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CONCEPTS 


The Ineluctable Need for In Situ Methods of Characterising Solid Catalysts 
as a Prerequisite to Engineering Active Sites 


John Meurig Thomas* 


Abstract: Ultimate success in the design of solid oxide cat- 
alysts as well as other covalently bonded or heterogenised 
organometallic catalysts predicates knowledge of precisely 
what structure it is that has to be targetted. This, in turn, 
demands the greatest possible precision in determining, 
under operating conditions, the structure of the catalyst in 
general and of the active site in particular. Combined X- 
ray absorption spectroscopy and X-ray diffraction are ide- 
al tools for such in situ investigations. Examples of such 
studies and of engineered catalysts, the structure of which 
have been determined in atomic detail, are given. 


Keywords: enzyme catalysis - EXAFS spectroscopy - 
heterogeneous catalysis * synchrotron radiation * 


X-ray absorption spectroscopy 


Introduction 


It is a paradoxical but indisputable fact that the vast majority of 
fundamental studies of heterogeneous catalysts have been car- 
ried out on model systems and generally at pressures far below 
atmospheric. Whilst it is recognised that there is intrinsic merit 
in the reductionist approach, which entails detailed separate 
investigations of the perceived individual steps involved in an 
overall process-for example, the rates of adsorption of reac- 
tants, of their surface migration and rearrangement and of de- 
sorption of products-it is also necessary, especially if the ulti- 
mate aim is to engineer new catalysts, to focus on the real-life 
situations that solid catalysts experience. Such catalysts often 
operate at quite elevated pressures and generally at high temper- 
atures and frequently have surface phases and structures which 
are thermodynamically and kinetically unstable at low ambient 
pressure (ca. Torr), the conditions used for model studies 
with single crystals. For instance, supported particles of palladi- 
um (as in an auto-exhaust catalyst), when exposed to air, form 
an oxide layer at elevated pressures; but this layer is unstable at 
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the low pressures typical of those used in ultra-high vacuum 
systems for single-crystal studies. It is therefore highly desirable 
to seek ways of retrieving information about the nature and 
structure of the active sites and to do so using tools and tech- 
niques that yield atomic details pertaining to the catalyst during 
the actual course of turnover of reactants. 


Discussion 


Lessons from the Enzymologist and Protein Crystallographer: 
Enzymologists, protein engineers and biologically oriented 
chemists have long adopted such a strategy, the first step of 
which consists of determining detailed structural aspects of their 
particular brand of catalyst. And this they do usually by pursu- 
ing X-ray structural investigations of the solid catalyst (enzyme) 
prior to, during, and after the reactants (substrates) or inhibitors 
are bound to the active site. Take, for example, the landmark 
studies (thirty years ago) of Phillips”3 who, through his struc- 
tural determination of lysozyme and his discovery of the catalyt- 
ic pocket-lined with a diad of amino acids that constitute the 
active site-was able to formulate a plausible mechanism for the 
mode of action of this enzyme. In the intervening years, molec- 
ular biologists have been so successful in probing the mecha- 
nisms of enzymatic conversions by time-resolved high-resolu- 
tion X-ray diffraction that standard texts[3341 now describe the 
merits of their conceptual approach in the elucidation of both 
the mode of action and also in the deliberate modification of the 
active centres of these catalysts. The recent work of Verschueren 
et al.[” on haloaikane dehydrogenase-where the structure of 
the enzyme and the mechanistic details of its function were 
elucidated by X-ray studies in the presence of substrate 
(1,2-dichloroethane) at low pH and low temperature (4 ‘C) as 
well as at higher pH and room temperature-is a striking 
example. So also is the earlier study of Brown et al.[hl on 
the catalytic breakdown of transfer RNA by lead ions, where 
the precise siting of the latter and their role in cleavage of the 
sugar-phosphate backbone of t-RNA was deduced from a 
difference Fourier analysis of the (Pb) RNA above and below 
a certain temperature at which solid-state reaction becomes 
appreciable. 


Assembling Artificial Enzymes: In due course, armed with re- 
fined structural information about the essence of the active 
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sites--be they a diad of amino acids in enzymes or of the 
immediate atomic environment of a metal ion in a ribozyme-- 
i t  then becomes feasible to assemble modified or miniature vari- 
ants of natural biological catalysts. 


Work on so-called artifical enzymes may be illustrated by 
reference to the proteolytic enzyme chymotrypsin, the structure 
of the active site of which was elucidated[71 by in situ X-ray 
crystallography. The key components of the catalytic reaction 
cavity of this enzyme are imidazolyl, phenolic and carboxylic 
groups. Equipped with this knowledge, a way of assembling a 
miniature artificial chymotrypsin presented itself to Bender et 
al.[*] They took /I-cyclodextrin as the shallow cavity to serve as 
the molecular recognition pocket and grafted on to its rim-ap- 
propriately juxtaposed just as in chymotrypsin itself-the three 
components (the triad of groups) that constitute the active site. 
Although there is now some doubt about the validity of the 
claims made by Bender and co-workers, the conceptual frame- 
work that lies behind their overall strategy remains: a synthetic 
molecular entity of about a hundredth the size and mass of the 
parent enzyme can be made to function as a catalyst in such a 
manner as to rival the performance of the natural enzyme. Very 
recently, Karmalkar et al.[91 have demonstrated that certain hy- 
drogels, when subjected to  the techniques of molecular iniprint- 
ing,[", ''I exhibit catalytic activity comparable to that of 
chymotrypsin. The so-called "gelzyme" version of chymoprysin 
that they assembled by imprinting procedures possess the added 
virtue of retaining their catalytic performance when subjected to  
substantial variations in p H  and temperature and on repeated 
cycling. 


The Power of Site-Directed Mutagenesis: Of even greater preci- 
sion, ease of application and significance (so far as the funda- 
mentals of designing catalysts are concerned) is the technique of 
site-directed m ~ t a g e n e s i s . ~ ~ , ~ .  1 2 ,  '31 This genetic manipulation 
procedure enables one or all (sequentially) of the amino acids of 
the catalytic pocket to be replaced at  will by any one of the 
twenty amino acids used in the processes of life. Moreover, also 
by site-selective mutagenesis of the amino acids situated at  the 
exterior of the enzyme surface, it is possible to execute subtle 
structural changes in such a manner as to alter in a profound 
fashion the electrostatic field in the vicinity of the active site and 
also the p H  dependence of the enzyme. All this enables one to 
factorise out the various individual influences of the series of 
deliberate structural modifications upon the overall catalytic 
performance of the enzyme. 


To what degree may the concepts and strategies that have 
proved so dazzlingly effective in the biological domain be adopt- 
ed and adapted for fashioned inorganic catalysts? At first sight 
the prospects look rather bleak. Unlike solid enzymes, made up  
of myriads of individual molecules each with its characteristic 
active site and packed into well-behaved molecular crystals 
readily amenable to X-ray structural analysis, inorganic cata- 
lysts, typified by, say, minute crystallites of metal distributed 
unevenly on amorphous supports (as in Fischer-Tropsch or 
ethylene oxide catalysts) appear to be singularly ill-suited for 
well-defined X-ray (or other) crystallographic attacks on the 
structure of their active sites. Moreover, there is not-and there 
may never be, in the very nature of things-an inorganic ana- 
logue of site-directed mutagenesis. 


A Strategy for the Rational Design of Solid Catalysts: But. on 
closer examination, the real situation is far more encouraging. 
For reasons that are amplified further below, there are supreme 
advantages in coming to  grips with the fundamentals of hetero- 
geneous catalysis via the agency of molecular sieve, mesoporous 
or  microporous crystalline solids. Briefly, these advantages con- 
sist of having-and of creating-solid catalysts which have ef- 
fectively three-dimensional surfaces of enormous magnitude (up 
to  1000 m2 g-') at which there may already exist, or on to  which 
may be quite readily introduced, well-defined single catalytic 
sites, which are amenable (Figure 1) to a wide range of powerful 
high-resolution techniques, be they diffraction-based or spec- 
troscopic. 


Figure 1 .  Microporous and mesoporus solids (scheniatised on the right) have, cffec- 
tively, three-dimensional sufaces. When their large internal s u r k e s  have active sltes 
it is relatively easy to probe their structure, and that of bound reactant or product 
species, by meanh of thc appropriate primary beams (of X-rays or IR or UV radia- 
tion). With ordinary non-porous solids, active sites or adsorbed species a t  two- 
dimensional surfaces (left) yield far smaller signals. 


When catalysis proceeds inside (i.e. a t  the three-dimensional 
surfaces) of a solid, it is feasible to  track,['41 by a panoply of 
powerful techniques, subtle structural changes at  the active sites 
of the catalyst during the actual catalytic turnover of reactants. 
This has been the ethos that has governed my own group's work 
on heterogeneous catalysis for some time.['4- ''I My colleagues 
and I have been motivated by the belief that ultimate success in 
the rational design of solid oxide catalysts predicates knowledge 
of precisely what structure it is that we have to target. This, in 
turn, demands the highest possible precision in determining the 
structure of the catalyst in general, and of the active site in 
particular. 


It follows ineluctably that such structures must be determined 
under the conditions of catalysis and that, therefore. in situ 
techniques should be deployed.[201 And when. in due course, 
enough becomes known about the nature of the active site the 
next task is for it to  be "recreated" or transplanted in an appro- 
priate (where possible superior) atomic environment. 


There are numerous techniques now available for in situ stud- 
ies of catalysts. Table 1, adapted from a recent monograph,r201 
highlights most of them. But potentially new methods constant- 
ly continue to appear ranging between such exotic extremes as 
femtosecond time-resolved FTIRr2l1 and atomic force mi- 
croscopy under conditions of hydrodynamic Using 
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Table 1. A selection of in situ methods for characterlsing catalysts (adapted from Along with major advances in the means of probing solid - - 
ref. 1201) [a]. 


Snectrosconic und ovticul 


catalysts under in situ conditions there have been parallel ad- 
vances in preparative solid-state chemistry, aided by even more 


Infrared: diffuse reflectance [b], transmission (compressed discs): recent de novo design of stru~ture-directing[~~] organic molecu- 
reflection- absorption 
Raman, resonant Raman (laser stimulated) [b] 
X-ray absorption (XRA) [b]: pre-edge; near-edge; extended-edge tine Structure 
Inelastic neutron scattering 


lar templates, which have resulted in a burgeoning of the num-  
ber of distinct meSoPorous and microporous solids (which are of 
catalytic relevance) that now exist. These advancesLZ6 - 291 have 


Mossbauer [b] 
Magnetic resonance [b]: multinuclear, MASNMR, 2D, etc.; ESR (EPR): 
spin-echo 
Fluorescence [b]: lifetime and emission 
Sum-frequency generation (SFG) 
Elipsometry 
Scanning tunnelling 
Confocal laser microscopy 
Conventional hot-stage microscopy 


Diyfruction 
X-rays [b] : conventional ; energy-dispersive: position-sensitive detection 
Neutrons 


Scanning probe mez/zod.> 


STM 
AFM 


Trucer and other methods 
Positron emission spectroscopy [b] 
IR thermography [b] 
Nuclear-chemical reactions 
Acoustic emission 


tikctic and temporal 
Transient response [b] (isotopic labelling) 
Temperature-programmed desorption (TPD) [b] 
Temporal analysis of products (TAP) 
Temperature-programmed reaction spectroscopy (TPRS) [b] : 
reduction ; desulfurisation, etc. 
Chromatography [b]: frontal; vacancy; stopped-flow, etc. 
Microreactor studies [b] 


Combined upproaches (examples) 


XRDjXRA [b] 
SFG/STM 
FTIR, XRD, multinuclear NMR 
Mossbauer, TPR, XRD 
FTIR/microreactor/TPD 


[a] None of the methods that require reduced pressure (e.g. controlled-atmosphere 
electron microscopy or photo-emission electron microscopy) are included here. 
[b] Readily adaptable for study of commercial catalysis. 


synchrotron radiation, a particularly 
powerful combination of techniques for 
porous oxide and many other catalysts is 
that of X-ray absorption spectroscopy 
(XRA) and X-ray diffraction (XRD). 
From the former-ie. the pre-edge, 
near-edge and extended-edge fine struc- 
tures (EXAFS)-information pertaining 
to the immediate atomic environment of 
the absorbing atom (which is selected to 
be at, or close to, the active site) is ob- 
tained, whedreas XRD yields informa- 
tion about the overall structural integri- 
ty, and other aspects of long-range order 
within the phase in question. Figure2 
outlines the deployment of the XRA/ 
XRD combination in in situ studies of 
either solid-liquid or solid-gas hetero- 
geneous catalytic 241 


led to an enormous variety of crystalline, porous oxides of non- 
metals as well as of metals, encompassing silicas, silica-alumi- 
nas, aluminophosphates and aluminoborates, and mesoporous 
forms (diameter of pores from ca. 20 to 80 A) of TiO,, SnO,, 
V,O,, Nb,O,, Ta,O,, HfO, and so forth. These so-called crys- 
talline sponges,[301 along with the ever-growing families of mi- 
croporous open-structure phosphates (based on aluminium, 
gallium, tin and/or transition metals) now mean that about half 
of the elements of the Periodic Table-with all the catalytic 
scope and potential that that implies-may be incorporated in 
the framework of such open crystalline structures which have 
the three-dimensional surfaces symbolised in Figure 1. With so 
many new mesoporous hosts to manipulate, great opportunities 
exist for the grafting or transplanting of accessible, single active 
sites into such high-area solids. We note that one may: 


1) heterogenise an organ~rnetall ic,[~~] or any proven homoge- 
neous catalyst,[32* 331 on a wide variety of oxide or covalently 
bonded surfaces; 


2) control-by adroit change of conditions of synthesis[34- 3J1 


or post-preparative treatment[36]-the hydrophobicity or 
hydrophilicity of the surface on to which the desired active 
site is transplanted. 


Figure 3 sets out in chart form a selection of some well- 
known, as well as some very recent additions to the ever-grow- 
ing number of mesoporous and microporous solids that are 
important in the context of catalysis. Mesoporous silicas be- 
longing to the so-called MCM-41 family[261 are now so readily 
preparable that it is often quite straightforward to incorporate 
during synthesis a heteroatom into their filigree framework. Rey 
et al.,[371 for example, were readily able to adapt the conditions 
of synthesis of MCM-41 silicas so as to accommodate one or 
other of the elements shown in Figure 4.13'] 


Ionisation f 
Chamber, 11 


Ionim . tion 
f 


INEL Position 
msitive Detector 


4 To G.C. 


i 
Beam from From Syringe - 


Driver 


Figure 2.  Set-up used (at station 9.3 of the Synchrotron Radiation Source at Daresbury, UK)  for the in situ 
parallel recording of X-ray absorption (XRA) spectra and X-ray diffractorgrams of solid catalysts operating at 
elevated temperatures and pressures [23]. 
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Figure 3. The number of new microporous and mesoporous solids of catalytic 
significance (see text) has increased dramatically in recent years. The height and 
depth of the rectangles in this chart are proportional to the pore diameter (in A) 
shown at the ordinate (symbols: MCM: Mobil Catalytic Material; MSU: Michigan 
Stale Ilniversity: KIT: Korea Institute ofTechnology: JDF:  Jilin -Davy-Faraday; 
VPI: Virginia Polytechnic Institute; DAF: Davy Faraday Lahoratory; STA: St. 
Andrews University; etc.--see ref. [24]). 


Figure 5 .  For clarity. a single channel (dia. 30 A) of a mesoporous MCM-41 silica 
with its various kinds of pendant silanol (Si OH) groups, as determined by Chen 
et al. [40], is shown in the state just prlor to reaction with tltanocene dichloride 


Figure 4. By altering the usual conditions [26] of formation of mesoporous silica of 
the MCM-41 type, e.g. by deliberate addition of other ingredients (see refs. [37] and 
1391) heteroatoms of various kinds (B. Al, Ti. etc ) may be incorporated during 
synthesis into the thin walls of  the filigree silica structure. When Ti1" ions are 
incorporated in place of Sil" in this way. the resulting material IS designated 
TI - MCM-41 (scc Figure 8). 


Specific Examples of Atomically Well-Defined Active Sites : 
We now proceed to illustrate the concept of uniting in situ 
characterisation on the one hand with engineering active sites on 
rhe other. 


Fresh insights were obtained by my colleagues and me when 
we used combined in situ XRAjXRD to investigate catalysts 
(prepared as described below) differing from one another in the 
most minor fashion. The Ti'" ions are incorporated into the 
framework of the mesoporous silica during synthesis in the one 
(designated Ti + MCM-41),[391 and onto the walls of the large 
pores of the silica after synthesis by use of titanocene dichloride 
in the other (designated Tir MCM-41) .[311 We have shown[3'] 
that the direci grafting of titanocene onto the pendant Si(0H) 


of the inner walls of MCM-41 (see Figures 5 and 6) 
generates a high-performance catalyst with a large concentra- 


Figure 6. By elimination of HCI (in the presence of Et,N) between the titanocene 
dichloride and the pendant silanols, a half-sandwich intermediate is formed (see also 
Figure 7). 


tion of accessible well-spaced and structurally well-defined TixV 
active sites that are tripodally anchored to the underlying meso- 
porous silica, as schematised in Figure 7. In situ investigations 
by XRA of this catalyst yields the results shown in Figure 8 a, 
from which we see the feasibility of quantitatively tracking the 
Ti'" site from its calcined to  its active state. In the case of the 
synthesis-incorporated Ti'" active sites (Figure 8 b), XRA 
shows a closely similar expansion of the coordination shell from 
4 to 6 during catalysis. Note that in both Figures 8 a and 8 b the 
pre-edge peaks, prominent when TiEV is tetracoordinated, de- 
crease in intensity (as expected) during the course of catalysis 
when the coordination number expands to six. Moreover, when 
two different rut-alkyl hydroperoxide sacrificial oxidants are 
used-tert-butyl hydroperoxide and methylphenylpropyl hy- 
droperoxide (TBHP and MPPH, respectively)-it is found[41] 
that the turnover frequency of the Tif MCM catalyst surpasses 
that of Ti + MCM by more than an order of magnitude. This is 
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1 Calcmation in 


dry oxygen at 
550 deg C 


Figure 7. In situ XRA measurements reveal that both the half-sandwich (Figure 6) and calcined materials are tripodally attached to the silica 


readily understood in view of the contrasting accessibility of the 
TitV sites in the respective catalysts (contrast Figures 8 a  and 
8 b). (For both the Ti'"? and TiIv + variants of the engineered 
active sites, density functional quantum mechanical calculations 
on appropriate model clusters that there is consider- 
able thermodynamic driving force in proceeding from fourfold 
coordination, as in the cal- 
cined states. to 6-fold coor- 
dination, as in the catalyti- 
cally active states). 


Ti 
Si 
Cyclohexyl By synthesizing a soluble 


titanosilsesquioxane (Fig- 
ure 9) ,[431 which also has 
Titv tripodally attached to 
silicons via oxygen atoms, 
one may further test the cor- 


the Ti"'-centred active site in 
the heterogeneous catalyst. 
Solution NMR studies of this molecular analogue (homoge- 
neous) catalyst, as well as an X-ray structure determination of 
the crystalline form completely vindicate[441 both the catalytic 
performance and the nature of the active site of the Tif MCM- 
41 heterogeneous catalyst. 


The second example of an engineered active site is that which 
we have designated[45] Tif Get MCM-41. Here one of the three 
linkages of the tetrahedrally bonded Ti" active site is attached. 
via oxygen, to germanium and two, via oxygens, to silicons, the 
fourth bond being the exposed hydroxyl. Figure 10 summarises 
the steps involved in assembling this active site. Briefly, tetra- 
butylgermanium is used to introduce a veneer of zGeOH 
groups at the mesoporous silica surface. X-ray absorption spec- 
troscopy permits us to track each step in the synthesis of this 
new catalyst and to retrieve quantitative data pertaining to the 
precise atomic environment of the active site. The resulting cat- 
alyst, which had been modified from the ones described earlier 
by a single change in the tetrahedral environment of the Ti'" ion, 
is Superior in its activity to its parent (which may be symbolised 


cyclohexene at 30 "C using tert-butyl hydroperoxide (THBP) as 
oxidant. 


W I .  


Figure 8. In  situ XRA spectra of the rcacting epoxidation catalysts TiTMCM-41 
(a) and Ti - MCM-41 (b) reveal an expansion of the co-ordination shell of the Ti'" 
ion from four to six. EXAFS analysis. corroborated by the observed changes in 
pre-edge absorption intensities, yields quantitative data pertaining to the reaction 


Ti(OSi),OH) by a factor of a 140 per cent in the epoxidation of 


sphere of the active site. 
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The methodologies described above are readily adaptable to 
many other oxidic and related systems, including designed cata- 
l y s t ~ [ ~ ~ ]  for selective low-temperature oxidation of cyclohexane 
with anchored 0x0-centred trinieric cobalt acetate. For the 
many variants of catalysts based on mesoporous silica or other 
mesoporous solids of different Compositions (such as TiO, , 
V,O, etc.) numerous subtle changes in the immediate environ- 
ment of an active site grafted on to such well-defined high-area 
surfaces may be wrought by procedures that, conceptually, are 
akin to the combinatorial chemical approaches adopted for the 
synthesis of therapeutically important organic compounds 
(such as the 1,4-benzodiazepine libraryr4’]) or superconducting 
metal oxides.[4s1 Whilst preparations of combinatorial libraries 
of candidate catalysts may ultimately prove to be quite feasible, 
the evolution of reliable in situ methods of characterisation, 
involving highly spatially resolved X-ray absorption spec- 
troscopy, may prove more difficult. 
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CONCEPTS 


Chirality in Dendritic Architectures** 


H. W. I. Peerlings and E. W. Meijer* 
Dedicated to Professor Hans Wynherg on the occasion of his 75th birthday 


Abstract: At first glance the topic of chiral dendrimers 
seems to be a contradiction in terms. However, recent stud- 
ies reveal that both the building blocks of the dendrimer 
and the overall dendritic architecture can be chiral and that 
chirality can be introduced at various levels. The expres- 
sion of optical activity in these enantiomerically pure den- 
drimers as a result of conformational (dis)order has proven 
to be of special interest. In this Concepts article we present 
the different approaches to introducing chirality in den- 
dritic architectures, organized through their possible im- 
pact in fields such as biocompatibility, catalysis, molecular 
recognition, and surface chemistry. Also, the relation be- 
tween molecular chirality of core or building block and the 
macroscopic chirality of dendritic objects is discussed. 


Keywords: catalysis - chirality . dendrimers 
recognition * surfaces 


molecular 


Introduction 


Both the symmetry and the asymmetry in molecular objects 
have always attracted the interest of chemists.[’] Three-dimen- 
sional symmetry in macromolecular or naiiosize structures is 
encountered within the domain of dendrimers and hyper- 
branched polymers. Dendrimers or cascade molecules are high- 
ly branched macromolecules, synthesized stepwise from a cen- 
tral core and leading to a well-defined number of generations 
and end groups. They are generally described as structures that 
are spherical and possessing a high degree of symmetry.[’] By 
now combining chirality or asymmetry with these highly sym- 
metrical dendrimers, a contradiction in terms is in fact intro- 
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Laboratory of Organic Chemistry, Eindhoven University of Technology 
P. 0. Box 513, 5600 MB Eindhoven (The Netherlandk) 
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[**I This concepts article is a personal reflection on the many issues raised by the 
combination of chirality and dendrimers. The concepts presented here are 
partly based on several recent reports in the published literature and partly on 
the highly appreciated discussions with colleagues on as yet undisclosed results. 
In particular Bert Meijer would like to express his gratitude to Professor Hans 
Wynberg who stimulated him to explore all aspects of stereochemistry. 


duced. In this article we will discuss the different concepts and 
approaches to the chirality of dendritic architectures and how 
these chiral features are expressed in the specific properties of 
this new class of macromolecules. Although dendrimers are of- 
ten compared with globular proteins, which are chiral in all their 
features, we will restrict ourselves here to the discussion of chiral 
dendrimers only. 


The first report on chiral dendrimers dates back to 1979, 
when Denkewalter described a divergent procedure for the syn- 
thesis of high molecular weight dendrimers based on the amino 
acid ly~ine.‘~’ Since that time a large number of publications 
have appeared on the issue of chirality in dendrimers, derived 
from natural products or man-made chiral building blocks. See- 
bach was the first to classify the various possibilities of building 
chiral dendrimers based on the position of chirality in the mol- 
e c ~ l e . [ ~ ]  Owing to the recent accounts on the synthesis and prop- 
erties of chiral dendrimers, we have slightly modified and ex- 
panded Seebach’s classification. We differentiate between a 
chiral dendrimer based on 1) chirality of the core only, 
2) chirality of the branching unit only, 3) chirality of the end 
group only, 4) chirality of two or three of these building blocks, 
5) constitutionally different branches attached to a chiral core, 
6) a rigid chiral conformation, but without any stereocenters or 
chiral units, and 7) interactions with chiral ligands, which are 
not covalently attached. All of the chiral dendrimers reported so 
Far are members of one of the above classes, although no ex- 
amples are yet known for classes 6 and 7 .  A selected anthology 
of chiral dendrimers and their classification is given in Figure 1. 


Discussion 


Challenges of chiral dendrimers: Not only do chiral dendrimers 
have a high scientific value for the basic understanding of funda- 
mental stereochemical issues, they also have many features that 
will be of crucial importance to other fields where dendrimers 
are thought to be useful. Many of the interesting properties and 
applications envisaged for chiral dendrimers are the result of the 
typical dendrimer properties, like: 1) a well-defined three-di- 
mensional architecture with a restricted conformational free- 
dom at higher generations, 2) a large number of reactive end 
groups at the periphery of the dendrimer, and 3) the host-guest 
properties of dendrimers. When chirality is introduced into 
these highly branched architectures, it is interesting to raise the 
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Figure 1 .  A selected anthology 
of chit-at drndrimcrs and ihair 
classificatioii. Top lel": class 1. 
Seebach's dendrimer with a chi- 
ral core [4]. Top right: class 2.  
Chow's dendrimer &ith chiral 
building blocks [SJ .  Bottom: 
class 3, Newkome's dendrimer 
with chiral end groups [6] 


following questions and to investigate whether some of the chal- 
lenges can be brought within the realm of reality: 


Biocompatibility of dendrimers derived from natural products: 
The most logical way of introducing chirality into dendritic 


1 )  Is there a role in biological systems for well-defined nanosize 
structures with a periphery of natural products and encapsu- 
lated guests? 


2) Can dendritic chiral objects close the gap between molecular 
and macroscopic chirality? 


3) Are the surfaces of fractal nature and is it possible to use 
these curved chiral surfaces? 


4) Is chiral clathration possible by making use of chiral recogni- 
tion in dendritic host-guest systems? 


5 )  Is it possible to have very efficient dendrimer-based catalysts 
for asymmetric synthesis? 


Finally, it is of interest to know whether the chiroptical proper- 
ties (e.g. optical rotation) of dendrimers differ from those of 
their linear iiiacromolecular counterparts. The importance of 
chirality in linear polymers is generally accepted, and for further 
information the reader is referred to excellent reviews.[71 


architectures is through the use of natural products, like amino 
acids, nucleotides, and carbohydrates as building blocks or as 
end groups. These dendrimers can act as models for the different 
dendritic structures known in biomacromolecules, while addi- 
tional features emerge from their possible biocompatibility and 
availability for interactions with other bioreactive species. in- 
cluding modeling of enzymatic activity. 


By far the most intriguing approach to thcse dendrimers is the 
use of AB, building blocks to con- 


molecules, based on natural prod- LY~, LF, 
ucts only.[', '( ' I  Following Denke- 
Walter's first report,[31 Tam report- 


struct highly branched macro- LYS, y 


ed on an all-peptide dendrimer.''' LYJ Lys' 


)LYs--pAla 
LYs-LYs-LF 


~ y s - ~ y s - ~ y s  


/ I  These dendrimers (Figure 2) were LYS Lys 
made to study their possible role in 
biological systems and no specific 


F,gure ?, 
dendrimer [8]. 
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chirality issues were raised. It would, however, be interesting to 
examine how the conformations and hydrogen-bonding pat- 
terns of these dendritic macromolecules differ from their linear 
counterparts, and circular dichroism could be used for this pur- 
pose. The search for dendritic polysaccharides is inspired by 
the presence of these molecules in natural tissues. A number of 
groups have been successful in preparing these all-saccharide 
dendrimers and have expressed an interest in studying their 
application in the inhibition of infectious diseases.[”] This inter- 
est is based on the notion that simple saccharide derivatives 
are not active, while clusters of saccharides (neoglycoconju- 
gates) are. 


In the hope that biological compatibility can be 
achieved through the presence of the amino acids 
and saccharides at the periphery of the dendrimer, 
poly(amidoamine) dendrimers,[”] arborols,[61 ar- 
borol-like dendrimers,[I3] and poly(propy1ene 
imine) dendrimers[14] have been prepared with 
amino acids and saccharides as end groups. The 
stereochemical issues of these dendrimers will be 
discussed below in the section on chiral surfaces, 
whilst the saccharide dendrimers were the subject 
of a recent Concept article by Stoddart et aI.[l5] 


Now that dendrimers consisting of or decorated 
with natural products are accessible, it should be 
possible to investigate the enzymatic cleavage of 
these groups from the densely packed dendrimer 
surface. However, only unsuccessful attempts are 
known to US.[’‘] Recently, an enzymatic hydrolysis 
study was performed on a lactic acid based den- 
drimer by the group of Seebach.[”] 


Chiral objects: The relationship between macro- 
scopic chirality of objects and intrinsic chirality of 
molecules has puzzled many scientists for decades. 
When we compare these two forms of chirality 
(e.g. the mirror image relationship of our hands 
versus the identical configurations of the mole- 
cules that make up both hands), we recognize that 
somewhere in the growth of matter the molecular 
chirality is overruled by other packing phenome- 
na. This effect is well-documented and accepted for crystalliza- 
tion.[”] However, it is less known for more disordered struc- 
tures, despite the fact that a number of chiral aggregates and 
polymers can be switched between diastereoisomeric conform- 
ers, while the configuration at the stereocenters is unaffect- 
ed.[’93201 In this section we want to highlight the fact that chiral 
dendrimers are an attractive class of compound to shed light on 
the issue of chiral objects in general. 


The most appealing form of chiral dendrimer can be viewed 
in terms of the description that Green and Garetz used for the 
chirality of atactic polystyrene.[*’] Since each molecule of 
polystyrene is chiral by definition due to its atrictic nature, it will 
be present as a mixture of stereoisomers in which the mirror-im- 
age enantiomers are not present, owing to statistical improba- 
bility. As a result of the flexibility of the polystyrene chain, the 
detection of chirality is only theoretical. However, it is possibile 
that dendrimers can bring this notion within the realm of reality, 
and this is why we mention our class 6 of chiral dendrimers. 


Figure 3, 


Suppose that high-generation dendrimers with highly packed 
surfaces do indeed have very rigid conformations; each den- 
drimer will then be chiral and kinetically stable, while it is statis- 
tically impossible that its mirror image be present.[221 It should 
be possible to study these dendrimers with a variety of the re- 
cently introduced nanometer-scale techniques with spec- 
troscopy tools like SNOM, AFM, etc. In order to illustrate this 
type of chirality, four different conformations of our dendritic 
box, generated by computer, are given in Figure 3. Whether the 
chirality can be detected then depends on the rigidity of the 
dendritic object. 


- conformations of the drndritic box that possess macroscopic chirality 


The chiral dendrimers of class 5 represent a second type of 
chirdl object in which constitutionally different branches are 
attached to a (chiral) core. We have investigated this type of 
chirality by synthesizing the dendrimers A and B in which four 
Frechet wedges of different generation are attached to a core 
based on pentaerythritol (Figure 4) .[231 A multistep synthesis 
afforded both compounds in their racemic form. Unfortunately, 
these dendrimers could not be obtained in their enantiomerical- 
ly pure form, since all separation techniques available to us were 
unable to discriminate between enantiomers of this kind. There- 
fore, chiral dendrimer C was prepared, consisting of three dif- 
ferent generations of Frechet wedges and a chiral glycerol 
derivative (Figure 5 )  .[241 In this case the polymer could be ob- 
tained in enantiomerically pure form for both ( R )  and ( S )  enan- 
tiomers, owing to the synthetic procedure and the starting mate- 
rial (S)-solketal. Optical rotation, optical rotatory dispersion 
(ORD), and circular dichroism (CD) studies on dendrimer C 
showed that no optical activity could be detected. Therefore, we 
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Molecule A b 


Figure4. Chiral dendrimers A and B consisting or a chiral core to which four 
coiistitutioiially different wedges are attached [23]. 


F i p r e  5 .  The enantiopure chiral dendrimer C synthesized from solketal [24] 


referred to this compound as being c rypto~hi ra l , [~~]  and in fact 
it is the macromolecular analogue of 4-ethyl-4-propylundecane, 
reported by the group of Wynberg in 1965.[261 The conforma- 
tional flexibility and the lack of difference in the electronic prop- 
erties of the substituents are used to explain the zero rotation. 
As a result it is difficult to ascertain whether the local chirality 
of the core is expressed in the mesoscopic chirality of den- 
drimer C. Studies to increase the rigidity in this class of chiral 
dendrimer are in progress, with the aim of preparing macro- 
scopic rigid chiral objects. 


H. W. I. Peerlings and E. W. Meiier 


A rapidly increasing number of papers have been addressing 
the formation of well-defined dendrimers made out of chiral 
building blocks and the use of their optical activity in the study 
of interactions within the dendrimers. Seebach[*’] reported a 
number of compounds based on this principle, where chirality 
stems from the core, or from both the core and the branching 
units. In a fundamental study examining the contributions of 
the different chiral units to the overall optical activity, 
Chow[’. synthesized layered dendrimers with both configu- 
rations of tartaric acid derivatives. He indicated that the optical 
activity could be determined by the number of (R)- and (S)-tar- 
taric acid units and that the individual chiral units did not influ- 
ence each other. McGrath[”I and Sharples~[~’] recently report- 
ed several chiral objects. The work of McGrath et al. is of great 
value, because they describe in detail the difficult analysis of the 
optical rotation for dendrimers of class 4, in which the core, 
branching units, and end groups are ~ h i r a l . [ ~ ~ ]  Using a series of 
model compounds (Figure 6), they show that the optical activity 


BnO / Bnoy$&o+J \ 


Bno&oy / 


OBn OBn 


EtO 0 
OBn 


Figure 6. Model compounda used to determine the optical activity ofthe McGrath 
dendrimer [31]. 


of a building block is dependent on where the unit is positioned 
within the dendrimer and that the optical rotation is not just 
additive, because the chemical identity of a unit in the core 
changes with increasing generation. Hence, small deviations 
from additivity are explained by the constitutional differences 
between the units.[311 In this respect, high molecular weight 
dendrimers and linear polymers differ significantly. Within lin- 
ear polymers the chiral repeating units are similar, whereas the 
same chiral repeating units within a dendrimer are constitution- 
ally and environmentally different. 


Chiral surfaces: Over the last decades much attention has been 
focused on two-dimensional surface interactions, especially 
those of Langmuir ~ Blodgett films. When dendrimers that are 
approaching their sterically induced stoichiometry are modified 
on the surface with chiral end groups, they can be viewed as 
curved surfaces in which the end groups are positioned with the 
help of covalent bonds. This can lead to very specific inter- 
actions between the various end groups, since it is almost 
impossible to obtain crystalline-like properties on a curved 
surface. A large number of reports have dealt with the properties 
of the curved surfaces of dendrimers, however, only a few 
studies have made use of chiral surface units to form chiral 
dendrimers. 
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In the first example of a chiral dendrimer of class 3,I6I 
Newkome et al. modified arborols with the enantiomerically 
pure amino acid tryptophan. The modification was performed 
for a number of generations; however, no peculiarities in the 
chiroptical behavior were found (the optical activity per end 
group was roughly constant for all generations). The same con- 
stant optical rotation per end group was observed in a series of 
saccharide-modified poly(propy1ene imine) dendrimers.['4a1 


Studies on the dendritic boxes,[14b' in which the poly(1propy- 
lene imine) dendrimers were modified with various protected 
amino acids, showed that the optical activity decreases with 
increasing generations of dendrimer (Figure 7). This decrease is 


endgroups 


I o O T  A 


50 


D-phenylalanine series 


% o  
2 


-50 L-phenylalanine series 


-1 00 V I  v 
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Figure 7. Chiroptical features of thc N-/-BOC-~,-phenyIalaniiie-iiiodilied poly(pro- 
pylene irnine) dendrimers: dependence of optical activity [I] o n  generation and the 
specific ellipticity Y' for the D- and L-phcnylalanine series. 


most pronounced for the larger amino acids such as L-tyrosine 
and L-phenylalanine. The vanishing optical activity is not due to 
racemization, concentration, temperature, or solvent effects. 
From model studies, it became clear that the optical rotation of 
the N-t-BOC-L-phenylalanine unit is very sensitive to  the local 
environment and can have a positive or negative value, depend- 
ing on the solvent. It is now assumed that the local environment 
of the N-t-BOC-L-phenylalanine end group changes as the pack- 
ing becomes more dense on going t o  higher generations. As the 
packing becomes more dense, the end groups will have a number 
of different frozen-in conformations, which will yield an average 
optical rotation for all end groups of almost zero. When a chiral 
end group is used that does not have a solvent-dependent optical 


rotation, a roughly constant optical rotation for the dendrimers 
of different generation is obtained. This is illustrated in Figure 8 
for chiral dendrimers with almost the same molecular volume. 
In this case the optical rotation of the end group is independent 
of the solvent, and the increase in generation does not influence 
the overall optical activity. This result does not mean that these 
end groups are not densely packed, but rather that the end 
group is not sensitive to differences in packing. 


endgroups 


Figure 8. Optical activity versus generalion for the iicetal-futictionalizcd dcn- 
drimers. 


From the discussion above, we can conclude that the N-t- 
BOC-L-phenylalanine unit in the dendritic box is a special case 
and can be used as probe for the local environment of the end 
group of a dendrimer. The issue of dense packing at  the periph- 
ery of a dendrimer has been further investigated by the introduc- 
tion of an alkyl-chain spacer between the N-t-BOC-L-phenylala- 
nine unit and the end of the branching of the dendrimer. The 
dendrimers of the first (with four end groups) and of thc fifth 
generation (with 64 end groups) were synthesized and compared 
with the chiral dendrimer without spacers (Figure 9). The opti- 


generation 


Figure 9. lnfluence on density of packing observed 011 introducing an alkyl chain 
spacer between the surface of the dendrimer and the chiral end group. 
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cal activity remains constant for both derivatives with a spacer 
at [XI:' = 4, which is in sharp contrast to  the decrease from 
[x];' = 11 to 0.1 for the dendritic box without a spacer. The 
difference between [E]:' = 4 and 11 is caused by mass effects. 
Hence, with a spacer the end group can freely adopt its preferred 
conformation, and the N-r-BOC-L-phenylalanine unit has been 
shown to be a useful probe for the local density of a dendrimer 
surface. 


Chiral clathration: Host-guest interactions and clathration in a 
dendritic architecture are intriguing properties of dendrimers, 
especially if they can be achieved with chiral recognition. No 
examples of enantioselective clathration in chiral dendrimers 
have been reported so far, but a small number of related exper- 
iments are worth mentioning. We have shown that induced cir- 
cular dichroism (ICD) can be obtained from achiral guest mol- 
ecules encapsulated into the chiral dendritic box. The ICD 
effects found are small and in agreement with the conformation- 
al disorder in the shell of the dendritic box. However, these ICD 
spectra could be used to discuss 
the possible orientational order 
of the encapsulated guest. An ex- 
citon-coupled ICD spectrum has 
been recorded for four molecules 
of Rose Bengal encapsulated in a 
dendritic box (Figure It 
will be a real challenge to study 
the interaction of chiral guest 
molecules with the many chiral 
dendritic hosts now available, 
discussed above in the section on 
chiral objects. 


The potential in this area of 
stereoselective chemistry is illus- 
trated by the exciting report, 
from the group of Seebach, of 
high diastereoselectivity in the 
formation of chiral den- 
d r i m e r ~ . ~ ~ ~ '  A chiral triol core 
was treated with two dendritic 
wedges differing only in the chi- 
rality of the building blocks (Fig- 
ure 31).  In one case three wedges 
were found to react with the triol 
core, whilst in the other only two 
wedges were attached. A large 
number of reference experiments 
were performed to verify this ob- 
servation. 


Investigations into the field of 
enantioselectivity in clathration, 
encapsulation, and dendrimer 
formation are still in their infan- 
cy, but there is exciting potential 
here, both scicntifically (e.g. 
modeling enzymatic activity and 
molecular recognition) and tech- 
nologically (e.g. separation of 
cnantiomers and sensors). 


-40 J 
I 


-80 1 nm 


Figure 10. Induced CD effect for encapdated Rose Bengal molecules in a dendrit- 
ic box [32]. 


Catalysis: Dendrimers have the potential to become important 
carriers for catalysts due to the homogeneous nature of the 
systems with most of the catalytic sites exposed to the solvent on 
the one hand, and the possibility of isolating these three-dinien- 
sional nanosize systems by (u1tra)filtration techniques on the 
other hand. The first reports in this area are described by the 
group of van K ~ t e n ; [ ~ ~ '  here, dendritic aryl nickel complexes 


,OMe O M  oMe9 * _OMe OMe% f 


. 
/ 


OMe OMe 


Figure 1 1 .  Diastereoselectivity in dzndrimer formation [13] 
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were used as catalysts for the Kharash addition of tetra- 
chloromethane to methyl methacrylate. Obviously, asymmetric 
catalysis in such systems is not only of general interest, but 
also shows the scope and limitations of this approach in detail. 
Initial results with low-generation chiral dendrimers have 
shown that these multiply substituted molecules act as simple 
models, but their isolation by ultrafiltration is still a distant 


In our group we made many attempts to  modify the NH, end 
groups of poly(propy1ene imine) dendrimers into enantiomeri- 
cally pure ligands for the addition of diethylzinc to benzalde- 
h ~ d e . ' ~ ' ]  Two types of derivatives were used for this purpose and 
the preliminary results are given in Table 1. In all cases studied, 


goal,[35-371 


Tdhle 1 The use of modified poly(propy1ene imine) dendrimers as catalysts for the 
addition of diethylzinc to  benzaldehyde [3X]. 


Catalyst 1 Catalyst 2 


Catalyst 1 Catalyst 2 
End groups Yield ("A) e.e. (YO) Yield (%) e.e. ("10) 


1 


4 
X 


16 
32 
64 


7 
82 36 
75 36 
54 11 
58 9 
63 13 
49 10 
57 7 


86 27 
77 25 
86 25 
64 24 
57 18 
70 18 
68 18 


both the chemical yields and the enantiomeric excess decreased 
with increasing generation of the dendrimers. Although it 
proved to be very difficult to obtain catalytically active den- 
drimers in high purity, we propose that the loss of activity is 
caused by multiple interactions on the dendritic surface (sec also 
the section on chiral surfaces). As a result of the denser packing 
of the end groups at  the periphery of higher generations, a 
number of different conformations can be envisaged, resulting 
in the presence of different catalytic sites. A possible solution for 
this problem could be found by introducing an alkyl chain as a 
spacer between the surface of the dendrimer and the chiral 
group that acts as  the catalyst. We have already shown that this 
spacer minimizes the interactions between the chiral end groups 
(see above) and that these types of molecules can easily be isolat- 
ed by membrane filtration. In the near future we will analyze 
their activity as catalysts. 


This field of research can be regarded as a revisitation of 
polymer-supported chemistry, and the results found for den- 
drimers should therefore be compared with those found for 
modified linear macromolecules. We expect that by proper de- 
sign the chiral dendritic catalysts will have a great future. Unfor- 
tunately, a large number of trial and error experiments, many of 
which have only yielded negative results, have had to be per- 
formed in order to establish the scope and limitations of these 
systems. 


Reflections and Conclusions 


The study of chirality in dendritic architectures is only in its 
infancy, but the initial reports have already shown that many 
intriguing stereochemical issues are involved. A number of hy- 
potheses are proposed to explain the chiroptical properties (op- 
tical rotations, etc.) found for dendrimers with chirality in the 
core, the branching unit, and/or the end groups. These ideas 
should be confirmed with more examples, but it is clear from the 
chiroptical studies of chiral dendrimers that they differ in many 
aspects from their linear macromolecular counterparts. Despite 
the fact that many intriguing applications of chiral dendrimers 
can be envisaged, it is still too early to  draw conclusions on 
whether these ideas will remain in the realm of fantasy or 
whether chiral dendrimers will indeed play a prominent role in 
catalysis, molecular recognition, and biocompatibility. It is also 
to be expected that the studies on chiral dendrimers may help in 
the understanding of chiral aspects of globular proteins. We will 
continue pursuing our aim to prepare macroscopic chiral ob- 
jects based on dendrimers, even if the results may only be of 
fundamental interest to stereochemists active in the domain of 
mesoscopic structures. 
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Development of Tools for the Design of Selectin Antagonists 
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Abstract: A molecular modeling tool for 
the rational design of E-selectin antago- 
nists based on the lead structure sialyl 
Lewis" has been developed. The binding 
affinity to the receptor is considerably in- 
fluenced by the entropy and consequently 
by the antagonist's ability to place its 
pharmacophores in an optimal spatial ar- 
rangement, i.e., by its preorganization for 


Introduction 


binding. The computational model assess- 
es the preorganization of a potential 
selectin antagonist with the aid of 


Keywords 
carbohydrates * molecular modeling - 
preorganization * sialyl Lewis" * 


selectins 


Monte Carlo (jumping between wells)/ 
stochastic dynamics [MC(JBW)/SD] sim- 
ulations. The model has been validated 
by correlating preorganization and bio- 
activity of several selectin antagonists. 
The results suggest that only preorganized 
compounds are likely to bind to E- 
selectin. 


Carbohydmte/lectin interactions play an important role in cell 
recognition processes."] Interactions of sialyl Lewis" bearing 
glycopeptides and -lipids with a family of C-type lectins, the so 
called selectins, are responsible for the "rolling" event, which is 
the first step in the multistage process of leukocyte recruitment 
to sites of injury or inflammation.['] This recruitment process 
plays a crucial role in a number of diseases and pathological 
situations, for example, inflammation, reperfusion injury, 
rheumatoid arthritis, metastasis, and angiogenesis. 


Currently, substantial research efforts are being concentrated 
on the development of carbohydrate-derived drugs that inter- 
fere with the rolling stage of the inflammatory response by 
blocking the selectin binding site.['] The design of sialyl Lewis" 
mimics requires a thorough understanding of the structure/ac- 
tivity relationship as well as the bioactive conformation. The 
latter describes how the carbohydrate ligand presents itself to 
the binding site (Figure 1). 


The results from structure/activity studies undertaken by us 
and other groups[31 may be summarized as follows: The pres- 
ence of all three OH groups of fucose, the 4- and 6-OH group of 
galactose, and the COOH group (negatively charged) of neu- 
raminic acid is essential for binding to E-selectin. In contrast, 
the 2-OH group of galactose and the side chain of neuraminic 
acid are not required. 


["I H. C. Kolb, B. Ernst 
Novartis Pharnia Ltd., Rosental R-1060.3.34, CH-4002 Basel (Switzerland) 
Fax: Int. code +(61)697-8975 
e-mail: beat.ernst(a,chbs.rnhs.ciba.com 


Figure 1. Top: sialyl Lewis*. Bottom: Bioactive conformation ofsialyl Lewis" and 
schematic representation of its binding to E-selectin. 


The bioactive conformation, recently determined by transfer- 
NOE NMR studiesc4] on the sialyl Lewis"/E-selectin complex, 
is shown in Figure 1 .  The most characteristic feature is the 
stacking of the galactose and fucose units with the GIcNAc 
portion acting as a spacer. The neuraminic acid/galactose link- 
age, which has been shown to be the most flexible interglycosidic 
linkage, adopts the conformation shown in Figure 1 (bot- 
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tom).[41 This is in contrast to NMR[" and molecular model- 
ing'5a.61 results on the free sugar, which suggest the presence of 
several conformations in aqueous solution. 


The free binding energy between the carbohydrate and the 
selectin is a function of the binding enthalpy and the binding 
entropy. The former is directly dependent on the number and 
the strength of carbohydrate/lectin contacts, while the latter is 
influenced by the flexibility of the carbohydrate ligand and its 
propensitiy to adopt the bioactive conformation. The flat nature 
of the receptor's binding siteL7' is consistent with the observation 
that not all of the ligand's functional groups are involved in 
binding, suggesting that the ligdnd/receptor interactions are dis- 
tributed over a relatively wide area. Consequently, the spatial 
orientation of the functional groups involved in binding consid- 
erably influences the free interaction energy by way of the en- 
tropy. The binding affinity may, therefore, be enhanced by de- 
signing ligands favoring the bioactive conformation, that is, 
preorganized for binding. 


We now describe a molecular modeling tool for assessing the 
flexibility and the preorganization of sialyl Lewis" mimics for 
binding to E-selectin. This method is based on simulation tech- 
niques recently developed by Still and co-workers.[8, '] Thus, the 
potential energy surface of the mimic is probed by a Monte 
Carlo (jumping between wells)/stochastic dynamics 
[MC(JBW)/SD] simulation,[9j which generates a Boltzman 
weighted ensemble of states by jumping between different ener- 
gy wells and performing stochastic dynamics simulations within 
each well. These energy wells are conformers that have been 
identified in a preceding conformational search in torsional 
space by using the systematic unbounded multiple minimum 
(SUMM) method."' 


Computational Methods 


The force field and the solvent model: The basis for the calculations is the 
Amber* force field as implemented in MacroModel 5.0.[101 It has recently 
been optimized for carbohydrates in  an united atom approach by Still et 
al." The rotational profiles of carbohydrate structural elements arc similar 
both in the united and all-atom versions of the forcc field. We consistently 
employ an all-atom approach for our simulations. In addition, wc have 
improved the parameters for x-alkoxycarboxylic acids, a n  important struc- 
tural element in sialyl Lcwis" and its mimics. Recent studies by Tvaroska et 
al.rhl and Rockwell et aI.[l3' have shown the solvent to have a large influence 
on the conformational equilibria of interglycosidic linkages and cyclohexane- 
diol derivatives, rcspectively. Consequently, the force field calculations of 
sialyl Lewis" and its mimics were performed using Still's "generalized born/ 
solvent accessible surface area" (CB/SA) continuum model for water."4' Still 
and co-workers'"' have recently used this GBjSA solvent model in conjunc- 
tion with the MC(JBW)/SD technique and the united atom Amber* force 
field for the calculation of anomeric free cnergies of pyranoses, and a good 
agreement with observed values was obtained. 


The generation of a Boltzman weighted ensemble of states: Conventional 
molecular dynamics simulations suffer from low interconversion rates be- 
tween states separated by large energy barriers. Thc MC(JBW)/SD proce- 
d ~ r e ~ ' ~  circumvents this problem by forcing the molecule to jump between the 
energy wells. Metropolis sampling is used for each jump in order to generate 
an ensemble which approximates the correct Boltzman distribution. The 
input for the MC(JBW)/SD simulation is a set of 100 low-energy conforma- 
tions (up to 20 kJmol- '  above the global minimum) obtained in a systematic 
conformational search using the SUMM procedure.['] The MC(JBW)/SD 
bimulations were performed between 2 and 10 ns at 300 K in GB/SA water 
using the Amber* force field, and structures were sampled every 1 ps (2 ps for 
the 10 ns simulations). The convergence of each simulation w 


a) calculating the relative time in each energy well, b) determining the frc- 
quency of successful jumps. and c) following ensemblc averages, such as the 
relative population of certain areas in conformational space. as  a function of 
time. These t a t s  showed that all the calculations were converged within 1 to 
2 11s. The acceptance rate of the MC(JBW) part of the 10 ns simulation was 
32 "% for sialyl Lewis" and interconversion between different conformations 
occurred once every 23.5 ps on average. 


Data analysis and data reduction: We use a two-dimensional internal coordi- 
natc systcm to define the spatial arrangement of the relevant pharma- 
cophores, namely. that of the COOH group relative to  the fucose moiety. One 
coordinate, the Fue(C4)-Fuc(C 1)-Fuc(O 1)-Acid(Cr) angle (Figure 2a) ,  de- 
scribes the conformation of the Lewis" core and is independent of the actual 
nature of the core. The other coordinate, the angle Fue(C 1)-Fuc(0 1)- 
Acid(Ca)-Acid(C=O) (Figurc 2b). defines the orientation of the COOH 
group relative to the core. The data from both the initial conformational 
analysis as well as the subsequent MC(JBW)/SD simulation are analyzed by 
means of this internal coordinate system. 


HO 
OR 


HbdH 
(a) Core Conformation 


HO 
OR 


HbdH 


(b) Acid Orientation 


Figure 2 Internal coordinates 


Each conformer, found in the initial conformational analysis (SUMM), is 
shown as a point in an  internal coordinate plot, and its energy is color-coded 
(Figure 3a);  bright colors represent low energy and dark colors high energy. 
The several thousand structures obtained in the MC(JBW)/SD simulations 
are used to evaluate the probability for being at any point of the two-dimen- 
sional torsional space at  a resolution of 3" by 3". These probability data are 
presented in the two-dimensional internal coordinate system, by means of a 
color code (Figure 4a);  bright colors represent high probability and dark 
colors low probability. 


Results and Discussion 


Validation of the method by correlating calculations and experi- 
mental data on the bioactive conformation of sialyl Lewis": 
According to the conformational SUMM search,['] four clusters 
(A- D) in conformational space are within 20 kJ m o l ~  of the 
global energy minimum in sialyl Lewis' (Figure 3a) ,  suggesting 
a moderate flexibility of the carbohydrate[5% 61 and raising the 
question as  to which of these clusters is responsible for bioactiv- 
ity. The three-dimensional representation of the global mini- 
mum conformation, belonging to cluster "A", is shown in Fig- 
ure3b.  The interglycosidic torsional angles @ and Y of the 
lowest-energy representative of each cluster are reported in 
Table 1. 


The 10 ns MC(JBW)/SD simulation of sialyl Lewis" (Fig- 
ure 4a) revealed that just the low-energy clusters A and B are 
populated, and the area of highest probability in torsional space 
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*17 5 - 20 0 kJ/rnol 


e l 5  0 - 17 5 kJ/rnol 


e l 0  0 -  125k~/rnoi 


t 7 5 - 1 0 0  kJ/mol 
4 5 0 - 7 5  kJ/rnOi 
+ 2 5 - 5 0  kJ/rnol 


+125-15OkJ /~Ol  


corresponds to  a core conformation of - 20 to - 50" and an 
acid orientation of  110 to  140". Clusters C and D are not popu- 
lated. This result is in accord with the experimentally deter- 
mined solution structure with respect to the core conformation 


1 


Core Conformation 


( b )  C l u s t e r  A Energy 
Color code 


Table 1. Torsion angles (-) of interglycosidic linkagcs [a]. 


Sia-Gal linkage Gal-ClcNAc Fuc-GlcNAc 
linkage Iinkagc 


%G Y X - G  %GN Y C ; + < , N  @ F - m  'Yl Gh 


Cluster A -69.9 9.5 49.2 6.1 47.6 19.0 
Clustcr B -69.8 9.6 49.2 2.8 68.6 40.8 


32.5 176.0 Cluster C 
Cluster D -69.8 8.0 45.9 15.5 38.9 178.6 


-10.7 7 .2  22.5 170.2 


[a] @ h - G :  Sia(C I)-Sia(C2)-Gal(03)-Gal(C3); Y, cI: Sia(CZ)-CraI(03)-C;al(~~~)- 
Gal(H3); @G.cN: Gal(H I)-Gal(C l)-GlcNAc(O4)-GlcNAc(C4): Ycj-cjN: 
Gal(C l)-GlcNAc(O4)-GlcNAc(C4)-GlcNAc(H4); Or (Ju. Fuc(H I)-Fuc(C 1 ) -  


NAc(H3). 
GIcNAc(O~)-GICNAC(C 3); Y'r-GN: Fuc(C l)-GkNAc(O 3)-GlcNAc(C 3)-Clc- 


of In addition, the conformational preferences of the 
neuraminic acid/galactose linkage are consistent with recent 
molecular modeling (MM 2, continuum solvent model) and 
NMR studies (determination of 3Jct, coupling constants across 
glycosidic linkages) by Tvaroska and Bizik.[61 


The computational technique was validated by calculating 
time-averaged 3JcH coupling constants across the glycosidic 
linkages using the structural information of the 10 ns 
MC(JBW)/SD simulation of sialyl Lewis" in conjunction with 
the Karplus-type relationship developed by Tvaroska et al." 'I 


A remarkable match between experiment and calculation 
was obtained: the deviation was always less than 0.5 Hz and in 
most instances even better (Table 2). This result suggests the 
chosen modeling technique to  be highly suitable for simulating 
the conformational freedom of carbohydrates in solution. 


Table 2. Calculated and observed [5a,6] 'JcI, coupling constants. 


Obs. ' J& (Hz) Calcd 3Jct1 (Hz) Timc-avcraged 
angle ( ) 


Sia(C 2) -Gal(H 3) 5.4 5.3 3.6 


Gal(C l)-GlcNAc(H4) 4.8 5.3 8.6 
F u d H  1) GlcNAc(C 3 )  2.8 2.1 47.8 


Gal(H I)-GlcNAc(C4) 2.8 2.4 50.6 


Figure 3. a) Internal coordinate plot from the SUMM [S] analysis of sialyl Lewis". F ~ ~ ( c  1j-GlcNAc(H3j 5.0-5.2 4.5 24.9 
b) Global minimum conformation of cluster A. 


Probability 
Color Code 


o o - 0 1 2 5 ~ ~  


m o i 2 5 - 0 ~ 5 ~  


7 - - 7  


1 S 025-0375% 


0375.05% 1 
& 05 .0625% 


0625 - 075 % 


0 75 - 0 875 % 


~ 0 8 7 5 %  


Core Conformation 


(b) 


Figure 4. The bioactive conformation of sialyl Lewis". a) Analysis of the 10 ns MC(JBW)/SD simulation b) Transfer NOE results [4] 
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The method was further evaluated by comparing the calculat- 
ed conformational freedom of sialyl Lewisx with data derived 
i'rom transfer-NOE experiments.[41 Interestingly, the bioactive 
area in the internal coordinate system (Figure 4 b), determined 
by transfer-NOE NMR,f41 closely matches the region of highest 
probability (Figure 4a). The following model for the assessment 
of a compound's preorganization for binding to E-selectin can 
be derived at  this point; it is based on the MC(JBW)/SD compu- 
tational technique in conjunction with our probability analysis: 
A glycomimetic with a high probability of being in the bioactive 
area of torsional space has a good chance of being active, since 
i t  is preorganized for binding. Conversely, a compound which 
populates the bioactive region only partially or  not a t  all has a 
low probability of being active. 


Application of the model for assessing the preorganization of 
sialyl Lewis" mimics-design of alternatives to neuraminic acid: 
Initially, a-hydroxy acid derivatives were considered as alterna- 
tives to neuraminic acid, since the spatial orientation of their 
carboxylic acid group may be controled by an appropriate 
choice of the configuration at Ca. To address this question, the 
lactic acid isomers 1 and 2 were analyzed as representatives of 
the ( R )  and ( S )  series of a-hydroxy acid derivatives (Figure 5 ) .  
The MC(JBW)/SD data indicate that the (R) isomer 1 does not 
populate the bioactive area at all (Figure S a ) ,  mainly owing to 
an unfavorable acid orientation. Thus, the (R) series would be 
expected to have a low affinity for E-selectin or  even to be 
inactive. In contrast, the analysis of the ( S )  series (Figure Sb), 
represented by the (S)-lactic acid ether 2, shows that both the 
core conformation und the acid orientation are inside the bioac- 
tive window, and one would therefore expect this series to be 
active. 


In order to test these predictions, representatives of both se- 
ries were synthesized (Scheme 1).  The formation of the lactic 
acid cther bond, starting from the partially protected trisaccha- 
ride 3,[16] was best performed by OH activation with di-n-butyl- 


(a) 


Figure 5 .  MC'(.IBW)iSD simulations of lactic acid derivatives 


C02H 


HOoH 
R = -(CHz)&OzMe 


R-Series SSeries 
R ' =  H: 1: IC,,> 10mM 2: IC,,= 4.0 mM 
R ' =  Ph: 6: IC,,> 10 mM 7 :  IC,,= 2.6 mM 


Scheme 1 .  a) Bu,SnO, MeOH. reflux: evaporated, then benzyl (S)-1-trifluoro- 
methanesulfonyloxypropionate (4, R' = H) or benzyl (S)-2-phenyl-l-trilluoro- 
methanesulfonyloxypropionate (4, R' = Ph), CsF, DME (100 and 63 %. respective- 
ly); b) H,, Pd/C. MeOH (60-65%); c) Bu,SnO. MeOH, relluu; then benzyl 
(R)-I-trifluoromethanesulfonyloxypropionate (5.  R' = H) or benzyl (R)-2-phenyl- 
1-trifluoroniethanesulfonyloxypropionate (5. R = Ph), CsF, DME (34%. 45 54 re- 
covered starting material); d) H,, 20% Pd(OH),/C. MeOH (70%,) 


tin oxide,["] followed by treatment with the triflates 4 and 5. 
respectively. The latter were obtained from the corresponding 
z-hydroxy carboxylic acids according to Degerbeck et al.[ 18] 


Removal of the protecting groups by hydrogenolysis finally pro- 
vided the target compounds. 


As predicted, the (R) series of 3-hydroxy acid derivatives was 
inactive in the E-selectin ligand binding assay.['91 In contrast, 
the ( S )  series of mimics was active, and the (S)-phenyllactic acid 
ether 7 even proved to be just 2-3 times less active than the lead 
structure, sialyl Lewis"-O(CH,),CO,Me (ICs0 = 1.0mM). 


The predictive power of our computational tool was further 
tested by using it for the design of sialyl Lewis" mimics in which 
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both the neuraminic acid and the GlcNAc moieties had been 
replaced. As a replacement for GlcNAc, (R,R)-cyclohexanedi- 


was chosen, since this spacer should place the galactose 
and fucose units in a spatial arrangement similar to sialyl 
Lewis'. The MC(JBW)/SD analyses were performed for the gly- 
colic acid ether 8 as the structurally most simple analogue, as 
well as the diastereonieric (R)- and (S)-2-phenyllactic acid 
ethers 9 and 10 (Figure 6).  


The MC(JBW)/SD conformational analysis of the glycolic 
acid ether 8 was performed for a total time of 2 ns. The transi- 
tions occurred once every 0.7 ps and the acceptance rate was 
23 YO. The internal coordinate probability plot (Figure 6a)  
shows that the modifications d o  not affect the core conforma- 
tion with respect to sialyl Lewis". This is supported by our obser- 
vation of a very slightly enhanced bioactivity (ca. 65 %) when 
the GlcNAc portion in sialyl Lewis" is replaced by (R,R)-1,2- 
cyclohexanediol. The calculation (Figure 6 a) suggests the acid/ 
galactose linkage in the glycolic acid derivative 8 to be very 
flexible, and this mimic is therefore much less preorganized for 
binding than sialyl Lewis". In 8 the bioactive area at  -20 to  
-50" for the core conformation and 110 to 140" for the acid 
orientation is populated only to approximately 6 %  in contrast 
to 1 9 %  for sialyl Lewis'. Consequently, the glycolic ether 8 
should be less active than the lead structure or its (R,R)-1,2-cy- 
clohexanediol analogue. 


The MC(JBW)/SD simulations of the diastereomeric phenyl- 
lactic acid derivatives 9 and 10 (Figures 6 b,c) were performed 


under identical conditions, and they again revealed the feasibil- 
ity of replacing GlcNAc by (R,R)-cyclohexanediol. As before. 
the (S) series (Figure 6c) leads to compounds that have very 
similar conformational preferences to  sialyl Lewis" with respect 
to  both core conformation and acid orientation. Since the ( S ) -  
phenyllactic acid ether 10 shows a population of the bioactive 
area of approximately l 6 % ,  it should be about as  active as the 
lead structure, if one considers the preorganization as  being the 
main factor influencing bioactivity. In contrast. compounds 
from the ( R )  series (Figure 6 b) d o  not populate the bioactive 
area at  all, and they should display a very low affinity to 
E-selectin. 


Representative compounds of each series were synthesized 
(Scheme 2) and biologically evaluated in order to test our pre- 
dictions. The 4,6-benzylidene acetal protected intermediate 12 
was prepared in good yield by the acid-catalyzed reaction of the 
known tetrol 11 ["I with benzaldehyde dimethyl acetal. Activa- 
tion of the remaining two OH groups with Bu,SnO and treat- 
ment with a n  excess of benzyl (R)-2-phenyl-l-trifluorornethane- 
suIfonyloxypropionate[lsl resulted in selective etherification of 
the Gal-3-OH group. Hydrogenolysis finally gave the target 
molecule 10 in good overall yield. 


The other target compounds 8, 9, 13, and 14 shown in Fig- 
ure 7 were prepared analogously. Their biological evaluation in 
the ligand-binding assay['g1 supported the predicted trends 
from our conformational analysis. Thus, the glycolic acid ether 
8 was less active than sialyl Lewis" owing to its higher flexibility. 


Figure 6. MC(JBW),'SD simula- 
tions of cyclohexanediol derivn- 
tives. 
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.OH ,OH 


J 5 


Scheme 2 .  Synthetic strategy for the target molecules. a) 3.0 equiv PhCH(OMe),, 
0.5 equiv camphorsulfonic acid, MeCN, 35 'C, 0.75 h (R7 YO);  h) 1.5 equiv Bu,SnO, 
MeOH. reflux, 2 h; evaporated: 5 equiv anhydrous CaF, 5 equiv henzyl (R)-2-  
phenyl-1-trifluoromethanesulfonyloxypropionate (3, 1,2-dimethoxyethane, RT, 
3 h (70 "h); c )  20 "A Pd(OH),'C, H,, dioxane/H,O/HOAc, RT, 1 bar, 7 h, Dowex 50 
(Na  + )  (78%). 


Glycolic Acid Series: 


qoZNa OH 


RSeries: S-Series: 


9 IC50z10rnM 10 lC50 = 0.3 rnM 


OH 


13 IC5,> 10rnM 14 IC,, = 0.1 mM 
Figure 7. E-selectin binding results [20] (sialyl Lewis"-O(CH,),CO,Me: IC,, = 


I .0 m M ) .  


Table 3. Modified Amber* force field paramaters (MacroModel Amher* format) 


The (R)-a-hydroxy acid ether derivatives 9 and 13 were entirely 
inactive, since they do not populate the bioactive area. In con- 
trast, compounds 10 and 14 from the (S)-a-hydroxy acid series 
were up to ten times more active than sialyl Lewis". 


Summary 


We have developed a computational tool for assessing the preor- 
ganization of sialyl Lewis" mimics for binding to E-selectin. The 
model has been experimentally validated, and it allows a quali- 
tative prediction of activity trends without requiring a detailed 
insight into the exact nature of the carbohydrate/lectin interac- 
tion. The agreement between predicted and observed activity 
trends suggests that the free binding energy is largely influenced 
by the preorganization of a compound and consequently by the 
entropy. The computational tool provides guidance for the de- 
sign of new E-selectin ligands, since only candidate molecules 
that populate the bioactive area are considered to have a chance 
of being active. We are currently investigating the use of the 
calculated preorganization as a descriptor for quantitative 
structure- activity models. 


Experimental Section 


The force field: Amher* force field parameters""] for r-alkoxy carboxylic 
acids were improved by first fitting partial atomic charges to electrostatic 
potential derived charges from high-level ah  initio calculations and then 
adjusting the torsional parameters to reproduce the ab  initio torsional drives 
for propionic acid (MP2/6-311 G**//HF/6-311 G**) and methoxyacetic acid. 
In the latter case two separate torsional drives about the (H0,C) Cr bond 
and the Cr-OMe bond were performed a t  the MP2/6-31 G**i,!HF,6-31 G* 
level. The a b  initio calculations were performed using GAMESS."'] The new 
set of force constants is shown in Table 3. 


Spectroscopic data of the target molecules. 


(2R) 2-0-{ 1-O-~2-Acetamido-2-denxy-4-0-(a-~-fucopyranosyl)-1-~-( l-meth- 
oxycarbuny~non-~-y~)-~-D-glucopyranosyl]-/l-~-galactnpyranos-3-yl}propanoic 
acid (1): 'HNMR (500 MHz, D,O): 6 = 5.05 (d, J = 4.0 Hz, 1 H),  4.78 (m, 


1 H). 3.99 (d, J = 3.3 Hz, 1 H), 3.95 (dd, J = 2.1,ll.S Hz, 1 H) ,  3.90-3.75 (m. 
6 H ) ,  3 . 7 3 ( d , J = 3 . 5 H z ,  IH),3.71-3.59(m,3H),  3.62(s. 3H), 3.56-3.47 
(in,4H),3.38(dd,J=3.4,10.0Hz,lH),2.33(t,J=7.3Hz.2H),1.96(~. 
3H), 1.58-1.43 (m, 4H) ,  1.32 (d, J=7 .0Hz,  3H) ,  1.23 (s, 8 H ) ,  1.12 (d. 
J =  6.6H2, 3H); I3C NMR (76 MHz, APT, D,O): 6 =183.6 (CJ, 179.7 


(Cq), 175.9 (Cq), 103.8 (CH), 102.7 (CH), 100.3 
(CH), 82.1 (CH), 77.2 (CH), 77.1 (CH), 76.7 


lH),4.46(d,J=8.2H~,lH).4.41(d,J-7.8Hz,1H),4.05(q,J=6.9Hz, 


C Stretching Interactions LSTR) Opt. Descriptor 


C Bond Length Constant Bond Moment Atml Atm2 


1 0 3  - H2 0 . 9 6 0 0  553 .0000  -1 .7631  C200 0000 M 1  


C Torsional Interaction (TOR) Opt. Descriptor 
C 


C v 1 / 2  v 2 / 2  V3/2 Atml Atml Atm3 A t m l  


C (Constants in Kcal/rnol) 


4 02 = c2 - CT - 03 -0.2600 0.5xoo O.OOOO 0 0 0 0  0300 0 0 0 0  0000  A 2 


C - - - - -__ -_______  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  


1 0 3  - H2 0 . 9 6 0 0  553 .0000  - -1 .7631  C200 0000 M 1  


C 


-2  


4 02 = C2 - CT - H1 -0.0200 - 0 , 0 1 7 0  - -0 .0035  0000 0300 0000 0000 A 1 
4 02 = C2 ~ CT ~ CT -0.2100 0.1820 -0 .0412 0000 0300 0000 0000 A 1 
4 0 3  - C2 - CT - 0 3  0 . 2 6 0 0  0 5 8 0 0  0.0000 0000 0200 0000 0000 M 1 
4 0 3  - C2 - CT - CT 0 .2100  0 . 1 8 2 0  0 . 0 4 1 0  0000 0200 0000 0000 A 1 
4 C2 - CT - 03 - 00 0 . 5 9 3 0  -1.0200 0 . 6 7 7 0  0203 0000 0000 0000 A 1 


(CH), 76.6 (CH), 75.1 (CH). 73.7 (CH). 72.4 
(CH,), 71.4 (CH), 70.9 (CH), 69.5 (CH), 68.4 
(CH), 67.2 (CH), 63.3 (CH,), 61.4 (CH,). 57.6 
(CH), 53.8 (CH,), 35.4 (CH,), 30.3 (CH,), 30.1 
(CH,), 29.9 (CH,), 26.7 (CH,), 26.0 (CH,). 24.0 
(CH,), 20.6 (CH,). 17.0 (CH,); MS (FAB. THG) :  
nilz = 794 [Mt +Na];  [XI;,  = - 33.5 (c = 0.6, 
H,O). 


(2s )  2-0-{ 1-0-[2-Acetamido-2-deoxy-4-O-(a-~-fu- 
copyranosy1)-I-0-( l-methoxycarbonyl-non-9-yl)-/l- 
~-glucopyranosyl~-/?-~-galactopyranos-3-yl}prn- 
panoic acid (2): ' H N M R  (500 MHr. D,O): 
6 = 5 . 0 6 ( d , J = 3 . 8 H ~ , l H ) . 4 . 7 9 ( q . J = 6 , S H 7 .  
1 H),4.48 (d, J = 8.1 Hz, 1 H), 4.44(d, J = 7 . 8  Hz, 
1 H), 4.02 (q, J = 6.9 Hz, 1 H),  3.95 (dd, J =1.5. 
12.0 Hz, 1 H), 3.93-3.78 (m, 7H) .  3.76 (d, 
J =  3.0 Hz, 1 H), 3.73-3.62(m, 3H) ,  3.65 (s, 3H),  
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3.59-3.50(m,4H),3.45(dd,J=3.1,9.9Hz,lH),2.35(t,J=7.4Hz,2H), 
1.98 (s,  3 H), 1.60- 1.45 (m, 4H) ,  1.34 (d, J = 6.7 Hz, 3H), 1.26 (s. 8 H), I .I4 
(d, J = 6.5 Hz, 3 H ) ;  "C NMR (76 MHz, APT, D,O): 6 =183.7 (CJ, 179.7 
(Cq), 175.9 (CJ, 103.3 (CH), 102.7 (CH), 100.4 (CH), 82.9 (CH), 78.3 (CH),  
77.0 (CH), 76.7 (CH), 76.3 (CH), 75.0 (CH), 73.6 (CH), 72.4 (CH,), 71.8 
(CH), 70.9 (CH), 69.4 (CH), 68.4 (CH), 67.7 (CH), 63.4 (CH,), 61.5 (CH,), 
57.6 (CH),  53.8 (CH,), 35.4 (CH,), 30.3 (CH,), 30.1 (CH,), 29.9 (CH,), 26.7 
(CH,), 26.0 (CH,), 24.0 (CH,), 20.3 (CH,),  17.1 (CH,); MS (FAB, THG): 
m/z = 794 [M + + Na]. 


(2R) 2-0-{ l-0-~2-Acetamido-2-deoxy-4-O-(a-~-fucopyranosyl)-l-O-( l-meth- 
oxycarhonyinon-~-yl)-~-~-glucopyranosyf~-~-~-gaiactopyranos-3-y1}-3- 
phenylpropanoic acid (6): 'H NMR (500 MHz, D,O): 6 = 7.43-7.36 (m, 4H),  
7.34-7.29 (m, 1H).  5.08 (d, J = 3 . 7 H z ,  I H ) ,  4.79 (m, 1H) .  4.50 (d, 


3.98(dd,J=2.4,11.7Hz,lH),3.92-3.80(m,6H),3.72-3.64(m,2H),3.68 
(s,3H),3.62-3.46(m,6H),3.42(dd,J = 3.4,8.S Hz , lH) ,3 .35 (dd , J  = 3.3. 
10.0H2, l H ) ,  3.21 (dd, J =  3.6, 14.1 Hz, l H ) ,  2.86 (dd, J=10.0, 14.1 Hz, 
1 H), 2.38 (t, J = 7 . 4 H z ,  2H),  2.01 (s, 3H),  1.64-1.48 (m, 4H) ,  1.29 (s, 8H) ,  
1.14 (d, J = 6.6 Hz, 3H);  I3C NMR (76 MHz, APT, D,O): 6 =181.7 (CJ,  
175.9 (CJ, 140.5 (Cq), 130.9 (CH), 130.5 (CH), 128.6 (CH), 103.5 (CH), 
102.7 (CH), 100.3 (CH), 83.3 (CH), 83.0 (CH), 77.0 (CH), 76.6 (CH). 76.4 
(CH), 75.0 (CH), 73.6 (CH), 72.4 (CH,), 71.5 (CH), 70.9 (CH), 69.4 (CH), 
68.3 (CH), 67.5 (CH), 63.1 (CH,), 61.3 (CH,), 57.6 (CH), 53.8 (CH,), 35.5 
(CH,), 30.3 (CH,), 30.0 (CH,), 29.9 (CH,), 26.7 (CH,), 26.0 (CH,), 24.0 
(CH,), 17.0(CH3): MS(FAB,THG) :m/z=  870[M++Na] ,848[M'+H] ,  
660 [ M +  - O(CH,),CO,Me]. 


(2s) 2-0-(l-U-~2-Acetamido-2-deoxy-4-O-(a-~-fucopyranosyl)-l-0-( l-meth- 
oxycarbonyinon-~-yl)-~-~-giucopyranosyl~-/?-~-galactopyranos-3-yl}-3- 
phenylpropanoic acid (7): ' H  NMR (500 MHz, D,O): 6 =7.38-7.30 (m, 4H),  
7.29-7.23 (m, 1 H), 5.05 (d, J = 3.8 Hz, 1 H), 4.75 (m, 1 H), 4.47 (d, 
J = 8 . 3 H z ,  1 H ) , 4 . 3 4 ( d , J = 7 . 8 H ~ ,  lH),4.11 ( d d , J = 4 . 7 ,  8.4Hz, I H ) ,  
3.93-3.71 (in, 9H),  3.70-3.59 (m, 3H),  3.64 (s, 3H), 3.57-3.42 (m. 4H) ,  
3.28 (dd, J = 3 . 1 ,  9.8Hz, l H ) ,  3.08 (dd, J = 4 . 7 ,  13.8Hz, l H ) ,  2.93 (dd, 
J=8.5,13.8Hz,lH),2.35(t,J=7.2Hz,2H),1.97(s,3H),1.60-1.43(m, 
4 H ) ,  1.25 (s, 8H). 1 . 1 2 ( d , J =  6.6 Hz, 3H);  I3CNMR(76 MHz,APT, D,O): 


127.6 (CH), 102.4 (CH), 101.9 (CH), 99.6 (CH), 83.2 (CH), 82.9 (CH), 76.2 
(CH), 75.8 (CH), 75.3 (CH), 74.1 (CH), 72.8 (CH), 71.5 (CH,), 71.2 (CH), 
70.1 (CH), 68.6 (CH), 67.6 (CH), 66.9 (CH). 62.5 (CH,), 60.6 (CH,), 56.8 
(CH), 53.0 (CH,), 40.3 (CH,), 34.6 (CH,), 29.4 (CH,), 29.2 (CH,), 29.1 
(CH,), 25.9 (CH,), 25.2 (CH,), 23.2 (CH,), 16.3 (CH,); MS (FAB,THG): 
m / z = 8 7 0 [ M + + N a ] ,  848 [ M + + H ] .  


Sodium 2-0-{1-0-((1R,ZR) 2-O-(E-L-fucopyranosyl)cyclohexy1]-P-D-ga1acto- 
pyranos-3-yl}ethanoate (8): 'HNMR (500 MHz, D,O): 6 = 4.95 (d, 
J = 3.9 Hz, 1 H), 4.61 (q, J =  6.6 Hz, 1 H),  4.49 (d, J = 7 . 8  Hz, 1 H), 4.04(m, 
3 H), 3.89 (dd, J = 3.3, 10.2 Hz, 1 H), 3.77 (d, J = 3.4 Hz, 1 H) ,  3.78-3.67 (m. 
4H),  3.57 (dd, J = 4.5, 7.5 Hz, 1 H),  3.54(dd, J =7.5,9.6 Hz, 1 H) ,  3.53-3.47 
(m,lH),3.42(dd,J=3.2,9.5Hz, lH),2.13-2.01 (m,2H) ,1 ,67 (b r s ,2H) ,  
1.31-1.14 (m. 4H),  1.16 (d, J =  6.6 Hz, 3H);  I3C NMR (62.9 MHz, D,O): 
6 =182.2, 103.4, 99.2, 86.0, 81.8, 80.8, 78.2, 75.7, 73.6, 73.3, 72.1, 71.6, 70.2, 
69.0, 65.2, 33.3, 32.8, 26.8, 18.9; MS (FAB, THG): m/z = 505 [ M C +  Na]. 


Sodium (2R) 2-0-{1-0-1(lR,2R) 2-O-(a-L-fucopyranosyl)cyclohexyl]-f?-D- 
galactopyranos-3-yl}-3-phenylpropanoate (9): 'H NMR (400 MHz, D,O): 
6 =7.28-7.20 (m, 4H) ,  7.19-7.12 (m. 1 H), 4.80 (d, J = 3.9 Hz, 1 H), 4.45 (9. 


3.71 (dd, J = 3 . 4 ,  10.3Hz, I H ) ,  3.62-3.51 (m, 3H),  3.45 (dd, J = 8 . 1 ,  
11.7 Hr, 1 H), 3.40-3.29 (m, 4H) ,  3.26 (dd, J = 3.8, 8.3 Hz, 1 H), 3.16 (dd, 
J = 3 . 3 ,  9.7Hz. l H ) ,  3.04 (dd, J = 4 . 0 ,  14.0Hz, l H ) ,  2.70 (dd, J=10.0,  
14.0Hz, l H ) ,  1.98-1.86(m, 2H). 1.53 (brs,  2H) ,  1.18-0.98 (m, 4H) ,  1.01 
(d,J=6.6H~,3H):'3CNMR(100.6MH~,D,0):6=180.9, 139.6, 130.1, 
129.6, 127.8, 100.6, 96.4, 82.6, 79.0, 78.0, 75.4, 73.0, 70.7, 70.5, 68.8, 67.3, 
66.9, 62.3, 40.3, 30.7, 30.1, 24.1, 16.2; MS (FAB, THG): mlz = 595 
[ M +  +Na]. 


Sodium (2s) ~-0-(~-~-~(~~,~~)-~-~-(a-L-fucopyranosy~)-cyclohexyl]-~-~- 
galactopyranos-3-yl}-3-phenylpropanoate (10): 'H NMR (500 MHz,  D,O): 
6 =7.38-7.30(m,4H),7.29-7.23(m, lH) ,4 ,92 (d ,  J = 4.0 Hz, lH),4.55(q,  


J = 8 . 2 H z , I H ) , 4 . 4 1  ( d , J = 7 . 9 H ~ , l H ) , 4 . 1 9 ( d d , J = 3 . 9 , 1 0 . 0 H z , I H ) ,  


s =181.s (CJ, 178.9 (CJ, 175.1 (CJ. 139.1 (CJ ,  130.5 (cH), 129.5 (CHI, 


J=6 .8HZ,  l H ) , 4 . 2 7 ( d , J = 7 . 7 H z ,  l H ) ,  4.03 ( d d , J = 4 . 0 ,  9.9Hz, l H ) ,  


J = 6 . 7 H z ,  l H ) ,  4.35 (d, J = 7 . 8 H z ,  l H ) ,  4.11 (dd, J = 4 . 8 ,  8.5H2, l H ) ,  
3.86 (d, J = 3.6 Hz, 1 H), 3.84(dd,J = 3.3,10.5 Hz, 1 H), 3.74 (d, J = 3.5 Hz, 


1 H) ,  3.71 (dd, J = 3.9, 10.5 Hz, 1 H),  3.69-3.62 (ni, 3 H),  3.50 (ddd, J = I .O, 
4.5,7.1 Hz,lH),3.48-3.41(m,IH),3.43(dd,J=X.0,9.7H7.lH).3.24(dd, 
J = 3.5, 9.7 Hz, 1 H), 3.09 (dd, J = 4.6, 14.0 Hz. 1 H). 2.92 (dd, J = 8.8. 
14.0 Hz, 1 H), 2.06-1.97 (m, 2H),  1.63 (brs, 2H) ,  1.24 -1.14 (rn, 4H).  1.13 
(d, J = 7 . 0 H z ,  3H);  I3C NMR (100.6 MHz, APT. D,O): 6 =139.5 (Cq). 
130.7 (2 CH), 129.9 (2 CH), 128.0 (CH), 100.8 (CH), 96.8 (CH), 84.0 (CH). 
83.3 (CH), 79.6 (CH), 78.4 (CH). 75.6 (CH) ,  73.3 (CH). 71.4 (CH). 70.9 
(CH), 69.2 (CH), 67.7 (CH), 67.4 (CH). 62.8 (CH,), 40.6 (CH,). 30.9 (CH,), 
30.4 (CH,), 24.4 (2 CH,), 16.6 (CH,); MS (FAB, THG):  177;: = 595 
[ M + + N a ] ,  573 [ M + + H ] .  


Sodium (2R) 3-cyclohexyl-2-0-{ l-O-l(lR,ZR) 2-O-(a-L-fucopyranosyl)cyclo- 
hexyl]-~-~-galactopyranos-3-yl}propanoate (13): 'H N M R  (400 MHz, D,O): 
6 = 4.88 (d, J = 3.9 Hz, 1 H), 4.54 (q, J = 6.7 Hz, 1 H), 4.39 (d. J =7.7 Hz, 
1 H), 3.96 (dd, J = 4.5, 8.8 Hz, I H), 3.92 (d, J = 3.2 Hr.  1 H), 3.83 (dd. 
J =  3.41, 10.4Hz, l H ) ,  3.71-3.56 (m, SH). 3.50-3.39 (in, 3H).  3.29 (dd, 
J = 3 . 3 ,  9.9Hz, l H ) ,  2.06-1.93 (m, 2H) ,  1.71 (br d, J=12 .4Hz .  1H).  
1.65-1.31 (m,9H),  1.25-0.98(m,7H), 1 . 1 0 ( d , J = 6 . 6 H r , 3 H ) , 0 . 9 4 ~ ~ 0 . 7 5  
(m. 2H); MS (FAB, THG): m/z=601 [ M + + N a ] ,  579 [ M + + H ] ;  
[r]h3 = ~ 42.4 (c = 0.4, H,O). 


Sodium (2s)  3-cyclohexyl-2-0-{ l-O-l(lR,ZR) 2-O-(a-L-fucopyranosyl)cyclo- 
hexyl~-/?-o-ga~actopyranos-3-yl)propanoate (14): ' H  NMR (500 MHz. D,O): 
6 = 4 . 9 3 ( d , J = 3 . 8 H ~ , I H ) , 4 . 5 8 ( q . J = 6 . 4 H z ,  l H ) , 4 . 4 3 ( d . J = 7 S H r .  
1H),3.91 ( d d , J = 3 . 5 , 9 . 0 H z , l H ) , 3 . 8 8 ~ 3 . 8 3 ( m , 2 H ) , 3 . 7 5 ( d , J = 3 . 3 H z ,  
lH),3.73-3.64(m.4H),3.57-3.53(m,lH),3.49(dd,J=7.3.9.0Hz, I H ) ,  
3 . 5 0 ~ 3 . 4 3 ( m , l H ) , 3 . 3 3 ( d d , J = 3 . 2 , 9 . 2 H z , l H ) , 2 . 1 0 - 1 . 9 9 ( m , 2 H ) .  1.73 
(br d, J=IZ.OHz, I H ) ,  1.69-1.44 (m, 9H) ,  1.29-1.07 (ni. 7H). 1.14 (d, 
J =  6.5 Hz, 3H),  0.96-0.80 (m, 2H): MS (FAB. THG):  mi; = 601 
[ M + + N a ] .  
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The Versatility of Lithium Reagents in Synthetic Organometallic Chemistry: 
Their Differing Reactions with [Cp*Mo(NO)( CH,SiMe,),] 


Peter Legzdins* and Stephen F. Sayers 


Abstract: [Cp*Mo(NO)(CH,SiMe,),] ex- 
hibits three principal types of reaction 
with the various lithium reagents investi- 
gated during this study, namely: regiose- 
lective deprotonation, reduction, and ad- 
dition. Deprotonation of the reactant, 
achieved by treatment with lithium amide 
reagents, leads ultimately to the forma- 
tion of the alkylidene “ate” complex 
[Cp*Mo(NO)(CH,SiMe,)( =CHSiMe,)],- 
[Li,(thf),] (1). While LiN(SiMe,), effects 
this conversion directly with no detectable 
intermediates, reaction with 1 equiv of 
LDA in THF for 15min deprotonates 
the Cp* ligand to form the lithium salt 
of the “tucked-in’’ ate complex [(q5,q1- 
C,Me,CH,)Mo(NO)(CH,SiMe,),l- 
[Li(thf),] (2) in 40 % isolated yield. Com- 
plex 2 slowly converts to the thermody- 
namically more stable 1 when left as a 
THF or C,D, solution at ambient tem- 


perature for 48 h. Reaction of the dialkyl 
starting material with either tBuLi or 
PhLi leads to the production of the alkyli- 
dene complex 1 in irreproducible yields 
(10-50% NMR; not isolable). A kinetic 
analysis of the reaction of [Cp*Mo(NO)- 
(CH,SiMe,),] with LiN(SiMe,), indicat- 
ed that the reaction was first-order in both 
the lithium and molybdenum reagents, 
and the activation parameters of 
A H *  =7.3+1.Okcdmol-’ and A S *  = 


- 34 3 e.u. suggest an associative pro- 
cess. Treatment of the neutral dialkyl with 
1 equiv of LiPPh, in THF results in a 


S 
* lithium * 


ic oxides - tungsten 


Introduction 


The ubiquitous use of lithium reagents in synthetic organic 
chemistry attests to their widespread utility in this field.“] The 
considerable versatility of these reagents is demonstrated by the 
wide variety of reaction types that they undergo and by the 
regio- and stereoselectivity of the transformations that may be 
achieved by their use.r21 The utilization of lithium reagents in 
synthetic organometallic chemistry is equally extensive,r31 and 
the range of reactions of a single organometallic substrate with 
different lithium reagents may, in principle, be greater than that 
which can be achieved with a single organic substrate. A striking 
illustration of this fact is provided by the chemistry presented in 
this paper, in which we describe how a single organometallic 
molecule, namely [Cp*Mo(NO)(CH,SiMe3),1, reacts in a range 


[*I Prof. Dr. P. Legzdins, Dr. S. F. Sayers 
Department of Chemistry, The University of British Columbia 
Vancouver, British Columbia V6T 121 (Canada) 
Fax: lnt. code +(604)822-2847 
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one-electron reduction and production 
of {[Cp*Mo(NO)(CH2SiMc3),1[Li(thf)l), 
(3). If left in solution, the 17e- dialkyl 
anion 3 is converted to the 18e- alkyli- 
dene anion 1 by the Ph,P-PPh, co- 
product, which effects the requisite hydro- 
gen-atom abstraction. Finally, addition of 
a sterically undemanding alkyllithium 
reagent such as MeLi to the 16e- dialkyl 
reactant leads to the formation of the 
18e- trialkyl anionic complex 
[Cp*Mo(NO)(CH,SiMe,),(Mc)][Li(thf),l 
(4). Warming of 4 in a C,D, solution re- 
sults in loss of methane and production of 
1. In most cases, the chemistry exhibited 
by thc Mo system is duplicated by the 
analogous W congener, [Cp*W(NO)- 
(CH,SiMe,),] . The solid-state molecular 
structures of complexes 1 and 4 have been 
established by single-crystal X-ray crys- 
tallographic analyses. 


of ways with a variety of lithium reagents. The eventual thermo- 
dynamic product of most of these transformations is the lithium 
salt of the alkylidene anion, [Cp*Mo(NO)(=CHSiMe,)- 
(CH,SiMe,)]- . Nevertheless, careful choice of the lithium 
reagent can effect the kinetically controlled regioselective depro- 
tonation, reduction, or addition reactions of the organometallic 
reactant to produce isolable intermediate complexes. In most 
cases, the chemistry exhibited by the Mo system may also be 
carried out with the analogous W congener, [Cp*W(NO)- 
(CH,SiMe,),] . A portion of this work has been previously com- 
m ~ n i c a t e d . ~ ~ ]  


Experimental Section 


All reactions and subsequent manipulations involving organometallic 
reagents were performed under anaerobic and anhydrous conditions. The 
general procedures routinely employed in these laboratories have been de- 
scribed previously.“1 7Li NMR spectra were recorded on a Varian XL300 
spectrometer tuned to 116.59 Hz and referenced to a solution of LiCl(1 M )  in 
D,O. [Cp*Mo(NO)(CH,SiMe,),1 was prepared according to literature 
methods.[” The analogous [Cp*W(NO)(CH,SiMe,),] was prepared in a 
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Sable 1. Numbering scheme. colors, yields, elemental analyses, and infrared date for complexes 1-5. 


Complex No. Color Anal. found (calcd) IR (Nujol) 
(yield. "h) C H N (I.\". cm-')  


- ~~ ~ ~~ ~~ 


i jCp*Mo(NO)(CH,SiMe,)(=CHSiMe,)l),i'[Li,(thf),]~ I yellow 
(62) 


:[Cp"W(NO)(CH,SiMe,)(=CHSiMe,)][Li(thf)]j2 1' yellow 
(76) 


[(~5,~~i-C,Me,CH,)Mo(NO)(CH,SiMe,)~][Li(tlif)3] 2 yellow 
(40) 


:[Cp*Mo(NO)(CH,SiMe,),ltLi(thf)lJ, 3 red 
(251 


[Cp*Mo(NO)(CH2S~Me,),(Me)][Li(thf),] 


[Cp*WiNo)(CH,SiMe,),(Me)][Li(tIif)] 


_ I  


4 yellow 


4' yellow 
( 8 5 )  


(37) 


48.62 [a] X.46 
(48.99) (8.16) 
43.64 7.04 


(43.95) (7.32) 
54 66 9.26 


(54.81) (9.13) 
Lbl 


53.34 8.94 
(53 12) (9.20) 
42.03 [c]  8.00 


(42.72) (7.45) 


2.94 1352 
(3.17) 
3.00 1370 


(2.33) 
2.33 1478 


(2.13) 
1350 


2.20 1463 
(2.48) 
2.02 1388 


(2.35) 


1.11 Desolva~ed. [bj Satisfactory eleiiiental analysis iiot obtained. [c] Anal. calcd for LSTHF. 


Table 2 .  'H, I3C. and 'LI NMR data (recorded in C,D,). 


('ompd no 'HNMR,  h I3C ( 'H} NMR, b 'LI NMR. h 


I 1 1  7 (s. 1 H, =CHSiMe,). 3.76 (br, 4 H ,  thf) ,  1.89 (s. 15H. C,Me,). 
1 54 (br, 4H,  thf). 0.49 (s, 9H. SiMe,), 0.35 (s, 9 H ,  SiMe,), 


-0.74 (s. 2H. CII,SIMe,) 


I '  9.32 (s, 1 H, =CHSiMe,), 3.72 (br. 4H,  thf), 1.88 (>? 15H, C,Me5). 
1.51 ibr, 4H,  thf), 0.45 (s, 9H. SiMe,), 0.34 (s, 9H.  SiMe,), 


3 53 (br, 12H. thf), 3.08 (s, 1 H, C,CH,). 3.07 (s. 1 H. C,CH,). 
1.88 (s, 3H, C,Me,), 1.74 (s, 3H, C,Me,), 1.63 (s, 3H, CjMe,). 
1.44 (br. 12H. thf), 1.42 (s, 3H, C,Me,), 0.51 (s, 9H, SiMe,), 
0.47 (s, 9H, SiMe,). 0.32 (d, 'JHH =12.0 Hz, 113, CH,SiMe,), 
-0.32 (d, *.?,,,,=12.0Hr, l H ,  CHJiMe,), 
-0.51 (d, '.IHH = 12.0 Hz. 1 H, CH,SiMe,), 
-0.76 (d, 'J,,, = 12.0 Hr,  1 H, CH,SiMe,) 


3.54 (br. 12H, t h f ) ,  1 70 (s. 15H, C,Me,). 1.41 (br, 12H, thf), 
048  (s. 18H. SiMe,). 0.26 (a. 3H,  Me), -0.27 (s. 4H.  CH,SiMe,) 


3 67 (br, 4H,  thf), 1.64 is, 15H. C,Me,), 1.42 (br, 4H,  thf), 
0.43 (s. 18H. SiMe,). 0.29 (s, 3H.  Me), 
-0.33 (d. '.I,,,, =10.5 Hz, 2H. CH,SiMe,), 
-0.40 (d. 'JHH = 10.5 Hz. 2H,  CH,SiMe,) 


-0.65 (s, 2H, CH,SiMe,) 


2 


1 


1' 


257.1 (=C'HSiMe,, '&, =I43 Hz), 107.2 (C5Me5), 
68.6 (thf), 25.9 (thf). 10.9 (C,Me,), 7.6 (CH'SiMe,), 
3.1 (SiMe,), 2.4 (SiMc,) 


68.5 (thf), 25.6 (thf), 10.8 (C,Me,),  7.8 (CH,SiMe,), 
3.7 (SiMe,), 2.3 (SiMe,) 


104.1 (C,Me,), 101.0 (C,Me,), 6X.3 (thf), 60.4 (C,CH,). 
25.5 (thf). 16.9 (CH,SiMc,). 16.5 (CH,SiMe,), 
10.8 (C,Me,). 10.4 (C,Me,), 9.6 (C,Me,). 9.3 (C,Me,), 
5.1 (SiMe,), 4. 6 (SiMe,) 


-3.0 


223.1 (=CHSiMe,, 'JCH = 107 H7). 108 (C,Me,), -2.7 


132.0 (C,Me,), 114.5 (C,Me,), 105.3 (C,Me,), -3.5 


107.0 (C,Me,), 68.4 (thf), 25.5 (thf), 22.0 (CH,SiMe,). 
15.5 (Me), 10.2 (C,Me, ) .  5.1 (SiMe,) 


108.1 (C,Me,), 68.7 (thf), 25.5 ( thf) ,  22.5 (CFI,SiMe,), 
19.5 (Me), 10 3 ( C $ ~ P ~ ) .  5.1 (SiMe,) 


-3.5 


jimilar fashion. PHPh,, PH,Ph, HN(C,H,),. tBuLi, MeLi, PhCCH, and 
LIN(StMe,), (all from Aldrich) wcre used as  ]received. Compounds LiPRPh 
[R = H, Ph] and LDA [(Me,CH),NLi] were prepared by deprotonation of 
the parent phosphinc or amine with nBuLi. Attempts to obtain mass spectra 
of all new compounds prepared during this work wcrc unsuccessful because 
of their extreme air sensitivity. For  the kinetic analyses, LiN(SiMe,), was 
purified by sublimation at  80'C under a static vacuum, [Cp*Mo(NO)- 
(CH,SiMe,),] was twice recrystallized from pentane, and T H F  was vacuum- 
transferred from Nalbenzophenone prior to use. 
In all cases the molybdenum and tungsten congeners of the complexes de- 
scribed below were synthesized in an analogous manner. The preparations of 
thc molybdcnurn complcxes are described in detail, with any variants for the 
tungsten analogues being noted where appropriate. The numbering scheme, 
colors, isolated yields, analytical, and IR data for all new products arc listed 
i n  Table 1. 'H ,  "C. and 'Li NMR data arc collected in Table2, and the 
results of X-ray diffraction analyses of complexes 1 and 4 arc presented in 
Tables 3 and 6. 


Reaction of ICp*Mo(NO)(CH,SiMe,),I with LiN(SiMe,), : [Cp*Mo(NO)- 
(CH,SiMe,3),] (200 mg, 0.46 nimol) and LiN(SiMe,), (90 mg, 0.46 inmol) 
were intimately mixed and cooled to -100 'C in a small flask. THF (2 mL) 
w a s  slowly poured down the sides of the flask and allowed to freeze onto the 
solid mixture. The mixture was then stirred while being allowed to warm 
slowly 10 room teinperatui-e. Over the course of 4 h a color change froin 
purple to red occurred; the final mixture was taken to dryness in v ~ c u o .  The 
red solid rcmaining was extracted into pentane (2 mL), and the extracts were 
filtered through a plug of Celite ( 1  x 1 cm) supported on a medium-porosity 
glass f r i t .  Slow evaporation of the pentane filtrate resulted in rhe deposition 


of  pale red crystals. which were recrystallized from pentane to obtain 
pale yellow crystals (143 mg, 62% yield) of [Cp*Mo(NO)(CH,SIMc,)- 
(-CHSiMe,)l2[Li,(thf),1 ( 1 ) .  The tungsten analogue ([Cp*W(NO)- 
(CH,SiMe,)(=CHSiMe,)][Li(thf)]}, (1') was isolated similarly (196 mg, 
76% yield). 


Reaction of [Cp'Mo(NO)(CH,SiMe,),l with LDA: [Cp*Mo(NO)- 
(CH,SiMe,),] (200 mg, 0.46 mmol) and LDA (SO mg, 0.46 mmol) were inti- 
mately mixed and cooled ( -  100 'C )  in a sinall flask. T H F  (2 m t )  was slowly 
added down the sides of the flask and was allowed to freeze onto the mixture. 
Thc mixture was stirred as it warmed to room temperature, After IS min a 
color change from purple to yellow occurred. The mixture was subsequently 
taken to dryness in vacuo. The remaining yellow solid was washed with 
pentane ( 2  x 1 inL) and dried in vacuo to obtain [(v5.q'-C,Me,CH,)- 
Mo(NO)(CH,SiMe3),][L~(thf),l (2) (106 mg, 40% yield). The corresponding 
tungsten complex [(q5,q1-C,Me4CH,)W(NO)(CH,SiMe,)2][Li(thf)3] (2')  
was not sufficiently thermally stable to permit its isolation, but it was ob- 
served by 'H  NMR spectroscopy to decompose rapidly to 1' in C,D,. Com- 
plex 2': 'H NMR (C,D,): 8 = 3.66 (br, 1 2 H .  t l i f i ,  2.88 (s, 1 H. C5Cf12) .  2.82 
( s .  1 H, C,Cf f , ) ,  1.85 (s. 3H,  C5Mc7,), 1.50 (s, 3 H ,  C,Me,). 1.46 (s. 3 H .  
C,Mc,), 1.44 (br, 1 2 H ,  / h / ) ,  1.38 (s. 3H,  C,Mc,), 0.46 (s. 9H.  SiMe,). 0.39 
(s, 9 H ,  SiMe,), 0.95 (d. *JHH =12.5Hz, 1 H, CH2SiMe,). 0.01 (d. 
'JHH = I 2 5  Hz, 1 H. CH,SiMe,). -0.45 (d, '& = 12.5 Hz. 1 H. 
CH2SiMe,). -0.50 (d, 251111 = 12.5 HI, 1 H ,  CfI,SiMe,). 


Transformation of 2 into I : Complex 2 (30 mg, 0.07 mmol) was dissolved in 
C,D, (0.7 mL) in an  N M R  tube. and the progress of its transformation to 1 
was monitored at room temperature by ' H N M R  spectroscopy. Over the 
course of 48 h the signals characteristic of 2 diminished and disappcarcd. 
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while signals due to 1 appeared and increased in intensity. Consistently, the 
transformation of 2 to 1 also occurred when a reaction mixture of 
[Cp*Mo(NO)(CH,SiMe,),] with LDA (vide supra) was stirred for 2 d before 
the products were isolated. 


Kinetic study of the reaction of [Cp*Mo(NO)(CH,SiMe,),I with 
LiN(SiMe,), : The progress of the reaction was monitored by the decrease of 
the starting material by UV/visible spectroscopy on a Hewlett-Packard 
HPS452 diode array spectrophotometrr by following the disappearance of an 
absorption maximum at 528 nm for [Cp*Mo(NO)(CH,SiMe,),]. The linear 
relationship between absorbance at 528 nm and the concentration of 
[Cp*Mo(NO)(CH,SiMe,),] was confirmed by a Beer's Law plot. Solutions of 
the reagents were made by syringing exact quantities of stock solutions into 
a UV cell such that the volume of the solution in the cell was always 3 mL and 
the concentration of the molybdenum reagent remained at 3.0 mM. The exper- 
iments were performed at 50 "C under pseudo-first-order conditions, with 
approximately 6.. 12-, 16-, 24-, 42-, 84-, and 120-fold excesses of the lithium 
reagent and with each point being duplicated by a completely independent 
run. Run times varied over the range of 30 min to 2 h, depending on the 
concentration of the lithium reagent. In all cases a minimum of 5 half-lives 
were used in the data analyses. A ,  (the absorbance at I = 30) WAS an opti- 
mized value that varied over the range 0.08 to 0.12, depending largely on the 
concentration of the lithium reagent. The temperature dependence of the 
reaction was studied using a 100-fold excess of the lithium reagent at 30, 40, 
50, and 60 "C. Results of the kinetic analyses are collected in Tables 4 and 5. 


Reaction of (Cp*Mo(NO)(CH,SiMe,),l with LiPPh,: [Cp*Mo(NO)- 
(CH,SiMe,),] (200 mg, 0.46 mmol) and LiPPh, (88 mg, 0.46 mmol) were 
intimately mixed and cooled to - 100 "C in a small flask. THF (2 mL) was 
slowly poured down the sides of the flask and allowed to freeze onto the 
powders. The mixture was stirred ;it id allowed to warm to room temperature, 
whereupon a color change from purple to red occurred. The mixture was 
stirred for a further 10 min at ambient tempei-ature and was then taken to 
dryness in vacuo. The resulting red solid was extracted with pentane (2 mL) 
and filtered through a plug of Celite (1 x 1 cm) supported on a medium- 
porosity glass frit. Slow evaporation of the pentane filtrate resulted in 
the deposition of red crystals (30mg, 15% yield) of {[Cp*Mo(NO)- 
(CH,SiMe3),][Li(thf)1), (3). Attempts to obtain the analogous tungsten com- 
plex in the Same manner were unsuccessful and resulted in no isolable 
products. 


Transformation of 3 into 1 :  [Cp*Mo(NO)(CH,SiMe,),1 (30 mg, 0.07 mmol) 
and LiPPh, (13 mg, 0.07 mmol) were intimately mixed and cooled to below 
- 100 "C in an NMR tube. [D,]THF (0.7 mL) was slowly added down the 
sides of the tube and allowed to freeze onto the mixture. The tube was sealed, 
and the mixture was allowed to warm to room temperature, during which 
time a color change from purple to red occurred. Spectra obtained immediate- 
ly after warming exhibited signals due to Ph,P-PPh, in both the 31P and 
'H NMR spectra. These signals diminished over the course of several hours, 
and signals due to the phosphine Ph,PH and 1 appeared and increased in 
intensity. A C,D, solution of isolated 3 showed no evidence for the formation 
of 1 in its NMR spectrum over the course of several weeks at ambient 
temperature in the absence of air. 


Reduction of ICp*Mo(NO)(CH,SiMe,),] with Na/Hg amalgam: 
[Cp*Mo(NO)(CH,SiMe,),] (180 mg, 0.41 mmol), Na/Hg (1.3 mmol Na) 
amalgam, and LiBF, (200 mg, 2.1 mmol) were mixed in a small vial, and THF 
(2 mL) was added at room temperature. The mixture was stirred for 2 h, 
during which time a color change from purple to red occurred. Solvent was 
removed from the final mixture in vacuo, and the rcmaining red solid was 
extracted into pentane (2 mL). The extracts were filtered through Celite and 
were allowed 10 evaporate slowly to cause the deposition of small red crystals 
of 3 (50 mg, 25 % yield). The same experiment was repeated in the absence 
of the lithium salt to obtain a red oily solid (vho = 1363 cm-'), which defied 
all attempts at crystallization. A similar experiment was pcrformed in the 
presence of an excess of [Ph,PNPPh,]Cl, but no product could he isolated 
from the oily brown solid that resulted 


Reaction of (Cp*Mo(NO)(CH,SiMe,),1 with MeLi: A solution of 
[Cp*Mo(NO)(CH,SiMe,),] (200 mg, 0.46 mmol) in THF (1 mL) was cooled 
to - 100 "C in a small flask. MeLi (0.4 mL, 1.4M in Et,O) was slowly added 
down the sides of the flask and allowed to freeze onto the mixture. The 


mixture was then stirred and allowed to warm to room temperature. After 
15 min, a color change from purple to yellow had occurred. The final mixture 
was taken to dryness in vacua, and the remaining yellow powder was dis- 
solved in pentane (ca. 2 mL). The solution was filtered through Celite; slow 
evaporation of the solvent from the filtrate resulted in deposition of yellow 
crystals (265 mg, 85 % yield) of [Cp*Mo(NO)(CH,SiMe,),(Me)][Li(thf),] 
(4). The tungsten congener, [Cp*W(NO)(CH,SiMe,),(Me)][Li(thf),] (4'). 
was likewise isolated as yellow crystals (81 mg. 37% yield). 


Reactions of [Cp*Mo(NO)(CH,SiMe,),) with tBuLi or PhLi: These reactions 
were effected identically. To a cold (-IOO'C) solution of [Cp*Mo(NO)- 
(CH,SiMe,),] (50 mg, 0.12 mmol) in THF (2 mL) was added approximately 
1 equiv of the organolithium reagent (rBuLi as a 1 . 7 ~  solution in pentane, 
PhLi as a 1 . 8 ~  solution in Et,O/cyclohexane. 30/70). The reaction mixture 
was stirred while being warmed to room temperature, whereupon a color 
change from purple to red occurred over the course of 15 min. After this time 
the reaction mixture was taken to dryness, and the resulting powder was 
dissolved in C,D, (0.75 mL). In both cases only signals due to the alkylidene 
complex 1 werc evident in the 'H NMR spectra of these samples. 


Electrochemical analysis of 4: A solution of 4 (9.6 mg) and Bu,NPF, (0.1 M) 


in THF (4.0 mL) at 22 "C was analysed by cyclic voltammetry with a polished 
glassy carbon disk (1.5 mm diameter) as the working electrode. Pt wire as the 
auxiliary electrode, and an Ag wirc as a pseudo-reference electrode, 


Results and Discussion 


Discussion of the reactions of [Cp*Mo(NO)(CH,SiMe,),1 with 
the various lithium reagents investigated during the current 
study is ordered by their three principal reaction types, regiose- 
lective deprotonation, reduction, and addition. For the majority 
of cases the tungsten analogues of the molybdenum complexes 
presented have been synthesized and react in exactly the same 
manner. Consequently, only the molybdenum species are dis- 
cussed in detail, with any differences for the tungsten congeners 
being highlighted when appropriate. 


Deprotonation of [Cp*Mo(NO)(CH,SiMe,),]: Deprotonation 
of [Cp*Mo(NO)(CH,SiMe,),] may be achieved by treatment 
with lithium amide reagents, which lead ultimately to the forma- 
tion of the alkylidene "ate" complex [Cp*Mo(NO)(CH,SiMe,)- 
(=CHSiMe,)],[Li,(thf),] (1). Interestingly, despite the simi- 
larities between LiN(SiMe,), and LDA, the reactions of 
[Cp*Mo(NO)(CH,SiMe,),] with these two lithium amide 
reagents follow quite different reaction paths. 


a)  With LiN(SiMe,) ,  : Treatment of [Cp*Mo(NO)- 
(CH,SiMe,),] with 1 equiv of LiN(SiMe,), in THF effects a net 
deprotonation at the a-carbon of one of the alkyl ligands and 
forms the alkylidene "ate" complex 1. This complex is isolable 
from a red solution (probably resulting from incomplete depro- 
tonation) as analytically pure, yellow plates in 629'0 yield from 
pentane [Eq. (I)]. Once isolated, 1 is not easily redissolved in 
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pentane, but is readily soluble in Et,O. Not surprisingly, disso- 
lution of the complex in chlorinated solvents such as CDCI, 
results in immediate decomposition to a plethora of products as 
indicated by 'H NMR spectroscopy. A C,D, solution of 1 ex- 
hibits signals diagnostic of an alkylidene complex in both its 'H 
(at 6 = 11.7) and 13C (at 6 = 257, lJCH = 143 Hz) NMR spectra, 
in addition to other signals consistent with its formulation (see 
Table 2). Thc IR spectrum of 1 as a Nujol mull displays a very 
low nitrosyl stretching frequency of 1352 cm-'. This value is 
243 cm-' lower than the neutral precursor (vNo = 1595 cm-'). 
Such a decrease is indicative of lithium being coordinated to the 
nitrosyl oxygen atom and has been observed previously in sim- 
ilar Lewis-acid isonitrosyl adducts. For example, Gladysz 
and coworkers reported a similar reduction in nitrosyl stretch- 
ing frequency (261 cm-') upon coordination of BCI, to 
[CpRe(NO)(PPh,)(SiMe,CI)] (vNo = 1656 cm- ') to afford 
[CpRe(NOBCI,)(PPh,)(SiMe,Cl)] (vNo = 1395 cm- ').['I Moni- 
toring the reaction of [Cp*Mo(NO)(CH,SiMe3),1 and LiN- 
(SiMe,), ([DJTHF) over the course o f 4  h at 20 "C revealed no 
detectable intermediate complexes. 


The solid-state molecular structure of 1 has been established 
by a single-crystal X-ray crystallographic analysis,'*] and an 
ORTEP plot is shown in Figure 1. Two molecules of 1 are 


,,-. 


Figure 1 .  ORTEP diagrain of [Cp*Mo(NO)(CH,SiMe3)(=CHS~Mel)],[Li,(thf),] 
(1) at 208 K. Thermal ellipsoids of 50 % probability are shown for the non-hydrogen 
atonis: for clarity the THF C atoms are represented as small spheres of arbitrary 
radius. 


present in the asymmetric unit of the crystal, forming a nearly 
dimeric structure. The two halves of thc structure are similar, 
though not identical, and arc linked through a lithium-isonitro- 
syl bridge. Thc alkyl and alkylidene carbon a t o m  are clearly 
differentiated by their Mo-C bond lengths (Mo(1)-C(l) = 


Mo(2)-C(4) = 1.940(11) A; Table 3) and by their Mo-C-Si 
bond angles (Mo(1)-C(1)-Si(1) = 117.6(5)", Mo(2)-C(3)- 
Si(3) = 122.4(6), Mo(l)-C(2)-Si(2) = 132.9(5), Mo(2)-C(4)- 
Si(4) = 136.3 (8)'~). The distortion of the bond angles from 
their ideal values (120" for the alkylidene and 109" for the 
alkyl) is almost certainly due to the steric bulk of the SiMe, 
fragment. 


Thc Mo-N-0 bond angles in 1 are Mo(1)-N(1)-O(1) = 


164.0(5), Mo(2)-N(2)-0(2) = 165.7 (9 ,  and the bond lengths 
within the Mo-NO fragment (Mo(1)-N(1) =1.711(8), 


2.207(9), M0(2)-C(3) = 2.208(11), Mo(1) --C(2) =1.960(11), 


P. Legzdins and S. F. Sayers 


Table 3. Selected bond lengths (A) and angles (') for [Cp*Mo(NO)(CH2SiMe,)- 
(=CHsiMe,)ll[Lil(thf),] (1). 


Mo(1)-N(1) 
M o ( 1 ) ~  C(l)  
Mo( l)-C(Z) 
Mo(1)-Cpl 
O(I ) -N( l )  
O( 1)- LI( 1 ) 
O(I)-Li(2) 
0(3)-Li(2) 
O(4) -Li(l)  


N ( l  )-Mo( 1)-C( 1) 
N(I)-Mo( 1)-C(2) 
C(1)-Mo( 1 )-C(2) 
N(1)-Mo(1)-Cp 1 
C(l)-Mo(l)-Cp 1 
C(2)-Mo(l)-Cp 1 
N (1 )-O( 1)-Li( 1) 
N(l )-O( 1 )-Li(2) 
Li(1)-O( 1)-L1(2) 
Mo(1)-N( 1)-O( 1) 
Mo( 1 )-C( 1)-Si(1) 
Mo(l)-C(2)-Si(2) 
O(1)-Li( 1 )-0(2) 
O( 1 )-Li( 1 j-0(4) 
0(2)-Li( 1)-0(4) 
O( 1)-Li(2)-0(2) 
0(1 )-Li(2)-0(3) 


1.711 (8) 
2.207 (9) 
1.960(11) 
2.08 
1.3 14 (1 2) 
1.849 (22) 
1.937(18) 
1.894(13) 
1 .X74(19) 


99.8(4) 
103.6(4) 
101.4(4) 
121.1 
111.7 
116.3 
126.8 (8) 
138.2 (8) 
91.3 (9) 


164.0(5) 
117.6(5) 
132.9(7) 
92.2(9) 


127.1 (12) 
138.7 (13) 


109.1 (7) 
X5.2(7) 


Mo(2)-N(2) 
Mo(2)-C(3) 
Mo(2)-C(4) 
Mo(2)-Cp2 
0(2)-N(2) 
O(?)-LI(l) 
0(2)-Li(2) 
O(5) - Li(2) 
Li( 1) - Li(2) 


N(2)-Mo(Z)-C(3) 
N(2)-Mo(2)-C(4) 
C(3)-Mo(2)-C(4) 
N(2)-Mo(Z)-Cp 2 
C(3)-Mo(2)-Cp 2 
C(4)-Mo(2)-Cp 2 
N(2)-0(2)-Li( 1 ) 
N(2)-0(2)-Li(2) 
Li( 1 )-O( ?)-Li(2) 
Mo(2)-N(2)-0(2) 
Mo(2)-C( 3)-Si(3) 
Mo(2)-C(4)-Si(4) 
O( l)-Li(2)-0(5) 
0(2)-Li(2)-0( 3) 
0(2)-Li(2)-0(5) 
0(3)-Li(2)-0(5) 


1.738(8) 
2.208(11) 
1.940 (1 1) 
2.09 
1.282 (1 1) 
l.X24(31) 
1.973 (19) 
1.912( 15) 
2.708 (33) 


100.4(4) 
102.7(4) 


121.5 
110.3 
117.4 
131.7(9) 
137.3 ( 7 )  


165.7 ( 5 )  
1?2.4(6) 
136.3 (8) 
130 9(9) 
112.0(Y) 
111.1 (8) 
106.6 (8) 


101.4(6) 


90.9(9) 


Mo(2)-N(2) =1.738(8), N(1)-O(1) =1.314(12), N(2)- 
O(2) = 1.282(11) A) indicate a considerable degree of 
Mo --* NO backbonding (i.e., a relatively short Mo-N bond 
and a relatively long N - 0  bond) consistent with the electron- 
rich nature of the metal center. For comparison, the neutral 
[Cp*Mo(NO)(CH,SiMe,)(CH,Ph)] exhibits bond lengths of 
Mo-N =1.760(2) and N - 0  =1.217(2) Finally, an im- 
portant feature of the molecular structure of 1 is the orientation 
of the alkylidene ligand such that its principal constituents and 
the Mo-NO fragment are virtually coplanar. The low N- 
Mo=C-Si torsion angle of 5.1" is consistent with the n-orbital 
overlap requirement for the nitrosyl and alkylidene ligands to be 
mutually orthogonal.['"] 


The deprotonation of an alkyl Iigand to form an alkylidene 
ligand necessarily results in a formal increase of two valence 
electrons at the metal center. Consequently, for such a conver- 
sion to be successful, it is imperative that the starting complex 
be either electronically unsaturated or contain labile ligands 
which may readily be lost during the transformation. The metal 
center in [Cp*Mo(NO)(CH,SiMe,),] is ideally suited for such 
chemistry since it has a 16-valence-electron configuration. Sta- 
bilization of the final product is aided by the presence of the 
strongly n-acidic nitrosyl ligand which can also interact with the 
cationic counterion. Deprotonation of an alkyl hgand has been 
used successfully to creatc neutral alkylidene complexes from 
cationic precursor complexes," 'I  but has not been utilized previ- 
ously to form anionic complexes from neutral precursors. In 
Cact, complex 1 joins a very small group of formally anionic 
alkylidene-containing complexcs. The only other cxample 
of a similar "ate" complex is [Mo(NAd)(CHCMe,Ph)- 
(OCH(CF,),),][Li(DME)] synthesized very recently by Schrock 
and his coworkers by treatment of [Mo(NAd)(CHCMe,Ph)- 
(OTF),(DME)] with 3 equiv of LiOCH(CF,), .I' 2 t  Other anion- 
ic alkylidene complexes have been claimed, but their character- 
ization data arc far from 


~ 
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Complex 1 is isoelectronic with neutral alkylidene nitrosyl 
compounds of the type [CpMo(NO)( =CHR)(L)], which have 
been reported previously by our group.[’41 In these latter com- 
pounds, however, the alkylidene-containing fragment is stabi- 
lized by a neutral Lewis base rather than a formally anionic 
alkyl ligand. 


h)  With LDA: Reaction of [Cp*Mo(NO)(CH,SiMe,),] with 
1 equiv of LDA in THF for 15 min at ambient temperature 
results in deprotonation of the Cp* ligand and formation of the 
lithium salt of the “tucked-in” anionic complex [(qs,q’- 
C,Me,CH,)Mo(NO)(CH,SiMe,),][Li(thf),] (2) in 40 % isolat- 
ed yield [Eq. (2 ) ] .  The identity of 2 is readily established by its 


R O  R 
+ LDA - 


NMR spectra, which display six different niethylene-proton res- 
onances and four inequivalent Cp* methyl group signals 
(Table 2). This also indicates that the arrangement of ligands is 
cis at the metal center. The IR spectrum of 2 (Nujol mull) ex- 
hibits a vNo at 1478 cm- ’; this indicates that the Li’ counterion 
is coordinated to the nitrosyl ligand of 2 but in a manner differ- 
ent from that in 1. Elemental analysis, ‘H NMR, and IR spec- 
tral data indicate a four-coordinate Li+ ion coordinated to the 
nitrosyl ligand with the other coordination sites of the lithium 
being occupied by three THF molecules, similar to the coordina- 
tion sphere of the lithium ion in [Cp*Mo(NO)(CH,SiMe,),- 
(Me)][Li(thf),] (4) (vide infra). 


An alternative bonding mode possible for the Cp* ligand of 
complex 2 is as an q6-fulvene ligand. However, the relevant 3C 
NMR shift of the signal due to the methylene carbon in 2 
(6 = 60.4) falls well within the range expected for “tucked-in” 
complexes (generally lower than 6 = 80),[”] and so the complex 
should be considered as exhibiting little fulvene character. Many 
examples of ($,q’-C,Me,CH,) and q‘-fulvene-containing com- 
plexes are known,[’61 including a related 18e- neutral complex, 
[(~5,q1-C,Me,CH,)Mo(NO)(CH2CMe,)(PMe,)], which was 
isolated previously by our group.“ 71 


Complex 2 slowly converts to the thermodynamically more 
stable 1 when left in THF or C,D, solution at ambient temper- 
ature for 48 h. In the case of the tungsten analogue, the conver- 
sion from 2’ to 1’ is much raster. In fact, it has proven impossible 
to isolate the tungsten “tucked-in” complex in pure form since 
it converts to the alkylidene isomer within 1 h, and so consider- 
able conversion to the alkylidene product occurs before the 
reaction to form the “tucked-in” complex is complete. Bercaw 
and coworkers have previously invoked the reverse conversion 
of a neutral alkylidene complex ([CptHf=CHPh]) to its 
“tucked-in’’ isomer by thermolysis.r181 Interestingly, our neutral 
“tucked-in” complex (namely [(qS,yl-CsMe,CH,)Mo(NO)- 
(CH,CMe,)(PMe,)]) does not convert to an alkylidene complex 
thermally.[”] The probable reason for this can be found in the 
coordination geometry at the metal center. In the case of the 
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neutral complex, the alkyl ligand and the methylene carbon 
atom of the tucked-in Cp* ligand arc r r c w  to each other across 
the metal ccnter and are separated by thc phosphine and nitrosyl 
ligands. In anionic complex 2 the methylene carbon is ei.s to an 
alkyl ligand and so has a 
facile route for effecting p\ p\ 


the requisite proton trans- 


fer (Scheme 1). R k The reason for the strik- 
ing in the re- Scheme 1. Al-rangcmmt o f  lisarids in  w i n -  


gioselectivity of the two plcxes 2 (left) and [($.t/’-CsMc,CH2j- 


lithium reagents Mo(NO)(CH,CMe,)(r’Me,)1 (rwht). 


(LiN(SiMe,), and LDA) 
towards [Cp*Mo(NO)(CH,SiMe,),] despite thc steric similarity 
between the two may be found in the pK, of the corresponding 
free amine, which for LDA is much greater (HN(C,H,), 
pK, = 35.7, HN(SiMe,), p K ,  = 25.8).“91 The LiN(SiMc,), 
reagent is simply not a strong enough base to remove a proton 
from the Cp* ring, and so is forced to deprotonate at a more 
acidic site on the organometallic reactant. The absence of visible 
intermediates for the reaction with LiN(SiMe,), raises the 
prospect that the reagent is removing the x-H atom directly 
from an alkyl ligand in the metal complex. The extended reac- 
tion time for the deprotonation lends support to this view, since 
these a-H atoms arc slerically much less accessible. Further- 
more, these protons are expected to be more acidic than those of 
the Cp* ring, and so the LiN(SiMe,), reagent could be capable 
of abstracting them. 


Kinetic analysis of the reaction of [Cp*Mo(NO)(CH,SiMe,),I 
with LiN(SiMe,),: Plots of ln(A - A < , )  against time for thc rcac- 
tions of [Cp*Mo(NO)(CH,SiMe,),1 with LiN(SiMe,)2 under 
pseudo-first-order conditions are linear; this linearity demon- 
strates that the reaction is first-order in the molybdenum 
reagent. A summary of the results obtained by this analysis is 
presented in Table4. A plot of the observed rate constant 
against the concentration of the lithium reagent is a straight 
line (Figure 2), thereby demonstrating that the reaction is also 
first-order with respect to the lithium reagent. Thc reaction is 
evidently first-order in both the lithium and molybdenum 
reagents. 


Table 4. Observed rate constants for the rcaclion of [Cp*Mo(NOj((‘HISiMe,)il 
with LiNCSiMe,), at 50 C .  


3.01 
3.03 
3.01 
3.03 
3.01 
3.03 
3.01 


3.01 
3.03 
i.01 
3.03 
3.01 
3.03 
3 01 
3.03 


3.03 


362.2X 
362.36 
253.59 
253.65 
181.14 
181.1X 
126 80  
126.82 
72 46 
12.47 
50.72 


36.23 
36.24 
18.11 
18.12 


50.73 


120.33 
119.74 
84.23 
83.82 
60.16 
59.87 
42.11 
41 .Y I 
24.07 
23 95 
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16.76 
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i-igure 2 Plot of k,,, vs. [LI] for the reaction of [Cp*Mo(NO)(CH,SiMe,),1 with 
LiN(SiMe,), . 


An interesting feature of the plot shown in Figure 2 is that the 
line does not pass through the origin. This may be a genuine 
effect, or it may bc due to experimental error. Since the experi- 
ment monitors the disappearance of the starting material, then 
any cause contributing to its disappearance would cause deviant 
results. The experiment could not be monitored by the appcar- 
ance of 1 because of its nearly colorless nature. 


The effect of temperature on the reaction rate provides some 
insight into the nature of the transition state. Monitoring of the 
rcaction at 30, 40, 50, and 60 "C (Table 5) and subsequent data 
analyses led to the linear Eyring plot shown in Figure 3. The 
linearity of the plot is confirmed by a regression which returns 
a residual value of 0.995; this indicates that there is only one 


7;ihle 5. Vai-iation with temperature of the observed rate coitsvmt for the ireaction 
of [Cp*Mo(NO)(CH,SiMe,),j with LiN(SiMe,), . 


