hybridisation of the DNA-DNA duplex is 
stronger than that of the HNA-DNA duplex, where some sin- 
gle-stranded DNA complement can still be observed at a 
HNA:DNA ratio of 100: 1. The difference in mobility shift be- 
tween these duplexes also points to the structural differences 
between a DNA- DNA and an HNA-DNA duplex. Probably 
the H N A  strand forces its DNA complement into an A-type 
helical structure resembling dsRNA, whereas in solution the 
DNA ~ DNA duplex normally adopts a B-type helical structure. 


When using antisense strategy to inhibit the function of a 
mKNA target, one should take into account the complex sec- 
ondary structures of mRNA. It  might be that the target site is 
located in ;I doublc-stranded region of the folded RNA mole- 
cule. This means that the antisense construct should be able to 
displace the complementary R N A  strand from the target strand. 
Strand displacement experiments, evaluated by means of gel 
electrophoresis, were performed to  investigate this characteristic 
for thc mixed HNA X-mer 6'-GCGTAGCG-4' and anti Ha-ras 
HNA 12-mer 6'-CACCGACGGCGC-4' with their correspond- 
ing dsIiNA target. First, some preliminary gel shift experiments 
were carried out to see whether the target RNAs themselves 
showed complete duplex formation on polyacrylamide gel. Both 
target and complementary RNA strands were radiolabelled. 
mixed with their unlabelled complement in  several ratios and 
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DNA' 12-rner 


DNA 12-rner 


HNA 12-rner 


DNA 8-mer 


HNA 8-mer 


Ratios of oligorners 


1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  


1 10 100 


1 10 100 


1 10 100 


1 10 100 


Lane number 


DNAYHNA 12-rner + 
DNAVDNA 12-mer and 


DNAVHNA 8-mera+ 


DNAVDNA 8-rner + 


ss DNA' + 


Figure 3. Autoradiograph of gel shift experiments, analysed at low temperature (2°C) on native 20% polyacry- 
lamide gel. DNA* 12-mer: complementary 3'-GTGGCTGCCGCG-5'; DNA 12-mer: YCACCGACGGCGC-3'; 
HNA 12-mer: W2ACCGACGGCGC-4'; DNA X-mer: 5'-CGACGGCG-3'; HNA 8-mer: 6'-CGACGGCG-4'. Mix- 
ing ratios of the strands are indicated on top. Lanes 1 , X  and 15 are single-ulranded DNA* 12-mer. * = radiolabelled. 
[a] The hand of the DNA*/HNA 8-mer could only be observed in lane 14 o n  the original autorndiograph and is not 
reproduced in this picture. See experimental for other conditions. 


analysed as for the aforementioned gel mobility shift experi- 
ments. For  the 8-mers, it was necessary to use a 10:l ratio of 
unlabelled to labelled R N A  strands in order to  force the labelled 
strand completely to  a double-stranded structure on the gel 
(results not shown); for the 12-mer, a 1 : 1 ratio was sufficient. 
Strand displacement experiments for the mixed HNA 8-mer 
were carried out at 15 "C. Radiolabelled 3'-CGCAUCGC-5' 
(RNA*) was hybridised with its unlabelled complement 5'-  
GCGUAGCG-3' in a 1 : 10 ratio and then mixed with the H N A  
8-mer using 1, 10 or 100 equivalents of thc latter in proportion 
to the labelled RNA* strand. Figure 4 shows the result of the 


RNA* 3-CGCAUCGC-5 


RNA 5'-GCGUAGCG-3 


HNA 6'-GCGTAGCG-4' 


Lane number 


Ratios of oligorners 


1 1 1 1 1 1 


10 10 10 10 


1 10 100 10 


polyacrylamide gel electrophoretic 
analysis after 6 h of incubation. The 
autoradiograph was quantified by 
scanning laser densitonietry. At the 
ratio of 1:10:10 of RNA*:RNA: 
HNA (lane 4), 23 YO of the radiola- 
belled RNA* was hybridised to the 
H N A  8-mer instead of to its RNA 
complement. When 100 equiv of 
HNA, 10 equiv of RNA and 1 equiv 
of RNA* (lane 5) were used, 64% of 
R N A  was displaced by its HNA ana- 
logue. The small migration difference 
between both duplexes is another in- 
dication of the very similar structure 
of HNA-RNAand RNA-RNAdu-  
plexes. For  the anti H a m s  HNA 
12-mer C;'-CACCGACGGCGC4', 
strand displacement could subse- 
quently be monitored with both RNA 
strands as the radiolabelled strand, 
because of the idcal 1 : 1 ratio in the 
preliminary gel shift experiments. The 
radiolabelled RNA* strand was hy- 
bridised with its unlabelled comple- 


ment in a 1 : 1 ratio and then mixed with 1, 10 or 100 equiv of the 
HNA 12-mer in proportion to the labelled RNA* strand. After 
6 h of incubation at 37 "C, the mixtures were analysed on nonde- 
naturing PAGE (Figure 5). In lanes 1-5, the RNA strand com- 
plementary to the HNA 12-mer (cRNA) was radiolabelled; in 
lanes 6- 10, the radiolabel was attached to  the other RNA 
strand. Lanes 8- 10 show 13 %, 29 Yn and 35 '3'0 strand displace- 
ment, respectively, visible as  the increasing amount of again 
single-stranded radiolabelled R N A  displaced ou t  of the duplex 
by its HNA 12-mer analogue. In lanes 3-5, the same strand 
displacement should occur, but could not be observed owing to 


RNA-RNA* --t 
HNA-RNA' + 


ssRNA' + 


Figure 4. Autoradiograph of the strand displacement expcriments a t  IS C with the mixed HNA 
X-mer 6-GCGTAGCG-4', analysed at low temperature (2 ' C) on native 20 ?4 polyacrylarnide gel. 
Mixing ratios of thc  strands are indkdled on top. Lane 1 is single-strandcd RNA*, lane 6 hhows 
the HNA RNA* duplex as a reference. The darker bands of lanes 1 and 6 are due to a higher 
loading. See experimcntal for other conditions. 
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the identical mobility of the HNA-cRNA* and 
RNA-cRNA* duplexes. The same experiment was 
repeated at  room temperature but here only 1.4%, 
13% and 18% strand displacement for the similar 
lanes8-10 could be observed (gel not shown). To 
sum up, then, these experiments prove that HNA con- 
structs are able to  displace their R N A  analogues from 
their complementary R N A  strand of similar Icngth, 
which is another promising asset in their use as anti- 
sense constructs. 


An important role in antisense activity can be at- 
tributed to RNaseH.  When acting on an RNA- 
DNA hybrid, this enzyme degrades the R N A  strand 
and leaves the antisense D N A  free to hybridise with 
another R N A  strand, thus bringing about a catalytic 
turnover of the RNA target. It would therefore be a 
valuable benefit for the use of HNA as antisense 
oligomers if the H N A - R N A  hybrids were a substrate 
for RNase H. The RNase H activity on the hybrid of 
anti Ha-ras HNA 12-mer 6'-CACCGACGGCGC-4 
with its complementary R N A  substrate 22-mer 3'- 
CGGGUGUGGCUGCCGCGGGUGG-5' was de- 
termined and compared with the activity on the 
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cRNA 


RNA 


HNA 


Ratios of oligomers 


1' 1' 1% 1' 1' 1 1 1 1  


1 1 1 1 1. 1" 1' 1* 1' 


1 10 100 1 10 100 


Lane number 


cRNA - RNA or 
cRNA - HNA + 


I 


ss cRNA + I 
ss RNA --t + I  


f igure 5. Autoradiograph of the sti-and displaccnienl experiments at 37 '  C with I l i e  anti-Ha-ras 
t i h A  12-iner B'TACCGACGGCGC-4, analysed a t  low temperature (2 'C) on natlve 20% polyacry- 
1;iniidr gel. cRNA: complementary 12-iiier 3'-GUGGCUGCCGCG-5'; RNA: 12-mer 5'-CAC- 
CGACGGCGC-3'. Mixing rntios of the stranda arc indicatcd on top. Lane 1 is single-stranded 
cRNA'. lane 6 is ringle-sti-anded RNA*: boih RNA btr'dnds show inore thao one band. due to 
iecoiidar) structures. See experimental for other conditions 


analogous DNA -RNA hybrid. Control tubes without enzyme 
wcre incubated in the same conditions; no degradation could be 
observed. The resulting autoradiograph is shown in Figure 6. 
Scanning densitometry resulted in the data below the picture, 
which were corrected for the small amount of shorter oligori- 
bonucleotides alrcady present in the freshly prepared blank 
(lane 1 ) .  Figurc 6 shows that after 1 min of incubation of the 
DNA-RNA hybrid the main part (85 YO) of the RNA substrate 
is already cleaved (lane 2), whereas for the HNA-RNA hybrid 
the same amount of' degradation is only reached after 39 h 
( I  140 min). It is remarkable that in lanes 7- 11, the intact R N A  
substrate and part of the cleavage products migrated through 


Time (minutes) 


Lane number 


intact RNA' --f 


% RNA degraded 


1 5 10 20 30 10 30 60 180 1140 


the gel as hybrids with the H N A  oligonucleotide, 
notwithstanding the denaturing conditions of 
the gel electrophoresis and heating of the sam- 
ples to  90°C prior to loading onto the gel. This 
was not the case for the DNA-RNA, where the 
intact RNA substrate clearly migrated as a single 
strand, with the same mobility as the single- 
stranded blank in lane 1. This emphasises the 
very strong hybridisation between HNA and 
R N A  compared with the DNA-RNA analogue. 


Because of the very low activity of RNase H 
on the HNA-RNA hybrids, we carried out pre- 
liminary experiments to investigate the potential 
competitive inhibitory activity of this 
HNA-RNA duplex on RNase H.  To avoid the 
experimentally observed RNA exchange be- 
tween H N A  and DNA, we checked for RNase H 
inhibition of this HNA-RNA duplex using an- 
other DNA-RNA substrate with a different se- 
quence, which could not hybridise with the HNA 
oligonucleotide examined. The radiolabelled 
R N A  substrate (RNA") consisted of a 12-mer 
R N A  connected to oligothymidylates on both 3' 


and 5' ends: 3'-T, ,-r(UCCCUCUCCUCU)-T,,-5', which was 
easier to synthesise and manipulate than all R N A  oligonucle- 
otides. The RNA part became susceptible to  RNase H cleavage 
after hybridisation to the DNA 12-mer 5'-AGGGAGAGGA- 
GA-3'. In these experiments we investigated whether different 
concentrations of the H N A -  RNA duplex could inhibit the 
RNase H-mediated cleavage of the DNA-RNA* duplex, with 
and without preincubation of the enzyme with the HNA-RNA 
duplex. The latter was stable during the cleavage test because of 
its extremely low degradation rate and the short duration of the 
experiment. The results are graphically depicted in Figure 7. In 
the control tube ( I ) ,  which contained no  HNA-RNA duplex, 


degradation was nearly complete after 5 min. Simulta- 
neous addition of 1 equiv of HNA-RNA duplex (cquiv- 
alents proportional to  the DNA-RNA* duplex) to the 
reaction mixture (tube 2), prior to addition of the en- 


Figurc 6.  Autoradiograph of the RNase H cleavage cxpentneiits with the anti Ha-ras HNA 
l?-mcr 6'-fACCGACGGCGC-4', arialysed o i i  a denatrrring 20% polyacrylamide gel (8.3 hi 


tirea). Radiolabelled RNA* substrate 22-mcr: 3'-CGGGlJGUGGCUGCCGCGGGUG~- 
S'. DNA I?-niei-: 5'-C'ACC'GACGGCGC-3'. Time inlcrvals for aliquots are indiwted on to[?. 
Line I is intact single-stranded substrate RNA*, lanes 2 ~ - 6  show cleavage of the DNA- 
ftNA* hybr id .  h c s  7 - 11 show cleavage or HNA-RNA" hybrid. See experimental Ior 
olhcr condition\. 


0 5 10 15 20 25 30 
Time (minutes) 


Figure 7 .  Inhibitory effect of HNA, as a duplex with RNA or single- 
sti-anded, on the RNase H mediated cleavage oTa D N A -  KNA cubstrale. 
0 :  control tube, no HNA-DNA nor ssHNA added; e '  1 equh d H N &  
DNA added, no preincubation; A. A, *: 0.1, 1 and 10 ecjuiv. respectively. 
of HNA-DNA added and preincubated with RNase H:  *: 10 equiv O T  
single-stranded HNA added and preincubated with RiVase H. See experi- 
mental for other conditions. 
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zymc, did not influence the degradation rate. In the other test 
tubes (3-6), the enzyme was preincubated with the HNA- 
RNA duplex (3-5) or H N A  strand alone (6) and the reaction 
was started by addition of the cleavable DNA-RNA* duplex. 
As can be seen clearly from Figure 7 ,  preincubation of the 
HNA-RNA duplex with RNase H (3-5) gave inhibition of the 
RNase H-mediated cleavage of the DNA-RNA* substrate. 
Ten minutes after addition of 0.1 equiv of HNA-RNA duplex 
(tube 3), 26% of the substrate was still intact, whereas for the 
control (no HNA-RNA present) this level of degradation was 
reached after approximately 2 min (value estimated from the 
graph). The same inhibitory effect was obtained using 1 equiv of 
HNA-RNA duplex, in contrast to  tube 2, where thc same 
amount of H N A - R N A  duplex was used but without 
preincubation with the enzyme. The presence of 10equiv of 
HNA-RNA duplex (tube 5) slowed down the degradation, so 
that after 20 inin the same amount of intact DNA-RNA* was 
found as after 10 min for tubes 3 and 4 and after only 2 min for 
the control tube 1 .  To a lesser extent, an inhibitory effect could 
also be observed upon addition of the single-stranded H N A  
instead of the HNA- R N A  hybrid (tube 6). Preincubation 
of 10 equiv of the single-stranded HNA with the enzyme de- 
creased the RNase H activity to a level between the control tube 
(1) and tubes 3 and 4; after 5 min, 30% of the substrate was 
left intact. 


Because of thcir inhibitory effect on RNase H, we also exam- 
ined the effect of HNA-RNA duplexes on HIV reverse tran- 
scriptase (HIV-RT), which, like RNase H, binds to a DNA- 
RNA duplex, as the polymerase reaction starts from the duplex 
formed between the R N A  template and a short DNA primer. 
Inhibition of HIV-RT by an HNA-RNA duplex could provide 
an effective method for inhibition of HIV replication. Selective 
hybridisation of an H N A  oligomer to an essential part of the 
viral RNA genome would in that case not only impair transla- 
tion of the RNA by physical blockage but also inhibit the re- 
verse transcription of the R N A  to D N A  and thus interfere with 
the integration of HIV genetic material into the host chromo- 
some. Three different HNA-RNA duplexes were tested for 
their influence on HIV-RT: duplex A, formed between HNA 
8-mer 6'-GCGTAGCG-4 and R N A  8-mer 3'-CGCAUCGC-5'; 
duplex B, H N A  8-mer 6'-CGACGGCG-4 and R N A  8-mer 3'- 
GCUGCCGC-5'; duplex C, HNA 12-mer 6-AGGGAGAG- 
GAGA-4 and its complement 3'-TT-r(UCCCUCUCCUCU)- 
TT-5'. Also, the influence of the HNA oligomers as single 
strands was examined. Surprisingly, the H N A  - R N A  duplexes 
gave a significant increase of the HIV-RT activity, instead 
of the desired inhibitory effect (data not shown). Particularly 
for duplex C a clear correlation could be found between 
the natural logarithm of the duplex concentration and the 
percentage of enhancement as compared with the reference 
values. For  the two other duplexes too a distinct improve- 
ment of the enzyme activity was observed, but the curves 
showed more deviations. Upon addition of the H N A  oligo- 
mers as single strands, some irregular inhibition of the 
HIV-RT activity could be observed for the H N A  12-mer. A 
correlation between the percentage of inhibition and the 
HNA concentration was, however, hard to find. The shorter 
single-stranded HNA oligomers had very little influence on the 
HIV-RT. 


Conclusions 


Hexitol nucleic acids are oligomers with a preorganised struc- 
ture, able to  form stable duplexes with RNA, and can thus bc 
considered as RNA receptors. The structure of the HNA ~ RNA 
duplex resembles that of the A form of dsRNA. as deduced from 
C D  experiments. Thc sequence selectivity of hybridisation is 
mostly larger than found between two natural RNA strands. As 
duplex formation between HNA and RNA is stronger than 
between complementary R N A  sequences. an HNA oligomer is 
able to  displace the R N A  strand from its complement. This 
opens up possibilities for the targetting of different RNA struc- 
tures. It should be mentioned, however, that this displaccment 
has only been tested for sequences of similar length. Disrupting 
longer duplexes with a short antisense construct is more diffj- 
cult. Compared to natural DNA-RNA, the HNA-RNA du- 
plex is a very poor substrate for RNase H. On the other hand. 
the HNA-RNA duplex is able to inhibit the enzyme, which 
makes the molecule a potential tool to distinguish between 
RNase H-induced or sterically blocking antisense activity. The 
HNA-RNA duplex is also able to bind to HIV reverse tran- 
scriptase, but in so doing induces an enhancement of the tran- 
scription activity. 


Experimental Section 


Materials and Methods: The synthesis of the protected 1',5'-nnhydrolicxitol 
nucleosides will be described else where.^"] The phosphoramiditcs were syii- 
thesised as described in ref. [3]. Most of the natural oligo(ribo)nuclcotides 
were purchased from Eurogentec Bel. Other unmodified oligonucleotidcs 
were synthesised on an  Applied Biosystems 392 DNA synthesiscr o n  a 1 
2 pmol scale with phosphoramidites from Applied Biosystems nnd  wci-e 
worked up as described previously." T4  polynucleotide kinase was pur- 
chased from Gibco BKL and [;.-3'P]A1'P froni ICN: NAP-S" columns and 
poly(rC);oligo(dG) were from Pharmacia: E. coIi RNasc H and 'H-l;ibelled 
dGTP werc from Amcrsham. Radioactivity on Whotmaii G F  C glass f i l m  
filters was measured i n  a Canhcrra~ Packard liquid scintillation counter. 
Recombinant HIV-I reverse transcriptase was a kind gift or H. Jonckheere. 