T. K [M 01, mM [Li], M k,,,. s -  ' k .  M - ' s - '  


333.2 
333.2 
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.303.2 


3.09 
3.07 
3.0') 
3.07 
3.09 


3.09 
3.07 


3.07 


0.3015 
0 3015 
0.3015 
0.3015 
0.3015 
0.301s 
0.3015 
0.3015 


0.001921 
0.001 806 
0 00121 
0.001185 
0.000834 
0.000828 
0.000561 
0.000564 


0 006371 
0 00599 
0 00401 3 
0 00393 
0 002766 
0 002746 
0 001861 
0 001871 


-3.5, 


-3.71 I 


---4 


0.00295 0.003 0.00305 0.0031 0.00315 0.0032 0.00325 0.00 
117 I l/Kl 


Figure 3. Eyring plot for  the reaction of [Cp*Mo(NO)(CH,SiMc,),1 with LiN(- 
SiMe,), 


mcchanism operative during the deprotonation process. The 
activation parameters that may be extracted from the plot 
are A H *  = 30.5f3.0 kJmol-' (7.3f1.0 kcalmol-') and 
A S *  = -14Of10 Jmol- 'K- ' ( -  34f3e.u.)(errorsare95% 
confidence limits of the regressed line). The small value of A H  * 
is indicative of a concerted transition state in which bonds are 
being broken and formed at the same time. During the reaction 
C--H, N-Li and Li-O(thf) bonds are broken, while Li-O(ni- 
trosyl) and N-H bonds are formed, and an M-C single bond 
is converted to an M=C linkage.[201 Though the observed nega- 
tive entropy of activation supports the view that this process 
occurs by an associative pathway, the possibility that salt effects 
are present cannot be ruled out. 


In closing this scction, we note that trealment of the dialkyl 
starting material with either tBuLi or PhLi leads to the produc- 
tion of the alkylidene complex 1 in irreproducible yields (NMR 
yield 10-50%; product not isolable). It is not clear by which 
routcs the latter reactions occur, though it is likely that it is by 
one of the routes delineated for one of the other lithium reagents 
studied. However, no attempt has been made to discern the 
exact pathway of these reactions. 


Reduction of ICp*Mo(NO)(CH,SiMe,),] : Cyclic voltammetry 
studies have suggested that addition of electrons to 
[Cp'M(NO)R,] compounds should afford the corresponding 
17e- anions. However, treatment of the dialkyls with reducing 
agents (e.g. [CpFe(if-C,Me,)]) has previously resulted only in 
decomposition.[211 We have now found that treatment of 
[Cp*Mo(NO)(CH,SiMe,),1 with 1 equiv of LiPPh, in THF re- 
sults in a one-electron reduction of the starting material 
and production of {[Cp*Mo(NO)(CH,SiMe,),][Li(thf)]}, (3)  
[Eq. ( 3 ) ] .  The Ph,P-PPh, coproduct can also be isolated from 


n 


+ Ph2P-PPhz 


the final reaction mixture and is identifiable by its mass spectral 
and NMR spectroscopic data.r221 The isolation of 3 is depen- 
dent on the presence of Li' as a counterion that can bind to the 
nitrosyl and assist in delocalizing the extra electron density. 
Evidence for this can be found in the ESR spectrum of the 
compound, in which coupling to a lithium atom is evident (vide 
infra). Consistent with this view is the fact that reduction of 
[Cp*Mo(NO)(CH,SiMe,),] with Na/Hg amalgam in the pres- 
ence of an excess of Li' (in the form of LiBF,) does indecd 
afford 3. This route results in only slightly improved isolated 
yields ofthc product, but the reaction is visibly cleaner than that 
with LiPPh, and the product is more stable under these cxperi- 
mental conditions. If  the same reduction is performed without 
the Li' present, then a similar red product (presumably the 
sodium salt of the same anion) is formed which, as a Nujol mull, 
displays a nitrosyl stretching frequency of 1365 cm - ' . However. 
this product could not be isolated in pure form. All attempts at 
isolating the tungsten analogue of 3 have so far been unsuccess- 
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ful. This could perhaps be a demonstration of the lesser tenden- 
cy of tungsten to form 27-valence-electron compounds. 


The red crystals of 3 are extremely air sensitive, reconverting 
rapidly on exposure to air to purple [Cp*Mo(NO)(CW,SiMe,),] 
(vNo (Nujol) = 1595 cm ~ '). This characteristic property of the 
complex is not entirely surprising, since a simple one-electron 
oxidation will return the anion to its neutral state. Complex 3 
has been subjected to an X-ray crystallographic analysis, full 
details of which were provided in an earlier report.[231 The com- 
plex displays no significant signals in its 'HNMR spectra be- 
tween 6 = - 30 and + 40 (relative to tetramethylsilane) . The 
X-band ESR spectrum of 3 in C,D, at 25 "C (shown in Figure 4) 


1579- 1587 


signals give way to resonances due to 1 and HPPh,. In other 
words, the 17e- dialkyl anion 3 is converted into the 1 8 e ~  
alkylidene anion 1 by Ph,P-PPh,, which effects the requisite 
hydrogen-atom abstraction. The overall reaction may also be 
performed with LiPPhH, but the yield of product is much 
lower. Similar conversions of cationic 17c- alkyl complexcs to 
cationic 18 e -  alkylidene complexes by hydrogen-atom abstrac- 
tion have been documented by Cooper and coworkers. For ex- 
ample, they have invoked the phenylmethylidene complex 
[Cp,W(CH,)(Ph)]+ as an intcrmediate following hydrogen- 
atom extraction from [Cp,W(Me)(Ph)]+ .Iz4] 


x 


k 


3300 3350 3400 3450 3500 3550 
IGI 


Figure 4. Observed (top) and simulated (bottom) X-band ESR spectra of complex 
3 in C,D, at room temperature. 


exhibits coupling of the signal to the ''N nucleus of the nitrosyl 
ligand (aN = 5.9 G), the four 'H  nuclei of the methylene groups 
(a,,, = 5.5 G), the 'Li nucleus (aLi = 2.5 G), and the molybde- 
num center (giso = 1.99800). Hence, the unpaired electron densi- 
ty in 3 appears to be delocalized not only over the molybdenum 
atom and the atoms immediately surrounding it,  but also over 
the lithium counterion. Since coupling of the signal to both 
lithium cations is not evident, it appears that the dimeric nature 
established for this complex in the solid state is not entirely 
maintained in solutions. It is more likely that the complex 
dissociates to some extent into its constituent monomers, 
the ready solubility of 3 in nonpolar solvents suggesting 
that each monomer exists as a tight ion pair (e.g., 
[Cp*Mo(NO -+ Li(thf),)(CH,SiMe,),1) in these media. Regret- 
tably, attempts to measure the solid-state magnetic properties of 
3 have been hampered by its extremc air-sensitivity. 


Monitoring of the reaction betwcen [Cp*Mo(NO)- 
(CH,SiMe,),] and LiPPh, by 'H and 31P NMR spectroscopy 
reveals the immediate disappearance of signals due to the start- 
ing materials and appearance of signals attributable to the 
Ph,P-PPh, coproduct. However, this reaction proceeds fur- 
ther, and over the course of 6 h at ambient temperature these 


Addition reactions of ICp*Mo(NO)(CH,SiMe,),J: Treatment of 
[Cp*Mo(NO)(CH,SiMe,),] with MeLi leads neither to depro- 
tonation of the complex, as in the lithium amide cases, nor 
to reduction, as for lithium phosphides, but to direct attack 
of thc metal center to form a trialkyl species, namely 
[Cp*Mo(NO)(CH,SiMe,),(Me)][Li(thf),] (4) [Eq. (4)]. This 


(4) 


- 
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complex is isolable as yellow crystals from pentane in good yield 
@ S o / , ) ,  though the crystals desolvate rapidly in a dry atmo- 
sphere to form an amorphous yellow powder. Thc complex is 
exceptionally air-sensitive (particularly as the desolvated pow- 
der), rapidly reconverting to purple [C~*MO(NO)(CH,S~M~, )~ ]  
on exposure to air. 


Both the 'H and I3C NMR spectra of 4 display signals at- 
tributable to two equivalent Me,SiCH, groups and a Me group, 
thereby implying that the geometry at the metal center is ' 'rrmx" 
or "diagonal", that is, that the methyl group lies opposite the 
nitrosyl ligand. The solid-state molecular structure of 4, estab- 
lished by an X-ray crystallographic analysis,[2 51 confirms this 
view; the ORTEP diagram o f 4  is shown in Figure 5 .  The struc- 


CIS 


C6 


C19 


C23 1 


Figure 5 .  ORTEP diagram of [Cp*Mo(NO)(CH,SiMe,)L(Me)][Li(thf),l (4) at 
208 K. 50% probability ellipsoids (or spheres) are shown for all non-hydrogen atom 
sites. Disordered carbon-atom sites (50% occupancy) are C(231)-C(242) 
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ture is a regular four-legged “piano stool”, with the Mo-C 
bond lengths for the three alkyl “legs” being essentially equal 
(Mo-C(6) = 2.241 (7), Mo-C(7) = 2.238(6), Mo-C(8) = 


2.275(6) A; Table 6) and the Mo-N-0(1) angle of 169.1” being 
essentially linear. The Mo-N and N-O bond lengths (Mo- 
N =1.742(5), N-0(1)  =1.254(7) A) indicate a somewhat 
greater degree of Mo + NO backbonding, though not as great 
as that for 1 or 3. The Nujol-mull nitrosyl stretching frequency 
o f 4  (1463 cm-’) is very similar to that o f 2  (1478 cm-I) ,  indi- 
cating a similar type of binding of the transition-metal anion to 
the lithium counter-ion in both cases. 


Taahlr 6. Selected bond lengths (A) and angles ( ’ )  for [Cp*Mo(NO)(CH,SiMe,),- 
Me][Li(thl‘),] (4) 


2 241 (7) 
2.238(6) 
2.076 
1.254(7) 
1 X16(12) 


76.46 (24) 
74.48 (23) 


123.15 (22) 
115.9 
141 04(21) 
169.2 (4) 


118.5(6) 
110.5 (6) 
11 3.8 (6) 


126.4 (3) 


Mo(l)-C(8) 
Mo(1)-N(l) 
O(4) ~Li (1)  
O(2)-Li(l) 
O(3)- Li(1) 


C(7)-Mo(l)-N(l) 
C( 7)-Mo(l)-Cp 
C(X)-Mo(l j-N(l) 
C( 8)-M o( 1 )-Cp 
N(I)-Mo(l )-Cp 
N( l  )-O(l)-Li(l) 
Mo(1 )-C(S)-Si(2) 
0(2)-Li(l )-O(3) 
0(2)-Li(1)-0(4) 
0(3)-Li(l)-0(4) 


2.275(6) 
1.742 (5) 
1.917 (12) 
1.952(12) 
1.958(12) 


86.49(21) 


88.15(21) 
107.6 


108.2 
121 
170.6(5) 


103.6(5) 
101.5 (6) 
107.9 (6) 


120.3 (3) 


The discovery of the novel trialkyl anion in 4 immediately 
raised the possibility of generating a trialkyl neutral species. If 
such an entity were to be synthesized, it would be a 17-valence- 
clectron species that would be cxpected to be quite reactive.r2h1 
In order to detcrmine whether the 17-electron neutral species 
would be stable, an electrochemical investigation of 4 was un- 
dertaken. Not surprisingly, the compound shows no reduction 
features other than a broad wave that corresponds to the reduc- 
tion of the Li* counterion, which causes concomitant plating of 
thc electrodc. The principal oxidation feature of the complex 
appears a t  - 840 mV (vs [Cp,Fc]) and is completely irrcversible. 
This implies that undcr these conditions the neutral compound 
formed is inhercntly unstable and quickly decomposes to other 
species. At lower scan rates (below 600 mVs-’) two other fea- 
tures become apparent (Figure 6), and these are attributed to 
subsequent redox reactions of the species formed by the initial 
oxidation. 


Solutions of 4 in C,D, are not thermally stable, but convert 
cleanly to  the alkylidene complex 1 when warmed to 40 ‘C for 
a I‘ew hours, presumably with the concomitant loss of methane. 
This process is selective, with no production of the analogous 
methylidenc complex being evident. This reactivity closely re- 
sembles the “classic” method of forming Schrock alkylidenes by 
thermolysis of an alkyl complex that is sterically overcrowded at  
the metal center.[27. 281 


Conclusion 


This study has highlighted the range and versatility of reactions 
that may be performed by lithium reagents on a single chemical 
system. Direct attack at  the metal center is possible, yielding, for 
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Figure 6 Cjclic voltammogrdin~ with differing scan rates lor [Cp*Mo(NO)- 
(CH,SiMe,),(Me)][Li(thf),] (4) in THF 


example, the trialkyl complex 4. When sterically bulky alkyl 
reagents or lithium amides are used, then deprotonation of a 
peripheral ligand with varying regiosclectivities appears to bc 
favored. Lithium phosphides cause an initial reduction of the 
starting organometallic complex. We are currently investigating 
whether methodology of the typc outlined in this study may be 
utilized to synthesize other anionic alkylidene complexes, and 
we arc continuing to study the reactivity of such complexes. 
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A Pyrrole - Imidazole Polyamide Motif for Recognition of 
Eleven Base Pair Sequences in the Minor Groove of DNA 


Susanne E. Swalley, EIdon E. Baird, and Peter B. Dervan” 
Dedicated to Dieter Seehacli on the o(cusion of lzir 60th hirtlida 


Abstract: A new upper limit of binding 
site size is defined for the 2 : 2  overlapped 
polyamide: DNA motif. Eight-ring poly- 
aniides composed of four-ring subunits 
containing pyrrole (Py) and imidazole 
(Im) amino acids linked by a central /Gala- 
nine (8) spacer (“4-8-4 ligands”) were de- 
signed for recognition of eleven base pair 
sequences as antiparallel dimer (4-8- 
4);DNA complexes in the minor groove. 
The DNA binding properties of three 
polyamides, ImPyPyPy-8-PyPyPyPy-p- 
Dp, ImImPyPy-[l-PyPyPyPy-/j-Dp, and 
ImImImPy-/I-PyPyPyPy-/3-Dp, were ana- 
lyzed by footprinting experiments on  


DNA fragments containing the respective 
match sites 5’-AGTAATTTACT-3‘, 5’- 
AGGTATTACCT-3’, and 5’-AGGG- 
ATTCCCT-3’ (Dp = dimethylaminopro- 
pylamide). Quantitative footprint titra- 
tions reveal that each polyamide binds its 
respective target site with subnanomolar 
affinity and 7-fold to  over 30-fold 


Keywords 
DNA recognition * hydrogen bonds - 
ligand design molecular recognition * 


sequence-specificity 


Introduction 


Small molecules specifically targeted to  any predetermined 
DNA sequence in the human genome would be potentially use- 
ful tools in molecular biology and human medicine. Polyamides 
containing N-methylpyrrole and N-methylimidazole amino 
acids are synthetic ligands that have an affinity and specificity 
for DNA comparable to naturally occurring DNA binding 
proteins.“] DNA recognition depends on side-by-side amino 
acid pairings in the minor groove. Antiparallel pairing of imida- 
zole (Im) opposite pyrrole (Py) recognizes a G.C base pair, 
while a Py-Im combination recognizes C.G.”] A Py-Py pair is 
degenerate and recognizes either an A . T  or T . A  base pair.[2,31 
Pyrrole-imidazole polyamides have been shown to be cell-per- 
meable and to inhibit the transcription of specific genes in cell 
c u l t i ~ r e . l ~ ~  Extension of the dimer motif to target longer se- 
quences would allow recognition of statistically more unique 
sites in megabase-size DNA.[” The optimal targeted binding site 
size required for effective biological regulation by polyamides 
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specificity over double-base-pair mis- 
match sites. A 20-fold decrease in binding 
affinity is observed for placement of a 
side-by-side 6-8 pairing opposite G.C./ 
C.G relative to placement opposite a 
A.T/T.A base pair. The use of side-by- 
side antiparallel 8-alanine residues as an 
A.T/T.A-specific D N A  binding element 
provides a new pairing rule for polyamide 
design. Expanding the DNA binding site 
size targeted by pyrrole-imidazole 
polyamides represents an important step 
in the development of cell-permeable syn- 
thetic ligands for the control of gene- 
specific regulation. 


has yet to be determined. This provides impetus to explore the 
binding site size limitations of polyamide dimers for DNA 
recognition. 


Fully overlapped 2: 1 polyamide dimers containing five con- 
tiguous rings and solely pyrrole and imidazole amino acids op- 
timally recognize a maximum binding site size of 7 base pairs.[” 
Insertion of a flexible 8-alanine (b) linker allows the recognition 
of longer sites.[71 Six-ring polyamides based on three-ring sub- 
units linked through C-N bonds by a central l-alanine bind to 
nine base pair sequences as “overlapped” (3-p-3), . DNA com- 
plexes.r71 The observation that four-ring polyamides bind as 2 :  1 
complexes with 70-fold higher affinity relative to three-ring 
polyamides[61 suggests that an eight-ring (4-/1-4), . D N A  motif 
would be suitable for recognition of eleven base pair sequences 
(Figure l),  defining a new upper limit for minor groove binding 
polyamide dimers. 


Three 4-/{-4 polyamides, ImPyPyPy-/i-PyPyPyPy-/l-Dp 
( I ) ,  ImImPyPy-B-PyPyPyPy-/l-Dp (2), and ImlmImPy-/- 
PyPyPyPy-P-Dp (3) (Figure 2), were synthesized by solid-phase 
methods.l*’ We report here the affinities, relative sequence 
specificity, and binding site size of the three 4-8-4 polyamides as 
determined by MPE .Fe”[91 and DNase I[’’] footprinting. Bind- 
ing site size is more accurately determined by MPE’Fe” foot- 
printing, while quantitative DNase I footprint titration is more 
suitable for measurement of apparent equilibrium association 
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Figure 1. Models of the 2 :  1 po1yamide:DNA complex formed with the eight-ring 
polyamide ImImImPy-/j-PyPyPyPy-p-Dp (3) and the minor groove of double 
stranded B-form DNA. Left: Ribbon model for the 2 :  1 complex formed between 
the match sequence 5'-AGGGAATCCCT-3' and 3. N-niethylimidazolecarboxam- 
ides are represented by filled circles, N-methyipyrrolecarboxarnides by empty cir- 
cles, and /Manine  amino acids unfilled triangles. Right: Hydrogen-bonding model 
for the 2: 1 complex formed between the match sequence YAGGGAATCCCT-3' 
and 3. Circles with dots represent lone pairs of N 3 of purines and 0 2 of pyrimidines. 
Circles containing an H represent the N 2  hydrogen of guanine. Putative hydrogen 
bonds are illustrated by dotted lines. Bottom: Ball-and-stick representation of the 
dimerizdtion of 3 with a 5'-AGGCAATCCCT-3' site. Thc amino acids are repre- 
sented as in the ribbon model. 


constants (K,) for the polyamide binding to match and mis- 
match sequences. Finally, the sequence preference of the central 
8- [j pairing was examined by testing the polyamide ImIniImPy- 
8-PyPyPyPy-8-Dp (3) against two potential 1 I-bp match sites, 
5'-AGGGAATCCCT-3' and 5'-AGGGAGTCCCT-3', which 
differ by a single central base pair. 


Results 


Synthesis: The polyamides 1, 2, and 3 were synthesized in 
18 steps each from Boc-8-alanine-Pam resin (1  g resin/ 
0.2 mmol g- ' substitution) by using previously described solid- 
phase methods (Figure 3).IS1 A sample of polyamide-resin 
(240 mg) was cleaved by a single step aminolysis reaction with 
((dimethy1amino)propyl)amine (55 "C, 18 h) and subsequently 
purified by reversed-phase HPLC chromatography. The tri- 
fluoroacetate salts of eight-ring 4-8-4 polyamides are stable at 
room temperature, and soluble in aqueous solution at concen- 
trations I 1 mM. 


Binding Site Size: A plasmid was constructed, pSES 123, which 
contains match sites according to the pairing rules for each of' 
the three polyamides: 5'-atAGTAATTTACTgc-3' (site I), 5'- 
atAGGTATTACCTgc-3' (site 2), and 5'-atAGGGATTCCCT- 
gc-3' (site 3) (Figure 4a). MPE.Fe" footprinting on the 3'- and 
5'-''P end-labeled 289 base pair restriction fragment from this 
plasmid ( 2 5 m ~  Tris-acetate, 10mM NaC1, 1 0 0 ~ ~  calf thymus 
DNA, pH 7.0 and 22 "C) reveals that all three polyamides bind 
to their designated match sites (Figure 5 ) .  The polyamide 
ImPyPyPy-p-PyPyPyPy-p-Dp ( I ) ,  which contains a single imi- 
dazole amino acid residue, binds to its match sequence 5'-atAG- 
TAATTTACTgc-3' (site 1) and weakly to the double mismatch 
sequence 5'-atAGGTATTACCTgc-3' (site 2), but not to the 
quadruple mismatch sequence, 5'-atAG=ATTCCCTgc-3' 
(site 3). Similarly, polyamide ImImPyPy-8-PyPyPyPy-b-Dp (2) 
reveals a strong footprint to its match sequence 5'-AGGTAT- 
TACCT-3' (site 2) and only weak footprints on the double mis- 
match sequences, sites 1 and 3. Lastly, the polyamide with three 
contiguous Im residues ImImImPy-p-PyPyPyPy-/l-Dp (3) rec- 
ognizes its match sequence, 5'-AGGGATTCCCT-3' (site 3 ) ,  
and its double mismatch sequence, site 2, but not site I .  The size 


Figure 2. Structures of 4-8-4 polyamides 1, 2, and 3 IS]. 
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1 Y = CH, Z = CH; ImPyPyPy-P-PyPyPyPy-P-Dp 
2 Y = N, 2 = CH; ImImPyPy-P-PyPyPyPy-P-Dp 
3 Y = N, 2 = N; ImImImPy-P-PyPyPyPy-P-Dp 0 


Fieurc 3. Box: Pyrrole and imidatolc iiionomers for polyamidc sqnthcsis, Solid phase synthetic scheme l ix  1, 2, and 3 prepared rrom commci-cially available 
Roc-/l-alanine-Pam re5in (0.2n1molg-'): i )  80% TFA DCM. 0 . 4 ~  PhSH: 11) BocPy-ORt, DIEA. DMF;  iii) 80% TFA:DCM. 0 4 m  PhSH: I \ )  BocPy-OBI, DIEA. 
DMF. v) 80"% TFA DCM, 0 . 4 ~  I'hSH; \ i )  BocPy-ORt, DIEA, DMF: VII) 80%) TFA'DCM. 0 . 3 ~  PhSH: viii) BocPy-OBt, DIEA. DMF;  IS) 80% TFA DCM. 0.421 
PhSII; x) Boc-/-alnnine (HBTU,  DIEA), D M F ;  xi) 80% TFA'DCM, 0 . 4 ~  PhSIl: xii) BocPy-OBI, DIEA, DMF;  xiii) 80% TFAlDCM, 0 . 4 ~  PhSH; xiv) BocPy-OBt. 
DIEA. DMF: (for 1 and 2); Boclm-OBI (DCC HOBt). DIEA. D M F  (for 3); xv) 80% TFA,DCM, 0.4M PhSH; xvi) BocPy-OBt. DIEA, D M F  (for 1); Boclm-OBt 
IDCC HOBt). DIEA, DMt'  (for 2 and  3); xvi i )  X0'% TVA'DCM. 0.4M PhSH; xviii) iinidazole-2-carhoxylic acid (HBTUIDIEA): xix) N,N-((dimcthy1amino)propyl)aminc. 
.. ii C 
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(al pSES123 
~'-GATCGCGAGTGCTCATAGTRATTTTACTGCGAGTGCTCATA~TATTACCTGCGAGTGCTCATA~GATTCCCTGCGAGTGCTCAT - 3 '  
3 ' -  CGCTCACC,AcTATCATTAAATGACGCTCACGAGTATCCAT~TGGACGCTCACGAGTATCCCT~~GACGCTCACGAGTATCGA-5' 


(h) pSES4p4 
5 - G A T C C G G T ~ T C A T A A A G G C C C T T A C G C G G T G T A A G C  - 3 '  
3 ' -  GCCACAGTATTTCCCTTAGGGAATGCGCCACATTTCCAT~TGG~TGCGCCACATTTCCCTCAG~~TGCGCCATCAG~TTCGTCGA-5 '  


Figurc 3. Sequence ofthe synttiesizcd inserts from the plasmid a )  pSES 123, 28Y hp; and h) pSES4/14,194 hp. Top: illustration ofthe E m R I  Pvrrll restriction fragment w t h  
the R m z l l l  and  Hind 111 insertion si tcs indicated Only the sites thal arc \how11 i i i  hold were analyzed by quantitative DNase I Footprint titrations 


of the footprint cleavage protection for the polyamides is consis- 
tent with binding sites I 1  bp in size. 


Apparent Equilibrium Association Constants: Quantitative 
DNasc I footprint titration experiments (1OmM Tris-HCI, 
1 0 m M  KCI. lOmM MgCI, and 5 1 n M  CaCI,, pH 7.0 and 
22 'C)[lol were performed in order to determine the apparent 
equilibrium association constants (Ka from Equation (2) in the 
Experimental Section) of the polyamides for the three designed 
sites (Figurcs 6 and 7) .  ImPyPyPy-p-PyPyPyPy-/j-Dp ( I )  recog- 
nizes its match site, 5'-atAGTAATTTACTgc-3', with an appar- 


ent equilibrium association constant of K, = 2.4 x 101"W I .  


Thc double mismatch 5'-atAGGTATTACCTgc-3' is bound with 
10-fold lower affinity. ImlmPyPy-/j-PyPyPyPy-/-Dp (2) binds 
its match site 5'-atAGGTAATACCTgc-3' with the highest affin- 
ity of any of the three polyamides studied (1Y~25.4 x I O ' O M - ' ) .  
The double mismatches 5'-atAGGGATTcCCTgc-3' and 5'-  
atAGTAATTTACTgc-3' are bound with at least 27-fold and 
30-fold lower affinity, respectively. ImImImPy-/~-PyPyPyPy-/l- 
Dp (3) binds its match site 5'-atAGGGATTCCCTgc-3' with 
K, = 7.4 x 1 0 9 ~ - ' .  The double base pair mismatch 5'-atAG- 
GTAATACCTgc-3' is bound with 7-fold lower affinity. 
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Figure 5. Left: MPE.Fe" footprinting experiments on the S-32P-labeled 289 hp EcoRl/P vuII restrictioii fragment from plasmid pSES 123. The 5'-AGTAATTTACT-3'. 
5'-AGGTATTACCT-3, and 5'-AGGGATTCCCT-3' sites are shown on the right side of the autoradiogram. Lanc 1. intact D N A ;  lane 2 .  A reaction: lane 3, G reaction: liincs 4 
and 11, MPE.Fe" standard; lanes S and 6, 2 and 5 p ~  1; lanes 7 and 8, 2 and S ~ M  2; lanes 9 and 10. 2 and 5 p M  3. All lanes contain 15 kcpm 3'-radiolabeled DNA. 2 5 m ~  
Tris-acetate buffer (pH 7.0). 10mM NaC1, and 100pM:base pair calf thymus DNA. Right: MPE.Fe" protection patterns for 1.2, and 3 a t  5 prdconcentration. Top: Illustralion 
of the 2x9 bp restriction fragment with the position of the sequence indicated. Bar heights are proportional to the relative protection froin cleavage at each band Boxes 
represent equilibrium binding sites determined by the published model, and only sites that were quantitated by DNase I footprint titrations are boxed. Shown with brackets 
are Sile 1, 5'-AGTAATTTACT-3'. Site 2, 5'-AGGTATTACCT-3'; and Site 3, 5'-AGGGATTCCCT-3'. 


Sequence Specificity of a B-P Pairing: A plasmid, pSES4/)4, 
containing two 1 I-bp sites that differ by a single base pair in the 
sixth position, namely, 5'-aaAGGGAATCCCTta-3' and 5'- 
aaAGGGAGTCCCTta-3, was constructed in order to explore 
the sequence specificty of a pairing within the polyamide 
ImImImPy-P-PyPyPyPy-[l-Dp (3). The relative binding affinity 
of 3 for the sites was determined on a 3'-32P end-labeled 294 base 
pair restriction fragment derived froin this plasmid (Figure 8). 
Quantitative DNase I footprint titration experiments (10 mM 
Tris-HCI, 10mM KCl, 10mM MgCl, and 5 m ~  CaCI,, pH 7.0 
and 22 "C) reveal the apparent equilibrium association con- 
stants (K,) of the polyamide for the two sites. Polyamide 3 binds 
the site with the A . T  base pair in the sixth position with an 
equilibrium association constant of K, = 1.4 x 10'" M -  The se- 
quence 5'-AGGGAGTCCCT-3', which has a G . C  base pair in 
the center position opposite the / ) -p pair, is bound with 20-fold 
lower affinity (K, = 6.9 x 1 0 8 ~ - ' )  (Figures 8-10). 


Discussion 


MPE.Fe" footprinting reveals that the three 4-8-4 polyamides 
bind with highest affinity only to binding sites expected from the 


pairing rules (Figure 5 ) .  The asymmetric 3'-shifts in the foot- 
print protection patterns are consistent with minor groove bind- 
ing.['ol DNase I footprint titrations of polyamides I -3  contain- 
ing 1, 2, or 3 imidazole residues demonstrate the versatility of 
the dimeric 4-8-4 motif. Each polyamide binds its respective 
target site with apparent equilibrium association constants 
ranging from K, = 7  x IO'M-' to K,25 x 1 0 ' o ~ - ' ,  and with 
DNA mismatch specificities ranging from 7-fold to > 30-fold. 
Polyamides ImPyPyPy-/)-PyPyPyPy-P-Dp (1) and ImImPyPy- 
/)-PyPyPyPy-B-Dp (2) each recognize their respective target sites 
containing four or six G,C base pairs with K , 2 2  x 1 0 ' * ~ - ' .  
ImImImPy-~-PyPyPyPy-/)-Dp (3), which contains an Imlm- 
- ImPy sequence component, binds with 3-fold lower affinity 
compared to polyamide 1 (ImPyhyPy) and at least 7-fold lower 
than polyamide 2 (ImIm&Py). It could be that the imidazole 
ring located in the third position from the polyamides amino- 
terminus does not maintain precise ring-base pair register with 
the DNA and hence is not positioned optimally for hydrogen- 
bond formation." '] Alternatively, Im-rich polyamides may not 
sit deeply in the minor groove of G,C-rich sites, diminishing 
energetically favorable van der Waals contacts with the wall of 
the DNA helix.['21 
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Figure 6 Data trom the quantitative DNase I f~)otprint titration experiments for 
polyamides I 3 in complex with the dcsignated sites. Top: polyamide 1. Middle: 
polyamide 2. Bottom: polyaiiiidc 3. The On,,, points werc obtained by using photo- 
stimulable storage phoaphor autoradiography and processed as described in the 
F.xperinienta1 Section. The solid curvcs are the best-fit Langmuir binding titration 
isotherms obtained from noiilincar least-squares algorithm using Equation (2). with 
/? as an adjustable paranietcr. 


K ,  = 2.4 x lolo (0.5) M-' K,  = 1.8 x 109 (0.2) M-1 


Figure 8. Image obtained by photostimulable storage phosphor autoradiography 
01' B DNasc 1 footprint titration or 3 on the 294 base pair 3'-end-labeled EcoRI, 
PiviII restriction fragment from plasmid pSES4P4: lane 1, intact DNA: lane 2, 
A rcaction; lane 3, C reaction; lane 4, DNase I standard; lanes 5-21, Zpv, 5pb1, 
IOpU, 2OPM, 40pM, 65pM, I O O p M ,  1 5 0 ~ ~ .  25OpM, ~OOPM, h j O p M ,  InM. 1 . 5 n ~ ,  
2.5 i l M ,  5nM. 1 O n M ,  20nM polyamide. The 5'-AGGGAATCCCT-3'. 5'-AGGTAT- 
TACCT-3', and 5'-AGGGAGTCCCT-3' sites that were analyzed are shown on the 
right side of the autoradiogram. All reactions contain I S  kcpm restriction fragment, 
10mM Tris.HC1 (pH 7.01, 10mM KCI, 10mM MgCI, and 5mM CaCI,. 


5 ' - A G T A A T T T A C T  - 3 '  3 '  5 ' -  A 


3 ' - T C A T T A A A T G A  - 5 '  


K, = 2.4 x lo9 (0.7) M-l K ,  5 5.4 x l o l o  (0.8) M3 K, = 1.0 x 109 (0.1) M-I 
5 ' - A G G T A T T A C C T  - 3  


+- 


K ,  = 7.4 x 109 (0.6) M-1 


Figurc 7. Ball-and-stick models of 1 (left), 2 (middle), and 3 (right) for each binding site, with the corresponding equilibrium association constants shown above each 
individual model The binding sites shown are 5'-AGTAATTTACT-3' (top), 5'-AGCTATTACCT-3' (middle), and 5'-AGGGATTCCCT-3' (bottom). Shaded and nonshadcd 
circles denote iinidazole and pyrrole cai-boxamides. respectively. Nonshaded diamonds represent the /i-alanine residue. Formally mismatched base pairs 81-e boxed. Values 
reported ai-e the mean values measured from four DNase I footprinting titration cxperiments, with the standard devial~on for each data set indicated in parentheses. The assays 
were performed at 22 C at pH 7.0 in the presence of l 0 i n M  Tris-HCI, 10mM KCI, 10mM MgCI,. and 5mM CaC1, 
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Figure 9. Data from thc quantitative DNase I footprint titration cxpcriments for 3 
in complex with the designated sites (mismatched base underlined). The On,,, points 
were obtained by means of photostimulable storage phosphor autoradiography and 
processed as described in the Expcrimcntill Section. The solid curves are the heat-fit 
Langmuir binding titration isotherms obtained from nonlinear least-squares ill- 


gorithm using Equation ( 2 ) ,  n = 2. 


K ,  = 1.4 x 10” (0.1) M-’ 
5‘- T A A A A C - 3 ’  


3 ’ -  A T A A T G - 5 ’  


5 ’ -  T A A A 


3’- A T A A T G - 5 ’  


Figure 10. Ball-and-stick models comparing the binding of 3 to thc  match site 
j’-AGGGAATCCCT-3’ (top) and to the f i -  /j singlc mismatch site 5’- 
AGGGAGTCCCT-3’ (bottom). with the corresponding equilibrium association 
constants shown above each individual model. Shaded and unshaded circles denotc 
imidazole and pyrrole carboxamides, respectively, while diamonds represent thc 
/Manine residuc. Values reported are thc mean values measured from four DNase I 
footprinting titration experiments, with the standard deviation for each data set 
indicated in parentheses. The assays were performed at 22 ‘C at pH 7.0 in the 
presence of 10mM Tris-HCI, l0mM KCI, 10mM MgCI,, and 8mM CaCI,. 


ImImImPy-~-PyPyPyPy-~-Dp (3) binds to 5’-AGGGATTC- 
CCT-3’ with an apparent equilibrium association constant of 
K, = 1 x 1 O 1 O ~ - ’ .  For recognition of core 5’-GGG(A,T)-3’ se- 
quences, four-ring ImIinImPy subunits appear optimal.[”] 
C-N covalent head-to-tail linkage of polyamide subunits by a 
y-aminobutyric acid (y) linker to form “hairpin” polyamides 
increases affinity by 100-fold relative to  the unlinked sub- 
u n i t ~ . [ ’ ~ ]  As a control, the affinity of the eight-ring hairpin 
polyamide ImImImPy-y-PyPyPyPy-lGDp was measured on 
the 5’-AGGGAATCCCT-3’ site and found to be K, % 3 x 
~ O * M - ’ . [ ’ ~ ]  Internal p- and y-amino acids are specific “guide 
residues” for binding of polyamides in extended and turn con- 
formations, respectively.[’* ’ 51 Supporting this, the deletion of a 
single methylene unit (MW =14) from the linker region of 
ImImImPy-y-PyPyPyPy-8-Dp to ImImImPy-P-PyPyPyPy-8-Dp 
changes the binding motif from 1 : I  (hairpin -DNA) to  2: 1 
(dimer- DNA) and thereby enlarges the targeted binding site 
size from 6 to eleven base pairs. 


The polyamide ImImImPy-P-PyPyPyPy-P-Dp (3) binds the 
sequence 5’-AGGGAGTCCCT-3’ with 20-fold lower affinity 
than it does 5’-AGGGAATCCCT-3’, demonstrating that a Ir-8 
pairing has a preference for binding opposite an A . T  or  T . A  


base pair relative to a G.C or C . C  base pair (Figure 9). The 
exocyclic amino group of guanine presents a steric bulk in the 
minor groove of B-form DNA. The specificity o f a  PypPy pair 
for A,T base pairs relative to G,C base pairs probably arises 
from a steric clash between a pyrrole C3-H and the guanine 
exocyclic 2-amino group. An antiparallcl-oriented /j-/j pair 
may present an even more sterically demanding surface by di- 
recting four hydrogens toward the floor of the groove, as com- 
pared to the two hydrogens presented by a Py-Py pair. Al- 
though generality has yet to be examined, these results suggest 
that 8-abnino is ci sequence-specific D N A  binding element in tlic 
overlapped 2: 1 motif; rather tlian N seqiience neLrtrul .sjirrt.rr 
residue. 


Conclusions 


Pyrrole-imidazole polyamides bind the minor groovc of DNA 
as dimers with high affinity and specificity. Specific base pair 
recognition is governed by a simple set of ring-ring pairing 
rules. Here we expand these pairing rules by demonstrating that 
side-by-side 8-alanine residues are a sequence-specific DNA 
recognition element with preference for A .  T / T ’ A  relative to a 
G .C/C.G base pair. Fully overlapped 4-8-4 dimers bind eleven 
base pair sequences at  subnanomolar concentrations, expand- 
ing the DNA-binding site size limit for synthetic polyamides. 
Unlike the structural complexity of protein -DNA complex- 
es,[’”] simple aromatic and aliphatic amino acids ( Im,  Py, and 
b), rationally placed within a (4-8-4), . DNA motif. recognize 
predetermined DNA sequences. The specific recognition of 
eleven base pairs by synthetic ligands is another pivotal step in 
the development of biologically useful synthetic ligands for reg- 
ulation of gene-expression in living cells. 


Experimental Section 


Gencral: NMR were rccordcd on a GE300 instrument operating at 300 MH7 
(‘H). Spectra were recorded in [DJDMSO with chemical shifts reported in 
parts per million relative to residual [D,]DMSO. UV spectra were measured 
on a Hewlett-Packard Model 8452 A diode array spcctrophotometer. Mntrix- 
assisted. laser desorptionlioniration time-of-flight mass spectrometry was 
carried out a t  the Protein and Peptide Microniialytical Facility at the Califor- 
nia Institute of Technology. HPLC analysis was performed either 0 1 1  ii 


H P  1090M analytical HPLC or a Bcckman Gold system using a Raincn C 18, 
Microsorb MV, 5 pin, 300 x 4.6 mm rcverbed-phase column in 0.1 ‘Yo (wt ‘v) 
TFA with acetonitrile as eluent and a flow rate of 1 .0 mL min ~ I ,  gradient 
elution 1.25 YO acetonitrile per min. Preparative HPLC was carried out o n  :I 
Beckman instrument using a Waters DeltaPak 25 x 100 mni 100 p i  C , ,  
column iii0.1% (wt/v)TFA. gradicnt elution 0.25% per inin CH,C”. Witer 
was obtaincd from a Millipore Milli-Q water purification system. Rcagcnt- 
grade chemicals were used unless otherwise stated. 


ImPyPyPy-P-PyPyPyPy-P-Dp ( I ) :  A sample of IinPyPyPy-/~-PyPyPyPy-/( 
resin preparcd by machine-assisted solid-phase synthesis (240 Ins. 
0.16 mmolg - i [ i7 t )  was placed in a 20 rnL glass scintillstion vial. aiid trentcd 
with ((dimelhy1amino)propyl)amine (2 mL) at 55 “C for 18 h. Resin was re- 
moved by filtration, and the filtrate diluted to a total volume of 8 m L  wlth 
0.1 ‘/u (wt/v) aqueous TFA. The resulting crude polyamideiamine solution 
was purified directly by revcrsed-phase HPLC to provide the trifluoroacetate 
salt of IinPyPyPy-/GPyPyPyPy-fi-Dp (31 mg. 40% recovery) as a white pow- 
der. ‘H NMR (300 MHL, [DJDMSO, 20 ”C): 6 = 10.49 (s, 1 H ;  NH).  Y.97 ( 5 ,  


1 H ;  N H ) ,  9.95 (s, 1 H ;  NH).  9.94 (s, 1 H:  N H ) .  9.93 (m, 2 H ;  NH). 0.91 (s. 
1 H ;  NH) ,9 .4 (b r  s, 1 H :  CF,3COOH), 8.10(m. 3 H ;  NH). 7.38 (s, 1 H ;  CH),  
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7.28 (d.  *.I(H,H) =1.6 Hz. I H :  CH), 7.22 (ni. 3 H ;  CH),  7.19 (in, 2 H ;  CH) .  
7.16 (in. 2 H ;  CH), 7.09 (in, 2 H ;  CH), 7.04 (m, 2 H ;  CH), 6.87 (d, 


' J (H .H)= l .SHz ,  I H ;  CH), 3.97 (s. 3 H ;  NCH,),  3.82 (m. 15H; NCH,). 
3.80 (s, 3 H ;  NCH,<), 3.78 (s, 3 H ;  NCH,). 3.4 (m, 6 H :  CH,), 3.10 (q, 
'J(H.H) = 5.4 Hz. 2 H;  CH,), 2.98 (q, 'J(H,H) = 5.3 Hz, 2 H ;  CH,), 2.72 (d. 
'J(H.H) = 4.7 HZ. 6 H ;  N(CH,),), 2.33 (1, 'J(H.H) =7.0 Hz, 2 H ;  CH,), 
1 71 (q.  '.I(H.H) = 6.4 Hz, 2H;  CH,); UVlVis (H,O) ?.m2,x ( 8 )  = 312 (66600, 
calculated from i-: = 8333 per 244 nm; MALDI-TOF-MS 


' J ( H . H ) = ~ . ~ H L .  l H : C H ) , 6 . 8 6 ( d ,  *J(H.H)=1.6Hz.  1 H ; C H ) .  6 .84(d,  


1IZ . I -  -HI  1208.2: calcd 1208.3. 


ImlmPyPy-B-PyPyPyPy-B-Dp (2): A sample of ImImPyPy-[l-PyPyPyPy-/j ~ 


rcsin prepared by machine-assisted solid-phase synthesis (240 mg, 
0.16 mmolg~""')  was placed in a 20 inL glass scintillation vial. and treated 
wiih ((dimcthylamino)propyl)amine (2 mL) at 55°C for 18 h. Resin was re- 
moved by filtration, and the filtrate diluted to a total volume of 8 mL with 
0.1 'Yo (wt'v) aqueous TFA. The resulting crude polyamidciamine solution 
~ i i s  purified directly by reversed-phase HPLC to provide the trifluoroacetate 
salt of ImliiiPyPy-/~-PyPyPyPy-~-Dp (31 mg. 40%) recovery) as a white pow- 
dcr. ' H  NMR (300 MHz. [D,]DMSO. 20 'C): 6 = 10.38 (s, 1 H;  NH),  9.95 (s, 
1 H:  NH).  9.93 (s. 1 H:  NH). 9.91 (s, 1 H:  NH),  9.90 (m, 2 H ;  NH), 9.76 (s. 


I IH: NH). 9.4 (br s. 1 H: CF,COOH). 8.09 (m. 3H; NH).  7.56 (s, 1 H ;  CH) ,  
7.46 (s. 1 H: CH). 7.27 (d. '.I(H,H) =1.8 Hz, I H: CH), 7.21 (d. 
'J(H,H) = 1.7 Hz, I H ;  CH), 7 20 (d,  'J(H,H) =1.9 H7. 1 H ;  CH). 7.19 (d. 
'.I(H,H) =1.9 Hz. I H :  CH) ,  7.16 (d, 'J(H.H) =1.9 Hz. 1 H ;  CH),  7.15 (d. 
' J (H,H)=1.6Hz.  l H : C H ) , 7 . l 4 ( d ,  ' J (H.H)=1.9Hz.  1 H ;  CH),  7.12(d. 
'J(H.H) =1.6 HZ. 1 H ;  Ckl). 7 07 (s, 1 H:  CH).  7.05 (d, 'J(H.H) =1.5 Hz, 
lH ;CH) .6 .87 (d , ' .T (H,H)=1 .9Hz .  1 H ; C H ) . 6 . 8 6 ( d , 2 J ( H , H ) = 1 . 6 H ~ ,  
1 H:  CH),  6.84 (d, 'J(H,IH) = 1  6 Hr, 1 H ;  CH), 3.99 (m. 6 H :  NCH,), 3.82 
(m. 12H: NCH,),  3.80 (s. 3 H ;  NCH,). 3.78 (s, 3 H ;  NCH,), 3.4 (m. 6 H ;  
CH,). 3.09 (q,'J(H.H) = 5.6 H L ,  2 H ;  CH,), 2.97(q. 4J(H,H) = 5.2 Hz, 2 H ;  
CH,).  2.71 (d. 'J(H.H) = 4.2 Hz, 6 H ;  N(CH,),), 2.32 (t, './(H,H) = 5.1 Hz, 
2 H ;  CH,). 1.71 (q, 'J(H.H) =7.4Hz. 2 H ;  CH,); UViVis (H,O) i,,, 
( c )  = 306 (66600, calculatcd from I: = 8333 per 243 nm; MALDI- 
'TOF-MS [M' ~ HI 1209.1: calcd 1209.3 


ImlmlmPy-~-PyPyPyPy-~-Dp (3): A sample of IniImlmPy-/~-PyPyPyPy-~ ~ 


rcsin prepared by machine- ted solid-phase synthesis (240 mg, 
0.16 inmolg ltl") was placed in a 20 mL glass scintillation vial, and treated 
with ((dimethylamino)propyl)amine (2 mL) at  55'.C for 18 h. Resin was re- 
moved by filtration, and the filtrate dilutcd to a total volume of 8 mL with 
0.1 Yo (wt:v) aqueous TFA. The resulting crude polyamide,'amine solution 
R'X purified directly by reversed-phase HPLC to provide thc tritluoroacetate 
salt of lmlmIinl-'y-/~-PyPyPyPy-~~-Dp (24 mg. 31 "/o recovery) as a white pow- 
der. '€INMI< (300 MHz, (DJDMSO. 20-C): 6 = 10.37 (s. 1 H ;  NH).  10.12 
(s. I H ;  N H ) .  9,95 (s. I H ;  NH). 9.94 (s, I H ;  NH) ,  9.93 (s, I H ;  NH) ,  9.92 
i s ,  1 H: NH),  9.59 (s, 1 H ;  NH),  9.4 (hr s, 1 H ;  CF,COOH), 8.09 (m, 311; 
N H ) .  7.65 (s, 1 H ;  CH), 7.56 (s. 1 H: CH), 7.45 (s, 1 H;  CH), 7.27 (d, 
'J(H,H) =1.3  H7. 1 H ;  CH), 7.22 (1x1, 2 H ;  CH), 7 18 (d, 'JJ(H,H) = 


1.2H7,1H;CH),7.16(d,2J(H.H)=1.0Hz, I H ; C H ) , 7 . 0 7 ( m , Z H ; C H ) ,  
6.95 (d,  'J(H,H) = 1.1 HL 1 H ;  CH) ,  6.88 (d. 'J(H,H) = 1.4 Hz, 1 H: CH), 
6.86 (d, './(H.H) = 1.3 H L ,  1 H ;  CH),  4.01 (s. 3 H ;  NCH,), 3.98 (m. 2 H ;  
NCH,). 3.83 (s, 3H;  NCH,), 3.82 (m, 6 H ;  NCH,), 3.80 (s, 3H; NCH,). 
3.78 (s, 3 H :  NCH,), 3.4 (m. 6 H ;  CH,). 3.11 (q. "J(H,H) = 5.2Hz, 
2 H ; CH,). 2.94 (4, 'J(H,H) = 5.3 Hz, 2 H ; CH,) , 2.69 (d, 'J(H.H) = 4.4 H7, 
6 H ;  N(CH,),). 2.33 (t, 'J(H,H) = 5.4Hz. 2 H ;  CH,), 1.75 ((1, 
?/(H.H) =7.1 Hz, 2 H ;  CH,); UV,'Vis (H20) ?.,,,, (c) = 304 (66600. calculat- 
ed from i-: = 8333 pcr 241 nm; MALDI-TOF-MS [ M -  ~ HI 
1210.4: calcd 1210.3. 


DNA Reagents and Materials: hzyn ies  were purchased from Boehringer- 
Mannheim or New England Biolabs and were used with their supplied 
buffers Deoxyadenosinc and thymidine S'-[%-''P]triphosphates were ob- 
raitied from Amersham. KNase-free water was obtained from USB. Sonicat- 
cd, dcprotcinized calf thymus DNA was acquired from Pharmacia. A11 other 
reasents and materials were used as received. All D N A  manipulations were 
performed according to slandard protocols."81 


Construction of Plasmid DNA: The plasmids pSES484 and pSES 123 were 
constructed by hybridization of the inserts listed in Figures 4a  and 4b.  Each 
hybridized insert was ligated individually into linearized pUC 19 Bmn HI! 
Hmllll plasmid by using T 4  DNA ligase. The resultant constructs were used 


to transform Top 10F' OneShot competent cells from Invitrogen. Ampicillin- 
resistant white colonies were selected from 25 mL Luria-Bertani medium 
agar plates containing 50 pgmL ampicillin and treated with XGAL. 
and IPTG solutions. Large-scale plasmid purification was performed with 
Qiagcii Maxi purification kits. Dideoxy sequencing was used to verifq thc 
presence of the desired insert. Concentration of the prepared plasmid was 
determined at 260 nm using the relationship of I O D  unit = 50 pgmL- '  
duplex DNA. 


' 


Preparation of 3'- and 5'-End-Labeled Restriction Fragments: Either the 
plasmid pSES 123 or pSES4P4 was linearized with EcoRI and then treated 
with cithcr Klcnow fragment. deoxyadenosinc 5'-[~-3zP]triphosphate and 
thymidine 5'-[a-''P]triphosphate for 3' labeling. or with calf alkaline phos- 
phatasc and then 5' labeled with T 4  polynucleotide kinase and dcoxy- 
adenosine 5'-[y-32P]triphosphatc (for pSES 123 only). The labeled fragment 
(3' o r  5 ' )  was then digested with PvztII and loaded onto a 5 %  non-denaturing 
polyacrylamide gel. The desired band was visualized by autoradiography and 
isolated. Chemical sequencing reactions were performed according to pub- 
lished methods.["] 


MPE.Fe" Footprinting:['] All reactions were carried out in a volume of 
40 pL. A polyamide stock solution o r  watcr (for reference lanes) &'as added 


y buffer where the final concentrations were: 2 5 m ~  Tris-acctatc 
buffer (pH 7.0). l 0 m ~  NaCI, 100pM/baSe pair calf thymus DNA. and 
30 kcpm 3'- or 5'-radiolabeled DNA. The solutions were allowed to equili- 
brate for 4 h. A fresh 5 0 p ~  MPE.Fe" solution was made from 100 pL of a 
1 0 0 p ~  MPE solution and 100 pL of a 1 0 0 p ~  ferrous ammonium sulfate 
(F'e(NIl~)~(SO,);6H,O) solution. After the 24h equilibration. MPE.Fe" 
solution (5pM) was added, and the reactions were equilibrated for 5 min. 
Cleavage was initiatcd by the addition of dithiothrcitol ( 5 m ~ )  and allowcd to 
proceed for 14 min. Reactions were stopped by ethanol precipitation. resus- 
pcnded in 100 mM Tris-borate-EDTAG30 % formamide loading buffer. dena- 
tured at 85  "C for 5 min, placed on ice, and half of each reaction ( z I S  kcpm) 
inimediately loaded onto an 8 ' X  denaturing polyacrylamide gel ( 5  
crosslink, 7~ urea) at 2000 V. 


DNase I Footprinting:"'] All reactions were carried out in a volume of 
400 pL. We note explicitly lhat no carrier D N A  was used in these reactions 
prior to the DNase I cleavage step. A polyamide stock solution or water (for 
rerei-ence lanes) was added to a n  assay buffer where the final concentrations 
were: 10mM Tris.HCI buffer (pH 7.0), 1 0 m M  KCI. l0mni MgCI,. 5mb1 
CaCI,. and 20 kcpm 3'-radiolabeled DNA. The solutions were allowed tn 
equilibrate (36 h for studies on pSES4//4, and a minimum of 48 h for all 
studies on pSES 123) at  22 "C. Cleavage was initiated by the addition of 10 pL 
o f  a DNase I stock solution (diluted with 1 mM DTT to give a stock concen- 
tration of 0.28 umL- ' )  and was allowed to proceed for 5 min at 22 C. Thc 
reactions were stopped by the addition of 50 pL or a solution containing 
2 . 2 5 ~  NaCI, 1 5 0 1 n ~  EDTA, 0.6 mgmL- '  glycogen, and 3 0 p ~  base-pair calf 
thymus DNA, and then ethanol precipitated. The cleavage products were 
resuspended in 100 mM Tris-borate-EDTA/SO YO forniamide loading buffer. 
denatured at 85 'C for 5 min. placed on ice, and immediately loaded onto an 
8 %  denaturing polyacrylamide gel ( 5 %  crosslink. 7~ urea) a t  2000 V. The 
gels were dried under vacuum at  8 0 T .  then quantitated using storage phos- 
phor technology. 
Apparent equilibrium association constants were determined as previously 
described.t12b1 The data were analyzed by performing volume integrations 
01' the 5'-atAGTAATTTA~~Tgc-3', S'-atACCTATTA('CTgc-3', and 5'-  
alACX3CiATTCCCTgc-3 sites (for pSES 123) or the 5'-aaAGGGAATCCCT- 
ta-3'. S'-aaAGGGAGTCCCTta-3', and S'-aaAGGTA-f~rACCTta-3' sites (for 
pSES4/14) and a reference site. The apparent DNA target site saturation. fl,,,,. 
was calculated for each concentration of polyamidc by means of Equa- 
tion ( l) ,  whcrc I , , ,  and I,,I are the integrated volumes of the target and 


reference sites, respectivcly, and l;, and I,,' correspond to those values for a 
DNasc I control lane to which no polyamide has been added. The ([L],<,,. fld,,) 
data points were fitted to a Langmuir binding isotherm by minimizing the 
difference between H,,, and H,i,, by using the modified Hill Equation (2).  
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where [L],,, corresponds to the total polyamide concentration, K ,  corresponds 
to the apparent inonomeric association and f),,,i,l and H,,, rcprc- 
sent the experimentally determined site saturation values when the site is 
unoccupied o r  saturated, respectively. For pSES 4/14, Equation (2) was solved 
with n = 2, while for pSES 123, n was treated as another variable. 


Data were fitted by using a nonlinear least-squares fitting procedure of 
KaleidaGraph software (version 2.1, Abelheck software) with K:, ,  Om,,, and 


as the adjustable parameters (for pSES 123 data, n was also an adjustable 
parameter) All acceptable fits had a correlation coefficient of R>0.97. For 
pSES4P4, each target site was adequately fitted by a fully cooperative Lang- 
muir isotherm [Eq. (2), n = 21, consistent with the hypothesis that ImIm- 
ImPy-p-PyPyPyPy-/-Dp (3) hinds in a 2: 1 manner, though we emphasize 
that this analysis does not attempt to model an actual binding mechanism. 
For data obtained at 48 h equilibration on pSES 123, some sites were fitted 
with lower values of n (though n never fell below 1.2). The use ofthe modified 
Hill equation [Eq. (2)] makes the assumption that [L],,, z [L],,,,, where [L],,,, 
represents the amount of unbound polyamide in solution. For extrcmcly 
high-affinity ligands, this assumption no longer holds and the association 
constants arc underestimated. Here, the DNA concentration is estimated at  
approximately ~ P M ,  and therefore equilibrium association constants of 
z 3 x ~ O ' O M - '  should be considered lower limits. The data were normalized 
by means of Equation (3). Four sets of acceptable data were used in dctermin- 


(3) 


ing each association constant. All lanes from each gel were used unless visual 
inspection revealed a data point to be obviously flawed relative to neighbor- 
ing points. 


Quantitation by Storage Phosphor Technology Autoradiography : Photostimu- 
lable storage phosphorimaging plates (Kodak Storage Phosphor Screen 
SO230 obtained from Molecular Dynamics) were pressed flat against gel 
samples and exposed in the dark at  22 "C for 16-20 h. A Molecular Dynamics 
4 0 0 s  PhosphorImager was used to obtain all data from the storage screens. 
Thc data wcrc analyzed by perrorming volume integrations of all bands using 
the ImageQuant v. 3.2. 
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Cope Rearrangements versus Retro Diels-Alder Reactions** 
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Abstract: The two isomeric [4 f 21 cyclo- 
adducts from two different 1 Jdienes may 
result from direct cycloadditions as well as 
from Cope rearrangements (Scheme 1).  
This general question is tackled by em- 
ploying two energetically different types 
of  dienes, protonated pyrazolines (1 H', 
2H') or dihydropyridazines (3H'), pre- 
pared in situ from their trimers and ali- 
cyclic (4-6) or aliphatic (7-9) 1,3-dienes. 
Depending on structural features and con- 
ditions (amount of acid, reaction time), 
various ratios of the two isomeric [4+2] 
cycloadducts A and B are obtained; A and 
Bare azo compounds 10, 14,16,20,22,24, 
27, 32, 34, 36-39, 41, 42, pyrazolines en- 


do-1 1, t~ntlo-13, endo- 15, cndo-etzdo-17, en- 
do-18, endo-19, 21, 23, 25, 26, 28, and hy- 
dropyridazines 31, cndo-33, ctzdo-35, 40 
and 43 (Schcmes 3, 4). These results werc 
backed by others from acid-catalyzed iso- 
nierizations, trapping experiments, and 
calculations of the equilibria ( A A H )  be- 
tween the isomers (by analogy with the 
corresponding olefins) . A critical discus- 
sion reveals: a) Azo compounds 20, 22, 
24, 27, 34, 38, and 42 must result from a 


Keywords 
azo compounds * cycloadditions - 
hydropyridazines - pyrazolines * 


rearrangements 


[4+ +2] cycloaddition with inverse elec- 
tron demand, whereas hydropyridazines 
e12do-33, eizdo-35, 40, and 43 originate 
from a [4 + 2+]  cycloaddition with normal 
electron demand. b) All isomerizations 
occur by a [3,3] sigmatropic rearrange- 
ment; [4 + 21 cyiloreversion is energetical- 
ly disfavored. c) A clear-cut distinction 
between the [4+ + 21 or  [4+ 2 '1 cycloaddi- 
tion reaction routes to the energetically 
well-balanced systems 10emdo-11 and 
12eendo-13 is not possible. d) The two 
cycloadditions may well favor a noncon- 
certed reaction through an allylic cationic 
intermediate which also governs the [3,3] 
rearrangements (Scheme 8). 


Introduction 


I n  Diels-Aldcr type [4 + 21 cycloadditions diene (DE) and 
dicnophile (DBP) are normally unequivocally defined. How- 
ever. the situation becomes much more complex if both compo- 
nents are 1 -3-diene systcms. As depicted in Scheme 1, two prod- 
ucts, A and B, arc possible. Starling with two dienes of different 
HOMO/LUMO energies, A and B could arise from a D i e b  
Alder [4 + 21 cycloaddition with either normal or inverse"' elec- 
tron demand,r21 or from a [3,3] 
rearrangement, since both prod- 
ucts A and B contain 1,Sdiene 
systems in the correct geometry 
for Cope rearrangements. As 
both [4+ 21 cycloadditions and 


[3,3] rearrangements have been proven to be reversible, products 
A and/or B may result from different reaction routes. 


The problems outlined in Scheme 1 were first tackled in 1959 
by Woodward and Katz. They clearly demonstrated [3,3] rear- 
rangement between a-I-hydroxydicyclopentadiene and SJ-n-8- 
hydroxydicyclopentadiene at  only 140 "C.['] Despite these re- 
sults, the thermal decomposition of endo-dicyclopentadiene at 
ca. 200°C into cyclopentadiene is still quoted as a typical ex- 
ample for the revcrsibility of a classical Diels-Aldcr reaction.[" 


I*] Prof. Dr S. Hiinig, Dr. K .  Beck. 
Dr. P. lioffinan 
Institute o1'Orpanic Chemistry, 
University of Wurzhurg 
Am H uhland. D-97074 Wurzbui-g 
( G e m a n y )  DE 
1 . a ~ :  Int code +(931)88X-4606 


['*I A m  Uridees from A7inrs. Piirt 25; 
for  Part 24 \cu U.  Brand, S. ltiinig, 
K .  Pcter?. F. Prokschy. H. C; .  von 
Schnerinp. L;diig\ biz. 1997. 785- 
7x9. 


DE 


Schcnie 1 Rclationrhip between Diel? Aldcr reactions and Cope rearrangements starting with two different 1,3-dienes. 


1588 ___ ( WILEY-VCH Verldg GmhH, D-69451 Weinhem. 1997 0947-0579'97 0310-1588 $ 17 50f 50 0 Cliei,i Eur J 1997, 3. N o  10 







1588 - 1599 


To the best of our knowledge the general consequences of the 
interconnected reactions in Scheme I have not been explicitly 
expressed so far. However, a series of isomerizations of type A 
or B products have been attributed to Cope rearrangements, 
although their intramolecular character has been demonstrated 
in only a few cases.[*, 5l 


We now present new results starting from cyclic azines 1-3 
and (cyclic) 1,3-dienes as 471 and/or 2.n systems with greatly 
differing HOMO and LUMO energies.['] Formation and inter- 


N 
N l  


R=H X=(CH&: 3 H + 
U 


Scheme 2. General reaction scheme for [4+ 21 cycloadditions of prolonated azines 
1-3 with  1.3-dienes. 


Abstract in German: Die beiden isorneren [ 4  + 21-Cycloaddukte 
aus twei unterschiedlichen I.3-Dienen kiinnen sowohl durch direk- 
le Cycloaddition ills uuclz duvch Cope-Urnlugerung entstanden 
sein (Schema I ) .  Dieses allgerneine Problem +rd hier unhund 
zweier energetisclz unterschiedlicher Typen von 1,3-Dienen unter- 
surhr, der protonierten Pyruzoline I H' und 2H' sowie des Di- 
hj,dropyridazins 3 H + ( in  situ hergestellt 
aus ihren Trimeren) eincrseits und der uli- 
cyclischen und uliphatisclzen 1,3-Diene 
4-6  bzbv. 7 - 9  undeererseits. In Abhiingig- 
keit von den Struktureigenschcljten und 
den RPuktion.vbedin~ungen (Menge an 


meren [4+ 21-Cycloaddukte - die Azo- 
verbindungen 10, 14, 16, 20, 22, 24, 27, 
32 ,34 ,36-39 ,41  und 42, die Pyrazoline endo-11, endo-13, endo- 
15. endo-17-endo-19, 21,23,  25, 26 und28-31 sowie die Hydro- 
pyridazine endo-33, endo-35,40 und43-in unterschiedlichen Kv- 
hultnisserz (Schema 3% 4 )  . Diese Ergebnisse tverden vertiefi durch 
saurekatulysierte Isomerisierungen, Abfangexperimente und BP- 
rechnungen deer Gleichgewichte ( A  A H )  zwischen den Isomeren 
unhand drr AnalogicJ zu den entsprechenden Olefinen. Eine kriti- 
sche Diskussion ergiht: u)  Die Azoverbindungm 20, 22, 24, 27, 
34, 38 und 42 werden durch (4' + 2/-Cyclouddition niit inversem 
E1ektronenbedaar:f gehildet, und die Hydropyridazine endo-33, en- 
do-35.40 und 43 entstehen durch (4  + 2+]-Cyclouddition mit nor- 
rnalem Elektronenbedarf. h )  Alle Isornerisierungen verlaujbn als 
[3,3]-sigmatrope Urnlugerung, die ( 4  i- 2 J-Cycloreversion ist 
energetisch stark benachteiligt. c )  Eine klare Entscheidung zwi- 
schen (4' +2]- und(4 + 2'J-Cycloaddition ist in den energetisch 
aushaluncierten Systemen IO+ endo-ll und 12 endo-13 nicht 
rniiglich. d )  Die beiden Cycloudditionen kiinnten bevorzugt nicht- 
konzertiert iiber eine allylische, kationische Zuiwhenstufb ver- 
laufen, die dunn auch den Verluuf der Urnlugerung bestirnmr 
(Schema 8 ) .  


R 


CHCI, 


Siiure, Reaktionszeit) erhiilt man die iso- &j R = H  l,, 3 


R=Me2a  


conversion of products of type A and/or B will be considered 
with respect to the ring sizef7] of the components and the pres- 
ence of acid. 


Azines 1-3 have to be prepared in situ from their trimers by 
acid catalysis. The protonated monomers act as highly reactive 
dienes with a variety of alkenes in a [4+ + 21 cycloaddition, that 


R = H 0.3 TFAIOWW 76 %] 
3TFAIO0CfiasV[ 77 %] - 100 


12 endo - 13 - 
R =Me O.lTFNr.tll6h - 
R = H: 4TFAM0c/5dl[ 47 %] 


ex0 -11 


5 


14 endo-15 
- R = H: O.lTFNr.tJ3W 10 %] 100 


3TFAM0C/2minl[ 80 %] 12 88 
4TFAMWC/2minl[ 67 %] - 100 


R = Me: lTFA/r.V5q 43 %I 9 91 


16 endo -17 


100 3TFAM0C/30minl[ 50 %I - 


R = H: 3TFAIr.tfiq 45 %] 
R = Me3TFNr.VGM 60 %] 


endo-18 " 
endo -19 


4 .&+m 7 


R 


R = H: 3TFA/O"C/ZOmin/[ 75 %I 
10TFNO°C/15min/[ 68 %I 


20 21 
66 34 
40 60 


22 
R = Me: ITFAlr.tJIOh!l lo%] 66 


3TFAlr.tJ15 N [ 69%] 34 


23 
34 
66 


24 25 'para' 26 beta' 
- R = H: lTFAlr.tJ27d(ll2%] 89 11 


3TFAMoC/1 5miM 56 %] 36 58 6 
6TFNOWlO5mi~ 67 %] 17 83 * 


27 28 29 
R = Me: lTFAlr.tRd/I 28 04 28 34 38 


3TFNr.t.llm miM 51 %I 3 42 55 
6TFNr.tJ80 miM26 %I - 53 47 


* 26 not determined. 


9 x R &Q 
R = H: 3TFA/O"C/Smin/( 50 %I 30 
R = Me: 3TFNO°C/2 Mr.tJ70 miM[ 71 %I 31 


Scheme 3. Cycloadditions of isopyrazolium ions I H and 2 H +  (generated from I , ,  
and 2,, by TFA in CHCI,) with dienes 4- 9. 
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k, a Did-Alder reaction with inverse electron demand;r81 how- 
ever, a [4+2+]  cycloaddition with l-3H' acting as dienophiles 
must also be considered. 


These protonated aziiies were subjected to reactions with 
cyclic 1,3-dienes as shown in Scheme 3, and also with some 
1.3-butadiene derivatives. Taking thermal and acid-catalyzed 
rearrangements of the products into account, we expected to 
gain a deeper understanding of the ambiguous reaction path. 
Formation of products A and/or B has already been observed 
with cyclopentadiene[', 91 and cyclohexadieiie.[', 9, l o )  


Results 


1 .  Cycloadditions with isopyrazolium ions I H +  and 2 H + :  The 
protonated cyclic azines 1 H +  and 2H' were liberated from the 
corresponding trimers in chloroform solution by trifluoroacetic 
acid (TFA) in either catalytic (0.1 equiv)['"-dl or a t  least stoi- 
chiometric (1 - 10 equiv) amounts in the presence of 1 ,?-dienes 
4-9 at  0 -25 "C for a period varying from minutes to days. The 
results collected in Schemc 3 allow the following generaliza- 
tions: 


a) In accordance with earlier observations,[8"--d1 introduction 
of a methyl group (1 H' --f 2H') was found to diminish the 
reactivity of these cyclic azines. 


b) The reactivities of 1,3-dienes ranked in the order cyclopenta- 
diene (4) + cyclohexa-l,3-diene (5) > 2,3-dimethyl-I ,3-buta- 
diene (9) >isoprene (8) > 1,3-butadiene (7) >cyclohepta- 
triene (6). 


c) lncrcasing amounts of TFA (0.1 -+ 10 equiv) enhanced the 
cycloadditions dramatically. 


d) With dienes 6 and 9, only one cycloaddition product, the 
pyrazolines endo-18,'enr2'o-19 (R = H or Me) or  30/31, re- 
spectively, were obtained. 


c) With dienes 4, 5, 7, and 8, both the azo-bridged compounds 
10/12, 14/16. 20122, and 24/27 and the isomeric pyrazolines 
endo-ll/endo-13, enc~o-15/endolo-17, 21/23, and 25 + 26/28 
+ 29, respectively, could be isolated. 


f )  With small amounts of TFA the azo-bridged cycloadducts 
were formed exclusively (10'""-'], 14["') or predominantly 
(20, 22. 24) whereas with excess TFA the isomeric pyrazoli- 
nes were the only cycloaddition products ( ~ n d o - l l , [ ' ~ ~  endo- 
13, endo-15,['01 endo-17) or at least the preferred ones (22,23, 
25, 28). 


g) Cycloadditions to give the azo-bridged compounds 16, 22, 
and 27 occurred highly regioselectively, since only the iso- 
mers with R = Me close to  the olefinic bond could be detect- 
ed. 


h) Rcaction of 1H' and 2 H +  with isoprene (8) interestingly 
yielded two isomeric pyrazolines (25 + 26/28 + 29). 


i )  Isomerization of endo- into cxo-pyrazolines by prolonged 
treatment with TFA was only successful in the case of c m l o -  
1 I --f P.Y-0-11. 


2. Cycloadditions with 4,5-dihydropyridaziniumion 3 H +  : From 
earlier experiences the much-diminished reactivity of 3 H +, pre- 
pared from its trimer 3,, in situ, was already known. Only the 
highly reactive dienophiles norbornene and norbornadiene fur- 
nished the [4 + 21 cycloaddition products (Scheme l ) ,  and then 


only in yields of 7% and 5%) .  However, with cyclopentadiene 
the azo-bridged product 32 was isolated in 67% yield.['] Only 
fast cycloadditions with 3H' can succeed, since the acid also 
triggers the well-known imine-enamine tautomerism between 
4,5- and I ,4-dihydropyridazines with subsequent polymeriza- 
tion." '1 


Scheme 4 shows the results obtained from 3,, and the dienes 
4 -9. Again cyclopentadiene turned out to be the reactive diene. 


1 CHCI, 
N -  


l 3  
3 k  


32 : endo-33 


1 TFAI-5"CIl h/[ 86 %I 81 19 


5' 0 , & + *  


34 : endo- 35 
3TFN-5"C/2.25hl[ 26 %] 50 50 
6TFA/-5"C/2Sh/[ 40 %] 38 62 


6 
_jJ_ 


3TFA/-5"C/3.25h N 


3TFA/-5W3h/[ 9 %] 
endo / 8x0- 36 


&+&+A \ 


8 '  \ 


39 ( 0.5 %) 
3TFA/-5"C/3h 
[ 38 %I 37 ( 4 %) += 


40 ( 21 %) 


N 


9 


3TFA/-5"C/3h 
I 55 %] 


41 ( 2 %) 42( 1 %) 43 ( 30 %) 


Scheme 4. Cycloaddiliony of4.5-dihydropyridazinlum ion 3H + (generated from 3,, 
hy 1FA in CHCI,) wilh 1,3-dienea 4 -9 


yielding appreciable amounts of the isomeric hydropyridazine 
mdo-33 besides the already known azo compound 32.lsb1 The 
two classes of cycloadducts were also found with olefins 5, 8, 
and 9. Cycloheptatriene (6) was not attacked by 3 H + .  in sharp 
contrast to l H +  and 2H' (Scheme3). Due to the very low 
reactivity of butadiene (7) the reaction with 3 H +  afforded a 
mixture of undefined products from which only endolexo-36 
could be isolated. 


3. Cycloadditions and synthesis of a seven-membered azine 
(44H'): Given the disappointing experiences with 3 H + ,  use of 
a still larger ring, the seven-membered azine 44H+,  seemed not 
to be very promising. Indeed, 44H+ is special in several regards 
(Scheme 5). Even with the highly reactive cyclopentadiene (4) 
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of A e B ,  since in all cases the difference in energy for thc 
transformation of the moieties azo $ azine should be very sim- 
ilar. The data obtained with the refined force-field program 
MMEVBH[l7I together with the experimental data are collected 
in Scheme 6, the main points of which can be summarized as 
follows: 


4 
OW25 rnin 


[ 22 %] endo, endo-45 


CHCI, 
TFA (3eq) 2. K,CO, 


44 ,H+ 


H MH 
c_ 


5 rnin 
[ 20 %I 


44di 


44 48 


Scheme 5 .  Cycloaddition between 44H' (generated from its dimer 44,, by TFA in 
CHCI,) with cyclopentadiene. 


only 22% of a cycloadduct could be isolated; it differed from all 
the others by its 2:  1 stochiometry (endo,endo-45). In addition, 
the precursor of 44H' is not a trimer but the previously un- 
known dimer 44,i. A published procedure for the treatment 
of  1,5-diphenyl-1,5-dioxopentane to obtain monomeric 3,7- 
diphenyl-4 H,5,6-dihydro-l ,2-diazepine[lZ1 was adapted for the 


b) 


c) 


treatment of dialdehyde 46 with 
one equivalent of hydrazine in 
aqueous solution. After only 5 min 
a white solid precipitated, from 
which 44,i was isolated by sublima- 
tion. The reaction is assumed to  
pass through the monomer 44 and 
its tautomer 47, forming 48 by the 
aldol reaction and finally collaps- 
ing to 44,) . [ I3 ]  


4. [3,3] Rearrangements: The iso- 
meric cycloaddition products from 
azines 1-3 and several 1,3-dienes 
were tested for interconversion un- 
der three conditions: a) thermal 
treatment as usual for pericyclic 
[3 ,3 ]   rearrangement^,['^' b) acid- 
catalyzed reactions, already used in 
am-Cope rearrangements," and 
finally c) treatment with excess 
acid, since pyrazolines of type B are 
stronger bases than azo com- 
pounds of type A and therefore 
should be removed from the equili- 
brating systems A e B  by protona- 
tion (Scheme 2). 


Calculation of the equilibrium 
A + B (AAH) met with difficulties 
due to  the lack of reliable data for 
azo and azino groups even nowa- 
days.['61 Therefore W R. R ~ t h [ ' ~ ~  
suggested the calculation of AH,.," 
of the corresponding hydrocarbons 
A(C) and B(C) for estimating A A H  


Equilibration A B was possible only with the closely relat- 
ed systems lO+enclo-ll and 1 2 ~ ( ~ n d o - 1 3 .  Thereby the 
pyrazolines endo-11 (but not exo-11) and endo-13 were very 
rapidly formed from their isomers if they were fully proto- 
nated (vide infra). The thermal equilibrium was way over 
towards the azo isomers 10 and 12. Calculated A A H  values 
for the corresponding olefins are in reasonable agreement 
with this finding. The rate of isomerization in both direc- 
tions was faster for R = H than for R = Me. Exothermic 
rearrangement of endo-11 to  10 was observed by differen- 
tial thermoanalysis (DTA) between 72 and 135 'C. Assum- 
ing a first-order reaction,["] isomerization occurs with 
A H ' ~ 2 6 k c a l m o l - '  a n d A S * ~ O k c a l m o l - l .  
All other isomerizations were irreversible, in accordance 
with strongly negative or positive AAH values. Thesc results 
were backed by DTA data. 
Despite a strong driving force for starting materials 14, 16, 
20,22,24 and 27, excess TFA was needed to achieve isomer- 


a) R = H: 70°C13 h AH; A$ 
R I Me: 70"Cll 5 h 
R = H: r.t. O.lTFN20 min 


b, R I Me: r.t. 0.1TFN4 h 


R - H: 3TFA instantly 


endo-11 3 4 . n  34.56 + 0.2 
endo-13 27.59 25.47 + 2.1 R 12 


') R - Me: 3TFN5 min 


a) R - H: 70"Cll dl no react. 
P 


endo-15 26.90 18.29 -8.6 
endo-17 


a) R - H: >217"C dec. R 
b) R = H: 85°C O.lT!=N32d/llO %] 


,.) R = H: r.t. 5TFN35 rnin. 
R = Me: r.t. 5TFN90 rnin. 


14 


16 


R = H: >195"Clde~. 
a) R = Me: >185"C/no react. 


21 30.13 14.27 ~ 15.9 
23 23.15 5.33 - 17.8 b) R - H: 95°C O.lTFN90 d/nO react. 


22 R = Me: 95°C O.lTFN45 d/[ 10 %] R 


R - H: r.tJ5TFN9 d 
R - Me: r.tATFN6 d 


R = H: >182"Clno react. 
a) R - Me: >18O"Clno react. 


21.66 5.17 - 16.5 


27 


R = H: r.tJ5TFN4 d 
R = Me: r.tJ5TFNl d 


a) >151 "Cldec. 


b) r.tJO.lTFN6d 
c) r.t./3TFNinstantly 


endo- 33 29.69 37.88 i8 .19 


32 


* + 1 o % cycloreversion 


Scheme 6. Experimental data for [3,3] rearrangements of' systems A and/or B. a )  Thermal reaction without solvent: 
h) reaction in CHCI, with 0.1 equiv TFA; c) reaction in CHCI, with 3 - 5  equiv TFA. A H , ,  was calcula1t.d for the 
corresponding hydrocarbons A(C) and B(C) (MMEVBH force field[201). 
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ixation within a reasonable time. 
In examples 14 and 16, which dif- 
fer from 10 and 12 only by the 
six-membered carbocyclic ring, 
R = Me again diminished the 
rate of isomerization. By con- 
trast, in the monocyclic systems 
both bridgehead CH, (22, 27) 
and side-chain CH, groups (24, 
27) enhanced the isomerization. 


d) In the case of endo-33, catalytic 
amounts of TFA accelerated iso- 
mcrization to azo compound 32, 
but 3 equivalents of TFA had a endo- 33 32 


60 rnin. 
10 endo- 11 


Scheme 8. 


dec. 


CDCI, , r.i. 
0.1 TFNI d 
3TFA/imrnediately 490 


greater effect, despite the higher 
basicity of endo-33. This behavior 
is in accordance with the strongly 
positive A A H  of + 8.1 9 kcal mol- for the corresponding 
olefins. 


c) Only with 27+29 and not with the very similar system 
22 + 23 were small amounts of cycloreversion products ob- 
served. 


f) Rearrangements of 24 and 27 yielded the “meta” isomers 26 
and 29 exclusively, and not the closely related ‘‘pard’ iso- 
mers 25 and 28. 


g) In sharp contrast to the rearrangements 24/27 + 26/29 
and erzdo-33 + 32, the interconversions 34/mdo-35, 38/40, 
and 42/43 failed from both sides, even in the presence of 
4-21 equivalents of TFA, and over up to eight days (not 
included in Scheme 6). 


SchenBe 9. 


5. 14+ 21 Cycloreversions: In principle the interconversion of 
the isomeric [4 + 21 cycloadducts collected in Scheme 6 could 
occur by [4 + 21 cycloreversion (cf. Scheme 1) .  This prob- 
lem was addressed by systems 24 + 26 and 27 +29 (see 
discussion) and by the following trapping experiments. 


(traces) 


interference from the added maleic acid anhydride. On extended 
treatment with acid for 1-2days the mixture turned dark 
brown, containing mainly products of decomposition and some 
traces of cycloadduct 49. In the absence of the trapping agent 
the reaction took the same course, probably owing to the al- 
ready mentioned instability of intermediate protonated 4,5-di- 
hydropyridazine 3 H + . 


Finally the reversibility of the [4 + 21 cycloaddition was 
checked with endo-18 and endo-19, obtained as the only cycload- 
ducts from cycloheptatriene and I,, or 2,,, respectively 
(Scheme 3). The anticipated isomers 50 and 51 were formed 
neither thermally nor by treatment with excess trifluoroacetic 
acid (Scheme 10). The reaction mixtures developed an increas- 
ing brown color and after neutralization the trimeric pyrazolines 
I,, and 2,, could be separated from the decomposition products 
by Kugelrohr distillation. 


I - 


R=Me: 1) 5 TFNlO2 d 


2 t r  \i 


endo-[DJ11, obtained from l , ,  and perdeuterated cy- 
clopentadiene, was treated with a catalytic amount of 
trifluoroacetic acid in the presence of excess cyclopenta- 
diene. As with endo-1 1, rapid isomerization occurred, 
yielding [D,]10 exclusively within 2 h. Only after addition 
of more acid was the C,D, moiety exchanged for un- 


R 


+ decomposition 
= 


R = Me endo-19 
products 


3 .-“!‘ R = H  50 


R=Me51 


deuterated cyclopentadiene over 1-2 days (Scheme 7). Scheme 10 


hl Discussion 


Scheme 7 


In a complementary experiment, endo-1 1 was isomerized by 
acid catalysis in thc presence of maleic anhydride. The isomer 10 
was formed within 1 h, and only traces of the cycloadduct 49 
could be detected. After two weeks, however, 10 was complctely 
converted into 49 and the heterocyclic part of 10 was found as 
trimcr l,, (Scheme 8). The corresponding experiment with endo- 
33 again yielded the isomeric product 32 (Scheme 9) without any 


The experimental results presented for azo 
compounds [DJlO, 10, and 32 and for pyrazo- 
lines endo-18 and endo-19 clearly demonstrate 
that these systems and probably all the oth- 
ers--can undergo [4 + 21 cycloreversion. How- 
ever, in all cases, despitc fairly severe condi- 


tions the reaction times were much too long to compete with the 
rather fast [3,3] rearrangements such as endo-11 -10 or mdo- 
33 + 32. Besides, any isomerization of the cycloadducts 32-35 
by a [4 + 21 cycloreversion is highly improbable because of the 
instability of the intermediate 4,5-dihydropyridazine 3 (3H’) .  


Very valuable information is obtained from the isomerization 
of azo-bridged compounds 24 and 27. As shown in Scheme 3. 


10 
+ 
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these cycloadducts are formed together with their isomers 25 owe their existence to  kinetic reaction conlml. In other words, 
(“para”) + 26 (“rneta”) and 28 (“puru”) + 29 (“rneta”), respec- the above-mentioned azo-bridged compounds nzi~st ariwfrom a 


tively, with equal or  greater proportions of the para isomers 25 [ 4 +  + 21 cycloadditiori in which I H + or 2 H + acts C I S  the rliene 
and 28 due to poor regioselectivity of these Diels-Alder reac- , f i x  a Did-Alder reaction with inverse elecrron deemrind. 
tions. On acid-catalyzed isomerization of both 24 and 27, how- By contrast, hydropyridazine endo-33 results from a fast 
ever, the “nwta” isomers 26 and 29 are formed exclusively. [4+2+] cycloaddition in which 3 H +  acts as the electron-defi- 
These results clearly indicate a concerted [3,3] rearrangement cient dienophile for a normal Diels-Alder reaction. This is true 
and exclude any intermediate [4+2] cycloreversion. The cy- even in the presence of excess acid, which does not prevent 
cloreversion ( z  109’0) observed during the rearrangement rearrangement of endo-33 to  the azo isomer 32 (Scheme 6). This 
27 -+ 29 has to be considered as a competing side reaction start- [4+ 2’1 cycloaddition resembles similar reactions of dienes with 
ing from 2 7 H + .  After 29H+ has been formed cycloreversion is (intermediate) protonated Schiff bases.[”] 
no longer observed. Monitoring (VPC) the first minutes of the endo-13 represent unique 
addition of I,, to isoprene reveals even more information of examples in several respects. 
general importance. Under the given acidic conditions cycload- a) The heat of formation for the isomcrs is very similar, with a 
dition between 1 H +  and isoprene (8) has already proceeded to 
38% after 34 s and has approached 96% after 13 min. Except b) Isomerization can be achieved quantitatively from both 
for the first measurement, the ratio of 24:25:26 stays constant 
(Scheme 11). Only a very minor rearrangement 24 --f 26 might c) Both thermal and acid-catalyzed rearrangements proceed 


Therefore, the experimental data allow 1x0 decision as 
N N3 3’ to whether the azo isomers 10 and 12 are formed 


directly in a [4+ + 21 cycloaddition of 1 H + or 2 H ’ &‘& ..$y S R r n  with cyclopentadiene or by a fast [3,3] rearrangement 
R R ’  R ii “rneta“ of the primary [4+ 2’1 cycloadducts endo-11 and 


R=H: 24 24 H+ 26 H+ 26 
R=Me: 27 2?‘ H+ 29 H+ 29 The situation may be even more complicated for all 


Systems 10 $ endo-11 and 12 


slight preference for the azo bridged isomers. 


sides. 


with low energy barriers. 
H 


8 1  


endo-13. 


Scheme 11. Acid-catalyzed transformation of 24 and 27 into 26 and 29 by the Cope rearrange- cycloadditions discussed. Diels-Alder reactions and 
ment 


have occurred. This means that all three cycloadducts are 
formed in competing reactions from the very beginning. The 
same conclusion can be drawn for systems 34/endoo-35, 38/40, 
and 42/43, since these pairs of isomers cannot be interconverted. 


We therefore feel encouranged to describe all isomerizations 
of Scheme 6 as Cope rearrangements, although basic questions 
about mechanistic details[’”] and proton-catalyzed aza-Cope 
rearrangements[’”’ are still under active discussion. Despite the 
obvious similarity of the systems depicted in Scheme 6, there are 
enormous differences in their accomodation of the transition 
state for the [3,3] rearrangement. The azo-bridged cycloadducts 
are isomerized by excess acid according to  10, 12 > 14, 16 $24 ,  
27 > 20, 22, partly decelerated and partly accelerated by the 
bridgehead methyl groups. Since the basicity of the developing 
pyrazolines should be rather similar, the strongly differing rates 
of isomerization must originate in the specific geometry of the 
molecular structures. Enlarging the cyclopentene moiety in 10 
and 12 to a cyclohexene unit (14 and 16) definitely retards the 
rearrangement. But a flexible olefinic substituent, as in 24/27 
and 20/22, obviously needs much more energy to adapt a con- 
formation suitable for [3,3] rearrangement (entropic factor?), 
although the thermodynamic driving force (AH’ = - 16 to 
- I8 kcalmol- ’) for the olefins is by far the largest of all sys- 
tems. 


Isomerizations from pyrazolines to azo-bridged compounds 
by thermal reaction are only found with the examples endo-11 
and endo-13. With the exception of lO+-endo-ll and 12+endo- 
13, azo compounds 2 0 , 2 2 , 2 4 ,  and 27 as well as the hydropyri- 
dazine endo-33 are thermodynamically strongly disfavored. 
Therefore they cannot result from any equilibration hut rather 


Cope rearrangements normally constitute typical ex- 
amples for pericyclic reactions.[’41 If, however, the 


differences in the K-MO energies become too great, the HO- 
MO-LUMO interactions in the transition state may no longer 
be sufficient to compensate for the strongly negative entropies 
for concerted reactions.’”] Evidence for such a two-step Diels 
Alder reaction has even been provided for the dimerization of 
1 ,3-butadienerZ3] and very recently for substituted cycopentadi- 
ene~. [ ’~]  Under these circumstances, as exemplified for 1 H + and 
cyclopentadiene, a cationic intermediate 52 ’ should he formed 
which connects not only the [4 + 21 and [4 + 2 ‘1 cycloadditions 
but also the proton-catalyzed [3,2] rearrangements between the 
isomers (Schemc 12). Formation of the energetically disfavored 
cycloadduct is then caused by faster breakdown of the intermc- 
diates of type 52’. Although the assumption of a cationic inter- 
mediate of type 52’ is rather tempting, proof for its existence is 
still lacking. In some cycloadditions/reversions zwitterionic in- 
termediates are very likely and have sometimes been trapped.[”’ 
Our attempt to trap 52’ with methanol was unsuccessful. 


10 52+ endo-11 2’ 


Scheme 12. Formation and interconversion of [4+2] adduct 10 and 12 +4] adduct 
endo-11 through the common intermediate 52’. 
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A ' H N M R  experiment in CH,OD demonstrated that 10 is 
immediately rearranged to (protonated) endo-11 by excess acid. 
Correspondingly, catalytic amounts of acid transform endo-1 1 
in CH,OD quantitatively into 10. These results d o  not disprove 
the existence of 52+,  since an intermediate allylic methyl ether 
may easily be reversibly cleaved. 


The results presented in Scheme 11  can be interpreted in 
favor of an intermediate of type 52'. Let us assume that the 
attack of 1H' a t  positions 1 or 4 in isoprene needs activation 
energies similar to those for the formation of the two isomeric 
allylic cations of type 52'. Then ring closure of the 2 intermedi- 
ate will yield 25 but the collapse of the 4 intermediate is expected 
to yield both 24 and 26. Therefore the ratio of 25:(24 +26) 
should be close to 1 : 1 ,  in accordance with the results in 
Scheme 3. 


Radical intermediates formed by electron transfer from the 
two partners, for example, arc probably less likely. Isomeriza- 
tion of endo-13 to 12 was not affected by added phenazinc. 


Protonation versus methylation: The results of [3,3] rearrange- 
ments betwcen the corresponding azo and pyrazoline isomers 
are partly governed by electrophilic catalysis by reversibly 
added protons. The effect of an irreversibly attached elec- 
trophile (Me' from Me,OBF,) has already been extensively 
studiedr'"] for sonic examples and can now be compared with 
those listed in Scheme 6. The azo-bridged isomers 10,14, and 32 
were smoothly methylated at  thc azo group to 10Me+,  14Me' 
and 32Mc', respectively.['"] Although excess acid triggers the 
rearrangements 10H' + endo-11 H' and 14H' -+ endo-lSH', 
such a rearrangement was not observed with 10Me' and 
14Me'. Rcarrangement 32Me' + endo-33Me' is not expect- 
ed for energetic reasons. Mcthylation of the corresponding 
pyrazolines yielded some surprising results : instead of erzdo- 
11 Me' an irreversibly formed cage product derived from 
10 Met is found. This consecutive reaction[261 probably shifts 
the equilibrium of this highly flexible system to the left side. By 
contrast. the expected methylated pyrazoline endo-15 Me' is 
obtained in high yield. Methylation of mdo-33 results in com- 
pletc rearrangement to 32Me' as expected. 


Conclusions 


It has been demonstrated that in the acid-catalyzed [4 + 21 
cycloaddition between cyclic azines and 1,3-dienes both part- 
ners may play the role of the diene or the dienophile, depending 
on  particular structural features. The thermal or acid-catalyzed 
interconversion of isomeric [4 + 21 cycloadducts definitely 
occurs by a concerted [3,3] rearrangement and not by a 
[4 + 21 cycloreversion, which proceeds much more slowly. 
Although the components involved in these reactions differ 
greatly in their electronic properties, the systems follow the 
classic scheme of dicyclopentadiene rearrangements discov- 
ered by Woodward and K a t ~ . ' ~ ]  There is still some mecha- 
nistic ambiguity as to  whether the [4+ 21 cycloadditions and 
[3,3] rearrangements pass through a concerted but asyn- 
chronous transition or through a cationic interme- 
diate of type 52' as the crossing point for all observed reac- 
tions. 


Experimental Section 


Melting points were determined using a Kofler microscope and are corrected. 
I R :  Perkin-Elmer 1420; UV: Perkin-Elmer 330; ' H a n d  NMR: Bruker 
AC200 200 MHz ('H)/50 MHz ("C) or Bruker WM400 400 MHr ('HL 
100 MHr ("C); standard: TMS (6 = 0.00), CDCI, (7.26177.0). CI1,CN 
(1.95/1.2, 117.8) or [D,]I)MSO (2.50139.7) (br = broad, c = centered); MS: 
Varian MAT CH7. Elemental analyses were performcd by the analytical 
laboi-atory, Institute of Inorganic Chcmistry. University of Wiirzburg 


Reactions in Scheme 3: General procedure: trifluoroacetic acid (i( equiv) was 
added to 1,,,''"1 2,,,1271 or 3,r[8b1 (1.73 mmol) dissolved in CHCI, (3-4 m L ) .  
The mixture. which formed two phases, was cooled to - 5 ' C  before (an 
exccss of) diene (4 - 9) was added and stirred. The reaction was performed 
either at 0 "C or a t  room temperature (at which the mixture became homoge- 
nous). I f  possible, the rcaction was monitored by 'H NMR or TLC. After the 
time given the mixture was slowly added to sat. K,CO, solution (4 mL). The 
aqueous phase was extracted with CHCI, (2 x 2 mL). The organic phases 
were dried with K,CO,. the solvent evaporated, and the residue purified. The 
ratio of isomers was determined in the crude product either by ' H N M R  or 
medium-pressure liquid chromatography (MPLC) 


Azo compound LO; pyrazolines endo-1 I and exo-11 : 


a )  Trimer l,r. TFA (0.15 mL, 2.0 mmol), Cp  (4) (345 mg. 5.22 mmol), 0 C. 
2 h. Kugcirohr distillation (30'-C, 0.01 Torr) yielded only (642 mg. 
76'%), m.p. 30-31 " C ,  
b) Trimer l,,, TFA (1.20 mL, 15.6 mmol), Cp (4) (345 mg, 5.22 mmol), 0 C, 
1 min. Kugelrohr distillation (30-35 ' C ,  0.01 Torr) yielded only entlo-11 
(6S2mg, 77%). m.p. 34-3S'C; IR (CCI,): i. = 3140cm-'. 3080, 3040 


1390, 1370 [C(CH,),], 1330, 1270, 1260, 1220, 1200; ' H N M R  (400.1 MHr, 


9-H,. JAR = 8.5 H z ) ~  1.60 (B;  1 H. 9-HJ. 2.80 (brs,  I H ,  4-H), 3.39 (d. 1 H. 
3a-H, J3 , - ,=1 .5Hr ) ,  4.34 (brs,  1 H ,  7-H), 5.69 (mc, 1H. 6-H). 6.02 
(m, 1 H, 5-H). 6.29 (s, 1 H, 2-H); ',C NMR (100.6 MHz: CDCI,): 5 = 20.37 
(q? CH,), 29.12 (q, CH,), 44.88 (s. C-3), 45.76 (d, C-4). 49.92 (t. C-9), 66.44 


MS (70eV): m13 ("/u) =162 (7, M ' ) ,  97 (100, C,H,N,). 66 (44, cp): 
C,,H,,N, (162.3): calcd C 74.04, H 8.70, N 17.27; found C 73.42, H 8.89. 
N 16.96. 
c) Trimer l,, , TFA (1.60 mL, 20.8 mmol). Cp  (4) (345 mg, 5.22 mol), 0 -C. 
5 d ,  afforded only em-11 (97 mg, 47%), Kugelrohr distillation (30-35°C.  
0.01 Torr), colorless oil; IR (CC1,): i. = 3060 cm-  ' (=C-H),  2980, 2950. 


(=C H), 2980, 2960, 2920, 2880 (-C-H), 1600 (C=N, C=C).  1470, 1410. 


CDCI,): 6 = 0.85 (s, 3H,  3'-CH3),  0.99 (s. 3H, 3"-H), 1.41 (A. 1 H. 


(d, C-3a), 75.72 (d,  C-7), 131.54 (d, C-5). 133.78 (d, C-6). 155.90 (d, C-2); 


2920. 2860 (-C-H), 1600 (C=N, C=C) ,  1470, 1460, 1450. 1390, 1360 
[C(CH,),], 1325, 1300, 1255, 1200; 'HNMR (400.1 MHr. CDCI,): 6 =1.06 
(s. 3H, CH,), 1.19 (s. 3H, CH,), 1.49 (mc, 2H,  9-H), 2.75 (mc. I H. 
4-H),  2.93 (brs,  3a-H), 4.34 (mc, 1 H, 7-H), 6.28 (m. 1 H. 6-H). 6.43 (m. 


CH,), 28.68 (4. CH,), 41.61 (t, C-9), 43.23 (d, C-4), 45.24 (s, C-3). 65.56 (d. 
C-3a), 73.00 (d, C-7), 135.08 (d, C - 5 ) ,  142.82 (d, C-6). 159.15 (d. C-2): 
(.',,H,,N2 (162.3): calcd C 74.04, H 8.70, N 17.27; found C 73.42, H 8.89. 
N 16.96. 


1 H, 5-H). 6.73 (s, 1 H ,  2-H); " C  NMR (100.6 MHz. CDCI,): 6 =19.28 (4, 


I'yrazoline endo-13: Trimer 2,,, TFA (1.21 mL, 15.7 mmol). Cp (4) (345 mg. 
5.22 mmol), 0°C. 10 min. Sublimation (25 "C/O.Ol Torr) yielded end-13 
(802 mg, 87%). colorless crystals, m.p. 53 43°C; 1R (CCI,): \. = 3065 cm 


1440, 1390, 1380 [C(CH,),], 1360, 1325, 1300, 1250. 1235, 1200; ' H N M R  
( ~ ~ ~ . ~ M H ~ , C D C I , ) : ~ ~ = ~ . X ~ ( S , ~ H , C H , ~ ) , ~ . ~ ~ ( S , ~ H , C H , ) , ~ . ~ ~ ( A , I H .  
%HA, JAH = 8.4 Hr) .  1.57 (s, 3 H, 2-CH3), 1.58 (B, 1 H. 9-H,). 2 80 (brs,  1 H. 
4-H), 3.46 (brs.  1 H, 3a-H), 4.32 (brs,  1 H ,  7-H). 5.72 (m, 1 H. 5-H). 6.01 (m. 


(=C-H),  2970, 2950, 2900. 2860 (-C-H), 1620 (C=C, C=N). 1470. 1460. 


1 H, 6-Hi; I3C N M K  (100.6 MHL, CDCI,): d = 11.72 (4. CH,). 20.08 (q. 
CH,), 29.02 (q, CF1, 2 ) .  45.91 (d, C-4), 46.00 (s, c'-3), 49.55 (t. C-9). 66.66 
(d,  C-la). 76.94 (C-7), 131.52 (d,  C-5), 134.33 (d, C-6). 162.54 (s. C-2): MS 
(70eV): ~ I / Z  ( '%)=I76  (6, M + ) ,  111 (100, C,H,,Nl), 105 ( 1 1 ) .  66 (40. 
C , H l ) ;  C, ,H, ,N,  (176.3): calcd C 74.96, H 9.15, N 15.89; found C 74.34. 
H 8.75. N 15.88. 


Azo compound 14 and pyrazoline cndo-1s: 
a) Trimer l,,, TFA (1.20 mL. 15.6 mol), 1,3-cyclohcxadiene (5 )  (416 mg, 
5.22 mmol), 0 "C, 2 min. Kugelrohr distillation (30-35 -C!0.01 Torr) yielded 
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731 mg (80%) o f 1 4  and endo-15 (12:88, 'HNMR) .  By MPLC (PE/EE, 4:l 
for fraction 1, EE for fraction 2) the pure isomers were obtained. 
Azo compound 14: (80 mg. 9%)  after sublimation (30 C/O.Ol Torr), colorlcss 
crystals, m.p. 45°C; IR (CCI,): i = 3020cm~ (=C-H), 2980, 2960, 2930, 


1380 [C(CH,),], 1290, 1280, 1230; UV (hexanc): (Igc) = 357 nm (257). 
346 (320), 342 (sh, 1001, 324 (25): ' H N M R  (400.1 MHz, CDCI,): 6 = 0.63 
(s,3H,9-exo-CH3), 1.01 (s,3H,9-endo-CH3), 1.25(mc, 1 H ) ,  1.64(mc, 2H),  
1.76 (m, 1 H, 7,-8-H), 2.61 (m. 1 H, 8a-H), 2.65 (m, 1 H, 4a-H), 4.74 (d, 1 H, 
J,,, ,  = 3 Hz), 4.76 (d, 1 H, 4-H, J4,+& = 3 Hz), 5.70 (m, 2H,  5-,6-H); I3C 
NMR (100.6 MHz, CDCl,): 6 = 18.83 (q, exo-CH3-9), 19.40 (q, endo-CH,- 
9), 21.10 (1, C-X), 22.91 (t, C-7), 34.99 (d, C-ga), 36.39 (s, C-4a), 53.22 (s, 


MS (70eV): rn/z ( 'YO) =I76 ( 3 ,  M ' ) ,  148 ( 5 ,  M +  - NJ, 133 (80, 
M +  - N,, ~ CH,), 105 (100); C,,HI,N, (176.3): calcd C 74.96. H 9.15, 
N 15.89: found C 75.11, H 9.19, N 16.08. 
Pyramline en&-15: (630 mg, 69 YO). After sublimation (30 'C!O.Ol Torr) col- 
orlcss crystals. m.p. 45-46°C: IR (CCI,): i = 3040cm-' (=C-H), 2950, 


[C(CH,),], 1365, 1350, 1310, 1260, 1200; ' H N M R  (400.1 MH7, CDCI,): 
6=1.01 (s, 3H,  CH,), 1.09 (s, 3H,  CH,), 1.13 (m. I H ) ,  1.40 (mc, l H ) ,  
1.49 (mc,  I H ) ,  1.93 (mc, I H ,  9-,10-H), 2.45 (mc, l H ,  4-H), 3.15 (s, 1 H, 
3a-H), 4.29 (mc, 1 H, 7-H), 5.90 (mc, 1 H, 5-H), 6.21 (mc, 1 H ,  6-H), 6.37 (s, 


2880,2840 (-C-H), 1660,1640 (C=C),  1495,1470,1460,1445 (N=N),  1395, 


C-9). 87.97 (d, '2-1). 89.52 (d, C-4), 125.83 (d, C-6), 129.05 (d, C-5);  


2930, 2900,2860 (-C-H), 1600 (C=N, C=C),  1470, 1460, 1440. 1390, 1380 


1 H ;  2-H); "C NMR (100.6 MHz, CDCI,): 6 = 21.61 (q, CH,), 23.04 (t. 
C-9). 24.74 (t, C-lo), 28.77 (4, CH,), 32.38 (d, C-4), 48.82 (5, C-3), 53.64 (d,  
C-3a), 74.63 (d. C-7), 130.68 (d, C-5). 131.57 (d, C-6), 153.71 (d, C-2); MS 
(70eV): mjz ( O h )  =I76  (16, M + ) .  97 (100, C,H,N,), 80 (21, C,H;); 
C,,H,,N2 (176.3): calcd C 74.96, H 9.15, N 15.89; found C 74.98, H 9.32, 
N 16.28. 
b) Trimer l,,, TFA (1.60 mL, 20.8 mmol), 5 (416 ing, 5.22 mmol), 0 ' C ,  
2 miii. Kugclrohr distillation (30"C/0.01 Torr) yielded endo-15 (616 mg, 
67%), m.p. 44-45°C ( 'HNMR).  


Azo compound 16 and pyrazoline endo-17: 
Triiner 2,, , TFA (0.35 mL, 4.54 mmol), 5 (364 mg, 4.54 mmol), RT, 5 d.  Sub- 
limation (25 "C, 0.01 Torr) of thc crude product afforded a mixture of 16 and 
endo-17 (9:91. 'HNMR) .  Seixrarion by MPLC (PE/EE, 4 : l ) .  
Azo compound 16 (29 mg, 3 % ) ,  colorlcss oil; IR (CCI,): 3 = 3030 cm- '  
(=C--H),  2990, 2960, 2930, 2870, 2840 (-C-H), 1495, 1470, 1450 (N=N),  
1395, 1380 [C(CH,),], 1300, 1290, 1270; UV(n-hexane): A,,,,, (Igc) = 358 nin 
(246), 344 (sh, 105), 336 (sh, 28); 'H NMR (400 MHz, CDCI,): (5 = 0.56 (s, 
3H, 9-exo-CH3), 0.92 (s, 3H,  9-c.ndoo-CH,). 1.36 (m, I H ,  8-H), 1.67 (s, 3H. 
4-CH,),1.69(m,2H),l.82(m,lH,7-,8-H),2.37(d, lH ,Sa -H) ,2 ,64 (m, IH ,  
4a-H), 4.83 (d, 1 H ,  I -H,  J,,, ,  = 3.5 H7), 5.80 (mc, 2H, 5-,6-H); ',C NMR 
(100.6 MHz, CDCI,): 6 =10.48 (q. CH,-4), 27.79 (q, exo-CH3-9). 18.16 (q, 


91.10 (d, C-4a), 124.29 (d, C-6) ,  129.63 (d, C-5): MS (70 eV): m/z (YO) =190 
(6, M ' ) ,  162 ( 5 ,  M +  ~ N,), 147 (41, M +  - N, - CH,), 111 (100); 
C12H,,N2 (190.3): cakd C 75.74, H 9.55, N 14.72: found C 75.84, H 9.63. 
N 14.94. 
Pyrazoline endo-17: (346 mg, 30%) ,  colorless crystals, in.p. 63-64°C; IR 
(CCI,): i. = 3020 cm (=C H), 2980,2940,2920,2885,2855 (-C-H), 1650, 
1620 (C=C. C=N), 1465, 1455, 1430, 1385, 1380 [C(CH,),], 1360, 1350, 
1310.1290,1260, 1200; 'H NMR (400 MHr, CDCI,): 6 = 0.93 (s, 3H, CH,), 
1 .OO ( s ,  3H, CH,), 1.02 (m, 1 H). 1.31 (m,  1 H),  1.39 (m, 1 H),  1.XS (in. 1 H,  
9-,10-H), 1.62 ( s ,  3H,  2-CH,), 2.36 (mc, I H ,  4-H), 3.13 (s, l H ,  3a-H), 4.14 
( s , IH ,7 -H) ,  5 .82 (mc , lH ,7 -H) ,4 .14 (~ ,  1 H,7-H), 5.82(mc, IH,5-H),6.12 
(mc, 1 H, 6-H); I3C NMR (100.6 MHz, CDCI,): 6 =10.67 (q, CH,), 20.94 


0 n d ~ C H ~ - 9 ) ,  21.41 ( t .  C-8), 39.62 (d, C-I), 54.83 (s, C-9), 89.29 (s, C-4), 


(4, CH,), 23.01 (t. C-9). 24.55 (t. C-IO), 28.41 (4, CH,-2), 32.36 (d, C-4). 
49.49(~.  C-3), 53.49 (d,C-3a), 75.57(d.C-7), 130.39(d,C-5), 131.80(d, C-6), 
159.78 (s, C-2): MS (70eV): m/z (%) =I90 (6, M ' ) ,  111 (100, C,H,,N;), 
79 (11. C,H,); C,,H,,N, (190.3): calcd C 75.74. H 9.53, N 14.72; found C 
75.92, H 9.74, N 15.17. 


Pyrazoline endo-18: Trimer l t r ,  TFA (1.20 mL, 15.6 mmol), cycloheptatrienc 
(6)  (920 mg, 10.0 mmol) RT, 5 d. Kugelrohr distillation (120 'C:O.Ol Torr) 
afforded only endo-18 (460mg, 45%),  colorless oil; IR (CCI,): 
i = 3040crn~',3020,3000(=C-H),2940,2X90,2860(-C-H), 1590(C=N), 
C=C),  1465, 1460, 1450, 1430, 1385. 1360 [C(CH,),], 1300, 1265, 1200; 
'H NMR (400.1 MHz. CDCI,): 6 = 0.21 (dt, 1 H, 11'-H, J1 ~ ,, I = 5.50 Hz, 
J ~ , ~ I = J ~ , , , I = ~ . ~ H Z ) ,  0.28 (dt, I H ,  11"-H, J , , , , , = J I , , , , . , = 7 . 5 H z ) ,  


0.95(ddtd.lH,9-H../, , , ,= J4,,=7.5H~),1.03(~,3H,3-CH,),1.12(s,3H. 
3-CH,). 1.15 (ddtd. 1 H, 10-H). 2.80 (mc. 1 H. 4-H), 3.33 (d, I H 3  321-H). 4.58 
(mc, 1 H, 7-H), 5.58 (mc, 1 H. 5-H), 5.73 (mc, 1 H. 6-H), 6.42 (s. I H, 2-H): 
I3C NMR (100.6 MHz. CDCI,): 6 = 6.30 (t, C-I I ) ,  8.80 (d. r -9 ) .  9.42 (d. 
C-lo), 21.92 (~1, CH,). 29.05 (q, CH,), 33.93 (d. C-4). 46.52 ( s .  '2-3)- 56.23 
(d,C-3a),75.18(d,C-7), 124.47(d,C-S), 127.99(d,C-6). 154.50(d,C-2); MS 
(70eV): ni/z (%) =188 (4, M + ) ,  97 (37. C,H,NZ). 92 (51). 91 (100): 
C I Z H l b N Z  (188.3): calcd C 76.56, H 8.57. N 14.8X; found C 76.33, H X.77. 
N 14.99. 


Pyrazoline en&-19: Trimer 2,,, TFA (1.20 mL, 15.7 iiimol). 9 (962 mg, 
10.4 mmol), RT, 6 d. The product was separated from a dark rcd impurity by 
flash chromatography (SiO,, PE/EE, 2: 1 ) .  Elution with methanol and subli- 
mation of the product (80"C/0.01 Torr) yielded ( w ~ ~ J - I Y  (480 mg. 46%). cob 
orless crystals, m.p.  84-85'C: 1R (CCI,): i; = 3 0 9 0 c n i ~ ' .  3035. 3000 (=C 


2390. 1380 [C(CH,),], 1360, 1300, 1265, 1210; 'H NMR (400.1 MH7. 
H), 2950. 2900, 2865 (-C-H), 1655, 1630 (C=C,  C=N) .  1470. 1460, 1435. 


CDCI,): b = 0.16 (dt, 1 H, 1 l'-H, Jll 


(dt, I H ,  Il"-H, J ~ j , , , . . = J 1 , , , , . . = 7 . 5 H ~ ) .  0.89 (ddtd, IH. 0-H. .I, 
= 5.50 H7, Jcj, I ,  = 3.5 Hz), 0.23 


= 


J,,,=7.5Hz),1.01(s,3H,CH,),1.11(s,3H,2-CH,),2.75(inc.1H,4-H). 
3.36(brs, 1 H,3a-H),4.49(mc, 1 H,7-H). 5.55(mc, 1 H. 5-H), 5.70(mc, I H. 
6-H); I3C NMR (100.6 MHr, CDCI,): 6 = 5.93 (t. C - l l ) ,  8.60 (d. C-9). 9.44 
(d, C-lo), 11.05 (q, CH,), 21.37 (Y, CH,). 28.87 (4, CH3-2), 34.07 (d. C-4). 
47.52 (s. C-3) ,  56.22 (d, C-3a). 76.27 (d, C-7), 124.32 (d, C-S), 128.41 (d ,  C-6), 
161.38 (s. C-2); MS (70 eV): ml: ("A) = 202 (6, M ' ) ,  1 1  1 (100. C(,HIONZ). 
91 (46, C,H: - H); C,,H,,N, (202.3): calcd C 77.18. H 8.97. N 13.85; 
found C 77.20, H 9.12. N 14.36. 


Azo compound 20 and pyrazoline 21: 
a) Trimer I , , ,  TFA (1.20 mL, 15.6 inmol). excess butadiene ( 7 )  bubbled into 
the solution. 0 '  C, 20 min. Kugelrohr distillation of thc crude product yicldcd 
amixtureo120and21(588mg,75%.ratio66:34by'HNMR).Themixrurc 
was separated by MPLC (PEIEE, 4 :  1 for the first fraction. EE for the second 
fraction). 
Azo compound 20: Colorless oil (390 ing, 50"h); 1R (CCI,): i. = 3080 c n -  


1430 (N=N), 1400, 1380 [C(CH,),], 1320, 1295, 1275, 1150, 1210: UV 
(n-hexane): (Igc) = 352 (148), 342 (89). 33X (sh. 72), 321 (sh. 21): 
' H  NMK (400.1 MHz,  CDCI,): 6 = 0.63 (s, 3H,  7-e.uo-CH3), 0.71 (dd. I H. 
5-HA, JAR ~ 1 3 . 5  Hz, JAx = 4.5 Hz). 0.95 ( s .  3H, 7-mdo-C1/,), 1.98 (ddd. 
I H, 5-H,, . f j R , ,  = 3 Hz, J,, = 8.75 Hz), 2.84 (ITIC,  1 H ,  4-H), 4.63 (d, 2H,  
3-,6-H, . I3 , ,  = 3 HZ), 4.85 (ddd, = 2 Hz. 
J8,0R = 10 Hz), 4.96 (ddd, 1 H, 9-HA, J4, 99 = 1.3 Hz, J,, c,,4 = 17 H7). 5 30 
(ddd, 1 H. 8-H, J4.8 = 8.3 Hz); ',C NMR (100.6 MH7, CDCI,): 6 = 1X.64 
(q, e.~o-C'H.3-7), 18.73 (t, C-5). 26.56 (9, end0-CH3-7), 40.09 (d. C-4). 53.01 
(s, C-7), 85.58 (d. C-6), 88.40 (d, C-3) ,  115.42 (t. C-9). 137.75 (d. C-X): 


( = C - H ) ,  2990, 2960, 2920, 2880 (-C-H), 1645 (C=C) ,  1405. 1480, 1460. 


1 H. 9-Hu, J,A,9H = 1 H7, 


MS (70eV): mjz (X) =I35  ( I ,  M i  -CIl,),  120 ( I ,  M +  - 2CH,). 107 
(95, M +  - CH, - NZ), 79 (100); C9HI4NL (150.2): calcd C 71.96. H 0.39. 
H 18.65; found C 71.83 H 9.38. N 18.54. 
Pyrazoline 21: Colorlcss oil (180 mg, 23%);  1R (CCI,): \. = 3040 cm ~ ' 
(=C-H), 2960. 2920. 2900, 2880. 2860, 2840, 2800 (-C--H), 1650 (C=C). 
I560,1540(C=N), 1460,1435,1390, 1380[C(CH,),], 1365.1350,1335,1300, 
1280, 1260. 1220, 1210; ' H N M R  (400.1 MHz. CDCI,): 6 = 0.90 (s, 3H.  
3'-CH,),1.12(s,3H,3"-CH,),2.00(m,1H,4'-H,J,.,,.=16.5Hr),?.22(mc, 
1 H, 4"-H), 2.40 (dd. 1 H, 3a-H). 3.28 (dm. 1 H. 7"-H. J 7 , , 7 ,  = 15.5 HL), 4.00 
(dm, 1 H, T H ) ,  5.67 (m, 1 H, 5-H), 6.59 (s, 1 H. 2-H): " C  NMR (100.6 MHz, 
CDCI,): 6 =17.05 (q. CH,), 23.65 (4. CH,), 24.46 (t. C-4). 47.11 (s. C-3). 
51.98 (t, C-7), 69.81 (d, C-3a). 124.86 (d, C-5) ,  125.11 (d,  C-6), 152.90 (d. 
C-2); MS(70eV): m j z ( % )  =150(100, M + ) ,  135 (87. M t  ~ CII,), lox (13), 
97 (19, C,H,N:), 95 (51); C,H,,N, (150.2)- calcd C 71.96. H 9.39. N 18.65; 
found C 72.00, H 9.53, N 18.51. 


b) Analogous to a) but with 4.00mL (52.3 minol) TFA, 15 rnin. Kugelrohr 
distillation afforded 517 mg (66%) of 20 t 2 l  (40:60). 20: Colorlcss oil 
(190mg, 24%). 21: Colorless oil (290 mg, 37%). 


Azo compound 22 and pyrazoline 23: 
a)  To a solution of 2,' (1 .OO g, 3.03 mmol) and TFA ( I  .04 g. 9.09 mmol) in 
CHCJ, (IOmL, 2 philses) for 1 0 h  at RT. A mixture of 22 +23 (2:l by 
' H N M R )  was obtained by Kugelrohr distillation (30 'C, 0.01 Torr). Flash 
chroinatography (PE/EE, 9:1 for fraclion I ,  EE for fraction 2) yieldcd thc 
two isomers after another Kugelrohr distillation. 
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Azo compound 22: Colorless oil (100mg, 7 % ) ;  1K (CCI,): i = 3080cm-I 


1450. 1425 (N=N), 1390, 1380 [C(CH,),], 1370, 1290, 1280, 1260; UV 
(ti-hexane): ?.,,, ( I ~ E )  = 353 (153), 344 (sh. 97), 338 (sh. 8 6 ) ;  ' H N M R  
(400.1 MHz, CDCI,): 6 = 0.59 (sm 3H, 7-eso-CH3). 0.86 (dd. 1 H ,  5-HA . 


= I 4  Hz, JAx = 4.5 Hz, 0.88 (s. 3H, 7-entlo-CH3), 1.55 (s, 3H,  3-Cf1,). 
2.06 (ddd, 1 H, 5-H,, J,,,, = 3.3 Hz, J4,58 = 8.8 Hz), 2.48 (mc. I H. 4-H), 


(=C-H).  2980, 2960, 2920. 2870, 2x30 (-C H),  1640 (C=C),  1495, 1470, 


4.72 (d. 1 H, 6-H), 4.86 (ddd, 1 H, 9-11,, .JgA, OR = 1 Hz, J,, 9n = 2 Hz, 
J H , , ) 1 3 = 1 0 H ~ ) .  4.96 (ddd, I H ,  9 - H , ,  J4,,,=1.3Hz, J8,,,=17Hz). 5.22 
(dt, 1 H, 8-H): I3C NMR (100.6 MHz, CDCI,): 6 = 9.85 (9, CH,-3), 17.61 
(4. exo-CH3-7). 17.88 (q, endoo-CH,-7), 27.67 (t. C-5), 42.42 (s, C-3),  45.82 (d, 
C-4). 54.13 (s, C-7), 86.70 (d. C-6), 116.89 ( L ,  C-9). 137.48 (d, C-8): 
MS (70 eV): m / z ( ' % )  =164(1, M i ) ,  149(2, M ' - CH,), 136(2, M +  - N,), 
121 (71, M f  - N,. - CH,), 93 (100); CIoH,,N2 (164.3): calcd C 73.13, 
H 9.82. N 17.05; found C 72.61, H 9.66, N 17.37. The ' H N M R  spectra of 
22 contain some additional signals (e.g , second signal for the bridgehead 
CH, group). which can be attributed to ca. 10% o f a n  azo isomcrcontaining 
thc bridgehead methyl group and the vinyl group in a 1,3-position to each 
other. 
Pyrazoline 23: Colorless oil (50 mg, 3 % ) ;  IR (CCI,): i. = 3020 cm- '  
(=C-H), 2940. 2915, 2895, 2875, 2860, 2830 (-C-H), 1645, 1600 (C=N, 
C=C), 1460.1450,1430.1375,1360[C(CH,),], 1340,1325,1305,1240,1215; 
'H NMR (400.1 MHr, CDCI,): d = 0.85 (s, 3H,  CH,), 1.05 (s, 3H,  CH,), 
1.85 (s, 3H. 2-CH3).  1.97 (A, 1 H, 4-H,  J4.,,. = 16.3 Hz), 2.20 (B, 1 H, 4 - H ) ,  
2.36 (dd. I H ,  3a-H, J 3 a , 4 . . = 1 0 H ~ ,  J3, , , .=3.5Hz),  3.17 (A', I H ,  7'-H. 
J7.,,., =16 Hz), 3.93 (B'. 1 H, 7"-H). 5.72 ( A B " ,  2H,  5-,6-H, Js,6 = 9 Hz); 
',C NMR (100 6MH/ ,  CDCI,): 6 =11.72 (q, CH,), 16.24 (4. CH,), 22.92 


125.01 (d, C-51, 125.09 (d, C-61, 160.31 (s. C-2); MS (70eV): m/z (%) =I64 


calcd C 73.13. H 9.82, N 17.05; found C 72.90, H 10.02, N 17.31. 
h )  Analogous to a)  but with 3.12 g (27.2 mniol) of TFA and introduction o f  
7 a s  a gas for 3.5 h.  Mixture of 22 +23. 22 (60 mg. 6%)). 23 (960 mg, 62%). 


Azo compound 24 and pyrazolines 25 and 26: 
a )  Irimer I , , ,  TFA (0.40 mL, 5.20 mmol), isoprene (8) ( 1  -56 mL, 15.6 mmol). 
0 C to 20 C, 27d. Kugelrohr distillation of thc crude product yielded a 
mixture of 24 and 25 [I05 mg, 12%, ratio 89 : l l  by ' H N M R  (vide infra)]. 
b) Analogous to a) but with 1.20mL (15.6mmol) of TFA, 0-C, 15min. 
Mixture of 24 +25 +26 (36: 5 8 : h ) .  The small amount of 26 could he identi- 
lied by comparison with the 'HNMR signals of pure 26 (vide infra). Flash 
chromatography (PE 'EE. 4: 1) afforded 24 and 25 after Kugelrohr distilla- 
tion. 
Azo compound 24: (143 mg, 17'%t), colorless oil; 1R (CDCI,): F = 3095 cm- I 


1440 (N=N).  1305, 1275, 1245, 1210, 1150, 1125; IJV (hexane): i,,,, 
(lg c) = 348 nm (2.23), 339 (2.01); 'H NMR (400.1 MHz. CDCI,): 6 = 0.71 


7-entlo-CH3), 1.79 (brs. 3H, 1'-CH3), 1.91-1.98 (ddd, l H ,  5-H,, 
J413=13 .5H~,  .J5,,,=3.0Hz), 2.80-2.83 (mc, I H ,  4-H), 4.59 (brs, 1H.  
3-H), 4.68 (d. 1 H, 6-H), 4.69-4.71 (mc, 1 H. 2'-H, J2.,4 = 2.75 Hz), 4.85- 


CDCI,): 6 =19.01 (4. euo-CH,). 19.19 (9, l 'TH,) ,  22.92 (4. 7-endo-CH3), 


1 11.2 (t, C-2'). 142.7 (s. C-1'); MS (70 eV) :  m / i  (%) = 164.1 (0.9, M+), 149.1 


(q, CH3-2). 25.07 (t, C-4), 48.03 (s, C-3), 52.36 (t, C-7), 70.90 (d, C-h ) ,  


(92, M ' ) .  149 (100, M +  - CH,), 111 (17, C6H, ,Nl ) ;  C,,H,,N, (164.3): 


(=C-H), 3000, 2970, 2950, 2920, 2880 (C-H), 1650 (C=C) ,  1490, 1450, 


( 5 .  3H, ~-c~xo-CH,) ,  1.00-1.04 (dd, 1 H. 5-HA, JjA,, = 5.0 Hz). 1.04 (s, 3H,  


4.86 (dd, 1 H, 2'-H, .72.,4 = 2.5 Hz, JAR =1.0 Hz); 13C NMR (100.6 MHz. 


24.50 (t, C-5). 41.88 (d. C-4), 53.15 (s. C-7), 85.80 (d, C-6), 86.50 (d. C-3), 


(1.4. M i  -- CH,). 136.1 (0.9. M +  - N2),  121.1 (300, M +  - N, - CH,), 
105.1 (40.0), 93.1 (84.4), 80.2 (12.6, M' - CH3 - C,H,), 79.1 (64.8), 67.1 
( 3 1 3 ,  53.1 (28.3). 41.1 (62.0). 27.1 (29.7); C,,H,,N, (164.3): calcd C 73.13, 
H 9.82. N 17.06: found C 73.13, H 9.72, N 17.19. 
Pyrazoline 25 (257 mg. 30%) colorless oi l ;  I R  (CDCI,): i; = 3045 cm- '  
(=C-H) ,  2970, 2940, 2920. 2875, 2805 (C ~ H ) .  1575, 1565 (C=N), 1460, 
1450, 1380 [C(CH,),], 1365. 1300. 1280. 1215, 1110. 1060, 980, 840; UV 
(hexane): &,, (Igc) = 248 nm (3.64); ' H N M R  (400.1 MHr. CDCI,): 
d = 0.92(s. 3H,3-CH3). 1.13(s, 3H,3 -CH3) ,  1.72(s ,3H,  5-CH,). 1.82-1.87 
(d. 1 H, J4.4.. = 16.3 Hz). 2.17 2.25 (t. 1 H, 4-H), 2.39-2.43 (dd, 1 H, 3a-H, 
J,,.4. = 11.3 Hz,J,~,,. = 3.8 Hz), 3.17-3.24(dm, 1 H. 7-H. J ,  =15.0 Hz), 
3.92-3.96 (d,  1H.  7-H). 5.37 5.38 (brs. I H ,  6-H), 6.59 (s, I H, 2-H); 


(q.  3-CH,), 29-10 (t. C-4), 47.06 (s, C-3), 51.49 (t. C-7). 69.98 (d, C-3a), 118.9 
(<I,  C-6), 133.0 (s, C-S), 153.2 (d, C-2); MS (70eV): nz/z (%) =164.2 (75.4, 


"CNMR(100.6 MHL,CDCI,): b =17.00(q. 3-CH,),23.11 (q,-CH,),23.64 


1W-),l4~).1 (100 .M~-CH,) ,122 . l (83) .97 .1(44 .8 ,Cj I I ,N~) ,82 .1(124.  


C,H,Nl - CH,), 6X.1 (27, C,H;), 53.1 (18.2), 41.1 (33.3). 28.0 (17.2); 
CloH16NL (164.3): calcd C 73.13, H 9.82, N 17.06; found C 73.54. H 10.29. 
N 16.95. 


c )  Analogous to a) but with 2.40 mL (31.2 mmol) TFA, 0 "C, 105 min. Mix- 
ture of 24 and 25 (26 not determined) 576 mg, 67%. ratio 17:83). 


Azo compound 27 and pyrazolines 28 and 29: 
a )  Trimer 2,,, TFA (516 mg, 4.53 mmol), 8 (926mg, 13.6mmol). RT, 7d. 
Kugelrohr distillation of the crude product yielded a mixture of 27 + 28 + 29 
(225 ing, 2X%, ratio 28:34:38). Flash chromatography (PE/EE) 4: 1 and 
Kugelrohr distillation of the two fractions afforded colorless oils. 


Azo compound 27: (63 mg, 8 % ) ;  IR (CDCI,): 3 = 3080 cm ~ (=C-H),  2995, 


1375 [C H, def. symm., )C(CH,),], 1295, 1280, 1265, 1220. 1120, 1040,980; 
U V  (CH,CN): Amax (Igc) = 321 nm (sh, 1.42), 343 (sh, 2.00), 352 (2.11): 
' H N M R  (200.1 MHr, CDCI,): 6 = 0.59 (s, 3H, 7,,-CH,), 0.91 (s. 3H,  7cm- 


3H,  3-CH,), 1.99 (ddd, 1 H. 5,-H), 2.62 (dd, J4, jB = 9.5 Hz. J4, j A  = 5.5 Hr. 
1H,4 -H) ,4 .70 (d , J~ , , ,=3 .3Hz , lH ,6 -H) ,4 .74and4 .80(edchm.each lH .  
2'-H); ' ,C NMR (50.3 MHz, CDCI,): 6 =10.26 (9. 3-CH3). 18.26 (4. 
I'-CH3). 17.77 and 21.95 (each q, 7-CH,), 26.95 (t. C-5), 47.81 (d, C-4). 55.25 
(s, C-7), 86.48 (d, C-6), 89.85 (s, C-3). 114.98 ( t .  C-T) ,  143.00 (s, C-1'): 
MS (70eV): nijz (YO) =178 (13, M+), 163 (16. M -  - CH,). 150 


2970,2935,2880 (C H), 1630 (C=C),  1490,1470,1450 (N=N),  1395, 1380, 


CH,), 1.02 (dd. JSA, j" ~ 1 4 . 0  Hz, I H, 5,-H), 1.49 ( s ,  3H, I'KH,). 1.56 (s .  


(1, M +  - CH,), 150 (1. M +  - NJ,  135 (39, M +  - N z  - CH,), 109 
(17, 107 (60). 94 (9, M' - N, - CH, - C,H,). M' - N, - C,H,), 
93 ( 3 5 ) ,  67 (64), 53 (45),41 (100); C,,H,,N, (178.3): calcd C 74.11, H 10.18. 
N 15.71; found C 74.47, H 10.41, N 16.12. 


Pyrazolines 28 +29 (162 mg, 20%); IR (CDCI,): i = 3040 a n - '  (=C-H),  


1455, 1435, 1380, 1360 [C-H, def. symm.. )C(CH,),), 1310, 1200. 1180, 
1165, 1105, 1075, 1000, 975, 965; UV (CH,CN): ?",,,ax (lg 6 )  = 242 nm (3.67); 
MS (70eV): t w z  (%)=178 (72, M ' ) ,  163 (100, M +  -CH,). 148 (7. 


C,H:), 53 (121, 42 (41); Cl,H,,N2 (178.3): calcdC 74.11, H 10.18, N 15.71. 
found C 74.25; H 10.46, N 16.12. The NMR data of 28 were elucidated from 
the mixture of 28 +29 by subtracting the data for 29 (vide infra): ' H  N M R  
(400.1 MHz. CDCI,): 6 = 0.93 and 1.12 (each s, each 3H,  3-CH,). 1.75 (s, 
3H,  5-CH,), 1.82 (brd,  1 H, 4,-H), 1.88 (s. 3H,  2-CH,). 2.25 (mc. 


3a-H),3.14(m,IH,7,-H),3.91 (brd.J,B,,A =15.OHz,lH.7,-H),5.34(brs. 
1 H, 6-H); I3C NMR (50.3 MHz, CDCI,): 6 =11.92 and 16.37 (each q. 


51.96(t,C-7),71.18(d,C-3a),119.15(d,C-6),133.05(s,C-5), 160.78(s,C-2). 
b) Analogous to a) but with 1 .55 g (1 3.6 mmol) of TFA. 130 min. Mixture of 
the isomers 412mg (51 %), ratio 3:42:55. FC  yielded 27 (12mg. 1 Yo) and 
28 + 29 (400 mg, 50%). 
c )  Analogous to a) hut with 3.10 g (27.2 mmol) of TF'A, 80 min. Mixture of 
28 + 29 (206mg, 26%), ratio 53:47. 


2970,2940, 2920.2885,2800, 2740 (-C-H). 1665, 1600 (C=C, C=N), 1465, 


M f  -2CH3). 133 (6, M +  - 3CH3), 111 (56, C,H, ,Ni) ,  94 (13), 67 (26. 


~1~~,~~~18.0H~,lH,4,-H),2.41(dd,J3,,,H=11.5H~,J,,,,A=4.0H~,1H. 


3-CH3), 23.01 (q, 2-CH3), 23.17 (9, 5-CH,), 29.78 (t. C-4), 48.03 ( s .  C-3). 


Pyrazoline 30: Trimer l,r. TFA (1.20 mL, 15.6 mmol), 2,3-dimethylhutadi- 
ene-1.3 (9) (1.75 mL, 15.6 mmol), 0 " C ,  9 min. Kugelrohr distillation and FC 
(PE/EE, 4: 1) of the crude product yielded 30 as a colorless oil (459 nig, 50%): 
1R (CDCI,): i = 3050cm-' (=C-H), 2970, 2935, 2915, 2875, 2845, 2800 


1110, 1060, 840; UV (hexane): &ax (Ig E )  = 249 (3.68); 'H NMR (CDCI,): 
(C-H), 1570, 1460, 1385 [C(CH,),]. 1365. 1280, 1230, 1210. 1160, 1140, 


d = 0.89 ( s ,  3H, 3-CH3), 1.10 (s. 3H. 3-CH3) ,  1.58 (s. 3H. 6-Cf13) ,  1.63 (s. 
3H.  S-CH,), 1.80-1.84(d, 1H,4 -H,  J4..< =16.0H~).2.15-2.22(mc.  1H.  
4-H), 2.33-2.37 (dd, l H ,  3a-H, . J 3 a , 4 , = l l . 5 H ~ ,  J,,,,. =3.75Hz).  3.12 
3.17 (d, 1H.  7-H, J7.,,,.=14.5Hz), 3.76-3.80 (d, I H ,  7-H). 6.56 (s. 1H.  
2-H); "CNMR(100.6MHz.CDC1,):6 = I 6 5 1  (q.-CH,). 16.95(q.3-CH3). 
18.67(q.-CH,),23.59(q,3-CH3),29.99(t,C-4),47.19(s,C-3).56.35(t,C-7). 
70.17 (d,  C-31). 123.8 (s. C-6). 124.6(s. C-5) ,  153.1 (d, C-2):  MS (70 cV): tn.: 


1%) = f 78.2 (26.8, ,.M -1% 163.2 (43.3, M + - CH,), 110.2 (78.5). 107.1 (100). 
97.1 (23.8, CjHqNT),  92.1 (21.8), 82.2 (19.2, CsH9N: - CH,, C,H:,). 79.1 
(42.5), 67.1 ( 3 3 . 5 ) ,  56.1 (36.9), 41.1 (54.6), 28.0 (52.5); C , , H l H N 2  (178.3): 
calcd C 74.11, H 10.18, N 15.71; found C 74.37, H 10.10. N 15.68 


Pyrazoline 31: Trimer 2,,, TFA (1.55 g, 13.6 mmol), 9 (1.85 g. 22.5 mmol). 
0 ' C  (2 h). 20 'C (70 min). Purification of the crude product according to 30 
afforded 31 (620 mg, 71 YO) as a colorless oil; 1R (CDCI,): 3 = 2970 cm-'. 
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1.3-Diene Reactions 


2920,2870,2~00 (c-H), 1620, 1600 (c=N, C=CL 1460,14ss, 143s,i3xo, 
1360 [C-H def. symm., >C(CH,),], 1310, 1240, 1205, 1180, 1145, 1120, 
1100, 1070, 1025. 960; UV (CH,CN): i.,,, (1gEj =241 (3.63); ' H N M R  
(200.1 MHr, CDCI,): 6 = 0.81 and 1.00 (each s, each 3H,  3-CH,), 1.53 and 
1.58(eachs,each3H,5-,6-CH3j, 1.74(d, J,,,,,=16.0Hr, IH,4,-H), 1.76 
(s, 3H, 2-CH,), 2.17 (m, l H ,  4,-H), 2.28 (dd, J3,,, ,=3.0Hz, 
J,,,,,=Il.OHz, I H ,  3a-H), 3.02 (brd,  J,,,,,=lS.OHz, I H ,  7,-H), 3.69 
(brd,  1 H, 7,-H); I3C NMR (50.3 MHL, CDCI,): 6 =11.73, 16.08, 16.53, 
18.58 and 22.80 (each q, 2-,3-,5-,6-CH3), 30.53 (t, C-4), 48.00 (s, C-3). 56.70 
(t, C-7), 71.19 (d, C-3a), 123.75 and 124.49 (each s, C-5-,6), 160.74 (s, C-2); 
MS (70eV): ndz (%) =192 (49, M + ) ,  177 (100, M i  - CH,). 162 (9, 
M +  - 2CH,), 147 (9, M +  - 3CH,), 111 (62, C,H,,NZ), 82 (15, C6HTfJ, 
67 (25, C6H:, - CH,), 55 ( l l ) ,  41 (34); CI2Hz0N, (192.3): calcd C 74.95, 
H 10.48, N 14.75; found C 75.24, H 10.76, N 14.92. 


Reactions in Scheme 4 :  The general procedure was the same as for Scheme 3. 


Azo compound 32 and hydropyridazine endo-33: TFA (0.45 mL, 5.84 mmol) 
was added slowly to a solution of 3,, (500mg, 2.03mmol) and 4 (5mL, 
60 mmol) in CHCI, (2 mL) at  -5°C. Work-up after 1 h. Kugelrohr distilla- 
tion (4OoC/0.0S Torr) yielded a mixture of 32 and endo-33 (496mg, 86%, 
ratio 81 :lY). Separation by FC [PE/EE, 2:3 +triethylamine ( 3 % ) ] .  


Azo compound 3 2 : [ l L b 1  After sublimation (40 "C, 0.5 Torr) colorless crystals, 
m.p. 46-47 'C (46-47 cC,'8b1 379 mg, 64%"); 'HNMR (400.1 MHz, CDC1,): 
6 =1 .11  1.24 (m. 2H,  8-,9-H), 1.46-1.56 (mc, 2H,  8-,9-H), 2.17-2.23 (m, 
1 H, 7-H), 2.39-2.52 (m, 2H,  7-,7a-H), 2.89-2.94 (m, 1 H, 4a-11, 
J4a,7r =13.0Hz), 5.23-5.25(m,2H, 1-,4-H),5.45(~,2H,5-,6-H);"CNMR 
(100.6 MHz, CDCI,): 6 = 20.25 (t) and 20.46 (t, C-8,-9), 37.48 (d, C-7a), 
37.75 (t, C-7), 49.45 (d, C-4a), 64.50 (d, C-I), 66.72 (d, C-4), 130.1 and 130.8 
(d,  C-5,-6). Hydropyridazine endo-33: Colorless oil (89 mg, 15%); 1R CD- 
'21,): i = 3050 cm-' (=C-H), 2970, 2930, 2880, 2820 (C--H), 1575 (C=N), 


1070, 1030, 1020, 1000, 960, 950, 830; UV (hexane): I,,, (Ig c) = 244 nm 
(3.75); 'H NMR (400.1 MHL, CDC1,): 6 = 0.52-0.62 (mc, 1 H, 4,-H, 
J4n,4r = 12.5 Hz, .14n, 4a = 12.5 Hz, J,,,, j, = 12.5 Hz, Jan, ,;% = 4.0 Hzj, 1.45- 
1.48 (A, 1 H, 10-HA, JAB = 8.75 Hz), 1.67-1.73 (m, 2H,  4,-H and B, 10-Ha), 
1.81 -1.90 (m, 1 H ;  3,-H), 1.98~-2.05 (m. 1 H, 3,-H), 3.09 (brs, 1 H, 5-H), 
3.57-3.62 (ddd, 1 H, 4a-H, Jbs,s = 5.9 Hz. J4a. = 2.5 Hz), 4.34 (brs, 1 H ,  
8-H), 6.07-6.10 (in, 1 H, 6-,7-H), 6.26-6.28 (mc, 1 H, 6-,7-H), 6.64-6.66 
(mc, 1 H, 2-H); I3C NMR (100.6 MHz, CDCI,): 6 ~ 1 8 . 0 0  (t, C-4), 22.58 (t, 


C-6,-7), 136.1 (d, C-6,-7), 138.7 (d, C-2); MS (70 eV): m/z  (%) = 148.3 (18.3, 
M ' ) ,  105.2 (11.8), 93.1 (49.3), 83.3 (100, C,H,N:), 79.3 (25.6), 66.1 (70.0, 
C,H,f), 56.1 (12.8), 51.1 ( I O . l ) ?  39.2 (30.8), 28.1 (17.9); C,H,,N, (148.2): 
calcd C 72.94, H 8.16, N 18.90; found C 73.20, H 8.33, N 19.23. 


1430, 1415 (C-H), 1350, 1320, 1300, 1270, 1250, 1215, 1190, 1175, 1080, 


C-3), 45.70 (t, C-10) 47.37 (d, C-5) ,  59.60 (d, C-4a). 67.27 (d, C-Xj, 133.1 (d. 


Azo compound 34 and hydropyridazine endo-35: TFA (4.20 mL, 54.6 mmolj 
was slowly added to a solution of 3,, (1.50 g, 6.09 mmol) and 5 (4.20 mL. 
54.6 mmol) in CHCI, (7 mLj a t  - 5 "C. After being stirred for 2.3 h the 
reddish mixture remained biphasic. The crude product (2.76 mg of a brown- 
ish oil) was dissolved in EE and filtered through a pad of silica gel. After 
removal of the solvent and Kugelrohr distillation (40 "C, 0.05 Torr) a 1 : 1 
mixture of 34 and (wdo-35 (762 mg, 26 Yo) was obtained. F C  (EE) yielded two 
fractions . 


Azo compound 34:  After sublimation (40 "C/O.OS Torr) colorless crystals 
(355 mg, 12%),m.p.66-68"C;1R(CDC13): V = 3020cm-',(=C-H),2955, 


1525. 1335,1310,1265, 1190. 1160, 1080; UV (hexane): I.,,, (lgs) = 382nm 


(m, 3H)  and 1.57-1.79 (m. 5H,  7-,8-,9-,10-H), 2.19-2.26 (m, l H ,  8a-H), 
2.39-2.42 (m, I H ,  4a-H, J,a,8a=10.5Hz), 5.13 (s, 1H.  1-H), 5.17 (s, l H ,  
4-H), 5.60-5.63 (m, 1 H, 5-H), 5.71-5.76 (m, l H ,  6-H); NMR 
(100.6 MHz, CDCI,): 6 = 21.11 (t) and 21.52 (t, C-9,-10), 22.62 (t, C-8). 


127.9 (d)and 129.0(d,C-5,-6);MS(70eV):m/z(%) =162.3(5.9, M + ) ,  134.3 


2930,2900,2865,2840 (C-H), 1650 (C=C),  1460,1450,1440 (N=N, C-H), 


(2.03), 372 (1.82), 345 (1.23); 'HNMR (400.1 MHz, CDCI,): 6 =1.21--1.33 


25.44 (t, C-7), 36.39 (d, C-8a), 37.29 (d, C-4a), 66.50 (d, C-1), 68.49 (d, C-4), 


(7.8. M +  - N 2 ) ,  119.3 (21.2), 105.1 (24.8), 91.2 (loo), 79.3 (44.3, 
M'NZ - C,H,,C,H:), 65.2(11.3), 53.1 (8.1),41.l (16.9), 39.1 (l9.1),28.1 
(14.3); C,,H,,N, (162.2): calcd C 74.03, H 8.70, N 17.27; found C 73.97, H 
8.75, N 17.09. 


Hydropyridazine endo-35: After Kugelrohr distillation (40 "C ,  0.05 Torr) col- 
orless oil (352 mg, 12%); IR (CDCI,): 3 = 3050 cm -' (=C-Hj, 2945, 2900, 


1588.- 1599 - 


Cl2em Eur J 1997,3, No 10 (( J WILEY-VCl1 Verlag GmbH, D-69451 Weinheim, 1997 0947-6519/97/0310-1597 $17 S O +  5010 1597 


2870, 2840 (C-H), 1600 (C=N), 1460, 1450, 1435 (C-H),  1370. 1325. 
1270, 1180, 1130, 1100, 1070, 1050, 1000. 860. 835; UV (hcxane): 
I.,,, (lg c) = 250 nm (3.79): ' H N M R  (400.1 MHz. CDCI,): = 0.79-0.90 
(mc, I H ,  4,,-H. J4,,,,=12.0Hz, J4, , , ,=l2.0Hz,  J4,,,,,,=12.0Hz. 
J,.,," = 4.8 Hz), 1.17-1.33 (m, 2 H ,  lO-,ll-H), 1.40 1.46 (mc. 1 H, 4,-H). 
1.51-1.58(mc, l H ,  11-Hj, 1.81-1.96(m,2H, 3,-,3,-o.1O-H), 1.99-2.06(m. 
1 H ,  3,-0,10-H), 2.50-2.52 (m, 1 H, 5-H), 3.31-3.35 (dd. 1 H, 4a-H, 
J,, , ,=5.3Hr),3.93-3.96(m,1H,8-H),6.10-6.13(nic,6-.7-H),6.27~6.30 
(m, 1 H, 6-,7-H), 6.42-6.43 (m, 1 H,  2-H); I3C NMR (100.6 MHz. CDCI,): 
6 =19.51 (t. C-4), 22.80 (t, C-3), 23.06 (t. C-lo), 25.56 (t, C-11). 36.44 (d, 
C-S) ,  56.17(d,C-4a),60.92(d,C-8), 130.8(d,C-6,-7). 133.7(d.C-6.-7), 134.8 
(d. C-2); MS (70 cV): m/z (YO) =162.1 (23.4, M '), 133.1 (66, M +  - C2H,), 
82.9 (100, C,H,Nl), 80.0 (19.6, C,H:), 55.9 (11.9). 38.9 (10.4). 27.9 (13.1): 
CIoH,,N, (162.2): calcd C 74.03, H 8.70, N 17.27; found C 73.78, I 1  8.57. 
N 17.43. 


Azo compounds cndo/cxo-36: Compound 7 (4.57 g) was condensed into a 
solution of 3,, (1 .SO g, 6.09 mmol) in CHCI, (7 mL) at  - 10 C. After slow 
addition of TFA (4.23 mL, 54.9 mmol) the yellow mixture (two phases) was 
stirred for 2.5 h, after which more 7 was slowly bubbled into thc reaction 
mixture. FC  (PE/EE, 4: 1)  yielded endo/~uo-36 ( 3 :  1, 227 mg, 9 "A j as a color- 
less oil. Further fractions (247 nig) could not be idcntified. endo/exo-36: 
IR (CDCI,): i; = 3160cm-', 3090 (=C-H), 2975, 2880 (C-H). 1640. 1600. 
1525, 1465, 1450 (N=N, C-H),  1420. 13x5. 1380, 1325, 1215, 1170. 1095, 
995; UV (hexanej: A,,, (lgcj = 377nm (2.11). 367 (1.84), 3.42 (1.22); MS 
(70 eV): tnjr (YO) ~ 1 3 6 . 3  (9.2, M ' ) ,  108.2 (1.3, M +  - N,). 93.1 (39 4). 79.2 
(75.4), 67.1 (loo), 54.2 (51.5),41.l (61.1),28.0(16.9); C,H,,N, (136.2):calcd 
C 70.55, H 8.88, N 20.57; found C 70.73, H 9.03, N 20.96. 


endo-36: 'H NMR (400.1 MHL. CDCI,): 6 =1.08-1.17 (m, 1 H, 7-H), 1.21 
1.30 (m, 1 H, 7-,8-H), 1.33-1.38 (dd, I H .  S,-H. J s n , 5 x  = 13.75 HL, 


J,.,, = 6.5Hz),1.46-1.57(m,2H,7-,8-H),1.71-1.79(mc, I H,S,-H),2.01-- 
2.07 (mc, 1 H, 4-Hj, 4.95-4.97 (mc, l H ,  6-H), 5.10~ 5.15 (m, 3-H. 2'-HA,), 
5.67-5.76 (ddd, I H ,  1'-H, J I . , , . ,=17 .0H~,  J I . , , . , = 1 0 . 5 H ~ ,  J, . , ,= 
7.0 Hz); I3C NMR (100.6 MHz, CDCI,): 6 =15.34 ( t .  C-7). 21.50 (t. C-X), 
26.01 (t. C-S), 34.69 (d, C-4), 61.02 (d, C-6), 65.60 (d,  C-3) ,  116.2 (t, C-2'), 
138.0 (d, C-1'). 
exo-36: ' H N M R  (400.1 MHz, CDCI,): 6 =1.13-1.21 (m. 1 H. 7-H), 1.31- 
1.34(m,2H,7-,8-H), 1.60-1.67(m,2H, 5,-,8-H), 1.88-1.94(ddd, lH,S,-H. 
J,,,,,=13.75Hz, J5,,,=10.75Hz,J,,, ,=1.75Hz),2.5l-2.57(mc, I H , 4 -  


5.18-5.20 (m, 2H, 3-,6-H), 5.43-5.52 (ddd, l H ,  l'-H, J1, , . ,=17.0Hr,  
H), 4.92-4.95 (dt, I H .  2'-H,), 4.98-5.03 (dt, l H ,  2'-HA, JAR =l.OHz),  


J',, , , ,  =10.25 HZ,J,.,,= 8 . 0 H ~ ;  I3CNMR(100.6 MHz,CDCI,):b ~ 1 9 . 7 8  
(t, C-7), 21.35 (1, C-8), 28.25 (t, C-5), 39.72 (d, C-4), 61.33 (d, C-6). 65.76 (d, 
C-3), 114.1 (t. C-2'), 140.4 (d, (2-1'). 


Azo compounds 37-39 and hydropyridazine 40:  Cooled TFA (4.23 mL, 
54.9 mmol) was slowly added at -5  "C to a solution of 2,, ( I  .SO g, 6.09 mL)  
and isoprene (8. 4.23 mL, 54.9 mmol) in CHCI, (8 mL). After 3 h a red oil 
(2.79 g) was isolated, dissolved in ethyl acetate and filtered through a pad of 
silica gel (1.03 gj. FC  (EE) yielded two fractions. Fraction A:  Kugelrohr 
distillation (30 " C ,  0.05 Torr) yielded a colorless oil of 37,38 ,  and 39 ( I  69 mg, 
6%). After FC (PEIEE, 8:2 + 2 %  NEt,), fraction Al  : Kugelrohr distillation 
yielded 37, fraction A2 a 4: 1 mixture of 38 and 39. Fraction B:  Kugelrohr 
distillation (30'C, 0.05 Torrj furnished 40 (568 mg, 21 %); 37 +38 + 39: 
UV (hexanej: A,,, (lgc) = 380nm (2.13). 370 (1.87), 343 (1.21); MS 
(70eV): m/z (%) =150.2 (5.2, M ' ) ,  122.1 (3.6. M +  - Nz) ,  107.1 (23.2. 


53.2 (44.3), 41.1 (42.2), 27.1 (27.0); C,H,,Nz (150.2): calcd C 71.96. H 9.39, 
N 18.65; found C 72.07, H 9.24, N 19.36. 


M +  - N, - CH,), 93.1 (36.0), 79.1 (100, M +  - N, - C,H,), 68.1 (78.3). 


Azocompound37: lR(CDC1,): 3 = 3090cm-'(=C-H), 2975, 2880 (C-H). 
1635 (C=C), 1525,1460,1450,1415 (N=N, C-H), 1375 (-CH,). 1315. 1160. 
1000; 'H NMR (400.1 MHz, CDCI,): 6 = 0.84 (s, 3H,  -Cff,), 0.97-1.06 
(mc, I H ,  7-H), 1.06-1.11 (ddd, 1H.  5,-H. J,,,,,=13.75Hz). 1.14-1.23 
(mc,lH,7-,8-H),1.36-1.44(mc,IH,7-,8-H),1.70- 1.7Y(m.2H.Sn-.X-H). 
4.80-4.82 (dd, I H ,  3-H), 5.04-5.08 (d, 1 H, 2'-H,, JAB = 0.75 Hz. 
J ~ . , , I . = I ~ . S H Z ) ,  5.04-5.07 (dd, I H ,  2'-HA, JZi\ ,]  =10.5Hz), 5.13 5.16 
(mc, 1 H, 6-H), 5.72-5.79 (dd, 1 H ,  1'-H); l3C NMR (100.6 MHz. CDCI,): 
f j  =17.31 (t, c-7), 19.61 (t. c-8). 27.74 (q. -cH,), 33.17 (t. c-5). 38.20 (s. 
C-4), 62.68 (d, C-6), 70.48 (d, C-3), 112.6 (t, C-2'). 144.5 (d. C-1'). 


Azo compound 38.1R (CDCI,) i = 3090 cm ' (=C--H), 2970 (C-H), 1640 
(C=C) ,  1525, 1470, 1445, 1415 (C-H, N=N).  1374 (-CH,), 1315, 1160, 







FULL PAPER- 


1000: ' H N M R  (400.1 MHL, CDCI,): ij =1.07-1.14 (ni, 1H,  7-H), 1.14 (>, 


3H,  -CH,), 1.25-2.34 (m. 2H.  5<,-~ 7- or 8-H, J5 , ,5x  =13.5 Hz), 1.46- 1.56 
(111, 2H.  5,-,7-or 8-H). 1.81 -1.89 (in. 1 H, 8-H); 8.45 4.88 (dd, 1 H, 2'-HA. 
JhH = 0.75 Hr. =10.5 Hz). 4.92 4.93 (dd, I H ,  3-H), 4.90 4.95 (d, 
1H.2 ' -H , . J , . , , , .=17 .5H7) .5 .13 -5 .16 (n ic , lH .6 -H) ,5 .51~5 .58(dd ,1H,  
I'-H): I3C NMR (100.6 MHz, CDCI,): 8 ~ 1 7 . 0 2  (t. C-7), 19.95 (t. C-8). 
15.98 (4. -CH,), 35.20 (t, C-5) ,  37.54 (S, C-4). 62.29 (d. C-6), 69.93 (d, C-3) ,  
I1 1.5 (t. C-2'). 145.6 (d. C-1'). 
Azo compound 39: ' H N M R  (400.1 MH7. CDCI,): 6 = 2.46--2.50 (dd. 1 H. 
4-H. J4,,,=10.75H7, J , ,5x=7.0Hz),  4.66-4.67 (m. 1 H ,  6-H). 4.75-4.76 
(brs. 1 H,  3-H). 5.18 (hrs,  2H.  2'-H); the residual signals are obscured. 
Hydropyridazine 40: UV (hexane): A,,, ( l g ~ )  = 246 nm (3.63): IR (CDCI,): 
? = 3010 cin (=C-H),  2960, 2920, 2860, 2820, 2800 (C~-H) ,  1620 (C=N).  


1025.070: I l lNMK (400.1 MH7,CDCI,):5 =1.65(s, 3H.-CFI,). 1.65-1 74 
(m, 1 H, 4,-H). 1.88-2.25 (m, 5H,4,- ,  3-, 5-H). 2.63-2.70 (mc. 1 H, 4a-H). 
3.22 3.29(mc,1H.8-H),3.80-3.85(d,1H,8-H.J , . , , . .=16.3) ,5 .37(s , l l~l ,  
7-H), 6.81 6.82 (m. 1 H, 2-H): ' C  NMR (100.6 MHz, CDCI,): 6 = 22.53 


54.22 (t, C-8). 118.9 (d, C-7). 131.4 (s, C - 6 ) ,  140.2 (d. C-2); MS (70eV): 


C',H,N;). 68.1 (20.7, C,H;). 53.0 (11.8. C , H l  - CH,), 40.9 (18.3), 28.0 
(11.8); C,H,,N, (150.2): ciilcd C 71.96, H 9.39. N 18.65; found C: 71.61. 
H 9.30. N 18.3X. 


1450, 1430 (c-~H). 1380 (-cH,), 1355, 1340. 1225, 1210, 1175. 1110, 1070, 


(4. -CH,). 23.11 (t, C-4), 25.92 (t, C-3), 37.17 (t, C-5).  51.76 (d. C-4a), 


/ T i ' = ( % )  =150.2(56.l, A { + ) -  135.2(100,M' CH,), 94.0(12.9). 83.0(21.7, 


Azo compounds 41 and 42, hydropyridazine 43: As for 37 -40, 3,, (I .50 g, 
6.09 mmol), 9 (3.75 mL, 31.8 mniol), and TFA (4.23 mL, 54.9 mmol) were 
allowcd to rcact in C'HCI, (7 niL) for- 3 h at - 5 'C. From the browii residue 
(3.60 g) a crude product was isolated (1.65 g). FC (EE) afforded four frac- 
tions which were purified b y  Kugelrohr distillation (30 "C. 0.05 Torr). Frac-- 
tion 1 : Polymeric material (residue). Fraction 2: colorlcss oil of 41 + 42 
(76 mg). FC (PEiEE, 8:2 +2NEt,,) yielded. after sublimation (30"C, 
O.05Torr), 41 (40mg),m.p.  44--45"C.and42(18mg),  m.p. 38-39'C Frac- 
ti011 3: 41/42 +43(7:3,  14mg) .  Fraction 4:  colorlessoil of43(902 ing,29%). 


ALO compounds 41 + 42: UV (hexane): ?.mdx (Ig c )  = 380 nm (2.17), 370 
(1.88). 342 (1.23). MS (70eV): m z  (%)=164.0 (4.8, M + ) ,  1300 (2.9. 
h -  - N Z ) ,  121.0 (27.2. M -  - N 2  P C H , ) ,  107.1 (27.1), 95.0 (43.1, 
.M - N, - c,H,), 92.9 (8o.n), 79.1  XI.^), 67.0 (100). 55.1 (48.51, 41.0 
(65.X), 2X.O (34.7); C,,H,,,NL (164.3): calcd C 73.13. H 9.82. N 17.05, found 
C 73.03, H 9.55. N 17 55; 41: IR (CDCI,): i = 3080cm ~1 ( = C - H ) .  2960, 
2940, 2870 (C-11). 1640 (C=C), 1530, 1455. 1450 (N=N,  C- H) ,  1375 
(-CH,). 1215, 1170. 1140, 1105; IH NMK (400.1 MHz, CDCI,): 5 = 0.89 (s. 
3 H ,  4-CH,), 1.01-1.21 (m, 3H. 5,-.7-.8-H). 1.38-1.45 (mc; I H ,  7-,8-H). 
1.62-1.70 (nic. 1 H, X-H), 1.79- 1.X0 (bra, 3H,  I'-CH,). 1 . 9 9 ~  2.03 (dd, 1 H, 
5,;H. J,,,s, = 13.8 Hz), 4.86 (s, 1 H, 2'-H), 4.89 -4.90 (brs, 1H:  2'-H, 
.IA1, = 0.75 5.17-5.20 (m. 2H,  3-,6-H): ',C NMR (100.6 MHz, CDCI,): 
6-17.01 (t ,C-7),20.03(t  +q,C-8,4-CH,).28.04(q,l'-('H,),32.62(t,C-5), 
41.46 (s. C-4). 63 OX (d,  C-6), 68 29 (d,  C - 3 ) ,  110.9 (t. C-2'1, 149.1 (s. C-1'); 
42. IR (CDCI,): i. = 3100cm H). 2980, 2935. 2880 (C-H), 1635 
(C=C) .  1530. 1460, 1435 (N=N.  C - H ) ,  1380, 1375 (-CH,), 1320, 1165. 


(=C 


1130; ' H N M R  (400.1 MHz, CDCI,): 6 =].OX-1.17 (in, I H ,  7-H). 117 (s. 
.3H, 4-CH,). 1.29 1.36 (m, 2H, 5,-.7- or 8-H. J,,,,, =11.5), 1.50- 1 60 (m. 
'H, jX-.7- 01- 8-H), 1.70 (brs. 3H. l'-CH,), 1.83-1.90 (mc, 1 H, H-H), 4.72- 
4.73(brs.lH.?'-H.J,,=0.75H7),4.1)5(s.lH.~-H),5.11 5.13(mc.1H. 


C - 7 ) ~  19.98 (4, 4-CH,), 20.1 1 ( t ,  C-X), 26.87 (4, l'-CH,)? 34.63 (t. C-5). 40.51 
( s ,  C-4), 62.32 (d. C-6), 67.75 (d. C - 3 ) ,  110.9 (t. C-2'). 149.5 (s, C-1') 


h-H).5.21-5.22(dd, 1H,3-H): ' 3 C N M R ( 1 0 0 . 6 M H ~ ,  CDCI,):6 =17.19(t. 


Hydropyridazine 43: UV (hexane): i,,, (Ig i : )  = 245 nm (3.63); IR (CDCI,): 
i. = 3010cm- '  (=C'-H). 2980, 2910. 2870, 2850, 2820, 2790 (C-H), 1620 
( C = N ) .  1450.1430 (c-HI. 1380 (-cH,), 1 3 4 0 , 1 ~ 3 ~ , 1 2 4 ~ , 1 2 2 0 , 1 2 1 0 , 1 1 4 s ,  
1 1  10. 1070. 1025. 975; 'H NMR (400.1 MHz, CDCI,): (S = 1.57 (s, 6H, 
-CN,) ,  1.57-1.68 (mc. 1 H, Jn-H). 1.83-1.93 (m. 2H,  4,-,S-H). 1.99-2.22 
(in. 3H.  3-.5-H), 2.58-1.65 (mc, 1 H, 41-H). 3.15-3.20 (inc. 1 H,  8-H). 


(100.6 MHI, CDCI.,): d -16.04 (4) and 17.80 (q.  6-.7-C'H3), 23.06 ( t .  C-4). 
25.66 (t. C-31, 38.36 ( t .  C-5) .  52.15 (d,  C'-4a). 58.98 (t, C-8) .  123.2 (s) and 
123.6 (s, C-6-71, 140.1 id, C-2); MS (70eV): M/I (%) ~ 1 6 4 . 1  (45.1. M ' j ?  


-3.62 3.66(d,1H.8-H,J~,~,.=16.0H~),6.77-6.79(11i,11I,2-1I), "CNMR 


149.1 (100, ,M' . C:H3).X3.1 (19.3,C4H,N;),82.0(Y.0,(~,H~,,),67.1 (16.3. 
Cc,HTo CH,). 52.9 (7 3, C6HT0 - LCH,), 40.9 (17.l), 28.0 (10.0); 
C,,,H,,N2 (164.3): calcd C 73.13. H 9.82, N 17.06; found C 72.X2. H 9.74, 
N 16.91. 
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Dinieric 4H,5,6-dihydro-1,2-diazepine (4Jdj): A solution of gluiaric dislde- 
hyde (46,20.0 g, 25% in watcr) and water (20 mL) were cooled In an ice hath 
before hydrazine hydrate (loo%, 2.51 g, 50.0 mmol) was slowly added. After 
5 min a precipilate s larkd l o  deposit. which was filtered off after 30 min. 
After sublimation (120 'C'0.05 Torr) of the crude product ( 5  11 g) 44,, 
(980 nig, 20%) was obtained as  a colorless, sparingly soluble powder with 
m.p. 119--122 C ;  IR (KBr): i = 3360cm-', 3240 (N-H). 3150, 3060, 3040 
(=C-H), 2990, 2950, 2910, 2890, 2850 (C H), 1635 (C=N).  1395. 1365. 
1340, 1325, 1200, 1270, 1210, 1200, 1180. 1080, 1050, 1010,960, 940, 890. 870. 
780. 760, 715, 620; ' H N M K  (250 MH7. [DJDMSO): 6 =1.20-2.20 (m, 
IOH), 3.80 (m. I H ) ,  4.45 (m, 1 H) and 5.75-5.90 (m, 2 H ) .  The remaining 
signals are disguised by those of the solvent; MS (70 eV): m,: (04)  = I92 (97. 
MT), 135(12), 122(75) ,95(88,C,H,N~),82(100) ,68(39) ,54(86~.4I  (38); 
C,,H,,N, (192.3): calcd C 62.47. H 8.39, N 29.14; found C 62.64. H 8.58. 
N 29.55. 


Adduct endu-endu-45: TFA ( X 8 X  mg, 7.79 mmol) was added over 15 niin to a 
suspension of 44,, in CHCI, (3 mL) and Cp  (4, 1.72 g, 26.1 mmol).  The clear 
yellow mass was worked up over 10 min as described for Scheme 3. The crude 
product (541 m g )  was dissolved in EE and filtered through a pad of silica gcl. 
The product was eluted with methanol and sublimed (90 -C 0.01 Torr). af- 
fording end(]-mtlo-45 (128 mg, 2 2 % )  as colorless crystals. 1n.p. 103-105 C 
1R (KBr) :  i = 3045 cm- '  (=C-H),  2920, 2890, 2870. 2840 (C--H),  1610 
(C=C), 1440, 1370, 1355, 3300, 1265, 1225, 1130, 1120, 1100. 1055. 1045. 
1020, 970, 860, 850, 830, 795. 780, 715. 695 (CH=CH, def.). 665. 640: 
1HNMR(200.1MHz,CDCI,):6=0.95-1.22(m,2H),1.32 1.96(m,7H).  
2.05 2.24 (m, 211), 2.37 (in, 1 H), 2.67 (ddd. J = 9.0 and 2.0 HL. I H). and 
2.80 (brdd, J =  9.0 and 5.0 Hz. I H ,  7-,8-,9-,10-.11-.12-.13-.16-.17-H), 4.26 
(brd,  J = Y.O Hz: 1 H)  and 4.50 (din, J = 8.5 Hz, 1 H. 1-,4-H). 5.37 (m. 2H) .  
5.50 (in. 1 H) and 5.58 (m. 1 H. 5-,6-.14-,15-H); 13C NMR (50.3 MHr,  CD- 
CIA): 6 = 20.66. 24.15, 27.31 (t.C-9,-10,-11), 33.40, 35.52(t. C-l6,-17).41.52. 
48.50 (d,  C-7,-13), 64.48, 65.02 (d, C-I;4). 71.24, 73.19 (d, C-8.-12). 128.66. 
129.37, 132.68. 133.57 (d, C-5.-6,-14,-15); MS (70eV): n? z ( O h )  = 228 (14. 


77 (17). 66 (19, C ,HI ) ,  55 (16). 41 (18). 39 (18), 32 (IS): C l iH2nNZ (228.3): 
calcd C 78.90, H 8.83. N 12.27; found C 78.46, H 8.87. N 12.49. 


A { + ) ,  162 (loo, M +  - c,H,). 121 (99),95 (10. c,H,N:). 91 (14). xn  (16). 


Rearrangements in Scheme 6:  All physical data of  thc products agreed with 
those already described in this paper or i n  the Iitcraturc. 


a) Thermal rearrangements: 


Reuction er7cio-lf +/#: endo-I 1 (50mg, 0.31 mmo!) was heated for 3 h in  the 
presence of some potassium carbonate (to prcvcnt acid catalysis) to 70 C 
(TLC monitoring). Kugelrohr distillation (30 C 0 . 0 1  Torr) yielded 10 
(45 mg, 90%). Distillation of 10 (90 0 1  Torr) caused decomposition to l,, 
and cyclopentadiene. Evo-I1 stayed unchanged under the same conditions. 
E n & - 1 3 + f 2 :  In a closed vessel end-13 (100 mg, 0.57 mmol) was heated to 
70 C. After 15 h the educt was completcly transformed into 12 (TLC nioni- 
toring). Sublimation (30'C/0.01 Torr) yielded 12 (95 mg. 95%):  IR (CCI,): 
i = 30sncln- ' ,  2980, 2955. 2900, 2860. 2840 (-c H) .  1620 (c=c). 1495. 
1470. 1445 (N=N),  1395 [C(CH,),]. 1380. 1370. 1350, 1300, 1290. 1270: UV 
(mhexane): i,,,, (11: i:) = 360 nm (221), 350 (sh, 95). 345 (sh. Xl ) .  327 (sh. 21): 
'H NMR (400.1 MHz, CDCI,): 8 = 0.55 (s, 3H,  8-e.uo-CH3). 0.90 (s. 3H.  
8-endo-CH,), 1.63 (s. 4-CH,), 2.18 (m, 2 H ,  7-H), 2.89 (m, 113. 7a-H). 3.10 
(in.1H.4a-H),4.86(d,1H.l-H,Jl,..=3.5Hz),5.42(ni,1H.6-H).5.58(~n. 


e.uo-CH,-X), 17.95 (4: endo-CH,-8). 31.87 (t. C-7) .  38.91 (d. C-7a) ,  56.98 (s. 
C-8). 57.10 (d, C-I). 88.26 (s, C-4), 88.68 (d. C-4a), 126.92 (d. C-6). 133.00 
(d, C-5); MS (70 eV): n7!5 (%) = 176 (6, M i ) .  148 (4. iM- - N J ,  133 (14. 


tl 9.15, N 15.89, found C 74.34; H 8.75, N 15.88. 


1H.  5-H); I3C NMR (100.6 MHz, CDC1,): 6 =11.46 (q. CH,-4), 17.67 (q. 


A-I' - N,, -CH,), 111 (100, M +  - Cp); C, ,H, ,N,  (176.3): Calcd C 74.96. 


b) Acid-catalyzed rearrangements: In the following 'H experiments 1.4-d- 
hromobciircne was used a s  internal staiidard wherever possible. 
Rctictio/7 ~ w t / o - I l  +///: 'H NMR monitoring of a solution of mdo-11 
(150 mg, 0.92 mmol) i n  CDCI, (0.50 inL) and CF,C02H (10 mg. 
0.090 mmol) demonstrated clean conversion of endo-1 I to 10 that IS yuanrtta- 
tivc after 20 min at ca. 20°C. 
Rructron I0 +endo-If CF,CO,H (0 23 mL. 3 00 mmol) wab added to 'i solu- 
tion of 10 (162 ing. 1 00 inmol) in CHCI, (4 00 mL) An ' H N M R  spectium 
taken immediately showed only the signals of endo-11 H'. The mixture was 
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added to an ice-cold solution or K,CO, (satd). The organic phase was sepa- 
rated off and the water phase extracted twice with CHCI,. Thc CHCI, 
solution was dried (K,CO,), the solvent evaporated and the residue 
subliined (30W0.01  Torr). Colorless crystals of endo-ll  (480 mg, 96%).  
m.p. 33-34-C. 


Reucficm 14 +undo-I5: 'H N M R  monltoring of 14 (20 mg. 0.11 mmol) in 
CDCI, (0.30 mL) and CF,CO,H (0.04 mL, 0.55 mmol) revealed a smooth 
rearrangement to endo-I5H+,  which was complctc after 35 min 
Reucrion 16 +end0-17: 'H NMR monitoring of thc reaction of 16 (22 mg, 
0.12 mmol) in  CDCI, (0.30 inL) and CF,CO,H (0.05 mL, 0.60 mmol) at ca. 
20 'C indicated a smooth transformation of 16 into endo- I7H+,  which was 
coinplete after 90 rnin 
Reaction 20 + 22: ' H  NMR monitoring of 20 (30.0 mg. 0.333 mmol) in  


CDCI, (0.30ml) and CF,CO,H (0.12 mL, 1.66 mmol) indicated smooth 
transformation of 20 into 21 H within 9 d. 


Recrc/ion 22 + 23: CDCI, (0.50 mL) containing 22 (50.0 mg, 0.30 mmol) and 
CF,CO,H (173 mg. 1.52 mmol) were completely transformed into 23H' 
after 6 d ( 'H NMR) .  Work-up as for 10 --* endo-11 yielded 23 as a colorless 
oil (Kugclrohr distillation 50"CjO.Ol Torr, 44.0 mg, 88 Yo) 
Reuctron 24 --* 26: 'H monitoring of a solution of 24 (41 mg, 0.25 mmol) and 
CF,CO,H (0.10 inL, 1.30 mmol) in CDCI, (0.50 inL) revealed complete 
transformation into 26H+ within 4 d.  Work-upaa for 10 + undo-11 afforded 
exclusively 26 (Kugelrohr distillation 30 T j 0 . 0 5  Torr, 37 mg, 90%) ;  
' H N M R  (400.1 MHz, CDCI,): 5 = 0.90 (s, 3 H ,  3-CH,), 1.12 (s, 3 H ,  3- 
CH,),1.67(s,3H,5-CW,),1.92-1.98(brd,1H,J4,~=15.5Hz),2.13-2.2l 
(m,1H,4-H),2.34-2.38(dd,1H,3a-H,.I,,,4,=11.25Hz,J,,,,..=3.75Hz). 
3.16-3.22 (dm,  1 H, 7-H), 3.82-3.85 (d, 1 H,  7-H, .J ,,,,,, =15.0 Hz),  5.45- 
5.46 (brs, 1 H,  5-H), 6.60 (s, 1 H,  2-H); ',C N M R  (100.6 MHz, CDCI,): 
b ~ 1 7 . 1 8  (q, 3-CH3). 20.71 (q,-CH,),  23.74(q, 3-C'H,), 23.92 (t, C-4), 47.03 
(s, C-3), 55.92 (t, C-7), 69.87 (d, C-3a). 119.5 (d, C-5). 132.5 (s, C-6). 153.3 
(d, C-2); C I 6 H l 6 N 2  (264.3): calcd C 73.13, H 9.82. N 17.06, found C 72.91, 
H 9.89, N 16.86. 


Reaction 27 + 29: A solutinn o f  27 (54.0 mg, 0.303 nimol) in CDCI, (0.5 mL) 
was rcacted with Ct',CO,H (171 mg, 1.51 mmol). Arter 1 d ( ' H N M R  inon- 
itoring) 29H+ resulted cxclusively. Work up  according to 10 + endo-11 yield- 
ed 29 (Kugelrohr distillation, 40'C/0.05 Torr, 41.0 mg, 75%) as a colorless 
oil; ' H  NMR (400.1 MHz, CDCI,): 5 = 0.91 and 1.11 (cach s, each 3 H ,  
3-CH,), 1.71 (s.3H,6-CH3).  1.88(s,3H,2-CH3),  1.97(brd.  1 H4,-H),2.20 
(inc,J4,,,,,=18.0H~,1H,4,-H),2.34(dd,J,,,,,=11.5H7,1H,3a-H),3.14 
(nic,lH,7,-H).3.81(d,J,,,.~=15.0H~,lH,7,-H),5.48(m,1H,5-H);'~C 
NMR (100.6 MHz, CDCI,): 6 =11.92 and 16.37 (each q, ?-CH,), 20.80 (q, 
6-CH3), 23.01 (q, 2-CH,), 24.50 (t, C-4), 47.94 (s. C-3) ,  56.28 (t. C-7), 70.94 
(d, C-3a), 119.49 (d, C-S) ,  132.45 (s, C-6), 160.78 (s, C-2). Cf.27 +28 +29. 


Reaction rndo-33 + 32: 
a) 'H monitoring of etido-33 (50 mg, 0.338 mmol), CDCI, (0.40 mL) and 
CF,CO,H: CDCI, = 1 :50 (0.13 mL, 0.034 mmol) rcvealed smooth transfor- 
mation into 32 quantitatively in 6 d. b) CF,CO,H (0.30 mL, 3.89 mmol) was 
added to a solution of rndo-33 (33 nig, 0.22 mmol) in CDCI, (0.50 mL) at 
0 -C .  The 'H  N M R  spectrum recorded imnlediately displaycd only signals of 
32H'. After treatment with K,CO, the signals were identical with those of 
32. 
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A Highly Convergent Total Synthetic Route to Glycopeptides Carrying 
a High-Mannose Core Pentasaccharide Domain 
N-linked to a Natural Peptide Motif 


Samuel J. Danishefsky," Shuanghua Hu, Pier F. Cirillo, 
Matthias Eckhardt, and Peter H. Seeberger* 


Abstract: N-Linkcd glycopeptides were 
synthesized by condensation of a high- 
mannose anomeric aniine bearing a pen- 
tasaccharidc with aspartic-acid-contain- 
ing tri- and pentapcptides through the 
agency of IIDQ. The pentasaccharide 
portion, corresponding to the "core" 
region of all asparagine-linked glyco- 
proteins, was assembled by means of gly- 
cal-derived thioethyl donors and glycal 
acceptors. The central mannose residue 


was established by inversion of the C 2 hy- 
droxyl of a glucosyl precursor in the pen- 
tasaccharide. The protecting-group 
scheme employed allows the extension of 
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ns * omannosides - oligo- 
saccharides 


the pentasaccharide through the tcrminal 
mannose units. While a fully convergent 
coupling of the high-mannose carbohy- 
drate to the peptide domain has thus bccn 
accomplished for the first time with a fully 
synthetic sugar, the stereochemical in- 
tegrity of the anomeric center of the car- 
bohydrate domain was not maintained 
and a mixture of glycopeptides was ob- 
tained. 


Introduction 


The elaborate machinery involved in the biosynthesis of glyco- 
sylated proteins,['] and their widespread occurrence, suggest 
that these bidomainal structures are assembled by cells in a 
purposeful and regulated way. The characteristic carbohydrate 
moieties present in cell adhesion molecules,r21 tumor-associated 
antigens,[31 targets for viral or bacterial invasion,[41 and blood 
group  determinant^'^] are most commonly presented to recogni- 
tion systems in the forin of glycoproteins. The role of glycosyla- 
tion in influencing protein folding is also a matter of great cur- 
rent interest.I61 


There are two abundant natural types of glycoproteins which 
merit particular attention. These are the N-asparagine-linked 
systems (motif A) and the 0-serinelthreonine-linked ensembles 
(pattern B, Scheme 1). Homogeneous and structurally defined 
glycopeptides could serve as models for the study of how the 
carbohydrate and polypeptide domains in each of these classes 
influence one another in terms of conformation and presenta- 
tion to complimentary ligands, receptors, or antibodies (struc- 
ture C) .['I 


Considering the complexity of the problcm, progress in thc 
synthesis of glycopcptides has been remarkable.'*] Accomplish- 
ments from the laboratories of Paulsen, Kunz, Meldal, 
T. Ogawa and Unverzagt have been of particular significance in 
fostering this progress.['] The elegant interplay of chemically 
and enzymatically mediated couplings pioneered by Wong" O] 


constitutes a most promising direction. An impressive demon- 
stration of the feasibility of accomplishing a convergent union 
of carbohydrate and peptide domains was provided by Lans- 
bury," ' I  who used naturally derived anomeric glycosylainincs 
and minimally protected synthetic peptides. We have demon- 
strated the stereospecific and convergent coupling of fully syn- 
thetic polymer-bound model sugar to solution-based peptidc." 
Spectroscopic analysis of a deprotected system has rcvcaled an 
unusual degree of structure in the peptide segment." 3 l  


Our intention in the present work was the achievement of a 
highly convergent synthesis of a naturally occurring high-man- 
nose "core" carbohydrate domain terminating in an anomeric 
amine. With this accomplished, we would then address the fea- 
sibility of convergent coupling to a synthetic peptide carrying 
the Asn-X-Ser/Thr signature sequence (see constructs 5 and 
6).[141 We would thus gain access to free N-glycopcptides 
wherein the carbohydrate domain corresponds to a natural mo- 
tif. NMR SPectroscopic investigations of such systems should be 
evcn more revealing than was the case with our model probe 
structures.[131 As is our practice, we planned to first work out 
the chemistry in solution, and then attempt to translate our 
findings to assembly on a polymer support. 


['I S. J. Danishefsky,[+l P. H. Seeberger, S. Hu. P. F. Cirillo, M. Eckhardt 
Laboratory for Bioorganic Chemistry, SLoan- Kettering Institute for Cancer 
Research 
1275 York Ave., New York, NY 10021 (USA) 
Fax: Int. code +(212)772-8691 


['I Also at: Columbia University, Department of Chemistry 
Havemeyer Hall, New York, NY 10027 (USA). 
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H % R & o - q  B 


b A 


NH-Asn AcHN AcHN 
OSerflhr 


0 


C 
Scheme 1 Naturally occurring gly- 
copeptide motifs. A Asn-hnked 
core pentasaccharide xlycoprotein: 
6: 0-linked glycoprotein; C :  Asn- 
linked glycoprotein containing a core 
pentasdccharide, a lactosamine spac- 


~&&NH-A.w er, and H-type 2 blood group deter- 


H 


NHAc NHAc minants. 
OH 


Synthetic Planning: We identified a pentacyclic glycal corre- 
sponding to our key interim target, system 1 (Scheme 2). Several 
methods corresponding to overall "acetamidoamination" of the 
terminal glycal double bond, which would be necessary to pro- 


,;'% PO D 


C B A 


1 


gress from 1 to 2, had already been developed in our laborato- 
ry.'''l Coupling of the anomeric amino linkage of systcm 2 with 
a complete peptide construct (SCC 3 or  4) would lead to 5 or 6 and 
thencc to deprotected glycopeptide. At this highly tentative and 


- 
PO NH, HO 


NHR 
2 


3: R=P"' 
4: R=LeuAla 


PO p?-di PO p;a& I 


0 0  


poHco2p 
HNH / 


5: R=P"' 
6: R=LeuAla 


Scheme 2. Strategy for the planned synthesis of the pentasaccharide moiety. 
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preliminary level of planning, we de- 
liberately avoid specification of the 
precise character of the myriad of 
protecting groups. However, we do 
draw attention to one feature of the 
protecting group problem, which, 
while not critical per se to the con- 
struction of the high-mannose core, 
has considerable implications for 
building more ambitious biorelevant 
domains from this signature core (see 
Scheme 1, structure C). The two 
inannose moieties in 1 are, ideally, 
equipped with unique protecting 
groups at their C 2  axial hydroxyl 
groups. It is a t  these hydroxyl groups 
that important extensions such as 
blood group determinants or tumor 
antigens are to be mounted to mimic 
the natural presentation, as illustrat- 
ed in Scheme 1 .  


Not surprisingly.["] glycal build- 
ing blocks would also be employed 
as our components en route to high- 
mannose glycal 1. From the stand- 
point of synthesis, the most interest- 
ing union point in target 1 is the one 
which joins the B and C rings. Thc 
"central" mannose, ring C. is /j- 


linked to  the 4 hydroxyl of the pre- 
chitobiose AB system (see bold ar- 
row). Provision for placement of a 
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7 


p:O!$A& PO 


9 0 OAc 10 


NHP“’ t 


i 8 


p : O ?  PO 


13 


Scheme 3 .  


11: R=H 
12: R=Ac 


P-mannose linkage in the midst of a complex carbohydrate 
ensemble through a convergent coupling protocol loomed as the 
defining challenge of the synthesis. 


The C-D /]-mannose problem can be formulated with some- 
what greater specificity by recourse to hypothetical subunits 7 
and 8 (Scheme 3). The former corresponds to a dimannosylated 
glucal (which is of course precursor to a dimannosylated “man- 
nal”). Hypothetical building block 8 corresponds to a “chito- 
biose glucal” with the C 4 hydroxyl acceptor site suitably differ- 
entiated. The prospect of convergent assembly of 1 through the 
melding of fragments such as 7 and 8 seemed so attractive that 
we were prepared to assume some risks in attempting it. The 
idea was to convert 7 to a reliable 8-glucoside donor. The donor 
capacity would have to be equal to the task of glycosylating 
what appeared to be a seriously hindered C 4  acceptor site of 8 
(see asterisk in Scheme4). Another condition also had to be 
met. Even if coupling to a /i’-glucoside could be achieved, a free 
C2 hydroxyl of the ring C glucose had to be clearly distin- 
guished (see 11) and had to be responsive to overall inversion en 


?H 
15 7 


and C 2  protecting functions are, for the 
moment, unspecified). Coupling of 15 
with a monoprotected glucal 16 would 


Bn&t - ~ t g & ~  HOP’ & / - 7 
BnO 


route to 1. We were not optimistic as to the possibility of intro- 
ducing a C 2 axial hydroxyl group required for 1 through direct 
displacement of the equatorial hydroxyl function of 11 (see as- 
terisk in 42, Scheme 8). Rather, we were drawn to the possibility 
of oxidation of this single hydroxyl group and reduction of the 
resultant ketone 13 to approach the structure of 1. Still on the 
level of thought experiments, we wondered about the usefulness 
of glycal epoxide 9 as a glucosidation partner for 8.  On careful 
consideration of precedents,[’61 we had littlc reason to be 
sanguine about the prospects of such a coupling. Here, however, 
we retained an obvious backup option, the conversion of 9 to a 
donor of proven value with hindered acceptors (thioacetate 
donor lO).[”] It was appreciated that coupling product 11, 
which would arise from 9, would already have the differentiated 
hydroxyl at C 2  of glucose unit C (9 -13 - 1). Alternatively, a 
unique C 2  acetate function in a coupling product of the type 12 
arising from a “thioacetate” donor 1 0  could be exploited to 
reach 11 on the way to 13 and 1. 


Several attractive routes to 7 and 8 from glycals could 
be entertained. Perhaps commercially 
available tribenzylglucal (14) could be 
converted to a suitable mannosyl-type 
donor (15, wherein the precise anomcric 


14 15 16 give rise to the desired 7.  To fashion the 
chitobiose glycal 8 we would employ 
3,6-protectcd glucall7 in two stages. We 


+ 18 felt confident that glucal 17 would be 
converted to 18 bearing a uniquely dis- 


NHP‘ NHP, ’ chargeable group at C4. Coupling of 18 
* p o & o p e  PO 


18 17 


Scheme 4. The asterisk denotes the hindered C4‘ acceptor site of 8. 


with 17 followed by deprotection to give 
the C4‘ hydroxyl would lead to a new 


P*+ H acceptor system corresponding to 8, 
poised to couple to 7 as discussed above. 


8 
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Results and Discussion 


We first describe efforts which were directed toward the synthe- 
sis of a specified and viable version of 7. We began by developing 
a route from the commercially available tribenzyl glucall4 to an 
1-mannosyl donor (Scheme 5 ) .  Reaction of 14 with dimethyl- 


carbons 3 and 6, and eventually act as a /?-mannose donor. We 
began with glucal itself, as previously described. This compound 
could be converted to its p-methoxybenzylidene derivative 25 
(70 YO) and thence to the triisopropylsilyl derivative 26. The 
acetal linkage was exposed to  reductive cleavage by Dibal-H[20i 
to  afford 27 cleanly, which upon desilylation gave rise to 28. 


We then turned to the synthesis of 
a specific chitobiose-equivalent glycal 
corresponding to the generalized 
structure 8 (Scheme 7). For  this pur- 


EtSH, cat. TFAA BnO - DMDO * B n a S E t  
OH 


\ I  
0 pose, we started with 3,6-dibenzylglu- 


19 20 cal 29 as our specific version of 17. 
Acetylation of the free hydroxyl of 29 
gave 30. This compound gave rise 


Ac,O, pyridine, DMAP BnO to 31 upon iodosulfonamidation as 
shown; 31, after loss of iodide, rear- 
rangement of the sulfonamide and thio- 


22: (Want.) lysis a t  the anomeric center, provided 
24: R=Piv (98%) 32. The original ghcal, 29, was to 


14 


1. DMSO, Ac~O, 72h 


= B%&s~t -+ Bno&sEt BnO 
2. NaBH,, CH,OH 


(74%, 2 steps) 
BnO 


or TBSOTf, Et,N 
or PivCI, DMAP 


23: R=TBS (93%) 
21 


Schcine 5 


dioxirane generated epoxide 19. The latter afforded the /?-thio- 
ethylglucoside 20 upon treatment with ethanethiol in the pres- 
ence o f a  catalytic amount of trifluoroacetic anhydride. It will be 
noted that the efficiency and stereoselectivity of this transforma- 
tion were both much improved relative to our original proto- 
col." Moffat-like oxidation of 20['"] followed by reduction of 
the resultant ketone with sodium borohydride afforded 21 and 
thence the acetate 22, the silyl ether 23, or the pivaloate 24. As 
will be appreciated from the previous discussion (see also 
Scheme 1) donor 23 was the most attractive agent in terms of thc 
overall design of the synthesis. The course which was followed 
will be explained as we describe the synthesis and use of our ring 
C construct. 


We next turned to the preparation of a specific version of 16 
(Schcme 6). This pyranose would accept two z-mannose units at 


p-anrsaldehyde act H 0, 


serve as the acceptor function in a 
coupling reaction with donor 32. In 


the event, glycosylation was achieved with methyl triflate as the 
promoter, as shown, to provide chitobiose-equivalent glycal33. 
This reaction also produced the a-AB glycoside 34 in ca. 10% 
yield. Removal of the C 4  protecting group yielded the chito- 
biose acceptor 35. The stage was set for us to obtain high-man- 
nose-equivalent glycal type 1 by assembling building blocks 23. 
28, and 35. 


Twofold coupling of 23 with diol28 was achieved under me- 
diation with methyl triflate to provide a 54% yield of the desired 
product 36; in addition, other stereoisomers were formed during 
the glycosylation reaction. Use of donor 22 resulted in low yields 
of the desired product (30 'Yn) and undesired orthoester products 
(cf. 50 YO). Much improved yields of the dimannosyiation reac- 
tion were achieved (63 % of 37) by the use of pivaloate donor 24, 
in which the neighboring group can participate and which does 


not form orthoesters.'"] How- 


25 26 


26 Dibal-H ~ P M B ' A B  TBAF * p M B ' A o a  
(70%. 2 steps) H '  TIPSO ' 


27 28 
Scheme 6. 


I(COll),CIO'l, 
PhS0,NHZ Ac:& EtSH/LHMDS BnO 


94 Yo PhS0,NH PHS02NH 


AczO. DMAP 4 A  MS DMF AcO*SE~ 
Bn 


62% 
* BnO 


94 % 


29 30 31 32 


29, MeOTf. DTBP, Brio 
4 A MS, CHzCI2 ~ c o ) ~ ~ &  BnO 


PhS02NH Bn 
70 %, P/a=6/1 PhSOINH Bn 90 % 


Schcme I 


33: p-anorner 
34: a-anorner 


35 


ever, for the purposes of the 
synthesis described here, we 
carried on with trisaccharide 36 
(from 23), in which the block- 
ing groups were more easily dif- 
ferentiated. We thus had in 
hand a compound carrying 
the two flanking a-mannosyl 
groups, properly joined to a la- 
tent core b-linked mannose ma- 
trix. It will not escape notice 
that the flanking miinnose 
residues carry uniquely depro- 
tectable silyl groups at the re- 
spective C 2 axial hydroxyl cen- 
ters. As discussed earlier, and 
as seen in Scheme 1 ,  smooth 
access to these two axial alco- 
hols is necessary to equip the 
high-mannose region with its 
biological determinants (see 
structure C). 
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PH 
.:;a BnO 


MeOTf I 
- 


&+ B:l&SEt 4A MS, DTBP, 
PMBO 


H BnO 


28 22-24 (54%) 


DMDO - 


BnO 


EtSH. cat TFAA (76%) 
/ 


38 6 
39 


40 


Scheme 8. The asterisk denotes the C 2  site to be inverted 


We now confronted the key issue in our approach, con- 
struction of the /,-mannoside linkage connecting rings B and C 
by the merger of a donor derivcd from 36 with 35. Epoxida- 
tion of the glycal double bond of 36 was smoothly accomplished 
with dimethyldioxirane to afford 38 (Scheme 8). We expended 
a great deal of effort on the attempted direct coupling of 35 
and 38. The occurrence of coupling to only a minute extent, 
if at all, was suggested by examination of the crude products 
arising from such efforts. These negativc findings were not 
surprising, since direct coupling of a-epoxides of type 38 with 
complex C 4-based hindered acceptors like 35 has always been 
problematic. 


41: R= AC 
42: R= H 


Fortunately, the means to solvc this problem were already 
known to us from other studies.['61 In this particular case, thiol- 
ysis of 38 as shown afforded 39 and thence, by acetylation, 40. 
It was hoped that the acetate group at C 2  would direct a glyco- 
syl acceptor such as 35 to produce a fl-glucoside. Indeed, cou- 
pling was accomplished under mediation by methyl triflate, a s  
shown, to give 41 in 64% yield. 


We could reductively deacetylatc the uniquc ester at C2 of the 
C-ring (asterisk in 41) to afford 42. Moreover, Dess-Martin 
oxidationrz2] of the unique equatorial alcohol afforded the un- 
stable ketone 43 (Scheme 9). Reduction of this ketone function 
with  selectri ride[^^^ gave rise to 44 in 83 % yield. To our knowl- 


Dess-Martin 1. L-Selectride 
oxidation (83%, 2 steps) 


42 * 
2. TBAF (69%) 
3. AcZO, NEt, (80%) 
4. Na, Naphth (78%) 


43 


1 .  I(coll)2CIO~, AnthrSOzNHi 
I 4A MS then TBAN3 


Bn N3 2. AczO, NEb (86%) 


NR'R" 
NRR" 3. PhSH. DIPEA (60%) NHAc 


44 : R = H; R' = TBS; R" = SOzPh 
45 : R = R' = H; R" = SOzPh 
46 : R = R' = Ac; R" = S02Ph 
47 : R = R'= Ac; R" = H 


4.NaOMe,MeOH (94%) 
40 : R = Ac. R' = H; R" = AnthrSOZ 
49 : R = R' = Ac; R" = AnthrSOz 
5 0 :  R = R ' =  Ac; R" = H 
51 : R = R" = H; R' = AC 


Scheme 9 
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edge this is the most cornp1e.x selling in which u [hnunnoside has 
hem,fushioned by inversion (through an o.xidation~reduction se- 
yuencc) of' u 


Having demonstrated that we could distinguish the two axial 
ccnters on the flanking mannoses (rings D and E) from the one 
in the core C ring, we decided to regularize these blocking 
groups for the more limited purpose a t  hand. The two silyl 
protecting groups of 44 were cleaved and the resulting trio1 45 
was triacetylated to give rise to 46 (Scheme 9). 


Compound 45 was to function in the capacity envisioned for 
the generalized system 1. The next phase called for progression 
to a functional version of 2 en route to convergent coupling to 
mature peptide. In this regard, efforts were first directed to  the 
benzenesulfonamido group of the B ring. The NH group of this 
linkage underwent ready acetylation with acetic anhydride to 
give compound 46 in 80% yield. This acetylation enabled 
smooth reductive removal of the sulfonamide, resulting in a 
78 YO yield of 47. 


Attention could now be focused on upgrading the terminal 
glycal of 47. lodoanthracenesulfonamidationr'61 of this linkage 
was followed by azidolytic rearrangement" 51 generating 48 in 
67% overall yield. Acetylation of the sulfonamido NH group 
gave risc to 49, which was subjected to the reducing action of 
thiophenol in the presence of diisopropylethylamine. This se- 
quence resultcd in the formation of 50 in 60% yield. The three 
acetate groups were cleaved through the action of sodium 
methoxide leading to 51, Assuming successful coupling to pep- 
tide could be accomplished, only debenzylation would be re- 


quired to reveal the full carbohydrate domain of the resultant 
glycopeptide construct. 


Efficient reduction of an anomeric azido sugar in a complex 
setting such as a high-mannose domain has long been an un- 
solved problem in glycopeptide synthesis.[251 Among the com- 
peting processes are anomerization of the resultant amine and 
trans acylation through the neighboring acetamido linkage. 
Raney nickel was recently reported by Kunz and coworkers[261 
to  act as a mild hydrogenation catalyst for reducing O-acetyl- 
2-acetamido-2-deoxy-[$azido sugars to yield, exclusively, 
8-anomeric aminosugars in quantitative yield. Using simpler 
model donors, we had been able to achieve reduction of anomer- 
ic azide and coupling to mature tri- or pentapeptides 54 and 55 
(Scheme 10) quite smoothly with highly selective formation of 
8-asparaginc-linked g ly~opept ide . [~~I  Furthermore, this type 
of goal had been accomplished very smoothly in solid-phase 
work.['21 However, in the complex case at  hand, serious compli- 
cations were to arisc. Reduction of azidopentasaccharide 51 was 
conducted under Raney-nickel conditions with or  without tri- 
ethylamine. The presence of triethylamine had been believed to 
be useful in curtailing anomerization of the amino sugar.[28' We 
next undertook convergent coupling of the amino sugar, which 
was not fully characterized, with either tripeptide 54 or  pen- 
tapeptide 55 under the agency of 2-isobutoxy-1-isobutoxycar- 
bonyl-I ,2-dihydroquinoline (IIDQ) .I291 Coupling occurred 
smoothly, but slowly. Unfortunately, the products were gly- 
copeptide mixtures 56:57 and 58:59 in 67 and 51 % yields, re- 
spcctively. Thus, either in the course of reduction of azide 51 


+ 


52: ganomer 
53: a-anomer 


55: R = CbzLeuAla 


Pd-C, H,, E n 0  
80% aq. AcOH, 


Bn H O  (Quant.) 
B n 2 n S i : a  oA o+ * 


2% 


Bn Bn NHR 
NHAc 


NHAc 


56 : p; R = (N-Cbz)AsnValThr(OBn)-Bn 
57 : a; R = (N-Cbz)AsnValThr(OBn)-Bn 
58 : p; R =(N-Cbz)LeuAlaAsnValThr(OBn)-Bn 
59 : a; R =(N-Cbz)LeuAlaAsnValThr(OBn)-Bn 


NHAc NHR 
NHAC 0 


60 :Asn 0; R = H 
61 :Asna;R=H 


63 : Asn a; R = LeuAla 
62 : Asn p; R = LeuAla 


Scheme 10. 
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or during the course of coupling of what we had expected to be 
the resultant amine 52 with peptide, equilibration at the reduc- 
ing end had occurred, leading to a mixture of 52 and 53. On 
acylation with the 7-carboxyl group of the aspartic acid function 
of 54 or 55, mixtures 56/57 and 58/59 were obtained. 


Following separation of mixture 56/57 to its homogeneous 
components, global deprotection of 56 and 57 afforded gly- 
copeptides 60 and 61. The structures of both anomers were 
confirmed by 'H NMR spectroscopy and high-resolution mass 
spectrometry. The region from 6 = 5.2-4.5 reveals 5 resonances 
corresponding to the anomeric protons, containing two dou- 
blets of the /I-GlucNac linkages. The set of two multiplets at 
6 = 2.8 and 2.6 confirms the presence of P-Asn protons. The 
'H NMR spectrum of P-pentasaccharide glycopeptide 60 was 
compared to data obtained by Ogawa and coworkers[sC1 for an 
identical glycopeptide synthesized by a different strategy. The 
magnetic resonance spectral data are virtually identical, and 
confirm that the structure of 60 is that shown. 


Global deprotection of 58/59 led to the fully deprotected ma- 
terial 62/63. Unfortunately, these compounds could not be sep- 
arated, but mass spectral and high-field NMR analysis 
(500 MHz) revealed the presence of approximately a 2:1 @ : a )  
ratio of the components. 


Summary 


In conclusion, a novel and reasonably efficient synthesis of the 
high-mannose carbohydrate domain of glycopeptides has been 
accomplished (see compound 51). This construction owed much 
of its convergence to the melding of key building blocks through 
the logic of glycal assembly.['61 A key feature of the synthesis 
was the coupling of AB acceptor glycal 35 with CDE thioethyl 
donor 40, itself derived from high-mannose trisaccharide glycal 
36. Coupling of 35 and 40 cleanly provided the /I-glucoside, 
which was subsequently converted to the C ring /I-mannoside 
(compound 44) by inversion through oxidation-reduction of 
the hydroxylic center (42 + 44). Another important finding was 
that the terminal glycal linkage of compound 47 could be 
brought to the stage of azidoacetamide 51 in anticipation of 
glycopeptide formation. The closing phase of the synthesis un- 
derscored what is still a serious problem in the field, reduction 
of a /I-linked anomeric azide in a highly complex high-mannose- 
type setting. We have not yet produced functionally pure 
anomeric amine corresponding to 54 with survival times consis- 
tent with coupling to a complex peptide. 


This setback should not obscure the accomplishment of the 
first totally convergent union of a synthetically derived complex 
carbohydrate with fully mature peptide. Arrangements allowing 
for global deprotection were achieved (SCC compound 57). 
As such, these experiments provide the basis for future efforts 
directed at solution of the remaining stereochemical problem, 
as well as the extension of the carbohydrate domain to encom- 
pass inclusion of important biological markers. It is anticipated 
that such studies will progress both by solution and solid- 
phase methodology. Earlier work ["] suggests that the anomer- 
ization problem of systems such as 52 may be more readily 
dealt with in a context where they are linked to an insoluble 
support. 


Experimental Procedure 


Infrared spectra were recorded on  a Perkin-Elmer 1600 series FTIR. 
'H NMR spectra were obtained on a Hruker AMX 400 (400 MHr) and are 
reported in parts per million (6) relative to either trimethylsilane (6 = 0.00) or 
CHCI, ( b  =7.26) for spectra run in CDCI,. Coupling constants ( . I )  are 
reported in Hertz. "C NMR spectra were obtained on a Bruker AMX400 
(100 MHr) and are reported in 6 relative to CDC1, (6 =77.00) or CD,OD 
(6 = 49.05) as internal reference. Mass spectra were recorded on a Perkin- 
Elmer SCIEX API 100 mass spectrometer. High-resolution mass spectra were 
recorded on a JEOL JMS-DX-303 H F  mass spectrometer. Optical rotations 
were measured on a Jasco DIP-370 polarimeter using a 0.5 dm cell at the 
reported temperatures and concentrations (ZdL I). 


Chemicals were reagent grade and used without further purification unless 
otherwise noted. Tetrahydrofuran (THF) was distilled from sodium ben- 
zophenone ketyl under N, atmosphere. Dichloromethane (CH,CI,) and ben- 
zene were distilled from calcium hydride under N,. Analytical thin-layer 
chromatography was performed on E. Merck silica gel 6OF,,, plates 
(0.25 mm thickness). Compounds were visualized by dipping the plates in a 
cerium sulfate/ammonium molybdate solution followed by heating. Column 
chromatography was performed with forced flow of the indicated solvents on 
Sigma H-type silica (10-40 pm). 


Synthesis of 3,4,6-tribenzyl-l-thioethyl P-glucopyranoside (20) : Tribenzyl glu- 
cal 14 (10.0 g, 24.0 mmol) was dissolved in CH,Cl, (50 mL) and cooled to 
0°C. Dimethyldioxirane (360 mL in acetone, 28.8 rnmol) was added and 
stirred for 20 min. The solvent was removed in a stream of N,. After drying 
for 30 min under vacuum, the epoxide was dissolved in CH,CI, (20 mL), and 
EtSH (17.8 mL, 240 mmol) was added. The mixture was cooled to -78 C 
and trifluoroacetic acid anhydride (300 pL) was added dropwise. The reac- 
tion mixture was stirred at - 78 "C for 20 min and then warmed up to room 
temperature. The solvents were removed in a stream of N,  and the residue 
was purified by silica gel chromatography to afford 9.29 g (78 %) of 20. 
[XI$' = - 12.8 (c 2.05, CH,Cl,); IR  (thin film): i = 3458. 1496, 1453, 1359. 
1054cm-'; 'HNMR(CDC1,): 6 =7.31-7.16(m, 13H).7.11-~7.08(m, 2H). 
4.86(d,J=11.3H~,1H),4.77(d,J=11.3Hz,lH),4.76(d.J=12.1Hz, 
l H ) ,  4.22 (d, J = 9 . 1 H z ,  I H ) ,  3.67 (dd, J=1 .8 .  10.9H.z. l H ) ,  3.61 (dd, 
J = 4 . 5 ,  10.9Hz, I H ) ,  3.56--3.39 (m. 4 H ) ,  2.70-2.60 (m. 2H) .  1.24 (d, 
J = 4.0 Hz, 3H) ;  ',C N M R  (CDCI,): 6 = 138.6. 138.2, 138.0, 128.4, 128.3. 
127.9, 127.9, 127.7, 127.7, 127.5, 86.1, 86.0, 79.4. 75.2. 75.0, 73.4. 73.2, 69.0. 
24.2, 15.4; HRMS (FAB) calcd for C,,H,,O,S: 494.2127, found: 494.2136. 


Synthesis of 2-acetyl 3,4,6-tribenzyl thioethyl mannoside (22), 2-trrt-butyl- 
dimethylsilyl 3,4,6-thioethyl mannoside (23) and 2-pivaloyl 3,4,6-tribenzyl 
thioethyl mannoside (24): Thioglucoside 20 (9.29 g, 18.7 mmol) was treated 
with DMSO/Ac,O (100 mL/50 mL) for three days at room temperature. It 
was then diluted with ether (100 mL) and washed with H,O ( 5  x 200 mL), 
saturated aqueous Na,CO, (3 x 200 mL) and saturated aqueous NaCI. The 
crude ketone was dried with MgSO, and concentrated to dryness. It was then 
dissolved in CH,Cl,/MeOH (60 mL/60 mL) and cooled to 0°C. NaBH, 
(2.13 g, 37.8 mmol) was added in several portions. The reaction mixture was 
allowed to warm up to room temperature and stirred for another 20 min. The 
reaction was quenched with H,O (20mL) and extracted with ether 
(3  x 300 mL). The combined extracts were washed with saturated aqueous 
NaHCO, (200 mL), saturated aqueous NaCl (300 mL) and dried (MgSO,). 
The crude material was purified by silica gel chromatography (1 5 Yo EtOAc, 
hexanes) to afford 7.05 g (76%) of the desired 3.4.6-tribenzyl thioethyl man- 
noside (21). 


Compound 21 (770 mg, 1.56 mmol) was treated for 1 .5 h with pyridine/Ac,O 
(4 mL/2 mL) in the presence of DMAP (50 mg). After evaporation to dry- 
ness, the residuc was purified by silica gel chromatography (20% EtOAcIhcx- 
anes) to afford 834 mg (99.8%) of 22. [u]i4 = -73.6 (c 5.94. CH,CI,); IR 
(thin film): i=1743,  1496, 1453, 1372, 1229, 1109cm- ' ;  ' H N M R  
(400MHz, CDC1,): 6 =7.35-7.27 (m, 13H), 7.19-7.17 (m. 2H).  5.65 (dd, 
J = 0.9, 3.1 Hz, 1 H), 4.86 (d, J = 11 Hz, 1 H), 4.77 (d, J = 11 Hr, 1 H). 4.67 
(d, J = 0.9 Hz, 1 H), 4.62 (d, J = 12.0 Hz, 1 H), 4.56 (d. J = 12.0 HL, 1 H), 
4.52 (d, J = I 0  HZ, I H ) ,  4.49 (d, J = 1 0  Hr,  1 H ) ,  3.79 (dd, J = 1 . 9 ,  10.9 Hz. 
l H ) ,  3.75-3.67 (m, 3H) ,  3.52 (ddd, J = 1 . 9 ,  5.6, 8.9 Hz, 1 H) ,  2.75 (dd, 
J=7.5,14.7Hz,lH),2.74(dd,J=7.5,14.7Hz,lH),2.20(s,3H),1.30(t, 
J = 7 . 5 H z ,  3H);  "C N M R  (CDCL,): 6 =170.4, 138.2, 138.1, 137.5, 128.3, 
128.2, 128.1, 127.8, 127.7, 127.6, 127.4, 82.1.81.4, 79.8.75.1, 74.1, 73.3, 71.6, 
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69.6, 69.5. 25.5, 20.8, 15.0; HRMS (FAB) calcd for C,,H,606S: 536.2232, 
found: 536.2238. 
C'onipound 21 (500 mg, 1.01 mmol) was dissolved in 5 mL CH,CI,, cooled to 
0 C, triethylamine (2.81 mL, 20.2 mmol) and TBS triflate (464 FL, 
2.02 inmol) were added dropwise. The reaction was warmed up and stirred at 
room temperature for 3 h. The reaction was diluted with EtOAc (100 mL), 
washed with saturated aqueous NaHCO, and brine, dried over MgSO,, and 
concentrated. Purification by silica column chromatography yielded 570 mg 
(93%) of 23. [fi]?; = - 36.1 (c 4.09, CH,Cl,); IR (thin film): V = 3087, 2926, 
2916,1496,1463,1362, 1251, 1102,1027,966,834cm~' ;  'HNMR(CDC1,): 
6 =7.40-7.23 (m, I S H ) , 4 , 9 0 ( d , J =  8.8 Hz, 1H),4.81 (d, J = l I . X H z ,  3 H), 
4.69(d,J=4.5H~,1H),4.62,(d,J=4.7Hz,1H),4.58(d,J=5.3Hz,1H). 
4.51 (d, J = 4.0 Hz. 1 H) ,  4.49 (s, 1 H), 4.22 (d, .I = 2.4 Hz, I H ) ,  3.93 (t, 
. I=9 .5 ,9 .5€ lz , IH) .3 .75 -3 .68 (m,2H) ,3 .52  3.48(m,2H),2.75-2.72(m. 
1 H),  1.33 (1. .I =7.4, 7.3 Hz, 3H),  0.98-0.96 (m, 9H) ,  0.20-0.13 (m, 6H);  
" C  NMR (CDCI,): 6 =137.31, 136.93, 136.76, 126.96, 126.94, 126.82, 
126.77. 126.41, 126.29, 126.22, 125.93, 83.93. 82.65. 78.84,73.73, 73.09,71.77, 
71.33, 71.05, 68.07, 24.76, 24.29, 17.32, 13.83, -4.93, -5.35, -5.722: 
HRMS calcd for C,,H,,O,SfSi,Na: 631.2889, found: 631.2883. 
Compound 21 (500 ing, 1.01 mmol) was dissolved in 5 mL CH,Cl,, and 
DMAP (0.24g. 2.02 mmol) and pivaloyl chloride (190 pL, 1.53 mmol) were 
added. The reaction mixture was stirred at room temperature for 30 min, 
diluted with EtOAc (100 mL), washed with saturated aqueous NaHCO, and 
brine, dried over Na,SO, and concentrated. Purification by silica column 
chromatography yielded 574 mg (98%) of 24. [XI? =- - 0.32 (c 1.04. 
CH,Cl,): IR (thin film): F = 2968, 2868, 1732. 1454, 1363, 1281, 1154, 1109, 
736cm-'; ' H N M R  (CDCI,): 6 =7.41-7.25 (m. 13H),  7.22 7.18 (m, 2H);  
5 . 6 6 ( d , J = 3 . 1 H z ,  l H ) , 4 . 8 7 ( d , . J = l O . R H ~ ,  1 H ) , 4 . 7 9 ( d , J = 1 1 . 8 1 H z ,  
1 H),4.70 (s, 1 H), 4.69 (d, J =11.2 Hz, 1 H). 4.61, (d, J = 1 2 . 1  Hz, 1 H), 4.57 
id .J=10.8Hz,IH).4.51 (d,./=11.1H~,lH),3.85-3.67(m,4H).3.54(m, 
I H ) ,  2.77 (4. J = 7 . 4 H z .  1H).  1.33 (t, J = 7 . 4 H z ,  3H), 3.30 (s, 9H) ;  "CC 
NMR (CDCI,\): 6=177.6. 13X.5, 138.3, 137.8, 128.3, 128.2, 128.2, 128.1, 
127.7, 127.6, 127.4. 82.3, 81.6, 79.7, 75.2, 74.0, 73.2, 71.4, 69.3, 39.1, 27.2. 
25 7. 15.0. 


Synthesis of 4-p-methoxybenzyl-3-tr~~sopropy~s~lyl-~-glucaI (27): Protected 
glucal 26'L81 (5.030 g, 11.96 mmol) was dissolved in 100 inL anh. CH,CI, and 
coolcd to -20°C. Dibal-H solution ( 1 . 0 ~  in toluene, 47.8 mL, 47.8 mmol) 
\ h a s  added slowly and stirred for 3 h. The reaction was quenched by addition 
o f 3  mL methanol. The reaction mixture WAS diluted with 50 mL EtOAc, and 
50 mL 20% aqueous K-Na tartrate was added. The mixture was stirred for 
2 h and cxtracted with EtOAc (4 x 30 mL). The combined organic fractions 
were washed with brine. dried over Na,SO,, and concentrated. Purification 
by silica column chromatography yielded 4.260 g (84.3%) of 27. 
[%I:: = - 40.2 ( c  5.93; CH,C12); IR (thin film): i. = 3441, 2941, 2865, 1646. 
1613. 1513. 1463. 1247, 1098, 1036, 881, 819, 680cm-I;  ' H N M R  (CDCI,): 
ii =7.26 (d, J = 8.6 Hz, 2H) ,  6.86 (d, J = 8.6 Hz, 2H) ,  6.37 (d, J = 6.2 Hz, 
I H ) .  4.79 (ni, I H ) ,  4.67 (AB q. J = 1 1 . 2 H ~ ,  ZH),  4.34 (m, IH) ,  4.06 (m, 
1H). 3.82 (m. I H ) .  3.79 (s, 3H) ,  3.64 (m, I H ) ,  1.06 (s, 9 H ) ;  I3C NMR 
(CDCI,): b =159.35, 143.55, 130.00, 129.53, 113.85, 102.59, 76.44, 76.42, 
72.60, 66.77. 61.84, 55.20, 18.04, 12.69; FAB( +)MS:  448. 441, 421, 391, 369, 
301, 285, 249, 141; HRMS calcd Tor CZ,H,3,0,NaSi: 445.2386. found: 
445 2377. 


Synthesis of 4-p-methoxybenzyl-o-glucal (28): Glucal 27 (3.350 g, 
7.917 mmol) was  dissolved in 70 mL anh. THE and a 1 . 0 ~  solution of TBAF 
i n  THF was addcd ( I  1.89 mL. 11.89 mmol) and stirred for 14 h at  room 
tem]xrature. The sol\.eiit was evaporated and the remaining residue was 
purified by silica columii chromatography to afford 1.675 g (79.3%) of 28 as 
;I white waxy solid. [E]? = + 15.3 (c 2.86; CH,CI,); IR (thin film): i = 3285, 
295s. 2933, 2836, 1649, 1613, 1514, 1232, 1173, 1086, 952, 814, 761 cm- ' ;  
' H N M R  (CDCI,): 6 =7.26 (d, J =  8.6 Hz, 2H);  6.85 (d, J =  8.6 Hz, 2H). 
6.30 (dd, .J=1.3, h.OHz, 1H) ;  4.75 4.65 (m, 3H); 4.30 (brd,  J =  5.4Hz, 
1 HI; 3.88~ 3.77 (m. 3H) ;  3.75 (s, 3H);  3.57 (dd, J =  6.7, 8.8Hz. I H ) ;  2.79 
ibrs,  1 !I); 2.70 (brs, 1 H); I3C NMR (CDCI,): 6 =159.38, 144.05, 130.23, 
129.67. 114.00. 103.34, 77.42, 76.59, 73.40, 71.57, 68.92, 61.67. 55.24; HRMS 
cnlcd for C,,H,,O,Na: 275.0895, found: 275.0889. 


Synthesis of disilyl trisaccharide glycal 36: A mixture of 2-/ert-butyl- 
~.iinicthyIsilyl 3.4,s-tribenzyl thioethyl mannoside (23, 9.33 g. 15.32 mmol) 


eplor 28 (1.13 g, 4.26 mmol) was azeotroped with benzene (3 x 50 mL) 
.ind dried under vacuum for 1 h. Freshly dried 4 A molecular sieves (20 g) 


were added in a glove bag; CH,CI, and di-rerr-butylpyridine (14.1 g, 
73.5 mmol) were added to the mixture, which was then stirred at room 
temperature for 30 min, after which MeOTf (10 g, 61.3 mmol) was added 
slowly. After being stirred at RT  for 4 h,  the reaction mixture was diluted with 
EtOAc (500 mL) and washed with saturated aqueous NaHCO, (100 mL) 
saturated aqueous NaCl(100 mL) and dried (MgSO,). Purification by s l l~ca  
gcl chromatography (10% EtOAc/hexanes) afforded 3.11 g (54%) of 36 plus 
the other three anomeric isomers. [XI? = + 24.4 (c 0.55, CHCI,); IR (film): 
i = 3030, 2926, 2855, 1648, 1514, 1454, 1380, 1249, 1043, 835, 777cm '; 
'HNMR (400 MHz, CDCI,): 6 =7.40-7.12 (m, 32H), 6.79 (dd. J = 2.0. 
6.4Hz, 2H),  6.21 ( d d , J = 1 . 2 ,  6.4H2, I H ) ,  5.01 ( d d , J = 2 . 2 ,  6.1 Hz, l H ) ,  
4.94 (d, J = 1.9 Hz, 1 H),  4.84 (d, J = 10.8 Hz, 2H), 4.79 (d, J = 2.0 Hz, 1 H),  
4.78 (d. J=11 .7Hz ,  l H ) ,  4.68-4.60 (m, 6H),  4.56-4.45 (dd, J = 3 0 . 0 ,  
11.9 Hz, 4H).  4.51 (dd, J = 10.8, 3.6 Hz, 1 H),  4.36 (dt, J =7.1, 1.7 Hz, 1 H) .  
4.13 (t. J = 2 . 4 H z ,  I H ) ,  4.02-3.82 (8H, m), 3.78-3.63 (m, 7H). 3.73 (s, 
3H),  0.897 (brs, 18H), 0.10 (a,  3H) ,  0.06 (s, 3H), 0.05 (s, 3H),  0.01 (s, 3H): 
I3C NMR (100MH2, CDCI,): 6 =159.28, 144.17, 138.62, 138.48. 338.37. 
130.05, 129.22, 128.31, 128.24, 128.20. 128.18, 128.1 5 ,  128.05, 127.60, 127.55. 
127.40, 127.36, 127.32, 127.24, 113.87, 102.64. 102.27, 101.24. 79.99, 79.91, 
79.16, 75.08, 75.04, 74.85, 74.65, 74.00, 73.12, 73.02. 72.62. 72.35. 72-11. 
70.35, 69.55, 69.41. 69.22. 65.66, 55.23, 25.75, 25.73, 18. 13, -0.01. -4.49. 
-4.78, -4.82; FAB(+)MS 1400, 1382, 804, 728; HRMS calcd for 
C,,H ,,O jNaSiz : 1381.6650, found : 1381.6670. 


Synthesis of dipivaloyl trisaccharide glycal 37: A mixture of 2-pivaloyl 3,4,5- 
tribenzyl thioethyl mannoside (24, 310 ing, 0.536 mmol) and acceptor 28 
(46 mg, 0.172 mmol) was azeotropically distilled with benLene (3 x 50 mL) 
and dried under vacuum for 1 h. Freshly dried 4 A molecular sieves (300 mg) 
were added in a glove bag. Into the mixture was added CH,Cl, and di-terr- 
butylpyridine (0.48 mL, 12.4 mmol). The mixture was stirred at room temper- 
ature for 30 niin, and MeOTf(0.24 mL, 12.4 mmol) was added slowly. After 
being stirred at 0 ' C  for 24 h,  the reaction mixture was d~luted with EtOAc 
(500 inL) and washed with saturated aqueous NaHCO, (100 mL) and satu- 
rated aqueous NaCl (100 mL), and dried (MgSO,). Purification by silica gel 
chromatography afforded 140 mg (63%) of 37. = + 0.3 (c 2.72. 
CHCI,); IR (film): i = 3030,2970,2870, 1732,1649,1514,1454,1363, 1279. 
1047.835,777cm-'; 'HNMR(400MHz,CDCl,) :b  =7.3X-7.12(m,32H). 
6.81 (d , . I=8 .6Hz ,  1H),6.21 ( d , J = 6 . 1 H z ,  IH) .5 .45 (m,  1H) ,5 .36 (m,  
111). 5.10 (s, l H ) ,  4.92 -4.82 (m, 4H).  4.84 (d, J=10 .8Hz ,  2H). 4.79 (d. 
J = 2 . 0 H z ,  l H ) . 4 . 7 8 ( d , J = I 1 . 7 H z ,  IM),4.76-4.62(m, 5H),4.57-4.46 
(m. 7 H ) ,  4.49-4.34 (m, 1 H), 4.05-3.66 (m, 18H), 1.22 and 1.21 (2s. 17H); 
'.'C NMR (100MH2, CDCI,): 6 =177.50, 159.3, 144.5, 138.4, 138.3. 138.1, 
129.8, 129.7, 129.5, 128.3, 128.2, 128.2, 128.1. 128.1, 128.0, 127.6. 127.5. 
127.4, 127.3, 127.3, 127.2, 114.0, 101.5,99.1,98.3. 78.2,79.9, 79.1, 75.0, 75.0, 
74.8, 74.6, 74.0, 73.1, 73.0, 72.6. 72.3, 72.1, 68.5, 67.9, 65.8, 55.2,  38.9. 27.1. 
25.4. 


Synthesis of trisaccharide alcohol thioglycoside 39: Disilyl trisaccharide glycal 
36 (3.82 g, 2.80 mmol) was dissolved in CH,CI, (20 mL) and cooled to 


ioxirane (102 mL in acetone. 3.36 mmol) w 
he reaction mixture was maintained at  0 C for 20 min and 


concentrated at low temperature (=: 10 'C ) .  The residue was azcotropicolly 
distilled with benzene (2 x 50 mL) and further dried under vacuum for 
20min. It was then dissolved in CH,CI, (8 mL), and EtSH (6.96g. 
112mmol) was added. The mixture was cooled down to -78 C and tri- 
fluoroacetic anhydride (59 mg, 0.28 nimol) was added. The reaction mixturc 
was then allowed to warm up to  room temperature and the solvent was 
removed in a stream of N,. The residue was purified by s111ca gel chrornatog- 
raphy to afford 3.06 g (76%) of 39. [ti]? = 12.8 ( c  0.70, CHCI,): 1R (film): 
i. = 3472, 2927, 2856, 1613, 1514, 1454, 1360, 1250. 1137, 1092, 1049, 978, 
835, 777cm-I ;  ' H N M R  (400 MHz, CDCI,): 6 =7.40-7.10 (m. 32H). 6.80 


(d, J = i 1 . 8 H z ,  l H ) ,  4.65 (d, . I= I l .OHz ,  2H) .  4.58-4.45 (m. 9H),  4.39 


4.04 4.01 (m, 1 H) ,  3.91 (dd, J =  9.0, 18.0 Hz, 2H),  3.84 (d, .I = 2.4, 1 H), 
3 .84 -3 .66 (n i , I lH) ,3 .59 ( t , J=8 .1  Hz,lH),3.43-3.32(m.3H).2.75-2.60 
(m. 2H),  1 23 (t. J =7.6 Hz, 3H) ,  0.90 (s, 9H) ,  0.88 (s, 9H) ,  0.10 (s, 3 H). 0.07 
(s, 3H),0.05 (s, 3H),0.01 (s, 3H); I3CNMR (100 MHz. CDCI,): 6 = 159.29. 
138.62, 138.59,138.18. 138.16,138.10. 12X.84, 128.32, 128.27, 128.19, 128.14. 
128.04, 127.98, 127.67, 127.56, 127.49, 127.47, 127.41, 127.35, 127.32. 127.20. 
113.92, 102.81, 100.90, 90.83, 84.76, 78.34, 76.28, 75.05. 74.91, 74.86, 74.58. 
73.17, 72.88, 72.72, 72.08, 72.01, 70.12, 69.35. 69.26, 6908. 65.71. 55.22. 


(d, .I = 8.4 Hz, 1 H). 4.90 (d, J = 1 . 8  Hz, 1 H).4.X4(d, J =10.8 Hz. 211),4.79 


( d , J = 1 0 . 6 H ~ , l H ) , 4 . 3 4 ( d , J = 9 . 6 H z , l H ) , 4 . 0 8 ( d d , J = 2 . 2 H ~ , 2 H ) .  
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18.11, 14.97, -4.50, -4.54, -4.72, -4.90; FAB(+)MS: 1460, 1439, 1357, 
963; HRMS cakd for C,,HIoM0,,NaSSi,: 1459.6790, found: 1459.6760. 


Synthesis of trisaccharide acetate thioglycoside 40: Trisaccharide alcohol 
thioglycoside 37 (3.01 g, 2.09 mmol) was treated in CH,CI, with Ac,O 
(1.07 g, 10.4mmol). Et,N (2.11 g, 20.9mmol) and catalytic amount of 
DMAP at room temperature for 2 h. After concentration by rotary evapora- 
tion, the residue was purified by silica gel chromatography to afford 2.81 g 
(91%) of 40. = + 51.7 ((, 0.75; CH,CI,), [E]: = + 24.6 (C 1.01, 
CHCI,); IR (thin film): V = 2927, 2855, 1750, 1613, 1514, 1454, 1361, 1249, 
1225, 1050,835,777 cm-'; 'H N M R  (CDC1,): 6 =7.40-7.05 (m. 30H), 6.75 
(d,J=8.4Hz,2H),5.06(hrs,lH),4.98-4.72(m,6H),4.70-4.40(m,8H), 
4.29 (d, J = 8.5 Hz, 1 H), 4.08-4.06 (hrm, 3H), 3.98-3.55 (m, 14H), 3.68 (s, 
3H), 3.48-3.42 (m. IH), 3.39-3.35 (m, IH), 2.65-2.60 (m, IH), 2.23 
(s, 3H), 0.91 (s, 9H), 0.84 (s, 9H), 0.12 (s, 3H), 0.08 (s, 3H),  0.02 (s, 3H). 


138.74, 138.60, 138.52, 138.43, 129.70, 128.30, 128.19, 128.15, 128.12, 
128.07, 127.98, 127.68, 127.45, 127.33. 127.30, 127.23, 127.19. 127.16, 113.84, 


73.00, 72.88, 72.29, 72.20, 71.95, 71.05, 69.36. 69.21, 65.52, 60.32, 55.16, 


-5.09; HRMS calcd for CM4H1 ,,O,,NaSSi,Na: 1501.6900, found: 


-0.06 (s, 3H); 13C N M R  (CDCI,): 6 =169.91, 166.33, 159.14, 138.88, 


102.07, 101.16, 83.47, 79.85, 79.52, 78.43, 74.89, 74.71, 74.55, 73.98, 73.20, 


25.72, 25.65, 23.94, 22.10, 21.19, 18.09, 18.05, 14.82, -4.45, -4.52, -4.78, 


1501.69110. 


Synthesis of pentasaccharide glycal 41: Trisaccharide donor 40 (1.03 g, 
0.695 mmol) and disaccharide acceptor 35rL8' (561 mg, 0.695 mmol) were 
combined and dried by azeotropic distillation with benzene. Activated 4 A 
molecular sieves (4.0 g) were added, followed by CH,Cl, (8 mL). Di-rert- 
butylpyridine (1.09 mL, 4.9 mmol) was added and stirred for 45 min. The 
reaction was cooled to - 10 "C, and methyl triflate (0.47 mL, 4.2 mmol) was 
added slowly. The reaction mixture was stirred at - 8 "C for 10 h ,  at - 5 "C 
for 6 h and finally at 5 'C for 6 h. The reaction was quenched with triethyl- 
amine (2.0 mL), filtered through a SiO, plug, washed with NaHCO, and 
extracted with EtOAc. The combined organic extracts were washed with 
water and brine, dried over MgSO, and concentrated. Purification by silica 
column chromatography yielded 994 ing (64.0%) of the desired pentasaccha- 
ride41. [z]? = - 5.3 (c 1.31; CH,CI,); IR (thin film): ij = 2247, 1571, 1650, 
1612, 1586, 1514, 1498,1454.1361, 1249,910,836cm-'; 'H HMR(CDC1,): 
6=7.87(d,J=7.7Hz,2H),7.45-7.19(m,45H),6.76(d,J=8.8Hz,2H), 
6.34 (d, J =  6.0Hz, lH), 5.05 (brd, J=1.6Hz, IH), 4.95-4.77 (m, 6H), 
4.75-4.35(m,24H),4.23(d,J=6.2Hz,lH),4.16-3.95(m,7H),3.90-3.70 
(m, 14H), 3.75 (s, 3H), 3.70-3.35 (m. 14H), 3.24-3.19 (m, 1 H), 1.98 (s, 
3H), 0.94 (s, 9H), 0.88 (s, 9H), 0.10 (s, 3H), 0.06 (s, 6H), -0.03 (s, 3H); 
I3C H M R  (CDCI,): 6 =170.29, 159.00, 144.43, 141.84, 138.84, 138.73, 
138.69, 138.62, 138.57, 138.45, 138.39, 137.92,137.89, 137.75, 133.50, 128.61, 


127.94, 127.68, 127.61, 127.43, 127.42, 127.34, 127.30, 127.23, 127.20, 127.18, 


74.74, 74.45, 74.34, 74.20, 74.03, 73.61. 73.41, 73.31, 73.26, 73.22, 73.01, 
72.88, 72.81, 72.54, 72.47. 72.21, 72.13, 71.70, 70.21, 69.92, 69.07, 68.97. 


-4.71. -5.11; FAB(+)MS: 2264,2248, 2172, 2157,2100; HRMS calcd for 
C,  zMH, ,,NO,,NaSSi,: 2246.9786, found: 2246.9840. 


128.44.t28.38,128.34,i28.25. 128.19, i2~.14,128.12,12~.n9,128.n6, 128.01, 


113.76, 101.58, ioi.25,99.99,99.79,99.39, 79.82,79.52, 77.94, 75.40, 74.99, 


67.72, 65.45, 56.19, 55.15, 25.74, 25.64, 21.14, 18.05, -4.40, -4.54, -4.60, 


Synthesis of pentasaccharide dimannosyl glycal alcohol 42: Pentasaccharide 
glucal acetate 41 (994 mg; 0.447 mmol) was dried by azcotroping with ben- 
zene ( 3  x 25 mL), then placed under high vacuum for 15 min, then dissolved 
in 20.0mL of dry Et,O and cooled to 0°C. Lithium aluminum hydride 
(68 mg, 1.8 mmol) was added to the solution while it was stirred and main- 
tained at 0 "C for 1 h. It was then quenched with saturated aqueous NaHCO, 
solution (10 mL) and extracted with EtOAc (3 x 15 mL). The combined or- 
ganic extracts were washed with brine (10mL). dried over MgSO,, and 
filtered. The solvent was removed under reduced pressure and the product 
mixture chromatographed on SiO, to afford 42 as a colorless foam 
(842.5 mg; 86%). R, = 0.50 (1:4 EtOAc/hex); [XI? = + 0.9 (c  1.73; 
CH,Cl,); IR (thin film): = 3468, 3351, 3063, 3030,2927, 2856, 1650, 1612, 
1586, 1514, 1498, 1453, 1360, 1249, 1208, 1093, 910, 835, 735, 698cm-'; 
'HNMR (CDCI,): 6 =7.75 (d, J=7.5 Hz, 2H), 7.45-7.18 (m, 45H), 6.81 
(d , J=8 .6Hz,2H) ,6 .31(d ,J=6 .1  Hz,lH),4.93-4.84(m,6H),4.70-4.41 
(m,24H),4.29(d,J=7.6Hz,1H),4.14-4.01(m,7H),3.98-3.71(m,14H), 
3.79 (s, 3H), 3.67- 3.62 (m, 2H), 3.53-3.36 (m, 9H). 3.28-3.19 (m. 2H), 
0.96 (s, 9H), 0.92 (s, 9H), 0.12 (s. 3H). K O 0  (a 3H), 0.03 (s, 3H), 0.02 (s, 


3H); I3C N M R  (CDCI,): 6 =159.13, 144.34, 141.72, 138.88. 138.62, 138.60, 
138.49, 138.31, 138.17, 138.10, 137.49, 132.05, 130.00, 128.55, 128.47. 128.44, 


127.58, 127.49, 127.43, 127.41, 127.36, 127.34, 127.28, 127.1 8. 127.1 3, 11 3.82, 
128.38, t2x.25,i28.22.128.19,12x.i4,128.11,i28.n7,128.n2,127.~2,127.65, 


102.97,102.29, IOI.II, 100.71, 1nn.3o,xo.01,7~.o~,7~.o4,76.x3.75.~4.75.04. 
74.96, 74.79, 74.54, 74.47, 74-00, 73.82, 73.44, 73.07. 72.97, 72.92, 72.45. 
72.04, 71.81, 70.41, 70.00, 69.20, 69.11. 68.98, 68.65, 67.54, 65.98. 58.65, 
55.i7,25.70,25.65,18.03, -4.58, -4.69, -4.83. -4.95; FAB(+)MS: 2205, 
2192, 2130, 2115, 2110, 1988; HRMS calcd for CI2,H,,,NO,,NaSSi,: 
2204.9681, found: 2204.9680. 


Synthesis of pentasaccharide trirnannosyl glycal alcohol 44: Dimannosyl glycal 
alcohol 42 (992 mg, 0.454 mmol) was azeotropically distilled with benzene 
(3 x 50 mL) and dried under vacuum overnight. It was then dissolved in 
CH,Cl, (31 mL) and freshly redistilled pyridine was added (431 mg. 
5.45 mmol). Dess-Martin reagent (770 mg, 1.81 mmol) was added in one 
portion in ii glove hag. The reaction was carefully monitored by TLC and 
quenched with saturated aqueous NaS,O, (30 mL) as soon as the reaction 
went to completion (4 h). The mixture was extracted with EtOAc 
( 3  x 100 mL). The combined extract was thoroughly washed with saturated 
aqueous Na,S,O, (3 x 50 mL), followed by saturated aqueous NaHCO, 
(50 mL) and saturated aqueous NaCl (100 mL). After drying (Na,SO,) and 
concentration, the crude ketone 43 was azeotropically distilled with benzene 
(3 x 20 mL) and further dried under vacuum for 20 min. It was then dissolved 
in THF, and cooled to -42°C. L-selectride (1 M in T H E  1.36 mmol) was 
added slowly. The reaction mixture was then allowed to warm up to room 
temperature and further stirred for 2 h. It was quenched with saturated 
aqueous NaHCO, (10 mL) and extracted with EtOAc (3 x 50 mL). The con- 
hined extracts were washed with saturated aqueous NaCl and dried (MgSO,). 
Purification by silica gel Chromatography (22 % EtOAc/hexanes) afforded 
817 mg (83%) of 44. R, = 0.50 (1:4 EtOAclhcx): [E]: = - 2.6 (c 2.05: 
CH,CI,); IR (thin film): C = 3473, 3276, 1650, 1612, 1586, 1514, 1498. 1470. 
1454, 1361, 1328, 1249, 1094, 910, 836, 778cm-I; 'HNMR (CDCI,): 
6 =7.79 (d, J =7.5 Hz. 2H), 7.38-7.18 (m, 54H), 6.84 (d, .I = 8.5 Hr, 2H). 
6.36 (d, J = 6.1 Hz, 1 H), 4.96 (brs, 1 H), 4.93 (brs, 1 H). 4.88 (brs. 1 H ) ,  4.81 
(hrs, 1 H), 4.90-4.39 (m. 24H), 4.33-4.30 (m, 2 H), 4.28 (brs. 1 H), 4.19 (hrs, 
1 H),  4.10-3.50 (in, 30H), 3.80 (5, 3H), 3.49-3.45 (m, 3H), 3.80-3.30 (111, 
3H), 0.99 (s, IXH), 0.16 (s, 3H), 0.12 (s, 6H), 0.11 (s, 3H) ;  I3C N M R  
(CDCI,): 6 =159.05, 144.31, 141.74, 138.80, 138.72, 138.61, 138.54, 138.19, 
13~.14,13x.o5, 138.00,137.74,i37.57,132.10,13n.o~, i28.67,128.53,128.39, 
i28.28,i28.2i,128.i6,128.13,i28.n7,i28.n4,12x.02,127.97,i27.9i, 127.55. 


100.47, 100.13, 84.20, 80.12, 79.74, 75.88, 75.72. 75.30, 74.85, 74.52, 74.50. 


69.15. 69.00, 67.62,66.48, 58.40, 55.08.25.79, 18.05, -4.57, -4.69. -4.79, 


127.41, 127.37, 127.32, 127.26, 127.17, 127.07, 113.70, 102.20, 101.14, 100.57, 


73.40, 73.36, 73.14, 73.07, 72.99, 72.88, 72.76, 72.26. 70.33, 70.19, 69.78. 


-4.96; FAB(+)MS: 2207, 2132, 2115, 1990; HRMS calcd for 
C ,  ,,H,,,NO,,NaSSi,: 2204.9680, found: 2204.9700. 


Synthesis of pentasaccharide glycal trio1 45: Silyl-protected pentasaccharide 
glycal 44 (82.0 mg; 0.0375 mmol) was dried by azeotropic distillation with 
benzene (3 x 10 mL). It was then dissolved in dry THF (3.0 mL) and treated 
at  room temperature with TBAF (1.0~ solution in THF, 0.15mL: 
0.15 inmol) while stirring under inert atmosphere. After 14 h the solvent was 
removed under reduced pressure and the residue was chromatogrephed on 
S O ,  using GO%, then 80% EtOAc in hexanes. Compound 43 was isolated as 
a whitc foam (51.0mg; 69%). R, = 0.80 (3:2 EtOAc!hex); [TI:; = -1.0 
(c 1.0; CH,CI,); 1R (thin film): ; = 3463. 1649, 1611, 3586, 1513, 1496. 1453, 
1363, 1329, 1248, 1209, 1093, 910, 821 cm- ' ;  'HNMR (CDCI,): 6 =7.78 
(d, J=7.5Hr, 2H), 7.38-7.18 (ni, 54H), 6.83 (d, J=8.6Hz. 2H). 6.31 
(d, J =  6.0 Hz, IH), 5.07-4.96 (m, 3H), 4.89 4.83 (m. 2H),  4.77-4.40 
(m, 26H). 4.27-4.09 (in, 3H). 4.06 (hrs, 1 H), 4.00 (1. .I = 5.9 Hr, 1 H), 
3.97-3.84 (m, 6H). 3.80-3.50 (in, 23H), 3.76 (s, 3H). 3.42 (dd, J =  2.8, 
10.8 Hz, 1 H),3.35(hrs, lH),3.22(brd,./=7.6 Hz, 1 H),2.71 (d../= 2.5 Hz, 
1H). 2.53 (s, IH); "C N M R  (CDCI,): 6 =159.19, 144.31, 140.41, 138.77, 
138.55, 138.29, 138.26, 138.06, 137.96, 137.88, 137.68, 137.52. 137.48, 132.10, 
129.21, 128.45, 128.39, 128.32, 128.26, 128.24, 128.18. 128.14, 127.88, 127.84, 
127.79,127.74,127.70,127.47, i27.38,i27.i7,ii3.78.ion.59,100.5~. 100.35, 
100.30, 99.74, 83.44, 79.99, 79.89, 79.57, 77.19. 75.80. 75.79. 75.32. 74.95. 
74.70. 74.34, 74.28, 73.31, 73.23, 73.20, 73.16, 72.95. 72.92, 72.86, 72.00. 
71.66, 71.34, 71.20, 70.35, 69.80, 69.46, 69.14, 68.74, 67.65, 67.52, 66.29. 
57.86, 55.13; FAB(+)MS: 2161. 2091, 2067,2015, 2001, 1924. 1873; HRMS 
calcd for C ,  ,,H,,,NO,,NaS: 1976.7591, found: 1976.7890. 


~ 
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Synthesis of pentasaccharide tetraacetate glycal sulfonamide 46: Pentasac- 
charide trio1 glycal 45 (175 mg; 0.0896 mmol) was dried by azeotropic distil- 
lation with benzene (3 x 10 mL). It was then dissolved in dry CH,CI, 
(3.0 mL) and treated at  room temperature with DMAP (approx 6 mg), tri- 
ethylamine (0.25 mL; 1.8 mmol) and acetic anhydride (85 mL: 0.9 mmol) 
while stirred under an inert atmosphere. The mixture was stirred at room 
temperature for 3 h, then quenched with water (10 mL) and extracted with 
CH,CI, (3 x 8 mL). The combined organic extracts were washed once with 
brine (8 mL). The organic layer was then dried over MgSO, and filtered. and 
the solvent was evaporated under reduced prcssure to affoi-d a yellow oil that 
h a s  chromatographed on SiO, with EtOAc'hexanes as eluant. Peracetylated 
pentasaccharide 46 (1 52 mg: 80%) was isolated as a colorless foam. R, = 0.50 
(2:3 EtOAc,hex); [E]? = + 8.6 (c 1.0; CH,CN); IR (thin film): C =1746. 
3697, 1651. 1612. 1514, 1496, 1454, 1364, 1236, 1043. 1088, 911 c m - ' ;  
' H N M R  (CDCI,): d = 8.00 (d. J =7.8 H L ,  2H),  7.45-7.18 (m, SSH), 6.84 
(d. J = 8.5 Hz. 2H).  6.39 (d, J = 6.2 H7. 1 H),  5.53 (s, 1 H), 5.46 (s, 1 H), 5.39 
( d . J = 2 . 8 H ~ . 1 H ) , 5 . 3 2 ( d , J = 7 . 6 H z . l F I ) , 5 . 1 5 ( b r s , 1 € ~ ) , 5 . 0 2 ( b r s , 1 H ) .  
4.91 -4.85(m,5H),4.80-4.42(m,26H),4.29(t,.l=8.4Hz,lH),4.19-3.90 
(111. 11H). 3.84-3.57 (m. 21H), 3.34 (brd, J = 9 . 6 H z ,  I H ) ,  3.03 (brd, 
J = 9 . 4 H ~ . l H ) , 2 . l 6 ( s , 3 H ) , 2 . l 4 ( s . 3 H ) ~ l . 9 5 ( ~ , 3 H ) , l . 9 2 ( s , 3 H ) ; ' ~ C  
NMR (CDCI,): b =170.75, 170.06, 169.95, 169.87. 159.14, 144.19, 140.11, 
138.60, 138 54, 138.40, 138.30, 138.24, 138.07, 138.02, 137.94, 337.86, 137.78, 
133.27, 129.91. 129.1 6, 128.95, 128.81. 128.47. 128.42, 128.34, 128.26, 128.24, 
128.20, 128.18, 128.13. 128.06, 127.87, 127.83. 127.71, 127.64, 127.62. 127.53, 
127.49, 127.47, 127.42, 127.36. 127.33, 113.70, 99.68, 99.52, 99.33, 98.20, 
98.03, 80.36. 78.95. 77.74, 77.72, 77.20. 75.17, 75.11, 75.07, 74.64. 74.56, 
74.36. 74.24. 74.19. 73.96, 73.36, 73.34, 73.19, 73.09, 73.07, 72.28, 71.83, 
71.22. 70.97, 70.61, 70.22, 68.83, 68.29, 68.19, 67.66, 64.91, 63.13, 55.13, 
25.68, 20.97, 20.91. 20.72; FAB(+)MS: 2146, 2104, 2055, 2016. 1888, 1798, 
1696. 1657; HRMS calcd for C,,,H,,,NO,,,NaS: 2144.8373, found. 
9144.8400. 


Synthesis of pentasaccaride triacetate glycal 47: A solution of sodium naph- 
thelenide was made by addition of sodium metal (26.2 mg; 1.14 mmol) to 
naphthalene (175.3 mg; 2.37 mmol) in dry DME (5.0 mL) and stirring at 
room temperature under inert atmosphere for 1 .5 11. The sufonamidc glycal 
46 (484 mg: 0.228 mmol) was dried by azeotroping with benzene (3 x 20 mL). 
It was then dissolved in 10.0 mL dry DME and cooled while stirring under 
inert atmosphere to -60 'C. The solution of sodium naphthalenide was then 
added dropwise from a syringe onto a stirred solution of glycal 46. This 
addition was continued until a green color persisted (approx. 0.9 mL). The 
reaction wag then immediately quenched with a saturated aqueous solution 
of NaHCO, and extracted with EtOAc (3 x 10 mL). The combined organic 
extracts were washed once with brine (8 mL). The organic layer was then 
dried over MgSO,, filtered and the solvent evaporated under reduced pres- 
sure to afford a yellow oil which was chromatographed on SiO, with EtOAc/ 
hexanes as eluant. Pent;isaccharide 47 (351.5 mg; 7X%) was isolated as a 
colorless foam. R, = 0.12 ( 2 : s  EtOAc/hex); [XI? = +16.8 (cO.56; CH,CN); 
1R(thin film): C = 342S,1745.l672,1612,1514,l496,l4S4,1369,l236,l078, 
911cm-': ' H N M R  (CDCI,): b =7.37-7.15 (m, 52H), 6.85 (d, J =  8.6 Hz, 
2H).  6.42 (d, J = 6 . 2 H z ,  IH) ,  5.48 (brs,  I H ) ,  5.39 (brs, I H ) ,  5.34 (d, 
J = 2 . 6 H z ,  I H ) ,  5.13 (brs, I H ) ,  5.00-4.98 (m, 2H), 4.93 (d, J = l . l  Hz, 
I H ) ,  4.87-4.78 (m. 4H), 4.72-4.34 (m, 22H), 4.18 (bra, 1 H),  4.04-3.85 (in, 
10H). 3.81-3.53 (m, 17H). 3.42-3.39 (m. I H ) ,  3.27- 3.17 (m, 3H) ,  2.15 (s, 
3H) .2 .03 (~ ,3H) .2 .01  (s,3H), 1.57(s,3H); "CNMR(CDCI,):6 =170.26, 
170.21. 170.17, 170.04, 159.36, 144.39, 139.11, 138.70, 138.67, 138.60, 138.45. 
138.30, 138.15. 137.98. 137.89. 129.74. 129.36. 128.55, 128.39, 128.36, 128.32, 
128.26. 128.24, 128.20, 128.04, 127.91, 127.84, 127.71, 127.66, 127.63, 127.56, 
127.53, 127.49, 127.45, 127.43, 127.34, 113.87, 99.90, 99.64, 99.36, 97.86. 
97.46. 78.86. 78.22. 77.71, 77.24. 76.02, 75.87, 75.42, 74.80, 74.69, 74.68, 
74.25. 73.96. 73.92, 73.80, 73.39, 73.33, 73.31, 72.38, 72.06, 71.86, 71.70, 
71.51. 71.13, 70.13. 68.92. 68.75. 68.58, 67.96, 65.70, 56.76, 55.23, 29.69, 
25.71, 21.03. 20.94; FAB(+)MS: 2006, 1983, 1914, 1876, 1748, 1658, 1567, 
1549, 1537: HRMS calcd for C,,,H,,,NO,,Na: 2004.8442, found: 
2004.8500. 


Synthesis of pentasaccharide azidosulfonamide 48: The pentasaccharide glycal 
47 (1 12 mg; 0.0565 mmol) was dried by azeotropic distillation with benzene 
(3 x 6 mL). It was then mixed with anthracene sulfonamide (dried in vacuo 
over P,O, for 2 h) and activated 4 A molecular sieves (500 mg) in dry T H F  
(6.0 mL) and stirred at room temperature for 30 min in the dark under inert 
;itmosphere The mixture was then cooled to 0 ° C  and freshly prepared 


iodonium biscollidine perchlorate (132 mg; 0.283 mmol) was then added in 
one portion. The reaction mixture was stirred in the dark at 0 -C for 3 h. then 
saturated aqueous sodium thiosulfate solution (10 mL) was added and the 
mixture shaken vigorously until all red color disappeared. The mixture was 
extracted with EtOAc (3 x 8 mL). The combined organic extracts were 
washed with a saturated aqueous solution of sodium thiosulfatc (5 mL), with 
water ( 5  mL), and finally with brine ( 5  mL). The organic layer was then dried 
over MgSO, and filtered. and the solvent evaporated under reduced pressure 
to afford a yellow oil. The crude product was immediately dissolved in 3.0 mL 
dry T H F  and stored in the dark under inert atmosphere at room temperature. 
where dry tetrabutylammonium azide (160 mg; 0.565 mmol) was added in 
one portion. The mixture was stirred for 30 min and then saturated aqueous 
sodium thiosulfate solution (10 mL) was added and the mixture extracted 
with EtOAc (2 x 10 mL). The organic extracts were washed with brine. dried 
over MgSO,, and filtered. The solvent was evaporated under reduced pres- 
sure and the residue chromatographed on SiO, with EtOAc!hexanes as eluant 
to afford azidopentasaccharide 48 (83 mg; 67%) as a yellow oil. R, = 0.26 
( I  : I  EtOAc/hex); [M]F = - 4.0 (c 0.75; CHCI,); IR (thin film): i = 3030. 
2868, 2116, 1745, 3668. 1514, 1496, 1454, 1370, 1236, 1078, 910cm-I;  
' H N M R  (CDCI,): 6 = 9.33 (d, .I= 8.9 Hz, 2H),  8.61 (s, 1 H),  7.97 id, 
J = 8 . 3 H z ,  2H) ,  7.65-7.57 (m, 2H),  7.48 7.42 (m. 2H). 7.30-7.10 (m, 
O H ) ,  7.0-7.05 (m. 2H),  6.83 (d, J = 8.7 Hz, 2H),  6.29 (d, J = 9.1 Hz, 1 H). 
5.49 (brs, I H ) ,  5.44(dd, .I = 2.8, 2.0 Hz. 1 H) ,  5.33 ( d , J  = 3.0 Hz, 1 H).  5.11 
(d,.l=1.4Hz,1H),5.04(d,1H.J=1.6Hz),4.88 ~4.77(m.SH).4.69-4.35 
(m, 22H), 4.28-4.22 (m, i H ) ,  4.12 (d, J=10 .6Hz .  I H ) ,  4.05-3.62 (rn. 
23H). 3.60-3.38 (m, lOH), 3.37-3.33 (m. 1 H), 3.26 -3.21 (m. 1 H). 3.14 
( b r d , J = 9 . 5 H z ,  lH) ;2 .15 ( s ,3H) ;2 .13 ( s ,3H) ;1 .93 ( s ,3H) :  1.66(s.3H): 
I3C NMR (CDCI,): b =170.31, 170.18, 170.13, 159.29, 138.57, 138.49. 
138.44, 138.30, 138.23, 137.93, 337.86, 137.83, 137.78, 137.64. 131.1R, 130.31, 
129.87, 129.22, 128.76, 128.59, 128.55, 128.36, 128.31, 128.28. 128.24. 128.20, 
128.05, 127.99,127.93, 127.88, 127.79, 127.74.127.71, 127.67, 127.62, 127.56. 
127.52, 127.47, 127.44, 125.52, 125.19, 113.83, 99.84, 99.36, 99.10, 89.00, 
78.83, 78.36, 77.76, 77.58, 76.54. 75.25, 74.91. 74.78. 74.76, 74.48. 74.37. 
74.27, 73.95, 73.39, 73.26, 73.24, 72.57. 72.44, 71.94, 71.83. 71.49, 71.22, 
69.07, 68.83, 68.38, 65.37, 55.46, 55.20, 54.62, 23.27, 21.03, 20.80; 
FAB( +)MS: 2298.5, 2281.7, 1657.8, 1549.8, 1183.9; HRMS calcd for 
C,,,H,,,N,O,,NaS: 2302.8966, found: 23023940. 


Synthesis of pentasaccharide azide SO: The anthracene sulfonam~de-contain- 
ing azido sugar 48 (80mg; 0.035mmol) was dissolved in dry CH,CI, 
(1.5 mL) and treated with DMAP (2 mg), triethylamine (0.10 mL; 
0.73 mmol) and acetic anhydride (0.04 mL;  0.37 mmol). The mixture was 
stirred at room temperature, in the dark, under an inert atmosphere for 2 h. 
Water ( 5  mL) was then added and the mixture extracted with CH,CI, 
(3 x 4 mL). The combined organic extracts were dried (MgSO,). filtered and 
the solvent evaporated under reduced pressure. Column chromatography on 
S O ,  afforded 70 mg (0.030 mmol; 86%) of49. R, = 0.65 (3:2 EtOAcjhex). 
The light-sensitive compound 49 (69 mg; 0.030 mmol) was dissolved in 
3.5 mL dry THF, cooled to 0 ' C  under inert atmosphere and treated with 
Hiinig's base (82 mL; 0.47 mmol) and thiophenol (1 13 mL; 1.10 mmol). The 
mixture was stirred in the dark for 30 min. then quenched with dilute aqueous 
ammonium chloride solution (8 inL) and extracted with EtOAc (3 x 5 mL) 
The combined organic extracts were dried (MgSO,) and the solvent removed 
under reduced pressure. The product was purified by chromatography on 
SiO, to afford SO (37 mg; 60%) as a colorless glass. R, = 0.09 (3:2 EtOAc! 
hex); [XI? = - 6.1 (c3.6; CDCI,); IR (thin film): i. = 3287.2113. 1745, 1657, 
1534, 1453, 1369, 1235. 1077 cm-': 'HNMR (CDCI,): 6 =7.36 7.14 (m, 
52H) ,6 .83 (d ,  J = 8 . 7 H z , 2 H ) . 6 . 2 6 ( d , J = 8 . 8 H z ,  I H ) , 5 . 4 8 ( b r s ,  1 H ) .  
5.41 (brs,  l H ) ,  5.31 (d, J = 2 . 9 H z ,  I H ) ,  5.09 (brs, I H ) ,  5.00 (brs. 1H) .  
4.87-4.74(m,SH),4.69-4.34(m,20H),4.27(d,J=X.OHz,lH);4.03 3.83 
(m,8H),3.81-3.50(m,19H);3.40(dd,J=8.5Hz,1H),3.26-3.20(m,lH). 
3 .07(b rd . J=9 .1Hz ,1H) ,2 .15 ( s ,3H) .2 .12 ( s ,3H) ,1 .91  (s ,3H),1.89(s .  
3H).  1.66 (s, 3H);  13C NMR (CDC1,): 6 =170.34, 170.17, 170.15, 170.11. 
159.30, 138.53, 138.45, 138.34. 138.30, 138.24, 138.00, 137.85, 137.77. 137 74, 
129.84, 129.21, 128.75, 128.58, 128.54, 128.43, 128.34, 128.31. 128.28, 128.27, 
328.20, 128.07, 127.94, 127.87, 127.72. 127.71, 127.68, 127.66, 127.61. 127.56. 
127.50, 127.48, 127.46, 113.83,99.83,99.81,98.07, 88.23, 78.85, 77.88, 77.81, 
77.73, 77.20, 76.36, 75.26, 74.85, 74.77, 74.46, 74.38. 74.29, 73.96, 73.38. 
73.32. 73.21. 72.59, 72.44, 71.83, 71.55, 71.19, 69.02, 68.83. 68.76. 68.41, 
65.40, 55.19, 54.72, 51.61, 29.66, 23.35, 23.06, 21.01. 20.78; FAB(+)MS: 
2105, 2083, 2040; HRMS calcd for C ,  ,8H,,,N,0,,Na: 2104.8827. found: 
2104.8870. 
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Synthesis of pentasaccharide azide trio1 51: The azido sugar 50 (65  mg; 
0.033 mmol) was dissolved in anhydrous MeOH (2.5 mL) and treated with a 
25 YO NaOMe solution in MeOH (20 pL). The mixture WAS stirred at room 
temperature under an inert atmosphere for 6 h. The solvent was then evapo- 
rated under reduced pressure. Column chromatography on SiO, afforded 
58 mg (94%) of 51 as a colorlcss glass. R, = 0.31 (4.1 EtOAc/hex); 
[cc]? = +7.2 (c 1.1; CH,CN); IR  (thin film): i = 3303, 2923, 2869, 2114. 
1659, 1514, 1496, 1453, 1367, 1304, 1248, 1074, 910cm-'; ' H N M R  (CD- 
C13):6 =7.35-7.14(m,52H),6.81 ( d . J =  8 . 6 H z . 2 H ) , 6 . 2 9 ( d . J =  8.7Hz, 
lH),5.24(d..l=8.4Hz,lH),4.98(brs,lH),4.95(brs,lH),4.85 4.78(m, 
3H) ,  4.72 (d, J = 6.8 Hz, 1 H), 4.66-4.36 (m. 24H), 4.27 (br t ,  J = - 8 HL, 
1 H ) , 4 . 1 3 ( d , J =  3.4Hz,lH),4.02-3.88(rn,7H),3.85-3.53(m,26H),3.43 
(dd. 1H.  J = 2 . 5 ,  9.4Hz); 3.35-3.31 (m, I H ) ;  3.22 (brdd, I H ,  J = 3 . 0 ,  
9.7 Hz), 1.88 (s, 3H),  1.71 (s, 3H) ;  "C  NMR (CDCI,): 8 =170.52, 170.44. 
159.27, 138.68, 138.52, 138.36, 138.14, 137.95, 137.92, 137.81, 137.57, 137.50, 
130.24, 129.17, 128.53, 128.51. 128.45, 128.39, 128.38, 128.28, 128.26, 128.03, 
127.97, 127.91, 127.87, 127.85, 127.81, 127.77, 127.73, 127.64, 127.54, 127.49, 
113.85, 100.74, 99.87, 99.80, 99.65, 88.30, 84.08, 79.94. 79.84, 78.50. 77.69, 
77.30, 76.47, 76.27, 75.07, 75.01, 74.83, 74.71, 74.46, 74.33, 73.49, 73.42. 
73.32, 73.31, 73.05, 73.04, 72.40, 72.05, 71.58, 71.57, 71.16. 70.00, 69.23, 
69.07, 68.98, 68.82, 67.92, 66.60, 55.23, 54.79, 51.61, 23.39, 23.06; 
FAB(+)MS: 1974.8. 1957.7, 1533.8. 1099.9; HRMS calcd for 
C,,,H,,,N,O,,Na: 1978.8510. found: 1978.8510. 


Synthesis of tripeptide 54 and pentapeptide 55: Peptides 54 and 55 were asseni- 
bled by coupling of Fmoc-amino acids in the presence of 11DQ. The C-termi- 
nal threonine residue was protected by a benzyl ester. After each coupling 
and deprotection step the products were purified by flash column chromato- 
graphy. A complete reaction scheme IS available with the supplementary 
material. 