Solid-Phase Oligonucleotide Synthesis of the Hexitol Nucleic Acids: OIigori LI- 
cleotide synthesis was performed on an Applied Biosystems 391 DNA aynthe- 
riser by means of the phosphorainidite approach. l-O-Dimethoxytrityl-1.3- 
propanediol-fuiictionalised LCAA-CPG, synthesised as reported by Tang et 
al.,"41 was used as  a universal solid support. attaching a propanediol group 
at the 3'-cnd of the HNA oligonucleotides. This propanediol moiety did not 
influence the melting behaviour. The normal synthesis protocol wiic uscd,  
except for the concentration of the anhydrohexitol phosphoramidites. wliicli 
was increased from 0 . 1 ~  to 0 . 1 3 ~ .  The acidic detritylation step was pro- 
longed from 180 s to 300 s because of the presence of monomethoxytrityl 
groups instead of the more generally used dimethoxytrityl groups. Thc 
oligomers were deprotected, cleaved from the solid support and purified as 
de~cribed. '~ '  


Melting Temperatures and Thermodynamic Data: Oligoiners were dissolced i n  


a buffer containing NaCl (0.1 M), potassium phosphate ( 0 . 0 2 ~  pH 7.5) and 
EDTA (0.1 mM). The concentration was determined as Thc con- 
centration in all experiments was approximately 4 imt of each single strand 
Melting curves were determined with a Uvikon 940 spectrophotoincter Cii- 


vettes were kept a t  constant temperature with water circulating through the 
cuvette holder. The temperature of the solution was measured with a therniis- 
tor directly immersed in the cuvettc. Tctnperature control and data acquisi- 
tion were carried out automatically with an IBM-compatible computer. The 
samples were heatcd and cooled at a rate o f0 .5 'Cmin- '  and no hystereiic 
could be observed between heating and cooling melting curves. Melting tem- 
peratures were evaluated by taking the first derivative of the absorbance 
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bersiib temperature ciirvz. The thermodynamic data AH and A S  were calcu- 
kited from the inelting curves by means of ii two-state model for helix-coil 
transition.""' 


I<lectropLoretic Experiments: Oligo(ribo)tiucleotides were radiolabelled ("P) 
;it the %end by means of T 4  polynucleotide kinasc and ('/-"P]ATP 
(4500 Cimmol I )  by standard  procedure^"^' and purified on a NAP-5!' 
column. The radiolabelled oligo(nbo)nucleotidcs were dissolved in NaCI 
(0.1 \I), KH,PO, ( 0 . 0 2 ~ .  pH 7.5) and EDTA (0.1 m h i ) .  


Samples were mixed and heated at  8 0  "C for 3 min. 
lhcn stored at rooin temperature for 4 h. The concentration of the 32P-l;~- 
helled oligo(ribo)nucleotide was held constant throughout at 0.1 5 ~ L M .  The 
concentration of the complementary unlabelled strand was 0.15 p ~ ,  1 . S ~ M  or 
l . i ~ i M  (ratio 1 : 1 ,  1.10 and 1:100, respectively). After addition of an equal 
I oluine of gel-loading buffer (bromophenol blue 0.25%. xylene cyanol FF 
0.25%, sucrose 40% in water). the samples were analysed on 20% nondena- 
twins polyacrylarnide gel (1 9: 1 acrylamidc. N,N'-nicthylenebisacrylaiiiide) 
Electrophoresis was pel-formed at 2 C (Haake K 20 and DC 3 cooling unit) 
using Tris (ti-is(liydroxymethyl)aininomethanc) - borate (TB) buffer [ 5  x TB: 
Tris base (27g) and boric acid (13.75 g) in H,O (500 mL),  pH X] a1 1 W ovei- 
X -10 h (depeiidcnt on the length of the oligonucleotides). 'The gcls were 
visualised by autoradiography. 


. S / r , ~ i i d  il/.~pln~~cwent ii.c.sq..\: C:omplcmentary RNA strands were mixed, heal- 
ed at 80 'C (8-mcrs) or 90 -C ( 1  2-mcrs) for 3 min. slowly cooled and stored at 
I5  C (8-mers). room tcmperature or 37 C (1kne r s )  for 1 h. H N A  solutions 
~ e r c  added and the inixturcs were kept a t  the same temperature for ii further 
0 h .  After addition of an equal volume of gel-loading buffer (bromophenol 
hluc 0.25"/0. xylene cyanol FF 0.25%, sucrose 40% in water) on ice, the 
sainplcs were ccnalysed as for thc gel mobility shift analyses. Scanning laser 
densilometry was perfornicd with a DeskTop Densitometer (pdi, NY, USA) 
cquipped with Discovcry Series" (Diversity One")  software. 


CD Experiments: CD spectra were measured at 10 C with a Jasco 600 spcc- 
tropolarimeter in thcrinostatically controlled 1 cm cuvettcs connected with a 
Laudn RCS6 bath. The oligoiners were dissolved and analysed in  two diffcr- 
cnt buffers: a) NaCl (0.1 M), Na cacodyhtc (10inM. pH 7.0). MgCI, (10mM); 
and b) NaCI (0.1 M ) ,  potassium phosphate ( 0 . 0 2 ~ .  pH 7.5). EDTA (0.1 mM), 
at a concentration of 3 . 2 ~ ~  of each strand. 


KNase H Experiments: The substrate oligorihonucleotides were 32P-labelled 
at  the 5'-end as dewibed for the electrophoretic cxperiinents. 


Eii-).nirr/ctivi/r was determined at 37 C in the presence of'Tris -HCI (IOmM, 
pH 7.5).  KCI (25mM), and MgCI, ( 0 . 5 m ~ ) .  In a total reaction volume of 
5 0  pL.  radiolabelled RNA substrate 22-mer- 3'-CGGGUGUGGCUGC- 
C'GCGGGUGG-5' (2.5 pniol) was mixed with 5 0  pniol of eoinpleinentai-y 
DNA 12-mer 5'-CACCGACGGCGC-3' or HNA 6'-CACCGACGGCGC-4 
and preincubated for 15 rnin at 3 7 T  Cleavage reactions wcre started by 
addition of 30 U RNase I 1  (E .  coli ribonuclease H) to the mixture. Control 
tube? received no enqme .  At appropriate time intervals aliquots werc taken, 
mixed with an equal volume of stop mix (EDTA 5 0 i n ~ .  xylene cyanol FF 
0.1 '%, antl bromophcnol blue 0.1 % in formamide 90%) and chilled on ice. 
Samples were analysed by denaturing 20% PAGE containing urea (8.3 M) 


with TBE bufferLi5] at 400 V for 3 h ,  followed by autoradiography and scan- 
ning laser densitoinctry. 


KR'uP f f  inhihilion was cxamined under similar conditions with thc 
R N A  D N A  duplex fbnned between radiolabelled 37-mer 3'-T, ,-r(UCCCU- 
CUCCUCU)-Ti,,-5' (RNA*) and DNA 12-mer S'-AGGGAGAGGAGA-1' 
as substrate and the HNA RNA hybrid of H N A  12-mcr 6-CACCGACG- 
GCGC-4' with its conip1cment:try RNA 22-mer ?'-CGGGUGUGGCUGC- 
CGCGGGUGG-5' as potential inhibitor. Inhibition of the eniyme activity 
was determined at  37 'C in the presence of Tris-~HCI ( l O n i ~ .  pH 7.5), KCI 
(25mM), MgC12 ( 0 . 5 m ~ )  in a total reaction voluinc of 50 p L ,  HNA-RNA 
and DNA -RNA* duplexes were pi-ehybridised in scpai-.ite lobes by mixing 
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equal aniountS of HNA and RNA or DNA and RNA* in water. after which 
the mixtures were heated at 90 - C  Tor 3 min and stored at 37 C for 15 min to 
allow duplex formation to  occur. DNA RNA* duplex (1 25 pmol) was put 
into tubes 1 and 2. Tubc 1 received no HNA-RNA. To tube 2, HNA-RNA 
duplex (1.25 piiiol, 1 eqniv) was added. The reaction in tubes 1 and 2 was 
started upon addition of RNasc H (0.05 U) .  In tubes 3, 4, 5 and 6. RNase H 
(0.05 U) was mixcd with 0.1 equiv, 1 equiv and 10 equiv HNA-RNA duplex 
antl 10 equiv of ssHNA, respectively, and preincubated for 10 inin a t  37 C. 
after which the reaction was started upon addition of DNA-RNA" duplex 
(1.25 pmol, 1 equiv). Aliquots were taken after 1, 5, 10, 20 and 30 min and 
analysed a s  described above for the determination of the e n q m e  activity 
(PAGE Tor 5 h at  400 V) .  


HIV Reverse Transcriptase Assay: Thc in vitro assay was carried out as 
dcacribed by H.  Jonckheerc et al.l"] Poly(rC)/ohgo(dG) was used as template 
primer and 'H-labelled dCTP as substrate in an RNA-dependent DNA 
polymerase reaction. Three HNA RNA duplexes were examined: duplex A, 
formed between H N A  8-mer 6-GCGTAGCG-4' and RNA 8-mer 
3'-CGCAUCGC-5'; duplex B, HNA 8-mer 6'-CGACGGCG-4' and RNA 
8-mer 1'-GCUGCCGC-5': duplex C ,  HNA 12-mer V-AGGGAGAGGAGA- 
4 and its coniplcinent 3'-TT-r(UCCCUCUCCUCU)-TT-5'. The respective 
coniplemcntary strands were mixed, heated at  90 'C. slowly cooled down to 
room tcinperature, chilled on ice and added to the reaction mixture in final 
concentrations ofO.O0?2,0.016, 0.08. 0.4,Z.o a i d  IOpM. in the presence of the 
enzyme (2n.n). The HNA oligomers werc also tested as a single strand with 
the sanic concenti-ations. The positive control tube received no HNA-RNA 
duplex; the negative control tube received neither HNA--RNA duplex nor 
e n q  me. 
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Reaction of “Jordan’s Cation” [Cp,ZrCH,(thf)] i- with 
Amino Acid-Derived Isocyanates-A First Synthetic Route to 
Oligopeptide-Modified Group 4 Bent Metallocene Cation Systems 


Markus Oberhoff, Gerhard Erker,* and Roland Frohlich 
Dedtlcuted l o  Pvo fewv  Wuldernuv Adum on the occaxion of / u s  hSth hirthdur 


Abstract: The organometallic cation 
[Cp,ZrCH,(thf)]+, employed as the tetra- 
phenylborate salt (l), reacts cleanly in 1 : 1 
stoichiomctry with the isocyanates 2 
derivcd from valine methyl ester or valyl- 
valine methyl ester, respectively. In each 
case addition of the Zr-CH, group to the 
isocyanate sp-carbon center is observed 
with formation of a functionalized zir- 


conocene cation dcrivative containing a 
chelating N-metallated N-acetylvaline 
methyl ester (3 a) or  N-acetylvalylvaline 
methyl ester (3 b) moiety, respectively, co- 


Keywords 
isocyanates - “Jordan’s cation” * 


metallocenes - peptides - zirconium 


Introduction 


“Jordan’s cation”, [Cp,ZrCH,(thl)]+, is used extensively as a 
reagent in organometallic chemistry and catalysis. Its advent 
initiated pioneering studies towards a profound understanding 
of the esscntial mechanistic features of the important homoge- 
neous Group 4 metalloccne Ziegler catalyst systems.[’’ 


The interaction of transition metals with bioinoleculcs is an 
essential feature of the function of a large number of chemical 
systems in living organisms. Very many related bioinorganic or 
bioorganometallic model systems have been devised, extensively 
studied, and published in the chemical and biological litera- 
ture.’*’ In contrast, very little is known about the interaction of 
bioorganic substrates with the very electrophilic organometallic 
compounds of the early transition metals.[3’ At first glance this 
may not seem surprising since such organometallics are often 
hydrolytically unstable, but some important potential pharma- 
ceutical applicdlions of such systems may be within reach, such 
as the use of titanocene- or vanadocenc-derived compounds in 
cancerostatic medica t i~n . [~’  Therefore, it should be worthwhile 
to try to overcome this obstacle and search for ways of connect- 
ing the hydrophobic Group 4 organometallics with suitable ex- 
amples from the world of the hydrophilic biomolecules. We have 
followed several complementary strategies to achieve such a 
combination[51 and have now found a simple route for the 


[*] M. Oberhoff, G. Erkrr, R Frohlich 
Organisch-chemisches lnstitut der Universitit 
Corrensstrasse 40, D-4x149 Munrler (Germany) 
Fax: Int code +(251)83-39772 
e-mail: erker(6r uni-mucnster.de 


ordinated in the bent metallocenc d i g -  
and plane. The spectroscopic data of 3, 
supported by an X-ray crystal structure 
analysis of the zirconated dipeptidc 
derivative 3 b, have revealcd the presence 
of chelating (vl’-O:vl’-N)-coordination of 
the tcrminal N-acctyl groups in addition 
to a Zr-O=C interaction with the adja- 
cent valyl aniido group. 


preparation of novel Group 4 metallocenc cation systcins that 
bear amino acid- or oligopeptide-derived o-ligands at the elec- 
trophilic early transition metal center. First representative ex- 
amples of this synthetic development are described in this ar- 
ticlc. 


Results and Discussion 


Synthesis of the Functionalized Metallocene Cations: We decided 
to try to construct the functional group that serves to connect 
the early transition metal and the amino acid or oligopeptidc 
moiety, respectively, in the course of the reaction step that 
brings the two components together. For  that purpose wc 
have converted valine methyl ester to the corresponding 
isocyanate 2a  by treatment with trichloromethyl chloro- 
formate (“phosgenc dinier”)[61 and then combined i t  with 
[Cp,ZrCH,(thf)]+BPh; (1) in a 1:l  molar ratio in 
dichloromethane at -30 ‘C (Scheme 1).  Bringing this niixturc 
to room tcmperature resulted in a clean reaction. The zirconi- 
um-bound methyl group is sufficiently nucleophilic to add to  the 


+ 
0 


CHzC12 


-30 “C 
to r.t. 


- 
3a 


n 
Scheme I .  Reaction of I (the cation is shown’ the anion IS RPh, ) with 2 a  t o  
make 3a.  
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isocyanate carbon atom with C-C bond formation. The cation- 
ic addition product was isolated in >95 O/O yield. The metallated 
N-acetylvaline ester thus formed is bound to  the zirconium cen- 
ter through nitrogen, the N-acetyl oxygen, and the ester car- 
bony1 oxygen atom. This is evident from the absence of any N H  
feature in the ' H N M R  and the IR spectra of the resulting 
product 3 a and the observation of the corresponding I3C N M R  
acetyl C = O  resonance at  a very high 6 value of 180.6. The 
connectivity of the complex frainework (Scheme 2) was secured 
by 2 D  N M R  spectroscopy by means of the results of the I3C/'H 
gradient heteronuclear multiple bond correlation experiment 
(GHMBC).[71 This indicates that the I3C NMR resonance at  
8 185.2 arises from the ester carbonyl carbon, which also inter- 
acts with the electrophilic zirconocene moiety. 


A B 


Scheme 2. Connectivity of the framework in 3 


Complex 3 a thus exhibits a very rigid structure that is charac- 
terized by a metallabicyclic framework. Three of the het- 
eroatonis introduccd by the N-acetylvaline ester moiety have 
becoine bound to the zirconium center, namely the N-acetyl 
oxygen and nitrogen atoms and, in addition, the ester carbonyl 
oxygen atom. 


The framework contains a single (valine-derived) chiral ccn- 
ter, a t  carbon atom C4. This leads to diastereotopic splitting of 
both the isopropyl methyl groups ( lH/ I3C N M R  signals a t  
6 =1.12, 1.06/19.1, 18.8) and the Cp ligands ( 'H/I3C N M R  
resonances: 5 = 6.34, 6.17/116.2, 115.8 in CD,CI, at ambient 
temperature), as expected. 


We next employed this reaction scheme to attach a dipeptide- 
derived moiety to the zirconocene cation. For  that purpose the 
isocyanate 2 b  derived from dipeptide ester H-Val-Val-OMe 
was prepared (Scheme 3) .u6, 'I Compound 2 b was then treated 
with 1 in dichloromethane. We tried to follow the course of the 


Scheme 3. Reaction of isocyanate 2 b  with I 


(3. Erker et al. 


reaction by carrying it out in CD,Cl, solution under direct 'H 
N M R  observation starting at  - 30 "C. A reaction between the 
reagents 1 and 2 b sets in instantaneously, but it leads to a very 
complicated mixture of as yet unidentified products. This prob- 
ably indicates that the [Cp2ZrCH,]+ ion initially makes contact 
with a variety of nucleophilic sites of 2b. With increasing tem- 
perature the NM R spectra become less complicated and eventu- 
ally a single reaction product (3b) is developed that is isolated 
in near-quantitative yield when the reaction is carried out on a 
preparative scale. 


The N M R  spectra of 3 b  again suggest the presence of an 
annulated set of four- and five-membered chelates involving 
coordination of the N-terminus of the dipeptide. According to 
the I3C N M R  spectrum of 3 b  the N-acetyl carbonyl group and 
the C=O group of the N-termin'al valyl moiety are coordinated 
to zirconium. The I3C N M R  resonances of the corresponding 
carbonyl carbon atoms C 2  and C 7  appear a t  6 = 180.8 and 
180.4, respectively, whereas the ester group is noncoordinating 
(I3C N M R  carbonyl signal a t  6 =170:1 in CD,CI,). 


Accordingly, there are two pairs of diastereotopic isopropyl 
methyl groups of the two valine units (I3C N M R  signals at 
S = 1Y.7,19.1,28.3,18.0) andapai r  ofdiastereotopic Cpligands 
at  zirconium ('H/13C N M R :  6 = 6.28, 6.13/115.7, 114.9). 


X-Ray Crystal Structure Analysis: Complex 3b was dissolved in 
bromobenzene and pentane was allowed to diffuse into this 
solution during 24 h at  ambient temperature in a closed system 
oftwo connected Schlenk flasks. During this time single crystals 
of 3b  developed that were used for an X-ray crystal structure 
analysis. The overall structural picture as deduced from the 
NMR analysis (see above) was confirmed by the results of thc 
X-ray crystal structure investigation. In the cation a zirconocene 
unit [Cp(centroid)-Zr-Cp(centroid) angle 129.2"] is present that 
has the N-acetylated dipeptide ester coordinated in the typical 
bent metallocene o-ligand plane that bisects the Cp-Zr-Cp an- 
gle. All three metallocene orbitals that are available for estab- 
lishing a bond to incoming ligands in that particular plane seem 
to be involved, which means that three binding sites of the 
peptidc backbone are used to establish the bonding contact 
between the organometallic Cp,Zr template and the organic 
oligopeptide 0-ligand framework. 