Synthesis of protected N-linked pentasaccharide- tripeptide 56/57: Raney 
nickel (50% slurry in H,O. 75 mg) was washed intensively with deionized 
H,O (pH 7.0), followed by ethanol washes. It was then transferred with 
ethanol to a flask containing azidopentasaccharide 51 (14.6 mg, 7.5 pmol). 
Reduction was carried out at room temperature for 30 min under H, (1 atm). 
The crude aminosugar was then filtered through filter paper with ethanol, 
concentrated, and dried for 20 min under vacuum. Tripeptide 54 (19.4 mg, 
30 pmol) was mixed with IIDQ (8.7 mg, 29 pmol) in CH,Cl, (1 mL) at room 
temperature for 2 min. The solution was then added to the crude aminosugar 
52/53. After stirring for 2 h, the crude protected glycopeptide 56/57 was 
purified directly on a silica column (Et0Ac:hexanes:MeOH 60:40: 3.5) to 
afford 12.0 mg (67%) of a 1 : 1 mixture ( ' H N M R )  of 56 and 57. The mixture 
was further separated on analytic TLC plates (E. Merck silica gel 60F254. 
0.25 mm, development solvent system: EtOAc: hexanes:MeOH 60:40: 3.5)  to 
afford homogeneous material. Data for protected N-/&linked pentasaccha- 
ride-tripeptide 56: IR  (film): i = 3300, 3062, 3030, 2925, 2870, 1705, 1650, 
1538, 1514, 1454, 1371, 1248, 1074, 1050cm- ' ;  ' H N M R  (400MHz. CD- 
CI,): 6=7 .42  (brd, J = 6 . 8 H z .  l H ) ,  7.32 7.10 (m), 6.78 (d, . 1=8 .8Hz ,  
2H),  6.46 (brd, J =  8.8Hz, I H ) ,  6.40 (d, J = 7 . 6 H z ,  l H ) ,  5.13-5.07 (m, 
5H),4.95-4.90(m, 3H),4.85-4.10(m), 4.05-3.95 (m,4H) ,  3.90-3.40(m), 
3.72(s,3H),3.40-3.28(m,2H),3.20(m,lH),2.70(dd,lH),2.52(dd,lH), 
2.05(m. 1 H) ,  1.731 (s, 3H),  1.63(s, SH),  1 .15(d.J  = 6.0Hz,3H),0.91-0.80 
(d, d,  J = 6.8, 7.2 Hz, 6H) ;  HRMS (FAB) calcd for Ci4,H,,,N,0,,Na: 
2582.1340, found: 2582.1401. Data for protected N-cc-linked pentasaccha- 
ride-tripeptide 57: IR  (film): 3 = 3331, 3030. 2925, 2870, 1732, 1660, 1514, 
1454, 1371, 1315, 1249, 1075, 1046cm-'; ' H N M R  (400MHz. CDCI,): 
6=7.35-7.05(m),6.81 ( d , J = 8 . 4 H z , 2 H ) , 6 . 5 2 ( d , J = 8 . 8 H z , l H ) , 6 . 3 1  
(d, J = 7 . 6 H z ,  l H ) ,  5.54 (m, I H ) ,  5.10-5.05 (m, 4H) ,  4.98 (d, 2H),  4.72 
4.40 (m), 4.35-4.20 (m, 4H),  4.15 (m. 2H). 4.14-3.50 (m), 3.72 (s, 3H),  
3.25,(m,2H),2.80(brd,lH),2.57(dd,1H),2.11(s,3H),1.77(s,3H),1.16 
(d, J =  6.0 Hz, 3H), 0.90 (dd, J =  6.8. 6.8 Hz, 6H) ;  HRMS (FAB) calcd for 
C,,,H,,,N,O,,Na: 2582.1340, found: 2582.1335. 


Synthesis of asparagine N-linked pentasaccharide- tripeptides 60 and 61 : The 
global deprotection of N-P-linked glycopeptide 56 (4.6 mg, 1.8 pmol) was 
carried out in 80% aqueous acetic acid (2 mL). Pd/C (10%, 20 mg) was 
added and H, (1 atm) was bubbled through for 4 h at room temperature. The 
reaction mixture was then filtered through filter paper. The filtrate was eva- 
porated to dryness and further dried under high vacuum overnight. The thin 
film was purified by reverse-phase gel chromatography (RP-18, pure H,O) to 
afford 2.2 mg (quantitative) of 60. 'H  NMR (500 MHz, D,O, 50 'C): 


6 = 5 . 1 0 ( b r s , 1 H , H - l 4 " ) , 5 . 0 5 ( d , J = 9 . 3 H z , 1 H , H - l ' ~ i ) , 4 . 9 0 ( b r s ,  1H. 
H-I, H-14a), 4.76(brs, I H ,  H-I3O)), 4.61 (d. J = 7 . 1  Hz, 1H.  H-1'"). 4.25 
4.15 (m), 4.10-3.5 (m), 2.9-2.6 (brd.  2H) ,  2.15 (m, 1 H), 2.06 (s, 3H) .  2.00 
(s, 3H). 1.15 (d, J = 5.5 Hz, 3H) ,  0.96 (hrs, 6H) .  The global deprotcction of 
N-cc-linked glycopeptide 57 was carried out in the same way to yield 59% of 
61. ' H N M R  (500 MHz, D,O, 50°C): 6 = 5.69 (brs, 1 H,  H-l I"), 5.11 (s, 1 H, 
H-14"), 4.91 (s, 1H.  H-14"), 4.76 (s, I H ,  H-1'"). 4.60 (d, I H ,  J -7 .2Hz) .  
4.25-4.16 (ni), 4.05 -3.60 (m), 2.85 2.70 (brd, 2 H ) ,  2.04 (s, 3H) ,  2.00 (s. 
3H), 1.15 (brd, 3H,  J =  5.5 Hr) ,  0.97 (m, 6 H ) .  HRMS (FAB) calcd for 
C4,H8,0,, N,Na: 1247.4700; found: 1247.4800. 


Synthesis of asparagine-N-linked pentasaccharide- pentapeptide 621'63 : Raney 
nickel (50% slurry in H,O, 75 mg) was washed intensively with deionized 
H,O (pH 7.0) followed by ethanol. It was thcn transferred with ethanol to ;I 


flask containing azidopentasaccharide 51 (13.5 mg, 6.9 pmol). Reduction was 
carried out at room temperature for 1 h under H, (1 atm).  The crude 
aminosugar was then filtered through filter paper with ethanol. concentrated 
and dried under vacuum for 20 min. Pcntapeptide 55 (24.5 nig, 28 pmol) was 
mixed with I lDQ (8.0 mg, 26 pmol) in CH,Cl, (1 mL) ,  and aftcr 2 min the 
partially soluble mixture was addcd to the crude aminosugar. After stirring 
overnight, the crude mixture was purified directly on analyticill silica TLC 
plates (L Merck silica gel 60 F,,,, 0.25 mni, development solvent system: 
Et0Ac:hexanes:MeOH 60:40:3.5) to afford 9.7 mg (51 I % )  of a mixture 
of [I- and r-protected glycopeptides 62/63. HRMS (FAB) calcd for 
C,,,H,,,O,,N,Na: 2766.2550, found: 2766.2540. 3.7 ing of the above 
mixture underwent global deprotection in 80% aqucoua acetic acid (2 mL) 
under H, (1 atm) in the presence of Pd/C (lo%, 20 mg). After being stirred 
for 4 h a t  room temperature, the mixture was filtered through filter paper with 
20%) aqueous acetic acid. The filtrate was evaporated to dryness and Curthcr 
dried under high vacuum overnight. The thin film was purified by reverse- 
phase gel chromatography (RP-18, pure H,O. followed by 20% MeOtli 
H,O) to afford 1.9mg (quantitative) of the free glycopeptide 62/63 a s  ;I 


mixture. No further separation was achieved. ' H N M R  (500 MHr. D 2 0 .  
50 ' C )  of the mixture. 6 5.73 (d, J =  5.0Hz, I H ,  H-1'"). 5.18 (brs. 2H. 
H-14"), 5.10 (d, J = 9.7 Hz. 1 H. H-I'O)), 4.98 (ds, 2H.  H-l?"), 4.83 (bra, 2H,  
H-II3"), 4 .79 (d , J=6 .4Hz ,  I H ,  H-l2").4.68 (d, J = 7 . 4 H z ,  11-1, H-I"'). 
4.30-4.20 (in), 4.10 3.5 (m),  3.0-2.8 (in, 4 H ) ,  2.20 (m, 2H). 2.14 (s. 6H) .  
2.07 (s. 6H) ,  1.75-1.60 (m, 6 H ) ,  1.45 (ni. 6H).  1.22 (d, .I = 6.2 Hz. 6H) .  
1.05 0.95 (ni. 24H);  HRMS (FAB) calcd for C,,H,a,0,4,N,Na: 1431.5980. 
found : 1431.6000. 
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The Nature of the Metal-Silicon Bond in [M(SiR,)H,(PPh,),] (M = Ru, 0s)  
and the Crystal Structure of IOs(Si(N-pyrrolyl),)H,(PPh,),j 


Klaus Hubler,* Ute Hubler, Warren R. Roper,* 
Peter Schwerdtfeger and L. James Wright 


Abstract: The compounds [M(SiR,)- 


NC,H, = pyr; 2a-c:  M = Os, R = pyr, 
Et, Ph) are prepared through reaction of 
eithcr [RuH,(PPh,),] or [OsH,(PPh,),] 
with the appropriate silane HSiR, 
(3a-c:  R = pyr, Et, Ph). The X-ray 
structure analysis of compound 2 a  and 
a b  initio calculations on the model 
compounds [Os(SiR,)H,(PH,),] (4a-c:  
R = H, NH,, pyr) reveal a trigonal dis- 


H,(PPh,),] (1: M = Ru, R = I -  
tortion along the 0s-Si axis from an ide- 
alised tetrahedral geometry for the central 
OsSiP, heavy-atom skeleton. The struc- 
ture can be described as two face-shared 
octahedra, one based on osmium (OsH,P,) 


Keywords 
ab initio calculations hydrides 
osmium * ruthenium silicon 


and the other based on silicon (SiH,N,). 
Studies of the bonding situation in 2a re- 
veal that the N-pyrrolyl substituents have 
a marked shortening cffect on the osmi- 
um-silicon distance (229.3 (3) pm) and 
that each of the three hydride ligands par- 
ticipates in partial three-centre bonding 
involving osmium, silicon and hydrogen. 
'H, I 3 C ,  2ySi and 31P N M R  spectra were 
used to determine the solution structures 
of complexes 1 and 2a.  


Introduction 


The study of transition-metal silyl complexes in general and the 
nature of the metal-silicon bonding in particular are areas of 
great current interest. This is driven in part by the relevance of 
metal-silicon intermediates in transition-metal catalysed pro- 
cesses of technical importance such as hydrosilylation and the 
dehydrogenative polymerisation of silanes.[', 21 One of the 
principal routes for the formation of a metal-silicon bond in- 
volves the reaction of a silane and a low-oxidation-state metal 
complex. These oxidative additions of a silane to a metal frag- 
ment can be considered in the following ways: i) two separate 
single bonds from the metal centre to silicon and to hydrogen, 
21s in I ,  ii) an FT2-bonded silane adduct (or a three-centred inter- 


action), as in 11. These bonding 
L"0S: SIR, L"OS f JIR3 situations have been extensively 


reported and reviewed by Schu- 
bert.l3I 


The extent of the interaction between silicon and hydrogen 
within a complex is important in determining its catalytic activ- 
ity. [Ru(SiMe,)H,(PMe,),], for example, has been shown to 
promote the dehydrogenative coupling of trimethylsilane in cy- 
clohexane at 150 'C to give oligomeric carbosilanes with alter- 


H H 


I II 
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nating silicon and carbon atoms,[41 which in turn can be 
utilised as precursors for the synthesis of polycarbosilanes. Very 
similar compounds of the composition [M(SiR,)H,(PRI,),] have 
been described for both ruthenium with a broad range of 
alkyl,[51 aryl,[', 61 a l k ~ x y ~ ~ . ~ ]  or halogeno[61 substituents on sili- 
con, and for iron with a diphenylmethylsilyl ligand.['I The struc- 
tural characterisation of the analogous triphenylstannyl iron 
complex [Fe(SnPh,)H,(PEtPh,),] ,[71 as well as of the cationic 
[OsH,(PPh,),] + , I 8 ]  have shown that these species contain nearly 
tetrahedral FeSnP, and OsP, cores, respectively. Unfortunately, 
X-ray structure analyses could not reveal the positions of the 
hydride ligands directly bound to the metal centre for any of 
these compounds. To our knowledge no analogous osmium 
derivatives have yet been reported. Only very recently Esteru- 
elas and coworkers published the synthesis and X-ray structure 
of [ O ~ ( S ~ H P ~ , ) H , ( C O ) ( P Z ~ ~ ~ ) ~ ] ,  the first trihydridosilyl osmi- 
um complex, prepared by oxidative addition of diphenylsilane 
to a dihydrido-olefin complex.["] However, the asymmetric po- 
sitions of the hydride ligands could only be established by ab 
initio calculations. 


Another feature addressed in this study is the special role 
played by the N-pyrrolyl substituents on silicon. Recent studies 
have demonstratcd that N-pyrrolyl-substituted phosphincs 
have unusual ligand properties. Tri-N-pyrrolyl phosphine has 
the attributes of a good TC acceptor ligand, as revealed by spec- 
troscopic and structural studies of compounds involving this 
ligand.l'O1 


In this paper we describe the synthesis of the compounds 
[M(SiR,)H,(PPh,),] (M = Ru, 0 s )  and their characterisation 
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by standard analytical methods, as well as the solid-state struc- 
ture of osmium complex 2 a  and theoretical calculations on its 
corresponding model compounds, including analyses concerned 
with the bonding situation between silicon, osmium and the 
three hydride ligdnds. 


Results and Discussion 


The seven-coordinate compounds [M(SiR,)H,(PPh,),] (M = 


Ru, 0 s )  can be prepared easily from [RuH,(PPh,),]["l or 
[OSH,(PP~,),][ '~~ and the appropriate silane in toluene 
or benzene, respectively. For the reactions involving tri-N- 
pyrrolyl~ilane,['~] the complexes [Ru{Si(pyr),}H,(PPh,)J (I ; 
pyr = 1-NC,H,) and [Os{Si(pyr,)}H,(PPh,),] (2a) form after 
30 min and 4 h, respectively, at 80 "C whereas the analogous 
osmium triethyl- and triphenylsilyl derivatives (2 b, c) can be 
synthesised only after 3 days and one week, respectively, of 
heating under reflux (Scheme 1).  After the appropriate reaction 


SIR, RuH,L, + HSiR, 


OsH,L, + HSiR,< 
3a-c 1 (M = Ru; R = Pyr) 


2ac (M = 0s; 
R = Pyr, Et, Ph) 
L = PPh, 


Scheme 1. Complexes 1 and 2 a  form under relatively mild conditions, whereas the 
analogous complcxes 2 b  and 2c  require long periods of heating under reflux 


time the compounds precipitate from benzeneln-hexane as al- 
most colourless solids, which are fairly stable to oxygen and 
moisture. The tri-N-pyrrolylsilyl complexes 1 and 2a are sur- 
prisingly stable and do not add carbon monoxide even under 
400 kPa pressure at  60 "C. Complex (2 a) is stable both to tetra- 
fluoroboric acid and to sodium hydroxide. In the following 
section, the spectroscopic properties of compounds 1 and 2 a are 
discussed. Very similar results are obtained for 2 b and c. 


Abstract in German: Die Verbindungen [M(SiR3)  H,(PPh,),] 
( 1 :  A4 = Ru, R =I-NC,H, = p y r ;  2 a - c :  M = Os, R = pyr, 
Et, Ph) konnen durch Reaktion von (RuH,(PPh,),] odes 
[OsH,(PPh,),] mit dem entsprechenden Silun HSiR, (3a -c :  
R = pyr,  Et, Ph) hergestellt werden. Die Auswertung einer Ront- 
genstrukturunul~J~~e von Komplex 2a wie auch nb-initio-Berech- 
nungen an den Modellverbindungen (Os(SiR,) H j (  PH,) j/ 
( l a - c :  R = H ,  NH,,  pyr) ergeben ein entkmg der 0.r-Si-Achse 
gedehntes Tetraeder jur die zentrale OsSiP,-Einheit. Unter Be- 
rucksichtigung der Hydrid-Liganden kann die Stvuktur auch a1.r 
zweijlachenverknupjte Oktaeder an Osmium ( OsH,P3) und Sili- 
ziurn (SiH,N,) aujgefaJt vverden. Untersuchungen der Bindungs- 
verhaltnisse in 2 a ergeben, daJ die N-Pyrrolyl Suhstituenten den 
0 s -  Si  Bindungsabstand signijikant verkiirzen und daJ jeder der 
drei Hydrid-Liganden an einer partiellen Drei-Zentren-Bindung 
zwischen Osmium, Silizium und Wasserstoff teilnimmt. Die 
Struktur der Komplexe 1 und 2 a in Losung wird durch Auswer- 
tung der 'H- ,  "C-, "Si- und "P-NMR-Spektren ermittelt. 


IR and NMR spectra: The IR spectrum of 1 shows two bands for 
the antisymmetric and symmetric RuH, stretches at C = 1969 
and 1960 cm-l.  For the osmium complex 2a three bands are 
found for the corresponding OsH, modes at 2055, 2043 and 
2029 cm- '. The appearance of three bands is a result of solid- 
state splitting, since in dichloromethane solution only  one broad 
band at  2054 with a shoulder at 2061 cm-'  is observed. In 
addition to these v(MH) bands, a characteristic absorption at 
1183 cm-' in the spectra of 1 and 2a is found for the tri-N- 
pyrrolylsilyl ligand bound to a metal centre. 


At room temperature, the 31P{1H} N M R  spectra of 1 and 2a 
show only one singlet in each case (at 6 = 32.2 and - 0.3, respec- 
tively), which are broadened in the proton-coupled 3 1 P  spectra. 
In the 'H NMR spectra only one resonance is observed for the 
three hydride ligands (at S = - 9.80 and -10.64, respectively; 
Figure I ) ,  along with the expected signals for the triphenylphos- 


rl" 
I-- 


-9 6 -9 7 -9 8 -9 9 -10 0 


. I , , , , , , , 1 ~ - 1  1 ~ , , .~--~1 , . , , .-,.--, --, . . - r, 


-10.4 -10.5 -10.6 -10.7 -10.8 -10.9 


Figure 1. High-field region of the ' H N M R  spectrum measured in [DJtoluene of 
[Ru{Si(pyr),)H,(PPh,),1 (1; spectrum a) and [Os{Si(pyr),l H,(PPh,),] (Za: spec- 
trum h) showing the AAA" part of  an AA'A"XX'X" spectrum with the two main 
lines separated by A. 


phine groups and for one set of pyrrolyl rings. These observa- 
tions suggest that, at least on the NMR timescale, the complexes 
have C,  symmetry. Likely structures have either an eclipsed 
(trigonal prismatic, 111) or 
a staggered (octahedral, SiR, SIR, SiR3 
IV) arrangement of hy- "\IZ& H d /  H Hd, , ,  H i '.H 


dride and phosphine lig- L/ MI, TL L/ VL ,/yL 
ands. To exclude the possi- L L L 


bility of a nonclassical 111 IV V 


hydride complex, that is, a 
dihydrogen adduct, the 'H NMR spectra were recorded be- 
tween - 85 and + 25 "C. No significant changes to the relevant 
peaks were observed. In addition, measurements of the spin 
lattice relaxation times t ,  at room temperature give values of 278 
and 310 ms at 400 MHz, suggesting that 1 and 2a  are classical 
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trihydride complexes.[" 14- 1 6 '  The appearance of only one 
sharp singlet in the high-field region of the 'H{"P) N M R  spec- 
tra for both 1 and 2a confirms that the pattern of the signals 
depicted in Figure 1 is due only to coupling with the three phos- 
phorus atoms. 


With the help of NMR-simulating software the signals could 
be shown to feature the AA'A" part of an AA'A"XX'X" spec- 
trum. For  this type of spin system, the difference between the 
two main lines (A, Figure I )  equals the absolute value of the sum 
of the three coupling constants between A (protons) and the 
three magnetically different X (phosphorus) nuclei. Thus, A is 
either I 2J(H,P,,) + 2 2J(H,P,,,,,) I or I 2J(H,Pc,,,,) + 2 2J(H,P,i,) I 
for the two possible arrangements 111 and 1V. In mixed hydride 
phosphine complexes the proton-phosphorus coupling con- 
stants usually correlate with the bonding angle between the par- 
ticipating atoms. For  example in [OsHCI(CO)(PPh,),] or [RuH- 
CI(CO)(PPh,),], absolute values of 87.6 or 106.1 Hz for 
'J(H,P,,,,,) and 24.5 or 23.8 Hz for 2J(H,P,is) are observcd. The 
very small line separations A of 2.8 and 16.0 Hz observed in the 
spectra of 1 and 2a can therefore only be produced by the sum 
I '.I(H,P,,,,,) + 2 *J(H,P,,,,) I with one of the coupling constants 
having a negative sign. This fixes the geometry on thc osmium 
centre as that shown in IV and eliminates I11 as a possibility. 
Unlike the situation observed for [Fe(SnPh,)H,(PEtPh2),][71 
the hydride resonances did not change on cooling to the 
lowest experimentally accessible temperature of - 85 "C. 
Thus there is no support for the formation o f  the $-silane 
dihydride species V, although this arrangement cannot be 
ruled out. 


The '"Sii'H) N M R  spectra of 1 and 2a show the expected 
quartets a t  h = 8.6 and 8.3, respectively, with corresponding 
'J(Si,P) parameters of 14.6 and 14.1 Hz. The proton-coupled 
'"Si N M R  spectrum of the ruthenium derivative 1 is clearly 
recognizable as a quartet of quartets with a J(Si.H) of 47.4 Hz. 


This pattern is consistent 
S,Me, with coupling to  three 


equivalent hydrogen 
atoms. The proton-cou- 
pled 2ySi NMR spectrum oc' t.L 


5. L=L '=PPh,  


L 


of the osmium derivative 
2a is a complex multi- 


9; L=PPh, 


plet, not immediately 
recognizable as a quartet of quartets, but which has been simu- 
lated as such with J(Si,H) of 29.2 Hz. 


A very similar complex is found in the cation of 
[OsH,(PPh,),][HC(SO,CF,),I (S).[*' The 'H N M R  spectrum 
of this compound shows a quintet for the hydride ligands 
at room temperature, which only collapses at -60°C. The 
"P{'H) N M R  spectrum at  - 80 "C shows two singlets in a 3: 1 
ratio for two different groups of phosphorus atoms that coa- 
lcsce to only one signal above - 60 "C. This means that S under- 
goes a fluxional process that rapidly equilibrates the four PPh, 
ligands on the N M R  timescale a t  temperatures above -60°C. 
For the tris(tripheny1phosphine)silyl complexes 1 and 2a there 
is n o  comparable process interchanging the phosphine and silyl 
ligands. An interaction between silicon and the three hydrides 
would stabilise the isomer with the silyl ligand occupying the 
special position and could therefore be the reason for this obser- 
vation. 


Crystal structure of 2a: The crystal structure of 2a contains one 
[Os{ Si(pyr,))H,(PPh,),] complex and threc independent chlo- 
roform molecules per asymmetric unit. Figure 2 shows the coor- 
dination sphere of osmium with almost perfect C,  symmetry 
about the 0 s - S i  axis. Complete bond lengths and angles for the 
N,SiOsP, skeleton are presented in Table 1 ; for comparison 
with the calculations discussed below, only average distances 
and angles are given in Table 2. 


C 


Figure 2. Molecular structure of [OslSi(p~r),}H,(PPh,),1 (2a).  For clarity. the 
phenyl rings of the triphenylphosphine groups and all  hydrogen atoms are omitted. 
except the hydride ligands directly bonded to the osniiuin centre. 


-1 = 1 x = 2 1 = 3  av 


N v - S i  179.2(10) 178 O(10) 177.3(10) 178.2 
N r-Si-0s 1 1 X  S(4) I t 7  5(4) 117.8(4) 11  7.9 
N.r-Si-N(i+ 1 )  99.7(5) 100.1(5) 99.7(5) [d] 99 8 


P s - 0 s  242.7(3) 244 l (3)  244.2(3) 243.7 
Ps-0s-Si 112.9(1) 114.5(1) 1 l3.9(1) 113.x 


104.3(1) lO5.O(l)  105.4(1) [a] 104.9 P.\-OF-P( Y + I )  


Pw-0s-Si-Nx -7.6(4) -69(4) -7.8(4) -7.4 


[a] When I = 3..x + I  =1 


Tablc 2. Selected interatomic distances (pni) and angles ( ) for [Oa{Si(pqr),j- 
ll,(PPh,)3] (2a) and the modcl compounds [Os(SiR,)H,(PH,),] (4a-c: R = H. 
NH,, pyr). 


2 a  (X = N) [a] 4a (X = H) 4b (X = N) 4c ( X  = N) 


method X-ray M P 2  M P 2  MP2 


0s-Si 229.3 (3) 241.4 243.6 231.3 
0 s - P  243.7 235.4 '34.8 236 7 
Si-X 178.2 147.8 173.2 176.8 
0 s  H 165.0 164.7 164.6 
S I . . . H  - 215.7 214.2 210.0 
0s-Si-X 11 7.9 113.7 11  2.6 115.6 
x-SI-x 99.8 104.9 106.2 102.7 
Si-0s-P 113.8 118.9 118.6 1 1  8.6 
P-0s-P 104.9 98.6 99.0 YY.O 
Si-0s-H 60.7 59.6 61.4 


- 179.6 17x.1 17X.X P-Os-H,,.,,,,, 
H-0s-H 98.1 96.7 99.0 
X-Si-Os-P,,\ -7.4 -0.1 -8 0 -0 7 
X-Si-0s-H,,,,, - 1 ~ n . 1  - 187.3 - 179.4 


~ -181.3 P-0s-SI-H,,,,, - 180.0 - 1X0.7 


- 


[a1 Since the X-ray structure of compound 2 a  shows it to have almost perfect C', 
symmetry (see Table I). average distances. angles and torsion angles are shown in 
this table. 
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With an average angle of 104.9" between any two phosphine 
ligands and 113.8" between silicon and any one phosphine lig- 
and, the OsSiP, unit is significantly distorted along the 0s-Si 
vector from an idealised tetrahedral geometry. This points to the 
three hydride ligands each capping one of the three Sip, faces of 
the distorted tetrahedron. When including the hydride ligands 
on osmium in the positions indicated by the ab initio calcula- 
tions (see below) as well as the nitrogen atoms on silicon, the 
structure can be described as two octahedral coordination poly- 
hedra, one based on osmium (OsH,P,) and the other on silicon 
(SiH,N,), with a face-sharing H, moiety. When considered in 
this way, the eclipsed conformation of the pyrrolyl groups with 
respect to the triphenylphosphine ligands (tors(N-Si-0s- 
P,,,) = - 7.4") is easily understood. 


The average 0s -P  distance of 243.7 pm is very similar to the 
one found for compound 5 of 243.0pmr8] and significantly 
longer than the standard value of 239.3 pm (mean value for 
17 published compo~nds[ '~ l ) .  This can be explained by a 
structural trans influence of the hydride ligands, and has been 
observed for compounds like [RuHCl(CO)(PMePh,),], in 
which the two chemically different methyldiphenylphosphine 
ligands show Ru-P bond lengths of 235.8 (cis to hydride; aver- 
age) and 244.9 pm (rvuns to hydride).r181 More surprising than 
the relatively long Ru--P distance is the exceptionally short Os- 
Si bond length of 229.3 pm, which is the first under 230 pm ever 
to be reported.["] Comparable parameters of 231.9 and 
231.8 pm have been reported for the two hydroxysilyl complexes 
6 and 7,12"] respectively, as well as for the triosmium cluster 
8 (232 pm) .["I Even the base-stabilised silylene complex 


6 


8 


(L = PPh,) 
7 


[Os= {SiEt,(thf)}(thf)(ttp)] (thf = tetrahydrofuran, ttp = tetra- 
p-tolylporphyrin) shows a longer 0s-Si distance of 
232.5 pm.[221 


Although the triphenylphosphine and the tri-N-pyrrolylsilyl 
ligands make similar steric demands. no disorder in the solid- 
state structure was apparent. This is compatible with the lack of 
fluxional behaviour deduced from the solution NMR spectra. 
Thus, electronic reasons might be behind this arrangement. If, 
however, there is any interaction between silicon and the three 
hydrides, this should result in a lengthening of the Si-N bonds, 
and, with an average value of 178.2 pm, they are indeed remark- 
ably long compared with the 172.9 pm detected for the parent 
silane HSi(pyr), (Tdble3).['31 A comparison of 2a with 
[OS(S~M~,)H,(CO)(PP~,)~] (9),[',] for which larger Si-0s-P and 
Si-0s-C angles of 122.2" (average) and 107.9" as well as smaller 
values of 100.2" (average) and 100.4" for C-0s-P and P-0s-P 
suggest that the hydride ligands are bent towards the 
trimethylsilyl group here too, shows rather long 0s-Si (245.3) 
and relatively short 0s -P  bonds (238.7 pm). 


Table 3. Selected bond lengths (pm) and angles ( ') for tri-N-pyrrolylsllane (3a) ilnd 
the model compounds HSiR, (lOa, l o b .  R = H. NH,) 


3a (X = N) IOa (X = 11) 10b (X = N) 3a (X  = N) 


method X-ray MP2 M P 2  M P 2  


H--Si 136(4) 146.8 146.6 145.2 


H-Si-X llO(2) 109.5 109.2 110.4 
X-Si-X 109.0 ( 2 )  109.5 109.7 108.h 


Si-X 112.9 (4) 146.X 172.0 173.4 


To clarify the role of the hydride ligands a s  well a s  the influ- 
ence of the substituents on silicon for the bonding situation, ab 
initio calculations on various model coinpounds were per- 
formed. 


Ab initio calculations: Geometry optimisations were carried out 
for each of the three model compounds [Os(SiR,)H,(PH,),] 
(4a-c: R = H, NH,, pyr) as well as for the parent silanes 
HSiR, (lOa, lob,  3a: R = H, NH,, pyr). The agreement with 
the experimentally obtained data is shown in Tables 2 and 3. 
The more technical details of the calculations can be found 
under Computational Details in the Experimental Section. 


The calculations on the simplest model [Os(SiH,)H,(PH,),] 
(4a) followed the usual practice of replacing the bulky 
triphenylphosphine and tri-N-pyrrolylsilyl groups by PH and 
SiH, respectively, although we knew that bond lengths to those 
ligands would be rather short. Unfortunately, the 0s-Si dis- 
tance, which is of great importance, was more than 10 pm too 
long with respect to the crystallographic value of 229.3 pm for 
[Os{Si(pyr),)H,(PPh,)J (2a). Therefore SiH, was replaced by 
the more complex Si(NH,), substituent in order to better simu- 
late the pyrrolyl rings. However, this increased the 0s-Si dis- 
tance even further (Table 2). The special properties of the tri-N- 
pyrrolylsilyl ligand, which result from the lone pairs on the 
nitrogen atoms being involved in the aromatic system and there- 
fore not easily available for any bonding to silicon. could only 
be satisfactorily represented by this ligand itself. Likewise the 
importance of the phenyl rings when modelling triphenylphos- 
phine groups by PH, has been recognised for calculations on 
[MeAuPH,], [MeAuPMe,] and [MeAuPPh,] The com- 
puter-intensive calculations on [Os{ Si(pyr),) H,(PH,),] (4  c, 
Figure 3) as well as on the appropriate silane HSi(pyr), (3a) 
yielded results in very good 
agreement with the data 
obtained from solid-state 
structures (Tables 2 and 3). 


An important goal of 
the computational part of 
this work was the deter- 
mination of the positions 
of the hydrides within 
the complexes. Theoretical 
studies have proven to be 
powerful tools for locating 
hydride ligands in transi- 
tion-metal compIexe~[ '~~  
and, because of the weak- 
ness of the X-ray crystal- 
lography in this area, it is 


Figure 3. M P 7  optiniised structure of 
[Os/Si(pyr),}H,(PH,),1 (4c) .  All hydro- 
gen atoilis of the three pyrrolyl groups iirc 


omittcd for clarity. 
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not unlikely that the positions calculated for the model com- 
pounds 4a-c are more accurate than those found in the solid- 
state structure of 2a. In all calculations each hydride was found 
to be trans to one phosphine group (tors(P-0s-Si-HI,,,) = 


- 180.0 to - 181.3"; Table 2) and trans to a hydrogen or to one 
of the pyrrolyl rings on silicon (tors(X-Si-0s-HI,,,,) = - 180.1 
and -179.4) in 4a and 4c respectively. The largest deviation 
from this conformation was found for the amino derivative 4 b, 
which has a torsion angle N-Si-0s-H,,,,, of - 187.3". 


In 4c the 0s-Si distance of 231.3 pm was only 2 pni longer 
than that found in the solid-state structure. Also, the angles 
around silicon were within 3" of the experimental values. This 
close correspondence of experimental and theoretical values 
confirms the reliability of the calculations. The lengthening of 
the Si-N bonds for the coordinated tri-N-pyrrolylsilyl group in 
comparison with the free silane (4a: 176.8 pm to IOa: 173.4 pm) 
is much greater than the lengthening observed for the analogous 
triaminosilyl compounds (4 b: 173.2 to 10 b: 172.0 pm). In par- 
allel with this, the 0s-Si distance for the triaminosilyl complex 
4b of 243.6 pm was found to be much longer than that in 4c 
(231.3 pm). This suggests that in 4c silicon forms stronger 
bonds to  osmium and possibly also to  the three hydride ligands, 
while in 4b overlap of the lone pairs on nitrogen with silicon 
orbitals most likely still stabilises the Si-N bond, as this is 
common for aminosilanes with a n  available electron pair on 
nitrogen. The delocalisation of the nitrogen lone pairs is dis- 
cussed in more detail below. From the previously discussed tor- 
sion angles N-Si-Os-HI,,,,5 it is clear that it is not as favourable 
to place the hydrides trans to the ancillary groups on silicon in 
4b as it is in 4a and 4c. 


With respect to  the Si-H distances, it is widely accepted that 
bonding interactions can be considered between silicon and 
hydrogen where the two atoms are separated by less than 
200 pm.[31 However, the Si-H ground-state potential energy 
curve, with a minimum of 278 kJniol- a t  147 pm, still shows 
half the bond energy at  a Si-H distance of ca. 220 pm.[z61 This 
indicates that Si-H contacts of 210.0 pm in complex 4c are still 
important when describing the bonding situation of silicon. 


The P-0s-P angle in 4c turns out to be slightly too small and 
as a result the Si-0s-P angle is overestimated by 4.8". However, 
as a comparison with the parameters obtained for the SiH, and 
Si(NH,), models (4a and 4b, respectively) clearly shows, this is 
not the result of an effect of the pyrrolyl rings on silicon, but 
rather the substitution of the PPh, ligands in the original com- 
pound 2a by the far less bulky PH, ligands. Including the 
phenyl rings in our calculations would not have been feasible 
with current codes and computer limitations. 


To study the bonding situation in more detail the natural 
localised molecular orbitals (NLMOs)["] based on natural 
bond orbital (NBO)['*I analyses were computed for all geome- 
try-optimised structures by the following procedure. First, the 
model complexes were separated into three H-  units and a 
central [OS(S~R,)(PH,),]~+ core with no bonds between any of 
these parts and, if applicable, one lone pair a t  each nitrogen 
atom. Figure 4 shows an electron isodensity contour map for 
the o*(Os-Si) orbital of the central [Os(SiR,)(PH,),13+ unit. 
This is justified because hydrogen atoms on transition metals 
such as osmium usually carry a partial negative charge. In a 
second step the system was allowed to delocalise. Figures 5 and 6 


I I 


Figure 4. Contour plot ofthe natural bond orbital (NBO) forthe G*(Os-Si) orbital 
in [Os(SiH,)H,(PH,),] (4a) generated with the program MOLDEN.[414" Full lines 
dcsignate positive and dotted lines negative values of the orbital, changing in steps 
of 0.02. 


Figure 5.  Contour plot of the natural localised molecular orbital (NLMO) for the 
delocalisation of a hydride lone pair in [Os(SiH,)H,(PH,),] (4a) generated with the 
program MOLDEN.[4i1 Full lincs designate positive and dotted lines negative val- 
ues of the orbital, changing in steps of 0.02. 


Figure 6. Qualitative picture for the delocalisation of one hydride lone pair into 
a) cr* orbitals of the 0 s - P  and Si-H bonds and into b) G* orbitals of the 0 s  Si 
bond in the model complex [Os(SiH,)H,(PH,),] (4a). 


show an electron isodensity contour map and a qualitative 
bonding picture for the delocalisation of the hydride electrons 
for the example of the SiH, complex 4a. Table 4 summarises the 
results for the analyses of 4a-c as well as comparable values for 
the corresponding free silanes HSiR, (IOa, lob,  3a: R = H, 


The population analyses indicate no significant changes when 
comparing charges and populations of the bound silyl ligands 


NH, ,  PYr). 
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Table4 Results of the NBO analyses for the silanes HSiR, (IOa, l ab ,  3a:  R = H ,  
NH,. pyr) as well as for the model compounds of the oxidative addition products, 
[Os(SiR,)H,(PH,),] (4a-c: R = H, NH,, pyr). 


Table 4a. Chwges y. populations (popn) and second-order perturbation energies (E2 in 
kJmo1-l) based on the NPA.'*" 


( R  = H, X = H) 
IOa 4a  10b 4 b  3a 4c  


(R = NH,, X = N) (R = pyr, X = N) 


-0.23 -0.86 
0.91 0.93 


-0.23 -0.25 
-0.11 


0.97 0.94 
2.08 2.08 
o 05 0.05 
- - 


- 1881 
632 


- 33 


-0.33 -0.87 
2.16 2.19 


-1.44 -1.45 
-0.12 


0.59 0.56 
1.20 1.20 
0.06 0.05 
1.94 1.94 
- 1950 
- 499 
- 39 


-0.27 -0.85 
2.22 2.18 


-0.97 -0.98 
- -0.09 


1.14 1.20 
0.05 0.05 
1.68 1.66 
- 1880 


~ 878 
- 62 


0.58 0.58 


Table 4b. Atom-atom net linear bond orders and delocalisation of the lone pair on 
nitrogen as well as for the hydride electrons based on the NLMO/NPA analyses.[2" 


(R = H, X = H) 
10a 4a 10b 4 b  3a 4c 


(R = NH,. X = N) (R = pyr. X = N) 


BO(H/O$ Si) 
BO(Si -X) 
1 p(N) + Si 
Ip(N) + 4*C 
BO(Si.. . H) 
BO(0s H) 
Hyd + 0 s  
Hyd + SI 


~~ 


0.77 0.78 0.66 0.70 0.71 
0.77 0.75 0.38 0.35 0.32 
- - 7.2% 7.3% 4.6% 


14.9 % 
0.20 0.19 - 


22.4% - 22.3% - 
9.9% - 9.5% - 


- - - 


- 


- 0.46 ~~ 0.46 


0 89 
0 27 
3 2 %  


16 9 % 


0 45 
21 7% 
11 8% 


0 24 


with those of the free silanes. It is especially noteworthy that no 
particular d-orbital contribution on silicon could be detected, 
even though silicon exceeds a coordination number of four in 
the complexes if weak bonding interactions are considered 
(Table 4a) .  On the other hand, there are significant differences 
in the bond orders (BO) and delocalisation of the lone pairs on 
the nitrogen atoms in the free silanes and corresponding coordi- 
nated silyl groups. While BO(Si-N) decreases only slightly from 
0.38 to  0.35 and the delocalisation from the three nitrogen 
atoms to silicon stays approximately the same at  7.2 and 7.3 % 
as we go from HSi(NH,), (lob) to [Os{Si(NH,),}H,(PH,),] 
(4b), the same parameters show a significantly greater decrease 
from 0.32 to  0.27 and from 4.6 to 3.2% for the tri-N-pyrrolylsi- 
lyl analogues 3a and 3c (Table 4b) .  In agreement with the ob- 
servation of weakened Si-N bonds in 4c, nitrogen is more 
strongly involved in the aromatic pyrrolyl system. This can be 
seen from the increased delocalisation towards the four carbon 
atoms of almost 2%. Most importantly, in 4c silicon shows the 
highest bond orders to osmium (0.89) and the hydride ligands 
(0.24) of all three calculated complexes. 


An important advantage of starting with separated parts of 
the molecule, namely the three hydrides each with two s elec- 
trons and the remaining osmium core, is the possibility of calcu- 
lating energies for the interaction of the hydride lone pair and all 
other MOs on osmium and silicon through a second-order per- 
turbation theory analysis. Besides the dominant combination 
with the o*(Os-P,,,,,) to form an 0 s - H  0 bond in all three 
complexes, energetically preferable interactions are found for 
o*(Os-Si) (Figure 4) and, less significantly, for o*(Si-N,,,,,) 
(Table 4a) .  Starting with the SiH, derivative 4a the introduc- 


tion of the highly electron-withdrawing pyrrolyl groups on sili- 
con improves the gain in energy not only because of delocalisa- 
tion of the hydride electrons (Figure 5)  into o*(Si-X) orbitals 
(33-62 kJmol-', Figure 6a), but also owing to interaction with 
the o*(Os-Si) orbital (632 to 875 kJmol- ' ,  Figure 6b) .  The 
latter interaction is more important when describing the silicon 
hydrogen contact, and also diminishes the antibonding between 
osmium and silicon. It has the smallest value in 4b 
(499 kJmol-I); again, this explains the rather long 0s-Si  dis- 
tance in this compound. 


The same effect can also be seen when NLMOs are formed 
from NBOs. Here, the hydride s orbitals (sHyd) delocalise into 
hybrids on osmium to almost the same extend for all three 
complexes 4a-c (22.4,22.3 and 21.7 'YO), while thedonation into 
silicon orbitals is considerably larger for the tri-N-pyrrolylsilyl 
derivative 4c (11.8%) than it is for the two other model com- 
pounds (9.9 and 9.5%; Table 4 b ;  Figure 6). This leads to a 
strengthening not only of the Si--H but also of the 0s-Si bond, 
by increasing the electron density between the latter two atoms, 
as can nicely be seen in Figure 5.  A further analysis shows that 
80 YO of the above-mentioned bond order of 0.89 between osmi- 
um and silicon in 4c is a result of this delocalisation process. 


For  the following applications (vibrational analysis, the de- 
termination of rotational barriers and energy calculations on 
slightly different isomers) calculations on 4c  were not feasible. 
In these cases the much simpler model 4a  was used. 


The harmonic vibrational analysis (two slightly negative 
modes for PH, torsions which we can safely neglect) reveal 
bands at  2059 and 2044 cm-' for the symmetric and two degen- 
erate antisymmetric OsH, vibrations; this is consistent with the 
previously discussed experimental IR data. 


The barriers calculated for the rotation of the SiH,, OsH, and 
OsP, groups with respect to  the 0s-Si axis are 22, 199 and 
179 kJmol-I .  Bearing in mind that the rotational barrier for 
ethane is only 13  kJmol-1,[z91 the energy calculated for the silyl 
group is significantly higher than for a simple rotation around 
a single bond. The behaviour of the 0s-Si  distance and the 
0 s -H  ' .  Si contact throughout the rotation is illustrated in 
Figure 7. Rotation of the SiH,, which destroys the optimal trans 
arrangement of hydrides and hydrogen atoms on silicon, leads 
to a remarkable increase of 3.1 and 9.2 pm for 0s-Si and 
Si . . H, respectively. Rotation of the three phosphine groups 
breaks the octahedral symmetry of the OsH,P, centre, and this 
results in an enormous lengthening of 0s-Si  by 10.3 pm and an 
even greater shortening of Si . . . H by 17.9 pm. The rotation of 
the hydrides combines both effects, and the rotational barrier of 
199 kJmol-  shows convincingly that the hydride positions 
found with all analytical methods represent a substantial energy 
minimum relative to any other possible arrangement. The sensi- 
tivity of the S i . . . H  distance to the different rotations again 
supports substantial interactions between silicon and the three 
hydrides on osmium. 


Comparison of the spectroscopic properties of [Os{Si(pyr),)- 
H,(PPh,),] (2a) with those of the very similar compound 
[OsH,(PPh,),][HC(SO,CF,),] (5)['] shows that the latter 
cationic complex is fluxional in solution at room temperature, 
whereas 2a is not. To estimate the extent that interactions be- 
tween silicon and the three hydrides are the reason for this 
difference, the structure of [Os(SiH,)H,(PH,),] (4a) was opti- 
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Figure 7. Study of 0 s  -Si bond and Si . . H contact distances (rim) for the rotation 
of the SiH, ( N 3 ) .  the OsIl, (133) or the OsP, group (P3) around the 0s-Si axis in 
tlie inodel compound [OY(S~H,)H,(PH,),] (4a).  An MP2 oplimiaation was per- 
formed at intervals of 5 from 0 to 60' .  


mised again after exchanging the position of silicon with one of 
the phosphorus atoms and restricting the geometry as little as 
possible, but as much as was needed to retain P . . H instead of 
Si . . . H contacts. Without any restrictions, no other local energy 
minima could be found besides the fully optimised structure. 
Figure 8 shows the optimised structures in an energy diagram. 


O /  ~- 
4a 


Fiyre  8. Energy diagram for geometry optiiiiisations on [Os(SiH,)H,(PH,),] (4a) 
tinder different restrictions concerning bond anglcs. All atoms are marked the same 
way iis III Figure 3. Si . ' H and P .. . H contacts smaller than 3 0  pin are dashed. 


I n  a first step (4a'), only the bond angle between the unique 
phosphorus and the other silicon or phosphorus atoms was 
fixed at 118.9", the value of the fully optimised complex 4a.  
The total electronic energy then rose by 32 kJmol with two 
hydrides still bent towards the silicon. Thus, in a second step 
( 4 4 ,  in addition to the previous restraints, the angle of the 
hydrides to the unique phosphorus was set to 60.7". The energy 
increased by 207 kJmol-I with respect to the fully optimised 
structure 4a.  This is similar to a calculated value of 
267 kJmol-I  for a Si-H single bond and shows clearly that 
Si . . . H contacts are much more favourable than P . . H con- 
tacts.'2h' 


N M  R spectroscopy, X-ray crystallography and a b  initio 
calculations have independently proven that [Os{Si(pyr),i - 
H,(PPh,),] is a trihydrido complex with an extraordinarily 
short 0s-Si bond. The hydride ligands are in bridging positions 
and three partial Si-H-0s three-centre bonds are formed. This 
bonding arrangement is particularly favoured because of the 
special electronic nature of the pyrrolyl substituents on silicon. 
I t  arises because, although the silicon has three electronegative 
nitrogen atoms bound to it (strong - I ) ,  the free electron pairs 
on the nitrogen atoms are mostly delocalised in the aromatic 
systems of the five-membered rings and hence are largely un- 
available for any backbonding towards silicon (weak + M). Ab 
initio calculations confirmed the highly electron-withdrawing 
nature of the pyrrolyl groups, whereas for the amino substituent 
on silicon the two opposing effects (- I and + M) seem to be of 
comparable importance. We have shown that the tri-N- 
pyrrolylsilyl group cannot be sucessfully modelled by SiH, or 
Si(NH,), groups for a b  initio calculations. This is especially true 
for transition-metal complexes of this group. Analysis of the 
solution NMR data suggests that complexes 1 and 2 possess a 
very similar arrangement of substituents around the metal cen- 
tres in solution compared with the solid state. 
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Experimental Section 


General methods: All reactions wcrc carried out by siandard Schlenk tech- 
niques in a dry atmosphere of oxygen-free dinitrogen. The solvents were 
carefully dried and distilled from the appropriate drying agents prior to 
 us^‘.'^^' NMR spectra wcrc mcasurcd on a Bruker DRX400 spectrometer at 
400.128 M H r  ( 'Hj ,  100.625 MHz (I3C), 79.495 MHz (2qSi) or 161.976 M H r  
(31P) at 25 C, except where otherwise noted. All chemical shifts were record- 
ed downfield from tetrainethylsilanc or phosphoric acid (3 iP )  on the 6 scale. 
Infrared spectra were recorded on a Perkin- Elmer FT-IR spectrometer 
Paragon 1 OOOPC. High resolution mass spectra (fast atom bombardment, 
FAB' at X kV) were determincd on a VG 70-SE inass spectrometer. Melting 
points are reported in degrees Celsius (uncorrected). Analytical data were 
obtained from thc Microanalytical Laboratory. University of Otago. Evi- 
dence of solvation of some analytical samples was apparent from the 
'H N M R  spectrum (H,O: S = I . %  (s), CH,Cl,: 5.29 (s)). Compounds 
[RuH,(PPh,),], [ ' I 1  [OsH,(PPh,j,]~"' and t r i - ~ ~ p y r r ~ l y l s i l a n e [ ' 3 '  were all 
prepared according to literature procedurcs. 


X-ray structure analyses of 2a.3CHC1,: C6,H6,C1,N,0sP,Si. 11.f = 


1564.47 ginol-I; data collection: Siemens Smart CCD, ~(Mo,,) = 


71.069 pm; crystal dimensions 0.15 x 0.2 x 0.2 mm3, colourless blocks, SAD- 
ABS absorption correction, T = 203(2) K;  triclinic. splice group PI 
(No. 2L31;ii), u = 1239.7(6), h =1319.7(9), i'= 2194(2) pm, 7 =103.15(4), 
p =101.97(3), 7 = 95.77(4),  V = 3379(4) x lo6 pm3. pcrlcd = 1.538 gcm '. 
2 = 2, p(MoKz) = 2.376 mm-', scan range: I . O S H 1 2 5  . 11775 independent 
reflections, 10884 observed reflections, 7664 independent reflections with 
&>4u(Q; 744 parameters; 18 restraints; R ,  =7.9. wR, = O.IX4. GOOF = 
1.07. electron density: min = - 2.82. niax = 5 . 9 2 ~  lO" ' e~111~" ;  the struc- 
ture was solved by Pattcraon methods and thc rcfincmcnt on F' was carried 
out by full-matrix least-squares techniques with the SHELXTL program 


All non-hydrogen atnms werr aiiisotropicallq refined except 
C 11 5, C 116 and the atoms of the chloroform solvent molecules. All hydrogcn 
atoms were calculated in optiniised positions with U,,, = 1.2 L;eq(C). Crystal- 
lographic data (excluding structure factors) for the structure reported in this 
paper have been deposited with the Cambridge Crystallographic Data Centrc 
as supplementary publication no. CCDC-100049. Copies of the data can be 
obtained free of charge on application to The Director. CCDC, 12 Union 
Road, Cambridge CB2 IEZ, UK (Fax: Int. code +(1223)336-033: e-mail: 
deposit(n~chemcrys.cam.ac,uk). 







0 s  and Ru Silane Comdexes 1608 - 1616 


Computational methods: All calculations were performed with the GAUS- 
SIAN94[321 program series including its built-in NBOrZ8] routines. The struc- 
tures were fully optimised by means of ah initio methods with introduction 
of correlation energy through second-order Merller-Plesset (MP 2) perturba- 
tion theory,r33' as well as gradient-corrected density functionals applying 
Beckes' 1988 cxchange functionalr341 and the correlation functional of Lee, 
Yang and Parr.[351 After a number of tests with different basis sets. it was 
decided to usc the M P 2  approach based on single-reference Hartree-Fock. 
This achieved much better rcsults compared with experimental data than the 
DFT-based BLYP methodology. At first, the optimisations were carried out 
without any symmetry restrictions starting from diffcrcnt geometries, includ- 
ing the coordinates obtained from the X-ray analysis. Since the resulting 
optimised complcxcs showed almost perfect C,  symmetry, subsequent calcu- 
lations were performed with the corresponding symmetry restrictions. Effec- 
tive core potcntials were used to represcnt thc 60 innermost electrons of' thc 
osmium atom,'"] as well as the 10-electron core of the silicon and phosphorus 


The valence double-[ basis sets with a (341/321,'21) or  a (21/21) 
contraction, for osmium or silicon and phosphorus respectively, were those 
associated to the pseudopotentials (LANL2DZ basis setr3']), supplemented 
with a polarisation d shell for the two third-period elements.[3B1 Carbon and 
nitrogen atoms were described with the DunningiHuzinaga full double-< 
basis sets, which used a (721/41) contraction,[3y1 For the hydrogen atoms a 
set of 31 contracted basis functionsr401 was used with an additional polarising 
p-functionr4" for the hydrides directly attached to the osmium ccntre. For 
compound 4 c  this resulted in 589 primitive gaussians contracted to 
266 funclions that used 240 Mbyte of memory and 11.3 Gbyte of diskspace 
on a multiprocessor SIC R 10000. The CPU time for one geometry cycle was 
24 h on four processors. Rotational bari-iers wcrc calculated on thc model 
compound [Os(SiH,)H,(PH,),] at the M P 2  level by rotation of one of the 
groups SiH,, OsH, or OsP, in 5" intervals and fixing of the torsion angle 
between the two others to their optimised value of either 0 or 18OC with 
respect to the 0s-Si axis. 


[Ru{Si(pyr),}H,(PPh,),I (1): HSi(pyr), (200 pL, 0.332 g, 1.46 mmol) was 
added to a suspcnsion of[RuH,(PPh,),] (0.214 g, 0.186 mmol) in dry toluene 
(1 5 mL). and the mixture was heated under reflux for 0.5 h. The solution was 
then concentrated under vacuum and, after addition of 15 mL n-hexane, a 
white solid was formed. Recrystallisation from CH,Cl,/n-hexane gave pure 
I (0.190g.0.170mmol,92%). Decomp 192'C; 'HNMR(CDC1,):h =7.25 
6.7 (m, 45H;  P(C,H,),), 5.81 (br, 6 H ;  a-H,  pyr), 5.79 (br, 6 H ;  /I-H. pyr), 


~ 10.20 (d, 2J(H,P,,,,,) +22J(H,P,,,) = 2.7 Hz, 3 H ;  RuH): slightly different 
values in [DJtoluene: 6 = - 9.80 (d', 2J(H,Pt,,,,) + 2 2J(H,Pc,,) = 2.8 Hz, 
3 H :  RuH): I3C{'H} NMR (CDCI,): 6 =141.2 (br: i-C,Hs), 133.8 (s: m- 
C,H,), 129.0 (s;p-C6HS), 127.8 (s; o-C,H,), 124.1 (br; B-C, pyr), 109.7 (br: 
?-C, pyr); "Si{'H) NMR (CDCI,): 6 = 8.6 (4. 'J(Si,P) =14.6 Hz); *'Si 
NMR (CDC1,): S = 8.6 (qq, 'J(Si,P) = 14.6 Hz, J(Si,H) = 47.4 Hr); ,'P 
NMR (C,D,CD3): 6= 32.2 (s); IR (Nujol): 3 =I969 (Ru-H), 1960 
(Ru-H), 1183cm-' (Si-~pyr,); MS:m/e(%): 888 (44)[Ru{P(Ph),},Hi],263 
(100) [P(Ph,),Hi]; C6,H,,N,SiP,Ru,5.5CH2Cl* (1575.42): calcd C 54.38, 
H 4.17, N 2.74; found C 54.46, H 4.14, N 2.86. 


[Os{Si(pyr),}H,(PPh,),I (2a): HSi(pyr), (50 pL, 0.083 g, 0.365 mmol) was 
added to a suspcnsion of [OsH,(PPh,),] (0.104 g, 0.106 mmol) in dry benzene 
(10 mL). After 4 h at 80°C the suspension had turned to a red-brown solu- 
tion. The reaction was allowed to  cool to room temperature. After reducing 
the solvcnt to approximately 3 mL and the addition of n-hexane (IS mL) a 
grey solid was obtained, which was collected and recrystallised from CH,CI,/ 
n-hexane to give pure Za (0.105 g, 0.087 mmol, 82%).  Decomp 198°C; 
' H N M R  (CDCI,): 6 =7.35-6.6 (m, 45H;  P(C,H,),), 5.8 (br, 12H: CI- +p-  
H, pyr), -11.0 (d, 2J(H,Pt,,,,) +2'J(H,PC,,) =17.5 Hz, 3 H ;  OsH); slightly 
different values in [DJtoluene: S = - 10.68 (d', 2J(H,P,,,,,) + 2 *J(H,P,,,) = 


16.0 Hz, 3H;  OsH); I3C NMR (CDC1,): 6 = 140.9 (br; ;-C6Hs), 133.7 (s; 
m-C,H,), 129.1 (s;p-C,H,), 127.7 (s; o-C,H,), 123.9 (br: p-C, pyr), 109.6 
(br; a-C, pyr); 29Si{'H} NMR (CDCI,): 6 = 8.3 (q, *J(Si,P) =14.1 Hz): "Si 
NMR (CDCI,): 6 = 8.6 (qq, 'J(Si,P) = 14.6 Hz. J(Si,H) = 29.2 Hz): "P 
NMR (C,D,CD,): S = ~ 0.3 (s); IR (Nujol): ^v = 2055 (0s H), 2043 
(Os-H),2029(0s-H), 1183cm-'(Si -pyr,);MS:m/e(')/a): 1208(8)[MH.'], 
976 (100) [Os(PPh,),H+]; C6,H,,N,SiP,0s.1.SH20 (1233.46): calcd 
C 64.27, H 5.15, N 3.41; found C 64.17, H 5.45, N 3.47. 


[Os(SiEt,)H,(PPh,),l (2 b): A Schlenk tubc containing [OsH,(PPh,),] 
(0.118 g, 0.120 mmol) and HSiEt, (200 pL, 0.146 g, 1.26 mmol) in dry ben- 


zene (1  5 mL) was evacuated and sealcd; the mixture was stirred for three days 
at 80 'C. The clear solution was then evaporated to drynesa and the product 
recrystalliscd from CH,Cl,/n-hexane to yield pure Zb (0.124 g. 0.1 13 mmol, 
94%).  M.p. 162°C; ' H N M R  (CDCI,): d =7.6-6.9 (m. 45H;  P(C,H,),), 
1.04 (t, 3J(H,H) =7.4Hz,  9 H ;  Si(CH,CH,),), 0.65 (q, ,J(H.H) =7.4 Hz, 
6 H ;  Si(CH,CH,),), -11.35 (d', *J(H,P,,,,,,) +22J(H.Pc,,) = 13.9 Hz. 3 H ;  
OsH); I3C NMR (CDCI,): 6 =141.0 (br; i-C,Hs), 133.9 ( s :  tn-C,H,), 
128.2 (s; p-C6Hs), 127.0 (s: o-C,H,), 15.9 (s;  Si(CH,CH,),). 8.8 ( 5 :  


Si(CH,CH,),); 29Si{'H) NMR (CDCI,): 6 =17.9 (s): *'Si NMR (CDCI,): 
6 =17.9 (br); IR (Nujol): i = 2076 (0s -H) ,  2062 ( 0 s - H ) .  2052 cm 
(0s H);  MS: mir (YO): 976 (60) [OsjP(Ph),~,H']. 263 (100) [P(Ph,)H+]; 
C,,H,,SiP,0s.0.75CH2CI, (1 159.06): calcd C 62.95. H 5.61 ; round C 63.06, 
H 5.70. 


[Os(SiPh,)H,(PPh,),l (2c): A mixture of [OsH,(PPh,),] (0.132 g. 
0.135 mmol) and HSiPh, (0.037 g, 0.142 mmol) in dry benzene (30 mL) was 
evacuated and heated at 80'C in a sealed Schlenk tube for onc week. After 
threc days, additional HSiPh, (0.054 g, 0.207 mmol) was added. The brown 
suspension was filtered and thc filtrate concentrated under vacuum to give 
crudc 2c.  This was recrystallised from CH,CI,:n-hcxane to givc pure 2c 
(0.151 g, 0.122mmo1, 90%).  M.p. 185°C; ' H N M R  (CDCI,): (5 =7.3-6.7 
(m. 60H;  P(C,H,), +Si(C,H,),). -10.6 (d', 2J(H,Pc7J +2'J(H.P,,,) = 


17.9 Hz. 3H:  OsH): NMR (CDCI,3): 6 =147.1 (s: i-Si(C,,H5)J. 140 7 
(br; i-P(C,HJ,), 136.1 (s: m-Si(C,H,),). 133.8 (s;  m-P(C,H,),). 128.4 (s: 
p-P(C,H,),), 127.2 (s: o-P(C,H,),), 126.4 (s; 0-Si(C,H,),). 126.4 (s: p-  
Si(C6HS),); IR (Nujol): i = 2055 (0s -H) ,  2039 cm- '  ( 0 s  H): MS: m c 
( " I n ) :  976 (1 00) [Oa{P(Ph),) ,H +], (67) [P(Ph,)H+]; C,,H,,SiP,Os. 5 CH ,CI, 
(1664.66): calcd C 55.57, H 4.42; found C 55.41, H 4.53. 
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Formal [4+3], [4+2], [4+1] and [2+1 
Acid- Base Reaction of 2-Methyl-1,3-di 


1 Cycloadditions and 
norpholino-l,3-butadiene 


with Fischer Carbene Complexes 


Jose Barluenga,* Fernando Aznar and M6nica Fernandez 


Abstract: 2-Methyl-I ,3-dimorpholino-l,3- 
butadiene 1 reacted with a,a-unsaturated 
Fischer carbene complexes to give a wide 
range of different products depending on 
the substitution pattern. Thus, seven- 
membcred rings (4, 5 and 6) could be ob- 
tained from chromium complexes 2 with 
aromatic or vinylic groups at the /I posi- 
tion. Similar results were observed when 
a-methyl-substituted carbene complex 7 a 
was used. Six-membered carbocycles 
(derivatives of cycloadducts 12 and 13) 
were isolated after reaction with both 
chromium and tungsten complexes bear- 


ing one or two alkyl groups at the /3 posi- 
tion (10 and 11). Moreover, cyclopen- 
tenones 20 were the main products when 
the starting carbene complexes were alkyl- 
substituted at both CI and /3 positions 
(19a, b) or when aromatic (19c,d) instead 
of vinylic complexes were used. A bicy- 


Keywords 
C-H activation - carbene complexes - 
cycloadditions * 1,3-diamino-I ,3- 
butadiene 


Introduction 


The utilization of Fischer carbene complexes in organic synthe- 
sis has been actively pursued since their discovery in 1964,"l and 
they have found extensive use both in thermal reactions with 
alkenes to form cyclopropanes,[21 with alkynes to form quinone 
derivatives (Dotz benzannulation reaction) ,[31 and in photo- 
chemical reactions to produce ketene-derived products.r41 


However, few studies of the reactivity of Fischer carbene 
complexes with dienes have been carried out,['] and the majority 
of work in the field of electron-rich dienes has utilized oxygenat- 
ed dienes. The [4 + 21 cycloadditions of chromium and tungsten 
vinyloxy complexes, reported by Wulff, are characteristic reac- 
tions of this type of compound.[61 The same author communi- 
cated the first examples of cyclopropanations, formal [2 + I] 
cycloadditions which give rise to vinylcyclopropanes. In one 
particular example, a seven-membered ring was formed, proba- 
bly by a tandem cyclopropanation/Cope rearrangement pro- 
CCSS.[Sf' 


In the last few years our research group has been concerned 
with the scope and behaviour of 2-amino-l,3-butadienes as sub- 


[*] Prof. J. Berluenga, Prof. F. Aznar, M. Fernandez 
Instituto Universitario de Quimica Organomethlica "Enrique Moles" 
Unidad asociada a1 C. S. I .  C , Julidn Claveria sj'n, E-33071 Oviedo (Spain) 
Fax: Int. code +(8)510-3446 


clo[4.1.0]heptene system 18 has also been 
obtained in the special casc of reaction 
with a,/?-dimethylvinylchromium com- 
plex 13 b; its formation could be explained 
as a formal carbene insertion into a C - H 
bond. The behaviour of diene 1 towards 
alkoxymethylcarbene complexes 22 was 
unusual. The different reaction products 
(cyclopentadienes 23, bicyclo[3.1 .O]hex- 
enes 24, aromatic amine 25 and metalla- 
trienes 26) imply a mechanism in which 
the deprotonation of the carbene complex 
by the diene is followed by Michael addi- 
tion to the iminium salt formed. 


strates for such reactions. These electron-rich dienes hold the 
decisive advantage that use of a chirally modified amine may 
promote diastereoselectivity in the cycloaddition In pre- 
ceding reports we described the reactivity of Fischer carbene 
complexes with the cited dienes to firnish sevcn-membered car- 
bocycles['] (through a formal [4 + 31 process), vinylaminocarbe- 
nes through a metathesis reaction''] and [4 + 21 cycloadducts.['O1 


Encouraged by these good results we decided to go one step 
further using even more activated dienes. Recently, we devel- 
oped a synthesis of the new diene 2-methyl-I ,3-dimorpholino- 
1,3-butadiene, diamino-substituted at 1 and 3 positions. Its 
preparation and a brief overview of its reactivity towards a 
selection of classical carbo- and heterodienophiles were report- 
ed." '] We further investigated the reaction of this diene with a 
selection of Fischer-type complexes in order to study its reactiv- 
ity with regard to the carbene complex structure. Herein we 
present the results obtained. 


Results and Discussion 


We first examincd the behaviour of chromium and tungsten 
alkenylmethoxycarbene complexes towards diene 1 in an at- 
tempt to establish whether the substitution pattern could play a 
role in the chemoselectivity of the reaction. With this idea in 
mind, wc chose a set of complexes bearing different kinds and 
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numbers of substituents a t  the s( and [I positions. We started with 
aryl or vinyl /%substituted vinylcarbene complexes 2, which re- 
acted smoothly with diene 1 at  room temperature in toluene, 
lcading to  cycloheptadiene derivatives 3 in almost quantitative 
yields (Scheme 1). It had been proposed that these compounds 


the crude reaction product, in which only one diastereoisomer 
could be detected. Stereochemical assignment was not possible 
from this analysis, and attempted purification of 3 through a 
short silica gel column led to  cycloheptatrienes 4 (Table 1). 
These compounds could be fully characterized except for 3c 


R 
I 


_r Si02 QOMe 
R = Ph, Fu 


4 


H30C 1 R = CH=CHPh 1 H30+ 


Schcmc 1 .  [4 + 31 Cycloaddition of dime 1 to a,/l-unsaturateed chromium cai-bcncs 10 obtain ceven- 
membered rings 


arise from cyclopropanation of the richer and less sterically 
hindered double bond of the diene and Cope rearrangement 
under the reaction conditions, although recent work has demon- 
strated that, with certain electron-rich dienes, the reaction is 
best explained by a nucleophilic attack of the diene at the car- 
bcnc carbon of the complex, followed by 1,2 metal migration, 
cyclization and metal extrusion.["] The structure of postulated 
adducts 3 was inferred from thc 'H and 13C N M R  analysis of 


Abstract in Spanish: El 2-rnetil-l,3-dimorfolino-i,3-butadieno I 
reucciona con carbenos de Fischer a ,  [I-insutuuutios para dar un 
utnplio rango de productos iliftrmtes dependiendo de su ,sustitik- 
c i h .  Asi, los ciclos de sietc esluhones 4 ,  5 y 6 se obfuvieron 
cmpleando los coniplejos l ie cromo 2,  con sustituyentes aromaticos 
o vinilicos en posicicin [I. Se ohscwaron resultudos sirnilares cuan- 
do se empleb el cotnplejo 7 a ,  con uti sustituyente rnetilo en posiciijn 
a .  Por oiro ludo los ciclos de .seis eslabones, derivados de 10s 
cii~1oaducro.v 12 y 13, se produjeron despues de la reuccicin con 
cwnp1ejo.r de crotno y wolfuaniio con sustituyentes ulquilo en posi- 
ci6n fr(l0 j 11) . Adenuis, Iin cic.liipt.ntenonus 20,furron elprinci- 
pal produi,to lk. la reaccicin cuundo el  carbeno ile partida tenia 
.ru.viiluyentcJs alquilo tw posiciones c( y f r  (19a, b)  o cuando en vez 
de vinil curhenos se ernplearon 10s complejos uromdticos 19. Turn- 
hi& se ohtuvo el biciclo(4.1.0jhepteno 18 en el cuso de la reaccibn 
con P I  complejo de cronio [j,fi-dirnetilvinil 13 b; ,su ,formacibn se 
podria e.uplicar cotno unu insercicin formal en un enlace C- H .  
Se ohservci un conzporturniento poco habitual cuundo .se him 
rcwc.ionur. el dkno 1 Los con alcosimetii conzplejos 22. L0.c 
dfwentes productos dt, reuccicin (ciclopcntadielzos 23, hiciclo- 
[S.l.O]kexeno,s 24, amiiiu urorndtica 25 J' tnctalulrienos 26)  
upoyun un rnecmisnzo en el yue el dieno es cupaz de abstruer 
uno de 10s protones en x del complejo curbeno y u continuucibn 
sc produce unu adicibn tipo Michael a la sal irnonio que se 
j0rniu. 


(R = 2-phenylvinyi), treatment of which with 
silica gel afforded a mixture of products from iso- 
merization of the unsaturated structure. Cyclo- 
heptatrienes 4 and adduct 3 c  were hydrolyzed to 
the cycloheptadiones 5 and 6, respectively, by 
treatment of their solutions in acetone with 3~ 
aqueous HCI a t  room temperature for 4 hours. 


Next we turned our attention to alkenyl- 
methoxycarbene complexes with alkyl sub- 
stituents: isopropenyl complexes 7 were chosen as 
a model to investigate the effect in reactivity of an 
unsubstituted f l  position in the carbene complex. 
Diene 1 reacted with isopropenyl complexes 7 in 
toluene at room temperature, and it could be ob- 
served that the metal affected the product disti-ibu- 
tion. Thus, when the chromium carbene 7a was 
used, only the seven-membered ring 8 could be 
isolated in 30 "h yield, while the [4 + 21 cycloadduct 


9 was the main product when the tungsten complex 7b was 
employed as the starting material (Scheme 2 ) .  This sensitivity to 
the nature of the metal in the chemoselectivity of the reaction 
has previously been observed.r5d] 


Table I .  Synthesis of cycloheptatrienes 1 and cycloheptenediones S and 6 .  


Entry R Complex Product Yield ( Y o )  


1 ?-bury1 2 a  4 a  74 
2 Ph 2 h  4 h  62 
3 [a] 2-Fury1 La Sa 82 
4 [a1 Ph 2 b  5 b  80 
5 (E)-CH=CHPh 2c 6 71 


[a] Yields from compounds 4 


8 30% yield 


1 + P I  
7 


0 


9 57 %yield 


Scheme 2. Chcmoselective reaction of diene 1 with pentacarbonyl[l-mcrhony-2- 
inrthyI-2-propenylidene]tungsten(o) and -chrornium(o) . 


After seeing these results we examined tungsten complexes 10 
and chromium complexes 11, with (10a, l l a )  or two 
( lob,  l l b )  methyl substituents a t  the 0 position. They under- 
went [4+2] cycloaddition to  diene 1 at  room temperature, giv- 
ing rise to the new carbenes 12 and 13 (Scheme 3). ' H N M R  
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L 
10 M = W  


12 M = W  11 M = C r  
13 M = C r  


14 M = W  16 
15 M = C r  


Scheme 3 .  [4+2] Cycloaddition of dime I to E,[j-unsaturatrd carbene complexes 
alkyl-substituted in the P-position. 


analysis of the crude reaction products revealed the presencc 
of the cited cycloadducts as a mixture of two diastereoisomers 
in ratios ranging from 3:2 to 2 : l .  Further stereochemical 
assignments were not possible due to the iiistability of 12 and 
13, which afforded difrerent products depending on the workup, 
as will now be detailed, but always with elimination of mor- 
pholine. 


Thus, if the reaction products were filtered through a short 
silica gel column once TLC analysis had revealed the disappear- 
ance of the red starting alkcny complex (about half an hour), 
elimination of morpholine and enamine hydrolysis in the cy- 
cloadducts 12 and 13 led to carbene complexes 14 and 15. The 
tungsten complex 14a (R = H) could be isolated in 32 % yield 
and fully characterized, even though it turned out to be quite 
unstable and decomposed to enol ether 16a. The stereochemis- 
try of 14a was assigned based on 'HNMR spectroscopic data; 
the 11.2 Hz value of 36 H I  -H, clearly indicated a trans relation- 
ship between the methyl group and the carbene moiety. The 
chromium complexes, in contrast, are less stable and, conse- 
quently, NMR spectra of 15a and 15b were contaminated with 
variable amounts of 16a and 16b, respectively. The structure 
suggested for the complexes 15, in which the double bond is not 
conjugated with the carbene-metal double bond, was support- 
ed by the observation in the * H NMR spectrum of a singlet at 
6 = 1.8 (15a) or 1.9 (15b) that was assigned to the methyl group 
at position 3 of the cycle. Compounds 16 were isolated as the 
main products by means of a longer silica gel column (see exper- 
imental section) and they were obtained as single isomers at the 
enol ether double bond (the structure was confirmed by NOE 
experiments) although, in solution at room temperature, slow 
isomerization to give the ( E ) / ( Z )  mixture could be observed. As 
can be seen in Table 2, the change of metal from chromium to 
tungsten resulted in an improved yield of the compound 16a. 


Table 2 Synthesis of methoxymethylenecyclohexenoncs 16 


Entry Metal R Complex Product Yield (%.) 
~ 


I W H 1Oa 16a 62 
2 Cr H 11 a 16a 46 
3 Cr Me 11 b 16b 48 


In a separate series of experiments the reactions were not 
quenched immediately after the disappearance of the starting 
material. In these cases new products, arising from evolution of 
complexes 12 and 13, could be isolated. Thus, longer reaction 
times in solution at room temperature of tungsten carbenes 12 
led to a progressive change from dark yellow to deep violet 
solutions as a consequence of formation of the nietallatrienes 17 
through morpholine elimination in the reaction conditions 
(Scheme 4). Complexes 17 could be isolated rrom thc reaction 


12 M = W  
13 M = C r  


R= H, 17a 41% yield 
R= Me, 17b 38 %yield 


6 J  
18 48% yield 


Scheme 4. Differing evolution of the [4+2] cycloadducts 12 and 13 depending on 
the metal. 


media as dark violet crystals. Not unexpectedly, the reaction of 
1 with the more bulky carbene 10 b proceeded more sluggishly, 
and consequently, the cycloaddition rate was similar to mor- 
pholine elimination and the only reaction product was metalla- 
triene 17 b. 


In contrast with this behaviour, while no evolution was ob- 
served for the chromium cycloadduct 13a under the same condi- 
tions as described above, the complex 13b was, surprisingly, 
stereospecifically transformed into a new bicyclo(4.1 .O]heptcne 
18, which could be isolated as the main reaction product. The 
formation of this structure can be described as a formal carbene 
insertion into C-H bond and metal elimination in 13b. The 
yield was optimized and the best result was obtained in toluene 
at 110 "C with a 3-to-1 excess of the starting complex; otherwise 
slow decomposition of vinylidene complex 11 a in the reaction 
conditions prevented the total consumption of diene 1 .  While 
C-H insertion processes are commonly observed in reactions 
involving metal car be no id^,['^] they are rare for isolable transi- 
tion metal carbene complexes" and the yields are synthetically 
useful only when non-heteroatom-stabilized metal carbene 
complexes are the active species, otherwise insertion compounds 
are isolated in very low yields as side products in cyclopropana- 
tion reactions of electron-deficient olefins and d i e n e ~ . [ ~ ~ , j l  How- 
ever, it has been reported that boroxy Fischer complexes under- 
go efficient intramolecular C-H insertion."'] 


The cyclohcxcnylmethoxycarbene 19 a and the cyclopentenyl- 
methoxycarbene 19b were choscn as examples of substitution at 
both x and /j positions. Surprisingly, a different mode of renctiv- 
ity was observed for these complexes, and the formal [4+ I ]  
adducts 20 (Scheme 5)"'' were obtained in good yield (entries 1 
and 2, Table 3) under similar conditions to those used in previ- 
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?\ 12 h at room temperature or in half an hour at 60'C (see 
Table 3). 


A completely different type of behaviour was observed in the 
reaction of methylchromium carbenes 22, which have acidic 


1 + (C0)5M=( OMe ;:::?* 0 k c e  + ),GOMe 
R 


^ ^ ^ ^  I _._. 
19 20 21 a-hydrogens, with diene 1. Deprotonation by the diene acting as 


base was the main reaction pathway. When the reactants were 
mixed together in toluene (Scheme 6), the solution turned deep 
violet, indicating the new reaction pattern. This deeply coloured 
product could not be purified by silica gel chromatography as it [j,Ng+e + "..R 1 decomposed in the reaction medium at room temperature into 
a mixture of unidentifiable products. However, when the reac- 
tion mixture was refluxed in toluene or THF, easily separable 
mixtures of products 23, 24 and 25 werc obtained. Yields were 


Si02 t t h 
Si02 


OMe $\N 
I 


_MI_ 


I - 
L. 


Scheme 5. [4+ I ]  Cycloaddition and cyclopropanation reactions of dime 1 with 
cycloalkenylcarbene complexes. 


riible 3. Synthesis of cyclopentenones 20 and cyclopropaiies 21 


3 Cr P h  2 5  7 6 


4 Mo Ph 2 4  1 1  9 


ous reactions (room temperature and toluene as solvent). This 
result contrasts with the behaviour of similar activated dienes 
toward this kind of carbenc complexes; thus, Danishefsky's di- 
ene was reported to react with complex 19a (R = cyclohexenyl) 
in benzene at room temperature to give rise to a mixture of 
seven-membered carbocycle and trans-divinylcyclopropane; lsdl 


similar results were obtained when 2-amino-1,3-butadienes 
alkyl-substituted at C 4  were used, although heating at 60 "C 
(THF, 3 h) was required.[sb1 


To the bcst of our knowledge only one similar example has 
previously appeared in the literaturc, namely the five-membered 
ring formed upon reaction of electron-deficient diene methyl 
sorbatc with pentacarbonyl[(N,N-dimethylamino)methylene]- 
chromium.rsk1 Small amounts of cyclopcntcne derivatives were 
detected in cyclopropanation reactions of electron-deficient di- 
cnes, but they may result from thermal rearrangement of vinyl 
cyclopropanes due to the long reaction time and not from a 
direct [4 + I] cycl~addition.[~j~ 


In order to examine the role of the double bond of the cy- 
cloalkenyl moiety in the [4+ 11 cycloaddition, we decided to 
treat diene 1 with a Fischer complex substituted with an aromat- 
ic system. The reaction of chromium complex 19c with diene 1 
under standard conditions (toluene as solvent at room tempera- 
ture) was vcry slow, and the only isolable products were pen- 
tacarbonylmorpholinochromium(0) and pentacarbonyl[ (1 -mor- 
pholino-1-phenyl)methylene]chromium(o) complcxes. However, 
when heated for 1 h in toluene at  110 "C the [4+ I] cycloadduct 
20c could be isolated as main reaction product along with small 
amounts of cyclopropanation products 21 (Scheme 5).[18] It is 
known that the metal plays an important role in thc reactivity of 
these complexes; the mildest reaction conditions have been re- 
ported for carbenes containing molybdenum.["'1 As expected, 
less harsh conditions were required when the molybdenum com- 
plex (19d) was used, and the starting complex was consumed in 


/ 23 24 25 


22 Voc I 


Scheme 6. Reaction of dime 1 with methylalkoxycarbene complexes 


higher in toluene (110°C) than in THF (64°C) (see Table4, 
entries 1 and 3) and no cyclopropanation product 24 was ob- 
served when a bulky teut-butyl group was attached to the oxygen 
in the carbene complex (Table 4, entry 6). 


Table 4. Synthesis of compounds 23, 24 and 25. 


23 (Yo) 24 (Yo) 25 (Yo) Solvent OR Entry M 


1 Cr THF OMe 10 X 20 
2 Cr THF 0 Bn 14 9 14 
3 Cr toluene OMe 24 23 
4 W toluene OMe 22 20 17 
5 Cr toluene OBn 23 15 10 
6 Cr toluene OtBu 31 - - 


The reaction was monitored by NMR analysis at room tem- 
perature, with [D,]bcnzcne as solvent. Thc formation of a new 
complex could be observed. The complex reached its highest 
concentration after 2 h;  from this time on decomposition was 
observed. This carbene complex was identified as 26, and could 
be obtained in very good yield (Table 5 )  by allowing the reaction 


Table 5 Synthesis of metallatrienes 26 and cyclopentadienes 23. and 24. 


Entry Complex M OR Yield (YO) 23 ("/o) 24 (%) 


1 26 a Cr OMe 92 74 
2 26 b Cr OBn 98 90 
3 26 c Cr OtBu 73 54 
4 26 d W OMe 95 70 X 


~ 


~ 


~ 
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to progress for 2 h at room temperature and then at -20°C 
overnight. Once the violet compounds were isolated by crystal- 
lization from the reaction media, they were dissolved in toluene 
and heated to 110 "C, giving rise exclusively to products 23 in 
good 


A plausible mechanism accounting for the formation of 23, 
24 and 25 as well as carbene complex 26 involves an acid-base 
reaction as the first step, followed by a Michael-type addition 
of the anionic species to the cc,P-unsaturated iminium salt 
(Scheme 7) resulting in the formation of intermediate carbene 


I '  


27 
Hb _r_v 


I 
_yy N 


t 
\A H 


24 25 


Scheme 7. Proposed mechanism for the reaction of diem 1 wlth methylalkoxycar- 
hene complexes. 


complex 27. This intermediate would subsequently undergo 
morpholine elimination to give 1-metalla-I ,4,6-hexatriene ZI or 
I-metalla-I ,3,5-hexatriene 26. At low temperature complex 26 
was isolated from the reaction medium as dark violet crystals 
and heating was required to promote double-bond isomeriza- 
tion to the ( Z )  configured species, this being a geometric prere- 
quisite for its cyclization to cyclopentadiene 23,r20"1 probably 
through metallacyclohexadiene Z. On the other hand, when 
starting carbene complex 22 and diene 1 were heated together 
two different reaction paths operated with both the conjugated 
26 and the nonconjugated ZZ metallatriene species being formed 
from intermediate 27. It seems that, once formed, conjugated 
1,3,5-metallatriene 26 reacts rapidly to produce the cyclopenta- 
diene, as previously described, whereas the nonconjugated 
1,4,6-metallatriene ZZ could undergo enamine attack to the car- 
bene moiety to generate intermediate IZZ; [' '] this species could 
undergo rapid decomplexation either via metallabutane IV to 


give the cyclopropanation product 24 or via interrncdiate V ,  
which after reductive elimination and loss of alcohol would give 
aromatic amine 25. 


Conclusion 


In summary, 2-methyl-1,3-dimorpholino-l,3-butadiene has 
proved to be an interesting reagent in reactions with Fischer 
carbene complexes: first of all, the wide range of products ob- 
tained is noteworthy, comprising different-sized metal-free c x -  
bocycles as well as new Fischer carbene complexes difficult to 
prepare by other methods, which have been isolated in yields 
ranging from moderate to good. The metal and the substituents 
in the carbene complex have been observed to play an important 
role in the reaction chemoselectivity; not only alkyl, aryl or vinyl 
carbene complexes but, in the special case of vinyl complexes, 
the type, position and quantity of the substituents attached to 
the double bond, have determined the reaction pattern. More- 
over, thcre is a wide variety of reaction pathways, some of which 
have not been previously observed with other electron-rich di- 
enes. 


Experimental Section 


General Considerations: Tetrahydrofuran (THF)  and toluene were distilled 
from benzophenone ketyl under nitrogen prior to use. Chromatographic 
purifications were performed on silica gel 60, 230-400 mesh. TLC was per- 
formed on glass-hacked plates coated with silica gel 60P2,, and, unless 
otherwise specified, R, of the products is given in hexaneiEtOAc 3: 1. Com- 
ponents were located by treating the plates with an acidic solution ol 'Mo(v~) 
and Ce(rv) salt complexes and heating. Chromatographic solvents were dis- 
tilled prior to use. N M R  measurements were recorded on Bruker AC-200 or  
AC-300 spectrometers. IR analysis was performed with a Mattson 3000 FTIR 
spectrometer. Electron impact (EI) mass spectra were determined on a Finni- 
gan Mat95 Mass Spectrometer. Elemental analyses were carried out with a 
Perkin- Elmer 240 B microanalyzer. 
2-Methyl-l,3-Dimorpholino-l,3-Butadiene 1 was prepared according to the 
published procedure" ' I  and carbene complexes were prepared by the stan- 
dard method.[221 


General Procedure for the Synthesis of Cycloheptatrienes 4 and 8: Diene 1 
(1 mmol) was added to a solution of a Fischer carbene complex 2 or 7a  
(1 mmol) in dry toluene (2 mL) at room temperature. The reaction mixturc 
was stirred at room temperature overnight and concentrated at reduced prcs- 
sure ( 1 K 2  Torr). The crude product was dissolved in dry hexane and filtered 
through a pad of Celite. The clear solution was concentrated at reduced 
pressure (water aspirator) and then filtered through a short silica gel column 
with hexane and ethyl acetate (3:l) as eluent. 


7-(2-Furyl)-5-methoxy-2-methyl-3-(N-morpholino)-l,3,5-cycloheptatriene (4a): 
Pentacarbonyl[l -methoxy-~r(ms-3-(2-furyl)-2-propenylidene]chromiuni(c1) 
(2a, 1 mmol, 328 mg) was treated with 2-methyl-1.3-dimorpholino-l.3-buta- 
diene (1, 1 mmol, 238 mg) in toluene for 16 h to yield 212 mg (74%) of 4a. 


2.72-2.98 (m, 4 H ;  morpholine), 3.21 (dd, "(H,H) = 5.4 Hz. 'J(H,H) = 


7.0 HL, 1 H ;  CHAr), 3.52 (s, 3 H ;  CH,O), 3 .6-3.85 (m, 4 H :  morplioline), 
4.72 [d. 'J(H,H) = 5.4 Hz, 1 H ;  CH=C(OMe)], 5.64 [s, 1 H ;  CH=C(mor- 
pholine)]. 5.76 [d, 3J(H,H) =7.0 Hz. 1 H ;  CH=C(Me)], 6.20 (dd. 'J(H.H) = 
3.2 Hz, 4J(H.H) = 0.6 Hz, I H ;  2-furyI), 6.36 (dd, 'J(H,H) = 3.2 Hz, 
'.J(H,H) =1.9 Hz, 1 H ;  2-fury]), 7.38 (dd, ,J(H,H) =1.9 Hz, 'J(H,H) = 


0.6 Hz, 1 H; 2-furyl); "C NMR (50.3 MHz. CDCI,, RT, CDC'I,): 6 = 20.3 
(CH,), 35.8 (CHAr), 50.5 (CH,, morpholine) 55.4 (CH,O). 66.7 (CH,, 
morpholine), 96.8 [CH=C(OMe)], 104.3 [CH=C(morpholine)], 105.0 
(2-furyl), 110.0 (2-furyl), 128.6 (CH=),  128.8 [(Me)C=], 141.1 (2-furyl). 
155.3 (2-furyl), 355.6 [(MeO)C=], 156.9 [(morpholine)C=]; HREIMS calcd 
for C,,H,,NO, 287.152132, found 287.151596. 


R, = 0.67; I H N M R ( ~ ~ C I  MHZ,CDCI,, RT.CHCI,): 6 =i.9n(s. ~ H ; c H , ) ,  
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5-Methoxy-2-methyl-3-morpholino-7-phenyl-1,3,5-cycloheplatriene (4 h) : 
Compound 2 a  (1 mmol, 338 mg) was treated with 1 (1 mmol, 238 mg) in 
toluene for 16 h to yield 0.384 (62%) of4b .  R, = 0.65; ' H N M R  (200 MHz, 
CDCI,. RT. CHCI,): 6 =3.97 (s, 3H;  CH,), 2.75-3.10 (m, 4 H ;  niorpho- 
Iinc). 3.15 (dd. 'J(H,H) = 5.4 Hz, 'J(H,H) = 6.7 Hz, 1 H ;  CHAr). 3.57 (s, 
3H:  CH,O), 3.70-4.00 (m, 4 H ;  morpholine), 4.73 [d, "J(H,H) = 5.4Hz, 
1 H: CH=C(OMe)], 5.74 [s, 1 H;  CH=C(morpholine)], 5.80 [d, ,J(H,H) = 


6.7 Ha. 1 H; CH=C(OMe)], 7.44 (m. 5H;  Ph): ',C NMR (50.3 MHz, CD- 
CI,. RT, CDCI,): d = 20.2 (CH,), 41.8 (CHAr), 50.3 (CH,. morpholine), 
55.1 (CH,O), 66.4 (CH,. morpholine), 99.9 [CH=C(OMe)]. 104.9 
[CH=C(morpholinc)], 126.0 (Ph), 127.2 (Ph), 127.7 (CH=), 128.2 (Ph), 
131 7 [(Me)C=]. 144.3 (Ph), 154.7 [(McO)C=], 155.4 [(morpholine)C=]; 
HREIMS calcd for C,,H,,NO, 297.172867. found 297.173755. 


2-Methoxy-l,5-dimeth~l-4-morpholino-1,3,5-cycloheptatriene (8): Pentacar- 
bonyl[l -mcthoxy-2-methyl-2-propenylidene]chromium(o) (1 mmol, 276 mg) 
7a was treated with 1 (1 mmol, 238 mg) in toluene for 16 h to yield 70 mg 
(30%) o f X ;  R, = 0.54; 'HNMR (200 MHz, CDCl,, RT, CHCI,): 6 =1.84 
(s. 6H: CH,). 2.11 (m, 2 H ;  CH,), 2.78 (m, 4 H ;  morpholine), 3.47 (s, 3H;  
CH,O). 3.77 (m, 4H:  morpholine), 5.54 [s, 1 H;  CH=C(inorpholinc)]. 5.57 
[t, '..I(H,H) ~ 7 . 8  Hz, 1 H:  CH=C(Me)]: 13C NMR (50.3 MHz, CDCI,, RT, 
C1)CI.J: 0 =16.6 (CH,), 20.2 (CH,), 31.4 (CH,), 50.8 (CH,, morpholine), 
59.0 (CH,O). 66.8 (CH,, morpholine), 105.4 [CH=C(morpholine)], 115.3 
[=C(Me)CH,]. 125.1 [CH=C(Me)], 130.1 [CH=C(Me)], 149.2 [(MeO)C=], 
154.7 [(morpholine)C=]; HREIMS calcd for C,,H,lNO, 235.157218. found 
235.1 56847. 


General Procedure for the Synthesis of 4-Cycloheptene-1,3-diones (5) : 
Aqueous 3 u HC1 (0.5 mL) was added to a solution of cycloheptatriene 4 
(0 5 mmol) i n  acetone (4 mL). The reaction mixturc was stirred at room 
temperature for 4 h and extracted with diethyl ether (3 x 15 mL). The com- 
bined organic layers were washed with saturated aqueous NaHCO, 
( 2  x 15 mL) and brine (15 mL.), dried over Na,SO, and evaporated. The 
crude product was chromatographed on silica gel with a mixture of hexanei 
ethyl acetate ( 3 : l ) .  
6-(2-Furyl)-4-methyl-4-cycloheptene-1,3-dione (5 a). Yield 82 YO (84 mg) . 


2.80-3.10 (in. 2H;  CH,CO). 3.75 (d, 'J(H,H) =13.8 Hz, 1 H;  COCH,CO). 
4.13 (d, 'J(H,H) =13.8 Hr, 1 H; COCH,CO),4.39 (m, 1 H ;  CHAr), 6.17(dd, 
'.I(H,H) = 0.6 Hr. 'J(H,H) = 3.2 Hr, 1 H ;  furyl), 6.35 (dd, 'J(H,H) = 


3.2Hz. ,.I(H.H) =1.9Hz. 1 H ;  luryl), 6.82 (d, 'J(H,H) = 5.4Hz, 1 H ;  
CII=).7.40(dd.4J(H.H)= O.hHz.'.I(H,H) =1,9Hz,lH;furyl); ' ,CNMR 
( 5 0  3 MHz. CIXI, ,  RT, CDCI,): 6 =19.3 (CH,), 35.1 (CHAr), 45.2 
(('H,CO). 61.2 (COCH,CO), 105.7 (furyl). 110.4 (furyl), 138.6 [(Me)C=], 
142.3 (furyl). 142.8 (CH=), 153.7 (furyl), 191.9 (=C(Me)CO), 201.6 (CO); 
HKEIMS calcd for C, ,H120,  204.078637, found 204.078884. 
4-Methyl-6-phenyl-4-cycloheptene-1,3-dione (5 b) :  Yield 8O'X (85 mg). R, = 


0 34 ( S O , .  hexane,EtOAc 3 : l ) ;  IHNMR (200 MHz, CDCI,, RT, CHCI,): 
6 =1.90 (s, 3 H ;  CH,), 2.75-3.05 (m, 2 H ;  CH,CO), 3.69 (d, 


COC:H,CO). 4.30 (m, 1 H;  CHAr), 6.79 (d, ,J(H,H) = 4.5 Hr;, 1 H ;  CH=),  
7.22 7.51 (m, 5H): 13C NMR (50.3 MHz, CDCI,, RT, CDCI,): 6 =19.4 
(CH,), 41.6 (CHAr), 48.6 (CH,CO), 61.2 (COCH,CO). 127.0 (Ph), 127.3 
(Ph). 129.1 (Ph), 138.2 [(Me)C=], 142.5 (Ph), 146.9 (CH=), 192.3 
(=C(Me)CO), 202.2 (CO);  HREIMS calcd for C,,H,,O, 214.099372, found 


R,. = 033;  1 ~ ~ ~ ~ ( 2 0 n ~ ~ a , ~ ~ ~ ~ , , ~ ~ ~ ~ ~ ~ , ) : 6 = i . 9 ~  ( S , 3 ~ ; ~ ~ , ) .  


'J(H.H) = 14.0 Hz, 1 H; COCH'CO), 4.26 (d, '.I(H,H)=14.0 Hz, 1 H ;  


21 4 099741 


5-(2-Phenylethenyl)-7-methyl-4-cyclohepteiie- 1,3-dione (6) : Dime 1 (1 m i d )  
was added to a solution of Fischer carbene complex 2c  (364 mg, 1 mmol) in 
dry toluene (2 mL) at room temperature. The reaction mixture was stirred at 
r o m  temperature overnight and concentrated at reduced pressure (10- 
Torr.). The crude product was dissolved in dry hexane and filtered through 
;I pail of Celite. The clear solution was concenlratcd at reduced pressnre 
(water aspirator), then redissolved in 4 mL of acelone and HC1 ( 3 ~ ) ,  stirred 
for 4 h and worked up as described above to yield 170 mg (71 YO). R, = 0.22; 
'H NMR (300 MHz, CDCI,, RT, CHC1,): 6 = 1.26 (d, ,J(H,H) = 6.9 Hz, 
3 H :  CH,), 2.73 (tdd, '..I(H,H) = 6.9 Hr, ,J(H,H) = 8.6 Hz, ,J(H,H) = 
3.4 Hz, 1 H ;  CHMe), 2.95 (dd, ,J(H.H) = 8.6 Hz, 'J(H,H) =15.9 Hz, 1 H: 


HMe), 3.14 (dd, ' .I(H,H)=3.4Hz, 2.1(H,H)=15.9Hz, 1 H :  


'J(H.H) =14.2 HL. 1 H ;  COCH,CO). 6.21 (s. 1 H;  =CHCO). 6.88 (d, 
'.I(H.H) =lO.3 Hz, 1 H :  CH=CHPh). 7.08 (d. ,J(H,H) =16.3 Hz, 1 H ;  


HMe). 3.89 (d. '.I(H,H) =14.2 Hz, 1 H;  COC:H,CO), 3.99 (d, 


CH=CHPh), 7.3-7.6 (m, 5H;  Dh); "C NMR (75 MHz, CDCI,. RT, CD- 
'21,): 6 =16.6 (CH,), 31.1 (CH,CHMe), 44.4 (CHMe), 59.3 (COCH,CO), 
127.3 (Ph), 128.9 (Ph), 129.4 (Ph), 130.7 (CH=CHPh), 131.3 (CHCO), 135.4 
(=CHPh). 135.5 (Ph), 153.9 (C=CHCO), 191.3 (=CHCO), 205.5 (CO): 
HREIMS calcd for C,,H,,02 240.115021, found 240.115329. 


General Procedure for the Synthesis of Complexes 9 and 14a and 4- 
Methoxymethylenecyclohexenones (16): Diene 1 (1 mmol) was added to a 
solution of the Fischer carbene complex 7h, 10 or 11 (1 mmol) in dry THF 
( 5  inL) at room lempcrature. The reaction was stirred at this temperature for 
the time indicated and Concentrated at reduced pressure ( lo- '  Torr). The 
residue was chromatographed in silica gel with hexanephyl acetate (3: 1). 


Pentacarhonyl[1,3-dimethyl-4-oxo-2-cyclohexenyl~methoxymethy~ene- 
tungsten(o) (9): Pcntacarbonyl[l-methoxy-2-inethyl-2-propenylidene]- 
tungsten(o) (7b. 1 mmol, 408 mgf was treated with diene I (1 mmol, 238 mg) 
in THF for 1 h to yield 279 nig (57%) of 9. R, = 0.39 (SiO,, hexanelEtOAc 


1.90 [s, 3H;  (CH,)C=], 2.18 ~ 2 . 6 0  (m, 4 H ;  CH,CH,), 4.75 (s, 3H;  CH,O). 
7.07 (s, 1 H;  CH=);  "C NMR (50.3 MHz, CDCl,, RT, CDCI,3): 6 =16.2 
(CH,C), 24.6 [(CH,)C=]. 33.7 (CH,), 34.9 (CH,), 63.5 (CH,C), 70.9 
(CH,O), 134.5 [(Me)C=], 150.4 (CH=), 197.0 (WCO), 198.5 (CO) .  201.5 
(WCO), 341.8 (W=C); IR (CH,CI,, ern-'): i. = 2070, 1938: HREIMS calcd 
for C,  ,H,,O,W 490.022843, found 490.024221. 


Pentacarhonyl[~uans-3,6-dimethyl-4-oxo-2-cyclohexenyl]methoxymethylene- 
tungsten(o) (14 a): Pentacarbonyl[l-methoxy-trclns-2-butenylidene]tungstcn(o) 
10a (1 mmol. 408 mg) was treated with dieiie 1 (1 mmol, 238 mg) in THF for 
1 h and chromatographed on a 25 x 2 cm silica gel column to yield 157 mg 
( 3 2 % ) .  R,  = 0.55; 'HNMR (300MHz. CDCI,, RT, CHCI,): i j  =1.04 (d. 
3J(H.H) = 6.4Hz, 3 H ;  CH,CH), 1.23 (tddd, ,J(H,H) = 6.4 Hz. 'J(H,H) = 


J(H,H)=11.2Hz,  ' J (H,H)=3.4Hz,  l H ; C H , C H j ,  1 .77[s ,3H: 
],2.17(dd,ZJ(H,H)=16.8H~,3J(H,H)=12.9Hr;,1H;CH2),2.43 


(dd, *.I(H,H) =l6.8 Hz, 'J(H,H) = 3.4 Hz, 1 H ;  CH,). 4.63 (s, 3H:  CH,O), 
4.62 (dd. ,.I(H,H) =11.2 Hz, 'J(H,H) = 2.6 Hz, 1 H; CHCH=). 6.30 (d. 
'J(H,H) = 2.6 Hz, 1 H ;  CHCH=); 13C NMR (75 MHz, CDCI,, RT, CD- 
Cl,): 0 =15.6 (CH,CH), 19.8 (CH,C=), 34.6 (CH,tH),  45.0 (CH,), 70.7 
(CH,O), 75.9 (CHCH=), 135.5 [(Me)C=], 139.6 (CH=). 196.7 (WCO), 
198.5 (CO), 202.6 (WCO). 337.6 (W=C); IR (CH,Cl,. cm-I): i = 2073. 
1950; HREIMS calcd for C,,H,,O,W 490.022843, found 490.023410. 


2,5-Di1i1ethyl-4-methoxymethylene-2-cyclohexenone (16a): 


Method A:  Pentacarbonyl[l -methoxy-~mns-2-butenylidene]chromium(~1) 
(11 a, 1 mmol, 276 mg) was treated with diene 1 (1 mmol, 238 mg) in THF for 
3 h to  yield 76 mg (46%) of 16a. 


Method B: Compound 10a (1 mmol, 408 mg) was treated with diene I 
(1  mmol, 238 nip) in T H F  for 1 h to yield 103 mg (62%) of 16a. K, = 0.34 
(SO,,  hexane/EtOAc 3: 1); 'H NMR (200 MHz, CDC1,. RT, CHCI,): 
6 =1.04 (d, 'J(H,H) =7.0Hz, 3 H ;  CH,), 1.80 (s, 3H: CH,C=). 2.28 (dd. 


3 : i ) ;  I H N M R  ( 2 0 0 ~ ~ 2 ,  CDCI,, RT, CHCI,): 6 =1.25 (s, 3 ~ :  CH,C). 


,.I H,H)=l5 .9Hz,  'J(H,H)=l.XHz, 1 H :  CH,), 2.59 (dd, ' J (H,H)= 
15.9 Hz, ,J(H,H) = 6.7 Hz, 1 H ;  CH,), 3.19 (tdd, ,./(H,H) =7.0 Hz. 
'J(H,H) = 6.7 Hz. 'J(H,H) = 1.8 Hz, 1 H ;  CHMe), 3.75 (s, 3H; CH,O), 6.33 
[s, 1 H; (Me)C=CH], 6.62 [s, 1 H: (MeO)CH=]; l3C NMR (50.3 MHz. 
CDCl,, RT, CDCI,): 6 = 15.5 (CH,CH), 19.6 (CH,C=). 27.4 (MeCH), 43.6 
(CH,). 60.6 (CH,O), 119.9 (C=),  129.1 (C=) ,  140.7 [CH=C(Me)]. 150.0 
[(MeO)CH=], 199.2 (CO); HREIMS calcd for C,,H,,O, 166.099372. found 
166.099413. 


2,5,5-Trimethyl-4-methoxymethylene-2-cyclohexenone (16b): Pentacar- 
boiiyl[l-niethoxy-3-methyl-2-butenylidene]chromium(~) 11  b (1 mmol. 
290 mg) was treated with dicnc l ( l . 5  mmol. 357 mg) in THF for 48 h to yield 
86 mg (48%). R, = 0.46 (SiO,. hexdne EtOAc 3: l ) ;  'HNMR (300 MHz. 
CDCI,3, RT, CHCI,): S d . 2 5  [s, 6 H :  (CH,),C], 1.82 (s. 3 H ;  CH,C=), 2.30 
(s, 2 H ;  CH,). 3.74 (s, 3 H ;  CH,O), 6.37 [s, 1 H ;  (Me)C=CH], 6.53 [s. 1H:  
(MeO)CH=]; "CNMR(75 MHz,CDCl,, RT,CDCl,): 6 =I5.2[(CH3),C], 
27.5 [(CH,),C], 35.5 [(CH,),C'], 52.6 (CH,), 61.0 (CH,O), 122.2 (C=j .  
128.1 (C=) ,  143.6 [(Me)CH=], 152.6 [(MeO)CH=], 199.0 (CO): HREIMS 
calcd for C, ,HI6O, 180.115022, found 180.1 14532. 


General Procedure for the Synthesis of Metallatrienes 17: Diem 1 ( 1  mmol) 
was added to a solution of the complex 10 (1 inmol) in dry THF (5 mL) at 
room temperature. The reaction was stirred at room temperature for the timc 
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indicated and concentrated at reduced pressure (lo-'  Torr). Then dry 
CH,C1, (1 ml) and dry hexane (7 mL) were added and the reaction mixture 
cooled down ( -  20 'C) till dark crystals were obtained. The solvents were 
declrntcd off through a cannula and the crystals dried under high vacuum. 


Pentacarhonyl~3,6-dimethyl-4-morpholino-l,4-cyclohexadienyl~methoxy- 
methylenetungsten(o) (17a): Compound 10a (1 mmol, 408 mg) was treated 
with diene 1 (1 rnmol, 238 mg) in THF for 4 h to yield 229 mg (41 %). 
'H NMR (300 MHz, CDCI,, RT, CHCI,): 6 = 0.88 (d, 'J(H,H) = 6.9 Hz, 
3 H ;  CH,), 2.00 (s, 3 H ;  CH,C=), 2.13 (dd, 'J(H,H) =15.0Hz, 'J(H,H) = 


1.7H2, I H ;  CH,), 2.47 (dd, 'J(H,H)=15.0Hz, ,J(H,H)=8.2Hz,  1 H ;  
CH,), 3.16 (tdd, ' J (H,H)=6,9Hz,  ' J (H,H)=8.2Hz,  '.I(H,H)=2.7Hz. 
1 H;  CHMe), 3.29-3.42 (m, 2 H ;  morpholine), 3.49-3.60 (m, 2 H ;  morpho- 
line), 3.70-3.83 (m, 4 H ;  inorpholine), 4.43 (s, 3H;  CH,O), 7.73 (s, ZH; 
CH=); ',C NMR (75 MHz, CDCl,, RT, CDCI,): 6 =17.3 (CH,CH), 20.7 
(CH,C=), 28.1 (MeCH), 34.3 (CH,), 49.8 (CH,, morpholine), 67.1 (CH,O), 
67.4 (CH,, morpholine), 107.9 [(Me)C=], 144.4 (C=CH), 159.9 [(morpho- 
line)C=], 164.3 (CH=), 199.3 (WCO), 203.2 (WCO), 282.0 (W=C); IR 
(CH,Cl,, cni- '): i = 2056, 1921; C,,H,,NO,W (559.23): calcd C 40.81, H 
3.79, N 2.50; found C 40.56, H 3.58, N 2.39. 


Pentacarhonyl~3,6,6-trimethyl-4-morpholino- 1,4-~yclohexadienyl~methoxy- 
methylenetungsten(o) (17h): Pentacarhonyl[l-methoxy-3-methyl-2-butenyli- 
deneltungsten(u) (lob, 1 mmol, 422 mg) was treated with diene I (1 mmol, 
238 mg) in THF for 8 h to yield 218 mg (38%) of 17h. 'HNMR (200 MHz, 
CDCI,, RT, CHCI,): 6 =1.13 [s, 6 H ;  (CH,),C], 1.92 (s, 3 H ;  CH,C=), 2.18 
(s, 2 H ;  CH,), 3.31 (m, 4H;  morpholine), 3.72 (m, 4 H ;  morpholine), 4.49 (s, 
3 H ;  CH,O), 7.42 (s, 1 H ;  CH=); 13C NMR (50.3 MHz, CDCI,, RT, 
CDCI,): 6 =19.4 (CH,C=), 25.6 [(CH,),C], 39.7 (CH,), 44.2 [(CH,),C], 
49.6 (CH,, morpholine), 67.2 (CH,O), 67.4 (CH,, morpholine), 108.7 
((Me)C=), 151.5 (C=CH), 155.9 [(morpholine)C=], 159.1 (CH=), 199.0 
(WCO), 203.4 (WCO), 299.4 (W=C); 1R (CH,CI,, cm-I): i = 2058, 1921; 
anal. calcd for C,,H,,NO,W (573.26): C 41.90. H 4.04, N 2.44; found C 
41.63, H 3.86, N 2.30; HREIMS calcd for C,,H,,NO,W 573.096337, found 
573.099416. 


1,3-Dimorpholino-7-methoxy-2,5,5-trimethylbicyclo~4.l,O~hept-2-ene (18): 
Carbene 11 b (3 equiv, 3 mmol, 870 mg) was added to a 0.1 M solution of diene 
1 (1 mniol, 238 mg) in toluene. The solution was refluxed until TLC (silica gel, 
hexane/ethyl acetate 3:l) showed the absence of l l h  in the reaction mixture 
(7 h). The work-up was performed as for the cycloheptatrienes 4 to yield 
161 mg (48%). R, = 0.44; 'HNMR (300 MHz, CDCI,, RT, CHCI,): 
6 = 0.90 [s, 3 H ;  (CH,),C], 0.92 [d, ,J(H,H) =7.7 Hz, I H ;  CHCH(OMe)], 
1.09 [s, 3H;  (CH,),C], 1.73 (d, ,J(H,H)=l5.6Hz, 1 H ;  CH,), 1.87 (d, 
'J(H,H) =15.6 Hz. 1 H ;  CH,), 2.03 (s, 3 H ;  CH,C=), 2.52-2.56 (m, XH; 
morpholines), 3.14 (s, 3 H ;  CH,O), 3.35 [d, 'J(H,H) =7.7Hz, 1 H ;  
CHCH(OMe)], 3.60 (m, 4 H ;  morpholine), 3.72 (m, 4 H ;  morpholine); ',C 
NMR (75 Hz, CDCI,, RT, CDCI,): 6 =14.9 [(CH,),C], 26.9 [(CH,),C], 
29.8 [(CH,),C], 30.3 [(CH,)C=], 34.7 (CH,), 36.4 [CH(OMe)], 48.7 (mor- 
pholine), 49.9 [C(morpholine)], 50.1 (morpholine), 58.9 [CH(OMe)], 67.2 
(CH,, morpholine), 67.7 (CH,, morpholine), 69.7 (CH,O), 120.8 [(Me)C=], 
140.8 [(morpholine)C=]; HREIMS calcd for C,,H,,N,O, 336.241273, 
found 336.241424. 


General Procedure for the Synthesis of Cyclopentenones 20a,b: Diem 1 
(1  mmol) was added to a solution of a Fischer carhene complex 19 (1 mmol) 
in dry toluene (2 mL) at room temperature. The reaction mixture was stirred 
at room temperature overnight and concentrated at reduced pressure 
(10 ~ * Torr). The crude product was dissolved in dry hexane, filtered through 
a pad of Celite and cooled at  - 20 "C to induce precipitation of [Cr(CO),]. 
The clear solution was decanted and concentrated at  reduced pressure (water 
aspirator), and the crude product obtained was chromatographed in silica gel 
with hexane/ethyl acetate (3: 1). 


4 4  l-Cyclohexenyl)-4-methoxy-2-methyl-2-cyclopentenone (20 a) : Pentacar- 
honyl[l-cyclohexenyl]methoxymethylenechromium(o) (19a, I mmol, 316 mg) 
was treated with diene 1 (1 mmol, 238 mg) in toluene for 12 h to yield 11 1 mg 
(54%) of 20a. R, =0.50; 'HNMR (300MHz, CDCI,, RT, CHCI,): 
f i  = 1.52-1.70 (m. 4H;  CH,CH,). 1.83 (s, 3 H ;  CH,C=), 1.95-2.12 (m, 4 H ;  
CH2C=CHCH,),2.54(s, 2 H ;  CH,CO), 3.15 (s, 3 H ;  CH,O), 5 .64(m, lH;  
CH,CH=), 7.30 [s, 1 H ;  CH=C(Me)]; I3C NMR (75 MHz, CDCl,, RT, 
CDC1,): 6 = 10.0 (CH,C=), 22.1 (CH,, cyclohexenyl), 22.5 (CH,, cyclohex- 


enyl), 24.2 (CH,, cyclohexenyl), 25.0 (CH,, cyclohrxenyl), 46.1 (CH,CO). 
51.0 (CH,O), 83.4 [C(OMe)], 124.9 (CH,CH=). 137.6 (CH,C=), 142.9 
[(Me)C=], 156.0 [CH=C(Me)], 206.4 (CO); HREIMS calcd for C, ,3H, ,01 
206.130671, found 206.130861. 


4-(1-Cyclopentenyl)-4-methoxy-2-methyl-2-cyclopentenone (20 h) : Pentitcar- 
honyl[l-cycl~pentenyl]methoxymethylenechromium(~) (19h, I mmol. 
302 mg) was treated with diene l ( 1  mmol, 238 mg) in tolucnc for 12 h to yield 
121 mg (63%). R,f  = 0.46; 'HNMR (300 MHz, CDCI,, RT, CHCI,): 
6 =1.81 (s, 3H;  CH,C=), 1.90 (quintet, ,J(H,H) =7.3 Hz, 2H: 
CH,CH,CH,), 2.33 (m, 4 H ;  CH,CH,CII,), 2.59 (s, 2 H .  CH,C'O). 3.17 (s. 
3 H ;  CH,O), 5.63 (m, 1 H; CH,CH=), 7.26 [s, 1 H;  CH=C(Me)]; I3C NMR 
(75 MHz, CDCI,, RT, CDC1,): 6 = 9.9 (CH,C=), 23.2 (CH,, cyclopen- 
tenyl), 31.6(CH2,cyclopentenyl), 32.4(CH,.cyclopentenyl).45.2 (CH,CO), 
51.3 (CH,O). 80.8 [C(OMe)], 128.4 (CH,C'H=), 142.5 (CH,C'=), 144.0 
[(Me)C=], 156.1 [CH=C(Me)], 206.1 (CO); HREIMS calcd for  CII2HL6OL 
192.115022, found 192.115361. 


General Procedure for the Reaction of Diene I with Carhenes 19c,d: Carbene 
19c or 19d (1 equiv) was added to a 0.3 M solution of diene 1 in toluene, the 
solution was refluxed (for 19c, method A) or stirred at room temperature (for 
19d, method €3) until TLC (silica gel, hexanelethyl acetate 3: 1) showed the 
absence of the starting complex in the reaction mixture. Then it was worked 
up as in the case of cycloheptatrienes 4 and cyclopentenones 2Oa,h. 
3-Methoxy-2-methyl-3-phenyl-2-cyclopentenone (20c) : Method A. yield 25 %, 
(50 mg). Method B, yield 24% (48 mg). R, = 0.53; 'H NMR (200 MHz. 
CDCI,, RT, CHC1,): 6 =1.90 (d, 4J(H,H) =1.6 Hz, 3 H ;  CH,C=). 2.76 (d, 
* J ( H , H ) = I Y . ~ H z ,  1 H ;  CH,),2.93 (d. 2J(H,H)=18.4Hz. 1 H ; C H 2 ) .  3.24 
(s, 3H;  CH,O), 7.32 (4, 4J(H,H) =1.6 Hz, I H;  CH=) ,  7.36 (m, 5H: Ph); 
I3C NMR (50.3 MHz, CDCI,, RT, CDCI,): 6 = 10.4 (CH,C=), 48.1 (CH2), 
51.8 (CH,O), 82.9 [C(OMe)], 125.7 (Ph), 127.7 (Ph), 128.6 (Ph). 141.7 (Ph), 
143.0 [(Me)C=], 157.1 (CH=), 206.4 (CO); HREIMS calcd for C,,H,,02 
202.099373, found 202.098770. 
2-((1R*,2S*)-2-methoxy-l-morpholino-2-phenylcyclopropyl~prop~nal (ck-2 1 ) : 
Method A, yield 7% (20 mg). Method B, yield 11 % (32 mg). R, = 0.40: 
'H NMR (300 MHz, CDCI,, RT, CHC1,): 6 = 1.01 (d, ,J(H,H) = 6.4 Hz, 
1 H ;  C'H,), 1.36 (d, 'J(H,H) =7.3Hz. 3 H ;  CH,CH), 1.52 (d, 'J(H.H) = 
6.4 Hz, 1 H ;  CH,), 2.32 - 2.44 (in. 2 H ;  morpholine), 2.52-2.62 (m, 2 H ;  
morpholine), 2.81 (9, ,J(H,H) =7.3 Hz, 1 H; CH,CH), 2.90-3.00 (in, 2H: 
morpholine), 3.10-3.16 (m. 2 H ;  morpholine), 3.17 (s. 3 H ;  CH,O), 
7.21-7.45 (m, 5 H ;  Ph), 10.00 (s, 1 H;  CHO); ' ,C NMR (75 MHz, CDCI,. 
RT, CDCI,): 6 =11.8 (CH,CH), 22.9 (CH,,cyclopropane), 49.5 (CH,. mor- 
pholine), 50.6 (CHMe), 54.7 (CH,O), 56.3 [C(morpholine)], 67.0 (CH,. 
morpholine), 74.1 [C(OMe)], 126.9 (Ph), 127.2 (Ph), 127.9 (Ph), 136.5 (Ph). 
205.2 (CHO); HREIMS calcd for C,,H,,NO, 289.167781, found 
289.167862. 
2-~(1R*,2R*)-2-methoxy-l-morpholino-2-phenylcyclopropyl~propanal (/rcm.s- 
21): Method A, yield 6 %  (17 mg). Method B, yield 9 %  (26 mg). R, = 0.34 
(SO,, hexanc/EtOAc 3: l ) ;  ' H N M R  (200 MHz, CDCI,. RT. CHCI,): 
6=1.13 (d, ' J (H,H)=6.4Hr.  I H ; C H , ) .  1.18 (d, 3J(H,II)=7.0Hz, 3 H ;  
CH,CH), 1.41 (d, 'J(H,H) = 6.4 Hz, 1 H ;  CH2),2.16-2.32(m. 2H;morpho- 
line), 2.45-2.58 (m, 2 H ;  morpholine), 2.90 (4. '4H.H) =7.0 Hz, 1 H; 
CH,CH), 3.10-3.22 (m, 2 H ;  morpholine), 3.13 (s, 3 H ;  CH,O), 3.30-3.40 
(m, 2 H ;  morpholine), 7.28-7.43 (m, 5H; Phj, 9% (s, 1 H; CHO); I3C NMR 
(50.3 MHa, CDCl,, RT, CDCI,): 6 =14.0 (CIf,CH), 20.5 (CH,, cyclo- 
propane), 43.1 (CHMe), 48.5 (morpholine), 54.4 (CH,O), 57.4 [C(morpho- 
line)], 66.8 (morpholine), 72.0 [C(OMe)]. 126.8 (Ph), 127.2 (Ph), 128.5 (Ph), 
136.2 (Ph), 203.6 (CHO); HREIMS calcd for C, ,H,,NO, 289.167781. found 
289.166998. 


General Procedure for the Reaction of Diene 1 with Carhenes 22: Method A :  
Carbene 22 (1 equiv) was added to a 0.3 M solution of diene I in toluene; the 
deep violet solution was refluxed for 2 h. Then it was worked up as for 
cycloheptatrienes 4 to obtain 23, 24 and 25. 


Reaction of carhene complex 22a with diene 1 (method A)- Pentacarhonyl[l- 
methoxyethylidene]chromium(~~) (1 mmol, 250 mg) 22a was treated with 1 
(1 mmol, 238 mg) to obtain 23a (50 mg, 24 %) and 24a (48 mg, 23%). 
1,5-Dimethyl-2-methoxy- 1 -rnorpholino-2,4-cyclopentadiene (23 a) : R = 0.48 ; 
' H N M R  (300MHz, CDCI,, RT, CHCI,): 6=1.20 [s. 3 H ;  CH,C(mor- 
pholine)], 1.75 (d, 4J(H.H) = 2.6 Hz, 3 H ;  CH,C=), 2.60 (m. 4 H ;  morpho- 
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line), 3.64 (s, 3 H ;  CH,O), 3.66 (m, 4 H ;  morpholine), 4.95 [d, 'J(H,H) = 


2.2 HI. 1 H ;  CH=C(OMe)], 5.72 [dd, ,J(H,H) = 2.2 Hz, "J(H,H) = 2.6 Hz, 
1 H. CH=C(Me)]; I3C NMR (50.3 MHz, CDCl,, RT, CDCI,): 6 =12.6 
[C'H,C(morpholine)]: 19.0 (CH,C=), 46.6 (CH,, morpholine), 56.3 (CH,O), 
67.9 (CH,, morpholine), 70.5 [(Me)C(morpholine)], 95.0 [CH=C(OMe)]. 
122.9 [CH=C(Me)]. 138.3 [(Me)C=], 170.0 [(MeO)C=]; HREIMS calcd for 
C I >H ,<>NO, 209.143 569. found 209.141822. 


S-Methoxy-2-methyl-1-morpholinobicyclo~3.1.U~hex-2-ene (24 a): R,  = 0.31 ; 


1 H ;  CH,, cyclopropane), 1.23 (d. 'J(H,H) = 4.6 Hr. 1 H ;  CH,, cyclo- 
propane), 1.86 (s, 3H:  CH,C=). 2.45 (d, 'J(H,H) =17.2 Hz, 1 H ;  CH,, 
cyclopentene), 2.61 (d, '.I(H.H) = 17.2 Hz, 1 H ;  CH,, cyclopentene), 2.90 (m. 
4 H ;  morpholine), 3.43 (9, 3 H ;  CH,O), 3.68 (m. 4 H ;  morpholine), 5.04 (s. 


25.5 (CH,, cyclopropane), 37.5 (CH,. cyclopentene) 50.1 (CH,, morpho- 
line). 56.6 (CH,O). 59.9 [C(OMc)], 67.5 (CH,, morpholine), 71.0 [C(mor- 
pholine)]. 120.8 (C'H=), 144.3 [(Me)C=]; HREIMS calcd for C,,lI,,NO, 
?00.141 S69. h u n d  200.143824. 


Reaction of carhene complex 22 h with diene 1 (method A):  Pentacarbonyl- 
[I-beii~yloxyethylidcnc]cliromiu~n(i~) (22b, 1 mmol, 326 mg) was treatcd with 
I (1 mmol. 238 mg) to obtain 23b (65 mg, 23%), 24b (43 mg, 15%)  and 25 
( 18 mg. 10 X) 


2-Benzyloxy-l,5-dimethyl-l-rnorpholino-2,4-cyclopentadiene (23 b): R ,  = 0.50; 
' H N M R  (200 MHz, CDCI,. RT, CHCI,): 6 =1.27 [s, 3 H ;  CH,('(mor- 
pholine)]. 1.74 (s, 3 H ;  CH,C=), 2.68 (ni. 4 H :  morpholine), 3.68 (m, 4 H ;  
morpholine). 4.80 (d, 'J(H,H) =12.0 Hz, 1 H;  CH,Ph), 4.93 (d, '.I(H,H) = 


12.0 Hz. 111; CH,Ph), 5.02 [d. 'J(H,H) = 2.2 HL, 1 H;  CH=C(OMe)l, 5.76 
[in, 1 H: CH=C'(Me)]. 7.43 (m, 5 H ;  Ph): "C NMR (50.3 MHL, CDCI,, RT, 
CDCI,): 6 = 12.3 [CH,C(morpholine)] 19.1 (CH,C=), 46.7 (CH,, morpho- 
line), 67.8 (CH,. morpholinc). 70.6 [(Me)C(tnorpholine)], 70.9 (CH,Ph), 
96.2 [C'H=C(OMe)], 122.7 [CII=C(Me)]. 127.1 (Ph), 127.6 (Ph), 128.3 (Ph), 
136.9 (Ph), 138.5 [(Me)C=], 168.6 [(MeO)C=]; HREIMS calcd for 
C,,H,,NO, 285.172867, found 285.172939. 


5-Benzyloxy-2-methyl-1-morpholinohicyclo~3.1.O~hex-2-ene (24 b): R, = 0.44; 
'H NMR (300 MHz, CDCI,. RT, CHCI,): 6 = 0.44 (d,  2J(II,H) = 4.7 Hz, 
1 H;  CH,, cyclopropane), 1.37 (d, 'J(H,H) = 4.7Hz, 1 H ;  CH,, cyclo- 
propane). 3.70 (9, 'J(H,H) = 2.2 Hr. 'J(H,H) = 2.2 Hz, 3 H ;  CH,C=), 2.45 
(dquintet, 'J(H,H) = 17.2 Hz, ,J(H.H) = 2.2 IHz, 'J(H,H) = 2.2 Hz, 1 H:  
CH2.  cyclopentene), 2.63 (dquintct, 'J(H,H) = I 7 2  Hz, ,J(H.H) = 2.2 HL, 
'J(H.H) = 2.2 HL. 1 H: CH,. cyclopentene), 2.80 3.45 (m. 4 H ;  morpho- 
line). 3.60-3.75 (m, 4 H ;  morpholine), 4.68 (s, 2H;  CH,Ph), 5.02 (sextet, 
-3./(H.H) = 2.2 Hz, 4J(H,H) = 2.2 HL, 1 H:  CH=) ,  7.20 7.39 (in, 5 H ;  Ph); 


cyclopropane), 38.6 (CH,, cyclopenlcnc), 50.1 (CH,, morpholine), 60.3 
[('(morpholinc)]. 67.8 (CH,, morpholine), 70.5 [C(OBn)], 71.4 (CH,Ph), 
120.5 (CH=) .  127.1 (Ph), 127.2 (Ph), 128.1 (Ph), 139.0 (Ph), 144.3 [(Me)C=]; 
HREIMS calcd for C,,H,,NO, 285.172867, found 285.172219. 


.V-(2-methylphenyl)morpholine (2.5): R,  = 0.65, UV developed; 'H NMR 


,d(H.H) = 4.5 fir. 4 H ;  morpholine). 3.89 (t, ,J(H,H) = 4.5 Hz, 4 H ;  mor- 
pholine). 6.95-7.10 (in, 2 H ;  Ar), 7.15-7.30 (m, 2 H ;  Ar); I3C NMR 
(50.3 MHz. CDCI,, RT, CDCI,): 6 =17.8 (CH,), 52.1 (CH,, morpholine), 
67.4 (CH,, morpliolinc), 118.8 (CH), 123.3 (CH), 126.5 (CH), 131.0 (CH), 
132.5 ( C ) .  151.1 ( C ) ;  HREIMS calcd for C , ,H , ,NO 177.115356, found 
277.1 15341. 


Reaction of carbene complex 22c with diene 1 (method A): Pentacarbonyl- 
[l-/er./-hutoxyeth~1idenc]chro1nium(o) 22c ( I  mmol, 292 mg) was treated with 
2-incthyl-1,3-dimorpholinol ,:I-butadienc I ( I  mmol, 238 mg) to obtain 23c 
(7X mg, 31 'YO) .  


2-trrt-Rutoxq- I ,S-dimethyl-l-morpholino-2,4-cyclopentadiene (23c): R, = 


0.66, (SO, ,  hexane;EtOAc 3 : l ) ;  ' H N M R  (300 MHz, CDCl,, RT, CHC1,): 
6=1.13 [s. 3 H ;  CH,C'(morpholInc)]. 1.40 [s, 9H: C(CH,),], 1.67 (s, 3H: 
CH,C=). 2.62 (in. 4 H ;  morpholine), 3.62 (in, 4 H ;  morpholinc), 4.90 [s, 1 H ;  


RT. CDCI,): d = 12.1 [CEI,C(morpholine)]. 19.3 (CH,C-=), 27.8 [C(CH,),] 
46.S (CH,, morpholinc). 68.1 (CH,. morpholine), 71.3 [CH,~('(niorpholine)]. 
78.0 [C'(CH,),]. 97.2 [C'H=C(OMe)]. 123.2 [CH=C(Me)l, 137.1 [(Me)C=], 
164.4 [(MeO)C=]: C, ,HIINO, (251): cdcd C 71.67, H 10.02, N 5.57; found 
C 72.01. H 9.78. N 5.42. 


' 11  NMR (200 MHz, CDCl,, RT, CHCI,): 6 = 0.39 (d, './(H,H) = 4.6 Hz, 


1 H ;  CH=):  13C NMR (75 MHL. CDCI,, RT, CDCI,): h =l6.7 (CH,C=), 


I3C NMR (75 MH7, CDCI,, RT, CDCI,): 6 =16.2 (CH,C=), 25.9 (CH,. 


(300  Mllz, CDCI,. RT, CHCI,): 6 = (CDC1,) 2.36 (s, 3 H ;  CH,), 2.94 (t. 