The zirconium center is strongly bound to  the N-acetyl nitro- 
gen (Zr-N 3 2.167(12) 8) and the corresponding acetyl oxygen 
atom (Zr-O 1 2.185(12) In addition, there is a strong 
bonding contact between zirconium and the amide carbonyl 
oxygen of the adjacent (i.e., C-terminal) valyl moiety (Zr-07:  
2.251 ( 1  1) A). The C-terminal valine ester cdrbonyl functionali- 
ty is not involved in the oligopeptide coordination to zirconium 
(Figure 1).  


The terminal oligopeptide N-acetyl group is ( q l - 0 :  q'-N)-co- 
ordinated to  zirconium. This leads to a nearly coplanar arrange- 
ment of Zr, 0 1. C 1, C 2, and N 3 and to  a strong deviation of 
several characteristic bonding features from the characteristic 
peptide values. For the purpose of a structural comparison we 
have synthesized a number of related N-protected oligopeptide 
esters. We were successful in obtaining single crystals of the 
system Boc-Gly-Val- - Ala-OMe (4) and have characterized 
this compound by an X-ray crystal structure analysis (Figure 2 ) .  
The structural parameters of the backbone section of 4, ranging 
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Figure 1. A view of ' the molecular geometry of 3 b  (cation part only) with (unsys- 
tematic) atom numbering scheme. Selected bond lengths (A) and angles ( ) :  Z r - 0  1 
2.185(12), Z r - N 3  2.167(12). 2 1 - 0 7  2.251 (II) ,  C I  - 0 1  1.35(2),C1 - C 2  1.45(2), 


1.33 ( 2 ) ,  N 8- C 9  1.42 (2) .  CY - C 12 1.48 (3), C 12-0  12 1 . I  9 ( I ) ,  C 12-0 13 1.31 (2), 
0 13-C 13 1.43 (2): Zr -0  1 -C I Y4.4(10). Zr-N 3-C 1 96.3 (10). Zr-0 7-C7 122.2(1 I). 
0 I-Zr-N 3 SX.X(S), 0 I-Zr-0 7 125.9 ( 5 ) ,  N 3-Zr-07 67.4(5), 0 1-C 1-N3 106.4(14), 


C I L N 3  1.32(2), N3-C4 1.48(2), C4-C7 1.53(2). C 7 - 0 7  1.22(2), C7-NX 


C l-N3-C4 128.1 (13), N3-C4-C7 99.7(13), C4-C7-07  121 (2). C4-C7-N 8 121 (2), 
07-C7-NX 118(2), NX-CY-C12 111(2), C9-(212-012 127(2), CY-C12-013 
112(2), 012-C12-013 122(2), C12-013-Cl3 119(2). 


from 0 7, C 7, N 8 all the way to the methyl ester terminus, serve 
to provide suitable model values for a comparison with the 
cationic "zirconated" oligopeptide system 3 b, and characteriza- 
tion of the structural variation introduced by the coordinative 
interaction of the peptide framework with the electrophilic 
metallocene cation moiety. 


Complex 3 b contains a five-membered chelate ring at zirconi- 
um involving the nitrogen atom N 3, the carbon centers C 4, C 7, 
and the carbonyl oxygen atom 0 7  (see Figure 1). The corre- 
sponding amide functionality (involving C4, C7, 0 7 ,  N8) is 
planar and in a typical trans arrangement. Therefore, it is not 
unexpected that the characteristic structural values of this part 
of the molecule 3 b  do not deviate too much from the typical 
peptide values [3b: N3-C4 1.48(2), C4-C7 1.53(2), C7--N8 
1.33 (2), C 7 - 0 7  1.22(2) 8,; for a direct comparison, 4 (Fig- 
ure2): N G C 9  1.453(2), C9-CI2  1.518(3), C12-N13 
1.348(3), C12-0  12 1.224(2) A; corresponding bond angles of 
the metallocene peptide cation 3b:  C4-C7-07 121 (2)",  


of the peptide 4: C9-C12-012 122.2(2)", C9-Cl2-Nl3 


The set of chelate angles of 3 b is completed by a large angle at  
the tricoordinate nitrogen (Zr-N3-C4 127.9(10)") and a rather 
small angle at C 4  (N3-C4-C7 99.7(13)"). The C7-07-Zr angle 
is 122.2(11)" and the remaining five-membered ring angle at 
zirconium (07-Zr-N 3) is 67.4(5)". It must be emphasized that 
coordination of the C 7 - 0  7 carbonyl group to zirconium does 
not lead to any significant reduction in the length of the C=O 
double bond (3b: C 7 - 0 7  1.22(2)A vs. 4: C12-012 
1.224(2) A). 


The situation at the annulated four-membered chelate ring 
that completes the coordination sphere at zirconium in complex 
3 b  is distinctly different. Here, the coordination of the N-acetyl 


C4-C7-N8 121 (2)",  O7-C7-N8 118(2)", C7-N8-C9 120(2)", 


114.2(2)", 0 12-C 12-N 13 123.6(2)", C 12-N 13-C 14 121.8 (2)"]. 


C18 


17 


Figure 2. A projection of the molecular geomerry of Boc-Gly ~ Val Ala 0 M e  (4) 
with (unsystematic) atom iiumherlng scheme. Sclectcd bond lengths (A)  and nnglcs 
( ' ) :C2-03  1.480(3).03-C41 342(3),C4-041.201 ( 3 ) . C 4 - N 5  1.351 ( 3 ) . N S  
C6 1.445(3), C6-C7 1.521(3), C 7  0 7  1.229(3). C7-NX 1.126(3). NX C 9  
1.453 (21, C Y C 12 2.518(3), C 12-0  12 1.224 ( 2 ) ,  C 12-N 13 1.34X (3). N 13-  C I4 
1.443 ( 3 ) ,  C 14 ~ C 16 1.51 Y ( 3 ) ,  C 16 -0 16 1. I80 (3) .  C 16 0 17 1.300 ( 3 ) .  0 17. C 18 
1.473 (4); C 2-0  3-C 4 120.4 ( 2 ) ,  0 3-C4-04 126.6 (2). 0 3-C 4-N 5 109.3 (2). 0 4 - C  4- 
N 5  124.0(2), C4-N5-C6 120.4(2).N5-C6-C7 115.0(2), C6-C7-07  120.1(2).C6- 
C 7-N X 1 16.2 ( 2 ) ,  0 7-C 7-N 8 123.6 ( 2 ) ,  C 7-N 8-C 9 123.3 (?), N X-C 9-C 12 108.1 ( 2 ) .  
C9-C12-012 122.2(2). CY-CI2-Nl3 114.2(2), 0 12-C12-N 13 123.6(?_), C12- 
N13-CI4 121.8(2), N13-Cl4-CI6 109.3(2). C14-C16-016 1240(2) ,  C14-CI6- 
0 1 7  112 7(2), 016-C16-017 123.3(2), C16-017-CI8 115.4(2). 


group leads to a significant reduction of the bond order of the 
C=O linkage. Thc C 1-0  1 distance is 1.35(2) A, which corre- 
sponds to an increase in the C=O bond length of >0.1 8, in- 
duced by coordination.["] The bond angles inside the planar 
four-membered ring system amount to 5 8 . 8 ( 5 )  ' (N3-Zr-0 I ) ,  
94.4(10)" (Zr-01-Cl),  106.4(14)' (01-C I-N3), and 96.3(10)'. 
(Cl-N3-Zr). It should be noted that the C I - N 3  bond 
(1.32(2) A) inside this structural subunit of 3 b  is not reduced 
compared with that of a typical corresponding amide C(sp2) - -  


N(sp2) linkage["] (cf. 4: C7-N8 1.326(3) A).  It appears that 
the (y l -0  1: y1-N3)-N-acetyI coordination to zirconium in 3 b  
can probably be described to some approximation by a situation 
involving the resonance hybrid structures A and B (Scheme 2), 
which provides an ample description of the experimentally ob- 
served significant reduction of the N-acetyl C=O bond order 
while the N-acetyl C - CN bond order is approximately main- 
tained. In contrast, the x-bond of the adjacent amide carbonyl 
group (i.e., the C 7 - 0 7  double bond in Figure 1) is apparently 
not affected by the strong coordination of the carbonyl oxygen 
to zirconium by its lone pair. This dative y ' - 0  bond ( 0 7  + Zr), 
which complements the coordination sphere of the zirconium 
cation, apparently does not affect the structural properties (and 
probably the chemical properties either) of the 0 7-C 7-N 8 
amide linkage, whereas the y l - 0 :  yl-N coordination substan- 
tially alters the features of the adjacent 0 I-C I-N 3 amide func- 
tionality. 


The structural features of the C-terminus of the peptide moi- 
ety in 3 b are very similar to those observed for the ohgopeptide 
derivative 4. The C12-centered ester moiety in 3 b  is rotated 
relative to the main plane of the oligopeptide framework 
(dihedral angles C7-N8-C9-C 12 -64(2)", N8-C9-C 12-0 12 
-30(3)') .  


Conclusion 


This work has shown that amino acid and oligopeptide ligand 
systems can be readily attached to very electrophilic Group 4 
metallocene cations such as the CpzZrXf system. The derived 
cationic complexes are moderately stable, even when the newly 
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attached o-type ligand systems contain a high degree of func- 
tionality. The synthesis of the examples of the class of com- 
pounds described in this paper has been quitc specific as it 
requires the conversion of the N-terminus of the dipeptide to an 
isocyanate functional group prior to  the attachment of this lig- 
and system co the transition metal center. However, this specilk 
synthesis has, to the best of our knowledge, made such cationic 
early transition metal -0ligopeptide systems available for the 
first time. Now that the existence and relative kinetic stability of 
such complexes has been demonstrated it should be easy to 
devise more general entries to this typc of compound, starting 
directly from readily available. if not ubiquitous. oligopeptide 
derivatives, and to develop the chemistry and catalytic applica- 
tions of thesc interesting new metallocene-oligopeptide sys- 
tems. Such a development is being pursued in our laboratory 
and further progress in this area will be reported shortly. 


Experimental Section 


General information: Reactions with organometallic reagcrits or  substratcs 
\+ere carried out in an inert atmosphere (argon) using Schlenk type glassware 
o r  in a glovehox. Solvcnts were dried and distilled under argon prior lo use. 
The following instrumentation was uscd for physical and spectroscopic char- 
acteri7ation of the compounds: Bruker AC200P, ARX 300 and Varian Unity 
Plus 600 NMR spectrometers; Nicolet 5 DXC FT-IR spectrometer; Finnigan 
MAT8230 mass spectrometer (EL 70 cV); clemental analyses were carricd 
OIII  with a Foss-Heracus CHNO-Rapid elcmental analyzer, optical rotations 
were measured with a Perkiii - Elmer 241 M C  polarimeter: melting points 
were detcrniined by differential scanning caloriinctry on a DuPont DSC910: 
the X-ray crystal structures were analysed with Enraf- Nonius CAD4 or 
MACH 3 diffractonieters (programs used included SHELX 86, SHELX93. 
.ind SCHAKAL). Cry,tallographic data (excludrng structure factols) fot- thc 
\triictures reported iii this paper have been deposited with the Cambridgc 
Crystallographic Data Centre as supplementary publication no. CCDC- 
100396. Copies of the data can be obtained frec of chargc on application to 
The Director. CCDC, 12 Union Road. Cambridge CB23EZ, U K  (Fax: Jnt 
codc +(1223) 336-033; e-mail: deposit((? chemcrys.cain.ac.uk). 


The organoinetallic rcagent [Cp2%rCH,(thfjlt BPh, (1) was preparcd ac- 
cording to a literature pi-occdureti3' The isocyanates 2a  and 2b have been 
described previously[". but were prepared here by variations of the litera- 
tui-e procedui-cs employing "phosgcne dimer" as a reagent. 


,Y-CarboiiylvaIine methyl ester (2a):I6' Trichloromethyl chlorotorinate 
("phosgene dinier". 26.1 mL. 42.8 g. 206 mmol) was added to a solution of 
v;ilinc mcthyl ester hydrochloride (1 7.1 g, 103 mmol) in tolueiie (en. 200 mL). 
I'he mixture was heated under reflux for 1 h and then left at ambient teniper- 
nture overnight. The product was isolated by di?tillation (b.p. = 51 ' C  a1 


4 mhar) to yield 15.2 g (95 YO) of thc valine-cster-derivcd isocyanate as a 
colorless liquid. with a pungent odor, that was uscd without further purifica- 
t i o n .  ' I I N M R  (CDCI,. 200.1 MHx): d = 3.91 (d. ' J  = 3.8 tI7,  1 H. N CH) ,  
7.77 (s. 3H.  OCH,). 2.20 (dqq. ' J  = 3.8 Hr. .'.I = 6.8 Hz. 1 H, r-propyl CH),  
0.99 nnd 0.86 (both d. " J =  6.8 H/. 2 x 3 H .  i-propyl CH,): "C NMR 
((.DC13. 50.3 MHL): d =171.1 (C0,Me). 126.8 (NCO). 62.9 (COCH). 52.6 
(OCH.3). 31.5. 19.2:ind 16.1 (iC3H,); IK(f ihn) :?  = 2968(vs),2934(vs),2877 
(s) .  2251 (vs. OCN). 1746 (vs. COO). 1438 (vs). 1267 (vs), 1216 (vs). 1000 
(\s) .  892 (s). 771 (s) cin I .  


Preparation of 3a:  A solution of thc isocyanate 2 a  (157 nig. 1.00 nimol) in 
CI1,CIz (25 mL) was mixed with 1 (628 nig. 1.00 minol) in CH2CI, (25 mL) 
; I I  - 3 0  ( '. The iiiixturc was allowed 10 wnrm to room temperature with 
stirring. Solvcnc was removed iii vaciio. The residue was washcd with pentme 
to gibe 3a  a s  a white powdery solid, yield 680 nig ( ' ) S o h ) ,  m.p. 29 'C  (de- 
conip.), [r]" = ~ 14 (c = 0.2. CH,CI,). Anal. calcd for C,,H,,BNO,Zr 
(712.8). C 70.77. H 6.22. N 1.96: found C 68.72, H 6.31. N 1.91; ' H N M R  
(C'D2C12. 599.8 MH7): d = 6.34 and 6.17 (both S .  5H. Cp). 4.31 (d, 
' J  = 3.5 HI, 1 H. 4-H). 3.99 (s. 3H, 8-H), 2.29 (m, 1 H, 5-H). 2.01 (s. 3H, 


1-H), 1 .12 and 1.06 (both d, '..I =7.0 Hz. 3H,  6- and 6 -H) ;  [BPhJ : 7.34 (in. 
8H. o-H). 7.06 (m. 8 H ,  in-H), 6.94 (m, 4H,  p-H); 13C NMR (CDZCII. 
150.8 MHL): 6 = 1X5.2 (C7) .  180.6 (C2). 116.2 and 115.8 (Cp), 67.9 ( C 4 ) ,  
58.2 ( C 8 ) .  34.3 (C5). 20.8 (CI ) ,  19.1 and 18.8 (C6, C6'): [BPhJ: 164.4 (4. 
' J C R  = 49 Hz. L / I S O ) .  136.3 (0). 126.1 (m) ,  122.1 ( p ) :  2D NMR (GHMBC, 
giving the long rangecorrelation. CD,CI,. 150.8/599.8 MHz): 6 = 185.2 3.99 
(C7 8-H). 180.6/2.01 (C2,'l-H). 116.216.34 (Cp/Cp-H). 115.8:6.17 (Cp' Cp'- 
H),  67.911.12 and 1.06 (C4,6- and 6'-H). 58.2/3.99 (C8:8-H). 34.3 1.12 and 
1.06(C5 6-and 6 -H) ,  19.1 and 18.8,'1.12and 1.06(C6andCh' ,G-and 6'-H, 
cross pcak not resolved); [BPhJ : 164.4i7.34 ( j p ~ ! > - H ) .  164.4,:7.06 (i[jso,o- 


( 1 7 1  o-H), 126.1 7.06 (nrim-H). 126.1,'6.94 (m,'p-H), 122.1 '7.34 (pio-H). 122.1 
H) ,  136.3 7.34 (o~o-H),  136.317.06 (o/oz-H), 136.316.94 (dp-H).  126.1 7.34 


7.06 ( /1 , /?7-11) .  


N-(:arbonSIvalylvaline methyl ester (2 b): A solution of N-trimcthylsilylva- 
line methyl estcr (3.10 g, 15.3 niniol)"5' in pentane (25 mL) was added at 
- 10 C under argon to a solution of(S)-2-isocyanato-2-isopropylacetyI chlo- 
ride"" (2.16 mL.  2.48 g. 15.3 mmol) in pcntane (25 mL). The mixture was 
allowcd to warin up to room teinperature and stirred overnight. The superna- 
tant liquid was decanted from the white precipitate foinied. The solid a.as 
washed with ii small volume of pentane, then dried in vacuo to yield 3.92 g 
(quant.) of 2b. [r ] ,  = + 6 (c  = 0.36, CH,CI,). Anal. calcd for C,,H,,N,O, 
(256.3): C 56.24. H 7.86: N 10.93; found C 55.29.14 7.96. N 10.49: 'H NMR 
(CDCI,\. 200.1 MHz): 6 = 6.65 (brd,  ' J  = 8.6 Hz, 1 H. 7-H). 4.49 (dd. 
' J  = 8.6 Hz, '.I = 4.8 Hz, 1 H. 8-H), 4.02 (d.  '..I = 3.4 Hz. 1 H. 3-H). 3.71 
(s. 3H,  12-H), 2.32 (dqq. ' J =  3 . 4 H ~ ,  3J = 6.8 Hz, ' J =  6.8 HL. 1 H. 4-H). 
2.16 (dqq. ' J  = 3.4 HL, '..I = 4.8 Hz, = 6.8 Hz. 1 H. 9-H). 1.36 (d. 
' J  = 6.X Hz, 3 H ,  5-H), 0.89 (in, 9 H ,  5'-. 10- and 10'-H); 13C NMR (CDCI,. 
APT.50.3MHz):[j=171.Vand 369 .0 (C6andCI l ) .  125 .7 (Cl ) .64 .8 (C3) .  
57.4 (CX). 52.2 (CIZ). 32.3 and 31.1 (C4and C9), 19.8, 18.8. 17.7. and 16.0 
(C5. C5' .  C10 and C 10'); IR (CH,CI,): i = 3413 (in. NH).  3359 (br.  NH). 
3056 (ni), 2969 (s). 2934 (in), 2876 (in), 2245 (vs. OCN),  1741 (vs, COO), 
1684 (vs, CON), 1520 (s. CON). 1437 (m), 1266 (vsj. 1211 (s). 
1152 (m)c in - ' .  


Preparation of 3h: A solution of I (31 3 mg, 0.5 mmol) in CH,CI, ( 2 5  mL) was 
coinbiiicd with a solution of thc isocyaiiatc 2b (128 ing. 0.5 mmol) in CH,C12 
(25 mL) at - 30 C .  The mixture was allowed to warm to room tcniperature 
and then stirred for another 2 h. Solvent WBS removed in vacuo. the residue 
washed with some pentane, and dried in vacuo to yield 405 ing (quant.) of 
3 b ,  m.p. 45°C (decoiiip), [%ID = -71 (c = 0.18. CH,CI,). Anal. calcd for 
C,71~,,BN,0,Zr (812.0): C 69.52, H 6.58, N 3.45: found C 68.46. H 6.20, N 
4.06; ' H N M R  (CD,CI,, 200.2 MHz): 6 = 6.28 and 6.13 (s, each 5H.  Cp). 
4.42(dd,3J=8.2Hz,3J=4.8Hz,1H.9-H),4.20(d.3J=3.7Hz.1H,4-H). 
0.85 (s, 3H,  13-H). 3.73 (br. 1 H. 8-H), 2.18 (in. 2H,  5- and 10-H). 1.97 (5. 


311. 1-11). 1.06(m, 12H, 6-, 6-. 11- and 11'-H); [BPh,] : 7.36 (m. XH, o-H). 
7.06 (m. XH, / 7 7 - I f ) ,  6.94 (m. 4H. p-H); I3C NMR (CD,CI,. 503 MHz): 
6 =180.8 and 180.4 (C2  and C7) ,  170.1 (C12). 115.7 and 214.9 (Cp).  67.7 


and 18.0 (C6, C6', C11 and C l l ' ) ;  [BPh,]-: 164.5 ((I. ' J C B  = 49Hz. ipso). 
136.3 ( 0 ) .  126.0 (m),  122.2 (11) :  1K (CH2CI,): i? = 3371 (br. NH). 3054 (in). 
2983 (m), 1744 (s, COO), 1710 (in, CON), 1598 (s. CON). 1437 (ni) ,  1426 
(ni) ,  1265 (v5), 1016 (in), 816 (s), 737 (vs), 705 (vs)ciiiC'. X-ray crystal 
structure analysis: Crystals werc obtained from hromohenzene,pentaiie by 
the diffusion method. C,,H,,BN,O,Zr; M = 81 1.94 gmol ' : triclinic space 
group; PI (No. 1 ) :  cell constants: (I = 9.657(6) A, h = 11.080(2) A. c =: 


11.452(7)A; r =  64.57(2) : [i=74.58(4)": 7 =72.29(4) ; V=1041.l(7)A':  
7 = - 50 C ;  crystal s i x :  0.40 x 0.20 x 0.20 inin: Z = 1: pc,l,cd = 


1.295 g c r C 3 ;  j. = 0.71073 A: [sin O/;.]mdx = 0.59 k' :  LI = 0.30Y inm I :  


3714 reflcctions mcasured ( + h ,  + h ,  ko; 3714 indepcndent and 
1604 obsci-ved retlections: 487 refined parametera; K = 0.078: wR' = 0.177. 


( ~ 4 ) , 6 0 . 3 ( ~ 9 ) , 5 3 . 2 ( ~ 1 1 ) , 3 5 . 1  ( c 5 ) , 3 o . 6 j c i o ) . 2 o . 7 ( ~ 1 ) .  19.7.19.1. 18.3 


Preparation of  4: A sample 01' the protectcd dipeptidc Boc-Gly V~II-OH"~ 
(3.56 g, 12.9 mmol) w a s  dissolved in CH,CI, (80 iiiL). Hydroxyhenzotriazole 
(2.47 g, 16.1 mmol) and dicyclohexylcarbodiimide (3.32 g. 16.1 mniol) were 
added. After 20 inin the resulting precipitate was removed by filtration aiid 
the clear filtrate combined with :I suspension of alanine methyl estcr 
hydrochloride (1.80 g, 12.9 mmol) and tricthylamine (1.72 mL. 1.25 g. 
12.4 inmol) in CH,Cl, (20 iiiL). The mixture was stirred for 2 h and then 
successively washed with 120 mL portions of 2 M  hydrochloric acid ( x 3 ) .  
water. 5 '% sodium bicarbonate solution. and water. The organic layer was 
dried ovcr anhydrous magnesium sulfate. the solvcnt removed in vacuo. and 
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the crudc product (2.41 g) rccrystallized f rom meihyl acetatc/petrol to yield 
1 .87g(40%)of4,m.p.  =149'C,[a] ,=-20(~=0.I ,CH,CI,) .Anal .calcd 
for C,,H,,,N,O, (359.4): C 53.47, H 8.13, N 11.69; found C 53.98, H 8.10, 
N 11.81; 1HNMR(CD,CI,.599.S M H z , n u m h e r i n g a s i n  Figurc 2):s = 6.87 
(hr,  2H,  N8-H a n d  N13-H), 5.35 (hr, I H ,  N 5 - H ) ,  4.52 (dq, "=7.2Hz, 
1H,14-H) ,4 .33(dd ,3J=S.8Hz,3 .J=6 .7Hz,  IH,9-H),3.81 (m,2H,6 -H 
and -H'), 3.71 (s, 3H, 18-H), 2.09 (m, 1 H, 10-H), 1.42 (s, 9H,  1-H), 1.37 (d, 
' J = 7 . 2 H z 3 3 H ,  lS-H),0.94and0.91 ( d , e a c h 3 J =  6.6Hz, 11-H); 13CNMR 
(CD,CI,, 150.8 MHj.):6 =173.4(C16), 171.0and 170.0(C7andC12),155.5 
(C4). 80.2 (C2), 58.2 (C9), 52.6 (CIX), 4S.5 (C14). 44.7 ( C 6 ) ,  31.6 (C10). 
28.4(C1), 19.2 ( C l l ) ,  18.0 ( C l l ' a n d  C15.isochronousj;  2 D  N M R ( G H M -  
BC, CD,CI,, 150.8/599.8 MHz): 6 =173.4/4.52 (C16/14-H), 173.4/3.71 
(C16/18-H), 173.4/1.37 (Cl6/lS-H), 171.0 and  170.014.33 (C7 a n d  C12/9- 
H),  80.2j1.42 (C2/1-H), 58.2/2.09 (C9/10-H). 58.2/0.94and 0.91 (C9/11- a n d  
Il '-H). 52.4/3.71 (C 18/18-14), 48.111.37 (C 14/15-H), 31.2/4.33 (C 10/9-H), 
31.2/0.94 and 0.91 (C10/13- and 11'-H), 28.311.42 (Cl/I-H)> 19.2 a n d  18.0/ 
4.33(C11 andC11'/9-H), 19.2and 18.0/0.94and0.91 ('211 a n d C I l ' / l l - a n d  
Il '-Hj, 18.0/4.52 (C15/14-H); I R  (KBr):  i; = 3406 (rn. NH), 3275 (m, N H ) ,  
2980 (wj ,  2963 (w). 1738 (m, COO), 1718 (s, CON), 1659 (vs. C O N ) ,  1502 
(s), 1170 (m) cm ~ I ; X-ray crystal structure analysis: Single crystals were 
obtained from dichloromethane solution by allowing the solvent to slowly 
evaporate. C,,H,,N,O,; A4 = 359.42 grnol- ' ; orthorhomhic space group; 
P2,2,2, (No. 19); cell constants:  a = 8.435(3) A, h = 9.218(1) A, c = 
26.938(4)A; V =  2093.0(5)A3; T =  - 5 0 ° C ;  crystal size: 0 . 6 0 ~ 0 . 5 0 ~  
0 . 5 0 m m ;  Z = 4 ;  p c a t c , = 1 . 1 4 1 g c m ~ 3 ;  1.=1.54178A; [sin 0/?,],,,= 
0.62 A ; p = 0.726 mm- ; 2460 reflections measured ( -  h, - k,  - I ) ;  
2460 independent and 2213 observed reflections; 243 refined parameters;  
R = 0.038; wR2 = 0.102. 
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Complex Formation of the Antiviral 9-[2-(Phosphonomethoxy)ethyl]adenine 
(PMEA) and of Its N 1, N 3, and N 7 Deaza Derivatives 
with Copper(I1) in Aqueous Solution** 


Claudia A. Blindauer, Abdul H. Emwas, Antonin Holf, Hana Dvofakova, 
Einar Sletten, and Helmut Sigel* 


Abstract: The stability constants of the 
1 : I  complexes formed between Cu2+ and 
thc anions of thc N 1 ,  N 3, and N 7 deaza 
derivatives of 9-[2-(phosphonomethoxy)- 
ethylladenine (PA' ), Cu(H;PA)' and 
Cu(PA), were determined by potentio- 
metric pH titration in aqueous solution 
(25°C; I = 0.1 M, NaNO,) and compared 
with previous results for 9-12-(phospho- 
nomethoxy)ethyl]adenine (PMEA2-) and 
(phosp1ionomethoxy)ethane (PME2-).  A 
microconstant scheme reveals that in 
Cu(H;PA)+ Cu2+ is coordinated to the 
nucleobase, H t  being at the phospho- 
nate group, i n  about 90% of the 
Cu(H;PMEA)+ and Cu(H;I -deaza- 
PMEA)' species, but only in about 37% 
and 12 % of the corresponding complexes 
with H(3-deaza-PMEA)- and H(7-deaza- 
PMEA)-, respectively. Straight-line plots 


1. Introduction 


of IogG:(R-r,,,,l versus pG(R..po3, for 
simple phosph(on)ate ligands show that 
all the Cu(PA) complexes, including those 
with PMEA2- and PME2-, are more 
stable than expected simply from the ba- 
sicity of the -PO:- group; to some extent 
five-membered chelates (Cu(PA),,,,) in- 
volving the ether oxygen of the -CH,-0- 
CH,-PO:- chain are formed, and in all 
complexes an udditionui nucleobasc- 
metal-ion interaction occurs. Based on 
'H NMR line-broadening measurements 
and structural considerations it is con- 


Keywords 
adenine * isomerizations * NMR 
spectroscopy * nucleotides * stability 
constants 


cluded that in Cu(3-deaza-PMEA) the in- 
teraction occurs with N 7  whereas in 
Cu(7-deaza-PMEA), Cu(1 -deaza-PMEA), 
and Cu(PMEA) it occurs with N3. The 
proof of a metal ion-N3 interaction is 
important (and also of relevance regard- 
ing DNA) because so far this interaction 
has received little attention. In all Cu(PA) 
systems three major isomeric species are 
in equilibrium; for example, 17 ( & 3 )  % 
of Cu(PMEA) exists as an isomer with a 
sole Cu2+ -phosphonate coordination. 
34(+10)% as Cu(PMEA),,,,, and in 
49(*10)% the Cu2+ is bound to the 
phosphonate group, the ether 0, and N3. 
In contrast, 54 ( 8) O h  of Cu( 5'-AMP) oc- 
curs as an isomer with sole Cu2+-phos- 
phate coordination and 46(*8)% as a 
macrochelate involving N 7 too. 


Aside from their importance as components of DNA and RNA, 
nucleotides and their derivatives play a key role in a wide range 
of biologically significant reactions."' Consequently, a variety 
of nucleoside and nucleotide analogues have been designed as 
potential thcrapcutic agents.['] One of these substances, the di- 
anion of 9-[2-(phosphonomethoxy)ethyl]adenine (PMEA2-), 
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can be regardedr3] as an acyclic analogue of adenosine 5'- 
monophosphate (5'-AMP2-) (Scheme 1) .[41 


PMEA is active against various viruses, including human im- 
munodeficiency viruses (HIV-1 and HIV-2) .Is1 After its twofold 
phosphorylation by cellular nucleotide kinases,[61 the resulting 
triphosphate analogue inhibits the viral DNA polymerase or 


"7 Abbreviations and definitions: 2'-AMP' , adenosine Z'-moiiophosphate: 3'- 
AMP2- ,  adenosine 3'-moiiophosphate; ATP" , adenosine 5'-triphosphate. 
M", divalent metal ion; PA2- = P M E Z - ,  PMEAZ-.  and its twofold nega- 
tivcly charged deem derivatives: R-POi-,  simple phosphate monoester or 
phosphonate ligand with R representing a noncoordinating residue (see also 
Figure 1 ); TuMP*-. tubercidin 5'-monophosphate (=7-deara-5'-AMP2-) 
Although the IUPAC nomenclature for the deaaadenine compounds I \  


3 ~~-iniidaro[4,5b]pyridiiic-7-amine (1 -dcaraadeninc). imida~o[4.5c]pyridiiic- 
4-amine (3-deazaadenine), and pyrrolo[2,3d]pyrimidine-4-amine (7-deaza- 
adenine), the trivial names and the numbering system lor purines arc retained 
in the present study to facilitate the comparison with the parent compound, 
PMEA2 -, and other adenine derivatives. For example, I-deaza-PMEA is thus 
named 9-[2-(phosphonomethoxy)ethyl]-I-dearaadenine In  mathematical 
expressions and tables, I-, 3.. and 7-deaza-PMEA are written as Id-. 3d-. and 
7d-PMEA. In the text the expression "PMEAs" encompasses PMEA as well a h  


its three dcaza derivatives. Species written without a charge eithcr d o  not car ry  
one or represent the species in general (i.e., independent of their protonation 
degree); which of the two possihilitics applies is always clear from the contest. 
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-o-P-cH~-o-cH~-CH~ 
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-0 
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II 
0 


-0-P-CH2-O-CH2-CH3 


PME~- 
Scheme 1. Structures of the dianion of 9-[2-(phosphonomethoxy)ethyI]adenine 
(PMEAZ-) ,  adenosine 5'-monophosphate (5'-AMP2 -), and (phosphonomethoxy). 
ethane (PMEZ-  = ethoxymethanephosphonate). S-AMP*- is shown in its domi- 
nating unfi  conformation (ref. [4]). 


reverse transcriptase activity by terminating the growing nucleic 
acid chain.17] The fact that most relevant enzymes, like DNA 
and R N A  polymerases, kinases, and ATP synthases, are metal- 
ion- (often Zn'+)-dependent['"- '] and that they use nucleotides 
as substrates only in the form of (mostly Mg2 +) complexes[8. 
has led us to  study the metal-ion-binding properties of PMEA' - 
and of its base-deficient analogue (ph0sphonomethoxy)ethane 
(PME) for the alkaline earth and several divalent 3d metal ions, 
including Zn2' and Cd2f.[10-121 


In both ligands, it is principally the phosphonate group that 
determines the stability of the complexes.["- ''I In  addition. a 
five-membered chelate involving the ether oxygen of the (phos- 
phon0methoxy)ethyl chain is formed according to Equilibri- 
um (1). The stability of most of the M(PMEA) complexes is 


H O  
HC-PO 


determined by the formation of these two isomeric species, as 
follows from a comparison of their stability contants with those 
of the M(PME) complexes. This observation is relevant because 
the ether oxygen atom is essential for the physiological effects of 
PMEA." 31 


For Cu2+ and NiZt  the situation is somewhat different. 
Cu(PMEA) in particular shows a further significant stability 
enhancement compared with Cu(PME), which must be ascribed 
to an interaction with the n u ~ l e o b a s e . ~ ' ~ ~  Considering space-fill- 
ing molecular models and the fact that N 1 cannot be reached by 


a metal ion already coordinated to the phosphonate group. one 
can  conclude"'^ 12] that two additional isomeric complexes in- 
volving the adenine ring are possible: 


1) One with the five-membered chelate [Equilibrium ( I ) ]  still 
intact, but with a further seven-membered chelate involving 
N3, and 


2) one with CU" coordinated to the phosphonate group and 
N 7, thus forming a macrochelate. 


Until now, it could not be determined with certainty['", 
whether the isomer involving N 3 or  the one with N 7 dominates. 
or even if both isomers occur simultaneously in solution. Steps 
to resolve this ambiguity are presented in this study. Since the 
Zn2+/PMEA system, which would be the most relevant['"] from 
a biological point of view, cannot be studied in detail due to the 
formation of a precipitate,['"] we concentrated our efforts on the 
complexes formed with Cu'+, an ion which is itself also of 
biological relevance!'51 


We measured the stabilities of the Cu2+ complexes of the 1-, 
3-, and 7-deaza analogues of PMEA by potentiometric pH titra- 
tions and compared them with those of Cu(PME) and Cu(P- 
MEA) in order to draw conclusions about the mctal-ion-coordi- 
nation patterns within the Cu(PMEA) species; these are further 
substantiated by 'H N M R  line-broadening studies applying the 


H+:fiH 
N N ' H  


I 3 
-0 


I 
0 I1 l-deaza-PMEA*- 


-0-P-CH2-O-CH2-CH2 


.<:;$ N 3' H 


-0 
I I H  


-0-P- CH* -O-CH~ - C H ~  
0 I1  3-deaza-PMEA2- 


-0 
I I 3 


-0- 6 - c ~ ~ -  0- CH~- C H ~  
0 II 7-deaza-PMEA2- 


paramagnetic properties of Cu2 +. Evidently the Cu(PMEA) 
isomer involving N 3  is the crucial one. This adds further evi- 
dence regarding the importance of this so far rather neglected 
site['61 for metal-ion binding at the adenine residue. The N 3  
position is clearly well suited for metal ion coordination if favor- 
able conditions are provided. 
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2. Results and Discussion 


2.1. Definition of the Equilibrium Constants and Stability of the 
Cu(H;PA)+ and Cu(PA) Complexes: The experimental condi- 
tions for the potentiometric pH titrations in water at 25 "C and 
I = 0.1 M (NaNO,) were again carefully selected["' such that 
thc results certainly apply for the monomeric species derived 
from PMEA2- and its deaza derivatives; when considered to- 
gether in the following, these arc abbreviated as PA2 -.  In the pH 
range of the present study the PAS can be protonated at both the 
nucleobase and the phosphonate group, -PO:-, which is the 
most basic site."'. ' 71 Thc resulting H(PA) species may then be 
protonated at the adenine residue to form H,(PA)". This proto- 
nation occurs for H(PMEA)-, H(3-deaza-PMEA) -, and H(7- 
deaza-PMEA)- at N1 and for H(1-deaza-PMEA)- at N3."'] 
The corresponding deprotonation steps are defined in Equa- 
tions (2)-(3) bclow. Their acidity constants and those for 


and c,(PA), as well as the corresponding sites where the 
protons are located, have recently been determined by 'H NMR 
shift measurements; the deprotonation reactions of H,(PA)' 
were also measured by potcntiometric pH t i t ra t i~ns ."~ '  These 
lattcr results are summarized in columns 2 and 3 of Table I ,  
together with some related data.[4b. ' * I  


The experimental data for the potentiometric pH titrations of 
the Cu2+/PA systems can be described completely by Equi- 
libria (2a)-(5a), if the evaluation is not carried into the pH 


range where hydroxo complexes form. The acidity constant of 
Equilibrium (6a) may be calculated with Equation (7). The 
results are listed in Table 1. Thc analysis of pH titrations 


yields only the amount and distribution of species of a net 
charge type, such as Cu(H;PA)+, and further information is 
required to locate the binding sites of the proton and the metal 
ion (sce Section 2.2). Similarly, the stability constants of the 
Cu(PA) complexes also warrant a more detailed analysis consid- 
ering Equilibrium (1) and the possibility of additional nucle- 
obase-metal-ion interactions (see Sections 2.4-2.6). 