CI~=C:(OMC)]. 5.70 [s, 1 H: CH=C(Me)]; 13C: NMR (50.3 MHz. CDCI,, 


Reaction of carbene complex 22d with diene 1 (method A): Pentacarbonyl- 
[l-rert-butoxyethylidene]tungsten(o) (1 mmol, 382 mg) 22d was treated with 
2-methyl-l,3-dimorpholino-l.3-butadiene 1 (1 mmol, 238 mg) to obtain 23a 
(46 mg, 22%). 24a (42 mg, 20%) and 25 (30 mg, 17%) .  


General procedure for reaction of diene 1 with carbene complexes 22 
(MethodB): To a solution of carbene 22 in CH,CI, (1 mL) and hexane 
(5 mL), diene 1 (1 mmol) was added; the colour turned to violet. It was stirred 
for 1 h at room temperature and then cooled at -20°C overnight; com- 
pounds 26 were obtained as dark violet solids. 


Pentacarbonyll2,4-dimethyl- 1 -methoxy-S-morpholino-2,4-pentadienylidene~- 
chrnmium(o) (26 a): Pentacarbonyl[l-methoxyethylidene]chromium(o) (22 a. 
1 mmol, 250 mg) was treated with 1 (1 mmol, 0.238 g) to yield 0.369 g (92%). 
'IHNMR (300 MHz, CDCI,, RT, CHCI,): 6 = 1.87 (s, 3 H ;  CH,C=), 2.93 (s. 
3 H :  CH,C=), 3.49 (t. "./(H,H) = 3.9 Hz, 4 H ;  morpholine). 3.80 (t. 
'J(H,H) = 3.9 Hz, 4 H ;  morpholine), 4.24 (s, 3 H ;  CH,O), 6.74 (d. 
,J(H,H) = 13.3 H L ,  I H ;  CH=),  8.00 (d. ,J(H,H) = 13.3 Hz. 1 H;  CH=): "C 
N M R  (75 M H ~ .  CDCI,, RT, CDCI,): [s =16.2 (cH,c=), 18.2 (cH,c=). 
52.0 (CH,, tnorpholine), 61.3 (CH,O), 66.9 (CH,, morpholine). 112.0 
[(Me)(:=], 126.5 (C€f=), 152.8 (CH=),  167.0 [(Me)(morpholine)C=]. 218.9 
(CrCO), 224.8 (CrCO), 303.0 (Cr=C); IR  (CH,CI,, em-'): i. = 2048,1923; 
C,,H,,NO,Cr(401):C50.88,H4.77,N3.49;foundC51.02,H4.50,N347. 


Pentacarhonyl[2,4-dimethyl- 1 -benzyloxy-S-morpholno-2,4-pentadienlyden~- 
chromium(o) (26 b). Pcntacarbonyl[l -benzyloxyethylidene]chroniium(n) 22 b 
(I mmol. 326 ins) was treated with 1 (1 mmol, 238 mg) to yield 467 mg 


2.28 (a, 3 H ;  CH,C=), 3.48 (t. 'J(H,H) = 4.7 Hr,  4 H ;  morpholine). 3.75 (t. 
3J(H,H) = 4.7 Hz, 4 H ;  morpholine), 5.50 (s, 2 H ;  CH,Ph), 6.79 (d, 
,J(H,H) =13.5 Hz, 1 H; CH=), 7.35-7.55 (ni, 5 H ;  Ph), 8.04 (d, 'J(H,H) = 
13.5 Hz? 1 H ;  CH=);  ' ,C NMR (50.3 MHz, CDCl,, RT. CDC1,): 6 =16.3 
(CH,C=), 18.4 (CH,C=), 52.2 (CH,, morpholine), 66.9 (CH,, morpho- 
line), 75.7 (CH,Ph), 112.1 [(Me)C=], 126.5 (CH=), 127.5 (Ph), 128.0 ( P h ) ,  
128.5 (Ph), 136.4 (Ph), 153.9 (CH=), 167.6 [(Me)(morpholine)C=]. 219.0 
(CrCO), 224.8 (CrCO), 300.4 (Cr=C); 1R (CH,CI,, cm-I) :  G = 2054, 1921; 
anal. calcd for C,,H,,NO,Cr (477): C 57.86. H 4.86, N 2.93: found C 57.59. 
H 4.60, N 2.81: HREIMS calcd for C,,H,,NO,Cr 477.087962. found 
477.088123. 


(98%). 'HNMR(200  MHz,CDCl,,RT,CHCI,): 6 =1 .86(~ .  3H;CH,C=) .  


Pentacarhonyll 1 -~e~~-hutoxy-4,5-dimethyl-~morpholino-2,~pentadienylidene~- 
chromium(u) (26c): Pentacarbonyl[l-r~~rr-butoxyethylidene]chromium(o) 
(22c, I nimol. 202 mg) was treated with 1 (1 mniol, 238 mg) to yield 530 mg 
(73%). ' H N M R  (200 MHz, CDCI,, RT, CHCI,): 6 =1.62 [s, 9 H :  
(CH,),C], 1.87 (s. 3 H ;  CH,C=). 2.34 (s, 3 H ;  CH,C=), 3.49 (m, 4 H :  mor- 
pholine). 3.82 (m, 4 H ;  morpholine), 6.76 (d, 3J(H,H) = 13.3 Hz. I H ;  CH=) .  
8.33 (d. 'J(H,H) =23.3 Hz, 1 H;  CH=); 13C NMR (50.3 MHz, CDCl,, RT. 
CDC1,): 6 =16.5 (CH,C=), 18.0 (CH,C=), 29.9 [(CH,),C], 51.9 (CH,, 
morpholinc), 67.0 (CH,, morpholine). 87.0 [(CH,),C], 112.4 [(Me)C=], 
126.2 (CH=),  164.4 (CH=), 165.3 [(Me)(morpholine)C=], 219.8 (CrCO), 
225.4 (CrCO). 305.12 (Cr=C); IR  (CH,CI,, tin-I): 1. = 2046, 1927; 
C,,,H,,NO,Cr (443): C 54.17, H 5.68, N 3.16;foundC 54.12. H 5.47.N 2.94. 


Pentacarhonyl[ 1 -methoxy-2,4-dimethyl-S-morpholino-2,4-pentadienylidene~- 
tungsten@) (26d): Pentacarbonyl[l-methoxyethylidene]tungsten(o) (22d, 
1 mmol, 382 mg) was treated with 1 (1 mmol, 238 mg) to yield 506 mg (95 YO) 


(s, 3 H ;  CH,C=), 3.50 ( t ,  'J(H,IH) = 4.7 Hz, 4 H ;  morpholine). 3.79 (1. 


'J(H,H) = 4.7 Hz. 4 H ;  morpholine), 4.22 (s, 3 H :  CH,O). 6.70 (d. 


' H N M R  (300 MHz, CDCI,, RT, CHCI,): 6 =1.88 ( s ,  3 H ;  CH,C=), 2.21 


'J(H,H) = 13.5 Hz, 1 H: CH=) ,  8.01 (d, 'J(H,H) = 13.5 Hz. 1 H ;  CH=).  "C 
NMR (75 MHz. CDCI,. RT, CDC1,): 5 =16.3 (C'H,C=). 18.4 (CH,C=). 
52.1 (CH,, moi-pholine). 63.6 (CH,O). 66.9 (CH,, morpholinc), 112.0 
[(Me)C=], 129.7 (CH=).  153.5 (CH=). 167.4 [(Me)(morpholine)C=]. 199.4 
(WCO), 204.5 (WCO), 280.5 (W=C); 1R (CH,Cl,, cm- ' ) :  i. = 2056, 1927: 
Cl,HI,NO,W (533): calcd C 38.27, H 3.59, N 2.63; found C 38.33. H 3.47. 
N 2.76. 
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Type B Semiconductor Photocatalysis : The Synthesis of Homoallyl Amines 
by Cadmium Sulfide-Catalyzed Linear Photoaddition of Olefins 
and Enol/Allyl Ethers to N-Phenylbenzophenone Imine** 


Helmut Keck, Wolfram Schindler, Falk Knoch, and Horst Kisch" 


Abstract: Homoallyl amines were synthe- 
sized by visible-light irradiation of CdS 
powder in the presence of N-phenylben- 
zophenone imine and cyclohexene, 2,3- 
dihydrofuran, 2,5-dihydrofuran, 3,4-di- 
hydropyran, 2-pentene, cyclopentene, 
1 -methylcyclohexene, or a-pinene. The 
structures of the products from the last 
three olefins were determined by single- 
crystal X-ray analysis to prove that 
C-alkylation of the imine had occurred. 
Thus, the reaction is formally an insertion 
of the imine into an allylic C-H bond of 


the olefin. It is proposed that a photogen- 
erated electron-hole pair reduces the 
imine to an a-aminodiphenylmethyl radi- 
cal and oxidizes the olefin with concomi- 
tant deprotonation to the corresponding 
allyl radical. Heterocoupling of these in- 


Keywords 
cadmium sulfide catalysis * photo- 
chemistry - semiconductors - unsatu- 
rated amines 


Introduction 


In recent work on the use of metal sulfide powders as heteroge- 
neous photocatalysts for the synthesis of new organic com- 
pounds, two general types of reaction pathways have become 
apparent. While all reactions are initiated by electron transfer 
between the excited semiconductor surface and adsorbed sub- 
strates, the further transformation to the final products falls into 
two categories. In the most frequently observed, type A reac- 
tions two or more redox products are obtained, analogously to 
photoelectrolysis and conventional electrolysis. A typical ex- 
ample is the formation of hydrogen and dehydrodimers upon 
irradiation of zinc sulfide in the presence of olefins or enol/allyl 
ethers."] In the very rare case of type B reactions, only one 
product is formed as observed in the cadmium sulfide catalyzed 
photoaddition of 1 ,2-diazcnesrZ1 or aldimine~[~] to selected 
olefins or enol/allyl ethers. This transformation has no counter- 
part in photoelectrochemistry, but corresponds to the case of 


[*] Prof. Dr. H. Kisch, Dip1.-Chem. H. Keck, Dr. W. Schindler, 
Dr. t Knoch 
lnstitut fur Anorganische Chemie der Universitat Erlangen-Nurnberg 
Egerlandrtrdsse 1 91058 Erlangen (Germany) 
Fax: Int. code +(9131)857-363 
e-mail : kischtu anorgankchemie.nni-erlangen.de 


J Photoclzem. Pliotohiol. A .  Chem., 1997, 103, 257. 
[**I Heterogeneous Photocatalysis, Part XVI. Part XV: W. Schindler, H.  Kisch, 


termediates affords the final addition 
product. The overall reaction is therefore 
classified as type B semiconductor photo- 
catalysis. The presence of acetic acid ac- 
celerates the reaction by rendering the re- 
duction potential of the imine more 
positive. In the series 2,5-dihydrofuran/ 
cyclopcntene/3,4-dihydropyran, the de- 
crease in apparent quantum yield with in- 
creasing driving force of olefin oxidation 
points to a significant contribution of sec- 
ondary back electron transfer. 


paired electrolysis, recently observed on a femtoliter scale in an 
unconventional microelectrochemical cell.[41 In contrast, the 
above-mentioned photoaddition occurs on a gram scale and can 
be viewed as paired photoelectrolysis. 


In the proposed mechanism the photogenerated electron- 
hole pair is trapped and separated into the reactive redox sur- 
face centers e, and h,?. Proton-coupled reduction and oxidation 
afford hydrazyl or a-aminobenzyl and allyl (R') radicals, respec- 
tively [Eqs. ( 1 )  and (2), X = CH, N]. Heterocoupling of the two 
radicals leads to the final product [Eq. ( 3 ) ] .  The corresponding 


(1) 


(2) 


( 3 )  


Ar-X=N-Ar + H 3 0 +  + er- i Ar-X-N(H)-Ar + H,O 


R H  + h,+ + H,O + R + H , O '  


Ar-X-N(H)-Ar + R'  ----+ Ar-X(R)-N(H)-Ar 


hydrazo compound or the aldimine hydrodimers are obtained 
as two-electron rcduction by-products.[', 31 Thus, the most sig- 
nificant reaction steps of this novel photoaddition reaction are 
a primary electron transfer followed by radical C-N or C-C 
coupiing. In the case of aldimines, only cyclopentene has been 
investigated as the olefinic substrate.[31 In order to explore the 
general applicability of this unusual reaction and to learn about 
the factors which control the product selectivity, we investigated 
the addition of a series of cyclic olefins and enol/allyl ethers to 
N-phenylbenzophenone imine (1). 
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Results 


1. Syntheses and Structures: Irradiation (tungsten halogen 
lamp, 1> 350 nm) of a methanolic suspension of freshly pre- 
pared cadmium sulfide powder (CdS-A) in the presence of 1 
and an excess of olefin afforded the addition products 2-8 
(Scheme 1). No similar reaction occurred when commercially 
available CdS was employed. 


PhZC=NPh + R-H CdS I hv PhZC-N(H)Ph 
I 
R 


MeOH 


1 2 - 8  


2 3 4  5 


6a 6b 7a 7b 


Scheme 1, Addition of olefins and enol/allyl ethers to N-phenylbenzophenone 
imine. 


After complete consumption of 1, as indicated by TLC or 
UV/Vis spectroscopy (Figure I), the reaction was stopped, CdS 
was filtered off, and the products were isolated by direct crystal- 
lization or by column chromatography. Except for the oily ad- 
ducts of I-methylcyclohexene and 2-pentene, all products were 
obtained as white microcrystalline powders. For the adducts 
2-5 ,6  and 7, and 8, isolated yields were about 75, 55 ,  and 30 %, 
respectively. The reaction of 2,5-dihydrofuran (2,s-DHF) was 
also performed by exposing the suspension to sunlight; over 4 h 


Abstract in German: Neue Homoallylamine werden durch Belich- 
tung von CdS-Pulver in Gegenwart von N-Phenylbenzophenon- 
imin und Cyclohexen, 2,3-Dihydrofuran, 2,5-Dihydrofuran, 3,4- 
Dihydropyran, 2-Penten, Cyclopenten, 1-Methylcyclohexen oder 
a-Pincn synthetisiert. Die durch Rontgenbeugung bestiminten 
Strukturen der Additionsprodukte der drei letzteren Olefne be- 
weisen, daJ eine C-Alkylierung des lmins stattgcfunden hat. Die 
Reaktion ist daherjormal die Einschiebung der Imingruppe in eine 
ullylische C -  H Bindung des Olefins. Vermutlich reduziert das 
durch Lichtabsorption gebildete Elektron-Loch-Paar das Imin in 
einer protonengekoppelten Elektronen trans&+ Reaktion zu einem 
cr-Arninodiphenylmethylradikal , wuhrend das Olefin zum entspre- 
chenden Allylradikal oxidiert wird. Heterokupplung dieser Inter- 
mediate fiihrt zum Additionsprodukt, und die Gesamtreaktion 
kann daher als Typ- B-Halbleiterphotokatalyse klassifiziert wer- 
den. Die Beschleunigung mich Zugabe von Essigsaure rapt sich auJ 
eine leichtere Reduktion des lmins zuriickfuhren. In der Reihe 
2,5-Dihydrofuran, Cyclopenten und 3,4-Dihydropyran deutet die 
Abnahme der Quantenuusbeute mit steigender Triebkraft der Ole- 
,finoxidation auf einen signiyikanten Beitrag der sekunduren Elek- 
tronenriickiibertragung hin. 


Wavelength (nm) 


Figure I .  UV/Vis spectra for the CdS-catalyzed photoaddition of  cyclopcntene 
to 1. 


a linear decrease of the initial concentration of 1 from 0.012 to 
0 . 0 0 2 ~  was observed. 


The structures of the new compounds were confirmed by 
single-crystal X-ray analyses of 2,4, and 5 ,  and by comparative 
NMR data for the other products. According to the X-ray data 
(Table I) ,  in all three adducts the allylic carbon atoiii of the 


Table 1. Selected bond lengths [pm] and bond angles ["I o f2 ,  4, and 5 


- 
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2 4 5 


C I - N l  147.8 (6) 146.5 ( 5 )  147.9 ( 2 )  


ClLC30  156.6(7) 155.7 ( 5 )  155.0(2) 
C l L C 2 0  154.4(7) 153.X (6) I53.2(2) 


C I - C 2  157.9(7) 157.8 (6) 157.5(2) 


N 1-C 1-C2 102.5(4) 104.9(3) 103.94(12) 
c 20-c I-C 30 113.9(4) I l3.6(3) 1 l3.56( 13) 


olefin is connected to the carbon atom of the imine group. At the 
newly formed sp3 atoms C 1 of these adducts the N-C 1-C2 
angles are slightly smaller (102-105") than expected for a per- 
fect tetrahedron, while the angles C20-C I-C 30 have a some- 
what larger mean value of 113.6"; the C I G C 2  and the 
C 1 -C 20/C 1 - C 30 bonds are slightly longer (around 157.7 and 
153.8/155.8 pm) than the expected value of 153 pm for sp3-sp3 
and 151 pm for sp2-sp3 bonds;[5' the C 1 -N distances of about 
147.4 pm are within the usual range. Bond lengths and angles in 
the pinenyl group of 5 (Figure 2) are similar to other pinene 


0 C(91 


Figure 2 Crystal structure of adduct 5. 
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derivatives,['] and no remarkable features are present in the 
cycloalkenyl groups of 2 and 4. 


The mass spectra of all compounds contain the molecular ion 
peak. In the IR spectra the absorption of the characteristic NH 
stretching vibration occurs in the range of 3387 to 3431 cm- ' 
(Table 2). The presence of an alkenyl group in 3 and 6-8 follows 
from comparison of the NMR spectra with the spectrum of 2 
(Table 2). In the latter, the signals of the olefinic protons at C 3 


Table 2 Selected IR, ' H N M R .  and " C  N M R  data 


2 3 4 5 6a  6 b  7 a  7b 8 


IK [cm-'1 [a] 


'H N M R  (CDCI,, TMS) 
NH 4.54 4.50 4.88 4.46 4.77 4.83 4.54 5.27 4.69 
H ?  3.94 3.19 3.15 3.34 4.21 5.74 3.31 4.87 3.11 


"c' NMR (CI>CI,. TMS) 
C1 68.01 68.58 68.68 68.23 67.14 68.64 67.78 68.70 67.72 


C 3  131.26 127.71 121.57 115.74 100.36 129.32 100.83 127.08 127.31 
C-4 134.49 130.57 137.88 147.44 148.72 127.02 146.48 126.45 132.60 


~ ( N H )  3427 3413 3431 33x7 3415 341s 3392 3402 3411 


c2 58.24 49.08 49.44 52.15 55.07 93.44 43.00 81.86 50.20 


[a] I n  KBr:  8 .  in CCI, 


and C 4  appear as multiplets at 6 = 5.57 and 5.75, respectively, 
while the aliphatic protons at C 5/C 6 and C 2 give rise to multi- 
plets at 6 = 1.63-2.18 and 3.94, respectively. The singlet of the 
NH group at 6 = 4.54 almost completely disappears upon addi- 
tion of D,O. In the 13C NMR spectrum, the signals of C 3  and 
C4arcfoundath =131.26and134.49,whileC5andC6appear 
a t  32.09 and 25.89, and C 2  and C 1  at 58.24 and 68.01. These 
assignments are based on DEPT and 'H-13C COSY spectra. 


According to HPLC and NMR data, the products 6 and 7 
consist of two regioisomers, which in the case of 7 could be 
separated by preparative HPLC (Scheme 2). The assumption of 


the presence of an enol ether 
fragment in 7 a  is based on 
the characteristic IR absorp- 
tion at  1641 cm-', which is fi 0 6 absent in the ally1 ether iso- 
mer 7b. By analogy with 2, 
the 13C NMR signals of C 3 
and C 4  in 7 a  occur at 


Ci =100.83 and 146.48, whilc for 7b they are observed at 
6 = 127.08 and 126.45 (Table 1). Similar signals in the isomeric 
mixture 6 indicate thc presence of the regioisomers 6 a  and 6b. 


In the 'H  and I3C NMR spectra of 5, the signals of the 
pinenyl group correspond to those of ~-p inene , [~*  81 except for a 
larger chemical shift difference between the two protons at C 6. 
While the signal of H 6a (Figure 2) shows only a small shift, that 
of H 6b is displaced from 6 = 1.17 to 0.05. This can be rational- 
izcd by anisotropic shiclding by the proximate phenyl ring. Ac- 
cording to the X-ray structural results, H6b is located 255 pm 
above the ccntcr of this aromatic ring. For this central location 
the Haigh modelry1 predicts a high-field shift of Ah = 0.9, which 
is in good agreement with the experimentally observed value of 
Ah = 1.1. Thc corresponding shifts of Ah = 0.65 and 0.40 ob- 
served for 4 and 2, respectively, are much smaller, but also in 
accord with thc modcl, which predicts a smaller effect when the 


1 ,H 
ph2C-N-ph 


1 , H  
PhZC -N-Ph 


7 a  7 b  
Scheme 2. 


atom is located above a ring carbon atom instead of above the 
ccnter of the aromatic ring. In 4 the distance H7a-C20 is 
248 pm. Due to the unfavorable location of H 6a in 2 outside the 
ring, this effect is less pronounced. The correlation of solution 
NMR data with details of the solid-state molecular structure 
suggests that the rotation around the C 1 -C 2 axis is also re- 
stricted in solution. 


2. Variation of CdS concentration: To determine the experimen- 
tal conditions necessary for maximum light absorption in the 
addition of cyclopentene to 1, the disappearance rate of 1 was 
measured as a function of increasing CdS-A concentration. Af- 
ter a short linear increase, the rate reaches a constant value at 
about 2.5 gL- ' ,  a behavior well-known for powder suspen- 
sions."" In all of the following experiments, the amount of CdS 
was sufficient to ensure a maximum reaction rate. 


3. Influences of air and pH value: In Figurc 3 the influence of 
various additives on the disappearance rate of 1 is summarized 
for the addition of 2,5-DHF. In the presence of air, the relative 


0 1  . , , , , , . , , , , , . , 3  \ 


t [rnin] 


Figure 3. The influence of air, pyridine, and acetic acid on the addition of 2.5-dihy- 
drofuran (2,5-DHI;) to I .  


decay is slower, but on prolonged irradiation it becomes faster 
and almost reaches the value obtained in argon-saturated solu- 
tion. Addition of pyridine has no significant effect, while HOAc 
leads to a linear decrease in the concentration of 1 and a much 
faster reaction. 


The presence of acetic acid induces hydrolysis of 1 and leads 
to formation of small amounts of the two-electron reduction 
product Ph,CHN(H)Ph. Figure 4 reveals that the concentration 
of the latter and of 6a,b increases linearly with time, while only 
marginal changcs arc observed with benzophenonc. When 
stronger acids like trifluoroacetic acid are added, adduct forma- 
tion is completely inhibited in favor of hydrolysis of l .  The 
accelerating effect of HOAc does not arise from a feasible ben- 
zophenonc-sensitized adduct formation by triplet sensitiza- 
tion,'"] since a 4 h irradiation of the system Ph2C0/l/2,5-DHF/ 
HOAc/MeOH afforded only traces of 6. To prcvent hydrolysis 
of 1, a dehydrated sample of CdS-B was cmployed when the 
effect of increasing HOAc concentration on the addition of cy- 
clopentene to 1 was studied. Six- and threefold acceleration 
occurrcd in methanol and THF solution, respectively, when the 
concentration was increased from 0.014 to 0 . 1 5 ~ .  
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Ph,CHNHPh 


6b 
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Figurc 4. Formation ofmajor (6a, b) and by-products (Ph,CHNHPh, Ph,CO) dur- 
ing the addition of 2.5-DHF to 1 in the presence of HOAc (0 .188~) ;  due to the 
identical retention limes of 1 and 6 b only the final concentration of 6 b could be 
nieawrcd 


4. Influence of various olefinic substrates: The influence of the 
different olefinic coinponcnts on the reaction rate is depicted in 
Figure 5. Consumption of 1 was monitored by measuring the 
absorbance at 330 nm (Figure 1) .  In MeOH the reaction rate 
decreases in the order 2,5-DHF > I-methylcyclohexene > 3,4- 
DHP z 2,3-DHF > cyclopentene z a-pinene > cyclohexene > 2- 
pentenc. 


1 


0 1  


t [min] 


Figure 5.  Diaappearance of 1 in the presence of thc various olefins and enol/allyl 
ethers. * 2,5-DHF, x 1-methylcyclohexene, + 3,4-DHP, + 2,3-DHF, T cyclopen- 
tene, A a-pinene, cyclohexene, 2-pentene. 


For the measurement of apparent quantum yields (A,,, = 
437 nm) for imine disappearance, HOAc ( 0 . 1 6 ~ )  and a thou- 
sandfold excess of the olefin/enol ether (relative to I) had to be 
present to facilitate detection of adduct formation by HPLC 
within the first hour of the reaction (in the preparative reactions 
only about a 40-fold excess was added). Values of 0.018, 0.021, 
0.009, and 0.008 were measured for 2,5-DHF, cyclopentene, 
3,4-DHP, and cyclohexene, respectively. These values are lower 
limits, and their reproducibility was not better than f 2 0 %  
because varying amounts or light were reflected, owing to the 
slightly different natures of the particular CdS suspensions. 


5. Reactivity of other imine derivatives: Cathodic photocorro- 
sion of CdS-A was observed when 1 was replaced by 2,2’- 
bipyridyl or histidine, both of which contain aromatic C=N 
bonds. In the case of an a-diimine derivative like N,N’-dicylco- 


hexyl-I ,4-diaza-I ,3-butadiene, a very slow reaction afforded a 
complicated product mixture that was not analyzed further. 
When the olefin/ether was omitted, irradiation of CdS-A in thc 
presence of 1 produced small quantities of benzophenone and 
aniline by hydrolysis, the two-electron reduction product 
Ph,CHNHPh, and a new product, probably an adduct of I with 
methanol, analogously to the photoaddition of alcohols to 
a ld imine~ .~~]  In this latter systcm disappearance of 1 was acceler- 
ated by a factor of 1.5 and 2.3 when methanol was replaced by 
ethanol and isopropanol, respectively. However, concomitantly 
the amount of alcohol adduct decreased in favor of the hydrol- 
ysis and two-electron reduction products. In isopropanol, only 
traces of the corresponding adducts were obscrved. 


Discussion 


The title reaction is a new type of imine C-alkylation and opens 
a simple route to homoallyl amines. Eleclrochemical alkylations 
with methyl iodide usually proceed with N-alkylation,[’ 21 while 
conventional C-alkylation requires initial reduction by alkali 
 metal^^'^^ or the use of Grignard  reagent^."^] In contrast, the 
CdS-catalyzed reaction can be performed simply by using a 
cheap tungsten halogen lamp or even diffuse sunlight. In the 
latter case, an exposure time of 4 h induced the addition of 
0.5 mmol of 2,5-DHF to 1 (see Experimental Section). 


The overall mechanism is the same as briefly summarized in 
the Introduction for the addition to aldimines [Eqs. (1)-(3); 
X = PhC, Ar = Ph] .I3] In contrast to that case, no hydrodimer 
of the ketimine 1 was observed. This is most likely a conse- 
quence of the presence of the second phenyl substituent on the 
imine group, which imposes considerable steric hindrance on 
the C- C homocoupling of the a-aminodiphenylmethyl radicals. 
This parallels the electrochemical reduction, which affords hy- 
drodimers from aldimines“ 5 1  but not from the ketimine 1 .[’ ’. 
However, formation of these intermediate radicals is strongly 
supported by the structurc of the addition products. 


The accelerating effect of HOAc (Figure 3) most likely stems 
from a positive influence on the primary reductive step accord- 
ing to Equation (1). Furthermore, polarographic measurements 
on 1 in 40% aqueous ethanol reveal that the reduction potential 
shifts from -1.0 Vat  pH 13 to -0.1 Vat  pH 5.1.[”l Although 
the flat-band potential of CdS in methanol is not known, it is 
expected to be in the rangc of -0.9 to -1.5 V,[181 so that the 
driving force and, therefore, rate of reduction should increase 
with decreasing pH value. Due to the low basicity of imines 
(pK, > 9)[19] the protonation equilibrium [Eq. (4)] lies far to the 


(4) 
K 


Ph,C=NPh + HOAc 4 Ph,C=NPh+ + OAc- 


left. Under the assumptions of c(H0Ac) > .Y and c(1) > s, one 
obtains for the equilibrium concentration I of the protonated 
imine the expression given in Equation ( 5 ) .  Assuming that the 


s = [KC,~(HOA~)]”~  (5) 


reduction of the protonated imine is rate-determining, as evi- 
denced by the strong influence on the reduction potential of the 
aldimine,[20a1 the rate should increase linearly with the square 
root of x .  The corresponding plot in Figure 6 displays the ex- 
pected linearity. 
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Figure 6. Plot of the initial rate of the addition of cyclopentene to 1 as function of 
the square root of the acetic acid concentration. 


As expected for the imine reduction step [Eq. (I)], the prcs- 
ence of air leads to a slower reaction (Figure 3) due to compet- 
itivc reduction of oxygen. 


The isolation of the regioisomers 7 a  and 7 b  indicates the 
involvement of the corresponding allyl radicals. The same radi- 
cal is obtained regardless of whether 2,s- or 2,3-DHF is cm- 
ployed as starting material, and therefore the ratio 6a:6b = 


1.1:O.g is the same for both ethers. The deviation from the 
expccted statistical 1 : 1 value reflects the hydrolytic sensitivity of 
6 b and the different elcctron density at the terminal allyl carbon 
atoms. 


These rcsults and the structures of the other addition products 
strongly support the presence of intermediate allyl radicals, but 
it is unclear whether their formation [Eq. (2)] occurs through 
direct [Eqs. (6) and (7)] or indirect [Eqs. (8)-(lo)] oxidation of 


RH (brackets denote surface species). From the position of the 
flat-band potential and the band-gap of 2.4 eV, an oxidation 
potential of the reactive hole (h:) of 0.9 to 1.5 V can be estimat- 
ed, while the calculated oxidation potentials of RH in solution 
(see Experimental Section) are in the range of 2.6 to 1.9 V. Thus, 
formation of the radical cation [Eq. (6)] appears to be ender- 
gonic.r2"b1 However, when the overall process [Eqs. (6) and 
(7)]  is considered, the free enthalpy change of the reaction 
RH + R + H +  is calculated to be 1.6 eV for 2,5-DHF.[20'1 
Thus, formation of the radical appears thermodynamically fea- 
sible, and since this value applies for the gas phase, it should 
become more favorable in solution, owing to the high solvation 
energy of thc proton. However, since sulfur radicals have been 
detected on thc CdS surface by ESR and i t  
is known that, for example, MeS' radicals readily abstract hy- 
drogen from 2,3-dihydrofuran and 2,3-dihydropyran, the indi- 


rect pathway seems more On the other hand, this is 
not supported by the fact that THF does not undergo hydrogen 
abstraction,[z1d1 although it is quite 


Thc relationship between the quantum yield and E,, (Fig- 
ure 7) can be interpreted by assuming a direct-oxidation mecha- 


Figure 7. Variation of apparent quantum yield (A) and €,,, (B) as function of suh- 
Strate structure. 


nism. In this case a competitive secondary back electron transfer 
according to Equation (1 1) could successfully compete with the 


deprotonation reaction [Eq. (7)]. A less positive E,, should lead 
to better matching with the redox potential of e, and therefore 
to a faster reaction.['lel In addition, the longer lifetime of less 
acidic radical cations [21f1 should also accelerate the reaction. In 
agreement with this rationalization, 2,3-DHF, which is more 
easily oxidized (by 0.6 V;  E,, = 1.98 V) and whose radical cation 
should be less acidic, reacts only half as fast as 2,S-DHF (Fig- 
ure 5). However, no final decision in Favor of a particular mech- 
anism can be made on the basis of the prcsent experimental 
data. 


Experimental Section 


All experiments were performed under an  argon atmosphere. Unless other- 
wise noted, all yields are for analytically pure isolated material and were not 
optimized. Compound 1 was prepared according to ref. [22];  all olefinic 
substrates were, until otherwise stated, commercially available. 
Instruments: NMR: Joel FT-JNM-EX270 (TMS as internal standard); IR:  
Perkin Elmer 983 and FT IR 1600; MS: Variati MAT212 (70 eV); UV'Vis: 
Shimadzu UV/VIS/NIR-3100, quartz cuvette (Hellma. d = 0.1 mi);  HPLC: 
Knauer HPLC pump 64, semipreparative pump head with 20 pL sample 
loop, column: Spherisorh ODS 2 (250 x 8 mm, 5 pm, Knauer) with pre- 
column (30 x 8 inm). CH,CN/H,O (5/1; v p ) ,  5 mLniin , delection by 
Knnuer UVlVis Filter-Photometer a t  i = 254 nm (analytical und 
semipreparative samples); Knauer HPLC pump 64, semipreparative pump 
head with 3000 pL sample loop. Column: Spherisorb ODS2 (250 mm x 
32 mm, 5 pm, Knauer) with precolumn (30 x 32 mm),  CH,CN;H,O ( 5  1) .  
70 mLmin- ' ,  detection with Knauer UV/Vis Filter-Photometer a t  i. = 
254 nm (preparative samples). Preparative irradiations were performed with 
a tungsten halogen lamp (100 W, 12 V, Osram, Lr350 nm) in a solidex im- 
mersion lamp apparatus (sample volume: semipreparative 100 mL; prepara- 
tive 220 mL). Irradiations in the cylindrical 15 mL quartz cuvette were per- 
formed on an  optical train equipped with an Osram XBO 150 W xenon arc 
lamp [ I ,  (400-520 nm) = 2 . 0 ~  lo-' E i n ~ t e i n s - ~ c m ~ ~ ]  installed in a light- 
condensing lamp housing (PTI, A 1010S), a cutoff filter or j.2400 nm has  
placed in front of the cuvette. All redox potentials are referred to NHE and 
were calculated for acetonitrile solution from the foilowing ionization poten- 
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tials according to ref. [23]: 9.02, 8.95, 8.37, and 9.14 for ~ y c l o p e n t e n e , ' ~ ~ " ~  
c y ~ l o h e x e n e , ' ~ ~ " ~  3,4-DHP,'Z4b1 and 2,5-DHF,'2s1 respectively. CdS-A was 
used in all experiments, unless noted otherwise. 


CdS-A: Na,S.H,O (38.7 g, 0.17 mol, 35 wt% Na,S) dissolved in H,O 
(150 mL) was added dropwise over 1 h to a solution of CdS04.8/3H,0 
(38.0 g, 0.14 mol) in aqueous NH, (450 mL, 10%). Stirring was continued for 
I .5 h, and the powder was then washed to neutrality by multiple decanting. 
The remaining paste was washed with 2111 HOAc and then four times with 
H,O to neutrality. After separation by suction filtration, the residue was 
dried over P,O, in a desiccator. After grinding in an  agate mortar the yellow 
powder was stored under N,; specific surface area: 73 m 2 g  (BET, N2); 
microanalysis: CdS (144.47): found S 17.43; calcd S 22.19. 


CIS-B: A solution of Na,S.9H2O (24.0 g. 0.1 mol) in H,O (200 mL) and a 
solution of CdS0,.8/3H20 (25.7 g, 0.1 mol) in H,O (200 mL) were added 
dropwise and simultaneously to H,O (200 mL). Stirring was continued for 
12 h,  and the powder was then washed by multiple decanting with H,O. After 
separation by suction filtration, the residue was dried over P,O, in a desicca- 
tor. The ground powder was heated at  150 "C under reduced pressure for 5 h 
(gravimetric weight loss 4-X YO), thoroughly ground in an  agate mortar to an  
orange powder and stored under N,; microanalysis: found S 21.62, C 0.13, 
H 0.15, N 0.00; calcd S 22.19; particle size 1-50 pn; specific surface area 
60- 80inzg-' (BET, N2). 


Adduct 2: CdS (300 mg, 2.08 mmol), 1 (1500 mg, 5.84 mmol), cyclopentene 
(20.5 mL, 0.23 mol), and MeOH (200 mL) were suspended in a Pyrex immer- 
sion lamp apparatus by sonicating for 20 min while bubbling Ar through the 
suspension. Irradiation was performed with watcr cooling until TLC analysis 
indicated that all 1 had reacted (22 h). CdS was removed by suction tiltration, 
and the remaining liquid was evaporated in vacuo. The white powder was 
recrystallized from lieptane. Yield: 1402 mg (74%) of colorless crystals. M.p. 
139-144'C. IR (KBr): i = 3427 (NH), 3055, 3015, 2926 (CH), 1601, 1501 
(C=C); MS: m / i  = 325 [ A 4  '1 .  C,,H,,N (325.5): calcd C 88.57, H 7.12, N 
4.30; found C 88.80, H 7.29, N 4.42; ' H N M R  (CDCI,, TMS, 270 MHz): 
6=1.63-2.18(m,4H,=CHCH,CH,),3.89-3.99(m,lH,CHCN),4.54(br, 
1 H, NH), 5.55.- 5.60 (m, 1 H, CH=CHCH,), 5.72-5.79 (m, l H ,  
CH=CIICH,), 6.25-6.32, 6.50-6.58, 6.85-6.95 (m, 5H,  NC,H,). 7.13- 
7.31, 7.42-7.53 (m, 10H, CC,H,); "C NMR (CDCI,, 67.7 MHz): 
6 = 25.89 (=CHCH,CH,), 32.09 (=CHCH,), 58.24 (CHCN), 68.01 
(CNC,H,), 125.80, 117.01, 128.33 (NC,H,), 126.54, 126.60, 127.50, 127.57, 
128.65, 129.22 (CC,H,), 131.26 (CH=CHCH,), 134.49 (CH=CHCH,), 
142.01, 143.31 (CCN, C,H,), 146.11 (CN, C,H,). 


Adduct 3: Analogous to 2. CdS (300mg, 2.08 mmol). 1 (1589 mg, 
6.18 mmol), and cyclohexene (23,6 mL, 0.23 mol) in MeOH (200 mL) for 
27.5 h. Yield: 1637 mg (78%) of white powder. M.p. 129-133°C. IR (KBr): 
i = 3413 (NH), 3024,2934 (CH), 1600, 1499 (C=C); MS: mjz = 339 [Mi]; 
C,,H,,N (339.5): calcd C 88.45. H 7.42, N 4.13; found C 88.39, H 7.58, N 
4.13; 'HNMR (CDCI,. TMS, 270 MHz): cT =1.13-1.29 (m. l H ,  
=CHCH,HCH), 1.37-1.62 (m, 2H,  CH,CH,CH=), 1.73-1.97 (m, 3H,  
=CHCH,CH,HCH), 3.14-3.24 (m, 1 H, CHCN). 4.50 (br, 1 H, NH), 5.42 
(d, 1H,  J=10.3Hz,  CH=CHCH,), 5.65-5.74 (m, 1H,  CH=CHCH,), 
6.23-6.31, 6.48-6.55, 6.83-6.92 (m, 5H, NC,H,), 7.13-7.34, 7.48-7.57 (m, 
10H, CC,H,); ',C NMR (CDCI,, 67.7 MHz): d = 21.11 (CH,CH,CH=), 
21.98 (=CHCH,CH,), 25.17 (=CHCH,), 49.08 (CHCN), 68.58 (CNC,H,), 
115.74, 116.85, 128.21 (NC,H,), 126.60, 126.64, 127.36, 127.65, 128.98, 


141.75 (CCN, C,H,), 146.19 (CN, C,H,). 
129.50 (cc,H,), 127.71 (CH=CHCH,). 130.57 (CH=CHCH,), 140.68, 


Adduct 4: Analogous to 2. CdS (200mg, 1.39mmol). 1 (1500mg, 
5.84 mmol), and 1-methylcyclohexene (10 mL, 0.076 mol) in MeOH 
(180 mL) for 27 h. After separation by chromatography (quartz glass column 
50 x 2 cm, 100 g of AI,O,, activity 3, fluorescence label; eluent: petroleum 
ether/diethyl ether 5/1) 1625 mg (79%) of a yellow oil was obtained contain- 
ing 80% of the regioisomer 4 (HPLC); after HPLC separation: 355 mg 
(17%) of crystalline 4. M.p. 140-144°C. IR (KBr): 5 = 3431 (NH), 3052, 
2933 (CH), 1601, 1505 (C=C); MS: m/z = 354 [Mi];  C,,H,,N (353.5): 
calcd C 88.34, H 7.70, N 3.96; found C 88.00, H 7.90, N 3.98; ' H N M R  
(CDCI,, TMS, 270 MHz): 6 =1.15-1.55 (brm, 3H,  =C(CH,)HCHCH,), 
1.60(s, 3H,C=CCH,), 1.70-1.80(brm, 3H,  =C(CH,)HCHCH2CH2), 3.15 
(brs, 1H. CHCN),4.55 (s, I H ,  NH). 5.20 (d, l H ,  CH=C(C)C),  6.25-6.95 


(m, 5H, NC,H,), 7.20-7.60 (m, IOH, CC,H,): I3C NMR (CDCI,, 
67.7 MHz): b = 22.17 (=C(CH,)CH,CH,), 24.82 (CH,CH(C)CH=), 24.13 
(CH,C(C)=CH), 29.98 (=C(CH,)CH,CH,). 49.44 (CHCN), 68.68 
(CNC,H,), 115.70, 116.71, 128.14 (NC,H,), 121.57 (L'H=C(C)CH,). 
126.47, 126.52, 127.36, 127.63, 128.82, 129.70 (CC,H,), 137.88 
(CH=C(C)C). 140.67, 141.84 (CCN. C,H,), 146.25 (CN, C,H,). 


Adduct 5 :  Analogous to 2. CdS (300 mg, 2.08 mmol), I (1495 mg, 
5.82 mniol), and a-pinene (37.0 mL, 0.23 mol) in MeOH (180 mL) for 27 h. 
Yield: 1644mg (72%) ofwhite solid. M.p. 156 -159 C. IR (KBr):  C = 3387 
(NH), 3033, 3002, 2976, 2949 (CH), 1.598, 1502 (C=C); MS: m / z  = 393 
[ M ' ] ;  C,,H,,N (393.57): calcd C 85.50, H 7.94, N 3.56; found C 88.15, H 
8.05, N 3.56; 'HNMR (CDCI,, TMS, 270 MHz): 6 = 0.05 (d, J =7.9 Hz, 
l H ,  =C(C)CH(C)HCH), 0.90 (s, 3H. CH,(C)C(C)CH,). 1.21 (s, 3H, 
CH,(C)C(C)CH,), 1.57 (s, 3H,  CH,C=C'H). 1.68-1.79 (m, 1 H, 
=C(C)CH(C)HCH), 1.68-1.79 (m, 1 H. =C(C)CH) ,  2.25-2.33 (m. 1 H. 
=CHCH(C)CH), 3.30-3.37(m, IH,CIKN).4 .46(br ,  1 H,NH).  5.06 -5.12 
(s, 1 H, C(C)=CHCH(C)), 6.26-6.32, 6.47-6.53, 6.X2-6.89 (m, 5H. 
NC,H,), 7.08-7.31, 7.48-7.55 (m, IOH, CC,H,); 13C NMR (CDCI,, 
67.7 MHz): 6 = 20.63 (CH,(C)C(C)CH,). 23.27 (CH,C=CH), 25.52 
(=C(C)CH(C)CH,), 26.52 (CH,(C)C(C)CH,), 42.34 (=CHCH(C)('H(C)), 
42.48 (=C(C)CH(C)(C)C(C)). 46.60 (=C(C)CH(C)CH,). 52.15 
(=CHCH(C)), 68.23 (CNC,H,), 115.74 (C(C)=CH), 116.36, 117.33, 128.23 
(NC6H5), 126.58. 127.36, 127.63, 128.82, 129.70 (CC,H,), 140.72, 142.58 
(CCN. C,H,), 146.01 (CN, C,H,), 147.44 (C(C)=CH). 


Adduct 6: Analogous to 2. CdS (312.4mg, 2.16mniol), 1 (1508 mg. 
5.87 mmol), and 2,5-DHF (17.7 mL, 0.23 mol) in MeOH (200 mL) for 5.5 h ;  
recrystallization from diethyl ether/petroleum ether. Overall yield: 1052 nig 
( 5 5 % )  of white solid, which, according to HPLC, contained 70% o f 6 a  and 
30% of 6b, as compared to 55 and 45%. respectively, before crystallization. 
M.p. 152-156°C. IR (KBr): ^v = 3415 (NH), 3053, 2941. 2883 (CH). 1599 
(-O-C=C-, -C=C-), 1506 (C=C); MS: mjz = 327 [M '1; C2,H, ,N0 
(327.44): calcd C 84.37, H 6.47, N 4.28; found C 84.62. H 6.63. N 4.35. 
6 a :  'H NMR (CDCI,, TMS, 270 MHz): 6 = 4.12 4.30 (m. 3 H. OCH,CH). 
4.77 (brs, l H ,  NH), 4.91-4.94 (m, I H ,  CH=CHO). 6.41-6.44 (m, l H ,  
CH=CIIO). 6.27-6.32, 6.52-6.61, 6.88-6.97 (in, 5H. NC,H,), 7.18 ~7.37,  
7.42-7.61 (m, 10H, CC,H,); ',C NMR (CDCI,. 67.7 MHL): b = 55.07 
(=CHCHCH,), 67.14 (CNC,H,), 71.92 (OCH,CH), 100.36 (C'H=CHO) 
148.72(CH=CHO), 116.08,117.35, 128.13 (NC,H,), 126.94.127.79. 127.89. 
128.63, 129.00 (CC,H,). 142.10, 142.40 (CCN, C,H,). 145.95 (CN, C,H,). 


6b :  ' H N M R  (CDCI,, TMS, 270 MHz): S = 4.12-4.30. 4.52 4.60 (m. 2H. 
=CHCfZ,O), 4.83 (brs, I H ,  NH), 5.47-5.52 (m, 1 H,  CH=CHCH), 5.71- 
5.77 (ni, 1 H, =CCHO). 5.86-5.90 (in, 1 H,  CH=CHCH), 6.34-0.39, 6.52- 
6.61, 6.88 6.97 (m. SH, NC,H,). 7.1% 7.37, 7.42-7.61 (m, 10H, CC,H,); 
' C  NMR (CDCI,, 67.7 MHz): 6 = 68.64 (CNC,H,), 76.31 (=CHC'H,O), 
93.44 (=CCHO), 127.02 (CH=CHCH), 129.32 (CH=CHCH). 116.08. 
117.35, 128.37 (NC,H,), 126.94, 127.34, 127.62, 128.76, 128.86 (CC,H,), 
141.07, 141.79 (CCN, C,H,), 145.89 (CN, C,H,). 


Adduct 7: Analogous to 2. CdS (200 mg, 1.38 mmol). 1 (1500 mg. 
5.84mmol), and 3,4-DHP (IOmL, 0.11 rnol) in MeOH (180 mL) for 19 h;  
recrystallization from diethyl ether/petroleum ether. Yield: 1061 mg (53 %) of 
white solid; 54% of 7a  and 46% of 7b. M.p. 129-132 'C. MS: m!: = 341 
[Mi]; C,,H,,NO (341.5); calcd C 84.42, H 6.79, N 4.10; found C 84.30. H 
6.93, N 4.12. Separation of the two rcgioisomers by preparative HPLC. 
7 a :  M.p. 144-246°C; IR (KBr): i = 3392 (NH), 3048, 2965, 28x0 (CH). 
1641 (OC=C). 1601. 1493 (C=C);  'HNMR (CDCI,, TMS, 270MHz): 
6 =1.79-1.96(m,2H,0CH,CH2),3.27-3.36(m, I H ,  =CHCHCH,),3.56- 
3.66, 3 .72~ 3.82 (m, 2H,  =CHOCH,), 4.42 (m. 1 H ,  CH=CHO), 4.54 (brs,  
1 H, NH), 6.35-6.39 (m, l H ,  CH=CHO), 6.27-6.32, 6.52-6.58. 6.87-6.95 
(m, 5H. NC6H5), 7.16-7.36, 7.48-7.57 (m. 10H, CC,H,); ' "C NMR (CD- 
CI,, 67.7 MHz) 6 = 25.30 (OCH,CH,), 43.00 (=CHCH(C)), 64.X7 
(=CHOCH,), 67.78 (CNC,H,), 100.83 (CH=CHO) 146.48 (CH=CHO). 
115.93, 117.14, 128.28 (NC,H,), 126.87, 126.91, 127.55, 127.76 (CC',H,), 
140.52, 141.16 (CCN. C,H,), 146.00 (04, C,H,). 
7 b :  M.p. 147--148°C. IR (KBr):  i. = 3402 (NH), 3048, 2910. 2868 (CH), 


2.07-2.23 (m, 2H,  =CHCH,), 3.58-3.83 (m. 2H,  =CHCH,CH20) 4.87 (m, 
l H ,  CHOCH,), 5.27 (hrs,  I H ,  NH), 5.48 (m, I H ,  CHCH=CHCH,), 5.86- 
5.95 (in, I H ,  CHCH=CHCH,) 6.29-6.36, 6.53-6.60. 6.88-6.97 (m. 5H. 


1597, 1500 (C=C); 'HNMR (CDCI,, TMS. 270MHz): 6 =I.X2-1.93. 


~~ 
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NC,Hj), 7.22-7.39, 7.57-7.67 (m, 10H, CC,H,); I3C NMR (CDCI,, 


lC'NC,H,), 81.86 (CHOCH,), 126.45 (CHCH=CHCH,), 127.08 
(CIICH=CHCH,) 115.83, 116.91, 128.30 (NC6Hs), 126.92, 127.53, 127.73, 
129.38, 129.74 (CC,Hj), 139.59, 140.92 (CCN, C,H,), 146.18 (CN, C,H,). 


Adduct 8: Analogous to 2. CdS (200 mg, 1.39 mmol), I (2000 mg, 7.8 mmol), 
and  2-pentene (cisjtrons) (10 mL, 0.093 mol) in MeOH (180 mL) for 70 h. 
After solvent evaporation, the crude product was purified by chromatogra- 
phy (quartz glass column 50 x 2 cm, 100 g of A1,0,, activity 3, fluorescence 
label; eluent: petroleum ether/diethyl ether 5 j 1 ) ;  yield: 757.1 ing (30%) of a 
yellow oil containing 80% ('HNMR) of 8. Isolation of the regioisomers 
could not be achieved by preparative HPLC. TR (CCI,): F = 3411 (NH), 
3056, 2968 (CH), 1600, 1499 (C=C); MS.  n7/z = 328 [ M ' ] ;  C24H25N 
(327.5): calcd C 88.03, H 7.70, N 4.28; found C 87.53, H 7.90, N 4.54; 
'HNMR (CDCI,, TMS. 270MHz): 6=0.88  (d, . /=6.9Hz,  3H, 
Cfl(C)CH,). 1.58 (d. 3H,  =CHCII,). 3.06 3.16 (in, 1 H,  =CHCIf(C)), 4.69 
(br, l H ,  NH).  4.88-5.00 (m, 1 H, CH=CHCH,), 5.46-5.61 (m, l H ,  
CH=CHCH,), 6.17- 6.87 (m, 5H,  NC,fI,), 7.08-7.66 (m, 10H, CC,H,); 


67.7 M H ~ ) :  6 = 24.92 (=cHc'H,), 63.93 (=CHCH,CH,O), 68.70 


I T  NMR (C'DCI,, 67.7 MHZ): 6 =16.50 (cH(c)cH,), 18.07 (=cHcH,). 


( ( ' H = c H c H , ) : ~ ~ ~ . ~ ~ ( c H = c ~ - I c H , ) , I ~ ~ . ~ ~ .  1 4 1 . 4 2 ( ~ ~ ~ . ~ , ~ , ) . i 4 5 . 7 8  


50.20 (=CHC'H(C)), 67.72 (C'NC,H,), 115.39, 116.76, 128.20 (NC,H,), 
126.54, 126.57, 127.23, 127.49, 129.11, 129.77 (CC,H,). 127.31 


(CW, C,H,). 


Rate dependence on acetic acid concentration in the system l/cyclopentene: 
CdS-B (30.0 mg. 0.2 nimol), I (51.0 mg, 0.20 mmol), cyclopentene (0.8 mL, 
9.1 mmol), and MeOH or THF (20.0mL) with variable concentrations of 
acetic acid (0-110 mmolL-I) were sonicated for 15 min under N,. Irradia- 
tion was performed in a quartz cuvette with a cutoff filter (A > 400 nm). Small 
aliquots were taken from the suspension, CdS was filtered off through a 
micropore filter, and the concentration of 2 was measured by HPLC. The rate 
of product formation was calculated from the initial slope of a Concentration 
versus time plot. 


M?OH: 
cIIOAL= O.OmmolL-'. ra te= 2 . 6 ~ 1 0  ' m o l L - ' s - ' ;  
cHoAc = 14.0 mmolL-'. rate = 1 1 . 3 x 1 0 ~ 7 m o l L ~ ' s - i ;  
cHoAc = 28.0 ininolL-', rate = 11.5 x niolL- I s..'; 
c ~ ~ ~ ~ ~ =  55.0mmolL I ,  rate=12.0x lO- ' inolL- 's- ' ;  
cHOAc = 120.0 mmol L-',  rate = 12.9 x 10- molL-'s . '. 
THF: 


= 0.0 nimolL..', ra tc= 1 . 9 x 1 0 - ~ m o l ~  I s - I ;  


cHoAc= 14.0mmolL-', ra te= 3 . 7 ~ 1 0 ~ ~ r n o 1 L - ' s ~ ' ;  
('lIOAL = 28.0 inmolL-',  rate = 4 . 7 ~  i O - 7 m o l L - i s ~  I :  


cHUAc= 55.0mmolL-',  ra te= 5 . 7 ~ 1 0 ~ ~ m o I L - ' s - ~ :  
clloAu = 110.0 mmol L I, rate = 6.7 x tO- '  mol L ' s- I. 


Influence of the olefinic substrate: General procedure: CdS (239 mg, 
1 67 mmol). 1 (257 nig, 1 mmol), olefinic substrate (40 tnmol; 3.5 mL cy- 
clopentene; 4.1 mL cyclohexene; 4.7 mL 1-methyl-cycloliexene; 6.4 mL a- 
pinene; 4.3 mL cislfruns-pentene; 5.0 mL 1-hexene; 3.0 niL 2,3- or  2.5-DHF; 
3.65 mL 3,4-DHP) and MeOH (90 mL) were irradiated as described for the 
preparative reactions. Aliquots (2 mL) were withdrawn before and during the 
reaction, and the concentration of 1 was determined by measuring the ab- 
sorbance at 330 nm in a quartz cell of 0.1 cm optical path length. Adduct 
foi-mi*tion was monitored by HPLC analysis. 


lnfluence of the imine substrate: As described above, with CdS (200mg. 
1.38 mmol), cyclohexcne (5.0 mL, 49 mniol) and MeOH (90 mL). N,N'-  
dicyclohexyl-1 ,4-diaza-l,3-butadiene (300 mg, 1.36 mmol). 2,2'-bipyridyl 
(300 mg, 1.92 mmol), histidine hydrochloride monohydrate (300 mg. 
1.38 mmol). 


Influence of additives:. As described for the influence of olefinic substrate, 
with 2,S-DHF (3.0 mL), pyridine (0.5 mL, 0 . 0 6 7 ~ )  or HOAc (1 mL, 0 . 1 8 8 ~ )  
or trifluoroacetic acid (1  mL, 0 . 1 0 ~ ) ;  all additives were added prior to irradi- 
ation 


fhv7zcq~hmonr: standard experiment but omitting CdS. After irradiating for 
24 h. benzophcnone (104 mg, 0.57 mmol) was added and irradiation was 
continued for 4 h .  Only traces of 6 were detectable by HPLC. 


O-~ygen: Air was bubbled through the suspension during soiiication and for 
an additional 10 min prior to irradiation. 
CdS (239 mg, 1.67 nimol) and l(257 mg, 1 mmol) in MeOH, EtOH or iPrOH 
(90 mL) were used for the experiments i n  the absence of an o1efin;ether. 


Apparent quantum yields: A suspension of CdS (5.0 mg, 0.0346 mmol) in 
3.0 mL of an 10.  M methanolic solution of 1 was sonicated with Ar bubbling 
in a 4 mL quartz cell for 20 min. 2.5-DHF (0.3 mL, 4.1 mmol) (or 3,4-DHP, 
cyclohexene, cyclopentene) and HOAc (30 pL, 0 . 1 5 7 ~ )  were added, and 
evaporated MeOH was replenished. After brief shaking 1 mL of the solution 
was  withdrawn through a micropore filter (pore size 20 .2  pm), and the 
concentration of 1 was determined photometrically as described above. After 
irradiating for 1 h at i, = 437 nm in the electronically integrating actinome- 
ter.['('' the amount of addition product (0.20 to 0.66 pmol) was measured by 
HPLC. The total reaction volume was obtained by weighing the quartz cell 
before and after emptying. Typical intensities of absorbed light were in the 
range of 40 x Einstein. 


Solar experiment: CdS (151 mg, 1.05mmol) and 1 (152 nig, 0.59mmol) in 


MeOH (50 mL) were sonicated in a two-necked flask for 20 min with Ar 
bubbling. After addition of 2,S-DHF (1.8 mL, 24 mmol), Ar bubbling was 
continued for 2 inin, the flask was stoppered gastight and left on a windowsill 
in diffuse sunlight. The concentration of I ,  determined as described above. 
changed from 12 to 9, 7, and 2w after 1, 2, and 4 h, respectively. 


Variation of the amount of CdS: General procedure as described for influence 
of additives, using 1 (257 mg, 1 mmol), cyclopentene (3.5 mL, 40 mmol), 
MeOH (9omL), and CdS (20.2. 41.5, 74.3. 114.0. 178.3. 238.6. and 
347.5 mg). 


Use of commercial CdS: According to the general irradiation procedure; CdS 
Ventron (ultrapure) (239 mg . 1.65 mmol), 1 (257 mg, 1 mmol), and cyclopen- 
tene (3 .5  mL , 40 mmol) in MeOH (90 mL). 


X-ray analyses: Automated four-circle diffractometer (Siemens P4) Mo,, 
radiation (A = 71.073 pm), graphite monochromator, T = 298 K,  w-scan 
speed 3.0--30'min~'. Structure solution by direct methods (SHELXTL- 
PLUS), anisotropic refinement (SHELXL-93) of non-hydrogen atoms: the 
positions of all hydrogen atoms were taken from a difference fourier analysis 
and fixed at these coordinates. Single crystals of 2 and 5 were obtained from 
CH,CI,/MeOH. 4 from CH,CN/H,O. 


Adduc~ 2: C,,H,,N (325.46): crystal size 0.60 x 0.30 x 0.30 mm, orthorhom- 
bic. space group Fdd2; a = 2166.9(10) pm, h = 3924(2) pm. 
c = 844.2(5) pm. V=7.178(6)nm3, pcalcd = 1 . 2 0 5 g ~ m - ~  ( Z  =16). 2229 rc- 
flections collected, 2229 independent reflections, 681 observed reflections 
[F> 4a(F)]; structure refined against full-mati-ix least-squares on FZ: 
p = 0.069 mm-'; F(OO0) = 2784; R = 0.0495, wR (all data) = 0.1267; 225 
parameters refined; 2flmaX = 5 4 .  


Adducr 4 :  C,,H,,N (353.51): crystal size 0.5 x 0.4 x 0.4 mm, monoclinic. 
space group P2,/c, n = 868.5(3), h = 2167.9(11), c =1129.8(6) pm, p = 


107.92(4)', V = 2.024(2) nm3,p,,,,, =1.16gcm-, ( Z  = 4). 12288 reflections 
collected. 4455 independent reflections, 1337 observed reflections [F> 4o(F)]:  
structure refined against full-matrix least-squares on F'; = 0.066 rnm-';  
F(000) =760: R = 0.0870, M'R (all data) = 0.2853: 244 parameters refined; 
28,,, = 54". 


Adduct 5 :  C,,H,,N (393.58), crystal size 0.8 x 0.4 x 0.4 mm. monoclinic. 
space group P2,lc. (I =1632.7(5), h = 827.5(3), c =1785.9(6) pm, [j = 
108.29(3)', V = 2.2910(1) nm3. pculcd 1.141 gcm-'  (Z = 4). 5647 reflections 
collected, 5037 independent reflections, 2564 observed reflections IF> 4u(F)]; 
structiire refined against full-matrix least-squares on F': p = 0.065 mm I; 


F(OO0) = 848; R = 0.0439, M ~ R  (all data) = 0.1110; 271 parameters refined: 
28,;,, = 54'. 


Crystallographic data (excluding structure factors) for the structures reported 
in  this paper have been deposited with the Cambridge Crystallographic Data 
Centre as supplementary publication no. CCDC-100204. Copies of the data 
can be obtained free of charge on application to The Director. CCDC. 
12 Union Road, Cambridge CB21EZ. UK (Fax: Int. code +(1223)336-033: 
e-mail: depositiu chemcrys.cam.ac.uk). 
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In Search for Mononuclear Helical Lanthanide Building Blocks with 
Predetermined Properties : Triple-Stranded Helical Complexes with 
N,N,N',N'-Tetraethylpyridine-2,6-dicarboxamide 


Fabien Renaud, Claude Piguet,* Gkrald Bernardinelli, Jean-Claude G. Biinzli,* 
and Gkrard Hopfgartner 


Abstract: The ligdnd N,N,N',N'-tetra- 
ethylpyridine-2,6-dicarboxamide (Ly) re- 
acts with trivalent lanthanide ions (Ln"') 
to give stable mononuclear triple- 
stranded helical complexes [Ln(L9)J3 + 


(Ln = La to Lu) . The crystal and molecu- 
lar structures of [La(L9),](CI0,), 
2.5C2H,CN (8) and [Eu(L9),](Tf0),. 
2THF (9) show that the three ligand 
strands are each meridionally tricoordi- 
nated to produce a pseudo-tricapped trig- 
onal prismatic arrangement of the nine 
donor atoms (six amide 0 and three pyri- 
dine N) around Ln"'. The distortions in 
the La"' coordination sphere of 8 are more 


significant than for Eu"' in 9, and the pho- 
tophysical studies on Eu-doped (2 Yn) La, 
Gd,  and Lu complexes confirm a better 
structural match of L9 for the heavy Ln"' 
ions. The separation of contact and pseu- 
do-contact contributions to the induced 
lanthanide paramagnetic N M R  shifts in 
[Ln(L9),13 + shows that the triple-helical 
structure is maintained in acetonitrile, but 


Keywords 
carboxamides - helical structures - 
lanthanides - luminescence - triden- 
tate ligands 


Introduction 


As a result of their particular 4f" electronic configurations, the 
trivalent lanthanide ions Ln"' exhibit atom-like magnetic and 
spectroscopic properties in complexes which make them suit- 
able for the development of fascinating molecular and 
supramolecular devices."' Recently particularly rapid devel- 
opment has been observed in 1) the design of luminescent 
probes for time-resolved fluoroimiuiioassays[31 and DNA-label- 
i11g,[~] 2) the design of magnetic probes as contrast agents in 
magnetic resonance imagingL5' and NM R shift reagents,['] and 
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a minor structural change relative to  that 
observed in the solid state occurs between 
Tb"' and Er"' leading to two distinct 
isostructural series for Ln = La-Tb and 
Ln = Er-Lu. The origin of this effect to- 
gether with its consequences for the dy- 
namic helical (P+M) interconversion and 
stability of [Ln(LY)J3+ in solution are 
discussed. A detailed investigation of 
the emission properties of [Ln(L9)J3 + 


(Ln = Eu, Tb) shows that mixed pyridine- 
carboxamide ligands can be used to simul- 
taneously optimize the structural and 
photophysical properties in mononuclear 
triple-helical lanthanide building blocks. 


3) the specific cleavage of DNA and RNA with lanthanide 
macro cycle^.[^' These applications make use of specific proper- 
ties of the lanthanide complexes achieved through a precise 
structural and electronic control of the lanthanide coordination 
sites. However, the selective recognition and incorporation of 
Ln"' into organized architectures as a means of simultaneously 
controlling the structural (symmetry, stability, accessibility) and 
electronic (donor atoms, spin delocalization, energy levels) 
properties of the metal remains a challenge in supramolecular 
chemistry because Ln"' ions display 1) large and variable coor- 
dination numbers, 2) little stereochemical preference, and 
3) very similar coordination behavior along the complete series. 
slightly modified by a contraction in the ionic radii between 
La"' and Lu"' of around 15%.[*] Attempts to use the lock- 
and-key principle['] with preorganized macrocycles, branched 
macrocycles,[2. lo] and niacrobicyclic cryptands possessing 
bidentate binding units["- have led to  lanthanide complexes 
where Ln"' is only partially recognized and protected by these 
rigid receptors. In order to allow a better match between the 
binding units of the receptor and Ln"', covalent podands 
made of flexible tripods connected to semi-rigid side arms have 
bcen developed.['3-'51 In one case, a flexible podand has been 
shown to exhibit an unprecedented selectivity for the heavier 
lanthanides in water.['41 An alternative approach, based on 
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the concept of induced fit,"'] uses the rigid tridentate aromatic 
ligands L' (i = 0-4) as selective receptors for Ln"'.[i7-'91 In 
triple-stranded helical lanthanide complexes [Ln(L')J3 + , the 
three ligands display sizable 71-71 stacking interactions, which 
control the size of the coordination sphere around Ln'". 
Through the judicious choice of substituents on the strands, the 
electronic,['*] thermodynamic," 7 ,  191 and structural'' 71 proper- 
ties of the [Ln(L')$+ building blocks can be fine-tuned. These 
tridentate binding units have been successfully introduced into 
homotopic (L') and heterotopic (L6) segmental l i g a ~ i d s , [ ~ ~ *  211 


which have in turn been used to  prepare homodinuclear f-f 
triplc-stranded helicates [Ln,(L5),]"~2'1 and heterodinuclear 
d-f noncovalent lanthanide podates (HHH)-[LnM(L6),Is + 


(M = Fe,Iz2] The replacement of the terminal benzimi- 
dazole unit in Lb  by a carboxamide unit in L', which is known 
to favor lanthanide complexation and ligand + ELI"' energy 
transfers,[". 241 provides the heterodinuclcar triple-helical non- 
covalcnt podate (HHH)-[EuZ~(L'),]~' where the nonacoordi- 
nated Eu"' is water-resistant and 103-1 O4 more luminescent 
than in (HHH)-[EuZn(L6),I5 + .[251 


L' R' R2 


LO H H 


L' Me H 


L1 Et H 
L3 Et Me 


L4 3,5-(MeO)zCsH1CH2 H 


,OMe 


R =  CH, ' :LS d 
OMe 


McQ / $&I.+ 
0 0 


L' 


0 0 


Dipicolinic acid L'O is a good candidate for the design of 
triple-stranded Ln"' building blocks since it forms stable and 
strongly luminescent complexes [Ln(L" - 2 H),I3- in wa- 
ter.lz6 ~ '*I However, only limited structural and electronic con- 
trol of the lanthanide coordination sphere is achievable in dipi- 
colinate derivatives, because no substituents can be connected to 
the carboxylic side a r m .  Carboxaniide derivatives such as L"-' 
are promising ligands for the investigation of subtle electronic 
and steric effects induced by the wrapped strands in triple-heli- 
cal lanthanide building blocks. Although carboxamide side 
arms have been extensively used in Ln"' complexes with 
branched macro cycle^['^^ and multidentate c h e l a t e ~ , [ ~ ~ ]  com- 
plexes of L"' have been studied in detail only with d-block 
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metal ions,[3 and n o  complete investigation has been reported 
for Ln"'. To the best of our knowledge, 1 : 3  complexes 
[Ln(L'),](CIO,), (i = 8, 9) have been isolated in the solid state 
and briefly characterized by elemental analysis and IR spec- 
troscopy, which suggested that the Ln"' ions are nonacoordinat- 
ed as found in [Ln(L" - 2H)$ 


In this paper, we present the detailed coordination behavior 
of I,' (which possesses diastereotopic mcthylcne protons to fa- 
cilitate 'H NMR analysis)[331 with the Ln"' series. Particular 
attention has been focused on the structural, thermodynamic, 
photophysical, and electronic propcrtics of the 1 : 3  complexes 
[Ln(L9)J3' in the solid state and in solution to investigate the 
possible fine-tuning of the lanthanide coordination site induced 
by the carboxamide side arms. 


Results and Discussions 


Synthesis of the complexes: Reaction of 3equiv of L9 with 
1 equiv ofLn(TfO);nH,O (n  = 0.3-2.2: Ln = Y. Sm, Eu, Gd, 
Tb, Lu;  TfO = trifluoromethanesulfonate) in T H F  followed by 
crystallization produced microcrystalline powders in almost 
quantitative yields, with elemental analyses corresponding t o  
[Ln(LY),](TfO),.H,O (Ln = Y, 2; Sm, 4; Eu, 5 ;  Gd, 6; Tb, 7 ;  
Lu, 3) .  Pure 1 :3 complexes could not be obtained for the larger 
lanthanides (Ln = La-Nd) under similar experimental condi- 
tions. The elemental analyses suggest the formation of mixtures 
of 1 :2 and 1 : 3  complexes. Microcrystalline [La(L'),](CIO,), ( I )  
could be isolated quantitatively from a propionitrile solution 
containing 1 equiv of La(CIO,), . 5 . 4 H 2 0  and 4 equiv of L9. The 
IR spectra in KBr of complexes 1 - 7 display the typical bands 
associated with the coordinated ligandsr3'] together with unco- 
ordinated Tf0-[341 and C10,.[351 


Crystal and molecular structures of [La(L")J(CIOJ3. 
2.5C,H5CN (8) and (Eu(LY),j(TfO),-2THF (9): X-ray quality 
crystals of 8 and 9 were obtained by the same procedurc as 
described above, but the prisms were not separated from the 
mother liquor. Both structures consist of a discrete [Ln(L9)J3+ 
cations and disordered uncoordinated anions and solvent mole- 
cules. In each cation, the three tridentate ligands L9 are merid- 
ionally tricoordinated to and helically wrapped around the 
metal ion producing pseudo-D, triple-helical complexes 
analogous to those reported for [Ln(L'" - 2 H)J3 ~ ,Iz6] Select- 
ed bond lengths and angles are given in Table 1. Figure I shows 
ORTEP[361 views of the cations along their pseudo-C, axis with 
the atomic numbering schemes around Ln"', and Figure 2 shows 
stereoviews of both cations in similar orientations. 


The Ln"' ions in [Ln(L')3]3' are nonacoordinated producing 
distorted pseudo-tricapped trigonal prismatic coordination 
polyhedrons where the six 0 atoms of the carboxamide groups 
occupy the vertices of the trigonal prism and the N atoms of the 
pyridine rings occupy the capping positions, forming an equato- 
rial plane containing the lanthanide ion. In [Eu(LY),]", thc 
cation is located about a crystallographic twofold axis passing 
through Eu, N Ib, and C3b. This twofold axis is perpendicular 
to  the pseudo-C, axis, and there is thus only limited deviation 
from an idealized D, symmetry (except for the ethyl groups). 
The two facial planes defined by thc two distal tripods Olai  


:im, 1997 0')47-6.5391')7;0310-1647 S 17.501- .SOjO 1641 







FULL PAPER C. Piguet, J.-C. G. Biinzli et al. 


Table 1 Structural data for complexes [La(L9),](C10,),.2.5 C,H,CN (8) and 
1Eu(L9),](TfOj,~2THF (9). 


n i  Selected bond leiigths (A) and bite angles ( ). 


Complex 8 Complex 9 
Ligand a Ligand b Ligiind c Ligand a Ligand h I;r] 


Ln - 0 1  2.470(5) 2.496(6) 2 527(6) 2.426(5) 2.392(5) 
Ln -N 1 2.679(7) 2.711 (7) 2.696(?) 2.547(6) 2.569(9) 
Ln--O2 2.525(5)  2.501 ( 5 )  2.501 (6) 2.405(5) 


0 1 -Ln-N 1 60.9(2) 61.4(2) 62 2 ( 2 )  63.3(2) 62.6(1) 


0 1 - L n - 0 2  122.4(2) 122.3(2) 122.3(2) 126.4(2) 125.2(2) 
N I-Ln-02 61.712) 60.9(2) 60.4(2) 63.3(2) 


b)  Angles N-Ln-N, 0-Ln-N. and 0-Ln-0 .  


Complex X Complex 9 


N I ;t-La-N 1 b 
N la-La-N Ic  
N 1 h-La-N 1 c 


0 la-IAN Ib  
0 ?a-La-N Ic 
0 2b-L+N l a  
0 1 c-La-N 1 a 
0 Ic-La-N 1 h 
0 I;i-La-N I c  
0 2:i-La-N 1 h 
0 1 b-La-N l a  
0 2 - L a - N  l a  
0 Ih-La-N l c  
O7h-La-N Ic 
O?c-La-N 1 b 


0 l a -La -0  I b 
0 la-La-02c 
0 2a-La-02h 
0 'a-La-0 lc 
0 1 h-La-O2c 
0 ?h-La-0 2c 
0 I a-La-02b 


0 ?a-La-0 1 b 
0 2a-La-02c 
0 1 h-La-0 lc 
02h-La-Olc  


0 l>l -Ld-0lC 


1302(2) 
1 I1 8 (2) 
11X.0(2) 


134.4(2) 
135.0(2) 
141.212) 
136.3(2) 


72.3(2) 
73.4(2) 
82.5(2)  
83.6(2) 
73.2(2) 


138.8(2) 
71.9(2) 


132.9(2) 


81.3(2) 
92.1 ( 2 )  
8?.9(2) 


154.812) 
153.8(2) 
?6.7(2) 


144 6 ( 2 )  
77 .0 (2 )  
86 l(2) 
76.2(2) 
81.0(2) 
81.0(2) 


N 1 a-EL-N 1 h 
N 1 ;i-Eu-N la' 


0 1 a-€11-N 1 h 
Ola-Eu-N la '  
0 Zn-Eu-N 1 h 
OZa-EL-N la' 
0 1 h-Eu-N l a  
O l b - E u - N l a  


0 2 a - E L I - 0  Ib' 
0 la-Eu-0 1 b 
0 la-ELI-0 l a '  
0 la-Eu-0 Ib' 
0 La-Eu-0 1 h 
0 ?a-EL-O 1 a' 
0 la-Eu-0 21' 


[a ]  'The complex 9 i ?  located ahout a twofold axis with ELI, N lb. 
.ind C 3h i n  special position 4e:  the other part of the complex IS  


obtained by the symmetry opcration 1 - x. 1. 'i2 -z. 


0 1 b,'O 2a' and 0 1 a'/O 1 b'/O 2a are almost parallel 
(interplane angle = 3.5") and separated by 3.26 A, 
;I distance significantly shorter than found for 
[Eu(L'' - 2H),I3- (3.44 A); this indicates a sig- 
nificant flattening of the trigonal prism along the 
pseudo-C, axis.I2"] A detailed geometrical analysis 
of  the coordination sphere based on the 4, Q i ,  and 
10, angles depicted in Scheme is reported in 
'Table 2. These measure 1) the average bending of 
lhe two distal tripods connected to  Eu (4), 2) the 
flattening of the pseudo-trigonal prism along the 
pseudo-C, axis (OJ, and 3) the deformation of 
the trigonal prism defined by the distal tripods 
toward the ocbhedron (m, ) .  The 4 angles for 
[Eu(L'' ~ 2H),]" and [Eu(LY),l3' (178-180") 
do not deviate significantly from the expected val- 
ue for a perfect trigonal prism (4 = 180") and indi- 
cate only a small bending of the two distal tripods. 
The Oi angles in [ELI(L'),]~+ (46-49") are slightly 


119.1 ( I )  
121.8(2) 


I39.0(1) 


74.5(1) 
135.3 ( I )  


135.6 (2) 


?3.4(2) 


74.6 (2) 


76.612) 
81.3(2) 
82.0(2) 


147 .X (2) 
89.1 ( 2 )  
79.1 ( 2 )  


148.9 ( 2 )  


b 


Fipurc 1. Atomic numbering scheme for a) [La(L9)J3' (8) and b) [Eu(L9),I3+ (9 )  
along the pseudo-(', axis 


a 


b 
Figure 2. 0RTEP'36'si~reoviews o f a )  [La(L9),13' (8) and b) [Eu(L9)J" (9) (ellipsoids at 50% 
probability Icvel). 
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in [ E u ( L ~ ) ~ ] ~ +  (2.39-2.43 A) are slightly shorter than the 
Eu-O(carboxy1ate) bonds in [Eu(L" - 2 H),13 (2.43 
2.45 A),[261 but fall within the expected range.12" 3 7 1  Calculation 
of the Eu"' ionic radius by using Shannon's definition[381 with 1 


Table 2.  Selected angles (') [a] for the Ln"' coordination spheres in [La(L9),](C10,),~2.5C,H,CN (8) ,  
[Eu(L9),](TfO),.2THF (9), and Cs,[Eu(L'" - 2H),] .9H20. Top: $;middle: Oi (distal tripods); bottom: 
interligand w ,  angles [h]. 


8 9 Cs,[Eu(L'" - 2 H ) J  [c] 


R -La-R2 


R'-La-Ola 
R'-La-0 1 b 
R'-La-N l c  
R2-La-0 2;i 
R2-La-02b 
RZ-La-O2c 


proj(0 la)-La-proj(0 2c) 
proj(0 1c)-La-proj(0 2b) 
proj(02a)-La-proj(O 1 b) 
proj(N la)-La-proj(N Ib) 
proj(N la)-La-proj(N lc) 
proj(N 1b)-Ld-proj(N Ic) 


176 


47 
50 
46 
50 
51 
43 


20 
18 
25 


130 
112 
118 


R'-Eu-R2 


R'-Eu-O la  
R'-Eu-0 I b  
RZ-Eu-02a 


proj(O la)-Eu-proj(O la') 
proj(0 I b)-Eu-proj(0 2a) 
proj(O lb)-Eu-proj(O2a') 
proj(N la)-Eu-proj(N lb)  
proj(N la)-Eu-proj(N la') 
proj(N la')-Eu-proj(0 lb) 


178 178 


49 45 
47 45 
46 46 


I5  19 
17 18 
17 18 


119 121 
122 120 
119 120 


around La"', and the Nla-La-NIb angle 
(130.2(2)") is significantly larger than 220'. 
The flattening of the two tripods along the 
pseudo-C, axis (0,) is similar for both cations 
[Ln(L9)J3+ (Ln = La, Eu; Table 2). but the 
wi angles between the eclipsed oxygen atoms in 
[La(L9),I3+ (18-25") reveal an increased de- 
formation of the trigonal prism toward the oc- 
tahedron for the larger La"'. A similar trend 
has been reported for [Ln(L" - 2H),I3- on 
going from Lu to La.[261 However, the most 
striking distortion is associated with the severe 
tilting of the pyridine rings leading to 1 )  bent 
conformations of the meridionally tricoordi- 
nated ligands and 2) significant mismatches 
between the orientation of the nitrogen lone 


[a] For the definition of rp, O,, and ( I ) ,  sec Scheme I and ref. [18]; the error in the angles is typically 5 1 '. 
[h] proj(0i) is the projection ofOialong the R'-R2 direction onto a perpendicular plane passing through 
the lanthanide atom; the resulting vectors R'  and RZ correspond to: R 1  = La-Ola  + La-Olb  + 
La-Olc  or K'  = E u - O l a  + Eu-Olb  + Eu 02a '  and R2 = La-O2a + La-02b  + La-O2c or 
R Z  = Eu-Ola'  + E u - O l b  + Eu-0221. [c] In thccrystal structure ofCs,[Eu(I."- 2H),1.9H20, the 
anion [Eu(L'" - 2€1),13- is located ahout a crystallogruphic twofold axis as similarly observed for 
[WL9),I3'  "261 


pairs of the pyridine rings and the La"' ion. 
Consequently, La'" lies significantly out of the 


1.50 A), and 
the La-N bond lengths (2.68-2.73 A, average 
2.70(2) A) are 0.15 8, longer than those found 
in [Eu(L9)J3+; we expect an expansion of 
0.09-0.10 8, on going from Eu"' to as 


larger than those found in [Eu(L" - 2H),I3- (45-46"), in observed for the Ln-O(amide) bonds (Table 1). These observa- 
agreement with the observed larger separation between the fa- tions indicate that steric constraints in the ligand backbone 
cia1 planes in the latter complex. The w ,  angles between the force the N atoms of the pyridine rings to move away to accom- 
eclipsed oxygen donor atoms of the distal tripods (14-17") ex- modate the large La"' ion in the cavity, leading to an uncom- 
emplify the typical distortion from the ideal trigonal prism pressed La"' ionic radius of 1.21 A in [La(L9)3]3++[381 (expected 
(wi = 0") toward the octahedron (mi = 60") induced by con- value for nonacoordinate La"': 1.22 A).[*] In contrast to triple- 
strained tridentate ligands in mononuclear lanthanide helicates, stranded helicates with polyaromatic ligands, which tend to give 
as previously observed for [Eu(L'),I3' and [Eu(L3),I3' hexagonal close-packing of the crystals,[391 the [Ln(L9)J3 + 


(13-14").['s1 The tridentate ligand strand b lies about the two- cations in 8 and 9 do not show any remarkable arrangement or 
fold axis in [Eu(L9),13 + and consequently adopts a twist confor- packing interactions. 
mation of the carbonyl side arms with Eu"' in the plane of 
the coordinated pyridine ring. The two other coordinated tri- Photophysical properties of [La(L9),l(C10,), ( I ) ,  [Ln(L9),l- 
dentate ligand strands (a and a') display bent conformations (TfO),.H,O (Ln = Eu, 5; Gd, 6; Tb, 7; Lu, 3) and 
with Eu"' located significantly out of the plane of the coordinat- [EU(L~)~] (T~O) ,*~THF (9): In acetonitrile, L9 shows a broad 
ed pyridine rings (1.00 A, Figure 2). Nevertheless, the Eu-N and asymmetric absorption band envelope centered around 
bond lengths (2.55-2.57 A) are close to the values reported 37040 cm-' (Table 3) and assigned to a combination n + n* 
for Eu-N(pyridine)['" 1 8 , 2 1 , 2 5 1  and similar to those found in and n + n* transitions,['81 by analogy with those found at lower 


planeofeachpyridine ring (1.17 
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Table 3 .  Lieand-centered ab~~l rp t lons  in acetonitrile solurion (293 K) and ligand- 
ccntered singlet- and triplet-state cnergm as determmed from emission spectra of 
the solids at 77 K for la9 and its complexes [Ln(LY)J3' (1 7). 
~- 


Absorption Fmission 
( 'ompd t-TI* + n - n '  Inn* pnn* 


[LuCLY)J" (3) 


37040 (7160) [a] 


46950 (37130) 
41 840 (33 500) 
35970 (31 170) 


33450 (61 590) 


31 150 (32000) 


2x I 70 (47 920) 
47170 (44900) 
42550 (36830) 
35 840 (35 300) 
33445 (59950) 
27 780 (48 500) 


47170 (45960) 
42370 (35660) 
35840 (33400) 


47 620 (45 91 0) 
42 550 (34490) 
35840 (33010) 


47 170 (39060) 
42370 (32000) 
35840 (30510) 


47 I 70 (42 760) 
42370 (34760) 
35830 (13590) 


[hl 
26040 
23 500 


22 220 


23 500 


22 220 


[dl 


[dl 


[el 


[el 


Lbl 
21 300 
20600 


18 520 


20 600 


18 500 


[dl 


Id1 


[el 


[el 


[;\I Energies Are  given for the maximum ofthe band envelope 111 cni and the molar 
c~h\orp t~on coefficicnt (6) is given in parentheses in M ~' cm-  I .  [b] Too weak to be 
detcclcd. [cl See ref. 1171. [d] Not measured. [el N o t  dctccted due to Ly --f Ln"' 
energy 1ranTfer 


energyforL'(31 1 5 0 c m ~ ' ) " 7 1 a n d  L7 (33320cm-').[2'1Upon 
irradiation of L9 in the UV region (solid state, 77 K),  we do not 
detect any significant emission. This points to the existence of 
efficient nonradiative deactivation pathways in the free ligand. 
The absorption spectra are slrongly modified upon complexa- 
tion, and irradiation of [La(L9),](C10,), (1) and [Gd(L9),]- 
(TfO);H,O (6) at  28400 cni- '  (solid state, 77 K) results in a 
fiint lumincsceuce from the 'm* state characterized by a broad 
band centered at 23 500 cm- ' ,  as previously reported for 
[Ln(L'),](ClO,), (Ln = La, Gd).[I7."l This assignment is cor- 
roborated by the almost complete disappearance of the broad 
emission band in the time-resolved emission spectra (delay time : 


0.01 -0.75 ms), which reveal a weak and structured band cen- 
tered at  20600 cm-' assigned to the phosphorescence of the 
3 ~ 7 c *  state. Compared to  [Ln(L'),](ClO,), (Ln = La, Gd), the 
ligand-centered 'm* and 37c7r* levels in 1 and 6 are blue-shifted 
by ca. 1500-2000 cm-'. 


The ligand-centered luminescence vanishes in the Eu (5) and 
Tb (7) complexes leading to  typical Ed1'- and Tb"'-centered 
emissions.['' This implies efficient intramolecular L9  + Ln"' 
energy transfer processes in the 1 : 3 complexes (Figure 3). We 


I 5 = 2  


360 400 440 4x0 520 560 600 640 6x0 n o  
[nm: 


Figure 3. Low-resolution time-resolved (dclay t ime = 0.01 ms) ~'rnissioii spectra 
of a) [Gd(Ly),](TTO),-II,O ( 6 ) ,  b) [Th(Ly),](Tf0);H2O (7). and c)  [Eu(l?),]- 
(TfO); Cl,O (5) in the solid state at  7 1  K (i.,,, = 352 nm). 


have used Eu"' as tl luminescent structural probe to investigate 
the geometry of the coordination sites in 1,3 ,5 ,6 .  and 9. For the 
crystalline Eu complex 9, the luminescence spectra obtained 
upon irradiation at  2.5 190 cm-  ' (via the excited states of the 
ligand) or through laser excitation in the 'D,,e7F, transition are 
similar. There is no significant temperature dependence between 
10 and 295 K,  except for the expected intensity decrease at  high 
temperature. Corrected and integrated intensities a t  10 K for the 
' D ,  + ' F j  (J = 0, 1 ,2 ,3 ,4)  transitions (Table 4) point to the lack 
of inversion center a t  the ELI"' site."] A close scrutiny of both 
emission and excitation spectra a t  10 K in the region of the 
500-74~ transition reveals the existence of a slightly unsym- 
metrical band with a major component a t  17216 cm (full 
width at half height (fwhh) = 2.4 cm- I )  and a weak shoulder a t  
low energy probably associated with sites displaying a closely 


Tahlr 4 Cori-ecled integrated intenrities ( / r c , )  iind main identified Eu('F,) encrgy levels (cm-l,  J =  1 4, origin 'F,) in [Eu(L9~,](TfO),-2TIIF (9). [Eu(LY),](TfO), 
H,O (S). and 2 %  Eu-doped complexes as calculated from luminescence spectra at  10 K (j.cxL: 'n,+'&,). 


Lcvel 9 Ire,(% S IrJ5) Gd(2'% ELI) I,,, La(2% Eu) I,,, Lu(2'10 Eu) 
6a l a  3a. I.., 


-ti, L,) 1211 17216 17219 17217 17246 17211 
- F, 307 1 .OO 336 1 .OO 334 1 .00 331 1 .oo I .no 


39') 360 362 349 
41 9 41 7 414 432 


9x3 99 2 990 9x7 
1062 1018 1040 1011 
1 I33 1040 3 170 


t: 96X 4.42 951 4.66 951 5 44 957 1 7 2  3.5 


r, 1x29 1 X31 [bl lbl 1 x49 
6 2641 2665 1 . 1 1  2 664 2 695 


2x18 2834 2 831 2 803 
282') 2872 2871 2915 


3 007 


la] Energy of thc 5/10+7F0 tranhilion (given in cm- ' )  used a s  i,,, for the laser-excited emission spectra. [b] Too weak to measure 


0.05 
I .32 


[bl 
1.37 


[bl 
1.34 


Ibl 
0.9 
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related geometry.[' 8 ,  251 Frey and Horrocks have recently pro- 
posed a correlation between the energy of the 5 D , t 7 F ,  transi- 
tion (C) and parameters describing the ability ai of yli coordinat- 
ing atoms i to produce a nephelauxetic effect [Eq. (1)].[401 A 
simple calculation for Eu"' in 9 using C,, = 1.0 (coefficients 


for nonac~ordina t ion) , [~~ '  io = 17 374 cm 1,[401 6,- - - 
~ 1 5 . 3 , ~  251 and 60-carboxamide = - 1 5.7[401 predicts an energy 
of 17233 cm-I for the 5 D , t 7 F ,  transition at 295 K in qualita- 
tively good agreement with the observed transition at 
17227 cm-' (fwhh = 9.5 cm-' at  295 K). 


The emission spectrum obtained through selective laser exci- 
tation at the maximum ofthe 5D,+7Fo transition (17216 cm-' 
at 10 K, fwhh = 2.4 cm-') provides a 5Do -+ 7Fj ( J  = 1-4) pat- 
tern typical for Eu"' in a pseudo-trigonal coordination site (Fig- 
ure 4) . [ I 7 ,  18] The magnetic dipole 5D, + 'F ,  transition is split 


I '  
1 


5D, --f 7F, 


A 


700 680 660 640 620 600 nm 


Figure4. Part of the laser-excited emission spectrum of' single crystals of 
[Eu(LY),](TfO),.2THF (9) at 10 K (A,,, = 580.86 nm). Vertical scale: arbitrary 
units. 


into two main transitions A ,  --f A ,  and A ,  -+ E (both allowed in 
C,, D,, and D,, symmetries); the latter are further split into two 
components separated by 20 cm ~- (Table 4) as similarly ob- 
served for [Eu(L'),](CIO,), (15-18 cm-1)[171 and [Eu(L*),]- 
(CIO,), (22 cm-').['81 The splitting arises from a slight devia- 
tion from the ideal trigonal symmetry and/or from a distortion 
induced by the excitation to the 5D,  level, since the luminescence 
spectra reflect the properties of the excited state.['7. ''I The 
'0, + 7F, spectral region is dominated by two strong transi- 
tions, which we tentatively assign to the two allowed electric 
dipole A ,  -+ E transitions in D, as found for [Eu(L'),]- 
(CIO,),[' 71 and [Eu(L3),](C10,), .[18] The small separation be- 
tween these two transitions (15 cm-') may be interpreted as 
reflecting a site symmetry relatively close to D,,. The observd- 
tion of only three emission peaks in the region of the ' D o  -+ 7F4 
transition ( A  + A ; ,  2A + E") confirms the hypothesis of a 
slightly distorted D,, microsymmetry around Eu"', in agree- 
ment with the X-ray crystal structure of 9 (four and six allowed 
50, + 'F4 transitions are expected in D, and C,  symmetries, 
respectively) .['I 


The lifetime of the Eu(~D,) level (Table 5 )  for 9 is long (1.7- 
1.8 ms) and reflects the absence of interaction with OH oscilla- 
tors in the Eu"' coordination sphere.['] The fact that it is unaf- 
fected by temperature variations (10-295 K) points to rather 


Table 5. Obscrvcd lifetimes (T, ms) of the Eu(~D,)  level in [ E u ( L ' ) , ~ ( T ~ O ) , . ~ T H F  
(9 ) ,  [Eu(LY),](TI'O);H,O ( 5 ) ,  and 2 %  Eu-doped complexes at various tempcra- 
tures in the solid state and in degassed acetonitrile solution. 


Compd icxG(cni- ')  10 K 77 K 295 K 295 K (sol.) 


9 17218 
32468 


5 17 222 
32468 


Gd(2"/0 Eu) ,  6 a  17227 
32468 


Lu(2% ELI), 3a 32468 
La(2"h Eu), l a  17256 


32 468 


178(3) 
1.79 (3) 
1.83(5) 
1.92(3) 
1.79(7) 
1 89(7) 
1.6(2) 
0 79 (2) 
0.77(2) 


1.71(5) 1.80(4) 
1.80(4) 1.71(11) 
1.90(3) 1.80(3) 2.49(16) 
1.93(3) ~ 


1.75(8) 1.66(7) 


0.74(2) 0.52(9) 


[a] Too weak to measure 


inefficient vibrational quenching processes of the Eu('D,) level 
by the ligand backbone. Upon drying, crystals of 9 are trans- 
formed into a microcrystalline powder corresponding to com- 
plex 5 where the two THF molecules are replaced by one water 
molecule. The 5D,+ 7F, excitation spectrum consists of 
two distinct bands at 17219 cm-' (fwhh = 3 cm-') and 
17215 cm-' (fwhhz9 cm-'), suggesting the existence of at 
least two slightly different coordination sites in 5. Excitation 
through these two components of the 0-0 transition yields very 
similar emission spectra. The ' D o  + ' F ,  (, j = 1-4) pattern in the 
emission spectrum of 5 is different from that observed for 9; this 
reflects a change in the symmetry of the Eu"' coordination site 
(cf. the splitting of the 7F, level, Table 4). However, the fact that 
the Eu(~D,) lifetime remains long for 5 indicates that the water 
molecule does not enter the first coordination sphere. A similar 
situation has been observed in the dinuclear triple helicate 
[Eu,(Ls)),](MeCN),(C104)6.[2'1 The introduction of small 
amount of Eu"' (2%) into the La ( la) ,  Gd (6a), and Lu (3a) 
complexes provides a means to probe the coordination site 
around the metal ions.['] The emission spectra together with the 
measured lifetimes of both 2 %  Eu-doped complexes 3a and 6a 
are similar to those found for 5 and point to isostructur, 'i 1 nona- 
coordinate complexes for the complete series Eu ~ Lu (Tables 4 
and 5 ,  Figure F 1 in the Supporting Information). However, the 
lifetime is significantly reduced for the 2% Eu-doped La com- 
plex 1 a;  this strongly suggests some close interaction between 
Eu"' and a water molecule in this c o m p o ~ n d . [ ~ . ~ "  Moreover, 
the relative intensity of the '0, -+ 7F2 transition is reduced with 
respect to 3a and 6a, and the 5D,+7Fo transition is red-shifted 
by 27 cm-' at 10 K, reflecting a higher coordination number 
than in 3a, 5, or 6a. Although elemental analysis suggests that 
1 is anhydrous, the IR spectrum of 1 a clearly indicates that this 
compound contains water. A rough estimation using the empir- 
ical equation of Horrocks and Sudnick [Eq. (2)],[4'1 with 


A,,  = 1 .05 and zDz0 = 1.8 ms (the lifetime of Eu"' in 9 where no 
water molecule is bound to the metal), predicts that the coordi- 
nation of one water molecule to Eu"' ( q  = 1 .O) in this environ- 
ment reduces the lifetime of the Eu(~D,) level to 0.66 ms, a value 
identical with the observed lifetime at 295 K (Table 5 ) .  


We conclude from the photophysical studies that Eu"' lies in 
a fairly well-protected pseudo-D,, coordination site in 9, in 
agreement with its crystal structure. However, the crystalline 
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edifice is very sensitive to  the loss of interstitial solvent mole- 
cules, and the replacement of the T H F  inolecules in 9 with one 
water molecule in 5 strongly alters the crystallinity of the sample 
leading to the existence of several slightly different coordination 
sites of lower symmetry. Luminescence from 2 %  Eu-doped 
complexes show that the Gd"' and the Lu"' complexes are 
isostructural with 5 ,  but the emission properties of Eu"' in the 
2 %  Eu-doped La complex l a  point to  a different chemical 
arrangement around Eu"' involving the coordination of one 
water molecule. This result is in line with the distortion observed 
in the crystal structure of the La complex 8, where the bound 
pyridine rings are severely tilted to  accommodate the larger La"' 
in the cavity leading to a reduced protection of the metallic 
coordination site. 


Behavior and structure of [ Ln(Ly),j3+ (Ln = La to Lu) in acetoni- 
trile solution: A reliable qualitative analysis of the complexes 
formed in solution is obtained by electrospray MS (ES-MS) 
titrations of 1 0 - 4 ~  acetonitrile solutions of L' with 
Ln(TfO),.nH,O (Ln = La, Ce, Pr, Nd, Sm). As expected, we 
observe the successive formation of the three complexes 
[Ln(LY)J3+ (i = 1-3) together with their adducts with triflate 
anions (Figure 5, Table S I  Supporting Information).[421 As a 


tence of weak ES-MS peaks corresponding to traces of unex- 
pected 1 :4 complexes [Ln(L9),I3+ and [Ln(Ly),(Tf0)l2+. 
ES-MS spectra recorded under the same conditions indicate 
that the intensity of the peak corresponding to [Ln(L9),I3+ de- 
creases stepwise on going from La"' to Prrrr; the signal for Nd"' 
is faint and completely disappears for Sm"'. The formation of 
[Ln(LY),l3+ in solution is thus closely related to the size of Ln"' 
and the accessibility of the metallic site in [Ln(LY)J3+ for fur- 
ther complexation. This implies that large Ln'" ions are less 
efficiently protected from external interactions in [Ln(LY),l3 + , 
in agreement with the solid-state photophysical investigations. 
Tandem MS-MS experiments a t  low collision energy (30 eV) 
show that [Ln(LY),I3+ is weakly stable in the gas phase and 
readily fragments to give quantitatively [Ln(LY),l3 +. 


Upon complexation to  Ln"', the absorption spectrum of L' is 
significantly modified both in shape and intensity (Table 3). 
This allows a quantitative analysis of the complexation process 
by means of spcctrophotometric titrations. Spectrophotometric 
data obtained under the same conditions as those described for 
ES-MS (total ligand concentration 1 0 - 4 ~ )  and for Ln:Ly ratios 
in the range 0.1 -2.0 (Ln = La to  Lu) display one pronounced 
end point for Ln:Ly = 0.33 followed by a smooth evolution 
until Ln:L' = 1.0-1.1. Factor analysisF45' points to four ab- 


sorbing species and the data can be fitted satisfacto- 
rily to Equations ( 3 - 5 )  (Table 6, Figure 6). 


IL9+HIf 421.1 I LLa(LP),(Ol'f)l2+ 1 278.1 
1.6e7 


1.2e7 559.7 


278.1 


323'6 421.1 


::: 1 , ,,, I , ,  1 J _ , , . I  ,_ ~, , , 9 9 i ~  , 


1.&7 [La(Ly)r13' 
416.1 231 2 


713.9 5.- 


0 


559.7 


I 323.6 
3 . w  278.1 , 


200 400 600 800 loo0 


mlz 


Figure 5.  ES-MS titration of Ly ( ~ O - ' M )  with La(TfO),.3 H,O in acctonitrile for ratios 
L: i .LY=l . l  (top), Lw:Ly=1.2 (middle), andLa:LY =1:3  (bottom). 


result of the large solvation cncrgies of Ln1",[431 associated with 
variable ES-MS rcsponses for lanthanide complexes[441 and the 
strong ES-MS response of traces of protonated ligand 
( [Idy+ HI+, inlz = 278.1),r2232s1 a quantitative interpretation of 
the ES-MS peaks is not possible,r22%441 but the evolution of the 
spectra during the titration clearly establishes that significant 
amounts of [ L ~ ( L ~ ) ~ ] ~ +  and [ L ~ ( L " ) , ] ~  + coexist in solution for 
ii stoichionictric ratio Ln: Ly = 1 : 3 and a total ligand concentra- 
tion of 1 0 - ' ~ .  This result suggests that the 1 : 3  complexes have 
a limited stability in solution. A careful examination of the 
spectra for Ln: Ly = 1 : 3 (Ln = La, Ce, Pr, Nd) shows the exis- 


Strongly correlated calculated UV spectra are ob- 
tained for the various complexes [Ln(LY)J3+ (i = 1 ~ 


3 ) ,  leading to large uncertainties for the stability 
constants. Attempts to  fit the data with a supplc- 
mentary species [Ln(LY)),l3' failed because 1) only 
a minor amount of this complex is expected in solu- 
tion according to  the ES-MS titrations and 2) the 
UV spectra of the various complexes are too similar 
to allow the introduction of a fourth absorbing com- 
plex in thc model. The values of log(p\") for 
Ln = La to Lu increase smoothly with decreasing 
Ln"' ionic radius (RJ),[381 and a plot of log(P5") vs. 
1/Rj is roughly linear and corresponds to  the classi- 
cal electrostatic behavior['. associated with the 
increase of the charge density on Ln"' on going from 


Table 6. Cumulative stability constants (log(/j!-")) for the complexes [Ln(LY),]' + 


( i  = 1-3) in acetonitrile at 25 'C. 


7 4 (3 )  
7.6(3) 
7.6(3) 
7 . 5 ( 3 )  
7 .3 (3 )  
X.3(3) 
7.9(3) 
x 2(3) 


14 X(3) 
14.3(4) 
14.6(3) 
13.8(4) 
14.4(4) 
15.3(3) 
14.7(4) 
14.5(4) 


21.0(3) Dy"' 7.5(3) 14.8(4) 22.5(4) 
22.0(3) Ho"' 7.3 (4) 14.X (4) 22.3 (4) 
22.2(3) Er'" 7.7(4) 14.4(4) 22.7(4) 
21.5(4) Tm"' 8 . 5 ( 3 )  16.0(3) 22.1 (4) 
22.0(4) Yb"' X . 5 0 )  15.6(3) 22.8(4) 
22.3(3) Lu"' 8.1(3) 15.2(3) 22.9(3) 


7.6(3) 14.6(4) 22.4(4) 
22.9 (4) 
22.6(4) ylli 
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respectively, on the NMR timescale. The 


[La(Ly)),I3+ (+3.71 and +4.81 ppm, re- 
spectively, with respect to the free ligand; 
Table 7) are typical of N-coordinated 
pyridine To a lesser extent, the 


Tm 
22 


of the oxygen atom to Ln"'.["] The obser- 
vation of two well-resolved sets of signals 
for the methylenes Cs3 and the methyls 
C6,' indicates that the rotation about the 
C"-N(amide) bond is severely hindered 


6 in the complex as a consequcnce of the 
0.82 0.84 0.86 0.88 0.9 0.92 0.94 0.96 drainage of the electron density from thc 


coordinated carbonyl group toward 
Figure 6. Stability constants log(1,"") for [Ln(L9)J3' (i = 1  -3) vs l / R '  (R' ionic radii of nine coord~nate La1".[321 The 'H NMR spectrlim of 


."i .... f .... f .  . . . I  


1fR' [A-'1 


Ln"l),l381 


La to Lu, as has been similarly observed for [Ln(L" - 2 H)J3 ~ 


in water (Ln = L ~ - D Y ) . [ ' ~ ]  This trend strongly contrasts with 
the sigmoidal behavior observed for [Ln(L1),I3 ', which has 
been explained by means of interstrand interactions between the 
benzimidazole side arms." 7 *  "1 


The affinity ofL9 for Eu" can be assessed by means of electro- 
chemistry.[461 The cyclic voltammogram of [Eu(L'),]" in ace- 
tonitrile displays a quasi-reversible cathodic wave at 
El,, = - 0.62 V vs. SCE, assigned to the Eu"'/Eu" reduction 
process, together with three broad and irreversible ligand-cen- 
tered reduction waves ( -  0.62, -1.30, and -1.38 V vs. SCE), 
which are similarly observed for [Ln(L9),I3' (Ln = Y, Lu). Tak- 
ing into account the potential of solvated EU'"/EU" in acetoni- 
trile (El , ,  = + 0.21 V vs. SCE),[471 we can estimate the ratio of 
the stability constants as shown in Equation (6). The large 


- E,,,(ELI'+)) = -13.4 


negative value obtained is identical to that found for 
[EuFe(L')$ + [4R1 where Eu"' is coordinated by carboxamide 
side arms, which are known to destabilize Eu11.[47,481 From the 
log(~~'("l)) value determined spectrophotometrically,  log(/^^"("') 
is calculated to be approximately 9 for [Eu(L~) , ]~+ .  Carboxam- 
ide groups thus have a weaker affinity for Eu" than benzimida- 
zole groups, since log(f13E"("1) "N 17 for [EU(L'),]~+ .[4'1 


The 'H and I3C NMR spectra were recorded in acetonitrile 
for a total ligand concentration of 0 . 1 5 ~  and for Ln:L9 = 0.33, 
so that the complexes [Ln(L9),I3' are predominant in solution 
(2 99% according to stability constants reported in Table 6). 
'H  and I3C NMR signals were assigned by using 2D {'H-'H} 
COSY and 2 D { 'H- "C} HETCOR NMR correlation spectro- 
scopies and nuclear Overhauser effects (NOE; measured for 
0.01 M solution; Table 7). The I3C NMR spectrum of the dia- 
magnetic complex [La(LY),l3 + displays eight signals corre- 
sponding to three equivalent ligand strands related by a C ,  axis 
passing through the metal and three C,  axes or a 0, plane per- 
pendicular to the C, axis leading to D, or D,, symmetries, 


[La(L9),I3 + confirms the N-coordination 
of the central pyridine ring in solution 


(H2, are shifted downfield)["' and the hindered rotation 
around the C4-N bond (two quartets observed for H'"' and 
H73 7 ' ) ,  but the observation of enantiotopic protons for the 
methylenes H5. '' and H79 " implies the existence of three 0, 
planes, leading to an average pseudo-cylindrical D,,, symmetry 
for [La(LY),l3+ as a result of a fast P e M  helical interconversion 
on the NMR timescale at room temperature. Addition of an 
excess of Ly to a solution of [La(LY)J3+ does not give separate 
signals for free and coordinatcd Ly, in agreement with the exis- 


Table 7 .  NMR shifts (with respect to TMS) for ligand I." and its complexes 
[Ln(LY),]'+ i n  CD,CN at 298 K 


a) ' H N M R  shifts 


Coinpd H2 H3 H5' H6 H" HS 


7.63 7.87 
7.94 8.30 
8.06 8.34 
8.08 8.36 
9.13 9.61 


10.38 10.69 
9.22 9.38 
8.15 8.47 
6.00 6.77 


19.17 18.70 
4.29 4.70 
4.31 4.89 
6.60 6.91 


3.56 
3.56 
3.69, 3.70 
3.72. 3.72 
3 65 
3.93 
3.63 
3.66 
3.60 
0.44, 4.83 
3.21, 4.70 
4.56, 6.38 
3.61, 4.40 


1.26 3.34 1 15 
1 31 3.32 1.01 


1.39 3.11. 3.29 0.63 
1.45 1.36 0 03 
1.60 2.44 -0.40 
1.45 3.61 0.83 
1.35 3.22 0 83 
1.22 3.61, 3.98 1.48 
1.17 -5.86, 0.35 -9.39 
1.14 5.85. 8.4X I 14 
1.22 1.87. 1.56 2.06 
1.20 3.10. 4.40 2 04 


1.37 3.14, 3.30 0.88 


b) ' 3 C  NMR ahifts 


~ 


153.47 123.55 137.85 167.97 43.17 14.15 
150.84 127.26 142.66 169.49 45.24 13.96 
149.33 128.10 142.76 169.05 45.58 13.98 
153.97 132.88 14278 168.69 45.96 13.75 
153.97 132.88 342.78 168.69 45.96 13.75 
159.04 142.39 141.65 170.99 47.06 13.51 
154.24 143.53 138.61 170.14 47.19 13.44 
151.84 127.42 143.23 171.97 45.51 14.05 
145.41 95.92 152 29 163.22 43.05 15.40 
186.77 66.71 194 32 135.42 35.83 10.64 
129.76 8X.91 152.92 137.94 47.39 17.66 
135.09 106.11 145.65 138.96 44.91 15.45 
140.61 121.172 143.09 153.83 45.31 14.43 


40.07 
42.91 
44.1 1 
43.73 
43.73 
43.61 
44.72 
43.65 
41.53 
35 32 
42.41 
44.05 
44.94 


12.71 
12.24 
12 20 
1 I .70 
11.70 
10.68 
1 I .93 
12.1x 
13.47 
10.64 
10.56 
14.23 
13.74 
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tence of a fast ligand exchange processes on the N M R  timescale. 
The 'H NMR spectra for [Ln(Ly)J3+ (Ln = Y, Lu) are similar 
except for the dynamic processes occurring in solution. An ex- 
cess of ligand produces distinct signals for free and coordinated 
L9 at  room temperature, and the methylene proton pairs H'"' 
and H7. " are each diastereotopic (observed as pseudo-sex- 
t e t ~ [ ~ ~ ' )  pointing to  a blocked D,-symmetrical triple-helical 
structure. Coalescence of the two sextets assigned to H5 and H" 
to give the quartet expected for an average D,, symmetry occurs 
at 318 K for [Y(L'),j3+ and 333 K for [Lu(L'),]~+. These re- 
sults lead to estimated energy barriers AG(TCoa,) of 73 and 
78 k3 mol- ' for the dynamic helical P 2 M  interconversion, ac- 
cording to a simplified treatment of the Eyring equation (Fig- 
ure 7) .['lJ These data strongly suggest that small 1,n"' ions pro- 


.;b 
I 


I /  H' 


3 8 ppm 3.4 3.0 3.8 ppm 3.4 3.0 


Figure 7 Partofthc 'H NMK spectra of[Y(L9),]" in CD,CNshowingthesifnals 
of thc methylene protons H'.' and €I7 . '  at 294 K (left) and 333 K (right). 


duce kinetically inert D ,  triple-helical complexes [Ln(L'),I3 + on 
the NMR timescale, while larger Ln"' ions lead to  average pseu- 
do-cylindrical D,, structures arising from fast P e M  intercon- 
version. As expected, the transition between these two dynamic 
behaviors is gradual, and the variable-temperature NMR study 
of [Srn(LY)J3+ (the weak paramagnetism of Sm"' has only neg- 
ligible influence on the line broadening)[521 shows that the 
diastereotopic protons H7, " become enantiotopic a t  263 K ,  
which involves an energy barrier of only 55 kJmol- l . [s l l  For  
[La(L9),]", the signals of Hs3 '' and H7. '' remain enantiotopic 
a t  the lowest accessible temperature in acetonitrile (233 K), indi- 
cating an even smaller energy barrier. 


Further structural information is gained from the use of para- 
magnetic Ln"' ions, which allow the separation of contact (6:J) 
arid pseudo-contact (Sp,') contributions to  the isotropic N M R  
paramagnetic shifts (Sii")  2 7 *  521 A straightforward separa- 
tion of a contact term c and a pseudo-contact term G, for each 
nucleus i in the axial lanthanide complexes [Ln(L'),]" uses 
1 )  Equation ( 7 ) ,  2) the theoretical values for ( S z ) j  (the expec- 
tation value of S3)['31 and C, (the anisotropic part of the axial 
magnetic susceptibility of the free ions, and 
3) multilinear regression for a t  least two different paramagnetic 
Ln~r . r25 ,271  The contact term F; is given by Equation (8) and 


reflects through-bond Fermi interactions between the paramag- 
netic center and the nucleus i (Ai  is the hyperfine interaction 
parameter and B, the applied magnetic induction) .[531 The 
pseudo-contact term Gi depends on the geometric position of 
the nucleus i (v, and Oi are the internal axial coordinates of the 
nucleus i with respect to  the ligand field axes) for a particular 
ligand field constant a at  a given temperature T[Eq. (9)].i27, s41 


(9) 


The diamagnetic correction @la in Equation (7) is taken from 
the chemical shifts measured for the isostructural diamagnetic 
complexes: [La(L')J3 + for Ln = Ce -Nd,  [Y(LY),I3 + for 
Ln = Sm-Dy, and [Lu(L'),I3+ for Ln = H ~ - y b . [ ~ ~ ]  This 
simple approach gives satisfactory results provided that the 
complexes [Ln(LY)J3' are isostructural in solution. This must 
be checked graphically from plots of 6iy/(S,)j vs. Cj/ (SJ j  
[Eq. (lo)] and S$O/C, vs. (S,),/Cj [Eq. (ll)], which are expected 


to be linear for isostructural series.[561 Analysis of the paramag- 
netic data of Table 7 for each measured nucleus i in  [Ln(Ly)),I3+ 
according to Equations (10) and (1 1) systematically produces 
two straight lines associated with two different isostructural 
series involving respectively large Ln"' ions (Ce-Tb) and small 
Ln"' ions (Er-Yb) (Figure 8). A structural change thus occurs 


1.9 1 .'... 
1.4 ".. Ce .... 


'.. ... Pr 


Tb ". .., 


RZ = 0 9885 -04 1 Eu 
-0 5 . 


-3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5 
<S,>,/ c, 


Figure 8.  Plot for HZ in [Ln(LY),l3+ at 298 K of a::./(S,>, vs. C,!(S,>, [Eq. (lo)] 
(top) and a:?/C, vs. (S,>,jC, [Eq. ( l l ) ]  (bottom). 
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Table 8. Computed value5 lor contact (6) and pseudo-contact (G,) lcrins for 'H and ''C nuclei i n  paramagnetic complexes [Ln(L9),]'+ i n  CD,CN at  298 K using Equation ( 7 )  
~ 7 1 .  


a) Series Ln = Ce-Tb. 


H2 H3 H6 H8 C' CZ c3 c4 c5 C" c7 C8 


6 0 129(4) 0.11(1) 0.023(7) 0.00(2) 0.25(9) 3.01 (9) -1.02(3) 0.6(1) 0.31(5) -0.07(3) 0.23(5) - O . l l ( i )  
G, -0.177(2) -0.160(5) -0.006(3) 0.118(6) -0.53(4) -0.40(3) -0.22(1) 0 16(5) O.OO(2) 0.064(9) 0.0Z(Z) 0.06(1) 
A 6  n 01 0.04 0.49 0.05 0.07 0.04 0.02 0.1 1 0.13 0.20 0.16 0.31 


b) Series Ln = Er Yb 


H2 ti.' H6 H8 C' C2 c3 c4 c5 Cb C' C8 


6 0.110(1) 0.14(1) 0.01(1) -0.26(9) 0.9(4) 2.495(1) -0.82(2) 1.1(4) -0.21 (2) -0.267(4) O.iY(6) 0 30(4) 
G,  -0.054(1) -0.044(4) -0.003(4) -0.01(3) -0.14(9) -0.034(1) -0.072(1) -0.4(1) -0.045(4) -0.014(1) 0 03(2)  0.09(1) 
A <  0.00 0.02 0.33 0.20 0.13 0.00 0.01 0.08 0.06 0.01 0.24 0.13 


between Tb and Erin solution, in agreement with the solid-state 
investigation. We cannot distinguish whether this change is 
gradual or abrupt for a particular ionic radius since the in- 
creased nuclear relaxation induced by Dy"' and H o " ' [ ~ ~ ]  pre- 
vents a complete and reliable assignment of the various signals 
in the NMR spectra of [Ln(LY),l3' (Ln = Dy, Ho), and these 
metal ions have been excluded from the fitting process. The 
complete paramagnetic data of Table 7 can be fitted to Equa- 
tion (7) based on two different isostructural series (Ln = 


La-Tb and Er-Yb), and the resulting 6, G, terms and agree- 
ment factors AF;[253271 are collected in Table 8 (the computed 
corrected contact and dipolar contributions are given as Sup- 
porting Information, Table S 2). The diastereotopic methylenc 
protons H5'5' and H7.7' have been omitted from the fitting 
process since no reliable assignment is possible for the separated 
signals of the ABX, spin system.[25] 


The agreement factors A 4  are large (0.01 < A 6  < 0.49) com- 
pared to those obtained for [Ln(L" - 2H),13 (0.04 < AF; < 
0.27) ,[271 but still satisfactory for both isostructural series when 
we exclude H6 (0.01 <AF,<0 .31) ,  which has negligible in- 
duced paramagnetic shifts (Table 7). The sizable values of H2 
(0.13, 0.11) and H3 (0.11, 0.14) demonstrate a significant spin 
delocalization onto the coordinated pyridine rings, which can be 
compared to those found for [Ln(L" - 2H)J3- (0.009 and 
0.01 3, respectively)[271, [LnZn(L7),I5+ (0.22 and 0.17, respec- 
tively)[2s1 and [LnZn(L6),I5+ (0.34 and 0.18, respectively).[221 
The N,N'-diethylcarbamoyl groups bound to the 2,6-positions 
of the coordinated pyridine ring in L9 thus induce a delocaliza- 
tion of the spin density onto the central aromatic ring that is 
intermediate between the negatively charged carboxylate groups 
of [L'O ~ 2H]'- and the aromatic benzimidazole side arms in 
L6. In contrast, the 4 values found for C4 (1 .I 2 for both series) 
are similar to those found for [Ln(L'' - 2H),I3- (1 .28);[271 this 
indicates that the delocalization onto the carbonyl groups is 
comparable for coordinated carboxylate and carboxamide side 
arms. The G, values are difficult to correlate to the atomic posi- 
tion of the nucleus i since they depend on the two axial coordi- 
nates Bi and ri. However, the particular angular position of C3 
and H3 (0, = n/2) can be used as NMR structural probes for 
both series. The G ,  values of H3 and C3 in [Ln(L9),I3+ are 
negative (Table 8) and are significantly reduced for the second 
series (Ln = Er-Yb). These results can tentatively be explained 
in terms of an increase in the Ln-C3 (or Ln-H3) distances r , ,  


implying a flattening of the triple-helical structure along the C, 
axis in solution. This statement is confirmed by the variation of 
the G, values of C4, which are positive for Ln = Ce-Tb 
(G, = 0.16, 0,<54.7") and negative for Ln = Er-Yb 


We conclude from the NMR studies that both isostructural 
series adopt a triple-helical structure i n  solution. For the large 
cations (La-Tb), an average pseudo-cylindrical D,,-symmetri- 
cal structure is observed at room temperature on the NMR 
timescale, which results from fast helical interconversion. For 
the small ions (Er-Lu), a more compact and dynamically 
blocked D,-symmetrical structure flattened along the C, axis is 
observed on the NMR timescale. An improved method for the 
separation of contact and pseudo-contact shift in paramagnetic 
Ln"' complexes has been developed by Kemple et al.[551 Starting 
from known axial coordinates 0, and r ,  for each nucleus (taken 
from molecular mechanics or X-ray crystal structures), a multi- 
linear least-squares fitting of Equation (12) allows the simulta- 


(G, = - 0.42, 0, > 54.7"). 


neous calculation of 1) the experimental axial anisotropic sus- 
ceptibility parameter (x;' and 2) the contact contributions 
8:j.[251 Using the C,  average internal axial coordinates Oi and r ,  
calculated from the crystal structure of [Eu(Ly),](TfO), , 2THF 
(9) (the Eu atom is placed at the origin, and the z axis corre- 
sponds to the pseudo-C, axis),[251 the experimental paramag- 
netic isotropic shifts (@") are fitted to Equation (12) with nine 
parameters for each lanthanidej (10 x 9 fits; (x;', 8,l - S c ,  iS,7', 
6,2-3"; Table S 3 in the Supporting Information) .L551 Contact 
contributions are neglected for the methyl groups Ch and C*, 
which are sufficiently remote from Ln"'. As expected from the 
increase of adjustable parameters used in this method, the agree- 
ment factors A 4  are improved (0.00 < A 4  < 0.07 except for C'), 
but the average calculated 4 and G, terms [Eqs. (7-9), 
Table S4][251 are very similar to those obtained directly from 
Equation (7) for the large cations (Ln = Ce-Tb); this indicates 
that the crystal structure of [Eu(L9)J3' is a good model for the 
structure of [Ln(LY),l3' (Ln = La-Tb) in solution. For the 
heavier Ln"' ions (Ln = Er, Yb), significant discrepancies be- 
tween the Gi terms calculated with the two methods confirm that 
1 )  a structural change occurs between Tb and Er and 
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2) [Ln(L9)J3' (Ln = Er-Yb) adopts a more compact struc- 
ture in solution than the model compound [EU(L~),]~' .  


Finally, we have applied a simplified form of the Solomon- 
Bloembergen -Morgan equation[56, ''] for the estimation of 
Ln-C' and Ln-H' distances in [Ln(L')J3 '. Assuming a pure 
paramagnetic dipolar relaxation mechanism Equation (1 3) 


holds,[571 where ri is the Ln-nucleusi distance, Y,,~ is a reference 
distance (taken as the C,  average distance of the nucleus with 
the largest distance from the Ln"' center),"'] and T:, and Ti:' 
are the longitudinal relaxation times corrected for diamagnetic 
relaxation [Eq. (14)]; Tfdi, are the relaxation times measured 


for the diamagnetic complexes [Ln(LY)J3+ (Ln = La, Lu)). 
Table 9 reports the I', distances calculated with the Ln-C" and 


Tablc 9. Estimated Ln-X' distances for [Ln(LY),I3' in CD,CN a! 298 K from T, 
measureinelits and Equation (13). 


Ln C'  Cz C' C" CS C"(ref) C7 C 8  H' H'(ref) 
~ ~ ~ _ _ _ _ _ _  ~~ 


Ce 3.61 4.28 4.75 3.45 5.58 6.76 4.84 5.29 5.50 6.26 
Eu 3.68 4.92 4.49 3.41 4.89 6.76 4.52 6.28 5.56 6.26 
Y b  3.65 4.06 5.68 3.50 6.39 6.16 5.29 5.13 5.41 6.26 
9 [a] 3.41 4.12 5.24 3.27 5.62 6.76 4.96 5.19 5 53 6.26 


play only a weak and broad peak centered at 32 I50 cm- for ELI 
and 31 050 cm-' Tb. This peak is located on the low-energy tail 
of the absorption spectra; this indicates that Ly is a poor sensi- 
tizer of Eu and Tb luminescence. The emission spectrum of 
[Eu(LY)J3+ obtained upon direct irradiation of the Eu('L,) 
level (25 188 cm- ') is similar to that measured for the solid-state 
sample: the overall shape and the relative intensities of the 
' D o  + 'F, transitions match those of complex 5 (Figure 9, 
Table S 5 in the Supporting Information). Although the widths 
of the emission bands prevent site-symmetry analysis in solu- 
tion, there is no doubt that the pseudo-trigonal triple-helical 
structure is maintained for [Eu(L9)J3+ in acetonitrile ( 1 0 - 3 ~ )  
in agreement with NMR studies. 


I - l ' l , , * , r ,  


ALL- 
A__--.___- 


1 , I . I  


700 680 660 640 620 600 nm 


Figurc 9. Emission spectra of complex 5 in the solid state: 10 K (top), 295 K 
(middle), and in  acetonitrile solution (10 'M, 295 K:  bottom). 


[a) Cn average distance5 calculated from the X-ray crystal structure of 9 


Lii-H3 distances taken from the X-ray crystal structure o f 9  as 
references. For [Eu(L')),l3', we observe large discrepancies be- 
tween distances found in the crystal structure of 9 and those 
estimated from Equation (1 3) in solution, since Eu"' induces a 
large contact contribution as a result of its large (S,) coeffi- 
~ i en t , "~ '  and Equation (13) is thus no longer suitable. In con- 
trast, Ce and Yb maximize the dipolar contributions["] leading 
to estimated distances that are qualitatively in good agreement 
with those found in the crystal structure of 9. Of particular 
interest is the variation of the ratio Ln-C'/Ln-C3, which re- 
flects the average tilt of the pyridine ring on the NMR timescale. 
I t  amounts to 1.56 for [Yb(L')J3+ and only 1.32 for 
[Ce(LY),l3 + in acetonitrile, strongly suggesting that the pyridine 
ring is more tilted (on average) for large Ln"' cations, in qualita- 
tive agreement with the crystal structure of [La(L9),]". 


Photophysical properties of [Ln(LY)J3+ (Ln = La, Gd, Eu, Tb) 
in acetonitrile solution: The absorption spectra of [Ln(LY)J3 + 


are similar for all studied Ln'" ions (Table 3) and show broad 
and intense bands in the I IV region (35000-47000 cm-I). The 
ligand-centered emission, observed as a faint signal in the solid 
state at 77 K, cannot be detected for [Ln(L9)J3' (Ln = La, Gd) 
in acetonitrile at room temperature, but [Ln(L'),,I3' (Ln = Eu, 
Tb) display significant metal-centered luminescence upon irra- 
diation into the ligand excited states, confirming the efficient 
Ly + Ln"' energy transfers previously exemplified in the solid 
state. The excitation spectra of [Ln(L'),I3+ (Ln = Eu, Tb) dis- 


The Eu('DO) lifetime is longer than in the solid state pointing 
to negligible interactions of the solvent molecules in the first 
coordination sphere (Table 10). However, the quantum yield of 
[Eu(L9)J3' ( 1 0 - 3 ~  in acetonitrile) relative to [Eu(terpy),13' is 
small = 6.6 Table 10) and is intermediate between 
those reported for [Eu(L'),]~' (QreI = 6.3 x 10-s)['81 and 
[EuZn(L'),]'+ (Qre, = 0.1 3).1251 The extremely low quantum 
yield of [Eu(L'),I3' results from interstrand stacking interac- 
tions between the benzimidazole side arms,117, '81 which are re- 
moved in the 1 : 1 complex [Eu(L')(NO,),] leading to strongly 
luminescent stains (@,,, = 2.16) .[''I Despite similar triple-helical 
structure in [Eu(LY)J3+ the carboxamide side arms do not ex- 
hibit significant interstrand interactions, and the 1 : 1 complex 
[Eu(L')(NO,),] (10) is only slightly more luminescent in ace- 
tonitrile (Table 10). We thus conclude that the weak emission 
properties of [Eu(L9)J3 + are associated with the limited anten- 
na effect produced by the coordinated ligands Ly. However, 
carboxamide groups are not alone responsible for this defect, 
since identical N,N'-diethylcarbamoyl groups coordinated to 
nonacoordinate Eu"' in [EuZn(L'),]'+ produce strong lumines- 
cence.[251 Addition of water to a 1 0 - 3 ~  solution of [Eu(LY),l3+ 
in anhydrous acetonitrile results in the simultaneous decrease of 
the quantum yield and Eu('D,) lifetime; this result points to 
inner sphere interactions of water molecules with Eu"', probably 
associated with partial decomplexation of the ligand strands. 


The quantum yield of [Tb(LY),l3' relative to [Tb(terpy)J3' 
is more promising. Addition of water produces similar, but less 
pronounced effects than those observed for [Eu(L9),I3', on the 
relative quantum yield and lifetime of the Tb('D,) level, in 
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Table 10. Quantum yields (4,*,j Relative to [Eu(terpy),13+ and [Tb(terpy)J3+ (terpy = 


2,2':6',2"-terpyridine) and lifetimes (z) of the Eu(~D,)  and Tb('D,) levels for [Ln(I.Y),]3+ 
(Ln = Eu, Tb) i n  anhydrous acetonitrile at 298 K [a]. 


Compd Conc. [b] Added >"Lxc (nm) c,,, (M- I cm-'j 0 [c] i (ma)  
HzO (M) 


10-3 0 371 
10-3 0 312 


1.0 310 
0 301 


10-3 0 309 
10-1 0 364 
10-3  0 322 


0.5 320 
1.0 319 


10-3 0.5 309 


10.4 o 296: 
1 0 - 3  0 310 


549 
569 
887 
708 


2904 
369 
685 
185 
222 
235 
626 
14 1 


1 .0 
6 . 6 ~  


4.1 x 10- 


2.7 x 10-* 
1 .o 
0.74 
0.55 
0.47 
0.1 
0.14 


3.3 10-3 


1 . 0 ~ 1 0 - 3  


2.42 (4) 
1.64(6) 
1.01 (3) 
2.36(6) 
1.73 (3) 


1.85(3) 
1.75(3) 
1.62(3) 


- 


1 .85 (3) 
1 .9 1 (7) 


-~ 


[a] The quantum yields of [Ln(terpy)J3' relative to an aerated water solution of 
[Ru(b~pyj,]~+ are 0 47 for Ln = Eu and 1.7 for Ln = Tb; these values allow the calculation 
of absolute quantum yields [59]. [b] Quantum yields arc determined for 10 - 3  M solution to 
avoid decomplexation; values at 1 0 - 4 ~  are given for comparison. [c] Relative errors on 4,,, 
are typically 10- 15 Yo 


agreement with the expected reduced quenching effect of water 
molecules for Tb"'.[411 As previously observed for Eu, the 1 : 1 
complex [Tb(L9)(N0,),] (11) displays a comparable quantum 
yield in acetonitrile confirming that the triple helical structure of 
[Ln(L9),I3 + is not responsible for extra nonradiative quenching 
processes. 