2.2. Structural Considerations for the Monoprotonated 
Cu(H;PA)+ Complexes: The acidity constants K&H,pA, of the 
Cu(H;PA)+ complexes and KE2(PA, of the H,(PA)' species differ 
only by 1 log unit or less (columns 6 and 2 in Table 1). A proton 
located at a certain site in a ligand must be acidified upon metal- 
ion binding to another site in the same ligand; that is, if 
pG,,,,,, $ p@d2(pA) the proton would have to be bound at the 
phosphonate group. However, such an unequivocal situation 
does not occur in Tdbk 1 ,  and in any case the metal ion could 
be bound at  the nucleobase, but to some extent also at the 
-PO,(OH)- group. 


The microconstant scheme (Scheme 2), in which we use 
PMEA as an example, and which was developed in analogy 
to similar problems discussed previously," 91 enabled us to 
identify the main binding site of Cu2+ in Cu(H;PA)'. In 
(H.PMEA.Cu)+ the metal ion is coordinated either to N 1 or 
N 7  of the adenine residue'"' and the proton is located at the 
phosphonate group. In H(Cu.PMEA)+ the CuZc ion is bound 
at the phosphonate group and the proton either at  N I L 2 ' ]  or 
also at the phosphonate group.rZ21 The equilibrium scheme 
shows the reaction between Cu2+ and H(PMEA)- leading to 
Cu(PMEA) and H + ,  proceeding via (H.PMEA.Cu)+ (upper 
part) and/or H(Cu.PMEA)+ (lower part). There are three inde- 
pendent equations [(8a,b,c) in Scheme 21, but four unknown 
microconstants; hcnce, one of the four needs to be determined 
or estimated. 


lahle 1 ,  Negative logarithms ol'the acidity constants of H,(PA)' [Eqs. (2). (3)] and logarithms of thc stability constants of the Cu(H:PA)+ [Eq. (4)] and &(PA) complexes 
[kq. (5)]. together with the negative logarithms of the acidity constants for the corresponding Cu(H:PA)' species [Eqs. ( 6 ) .  (7)], aa determined by potentiometric pH titrations 
in water at 25 C and I = 0.1 M (NaNO,) [a] The data for systems with adenosine (Ado) or tubercidin (Tu =7-deazaadenosine) are given for comparison 


Ado 3.61 1 0 . 0 3  [c] O.XOf0.12 [d] 


"ME'- 7.02+0.01 [f] 3.73k0.03 [f] 
Tu 5.2910.02 [el 106+0.08 [el 


PM  LA^ ~ 4.l6_+0.02 [f] h.90+0.01 [f] 1.4810.16 [f] 3.9610.04 [f] 4.42k0.17 [f] 
Id-PMEA' ~ 5.49k0.02 [h] 7.03 i0 .02  2.13+_o.to 4.66f0.08 4.50 20.13 


6 24k0.12 3d-PMEA' 6.61 tn .02 7.83 i 0 . 0 1  3.01 k0.09 4.60fO 08 
7d-PMEA' 5.62kO 02 7 0020.01 2.52t0.17 3.83f0.08 5.69 +0. 19 


[a] 'The erroi-s given are ilfrca r i m e 7  the standai-d error of the mean value or  the sum of lhe pi-ohahle sysleinatic errors, wh~chever is larger. The error limits of the derived 
data. in thc present case for pK:l,,,,,,,, [Eq. (7)], were calculated by means of Gauss error propagation. [b] The values given for P G ~ , ~ , ~ ,  refer to the deprotonation of the 
H - ( N  I )  site, except for H,(I-deara-PMEA)' where the proton is liberated from the H '(N 3) site (cf. ref. [17]); the values for pFd,,,Aj refer to the deprotonation of the 
-P(0)2((IH)- residue. The values for the deaza derivatives are from ref [17]. [c] Thib value refers to  pG,,,,, [4b]. [d] Average of the constants detcrmined in four differenr 
lahoratorirs: taken from the final column in Table I V  of ref. [lXa]. [el I = 0.5M (NaNO,). 25 'C;  from ref. [IXb]. The pK, value i r  for p ~ , , , , .  [f] From ref. [lo] 
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CU 
= k , ( c w P m ,  . k:(CurM€4) 


Scheme 2 .  The interrelation between the monoprotonated Cu(H:PMEA)+ species 
is shown. where the metal ion may either be coordinated at the adenine residue 
(upper part of the scheme). i.e. (H.PMEA.Cuj+, or  at the phosphonate group 
(lower part of the scheme), i.e. H(Cu.PMEA)+ (see 1221). and the other species also 
in equilibrium with these two complexes. The scheme defines inicroconstants (k) 
and gives their interrelations with the macroconstants (Kj [Eqs. (31, ( 5 ) ] :  the arrows 
indicate the direction$ for which the constants are defined. The macroconstants are 
from Table 1 ; the microconstants were derived by applying the Equations (8a). 
(8h). and (Sc), together with the assumption? described in the text in Section 2.2 
and ref. [23],  to give logk~",.,,,,. = 1.45f0.20 (see also Table 2) .  The error limits 
of the various constants were calculated by Gauss error propagation; they corre- 
spond to three times the standard error. Regarding the large error of logks~c, PYEAl 


(arrow at the left in the lower path) see ref. 1241 


A value for logk~Up,,, cu may be estimated[231 based on the 
stability constant of the Cu(adenosine)*' complex: 
 log^,",,,,, = 0.80+0.12 (Table 1). This value needs to be cor- 
r e ~ t e d " ~ ]  for 1) the different basicities of N 1 in H(PMEA)- 
and adenosine, and 2) the charge effect which the -PO,(OH)- 
group exerts on Cuz+ at the N 1  site; this then gives 
logk~pMEA.Cu = 1.45 k0.20.r231 This value with its (estimated)[z31 
error limit is given on the arrow in the upper left of Scheme 2. 
The other three microconstants can now be calculated; the re- 
sults are given on the various arrows in the scheme.[241 


An analogous analysis for Cu(H;PA)+ of the deaza dcriva- 
tives of PMEAt2" gives the constants collected in Tablc 2, where 
the values from Scheme 2 for Cu(H;PMEA)+ are again listed to 
facilitate comparisons and to help identify the various micro- 
constants; for example, PMEA in Scheme 2 has to be replaced 
by 1 -deaza-PMEA, etc. With the microconstants summarized in 
columns 3 and 7 of Table 2 an cstiinate of the ratio H [Eq. (9)] 
of the species (H.PA.Cu)+ to H(Cu.PA)+ (see also Scheme 2). 
which carry the metal ion at  the nucleobase residue or the phos- 
phonate group, respectively, can be made (column 8). Now the 


degrecs of' formation of the (H.PA.Cu)+ species in which 
Cuz+ is coordinated to the nucleobases, that is. their percent- 
ages, can be calculated (Table 2, column 9). 


Evidently in more than 90% of the CU(H;PMEA)+ species 
the metal ion is bound to the adenine residue; this agrees excel- 
lently with the previous based on somewhat 
different arguments. N o  conclusion can be drawn about the 
distribution of Cu2+ between the N1 and N 7  site in the 
(H. PMEA.Cu)+ species, but previous evaluations for 9-methyl- 
adenine[20b1 and adenosine"'" 2"b1 indicate that about 75 YO are 
N 7  and 25% N 1  bound. Since the result of the calculation in 
Scheme 2 indicates that the deprotonation reaction proceeds 
(mainly) along the upper path and since the estimation for the 
stability of the (H.PMEA,Cu)+ species is based on the stability 
of the Cu(Ado)'+ complex, there is no hint that chelate 
formation plays a role in the stability of the protonated 
Cu(H ;PMEA)+ complexes. 


The observation that thc degree of formation of the 
(H'PA. Cu)' species decreases in the series I-deaza-PMEA > 3- 
deaza-PMEA> 7-deaza-PMEA (Table 2, column 9) is most in- 
teresting. This decreasing affinity of the nucleobase residues 
toward CuZf is also reflected in the propertics of the unproto- 
nated Cu(PA) complexes, especially of Cu(7-deaza-PMEA), a s  
will be discussed below. 


2.3. Evaluation of the Stability of the Cu(PA) Complexes: The 
stability of the &(PA) complexes may be evaluated by means of 
the straight-line correlation for a log @:(R-po3) versus p ~ o - p o , ,  
plot [Eq. (9)], where R-PO:- represents phosphate monoester 
or phosphonate ligands i n  which the residue R is unable to 


Table 2. Result5 of the analysis regarding the microconstants for the reaction of Cu" with H(PA)- to give Cu(PA) and H ' via the isomers of Cu(H.PA)+ All constniits 
listed below are defined analogously to the constants given on the vai-ious arrows in Scheme 2 (25 'C; I = 0.1 M, NaNO,) [ a ] .  Also given are the ratios R = [(H.PA.Cu)'].' 
[H(Cu.PA)']  [Eq. (Y)] and the percentages of the (H PA.Cu)' species in which Cu2+ is coordinated to  thc nucleobase moiety. 


H(PAj- A P K  [hl logk:"r,A C u  Ic1 PKCu HVAI Ld1 pkEPA Cu l o g ~ ~ , , W A l  If] logkLku PA, Ihl "/a (H.PA.Cu) '  [i] 


H(1'MEA)- 0.55k0.04 1.45+_0.20 2 . ~ 4 f 0 . 0 4  4.39i0.20 1.48+_0.16 0 .1013 .6~  -14 : 93 
H( 1d-PMEA)- 1.88k0.04 2.06k0.20 2.37k0.08 4.43k0.22 2 .13i0 .10  1 .30k1 .33  - 5  8 % 8 5  
H(3d-PMEA)- 3.00k0.04 2.58k0.20 3.23k0.08 5 81 k0.22 3.01 k0.09 2.81k0.19 0.59k0.37 37(49;1Xj 
H(7d-PMEA)- 0.33k0.03 1.6110.17 3.17+_0.08 4 .78i0 .19  2.52k0.17 2.46k0.20 0.14i0.08 12(18:6j 


[a] See footnote [a] of Table 1 and the comments in Section 2.2; regarding some of the error limits see [24]. [h] ApK, = pK:ilr.41 - ~p;~,,,,,, (or - p c c T u , )  [25]:  the correspond- 
ing values are listed in column 2 of Table 1. [c] See the left-hand arrow of the upper path in Scheme 2; log!&,.,, = logK&,,, +ApK,m +(0.40t0.15).  where ni = 0.46. 
see text in Section 2.2 and ref. [23]; for 7-deara-PMEA the estimates are based on tubercidin data 1251 [dl Calculated according to the definition given on the horizontal arrow 
in Scheme 2 with the macroconstants listed in columns 3 and 5 of Table 1. [el See the right-hand arrow on the upper path in Scheme 2; with the other two constants known. 
the values for this microconstant now follow from the properties of cyclic systems. [f] From column 4 ofTable 1. [g] See the left-hand arrow in the lower part ofSchcme 2.  
The constants were calculated by Equation (8a j  or Scheme 2 with the values given above in columns 3 and 6 (see also ref. [241). [h] Calculated according to Equrition (9). 
[i] Percentage (H.PA.Cu)+ =I00  x R!(1 + R) .  The values given in parenthesea represent the upper (first value) and lower limits (second value) of the nucleobase-hound 
species. The values for pk;,,, (see arrow ar  the right in the lower part of Scheme 2) are not listed hut they can easily be calculated in analogy to footnote [el. 
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interact with the metal ion.('*, 261 Thc error limits of log stability 
constants calculated with given pK&-po,, values and Equa- 
tion(10) are f0.06log units (30) in the pK, range 5-8 (see 
Tables 5 ,  6 in ref. [lo] or Tablc 3 in ref. [27]). 


(10) 


The plot of logk~~(R-p0,3)  versus pG,R-po3i according to 
Equation ( 3  0) is shown in Figure 1 for the 1 : 1 complexes of Cu2+ 


l ~ g k $ $ - ~ ~ ~ ~  = (0.46520.025) x p ~ o - p 0 3 )  - 


(0 .O 1 5 0.1 64) 


Cu2' 


I " , P - T i  
4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0 


Figure 1 .  Evidence for enhanced stability of the Cu2 + 1 : 1 complexes of the PA' 
Iifiands (a), bayed on the relationship between logK(,:',, and pR& poll for the 
1:  1 complexes of 01'- with some simple phosphate monoester or phosphonate 
Iig'inds (R-PO: -). 4-nitrophenyl phosphate (NPhP2-),  phenyl phosphate 
(PhP' J .  uridine 5'-monoptiosphate (UMP' -), u-ribose 5-inonopliosphare 
(RihMP'-). thymidine [ = 1-(2-deoxy-fl-~-ribofuranosyl)thymine] Y-monophos- 
phate (dTMP' ). n-hutyl phosphate (BLIP*-). methanephosphonate (MeP2-). and 
cthanephosphonate (EtP2 ) ( 0 )  The least-squares line of Equation (11) is drawn 
through the corresponding S data sets taken from ref. [XI for the phosphate ino- 
noesters and from ref. [lo] for the phosphonatrs. The points due to the equilibrium 
constants for the Cu" :PA*- systems (a) are based on the macro acidity constants 
listed in Tablc 1 .  The vertical broken lines emphasize the stability difference froin 
the reference line; they equal log&,,,, as defined in Equation (10) for the PME'- 
and PMhA2-  systems, for the deaza derivatives this is only approximately true 
(Section 2.3). All the constants refer to aqueous solution$ at 25'-C and I = 0.1 M 
(Y2IN0,). 


with eight simple ligands allowing only phosph(on)ate - Cu2+ 
coordination. The fivc solid points, which refer to the Cu2+ 
complexes of PME2-, PMEA2-, l-deaza-PMEA2-, 3-deaza- 
PMEA2-, and 7-deaza-PMEA' are considerably above the 
reference line, thus proving an increased stability for these com- 
plexes. A quantitative evaluation is possible by calculating with 
thc straight-linc Equation (10) the expected (calcd) stabilities, 
provided the pK, values for thc deprotonation of the 
-PO,(OH)- group of the PAS are known. 


For PME this is clearly pK&,MEj = 7.02 (Table 1) because the 
phosphonate group is the only basic site, and for PMEA it is 
pK'&,,,, = 6.90, as this acidity constant is morc than 2.7 log 
units away from the other pK, value (Table 1); that is, there is 


practically no overlap between the buffer regions of 
HJPMEA)' and H(PMEA) - .  For the deaza derivatives this is 
different; here the two pK, values are separated only by about 
1.2--1.5 log units, hence, H(PA)- exists in the two isomeric 
forms (PA.H)- and (H.PA)-- . in which the proton is nucle- 
obase- or phosphonate-bound, respectively. In the previous 
analysis"71 it was concluded that the pK, valuc for (H.PA)- is 
well represented by the microconstant pk;.,, = pK&,,,, = 


6.90+_0.02 for I-deaza- and 7-deaza-PMEA, for which a dc- 
tailed microconstant scheme was developed. The pK, value of 
H(3-deaza-PMEA)' is about 0.8 log units higher than that of 
the other PAS (Table 1, column 3), which was attributed, in 
agreement with 'H NMR shift experiments,[l7I to the location 
of the -PO,(OH)- group in a "hydrophobic" environment close 
to H2 inhibiting the release of the proton. Of course, once thc 
proton is replaced by Cu2+ the steric orientation of the whole 
residue as well as its solvation will change and the -P0:-/Cu2' 
group will be exposed to the aqueous solvent just as with all the 
other PAS. Consequently, the basicity of -PO:- in 3-deaza- 
PMEA2-, as far as its effect on metal-ion binding is con- 
cerned, is also best described by the micro acidity constant 
pk~.(,,-,,,,A = 6.90. Hence, taking pk;,,, = 6.90 for all three 
deaza derivatives, the stability constants for the Cu(PA) com- 
plexes having only a phosphonate - Cu2+ coordination can be 
calculated with Equation (9) (Table 3, column 3). 


Table 3. Stdbility constant comparisons between the measured stability constants 
(exp) from Table 1 and the calculated stability constants (calcd) based on the basic- 
ity of the phosphonate residues [a] and oil the reference-line Equation (10) for the 
Cu(1'A) coniplexer of PMEZ- ,  PMEAZ-, and its deaza derivatives. The vdues  for 
Alog A,, [Eq. (12)] reflect the further stability increase due to a nucleobase-Cu2' 
interaction ( I  = 0 . l ~ ,  NaNO,; 25'C) [b]. 


PA' J o g ~ ~ , - k l  [Eq. (511 IogAcu p& AlogA,., ?., 


exp [cl calcd [Eq. (11)l IEq (131  


P M E ~  - 3.73i0 .03  3.25ko.06 0 .4xi0 .07  
PM EA* 3.96 k0.04 3.19k0.06 0.77k0.07 0.29_+0.10 
Id-PMEA2- 4.66k0.08 3.19_+0.06 1 .47iO 10 099+0.32 
3d-PMEA2- 4.60i0.08 3.1910.06 1.41 k0.10 O.93k0 12 
7d-PMEA'- 3.83k0.08 1.19k0.06 0.6410.10 0.16+0.12 


[a] The employed acidity constants are pK&Mr, = 7.02 and pK&,,,, = 6 90 
(Table I ) ,  and far the deaza derivatives pk:,, = P ~ , , ~ ~ , , ,  = 6.90 (see text in Sec- 
tion 2.3) [b] See footnote [a] of Table I .  [c] From column 5 of Table 1. 


Comparison of these calculated (calcd) stability constants for 
the Cu(PA) complexes with the measured (exp) ones by means 
of Equation (11 a) yields the stability differences listed in 
column 4 of Table 3 [regarding Eq. (11 b) see Section 2.61. Evi- 


dently all &(PA) complexes are more stable than expected on 
the basis of the basicity of the -PO:- group, thus confirming the 
conclusions from Figure 3 .  


2.4. Structural Considerations for the Cu(PA) Complexes in 
Solution and Formulation of the Isomeric Equilibria: The positive 
stability differences mentioned (Table 3, column 4) prove that 
chelates must be formed to some extent with PMEA'-, its deaza 
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derivatives, and PME2 -.[14' The latter is crucial because 
PME2- can form only the five-membered chelate seen in 
Equilibrium (I). Thus, the stability difference logd,,;,,, = 


0.48 k 0.07 is solely due to the formation of this chelate, and 
since the (ph0sphonomethoxy)ethyl chain is identical with that 
in the four other PAS, any stability increase larger than that 
observed for Cu(PME) must be attributed to an addifional nu- 
cleobase-Cu" interaction in the complexes of PMEA2- and 
its deaza derivatives. This additional stability enhancement is 
quantified by Equation (12), and the results are listed in 
column 5 of Table 3. 


The facts already summarized under points (1) and (2) in the 
introduction lead to the Equilibria (13) and (14). In both 


schemes first an "open" complex forms between CuZt and the 
phosphonate group of PA2-, Cu(PA),,, also seen in Equilibri- 
um (I), which is followed by the five-membered chelate with the 
ether oxygen, Cu(PA),,,,, yet, in Equation (13) a macrochelate 
of the phosphonate-coordinated Cu2+ with N 7 also occurs, 
designated as CU(PA),,,~,, whereas in Equation (14) Cu2+ ,  al- 
ready involvcd in the five-membered chelate, forms a further ~ 


now seven-membered-chelate with N 3, Cu(PA),,,,,,, . 


The AlogACujPA values [Eq. (11), column 5 of Table 31 point to 
the following conclusions: In Cu(3-deaza-PMEA) the addition- 
al stability increase must be due to a (N7)--Cu2+ interaction 
because N 1 is sterically not accessible and N 3 is absent. Corre- 
spondingly, in Cu(7-deaza-PMEA) the relatively small extra 
stability has to be attributed to a (N3)-Cu2+ interaction. These 
observations prove that both Equilibria (13) and (14) can oper- 
ate, but which is more important for the Cuz+ complexes of 
PMEA2 and 1-deaza-PMEA'- '? In Cu(1-deaza-PMEA) the 
largest extra stability increase due to a nucleobase -metal-ion 
interaction occurs, and we attribute it largely to an interaction 
with N 3  rather than with N7, recalling that in H,(l-deaza- 
PMEA)' the nucleobase is protonated at  N 3," and that this 
N 3  is the most basic one in all the PMEAs studied. This conclu- 
sion and the favorable steric suggest that for 
Cu(PMEA) too Equation (14) is the more important and that a 
(N 3)-Cu2+ interaction is mainly responsible for its additional 
stability increase. 


2.5. Conclusions from 'H NMR Line-Broadening Experiments 
Regarding the Nitrogen-Cd+ Binding Sites for the Various 
PMEAs and AMPS: To confirm the above conclusions and to 
obtain information by an independent method about the vari- 


ous Cu2+-binding sites at the nucleobases, 'H  NMR line-broad- 
ening experiments were carried out. Paramagnetic relaxation, 
which leads to line broadening, arises in N M R  spectroscopy 
when an unpaired electron spin interacts with a nuclear spin. A 
large magnetogyric ratio of the electron compared with that of 
the proton inakes the dipolar coupling to the electron spin a very 
effectivc means of relaxation for the nuclear spin.[2x' Scalar 
interactions between the electron and nuclear spins have similar 
effects. In the simplest possible case a ligand molecule exchanges 
betwcen a paramagnetic environment (c.g. bound to Cu2+. 
5' = ' i 2 )  and a "free" state, with the ligand present in solution 
in vast excess over the paramagnetic center (e.g., amount 10'- 
lo4 times greater). The effect is observed as a dramatic decrease 
in spin-lattice relaxation time ( T i )  and spin- spin relaxation 
time ( T J .  The latter effect is rclated t o  the paramagnetically 
induced line broadening (A = lix T,), which is measurcd at half 
height of the resonance signals (error ca. & 10%). 


Generally, geometric information obtained from line-broad- 
ening measurements is expected to be less reliable since T, usu- 
ally is dominated by scalar interactions (also called contact con- 
tributions) ."'' However, in sevcral cases assignments of binding 
sites of paramagnetic ions based on T, measurements have 
proved to be in qualitative agreement with those obtained from 
TL data.r301 In the present case the scalar (through-bond) effect 
on T, is expected to be relatively similar for both H 2 and H 8 for 
binding at N 3 or N 7, respectively (Scheme 1). Thus the residual 
dipolar (through-space) relaxation component of T, should 
enable us to distinguish between the two binding sites.L3 ' I  


At the top of Figure 2 the paramagnetically induced line- 
broadening versus metal ion/ligand ratios for the H 2  and H8  
protons of PMEA are plotted. Thc effect on H 2  is dominant, 
indicating that N 3 rather than N 7 is the binding site in a chelate 
involving the purine base. However, monodentate binding at 
N 1 could also produce similar line broadening at H 2. In order 
to eliminate this possibility the titration was repeated with the 
1-deaza derivative, which lacks the N 1 binding site. The results 
shown in Figure 2 (second from top) are indeed quite con- 
vincing. 


A macrochelate where Cu2+ binds to the phosph(on)ate 
group and N 7 is sterically possible [Section 2.4, Eq. (13)]. To 
check if such a model is also energetically favorable 3-deaza- 
PMEA was titratcd. The line-broadening data quite clearly 
show no paramagnetic cffects on H8 (Figure 2; second from 
bottom) but a dramatic broadening of H 2. Since N 1 cannot be 
reached by Cu2+ coordinated to the phosphonate group. the 
effect on H 2  must arisc from monodentate N 1 coordination. 
This result is, however, less surprising than it may appear at first 
sight: 3-deaza-PMEA is the most basic derivative among all the 
deaza compounds (Table 1) and this disfavors macrochelate for- 
mation with N 7  for two reasons: i) At p D z 8 . 8  only about 
70% of the spccies are present as 3-deaza-PMEAZ-, while the 
remaining 30 % are protonated at the phosphonate g r o ~ p ' ~ ' '  
and thus not available for Cuz+ -phosphonate binding. This 
contrasts with all the other PMEAs, for which about 95% exist 
as PAz- at pD 8.8. ii) The N 1 site of 3-deaza-PMEA is 2.45 and 
1 .0 log units more basic than the corresponding site in PMEA 
and 7-deaza-PMEA, respectively (cf. p ~ ~ , o A ,  in Table I ) ,  which 
greatly favors monodentate N 1 binding of Cu" . Hence, 3- 
deaza-PMEA is rather special. 
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[Cu(lI)]/[7d-PMEA]. 1 O4 
I’igure 2. The effect of increasing amounts of Cu” on the ‘H N M R  linewidths of 
H 2 and H 8 of PMEA’ ~ and ofits  deara derivatives. ‘l’he ’ H N M  R line-broadening 
cxpcriinziits were carried out  at 25‘C in D,O at p D ~ 8 . 8  with [PA]-3 .0m~.  


Finally, 7-deaza-PMEA was titrated with C h 2 +  to check 
whether monodentate coordination at N 7 induced significant 
line broadening ofthe H 8 signal. The results (Figure 2, bottom) 
rcveal H 2  broadening, and when compared with the I-dcaza 
(and 3-deaza) rcsults they clearly suggest that the major species 
for Cu(7-deaza-PMEA) is a chelate involving N 3  and the phos- 
phonate group. Furthermorc, if monodentate N 7 coordination 
was of importance for the Cu2+/PMEA2 system this should 
result in a significant difference in line broadening of HX in 
PMEA compared with that of the 7-deaza analogue. Therc docs 
indeed appear to be some differencc, but not a large one; hence, 
the above conclusion that Equilibrium (14) is the dominant 
pathway for line broadcning in the Cu(PMEA) system is con- 
firmed. 


The observed effects of thc metal-ion- ligand interactions 
arc the result or rapid ligand exchange in the coordination 


sphere of the metal ion on the NMR timescale. Thus, as already 
indicated above, the observed line broadening is induced both 
by monodentate metal-ion binding and chelate formation. 
Therefore, it should be revealing to study adenosine 5‘- 
monophosphate (5’-AMP2 -) too, because Cu(S’-AMP) shows 
an increased complex stability (see also Table4) that is 
not observed for Cu(TuMP), where TuMP2- = 7-deaza-5‘- 
A M P 2 ~  ;[331 this carlier result proves that macrochelate forma- 
tion in M(5’-AMP) complexes occurs with N 7. Indeed, titra- 
tions of 5’-AMP2- with Cu2+ monitored by NMR show that 
N 7 rather than N 1 or N 3  is the preferred coordination site 
(Figure 3, uppcr part) indicating also for this system that the 
phosphate group has a “guiding” effect, that is, that the phos- 
phate-coordinated Cu2 forms a macrochelate via N 7 within 
the NMR timescale, thus confirming rather old results[341 and 
corroborating the interpretation given for Cu(PMEA) (Fig- 
ure 2. top). 


I B‘-AMP H8 


H2 


0 2 4 6 8 l o  
[Cu(II)]/[AMP]. lo4 


Figure 3 .  Effect of incrcaving aiiiounts of Cu2+ on the ’ H N M R  linewridths of H 2 
and HX ofS-AMPZ-, ?-AMP2- (*),and3’-AMP2- (0 ) .  [AMP2-] - ,3 .0 in~:  orh- 
erwise as given in the legend of Figure 2. 


To complete the picture, we also titrated 2‘-AMP2- and 3‘- 
AMP’ .. with Cu’+ (Figure 3, bottom). All three AMPS are 
fully deprolonated at pD 8.8, and as the Cu” /AMP2- ratios 
are identical in the three expcriments, the extent of the line 
broadening can bc directly compared. Figure 3 shows that the 
line-broadening effect of Cu2+ on the H8 signal of 3’-AMP’-. 
is less pronounced than on those of 2‘- and 5’-AMP2-. Further- 
more, the observed broadening of the H 8 signal of 2’-AMP2- 
indicates monodcntate binding at N 7 because Cu2+ coordinat- 
ed to thc 2‘-phosphate group cannot reach N 7. Most important, 
however, is the fact that the broadening of the signal of H2 in 
2-AMP2 is greater than that in 5‘-AMP2 -, which indicates 
that chelate formation of the 2‘-phosphate-bound Cu2+ occurs 
with N 3 .  This conclusion fits with previous results based on 
potcnliometric pH titrations that revealcd a higher complex 
stability for Cu(2-AMP) than expected on the basis of the basic- 
i ty  of thc 2’-phosphate group alone.[351 


The present results for the Cu2+/3’-AMP2- system (Figure 3. 
lower part) also agree with thcse earlier results:[351 here the 
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line-broadening effect of Cu2+ is the smallest among all three 
AMPS (see also ref. [34]), and it is slightly larger for the HS 
signal than for that of H 2, an observation which agrees with the 
fact that N 7  of an adeninc residue is more basic than N3.r361 
Cu2+ binding to these two nitrogens occurs in a monodentatc 
fashion, because Cu2+ coordinated at the 3'-phosphate cannot 
reach N 7 and can hardly reach N 3. unless 3'-AMP2- adopts the 
less-favored syn confor~nat ion . [~~l  In agreement with this, a pos- 
sible stability increase of Cu(3'-AMP) is just at  the limit of 
significance.L3 '1 


These results for the Cu'+/AMP2- systems are reassuring 
regarding those obtained for the PMEAs (Figure 2): The rela- 
tive effccts on H 2  compared with H8 prove that the preferred 
binding region in PMEA2- is the pyrimidine rather than the 
imidazole part; this differs distinctly from the situation in 5'- 
AMP2- (Figure 3). Finally, the potentiometric data plotted in 
Figure 1 and the results summarized in Table 3 (column 4) clear- 
ly show that the stabilities of all four Cu(PA) complexes are 
larger than expected; thcy decrease in the order l-deaza- 
PMEAZ- >, 3-dcaza-PMEA'- >PMEA2- >7-deaza-PMEA2-, 
Also the NMR data indicate that 7-deaza-PMEA forms the 
lcast stable complex. 


2.6. Formation Degree of the Various Isomeric Cuz + Complexes 
Formed with PA2- of the PMEAs in Aqueous Solution: As seen 
in Section 2.4, the Cu2+ complexes of PMEA2- and its three 
deaza derivatives arc more stable than expcctations based on the 
basicity of their -PO: groups suggest [Eq. (I l)] and more im- 
portantly, they are also more stable than the Cu(PME) complex 
(see Table 3, column 5 ,  [Eq. (12)], which encompasses the iso- 
mers seen in Equilibrium (1); this proves that the adenine 
residues must also participate in complex formation. 


Therc are two unequivocal cases: For structural reasons 
Cu2+ can undergo the mentioned adenine interaction in 
3-deaza-PMEA' and 7-deaza-PMEA' complexes only 
through N 7  or N3,  that is, by Equilibria (13) and (14), rcspec- 
tively. Furthermore, from the line-broadening studies it follows 
that the Cu" interaction occurs with PMEAZ- and l-deaza- 
PMEA2- overwhelmingly at N 3, so there are three major iso- 
mers and Equilibrium (14) is (mainly) operating for these two 
PMEAs too. Thus, the degree of formation of the various pos- 
sible isomers has to be evaluated for PMEA2-, l-deaza- 
PMEAz-, and 7-deaza-PMEA'- based on Equilibrium (14) 
and for 3-deaza-PMEA'- on Equilibrium (13). 


In Equilibrium (14) the experimentally accessible overall sta- 
bility constant as defined in Equation (5)  may be rewritten as 
given in Equations (15b), (15c), and (15d).[371 The definitions 


(15a) 


involved in these expressions [see also Eq. (14)] are laid out in 
Equations (16)-(1S). The stability increase log ACu,PA, defined 


(17) 


in Equation (11) and below partially abbreviated as IogA, is 
connected with the overall intramolecular equilibrium constant 
Kl , often written as KI,tol, by Equation (1  9). For Equilibriuln (1 3 )  


(19a) 


Equations (20a)-(20d) apply. Aside from the definitions in  


Equations (16) and (17), Equation (21) is used in  the above 


expressions. The connection between Kl = K,,,,, and the experi- 
mentally accessible values for logACuiPA (=  log A) is given by 
Equation (22). 


(22 a) 


Of course, if the isomers C U ( P A ) ~ , , ~ , ~ ~  [Eq. (14)] or Cu(PA),,;,, 
[Eq. (13)] are not formed, KIIOIN3 [Eq. (IS)] or KlrN7 [Eq. (21)] 
become zero and the above Equations (19c) or (22c) reduce to 
K, = Kl,to, = K,!,, that is, to the two-isomer problem appropri- 
ate for the treatment of Cu(PME). In this case only the species 
Cu(PA),, and Cu(PA),,,o exist, and the situation corresponds to 
Equilibrium (1). Hence, K,,, for Cu(PME) can bc calculated 
bascd on the results obtained for logACuipMe. 


If three isomers are formed [Schemes (13) and (14)], 
K, (= KIIt,,) can be calculated according to Equations (29a) or 
(22a) from the logACUIPA values in column 4 of Table 3. Hence, 
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riible 4. Intramolecular equilibrium constants for the formation of the various isomeric Cu(PA) complexes as defined in thc Equilibria (13) and (14). together with the 
percentages in which the isomers occur in aqueous solution ;it 25‘C and I = 0.1 w (NaNO,). Thc values for the CU’’/S’-AMP system [27] are given for comparison [a]. 


m e  residue 


K, = Ki 
[Eq. (19a)l 


4.89k0.98 
28 51 i6 XI) 
3.37+ 1.01 


Ki K,,,, 
[Eq. (22ajl 


14 70 i 5.92 


‘Yo C‘L~(PA)~,, 
[Eq. (IYb)] 


3 3 k S  
1 7 2 3  
3 . 4 i 0  X 
2 3 2 5  


% Cu(PA),,, 
[ E q  (22b)l 


3 9 * 0 Y  
54+8 


1.42 2 0.74 
13.1 f4.7 
0 . 6 7 i 0  63 


K1,v 
[Eqz. (21).(22c)] 


22.7 & 5.9 
0.X6 i 0 . 2 6  


~~ ~~ 


la] Scc footnote [a] ofTable 1 .  The values in the third column are from column 4 of Table 3. The v:iIues given in the sixth column for percentage Cu(PA),,, follow from 100 - “h 
Cu(PA),,,,,,. The constanls K,,, result from the CuztJ’MEL- system and are taken fiom ref. [la] (see tcxt in Section 2.6), with the now known values for K, and K , ,  and 
Equations ( I 9 c )  and (22c )  those for and percentage Cu(PA),, 
[c]  I h c  values for pei-ccnlagr Cu(PA - Cu(PA),, O ;  for further details see Tables 4 or 11 in refs 1171 
o r  [lo]. I-rspectjvely. id] See also rel. 1381. 


and K1 h7 may be calculated (column 8) .  [b] These results were calculated with Equation (17) with Kl 
and Cu(PAjc,,N, follow from the difference 111 percentages Cu(PA),, 


the concentration fraction of Cu(PA),, becomes known [Eqs. 
(19b) or (22 b)]. Assuming that the stability of the Cu(PME),,,, 
isomer represents the stability of the Cu(PA),,,, isomers of the 
PMEAs well, as they all contain the structurally identical (phos- 
phonomct1ioxy)ethyl chain, then rC,;,,,, or KIiN7 can also be 
calculated with Equations (19c) or (22c), respectively, and 
hence, the degree of formation of all isomers can be known. The 
rcsults are summarized in Table 4, together with the values for 
thc C L I ~ + / S ’ - A M P ~ -  s y ~ t e i n . [ ~ ~ ~  3 8 J  


The most obvious conclusion from Table 4 is that aside from 
the -PO:-- group all three additional binding sites of PMEA or 
its deaza derivatives, that is, the ether 0 as well as N 3 and N 7  
of the adenine residue. participate in complex formation: a) the 
formation degree of CLI(PME),,, is considerable, about 67 % 
[Eq. (1) and Table 4, column 91; b) of the 77’1‘0 due to Cu(7- 
deaza-PMEA),, tot (no. 4 in Table 4) about 31 YO occurs with a 
N 3  interaction involving a seven- and also a five-membered 
chelate, Cu(7-deaza-PMEA),,,,,,,, next to 46% of the 
C~(7-deaz.a-PMEA),,~, isomer [Eq. (14)]; and c) of the approx- 
imately 96% of the Cu(3-deaza-PMEA),,,,., about 88 YO (no. 5 in 
Table 4) is present as the N 7  macrochelate, Cu(3-deaza- 
PMEA),,),, [Eq. (13)], and about 8 %  remains as Cu(3-deaza- 
PMEA),,,,. Furthermore, 3-deaza-PMEAZ-- is better suited for 
the formation of macrochelates than is 5’-AMP2-, which forms 
only about 46% ofthe Cu(5’-AMP),,,,, isomer (Table 4, no. 6). 
This is because thc 3-deazaadcnine residue is more basic overall 
than the adenine residue (Table 2)  and, owing to its “aliphatic” 
chain, the ligand itself is more flexible than 5’-AMP2- with its 
relatively rigid ribose moiety. 