Conclusions 


Ligands L9 and [L'O - 2H]'- possess common structural fea- 
tures and binding abilities which have led to the erroneous con- 
clusion that carboxylate and carboxamide side arms bound to 
the central pyridine ring provide triple-helical complexes 
[Ln(Lg),l3 + with similar properties.[321 The molecular struc- 
tures of [Ln(L9)J3+ (Ln = La, Eu) together with photophysical 
data suggest that the simultaneous coordination of the N atom 
of the pyridine ring and the two 0 atoms of the carboxamide 
side arms of L9 is straightforward for heavy Ln"' ions, but 
induces some steric constraints for larger cations. Based on 
the significant tilts of the weakly bound pyridine rings in 
[La(LY)J3+, we conclude that the optimization of the six strong 
L n - 0  bonds is associated with a weakening of the Ln-N bonds 
to accommodate the larger Ln'" ions. Such secondary weak, but 
significant effects are crucial for thc thermodynamic recognition 
of Ln'" ions according to their size, if these interactions are 
maintained in s o l u t i ~ n . ~ ' ~ .  19s491 F or [Ln(L9),I3+, the detailed 
NMR investigation reported here confirms that related triple- 
helical structures are found in solution. For small cations 
(Ln = Er-Lu), the expected D,-symmetrical structure is ob- 
served at room temperature, while a relaxed average D,,-sym- 
metrical structure is exhibited for the larger ones (Ln = La-Tb) 
as a result of fast P$M helical interconversion on the NMR 
timescale. The analysis of variable-temperature NMR spectra 
suggest that the energy barriers of helical interconversion in 
[Ln(L9)J3+ are correlated with the magnitude of the interaction 
between Ln"' and the coordinated pyridine ring. The thermody- 
namic study in acetonitrile demonstrates that there is a 
monotonous increase in the stability of [Ln(LY),l3' with de- 


creasing Ln"' ionic radii, but the rather large uncertainties asso- 
ciated with the spectrophotometric determination of log(b,) 
prevent smaller effects from being detected. 


As far as luminescence is concerned, [Ln(L9),l3+ (Ln = Eu. 
Tb) building blocks are of only limited interest compared to 
[Ln(L" - 2H),I3-. Despite efficient Ly + Ln"' energy trans- 
fers in the complexes, the coordinated ligand Ly displays only 
poor light-harvesting properties, which are not suitable for the 
development of efficient luminescent probes. We conclude that 
the "magic" luminescent enhancement associated with the in- 
troduction of carboxamide side arms in Tb-containing calixare- 
1 d Z 9 I  and in noncovalent lanthanide podates [EuZn(L7)J5 + is 
not a general process, but depends on subtle electronic and 
structural properties. In [EuZn(L7),]' + , the large luminescence 
increase probably results from the removal of low-energy ex- 
cimer states associated with the wrapped bis(benzimida- 
zolepyridine) strands in [ E u Z ~ ( L ~ ) , ] ' + . [ ' ~ ~ ~ ~ ~  Th e design of 
mononuclear lanthanide triple-helical building blocks derived 
from tridentate disubstituted 2,6-pyridine receptors possessing 
optimized thermodynamic, structural, and electronic properties 
will thus require the combination of carboxamide and extended 
aromatic side arms leading to unsymmetrical tridentate binding 
units. A close control of the expectedfucttrner isomerization in 
the final triple-helical complex must be addressed with the use of 
tripods to organize the strands for their coordination to  Ln"' 
ions. 


Experimental Section 


Solvents and starting materials: These wcre purchased from Fluka AG (Ruchs. 
Switzerland) and used without further purification unless otherwise stated. 
Acetonitrile was distilled twice from CaH, and thionyl chloride from elemcn- 
tal sulfur; N,N-diniethylformamide (DMF) and N,N-diethylamine were dis- 
tilled from CaH,. The perchlorate salts Ln(CIO,),.nH,O arid trifluoro- 
methanesulfonate salts Ln(TfO),.nH,O (Ln = La to Luj  werc prepared from 
the corresponding oxides (Glucydur, 99.99 %) according to literaturc proce- 
durcs.'"' 


Preparation of N,N,N',N'-tetraethylpyridine-2,6-dicarhoxamide (L9): 2,6- 
Pyrididinedicarboxylic acid (L", 10.0 g, 0.060 mot) was renuxed in freshly 
distilled thionyl chloride (100 mL, 1.37 mol) with dry D M F  (1 mL) for 1 h .  
Exccss thionyl chloride was evaporated, and the crude residue co-evaporated 
with dichloromethane (50 mL). The solid residue was dissolved in 
dichloromethane (250 mL) at 0 ° C  and dry N,N-diethylamine (22.2 g, 
0.60 mol) was added dropwise under an inert N, atmosphere. The resulting 
solution was rcfluxed for 1 h and evaporated. The yellow residue was parti- 
tioned between dichloromethane (200 mL) and half-saturdtcd aqueous 
NH,CI solution (150 mL). The aqueous phase was extracted with 
dichloromethane (2 x 100 mL), the combined organic phase dried (NaZSO,) 
and evaporated, and the resulting solid filtered (Alox Activity I l l ,  
CH,CI,:MeOH = 98:2). then crystallized from hcxane to give 15.3 g 
(0.055 mol, yield = 92%) of L9 as white crystals, mp =74 -76 'C (litt. 
75"C).[32' EI-MS: i r t jz = 277 [ M ' ] .  


Preparation of [La(L9)3](C10,), (1): La(CIO,), . 5 .4H20  (20 mg, 0.04 mmol) 
and L' (41.6 mg, 0.15 mmolj werc dissolved in propionitrile (5  mL). Diethyl 
ether was slowly diffused into the solution for 24 h to give 60 ing 
(0.039 mmol, yield = 98%) of [La(L9)3](C10,)3 ( I )  as a white powder after 
isolation and drying. 


Preparation of ILn(Lg),I(TfO),3-H,0 (Ln = Y, 2; Sm, 4; Eu, 5 ;  Gd, 6 ;  Tb, 7; 
Lu, 3): Ln(TfO),.nH,O (0.08 mmol; Ln = Sm. Eu, Cd,  Tb. Lu. Yj and L9 
(67.2 mg, 0.24 mmol) were dissolved in a minimum of hot T H F  (ca. 5-8 mL) 
and slowly cooled to room temperature. Crystallization took place at -20 'C 
over 8 h. After filtration and drying, complexes [Ln(LY),](TfO);H,O 
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(Ln = Y, 2; Sm. 4;  Eu, 5; Gd, 6;  Tb, 7; Lu. 3) were obtained as white 
microcrystallinc powders in 80-92 % yields. 


X-ray quality crystals of [La(L9),J(CI0,),.2.5C,H,CN (8) and IEu(L9)J- 
(TfO),.2THF (9) were obtained by the same procedures, but the prisms were 
not separated from the mother liquor. When separated. the prisms are readily 
transformed into a microcrystalline powder whose elemental analysis and IR 
spcctrum are compatible with the formulation of 5 and I ,  respectively. 


Preparation of [Ln(LY)(NO,),J (Ln = Eu, 10; Tb, 11): Ln(NO,),.nH,O 
(0.225 mmol) and L9 (62.5 mg, 0.225 mmol) were dissolved in acetonitrile 
(Ln = Tb, 2 mL) or propionitrile (Ln = Eu, 2 inL). Slow diffusion of diethyl 
cthcr into thc solution gave white microcrystalline complexes [Eu(LY)- 


(C4HloO)u,, (11) in 82% yield. 
(lomplexes 1-7 and 10- 11 were characterized by their 1R spectra and gave 
satisfactory elemental analyscs (Table S 6 in the Supporting information). For 
the purpose of the photophysical study, Eu-doped La ( l a ) ,  G d  (6a) and Lu 
(3a)  complexcs were prepared by replacing the pure lanthanide compound 
with an Eu(2%)  Ln(98%) mixture. 


( N ~ , ~ , l ( C , H , ~ N ) , , , ( C 4 ~ ~ u O ) u , ~ ~  (10) and [Tb(L9)(N0,),I(CH,CN),.,,- 


Preparation of [Ln(L'),J(TfO), (Ln = Ce, Pr, Nd, Er, Tm, Yb): These com- 
plexes were prcpared in situ for ' H  N M R  studies. Ln(TfO),3.nH,0 
(0.036 mmol; Ln = Ce, Pr, Nd, Er, Tm, Yb; n = 0.5-2.2) and Ly (30 mg, 
0.108 inniol) were dissolved in degassed CD,CN (0.7 mL) to give a 0.05M 
solution of [Ln(LY)J(Tf0),, the purity of which was checked by ' H  NMR 
spcct roscopy. 


Caution! Perchloratc salts with organic ligands are potentially explosive and 
should be handled with the nccessary precautions.'"' 


Crystal structure determination of [La(LY),I(C10,),~2.5 C,H,CN (8): A 
fragile crystal was mounted from the mother liquor on a quartz fiber with 
perfluoropolyethcr oil RS 3000". 


Cr>,.\ru/ cluric: LaC,,,,H,,,,N, I ,Ol8CI,. M ,  ~ 1 4 0 7 ,  triclinic, PT,  ( I  = 
l2.030(1), h =13.531 ( l ) ,  c =18.877(3).&, I = 90.209(5), /J' = 90.459(6), 
;' = 90.130(3)", U = 3302.5(6) (by least-squares refinement of 22 reflec- 
tions, 41 <2B$56 ).  2 = 2, pLalcd =1.42 gem-,, F(O00) = 1458. Colorless 
prisms. C'rystal dimensions 0.06 x 0.24 x 0.25 mm, p(CuKr) = 6.74 n im- ' .  


Dcr/u collection crnd processing: Nonius C A D 4  dirfractometer, T = 170 K, 
( 1 )  2(J scan, scan width =1.5 +O.l4tanO. scan speed 0.092"s-', Cu,, radia- 
tion (A =1.5418A); 7666 reflections measured ( 4 ~ 2 0 ~ 1 0 6 ,  -13 th<13,  
-14<k<14,  0<[<19) ,  6534wcre observable ( I c l>4o(c , ) ) .Two  reference 
reiiections were measured evcry 100 reflections and showed a total dccrease 
in intcnsity of 5 % .  All intensitics were corrected for this drift. 


Structure rmcr&.s < r i d  rrfinemenf : Data were corrected for Lorentz, polariza- 
tion and absorption effccls[h21 (A:i,, = 1.494, AZax = 4.205). The structure 
was solved by direct method? using rnultan 87:163J all other calculations used 
XTAL'64' system and ORTEP TIL"i programs. Full-matrix least-squares re- 
fincments (on I;) using weights of (u = l/a2(F,) gave final values R = 0.062, 
R, = 0.048, for 796 variables and 6524 contributing reflections. The ethyl 
residue C9c ClOc and perchlorate f a r e  disordered and were refined with 
restraints on bond length and bond anglcs with various population parame- 
ters. Two solvent molecules were located in general positions and refined with 
no restraints while the third propionitrilc is disordered and located about an 
inversion centcr (0, The disordered non-H atoms of solvent mole- 
cules and perchlorate anions were rcfined with isotropic displacement 
parameters, and all the othcr atoms (86) with anisotropic displacement 
parameters. H atoms were placed in calculatcd positions and contributed to 
< calculations Thc final Fouricr difference synthesis showed a maximum of 
t 0 . 9 8  and a minimum of - 1.49 e k' 


Crystal structure determination of IEu(Ly),l(TfO),.2THF (9): A fragile crys- 
tal was mounted from the mother liquor on a quart? fiber with perfluoro- 
polyether oil RS3000". 


Crv.stcd ~ U I N :  EuC,,H,,N,O,,F,S,, M ,  = 1575.5. monoclinic, C2/c, 
u =13.5619(4), h = 23.097(1), c = 22.438(1)A. /I = 91.323(2)', U = 
7026.5(5) A' (by least-squarcs refinement of 25 reflections, 4 6 2  2 0 5  58 '), 
Z = 4. pcalLd = 1.49 gcm. '. F(000) = 3248. Colorless prisms. Crystal dimcn- 
s i m s  0.15 ~ 0 . 2 0 ~  0.22 inm, ~(C'U,,) =7.75 mm- ' .  
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Data cdec t ion  und procrwing: Nonius C A D 4  diffractomcter, T = 200 K. 
01-20 scan, scan width =1.5 +0.14tanH, scan speed 0.092's-', Cu,, radia- 
tion (2 =1.5418 A); 4531 reflections measured (4220<110-,  --14<1?<14, 
0 < k < 24, 0 /< 23), 4402 unique reflections (Ri,, for equivalent reflec- 
tions = 0.039) of which 3898 were observable (IF,[ >4n(F,)). Two reference 
reflections were measured every 100 reflections and showed a variation in 
intensity < 2 . 9 d f ) .  
Structure u n d j s u  and rqfinement: Data were corrected for Lorentz, polarira- 
tion and absorption effects for spherical crystals16z1 (A:," = 3.22, 
A:ax = 3.93). Thc structure was solved by direct methods as described for 8. 
Full-matrix least-squares refinements (on F )  using weights ofro = 1 gave final 
values R = R,  = 0.058, for 472 variablcs and 3887 contributing reflections. 
The niolcculc is located about a twofold axis with Eu. N lb .  and C 3 b  in 
special position 4e.  One triflate is in a general position and displays disor- 
dercd fluorine atoms, and one lics about an inversion center (4a ) .  The anions 
were refined with restraints on bond distances and angles. The two solvent 
molecules are located on twofold axis (4e).  The non-H atoms were refined 
with anisotropic displacement parameters (55 atoms). H atonis were placed 
in calculated positions and contributed to F, calculations. The final Fourier 
difrercncc synthesis showed a maximurn of + 1.17 and a minimum of 


~ 1.08 e A- '. 
Crystallographic data (excluding structure [actors) for the structures reported 
in this paper have been deposited with the Cambridge Crystal lopphic  Data 
Centre as supplementary publication no. CCDC-100252. Copies of the data 
can he obtained free of charge on application to The Dircctor, CCDC, 12 
Union Road, Cambridge CB2lEZ,  UK (Fax:  Tnt. code +(1223)336-033: 
e-mail: depositfa!chcmcrys.cam.ac.uk). 


Spectroscopic and analytical measurements: Electronic spectra were recorded 
at 20 'C from 10 ~ moldm solutions in CH,CN with Perkin-Elmer Lamb- 
da 2, 5 ,  and 7 spectrometers using quartz cclls of 0.1 and 1 cm path length. 
Spectrophotometric titrations were performed with a Pcrkin-Elmer Lamb- 
da 5 spcctrophotometer connected to an external computer. In  a typical 
cxperimcnt, 50mL of ligaiid (L9) in acetonitrile (10 -'M) were titrated at 
20 C with a solution of Ln(TfO),.nH,O 1 0 - 3 ~  in  CH,CN. After each 
addition of 0.20 mL. the absorbances at 13 wavelengths (220-310 nm) were 
recorded using a 1 .O cm quartz cell and transferred to the computer. Factor 
analysis and stability constant determination werc carried out as previously 
described.'251 IR spectra were obtained from KBr pellets with a Perkin Elmer 
883 spectrometer. 'H N M R  spectra were recorded at  25 C. on a Broadband 
Varian Gemini 300 spectrometer. Chemical shifts are givcn in ppm with 
rcspect to TMS. El-MS (70 eV) were recorded with VG-7000E and Finnigan- 
4000 instruments. Pncumatically-assisted clectrospray (ES-MS) mass spectra 
were recorded from 1 0 - 4 ~  acetonitrile solutions on an API 300 tandem mass 
spectrometers (PE Sciex) by infusion at  4-10 pLm1n-l as previously dc- 
sci-ibed."" The experimental proccdurcs for high-resolution, laser-excited 
l~iminesccnce measurements have been published Emission 
spectra in solution werc recorded on a Perkin-Elmer LS-50 spectrometer. and 
thc relative quantum yields were calculated using thc formula given in Equa- 
tion wherc subscript r stands for the reference and x fo r  the samples: 


A is the absorbance at the excitation wavelength. I is the intensity of the 
excitation light at the same wavelength, n is the refractive index (1.341 for all 
solutions in acetonitrile). and D is the measured integrated luminescence 
intensity. Cyclic voltammograms were recorded using a BAS CV-50 W potcn- 
tiostat connected to a personal computer. A three-electrode system consisting 
of a stationary Pt disk working elcctrode, a Pt counter electrode. and a 
nonaqueous AglAgCI reference electrode was used. NBii4PF6 (0.1 M in  
CH,CN) served as an inert electrolyte. The reference potcntial (I?' = 


- 0.12 V vs. SCE) was standardized against [Ru(bipy),](ClO,), (bipy = 2.2'- 
bipyi-idyl).l"l The scan speed w;is 100 mVs- I and voltammograms were 
analyzed according to cstablished procedures.["] Elemental analyses were 
performed by Dr.  H. Edcr from the Microchemical Laboratory of the Univer- 
sity of Geneva. Mctal contents were determined by ICP (Perkin Elmcr PlaTma 
1000) using internal standard techniques after mineraliiation of the com- 
plexes. 
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Received: March  14, 1997 [F640] 


[l j J.-C. Ci. Biinili in Limtkanido Prohi,.sin Life, C'hrmiculrmrlEurrh .S~icvicc.\ (Eds.: 
J.-C. G. Biinzli, G. R. Choppin), Elsevier, Amsterdam, 1989, Chapt 7. J:C G 
Biinzli, P. Froidevaux, C. Piguet, N i w  .I Chem. 1995, I Y ,  661 668 and refer- 
enccs therein. 


[2] D. Parker, J. A. Gareth Williams, J. Chon. Soc. Dullon Duns. 1996, 3613- 
3628. 


[3] G. Mathis, Clin. Chenz. 1993.3Y. 1953 1959. G. Mathis, Clin. Cheni. 199541. 
1391 -1 397. 


[4] J. Coates, P. G. Sammes, K. M. West, 1 Chem. Soc. Chem. Cominun. 1995, 
1107 1108. P. R. Selvin. T. M. Rana, J. E. Hearst, J 4m.  Chem. SOC. 1994, 116, 
6029 - 6030. 


[5] S. Aime, M. Botta, D. Parker, J. A. Gareth Williams, J. Chcn?. Sor. Duiton 
Trans. 1996,17-23; ihid. 1995,2259-2266; D H. Powell, M. Favrc,N. Graep- 
pi, 0. M. Ni Dhuhhghaill, D. Puhanr, A. E. Merhach, 1 A l l o y  Coinpn's. 1995, 
225,246-252; K. Kuiiyar, M. F. Tweedle, Pure Appl .  Chem. 1993,65,518- 520; 
R. B. Lauffcr, Chrm. R o .  1987, X7, 901--927. 


[6] R. Ha;.;lma, ti. Umakoshi. C. Kabuto, K. Kabuto. Y. Sasaki, Chem. Commim. 
1996, 18-16. 


[7] J. Hall, D. Hiisken. U .  Pieler, H. E. Moser, R. Hiner, Chem. Biol. 1994, i, 
185 190. T. C. Bruice, A. Tsubouchi, R. 0 .  Dempcy, L. P. Olson,./. Am. Chem. 
Soc. 1996. il8. 9867 9875. P. Hurst. B. T. Takasaki. J. Chin, 1 h i .  Chrm. Soc. 
1996, 118, 9982-9983. 


[R] G. R. Choppin in  Limthunide Probes in Life. Chemical und Eurth ScLncc,s 
(Eds.: 1 -C. G. Biinzli, G.  R. Choppin). Elscvicr, Amsterdam, 1989, Chapt. 1. 


[9] F. W. Lichtenthaler, Angtw.  Chen?. In[. Ed. Engl. 1994, 33, 2364-2374. 
[lo] N. Sabbatini, M. Guardigli, J.-M. Lehn, Coord. Chem. Ruu. 1993,123,201 -228 


and references therein. 
[ I l l  C. 0. Paul-Roth, J.-M. Lehn, J. Guilhein, C. Pascard, Hrlv. Chim. Acro 1995, 


78, 1x95 -1903. F. Bodar-Houillon, A. Marsura, Nevi. J. Chmn?. 1996, 20, 1041 - 
1045. 


[12] C. Galaup. C. Picdrd. L. Caraux. L. P. Tisncs, D. Aspe, H. Autiero, Nen' J. 
ClZtVYl. 1996, 20. 997-999. 


[13] V. Balzani, E. Berghmans, J.-M. Lehn, N .  Sabbatini, R. Terorde, R. Ziessel, 
H f h  Chim. Actu 1990, 73, 2083-2089. 


[I41 P. Caravan, T. Hedlund, S. Liu, S. Sjoherg, C. Orvig, .I Am. Cliem. SOC. 1995, 
117, 11 230- 11 238. 


[I51 U. Casellato, S. Tamburini. P. Tomasin, P. A. Vigato, M. Botta, Inor:. Chim. 
Actu 1996, 247, 143-145. 


[I61 D. A. Koshland, Angrw.  Cheti?. I n r .  Ed. Engl. 1994, 33, 2375-2378. 
(171 C. Piguet, A. F. Williams, G. Bernardinelli, J.-C. G .  Biinzli, Inorg. Chem. 1993, 


[I81 C. Pigiiet. JLC. G. Bunzli, G.  Bernardinelli, C. G. Bochct. P. Froidevaux, 


1191 S. Petoud, J.-C. G. Biinzli, I:. Rennud. C. Piguet, J. Alloys cintlC'oi~~potin~/.s 1997, 


[20] C. Piguet, B. Bocquet, G. Hopfgartncr, H d o .  Chiiu. Acrn 1994. 77, 931 -942. 
1211 C. Piguet, J.-C. G. Biinrli, G. Bcrnardinelli, G. Hopfgartner, A. F. Williams, 


./. Am. Ciirm. Soc. 1993, 115, R197-8206. 
[22] C. Piguet, G. Hopfgartncr, A. F. Williams, J.-C. G. Biinzli, J Clieni. Soc. Chrm. 


Commun. 1995, 491 493; C. Piguet, E. Rivara-Minten, G. Hopfgartner, 
JLC. G. Biinzli, Helv. Cliiin. Actu 1995, 78, 1541 -1566. 


[23] C. Piguet, E. Rivara-Minten, G. Hopfgartner, J.-C. G. Biinrli, H c h  Chim. 
Artu 1995, 78, 1651 - 1672 


[24] C. Piguet, G Bernardinelli, J.-C. G. Biinzli, S. Petoud, G. Hopfgartner, 
.I Chem. Soc. CIiem. Cornmun. 1995, 2575 2577. 


[XI C. Piguct, J.-C. G. Bunzli, G.  Bernardinelli, G. Hopfgartncr, S. Pctoud, 0. 


[26] I. Grenthe, J .4m. Chern. Suc. 1961, 83. 360-364 P. A. Brayshaw, J.-C. G.  
Biinzli, P .  Fioidevaux, J. M. Harrowfield, Y Kim, A. N. Soholev, Inorg Ch<wi. 
1995, 34, 2068--2076. J. M. Harrowfield, Y, Kim, B. W. Skelton, A. H .  White, 
Aust. 1 Chem. 1995, 48. 807 823 and references thcrein. J. B. Larnture, 
Z. Zhou, S. Kumar, T. G. Wenzel, Inorfi. Chem. 1995, 34, 864 -869 


[27] C. N. Reilley, B. W. Good, J. F. Desreux. J. F. Anal C/imni. 1975.47.21 10 2116. 
[28] E. Huskowska. J:P. Riehl, Inorg. Chem 1995, 34, 8615 5621 and rcfcrcnces 


32, 4139%4149. 


1 Chem. SOC. Dultori TrunJ. 1995. 83-97. 


249. 14 24. 


SChXdd, ,I. Am. Cht'nl. .SO<. 1996, 118, 6681 6697. 


therein. 


[29] N. Sabbatini, M. Guardigli, A. Mecali. V. BalLiini. R. Ungaro. E. Ghidini, 
A .  Casnati, A. Pochini, J. Cheni. Soc. CIuwi. Coiriiiitin. 1990. 878%879 D. M .  
Rudkevich. W. Verhoom, E. van der Txl. C. J. van Staves-en. F. M. Kaapaicn, 
J. W. Verhoeven, D. N .  Rheinhoudt. J Chrm. Soc. Pc4in  T,.un.i. 2 lY95, 131 
134. J. H. Forsberg, R. M. Delanoy. Q. Zhao. G. Haraka.;, R .  Chandron. 
Inorg. Chem. 1995, 34. 3705 3715. 


[30] M. Li, P. R. Selvin, 1 A m  CAem. Soc. 1995, 117. 8 1 3 2 ~  813X. 
[31] J. Garcia-Lozano, L. Solo, J.-V. Folgado. E. Escriva. Poli~hziiron 1996, 


4003 4009. J. Garcia-Lozano. M. A. Martinez-Lorcnk, E. Escrib;!. R Balles- 
teros, Swti i .  Reurt. Inorg. Met.-Org.  Cheiii. 1994, 24, 365-376. J. G .  H. 
DuPreez, B. J. A. M. van Brecht, h u g .  C/iii?i. Actu 1989. /62.  4'1- 56. 


[32] R. Jagannathan, S. Soundararajan, Inihun .I Chenz. Srcr. il 1979, IRA. 31% 
321. K. Jagannathan, S Soundlrrarnjan. J Coord. ~ ' h ~ w i .  1979. 9, 31 -35. 


[33] S. Riittimann, C. Piguet, G. Bernardinelli, B. Bocquet, A. F. Williaiiis, J, A m .  
Chci?i. SO<. 1992, 114, 4230-4237. 


[34] J.-L. Pascal, M. E. M. Hamidi, Po!,'/iedi~oii, 1994, 13. 1787-1792. 
[35] K. Nakamoto. h!fr.ured und Rumun Spr.r.rm (if I m q u i r i c  und Coimlinutiwi 


C'uiizpou~id~. 3rd ed.; Wiley, New York, 1972, p. 142. 
[36] C. K. Johnson, ORTEP I / ;  Report ORNL-5138; Oak Ridge National Lahora- 


tory, Oak Ridge, Tennessee, 1976. 
[37] C .  Paul-Koth, K .  N. Raymond, Inorg. Chem. 1995, 34. 1408-1412. S. Amin, 


D. A. Voss, W. de W. Horrocks, C. H. Lake, M. R. Churchill. J. R. Morrow, 
Inorg. Clwni. 1995, 34. 3294 -3300. S. J. Fraiikhn. K. N Raymond. /tiur,y. 
Chrm. 1994, 33, 5794-5804. 


[38] R. D. Shannon, Aclu Cryysr. 1976, ,431, 781 767. 
[39] C. Piguet. G. Bernardinelli, G Hopfgartner, Ckrm. Re!'. 1997. ruhmittcd 
[40] S. T. Frey, W. de W. Horrock?, Inorg. Chini. Acro 1995. 22Y. 3x3 390 
[41] W de W. Horrocks. D. R. Sudnick. 1 A m .  Chtwi. Sw. 1979. 1/11, 334 340. 


W. de W. Horrocks, D. R. Sudnick, Science 1979. 206. 11Y4 11%. W 
de W. Horrocks, D. R .  Sudnick, Arc.  Chen?. Rex. 1981, 14. 384 392. 


[42] G. Hopfgartner, C. Piguet. J. D. Henion and A. F. Williams. H c h .  Chin?, Acrci, 
1993, 76, 1789-1766: G Hopfgartner, C. Piguet, .I. D. Henion. .I A m  Soc 
Mris.s Spec-iwm. 1994, 5. 748 -756. 


[43] N. N. Greenwood, A. Earnshaw, Chrrnisr~y oft/?c EkviiwtA, I'ergamon Press. 
Oxford, 1986, p. 1431. 


[44] E. Leiie, A. Jaffreric, A. Van Dorssclacr. J .Muss Spwrroii i . 1996. 31. 537 
544. 


[45] E. R. Malinowski, D G. Howery, Fuctor Aiia/i:si,c iii Chwiisrr,~. Wllcy. Ncw 
York, 1980. 


[46] P. H. Smith, Z. E. Reyes, C. W. Lee, K .  N .  Raymond, I i iorg. C'heir i  1988. 27. 
4154 4165. 


[47] J. Massaux, G. Duyckaerts, Anal. Chinr. Actu 1974, 73. 416 -419. 
148) C. Piguet, E. Kivara-Minten. G .  Bernardinelli. J-C. G Buiizli. G Hopfgart- 


ner, .I Chcm. Soc. Dalton nuns.  1997 421 433. 
[49] S. Petoud, J.-C. G. Biinzli, K. Schenk. C. Piguet. F. Kennud. unpiihlished 


rcsulta. 
[SO] C. Piguet, G Hopfgartner, B. Bocquet, 0. Schaad. A. F. Williams. J, Am. 


C/w?i. Sor. 1994. /16, 9092 9102. D. K .  L;iv;ill~e. M. D Banghiin. M. 1'. 
Phillips, ihid. 1977, 99, 718-724. 


[51] 1-1. Giinther, N M R  Spectroxopy, Wiley, Chichester, 1980, p. 243. 
[52] I. Bertini, C. Luchinat, N M R  of Purumagne/ic MolecuL.\ iu Biologiwl .S~~,stcm\. 


HeiijaininiCummings, Mcnlo Park, CA., 1986, Chapt. 10.1. Bertini. P. rurano. 
A. J. Vila, Chem. Rrv. 1993, Y3, 2833 2932. 


[53] R. M .  Golding, M. P. Halton, Aust. J Cheiii. 1972, 25. 2577 25x1. 
[84] B. J. Bleaney, 1 M a p .  Resun. 1972,8,91- 100. J. Reuben. G. A. Rigavish, thrd. 


[55] M.  D. Keniple, B. D. Ray, K.  B. Lipkowitz, F. G.  Prrndergast, B. 0 N .  Kuo. 


C. F. G. C. Geraldes in Lunrhunide Prohc,.\ iir Lift,, Chcirri~ol mid 
s (Eds.: J:C. G Biinrli, G R. Choppin), Elsevier, Amsterdam. 


1989, Chapt. 4. T. Nakamura, C. Miyake, 1 ANoi~s o i ~ d  Cotiipb 1995. 2 3 ,  
334-337. 


1980, 39, 421 -430. 


J. Am C h m  Sor. 1988. 110, R278-8287. 


[57] J. M. Brink, R. A. Rose, R. C. Holz, Inorg. Chrm. 1996. 3.5, 2X7X 2885. 
[58] S. Petoud, J.-C. G. Biinzli, K. J. Schenk, C. Piguet, Iiiorg. C h w ~ .  1997. 36. 


[59] K. Nakamura, Bull. Chem. So<.  Jpn 1982, SS, 2697 2705. 
[60] J. F. Desreux in Lunthunide Probes in Lili., Chemicul urid Ertrth .Sc i ~ m  V.Y (Eds.: 


J.-C. G. Buiizli and G. R. Choppin). Elsevier. Amstcrdam, 1989. Chapl. 2. 


[61] W. C .  Wolsey. J Chrm. Erhu 1978, 55, A355. 
[62] E. Blanc, D. Schwarrenbach, H .  D .  Flack, J Applirtl Cr~stu//o~~.1991, 24, 


1035 -1041. 
163) P. Main. S J.Fiske, S. E. Hull. L. Lessinger, D. Germmi. J P. Dcclercq, M. M. 


Woolfson, MULTAN 87: Universities of York ( U K )  and Louvain-La-Neuvc 
(Belgium), 1987. 


[64] S. R .  Hall, J. M. Stewart. Eds. XTAL 3.2 C!\cr.:s Muiiuul, Univcrsitica OJ'WCSI- 
ern Australia and Maryland. 1992. 


[65] C. Piguet, A. F. Williams, G.  Bernardinelli, E. Moret. J.-C. G. Biinzli. H d r .  
Chin?. .4cru 1992. 75, 1697-1717. 


[66] A. 1. Bard, L. R Faulkner, ELcrrochmiirul Methods, Futuluiiimtob trrid .4pp/i- 
rution, Wiley, New York, 1980. 


1 345 - 1353. 


p. 43. 


Cirem. Eur. J. 1997, 3, No. 10 r! WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1997 0947-6539i97i0310-1659 S; 17.50+ 5010 1659 








FULL PAPER 


In Search for Mononuclear Helical Lanthanide Building Blocks 
with Predetermined Properties: Lanthanide Complexes with 
Diethyl Pyridine-2,6-dicarboxylate 


Fabien Renaud, Claude Piguet,* Gkrald Bernardinelli, Jean-Claude G. Bunzli,* 
and Gkrard Hopfgartner 


Abstract: The Iigand diethyl pyridine-2,6- 
dicarboxylate (L') reacts with Ln"' in ace- 
tonitrile to  successively give the complex- 
es [Ln(L')J3 + (Ln = La to Lu, i = 1-3). 
Spectroscopic investigations (ES-MS, 
UV/Vis, NMR) show that the 1 :3 com- 
plexes [Ln(L')J3 + have poor stability in 
solution and exist as a mixture of rapidly 
interconverting conformers. Variable- 
temperature NMR data show that the he- 
lical P e M  interconversion and dynamic 
on off equilibria of the ester side arms 
both control the observed average struc- 
ture in solution. Contrary to  similar lan- 
thanide building blocks possessing benz- 


imidazole or carboxamide side arms, 
[Eu(L5),I3' has a sizable quantum yield 
in anhydrous acetonitrile; this has been 
attributed to an improved ligand --* Eu"' 
energy transfer resulting from a good 
energetic match between the ligand- and 
metal-centered excited states. Pure 1 :3 
complexes cannot be isolated in the 
solid state, but crystalline 1 : 2  complexes 


Keywords 
esters * helical structures - lanthanides 
* luminescence * tridentate ligands 


Introduction 


The wrapping of meridionally tricoordinated ligand strands 
around trivalent lanthanide ions (Ln"') produces well-protected 
coordination sites with structural and electronic characteristics 
that can be finely tuned by secondary weak noncovalent interac- 
tions.['' Interstrand n-stacking between benzimidazole side 
arms in [Ln(L'),I3+ are responsible for the significant size-dis- 
criminating effects[21 and luminescence q ~ e n c h i n g , ' ~ ]  steric con- 
straints in [Ln(L*)J3' affect the dynamic and structural proper- 
tics in solution,[41 and electrostatic effects in [Ln(L3),I3- induce 


[*) C Piguet. F Renaud 
Department of Inorganic, Aiiiilytiml and Applicd Chemistry 
University or Geneva, 30 quai E. Ansermet, 121 1 Geneva 4 (SwitLerland) 
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Liihoratory of  X-ray Crystallography 
24 quai E.  Anscrmet, 121 1 Geneva 4 (Switzerland) 
J.-C. G. Bunzli 
Institute of Inorganic and Analytical Chemistry 
University of Lausanne, BCH 1402, 1015 Lausanne (Swityerland) 
G Hopfgai-tner 
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Deparlment of Drug Mclabolisin and Kinetics, 4070 Bask (Switzerland) 


[Ln(L5),](TfO),.nH,0 have been pre- 
pared. The X-ray crystal structure of 
[Eu(L5)),(TfO),(OH,)]Tf0 (1) reveals two 
meridionally tricoordinated ligands Ls, 
but the long Eu-O(ester) bonds imply 
only weak interactions between the car- 
bony1 groups of the ester side arms and 
Eu"', providing a limited protection of the 
metallic site. The photophysical studies 
show that nonacoordinate Eu"' in 1 
binds an additional water molecule to  give 
a decacoordinate complex in the solid 
state, thus confirming the accessibility of 
the metallic site for further complexa- 
tion. 


structural variations along the Ln"' series (sec Scheme 1 for 
hgand structures) .('I Systematic investigations of LLL2.  and 
LZL4] lead to the conclusion that a combination of benzimida- 
zole and carboxamide side arms bound to the 2,6-positions of 
the central pyridine ring are suitable for the design of triple-he- 
lical lanthanide building blocks with predetermined properties, 
as exemplified by the recent preparation of functional noncova- 
lent lanthanide podates [LnM(L4),I5' (M = Zn,['] M = Fe[']). 


Scheme I 


0 0 
L5 
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The investigation of ligand L5 with ester side arms is thus a 
logical development to broaden the scope of these new pro- 
grammed lanthanide building blocks. 


Although systematically used as protecting groups during the 
syntheses of receptors with pendant carboxylate arms,["] ester 
groups have not stirred much interest as coordinating moieties 
for Ln"' ions,["] probably as a result of the low electronic den- 
sity on the oxygen atom of the carbonyl function compared to 
that found in carboxylates and carboxamides.["l Recent at- 
tempts to introduce 2,6-pyridinedicarboxylic functionalities 
analogous to Ls into a macrocyclic bislactone for the complex- 
ation of Ln"' failed.['21 However, an acyclic derivative with dan- 
gling ether and ester side arms has been shown to produce stable 
and luminescent complexes with Eu"' and Tb"', although it is 
not clear whether or not the ester groups are bound in the inner 
coordination sphere.[lZ1 


In this paper, we report the formation of lanthanide complex- 
es [Ln(L5),I3+ (i = 1-3) where the versatile ester side arms inter- 
act with Ln"'. Particular attention has been focused on the solu- 
tion behavior and its relevance to the solid-state structures. 


Results and Discussions 


Complexes of L5 with Ln"' in solution: The ES-MS titration 
of L5 (total concentration 2 x 1 0 - 4 ~ )  in acetonitrile with 
La(TfO);3HZ0 for the ratio L5:La'11 in the range of 1-4 re- 
veals the presence of intricate mixtures of the successive com- 
plexes [La(L5),I3' (i = 2-6) together with their adducts with 
trifluoromethanesulfonate (TfO) anions [La(L5),(TfO)j](3-J)+ 
(j = 1, 2; Table 1). Peaks assigned to the free ligand (m/z  = 


Table 1 .  Molecular peaks of complexes and adduct ions observed for the ES-MS 
titration of L5 with La(TfO),.3H20 in acetonitrile [a]. 
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La"' [Ls + HI+ 224.0 La"' [La(L')),(TfO),]+ 1106.2 
[(Ls)2+H] ' 447.0 [La(LS),]S+ 343.8 
[La(L5),13' 194.6 [La(L5)),(Tf0)l2' 590.2 
[La(LS),(Tf0)l2 367.2 [La(LS),]3+ 418.2 
[La(L5),(TfO),]' 883.0 [La(Ls),(TfO)l" 701.6 
[La(Ls)),I3+ 269.4 [La(LS),]' ' 492.5 
[La(LS),(TfO)l2 + 478.6 [La(LS),(Tf0)]*' 813.2 


[a] mlz values given for the maximum of the peak. 


224.0 [L5 + HI+ and m/z = 447.0 [2 L5 +HI+)  are observed dur- 
ing the titration, but a quantitative interpretation is precluded 
by the variable responses of Ln"' complexes to ES-MS.14, 13] 


Nevertheless, general trends emerge from the ES-MS data : 


1) The 1 : l  complex [La(L5)I3+ is not observed, in agreement 
with its expected large solvation energy, associated with a 
faint ES-MS response,r4. 141 and its limited stability. 


2) [La(L5)J3' ions (i = 2-6) are detected during the entire ti- 
tration, but the variable intensities of the peaks correspond- 
ing to the species [La(Ls)),(TfO),](3-j)+ ( j  = 0-2) for a given 
i value and at different La:Ls ratios preclude any semiquan- 
titative analyses. 


3) The substoichiometric complexes [La(L5)J3' (i = 4-6) give 
intense ES-MS signals, while only negligible peaks are ob- 
served for [Ln(L')J3 + under the same conditions.[41 
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The origin of these substoichiometric complexes [La(Ls),]3 + 


(i = 4-6) is not clear, and we cannot infer from the ES-MS 
spectra whether they reflect solution or gas-phase behavior, but 
we notice that the adducts with two anions [La(L'),(TfO),]+ 
(i = 4-6) are systematically missing in the spectra (Table 1);  this 
strongly suggests a reduced charge density on the complexes 
[La(L"),13 +, in agreement with their expected larger size." '1 


According to our experience of the ES-MS spectra of Ln"' 
complexes," 31 we suspect that the observation of substoichio- 
metric complexes indeed reflects the accessibility of the charged 
metallic center for further complexation. This effect is not ob- 
served for [Ln(L')J3+, since the metal ion is efficiently shielded 
from external interaction by the three wrapped aromatic 
strands.[161 In contrast, traces of [Ln(LZ),13 + are observed by 
ES-MS for Ln = La-Nd; here, the structures of the precursor 
triple-helical complexes [Ln(L')J3 + are less relaxed in solu- 
t i ~ n . [ ~ ]  The fact that this behavior becomes dominant for L" 
indicates that the metal ion is more accessible for further com- 
plexation. 


The UV spectrum of Ls is characterized by overlapping broad 
bands assigned to n 4 x* and n .--) TI* transitions,[21 which are 
sufficiently affected by complexation to allow the spectrophoto- 
metric monitoring of the titrations of Ls ( 1 0 - 3 ~ )  with 
Ln(TfO),.nH,O (Ln = La, Pr, Sm, Tb, Tm, Lu, Y) for Ln:L5 
ratios in the range of 0.1 -2.0 (Table 2). The collected data show 


Table 2. Ligand-centered absorptions for Ls and its complexes [Ln(LS),]' + 


(Ln = Eu, Th) in acetonitrile solution at 293 K [a] 


Compd Absorption (71 - 71* + n --t rr*) 


LS 


[Eu(LS)),I3+ 


45250 (8420); 38020 (3370, sh); 37040 (34Y0), 36100 (2520, sh )  


47170 (27580): 44050 (20250, sh); 37450 (8850, sh);  36500 (12200). 
35460 (1 1120, sh) 


47170(27090);44050(20730, sh): 37450(9300, sh): 36500(12720): 
35460 (11 350, sh) 


[Tb(LS),]'+ 


[a] Energies are given for the maximum of the band envelope in cm- I .  and thc 
molar absorption coefficient (6 : )  is given in parentheses in ~ - ' c n i -  I. Sh: ahouldcr. 


a smooth and continuous variation of the molar extinction with 
a single end point for Ln:L5 = I ,  in contrast with the pro- 
nounced inflection observed previously for Ln:L* = 0.33 under 
the same conditions.[41 This implies a lower stability for 
[Ln(L5)J3+ compared to [Ln(Lz)J3'. Factor analyses["1 are 
compatible with the existence of four absorbing species L5 and 
[Ln(LS)J3' (i = 1 -3), and the data can be satisfactorily fitted to 
this model yielding stability constants reported in Table 3. 


Table 3. Cumulative stability constants (log(/?! ")) for [Ln(L,"),]' ' ( i  = 1 ~ 3 )  in 
acetonitrile at 293 K.  


La"' b.X(3) 12.8(4) 16.3(4) 
Pr"' 6.9 (4) 13.0(4) 16.6 (4) 
Sm"' 6.9 (4) 13.3(4) 17.0(4) 
Tb"' 6.9 (4) 13.5 (4) 17.3 (4) 
y"' 6.9(4) 13.5(4) 17.3(4) 
Tm"' 7.0(4) 13.7(4) 17.6 (4) 
Lu"' 7.0 (4) 14.0(4) 18.0(4) 
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'Table 4. NMR shifts (with respect to TMS) for ligand L5 and its complexes [Ln(LS),]'+ in CD,CN at 298 K [a]. 


19.5 


17.5 - Log 8 3  €. $. f -3 4 ................. ........ ........... ......... 
$ ............... 4 ...................... 


rn $ ............... .$ ..................... 


15.5 - 


Log P2 ~ - - -  ............... r.  ........ I . .  ........ -3.. ...... ...$ .-13.5 - 


m 


-I 11.5 - 


9.5 - 


Tin Lu 7,5 .La Log8i Pr Sm Tb Y 
3 ............... 3 ..................... 4 .................. f ......... f ........ ---3 .......... 4 


5.5 ' ' ' ' ~ ' ' " ~ ' ~  ' .  ~ ~ ~ ~ ' " ~ ~ ~ " ~ " " ~ ~ ' ~ ~ '  


8.30 
x.37 
8.42 
x.49 


11.25 
11.03 
12.X9 
8.64 
5.64 


a broad multiplet is observed at 298 K. which is 
rcsolved into a quartet at 333 K associated with the 
average D,,t symmetry on the NMR timescale. Fast 
interconversion processes between the P$M enan- 
tiomers of the triple-helical complex may account 
for the observed behavior at high temperature, and 
we thus expect that the broad multiplet observed 
at 298 K should give two sextuplets (ABX, spin 
system) at low temperature, as observed for 
[LU(L')),]~+.'~] Variable-temperature 'H NMR 
spectra of [Lu(L')),]~+ indeed show the appearance 
of second-order multiplets at 243 K, which can bc 
assigned to two sets of two "sextuplets" with respec- 
tive intensities of 2:  2: 1 : 1 at 233 K (Figure 2).  This 


[a] See Scheme 1 for numbering 


8.01 
8.34 
8.42 
8.55 


10.88 
10.53 
12.31 
8.64 
6.42 


4.50 
4.55 
4.49 
4.43 
2.50 
3.05 
0.78 - 
4.16 
6.71 


1.47 148.48 
1.42 147.47 
1.37 146.79 
1.32 145.96 
0.33 159.74 
0.69 157.43 


~ 0 . 5 3  lhS.48 
1.22 149.61 
2.37 139.81 


Although, the differences between the calculated UV spectra 
of the absorbing species are significant, attempts to introduce 
supplementary equilibria involving substoichiometric complex- 
es [Ln(Ls)),I3+ (i = 4-6) failed. Thc stability constants log(/lk") 
and log(/jk") of [Ln(L")J3' are smaller by approximately one 
order of magnitude than those found for the carboxamide ana- 
logues [Ln(LZ),]3'.[41 The comparison of log(Bt;") is more strik- 
ing, since [Ln(L'),I3+ ions are less stable than [L,II(L~),]~+ ions 
by a factor lo4- lo5 in acetonitrile. This dramatic effect is at- 
tributed to the weaker interactions between Ln"' and the ester 
groups of L5, which are in competition with the poorly coordi- 
nating triflate anions for the coordination of the third tridentate 
ligand."81 As found for [Ln(LZ),]3+,r41 log(/lF") ( i  = 1-3) in- 
crease smoothly with decreasing ionic radii (RJ)['91 leading to 
straight lines for plots of log(j?t") vs. l / R j ,  typical of electrostatic 
interactions (Figure 1) .L41 According to statistical factors and 


127.70 138.13 164.49 62.20 
129.78 142.64 168.84 65.76 
130.04 143.81 169.63 66.77 
130.83 145.50 172.17 68.46 
137.03 146.50 172.18 64.74 
143.21 144.20 176.53 65.77 
144.60 147.50 174.83 63.64 
129.98 143.73 169.96 65.75 
104.90 149.24 181.50 66.89 


14.09 
14.16 
13.99 
13.x1 
12.95 
13.14 
11.94 
13.87 
15.54 


signals attributed to C' ', according to 2 D heteronuclear 
{I3C- 'H} correlation spectroscopy. This pattern corresponds 
to D, or D,, symmetries for the complexes on the NMR 
timescale (Table 4). Compared to those of the free ligand L', 
the signals of C 2  (A6 = + 2.18), C3 (AS = + 4.51), and C" 
(A6 = + 4.35) in [La(L5)J3+ are significantly deshielded, ini- 
plying the simultaneous N-coordination of the pyridine ringL2" 
and 0-coordination of the carbonyl group to La'",[23' as similar- 
ly found for [La(L'),], + .[41 The downfield shifts increase with 
smaller Ln"' ions, reaching a maximum for [Lu(L5)J3+ (C': 
A6 = + 3.13, C 3 :  AS = +7.37, C4: A6 = +7.68) and pointing 
to an improved drainage of the electron density onto the smaller 
Ln"' ions (Table 4). The 'H NMR spectra of [Ln(L')J3' 
(Ln = La, Y) display only one resolved quartet assigned to the 
niethylene protons H53 " and compatible with an average D,, 
symmetry at 298 K, as previously discussed for [La(L2),I3' 


under the same conditions.[41 For [Lu(L')),]~ +, 
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ppm 4.4 4 2 4.0 ppm 4.4 4.2 


Figure2. Part of the ' H N M R  spectra of [Lu(LJ)JS+ in CD,CN showing the 
signals of the methylene protons H s , 5 '  a t  a) 333 K ,  b) 298 K, c) 253 K, and 
d)  233 K. 


average coordination of four ester groups on the 'HNMR 
timescale at 233 K. This semiquantitative analysis is corroborat- 
ed by the splitting of thc signal assigned to the methyl C6 pro- 
tons into two triplets in a 1:2 ratio at 233 K. The pyridine 
protons are broadened at low temperature, but do not show 
splitting patterns or significant upfield shifts at 233 K associated 
with decomplexation of the pyridine ring. We conclude that the 
N-coordination of the central pyridine ring is maintained on 
average, as previously reported for similar on-off equilibria in 
[Eu(terpy),]3+.[241 This behavior contrasts with that observed 
for [Lu(L2)J3 -' where only P e M  helical interconversions have 
been dem~ns t r a t ed ,~~]  pointing to the lower affinity of ester side 
arms in L' for Ln"' compared to carboxamide groups in L2, a 
result in line with our thermodynamic data. 


It is expccted that both contact and pseudo-contact contribu- 
tions to the induced lanthanide isotropic paramagnetic shift 
(hi?) will be affected by geometrical and structural changes asso- 
ciated with isomerization and decomplexation processes of the 
ligand in [Ln(L')J3' (Ln is a paramagnetic lan- 
thanide) A straightforward separation of con- 
tact and pseudo-contact contributions as de- 
scribed for [Ln(LZ)J3+ [41 requires an isostruc- 
tural series of complexes. This condition is not met 
with L', the NMR shifts at a given temperature 
reflecting a slightly different average structure for 
each Ln"'. The NMR spectra of the paramagnctic 
series [Ln(LZ),I3' (Ln = Ce, Pr, Nd, Sm, Eu) at 
298 K are compatible with the average D,, sym- 
metry found for Ln = La, Y, but diagnostic crite- 
ria of is~structurality[~- 2 5 1  clearly show that no 
satisfying linear correlation exists for plots of Sjy/ 
(SJj  vs. Cj/(SJj and Si:"/C, vs. <S,>,/C,; this 
precludes further structural investigations based 


on contact and dipolar contributions (Figure F 1 in the Support- 
ing Information). 


Isolation of the complexes, and crystal and molecular structures of 
IEu(L5),(TfO),(OH,)]Tf0 (1): Attempts to isolate purc 1 : 3 
complexes [Ln(L'),](X), (X = TfO-. ClO,) under various cx- 
perimental conditions failed for L':Ln = 3-6. Elemental 
analyses revealed the presence of mixtures of 1 :2 and 1 : 3 com- 
plexes, as previously observed for other mononuclear triple- 
helical complexes of low stability, [Lu(L'),](ClO,), r61 and 
[Lu(terpy),](CIO,), However, pure 1 : 2 complexes can he 
prepared with elemental analyses corresponding to [Ln(L')),]- 
(TfO);nH,O ( I :  L n =  ELI, n = l ;  2: Ln = Gd, n = 2 ;  3: 
Ln = Tb, n = 1). The IR spectra in KBr show the expected shift 
of S(C=O) toward lower energy (1685 cm-'  in 1-3 compared 
to 1740 cm-' in L5), which is typical for the coordination of 
carbonyl group to Ln"'.[231 Related shifts of the vibrations asso- 
ciated with the pyridine ringr6] confirm the mcridional tricoordi- 
nation of L' in 1-3, while a split band in the region of :(OH) 
indicates water molecules coordinated to Ln"'. The complicated 
pattern observed for triflate vibrations does not allow a clear 
distinction to be made between coordinated and free Tf0-  ,r2'I  


but il strongly suggests that both types of anions exist in the 
complexes 1 ~ - - 3 .  


The crystal structure or 1 confirms the IR results and shows 
a cation [Eu(L5),(TfO),(H,0)]+, where Eu"' is nonacoordinat- 
ed in a low symmetry site by two meridionally tridentate ligands 
L', two monodentate triflate anions, and one water molcculc 
(Figures 3, 4 and Table 5). The coordinated tridentate binding 


Figure 3. Atomic numbering scheme for [Eu(L5),(TfO),(OH,)]- (1). 


Figure 4. ORTEP [40] stereoview of [Eu(Ls),('~fO),(OH,)]+ (1) approximately along the ELI -0 1 h 
direction. 
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A ,  
I I I . 1 1 1 1 1 1 1  


7hhle 5 .  Selected structural data for complex [Eu(L5),(TfO),(OH,)]Tf0 (1) .  


a )  Bond lengths (A). 


E.u O l a  2.497(7) Eu-0  Ib  2.458 (7) Eu--O Ic 2.361 (6) 
h i  - N  l a  2.542(8) E u - N l b  2.573(7) EukO Id 2.412(8) 
E u ~ - O 3 a  2.461(?) Eu-03b 2.561(6) E u ~ - O l h  2.392(8) 


b) Bite angle5 and angles N-Eu-N, 0 -Eu-N.  and 0-Eu-0  ('). 


0 la-Eli-N l a  63.0 (3) 0 1 b-Eu-N 1 b 63.2(2) 
N l a - E u - 0  3a 62.9 (2) N 1 b-Eu-0 3b 61.9 ( 2 )  
0 la-Eu-03a 125.4(2) 0 1 b-Eu-0 3b 124.1 (2) 


N la-Eu-N I b 149.8 (3 )  


0 la-Eu-N 1 b 
03a-Eu-N 1 b 
Olc-Eu-Nlb  
0 Id-Eu-N 1 b 
0 1 h-Eu-N 1 h 


0 la-En-0 l b  
0 la-ELI-03b 
0 le-Eu-0 Ic 
01a-bu-Old  
0 la-Eu-Olh 
0 3 - E u - 0  1 b 
0 ?a-Eu-0 3b 
0 321-Eu-0 1 c 
0 31-En-0 1 d 
0 3 - E u - 0  1 h 


124.0 ( 2 )  
106.7 (2) 
t 33.4(3) 
73.0(3) 
75.0(3) 


149.8 (3) 
66.0(2) 
82 0 (2) 


104.2 (3) 
74.3(2) 
69.3(3) 


137.3 (3) 
76.7(2) 
70.4(2) 


144.0(2) 


0 1 b-Eu-N 1 a 
03b-Eu-N l a  
0 lc-Eu-N l a  
0 Id-Eu-N l a  
0 lh-Eu-N l a  


0 1 b-Eu-0 l c  
0 lb-Eu-0 Id 
0 1 b-Eu-0 1 h 
0 ib-Eu-0 l c  
03b-Eu-Old  
0 3'0-Eu-0 1 h 
0 lc-Eu-0 Id 
0 Ic-Eu-0 Ih  
0 1 d-Eu-0 1 h 


12x.0 (2) 
105.0 (2) 
?4.3(3) 
76.8(3) 


131.0 (3) 


76.0 (2) 
105.9 (3) 
80.7(3) 


142.7 (3) 
66.9 (3) 
76.3(2) 


143.4 (2) 
77.1 (2) 


139.4 ( 2 )  


units arc almost planar (dihedral angles N 1-C 5-C9-04 and 
N 1 -C 8-C 6 -0  1 in the range - 3 to + 5") as a result of reduced 
steric hindrance in 1 : 2 complexes compared to the bent confor- 
mations found for aimlogous tridentate units in 1 :3 complexes 
[ E U ( L ~ ) , J ~ + ~ ~ ]  and [Eu(L')) ,]~-.[~~ The Eu-O(water) (2.39 A), 
Eu-O(triflate) (2.36-2.41 A), and Eu-N (2.54-2.57 A) bond 
lengths are standard,l4. 7 ,  '*I while the Eu-O(ester) bonds 
(2.46-2.56 A, average 2.49 A) are longer than those found for 
Eu-O(amide) in [Eu(L'),]~' (2.39-2.43 A)[41 and Eu-O(car- 
boxylate) in [Eu(L3),I3- (2.43-2.45 A) .I5] Thesc differences 
indicate that the carbonyl 0 atom of the ester group has a 
weak affinity for Eu"'. The calculated ionic radius of Eu"' in 1, 
according to Shannon's d e f i n i t i ~ n ~ ' ~ ]  with r(N) = 1.46 A and 
r ( 0 )  = 1.31 A, amounts to 1 . I3  A, a value close to the expected 
radius for nonacoordinate Eu"' (1.12 A).[2*6. 1 9 '  


Photophysical properties of [Ln(L5)),(TfO),(OH,)]Tf0 (1 -3) in 
the solid state: Excitation in the UV absorption bands (TI ---f TI* 


and n -+ TI*, Table 2) of the free ligand Ls produces only faint 
luminescence (77 K); this points to the efficient nonradiative 
deactivation pathways in L', as reported for L2.'41 On the other 
hand, irradiation at 40000 cm- ' of the Gd"' complex 2 pro- 
duces a weak, but significant broad emission band (77 K) with 
a maximum at 32000cm-' and a long tail at lower energy 
arising from the 'TITI* state. This assignment is confirmed by 
the disappearance of this band in the time-resolved emission 
spectrum (delay time 0.75 ms) recorded under the same condi- 
tions, which reveals one weak structured band centered at 
23 260 cm ', attributed to the 3 ~ ~ *  excited state.[' -4, 61 Com- 
pared to those in [Gd(L2),](TfO),,[41 the ' T I X *  and 3 ~ ~ *  levels 
in 2 are significantly blue-shifted by 8500 and 2660cm-', 
respectively. Efficient L5 + Ln"' energy transfers occur in 
[Ln(L5),(TfO),(OH,)]Tf0 (1: Ln = Eu; 3: Ln = Tb) leading to 
strong mctal-centered luminescence at 10, 77, and 295 K. Con- 


trary to [Ln(L2),J(TfO), , 
1 and 3 display well-re- 
solved excitation bands in 
the UV at 77K (34450- 
45 450 cm- ') assigned to 
ligand-centered excited 
states, thus demonstrating 
that coordinated L5 is a 
better sensitizer for EuTT' 
and Tb"' than L2. 


A detailed analysis of 
the Eu"' coordination site 
in 1 can be addressed with 
high-resolution laser-ex- 
cited luminescence spec- 
troscopy. Fragile crystals 
of 1 are separated from the 
mother liquor, flushed 
with N, and introduced in- 
to the cryostat. The excita- 
tion spectrum at 10 K 


5794 579.2 5790 5 1 0 8  5786 nm 


Figure 5.  Excitation spectrum of [Eu(L')),- 
(TfO),(OH,)]TfO (1) in the range of the 
'D0+'FO transitions at 10 K (ian = 
590.2 nm). 


(Figure 5 )  displays two well-resolved 500-'F0 transitions at 
17268 cm-' (full width at half height (fwhh) =1.19 cm-I) and 
17 277 cm - ' (fwhh = 1.49 cm- I)  corresponding to two differ- 
ent Eu"' environments labeled sites I and 11, respectively. Selec- 
tive laser excitations yield 5D0 + ' 4  ( j  = 1-4) transitions that 
differ in multiplicities and relative intensities (Figure 6, 
Table 6 ) ,  pointing to different geometries around Eu"'. For 


J = 3  


i. 


b) 
Site I I  


I I t  leXc = 17 277 cm-1 


site I, the local symmetry is low as shown by 1) the three regu- 
larly spaced components of the 5D0 -+ 'F ,  transition and 2) the 
five and nine components observed for 5D0 -+ 7F2 and 
5D0 --* 'F4 ,  respectively (Table 6), which correspond to the max- 
imum multiplicity ( 2 J t  1) .[301 This emission spectrum is com- 
patible with the nonacoordinate EdT1 site found in the crystal 
structure of [Eu(L5),(TfO),(H,0)]+. The Eu('0,) lifetime of 
site 1 (0.61 k0.03 ms at 10 K) is short compared to that found 
for nonacoordinate Eu"' in [Eu(L2),J3', where no water mole- 
cule is bound to the metal (1.83 ms). An estimation based on thc 
relationship given in Equation (1)[311 with A,,, = 1.05 and, as an 
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Table 6. Corrected integrated intensities (Irc,) and main identified Eu('F,) energy 
levels (cm-', J = 1-4, origin 'F,) for sites 1 and I1 in [EU(L~)~(T~O),(OH,)]T~O (1) 
as calculated from luminescence spectra at 10 K (i,,,,: 'D, , t 'F , ) .  


Level Site 1 I,,, Site I1 I,,, 


'f; (L) [a1 17 268 


' 4 273 1.00 
357 
526 


l F2 924 0.85 
1008 
1035 
1118 
1179 


'F3 1848 0.09 


' F4 2707 1.35 
2712 
2 827 
2 869 
2 894 
2919 
2949 
2 998 
3016 


17 277 


325 1 0 0  
333 
486 


973 1.00 
1001 
1148 


- PI 
2662 0.84 
2111 
2941 
2959 
3093 


~ 


[a] Energy of the 5D,t7Fa transition (cm-') used as i,,, for the laser-excited 
emission spectra. [b] Too weak to  measure. 


approximation, z~~~ = 1.83 ms, yields q = 1 for site I as expected 
from the crystal structure of 1. 


The Eu(~D,) lifetime of site I1 (0.46_f0.01 ms at 10 K) is 
shorter; this can be rationalized by the coordination of two 
water molecules to Eu"' (q  = 2 yields z = 0.41 ms in Equa- 
tion (1)). The emission spectrum of site I1 reflects a symmetry 
higher than that of site I and may be analyzed in terms of an 
approximate tetragonal symmetry. For instance, there are only 
two main transitions to the 'F1 level A -+ A and A -+ E, with the 
latter further split into two closely spaced components (8 cm- ') 
as a result of a slight deviation from the idealized symmetry or 
distortions induced by the excitation to the 5Do level.rG1 The 
transitions to the 7F4 level may be interpreted as A + A  and 
2 x A + E, where the latter transitions are further broken up 
into two components separated by 49 and 18 cm- respectively. 
Transitions to the 'F ,  level display one intense band and two to 
three weaker ones, and are more difficult to interpret precisely 
(Figure 6). From these data, we conclude that Eu"' is decacoor- 
dinated in site I1 by two meridionally tridentate ligands L5, two 
monodentate triflate anions, and two water molecule in a 
pseudo-bicapped inverted square-antiprism arrangement (Fig- 
ure 7),[321 as previously reported for a related 1:2 complex 


N l h  


Site I Site lI 
Figure 7. Schematic representation of sites I and I1 (approximately D4) in 1 as 
found by emission spectroscopy. The pseudo-rectangular faces of the tetragonal 
antiprism are shown with dashed lines. 


[Eu(2,6-bis(benzimidazol-~-yl)pyridine)2(NO3)~]~.~331 We sus- 
pect that site I1 results from the partial hydration of site 1, which 
occurs during the separation of the crystals of 1 from the mother 
liquor (Figure 7). 


The nephelauxetic parameter (60-ester) associated with ester 
groups bound to Eu"' has been estimated using the empirical 
Equation (2) of Frey and H o r r ~ c k s . [ ~ " ~  For nonacoordinatc 


Eu"' in site I, the energy of the 5Do+7Fo transition at 295 K is 
i = 17280 cm-' (correction of 1 cm-'/24 K),1301 and the use of 


f o - w n , r r  = -10.4,'341 and 60-1ril,at~'c.fiO-nitrilte - = - 13.3 1341 


leads to 60-es,,,z - 6.6. This small nephelauxetic parameter[341 
is consistent with a weak interaction betwccn the 0 donor atom 
of ester groups and Eu"'. 


io =17374cm-',[341 C,, 6 N-he,er"cyclic = - 1 5.3,'7. 131 


-~ 
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Quantum yields of [Ln(L')$" (Ln = Eu, Tb) in acetonitrile: 
Solutions of [L I I (L~)~]~ '  were prepared in situ in anhydrous 
acetonitrile at concentrations of M. Although lower con- 
centrations (iO-4-10-6 M)[~' ]  are commonly used to minimize 
self-quenching processes, dissociation of [Ln(L5)J3 + becomes 
problematic at low concentration, and a 1 0 - 3 ~  solution repre- 
sents a reasonable compromise between self-quenching and de- 
complexation. According to the stability constants of Table 3, 
we calculate that the following species are formed under these 
conditions: L5: 16*/0; [Eu(L5)I3+: 0 % ;  [Eu(L'),I3+ : 14%: and 
[Eu(L')~]~+ : 70%. The measured relative quantum yields and 
lifetimes of [Ln(L5)J3' are collected in Table 7. In anhydrous 
acetonitrile, the lifetimes of the Eu(~D,) and Tb(5D,) levels are 
long; this implies that no OH oscillator interacts with the metal 
ions, despite the limited thermodynamic and kinetic stability of 
these complexes. Compared to that of [Eu(L2)J3 + in acetoni- 
trile (@re, = 6.6 x 10-3),'41 the quantum yield of [Eu(L5)),I3' 
shows an improvement by a factor 400, which is attributed to a 
better match between the energies of the ligand-centered and 
metal-centered excited states involved in the resonant L' + Eu"' 
energy transfer processes.[351 It has been shown that an 
inadequate overlap between the emission spectrum of the 
donor (L') and the absorption spectrum of the acceptor (Eu"') 
prevents efficient energy transfer.r29. 3 0 ,  351 We notice that the 
broad ligand-centered ' ~ 7 c *  level, which is expected to be in- 
volved in the L5 + Eu"' energy transfer process,l2'. 30 .  351 is 
blue-shifted for coordinated L5 compared to coordinatcd L2, 
as measured from the emission spectra of Gd"' complexes in 
the solid state (vide supra), and displays a better overlap 
with Eu(~L,) and Eu('D,) levels. The quantum yield and 
Eu('DD,) lifetime of [ E u ( L ~ ) ~ ] ~ +  are very sensitive to the addi- 
tion of watcr; this confirms the limited protection of the 
metallic site in solution (Table 7). [Tb(L5)3]3+ is only mar- 
ginally more luminescent than [Tb(L2),I3' = 0.74).r41 As 
a result of the higher energy of the '7c7c* ligand-centered 
excited states in L5, a reduced back-transfer Tb('D,) + 37c7c* 


is expected for [Tb(L5)J3', which could be responsible for 
the larger quantum yield.[361 As observed for the Eu complex, 
addition of water severely alters the emission properties of 
[ T ~ ( L ~ ) , I ~  +. 
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Pahle 7 .  Quantum yields (ace,) relative to [Eu(terpy),]-'+ and [Tb(terpy)J3' 
iterpy = 2,1':h','"-terpyridine) and lifetimes (T) of the Eu(~D,) and Tb('D,) levels 
ror [Ln(L5)J3' (Ln = Eu, Tb) in anhydrous acetonitrile at 298 K [a]. 


Compd Colic [h] Added i.,,, (om) i:,,, ( M -  ' c m - ' )  @,,, [c] T (ms) 
H,O (MI 


i n - ?  0 
10-3 o 
10-3 0.5 
10- 1.0 
10 0 
10 0 
10-3 0.5 
1 0 - 3  1.0 


371 
291 
290 
289 
3 64 
291 
290 
289 


549 
328 
810 
965 
685 
463 
752 
978 


1.0 .- 


2.7 1.98(4) 


0.048 0.16(1) 
1.0 - 


1.7 2.50(6) 


0.11 0.20(1) 


0.34 0.70(2) 
0.12 0.55(1) 


[a] Ahsolute quantum yields of [Ln(terpy)$ + determined using an aerated 
aqueous solution of [Ru(hipy),12 ' as standard are 1.3% for Eu and 4.8% for Th. 
[h] Quantum yields are determined for 1 F 3 ~  solution to minimize decomplexation 
(Fee text). [c] Relative errors on @,,, are typically 10 15%. 


Conclusions 


Our results demonstrate that ester groups bound to the 2,6-po- 
sitions of the central pyridine ring in L5 display a significantly 
reduced affinity for Ln"' compared with carboxamide groups in 
Lz, but evidence for Ln-O(ester) interactions can be obtained 
both in the solid state and in solution. The tridentate binding 
unit L5 produces kinetically labile mononuclear triple-helical 
lanthanide complexcs of low stability, [Ln(L5)J3 +, which are 
not suitable for use as building blocks in organized supramolcc- 
ular devices.'" The limited protection of the Ln"' site in 
[Ln(Ls)J3 + severely limits the control of spectroscopic proper- 
ties, but the increased quantum yield of [Eu(L5),]", compared 
to [EU(L*),]~+. is pertinent for the design of efficient sensitizers 
in triple-helical complexes. Ester groups bound to pyridine rings 
are thus promising candidates for the fine-tuning of L + Eu"' 
energy transfers, provided that the triple-helical structure is en- 
sured by supplementary stabilizing effects. The use of noncova- 
lent d-block tripods to control and organize the coordination of 
unsymmetrical tridentate binding units possessing terminal 
ester groups should lead to stable noncovalent lanthanide po- 
dates with improved luminescent properties. The complexes 
[Ln(L')J3+ (i = 1,2,5) thus represent a new library of mononu- 
clear triple-helical lanthdnide building blocks with predeter- 
mined structural, thermodynamic, kinetic, and spectroscopic 
properties. The combination of these structural motifs in seg- 
mental ligands or podands opens new perspectives for the design 
of functional polynuclear supramolecular lanthanide devices. 


Experimental Section 


Solvents and starting materials: See ref. [4] 


Preparation of diethyl pyridine-2,6-dicarboxylate (L'): Pyridme-2.6-dicar- 
bony1 d ich l~ r idc [~ '  (612 mg, 3.0 mmol) was poured into dry ethanol (20 mL) 
and stirred for 30 min. Water (20 mL) and a saturated NaHCO, solution 
(40 mL) were addcd, ethanol distilled under vacuum, and the resulting mix- 
ture extracted with CH,Cl, (3 x 200 mL). The combined organic phases were 
dried (Na,SO,) and evaporated to dryness, and the white powder obtained 
\+as recrystallized from hexane to give 608mg of product (0.276mmo1, 
yield = 92'%), m.p. = 42-45 "C. El-MS: ml-. = 224 [ M  '1. 


Preparation of [Ln(L5),(TfO),(OH,)ITf0.nH,0 (1: Ln = Eu. n = 0, 
2: L n =  Gd,  n = I ;  3: L n = T b ,  n = 0 ) :  Ln(TfO),.nH,O ( n  =1-2.2. 
0.032 mmol) and L" (21.5 mg, 0.097 mmol) were dissolved in T H F  (3 mL). 
Over 3 d twt-butyl methyl ether was slowly diffused into the solution to give 
88-94% yields of the products as white powders after isolation and drying. 
X-ray quality crystals of [Eu(L5),(TfO),(OH2)]Tf0 (1) were obtained by 
means of the same procedure, but the prisms were not separated from the 
mother liquor; if this is removed, the prisms are readily transformed into a 
microcrystalline powder. Complexes I--3 were characterized by their IR spec- 
tra and gave satisfactory elemental analyses (Table S 1 in the Supporting 
Information), 


Preparation of [Ln(L'),](TfO), (Ln = La, Ce, Pr, Nd, Sm, Eu. Gd, Tb, Lu. 
Y): These complexes were prepared in situ for ' H N M R  studies in solution. 
Ln(TfO);nH,O (0.023 mmol: Ln = La, Ce, Pr, Nd, Sm, Eu. Gd. Tb, Lu. Y. 
n = 0.5- 2.2) and L5 (15.7 mg, 0.07 mmol) were dissolved in degassed 
CD,CN (0.7 mL) to give a 0.033 M solutions of [ L ~ I ( L ~ ) ~ ] ( T ~ O ) ,  the purity of 
which was checked by 'H N M R  spectroscopy. For photophysical studies 
CH,CN was used instead of CD3CN, and the resulting solution was evapo- 
rated, and the residual solid dried under vacuum and then diluted to M 


with anhydrous CH,CN. 


Crystal structure determination of [Eu(L5),(TfO),(OH,)]Tf0 (1): Fragile 
crystal were mounted from the mother liquor on a quartz fiber with per- 
fluoropolyether oil RS 3000'". 
Crysrol data: EuC,,H,,N,O,,F,S,, M ,  = 1063.6. trigonal, P2, = 
20.875(2), c =15.239(2) A, c/ = 5751(1) A3 (by least-squares retinemein of 
21 reflections, 15<28<25") .  Z = 6, pEalcd =1.84gcm - 3 ,  F(O00) = 3168. 
Colorless hexagonal prisms. Crystal dimensions 0.12 x 0.12 x 0.40 mm, 
p[MoKz) =1.919mm-'. 


Dola collection and processing: Stoe STADI 4 diffractometer, T = 1 S O  K. 
w - ~ 2 8  scan, scan width = 1.05 +0.35tan6', scan speed 0.10's-', Mo,, radia- 
tion (i, = 0.7107A); 9708 reflections measured (3<28<48': -24<11<24, 
0 < k < 24, 0 < /< 18), 6020 unique reflections (R,,, for equivalent reflec- 
tions = 0.083) of which 4040 were observable (IFJ >4o(F,)). Two reference 
reflections were measured every 30min and showed a total variation 
<2.7o(J). 


Structure analysis and refinement: Data were corrected for Lorentz, polariza- 
tion and absorption effects'371 (A:," = 1.223, A& = 1.241). The structure 
was solved by direct methods using multa1187;[~~' all other calculations used 
XTAL'"' system and ORTEP programs. Full-matrix least-squares re- 
finements (on F )  using weights of w = 1 /cr2 (F , )  gave final values R = 0.058, 
R, = 0.037, for 523 variables and 4040 contributing reflections. Two triflates 
are coordinated to Eu"' and three triflates are located about threefold axes 
(one in special position 2d  and two in special position 2 c ) .  All non-H atoms 
were refined with anisotropic displacement parameters. H atoms were placed 
in calculated positions and contributed to F, calculations. The final Fourier 
difference synthesis showed a maximum of +2.23 and a minimum of 
-2.38e.k3.  


Crystallographic data (excluding structure factors) for the structure reported 
in this paper have been deposited with the Cambridge Crystallographic Data 
Centre as supplementary publication no. CCDC-100258. Copies of the data 
can be obtained free of charge on application to The Director. CCDC. 12 
Union Road, Cambridge CBZlEZ, UK (Fax: Int. code +(1223)336-033: 
e-mail : depositiu'chemcrys.cam.ac.uk) . 


Spectroscopic and analytical measurements: IR, ES-MS. NMR, emission and 
absorption spectra, as well as spectrophotometric titrations and quantum 
yield determinations were recorded as described in ref. [4]. 
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[ (TptBU, Me )CrR] : A New Class of Mononuclear, Coordinatively Unsaturated 
Chromium(I1) Alkyls with cis-Divacant Octahedral Structure 


Jorg L. Kersten, Robin R. Kucharczyk, Glenn P. A. Yap, Arnold L. Rheingold, 
and Klaus H. Theopold" 


Abstract: Reaction of CrC1, with 
Tp1'3u3McK yielded [Tp"3"3M"Cr(3-tBu,5- 
MeprH)Cl] (1) and [Tpf"",MeCrC1] (2), 
while the same reaction in the presence of 
pyridine gave 1 and [Tpf"".MeCr(py)CI] 
(3). Alkylation of 3 with Grignard 
reagents produced the chromium(I1) 
dkyls (4, R = Et; 5, 
K = Ph; 6 ,  R = CH,SiMe,), which re- 
versibly added to  pyridine to form the 
fivc-coordinate adducts [TpfBus MeCr(py)R] 
(7, R =  Et; 8, R =  Ph; 9, R = 


CH,SiMe,). 1 ,2 ,4 ,  and 5 were structural- 
ly characterized by X-ray diffraction. The 
four-coordinate molecules 2, 4, and 5 
adopt a highly unusual cis-divacant octa- 
hedral coordination geometry, while l is 


Keywords 
alkenes - chromium * cis-divacant 
octahedral geometry - polymerizations 
- tris(pyrazoly1)borate complexes 


the first five-coordinate TptBu, Me-complex 
of a first-row transition metal. Despite 
thcir coordinative unsaturation, chromi- 
um alkyls 4-6 d o  not polymerize 
ethylene, or even react with it. This obser- 
vation is inconsistent with the catalytic ac- 
tivity commonly ascribed to divalent 
chromium in heterogeneous polymeriza- 
tion catalysts. Attempts to oxidize 4-6 
(e.g.. with [Cp,Fe]BPh,) to cationic 
chromium(II1) alkyls failed, yielding 
[Tp'R",M"Cr(thf)][BPh,] (10) instead. 


Introduction 


Coordinatively unsaturated chromium alkyls on oxide supports 
have been implicated as key intermediates in the chromium-cat- 
alyzed polymerization of olefins."] One of the unresolved ques- 
tions regarding such catalysts is the formal oxidation state of the 
chromium in the active site, most often proposed to bc + 11 or 
+ 111. For catalysts carrying a cyclopentadienyl group on 
the chromium (e.g. the "Union Carbide catalyst", Cp,Cr on 
Si0,),[2] we have built a case based on the reactivity of model 
compounds that chromium(II1) alkyls (A, R = alkyl) are respon- 
sible for the polymerization activity.r31 One of the arguments 
against catalytic activity in the lower oxidation state was 


H 
I 


A B C D 


the isolation of a class of chromium(i1) alkyls of the type 
[{Cp*Cr(p-R)),] (B), which did not react with ethylene.'"] How- 
ever, the extreme coordinative unsaturation of the hypothetical 
"Cp*CrR" fragment, combined with the limited steric protec- 
tion offered by the pentamethylcyclopentadienyl ligand, result- 
ed in the formation of metal-metal bonded dinuclear complex- 
es. It might be argued that the role of the heterogeneous support 
of commercial catalysts includes site isolation of the catalytic 
centers and prevention of metal-metal bonding, which might 
adversely affect the reaction with olefins. Thus, we were looking 
for ways to stabilize mononuclear, coordinatively unsaturated 
chromium(I1) alkyls. 


Another impetus for this work was the desire to investigate 
the reactivity of chromium alkyls in a coordination environment 
lacking cyclopentadienyl ligands. We note that the widely used 
"Phillips catalyst" (inorganic chromium on Si0,)r51 prcsumably 
fcatures oxide ligation of chromium (for example, C ) .  In a step 
toward a significantly "harder" coordination environment of 
the metal, we have chosen to employ a nitrogen-based ligand, 
namely a tris(pyrazo1yl)borate (Tp) .161 The use of sterically 
hindered Tp ligands has facilitated the isolation of a wide variety 
of metal complexes with low coordination numbers.[71 Specifi- 
cally, we have employed so-called "tetrahedral enforcers".['] . .  


like the Tp'"". Me anion (Tp'"", Me = hydrotris(3-terr-butyl-5- 
methylpyrazo1yl)borate) , to good effect in cobalt chemistry.'"' 
The apparent dearth of TpCr complexes like D in the extant 
literature added further appeal to  an exploration of their chem- 
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Scheme 1. Synthesis of hydrotris(3-trrt-butyl-5-methylpyrat.olyl)borate (Tp'B",Me) complexes of 
chromium 


0; or NO;) .['I The coordination environment 
around chromium is close to trigonal bipyra- 
midal, with N(5) of the Tp ligand and N(8) of 
the coordinated pyrazole serving as the axial 
ligands (N(8)-Cr[l)-N(5), 169.8 (2)"); the re- 
maining ligands (N(I), N(3),  Cl(1)) define the 
equatorial planc (sum of angles, 359.6"), al- 
though the N(l)-Cr(l)-N(3) angle is con- 
strained to 101.4(2)" by the nature of the Tp 
ligand. In a notable deviation from established 
structural principles for trigonal bipyramidal 
metal complexes," ' I  thc most electronegative 
substituent of 1 (i.e., Cl(1)) occupies an equato- 
rial position, and the axial Cr-N bonds are 


Results and Discussion 


Synthesis and Structure: Addition of CrC1, to a stirred suspen- 
sion of Tp'RU,MeK in THF yielded a turquoise solution; subse- 
quent extraction of the solid reaction products with pcntane 
gave a blue powder, ultimately identified as [TpfB".MeCr(3-tBu,5- 
MepzH)Cl] (1, 20 % yield; 5-MepzH = 5-methylpyrazole), and 
extraction of the pentane-insoluble residue with Et,O afforded 
green [TpfBU,MeCrC1] (2, 51 % yield; Scheme 1). The coordinated 
pyrazole of 1 most probably originates from some residual pyra- 
zole in the Tp'BU,MeK (coordinated to potassium). In the absence 
of any known chromium complexes of such sterically hindered 
tris(pyrazo1yl)borate ligands, and as a baseline for structural 
considerations, the crystal stuctures of both 1 and 2 were deter- 
mined by X-ray diffraction; the results are shown in Figures 1 
and 2 and selected interatomic distances and angles are listed in 
Tables 1 and 2 .  


ci241 


P 


, C(211 


Figure 1. ORTEP diagram of [Tp'""~M'Cr(3-tBu-5-MepzjC1] (1) showing the atom 
labeling scheme (thermal ellipsoids at 30 O/o probability). The unnumbered pyrazolyl 
ring follows the s a n e  numbering pattern as the numbered ones. Hydrogen atoms 
are omitted for clarity. 


The TprBUvMe ligand owes its pseudonym of "tetrahedral en- 
forcer" to the pronounced tendency to produce four-coordinate 
molecules of more or less distorted tetrahedral geometry.[81 In 
contrast, 1 provides a rare example of a true five-coordinate 
complex of a first-row transition metal with an q3-TptBu,Me lig- 
and (other than those containing small bidentate hgdnds such as 


somewhat shorter-and presumably stronger- 
than the equatorial ones. We surmise that the relatively large 
radius of the Cr" ion enables the formation of a five-coordinate 
complex, while the severe steric interactions between the ligands 
are responsible for the unusual structural details. 


Figure 2. OR'I'EP diagram of [Tp'8",M'CrCI] (2 )  showing the atom labeling scheme 
(thermal cllipwids at 30% probability). The unnumbered pyrazolyl ring follows the 
same numhering pattern as the numbered ones. Hydrogen atoms are omitted for 
clarity. 


Table 1. Selected interatomic distances (A) and angles (' ) for [Tp"'". "'Cr(3-rBu.5- 
MepzH)CI] (1). 


Cr(1)-N(1) 
Cr(l)-N(Sj 
Cr(1 j-Cl(1) 


N(8)-Cr( l)-N(S) 
N(S)-Cr( 1)-N( 3) 
N(5 j-Cr( 1 )-N( 1) 
N(8)-Cr(1 j-Cl(1) 
N(3)-Cr(l)-Cl(l) 


2.209(6) Cr(l)-N(3) 2.181 (6) 
2.144(7) 2.148 (6) 


2.357(3) 
Cr(1) - N(H) 


N(X)-Cr(1 j-N(3) X9.3 (3) 
84.4(2) N(X)-Cr(l)-N(l) 89.5(3) 


N(3)-Cr(l)-N( 1 j 101.4(2) R3.R(2j 
85.3(2)  N(S)-Cr(l)-Cl(l) 104.9 (2) 


130.8(2) N(l)-Cr(l)-Cl(l j 127.4 (2) 


169.8 (2) 


Table 2. Selected interatomic distances (A) and angles ( )  for [Tp'H"~YCCrCI] ( 2 ) .  
Primed atomlabels refer to the second independent molecule in the asymmetric unit .  


Cr-N(l)  2.145(6) Cr-N( la)  2.145(6) 
Cr-N(3) 2.026(8) Cr-CI 2.2 ' )7(3)  
Cr' - "1') 2.144(6) Cr'- N( la') 2.144(6) 
Cr'- N(3') 2.046(8) Cr'.- CI' 2.290(3) 


N(3)-Cr-N(1) 86.2(2)  N(3)-Cr-N(la) 86.2(2) 
N(1)-Cr-N(1a) 102.9 (3) N(3)-Cr-CI 156.3(2) 


N(3')-Cr'-N(l') 87.3 (2) N(3')-Cr'-N(la') 87.3 (2) 
N( l)-Cr-Cl 108.1 (2) N(la)-Cr-Cl 108.1 ( 2 )  


N(1')-Cr'-N( la') 101 .0 (3) N(3')-Cr'-CI' I 53.8 ( 3 )  
N (l')-Cr'-Cl' 108.8(2) N(1a')-Cr'-Cl' 108.8(2) 
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Compound 2 is indeed a four-coordinate molecule; it sits on 
a crystallographic mirror plane defined, inter a h ,  by the boron 
atom. the pyrazole containing N(3) and N(4), as well as the 
chromium atom and its chloride ligand. However, the structure 
also reveals a remarkable distortion from the expected C,, sym- 


metry. The chloride ligand is positioned 
far off thc threefold axis established by the 
Tp ligand (i.e., the B-Cr vector, E) with 
~ ( 2 )  = 31.8", and approximately truns to 


'Bu &iYjf" one of the pyrazole nitrogens (N(3)-Cr-C1, 
156.3(2)"). We have previously noted sim- 
ilar distortions in cobalt chemistry and 
traced their electronic origin with the help 
of EHMO and DFT calculations." 21 The 
apparent lack of any steric reasons for the 


distortion leaves us to assume an electronic driving force in this 
instance too; its recurrence in the corresponding organometallic 
derivatives (see below) establishes a consistent structural phe- 
nomenon. A detailed comparison of the structural parameters 
of 1 and 2 shows slightly shorter bonds overall in 2 (A(Cr-C1) 
0.02 A, A(Cr-NJ 0.06 A), as expected for a complex of lower 
coordination number. 


Attempts to use 2 and 1 as starting materials for the prcpara- 
tion of chromium alkyls were not successful. Reactions with 
lithium alkyls or Grignard reagents resulted in extensive decom- 
position and failed to produce isolable organometallic deriva- 
tives. Reasoning that a donor ligand might stabilize coordina- 
tively unsaturated alkyls, but that the active proton of the 
coordinated pyrazole would interfere with the formation of 
chromium -carbon bonds. we sought to prepare the analogous 
pyridine adduct. Addition of 2 equivalents of pyridine followed 
by 1 equivalent of CrC1, to a suspension of TpfBu,MeK in THF 
yielded a mixture of 1 and green [Tp'R"~MeCr(py)C1] (3)  in 15% 
and 65 % isolated yields, respectively. The two complexes were 
easily separated by means of their different solubilities. Interest- 
ingly, the presence of an excess of pyridine did not prevent the 
formation of pyrazole complex 1, and its persistence suggested 
that pyrazole is a better ligand for chromium than pyridine. 
Indeed, pure 3 reacted quantitatively with free 3-tert-butyl-S- 
rnethylpyrazole to form 1 and free pyridine. One reason for the 
greater stability of 1 may be the formation of a N - H . . . C l  
hydrogen bond, as indicated by a broad Y ~ - ~  at ~ 3 2 0 0  cm-I. 
Based on the similarity of their spectroscopic properties, we 
presume that the molecular structures of 3 and 1 are also closely 
related. 


Reactions of 3 with various Grignard reagents afforded a 
series of chromium alkyls of the general type [Tp'BU.MeCrR] in 
reasonable yields (54-67 %, see Scheme 1). These light bluc 
compounds were very air-sensitive, but thermally stable for pro- 
longed periods at ambient temperature. Two of the compounds, 
namely 4 and 5, were structurally charactcrized by X-ray diff- 
fraction; their molecular structures are depicted in Figures 3 
and 4, and selected interatomic distances and anglcs are listcd in 
'Tables 3 and 4. Both 4 and 5 are four-coordinate molecules; 
their structures are similar and related to that of 2. Specifically, 
they feature the same distortion from C,, symmetry toward a 
geometry that is best described as a "cis-divacant octahedron", 
that is, a structure derived from an octahedron by removal of 
two ligands cis to each other. However, for the organometallic 


Y 
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E 
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Figure 3. ORTEP diagram of [Tp'"","CCrEt] (4) showing the atom labeling scheme 
(thermal ellipsoids at 30% probability), The unnumbered pyrazolyl ring follows the 
same numbering pattern as the numbered ones. Hydrogen atoms are omitted for 
clarity. 


Figure 4. ORTEP diagram of [Tp"'".MeCrPh] (5) showing the atom labeling scheme 
(thermal ellipsoids at 30% probability). The unnumbered pyrazolyl ring followa the 
same numbering pattern as the numbered ones. Hydrogen atoms are omitted for 
clarity. 


Table 3. Selected interatomic distances (a) and angles ( )  for [Tp'B",M'CrEt] (4) 


Cr-N(I) 2.122 (4) Cr-N(3) 2.157 (4) 
Cr N(5) 2.1 53 (4) Cr-C(25) 2.111 ( 5 )  
C(25)-C(26) 1.531 (6) 


N(I)-Cr-N(3) 83.7(2) N( I)-Cr-N(S) 84.83 (14) 
N (5)-Cr-N (3) 107.4 (2) C(2S)-Cr-N(1) 168.8(2) 
C(25)-Cr-N(3 j 99.7 (2) C(25)-Cr-N(S) 104.1 (2) 
C(26)-C(25)-Cr 116.3 (3) 


'Fable 4 Selected interatomic distances (A) and angles ( - )  for [Tp'"",MrCrPh] ( 5 ) .  


Cr N(1) 2.1 28 (8) Cr-N(3) 2.124(8) 
Cr-N(S) 2.098 (71 Cr - C(30) 2.1 29 (5) 


N(3 j-Cr-N( 1 ) 107.5 (3) N(S)-Cr-N(I j 86.1 (3) 
N(5)-Cr-N(3) 85.1 (3) C(30)-Cr-N(1) 100.2(3) 
N(3)-Cr-C(30) 96.4(3) N(5)-Cr-C(30) 172.8 (3) 
C(29)-C(30)-Cr 124.8 (4) C(2S)-C(30)-Cr 115.2(4) 


derivatives the distortion is even more pronounced, as indicated 
by the deviation of the chromium-bound carbon atom from the 
B-Cr axis (44) = 44.2" and 4 5 )  = 49.2') and its near-perfect 
trans relationship to one of the pyrazolyl nitrogens (4: N(1)-Cr- 
C(25)  168.8(2)"; 5 :  N(5)-Cr-C(30) 172.8(3)"). Another notable 


1670 - CL WILEY-VCH Veilng GmbII. D-69451 Weinheim, 1997 0947-65~9iY710310-1670 S 1 1  SO+ 50'0 Cheni E m  J 1997, 3, No 10 







cis-Divacant Chromium(1r) Complexes 1668 - 1674 


feature is the absence of any indication of an agostic Cr-H-C 
interaction in these electronically unsaturated 12-electron com- 
plexes.[131 Thus, the ethyl ligand of 4 is actually turned away 
from the empty coordination sites of the metal, and the bond 
angle at the Ix-carbon (Cr-C(25)-C(26) 116.3 (3)") is larger than 
the tetrahedral value. All of these features leave the four-coordi- 
nate complexes poised, both electronically and sterically, to add 
another ligand. 


The two canonical structures of four-coordinate molecules 
are tetrahedral and square planar configurations. The cis-diva- 
cant octahedral geometry adopted by 4 and 5, and to a lesser 
degree by 2, is essentially unknown in transition-metal chem- 
istry,[l4I and an explanation for its occurrence in this particular 
instance is needed. While the majority of four-coordinate com- 
plexes of divalent chromium have square planar structures, that 
choice is obviously not available to tris(pyrazoly1)borate com- 
plexes, because of the tripod nature of the Tp ligand. However, 
a hypothetical tetrahedral complex with a high-spin d4 electron- 
ic configuration would be subject to a Jahn-Teller distortion. 
Even taking into account the trigonal distortion of an ideal 
tetrahedron into the C,, structure of a typical TpMX complex 
(the N-M-N angles are diminished from the tetrahedral value), 
which partially removes the degeneracy of the t ,  levels, would 
not suffice to remove the electronic degeneracy. Still searching 
for stabilization, the molecule must further lower its symmetry, 
and its only remaining choice is the movement of the fourth 
ligand off the threefold axis. 


An alternative rationalization can be given in terms of crystal 
field stabilization energies (CFSE). For a high-spin d4 complex 
both square planar and cis-divacant octahedral geometries 
provide more CFSE than the tetrahedral structure." However, 
as noted above, square planar coordination is not possible with 
the Tp ligand, thus leaving the observed structure as the most 
stable alternative. The energetic stabilization attendant upon 
moving the fourth ligand away from the threefold axis can also 
be traced in a Walsh diagram. We have carried out such an 
analysis (at the EHMO level) for the closely related TPCOI.['~] 
Population of the levels of this diagram with the appropriate 
number of electrons clearly shows the driving force for the dis- 
tortion observed for TpCrX. We conclude that a variety of the- 
oretical models of inorganic stereochemistry can be used to 
rationalize the unusual structural preference of this set of com- 
pounds. Whatever the cause, these complexes are uniquely suit- 
ed for our purpose, in that they are mononuclear, coordinatively 
unsaturated Cr" alkyls with an obvious site for coordination of 
another ligand (e.g. ethylene monomer). 


Physical Properties and Reactivity: Complexes 1-6 are light 
blue or green solids featuring one broad absorption in the 
visible region of the spectrum (Amax: 693-804 nm). They are 
paramagnetic, and their effective magnetic moments (pL,,,(RT) : 
4.7-5.2 pg) are consistent with the four unpaired electrons ex- 
pected of high-spin Cr". Likewise, 'HNMR spectra of these 
complexes exhibit broad and isotropically shifted resonances. 
However, for isostructural complexes the chemical shifts of the 
TpfBU%Me ligand remain roughly constant. For example, the 3- 
ievt-butyl groups of all the four-coordinate molecules resonate 
in the range 6 = 4.6-9.0, the 5-methyl substituents appear in the 
range 6 = 48.0-55.3, and the pyrazole hydrogens are found in 


the interval b = 12.0-18.4. The resonances of the alkyl ligands 
were only partially observable. Thus 6 exhibited a large peak at 
6 = - 1.5, which was assigned to the trimethylsilyl group. The 
relatively small intensities of the phenyl resonances of 5 made 
their unambiguous assignment in the 'H NMR spectrum diffi- 
cult. However, a 2H NMR spectrum of [D,]5, with all positions 
on the phenyl ligand deuterated, revealed three resonances at 
6 = -184 (ortho), 21 (meta),  and -103 (para) .  It has been 
noted that 'H NMR spectra of deuterium-labeled paramagnetic 
complexes exhibit significantly smaller linewidths than 
'H NMR spectra of unlabeled analogues.['61 This phenomenon. 
combined with the absence of interfering Tp ligand resonances 
from the 'H NMR spectrum, permitted the identification of all 
the phenyl resonances of 5. The assignments of the ortho and 
meta protons are based on the greater linewidth and isotropic 
shift of the resonance at 6 = -184, both of which are pre- 
sumably due to the closer proximity of the ortho protons to the 
metal-based unpaired spins. Furthermore, this particular as- 
signment is consistent with the characteristic alternation of up- 
field and downfield shifts exhibited by protons attached to an 
aromatic ring transmitting the Fermi contact shift by 71 spin 
density delocalization.[' 'I 


True to their nature as both Cr"compounds and metal alkyls, 
4-6 are very sensitive to air and moisture, decomposing rapidly 
on exposure to either. However, when protected from these 
agents, the complexes are stable for prolonged periods at ambi- 
ent temperature, both in the solid state and in solution. The 
coordinatively unsaturated nature of the four-coordinate metal 
alkyls leads to the ready addition of certain Lewis bases. For 
example, addition of one equivalent of pyridine to solutions of 
4-6 resulted in an immediate color change to red-brown, and 
standard workup yielded the corresponding pyridine adducts 
[Tp'B"*MeCr(py)R] (7, R = Et; 8, R = CH,SiMe,; 9, R = Ph) as 
brown solids in reasonable yields. Given the stability of these 
complexes, it might seem surprising that they are not formed 
during the alkylation of 3; however, we presume that the 
nascent magnesium halide (MgCI,) formed in this reaction ab- 
stracts the pyridine from the chromium and effectively removes 
it from solution. The 'H NMR spectra of 7-9 feature Tp-ligand 
resonances, which are similar to those of five-coordinate 1 and 
3 and significantly different from those of their precursors. 
From this observation and their chemical composition, we as- 
sume that the molecular structures of these base adducts are 
closely related to that of 1 (see Figure 1). 


A prime motivation for the preparation of the complexes 
described herein was the question as to whether coordinatively 
unsaturated chromium(r~) alkyls lacking any metal-metal inter- 
actions wouldpolymerize olefins. Therefore, the catalytic activity 
of 4-6 with respect to ethylene polymerization was tested. 
When a [D,]benzene solution of 4 at ambient temperature was 
exposed to an excess of ethylene (1 atm), no reaction was ob- 
served (no apparent precipitate of polyethylene). The 'H  NMR 
spectrum of the solution recorded after 30 min showed the un- 
perturbed resonances of 4 and free ethylene. Heating of the 
solution did not produce any polymer; however, spectroscopic 
monitoring revealed the onset of decomposition of 4. In an 
attempt to ascertain the effect of elevated ethylene pressure, 
pentane solutions of 4-6 (%0.02M) were placed in an autoclave 
and pressurized with ethylene to 35 atm. After 1 hour at room 
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temperature, thc autoclave was opened, but no polyethylene 
formation was observed. On the basis of these experiments, we 
can rule out any ethylene polymerization activity of 4---6 alone 
in homogeneous solution. 


We have previously shown that coordinatively unsaturated 
chromium(u1) alkyls containing the Cp*Cr moiety catalyze the 
polymerization of ethylene.r31 A direct comparison of the reac- 
tivity ofisostructural TpCr alkyls in the + I1 and t I11 oxidation 
states would be informative vis-ii-vis the rampant speculation 
regarding the valence state of catalyst active sites. For this rea- 
son, we attempted to oxidize complexes 4-6 to isostructural 
complexes of the type [Tp'B''2M"Cr"'R]+X-. For example, addi- 
tion of one equivalent of [Cp,Fe][BPh,] to a THF solution of 4 
resulted in a color change from blue to yellow. Extraction of thc 
solid residue with toluene effected the removal of Cp,Fe and left 
a blue solid. Recrystallization of the latter from THF/pentane 
gave blue crystals of [TplBU.MeCr(thf)][BPh4] (10) in good yield. 
Similar oxidation of 5 and 6 produced the same compound. 
Apparently the product of oxidation, [Tp'l*U,MCCrR]+, is not 
stable and decomposes by loss of the alkyl ligand. This result is 
somewhat surprising in light of the ready accessibility and sta- 
bility of a wide variety of Cp*Cr"' alkyls; however, for the time 
being we must  forgo an appraisal of the polymerization activity 
of trivalent chromium alkyls coordinated by Tp ligands. We are 
pursuing various avenues to stabilize TpIBU' MeCr alkyls in higher 
oxidation states. and the results of these experiments will be 
described in due course. 


Conclusions 


The use of a sterically hindered tris(pyrazoly1)borate ligand of 
Ihe "tetrahedral enforcer" variety has enabled the synthesis of 
coordinatively unsaturated chromium(r1) alkyls in a relatively 
hard coordination environmcnt. Despite their electron deficien- 
cy (1 2-electron configurations!) these molecules are unable to 
engage in metal-metal bonding. They adopt highly unusual 
"cis-divacant octahedral" structures, which leave open two co- 
ordination sites for binding of further ligands. The apparent 
stability of [Tp'"". MeCrEt] suggests that 8-hydrogen elimination 
is not a facile process in this system. Despite these auspicious 
features, the alkyls fail to catalyze the polymerization of 
ethylene. Thus they provide the strongest empirical evidence yet 
for our assertion that divalent chromium is not responsible for 
the activity of commercial olefin polymerization catalysts con- 
taining chromium. 


Experimental Section 


General Techniques: All manipulations of compounds were carried out by 
standard Schlenk. vacuum, and glove-box techniques. Pentane, diethyl ether. 
rctrahydrofuran and toluene were di~tilled from purple Na-hen~ophenone~ 
ketyl solutions. C,H,, C,D,, and [DJTHF were all predried with N a  and 
$tored under vacuum over Na!K alloy. Pyridinc was dried with CaH, and 
vacuum distilled onto 4 molecular sieves. CrCl, was purchased rrom 
Strem; Grignard rcagents wcre purchased from Aldrich and were titrated 
with diphenylacetic acid prior to use. Tp'B",MeK was prepared according to 
literature procedures."' CP grade ethylene was purified with a column of 
MnO and 4 A molecular sicves. 'H N M R  spectra were taken on Bruker 
AM250 or WM250 spectrometers. 'HNMR spectra were recorded on the 


Hruker WM250 spectrometer, with a 10 mm broad band probe tuned to the 
'H resonance frequency. FTIR spectra were recorded on a Mattson Alpha 
Centauri spectrometer with a resolution of 4 cm-'. Mass spectra were ob- 
tained by the University of Delaware Mass Spectrometry Facility. Elemental 
analyses were performed by Oneida Research Services, Whitesboro, N. Y 
13492. Note that the elemental analyses of these complexes frequently resnlt- 
ed in low and irreproducible nitrogen values, despite extensive purification 
and repeated analyses. This may be a result of formation of chromium nitride 
during the combustion; in any case, NMR spectroscopy served as a better 
indicator of sample purity. Room-temperature magnetic susceptibilities were 
determined with a Johnson Matthey Magnetic Susceptibility Balance, which 
utilizes a modification of the Gouy method. Molar magnetic susceptihilities 
were corrected for diamagnetism with Pascal's constants. 


~Tp'B"~MeCr(3-teut-butyl-5-methylpyrazole)CI] (1) and [Tp'B".M'CrClj (2): 
T P ' ~ " . ~ ' K  (330 mg, 0.714 mmol) was suspended in T H F  (25 mL). CrCl, 
(87 mg, 0.711 mmol) was added to the resulting solution with vigorous stir- 
ring. After 3 h the turquoise reaction mixture was filtered. The solvent was 
removed in vacuo. and the residue was dissolved in toluene. Insoluble solids 
were removed by filtration, and solvent evaporation yielded a blue residue 
which was extracted with 60 mL pentane. Filtration of the extracts yielded a 
blue solution and an insoluble pale green solid. Evaporation of the blue 
solution gave 91 mg (0.140 mmol, 20%) of sky-blue 1 after drying in vacuo. 
Recrystallization of 1 from pcntane gave crystals suitable for X-ray analysis. 
' H N M R  ([D,]ben/ene): 6 = - 23.0 (br, 1 H), -3.1 (br, 1 H ) ,  2.0 (br, 9H) .  
11.0 (br, 27H),  19.2 (br. 3H),  35.9 (br, 9H).  47.8 (br, 3H);  IR (KBr). 
i. = 3206 (m), 2960 (s), 2929 (s), 2866 (m), 2541 (m), 1557 (m). 1543 (s). 1272 
i s ) ,  1224(s), 1356(s), 1194(s), 1130(w), 1100(w), 1069(s), 785(s), 701 (m),  
644 (m), 519 (w), 501 (w). 445 (w), 419 (w)cm-'; MS: ni z (%) = 510 
(100.0), 123 (79.0). 511 (43.6), 512 (37.1), 509 (16.1); UV Vis (THF):  
iL =781 nm ( E  = 59M-.'cm-'); m.p. =187.5-189.0'C; pefr = 4 . 9 ~ "  
(293 K ) ;  C,,H,,BClCrN, (649.1): calcd C 59.21, H 8.39. N 17.26; found C 
59.82, H 7.52, N 12.42. Extraction of the pale green solid (see above) with 
diethyl ether, followed by filtration and solvent removal, gave a powder 
which was dried in vacuo to yield 384 mg (0.360 mmol, 51 %) of pale green 
2. Slow evaporation of diethyl ether froin solution gave crystals suitable for 
X-ray crystallographic analysis. 'H NMR ([DJbenzene): 6 = 56.21 (br, 9 H).  
12.02 (br, 3 H ) ,  14.4-3.5 (vbr, 27H); IR  (KBr): i. = 2960 (s), 2930 (s). 2907 
(s), 2867 (m). 2543 (m), 1541 (s), 1505 (m),  1471 (s), 1425 (s). 1382(m), 1362 
(~) ,1338(m),  1280(~) ,1240(m),1184(s) ,1123(w),  1103(w),1063(~) ,1028 
(m), 984 (m), 868 (w). 855 (w), 841 (w). 808 (m), 785 (s), 763 (m).  728 (w), 
680 (w), 666 (w). 643 (m), 520 (w), 445 (w) cm-'; MS: ni/z (%) = 123 (77.4), 
138 (14.1), 161 (10.7), 509 (15.4), 510 (100.0), 511 (38.7). 512 (42.5); UVlVis 
(Et,O): i = 817 nm ( 8  =162M-'cm-'); m.p. = 290'C; peii = 5.0(1)pB 
(293 K); C,,H,,BCICrN, (510.9): calcd C 56.42, H 7.89, N 16.45; found C 
57.27, H 1.94, N 14.14. 


[Tp"", MeCr(py)CI] (3) and [Tp'B"~MeCr(3-tBu-5-Me-pzH)Cl] (1) : TptB". M'K 
(3.24g. 7 mmol) was suspended in T H F  (100 mL). Pyridine (1.13 inL. 
14 mmol) followed by CrC1, (0.72 g, 5.85 mmol) was added to the stirred 
suspension. The grey suspension turned green after ca. 30 Inin. The mixture 
was stirred for 3 h at room temperature; the solvent was evaporated in vacuo 
and the solid residue was extracted twice with pentane (30 mL). Evaporation 
of the blue solution yielded a blue solid, which was recrystallized from pen- 
tane at - 30 "C. The crystallization yielded blue crystals of 1 :  yield: 0.649 g 
(1 5 O h ) .  After extraction with pentane the solid residue was extracted several 
timcs with ether (60 mL). Evaporation ofthe green solution and recrystalliza- 
tion from ether yielded green solid [Tp'"~"Tr(py)Cl] (3). Yield: 2.24 g 
(65%).  ' H N M R  ([DJTHF): 6 = - 39.8 (br, 1 H). 11.3 (br. 27H) .  16.3 (br. 
3H), 34.7 (br, 9H), 47.0 (br, 2H) ;  IR (KBr): i. = 2960 (s). 2929 (s), 2866 (s). 
2541 (m), 1604 (m), 1543 (s), 1472 (s), 1356 (s), 1331 (s), 3224 (m). 1194 (s) ,  
1069 (s). 1016 (m), 855 (w), 785 (w). 701 (m). 644(m)cm ': MS: nr,r 


1JV:Vis (THF):  804nm ( i :  = 7 0 ~ - ' c m - ' ) ;  m.p. = 283 C:  pcfr=  5.2h1, 
(293 K); C2,H,,BCICrN, (590.0): calcd C 59.04. H 7.69, N 16.62. found C 
58.61, H 7.47, N 16.30. 


= 510 (100.0). 511 (45.8), 512 (41.4), 79 (27.0), 509 (25.1). 52 (14.3). 


Hydrotris(3-tert-butyl-5-methylpyrazolyl)bora toethylchromium(~~) 
([Tp'B",MeCrEtl, 4): [Tp'""."'CrCl(py)] (0.500 g, 0.85 mmol) was dissolvcd in 
ether (50 mL) and the solution was cooled to -30'C. 0.425 mL oi'a solution 
of C,H,MgCl in Et,O ( 2 . 0 ~ ,  0.85 mmol) was added dropwise to the cooled 
solution. The solution changed color to blue immediately and a white solid 


3612 ~ ( WILbY-VCH Verldg GmhH, D-69451 Weinhelm, 1997 0947-6539 97,0310-1672 S 17 50+ 50/0 C h n n  Eur J 1997.3. No 10 







1668 - 1674 &-Divacant Chromium(I1) Complexes 


precipitated. The solvent was removed in vacuo and the solid residue was 
extracted three times with pentaiie (20 mL). The blue solution was evaporat- 
ed and the blue solid recrystallized from pentane at - 30 "C to yield blue 
crystals of [Tp'B".MeCrC,H5]; yield: 0.287 g (67%). 'H  NMR ([D,]benzene): 
6 = 4.7(br, 27H), 18.3 (br, 3H) ,  50.1 (br, 9H);  IR (KBr): C = 2951 (s). 2865 
(s), 2541 (m), 1541 (s), 1472 (m), 1430 (s), 1359 (s), 1241 (m), 1181 (s), 1060 
(s), 1022 (m), 985 (m), 785 (s), 645 (s), 446 (m) cm-I;  MS: m/z (%) =123 
(100.0), 287 (76.31, 95 (30.4), 475 (19.6), 424 (15.5); UV/Vis (THF): 
;, =707nm (F. = 1 4 0 ~ - '  cm I ) ;  m.p. =126"C (decomp); pCfi = 5 . 0 ~ ~  
(293 K); C,,H,,BCrN, (504.5): calcd C 61.90, H 8.99, N 16.66; found C 
61.93, H 8.64. N 16.53. 


Hydrotris(3-t~~r-butyl-S-methylpyra~olyl)boratophenylchromium(11) 
((Tp'uU~MeCrPhJ, 5 ) :  [Tp'"Y~"rCrCl(py)] (0.500 g. 0.85 mmol) was dissolved in 
ether (50 mL). The solution was cooled to -30 "C. 0.28 mL of a solution of 
C,H,MgBr in Et,O ( 3 . 0 ~ ,  0.85 mmol) was added dropwise to the cooled 
solution. The solution immediately changed color to blue and a white solid 
precipitated. The solvent was removed in vacuo and the solid residue was 
extracted three times with pentane (20 mL). The blue solution was evaporat- 
ed and the blue solid recrystallized from pentane at -30'C to yield blue 
crystals of (Tp'B".MeCrPh]; yield: 0.310 g (66%). 'HNMR ([D,]henzene): 
b = -102.2 (br, 1 H), 7.4 (br, 27H). 18.7 (br, SH), 52.9 (br, 9H);  IR (KBr): 
i = 3040 (m), 2960 (s), 2864 (s), 2538 (s), 1540 (s), 1470 (s), 1430 (s), 1360 
(s), 1241 (m), 1184 (s). 1119 (m), 1060 (s), 985 (m), 785 (s), 702 (s), 
651 (s) cm- ' ;  MS: nz/z (%) = 474 (100.0), 475 (79.2). 473 (37.9), 337 (31.1), 
552 (26.7); UV/Vis (THF): 1 = 692 nm (t: = 1 3 0 ~ -  cm-'); m.p. =192"C; 
peri = 4 . 9 ~ "  (293 K); C3,H,,BCrN6 (552.5): C 65.21, H 8.21, N 15.21; 
found C 64.89, H 8.26, N 14.45. 


Hydrotris(3-tert-butyl-S-methylpyrazolyl)borato-[D~~phenylchromium(11) 
([Tp'B".M'CrC,D,I, [D,IS): [TprB".M'CrCl(py)] (0.500 g, 0.85 mmol) was dis- 
solved in ether (50 mL) and the solution was cooled to -30 'C. A solution of 
C,D,MgBr in Et,O (1.70 mL, 0 . 5 ~ .  0.85 mmol) was added dropwise to the 
cooled solution. The solution changed color to blue immediately and a white 
solid precipitated. The solvent was removed in vacuo and the solid residue 
was extracted three times with pentane (20 mL). The blue solution was evap- 
orated and the blue solid recrystallized from pentane at - 30 "C to yield blue 
crystals of [Tp'B"Y.MeCrC,D,]; yield: 0.320 g (67%). ' H N M R  ([D,]benzene): 
6 = 4.0 (br, 27H), 18.4 (br, 3H), 52.4 (br, 9H); 'HNMR (C,H,): 
S = -183.8 (br, 2H),  -102.9 (br, l H ) ,  21.0 (br, 2H); IR (KBr): i = 2960 
(s), 2864 (s), 2538 (m), 2254 (m), 1540 (s), 1469 (s), 1431 (s), 1360 (s), 1241 
(m), 1192 (s), 1119 (m), 1060 (s), 1029 (m), 985 (m), 792 (s), 639 (m), 
535 (m) cm- ' ;  MS: nz/z (YO) = 474 (100.0), 475 (72.3), 169 (56.9), 83 (56.6), 
123 (32.2). 


Hydrotris(3-tert-butyl-S-methylpyrazolyl)boratotrimethylsilylmethyl- 
chromium(n) ([Tp'B".M'CrCH,SiMe,] (6): [Tp'"". MeCrCl(py)] (0.500 g, 
0.85 mmol) was dissolved in ether (50 mL) and the solution was cooled to 
-30'C. A solution of (CH,),SICH,M&CI in Et,O (0.85 mL, 1 . 0 ~ ,  
0.85 mmol) was added dropwise to the cooled solution. The solution changed 
color to blue-green after 5 min and a white solid precipitated. The solvent was 
removed in vacuo, and the solid residue was extracted three times with 
pentane (20 mL). The blue solution was evaporated and the blue-green solid 
recrystallized from pentane at -30-C to yield blue-green crystals of 
[Tp'a""~MeCrCH,SiMe3]; yield: 0.258 g (54%). 'H NMR ([D,]benzene): 
6 = -1.5 (br, 9 H ) ,  4.6 (br, 27H), 15.4 (br, 3H), 48.0 (br, 9H); IR (KBr): 
3 = 2959 (s), 2864 (s), 2545 (m), 1540 (s), 1459 (m), 1457 (s), 1361 (m), 1247 
(m), 1241 (w), 1194 (s), 1061 (in), 1029 (w), 985 (w), 858 (m), 784 (m), 
734 (w) cm-'; MS: m/z (%) =73 (100.0), 475 (88.2), 123 (50.0), 476 (40.6), 
474 (40.0); UV/Vis (THF):  ;. =752nm (c =164Mvr-'cm-'); m.p. =I31 "C 
(decomp); per, = 4.6 pB (293 K); C,,H,,BCrN,Si (562.7): calcd C 59.77, H 
9.14, N 14.94; found C 58.56, H 8.82, N 14.46. 


Hydrotris(3-~err-butyl-S-methylpyrazolyl)boratoethylpy~idinechromium(11) 
([Tp''".MeCr(py)Etl, 7): Pyridine (6.1 pL, 0.076 mmol) was added to a solu- 
tion of [Tp'"U,MeCrEt] (0.038 g, 0.076 mmol) in pentane (10 mL). The solution 
immediately turned brown. Evaporation of solvent and rccrystallization of 
the solid residue from pentane gave orange-brown crystals of 
[Tp'B",M'Cr(py)Et] in 61 % yield (0.027 mg). ' H  NMR ([D,]benzene: 
b = - 44.0 (br. 1 H), 1.0 (br. 2H),  6.8 (br, 27H), 12.4 (br, 3 H) ,  34.5 (br, 9H);  
IR (KBr): = 3111 (w), 2957 (s), 2982 (s), 2459 (m), 2279 (w), 1604 (m), 
1543 (s), 1475 (s), 1431 (s), 1359 (s), 1194 (s), 1072 (s), 975 (m), 924 (w). 


845 (w), 782 (s), 700 (s), 633 (m). 547 (w). 517 (m). 4 4 7 ( w ) c m ~  I :  MS.  
n?/z (%) = 476 (22.3), 475 (36.4). 123 (100.0), 79 (46.6). 52 (3X.5). 


Hydrotris(3-tcrt-hu tyl-S-methylpyrazolyI)boratophenylpyridinechromium( 11) 


([Tp'B",M'Cr(py)Phl, 8): To a solution of [TpCH"."'CrPh] (0.050 g. 0.091 mmol) 
in 10mL pentane was added pyridine (7.3 pL, 0.093 mmol). The solution 
immediately turned brown. Evaporation of solvent atid recrystallizution 
of the solid residue from pentane gave orange-brown crystals of 
[Tp'B"~M'Cr(py)Ph] in 49% yield (0.028 g). ' H N M R  ([D,]henzene: d = 
- 8 6 . 5 ( b r , l H ) ,  -2 .0(br ,2H),9.7(hr ,27H),13.1 (br ,3H).37,9(hr ,9H):  
IR (KBr): i; = 3375 (w). 3033 (m), 2958 (s),  2905 (s), 2864 (ni). 2541 (in). 


2511 (m), 1602 (in), 1542 (s), 1506 (m), 1467 (m), 1443 (s), 1422 (s). 1354 (s ) .  
1239 (in). 1194 (s), 1069 (s), 1025 (w). 979 (m), 840 ( w ) ,  784 (s). 702 (in). 644 
(m). 518 (w), 457(w)cni- ' ;  MS:  mlz (%) = 475 (100.0). 181 (51.8). 169 
(81.9), 79 (61.3). 


Hydrotris(3-trrt-butyl-S-methylpyrazolyl)boratotrimethylsilylmetl1ylpyridine- 
chromium(1r) ([Tp'uU.McCr(py)CHZSiMe,l, 9): Pyridinc (5.4 pL, 0.067 mmol) 
was added to a solution of [Tp'H".M'CrCH,SiMe,] (0.038 g, 0.068 mmol) in 
pentane (1  0 mL). The solution immediately turned brown. Evaporation of' 
solvent and recrystallization of the solid residue from pentanc gave red-brown 
crystals of [Tp*B"~M'Cr(py)CH,SiMe,] in 35% yield (0.015 mg). ' H  NMR 
([D,]benzene:6 = -1 .O(br ,9H),9.0(br ,27H),  10.5(br. lH).34,2(br , . iH).  
44.5 (br, 9H) ,  48.0 (hr, 2H); IR (KBr): i = 3110 (w). 2958 (s). 2906 (s), 2865 
(m), 2548 (w). 2462 (m), 1604 (m), 1544 (s), 1480 (s), 1444 (s ) ,  1424 (s), 1358 
(s), 1238 (m), 1196 (s). 1071 (s), 1027 (m), 987 (m), 906 (w), 854 (s). 795 (s), 
72X (m), 701 (s). 674 (m), 633 (m). 519 (w), 434(w)cm-': MS: 
m/z (YO) = 475 (15.2), 138 (10.7). 123 (42.3). 79 (70.5). 73 (100.0). 


Hydrotris(3-tert-butyl-5-methylpyrazolyl)boratotetrahydrofuranchromium(11) 
tetraphenylborate ([Tp'B",M'Cr(thf)l[BPh~l, 10): [Tp"'".MrCrEt] (200 mg, 
0.397 mmol) and [Cp,Fe][BPh,] (176 nig, 0.349 mniol) were placed in a flask, 
to which THF (10 mL), which had been cooled to -3O'C, was added. The 


tirred for 20 min, while its color changed from green-blue to 
dark yellow. The T H F  was removed in vacuo and the solid rcsidue washed 
several times with toluene until the washings remained colorless. The blue 
solid was recrystallized from THF/pentane at - 30 "C .  It yielded 202 mg 
(72%) of [Tp'B"~M'Cr(thf)][BPh,]. 'HNMR ([D,]THF): S =7.7. 7.1 (20H). 
13.3(br,27H),38.4(br,9H);IR(KBr):i = 3121 (w) ,3052(~) ,3037(~) ,2954 
(s), 2865 (s), 2804 (s), 2543 (m). 1579 (s), 1540 (s), 1475 (s), 1426 (s), 1363 
(s), 1240 (m), 1178 (s), 1061 (s), 1031 (s), 920 (m), 791 (s). 704 (s), 640 (s),  
612 (s). 522 (in). 477 (m)cni- I ;  UV;'Vis (THF): i. = 698 um 
( E  = 25.4h{-'cm- I ) ;  m.p. = 183 LC:; /Leir  = 5.2 pB (293 K) ;  C,,H,,B,CrN,O 
(866.8): calcd C 72.06. H 7.91, N 9.70; found C: 71.62, H 7.98, N 9.69. 


Crystallographic Structure Determinations: Crystal. data collection, and re- 
finement parameters are given in Table 5. Suitable crystals for single-crystal 
X-ray diffraction were selected and mounted in nitrogen-flushed. thin-walled 
capillaries, which were flame-sealed. All specimens of these coinpounds 
diffracted weakly and broadly. The unit-cell parainetcrs were obtained 
by the. Icast-squares refinement of the angular settings of 24 reflections 
(20- 1 2 0 1 2 5 " ) .  N o  evidence of symmetry higher than triclinic was observed 
in either the photographic or the diffraction data for 1.4. aiid 5 ;  photographic 
data indicated a monoclinic crystal system for 2, and the systematic absences 
in the diffraction data indicated the space groups P2,  or P2,)'nl. The presence 
of a molecular mirror plane and the value of Z in 2, along with the E-statistics. 
suggested the centrosymmetric space-group options for all four structures. 
The refinement produced chemically reasonable and computationally stable 
results of refinement. The structures were solved by direct methods. coinplet- 
ed by subsequent difference Fourier syntheses and refined by full-matrix 
least-squares procedures. No absorption corrections were rcquired becansc 
there was i 10% variation in the integrated intensities of the $-scans. The 
four /ert-butyl groups on the pyrazolyl ligands of 1 were fixed as rigid tetra- 
hedra with a common carbon-carbon bond distance. Complex 2 contains 
two independent but chemically equivalent molecules, each located on :I 
mirror plane. Complex 5 contains one half of an inversionally disordered 
molecule of pentane in the asymmetric unit at approximately 80 YO occupan- 
cy. The phenyl ring in 4 was fixed rigid planar proup to conserve data. 
The carbon atoms of the phenyl ring and the solvent molecule i n  5 were 
refined isotropically. All other noii-hydrogen atoms were refined with an- 
isotropic displacement parameters. Hydrogen atoms were treated as idealized 
contributions, except for those on the disordered solvent molecule in 5 ,  which 
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Table 5. Crystallographic data for lTp'R".M'Cr(3-~Bu-5-MepzH)Cl] ( I ) ,  [Tp*""~"'CrCl] (Z), [Tp'"",M'CrEt] (4). and [Tp'"".MCCrPh].O 4C,H,, (5). 


1 2 4 5 


crystal parameters 


forin ula 
.w. 
crystal system 
space group 
11 (A) 
h (A, 
1 (A) 
7 (3 
P I  1 
i o  
I , i .A>)  
z 
crystal dimensions (mm) 
crystal color. habit 
/ ' ir lrd.  (gcm-3) 
/i(MoKI). (cm-') 
T ( K )  


data collection 
radiation 
?. U scan range (") 
retl. collected 
indep. refl. 
indep obs. rcfl 
6 , 2 4 4 k j  


relinement [a] 


R ( F )  i%) 
R ( L l P )  (V") 
V<V 'Y, 


C,,H,,BCICrN, 
685.12 
triclinic 


11.895 (3) 
13.815(4) 
13.803 (4) 
76.05(2) 
88.16 (2) 
66.22 ( 2 )  
2009 (1) 
2 
0.42 x 0.33 x 0.26 
blue plate 
1.133 
3.84 
255(2) 


P i  


Mo,, i = 0 71073 A) 
4 0-45 0 
5505 
5245 
3742 


10.68 
28.41 
9.62 


C,,H,,,BCICrN, 
1021.76 
monoclinic 
P2,lni 
9.614(3) 
17.410(4) 
17.400 (4) 


101.91(2) 


2850(1) 
4 
0.51 x 0.27 x 0.22 
pale blue block 
1.191 
5.17 
298 (2) 


4.0-48.0 
4200 
4055 
2067 


7.72 
11.98 
6.17 


CzJhsBCrN, 
504.49 
triclinic 


11.327 (4) 
1 1.632 (4) 
12.799(5) 
65.70(3) 


87.06 ( 3 )  
1468.2(9) 
2 
0.25 x 0.22 x 0.12 
blue block 
1.141 
4.13 


P i  


73.35 ( 3 )  


232(2) 


4.0-45.0 
3805 
3620 
2556 


6.09 
I2.0X 
8.32 


C,,H,,BCrN,.O 4C,H,, 
581.39 
triclinic 
p i  
11.458(5) 
11.949 ( 5 )  
13.372 (5) 
98.62(3) 
107.33(3) 


1712(1) 
2 
0.40 x 0.22 x 0.09 
blue plate 
1.128 
3.63 
225(2) 


94.75(3) 


4 0-42.0 
391 6 
3715 
1642 


8.15 
16.54 
5.27 


werc ignored. All software and sources of the scattering factors are contained 
in the SHELXTL (5.3) prograin library (G. Sheldrick, Siemens XRD, 
Madison. WI). 
Crystallographic data (excluding structure factors) for the structures reported 
in this paper have been deposited with the Cambridge Crystallographic Data 
Centre as supplementary publication no. CCDC-100143. Copies of the data 
can be obtained free of charge on application to The Director, CCDC, 
12 Union Road, Cambridge, CB2 IEZ. UK (Fax: Int. code + (1223) 336-033; 
e-mail: deposit@ chenicrys.cam.ac.uk) 
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Tetracenomycin M, a Novel Genetically Engineered Tetracenom ycin Resulting 
from a Combination of Mithramycin and Tetracenomycin Biosynthetic Genes 


Eva Kiinzel, Sven-Eric Wohlert, Claus Beninga, Sabine Haag, 
Heinrich Decker, C. Richard Hutchinson, Gloria Blanco, 
Carmen Mendez, Jose A. Salas, and Jiirgen Rohr* 


Abstract: The hybrid strain Streptomyces 
glaucescens Tii49 (pGB 7) contains re- 
combined genes of the tetracenomycin C 
(4) and the mithramycin (6) biosynthesis 
cluster. It was designed by the trans- 
formation of plasmid pGB7 into the 
tetracenomycin producer Streptomyces 
glaucescens TU49. Phsmid pGB7 carries 
the minimal polyketide synthase (PKS) 
genes of mithramycin biosynthesis 
(mtmP, mtmK, mtmS) along with its up- 
stream (mtmX, which encodes a gene 
product of unknown function) and down- 
stream flanking genes (the ketoreductase- 
coding mtrnTl and fragments of mtmO I, 
which encodes an oxygenase). It was as- 
sumed that early intermediates of the well- 
known biosynthesis of 4, such as tetra- 


cenomycin F, (3) or very similar mole- 
cules, are likely to also serve as intermedi- 
ates of the biosynthesis of aureolic acid 
antibiotics, such as 6 .  Thus, the enzymes 
of both parent biosynthetic pathways 
should be able to  act on such intermcdi- 
ates, and several hybrid molecules were 
expected. Although the experiment result- 
ed in new products, only the novel hybrid 
natural product tetracenomycin M ( l ) ,  
whose constitution was determined un- 
ambigously by spectroscopic methods, 


Keywords 
antibiotics biosynthesis * gene 
technology polyketides - tetra- 
cenomycins 


Introduction 


The recently introduced term “combinatorial biosynthesis” 
refers to the design of novel hybrid or  “unnatural” natural 
products by the manipulation of biosynthetic genes, mostly 
those for polyketides.”] It is expected that combinatorial 
biosynthesis can be used as a strategy to produce batteries of 
novel natural products, and thus serve as an alternative method 
of generating molecular diversity. 
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Departamento de Biologia Funcionil, Universidad de Oviedo 
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was obtained in larger amounts. The for- 
mation of 1 can be explained, if a combi- 
nation of enzymes of both parent biosyn- 
thetic pathways is taken into consider- 
ation. When plasmid pGB7 is trans- 
formed into Streptomyces 1ividm.s TK 21, 
that is, a strain which does not produce 
any secondary metabolites under our lab- 
oratory conditions, the production of 
SEK 15 (2) is observed. The latter is well 
known as the product of the minimal PKS 
of decaketides, and its exclusive produc- 
tion indicates that the aureolic acid antibi- 
otics are constructed via a single decake- 
tide chain and that the enzyme products 
of the flanking genes mtmX, mtmT1, and 
mtmO1 cannot contribute in this second 
experiment. 


In our studies of combinatorial biosynthesis and the design of 
novel polyketide antibiotics,[” we have combined larger. multi- 
functional biosynthetic gene fragments[’] from a foreign polyke- 
tide producer with the biosynthetic genes of a host strain, prefer- 
ably one of our well-studied wild-type strains. Other strategies 
are defined gene disruption and recombination experiments.[31 
We have already reported that the combination of tetraceno- 
mycin or elloramycin genes with those of the urdamycin produc- 
er Streptomyces,fiudiae (the host strain) resulted in the produc- 
tion of two novel tetracenomycin-type antibiotics.[’”] Hcre we 
describe another novel genetically engineered tetracenomycin, 
tetracenoniycin M ( I ) ,  which resulted from the combination of 
selected genes from the mithramycin producer S. argi//aceus 
with those of the tetracenoniycin C producer S .  glauccwcm 
Tu49. 


Results and Discussion 


The hybrid strain S. glaucescens Tii 49 (pGB 7) was gencrated 
by heterologous expression of a 5.5 kb XhoI fragment from 
the cluster of mithramycin-production genes, cloned from 
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S. t~rgi l luceus,~~"~ in the tetracenomycin producer S. glaucescens 
Tu49. This fragment was subcloned into the SulI site of pUC 19 
and then transferrcd as a Hind111 - Eco RI fragment into the 
same restriction sites of the bifunctional (Streptomyces- Es- 
chcrichiu coli) plasmid pWHM 3.[4h1 The resulting construction 
(pGB7) was introduced into S. 1ividan.s TK21 and S. g1auce.s- 
cens Tii49 by protoplast transformation. The Xlio I fragment of 
S. ~rgillacrus~~"~ contains mainly the minimal polyketide syn- 
thase (PKS) genes, which comprise the ketosynthase/acyltrans- 
ferase (KS/A?; nifmP), the chain-length factor (CLF, mtmK), 
and the acyl carrier protein (ACP, mtmS).  Upstream of this 
minimal PKS is another gene (mtmX) that encodes an enzyme 
of unknown f u n d o n ,  and downstream of the ACP are mtmT1 
and an incomplcte gene (mtmO I ) ,  which encode a ketoreduc- 
tase and an oxygenase, respectively (Scheme 1 )  When pGB 7 
was introduced into S. liisiduns TK21 , I 5 ]  the decaketide 
SEK 15[61 (2) was produced in high yields (ca. 50 mg L- I ) .  This 
result confirms['] our earlier hypothesisL8] that aureolic acid 
antibiotics such as mithramycin (6) or chromomycin are biosyn- 
thesized via a single decaketide chain, and not via two or more 
ketide chains.['] Therefore, we assume that production of 
SEK 15 (2) in S. lividuns TK21 (pGB7) resulted only from the 
expression of the rntm PKS genes, and that mtmX', mtrnTl, and 
mirnOi did not contribute to this result. An additional experi- 
ment in which S. lividans TK21 was transformed with the the 
same nitin gene set as in pGB 7, but with the omission of mtmX, 
also resulted in the production of SEK 15 (2). 


Abstract in German: Der Hybridstamm Streptomyces gluuces- 
cens Tii49 (pGB7) enthult rekomhinunte Gene uus dem Tetruce- 
nonzycin-C(4)- und d(>m Mithramycin (6) -Biosynthesegencluster. 
Er w r d e  dwch Punsformation von PlasmidpGB 7 in den Tefra- 
cenomycinproduzentt~n Streptomyces gluucesrens Tii 49 herge- 
.sfellt. Plusmid pCB 7 enthalt die Minimal-Polyketidsyntlzu- 
se(PKS)-Gene der Mifhrumycin-Bios~nthese (mtniP, nitmK, 
nitmS) , die stromuufwarts durch mtmX, dus ein Enzym unhe- 
kunnter Funktion codiert, und .stromubwuris duurch mtm T i  sowie 
einen Grojlteil von mtmOl ,flunkiert sind. Die letztgenunnten Gene 
coriieren eine KtJtorcduktuse hzw. eine Oxygenuse. Es wurde ver- 
niutei, duJ friihe Intermediate der gut untersuchten Biosynthese 
von 4 ,  z .  B. Tetracmotnycin F, (3j oder iihnliclze Verbindungen, 
such u1,~ Intermodiute der Biosjntlzese lion Aureolsuure- Antihioti- 
rri wie 6 tine Rolle .spielen. Duher sollten die Enzyme heider El- 
tprnhios),ntlir.rpwegt. .solehe Infermediate umsetzen konnen und zu 
etliclien Hyhridprodukten fiihren. Tutsiichlich lieerte das Experi- 
nzen f n ~ u r  Prou'uh-re, uher nur eines in groberer Ausheute: den 
neuen Hybridnuturstof Ti~tracenomycin M ( I ) ,  dessen Konstitu- 
tion .vpektro.skopisclz zwe(felsjrei uu/gekkirf wurde. Die Bildurig 
voti I kunn mit der Kombination von Enzymen hcider Elternbio- 
sjmtliesen erklurt werrlen. Wenn Plusmid pGB 7 in Streptonijw?.v 
lii*irluris T K 2 l  trans#brmiert wird, d. h. in einen Stanini, der unter 
Laborhedingungcn geuiilvdich keine Sekun~lurmrtuholite prorlu- 
sicw, entsteht SEK 1.5 2 ,  ein hekanntes Produkt der Minimal-PKS 
von Decuketidtw . Duruus l@t sirh schlieben, duJ Aureolsuure- 
A ri t ibio ticu nur ii her cine Decaket idket te biosynthet isiert werrfen 
itnd dub in diesem zweiien Experiment die Enzyme derJlankieren- 
d m  Gene mtmX,  intmT I und mtmO/ keinen Beitrug leisten. 


minimal PKS - 
@I I I N ! f l i B  1 tcm 


Xho I Xho I 


Streptomyces glaucescens TU 49 Streptomyces Nvidans TK21 


II 
= Streptomyces glaucescens TU 49 (pGB7) = Streptomyces llvldans TK21 (pGB7) 


Ketosynthase (KS) AcylCoA Synthase (AS) Methyltransferase (MT) 


0 Acyltransferase (AT) Cyclase (CYC) - 
1 kB 


Ketoreductase (KR) 
;h;$ Length Factor 


ACYI Carrier Protein (ACP) Wgenase (OX) 


Scheme 1 .  Parts of the  iiiithramycin (mtin) biosyntheticgenecluster. Plasinid pBG7 
containtng the nztmXPKSTIOf genes from the mithramycin producer S. ur,yi/lucrus 
was transformed into S. lividans and S.  glaucescmr. The former experiment caused 
the production of S E K I S  (2), and the lalter the production of the new hybrid 
antibiotic tetracenomycin M (1). The complete biosynthetic gene cluster of tetra- 
cenomycin C ( 4 )  biosynthesis (tcm) is shown for comparison and for the sake of 
clarity (see text). 


Since we have proposed that the biosynthesis of the aureolic 
acid antibiotics involves the same or similar intermediates as 
found for the biosynthesis of tetracenomycin C (4),[", ''1 one 
might expect to observe an effect of the mtmX, nztmTi ,  or 
nitmO / genes on the intermediates of tetracenomycin C biosyn- 
thesis upon introduction of pGB7 into S. gluucescens Tu49. 
Furthermore, the TcmJ and TcmN cyclases" la]  could prevent 
the formation of SEK 15 (2). 


Indeed, fermentation of the hybrid strain S. gluucescens Tu49 
(pGB 7) yielded a new orange compound in large amounts. This 
compound is not produced by either of the parent bacterial 
strains S. urgilluceus and S. glaucescens Tii 49, as was shown by 
careful TLC and HPLC analysis. Additional minor new prod- 
ucts were not further analyzed, owing to their low yields. The 
molecular formula C,,H,,O, of the new orange compound was 
confirmed by FAB ( [M ' ]  peak)and EI ([M' - H] peak) mass 
spectra. The N M R  spectra (Table 1) showed all the expccted 
signals, for example, three aromatic signals (a singlet at 
6 =7.35; two doublets a t  6 = 6.57 and 7.08, with the typical 
nietu coupling constant of 2.5 Hz), the CH,-CH-CH, fragment 
of ring D (H,H COSY experiment), and all five O H  signals. Two 
of the latter appear in the offset region, an indication of hydro- 
gen bonding to an adjacent carbonyl group. The I3C NMR 
spectrum shows signals for all 19 carbon atoms: one CH,, two 
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Tetracenomycin M 1675 - 1678 


Table 1. ' H  and I3C NMR data (B, =7.05 T) of tetracenomycin M 
(1) (6 in ppm relative to  internal TMS, multiplicities of the I3C NMR 
spectra from the APT (attached proton test) experiment, [DJDMSO). 


~ ~ ~~~ ~ 


Position I3C signal [a] 'H signal [b] ( J  in Hz) 


1 
2 
3 
4 
4 a  
5 
5a 
6 
6a  
7 
8 
9 


10 
10-CHI 
10a 
11 
1 la  
12 
1 2 a  


164.4, s - 


108.0, d 
165.9, s - 


10X.8, d 
135.0. s - 


181 1 ,s  
130.8, s -- 
120.4, d 
145.0. s 
40.7, t 
62.1, d 
49.4, t 
70.5, s 
29.2, q 


6.57, d (2.5), 1 H 


7.08, d (2 .5 ) .  1 H 


7.35, s, 1 H 


2.63, dd (16, 9) .  1H;  3.02, dd (16, 4), 1 H 
3.97 m, 1 H 
1.71,d (13). 1H [c]; 2.06, d (13), 1H 


1.72, s, 3 H 
136.3, s ~ 


161.6, s - 


113.3, s 
1X9.8, s - 
108.9, s - 


[a] The carbons were further assigned from the long-range C,H cou- 
plings (HMBC spectrum, see Figure 1). [b] OH signals: 4.10,4.85 ( 2 ) ,  
12.00, 13.10; all broad singlets, exchangeable by D,O. [c] Partially 
obscured. 


CH,, one aliphatic CH, three aromatic CH, and 
twelve quarternary, including the typical quinone car- 
bonyls (6 = 181.1 and 189.8, the latter chelated) of the 
anthraquinone chroniophore, the presence of which is 
also indicated by the UV/Vis spectrum.["' These 
structural elements were combined unambigously to  
give formula 1 by means of the observed long-range 
C-H couplings in the HMBC spectrum (Figure 1). 


10 Acetate 


Gene Products of 


S. gkucescens H3co%0cH3 Tii49 HO 


0, 
4 


COOCH, COOH - HO 
0 0 HO CH, 


3 4 


Gene Product of D fm S. glaucescens Tu49 (pGB7) 


1 


HO HO HOHO CH, 


and 


\ , S. argillaceus 


1 ,B,B-Anthraquinone Chromophore 
from the UVNlS and 13C NMR Data 


n Correlations obsetved in the H,H-COSY spectrum 
Correlations obsetved in the HMBC spectrum 


Figure 1 Structure elucidation of tetracenomycin M (1): observed direct H-H 
couplings (H,H COSY) and "Jc,ii long-range couplings (HMBC) in the N M R  spec- 
tra. The 1.3.8-trihydroxyanthraquinone chromophore (rings A-C) fallows from 
the "C NMR data and the UV/Vis spectrum. 


The formation of tetracenomycin M (1) can be explained as 
the result of mixing of the two parent biosynthetic pathways by 
heterologous expression of pCB 7 into the tetracenoinycin C 
producer S. glmcescens Tu49 (Scheme 2). Tetracenomycin F, 
(3),['Oa1 the product of the tern PKS, may also be a n  intermediate 
in the biosynthesis of mithramycin (6) and, therefore, a sub- 
strate of the enzymes produced by the mtinX and/or nitrnTl 
genes. The two biosynthetic pathways may branch at  the point 


OH 6 
Scheme 2 .  Possible hiosynthetic sequence leading to mithramycin (6) via the intermediates tetra- 
cenomycin F, (3) and 5. Thus, the formation of the hybrid antibiotic tetr;icenomyon M ( I ) .  
produced only by thc recombinant strain S.  glaucescens TU49 (pGB7). may result from thc 
combination oT genes of the tetracenomycin (tcni) and those from the mithramycin (mrrw) biosyn- 
thesis. The structure of tetracenomycin M (1) gives evidence for intermediate 5 in mithramycin 
biosyntheris as well as Tor the function of the mtmXgene product. 


of closure of the fourth ring: in the biosynthesis of tetraceno- 
mycin C (4), this step is calalyzed by TcmI cyclase[""' to give 
the aromatic product tetracenornycin F, which then is 
oxidized to the quinone tetracenomycin D, by TcmH oxyge- 
nase.['O*"] In  this case the fourth ring is closed by an in- 
tramolecular aldol condensation, but in the biosynthesis of 
mithramycin (6), this fourth ring can be closed by the in- 
tramolecular aldol addition reaction that generates the tertiary 
alcohol functionality in 1 and the putative intermediate 5. This 
step is most likely catalyzed by the product of rntrnX. which 
therefore should be a cyclase (Scheme 2).L131 It is likely that 
other enzymes of the tetracenomycin C pathway in the hybrid 
strain S. gluucescens Tu49 (pGB 7) act on intermediate 5, and 
oxidize (through TcmH) and decarboxylate it to give l.['4a1 Re- 
duction of the C 8  carbonyl group to the secondary alcohol must 
be catalyzed either by the ketoreductase MtmT 1 or  a n  unknown 
reductase from S. glaucescens (Scheme 2) ."4b1 


Tetracenomycin M (I) is a linear tetracyclic molecule that is 
not only a novel hybrid antibiotic but, in the context of the 
biosynthesis of mithramycin (6), is also a shunt product branch- 
ing off from a n  early intermediate. Together with premithramy- 
cino~ie , [ '~]  another recently discovered tetracyclic precursor or 
shunt product of the biosynthesis of 6, tetracenomycin M ( I )  
supports the hypothesis of such a tetracyclic intermediate in the 
biosynthesis of aureolic acid antibiotics.['] In addition, the re- 
sults described here also provide information about the function 
of MtmX. 
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Tetracenomycin M (1) is also another example supporting the 
belief that there is a high chance of creating new molecules by 
combining selected biosynthetic genes. In the present case, a 
major contribution came again"'] from an oxygenase, since it is 
likely that the TcmH oxygenase was able to act on an unnatural 
intermediate, probably compound 5 ,  which is very similar to the 
corresponding natural product, Tetracenomycin F, . The use of 
large gene fragments for the construction of hybrid molecules[21 
has again proved to be a fruitful approach in combinatorial 
biosynthesis. 


Experimental Section 


Bacterial strains, growth conditions, and DNA manipulation: The mithramycin 
producer -7. orgilluwus ATCC 12956 was uscd as DNA donor. The tctraceno- 
rnycin producer S. &uce,ccens Tii49 and S .  lividnus TK 21 were used as hosts. 
Fdicrichiu co/i TG 1 rec0 was uscd as host for subcloning. The recombinant 
\train S. glaurmwn.s (pGR7) was grown on agar plates at 2X 'C (medium: 
2 2 g L - I  agar. 1 0 g L - I  malt extract, 4 g L - l  glucose, 4 g L - I  yeast extract, 
I g L -  I CaCO,, 50 pgmL thiostreptone), S .  lividuns TK 21 was grown on 
K 5  agar plates.'i7J Plasmids pWHM3'4h' and pUC19 were used for suh- 
cloning. Conditions for DNA manipulation, protoplast generation and trans- 
formation were in accordance with standard procedures." '' For the produc- 
tion of 1, S. g/uucesc'iw.s (pGB7) was grown in  triply baffled 250mL 
Erlenmeyer flasks (each containing 100 mL culture liquid) in a rotary shaker 
(type G F L  3033) with a liquid medium (R2YENG)'IR1 in the presence of 
25 pginL- thiostrcptonc for 120 h at  30'C and 220 rpm. 


lsolatinn of tetracenomycin M ( I ) :  The culture WAS precipitatcd by addition of 
Celite, extracted twice with ethyl acetate at pH 7, and evaporated to dryness. 
The ethyl acetate residue was dissolved in CH,Cl, and further purified on 
silica gel (silica gel SI 60, Merck, Germany). The silica gel column was washed 
with CH2C12, and the compounds were eluted with CH,CI,/MeOH (9/1). 
Thc fractions containing tetraccnomycin M were pooled, evaporated to dry- 
ness. and further purified on Scphadcx LH-20 ( 1 .  acetone: 2. MeOH). 


Characterization of tetracenornycin M (1): For instruments and N M R  meth- 
ods, see ref. [?a]. a& -32 (c = 0.001 In MeOH); R, = 0.23 (CH,CI,/MeOH, 
1X 1): UV (MeOH and MeOH/HCI): i,,, (c) = 440 (5900), 291 (IOSOO), 270 


(4400). 311 (10300); 253 (9000), 234 (11 200), 219 (13300)nm; I R  (KBr): 
? = 3426,2920,2343, 1618 cm- ' ;  MS (PAB): J W / Z  = 356 [iM+]; MS (EI): ~ I z  


HRMS for CIqH,,O,: calcd 338.0790. found 338.0790; HRMS for 
C i ,H i20 , :  calcd 320.0684, found 320.0686; NMR data:  see Table 1. 
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( l0400) ,  252 sh (9300), 223 (17800); UV (McOH/NaOH): A,,, (c) = 509 


("6) = 355 (100) [ M i  -11, 338 (18) [M' - H,O], 320 (100) [M' - 2H,O]; 
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Synthesis of Pyrazinoporphyrazine Derivatives Functionalised with 
Tetrathiafulvaiene (TTF) Units: X-Ray Crystal Structures of 
Two Related TTF Cyclophanes and Two Bis( 1,3-dithiole-2-thione) Intermediates 


Changsheng Wang, Martin R. Bryce," Andrei S. Batsanov and Judith A. K. Howard 
Dedicated to Professor Fabian Gerson on the occasion of his retirement 


Abstract: The pyrazinoporphyrazine sys- 
tem 13 (metal-free, zinc and copper 
derivatives) has been synthesised by 
tetramerisation of 2,3-dicyanopyrazine 
monomer unit 10. The structure of 13a-c 
has been established by 'HNMR spec- 
troscopy, UV/Vis spectrophotometry, 
MALDI-TOF mass spectrometry, cyclic 
voltammetry and differential pulse 
voltammetry. The electrochemical redox 
behaviour of 13a-c is strongly solvent de- 
pendent. The expected two-stage oxida- 
tion of the tetrathiafulvalene (TTF) units 


of 13a-c was observed in a range of sol- 
vents; in addition, oxidation and reduc- 
tion of the pyrazinoporphyrazine core of 
the metal-free derivative 13 a was detected 
in benzonitrile. On excitation of 13 in the 
Q-band region no fluorescence was ob- 


Keywords 
crystal structure - cyclophanes * 


electrochemistry - 
tetrathiafulvalenes 


Introduction 


Phthalocyanines and metallophthalocyanines have recently at- 
tracted widespread attention in the diverse fields of nonlinear 
optics, liquid crystals, Langmuir - Blodgett films, electro- 
chromic devices, molecular metals, gas sensors, photosensitis- 
ers, and as diagnostic and therapeutic agents in pharmacolo- 
gy.['] These macrocycles display diverse electronic, spectroscop- 
ic and structural properties, which can be controlled by metal 
coordination at  the phthalocyanine core and by attachment of 
peripheral substituents. The most popular synthetic approach, 
involving cyclotetramerisation of a 1,2-dicyanoarene derivative, 
produces symmetrical tetra- or octa-functionalised phthalocya- 
nines, and a methodology has also been established for the 
synthesis of unsymmetrical derivatives.[21 


Modifications to the phthalocyanine system include the study 
of binuclear derivatives,13] heterocyclic analoguesr4] in  which the 
benzene rings are replaced by ni t r~gen-containing[~"-~l  or  sul- 
fur-containing  heterocycle^,[^'] and derivatives with specially 
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porphyrazines * 


served, which is presumably the conse- 
quence of intramolecular charge transfer 
between the TTF moieties and the excited 
state of the central porphyrazine. Molecu- 
lar modelling studies on 13a and 13c are 
reported. During the course of this work. 
the novel TTF macrocycles 11 and 20 
were synthesised; their X-ray crystal 
structures reveal severely bent TTF units. 
the conformations of which are discussed 
in detail. The X-ray crystal structures of 
the bis(l,3-ditIiiole) systems 15 and 18 
have also been determined. 


designed "active" peripheral substituents, for example, thiolate 
groups that coordinate transition metals,r51 a fullerene moiety 
that undergoes electrochemical reduction,["] flexible unsymmet- 
rical substituents that result in the formation o f g l a ~ s e s , [ ~ ~  meso- 
genic metal-chelated crown ethers that form nanometer-sized 
molecular cables,[81 and a liquid crystalline ferrocenyl -phthalo- 
cyanine system.['] 


Tetrathkafdvalene (TTF) is a well-known redox-active com- 
pound,["] the derivatives of which have been extensively studied 
during the last twenty-five years, mainly in the search for new 
molecular conductors and superconductors.["] The potential of 
TTF within the wider context of supramolecular chemistry is 
now recognised and new, more elaborate TTF and multi-TTF 
systems have been assembled.['21 In this context, we have recent- 
ly reported the synthesis, spectroscopic characterisation and so- 
lution redox chemistry of the metal-free 1, which is the first 
phthalocyaninc derivative bearing tetrathiafulvalene (TTF) 
s ~ b s t i t u e n t s . [ ~ ~ ]  Further studies on 1 werc hampered by its insol- 
ubility in almost all organic solvents. The motivation behind the 
present work was to  combine TTF chemistry and macrocyclic 
chemistry to obtain novel systems with unusual electrochemical 
and structural properties. We now describe, for the first time, the 
synthesis, characterisation and electrochemical study of new. 
soluble macromolecules of this genre, comprising eight 
TTF units attached symmetrically to  the periphery of the 
pyrazinoporphyrazine core. We also report here the X-ray crys- 
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tal structures of two unusual T T F  macrocycles obtained by 
intramolecular coupling, and the structures of two bis(l,3-dithi- 
ole-2-thione) precursors synthesised during the course of this 
work. 


Results and Discussion 


Synthesis of Pyrazinoporphyrazine Derivatives 13: Our prime 
target at the outset of this work was 13, containing a central 
pyrazinoporphyrazine core, which we chose for synthetic rea- 
sons. In our previous the relatively harsh conditions 


needed for the formation of the phthalonitrile precursor of 1 ,  
from the corresponding dibromobenzene derivative (CuCN, 
D M F  at 140 “C, 48 h), was found to be problematical in larger- 
scale reactions, sometimes leading to  product mixtures involv- 
ing decomposition of the appended TTF groups.[’ 3b1 Therefore, 
we sought a route that would avoid an arylbromide- 
arylcyanide conversion in the presence of a TTF unit. The key 
features of our synthetic strategy (Scheme 1) are as follows: 
1) 1,2-dicyanopyrazine derivatives are easily prepared from di- 
aminomaleonitrile and 1,2-diketones, and there are precedents 
for their cyclotetramerisation to yield pyrazinoporphyrazi- 
n e ~ ; [ ~ ’ , ~ ]  2) solubility may be achieved by virtue of the extra 
nitrogen atoms and the peripheral alkyl chains, which can be 
introduced by using the readily available 4,S-bis(alkylthio)-l.3- 
dithiole-2-thione unit 9[14] in the synthesis of the TTF frag- 
ments; 3) the methodology should be versatile with respect to 
both the peripheral alkyl substituents and the linking group 
between the pyrazine and TTF systems. 


Pyrazine derivative 4 was readily synthesised starting from 
4,4‘-dimethylbenzi1(2). Bromination to yield 3 (71 YO yield) was 
followed by reaction with diaminomaleonitrile in acetic acid to 
yield 4 (67 YO yield). Reaction of 4 with two equivalents of the 
thiolate anion liberated on treatment of 6 with sodium methox- 
ide[”] afforded the bis(l,3-dithiole-2-thione) system 7 (52 Yo 
yield). Dithione 7 was then converted into the corresponding 
diketone 8 (80% yield) by a standard reaction with mercury(I1) 
acetate in acetic acid. Reaction of diketone 8 with 4.5- 
bis(hexylthio)-1,3-dithiole-2-thione (9)““’ in the presence of tri- 


RS RS MSR MSR 


HS 
IS s s  


S S I S  
H 


MeS 


MeS HS 
S 2: 
H 


RS SR 


s‘ HsMe ”1 S 


H 
RS SR 


13 a M = H,; R = mhexyl 
b M = Zn; R = n-hexyl 
c M = Cu; R = n-hexyl 


ethylphosphite afforded three products that were 
separated by column chromatography. The ma- 
jor product was the cross-coupled bis(TTF) 
derivative 10 (35 YO yield). The other two prod- 
ucts were identified as macrocycle 11 (25% 
yield), obtained by the intramolecular coupling 
of the ketone groups of 8 (an X-ray structural 
analysis confirmed the “trans” structure of 11, 
see below) and tetrakis(hexy1thio)-TTF (12), ob- 
tained by self-coupling of 9 (9 YO yield). Another 
possible product, the bis(TTF) derivative, which 
could conceivably be formed by intermolecular 
couplingrt6] of 8, was not isolated from the reac- 
tion mixture. The yield of 11 was raised to 51 Yo 
by heating 8 in the presence of triethylphosphite. 
The “cis” isomer of 11 was not detected based on 
chromatography and the X-ray diffraction pat- 
terns of different crystals grown by fractional 
recrystallisation from different solvents. It is 
noteworthy that the ‘H NMR spectrum of I 1  
suggests a rigid structure in solution at room 
temperature. The four benzylic protons of 11 are 
split into two doublets of equal intensity at 
S = 4.21 and 3.80, each displaying a geminal 
coupling constant of 13 Hz, whereas in 7 .8 ,  and 
10 these four protons are identical, giving rise to 
a singlet at S = 4.03, 4.02, and 3.98, respectively. 


Compound 10 underwent cyclotetramerisa- 
tion in the presence of lithium pentoxide in a 
mixture of pentanol and dioxane as solvent[I7’ at 
ca. 125 “C for 3 - 4 5  min: treatment with acetic 
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Scheme 1 .  i) N-bromosuccinimide, benzoyl peroxide. hi', CCI,. reflux; ii) diaminomaleonitrih, AcOH, reflux; iii) benzoyl chloride, methyl iodide, ;icetone. 20 C: i v )  6 .  
NaOMe, MeOH, 40°C; v) Hg(OAc),, CHCI,, AcOH, 20°C; vi) 9, P(OEt),, 115'-C; vii) P(OEt),, 115'C; viii) LiOPn, PnOH/l,4-dioxane, 12S'C, then AcOH (for 13a). 
Zn(OAc), for 13b, CuCI, (for 13c). R = n-hexyl 


acid afforded the metal-free system 13a in 64% yield. Addition 
of zinc acetate or  copper(i1) chloride to  a solution of the 
crude product in chloroform afforded the zinc and copper 
pyrazinoporphyrazine derivatives 13b (45 % yield) and 13c 
(31 % yield), respectively, whereas heating for longer than 2 h 
led to  black, insoluble products, indicating decomposition of the 
dinitriles or the macrocycles. Compounds 13a-c are air-stable, 
dark-green solids, which were purified by stepwise extraction. 
Attempts a t  purification by column chromatography on both 
silica and alumina were unsuccessful : decomposition or oxida- 
tion seemed to occur. Structures 13a-c were assigned on the 
basis of elemental analysis, MALDI-TOF mass spectra and 
UV/Vis spectra, which were all entirely consistent with the 
pyrazinoporphyrazine structure. 'H N M R  spectra a t  20 "C in a 
range of solvents gave broad lines a t  the expected chemical 
shifts, with little fine structure. (The spectrum of the copper 
derivative 13 c was further broadened by paramagnetic effects.) 
The UV/Vis spectra of metal-coordinated derivatives 13 b and 
13c in dichloromethane showed a single Q-band absorption at  
3,,,, = 664 (13b) and 659 nm (13c), which was more intense for 
the copper derivative. On addition of excess iodine to the solu- 
tion a new, broad, low-energy absorption band emerged at  
It,,, = 81 5 (13b) and 835 nm (13c) which were clearly observed 
in the subtraction spectra, consistent with the formation of te- 
trathiafulvalenyl cation radicals['*] (the new band at  500 nm is 
ascribed to excess molecular iodine) (Figure 1 for 13c). The 


250 350 450 550 650 750 850 950 1050 


Wavelength (nm) 


Figure 1. UV/Vis spectra of 13c in DCM a1 20'C before (solid linc) iind after 
(dotccd line) addition of iodinc. 


UV/Vis spectrum of 13 a in dichloromethane, chloroform, ben- 
zene, toluene, pyridine, carbon disulfide, o-dichlorobenzene and 
chloroform/acetic acid mixture gave a single Q-band at 
1,,,, z 665 nm; in a mixture of o-dichlorobenzenejacetic acid 
(1 : 1 v/v) the characteristic split Q-band of a metal-free phthalo- 
cyanine was observed with absorptions at  i,,, = 654 and 
676 nm. Significant solvent effects on both the extinction coeffi- 
cient and the shape of the Q-bands of 13a-c were observed. 


On excitation of 13 over a range of concentrations in toluene 
in the Q-band region no fluorescence was observed, which sug- 
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gests that a very efficient quenching process is occurring. This is 
presumably the consequence of intramolecular charge transfer 
between the TTF moieties and the excited state of the central 
porphyra~ine"'~ totally quenching its energy emission relax- 
ation. In support of this claim, the quenching of the fluorescence 
of tetrabutyl-(HJPc by TTF was studied, and a diffusion- 
controlled charge-transfer process was obscrved, with k ,  = 


1.1 k0.1 x 10'" mol-'dm3ss'.  The results of this study along 
with the photophysical properties of new covalently tcthered 
f,TTF),-Pc systems, in which therc is intramolecular electron 
transfer between the Pc core and peripheral TTF, will be report- 
ed in due 


Extension to the Related TTF Macrocycles 20 and 21: Although 
13a-c are quite soluble in many organic solvents (e.g., carbon 
disulfide, dichloromethane, chloroform) our attempts to  crys- 
tallise them for X-ray analysis have proved unsuccessful, and 
amorphous solids were always obtained. We believe that the 
phcnylene spacers between the central macrocycle and the TTF 
moieties in 13 allow considerable free rotation of the peripheral 
TTF groups, leading to disorder of the molecules in the solid 
state. We hoped, therefore, that pyrazine derivative 17, with the 
phenylene spacers removed, would lead to a pyrazinopor- 
phyrazinc analogue of 13 possessing a more ordered solid state 
structure that could bc easicr to crystallise. In addition, there is 
considerable current interest in the incorporation of TTF units 
into macrocyclic frameworks,["". ". 221 and in the light of the 
facile formation of 11, we considered that it was timely to ex- 
plore this reaction further. Compound 15 was synthesised by 
reaction of pyrazine derivative 14 with two equivalents of the 
sodium thiolate salt of 6 (900/0 yield, Scheme 2). However, heat- 


NC NC 


14 MeS 


15 \ 


17 


Schernr 2. I) 6 .  N,iOMe. McOH, 40 C :  ii) 16, CsOH.H,O, I I M E  20-C. Ar = 4- 
L12-C6H, 


ing 15 in triethylphosphite a t  125 "C failed to yield any isolable 
products, possibly due to the low solubility of 15 under these 
conditions. Elevated temperature resulted in decomposition of 
15 or its derived products. Compound 15 could not be converted 
into the corresponding diketone under the same conditions that 
allowed conversion of 7 into 8, again due to  low solubility. 


In an attempt to circumvent this problem we deprotected 
compound 16[231 (2 equiv) by rcaction with caesium hydroxide, 
and the derived thiolate anion was allowed to react with 14 to 
yield the expected bis(TTF) derivative 17 (79% yield). How- 
ever, 17 was unstable to the strongly basic conditions needed for 
pyrazinoporphyrazine formation, probably because the strong- 
ly electron-withdrawing dicyanopyrazine group makes the adja- 
cent methylene protons very acidic, and deprotonation or C-S 
bond cleavage occurs at this site. The related o-benzene deriva- 
tive 18 was prepared from the corresponding bis(bro- 
momethy1)benzene derivative and the sodium thiolate salt of 6 
i n  82% yield, and converted into the diketone analogue 19 
(89% yield) (Scheme 3). Heating 19 in triethylphosphite at 
125 "C afforded 20 and 21 (combined yield 87 YO) in a ratio ofca. 
2:  1. formed by intramolecular and intermolecular coupling,['"'] 
respectively. The isomer ratio was assigned from the integration 
of the benzylic protons in the 'H NMR spectrum. In cyclophane 
20 these protons are split into two singlets of equal intensity at 
6 = 4.18 and 3.47 ( J  = I 6  Hz) (which is similar to that of l l ) ,  
while in 21 these protons are observed as  a singlet at f i  = 4.09. 


The X-ray crystal structures of 15 (Figure 2), 18 (Figure 3). 
11  and 20 were determined (see below). 


5121 


Figure 2 .  X-Ray molecular structure of 15 


Solution Electrochemical Studies: The solution electrochemistry 
of representative new TTF derivatives synthesised in this work 
was studied by cyclic voltammetry (CV) (Table 3 ) .  Compound 
10 shows the expected two reversible oxidation waves in both 
dichloromethane and in dimethylformamide. at potentials typi- 
cal of a tetrakis(a1kylthio)TTF derivative (thioalkyl substitution 
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[isomer(s) not determined] 
Scheme 1 1 )  Hg(OAc),. CHCl,. 
AcOH, 20 C. 11) P(OEt), 125 C 
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Figure 3. X-Ray molecular structure of 18 


Table 1 Cyclic voltammetric data [a]. 


SllOl 


Solvent 'T EI" E;" E;t' 


10 DCM 0.61 0.52 0.87 0.77 
D M F  0.72 0.65 0.88 0.80 
DCMiDMF [b] 0.72 [d] 0.63 0.90 0.82 


11 DCM 0.70 0.52 0.82 0.73 
D M F  0.83 0.77 0.63 


13a DCM 0.62 0.51 0.89 0.76 
DMF 0.71 0.63 0.88 0.81 
benzonitrile [c] 0.63 0.47 0.95 0.81 
DCMIDMF [b] 0.68 0.59 0 3 9  0.80 


13b DCM 0.59 0.50 0.88 0.74 
D M F  0.72 0.66 0.90 0.83 
benzonitrile 0.63 0.50 0.96 0.83 
DCM/DMF [b] 0 71 0.61 0.94 0.81 


13c DCM 0.58 0.53 0.86 0.73 
DMF 0.62 0.31 0.73 
benzonitrile 0.65 0.57 0.79 [d] 0.83 
DCMiDMF [b] 0.45 0.34 0.63 


17 DCM 0.71 0.60 1.02 0.93 
D M F  0.75 0.64 0.93 0.83 
benzonitrile 0.71 0.61 1 .00 0.92 


20 DMF 1.24 
21. D M F  0.73 0.65 0.91 0.83 


[a] Working and counter electrodes: Pt; reference electrode: Ag/AgCI; supporting 
electrolytes: Bu,NCIO, (0.1 M ) ;  scan rate: 100 mVsec-'. [b] 1 , I  (viv). [c] Addi- 
tional wave observed at e; = 1.22 and EF = 1 .1 8 V. [d] Detected by DPV; 
for conditions, see Figure 4b. 


is known to raise the oxidation potential, relative to TTF it- 
self,[24, 2 5 1  and solvent effects on TTF peak potentials are well 
documented).[241 As expected, the TTF units in 10 do not ap- 
pear to interact. It has been shown in previous CV studies on 
bis(TTF) derivatives linked by a variety of spacer groupsrz6] 
that there is usually no observable interaction between the TTF 
ring systems unless thcy are linked by a single-atom spacerL2'] or 
are directly attached.[2R' The cyclic voltammogram of cy- 
clophane 11 is strongly solvent-dependent : in dichloroniethane 
two ill-resolved redox waves are observed on the oxidative scan 
at  peak potentials of 0.70 and 0.82 V. In DMF, however, the two 
waves totally overlap at  a peak potential of 0.83 V. The latter is 
presumably a two-electron wave, as two distinct waves are ob- 
served at  peak potentials of 0.77 and 0.63 V on the reverse 
reductive scan (Table 1). The cyclic voltammogram of the 
strained cyclophane 20 is markedly different from that of the 
less-distorted structure 11. For 20 a single irreversible oxidation 


at  E"" = 1.24 V occurs in DMF. This is consistent with CV data 
reported by Becher et al. for other severely bent TTF derivn- 
tives; this indicates that significant deviation from planarity o f  
the TTF system destroys its donor ability by preventing efficient 
671-electron delocalisation (heteroaromaticity) within the dithi- 
olium cation structure formed on oxidation.[""' In  spite of its 
low solubility, the macrocyclc 21 exhibits two cleanly revcrsible 
oxidation waves in DMF, consistent with planar (or near-pla- 
nar) TTF units. 


The electrochemical oxidation of pyrazinoporphyrazine 
derivatives 13a-c was studied in a range of solvents and strong 
solvent dependency was observed; representative data are in- 
cluded in Table 1. In dichloromethane, all three compounds 
13a-c displayed the two T T F  redox waves at  oxidation poten- 
tials similar to those of the building block 10, which were re- 
versible a t  a scan speed of 100 mVs-'. Although thc two redox 
couples of the Zn derivative 13b appeared to be reversible, the 
intensity of the second couple was smaller than that of the first, 
which might suggest incomplete second oxidation of the TTF 
units. No other significant reduction or oxidation of the core 
pyrazinoporphyrazine was observed for 13 a-c in dichloro- 
methane. Use of DMF, which is not a good solvent for this class 
of compound, led to a considerable distortion in the cyclic 
voltammograms of 13a-c: the reversibility of the two-stage 
oxidation decreased with decreasing solubility along the se- 
quence 13a>13b>13c. For the Cu derivative 13c, the two 
oxidation peaks appeared much closer together (AE"" = 


110 mV) compared with those in DCM (AE"" = 280 mV). and 
the reductive peaks in the reverse scan overlapped into one peak, 
which shifted to a lower potential (0.31 V). Again, no reduction 
or oxidation peaks of the macrocyclic core were observable for 
13a-c in DMF. The use of a mixture of DCM and D M F  a s  
solvent improved the reversibility of the electrochemical re- 
sponse of 13a and 13b, but had no effect on 13c. The two-wave 
oxidation of 13a and 13b in this solvent mixture was nearly 
reversible, although the intensity of the second couple was con- 
siderably lower than that of the first a t  high scan rates 
(500 mVs-') (Table 1) .  At slow scan rates (10 mVs- ') the two 
peaks were of comparable intensity, but the corresponding sec- 
ond reductive peak in the reverse scan remained unchanged. 
This effect of differing scan rates (increased intensity of the 
second oxidation a t  slow scan speed) is indicative of relative 
motion of the TTF moieties in the molecules on the voltammet- 
ric time-scale. The cyclic voltammograms of 13 a-c in benzoni- 
trile were different. The two-stage oxidative peaks of the Cu 
derivative 13c on the forward anodic scan overlapped into one 
broad peak in benzonitrile a t  E"" = 0.65 V (with a shoulder at 
0.79 V detected by differential puke voltanmetry (DPV)) . 
However, the two cathodic reductive peaks on the reversc scan 
were unchanged at  0.57 and 0.83 V. For the Zn derivative 13 b in 
benzonitrile, a broadening of the second oxidative peak was 
observed at  a potential corresponding to the oxidation of 
pyrazinoporphyrazine core of 13a (Figure 4a), although no 
corresponding cathodic response was seen on the reverse scan. 
Cyclic voltammetry of 13a in benzonitrile (Figure 4 a) showed, 
in addition to the two TTF waves, a third wave at = 1.24 and 
E:d = 1 .I 8 V, which was not observed for the metallo-deriva- 
tives 13b and 13c. We assign this wave to a single-electron 
oxidation of the pyrazinoporphyrazine core unit. The DPV of 
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I'igiire 3. a) Cqclic voltammogram (the conditions are reported in Tdbk 1) and 
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~ i ~ n s :  tcan I B ~ C  S O r n V s - ' ;  sample width IOms; pulse anipliiude 50 rnV, pulse 
a ic i th  20 i n s :  pulse period 100 mr :  for  electrodes see Table 1 
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Zn-phthal~cyanine.[~~I  In general, no clear reduction wave was 
observed for 13 b or 13c in any of the solvents mentioned above. 
However, for the metal-free system 13a in benzonitrile a very 
shallow reversible redox couple was observed at ca. -0.45 V 
(Figure 4a,b), which we tentatively assign to  the reduction of 
the pyrazinoporphyrazine core. We note that the intensity of 
this wave, compared with the oxidation process, is too weak for 
a one-electron reduction. However, in other work on a related 
phthalocyanine system, the intensity of the reduction wave was 
found to be solvent-dependent.[2"1 


Molecular Modelling Studies of 13a and 13c: Molecular mod- 
elling of 13a and 13c was performed. We first found the energet- 
ically most favourable conformer of subunit 10 to provide an 
appropriate conformation for use in the minimisation of the 
structure of 13a and 13c. A folded conformation with C,  sym- 
metry gave the lowest energy structure for 10 (Figure 5 ) .  Based 


13a (Figure 4b) shows this wave clearly and, based on the cur- 
rent passed for the DPV peaks, we suggest that all the TTF units 
arc oxidised, although it is noteworthy that the two TTF waves 
are not of equal intensity, possibly due to adsorption phenome- 
na or instability of the fully oxidised T T F  units. It is apparent, 
therefore, that the electrochemical behaviour of compounds 
13a-c is dependent not only on the molecular structure but also 
on the solvent : the latter will effect thc conformation, the extent 
of aggregation and the rate of diffusion. 


Estimating accurately the number of electrons transferred in 
multi-redox waves is a common pi-oblem with redox-active den- 
drirners and hyperbranched systems, because of the slower dif- 
fusion rates of the dendrimer compared with an internal refer- 
ence compound.i2q1 The two different @ox functionalities 
within the niacromolecule 13 a, which are oxidised at signifi- 
cantly different potentials, provide a convenient covalently 
bound internal reference. Similar data have been obtained for 
other dendrimers that contain different redox units (e.g., metal- 
bipyridyl and ferrocene derivatives) . [ 3 0 ]  


Extensive studies on the cathodic electrochemistry of 
phthalocyanines have been reviewed recently,[311 but very 
little electrochemical data are available on pyrazinoporphyrazi- 
ties. although it is has been reported that the reduction of 
Zn - pyrazinoporphyrazine derivatives occurs a t  a potential 
tha t  is 0.44 V more positive than that of the corresponding 


Figure 5. Energy-minimised conformarion of 10 


on this conformation, we minimised the structure of 13c, using 
four fragments with similar TTF orientations, to give a folded 
structure possessing two pairs of TTF units on each side of the 
mean macrocycle plane. It is worth noting that the total molec- 
ular energy for 13c decreased with increasing folding of the TTF 
units, suggesting that there may be a decrease in molecular ener- 
gy resulting from interactions between the TTF units and the 
central metallomacrocycle. If the molecules of 13c adopt a sim- 
ilar conformation in solution1321 to  the computer-optirnised 
structure, the metallopyrazinoporphyrazine core will be exten- 
sively shielded by the TTF units and their attached alkyl chains: 
this could be an important factor in modulating the electro- 
chemical properties of the core of the molecule, the oxidation 
of which was not observed in the cyclic voltammogram (see 
above). The energy-minimised conformation of metal-free 
derivative 13a (Figure 6a) was similarly folded to  13c. How- 
ever, for 13a, a partially open conformation (Figures 6b  and 
6c) was attainable a t  an energy only 34 kcalmol-I higher than 
that ofthe foldcd conformation, whereas for 13c the next energy 
valley was 112 kcal mol above the energy-minimised confor- 
mation. This difference between 13a and 13c could be due to 
metal chelation in the latter compound limiting the flexibility of 
the porphyrazine macrocycle. We suggest that a partially open 
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Figure 6. a) Energy-niinimised conformation of 13a (the alkyl chains are omitted 
for clarity); b) The partially open conformation of 13a, which is 34 kcalmol-’ 
higher in energy than the closed conformation shown in Figure 6 a, viewed side-on 
to the pyrarinoporphyrazine ring; c) As Figure 6b, top view onto thepyrarinopor- 
phyrazine ring. 


conformation, similar to those shown in Figures 6 a  and b, is 
accessible to  13a in solution (but not for 13c), thereby enabling 
the redox chemistry of the pyrazinoporphyrazine core of 13a to 
be observed. We note that Diederich, Gross and co-workers 
have recently demonstrated that the redox properties of dendrit- 
ic porphyrins can be modulated by steric shielding of the por- 
phyrin core.[331 


X-Ray Crystal Structures of 1 1  and 20: The structures of 11 and 
20 are of special interest because of the severe bending of their 
TTF moieties, which are incorporated into macrocycles, that is, 
the dithiole rings are bridged in a trans fashion in 11 and in a cis 
fashion in 20. Notwithstanding the popularity of the TTF moi- 
ety,[ll. 12al its . conformation has never been studied systemati- 
cally. The planarity of this highly n-conjugated system is usually 
taken for granted,[34] with statements like “TTF is a rigid mol- 
ecule and large variations in the features are not 
In fact, TTF can display substantial nonplanarity, which can be 
described by five angles (Figure 7), namely, 1) 0, and (I2 (fold- 
ing of each dithiole ring along the S ‘ ’ ’ S vectors), 2) 4 ,  and $2 


Mc 
Figure 7. Geometric features of the TTF moiety. 


(inclinations of the central C=C bond to each adjacent CS2 
plane) and 3) z (average S-C-C-S torsion angle around the cen- 
tral C=C bond). Most common is type 1 bending in a boat 
(rarely chair) fashion, with the central C,S, system remaining 
planar (q51, 42r T Z ~ ) .  Distortions of type 2 and 3 occur rarely 
and only in the most sterically constrained systems. 


It is noteworthy that although unsubstituted TTF is planar in 
both its crystal p o l y m o r p h ~ , ~ ~ ~ ~ ~ ” ~  this is not the case in the gas 
phase; electron diffraction studies[351 indicate a boat conforma- 
tion with O l . 2  = 13.5”. Substituted T T F  derivatives (including 
BEDT-TTF) often adopt much bigger bending: 0 exceeds 13” in 
45 neutral molecules (besides five C T  complexes and 13 salts 
with partially oxidised TTF derivatives).[361 in 11 of which the 
TTF moiety is incorporated into macrocyclic frameworks.l”. 221 


The shortest bridges known (seven-membered), in 22,122b.d1 
enforce a 0 angle of 36-43‘ and a 4 angle of 7-17,’, while 
[S(CH,),S] bridges with n = 10 and 12 leave T T F  essentially 


However, the rest of the “bent” T T F  derivatives are free from 
such constraints, and the bending must be attributed entirely to 
electronic effects, namely, the coupling between TTF HOMOs 
and their consequent splitting into a bonding H O M O +  and 
antibonding HOMO-.  (Packing itself is unlikely to  cause bend- 
ing, as planar species can usually pack more densely than those 
that are bent. A peculiar exception is C6;2(BEDT-TTF), in 
which boat-shaped TTF moieties (0, = 23 and 0,  = 32‘) are 
“wrapped” around a spherical fullerene molecule.i371) 


The T T F  HOMO is heavily localised on the central C,S, 
34d1 thus, folding of the dithiole rings enhances the 


localisation still further and lowers its orbital energy.[22d. 27b1 In 
agreement with this description, oxidation potentials of strongly 
bent (bridged) TTF derivatives are relatively high, although no 
clear correlation between bending and E,, was found.[22d1 Any 
coupling of HOMOs might be intra- or intermolecular. The 
intramolecular interaction can occur between two T T F  moieties 
linked through a direct covalent bond or a conducting bridge. as 
in TTF-Te-Te-TTF,[27b1 where one T T F  moiety is planar and 
another is bent with 8, = 13” and 0,  = 19”, the HOMO- suppos- 
edly being localised on the former and the HOMO+ on the 
latter. Bis-TTF-1,4-ditellurines (with two Te bridges between 
TTF moieties) exhibit the largest 1) values among nonmiicro- 
cyclic TTF derivatives (30-33”) . I 3 * ]  More widespread inter- 
molecular coupling is usually associated with molecular dimers, 
that is, two TTF systems contacting face-to-face, adopting boat 
conformations with the central planar C,S, moieties overlap- 
ping usually in a ring-over-bond fashion (i.e., dithiole over the 
central C=C bond) and the peripheral parts bending out- 
w a r d ~ . ~ ~ ’ ]  The parallel slip of ca. 1.6 A between the molecules 
minimises the S .  . . S repulsion. Earlier ~erniempirical[”~”’ and 
molecular calculations of the (TTF), dimer 
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could give this pattern of  overlap, but all of them presupposed 
molecular planarity, reasoning from the crystal structure of 
(monoclinic) TTF.[34bl The motif of the latter, however, is a 
uniform infinite stack rather than separate dimers. More recent 
a b  initio calculations for the [TTF-C(O)NMe,], dimer with full 
relaxation of molecular geometry reproduced the folding pat- 
tern correctly.[39b1 However, this easily recognisable (and expli- 
cable) packing is not the only one known; for example, in 
the monoclinic polymorph of tetra(methy1thio)TTF (average 
0 = 25 ') molecules contact perpendicularly, f a c e - t ~ - e d g e . [ ~ ~ ~  
Planarity of the same molecule in the triclinic modification[411 is 
a good illustration of the flexibility of TTF. A b  initio 6-31G* 
calculations for an isolated TTF molecule[3yb1 confirm its high 
flexibility and although the potential minimum does correspond 
to a planar conformation, the energy cost of folding both dithi- 
ole rings to 0 = 5" is practically zero (0.016 kcalmol-I) and 
those for 8 = 10,15 and 20" are also relatively small (0.1,0.4 and 
1 .O kcal m o l ~  I ,  respectively). 


The present structures can be instructive on the limits of TTF 
deformations (especially as the six-membered bridge linking the 
dithiole rings in 20 is the shortest known) and also whether a 
bridge-induced TTF bending can bring about an especially 
strong dimeric interaction. 


The X-ray structure of 11 was determined in both monoclinic 
(11 a) and triclinic (11 b) forms, obtained from CS, and CH,CI, , 
respectively. The asymmetric unit of 11 a comprises one mole- 
cule of 11 (Figure 8) and one (partially disordered) of CS,, while 
that of 11 b comprises two molecules of 11 (A and B, see Fig- 
ure 9) and two of CH,CI, (one of which is disordered). All three 
molecules of 11 have esscntially the same geometry (see 
Table 2). The 0 folding along the S(1) . S(2) and S(3). ' S(4) 
vectors is 28.2 and 30.4 ( l l a ) ,  25.9 and 29.5 (11 b, molecule A), 


Tiiblc 2. Selectcd average geometric parameters (distanccs, A:  anglea. ) of 11 and 
20 [a] 


I l a  l l b  20 


( I  1.348(7) 1.343(6) 
h 1.751 (5) 1.759(4) 
( 1.770 (5) 1.770(4) 


1' 1.743 (5) 1.750(4) 


5( 100.8(2) [h] 100.2(2) 


r l  1.335 (7) 1.347 (6) 


t 1.749 ( 5  j 1.753(4) 


/< 101.3(2) 100.3 (2) 
0 29 29 
4 1 .o 1 .o 
7 3.9 1.7 


[a] Notation, see Figure 7; [b] For ordered C atoms. 


1.347(13) 
1 763(8) 
1.773(7) 
1.359(9) 
1.745(7) 
1.750(7) 


103.4(4) 
98.7(3) 
41.6 
12.7 
0 


27.7 and 31.5" (11 b, molecule B), respectively; z torsion is small 
(1.4-3.9") and tilting is negligible (0.1 -1.6"). The steric strain 
elsewhere in the macrocycle seems rather small for such a rigid 
system. Thus, bond angles a t  the macrocyclic S(3) and S(8) 
atoms (a, Figure 7) and the acyclic S(4) and S(7) ones (0) are 
similar; benzene rings are essentially planar; in the pyrazine 
rings the N(I), N(2), C(24) and C(25) atoms lie in one plane. 
C(23) and C(26) deviate from it by (average) 0.09 and 0.07 A (in 
opposite directions). The adjacent C-C bonds are inclined by 
0-7.6" to the benzene and by 0.5-13.1" to the pyrazine ring 
planes (average 3.6 and 5.4"). Apparently, dithiole rings are 
(conformationally) the "weak links" in the macrocycle, being 
the easiest to fold. 


Dimers with a usual ring-over-bond overlap exist both in 11 a 
(between inversion-related molecules) and in 11 b (between two 
crystallographically independent molecules). The contacting 
C,S, planes are strictly parallel in 11 a and insignificantly in- 
clined in 1 1  b (4"), with an interplanar separation of 3.38 (1 1 a) 
and 3.37A ( l l b ) .  The shortest atom-atom contacts are 
C(1). ' .  C(1') 3.42 A i n  l l a ,  C(1A). . . C(4B) 3.38 8, in l l b .  Such 
distances are common for other TTF dimersE3'] and longer than 
in some unbridged ones, for example, benzoylthio-triMe-TTF 
(interplanar separation 3.33 A) .[39cJ 


Molecule 20 (Figure 10, Table 2) lies on a mirror plane, pass- 
ing through the midpoints of the C(1)-C(l'), C(6)--C(6') and 
C(8)-C(8') bonds. The "total" TTF bending (0+4)  of 54.3" is 
comparable with the larger values in 22a-d (52.1, 52.8, 54.0, 
49.7") and exceeds the average values in these molecules (48.6, 


d l  - 
CISA! 'I7! 


'rigurc 8. Molecules 11 and C S ,  i n  the structure of 11 a, showing the disorder 
(d'ished) and rhort contacts with an inversion-related molecule (primed atom?) 


c121 


331 


5141 


12'1 
4c13.1 


SSl3) 514 I 


Figure 9 Two independent molecules of 1 I in 11 CH,CI, (11 b); atomic numbering 
IS  identical with 11%. 


Figure 10. Molecular Ftructure of 20, atoms related via mirror plane are marked 
witli primcs. 
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48.2, 51.3 and 49.2", respective- 
ly).[22b~d1 Thus the bending effect of 
one six-membered bridge is mar- 
ginally stronger than that of two 


LXAS seven-membered. Otherwise distor- 
tions of the macrocycle are small: 


22 a X =  the benzene ring is planar and the 


YX> 
"X;X:f S 


C(5)-C(6) bond is tilted by 4.5" out 
of its plane. b X = CHzN(Me)CH2 


c X = CHzOCH, 


d X = C H p S C H p  


Unlike 11, 20 does not form a 
dimer in the crystal. The TTF moi- 
ety forms intermolecular contacts 
S(I)...C(7) of 3.33A (with a ben- 


zene ring) on one edge and S(2). . . Br of 3.62 A on the other (cf. 
sum of the van der Waals radii, 3.65 and 3.80 A),r421 while the 
n orbital of C(l) points towards the intramolecular cavity. 


In both 11 and 20 the "outer" (c, Figure 7) C-S distances are 
longer than the "inner" (b) ones by 0.01 -0.02 A. Although the 
effect is marginal (1.5-4 e.s.d.), it is also observed in other 
strongly bent TTF derivatives.[21,221 On the other hand, in 
(RS),TTF molecules with long linear R groups, where the TTF 
system is planar,[12b2431 b is equal to, or slightly (0.004-0.008 A) 
longer than c, while in (planar) unsubstituted TTF, b - c = 


0.025 ,4.[34b,c1 The comparison of planar[411 and bentL4'] 
(MeS),TTF (b  - c = - 0.003 and -0.014 A, respectively) 
shows the same trend (cf. the individual C-S distances show an 
e.s.d. of ca. 0.002 A). The effect can be attributed to the locali- 
sation of the HOMO on the central C,S, moiety, which is en- 
hanced both by bending and by the presence of thioalkyl sub- 
stituents (see above). 


Conclusions 


In summary, we have reported the synthesis of the first 
pyrazinoporphyrazine derivatives functionalised with TTF 
units, as well as some unusual TTF-containing macrocycles syn- 
thesised during the course of this work. The solution electro- 
chemistry of these new molecules has been studied, and the 
X-ray crystal structures of two severely distorted TTF deriva- 
tives have been determined. This work extends the chemistry of 
TTF derivatives in two areas of current interest, namely, 
supramolecular chemistry and unusual macrocyclic structures. 
Further studies on related TTF macrocycles and phthalocya- 
nine systems are in progress. 


Experimental Section 


'H NMR spectra were recorded at room temperature on a Varian VXR-200 
spectrometer operating at 200.14 MHz and chemical shifts are reported in 
ppm downfield of tetramethylsilane. IR spectra were obtained with a Perkin- 
Elmer PE 1615 FTIR spectrometer. UV/Vis spectra were recorded on a 
UNICAM UV2 spectrophotometer and data were processed by a Vision Scan 
V2.11 programme. Mass spectra (EI, CI) were recorded using a VG 7070 E 
instrument operating at 70 eV. Plasma desorption mass spectra (PDMS) were 
recorded on a BioIon 10K. MALDI T O F  mass spectra were obtained on a 
Kratos IV instrument in the reflection mode, operating with irradiation from 
a nitrogen laser at 337 nm. The matrix was 2,5-dihydroxybenzoic acid and 
spectra were averaged over 100 pulses whilst scanning across the sample: 
peak half-widths were 6-10 amu. Melting points were determined with a 


Reichert micro hot-stage apparatus and are uncorrected. Solution electro- 
chemistry was performed with a BAS CV-SOW Electrocheniical Analyser-: for 
the experimental details see Table 1. Dichloroinethane and dimethylfor- 
mamidc used in electrochemistry and UV/Vis spectroscopy were dried over 
phosphorus pentoxide and distilled under argon prior to use. Molecular 
modelling studies were performed using the Discover 2.9.7/95.0/3.0.0 pro- 
gramme in the insight I1 95.0 package. All chemicals were purchased either 
from Aldrich or  Fluka and were used directly without further purification 
unless otherwise indicated 


4-Methylthio-S-benzoylthio-1,3-dithiole-2-thione (6): To a solution of 7incate 
salt 5[441 (14.37 g, 20 mmol) in dry acetone (300 mL). benzoyl chloride 
(5.62 g, 40 mmol) was added in one portion under stirring at room tempera- 
ture. The mixture was stirred for an additional 0.5 h, followed by the addition 
of methyl iodide (5 mL) in one portion. After anothcr 2 h of stirring. the green 
mixture. which contained a red precipitate, was evaporated in vacuo. The 
residue was washed with a large amount ofwatcr, leaving a ired oil. which was 
dissolved in dichloromethane/hexanes (1 : 1 viv) and chromatographed on a 
silica gel column (eluent dichloromethane/hexanes (1 : 1 v/v)) to separate, in 
order of elution: bis(methylthio)-1.3-dithiole-2-thione, 6 and bis(bcnmy1- 
thio)-I ,3-dithiole-2-thione. Compound 6 eluted as an oil, which crystallised 
from acetone as yellow-orange plates (9.8g, 78%). M.p 72-73 C ;  
' H N M R  (CDCl,): 6 = 2.53 (s, 3H),  7.5-8.0 (m, 5 H ) ;  MS: V I ; Z  (%) = 316 


found C, 42.07 H,  2.51. 
(6.38, El) [ M ' ] ;  317 (100, C1) [ M + + I ] .  C,,H,OS, cdkd C ,  41.74; H, 2.55: 


4,4'-Dihromethylhenzil (3): 4,4'-DimethylbenziI (10.8 g, 45 mmol), finely 
ground N-bromosuccinimide (1 7.0 g, 95.5 mmol) and benmyl peroxide 
(0.1 g) were suspended in carbon tetrachloride (100 mL, HPLC grade). The 
mixture was warmed with stirring and irradiated under sunlight until the 
carbon tetrachloride started to reflux. The heater was removed and the mix- 
ture was continuously stirred under sunlight for 20 min, by which time a 
viscous yellow syrup was obtained. The mixture was filtered under vacuum 
and the filtrate was washed with methanol, yielding 3 as bright yellow mi- 
croplates (12.6 g, 71 %). M.p. 190-192°C; ' H N M R  ([DJDMSO): 6 = 4.78 
(s, 2H), 7.67 (d, . J=X.SHz,  2 H ) ,  7.92 (d, J = 8 . 5 H z 3  2H):  IR (KBr): 
i. =1674.8cm-' (C=O); C,,H,,Br,O,, calcd C, 48.48; H. 3.03; found C. 
48.97: H 3.15. 


2,3-Bis(4-hromethylphenyl)-S,6-dicyano-l,4-pyrazine (4): A mixture of 3 
(11.46 g. 29 mrnol), diaminomalconitrile (3.76 g, 34.8 mmol) and acetic acid 
(100 mL) was stirred under reflux for 4 h. After cooling to room temperature, 
the solvent was removed in vacuo leaving a brown oily residue. which was 
dissolved in methanol (50 mL). The precipitate which formed on cooling was 
collected to afford 4 as white prisms (9.05 g. 67%).  M.p. 152-154'C: 
' H N M R  (CDCl,): 6 = 4.49 (s, 2H) ,  7.41 (d, J =  8.2 Hz, 2H),  7.54 (d, 
J = 8 . 2 H 7 ,  2H); I K  (KBr): i = 2 2 3 5 .  1607. 1509. 1379cm- ' ;  MS (DCI): 
m/z (%) = 468 (3.22) [ A ! ' ] ,  4x6 (10.28) [M++IX];  C,,H,,Br2N4 calcd C. 
51.28; H,  2.56; N, 11.97; found C, 51.73: H, 2.50: N, 12.09. 


2,3-Dicyano-5,6-bis{4-[4-(5-methylthio-2-thioxo-l,3-dithiolyl)thiomethyl~- 
phenyl}-l,4-pyrazine (7): To a sodium methoxide solution (made from sodium 
metal (0.67 g, 29.1 mmol) and dry methanol (150 mL)) 6 (9.2 g. 29.1 nimol) 
was added in one portion. The mixture was warmed to ca. 40 C and stirred 
until all the solid dissolved to form a red-orange solution, when 4 (6.8 g. 
14.5 mmol) was added in one portion, and a yellow solid immediately formed. 
Stirring was maintained at 40°C for 1 hr. then the precipitate was collcctcd 
by filtration under vacuum. The precipitate was dissolved in dichloroniethanc 
and chromatographed on a silica column (eluent dichloromethane) to afford 
7 as a deep yellow amorphous solid (5.56 g, 52%). M.p. from 65 'C; 
'H NMR (CDCI,): 6 = 2.48 (s. 3H) ,  4.03 (s, 2H).  7.44 (4, 4H) ;  IR (KBr): 
3 = 2235, 1604, 1508, 1375. 1061 cm-'; MS (DCI): in/: (YO) =731 (1.88) 
[M' + I]; HRMS: found 729.8913: C,,Hi,N4S,, requires 729.8907. 


2,3-Dicyano-S,6-bis{4-[4-(S-methylthio-2-0~0- 1,3-dithiolyl)thiomethyll- 
phenyl}-l,Cpyrazine (8): Compound 7 (4.9 g, 6.7 mmol) was dissolved in a 
mixture ofchloroform (100 mL) and acetic acid (33 mL). Mercury([[) acctatc 
(1 1 g, 34.5 mmol) was added and the mixture was stirred at room temperature 
for 24 h. The light yellow milky suspension was then filtered under vacuum 
through Celite and the filter washed with chloroform (3 x ). The bright yellow 
filtrate was evaporated under vacuum to leave a yellow solid. which was 
redissolved in chloroform (50 mL). The solution was washed with cold satu- 
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rated sodium hydrogen carbonate solution until the aqueous phase was basic, 
then washed once more with water. The organic phase was separated, dried 
(MgSO,), and filtered through a short silica column to yield 8 as bright 
yellow amorphous solid (3.8 g, 80%). M.p. from 52"C; ' H N M R  (CDCI,): 
~ = 2 . 4 1 ( s , 3 H ) , 4 . 0 2 ( s , 2 H ) , 7 . 3 1 ( d , J = X . 4 H z , 2 H ) . 7 . 5 1 ( d , J = 8 . 4 H ~ ,  
2H) ;  1R (KBr): i = 2235, 1664, 1609, 1375 cm- ' ;  MS: m/r ('At) 698 (6.06, 
El) [ M ' ] ,  716 (9.06, DCI) [iL1++18]; C,,H,,N,02S, calcd C, 48.11; H, 
2.60; N,  8.02; found C, 47.85; H, 2.46; N, 7.86. 


Cross-Coupling of 8 and 9-Synthesis of 10 and 11:  A mixture of 8 (0.73 g, 
1.04mmol) and 9'151 (1.10 g, 3 mmol) in triethyl phosphite (10 mL) under 
argon was stirred and heated (oil bath temperature 11 5 'C) for 4 h. After 
cooling, evaporatioii under vacuum afforded a red oil to which methanol 
(20 mL) was added. The solvent was removed by decantation and the red oily 
residue obtained was chromatographed on a silica gel column (dichloro- 
methane: hexaiies (1 : 1 viv)) affording (in the order of elution) 12 (0.18 g, 9 %  
based on 9), 10 (0.48 g, 35% based on 8) and 11 (0.17 g, 24.6% based on 8). 
Compound 10 is a light-brown mobile solid, attempted crystallisation of 
which proved unsuccessful. ' H N M R  (CDCI,): b = 0.88 im, 6H),  1.27 (m, 
1?H), 1.59 (m, 4H) ,  2.32 (s, 3 H), 2.80 (sextet, J = 4.1 Hz, J H ) ,  3.98 (s, 2H),  
7.31(d, J = 8 . 2 H z ,  2H) ,  7.53 (d, J=X.211z); 1R (KBr): i.=2923, 2240, 
1605. 1508, 1375 cin-I: PDMS: n1:z =I334 [ M + ] .  Compound 11 was crys- 
tallised from eithcr carbon disulfide or dichloromethane, giving red prisms 
suitable for X-ray structural analysis. M.p. >250 'C;  'H NMR (CDCI,): 
6 - 2 . 0 6 ( ~ , 6 H ) , 3 . 8 0 ( d , J = 1 3 . 5 H z , 2 H ) , 4 . 2 1  ( d , J = 1 3 . 5 H z , 2 H ) , 7 . 4 2  
(d, .I = X.3 Hr. 2 H ) ,  7.52 (d, . I= 8.3 Hz, 2H);  HRMS: found 665.92792; 
C,,H,,N,S, requires 665.92972. 


Synthesis of 11 by self-coupling of 8: A mixture of 8 (160 mg) and triethyl 
phosphite (10 mL) was stirred and heated in a11 oil bath at 115 "C under argon 
for 3 11. On cooling, the solvent was removed in vxcuo. leaving an oily red 
residue. Methanol (10 mL) was added and the solid that precipilaled was 
collected by suction and washed with a large amount of methanol. The solid 
was dissolved in dichloroinethane and purified by column chromatography 
(silica gel. dichloroinethane) to give pure 10 (77.1 mg. 51 YO). 


Pyrazinoporphyrazines 13a-c: To a solution of 10 (140 mg for 13a, 145 mg 
for 13b, 1Y8 mg for 13c) in 1,4-dioxane (2 mL)"' (freshly distilled from 
sodium/benrophenone) freshly prepared lithium pentoxide solution in amyl 
alcohol (1 XYM. 5 mL) was added. The mixture was immei-sed in an oil bath 
at 125 C and stirred for 45 min under argon. The mixture was then cooled 
to 1-oom temperature and absolute ethanol (30 mL) was added. The mixture 
was left to stand overnight. The green precipitate was collected by decanting 
the solvent, tiltration under vacuum, and then washed with a large amount 
of absolute ethanol. The precipitate was dissolved in chloroform (2 mL) to 
give a dark-green solution to which acetic acid (1 mL) for 13a or the corrc- 
sponding metal salt (4 equiv, zinc acetate for 13b, copper(r1) chloride for 13c) 
in absolute ethanol (30 mL) was added; the mixture was refluxed for 5 h. 
After cooling to room teinpcraturc the dark-green solid that precipitated was 
collected by vacuum filtration. The solid was extracted by boiling three times 
in absolute ethanol (30 mL) until the ethanol solution was colourless. The 
solid was theii dissolved in either carbon disulfide or dichloromethane and 
filtcrcd through a Cclite column to remove any inorganic impurities that may 
have been present. Concentration of the filtrate at'forded 13a-c as a 
dark-green solid. 13a: 89 mg (64%); M.p. ca. 80°C: UVjVis ( I  : I .  vjv. 
o-dtchlorohcnrenciacctic acid): i,n,, (logc) = 676.5 (4.47). 654.0 (4.40) nm; 
MALDI-TOF MS: m/z = 5320; C,,,H,,,N,,S,, requires 5346: cakd C:, 
52.12; H,  5:32;  N, 4.19: found C, 51.97, H,  5.49; N ,  3.95. 13b: (66 mg, 45%).  
M.p. >250 C ;  UVlVis (DCM): ?.,,?,, (logi:) = 664 (4.53) nm; MALDI-TOF 
MS: m/z = 5420: C232H28,Nl,,S64Zn requires 5409: calcd C, 51.50; H, 5.22; 
N.~.14;foundC,50.82;H,5.21:N,3.90.13c:(63mg,3146);M.p.~250"C; 
UV,'Vis (DCM): 1,,,, (logc) = 659 (4.84) nm; MALDI-TOF MS: nil2 = 


5450: C,,,H2,,,N,,S,,Cu requires 5407: calcd C, 51.52; H, 5.21; N, 4.14; 
found C, 49.65: H,  5.14; N ,  3.74. 


2,3-Bis(bromomethyl)-S,6-dicyano-1,4-pyrazine ( 14) : A mixture of x,d-dibro- 
r ~ i o d i a c e t y l ' ~ ~ ~  (6.1 g, 25 mmol). diaminomaleonitrile (2.7 g, 25 mmol) and 
ethanol (50 niL)r4h1 was refluxed for 3 h to obtain a brown solution. The 
mlvent was removed in vacuo and the residue chromalographed on a silica 
column (eluent dichloromethane). The first product to elute was compound 
14 as a colourless oil, which crystallised from methanol as white prisms (6.2 g. 
78%).  M.p. 106-207°C; ' H N M R  (CDCI,): 6 =4.75(s); m/z (YO) = 316 


(7.5) [ M  ' I .  C,H,Br,N, cakd C ,  30.41: H ,  1.28; N. 17.73; found C, 30.54: 
H, 1.17; N, 17.76. A second product, which eluted after 14. was a colourless 
oil identified as 2,3-dicyano-5,6-di(ethoxymethyl)-1,4-pyrazine by H NMR 
spectroscopy: ' H N M R  (CDCI,): ii =1.27 (6H, t, J = 7 . 0  HL). 3.64 (4H, q, 
J =7.0 Hz), 4.84 (4H, s). 


2,3-Dicyano-S,6-bis[4-(S-methyIthio-2-thione-l,3-dithiolyl)thiomethyl(-1,4- 
pgrazine (15): To sodium methoxide solution (prepared from sodium (0.50 g. 
21.7 mmol) and dry methanol (200 mL)) at room temperature. compound 6 
(6.88 g, 21.7 mmole) was added in oiie portion and the mixture was stirred 
and warmed to ca. 40-C to afford a red-orange solution. Compound 14 
(3.43 g, 10.8 nimol) was added to the stirred solution, which was then refluxed 
for 0.5 h. The reaction mixture was cooled to room temperature and the 
precipitate was filtered in vacuo and washed sequentially with a large volume 
of water and methanol, to give a red-orange sohd (5.6 g, 90%). which was 
recrystallised from hot benzonitile to afford 15 as pale brown prisms. 
M.p. 151-153'C; ' H N M R  (CDCI,): d = 2 . 4 9  (s, 3H), 4.32 ( s ,  2 H ) .  
C,,H,,,N,S,,: calcd C, 33.19; H, 1.74; N, 9.68; found C. 33.48: H, 1.67; N. 
9.58. 


Compound 17: Compound 16[231 (2.43 g, 4.0 mmol) was dissolved in degassed 
D M F  (60 mL) and a solution of CsOH.H,O (0.71 g, 4.2 mmol) in methanol 
(10 mL) was added dropwise and the mixture was stirred at room temperature 
overnight to yield a red solution. Compound 14 (0.65 g. 2.06 mmol) was 
added in one portion and stirring was maintained for 1.5 h. Solvent was 
removed in vacuo to leave a brown residue, which was chromatographed on 
a silica column (eluent DCMjlight petroleum. b.p. 40--60'C (2:1 v v)) to 
afford 17 as an amorphous brown solid (2.0 g, 79%) M.p. from 52 C;  
'H NMR (CDCI,): 6 = 7.1 3 (s, 16H), 4.27 (s, 4 H ) ,  3.87 (s, 4H) .  3.85 (s. 4H).  
2.39 (s, 6H) and 2.31 (s, 12H).  C,,H,,N,S,,: calcd C, 51.31; H, 3.67; N, 
4.43; found C. 51.36; H ,  3.51; N, 4.28. 


1,2-L)ibromo-3,4-bis~4-(S-methylthio-2-~ione-1,3-dithiolyl)thiomethyl~ ben- 
zene (18): To the sodium thiolate solution prepared from 6 (5.06 g, 16 mmol) 
and sodium methoxide (16.1 mmol) in dry methanol (150 mL), 1.2-dibromo- 
4,5-bis(bromomcthyl) b e n ~ e i i e ' ~ ' ~  (3.37 g, 8 mmol) was added in one portion. 
The mixture was vigorously stirred at room temperature for 1 h, then warmed 
to 50 'C  with slirring for an additional 20 min. Water (100 mL) was added to 
the mixture followed by cooling with ice. The resulting yellow solid was 
isolated by decanting the solvent, vacuum filtration, and crystallisation from 
dichloromethane to give 18 as yellow flakes (4.5 g. 82%). A yellow prism 
suitable for X-ray structural analysis was obtained by recrystallisation from 
carbon disulfide. M.p. 177-178.5"C; ' H N M R  (CDCI,): 6 = 2.46 (s, 6H).  
4.11 (s, 4H),  7.49 (s, 2 H ) .  C,,H,,Br,S,,: calcd C, 28.07; H, 1.77; found C. 
27.43; H. 1.75. 


1,2-Dibromo-3,4-bis~4-(S-methylthio-2-oxo-1,3-dithiolyl)thiomethyl~ benzene 
(19): By a similar procedure to the transformation of 7 to 8, 19 was obtained 
by transchalcogenation of 18 (3.87 g, 5.65 mmol), in chloroform (300 mL) 
and acetic acid (100 mL) with mercury(I1) acetate (8.9 g, 28.3 mmol) The 
product was crystallised from carbon disulfide forming 19 as light yellou 


4.10(s, 4H). 7.47 (s, 2H) ;  C,,H,,,Br,O,S, calcd C. 29.45: H. 1.85; found C. 
28.90; H. 1.96. 


lieedles(3.3g.89Yo). M.p. 131 133°C. 'HNMR(CDC1,) :d  = 2.39(s,6H), 


Self-Coupling of 19-Synthesis of 20 and 21: Compound 19 (0.65 g. 1 mmol) 
was mixed with degassed tricthyl phosphite (20 mL) and the mixture was 
heated with stirring under argon at 311 oil bath temperature of 125 C.  forming 
a yellow solution. An orange precipitate gradually appcarcd and the mixture 
was stirred with heating for 2 h. Triethyl phosphite was removed in vacuo. 
and ethanol (20 mL) was added to the residue. The solid was collected by 
filtration in vacuo and washed with ii large amount of ethanol, yielding a dark 
yellow powder (0.55 g), which was a mixture of 20 and 21. Due the very 
limited solubility of this mixture in usual organic solvents, column chro- 
matography was not possible. Nevertheless, repeated extractioii with hot 
carbon disulfide left the less soluble white needles. which were shown to be 
20 by X-ray crystallography, m.p. ca. 210'C (after darkening at >150 C).  
(The crystal of 20 for X-ray analysis was grown as follows: the sample (ca. 
5 mg) was mixed with carbon disulfide (ca. 0.5 mL), placed in a sealed glass 
tubc. aiid heated above the boiling point of the solvent until dissolution was 
complete. Cooling the sample yielded a mixture of white needles of 20 and an 
orange powder of 21.) The product obtained by evaporation of the CS2 
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Table 3 Crystal data. 


Compound I l a  I l b  15 18 20 


formula 
M, 
T, K 
symmetry 
u. A 
h, A 
c, 8, 


B, 


u, A' 


1. 


space group 
Z 
F(000) 
p. cm-'  
P ~ ~ , ~ ~ ,  gem- 
crystal size, mm 
2 L ,  
data total 
data unique 
data observed, I >  2u(1) 
R,,, [a] 
absorption correction 
transmission, min:max 
no. of variables 
I v R ( F ~ ) ,  all data 
goodness-of-fit 
R(F),  obs. data 
AP,, , ,~, , , , , ,  e k '  


C,,H,,N,S;CS, 
743.07 
150 
monoclinic 
X.052(3) 


19.941 (3) 


100.32(2) 
90 
3365.5 (14) 
P 2 J c  (no. 14) 
4 
1520 
63.0 
1.47 
0.1 x 0.1 x 0.25 
120 
5078 
4677 
3116 
-/0.043 
empirical [b] 
0.73:1.00 
398 


1.03 


0.41/ - 0 35 


21.30513) 


90 


o.inx 


0.055 


C,sHtaN,Ss.CHzCI, 
751.87 
150 
triclinic 
11.408( 1) 
16.057 (1) 
19.819(1) 
94.78(1) 
106.58 (1) 
102.05(1) 
3 3 63. n (4) 
Pi [no. 2) 
4 
1536 
7.2 
1.485 


56 
20327 
11768 


0.04 x 0.38 x 0.40 


9360 
0.041/0.1133 


0.76:0.97 
integration [c] 


833 
0.172 
1.03 


0.52j ~ 1.34 
0.053 


C,,H,oN,S,u 
57x 88 
150 
triclinic 
9.054 (1) 
9.248 (I) 
15.283 (2) 
96.32 (1) 
100.22 (1) 
107.73(1) 
2181.0(2) 
PT (no. 2) 
2 
588 
9.5 
1.628 


51.2 
5292 
3755 
3201 
0.035/0.026 
semiempirical [c,d] 
0.77:0.91 
31 1 
0.098 


0.14 x 0.16 x 0.22 


1.109 
0.035 
0.35/ ~ 0.32 


C,,H,,Br,S,, 
684.68 
150 
monoclinic 
11.850[1) 
12.056 (1) 
16.511(1) 
90 
97.53(1) 
90 
2338.4(6) 
P2,,'n (no. 14) 
4 
1352 
43.6 
1.945 
0.25 x 0.4 x 0.55 
52 
9890 
4064 
3727 


integration [c] 
0.18:0.38 
302 
0.083 
1.10 
0.033 
0.37; - 0.51 


0.123/0.041 


C,,H,,Br,S, 
620.56 
296 
monoclinic 
8.209 (1 ) 
16.124(2) 
X.418(2) 
90 
98.97(1) 
90 
1100.6(3) 
I m  (no. 8) 
2 
612 
44.4 
1.87 
0.05 x 0.1 x 0.2 
51.4 
2590 
1279 
1175 
0.05410.035 
semiempirical [c,d] 
0.79:0.Y9 
133 
0.073 


0.030 
1.10 


0 . 3 ~  ~ 0.35 


solution was dissolved in u-dichlorobenzene to which dichloromethane was 
added to afford 21 as an  orange powder, m.p. 2 2 5 0  "C. C,,H,,Br,S,,: calcd 
C, 30.97; H, 1.95; found C, 31.08; H, 1.87. By the very different methylene 
proton NMR signals in CDCI, (20, 4.18 (d, 2H,  J = 16 Hz), 3.47 (d, 2 H ,  
. J = 3 6  Hz); 21, 4.09 (s, 4H)),  the relative ratio of 20:21 in the part of the 
crude product mixture that dissolved in CDCI, was ca. 2: 1. Both 20 and 21 
showed additional peaks at 2.24 (s, 6H)  and 8.18 (s, 2H) .  


Crystal Structure Analysis: Single-crystal X-ray diffraction experiments were 
carried out on a Siemens 3-circle diffractometer with a C C D  area detector 
(Mo,, radiation, 7. = 0.71073 A, (1) scan mode with 0.3" steps), for 11 a on 
a 4-circle Rigaku AFC6S diffractometer (Cu,, radiation, I = 1.54084 A, 
Q scan mode with Lehmann-Larsen algorithm), using graphite monochroma- 
tors and Cryostream open-flow N, gas cryostats. The structures were solved 
by direct methods (18 by Patterson technique) and refined by full-matrix least 
squares against F2 of all data, using SHELXTL ~ o f t w a r e . ~ ~ ~ ~  All non-H 
atoms were refined with anisotropic displacement parameters. H atoms in 
I l a  and I l b  were treated as "riding", in 15 and 18 refined isotropically; in 
20 the methyl group was refined as a rigid body, other H atoms isotropically. 
In 11 a, the C(9)H3 methyl group of 11 and the S(10) atom of crystallisation 
CS, are disordercd each ovcr two positions, A and B. with occupancies ot'O.6 
and 0.4, respectively. In 11 b, one of the CH,CI, molecules shows a complicat- 
ed disorder, approximated as atoms Cl(3) and Cl(4) occupying two positions 
(A and B) each, with occupancies of 0.5, and the carbon atom C(O2) in three 
positions, A, B, and C ,  with occupancies of 0.7.0.2, and 0.1, respectively. The 
crystal of 20 was a racemic twin; the contributions of the components were 
refined to 82(2) and 18(2)'%. Crystal data and experimental details are listed 
in Table 3. 
Crystallographic data (excluding structure factors) for the structures reported 
in this paper have been deposited with the Cambridge Crystallographic Data 
Centre as supplementary publication no. CCDC-1220-52. Copies of the data 
can be obtained free of charge on  application to The Director, CCDC, 12 
Union Road, Cambridge CB2 lEZ, UK (Fax: Int. code +(1223)336-033; 
e-mail : deposit (@chemcrys.cam. ac. uk) . 
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Investigation of the Formation Reaction and Structural Characterization 
of the “Platinum Grignard Reagent” [Pt(MgCl),(THF),] 
by Extended X-ray Absorption Fine Structure (EXAFS) and Other Methods 


Lorraine E. Aleandri, Borislav Bogdanovik,* Christine Diirr, 
Sara C. Huckett, Deborah J. Jones, Uwe Kolb, Martin Lagarden, 
Jacques Rozi&e,* and Ursula Wilczok 


Abstract: The “platinum Grignard 
reagent” [Pt(MgCI),(THF),] (2), obtained 
by the reaction of PtCI, and Et,Mg in a 
I : 2  molar ratio, as well a s  finely divided 
platinum (Pt*)--a possible intermediate 
formed during the preparation of 2-have 
been investigated by EXAFS spec- 
troscopy at  the Pt L,,, edge. Parallel inves- 
tigations wcre carried out on Pt* obtained 
I‘roin PtCI, and (9,10-dihydro-9.10-an- 
thracenediyl)tris(tetrahydrofuran)magnes- 


Introduction 


ium (MgA), and on 2 obtained from Pt*, 
MgA, and MgCI,. The EXAFS results 
suggest that Pt* consists of extremely 
small particles ( z  5 -  11 A) with strongly 


Keywords 
clusters * EXAFS spectroscopy 
Grignard reactions * magnesium * 


platinum 


reduced Pt--Pt distances compared to 
bulk Pt (z0.09A). The EXAFS spectra 
of 2 indicate the presence of Mg shells in 
addition to Pt shells in the Pt environ- 
ment; Mg atoms arc a t  a bonding distancc 
from Pt atoms (2.78-2.80 A). These re- 
sults suggest that 2 consists of very small 
Pt-Mg clusters and confirm their forma- 
tion from organomagnesium reagents and 
PtCI, or Pt*. 


I n  recent publications[’] we reported the preparation of a series 
of novel, so-called inorganic Grignard reagents of general 
formula [M(MgCl);(MgCI,),] (M = Group 8-10 transition 
melal; PI = 1 ~ 2. 3 ;  p = 0, 1 )  and their applications in the synthe- 
sis of nano-particulate intcrmetallics and alloys. 


In the preparation of Grignard reagents of palladium (1)  and 
platinum (2) from the corresponding metal chlorides and di- 
ethylmagnesium (Et,Mg), a notable distinction between the re- 
actions leading to 1 and 2 was observed.“”] Reagents 1 can only 
be prepared by slowly warming a mixture of PdCI, and Et,Mg, 
in a molar ratio of 1 : 2  in THF, from -78 ‘C to RT [Ey. (I)]; 
fincly divided palladium (Pd”), prepared from PdCI, and 
EtzMg under the same conditions [Eq. ( 1  a)], does M O ~  react 


1’1 111-. L. k. Alcnridi-1, Prof. R UogdanoviC. Dr. C.  Diii-r. D r  S. C Huckrtl. 
Dr. U .  Kolb. Dr. M. L.agarden. U. WiIc7ok 
Max-Planck-lnsiilut fur Kohlenforschung 
Pobtfiich 101353. 45466 Mulheim a n  dei- Kuhr (Gcrinm)) 
F;AX: In l .  code + (208)306-2980 
Dr. D. .I. .Jones. Prof J. RoziCi-c 
Labor2lloire dch Agrcgats MolCculairch et Materi:iox Inorg;iniques U R A C -  
NRS79. Uni\ersitC de Monqxllicr I I  
r‘-34095 Monlpellicr Cedcx 5 (Prcincc) 


with (additional) Et,Mg and MgCl, to give 1. In contrast, 2 can 
be prepared by both the one-””’ and the two-step process [Sec- 
tion A, Eqns. (2) and (2 a)], 


The surprising macroscopic observation that a suspension 
of Pt* could react with an organometallic reagent (Et,Mg 
or EtMgCI) under ambient conditions to generate a soluble 
bimetallic species [2, Eq. (2a)l as  well as thc possibility 
that Pt* could bc an intermediate in the formation of 2 
[Eq. (2 ) ] ,  required verification by spectroscopic methods. In 
the following we report investigations on the formation reac- 
tions and the structural characterization of 2 and of inter- 
mediate Pt” by means of N M R  and EXAFSLZ1 spectroscopy 
(Section A).  Parallel investigations on the formation of 2 
from PtCI, and MgA.3THFr3I  (Section B) are also de- 
scribed. 
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Table 1. 'H NMR study of thz reaction of PtCI, with bt,Mg (molar ratio I :2) in [D,]THI' [Eq. (2)] 


R e x l .  Rcact. T 'H NMR Chemical shifts 6 Intensity ratio of signals Additional (weak) 
T (  C )  f (11) spectrum ( 'C) C2H4 C,H,, CH,CH, CHJH, C,H,:C,II,,:CH,CH, s1:nnls 0 


~~ ~ ~ ~ - ~~~ 


-78- -60 18 - 60 5.39 0.83 1.16 -0.85 (-0.72) I : l . 8 :  1.5 0.57. 0.30 
-60 --t -20 2 - 20 5.39 0.83 1.16 -0 85 1:1.9:0.9 0 52 [a] 
-20 4 0 0.5 0 5.39 0.83 1.16 -0.85 1 :  I.X:0.5 0.52 [h] 
RT I20 + 27 5.39 0.83 ~ 1:3.3:0.0 


[a] Broad signal. [b] Further broadcning of the signal 


Results 


A. Preparation and characterization of 2 and of Pt" from PtCI, 
and Et,Mg: The one-step preparation of 2 [Eq. (2)] has already 
been reported.["'. 


TH F 


-78 C-treflux 
PtCI, + ZEt,Mg ~ -- - 


(2) 
[Pt(MgCI)z(THF),I + 2(C2H, + CzHJT 


2 


' H  N M R  spectroscopy: The formation o f 2  in [DJTHF [Eq. (2)] 
with a temperature gradient from -78 to +27" was monitored 
by ' H N M R  spectroscopy (Table 1; experiment 3.1, i.e., 
Table 3, experiment 1) .  The spectrum recorded at  -60°C al- 
ready revealed the presence of C,H, and C,H,. In addition to  
signals from EtMg (6 = 1.16 and -0.85, shoulder a t  -0.72), 
weak multiplets a t  S = 0.57 and 0.30 were observed. At - 20 "C, 
the signals of C,H, and C,H, had increased, while those of 
EtMg had decreased. The multiplets at 6 = 0.57 and 0.30 were 
no longer present, but a broad signal appeared at  6 = 0.52. At 
RT, only signals of C,H, and C,H, were ~ b s e r v e d . [ ~ % ~ ]  The 
evidence from 'H N M R  spectroscopy thus confirms the stoi- 
chiometry of the reaction given in Equation (2), and in contrast 
to thc EXAFS experiment (see below), the reaction at  R T  
reached completion in this experiment. 


195Pt and 25Mg N M R  spectroscopy: N o  195Pt signal could be 
detected in a solution of 2 in [D,]THF,['] however, there was a 
broad 25Mg signal (780 Hz width) a t  6 = 20. This signal is shift- 
ed downfield and is broader than that observed for MgCI, in 
[DJTHF (6 = 16.4, 350 Hz width).18] These differences with re- 
spect to MgCI, cannot be explained precisely (coordination of 
Pt to Mg, changes in the coordination sphere of Mg, etc.), 
however, the 25Mg signal detected points to the presence of 
Mg-Cl bonds in 2. 


Two-step prepuration q f 2  [Eq. (2a); experiment 3.21: PtCI, re- 
acts with Et,Mg in the molar ratio 1 : 1 at  -70 "C --f R T  with 
evolution of a gaseous mixture of C,H, and C,H, t o  produce a 
black precipitate-~ presumably Pt" [Eq. (2a)l. At this stage of 


THF ~ PtCI, + Et,Mg __ __ 
-78 C-RT 


Et M 
Pt*J + MgC1, + (C,H, + C,H,)t 


-C,H, 


the reaction, the absence of any Et,Mg or  EtMgCl in the T H F  
solution was proved by 'H NMR spectroscopy. After addition 
of a second equivalent of Et,Mg and stirring of the suspension 
for 3 h at RT, dissolution of the bluck precipitate was observed. 
In order to complete the reaction, it was necessary to reflux the 
reaction mixture for 1-2 h, whereby evolution of a C,H,/C,H, 


mixture was observed once again and the second equivalent of 
Et,Mg was completely consumed ('H N M R  spectroscopy). The 
resulting solution of 2 was free of any Pt" precipitate. 


EXAFS spectroscopy: The environment around Pt in 2, pre- 
pared according to Equation (2) (after heating the reaction mix- 
ture to  reflux, experiment 3.4), as well as that in the intermediate 
product (prior to refluxing, experiment 3.3) was examined by 
EXAFS spectroscopy. The spectra were recorded in solution 
(THF) and in the amorphous solid state, obtained from the 
evaporation of the solutions to dryncss under vacuum. Two 
types of EXAFS analysis were undertaken: firstly, a conven- 
tional curve-fitting procedure in reciprocal space by meaiis of a 
single scattering formalism, and secondly, modeling of the ex- 
perimental EXAFS function with functions calculated for vari- 
ous cluster species with the inclusion of multiple scattering path- 
ways. 


The results from the curve-fitting procedure indicate that thc 
environment around Pt in 2 (Table 2, Figure 2 b) includes 
4.0(9) Pt atoms at  2.70(2) A and 1.8(6) Mg at 2.80(2) A. This 
suggests the existence of bimetallic Pt-- Mg clusters. Thus, the 
coordination sphere around Pt  in 2 is very different from that 
found for Ti in the Ti Grignard reagent [Ti(MgCI),(THF),], in 
which no Ti neighborsr9] were found. Surprisingly, the environ- 
ment around Pt in the intermediate (Table 2. Figure 2a)  does 
not correspond to an organochloro-Pt derivative[6] but is char- 
acteristic of very small Pt clusters (cf. Section B): 5.5(7) Pt 
neighbors a t  2.68(6) A with 0.5(6) oxygen atoms (from T H F )  at  
2.03(9) A. This suggests that the generation of the platinum 
Grignard reagent 2 proceeds via very small Pt particles. How- 
ever, nothing higher than the second cumulants were included in 
the fit. This conventional method has a limitation in deriving 
structural information on a system composed of very small par- 
ticles: thc absence of any cumulants higher than the second ones 
may cause the determined Pt-Pt distance to be shifted to a 
smaller value (estimated error 0.015 and N may be un- 
derestimated if the distribution of distances is non-Gaussian. 
This only affects the absolute value of thc determined bond 
length, but not its interpretation in this paper. The difference 
between the EXAFS spectra of 2 and of the intermediate Pt* 
(Figure2a,b) is noteworthy: the presence of a Mg shell in 2 
causes a characteristic dip in the first oscillation near 6 A ~ I .  this 
is not observed in the Pt" spectrum. 


B. Investigation of the reaction of PtCI, with 9,10-dihydro-9,10- 
anthracenediylmagnesium*3THF (MgA): In the reaction of Pd- 
CI, with MgA in T H F  (molar ratio 1 :2  or higher) only solid 
products are formed.["] PtCI,, on the other hand, reacted with 
MgA in the molar ratio 1 :2 to afford 2 [Eq. (3)].l3. ' I 1  The pres- 
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ence offree anthracene in the T H F  solution following the reac- 
tion was verified by IR and N M R  spectroscopy, and GC analy- 
sis (experiment 4.1). 


The preparation of 2 from MgA [Eq. (3)] could also be con- 
ducted in two steps, that is, consecutive addition of  the first and 
of the second equivalent of MgA to PtCI,; after the reaction of 
PtC1, with one equivalent of MgA, a fine black precipitate of 
Pt* (see below) was observed, which dissolved upon addition of 
the second equivalent of MgA [Eq. (3a); experiment 4.21. 


PtCI, + M g A  JHL P t * j  + A + MgCI, 2 + ? A  ( 3  a) 
RT 


It is remarkable that Pt*, even when isolated by filtration as 
an X-ray amorphous powder (experiments 5.1 and 5.2), still 
possesses the ability to react with MgA and MgCI, to  afford 2 
[Eq. (4); experiments 6.1 and 6.21. The reaction of the isolated 
Pt* with MgA and MgCI, to 2 [Eq. (411 was monitored by re- 


THF 
Pt”+MgA+MgCI, -----+- 2 + A - RT 


1 
k P t *  + + Mg2* 


DHA 


(4) 


moving samples directly from the reactioii mixture and then 
determining the ratio of anthracene/9,1O-dihydroanthracene 
(DHA) in the hydrolyzed samples by gas chromatography. As 
can be seen in Figure 1 (*, o; experiment 6.3), a t  R T  the reaction 
is virtually complete after ca. 15 minutes. In the absence of Pt* 
(m , 1 )  or in the presence of commercial Pt black ( x , o), only a 
minor quantity of anthracene[lZ1 was liberated from MgA under 
the same conditions. 


EXAFS .vpectrosccipy: Both the isolated Pt* (experiment 5.1) 
and 2, resulting from the reaction of the isolated Pt* with MgC1, 


molar fraction 


0.8 H‘4--------____= -1 
0.4 I 


[hours] 


Figurc 1. The progression of the reaction of Pt* with (9,10-dihydro-9.10-an- 
tliracenediyl)tris(tctraliydrofuran)magnesiuiii (MgA) and MgCI, to produce thc 
“platinum Grignard reagent” 2 [Eq. (4)]: (*) increase in  the concentration of  an- 
thracene (A) with time; (n) decrease in the concentration of9.10-dihydroanthraceiic 
I D H A )  with t h e .  Control experiment in the absence of Pt*. (m) A, (I) DHA 
PI black used inytcad of Pt*: ( x )  A, (0) DHA. 


0.06 


0 


-0.06 


rz- 
i 


2 4 6 8 10 12 14 
k (A.’) 


d, 0.05 


0 


-0.05 


k &’) 


Figure 2. Fits for thc hack-transformations for a) the intermediate from rcactioii 
between PICI, and Et,Mg at RT [Eq. (23); two shells P t -0 ,  Pt--Pt]: b) complex 2 
from the rcaction bctween PtCI, and Et,Mg after refluxing [Eq. (2); two shclls 
Pt -Mg, Pt . Pt]; c) Pt* gencrdted from PtCl, and MgA [Eq. (3a): two shells Pt Pt 
and P-C] :  d) complex 2 generated from PI*, MgA, and MgCI, [Eq. (4): two shclls 
Pt -Mg. PtbPt]. 


and MgA [Eq. (4); experiment 6.11, were examined by EXAFS 
spectroscopy (Table 2, Figures 2c,d). Curve fitting showed Pt* 
to  have 6.3(9) Pt  neighbors a t  2.68(4) A, a distance that IS 


0.09 A shorter than that in bulk platinum (2.77 8). In addition, 
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Pt* (Et,Mg) Pt 5.5(7) 2.68 (6) 1 
Mg ? ? 
C 
0 0.5(6) 2.03 (9) 


~ - 


2 ( E L M d  Pt 4.019) 2.70(2) 2 
Mg 1.8 (6) Z.XO(2) 
c 
0 0.4(?) 2.08 (?) 


~ 


Pt* (MgA) Pt 6.3(9) 2.68 (4) 2 
Mg 
c 0.4(9) 2.18(7) 
0 


~ - 


~ 


2 W g A )  Pt 3.8(9) 2.69 (1) 3 
M€ 1.0(4) 2.78 (5) 
c 
0 


~ 


~ 


[a] Number of atoms in the shell. [b] Distance from the Pt absorber. [c] Deviation 
of the experimental spectrum from the theoretical one as-defined by Res. = 
xk(xsil, - ~ , , ~ , , , ) ~ / ~ ~ x & .  PtMg alloy was used as a reference substance (Pt Mg 
distance: 2.73 A). Ref.: L. E. Aleandri, B. BogdanoviC, U. Wilczok, D. Noreus, 
G. Block, Z. Phys. Chern. 1994, 185, 131. 


an increase in low R intensity in the Fourier transform of Pt* 
relative to  Pt foil (Figure 3 )  suggests a shell of light-weight 
atoms. This contribution could originate from anthracene in 
Pt*, the presence of which has also been demonstrated by GC 
experiments (experiments 5.3 and 5.2). In  the final fit, 0.4(9) 
carbon atoms were rcfined a t  a distance of 2.18 (7) 8, from plat- 
inum. 


After conversion with MgA and MgCI, into the THF-soluble 
Pt-Grignard system 12, Eq. (7); experiment 6.11 analysis of the 
EXAFS data (Table 2 and Figure2d) is compatible with 
3.8(9) Pt neighbors at 2.69(1) 8, and 1.0(4) Mg at  2.78 ( 5 )  A, 
which is close to the sum of the Pauling radii of the metal atoms 
(2.73 A). It should be mentioned here that the Pt-Mg distance 
in a reference PtMg alloy is 2.73 8,. Once again, a dip in the 
oscillation near 6 8, is observed. These results tend to confirm 
(cf. Section A) the formation of bimetallic Pt-Mg nano-sized 
particles or clusters from Pt*. 


Discussion 


Both the low number of Pt neighbors (6.3(9)) in isolated Pt* 
and, more particularly, the Pt-Pt bond length shortened by 
0.09 8, compared to bulk platinum [Eq. (3 a); Table 21, are com- 
patible with the existence of extremely small Pt particles. The 
same holds true for the Pt* intermediate formed from PtC1, and 
Et,Mg [Eq. (2a); Fable 21. 


The effect of size on the lattice parameter in small particles is 
well k n ~ w n . [ ' ~ - ' ~ ]  Similar Pt-Pt distances (2.68 and 2.66 A )  
and similar values for the number of Pt neighbors (5 .4k 0.6 and 
5.7 kO.6) to those found here for Pt* have been reported["] for 
a 1 wt04 Pt/A1,0, catalyst before and after reaction with n-hcp- 
tane. These clusters were approximately 7 8, in size."'] In  con- 
trast, larger Pt colloids with a particle size of ca. 26 8, and an 
average coordination number of 11.2 show a contraction of the 
Pt-Pt distance of only 0.01 A.["I In all cases, the derived struc- 
tural data may reflect a distribution of distances in particles of 
the same size, a single distance in particles of nonuniform size, 
or indeed a distribution of distances in particles of different 
sizes. The number of first-shell distances also depends on the 
structural type, for example, a single distance is found for fcc 
and two for a centered icosahedron. Small metal particles are 
known to adopt well-defined structural types, with cuboctahe- 
dral (fcc), icosahedral, or decahedral morphologies being com- 
mon. It is generally accepted that the fcc structure is progressive- 
ly more stable as the radius of the particle increases from 7 to 


The "magic numbers" for metal clusters with closed shclls 
based on the fcc structure are 13, 5 5 ,  and 177, while those based 
on a centered icosahedral structure are 13, 5 5 ,  and 147.[191 For 
the former, the average coordination numbers are 5.54,7.0, and 
9.0 atoms for clusters with 13, 5 5 ,  and 177 atoms, respectively. 
In a centered icosahedron, two types of nearest-neighbor dis- 
tances exist: R,, the radial distance between atoms of difference 
coordination shells, and R,, which corresponds to  the distance 
between atoms of the same shell, whereby R, = 1.0561 R,.['O1 In 
order to gain a better understanding of the type of arrangemenl 
adopted by Pt*, we calculated the total ~ ( k ) k '  function of plat- 
inum clusters with 13, 55 ,  and 177 atoms for an fcc structure," ' ]  


and with 13 and 55 atoms for clusters with an icosahedral struc- 
ture,["] and then compared them with the experimental EXAFS 
of Pt*. The theoretical ~ ( k ) k '  function of idealized platinum 
clusters [fcc structure, a = 3.7767 8, (in bulk Pt, a = 3.924 A)] 
and a centered icosahedral structure with R, = 2.67 8, were cal- 
culated by using the program F E F F  6.IZ3' The theoretical z(k)ki 
function was calculated for each atom of the  cluster by means of 
the correlated Debye ( T  = 77 K ;  Dcbye tempera- 
ture = 100 Krz5]). The total x(k)k1 function was calculated as 
the average of all the single functions. These functions, and the 
(nonfiltered) experimental ~ ( k ) k '  function of isolated Pt* are 
compared in Figure 4. It can be seen that a characteristic feature 
(marked with an asterisk in Figure 4), which is caused by multi- 
ple scattering, is not present in the ~ ( k ) k l  functions of the Pt,, 
clusters calculated on the basis of either the fcc or the icosahe- 
dral structures. However, this feature does appear in the z(k)ki 
functions of both the Pt,, and the Pt,, ,  fcc clusters. For  thc 
icosahedral clusters, the presence of two unresolved bond 
lengths R ,  and R,, corresponding to the radial and tangential 


12 8,,[13. 16, 181 
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Figurc4. Calculated ~ ( k ) k '  functions of Pt,,. 
= 3.7767 A)  and ofPt , ,  and l't,, (icosohedral structure, R, = 2.67 A) compared to 
the non-liltcrcd experimental %(k)k' function of Pt*. The asterisk indicates the 
characteristic feature between 5 and 6 k ' (see text). 


and Pt , , -  (fw structure. 


distances, causes a reduction in the calculated EXAFS ampli- 
tude (Figure 4, middle). 


Various attempts were made to fit the experimental spectrnm 
of Pt* to the calculated functions of fcc Pt,, and icosahedral 
Pt,,. The presence of Pt,,, was not considered at  this stage, 
since the average coordination number in such a cluster is 
significantly higher than that observed for Pt*. The best agree- 
ment is shown in Figure 5 ,  where the experimental ~ ( k ) k '  spec- 
trum has been fitted with contributions from the calculated 
functions of fcc (40%) and icosahedral (60%) Pt,, clusters. 
This result, together with the known effect of size on lattice 
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0.06 0.4 fcc structure 
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Figure 5. Experiinental %(k)k' l'unctions of Pt* fitted with the calculated functions 
of Pt,, with fcc and isocdhedral structure The asterisk indicates the characteristic 
feature between 5 and 6 k' (see text). If the contribution from a carbon back- 
scilttcrer is taken into account, then thc ratio for the best agrccmcnt is 0.41 (Tcc 
structure). 0.51 (icosahedral structure), and 0.08 (contribution of a carbon back- 
scatterer). 


parameters in small particles, leads to the conclusion that the 
observed clusters have a particle size close to 55  atoms and 
display both fcc and icosahedral structures. 


In the Fourier-transformed x(k)k3  functions of Pt foil and Pt* 
(Figure 3), it can be seen that the main peak (Pt-Pt distance) is 
shifted to a lower R + r  value for the latter. Furthermore, there 
is an additional maximum at R+cc = 1.8 A,  which is attributed 
to a platinum-carbon contribution in the curve fitting above. 
Satisfactory agreement in simulations including multiple scat- 
tering was obtained without inclusion of a carbon back-scatter- 
er, its contribution to  the total x(k)k3 function being very small. 


The experimental (non-filtered) ~ ( k ) k '  function of the 
[Pt(MgCl),(THF),] sample [Z, Eq. (4)], when compared to the 
corresponding function of Pt" (Figure 6), displays a broader 
and more marked dip between 5 and 6 k' with a smaller ampli- 
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0.44 PrJJ(fcc structure) 
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Figure 6. Calculated %(k)k' functions of Pt,, (fcc structure, ( I  = 3.7767 A) with  a n  
overlay of a P t - M g  contribution (distancc: 2.70 A. single scatterin_p only) com- 
pared to the experimental l ( k ) k '  function of complex 2 [Eq. (7)]. The asteriak 
indicatcs thc "dip" between 5 and 6 A - i  (see text). 
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tude. This dip cannot be reproduced by the X(k)k’ function of 
a simple platinum cluster model similar to those above, or by the 
sum of such a function and the function of a carbon back-scat- 
terer. However, in agreement with the results of the curve-fitting 
procedure, the experimental functions can be reproduced with 
satisfactory agreement by overlaying the x(k)k’ function of a 
Pt j 5  cluster (fcc structure, multiple scattering taken into consid- 
eration) with the ~ ( k ) k l  function of a Pt-Mg absorber-back- 
scatterer pair (single scattering only). This result is shown in 
Figure 6. 


Furthermore, if the experimental ~ ( k ) k ‘  function is fitted with 
the functions of Pt,, with fcc and icosahedral structures and an 
overlay of a Pt-Mg contribution, then the following results are 
found: 38% Pt,, (fcc structure), 1 2 %  Pt,, (icosahedral struc- 
ture), and 50% Pt-Mg contribution; sum of standard devia- 
tion = 6.79 x 


Conclusion 


EXAFS spectroscopy at the PtLii, edge has provided strong 
evidence that suspensions of Pt particles (Pt*), prepared by 
reduction of PtCI, with Et,Mg or MgA in THF, react with 
(additional amounts of) Et,Mg or MgA and MgCl, to produce 
the THF-soluble “platinum Grignard reagent” 2 [Eqs. (2a) and 
(3 a)]. Thus, Pt* is a probable intermediate in the formation of 
2 from PtCI, and Et,Mg or MgA [Eqs. (2) and (3)]. 


The results from the analysis of the EXAFS data suggest that 
the Pt* particles are extremely sinall ( 5 -  11 A). We have demon- 
strated that the experimental EXAFS of Pt* can be reproduced 
more accurately by a combination of the calculated functions of 
fcc- and icosahedral-structured Pt,, than by the use of either of 
these functions alone. Multiple scattering calculations show a 
clear difference in the predicted EXAFS of the two types of 
structure (fcc and icosahedral). This would indicate that, if the 
particles have a reasonably narrow distribution of size, the nu- 
clearity is close to 55 .  This cluster is denoted here as “Pt,,”, 
which is the closest “magic number” to the size envisaged, al- 
though any claim that this is the only aggregate present i s  be- 
yond the limits of this EXAFS analysis. Stabilization of Tio 
particles of comparable size (8 A) by THF has recently been 
demonstrated by Bonnemdnn, Hormes et al.[271 In the present 
work, both the THF and/or anthracene present in the systems 
could prevent Pt” particles from agglomerating. 


The EXAFS spectra of 2, prepared with either Et,Mg or 
MgA, indicate the presence of both Pt and Mg shells, with Mg 
atoms at a bonding distance from platinum (2.78-2.80 A). This 
result is compatible with the existence of Pt-Mg clusters, the 
structural arrangement of which can be rationalized in terms of 
an essentially Pt,,-like core with MgCI(THF), groups on the 
surface.r281 Total coverage of an fcc “Pt,,” cluster by magne- 
sium (which is of similar metallic radius) would add a surface 
shell of 122 magnesium atoms. This value is very close to that 
determined experimentally in [Pt(MgCI),(THF),] , which is in- 
dependent confirmation that the core is of a size close to Pt,, . 
Some of this magnesium can be removed chemically to give a 
soluble Pt-Mg system.!281 There is an apparent change in the 
proportion of fcc- and icosahedral-type structures observed by 
EXAFS upon formation of [Pt(MgCI),(THF),] from Pt*. 


The phenomenon of dissolution of Pt* suspensions by the 
formation of the “platinum Grignard reagent” 2 [Eqs. (2 a) and 
(3 a)] is a novel example, which demonstrates the extremely high 
reactivity of nanosized metal particles. Related processes are, 
for instance, the deposition of Cu on the surface of colloidal Pt 
particles and the dissolution of Cu in the Pd matrix stiidicd by 
Bradley et al.,[291 the segregation of bimetallic clusters of imniis- 
cible metals (Fe-Mg) investigated by Klabundc et al . ,’”] and 
Basset’s surface organometallic chemistry used for thc preparLi- 
tion of wcll-defined Rh- Sn catalysts.[3 


Experimental Section 


The NMR spectra were recorded o n  a Bruker WH-400 spectrometer. 
X-r$y absorption spectra were recorded ; i t  the Pt L,,,-edgc ( I  I 564 cV) o n  the 
XAS 1 spectrometer (calibrated with a 4 pm Pt foil) a1 LURE. opcratinz ;it 
1.85 GeV and -300 mA. Spectra or [Pt(MgCI),.(THF),] complexes. Pt*. 
crystalline MgPt (HgMn structure), and Pt foil were recorded undcr itlentical 
conditions in a transmission mode with a channel-cut Si(33 I ) nionochroina- 
tor. Spectra werc recorded between 11 400 and 12 500 eV in thi-ce cncrgy 
regions in steps of 5 eV in the pre- and post-edge zones and of 2 CV on tlic 
edge, using Ar-filled ionization chambers as  detectors. Powdered miterials 
were sampled as paraffin oil miills, prepared under Ar and pressed between 
the Parafilm windows of stainless steel holders. Sampling of complex solu- 
tions was performed in a cell with Mylar windows and with an adjustablc path 
length.132’ All data analyses were performed with the programs developed by 
Michalowicz[”’ (lincar pre-edge function and 5 -  6th order spline polynomial 
for normalization/background removal). The resulting EXAFS ( ~ ( k )  versus 
k )  spectra were Fourier-transformed over a range of typically 2.5 -15 A 
(Hamming window, k3 weighting). Curve-fitting procedures were applied to 
Fourier-filtcred spectra back-transformed to reciprocal spacc hy systemati- 
cally varying the coordination number N ,  (fixed at crystallographic values for 
reference compounds), the Debye-Waller factor u,. and R,. the distnncc of thc 
ith shell of atoms from the absorber. The spectra of crystalline compouiicls 
served as models in the definition of the changes in E, and the photoelectron 
mean free path for each type of atom shell when the ah initio phasc and  
amplitude functions of McKalc‘”’ were employed. The u values for cach 
individual shell in the models, as well as in the solid samples. werc closc to 
0.06 A. 


Analyses: Elemental analyses and atomic absorption rneasurenicnts (AAS) of 
aqueous P t2+  solutions: Dornis and Kolbe, Miilhcim an der Ruhr. 


Materials: Anhydrous PtCI, (Degussa) was dried under high vacuum and 
stored under Ar. Pt black: Heraeus. Et,Mg was prepared and analyzed as 
previously described.“”’ T H F  was refluxcd for several hours ovcr MgA13” 
and subsequently distilled under Ar. All reactions with air-sensitive inaterials 
were performed under a dry Ar atmospherc. Vacuum = 0.1 -0.2 mbar: high 
vacuum 10-’mbar. 


Investigation of the reaction represented by Equation (2) by means of ‘H NMR 
spectroscopy (Table 3, experiment 1): A solution of Et,Mg (17.5 nig. 
0.21 mmol) in [DJTHF (1.3 mL) was cooled t o  -78 C and transferred 
under h r  into an NMR tube (5 mm diameter) containing PtCI, (26.9 mg. 
0.10 mmol) at -78°C. The tube was sealed and stored at  -78 C for 18 h 
until the first ‘ H N M R  spectrum was recorded at -60°C. The spcctra at 
- 20 ‘C and 0 ‘C were recorded after a warming period of 2 h and of a further 
0.5 h, respectively. The final spectrum at 27 “C was recorded after the tubc 
had been stored for 5 d at RT. The results of the invcsligation arc sunimorizcd 
in Table 1 


Preparation of 2 by successive addition of the first and the second mol of Et,MMg 
per mol of PtCI, (Table 3, experiment 2): To a stirred solution of Et,Mg 
(97.7% purity, 0.6089 g, 7.23 mmol) in T H F  (50 mL) was added a t  -70 C 
PtCI, (1.9252 g, 7.23 mmol) in small portions. The temperature of the rcac- 
tion mixturc and the evolution of gas during the reaction werc registered by 
a thermocouple and an automatic gas burettet361 connected to the reaction 
flask. The reaction niixturc was stirred constantly for 18 h. then i t  was ;il- 


lowed to gradually warm to R T  and was subsequently stirred at RT for it 
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Tdhlc 3. Investigation <A' the reaction of PtCI, with Et,Mg (molar ratio 1 : 2 )  or EtMgCl (molar ratio 1 :4) 


Lxpt PrC'I, (g) Mg reag Pt-Mg 'I'HF Kcact. T (C) /  M o l  cvolved gas' Solid Mol of gas:mol Method of 
(nnnol) (mmol) ratio (nil.) react. 1 (h) mol of PtCI, [a] (g) Pt during hydrol. reaction investig. 


1 0.027 E1,Mg 1 . 2  1 .3 scc Table I 'HNMK 
(0.10) (0.21) 


7 1.93 Et,Mg 
(7.23) (7.23) 


Et,Mg 
(7.35) 


7 0.6X Et2Mg 


4 [d] 2.77 Et,Mg 


( 1  5 5 )  (4.61) 


(10.4) (21.1) 


. 1  60 -70 --t RT, 18 


: I  10 RT,  3 
RTi2 3 


RF [b]/1.5 
RTl24 


:1.8 40 -78 + RT 1 
RT:'72 


.:, . -  I00 -70/19 
-7O+RT,l2.5 
KT185 
R F  [b]/2 


I . l lC ,H,  
0.3iCJ*, 
0.80 C,H,, 
1.51 C2Hd 


n.d [c] 


1 3C2H,, 
1 2C,H, 


0.0 


see Table 1 


'H N M R  


'H NMR 


0 18C,H, EXAFS. 
0 02 H, see Table 2 


1.1 C,H, 


0.25CiH,,, 0.35CzHI 0.0 0.29H2, 0.2C2H, EXAFS. Table 2 


> 1.36 EtMgCl 1.4 60 -70,12 0.0 Precip. or MgCIJ 
1.57 C,H, 0.44f12 by C,HsO, (5.1 1 )  (20.5) -70-RT 11 


RT,'20 2.19 C2Hd 0.04 C,H, 
RF [b],'2.5 


[A]  I)urnls [he reaction. [b] THI; reflux temperature. [c] Not determined. [d] Compiled from ref [I  a], expt 3.1 


lurther 2 3 11. At this stage. the reaction mixture had become deep brown 
with a black precipitate. The amount of gas evolved was determined as 
t levibed in experiment 2.1 of ref. [I a] and was round to be 1.11 C,H, and 
0.35 C2H,,'Pt. A portion (2 mL) of the solution was evaporated under vacu- 
um and the residue dissolved in [DJTHF. According to the 'H NMR spec- 
trum, the solution was free of Et,Mg or EtMgCI. Subsequently. a solution of 
Et,Mg (0.6102 g. 7.35 mmol) in T H F  (10 mL) was added to the T H F  suspen- 
\ ion  and the mixture stirred at RT  for 3 h, during which tinie dlssohirion of thc. 
hlrrtk preii/iitotcz ii'us ohrcrwd .  In order to  complete the reaction, the mixture 
was relluxed for 1 ' ' 2  h and then stirred at RT for further 24 h. The amount 
o i g a s  evolved after reaction with the second mol of Et,Mg/mol of PtCI, (cf. 
aboce) was found to be 0.X0C2H, aiid I.SlC,H,iPt. The resulting deep 
brown solution was free of any precipitate and contained no Et,Mg or 
EtblgCl ( ' H  NMR spectroscopy). Thc T H F  solution was found 10 contiiiti 
Mg" (13.9 nimol) and CI (13.0 mmol). 


Investigation of the reaction product PtMg,CI,C, o,aH,,,,, obtained from 
PtC'I, and Et,Mg (molar ratio 1 :  1.8) at RT, by means of EXAFS spectroscopy 
(Table 3, experinient 3): PtC12 (0.6774 g. 2.55 inmol) was suspended in T H F  
(20 mL) and Et,Mg (28.8% Mg. X8.5% Et groups; 0.4284 g, 4.61 nimol) was 
di\wlrcd in T H F  (20 mL) and each wcre coolcd LO -78 C. The PtCI, sus- 
pension was then addcd to the EtzMg solution aiid the resulting suspension 
then warmed to RT over a period of 1 h, %tirred at RT  for a further 72 h,  
and the solvent then rcmovetl under vacuum. Elemental analysis of the 
solid residue (1.1Og). Pt 35.52, Mg 8.84, C1 13.04, C 23.52, H 4.17% 
(I'tMg,C12C,,,,1122 The results of the EXAFS investigation of the solid 
thus obtained are summarired 111 'Table 2. Hydrolysis of 0.2423 g of this solid 
w i t h  dil. HCI (2.5 mL) gavc 0.18C2H,.  O.OSC,H,, and 0.02H2:Pt. After the 
nqiieous phase had been extracted with toluene and n-octane added as the 
standard. it war analyzed by gas chromatography: found: 0.94THF and 
0 .  I3  ,1-C4H,0H jPt. 


lnvestigatiort of the reaction product PtMg, ,CII, ,C.2.lTHF (2), obtained 
from PtCI, and Et,Mg (molar ratio 1 : 2) in refluxing THF, by means of EXAFS 
sprctroscopl (fable 3, experiment 4): This experiment has been dcscribed in 
ref. [ I  a] under experiment 3.1. Both the 'THF solution and the d i d  obtained 
after evapoi-ation of the solution wcrc investigated by the EXAFS method:l2' 
ths results are given in Table 2. 


Preparation of 2 from PtCl, and EtMgCI (molar ratio I :4) (Table 3, experi- 
ment 5): The experiment w a s  carried out and analyzed in an analogous man- 
nei to that dcscribed i n  ref. [I a] under experiment 3.2. An~ilysis of the result- 
ing solution of 2 pave Pt'. (4.83 mmol), Mg2- (20.5 mmol), and C1 
(30.8 mmol).  


Preparation of 2 from PtCI, and MgA (molar ratio 1:2) (Table4, experi- 
ment I): PtCI, (1.97g, 7.41 mmol) wits added to a stirred suspension of 
MgA"'" (5.90 g. 14.8 inmol) in T H F  (155 mL). The mixturc was stirred at 


RT  foi- 5 d. The dark brown solution was filtered (D-4 glass Git). the precip- 
itate washed with THF, and then dried under vacuum to afford a black 
powder (0.024 g) which contained 7.71 O/o Pt (EA). An aliquot (1.0 mL) was 
removed from the filtrate (total volume: 280 mL) and was decomposed by 
addition o f  ;I CH,OHjtoluene mixtore containing t?-C,,H,, as  the internal 
standard and subsequently analyzed by gas chromatography. Found: 
nnthracene (A) (13.3 mmol, 89.7%), 9,lO-dihydroanthracene (DHA) 
(0.48 mmol. 3 .2%),  and n-C,H,OH [0.80 mmol; 0.11 mol(mo1 Ptj-']. An 
aliquot (10.0 mL) of the filtrate was evaporated to dryness under W ~ C L I U I ~ ,  


and the residue dissolved in [DJTHF. The ' H  and I3C NMR spectra of this 
solution showed the presence of free anthracene and the absence of other 
components. The 1R spectrum was recorded as a Nujol suspension of the 
sohd obtained after evaporation of the solvent; it showed the presence of  
anthi-acenc. An aliquot (5.0 mL) of the filtrate was decomposed by dil. HCI. 
11,02, the T H F  boiled off and the resulting aqueous solution filtered and 
analyzed for PtZt  by AAS. Found: P t2+  (7.3mmo1, 98%).  An aliquot 
(10.0 mL) of the filtrate was decomposed by the addition of dil. H,SO,. 
Coinplexonietric titration of the aqueous solution at  pH = 10 (PtZ+ ions wcre 
masked by the addition or KCN) gave 14.1 mmol MgZ ' and the Volhardt 
titration gave 15.2 ininol CI-. 


Preparation of 2 by reaction of PtCI, with the first and then the second equiv- 
alent of MgA (Table 4, experiment 2): Thc experiment was conducted 
analogously to the one described above. After stirring the components in a 
1 : I  molar ratio for 18 h. a voluminous black precipltate of Pt* (cf. experi- 
ment 3.1.) was present. After adding the second equivalent of MgA and 
stirring for 5 d ,  only 1 5  nig of' a black solid, containing Pt (17.2%) was 
isolatcd on filtrntion of the solution. 


Active platinum (Pt") from PtCI, and MgA (molar ratio 1 :  I )  (Table 5, exper- 
iment 1): A suspension of MgA (4.36 g, 5.98% Mg, 10.7 mmol) in T H F  
( S O  mL) was added to a stirred suspension of PtCI, (2.88 g. 10.8 mmol) in 
T H t  (20 m L ) .  The reaction was slightly exothermic reaction and the color of 
the mixture changed to dark brown. The suspension was stirred at  RT for 
30 h and then filtered. The precipitatcd Pt' was washed with T H F  and dried 
(high viicuum). Yield: 2.65 g of a black powder of the composition Pt 75.14. 
Mg 0.52, C1 2.22. C 18.45, H 1.20% (PtMg,,,CI, ,,C,,H, '). 


A solution obtained by treating Pt* (0.2347 g) with a CH,OH toluene mix- 
ture (containing known amounts ofn-C,H,, and ~ I - C , , H ~ ~  as internal stan- 
dards) was analyzed by GC. Found: 0.03 A and 0.02 THF,Pt .  EXAFS anal- 
ysis ofPt*:  see Figure 2,  bottom left and Table 2. Pt* showed no diffraction 
lines in the XRD spectrum. Broad reflections of Pt appeared in the spectrum 
alter annealing at  400 'C for 24 h. For TEM analysis. Pt* was suspended in 
EtOH and a small amount of the suspension was applied onto the c'u grid. 
The TEM images showed crystalline, uniform particles of 3 -3.5 nni diame- 
ter. According to EDX analyses, the single particles onlycontain Pt o r  Pt wlth 
small amounts of CI. 
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Table 4. Preparation of 2 from PtCI, and MgA (molar ratio 1 : 2 ) .  


Expt PtCI, (g) MgA Pt:Mg THF React. T (  C); Solid Composition GC of solution (%) NMR IK 
(mmol) (inmol) ratio (mL) react. f (h) (E) of solutloll A DHA C,H,OH 


~~~~~ ~ ~ ~ ~ ~- ~ 


1 1.97 14.8 1.2 155 RT/120[a] 0.024 [b] PtMg, ..CI, o8 8') 7 3.2 11 [c] A A Id1 
(7.41) 


2 I .93 7.26 1:l  120 O/ca. 0.25 black 
(7.26) RT/l8 precipitate 


1.21 1:l RT/120 (a] 0.01 5 PtMg, ,,CI, oq [el 91.2 2.1 13.4 [C] A [dl 
~~~ 


[a] Such a long reaction time is probably not necessary. [b] Pt content: 7.7 %. [c] Mol% of n-C,H,OH/mol Pt. [d] Nujol suspension: In addition to A. ahmrptioiis of 
coinplexed THF are present in the spectrum. [el 7.31 mmol of Pt analyzed in the solution. 


Table 5. Preparation of Pt* from PtCI, and MgA (molar ratio 1 : l ) .  


Expt PtCI, (g) MgA Pt:Mg THF React. T ( ' C ) /  Solid Composition Investigation GC of solution 
(mmol) (mmol) ratio (mL) react. I (h) (g) of solid of solid A ('I/-)  DHA ( ' X )  


1 2.88 10.7 1:l 70 RT/30 2.65 PtMg,, 06CIO 16- GC [b], EXAFS, 81.5 2.2 
(10.8) c4 O H 3  1 Pal XRD, TEM 


2 2.03 7.70 1:l  140 RT/24 1.71 PtMg, oaCI,, o7 [c,d] GC [b], TEM 80 1 2.2 
(7.63) 


~~ ~- 


[a] Used for expt 6.1. [b] GC analysis of the solution obtained by alcoholysis. [c] C,H not determined. [d] Used for expt 6.2. 


Table 6. Reaction of Pt* with MgA and MgCI, to produce 2. 
~ ~ _ _ _ _ _  ~ ~ 


Expt Origin of Pt* mmol of Pt: MgA: MgCI, THF React. r [a] Solid Yo of A lnvesligatioii 
o f  SOIUtll)ll (Pt content, %) Pt used molar ratio ( m u  (h) (6) i n  solution 


_____ ~ ~~ 


1 expt 5.1 3.50 1: l : l  49 72 
(75.14) 


2 expt 5.2 I .26 1:t :I  33 72 
(97.11) 


3 expt 5.1 2.26 1:1.2:1 106 
repeat (81.80) 


4 Pt black 2.78 3 : 1 :0.83 100 
(100) 


- - -: 1 :0.85 106 5 [dl 


0.026 EXAFS [h] 


0.018 90 [c] 


Increase of A conc. 
and decrease of DHA 


conc in thc course 
of the reactions ia  
preycnled in Figurc 1 


-~ ~ 


[a] At RT. [h] EXAFS of the solid obtained after evaporation of the solvent in vacuum, see Figure 2d and Table 2. [c] GC analysis. [d] Blank expcriment in the absencc of 
Pt: same amounts of MgA and MgCI, used 


Experiment 5.2 was conducted and the products analyzed as dcscribed above, 
except that the precipitate of Pt* was washed with T H F  andpentane. Elemen- 
tal analysis of Pt* (1.71 g): Pt 97.11, M g  0.50, CI 1.24% (PtMg, naCI,,,,). 
According to GC analysis, Pt contained A (0.02) and THFjPt  (0.01). The 
TEM image of the Pt* (suspended in EtOH) produced by this cxperirnent, 
showed crysralline Pt  particles (-3.3 nin) 


EXAFS analysis of 2 produced from Pt*, MgA, and MgCI, [Eq. (4); Table 6, 
experiment 1): A suspension of MgA (3.47 mmol) in T H F  (40 mL) was added 
to a stirred suspension of Pt* (0.9092 g) (experiment 5.1 ; Pt = 3.50 mmol) in 
T H F  (9 mL) containing MgCI, (3.50 mmol). The mixture was stirred at  RT  
for 72 h, the resulting dark brown solution was filtered off (D-4 frit), and the 
insoluble residue washed with T H F  and dried under vacuum, to give a black 
solid (26 mg). The filtrate was evaporated under vacuum and the residue 
dried under vacuum to yield a black solid (1.36 g): Pt 27.58, M g  6.69, CI 9.30, 
C 42.10, H 4.25% (PtMg, 95C1,,85C1a,8H3,~ ]). EXAFS analysis of 2, sce 
Figure 2, bottom right and Table 2. 