Thc Cu2+ complexes of 1-deaza-PMEA’- and PMEA’ ., 
which prefer N 3 interactions over N 7 (Sections 2.4 and 2 3 ,  
form considerable amounts of Cu(PA),,~,,,, (Table 4, Nos. 2 
and 3): Cu(l-dcaza-PMEA),,,,,,, is favored (about 90% 
formed) much more than Cu(PMEA),,,,,,, (about 49 ‘41 
rormed) . Since N 3 is the most basic nucleobase site in 1 -deaza- 
PMEA (Table 11, this result is not surprising. What is surpris- 
ing, rather, is the fact that if a metal ion is correctly positioned 
at suitable “primary” binding sites then N 3  binds metal ions 
with a relatively pronounced affinity, despite its low basicity 
within the adenine ring (N 1 > N 7 >  N 3; cf. r e t  [XI). 


Comparison of all the results in Table 4 shows that the Cu2 - 


nucleobase interaction is least pronounced in the Cu2 +/7- 
deaza-PMEA2 - system ; this result concurs with thosc described 
for the protonated complexes (Section 2.2; Table 2) and also 
with the NMR line-broadening observations of Section 2.5. 


Finally, it needs to be emphasized that this analysis proves 
that the main three isomers of all PMEAs occur simultaneously 
in appreciable amounts in  equilibrium with each other. For 
example, Cu(PMEA) itself consists of about 17 % Cu(PMEA),,, 
34% Cu(PMEA),,,,, and 49% Cu(PMEA),, 0 , N 3 .  


3. Conclusions 


The analyses presented in this study, which involve the three 
deaza isomers of PMEA, the determination of the stability con- 
stants of the corresponding Cu2+ complexes by potentiometric 
pH titrations, and ‘H NMR line-broadening studies of the var- 
ious ligands in the presence of Cu2+,  prove that three main 
isomers of the Cu(PMEA) complex exist and that in one of them 
the adenine residue is bound to Cu2+ via N 3! To the best of our 
knowledge this is the first time that a three-isomer problem has 
been solved in all its facets, including the binding sites and 
degrees of formation of the various isomeric complexes that 
occur in solution in equilibrium with each other. 


The finding that metal-ion binding occurs at  N 3 is of general 
interest because so far not much is known (see refs. [16,35]) 
about the metal-ion-binding properties, especially in solution, 
of this purine nitrogen site. The present results demonstrate that 
despite its low N 3 can bind metal ions wellprovidd 
t hesc are orientated or positioned by suitable “primary” coordi- 
nation. For this reason Cu” forms macrochelates involving N 7 
with 5’-AMP2- and 3-deazx-PMEA2-, whereas in i t s  complex- 
es of 2‘-AMP2-,[3 51 7-deaza-PMEA2-, I-deaza-PMEA’ . and 
PMEA2- it interacts with N 3 !  


This observation regarding N 3 is not only of importance for 
nucleotides but possibly even more so for the metal-ion-binding 
properties of DNA, where N 3 is exposed to the solvent in the 
minor The results described here for Cu2+ also hold 
for other metal ions with ;I tendency to coordination with N 
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sites. Examples are Zn2+,  which is crucial for the activity of 
many enzymes,[401 but also Cd2+,  which is generally toxic to 
biological systems.r40h1 


The properties of PMEA2- and 5'-AMPZ- that depend only 
on the qualities of the adenine moiety, such as hydrogen bond- 
ing or stacking interactions, are cxpected to be very similar or 
even identical. Furthermore, it follows from the formation of 
monoprotonated Cu(H;PMEA)' species (Section 2.2) in which 
the metal ion is mainly located at  the adenine residue and the 
proton at the phosphonate group (Table 2, first row) that the 
adenine residue of PMEA may form adenosine-type complexes. 


As the lengths of the D-ribose 5-monophosphate residue and 
of the (phosphonomethoxy)ethyl residue are also very simi- 
lar,[3aJ a metal ion coordinated at the phosphate group of 5'- 
AMP2- or at  the phosphonate group of PMEA2- is placed at 
about the same distance from the adenine moiety; in other 
words, the "open" isomers of the corresponding complexes are 
structurally quite alike. However, there are also crucial differ- 
ences : 5'-AMP' - coordinates alkaline earth ions only through 
the phosphate group, whereas divalent 3d ions and ZnZC or 
Cd2+ also form macrochelates additionally involving N 7  of the 
adenine moiety.[", 3s1 In contrast, PMEA2- interacts with all 
metal ions studied so not only through the phospho- 
nate group, but to a remarkable extent also through the neigh- 
boring ether oxygen, forming five-membered chelates as illus- 
trated in Equilibrium (1). Furthermore, as has now been shown, 
the interaction with the adenine residue occurs through N 3! 
Hence, the structures of the complexes formed with 5'-AMP'- 
and PMEA2-, having only a phosphate- or phosphonate- 
metal ion interaction, are similar, while those isomers that com- 
prise chelates have very different structures in solution. At this 
point, it may be recalled that the ether 0 atom of PMEA is not 
only important for its metal-ion-binding properties but that it is 
also essential for the biological activity, for example, its antiviral 
action." 31 


Regarding isomeric equilibria, that is to say, equilibria be- 
tween different structural forms of complexes with the same 
composition, it is important to note that the conversion of an 
"open" form into a chelated form with a formation degree of 
about 20% is connected only with a stability difference of 
logA = 0.1 [Eq. (lo)]. In other words, AG" changes by only 
0.6 kJmol- i . 1 1 4 , 4 1 1  Since isomeric equilibration is fast, nature 
has here a tool to achieve high selectivity without employing 
high energy because formation of 20% of a given 
isomer in equilibrium is more than enough to serve in an enzyme 
reaction as substrate or inhibitor. 


4. Experimental Section 
4.1. Materials: The free acids of 9-[2-(phosphonomethoxy)ethyl]adenme, 
9-[2-(phosphonomethoxy)ethyl]-l-deazaadcnine, 9-[2-(phosphonomethoxy)- 
ethyl]-3-deazaadenine and 9-[2-(phosphonomethoxy)ethyl)]-7-dearaadenine 
were synthesized according to published procedures."3j The aqueous stock 
solutions of the PMEA ligands were freshly prepared daily just before the 
titrations by dissolving the substance in distilled, C0,-free water and adding 
2 equiv of NaOH. 
The sodium salt of adenosine 5'-monophosphate and adenosine 2 -  
monophosphoric acid and adenosine 3'-monophosphoric acid were pur- 
chased from Sigma (St. Louis, MO, USA). The disodium salt of 1,2-di- 
aminoethanc-N,N,N',N'-tetraacetic acid (Na,EDTA), potassium hydrogen- 
phthalate, HNO,, NaOH (Titrisol), and the nitrate salts of Na' and Cu2+  


(all p u  u iza l~s i )  were from Merck (Darmstadt. FRG).The buffer solutions 
(pH 4.64. 7.00, 9.00 based on the NBS scale: now NIST) for calihrntion wcrc 
from Metrohm (Herisau, Switzerland) 


4.2. Potentiometric pH Titrations: The exact concentration ofthe Cu' stock 
solutioiis was determined by potentiotnctric pH titration via the EDTA c o n -  
plex. The NaOH solutions used for the titrations were stnndardiLed wi th  
potassium hydrogenphthalatc. The exact concentration of the lignnd solti- 


tions was newly detcrmined in  each experiment by the culuat ion of the 
titration pairs described below. The potentiometric pH titrtations were all 
carried out with a Metrohm E536 potcntiograph equipped with an ES35 
dosimat and a Metrohrn 6.0202100 (NB) combined macro glasa clectrode. 
The set was calibrated with the above-mentioned Mctrohm hufler solutions. 
The direct pH readings were used in the calculations of the :icidity con- 
s t a n t ~ , " ~ ]  so these are so-called practical. mixed or Br~ns ted  constiants. Their 
negative logarithms given for aqueous solutions at / = 0.1 M (NaNO,) ~ ind  
25 C may be converted into the corresponding concentration conctants by 
subtracting 0.02 from the listed pK, 
The acidity conslants pd2,,,, and K&,, of the tworold protonated I - ,  3-. m d  
7-deaza-PMEAs were determined as described by titration of an 
aqueous solution of HNO, (30 mL, 1 . 3 5 m x  I = 0.1 M,  NaNO,) under N, at 


25 -'C in the presence and abscnce of the PMEA derivative ( 0 . 4 m ~ .  all present 
in the stock solution as PA'-) with NaOH (1.5niL, 0 . 0 3 ~ ) .  The difference 
in NaOH consumption between such a pair or corresponding solutions was 
evaluated. 
The conditions for the determination of the stability constants k$&.,, and 
q:,,,, were the same as given above, but some of the NaNO, was now 
replaced by Cu(NO,), (1 = 0.1 M; 25'C). The CuZ+:ligrind ratios were 1 1 . 1  
and 5.6:1; with I-deara-PMEA the ratio 2.8:l was also applied. The con- 
stants were calculated with an IBM-compatible desktop computer (with an 
80-486 processor), connected to an Epson Stylus printer and a Hewlett 
Packard 7475A plotter; a curve-fitting procedure was used taking into ac- 
count the species H', H,(PA)'. H(PA) , PAZ- ,  Cu", Cu(H:PA)+, ;\nd 
Cu(PA). The experimental data were taken every 0.1 pH unit starting from 
about 3 Yo complex formation until the beginning of the hydrolysis of Cu,::,. 
which was evident from the titrations without ligand. The results arc the 
averages of at least seven independent pairs of titration curves. 


4.3. 'HNMR Line-Broadening Measurements: The 'H  N M R  experimrnts 
were performed at 400.13 MHz on a Bruker Avaiicc DMX400 spectrometer. 
Samples of PMEA and its deaza derivatives were dissolved in D,O a t  concen- 
trations around 3 . 0 m ~ .  In these dilute solutions i t  is expected that excessive 
stacking of the purine bases is avoided.'"'] The pH was adjusted to a pH-me- 
ter reading of 8.4, corresponding to a pD of 8.8. A stock solution of0.22 m M  
Cu(NO,), in D,O was used in the titration of the solutions containing the 
PMEAs. Aliquots of 2 pL were added directly into the N M R  tube and 
thoroughly mixed before the ' H N M R  spectra were recorded. The te- 
tramethylanimoniuin (TMA+) ion was added as a chemical shift standard 
and the 'H NMR signals of the various protons were assigned as previous- 
IY. ' '~ '  Where appropriate, the measured linewidths include coupling. such iia 


between H I  and H 2  in I-deaza-PMEA. The spcctra were recorded at 25 C 
using a standard one-pulse sequence with prcsaturation of the residual HDO 
water signal. Exponential multiplication of the FIDs was performed before 
the Fourier transform to improve the signal-to-noise ratio. 
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Strong Binding of Alkylguanidinium Ions by Molecular ’Itveezers: 
An Artificial Selective Arginine Receptor Molecule with a 
Biomimetic Recognition Pattern 


Thomas Schrader* 


Abstract: Bisphosphonates 2 and 3 repre- 
sent the first artificial receptor molecules 
for alkylguanidinium ions. They bind to 
the guanidinium moiety by forming a 1 : 1 
chelate complex, stabilized by a planar 
network of electrostatic interactions and 
hydrogen bonds. This hydrogen bonding 
configuration is identical to thc “arginine 
fork” postulated by Frankel as a key ele- 
ment in RNA-protein recognition of the 
AIDS virus. Our guanidinium- bisphos- 
phonate complexes thus constitute the 
first synthetic model for this important bi- 


Introduction 


ological interaction and demonstrate that 
the high binding energy can be a driving 
force for a conformational change in the 
receptor (induced fit, e.g., in the RNA). 
Although binding of monosubstituted 
alkylguanidines is gencrally strong 


Keywords 
arginine - guanidines * molecular 
recognition * receptors * supramolecu- 
lar chemistry 


(Ka% 10000 in DMSO), molcciilar twccz- 
er 3 recognizes N- and C-amidc-protected 
arginine derivatives especially well 
(K,~3OOOOO in DMSO), becauscan addi- 
tional hydrogen bond is formed betwecn 
the amide and the phosphonatc. Since 3 
does not bind amines effectively, it is high- 
ly selective for arginine, evcn in the pres- 
cnce of lysine or other amino acids. For 
di-, tri-, and tetrasubstituted guanidines 
the association constant remains low 
( K , < l O O O  in DMSO) reflecting the in- 
crease in the steric bulk of the guest. 


Alkylguanidinium ions play a dominant role in biological sys- 
tems, especially in form of the amino acid arginine, becausc they 
act as binding sites for anionic biomolecules in enzymes and 
antibodies.[’] Arginine residues are also involved in the interac- 
tions of the nucleic acid phosphodiesters with thehighly charged 
protamines and histones.rZ1 Many antiviral natural compounds 
presently being tested against HIV infection are g~anidines.~~] In 
recent years several artificial receptors based on bisguanidines 
have been developed for phosphodiester binding.r41 However, to 
the best of our knowledge no synthetic receptor is known that 
binds to alkylguanidines themselves. All systems that have been 
devcloped for guanidine recognition are macrocycles. For steric 
reasons these can only bind the unsubstituted guanidinium 
cation well. Hence, with only a single exception,[5a1 investiga- 
tions have been confincd to simple guanidinium complcxes.’51 
k h n  demonstrated convincingly that even the exchange of 
guanidine for methylguanidine causes a twentyfold drop in the 
association constant for his “tartrato c r o ~ n ’ ’ . ~ ~ ~ ~  To solve this 
problem we have developed molecular tweezers 2 and 3 
(Scheme I), which strongly and selectively bind to monoalkyl- 


[*] Dr. T. Schrader 
Institut fiir Organische Chemie und Makromolekuliire Chemie 
Universit&tstr. 1,40225 Diisseldorf (Germany) 
Fax: Int. code +(211)811-4788 
e-mail: schrat~iris-oc2.oc2.uni-duessckdorf.de 


1 2:x=o 
3: X = SO2 


Scheme 1 .  Synthetic phosphonrle receptor molecules. 


guanidines. The binding scheme may be called biomimetic inas- 
much as it relies mainly on electrostatic interactions and hydro- 
gen 


Results and Discussion 


According to force-field calculations for the synthetic receptors 
2 and 3 the bisphosphonates can be arranged to form an almost 
completely planar network of hydrogen bonds with guanidini- 
um cations (Scheme2, left).[61 This array shows a striking 
similarity to a key structural element in RNA-protein rccogni- 
tion of the AIDS virus. Its replication depends critically on 
complex formation betwcen the TAR (= trans-acting respon- 
sive element) region of the mRNA and a regulatory protein 
called Tat (= transcriptional a~tivator).~’] Frankel and co- 
workers have presented ample evidence for a simple scquencc- 
selective binding mode.[*] They show that the protein recognizes 
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Sclieine 2 Left. Complexeb of the molecular tweezers 2 or 3 (X = 0 or SO,) with 
irrrthy1gu;inidine (4) according to force-field calculations [6]. Right: the “argininc 
l1,rk” 1x1. 


a n  RNA conformation that allows a single arginine residue to 
bind simultaneously to two phosphates. Thus a structure is 
formed that they call the “arginine fork” (Scheme 2, right). Its 
hydrogen-bonding configuration is identical to that of our 
molecular model. Binding studies with receptor molecules 2 and 
3 should therefore provide valuable information about the sta- 
bility of such complexes. The hinge groups 0 and SO, provide 
ii wide and a narrow tweezer opening according to  their differ- 
ent bond angles. In this way we hoped to create selective hosts 
that do not bind cations similar to  guanidinium, such as alky- 
lammonium ions. 


Addition of one equivalent of phosphonates 2 or 3 to methyl- 
guanidinium chloride (4) in [DJDMSO resulted in large shifts 
of host and guest signals in both the ‘H and the 31P N M R  
spectra. We performed N M R  titrations with receptors 1-3 ( I  
serves as a reference) of various guanidincs (4-6) in [DJDMSO 
and calculated the association constants from the binding 
curves (e.g,, Figure 1) by nonlinear regression The 
results are summarized in Table 1 .  


1 0  


08 


0.6 I 
A6 0.4 


[PPml 


---- -- 
~- - ~- r .. ,-- - --- I ,  0.0 &- - - 


0.0 0.5 1.0 1.5 2.0 2.5 3.0 


c (3) [l O”M] 


Figure 1 .  Dependence of thc change in chemical shift A6 of c11;iracteristic N M R  
signals 01‘ r-N-losylai~giiiine methyl estcr 5 ( c  = 0 . 7 m ~ )  on tiic concentration of 
hisphosphonate 3 in [DJDMSO at  20 C. 


‘Talk! 1 Association constant\ (k‘,.!) from N M R  titrations iii OMSO at 20 C [a] 


Direct comparison of mono- and bisphosphonate (1 vs. 2 and 
3)  proves that both phosphonate anions in 2 and 3 are indeed 
involved in a chelate-type interaction with the guanidinium 
cation, because the binding constants for methylguanidine in- 
crease by a factor of 56 and 93, respectively, with respect to that 
for I (Table 1) .  Job’s method of continuous variations[’’] 
confirms the postulated 1 : 1 stoichiometry of all complexes. 
These results constitute strong experimental support for the 
high thermodynamic stability of the arginine fork postulated by 
Frankel for RNA-protein recognition. In the unbound phos- 
phonates six single bonds can rotate freely, so that their confor- 
mation will be completely different from that of the complex, in 
order to avoid electrostatic repulsion between the phosphonate 
groups. This is also the case in the unbound RNA molecule; 
only the approach of a specific arginine moiety in the Tat protein 
induces a distinct conformational change that brings the phos- 
phates close to each other (induced fit). Our model confirms 
that the double electrostatic attraction in the arginine fork can 
more than compensate for the destabilization energy necessary 
for reorientation of the phosphates. 


With x-N-tosylarginine methyl ester (5) instead of methyl- 
guanidine a significantly higher binding constant is produced 
(Table 1).  Force-field calculations for x-N-tosyl- and for x-N- 
acylarginine esters demonstrate that after guanidine “docking” 
the amino acid side chain can be reoriented so that the amide 
function is brought close t o  the phosphonate (Scheme 3).[‘’ The 
large downfield shift of the amide protons of 5 (Figure 1) indi- 
cates formation of an additional intermolecular hydrogen bond 
to the phosphonate. The binding constant with 3 reaches 
62800 M - ’  as a result of this cooperative effect. Titrations with 
3 in pure methanol produce an association constant K, of 
490M-’ for 4 and 5 7 0 ~ - ’  for 5. These values for alkylguani- 
dines exceed those for all neutral crown ethers by at least one 
order of magnitude (Kacmax, = 68 for the unsubstituted guani- 
dinium cation) .[I ‘ I  Finally, the narrow diphenyl sulfone 3 binds 
to all monoalkylguanidines more strongly than the wider 
diphenyl ether 2 (Table 1). In contrast, benzylamine and 1,l- 
dimethylguanidine (6) are bound much more weakly. Encour- 
aged by these results we examined 3 closer for its potential to act 
as a guanidine or even arginine selector. 


How much better does 3 recognize arginine derivatives over 
other amino acids? In Table 2 a  the binding constants for x - N -  
acyl-protected alanine, lysine, and arginine esters. which were 
produced under identical conditions, are compared: alanine is 
not complexed at  all; lysine is bound 14 times more weakly than 
arginine derivative 7 .  The conformational lock of the arginine 
molecule due to the additional amide binding site is so strong 
that on complexation of the N-benzoyl derivative 7 the 
mcthylene protons of the highly symmetrical artificial receptor 
become diastereotopic (Scheme 3) .I’ 


Guect k‘, 1 ( 1 )  ~ ~ 3 ( 1 )  K ,  , (2) A(;LVJ (2) K ,  “ 3 )  AG””(3) 
x 10- [nl-’] [kc:ilmol ‘1 x i n -  .$ [ M - ’ ]  [kcnl mol- ‘1 X I 0  ~d [M ‘1 [kcal mol ~ ‘1 


mei1iylgu;inidinc (4) 0.1 2.1 5.6 5.0 9.1 5 3  


b c n q  I a mi nc 0.2 3.1 3.1 4.8 1.9 4.4 
I .l-dimetIiylguanidine ( 6 )  6.6 5.1 2.9 4.1 


~ z-A’-tosylarginine methyl c$ter ( 5 )  21.8 5.8 62.8 6.5 


[‘I] Bec.iusc ofthc srrongly hygroscopic charactcr of both titration partncrs the [D,,]DMSO soiucion containcd ahout  0.1 Yo ofwater. Errors i n  K,< are estimated a t  k 6 -  40% 
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Scheme 3. Conformational lock of a-N-benzoylarginine ethyl ester (7) in its com- 
plex with 3 according to force-field calculations [6]. 


In order to  simulate the electronic environment in a peptide 
we examined the N -  and C-amide-protected arginine derivatives 
8 and 9 (Scheme 4a). The additional hydrogen bond switches 
completely to  the carboxamide side of the arginine[13] and the 
association constant increases markedly again to a value around 
~OOOOOM-'. Table 2 a  documents the sensitivity with which 3 
recognizes the different side chains of even similar proteinogenic 


I 
( N l H  


8: A r =  a 


b) 


10 


L 
11 


2 
12 


14 


Scheme 4. a) Amino acids, b) amines, and c) guanidines for the NMR titratlons 


amino acids. Especially in an amidic environmcnt. as  in a 
protein, the bisphosphonate is highly selective for arginine. 


To further characterize the recognition profile of 3 we investi- 
gated its affinity towards several amines and guanidines with a 
different degree of substitution (Table 2 b,c; Scheme 4 b,c). 
Generally, amines are complexed weakly (Table 2 b); even the 
amino alcohol 10 (a model compound for adrenaline) gives only 


Table 2.  Association constants ( K ,  ,) from NMR titration\ with 3 in DMSO a t  
20 C. For formulas see Scheme 4 [a]. 


a) Amino acids. 


K ,  , x 10 ' [H '1 AGL<l3 [kcnlinol ' 1  


BOC-Ala-Ohle 
x- Ac-Lys-OMe 
x-Bz-Arg-OEt (7) 
z-Ts-Arg-OMe ( 5 )  
8 
9 


< n  01 <1.3 
4 4.8 


58 6.4 
63 6.5 


280 7.1 
310 7.4 


b) Amines. 


K ,  , x lo-' [M '1 AG'"z[kc;ilniol '1 


hex ylaniiiie 
hcniylaminc 
10 


1 
2 
4 


4.0 
4 4  
4 x  


c )  Guanidines 


Molecular Tweezers 1 537 - 1 541 
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K ,  , x l o - "  [M-'1 AG'y'[kcalmol~']  


methylguanidine (4) 9 5.3 
giianethidine (11) 9 5.3 
1.1 -dimethylguanidine (6) 3 4.7 
creatine (12) 0.1 2.7 
creatinine (13) 1 4 0  
14 I 4 0 


[a] The [DJDMSO solution contained about 0.1 % of water bccsuse ofthe strongly 
hygroscopic character of both titration partners. Errors in Kd are estiinatcd at 


- 


3 - 50 "A,. 


a moderate association constant of ~ O O O M - ' .  This is in sharp 
contrast to the effective binding by a m-xylylene bisphosphonate 
( K ,  = 5 5 0 0 0 ~ - ' ) ,  which we introduced recently as a highly 
efficient synthetic receptor molecule for amino alcohols.['4] 


Among guanidinium ions the artificial receptor 3 is equally 
selective: while binding monoalkylguanidines (4, 11) very well, 
its affinity towards 1 ,I-dialkylguanidines (6, 12) already de- 
creases markedly; the binding constant for creatine (12) is ex- 
tremely low ( K ,  = I ~ O M - ' ) ,  probably because of the strong 
phosphonate-carboxylate repulsion between host and guest. 
Similarly, the tri- and tetrasubstituted guanidines 13 and 14 are 
only weakly bound, although creatinine (13) is an acylguanidine 
and hence much more NH-acidic than simple trialkylguani- 
dines. 


Perspectives 


We intend to use the high selectivity of the artificial arginine 
receptor molecule 3 to design enzyme mimics that are able, like 
thrombin and trypsin, to cleave proteins after arginine. To this 
end the phosphonic acid may be linked with an appropriate 
nucleophile. 







Experimental procedure 


(kncral: ' H N M R  spectra were recorded a t  20 C on a Varian EM390 
(90 MT-17) or ;I Val-ian VXR300 spectrometer (300 MHzj. '.'C NMK spectra 
were recorded on thc saine instruments at 75 MHz. For high binding con- 
\tatits NMR titrations wei-e carried out on a h i k e r  500 MHz spectrometer. 
(,'hcniical shifts IS w e  given relative to an intet-nal tetiamethylsilane standard 
(TMS). 31P NMR spectra were recorded on a Brukcr AM 200 SY spectron- 
etcr with H,PO, as external standard. CDCI, and [DJDMSO were pur- 
chased fi-om Aldrich in 99.8% purity (water content of DMSO%0.03'%,). 
TLC analysis was carried out on silica gel 60 F-254 ( layer thickncss 0.2 mm). 
I'reparative chromatography columns were packed with silica gel 60 (70 
330 incsh) from Macherey 6r Nagel. All solvents were dried and freshly 
distilled before use. 


N M R  Titrutions: A solution of the phosphonate (10 equiv in 0.4 inL 
[D,]DMSO) was addcd with a S O  pL microsyringe i n  aliquots to a solution 
i s f  the alkylgunnidiniuin chloride (I equiv iii 0.7 mL [I>,]L)MSO; 0.5 2inM) 
i i i  I sealed NMR tube. The guanidine and tetrabutylainmo~iium phosphonate 
wlutioiis containcd -0.05-0.2 %, and %0.3-0.6'% watcr. rcspcctivcly, bc- 
c a u ~ c  of their highly hygroscopic character. Volume and concentration 
changes were taken into account during analysis."' NMR titrations on the 
500 MH7 spectrometer were carried out autoniatically by a robot. To this end 
nine NMR tubes were each filled with the sainc m o u n t  and conccntration of 
euesl du t io i i .  and incrcasing amounts of host solutions of uniform conccn- 
tratioii wcrc addcd successively. Errors in K ,  were markedly smaller coni- 
pared uith the 300 MHL niea~iireinenls owing to the preparation of stock 
~ ~ I i i t i o n s  and rheir tenfold lower concentrations. 


Job Plots: Equiinolar solutions (0.03 vj of phocphonale 1 u id  inethylgiiani- 
diniuni chlot-ide were inixed in various ratios ' H  NMR spcctra of the ni ix-  
ttircs wcrc rccordcd, and the change in chemical shift of host and guest signals 
\+'as analyzed with Job's method modified for NMR 


l.lonnethyl Bcn7ylphosphonate (stnrting matcrial for I J wds prcparcd by d k a -  
1:nr 1i)drolysis of the corresponding dicster with aqueous sodium hydroxide 
( 5 ~ ) ,  followed by acidification with HCI ( I N ) .  Yield: 98%;  M.p. 66 C :  
' I INMR (9OMH7. [I>,]IlMSO): b =1.25 (t. 3H.  J = 7 H z ,  CH,), 3.0 (d, 
~11. . I=?2Hr,CH,f ' j .3 .85(dq,2H. . I -7Hz.CH,O).7.25(in.5ArH),9.X 
(h rs .  1 H. P-OH). "P NMR ([DJDMSO): (5  = 24.74 (s).  Elemental analysis: 
calcd. ror C,H,,O,P: C 53.98. H 6.55, found C 53.82. H 6.55. 


li.trahut$unmoniuin benzylphosphonic acid monoethyl ester (1 j :  A typical 
pl4-titration cxperinicnt was carried otit with tnonocthyl bcn7ylphosphotiatc 
and tetrahutylaininoniuin hydroxide ( 1 . 5 0 ~ )  in water. When the equivalence 
point u.a\ reached (after the addition ofexactly 1 eqtiiv of aqueous tetrabutyl- 
ammonium hydroxide) the reaction mixture was evaporated to  dryness and 
cxtractcd with dry chloroform. After drying over magnesium sulfate and 
filrration the solvent wa5 remowd in vacuo and the solid \vas furthcr dricd 
o\erpliospl~orus pentoxide at nibar. Yicld: 95%;  M.p. 48 C ;  ' H  NMR 
(iOOMHz,[D,]DMSO):ii =0.92(t ,12H, J = 7 . 3  Hz.CH,(Buj).I.Ol ( t , 3 H ,  
J =7.0 Hj.. CH,(Et)). 1.29 (tq. XH, J =7.3 Hz, 8CH,(Buj), 1.55 (111, 8M. 
8CH2(Bu)),  2.65 (d. 2H,  .I = 22 Hz,  CH,P), 3.20 (in. XH, CH,N), 3.60 (dq. 
? H .  J=7.0.7.3Hz.  CH,O). 7.03 (t, IArH,  J = 7 . 4 H z j .  7.14 ( t ,  2ArH, 
.J =7.4 H;.). 7 21 (d. 2ArH. /=7 .4  Hz). I3C NMK (75 MlIz,  [U,]L)MSO): 
6, = 13 50 (c. 4CH,(Bu)), 16.99 (d. CH,(Et)), 19.22 (s, 4Ctl,(Bu)), 23.14 (s: 
dCH2(Bi i ) ) .  36.37 id. I =  122.4' H L .  CH,P). 57.48 (in. 4CH,N). 58.43 (d. 
J = 6.2 H7. C H 2 0 ) .  124.20 (d, J = 2.3 Hz, CF14co,nj, 127.19 (d. .I = 2.2 Ilz,  
2 C H ,  rO,n ). 129.47 (d. J = 5.6Hz, 2CH,,,,), 138.89 (m, 1 C,,,,). "I' NMR 
(JDJDMSO): 0 =14.89 (s).  Elemental analysis: calcd. for C2,H,,<),P: C 
67.98. H 10.96. N 3.17. found C 67.93, FI 11.19. N 3.40. 


His(dimethy1 phosphonates) (starting inaterials for the molecular tweezrs):  
I)i-/i-tolyl ether a n d  d i -p~o ly l  sulfone were converted to tlic corresponding 
aibroniides with 2 molequiv of NBS and a catalytic amount of  A l H N  i n  dry 
t-trachloroinethane by heating the rcaction mixtures t o  80 ('. After recr)sktl- 
Imtion the dibroniides were heated for 3 11 to 140 C with 2 inolequiv of 
trimcthyl phosphitc. Residual trinietliyl phosphite and diinethyl methylphos- 
phonatc wcrc cvapofiitcd in vacuo. Chromatographic purifictttion over silica 
f c l  (ethyl xe tn tc  methanol = 10: 1 )  afforded analytically pure colorless oils. 
uliich c r y s ~ a l l i ~ e c l  dui-ing one d a y  
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B ~ ~ ~ / ~ ~ - ~ c ~ i r i i i ? t l i , o . v ~ ~ i h o . \ p h o r ~ ~ l i n e , l n ~ / ~ ~ ~ ~ ~ ) ~ ~ ~ i ~ ~ i ~ ~ ~ l ]  ether:  Yield: 26 "/o overall: M . p .  
86 87 C; ' H N M R  (300 MHz, CDCI,): 6 = 3.12 (d. 4H. J = 21 HL. 
CH,Pj. 3.63 (d, 6H,  J =10.5 112, CH30).6.73(d.4ArH.J  = 8 Hz). 7.18 (dd, 
4ArH, .I = 8!2 H7) (AA'BB' system). ,'P NMR (CDCI,): J = 29.48 (s ) .  
Elemenral malysis: calcd. for C1RH2407PI: C 52-18, H 5.84, found C 52.20. 
H 5.75. 


~ f . S [ ~ J - ( ~ ~ ~ ~ ~ ~ t h ~ ~ . ~ ~ ~ h ~ S ~ k O ~ ) ~ h i l f ~ t ~ l ) ~ / j ( ~ h ~ ~ J ' / ]  Jll/f(l)2e: Yield: 26% overall: 
M.P. 8 8 - C ;  ' H N M R  (300MHz, CDCI,): IS = 3.21 (d. 4H.  . J= 22.3 H7. 
CH2P),  3.69 (d, 6H.  J =11.0 HL. CH,O), 7.45 (dd. 4ArH. J = 8.5 2.5 Hz). 
7.89 (d, 4ArH, J = X.5 H7j (AABB' system). , 'P NMR (CDCI,): ri = 2 . 2 9  
( 5 ) .  Elemental analysis: calcd. for C,,H,,O,P,S: C 46.76, H 5.23. found C 
46.69, H 5.27. 


Synthesis of 2 and 3: The tetramethyl phosphonates were heated at 120 C for 
cii. onc wcck with exactly 2 molequiv of aqueous tetrabutylammoniuin hy- 
droxidc solution (1.5 M) .  After evaporation to dryness and extraction with dry 
chlordorin the solution was dried over magnesium sulfate. filtered. and again 
wiporated to dryness. The oily product was purified from residual solvent 
and traces of watcr by stirring at 60°C in vacuo. After ca. oneheek the 
product crystalli7ed slowly. Even after this drying procedure the receptor 
containcd cxactly one molecule of water per phosphonate group: obviously 
water is bound vcry tightly to this host (cf. eletnental analysis). 


BiS[ ~ / ~ ~ ~ ~ ~ i h l / ~ ~ ~ ~ ~ ~ ? i i T l ~ i l ~ U i l Z )  - / I -  ( I l l l ? ~ h ( J . X  l ~ ~ l . X ) ' / ~ ~ i ~ ~ ~ ~ h O ~ ) ' / ~ l l ~ ' f / l ~ ~ / )  jlh<'tl)'/] <,f/ier 
( 2 ) :  Yield: 95%; M.p. 50-51 'C: ' H  NMR (300 MHz, CDCI,): 6 = 0.99 (1, 
24H. J = ~ . ~ H L .  CH,). 1.40 (tq. 16H. J -7 .2Hz .  XCH,). 1.60 (m, 16H. 
XCH,),2.97(d.4H..I=19.XH/,CH,P),3.26(m,16H,CH,N),3.49(d,6H. 
J-10.1 Iiz.CI1,0),6.83 (d ,4ArH.  J = X . ~ H L ) .  7.33(dd.4ArH. J = X . 5  
2.1 Hz) (AA'BB' system). I3C NMR (75 MHz, CDCI,): 6 =13.47 (s. 
XCH,(Bu)j, 19.17 (a. XCHJBu)). 23.08 (s. 8CI1,(Uu)). 35.05 (d.  
.I = 123.7 Hz, 2CH,P), 50.47 (in. 2CH30). 57.42 (ni. 8CHzi%j. 128.39 (m. 
4CH,\r,),,,), 134.50 (rn, 2C,,,,,,). "'PNMR (CDCI,): 6 =19.34 ( 5 ) .  Elemental 
analysis: calcd. for C,,H,,,,N,0,P;2H20: C 63 69. H 10.47. N 3.09. found 
C 63.53, H 10.43, N 3.08. 


Bi.s( i ref vtrhiif~lui?tnioniuiii J -1)- ( i i z e t h (  o.X~~lhosp/io, .1~/rrl l~/~ll~/)~l~l '~ll~~/] .\Ill- 


fonr 13 ) :  Yield: 95%; M.p. 67 68 C ;  'HNMII  (300MHz. CDCI,): 
6 = 0.96 (1. 24H, J = 7 . 1  Hz. CH,), 1.36 (tq, 16H, J -7 .1  112. XCM,), 1.53 
(in.16H.8CH,j,3.02(d,4H,J=20.lHz.CH,P),3.18(n~,16H.CH,Nj. 
3.49 (d. OH. J=10.1 H7, CH,O), 7.51 (dd, 4ArH. J =  8.3 1.7 H L ) .  7.73 (d. 
4Ai-H, J = 8.3 H/)(AA'HH'system). I3C NMR (75 MHz, CDCI,): 6 = 13.69 
(s, XCfl,(Bu)), 19.72 (s, 8CH,(Bu)). 2.3.97 (s. XCH,(Bu)), 36.31 (d. 
J =  124.0Hz. 2CHzP). 51.64 (11, J = ~ . ~ H L ,  2CH,O). 58.65 (s. XCH,?J). 
126.83 (d, J =  2.4 Hz. 4CH,,,,,), 130.60 (d. .I = 6.1 Hz. 4CHsr ,,,,, ). 138.06 
(d. J = 2.4 Hz. 2C,,,, (ip,so-C)j, 145.14 (d. J =7.3 Hr, ZC,,,,, (ipso-CJ). 
"P NMR (CDCI,): (7 =16.98 (s).  Elemcntal analysis: calcd. for 
C,,H,,,N,0,P,S.2H20: C 60.48, H 9.94~ N 2.94. found C 60.55, H 10.05, N 
3.04. 
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