Detection of anthracene liberated in the reaction according to Equation 4 
(Table 6, experiment 2): The experiment was conducted in the same way as the 
one described above, except that the Pt* used had been produced in experi- 
ment 5.2. The reaction time was 72 h. After filtration of the solution, 18 mg 
of insoluble residue remained. An aliquot of the solution was decomposcd by 
addition of H,O, HCI, and toluene. Analysis of the toluene solution by gas 
chromatography: A (1.13 rnniol, 90%) and DHA (0.12 mrnol). 


Investigation of the progression of the reaction according to Equation 4 
(Table 6, experiment 3): Pt* (2.26 mmol) (from a repeat of experiment 5.1 ; 
81.80% Pt), MgA (2.66 nimol), and MgCI, (2.31 mmol) in T H F  (106 ml,) 
were stirrcd at RI '  for 4 d. At defined time intervals, I .0 mL samples were 
removed from the suspension, and 1 .0 mL of a CH,OH 'toluene mixture 
containing )I-C,,H,, as a standard was added before analysis by GC. I n  a 
parallel experiment 6.4, commercial Pt black was used instead of Pt* and ii 


control (expcriment 6.5) was carried out in the absencc of Pt. The rcsults of 
experiments 6.3-5 are represented in Figure 1 
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N-Alkyloxycarbonyl-3-aryloxaziridines: Their Preparation, Structure, 
and Utilization as Electrophilic Amination Reagents 


Joelle Vidal," Stkphanie Damestoy, Laure Guy, Jean-Christophe Hannachi, 
Andrk Aubry, and Andrk Collet* 


Abstract: This paper reports the synthesis 
of a series of N-protected oxaziridines 
(N-Moc, Boc, Z or Fmoc) and discusses 
their ability to deliver their N-alkoxycar- 
bony1 fragment to  amines, enolates, sul- 
fur, and phosphorus nucleophiles (elec- 
trophilic amination). These oxaziridines 
are prepared by oxidation of the corre- 
sponding imincs with oxone or anhydrous 
MCPBA lithium salt as the source of oxy- 
gen. They transfer their N-protected frag- 
mcnt to primary and secondary amines to 
give protected hydrazines in fair to excel- 


lent yield. The nitrogen transfer to free 
amino acids (in form of their R,N+ salts) 
is particularly fast, even at  low tempera- 
ture, providing L (or D) N-protected a-hy- 
drazino acids. Enolates are C-aminated to 
give N-protected r-amino ketones, esters, 


Keywords 
aminations electrophilic substitu- 
tions - hydrazines - oxaziridines * 


pseudopeptides 


or amides in modest yield, due to  a side 
aldol reaction of the unreacted enolate 
with the rcleased benzaldehyde. With ter- 
tiary amines (Et,N), sulfides (PhSMe), 
and phosphines (Ph,P), amination and 
oxidation proceed in a parallel way; the 
amount of amination product increases 
when the temperature i s  lowered (kinetic 
control). Some of the factors that can ori- 
ent the oxaziridine reactivity towards am- 
ination or oxidation of nucleophiles are 
considered. 


introduction 


The amination of nucleophiles by oxaziridines such as 1 derived 
from dialkylketones (Scheme I )  was first reported by Schmitz 
and coworkers in 1964."' This elegant electrophilic amination 
methodology,'21 which is actually involved in the industrial pro- 
duction of hydrazine from ammonia,[31 has been used in the 
commercial production of carbidopa (the a-hydrazino acid cor- 
responding to a-methyldopa) .[41 Owing to their instability, 
Schmitz oxaziridines are prepared in situ, and this circumstance 
somewhat restricts their utilization in organic synthesis. The 


dilute Et20 solution H2N-OSO3H O0 t i 2 0  / NaOH / E12: miH (unstable) 


1 


Scheme 1. Schmirz electrophilic amination methodology. 
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Dr. A. Auhry 
Universite de Nancy I, B. P. 239, F-54506 Vandoeuvre cedex (France) 


primary purpose of the present work was to  make this process 
more practical and to  extend the scope of its application. To this 
end, we focused on the design of oxaziridincs stable enough to 
be isolated, and which would deliver an N-protected group, 
rather than a free amino group, to the nucleophilic substrate. 
This last requirement is particularly desirable in the context of 
a-hydrazino acid synthesis and hydrazinopeptide chemistry, an 
area which is the object of current research interest.I5I In prelim- 
inary reports we have that these objectives could be 
met by means of the 3-aryl-N-alkyloxycarbonyl oxaziridines 2 a 
and 4a. These reagents are crystalline solids, which transfer 
their N-methoxycarbonyl (N-Moc) and N-tert-butoxycarbonyl 
(N-Boc) fragments, respectively, to nucleophiles such as  prima- 
ry and secondary amines, amino acids, and carbanions undcr 
mild conditions. Several applications of 2a and 4a, and of their 
N-benzyloxycarbonyl (N-Z) analogue 5, to the synthesis of car- 
bazates,[9] a-hydrazino acids,["* "] and hydrazinopeptides[12] 
have since been reported ; reagent 4a  has recently become com- 
mercially available. 


In order to  explore further the scope of application and the 
structure- reactivity pattern of these reagents, we have extended 
these investigations to a number of new 3-aryl-N-protected ox- 
aziridines. We report here in details our results concerning the 
preparation, structure and reactivity of the N-Moc derivatives 
2a-h and 3, and of their N-BOG, N-Z ,  and N-Fmoc analogues 
4a-d, 5 and 6, respectively (Scheme 2). We have studied the 
reactivity of these compounds towards a variety of nucleophiles 
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including amines, aininoacids, enol ethers and enolates, alkenes, 
sulfides, and phosphines, and we confirm that these N-alkyloxy- 
carbonyl oxaziridincs generally transfer their amino group, 
rather than their oxygen, to these substrates. This behavior is 
unlike that of N-sulfonyl,['31 N-phosphinoyl,""] or N-fluoro- 
alkyl oxaziridine~,['~I which are used in organic synthesis to 
deliver their oxygen to a variety of nucleophilic substrates. We 
show that this difference in reactivity is the result of subtle 
effects, where the size of the substituent borne by the oxaziridine 
nitrogen, combined with the oxaziridine LUMO energy, and the 
nature of the incoming nucleophile all play a role in determining 
the initial course of the reaction as well as its subsequent devel- 
opment to the products. 


Results and Discussion 


Preparation of N-alkyloxycarbonyl oxaziridines: Although the 
oxaziridine ring can be prepared in a number of ways,[161 the 
insertion of oxygen into a -C = N- bond by means of conven- 
tional oxidizing reagents is certainly the most widely employed 
process for this purpose. When applied to an N-alkyloxycar- 
bony1 phenylimine (9, 12, 15, and 20 in Scheme 2), this reaction 
proved somewhat difficult to achieve, because in addition to the 
desired oxaziridine it also afforded the isomeric amide (16- 19), 
which in some cases was the major product. The differently 
substituted oxaziridines considered here were eventually synthe- 
sized according to three different oxygen insertion methods 
(A, B, and C in Scheme 2) depending on their substitution pat- 
tern. These methods utilize either basic buffered peroxymono- 
sulfate (oxone), m-chloroperoxybenzoic acid (MCPBA) , or the 
anhydrous MCPRA lithium salt, respectively, as the source of 
oxygen. 


Abstract in French: Nous prksentons la synthkse d'une sirie d'oxa- 
iiridines suhstituies sur I'azote par les groupes prntecteurs Moc, 
Boc, Z ou Fnioc et decriims leur cupacitk iC transfzrer leurgroupe 
N-protigk iC des nucliophiles comme les amines, les inolates, les 
sulfures ou Ies phosphines (amination ilectrophile) . Ces oxaziri- 
clines sont prkparkes par oxydation des imines correspondantes au 
moyen de 1'o.xone ou du sel de lithium anhydre de l'acide m-chlo- 
roperhenzoi'que. Elks trunsfkrent lcur groupe N-alkoxycarhonyle 
o u s  atnines primaires et secondaires pour donner des hydrazines 
protkgkes, avec des rendements moyens a excellents. La rkaction 
est particuli6retnent rapide mOme a basse tempirature sur les ami- 
noacides L (ou D )  . sous,fbrme de leurs sels d'arnmonium quater- 
riuires, et constiiue une i rks  honrie methode d h  
noucides N-prcttkgh L (ou D) . Lr groupe N-alkoxycarbonyle est 
iiussi trunsfibzble uux knolutes, pour donner les x-amino citones, 
esters ou amides N-protkgks aver des rendements moyens, en rai- 
son de la condensation purasite enire l'knolate et l'uldihyde lihkri 
par l'oxaziridine. Dans le cas des amines tertiaires (Et,N) , des 
.si~lfures ( PhSMe) et des phosphines ( Ph, P )  on ohsrrve non seu- 
lement le lrcinsfert du groupe N-ulkoxycurbonyle (aminntion) 
rnais aussi le transjert de 1'ox.yghne (oxydation) . Certnins des 
,fiirteurs pouvant orienter la rkactiviti des oxuziridines vers I'ami- 
nulion ou I'oxjdation de nuclkophiles sont mis en kvidenct,. 


2a-h (Moc = methoxycarbonyl) 


C-N-Moc 


a 3  


H : a  
4-CH3 : b 
4-F : c 
4 - 0  : d 
4-CF3 : e 
4-CN : f  
2-CI : g 
3 - 0  : h 
2,4-diCI : i 


4a-d 


4-CN : a  
2,4-diCI : b 


Y =  { 3,4-diCI : C 


2,3,5-triCI : d 
H : e  


5 


x ~ C H = N - - M o c  


9a-h 


t 
' O C H = N - S i M e 3  


8a-i 


t 
' O C H = O  


7 


C=N-R 


R=Moc :11 


Y ~ C H = N - - B o c  


12a-e 


T PhSP=N-Boc 
14 


'\>CH=O 


7 


CI 


C l e C H P \ N - F m o c  f- (') Ci-(&CH=N-Fmoc 


CI 
I=( 


20 6 


QE-NH-R 
17 a 4  : R = Boc 


19 : Y = 2,4-diCI ; R = Frnoc 


Y -  0 


Scheme 2. Method A :  biphasic conditions: oxone and K,CO, in H,O N-alkyloxy- 
carbonyl imine in CHCI,; 0 4°C. Method B: hiphasic conditions; MCPRA in 
CHCI,/K,CO, in H,O; 20 'C. Method C. BuLi in hexane addcd to MCPBA in 


CH,CI,, -78 'C.  


Method A allowed us to synthesize the N-Moc oxaziridines 
2a--h from the corresponding N-Moc imines 9a-h, these N- 
Moc imines being themselves prepared by acylation of the corre- 
sponding N-silylimines 8a-h in the presence of methyl chloro- 
formate (Table l).["] In method A, the N-Moc imine dissolved 
in chloroform is allowed to  react under biphasic conditions with 
a hasic aqueous solution of oxone and K,CO, at  0-4'C (the 
temperature is critical). We investigated in detail the conversion 
of the parent compound 9a to the oxaziridine 2a;  in this case the 
above conditions furnished the desired oxaziridine in 68 '/o yield, 
the main byproduct being the N-Moc benzamide 16a (23 ' / o ) .  


The photochemical, thermal, or catalyzed rearrangment of ox- 
aziridines to  amides is a well-documented reaction.['*] However, 
we did not observe evidence of isomerization of isolated 2a to 
16a under the different conditions used for the oxidation of 9a.  
When the oxone oxidation of 9 a  was carried out a t  room teni- 
perature, the major product was the hemiaminal 13a resulting 
from the addition of water to imine 9a.[19] The same hemiami- 
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Table 1 .  Synthesis of N-Moc oxaziridines 2a-g by method A 


Entry X Silyliminc Moc-imine Oxdziridine Amide 9:2  
substituent 8 a  h 9a-h 2a-h  16a-h ratio [a] 
in 7 ("/.I (Y") ("/) ("/I 


a: H 
b: 4-CH, 
c: 4-F 
d: 4-CI 
e: 4-CF3 
f .  4-CN 


h: 3 4 1  
g: 2 - 0  


84 
42 
71 
90 
55 
84 
73 
63 


80 
77 
77 
70 
56 
50 
79 
50 


68 23 <1 .99  
25 [bl 24 40 : 60 
61 25 h:94 
70 19 52:48 
52 39 26:74 
45 41 5:95 
78 0 30:70 
53 25 20:80 


-~ ~ ~ ~ 


[a] Thc imine v~ oxa7iridinc rdtio dfter 1 h reaction was determined by 'H NMR or 
the crude mixture [b] Aldehyde 7b (30% isolated) was formed from the ox- 
dziridine, which dccompowi during the chromdtogrdphlc workup 


nal was quantitatively obtained under homogeneous conditions 
by reaction of 9 a  with water in acetone; on reaction with basic 
buffered oxone, 13a was not convcrted to the benzamide 16a, 
which must therefore be formed by a different mechanism (see 
below). When neutrul (instead of basic) buffered oxone was 
employed in the oxidation of 9a, the amide 16a was the sole 
product, even at 0 "C. Oxidation of 9a by MCPBA under vari- 
ous conditions (CH,Cl,/K,CO,, - 50 "C; CH,Cl,/H,O/ 
K,CO,, 0 "C, method B) also gave 16a, although these oxidants 
have commonly been used for the conversion of N-alkyl, N-sul- 
fonyl, or N-phosphinoyl imines to oxaziridines. 


The N-Moc imines 9b-h were similarly converted by 
method A to the corresponding oxaziridines 2b-h in fair to 
good yield (Table 1). The conversion of 9b-h to  2b-h was 
slower than that of 9a, as seen by the value of the 9: 2 ratio after 
one hour of reaction. We suspected that this effect was due to an 
increased lipophilicity of the substituted aromatic ring decyeas- 
ing the concentration of imine 9 at  the water/CHCl, interface 
where oxidation is thought to take place, rather than to steric or 
electronic effects of the X substituent. However, the use of a 
phase-transfer catalyst (Bu,NBr) did not improve this, the addi- 
tion of water to imine 9 becoming the major reaction under 
these conditions. 


The retardation of the desired reaction occurring with substi- 
tuted imines raised an additional problem, due to  the relatively 
fast decomposition of oxone in basic aqueous solutionsrzo1 (we 
estimated the half-life of the reagent a t  15 min under the re- 
quired operating conditions). This problem was circumvented 
by discarding the aqueous phase every hour and replacing it by 
a fresh K,CO,-oxone solution until the conversion of imine 9 
was complete. In this way, the N-Moc oxaziridines 2c-h were 
obtained in 25-78"% yield (Table 1). The lowest yield (25%, 
entry 2) was in fact a result of partial decomposition of the 
p-methyl derivative 2 b to anisaldehyde during the isolation 
workup involving flash chromatography over silica gel. 
The isomeric N-Moc benzamides 16b-h were isolated in ca. 
20-25 % yields, except when strongly electron-withdrawing 
substituents were present on the benzene ring (entries 5 and 6, 
ca. 40%), and in the case of the 2-chloro derivative (entry 7) 
where no benzamide 16g was detected. 


The N-Moc imine 1 I ,  prepared by acylation of benzophenone 
imine 10 by methyl chloroformate, did not react in the presence 
of basic buffered oxone or  basic tetrabutylammoniuni peroxo- 
monosulfate.[211 The use of MCPBA in chloroform at  room 


temperature led to unidentified products. We cventually ob- 
tained oxaziridine 3 in 60% yield by using MCPBA under 
biphasic conditions (chloroform/water) with a basic (K,CO,) 
aqueous solution (method B). 


We now turn to the synthesis of the N-Boc oxaziridines 4a-d,  
which bear a more synthetically useful protecting than 
the M O C . [ ~ ~ ]  As the conversion of silylimine 8 a  to thc desired 
N-Boc imine 12e (using Boc,O or  even Boc-F) proved difficult 
to we focused on the aza-Wittig reaction between 
benzaldehydes 7 and the N-Boc iniinophosphorane 14. The re- 
action of 14 with moderately electrophilic aldehydes such as 
benzaldehyde itself was very slow (only 75 YO conversion to 12e 
after 1 1  1 h reaction in refluxing toluene), probably due to the 
electron-withdrawing character of the Boc group. We were able 
to improve on this significantly by using more electrophilic 
bcnzaldehydes (7, Y = 4-CN, 2,4- or 3,4-di-CI, 2,3,5-tri-CI); the 
reaction was then essentially complete after the reasonable times 
indicated in Table 2 ,  thc shortest being observed for the 4-CN 


Table 2. Synthesis of N-Boc-oxaziridines 4a-d. N-Z-oxazindine 5. and N-fmoc- 
oxaziridine 6. 


Entry Y or X Protccting [mine synthesis Oxidation Oxaziridinc. 
i n  7 group method Yu 


~~ 
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1 
2 
3 
4 
5 
6 
7 
8 
9 


10 


4-CN 


2,4-diCI 


3,4-diCI 
2,3,5-diCI 
H 
2,4-diCI 


Roc 12a 
12a 
12 a 
12b 
12b 
12b 
12c 
12d 


Z 15 
Fmoc 20 


aza-Wittig (17 h) [a] A 
B 
C 


am-Wittig (86 h) [a] A 
B 
C 


aza-Wittig (30 h) [a] C 
aza-Wittig (86 11) [a] C 
silylirninc 8 a  C 
silylimine 8i C 


4 a  50 
4a 0 [b] 


4b 0 [d] 
4b 1 5  [el 
4b 79 
4c 70 
4d 59 
5 35 
6 59 


4a 65 [c] 


[a] The aza-Wittig reaction of benzaldehyde 7 and iminophosphoranc 14 in refluxing 
toluene was complete after the time indicated in parentheqes. [b] Amide 17 a was isolated 
in 63% yield. [c] The overall yield from 4-cyanobenzaldehyde was 60%. [d] Iminr: 12b 
was recovered unreacted. [el Amide 17 b was isolated in 56 YO yield. 


(17 h) and 3,4-di-C1 (30 h) derivatives. This reaction suffers 
from a significant retardation (probably due to  steric hindrance) 
when the benzaldehyde bears a substituent on the ortho posi- 
tion. 


The reaction of the N-Boc imine 12a with basic buffered 
oxone according to method A was slower than that of the corre- 
sponding N-Moc imine 9 f, the observed oxaziridine/imine ratio 
being only 1 :9 after one hour (Table 2). After six to  ten cycles 
with fresh oxone solution, the conversion was complete and the 
N-Boc oxaziridiiie 4 a  was isolated in 50%) yield (similar to that 
obtained in ca. 1 h with the analogous 9f, Table 1). The slowing 
down is possibly due to the steric hindrance of the Boc group, 
and to  its increased lipophilicity with respect to the Moc group. 
This reaction also afforded the N-Boc benzamide 17 a (25 YO), 
which was easily separated from 4 a  by chromatographic filtra- 
tion on silica gel. In large-scale preparations, we did not tind it 
necessary to isolate the intermediate N-Boc imine 12a, and 
starting from 46 g of 4-cyanobenraldehyde we could consistent- 
ly obtain 34-36 g of pure 4 a  per batch (41 -44% yield from the 
aldehyde). 


Method A did not work with the dichlorinated imine 12b, 
which proved unreactive when treated with basic buffered ox- 
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one. With MCPBA under basic biphasic conditions (method B), 
a small amount (25 YO) of oxaziridine 4b was obtained, together 
with the benzamide 17 b (60 YO); under the same conditions, only 
benzamide 17a was formed from 12a (Table 2).  


At this stage, we found it necessary to look more closely at 
this reaction in order to identify some of the factors that direct 
its course towards oxaziridine or amide formation. I t  has been 
proposed that the formation of oxaziridines from an N- 
alkylimine and a peracid involves the addition of the latter to the 
C=N double bond to give intermediate I (Scheme 3), followed 


N-alkylirnines: 
\ .R 


N-al koxycarbonylirnines: 


\ e 
,C=N-C-OR 


0 


b a s e  


e 
C-OR 


II 111 111 


path 2 / \ - 
path 1 


\ Y 
C-N-C-OR 


/ ' I  0 


path 3 I 
Scheme 3. Oxidation of imines tn  oxaziridines and amides 


by an intramolecular attack of the nucleophilic nitrogen to  the 
peroxo bridge.12 'I We postulate that a similar mechanism holds 
for the oxidation of N-alkyloxycarbonyl imines. In the basic 
aqueous medium required for the reaction, we assume that in- 
termediate I1 (bearing a nucleophilic N - center) is first formed; 
in the presence of water, this strongly basic intermediate under- 
goes protonation to 111, in which the acylated nitrogen is no 
longer nucleophilic. For this reason. we consider that the ox- 
aziridine is formed from II  (path 1) rather than 111 (path 2), even 
though the equilibrium between I1 and 111 is shifted towards the 
latter. This explains why the presence of the base (K,CO,) is 
required, to keep a sufficient level of 11 a t  the chloroform/water 
interface (as reported above, no oxaziridine is formed under 
neutral conditions). When the C=N carbon is monosubstituted 
(as in 9,12,15,20), intermediate 111 can also fragment different- 
ly, leading to the amide (path 3). This path is favored when a 
peracid rather than a peroxosulfate reagent (oxone) is em- 
ployed, because a carboxylate ion is a poorer leaving group than 
a sulfate ion. It is also Favored when the presence of strong 
electron-withdrawing substituents on the benzene ring makes 
the C(H)- N hydrogen more acidic (Table 1,  entries 5 and 6). It 


is disl'avored in the presence of a sterically demanding sub- 
stituent on the ortho position of the benzene ring (Table 1, en- 
try 7; Table 2, entries 2 and 5 ) .  If our views are correct, a way to 
suppress the amide formation by path 3 is to form intermediate 
I1 under conditions where it cannot equilibrate to 111. This was 
achieved by the use of an organic peracid salt in aprotic medium 
(method C).  


We prepared the lithium salt of MCPBA by adding a t  - 7s -C 
one equivalent of butyllithium to an anhydrous CH2C1, solu- 
tion of the pure peracid, and the resulting suspension was al- 
lowed to react in situ with the N-Boc imines 12a-d (Table 2). In 
this way, the oxaziridines 4a---d were isolated in 59-79Y0 yields, 
and the amount of isomeric benzamide 17a-d was small (0- 
15 %). We could successfully apply this method (method C) to 
the preparation of the N-2 oxaziridine 5 (Table 2, entry 9. 35 % 
yield from 7a). This oxaziridine had previously been prepared 
by the Schmitz method in only 1 2 %  yield from 7a.["' Most 
interestingly, method C allowed the oxidation of the base-sensi- 
tive N-Fmoc imine 20, prepared (98 YO) from silylimine 8i and 
Fmoc-CI; the resulting N-Fmoc oxaziridine 6 was isolated in 
59% yield, and no benzamide 19 was detected. 


Characterization and physical properties o f  N-alkyloxycarbonyl 
oxaziridines: N-alkyloxycarbonyl oxaziridines 2 -6 are colorless 
crystalline solids melting In the range 40-6OCC, cxcept 2f and 
6 which have higher m.p.s (118 and 100°C respectively) 
(Table 3). Their stability was probed by differential scanning 


Tablc 3. Physical properties. thermal stabilities, a n d  cic II'UIIJ equilibria oi'iV-alkyl- 
ovycarboiiyl oxaziridincs. 


Entry Protecting Oxaziridine M.p. Dccomp. cis:trrrns AG:c,"i - 'I1 
group ('C) [a] ( C) [b] (CDCI,. 27 'C)  (kcalniol-') 


I Moc 2a 41 75 9:91 17 4 
1 G ,  2b 48 54 9.91 
3 I j  2c 29 75 7:93 
4 '. 2d 39 75 7:93 
5 .* 2e 40 110 8.92 
6 <. 2f 118 121 7103 
7 I' 2g 45 100 10:90 
8 $ *  2h  31 95 7:93 
9 I, 3 61 80 


10 Boc 4 a  61 115 12:88 18.3 
1 I .. 4b 47 112 l9:Xl 
12 '. 4 c  51 91 8 :92  1X.l 
13 s. 4d 39 120 20.80 18.6 
14 z 5 56 80 12.88 
15 Fmoc 6 100 103 10:90 


[a] Recorded by differential scanning calorimetry (DSC). [b] Onset of the dcconi- 
poution exotherm observed by DSC at a heating rate of 5 Kinin- ' .  


microcalorimetry (DSC) . The onset of their decomposition 
exotherm at  a heating rate of 5 Kmin- '  was observed to occur 
in the range 75-120 "C (Table 3), depending on the substitution 
pattern of the aromatic ring. The most stable oxaziridines are 
those bearing strong electron-withdrawing substituents, such as 
2f, 4d, and 4a. All these oxaziridines (except 2b) have been 
stored for several years below 4 "C without decomposition. 


They were characterized by ' H  and 13C NMR spectroscopy. 
and by elemental analysis or mass spectrometry (see Experimen- 
tal section). An X-ray structure"b1 of a crystal of 2a grown 
from Et,O/pentane at  0°C (Figure 1) showed that the nitrogen 
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GOOhAe COOMe \ 108.2 
0 


1.436 \ 1.492 


Figure 1, Stereoview of 2a in the crystal state kind dimensions of the oxairidinc 
ring 


atom is pyramidal (sum of angles a t  N :  279.8") with the length 
of the N - 0  bond being 1.49 A. These values are similar to  those 
found for a n  N-methyl oxaziridine (279.4" and 1.51 A),[271 sev- 
eral N-sulfonyl oxaziridines (278-283" and 1.49 or an 
N-phosphinoyl oxaziridine (279.9 ' and 1.51 A)."-91 The phenyl 
group and the Moc group are in a trans conformation, and the 
plane of the phenyl ring bisects the 0-C-N angle of the ox- 
aziridine ring. The N-CO bond in 2a (1.44 A) is longer than in 
a planar carbamate (1.33 A),[301 and approaches the length of 
an N-C bond in amines (1.47 A), indicating that the conjuga- 
tion between the nitrogen lone pair and the carbonyl group is 
weak. The carbamate C=O bond is particularly short (1.17 A); 
this seems to be in line with the unusually high IR frequency of 
the C=O stretching (see below). 


In solution, oxaziridines 2, 4, 5, and 6 exist as a mixture of 
trans (80-93 %) and cis (7-20%) conformers (Table 3); these 
conformers give separate H NMR resonances at room temper- 
ature due to  the slow inversion of the pyramidal nitrogen on the 
200 MHz spectrometer time In oxaziridines 2a and 
4a-d, the coalescence of the two 'H NMR signals of the hetero- 
cyclic hydrogen (6 = x 5 -6) occurs in the range 70- 80 "C 
(in (CDCI,),). The nitrogen inversion barrier AG* from trans 
to  cis was estimated from lineshape analysis[321 at  17.4- 
18.6 kcalmol- ' at  27 "C (Table 3). These barriers are lower than 
those reported["" for N-alkyl oxaziridines (22-34 kcalmol-'), 
and higher than those of N-acyloxaziridines (1 1 - 12 kcal mol I) .  


This finding can be rationalized by assuming that conjugation of 
the planar nitrogen with the CO(0R) group lowers the transi- 
tion state with respect to N-alkyl oxaziridines, but not as much 
as in N-acyl oxaziridines. The half-life of a conformer is of the 
order of 3 s at  20 "C,  and 35 min at  ~ 30 ' C ;  isolation of the pure 
trans and cis stereoisomers of N-alkyloxycarbonyl oxaziridines 
is therefore impossible in solution at  room temperature. In all 


these oxaziridines the strong I R  C=O stretching band observed 
in solution is split into two sharp bands (e.g., at 1777 and 
1753 cm ' for 2a, intensity ratio ca. 4:3); these bands probably 
originate from rotational conformers of the N ~ COzR g i - 0 ~ 1 ~  
rather than from the above discussed cis and tran.s isomers (this 
splitting is also observed in 3, which has no such c i s -  I I ' ( I I ~ . S  


isomerism). 


Amination of amines: In earlier reports["- we have shown that 
oxaziridines 2 a and 4a transfer their N-alkyloxyc~irbonyl group 
to amines to give the corresponding N,,-protccted hydrazines 
(Schcme 4). All new oxaziridines describcd herein were found to 


": lo\ R: 
.NH + Ar-cH-N-PG - ,N-NH-PG + Ar-CHO 


(PG = Moc, Boc, Z,  Frnoc) R' hydrazme R" 


I i fR '=H + R'-N=CH-Ar 


irnine 


Schcmc 4. Amination products and  by-products in the reaction ofoxa/ i r idincs  wl th  
amines 


bchave similarly, the only significant differences between them 
being the rate of transfer of the N-CO,R fragment. and to ;I 


minor extent the amount of by-products such as the imine 
(Schiff base) formed from the released bcnzaldehyde when the 
nucleophilic substrate is a primary amine. 


The reaction of these oxaziridines with secondary amines 
such as morpholine, ephedrine and pseudoephedrinc, proline 
methyl ester, prolinamide, the dipeptide H-Pro-Val-OMc, 
and (S)-2-methoxymethylpyrrolidine, proceeded rapidly at 
room temperature and afforded the N,,-protected hydrazines 
21-27 in 58 -92% (isolated) yields (Table 4, entries 1 11, and 
Scheme 5 ) .  We took advantage of the Fact that the reaction with 
morpholine was particularly smooth and clean ;it room tempel-- 
ature to perform competitive amination cxperiments using ox- 


Table 4. Amination ot secondary. primnry. and mmii t ic  amiiics hq oxi;i7iridincs 


Entry Protecting Oxaziridine Amination Kcaction Ilydr;rniie 
group product ("A])  conditions imine 


1 
2 
3 
4 
5 
6 
7 
8 
9 


10 
11 
12 
13 
14 
15 
I 6  
17 
18 
19 
20 
21 
22 
23 


M oc 
Roc 
Z 
knioc 
MOC 
Roc 
M oc 
M oc 
Moc 
Moc 
Roc 
M oc 
Moc 
Moc 
M O C  


Moc 
M oc 
BOC 


Boc 
Boc 
Moc 
BOC 
M0c 


2 a  
4a 
5 
6 
2 a  
4a 
2a 
2a 
2a 
2 a  
4a 
2s  
2a 
2a 
2d 
2 g  
2h 
4a 
4 c  
4d 
2a 
4a 
2a 


2111 
21 h 
21 c 
2ld 
22 a 
22 h 
23 
24 
25 
26 
27 
28 
29 
30 a 
30 a 
30 B 
30 a 
30 b 
30 b 
30 b 
31 
32 
33 


91 
92 
89 
x9 
77 
70 
76 
60 
58 
79 
7x 
80 
75 
57 


80 
44 


25 
67 
76 


RT: 0 . 5  I1 
RT, 0 5 h 
RT; 0.5 11 
KT: 0.5 h 
KT: 5 I1 
RT: 5 h 
RT: S h 
RT: 1.5 h 
RT: 3 ti 


RT: 2 h 
RT: I h 
RT: 0 7 h 
RT; I li 


60 C : 3 h 
R'I : 74 h 
RT, 74 h 
RT: 24 h 
KT. 4X h 
KT: 4X 11 
KT. 24h 
RT. 4 h 
KT: 4 h 
R Y :  24 h 


X5:15 
90 , I0 
70: 30 
75::s 
xu: 20 
90: 10 
jS:3i 
59.41 
5 x 4 2  
5o:so 
70.30 
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(Frnoc :21d 


H3c,N-NH-PG 


Moc : 22a 
Boc : 22b 


PG= [ 


y 
Phi\(  
H3C,N-NH-M~~ 


23 


I 


$H 25 $H 26 )" 
Moc Moc 


yH 24 
Moc 


NH-NH-Moc 
29 


NH-NH-MOC 


28 


YH 27 
Boc 


NH-NH-PG 
NH-NH-Moc 


T C 0 2 M e  


Moc : 30a 
Boc : 30b 


PG= { 


NH-NH- Boc ~ ' N - N H - M ~ ~  Et,N+-N\ 
Moc 


/\C02CH3 32 NJ 33 34 


Scheme 5. Amination of amines. 


aziridine 2a as the reference. The ratio of the benzaldehydes 
resulting from the reaction with morpholine with an excess of 
1 : 1 mixture of 2a and another oxaziridine provided the relative 
amination transfer rates listed in Table 5.  In the Moc series 
2a-f. the rate of the amination reaction followed a linear Ham- 
mett correlation ( r 2  = 0.997) with a positive slope ( p  = 0.83); 
we will return to  this result below. The presence of electron- 
withdrawing substituents on the phenyl ring speeds up the ami- 
nation reaction significantly. This is particularly true for the 
4-cyano derivative 2f, which delivers its nitrogen group four 
times faster than 2 a. Probably because of the steric requirement 
of the terr-butyl group, the N-Boc oxaziridine 4a  is less reactive 
than its Moc analogue 2f, but is still slightly more reactive than 
2a. In the Boc series, the fastest amination is obtained with the 
2,3,5-trichIorophenyl derivative 4f ,  which is 2.4 times more re- 
active than 2a. Interestingly, the 2,4-dichlorophenyl-N-Fmoc 
oxaziridine 6 proved to be very reactive, delivering its N-Fmoc 
fragment to tnorpholine 5.5 times faster than does 2a. In con- 
trast, no reaction occurred at  room temperature between mor- 
pholine and the C-diphenyl substituted oxaziridine 3; heating 
resulted i n  decomposition of 3 to unidentified products. 


The amination of primary amines (Table 4, entries 12-22) 
was complicated by a side reaction whereby the released benz- 


aldehyde and the starting amine formed the corresponding 
imine; the hydrazine vs. itnine ratio in the final reaction mixture 
was in the range 9 : l  to 1.1, depending on the nature of the 
substrate and of the oxaziridine. The trend is that the amount of 
imine increases when the transfer of the N-protected group is 
slow. With 2a, cyclohexylamine and aniline afforded the corre- 
sponding N-Moc hydrazines 28 and 29 in excellent yield; the 
amination was fast a t  room temperature, and less than I S  O/o of 
imine was formed. In the case of methyl valinate (Table 4, en- 
tries 14--17), the transfer of the N-Moc group to give 30a was 
much slower (24 h a t  room temperature), even when the more 
reactive oxaziridines 2d, 2g, or 2h were employed. The best 
result (80 % yield) was obtained with the 3-chlorophenyl 
oxaziridine 2h. The transfer of an N-Boc group to  the same 
substrate with 4a  was slower still and, because the released 
4-cyanobcnzaldehyde is a strong electrophile, the hydrazine; 
imine ratio was not good (55:45); the use of 4c and 4d only led 
to a minor improvement of this ratio (Table 4, entries 18-20). 
In contrast, the less hindered amino ester Ala-OMe afforded 
No-Boc hydrazinoalanine methyl ester 32 in 67% yield after 
only 4 h reaction with 4a. Although the amination of the dipep- 
tide H-Val-Leu-OMe was relatively fast, the hydrazinopep- 
tidc 31 was isolated in only 25Y0 yield together with the same 
quantity of imine (entry 21). The low yield is mostly due to  the 
circumstance that a large part of the starting dipeptide is con- 
verted into the corresponding diketopiperazine during the 
course of the reaction. 


The reaction of oxaziridine 2a with imidazole was slow but 
clean, and furnished the corresponding hydrazine 33 in 76 O h  


yield. Pyrrole and pyridine reacted very slowly with 2a to give 
several unidentified products. With tertiary amines such as tri- 
ethylamine, the reaction of 2a took a different course. At room 
temperature, 95 '/O of a 1 : 1 mixture of triethylamine oxide and 
N-Moc phenylimine 9a  was formed within a few minutes. to- 
gether with 5 %  of a 1 : 1 mixture of amininiide 34[331 and ben- 
zaldehyde. The amount of amination product 34 significantly 
increased when the reaction temperature was lowered. At 
- 78 "C, the N-oxidelaminimide ratio became 70: 30, and after 
10 h reaction triethylamine oxide and aminimide 34 were isolat- 
ed in 69%) and 30% yield, respectively. The behavior of 2a 
towards tertiary amines thus resembles somewhat that of N-sul- 
fonyloxaziridines, although, contrary to  2 a, these reagents also 
oxidize primary and secondary a m i n e ~ . [ ~ ~ ]  We shall return to 
this question below. 


Amination of free amino acids: We now consider the amination 
of free amino acids 35 to give the corresponding No-protected 
hydrazino acids 37 (Scheme 6). These compounds are currently 
employed for the synthesis of hydra~inopept ides[~.  lo,  351 by 


7;ihlc 5. Kolative irate constants for amination ofmorpholine by oxazlridincs 2, 4 ,  5. and 6 [a] 


H 4-CH3 4-F 4-CI 4-CF, 4-C.N 2-CI 3-CI 2.4-diC1 3.4-diCI 2.3.5-triC1 


MOC 2a: 1 2h:  0.81 2 c .  1.42 2d:  1.81 2 e .  2.90 2f :  4.0 2 g :  2.9 2h:  2.5 
HOC 4 a :  1.2 4b:  1.4 4 c .  1.2 4 d .  1.4 
Z or Finoc 5 -  0 X [b] 6 :  5.5 


[a] A 1 . 1  mixture o f  2a and another oxaiiridinc was allowed 10 react in CDCI, (20 C )  with a small amount of moi-phohne, and the ratio of thc rcleased benzaldchydes was 
measured by ' H  N M R ,  providing the relative rate constants or the amination reaction (see Experimental section). [b] In this casc the competition was effected between 5 
and 4 a  (relative amination rate 0.74) 
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. 
'C02H R' j \ C 0 2 - ;  R4N' 


35 35a r P\ 
Ar-CH-N-PG 


2a, 4a 


R ' n C O p - ;  R4N' 
- .  


+38 if R 2 =  H 


R p ,  NH-PG R2, ,NH-PG 


R1*CO2~ R ' n C O * - ;  R4Nf 


H+ y y ' 


37 36 


p C 0 2 H  


Moc : 37a AH PG= [ 
I Boc :37b PG 


AH 
I 


Moc 37c 


CN 


Me : 39n 
iPr :39p 


R'?" R1 = I 
0 


, NH-MOC 
HN' DCC, HOBt 


37f + H 2 N y M e  - 
Ph H 


Scheme 6. Amination of amino acids 


conventional peptide synthesis methods involving carbamate 
protection of the amino function. These amino acid surrogates 
can be used without protection of the N, group, or  (preferably) 
in the form of their N,-benzyl- N,-Boc (or Fmoc) derivatives 


Table 6. Amination of aminoacids by oxaziridincs 2 a  and 4a.  


(R2 = benzyl in 37) which can be prepared'"] from the corre- 
sponding N-benzyl amino acids by the oxaziridine methodology 
reported here. 


For solubility reasons, it was necessary to convert in situ the 
starting amino acids 35 into their bcnzyltrimethyl or  tctrabutyl- 
ammonium salts 35a; these salts are soluble in CH,CI, and 
CHCI,. Their reaction with oxaziridines 2a or 4a turned out to 
be very fast and in all cases was complete within less than one 
hour a t  - 30 to - 15 "C (Table 6). This acceleration of the reac- 
tion with respect to that of simple amines is certainly due to the 
ionization of the carboxylic acid group, which enhances thc 
basicity and nucleophilic character of the amino group, as evi- 
denced by the pK, increase on going from Val-OMe (7.6) to 
Val-0- (9.7) N-Moc and N-Boc hydrazinoproline (37a 
and b) were thus obtained in 85 and 95% yield, respectively, 
while N-Moc hydrazino acids 37d-m deriving from primary 
amino acids were obtained in 48-75% yield, with in all cases 
less than 15% of imine 38. Lowering the temperature has a 
favorable effect on the hydrazine (36) VS. imine (38) ratio; with 
valine, imine formation was almost suppressed at  - 15 ' C 
(entries 4 and 5 of Table 6). The workup was particularly sim- 
ple. In the case of the water-soluble N,,-Moc derivatives 37a and 
37d-m the resulting ammonium salt 36 was extracted into wa- 
ter, the ammonium cation was eliminated by means of a strongly 
acidic ion-exchange resin and the released acid was lyophilized. 
The acid-sensitive No-Boc derivatives 37 b and 37n-r, and the 
lipophilic hydrazinodipeptide 37 c were precipitated from the 
aqueous phase at  pH 3 or were extracted. 


N,,-Moc hydrazino acids 37e-m bearing functional groups 
on the side chains were prepared in good yields by this method 
(Table 6, entries 5-14). We used the conventional Bzl and Z 
protections of the basic side chains of tyrosine (phenate) or 
lysine (primary amine). In 37i and 37m these protecting groups 
could subsequently be removed by catalytic hydrogenation 
without noticeable cleavage of the N-N bond, to yield 37i' 
(97%) and 37m' (85 O h ) ,  respectively. The imidazole and indole 
side chains in histidine and tryptophan did not require protec- 
tion, only the primary amino group being sufficiently reactivc to 
be aminated by oxaziridine 2 a under these conditions. 


Entry Amino acid R '  R2 Protecting group Product (37) T ( 'C)  Yield (Yo) [I];' Solvcnt 


1 
2 
3 
4 
5 
6 
7 
8 
9 


10 
11 
12 
13 
14 
15 
16 
17 
18 
19 


L-Pro 
L-PI0 
L-Pro - i.-Leu 
1-Val 
L-Val 
GlY 
mPhg 
m-Phg 
1.-Phe 
L-Tyr(OBzI) 
L-Ser 
1.-His 
L-Trp 
L-LYs(EZ) 
L - A I ~  
1.-Phe 
1-Val 
L - A ~  
L-Val 


(CH,), 
(CH,), 


(see Scheme 6) 
iPr 
iPr 
H 
Ph 
Ph 


4.821- OC,H,CH, 
CH,OH 
4-methyleneimidazole 
3-meLhyIeneindole 
(CH,),COIBzl 
Me 
RLl 
iPr 
Me 
iPr 


nzi 


H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
Brl 
Brl 


M0c 


Moc 
Moc 
Moc 
Moc 
Moc 
Moc 
Moc 
Moc 
Moc 
Moc 
M oc 
M oc 
B O C  


Boc 
Boc 
BOC 


noc 


noc 


a 
b 


d 
d 
e 
f 
g 
h 
i 


k 
1 
m 
n 


P 
9 
r 


C 


j 


0 


- 1 5  
-15 
-15 


0 
-15 
-15 
-15 
-15 
-is 
-15 
-15 
-15 
-15 
-15 
- 30 
- 30 


0 
0 


- 30 


X5 
95 
12 
57 [a] 
70 [hl 
65 [c] 
12 [cl 
75 [cl 
60 
67 


67 
55 
65 


36 


88 
68 


4% [cl 


50 Id1 


21 [el 


-61.8 
-41.2 
- 53.0 


-36.5 


- 60.8 


-5.6 
+ 16.1 
-21.2 


+7.5 
-16.4 
-5.5 
- 20.4 
+ 20.0 
- 12.6 
+22  x 
+25.6 


MeOH 
DMSO 
MCOH 
H .o 
9 5 %  EiOH 
McOH 
MeOH 
DMF 
CH,CII 
methmol 
niethrinol 


[a] The hydrazineiimine (36/38) ratio was 85: 15 ('H NMR of the crude reaction mixture). [b] Hydrazinc;imine ratio 97:3. [c] Dicyclohcxylammonium silt. [d] Hydrazine 
imineratio 85:15 at -30°C. [el Hydrazinej'imine ratio 55:45 at 0°C and 75:25 at -30 'C .  
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The reaction of4a with primary amino acids such as alanine, 
phenylalanine, and valine to give the corresponding N-Boc hy- 
drazino acids 37n-y proved somewhat less efficient than that of 
2 a. essentially because relatively larger amounts of imine 38 
wereformed,evenat -30'C(Table6,ciitries 15-17). Afurther 
complication arose in the case of alanine and valine where 
oxazolidinoncs 39n and p (Scheme 6) were isolated besides the 
ttesircd No-Boc hydrazino acids. Thcse oxazolidinones, which 
wcre iiot present in the final reaction mixture, wcre in fact 
formed during the workup, by reaction of 3711 or 37p with the 
4-cyanobenzaldehydc resulting from acidic hydrolysis of the 
corresponding imines 38. We were unable to suppress this side 
1-eaction. Separate experiments confirmed that 37 n and 4- 
cyanobenzaldehyde reacted rapidly in chloroform to give 39n. 
In spite of these circumstanccs. this straightforward one-pot 
synthesis of 37n-p turns out to be at  least as efficient as the 
previously reported multistep synthesis of the same com- 
p o u n d ~ . ' ~ ~ '  Alternatively, the use of N-benzyl amino acids 
;is starting matcrials furnishes the orthogonally protected 
V~i,,-Boc-N,-Bzl hydrazino acids in excellent yield (e.g., 37q -r,  
entries 18-19 in Table 6). 


Kacemization is not normally a critical problem here because 
the asymmetric center is not involved in the amination reaction. 
However, there is a risk that sonic racemization occurs during 
the preliminary step where the amino acid is converted to  its 
R,N' salt 35a. We examined this question in the case of phcnyl- 
glycine, which is easily racemizable. To this end, the N-Moc 
cicrivalive 37f rcsulting from the reaction of (R)-phenylglycine 
with 2a was coupled with (S)-(  -)-a-methylbenzylaminc (DCCi 
HOBI) to give 40. The ' H N M R  spectrum of 40 showed that 
<,mly a trace amount of the ( S S )  diastereomer was present, and 
h i s  result means that thc enantiomeric excess of 37f was cer- 
tainly greater than 95 YO. The same conclusion was drawn for 
37d, which on reaction with iodotrimethyI~ilane[~"~ afforded 
(S ) - (  + )-hydrazinovaline (73 YO) showing the same rotation as 
that of a reference sample.["' 


Reaction of N-alkyloxycarbonyl oxaziridines with carbon nucleo- 
philes: The reaction of thesc oxaziridines with various enolates 
proved t o  be fast and afforded the electrophilic amination 
product in inodcst yield, owin!: to the occurrence of a parallel 
aldol condensation between the released aldehyde and the eno- 
liitc (Scheme 7). Propiophcnone lithiinn enolatc thus reacted 


1) 4a, 30 rnin 0 OH 


Ph& + P h m  


' CN Boc NH, 2) H20, H+ Ph 


41 42 (36 %) 43 (25 %) 


'Boc 
44 (33 %) 


$04 
NH.Boc 


45 (35 %) 


46 47 48 (65 %) 


Schcmc 7 Aminalion or oxid;ilion of carbon nucleophiles 


with 4a in less than 30 min at - 78 "C to give raceinic N-Boc 
cathinone 42 (36%) together with aldol 43 (25%). The aminel 
aldol ratio was not significantly dependent on the reaction con- 
ditions. Direct or inverse trapping of the enolate, exchange of 
lithium for sodium or  potassium, or change of the temperature 
at which the reaction was conducted gave identical results. The 
reaction of 4a with amide and estcr enolates similarly afforded 
the a-N-Boc amino compounds 44 (330 /0 )  and 45 ( 3 5 % )  
together with the corresponding aldols. It is noteworthy that the 
x-hydroxyketone 48 was not dctected in the crude reaction mix- 
ture of lithium enolate 41 and 4a, whereas it is produced in good 
yield from the corresponding potassium enolate and N-sulfonyl 
o x a ~ i r i d i n c s . ' ~ ~ ]  


Propiophenone silyl enol ether 46 was not aminated in the 
presence of oxaziridine 2 a, but instead the double bond was 
epoxidized (60 'C, 1 h) to give the unstable epoxide 47, which in 
turn afforded 48 in 65% overall yield. In contrast, a simple 
alkene such a s  cyclohexene did not react with 2a, even after 
several hours a t  60 "C,  although the same substrate can be ami- 
nated by oxaziridine I['] and epoxidized by N-sulfonyl ox- 
aziridines.["] 


Reactivity of N-alkyloxycarbonyl oxaziridines with phosphorus 
and sulfur nucleophiles: We also examined the reactivity of N- 
alkyloxycarbonyl oxaziridines 2 a or 4a towards representative 
sulfide and phosphine nucleophiles (Scheme 8 and Table 7). The 


Moc Moc 


49 9a 


FOC 


amination oxidation 


Scheme X Amination vs. oxidation of S and P nucleophilel. 


results are qualitatively similar to those reported above for the 
reaction of 2a with triethylamine. Thioanisole reacted rapidly 
with oxaziridine 2a (less than 15 min, RT, CDCI,; entry 1) to 
give a four-component mixture consisting of 34% of a 1 : 1 mix- 
ture of ~ u l f i l i m i n e [ ~ ~ '  49 and benzaldehyde (rcsulting from 
amination of thioanisole) and (76% of a 1 : l  mixture of 
methylphenylsulfoxide and imine 9 a (resulting from oxidation 
of thioanisole). The composition of this mixture did not change 
on standing for 24 h at room temperature, indicating that there 
is no cross-reaction between 49 and benzaldehyde to give 
methylphenylsulfoxide and 9 a. We conclude that amination and 
oxidation of thioanisole in the presence of 2a proceed in paral- 
lel. Amination is favored a t  low temperature (Table 7, entries 
1-4). suggesting that this reaction is under kinetic control. and 
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Table 7. Amination vs. oxidation in the reaction of thioanisole and triphenylphos- 
phine with oxaziridincs 2 a  and 4a.  


Entry Nuclcophile Oxaziridine Concen- Solvent T ( ' C )  Aminationi 
tration oxidation 
(molL I )  


1 
2 
3 
4 
5 
6 
7 
8 
9 


10 
11 
12 
13 


PhSMe 


Ph,P 


2a 


4 a  


223 


0.5 
0.1 


0.5 
0.4 
0.5 
0.5 
0.5 
0.1 
0.1 
0.1 
0.1 
0.1 


0.5 


CDCI, 
CDCI, 
CDCI, 
CDCI, - 
Et,O 
CH,CN 
CH,CN 
CH,CN - 
CDCI, 
CDCI, 
Et,O 
CH,CN 
CDCI, 


19 34:66 
19 34166 
0 45:55 


34 52:48 
0 15.85 


19 48:52 
0 58~42 


35 67:33[a] 
19 45:55 
0 51:49 


19 40:60 
19 65:35 
19 65:35 


~ 


[a] Methyl phenyl snlfilimine 49 and methyl phenyl sulfoxidc were isolated in 50% 
and 26% yield, respectively. 


in polar solvents, probably because of the highly dipolar charac- 
ter of sulfilimine 49. 


A similar product distribution was observed when triphenyl- 
phosphine was allowed to react with oxaziridine 4a to  give 
phosphinimine 14 and 4-cyanobenzaldehyde (amination), to- 
gether with triphenylphosphine oxide and imine 9a (oxidation; 
Table 7, entries 9- 13). The reaction was fast even at  - 94 "C 
(35% conversion in less than 30 min in CD2C1,)[421 where the 
amination/oxidation ratio reached 95: 5. No further species 
(such as oxazaphosphetane or  betaine intermediates)[431 were 
detected by 3'P NMR spectroscopy of the reaction mixture in 
the range d = - 150 to + 50 at  - 94 "C. At room temperature, 
the aza-Wittig reaction between the amination products 14 and 
4-cyanobenzaldehyde to give the oxidation products 12 a and 
triphenylphosphine oxide is kinetically blocked.r441 In this case 
also, amination and oxidation are parallel reactions, and it 
seems that amination is under kinetic control while oxidation is 
under thermodynamic control, reflecting the affinity of phos- 
phorus for oxygen. Oxidation is slightly preferred in the case of 
4a, which is bulkier than 2a (entries 9 and 13). 


Nitrogen vs. oxygen transfer: As already stated, some oxaziridi- 
nes deliver their nitrogen atom whereas others deliver their oxy- 
gen, and the dual behavior is rarely observed. These reactions 
have in common their speed (generally) and high exothermicity, 
and are considered to involve the attack of a nucleophilic species 
to an electrophilic site of the oxaziridine, which may be either 
the oxygen or the nitrogen atom. Several mechanisms can be 
postulated to account for the course of these reactions, but thus 
far the reaction profile, the existence of intermediate species, 
and the factors that orient towards amination or oxidation are 
still a matter of discussion. 


N-~ulfonyl,[ '~] N-pho~phinoyl,[ '~l and N-perfluoroalkyl ox- 
aziridines["] deliver their oxygen atoms to a variety of nucleo- 
philes (sulfides, enolates, and alkenes) with no example of the 
inverse behavior. Chiral camphorsulfonyl oxaziridines[' 31 per- 
form enantioselective C-hydroxylation of enolates (40-96% 
ee), which indicates that the reaction is attended with some 
steric or stereoelectronic control. For  N-sulfonyl oxaziridines, 
Davis and coworkers postulated a symmetrical transition state 


with a negative charge devcloping both on the oxaziridine car- 
bon and nitrogen atoms (Schemc 9).[4s1 These views were latcr 
refined by ab initio calculations of the reaction of the parent 
oxaziridine ring with ethylene,[4h1 and more recently with a sul- 
fide or a ~ u l f o x i d e ' ~ ' ~  and a lithium enolate.["81 Although these 
calculations give consistency to the electrophilic character of thc 
oxaziridine oxygen, their chemical relcvance is questionable be- 
cause, as can be anticipated from the results of Schmitz. this 
type of oxaziridine is expected to  transfer its nitrogen. not its 
oxygen, to nucleophiles. 


v n  ' ' ; 1 -  p = 0.55 
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50 


Scheme 9. Hammctt correlations and postulatcd transition state for 0 transfir 
from Davis Wwlfonyl oxaziridincs Lo nucleophlles (ref. [4S] ) 


N-R-substituted oxaziridines with R = 13 and acyl,[IJ 
alky1,[491 or generally tranfer their nitrogen and oc- 
casionally transfer their oxygen. t la ta  and Watanabe~4"] have 
studied the rcaction of oxaziridines bearing various N-alkyl 
groups with amines, phosphines, arsines, sulfides. thiols, and 
selenides. With small alkyl groups, only the ylide N U +  - N -  R 
is formed. When the size of the group increases some oxide 
N u + - O -  is also observed. Our group has shown that the reac- 
tion of 2a with chiral amines (proline and ephedrine derivatives) 
is attended by a moderate kinetic resolution of the ox- 
a ~ i r i d i n e ; ~ ~ ' ]  this means that, as in the case of oxygen transfer. 
the nitrogen transfer is under steric or  stereoelectronic control. 


In order to  reveal features that would account for the oppo- 
site reactivities of these two classes of compounds. wc per- 
formed semiempirical MO calculations on 2a and on its N -  
methylsulfonyl congener 50 (a model of Davis oxaziridines). 
These calculations were done on a qualitative basis with the 
AM 1 method (MOPAC). The starting geometry of 2a was the 
X-ray structure, which was relaxed in the M M X  force t~e ld . [52~ 
The structure of 50 was derived from that of 2a by rcplacing the 
C 0 2 M e  by a SO,Me group; only the N-SO,-Me fragment was 
relaxed, in order to keep the phenyloxaziridinc moiety identical 
in the two structures. The M O  calculations were thcn performed 
without fLirthcr geometry optimization. The Gasteiger charges 
and the LUMOs are shown in Figure 2. It is apparent that the 
LUMOs of 2a and 50 d o  not differ significantly from one anoth- 
er and essentially consist of antibonding CT* NO fragments. 
These MOs are in fact quite similar to  the LUMO of the parent 
oxaziridine ring,[471 and account well for the elcctrophilic nature 
of both nitrogen and oxygen. In 2a  the orhital coefficient is 
slightly larger on the nitrogen than on the oxygen, whereas in 50 
the coefficient is the same on these two sites. Even if this differ- 
ence reflects the good trend, it does not seem to be large cnough 
to explain the opposite reactivities ofthesc two compounds. The 
most salient difference is the fact that the LUMO o f 5 0  is sub- 
stantially lower in energy[531 (by 2 2 . 3  eV) than the L U M O  of 
2a. Considering the charges, the oxaziridine nitrogen is d 1 most 
neutral in both systems, while the oxygen bears an excess of 
ca. 0.25e-, which makes this site strongly negative. If these cal- 
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culations are correct, then 0 transfer from Davis oxaziridines 
should be the consequence of a high degree of orbital control 
due to the low energy of the LUMO, favoring the attack of soft 
nucleophiles, combined with steric repulsion making the nucleo- 
phile approach to the nitrogen side difficult. N transfer from 2 a  
seems to result from a lack of steric and electrostatic repulsion 
211 the nitrogen site (whereas the oxygen is negatively charged), 
with the orbital frontier control favoring harder nucleophiles in 
view of the higher energy of the LUMO. We wish to stress, 
however, that the concept of hardness or softness does not help 
very much in predicting which heteroatom will be transfered to 
the nucleophile, because whatever the oxaziridine class the LU- 
M 0  coefficients at oxygen and nitrogen are equivalent. The 
degree of stcric hindrance in the first sphere around the nitrogen 
atom seems to be a more reliablc parameter from which to 
predict the orientation of the reaction, as judged from the data 
asscmbled in Table 8, where the substituent size (expressed as 
the A value) is apparently correlated with the 0 or N transfer 
properties: large groups favor oxidation, whereas small groups 
t"avor amination. 


We havc implicitly assumed that 0 transfer proceeds by at- 
tack of the nucleophile a t  the oxaziridine oxygen (and at  the 


Table 8 Nitrogen \'c oxygcn tranbfer to nucleophiles as  a function of the A v:iIuc 
(if the (ixa?ividtnc nitrogen siihstituent 


X ubs t i l uen l  rBu S0,Me Ph,PO CF, Me C0,Me CI H 


'1 ~ a l i i e  [a] 4.8 2.5 2 5 2.5 1.8 1.2 0.6 0 


RSMc 0 0 0 0 N(b] 0 . N  
KNH, RII 'NH ~ [c] 0 N N  N N  


[a ]  in  kcal 11101 I. [b] Aniiniilion has bccn postulated to occiir in thc i n i t i i ~ l  stage or 
the  reaction: for dclails see rel: 1491. [c] No reaction. 
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nitrogen for N transfer). However, alternative mechanisms in 
which 0 (or N) transfer would result from the opposite attack 
to N (or 0) can also be advanced. This question is relevant for 
N-transferring oxaziridines that occasionally perform 0 trans- 
fer, as observed in the reactions of Et,N, PhSMe, and Ph,P with 
2a.  In Scheme 10, we have sketched the two situations in which 
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H %7{ N 


I 
RO2C 


Nu: 
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N-Nu+ 
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82 


\ 
Ar - CH=N-C02R I +  1 'Nu-0- 1 
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Schcme 10.  Po\sihle ineclianisnis for amination and oxidation or  nucleophiles 
by 2a.  


Nu . . N and N u .  . .O attacks lead to transition states TS 1 and 
TS 2, respectively, for N-transferring oxaziridines reacting with 
a nucleophile Nu. These transition states are essentially similar 
to those postulated by Davis (Scheme 9), the increase of nega- 
tive charge spread over the oxaziridine ring being justified by the 
Hammett correlations discussed above. If in the case of Davis 
oxaziridines a direct fragmentation of TS2 to Nu' -0- 
(path C ,  supported by a b  initio calculations) seems likely, we 
suspect that this mechanism does not hold in the case of N 
transferring oxaziridines where both amination and oxidation 
probably result from N u . .  . N attack leading to TS 1. This tran- 
sition state can fragment either in a concerted way (path A)  to 
yield N u + -  N -  -CO,R (followed by fast prototropy to Nu-  
NH--CO,R in the case of non-tertiary amines or in general of 
protic nucleophiles), or via a betaine intermediate (path B) . 
This betaine can then fragment to  the amination product (path 
B 1) or the oxidation product (path B2).  The existence of be- 
taine intermediates in such reactions has been postulated by 
Schmitz.['l Although there is no experimental evidence for their 
existence, we have several arguments to support this hypothesis 
in the case of the reaction of 2 a  with nitrogen, sulfur. and 
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phosphorus nucleophiles. Firstly, hindered secondary amines 
are aminated slowly, but in spite of this, are not oxidized. This 
suggests that a direct oxidation of Et,N by N u . .  '0  attack is 
unlikely. Secondly, the fact that the amination of Ph,P, PhSMe, 
or Et,N is favored at low temperature again supports the occur- 
rence of a N u .  . ' N attack producing TS 1 ; then, at least a frac- 
tion of the reaction would follow path B where oxidation pro- 
ceeds via path B2. These concepts possibly do not apply to 
carbon nucleophiles; we cannot yet provide any entirely consis- 
tent model for their reactivity with 2a  and other oxaziridines. 


Experimental Section 


General: 'H,  I3C7 and "P N M R  spectra were recorded on Bruker AC200 or 
Varian Unity' 500 spectrometers. Melting points were measured by means of 
a Perkin - Elmer DSC 7 microcalorimeter, with simultaneous check ofpurity. 
Specific rotations [ r ]  (in 10- '"cm2g ') were measured on a Perkin-Elmer 
241 micropolarimetcr in a 1 dm quartz cell at constant temperature (25 "C). 
Infrared spectra were recorded on a Perkin-Elmer FTIR 1600 spectrometer. 
Microanalysis and mass spectra were performed by the Service central 
d'analyses du Centre National de la Recherche Scientifique (Vernaison, 
France). Chromatographic separations wcre performed over silica gel 60 
(Merck; 0.040-0.063 mm). Glassware was dried at 120°C for several hours 
and cooled under argon prior to utilization. Hexamethyldisilazane (HMDS) 
was distilled over CaH, under argon. Tetrahydrofuran (THF) was dried over 
Naibenzophenonc. Chlorotrimethylsilanc (TMSCI) was distilled over quino- 
line under argon immediately before use. Hexane was dried by distillation 
over P,O,, or by filtration through basic alumina (activity I), and was kept 
over 4 A molecular sieves. Dry chloroform (for the preparation of acylimines) 
was obtained by distillation over P,O,, followcd by filtration through basic 
alumina (activity I) immediately before use. 


N-Trimethylsilylbenzaldimine (8a): Following the method of Hart et al.i54' 
benzaldehyde (28 mL, 0.276 mol) afforded 8 a  (39.75 g, 84%); yellow oil, b.p. 
50-55 "C/0.04 Torr (refs. [55] b.p. 60-61 'C/O.l Torr and [54] 45 "C/ 
0.15 Torr). ' H N M R  (CDCI,): 6 = 0.27 (s, 9 H ,  Si(CH,),), 7.41 -7.44 (m, 
3H,  arom. H's), 7.78-7.82 (m, 2H, arom. H's), 8.98 (s, 1 H, CH=N).  


General procedure for the preparation of silylimines 8b-i:  HMDS (7.4 mL, 
35 mmol) was placed under argon in a scptum-stoppered and maguctically 
stirred 50 niL three-nccked flask; the flask was cooled to 0 ' C  and a solution 
of HuLi in hexane (1.6M, 20 mL, 32 mmol) was slowly added from a syringe. 
After 10 min stirring at 0 ° C  a solution of freshly distillcd X-substituted 
henzaldehyde 7 (32 mmol) in 5 mL of T H F  was slowly added with a syringe. 
The reaction mixture was stirrcd for 1 h at room temperature, concentrated 
in vacuo, then treated with chlorotrimethylsilane (4.1 mL, 32 mmol). After 
1 h, dry hexane (IOmL) was added, resulting in the precipitation of LiCI, 
which was filtered under argon through a sintered glass funnel covered with 
dry Na,S04, and washed with a small quantity of dry hexane. The filtrate was 
concentrated and distilled in vacuo to give silylimines 8b-i  as extremely 
moisture-sensitive yellow liquids, which were immediately converted to the 
corrcsponding acylimines 9, 15, or 20 as described below. 


N-Trimethylsilyl-4-methylbenzaldimine (8 b): From p-tolualdchyde (3.84 g), 
imine 8b  (2.57 g, 42%) was obtained. Yellow liquid, b.p. 50-53 "J0.08 mbar 
(ref. [55] 50-51 Tj0.02 Torr); ' H N M R  (CDCI,): 6 = 0.24 (s, 9 H ,  
Si(CH,),), 2.38 (s, 3 H,  CH,), 7.24 (m, 2H,  arom. H's), 7.68 (m, 2 H ,  arom. 
H's). 8.93 (s, 1 H, CH=N) .  


N-Trimethylsilyl-4-fluorobcnzaldimine (8c ) :  From 4-fluorobenzaldehydc 
(3.97 g). imine 8 c  (4.43 g, 71 YO) was obtained. Yellow liquid, b.p. 37-40"C/ 
0.1 mbar; 'HNMR(CDCI,) :6  =0.21(s,YH,Si(CH,),),7.04--7.13(rn,2H, 
arom. H's), 7.74-7.81 (m, 2H,  arom. H's), 8.91 (s, 1 H,  CH=N) .  


N-Trimethylsilyl-4-chlorobenzaldimine (8d): From 4-chlorobenzaldehydc 
(4.50 g). imine 8 d  (6.09 g, 90%) was obtained. Ycllow liquid, b.p. 58-65' C/ 
0.03 mbar; ' H N M R  (CDCI,): 6 = 0.25 (s, 9 H ,  Si(CH,),), 7.36-7.40 (m, 
2H,  arom. H's), 7.69-7.73 (m, ZH, arom. H's), 8.90 (s, 1H,  CH=N).  


N-Trimethylsilyl-4-trifluoromethylbenzaldimine (8e): From 4-trifluoro- 
methylbeozaldchyde (5.57 g), imine 8 e  (4.37 g, 5 5 O / ' )  was obtaincd. Ycllow 
liquid, b.p. 47-57 'Cj0.l mbar; 'H NMR (CDCI,): ii = 0.26 (s. 9 H. 
Si(CH,),), 7.65-7.69 (m, 2H,  arom. Ii 's) ,  7.87- 7.91 (m, 211. aroni. H's). 
8.99 (s, 1 H, CH=N).  


N-Trimethylsilyl-4-cyanobenzaldimine (8f): From 4-cyanoben1aldehydc 
(4.20 g), imine 8 f  (5.43 g, 84%) was obtained. Yellow solid at room tempu- 
ature, b.p. 95-100"C/0.5mbar; 'H  NMR (CDCI,): (S = 0.24 (s. 9 I I .  
Si(CH,),), 7.67-7.71 (m, 2H.  arom. H's), 7.84 7.88 (m. 2H. aroni. H's).  
8.95 (s, 1 H,  CH=N) .  


N-Trimethylsilyl-2-chlorobenzaldimine (8g): From 2-chlorohcn~aldchydc 
(4.50 g)imine8g (4.95 g, 73%) was obtained. Ycllow liquid. h.p. 102 I08 C;  
0.08 mbar; ' H N M R  (CI>CI,): 6 = 0.25 (s. YH. Si(CH,),). 7.26 7.36 (in. 
3H,  arom. H's), 7.98-8.03 (m, 1 H, arom. H's). 9.35 (s. I H. CH=N): ' "C  
NMR (CDCI,): 6 = -1.2, 126.8, 127.9, 129.7, 131.9. 135.0. 136.3. 165.1. 


N-Trimethylsilyl-3-chhloroben.~aldimine (Sh): From 3-ch~orubenzaldrhyde 
(4.50 g), iminc 8h (4.27 g, 63%) was obtained. Yellow liquid. b.p. 8 0 ~  85 C 
0.1 mbar; ' H N M R  (CDCI,): 6 = 0.24 (s, 9 H. Si(CH,),). 7.29 7.42 (in, 2 H, 
arom. H's), 7.59-7.64 (m, 1 H. arom. H),  7.79 (m. 1 H. aronl. H). X.89 (s. 
l H ,  CH=N) ;  I3C NMR (CDCI,): d =  -1.2, 128.9, 127.'). 129.X. 131.1, 
134.9, 140.5, 166.6. 


N-Trimethylsilyl-2,4-dichlorobenzaldimine (8 i): From 2.4-dichlorobenzaldc- 
hyde 7 i  (4.37 g). iminc 8 i  (4.73 g, 77%) was obtained. Yellow solid, b.p. 
95-100 'C/0.2mbar. m.p. 48°C;  ' H N M R  (CDCI,): 6 = 0.24 (5. 9 H ,  
Si(CH,),), 7.26 (d, J = 8.2 Hz, 1 H, arom. H's). 7.37 (s, 1 H,  arom. H's). 7.96 
(d, J = 8.2 HI, I H ) ,  9.25 (s, 1 H,  CH=N);  13C NMR (CDCI,): ii = - 1.2. 
127.5, 129.1, 129.6, 133.6, 136.8, 163.8. 


General procedure for the preparation of N-methoxycarbonylimines 9 a ~ b, 
N-benzyloxycarbonylimine (15) or  N-fluorenylmethoxycarbonylimine (20): 
The following procedure is essentially that of Kupfer et xl."'' 4 solution of  
the appropriate chloroformate (10 inmol) i n  dry CHCI, (15 mL) was added 
dropwise to a solution of silyliininc 8a-h (10mniol) in thc samc solvent 
(15 mL) uiidcr argon. The reaction inixturc was kept at room temperature, or 
refluxed, until thc yellow color of the silylimine had disappcared. After evap- 
oration of the solvent (rotatory evaporator), the crude product was elther 
distilled (9a, 9d) or recrystallized from a dry solvent to give the desired 
alkyloxycarbonylimine. 


N-Methoxycarbonylbenzaldimine (9a): According to thc above procedure. 
silylimine 8a (39.75 g) afforded 9 a  (29.21 g, 80%) after 1 h rcllux and distil- 
bation. B.p. 75-80"C/0.06 mbar (ref, 1171 64"C/0.03 Torr): 'H NMR (CD- 
Cl,): 6 = 3.88 (s, 3H, OCH,), 7.40-7.49 (m, 3H,  arom. H's). 7.87-7.91 (m. 
2H,  arom H's), 8.92 (s, I H ,  CH=N) .  


N-Methoxycarbonyl-4-methylbenzaldimine (9b):  Silylimme 8 b (2.57 g) afford- 
ed 9 b  (1.83 g, 77%) after 1.5 h at room temperature and recrystallizdtion 
from hexane. Colorless crystals, m.p. 78°C; ' H  NMR (CDCI,): (5 = 2.41 (s, 
3H,CH,),3.89(s,3H,OCH3),7.27and7.8I(2d,2x2H.J= X.1 H ~ , a r o r n .  


131.3, 145.1, 164.5, 171.5; anal calcd for C , , H , , N 0 2  (YO): C 67.78, H 6.26. 
N 7.90; found: C 67.50, H 6.31, N 8.00. 


H's), 8.93 (s, 1 H, CH=N);  13C NMR (CDCI,): 6 = 21.9. 53.'). 129.8. 130.5, 


N-1Metboxyearbonyl-4-fluorobenzaldimine (9c): Silylirnine 8 c  (4.43 g) afford- 
cd 9 c  (3.17 g, 77%) after 2 h at RT and recrystallization from 'THF:hcxane. 
Colorless crystals, m.p. 60 C; ' H  NMK (CDCI,): 6 = 3.88 (s, 3 H. OCH,), 
7.14 and 7.92 (2m. 2 x 2 H ,  arom. H's), 8.89 (s, l H ,  CH=N) :  13C NMR 


(d. ' J c - b  = 9 Hz), 164.1 (CH=N).  166.2 (d, ' J r  , = 256 H7). 169.8; :inill. 
calcd for C,H,FNO, (YO): C 59.67, H 4.45, N 7.73; foiind: C 58.54. H 4.44. 
N 7.55. 


(CDCI,):6=53.97,116.3(d,2J,~l. = 2 2 H ~ ) ,  130.2(d.'.IC ). = 3Hz) .  132.7 


N-Methoxycarbonyl-4-chlorobenzaldimine (9 d): Silyliinine 8 d (6.09 g) afford- 
ed 9d (3.9X g, 70%) after 1 night at room temperature and recrystallization 
from hexane. Colorlesscrystals, m.p. 84.5 ' C ;  ' H  NMR (CDCI,): 6 = 3.8X (s, 
3 H ,  OCH,), 7.41-7.44(m, 2 H ,  arom. H's),7.80-7.85 (ni. 2H.  itroin. H's), 
8.87 (s, 1 H, CH=N);  ',C NMR (CDCI,): 6 = 54.0, 129.3. 131.35. 132.2. 
140.15, 163.95 (NCO,), 169.7 (CH=N);  anal. calcd for C,HHCINO, ("10): 
C 54.70, H 4.08, N 7.09; found: C 54.86, H 4.14, N 7.13. 
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.t-Methoxycarhonyl-4-trifluoromethylhenzaldimine (9e): Silylimine 8e 
(4.37 g) affordcd 9e (2.30 g, 56'40) after 3 h reflux and recrystallization from 
hexanc. Colorles? crystals. m.p. 79 C :  ' H N M R  (CDCI,): (S = 3.92 (s, 3H, 
CICH,). 7.73 and 8.02 (2d, 2 x 2 H .  J =  8 Hr,  aroni. H's) ,  8.94 (s, 1 H, 
( 'H==Nj; "C NMR (CDCI,): 6 = 54.2, 123.5 ( q ~  ' J c  ,, = 272 Hz. CF,). 
125.0 (q .  'JL.=]. = 3.8 Hz). 130.3, 134.9 (q.  'J1.-, = 33 Hz).  136.8. 163.8 
(UCO,). 169.1 (CH=N):  anal. calcd forC,,H,F,NO, (%): C 51.96. H 3.49. 
'L' 6.06; found: C 51.73. H 3.40. N 6.08. 


1V--Mcthoxycarbonyl-4-cyanohenzaldimine (Yf): Silylimine 8f  (5.43 g) afford- 
ed 9 f  (2 53 g. 5 0 % )  after 3 h reflux :ind recrystalli7ation from THF: colorless 
crystals. m.p. 177 -C.  ' H N M R  (CDCI,): 8 = 3.92 (s. 3H,  OCH,), 7.76 and 
8.00 (2d .  2 x 2H. J = 8 2 Hz. arom. H's). 8.89 (s. I H. CH=N) ;  '- 'C NMR 
(CDCI,): 6 = 54.3. 116.8, 117.8. 130.3, 132.7. 137.5, 163.6 (NCO,). 16X.4 
(CH=N):  anal. calcd for C,,H,N,O, (YO)- C 63.83, € 1  4.2X:N. 14.89; found: 
C 63.80. H 4.29, N 14.58. 


!T-Methoxycarhonyl-2-chlorohcnzaldimine (9g): Silyliinine 8g (4.95 g) afford- 
ed 9g (3.65 g. 79%) aftcr I night at room tempcraturc and distillation. t3.p. 
100 105 C 008 mbar. m.p.=lO'C; ' H N M R  (CDCI,): 6 = 3.90 (s. 311, 
0 C ' H . J .  7.28 7.51 (m. 3H.  arom. H's), 8.16 (dd, 1 H. J = 1.5 and 7.5 Hz. 
:tram.). 9.32 (s, 1 H. CH=N):  "C NMR (CDCI,): d = 54.0, 127.2. 129.1. 
1302.  131.0. 134.5. 138.0, 164.0 (NCO,). 167.2 (CII=N); anal. calcd for 
C,,H,CINO, ("4,): C 54.70. H 4.08. N 7.09; I'ound. C 54.85, H 4.10, N 7.18. 


.V-Methoxycarhonyl-3-chlorohenzaldimine (9h): S~lylimine 8 h (4.27 g) afford- 
td 9h (1.99 g. 50%) aftcr 3 h reflux and recrystallization from hcxane; m.p. 
( 3 5  ( ' . 'HNMK(CDCI , ) :K=3 .91( s ,3H,OCH,~) ,7 .37~7 .56(m,2H,a rom.  


.33-  7.77 (m. 1 H, aroni.), 7.92 (in, I H. arom.), 8.86 (s, 1 H,  CH=N): 
MI< (CDCI,,): [S = 54.1. 128.7, I29 6. 130.2. 113.7. 135.3, 135.6, 163.9 


iNC'02), 169.6 CH=Nj ;  anal. calcd for C,H,CINO, (Yo). C 54.70, H 4.08. 
'V 7 09: found: c' 54.70. H 4.20, N 7.01. 


~'-Ben~yloxycarhonylben~aldimine (15): Silylimine 8a (2.26 g). after 2 h at  
C.  afforded 15 as an unstahle whitc solid. which was immediately uscd 


without further purilication. 'ti NMR (CDCl,): d = 5.30 (s. 2H. CH,), 
7.33 -7.49 (in. XH. arom. H's). 7.88-7.92 (m, 2H. arom.),  8.92 (s, 1 H. 
Cl1 = N ) .  


.\'-Fluoren~lmethox~carhonyl-2,4-dichlorohenzaldiniine (20). Silylimine 8 i  
(4.73 g) affordcd 20 (7.47 g, 98%) aftci- 20 h at  60 C and recrystallization 
li-om THF:hcxanc ( 1  :4): m.p. 126 C.  ' H N M R  (c'D(*I.>): S = 4.34 (t, 
/ = 7 . 1  H7. 1 I i ) ,  4.58 (d. J =7.l Hz, 2 H ) ,  7.27-7.49 (in, 6H) ,  7.64 (d,  
. / - 7 . 4 H z . ? H ) . 7 . 7 7 ( d , J = 6 . 9 H r . 2 H ) , 8 . 1 9 ( d . J = 8 . 5 H ~ , l  H ) , 9 . 2 0 ( ~ ,  
I Hj. I3C NMR (CDCI,): S = 46.8. 69.1, 120.1, 125.1, 127.2, 127.9, 129.8. 
130.1. 138.6, 140.5. 141.3, 143.4, 163.3, 166.0: anal. calcd for C,2H,,CI,N0, 
( % I :  C66.68. H 3.82. N 3.53; found: C: 66.14. H 3.89. N 3.66. 


.V-Methoxycarhonylheiizophenone imine ( 1  1):  Prepared according to 
Kupfer'"' from benzophenonc irnine and methyl chloroformate. Recrystal- 
liiation from pcntane. m.p. (39 C (ref. 1171 m.p. 65- 66 ' C ) .  


twt-Butyl triphenylphosphoranylidenecarhamate (14) : A solution of tert-butyl 
aiidoformatc""' prcpared from tc.rr-butylcarba7;itc (13.27 g. 100 mmol) 
[Caution: to avoid thc risk of cxplosion in large-scale preparations, it  i i  not 
ad\ isrd to concentrate the ether solution of rcw-butyl aridoformate] in Et,O 
(125 inL) was added dropwise to a suspension of triphenylphosphine (20.6 g? 
7X.5 inmol) in Et,O (60 niL) until nitrogen cvolution ceased. The white pre- 
cipitatc w a s  liltcred and then rccrystalli7cd from ethyl acetate to give 14 
(73 16s. 78%). followed by ii becond crop (4.10g. 14'%,j. M.p. 148 C; 
'HNMK(C'DC1,):R =1.30(s,gH),7.34 -7.49(ii i ,YH),7.62-7.72(m.6tI);  


NMK (CDCI,) identical with that reported e a r l i ~ r . ~ ~ . ' ]  


General procedure for N-trrt-hutoxycarhonylimines 12a-d: A mixturc of the 
appropriate hcnraldchyde ( 2 5  nimol) and iminophosphorane 14 (9.42 g. 
25 mmol) was refluxed in dry tolucnc (17 mLj under argon for the time 
indicated in Tuhlc 2 .  Al'ter cooling, triphcnylphosphine oxide was precipitat- 
ed by addition ofdry hexane (17 mL). After filtration and washing twice with 
a 1 :1  mixture or dry toluene and hexanc, the filti-ate was concentrated in 
\ acuo to give the desired N-r~,rt-butoxycarbonyliiiiine 12, which was oxidized 
without further purification. In the case of 12a, the crude imine obtained 
from 4-cyanoheiizaldehyde (13.28 g) could be purified by rapid percolation 


(less than I 5  min) through silica gel (350 g. Et,Oihexane 2: 1 iis the eluant) t o  
yield 12a (17 5 g, 75%) a s  a colorless solid. m.p. 8 7 - C  (from hexane). 
' H N M R  (CDCI,): 6 =1.57 (s. YH). 7.74 (d, 2H)) and 7.99 (d. 2H. 
J = 8.2 Hr) .  8.80 (s, 1 H); I3C NMR (CDCI,): 6 =  27.9, 83.1, 116.4. 117.9. 
130.1: 132.5, 137.8, 161.7. 166.7; anal. calcd for C,,H,,N,O, ("/.): C 67.81. 
H 6.13. N 12.16; found: C 68.42, H 6.20. N 12.21. 


N-Methoxycarhonyl-3-phenyloxaziridine 2 a (method A, large scale) : Cold so- 
lutions of imine 9a  (21.37 g. 0.131 mol) in amylene-stabilized chloroform 
(0.35 L) and of K,CO, (128 g) in watet- (0.8 L) were placed in a three-necked 
flask (3 L) equipped with an efficient pneumatic stirrer and immersed in an 
icc-water bath. To this vigorously stirred two-phase mixture was added a 
chilled solution of oxone (165 g) in water (1.44 L) over 15 min, the internal 
tempcrature bcing kept a t  0-4°C. Stirring wits continued for 45 min at  this 
tcmpcrature. The watcr layer was separatcd and extracted with CI12CI,. The 
organic layers were comhined. washed successively with 5 Yo aqueous 
KHSO,, 5%) aqueous NaHCO,, and water, and dricd over MgSO,. The 
solvent was rcmoved in V ~ C U O  (bath temp. < 30 ' C )  and the crude product was 
chromatographed over silica gel (220 g, Et,O,'CH,Cl,,'pentane 1 : I  :3) to give 
2a (16.05 g, 68 %), m.p. 41 C. 'H NMR(CDCI,), equilibrium mixture of the 
frrrnr and ci.c isomers of 2a in 91 : 9  ratio a t  300 K :  0 = 3.54 (s. 3 H ,  c is )  and 
3.89 (s, 3H. rruns). 5.09 (s, 1 H, I ~ U I I S )  and 5.34 (Y. IH,  c;,>).  7.43 (m. 5H.  
arom. 11's of cis and trans); "C N M R  (CDCl,), frairs isomcr: 6 = 54.9. 
78.15. 127.9. 128.6. 131.1. 131.8, 162.6; 1R (CCI,) 1777. 1753cm-I; anal. 
calcd for C,H,NO, (9"): C 60.33. H 5.06, N 7.82; found. C 60.51. H 4.70. 
N 7.77. 
Thc coi-responding N-methoxycarhonyl henaamide 15a was isolated o n  fur- 
therclution with EtZO/CH,CI, l : I ,  m.p. 118°C (EtOH). ' H N M R  (CDCI,): 
6 = 3.84(~,3H).7.42-7.58(1n.3H).7.77-7.82(m.2H),8.06(brs.1H);'~C 
NMR (CDCI,): 6 = 53.0. 127.7, 128.7. 132.8. 132.9. 151.9. 165.1; anal. calcd 
for C,H,NO, ('YO): C 60.33, H 5.06, N 7.82; found. C 59.96. H 5.14. N 7.86. 


General procedure for the preparation of oxaziridines 2b-h (method A): A 
solution of ucylimine 9h-h (2.5 mmolj in amylene-stabilized CHCI, 
(12.5 mL)  was placed in a 200 mL three-necked flask equipped with a pneu- 
matic stirrer. followed by a chillcd solution of K,CO, (2.89s. 21 mmolj in  


water (22.5 mL),  and the flask was immersed in an ice-water hath. After 
10 tnin a chillcd solution of oxone (3.66 g, 6.0 mmol) in water (37 mL) was 
added to this vigorously stirrcd two-phase mixture . The mixture was stirred 
for 1 .5 h at 0 C. If the starting iniine was not totally consumed, the aqueous 
phasc was discarded and replaced by fresh solutions of K,CO, and oxone. 
and the mixture was stirred for a further hour at 0 C (several such cyclcs may 
be rcquired). Then the aqueous phase was separated and extracted with 
15 mL of CH,CI,. The combined organic layers were washed three times with 
water and dried over MgSO,. and thc solvent was removed in vacuo (bath 
temp. i 30 C ) .  The crude product was flash-chromatographed over silica gel 
(15 g) with Et,O;pentane 15:RS as  the eluent, to give the desired oxaziridine 
2b-h; next. elution with CH,CI,!Et,O 1 : I  provided the corresponding 
amide 16h-h. 


N-Mcthoxycarhonyl-3-(4-methylphenyl)oxaziridine (2 b): In  the above proce- 
dure, irnine 9h  (443 mg) afforded oxaziridine 2h  (119 mg, 25%) and amidr 
I 6 b  (116 mg, 24%). oxaziridine 2h, m.p. 48 "C (dccomp.) provcd to be very 
unstable and iio elemcntal analysis could he done. 'H NMR (CDCI,). equi- 
librium mixturc of f r o m  and cic isomers i n  91:Y ratio a t  300 K :  6 = 2.27 (s, 
3H.~~i.\.)nnd2.36(s,3I-I.tra~is).3.57(s,3H.cis)and3.88(s.3H.rmr1s).5.05 
(s. 1 H. rrun.r) and 5.30 (s, I H, tic), 7.18-7.22 and 7.32 -7.36 (2m. 2 x2H. 
arom. H's of' c i . ~  and trans); 1R (CCI,): i = 1778, 1753 mi ~ ' : "C NMR 
(CDCI,): f r u m  isomcr: d = 21.4, 54.9. 78.4. 127.0, 127.9. 129.4, 141.5. 162.8. 


N-methoxycarhonyl-4-methylbenzamide (16b). imp. 137 C: 'H NMR (CD- 
Cl,): (5  = 2.40 (s. 3 1 1 ) ,  3.84 (s, 3 H j ,  7.26 (m, 2H).  7.69 (m. 2H).  8.03 (hrs. 
1 H): '"C NMR (CDCI,): S = 21.6, 53.2. 127.6, 129.6, 130.1. 143.9. 151.7. 
164.5; anal. calcd for C, ,H, ,NO, ( 'YO).  C 62.17, H 5.74. N 7.25; round: C 
62.28, H 5.79. N 7.09. 


N-Methoxycarhonyl-3-(4-fluorophenyl)oxaziridine ( 2 c ) :  Similarly. imine 9c 
(453 mg) afforded oxaziridinc 2c (300 mg. 61 "/u) and amide 16c (122 mg. 
2 5 % ) .  Oxanridine 2c had m.p. 29 'C. ' H N M R  (CDCI,), equilibrium mix- 
ture of ticurs and c i . ~  isomers in 93:7 ratio a t  300 K :  6 = 3.56 (s. 3H. <,is) and 
3.89 (s. 3 H ,  (runs), 5.07 (s, 1 H, trans) and 5.32 (s. 1 H, ci.s). 7.05-7 14 and 
7.42 ~7.49 (2m,  2 x 2H. arom. H's of c . i ~  and tran,\); " C  N M K  (CDCI,). 
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/runs isomer: b = 55.0, 77.5, 115.9 (d, = 22Hz), 127.8 (d, 4Jr-F = 
3 Hz), 130.0 (d. 3.1c-F = 9 Hz), 162.5, 164.5 (d, ' Jc  .L' = 251 Hz): IR (CCI,): 
3 = I 7 7 6  1753 cm-.': anal. calcd for C,H,FNO, (%): C 54.83, H 4.09. 
N 7.10; found: C 54.X3, H 3.91, N 7.14. 


N-methoxycarhonyl-4-fluorohenzamide (16c): m.p. 11 1 "C; 'H NMR (CD- 
C1,):h = 3.75(s,3H),7.08(m,2H),7.89(m,2H),8.73(hrs.1H);'3CNMR 
(CDCI,): 6 = 53.0, 115.8 (d, zJc-b = 22 Hz), 128.9 (d, 4Jc_F = 3 Hz), 130.4 
(d, s J r - b  = 9 Hz), 152.0, 164.2, 165.5 (d, lJc-F = 254 Hz); anal. calcd for 
C,H,FNO, (%): C 54.83, H 4.09, N 7.10; F 9.63; found: C 54.77, H 4.04, 
N 7.09; F, 9.41. 


N-Methoxycarhonyl-3-(4-chlorophenyl)oxaziridine (2 d) : Tmine 9 d  (494 mg) 
afforded oxaziridine 2d (374 mg, 70%),  and amide 16d (100 mg, 19Y0) after 
chromatographic workup. Oxaziridine 2 d  had m.p. 39°C. 'H NMR (CD- 
C13), equilibrium mixture of t r m s  and c i s  isomcrs in 93:7 ratio a t  300 K:  
6 = 3.54 (s, 3 H, cis) and 3.86 (s, 3 H ,  trans), 5.06 (s, 1 H ,  trans) and 5.29 (s, 
1 H ,  cis) .  7.36 (brs, 4 H ,  arom. H's of CLP and trans); I3C NMR (CDCI,), trans 
isomer: 6 = 54.96, 77.3, 128.9, 129.2, 130.35, 137.2, 162.3; IR (CCI,): 
i = 1775, 1753 cm-'; anal. calcd for C,H,CINO, (Yo): C 50.60, H 3.77, N 
6.56; found: C 50.44, H 3.73, N 6.60. 


N-methoxycarhonyl-4-chlorohenzamide (16d): m.p. 155 "C; 'H NMR (CD- 
C13): 6 = 3.75 (s, 3H) ,  7.41 and 7.78 (2d, 2 x 2 H ,  J =  8,3Hz),  8.51 (brs, 


anal. calcd for C,H,CINO, (YO): C 50.60, H 3.77, N 6.56, C1 16.60; found: 
C 50.87. H 4.00, N 6.63. C1 16.86. 


N-Methoxycarbonyl-3-(4-trifluoromethylphenyl)osaziridine (2e): Similarly, 
imine 9e (578 mg) afforded oxaziridiiie 2 e  (321 mg, 52%) and amide 16e 
(239 mg, 39%) after chromatographic workup. Oxaziridine 2e had m.p. 
40 'C (by DSC). 'H  NMR (CDCI,), equilibrium mixture of truns and cis 
isomcrs in 92:8 ratio at 300 K:  6 = 3.56 (s, 3H, cis) and 3.91 (s, 3H, truns), 
5.14 (s, I H ,  fruns) and 5.39 (s, 1 H, 7.59 and 7.68 (2d, 2 x 2 H ,  
J = 8.3 Hz, arom. H's of  ci,s and trans); I3C NMR (CD,COCD,), trans 
isomer: b = 55.3, 77.3, 124.9 (4. 'Jc-F = 270 Hz), 126.5 (4, 3Jc-F = 4 Hz), 
129.6, 133.1 (9, zJc-F = 32 Hz), 138.0, 162.7; IR  (CCI,): i =1778, 
1756cm '; anal. calcd for C,,H,F,NO, (YO): C 48.59, H 3.26, N 5.67; 
found: C 46.90, H 3.17, N 5.50. 


N-Methoxycarbonyl-4-trifluoromethylbenzamide (16e): m.p. 153 "C; 
'HNMR(CDC13) :S=3 .85 ,7 .73and7 .91  ( 2 d , 2 ~ 2 H , . I = 8 . 3 H z , a r o m .  
H's), 8.16 (brs, 1 H):  " C  NMR (CDCI,): 6 = 53.4, 123.4 (q, ' Jc  i; = 


151.6, 164.1; anal. calcd for C,,H,F,NO, (%): C 48.59, H 3.26, N 5.67, F 
23.06: found: C 48.44, H 3.22, N 5.70, F 23.24. 


N-Methoxycarbonyl-3-(4-cyanophenyl)oxaziridine (2 f): linine 9 f (470 mg) af- 
forded oxaziridine 2 f  (229 mg, 45%) and amide 16f (209 mg, 41 O h )  after 
chromatographic workup. Oxaziridine 2f had m.p. 118 "C.  'H NMR (CD- 
CI,), equilibrium mixture of m n s  and cis isomers in 93:7 ratio at 300 K :  
6 = 3.56 (s, 3H, cis) and 3.91 (s, 3 H ,  trans), 5.14 (s, 1 H, trans) and 5.37 (s, 
1 H. cis), 7.58 and 7.71 (2d, 2 x 2H,  J = 8.2 Hz, arom. H's of cis and truns); 
"C NMR (CDCI,), truns isomer: 6 = 55.2, 76.7, 115.0, 117.9, 128.7, 132.4, 
136.8, 161.9; IR (CC14):V = 1762cm-I; anal. calcd for C,,H,N,O, (%): C 
58.82. H 3.95, N 13.72; found: C 58.54, H 3.90, N 13.62. 


N-methoxycdrhonyl-4-cyanohenzamide (16f): m.p. 164'C; ' H  NMR 
(CDCI,): 6 = 3.84 (s, 3H) ,  7.76 and 7.88 (2m. 2 x 2H),  8.10 (brs, 1 H) ;  I3C 
NMR(CDCI,):h = 53.5.136.4, 117.6, 128.4, 132.6, 136.7, 151.4, 163.9;anal. 
calcd for C,,H,N,O, (Yo): C 58.82, H 3.95, N 13.72; found: C 58.56, H 3.80, 
N 13.46. 


1 H); ' ,C NMR (CDCI,): 6 = 53.1, 129.0, 129.2, 131.1, 139.4, 151.8, 164.1; 


271 Hz), 125.9 (q, ' Jc - , -  = 3.7 Hz), 128.2, 134.5 (q, 2Jc-F = 33 Hz), 136.2, 


N-Methoxycarhonyl-3-(2-chlorophenyl)oxaziridine (2 g) : Imine 9 g (494 mg) 
afforded oxaziridine 2 g  (416 mg, 78 YO), which was isolated by crystallization 
at 0'C from a mixture of CH,CI, and pentane; the amidc 16g was not formed 
in this case. Oxaziridine Z g  had m.p. 45 "C. 'H NMR (CDCI,), equilibrium 
mixture of /runs and cis isomers in 90: 10 ratio at 300 K:  6 = 3.50 (s, 3 H, cis) 
and 3.91 (s, 3 H ,  fruns),  5.59 (s, I H ,  truns) and 5.64 (s, I H ,  cis), 7.29-7.34 
(m. 4H,  arom. H's of c i , ~  and truns); I3C NMR (CDCI,), /runs isomcr: 
6= 55.1, 75.2, 127.3, 128.3, 129.5, 129.8, 131.7, 134.9, 162.3; IR (CCI,): 
G =1781, 1757cm-'; anal. calcd for C,H,CINO, ('A): C 50.60, H 3.77, N 
6.56; found: C 50.92, H 3.79, N 6.61. 


N-Methoxycarhonyl-3-(3-chlorophenyl)oxaziridine (2 h) : Imine 9 h (494 mg) 
afforded oxariridine 2h (282 mg, 5 3 % ) ,  and amide 16h (132 mg. 25%) after 
chromatographic workup. M.p. 31 "C: 'H N M R  (CDCI,). cqiiilibrium mix- 
ture of trai7.s and ci.7 isomers in 93:7 ratio at 300 K :  6 = 3.58 (s. 3 H. <.;,?) and 
3.89(~,3H,truns),5.06(s,lH.trcm.s)and5.29(s, lH,c.i.s).7.29-7.44(in.4€1. 
arom. H's ofcis and trans); "C NMR (CDCI,). 1r~11.s isomcr: 5 = 55.1. 77.3, 


1756 cm - I ;  anal. calcd for C9H,CIN0, (%): C 50.60, H 3.77. N 6.56; found: 
C 50.85, H 3.47, N 6.72. 


N-methoxycarbonyl-3-chlorobenzamide (16h): M.p. 141 'T: 'H NMR 
(CDCI,): 6 = 3.84 (s, 3H) ,  7.40 (in, 1 H). 7.53 (m, 1 H). 7.67 (m, I H) ,  7.80 
(m. 1 H),  5.24 (brs, 1 H); ',C NMR (CDCI,): 6 = 53.3. 125.7, 12X.0, 130 I .  
133.0. 134.6, 135.0, 251.8, 163.7; anal. calcd for C,H,CINO, (Yo): C 50.60. 
H 3.77, N 6.56; found: C 50.61, H 3.81, N 6.43. 


N-ter~-ButoxycarbonyI-3-(4-cyanophenyl)oxaziridine (4 a, method A. large 
scale): A solution of' crude imine 12a prcpared from 4-cyanobenraldehydc 
(0.333 mol, 46 g) in amylene-stabilized CHCI, (1.1 L) and a chilled solution 
of K,CO, (160 g, 1.15 mol) in water (1.2 L) werc successively placed into a 
three-ncckcd flask (6 L) equipped with an efficient pneumatic stirrer and 
immersed in an ice-water bath. Aftcr 15 min a chilled solution of oxonc 
(200 g. 0.32 rnol) in water (2 L) was addcd to this vigorously stirred two-phase 
mixture. Aftcr the mixturc had been stirred for a further 50 rnin, the water 
phase was discarded and replaced by fresh solutions of K,CO, and oxonc. A 
total of 10 such cycles were effected. The organic phase was washed three 
times with water, dried over MgSO,, and concentrated i n  vacuo (bath 
tcmp. < 30 'C). The crude product was divided in two eqnal parts. which were 
flash chromatographed over silica gel (650 g, CH,CI,) to give 2 a  (33.9 g, 
41 % from 4-cyanobenzaldchyde); m.p. 61 'C. 'H NMR (CDCI,), equilibri- 
um mixture of trans and cis isomers in 88: 12 ratio at 300 K :  b = 1.14 (s. 9H,  
cis) and 1.53 (s, 9H,  truns), 5.04 (s, 1 H, trans) and 5.33 (s. 1 H, c i .~ ) .  7.56 and 
7.70 (m, 4 H ,  arom. H s  of cis and trans); I3C NMR (CD,OD) 1rcu7s isomer: 


i; =1774, 1749 cm- l ;  anal. calcd for C,,H,,N,O, ("A): C 63.40, H 5.73. N 
11.38; found: C 63.59, H 5.69, N 11.39. 


N-Methoxycarhonyl-3,3-diphenyloxaziridine (3, method B): A hiphasic mix- 
ture of imine 11 (0.344 g, 1.44 mmol) in CH,CI, (10 mL) and a saturatcd 
aqueous solution of K,CO, (10 mL) was allowed to react with a solution of 
technical (50-60%) m-chloroperbenzoic acid (1.4 g) in CH,CI, (10 mL) for 
17 h at 0 °C  under vigorous stirring. After dilution with water (60 mL) and 
extraction of the aqueous phase by CH,CI,, the combined organic phases 
were washed by 5% aqueous K,CO,, water, dried on MgSO,. and conccn- 
trated in vacuo (bath temp. < 30 "C). Flash chromatography ovcr silica gel 
(10 g; Et,O/CH,Cl,/pentane 4:6:90) afforded oxaziridine 3 (221 mg, 60'%,) 
as a colorless solid, m.p. 61 "C. ' H  NMR (CDCI,): 6 = 3.47 (a, 3H) .  7.40- 
7.50 (m, 10 H);  ',C NMR (CDCI,): 6 = 54.0, 86.2, 128.0. 12X.2, 128.6. 
130.0, 132.0, 135.4, 160.6: 1R (CCI,): i =1778, 1752cm-'; MS (70eV. E l ) :  
m/z (X,) = 255 (28), 254 (33), 210 (25), 196 (25). 194(21), 182 (31). 181 (25). 
180(76). l66(31). 165 (75). 105 (72), 92(22), 77 (100). 59 (31); HRMS: calcd 
for C,,HI,NO,: 255.0895, found: 255.0885. 


General procedure for the preparation of oxaziridines 4a-d, 5, 6 (method C): 
Technical MCPBA (70-75%, 2.5 g) purifiedr5" by washing first with phos- 
phate buffer (pH =7.5), then with water, was dissolved i n  CH2C12 (15 mL). 
Thc resulting solution was dried over MgSO,, then over 4 8, molecular 
sievcs immediately before use. and was titrated (KI/Na,S,O,). To this 
anhydrous and m-chlorobenzoic-acid-free solution of MCPBA in CH 2C12 
(0.51 inn1 L ', 9.8 mL, 5 mmol) at -78 "C and under argon was added BuLi 
(1.6 M solution in hexane, 5 mmol). After 30 min, a solution of crude imine 
12a prepared from 4-cyanobcn~aldehyde (0.707 g, 5.40 mmol) in anhydrous 
CH,CI, (6 mL) was added dropwise under mechanical stirring. The rcactlon 
proceeded over 2 h at ~ 78 "C. Water ( 5  mL) was added and after 15 min the 
mixture was allowed to  warm up to room tcmperature. The organic phase w;is 
washed three times with 5 %  aqueous NaHCO,, dried over MgSO,, concen- 
trated in vacuo (bath temp. < 30 "C), and then flash-chromatographod over 
26 g silica gel (CH,CI,). The solid was washed with a 1 : 1 mixture of pcntanc 
and iPr,O to yield oxaziridine 4a (0.797 g, 65%. 60% from 4-cyanohenzaldc- 
hyde). 


N-~err-Butoxycarbonyl-3-(2,4-dich~oropheny~)oxaziri~ne (4b): Crude iminr 
12h prepared from 2,4-dichlorohenzaldehyde (203 mg. 1 . I 6  mmol) afforded 


126.2, 127.9, 130.0, 131.3, 133.9, 134.9, 162.3; IR (CCI,): i. =1781, 


6 = 27.9, 77.3, 86.6, 115.6. 119.1, 129.9, 132.5. 139.3, 161.5; IR (CCI,): 
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oxariridine 4 b  (420 mg, 79%) as a colorless solid after reaction with 
LiMCPBA (1 .I6 mmol) and flash chromatography ovcr silica (4 g, eluant 
CH,CI,/pentane 1 : I ) .  M.p. 47 'C; ' H N M R  (CDCI,), equilibrium inixturc 
~~f t r r rn .~and~~i s i son ie r s in81 :19ra t ioa t  3 0 0 K : b  =1.13(~.9H,ci . r )a i id  1.53 
is, YH, trun.s), 5.43 (s, 1 H, zrarzs) and 5.50 (5, I H, ck) ,  7.18-7.50 (m. 3H);  
I3C NMR (CI>CI,), trans isomer: 6 = 27.7, 74.4, 85.7, 127.8, 129.0, 129.2, 
129.4, 135.5, 137.1, 161.0; HRMS (FAB+). calcd for C,,H,,Cl,NO, + H :  
290.0350. found: 290.0358. 


~-t~~~-Butoxycarhonyl-3-(3,4-dichIoropheny~)oxazindine (4c): Ci-ude iminc 
12c prepared from 3.4-dichlorobenzaldehydc (831 mg, 4.75 mmol) afforded 
oxaziridine 4c  (935 mg, 70%) as a colorless solid after reaction with LiMCP- 
BA (4.75 mtnol) and flash chromatography ovcr silica (35 g, eluant CH,CI,/ 
pentane 1 : l ) .  M.p. 51 " C ;  ' H N M R  (CDCI,). cquilibriutn mixture of trans 
and cir isomers in 92:8 ratio at 300 K: d =1.20 (s, 9H,  cis) and 1.52 (s.  9 H ,  
t r m s ) ,  4.96 (s, 1 H, trans) and 5.24 (s, 1 H ,  c i h ) ,  7.30 (dd. J = 8.3 and 2.0 H L ,  


/ r u m  isomer: 6 = 27.5, 76.1, 85.9, 127.1. 129.6, 130.6, 132.3, 132.9, 135.2, 
159.6; IR (CCI,): i. = 1774. 1750 cm- '; anal. calcd for C,2H,,C1,N03 (%): 
C 49.68, H 4.52, N 4.83; found: C 49.97, H 4.60. N 4.88. 


,~-tevt-Butoxycarhonyl-3-(2,3,5-trichlorophenyl)oxaziridine (4 d) : Crude imine 
12d prepared from 2,3.5-trichIorobenzaldehyde (1.86 g, 8.90 mmol) afforded 
oxariridine 4d (1.70 g. 59 %) as a colorless solid after rcaction with LiMCP- 
BA (8.90 mmol) and flash chromatography over silica (60 g. eluant CH,CI,/ 
pentanc 1 : I ) .  M.p. 39 -C. 'H NMR (CDCI,), equilibrium mixture of rrtms 
and cis isomers in 80: 20 ratio at 300 K : 6 = 1 .I 7 (s, 9 H, ci.~) and 1.54 (s, 9 H,  
t ~ u n s ) ,  5.45 (s, 1 H, rrmr) and 5.52 (s. 1 H,  cis),  7.38 (d, J = 2.4 Hz, 1 H),  7.52 
(d. J = 2.4 H7, 1 H); "C NMR (CDC1,). rran.r isomer: 6 = 30.8, 77.3, 89.4, 
129.7, 132.8. 135.1, 136.7, 136.8, 137.2, 162.6; IR (CCI,) 1776, 1752cm I; 


anal. calcd for C,,H,,CI,NO, ("A): C 44.40, H 3.73. N 4.32; found: C 44.65, 
H 4.01. N 4.05. 


~l.'-Benzyloxycarbongl-3-phenyloxaziridine (5) : Crude imine 15, prepared from 
8a (2.26g, 12.7mmol). afforded oxaziridine 5 (1.13g, 3 5 ' Y ~ )  and amide 18 
( 1  .OO g, 31 n/o) as colorless solids aftcr reaction with LiMCPBA (12.7 mmol) 
and flash chromatography over silica (96 g, eluant CH,CI,/pentane 1 : 1 ) .  
Oxariridine 5 had m.p. 56°C (ref. [ I l l  oil). ' H N M R  (CDCl,), equilibrium 
mixture of tTun.7 and (,is isomers in 88: 12 ratio at 300 K :  d = 4.94 (s, 2 H, cis) 
and 5.34 (s, I H. cis), 5.08 (s, I H, tmns) and 5.27 (d, J = 12 Hz, 1 H,  /runs) 
and5 .28(d , J=12  Hz,IH,rrcms),6.98(m, 1 H.ci.s),7.26-7.46(m, IOHrrum 
and 9 H  ci.r) 


~ H ) , ~ . ~ ~ ( ~ , J = ~ . ~ H ~ . ~ H ) , ~ . ~ ~ ( ~ , J = ~ . ~ H Z , I H ) ; ' ~ C N M R ( C D C I ~ ) ,  


A'-benzyloxycarbonyl benzamide (18): M.p. 117 "C .  'H N M R  (CDCI,): 
6 = 5.25 (s, 2H) ,  7.28-7.80 (m, IOH), 8.07 (brs, 1 H); I3C NMR (CDCI,): 
6 = 67.86, 127.58, 128.0, 128.6. 128.7, 132.8, 132.9, 134.9, 150.8, 164.8; anal. 
calcd for C,,H,,NO, ( ' Y ) :  C 70.58. H 5.13, N 5.49; found: C 70.85, H 5.22, 
N 5.31. 


iv-Fluorenylmethoxycarhonyl-3-(2,4-dichlorophe1iyl)oxaziridinc (6)  : Imine 20 
(12.24 g) dissolved in CH,CI, (46 mL) afforded oxaziridinc 6 (6.90 g, 59%) 
as a colorless solid after chromatography over silica gel (130 g, eluant 
C112Cl,,'pentaiie 1 :2.5). M.p. 100°C: 'H NMR (CDCI,). equilibrium mix- 
ture of trum and ci.s isomers in 90: 10 ratio at 300 K :  6 = 4.21 (t, J = 7 H a ,  
1 H.cc.r)and 4.29(t.J = 7  Hz, 1 H, t runs) ,4 .60(d,J=7 Hz,2H),5.43(s , IH,  
rrum) and 5.63 (s, 1 H, cis), 7.27 7.45 (in, 7H,  <.is and I r m s ) ,  7.61 (m. 2H. 
cisand wun.~). 7.76 (111. 2H. a i d  truns); ',C NMR (CDCI,): 6 = 46.6, 70.0, 
74.8. 120.2. 125.0. 127.3. 127.8. 128.1, 128.6,129.3, 129.4, 135.5, 137.4, 141.3, 
141.4, 142.6, 142.8, 161.5; anal. calcd for C22H,SC12N0., (%): C 64.09, H 
3.67. N 3.40; found: C 64.20. H 3.62, N 3.38. 


N-tevt-Butoxycarhonyl-4-cyanobenzamide (17 a): Oxidation of iinine 12a 
(460 nig, 2 mmol) by method B afforded 17a (310 mg, 6390) 
n1.p. 143 -C, after recrystallization from EtOH. 'H NMR (CDCI,): 6 = 1.50 
(s. 9H),  7.74 (in, 2H), 7.87 (m, 2H) ,  7.95 (brs, 1 H); I3C NMR (CDCI,): 


Ci,H,,N,O,(%I): C63.40, H 5.73,N 11.38;found: C63.53, H 576, N 11.22. 


A-tevt-ButoxycarbonyI-2,4-dichlorobenzamide (17 b): Oxidation of imine 12 b 
by method B afforded 4 b  (0.725 g, 25 Yo) as well as 17 b 
white solid, m.p. 132'C, after chromatography over silica 


gel (80g; Et,Oihexane 5:95 then 20:SO). ' H N M R  (CDCI,): 6 =1.42 (s, 
9 I i ) . 7 . 2 9 ( d d , . l = 8 . 2 a n d 2 . 0 H r ,  I H ) , 7 . 4 0 ( d , J = 2 . 0 H z ,  I H ) , 7 . 4 3 ( d ,  


(7 = 27.8, 83.2, 115.9. 117.6, 128.4. 132.3, 137.2, 149.7, 164.4; anal. Cakd for 


J =  8.2 Hz, 1 H), 7.91 (brs, 1 H);  I3C NMR (CDCI,): 6 = 27.7, 83.3, 127.3. 
129.6, 130.1, 131.4. 133.1, 137.0, 149.2. 165.8; anal. calcdforC,,H,,CI,NO, 
("/o): C 49.68, H 4.52, N 4.83; found: C 49.83, H 4.61, N 4.71. 


Methyl I-bydroxy-I-phcnylmethylcarbamate (13a): A solution of N-Moc ben- 
zaldimine 9a (326 mg, 2 mmol) in acetone (2 niL) was treated wlth water 
(2mL).  The resulting mixture was concentrated to 1 .5mL in vacuo and 
extracted three times into CHCI, (2 mL). The organic layer was dried over 
MgSO, and conccntrated in vacuo to afford 13a (320 mg, 88%) as a white 
solid which decomposed rapidly in boiling CH2CI,. 'H NMR (CDCI,): 
6 = 3 . 6 7 ( s . 3 H ) , 3 . 7 8 ( b r s ,  1H),5.51 (brs , IH) ,6 .19(dd ,J=8.2 ,3 .6Hz,  
I H ) ,  7.30-7.50 (m, 5H); 13C N M R  (CDCI,): 6 = 52.4, 76.5. 125.7, 128.5. 
139.1, 156.6; IR (CC1,): 3298. 1697cm-'; HRMS (FAB'). calcd for 
C,H,,NO, + Li: 188.0899, found: 188.0895. 


General procedure for the amination of amines by N-Mac oxaziridine (Za) or 
N-Boc oxaziridine (4a): A solution of the required amine ( 2  mmol) in EtzO 
or CHCI, (2 mL) was treated at 0 'C by a solution of 2a (376 mg, 2.1 mmol) 
or 4a  (516mg, 2.1 mmol) in the same solvent (2mL) .  At the end of the 
addition the cooling bath was removed. Thc reaction was monitored by TLC 
(sccondary amines) or by NMR (primary amines). Thc reaction product was 
either rccrystdlized or chromatographed over silica gcl to give the corre- 
sponding N~-alkyloxycarbonylhydrazine 21 -33. 


N-(Methoxycarhonylamino)morpholine (21 a): Morpholine (0.1 66 inL) and 2a 
werc allowed to react for 30min according to the procedure above. The 
solvent was evaporated and the residue was washed with pentanc (2 x 2 mL) 
to give 21a (277 mg, 91 Oh); colorless crystals, m.p. 152-C. ' H N M R  
(CDCI,): S = 2.79 (t, J = 4.6 H7, 4H).  3.69(~, 3H) ,  3.76 (t. J = 4.6 Hz. 4H) ,  
5.55 (brs, 1 H); anal. calcd for C,H,,N,O, (%): C 44.99. H 7.55, N 17.49: 
found: C 45.20, H 7.85, N 17.57. 


N-(tevt-Butoxycarbony1amino)morpholine (21 h): Morpholine (0.1 66 mL) and 
4a were allowed to react for 30 min according to the procedure above. Chro- 
matography over silica gel (21 g, Et,O/CH,Cl,/hexanc 1 : 1 : 1) gave 21 b 
(376 mg, 92%) .  Colorless crystals, n1.p. 128 T; 'H NMR (CDC1,): 6 = 1.43 
( ~ . 9 H ) , 2 . 7 7 ( t , J = 4 . 5 H z , 4 H ) , 3 . 7 5 ( t ,  J = 4 . 5 H ~ , 4 H ) , 5 . 4 2 ( b r s , l H ) ;  
I3C NMR (CDCI,): 6 = 28.2, 56.1, 66.5, 80.2, 154.3; anal. calcd for 
C 9 H I O N Z 0 ,  (YO): C 53.45. H 8.97, N 13.85; found: C 53.22, H 9.04. N 13.61. 


N-(Benzy1oxycarbonylamino)morpholine (21 c): Morpholine (0.59 mL) and 5 
were allowed to react for 30min according to the procedure above. The 
precipitate of 21 c was filtered off and washed with Et,O (65 mg. 41 Y O ) .  
Chromatography of the filtrate ovcr silica gcl ( 5  g, Et,O,CH,CI, 2 .5 : l )  gave 
21c(77 mg,48%, total yield 89%). Co1orlesscrystals.in.p. 130 C. ' H N M R  
(CDCI,): 6 = 2.80 (t, J = 4.6 Hz ,4H) ,  3.77 (1, .I= 4.6 Hz,4H).  5.12 (s, 2H) .  
5.64 (brs, 1 H), 7.33 (in, 5H); anal. calcd for Cl ,H, ,N,0,~0.25H,0 (YO): 
C 59.86, H 6.91, N 11.63; found: C 59.87, H 6.85, N 11.75. 


N-(Fluoreny1methoxycarbonylamino)morpbnline 21 d. Morpholinc (0.87 mL) 
and 6 were allowed to react for 30 min according to the procedure above. The 
solvent was evaporatcd and the residue was washed with Et,O (3 x 1.5 mL) 
to give 21d (287 mg. 89%);  colorless crystals, m.p. 175°C. ' H N M R  (CD- 


(t. J = 6.7 Hz, 1 H), 4.45 (t, J = 6.7 Hr,  2H),  5.62 (brs, 1 H). 7.25 - 7.42 (m. 
4H).  7.59 (m, 2 H ) ,  7.75 (m, 2H);  anal. calcd for C,,H,,N,O, (%): C 70.36. 
H 6.21, N 8.64; found: C 70.08, H 6.12, N 8.67. 


R-(Methoxycarbony1amino)ephedrine (22 a): Reaction of (1 R,2S)-ephedrine 
(330 nig) and 2a in E120 for 5 h gavc a precipitate of 22a, which was filtered 
off and washed with Et,O (224 mg. 47 %). The filtrate was chromatographed 
over silica gel (10 g, Et,O/CH,Cl,/pentanc 1.5:1:2.5) to give a furthcr crop 
of 22a (157 mg. 30%, total yield 77%) .  Colorless crystals. m.p. 127 C. 
' H N M R  (CDCI,): 6 = 0.85 (d, J = 6.7 Hr ,  3H),  2.70 (s. 3H) .  2.82 (qd. 
J=6 .7 ,2 .6Hz .1H) ,3 .50 (b r s ,1H) ,3 .73 ( s ,3H) .5 .06 (d , J=2 .6H7 .1H) .  
5.90 (hrs. 1 H) ,  7.18-7.36 (m, 5 H ) ;  I3C NMR (CDCI,): 6 = 10 0. 43.6. 52.4. 


CH,CI,); anal. calcd for C,,H,,N20, ( 'YO): C 60.49, H 7.61. N 11.76; found: 
C 60.37, H 7.68, N 11.83. 


N-(tert-Butoxycarbony1amino)ephedrine (22h): Reaction of (1 R,2.S)- 
ephedrine (330 mg) and 4 a  in Et,O for 5 h gave a precipitate of 22 b, which 
was filtered off and w,ashed with Et,O (231 mg, 41 %). The filtrate was 


Cl,): 6 = 2 . 7 6 ( t , J =  4.6 Hr ,4H) ,  3 . 7 6 ( ~ ,  3H), 3.76 ( t . J  = 4.6 Hz.4H).4.21 


66.7, 72.1, 125.6, 126.8, 127.9, 141.3. 157.3; [x]p = -16.5 (c = 0.89. 
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chromatographcd over silica gel (1 5 g, CH,Cl,/pentane 1 : 1) to give a further 
crop of 22b (162 mg, 29%, total yield 70%). Colorless crystals, m.p. 144°C; 
'HNMR(CDCI,):~=~.~~(~,J=~.~HZ,~H),I.~~(S,~H),~.~~(S,~H), 
2.75{qd,J=6.6,2.3Hz,lH),3.91 ( b r s , I H ) , 5 . 0 0 ( d , J = 2 . 3 H z , l H ) , 5 . 6 3  
(brs, 1H),7.16- 7.32(m,5H); '3CNMR(CDCI,):b=10.0,28.2,43.8,67.4, 


anal. calcd for C, ,H,,N,O, (YO): C 64.26, H 8.63, N 9.99; found: C 64.3!, 
H 8.61, N 10.08. 


72.1,80.8, 125.7, 126.7, 127.9, 141.3, 1 5 6 . 1 ; [ ~ ] 2  = -14.2(c=1.3,CH2CI,); 


N(Methoxycarbony1amino)pseudoephedrine (23) : In the same way, reaction 
of (IS,2S)-pseudoephedrine (248 mg) and 2a  afforded 23 (271 mg, 76%) 
after Chromatography over silica gel (15 g, Et,O/CH,Cl,/pentane 2:2: 1 ) .  
Colorless crystals, m.p. 117 'C. 'H NMR (CDCI,): 6 = 0.66 (d, J = 6.4 Hz, 
3H), 2.11 (s, 1 H). 2.62 (s, 3H),  2.71-2.79 (m, 1 H), 3.73 (s, 3H), 4.13 (t. 
J = 9.4 Hz, 1 H), 5.55 (brs, 1 Hj ,  7.20-7.27 (m, 5H); 13C NMR (CDCI,): 
S =7.2,43.7, 52.8, 67.1,75.6, 127.3, 127.8, 128.2, 140.8, 157.3; [a lp  = + 42.5 
(c = 0.7, CCI,); anal. calcd for C1,H,,N,O, (%): C 60.49, H 7.61, N 11.76; 
found: C 60.63, H 7.58, N 11.86. 


Methyl L-N-(Methoxycarbony1amino)prolinate (24): Methyl L-prolinate 
(266 mg; obtained by Et,O cxtraction of a chilled solution of Pro-OMe, HCI 
in I M  K,CO,) wds treated with 2a  for 90min in Et,Oaccording to the 
procedure above. Chromatography over silica gel (17 g, Et,O/hexane 1 : 1 
then E1,O) gave 24 (252 ing, 60%) as a colorless low melting solid, m.p. 
34-C; 'HNMR(CDC1,): S =1.81- 2.00 (m, 3H), 2.22-2.30(m, IH).  3.14- 
3.21 (m, 2H),  3.67 (s, 3H), 3.70 (s, 3H), 3.94 (brs, IH) ,  6.40 (brs, 1 H): 
[a];' = -78.2 (c = 0.7, 95% EtOH); anal. calcd for C8H,,N20, ( Y O ) :  C 
47.52, H 6.98, N 13.85; found: C 47.85, H 5.12, N 13.58. 


L-N-(Methoxycarbony1amino)prolinamide (25): Reaction of L-prolinamide 
(228 mg) with 2 a  in CHCI, for 3 h according to the procedure above, fol- 
lowed by chromatography (17 g silica gel; Et,O/CH,CI, 90:lO) afforded 25 
(222mg, 58%'). Colorless solid, m.p. 187'C; 'HNMR (CDCI,): 6 = 
1.73 2.02(m,3H),2.16-2.31(in,1H),2.59(q,J=8.6Hz,lH),3.27-3.41 
(m, 2H), 3.66 (s, 3H), 5.34 (brs, I H ) ,  5.83 (brs, l H ) ,  7.96 (brs, 1H); 
[XI;' = - 58.7 (c = 0.7, CHC1,); anal. calcd for C,H,,N,O,, 0.25 H,O ( Y O ) :  
C 43.86, H 7.00, N 21.93; found: C 44.08, H 6.83, N 21.88. 


Methyl L-N-(methoxycdrbonylamino)prolyl-L-leucinate (26): Reaction of 
methyl L-prolyl-L-leucinate (484 mg, obtained by Et,O extraction of a chilled 
solution of HCI, Pro-Leu--0Me in 1 M K,CO,) with 2a  in Et,O for 2 h min 
according to the procedure above gave a precipitatc of 26, which was filtered 
off and washed with Et,O (498 mg, 79%). Colorless crystals, m.p. 145'C. 


1.62-1.72 (m, 3H), 1.76-1.89 (m, 3 H ) ,  2.22-2.35 (m, IH) ,  2.67- 2.80 (m. 
lH),3.36-3.43(in,2H),3.66(s,3H),3.69(~,3H),4.46-4.52(m, 1H),5.94 
(hrs, lH),  8.13 (brs, 1 H); 13C NMR (CDCI,): 6 = 21.6, 22.2, 22.8, 24.9, 
28.8, 40.3, 50.5, 51.9, 52.3, 55.9, 68.5, 157.1, 173.0, 173.3; [a];' = - 67.2 
(c = I ,  CH,CI,); anal. calcd for C,,H,,N,O, (YO): C 53.32, H 7.99, N 13.32; 
found: C 53.50, H 7.91, N 13.12. 


'HNMR(CDCI3):6=O.9I  (d, J = ~ . O H Z , ~ H ) , O . ~ ~ ( ~ , J = ~ . ~ H Z , ~ H ) ,  


N-ter~-Butoxycarbonylamino-(S)-2-methoxymethylpyrrolidine (27) : Reaction 
of (S)-2-methoxymelhylpyrrolidine (230 mg) and 4 a  in Et,O for 1 h accord- 
ing to the procedure above. followed by chromatography (22 g silica gel; 
CH,CI,) afforded 27 (359 mg, 78%). Colorless solid, n1.p. 40°C; 'HNMR 
(CDC1,): 6 =1.43 (s, 9H), 1.58-2.10 (m, 5H), 2.78 (m, 1 H), 2.97 (m. I H), 
3.21 ( m , l H ) , 3 . 3 2 ( s , 3 H ) , 3 . 4 5 ( d d , J = 9 . 4 , 5 . O H z ,  lH) ,5 ,54(brs ,  1H);  
"C NMR (CDCI,): S = 21.1, 26.6, 28.2, 55.0, 59.0, 63.8, 75.1, 79.6, 155.0: 
[a];' = - 45.2 (c =I, acetone); anal. calcd for C,  IH,2N,03 (YO). C 57.37, H 
9.63, N 12.16; found: C 57.24, H 9.78, N 12.30. 


N-(Methoxycarhony1amino)cyclohexylamine (28) : The reaction of cyclohexyl- 
amine (0.230 mL) with 2a  in CHC1, for 40 min according to the procedure 
above gave a 85: 15 mixture of 28 and N-(benzylidene)cyclohexylamine 
(S(CHN) = 3.14). Chromatography (16 g silica gel; Et,O/hexane 20:80) af- 
forded 28 (275 m g ,  80%). Colorless crystals, m.p. 63°C (DSC; ref. [59]: 
63.5-64.5"C); 'HNMR (CDC1,): b =1.03-1.33 (m, SH), 1.58-1.83 (m, 
5H), 2.79 (m, l H ) ,  3.50 (brs, I H ) ,  3.70 (s, 3H), 6.16 (hrs, 1 H j .  


N-(Methoxycarbony1amino)aniline (29): The reaction of aniline (0.182 mL) 
with 2 a  in CHCI, for 1 h according to the procedure above gave a 90:lO 
mixture of 29 and N-benzylideneaniline. Recrystallization of this mixture 


from EtOH afforded 29 (249 nig, 75 Yo). Colorlcss crystals, m.p. 116°C 
(DSC; rcf. [60] 115-117'C); ' H N M R  (CDCI,): 6 = 3.74 (s, 3H),  5.71 (s. 
l H ) ,  6.45 (brs. IH) ,  6.79-6.92 (m, 3 H ) ,  7.19-7.27 (ni, 2H). 


Methyl L-N-(methoxycarbony1amino)valinate (30a): Rcaction of methyl 
1.-valinate (262 mg; obtained by Et,O extraction of a chilled solution of 
L-Val-OMc, HC1 in 1 M K,CO,) with 2a  in refluxing CHCI, [or 3 h accord- 
ing to the procedure above gave a 70:30 mixture of 30a and methyl L-N-(ben- 
zylidcnc)valinaie (6(CHs) = 3.64, S(CHMe,) = 2.36). This mixture was 
stirred with 1 M H,SO, ( 5  mL) for 15 min. Thc organic phase was washed with 
water, dried over MgSO, and concentratcd in vacuo. Chroniatography (18 g 
silica gel; Et,O/hexane 30:70) afforded 30a (232 mg. 57%) as an oil. 
' H N M R  (CDCI,): 6 = 0.94 (d, J = 2.6 Hz, 3H),  0.98 (d, .I = 2.6 Hz, 3H) ,  
2.01(m,lH),3.42(t,J=5.6Hz,1H),3.h7(s,3H),3.72(s.3H),4.16(brs, 
l H ) ,  6.38 (s, 1 H); I3C NMR (CDC1,): 6 =18.4, 18.9, 29.8, 51.7, 52.4, 69 2, 
157.4, 173.4; [a]A3 = - 40.8 (c = I ,  95% EtOH); anal. calcd for C,H,,N,O, 
(%): C 47.05, H 7.90, N 13.72; found: C 47.34, H 7.86, N 13.50. 


Mcthyl 1.-N-(tert-botoxycarbony1amino)valinate (30 b): Following thc procc- 
dure above, reaction of methyl L-valinatc (262 mg) with 4a  in Et,O for 48 h 
gave a 55:45 mixture of 30b and methyl ~-N-(4-~yanobenzylidene)valinate. 
Chromatography (twicc; 22 g silica gel; CH,CI,) afforded 30b (21 8 mg. 
44%) as an oil. 'HNMR (CDCI,): 6 = 0.95 (d, J = 4.3 Hz, 3H), 0.99 (d. 
. I =  4.3 Hz, 3H),  1.42 (s, YH), 2.00 (m, 1 H), 3.42 (d. J =  5.3 HL. 1 H). 3.73 
(s, 3H), 4.16 (brs, 1 H),  6.10 (s, 1 H); I3C NMR (CDCI,): 6 = 18.5. 19.0, 28.3, 
30.0, 51.7, 69.4, 80.6, 156.2, 173.6; [a];, = - 37.3 ( c ,  = I .  95% EtOH); anal. 
calcd for CI1H,,N,O, ( O h ) :  C 53.64, H 9.00, N 11.37: found: C 53.98, H 
9.18, N 11.40. 


Methyl L-N-(Methoxycarbony1amino)valyl-L-leucindte (31): Following the  
ahove procedure, reaction of methyl L-valyl-L-leucinate (446 mg; oblaincd by 
Et,O extraction of a chilled solution of Val-Leu-OMe, HCI in 1 M K,C:O,) 
with 2a  in CHCI, for 4 h gave a 50:SO mixture of 31 and methyl I -N-(benzyli- 
dene)valylleucinate (S(CHMe,) = 2.33). This mixture was stirred with I M 
H,SO, ( 5  mL) for 15 min. The organic phase was washed with water, dried 
over MgSO,, and concentrated in vacuo. Chromatography (10 g silica gel; 
CH,Cl,/hexane 30/70) afforded 31 (145 mg, 25 Y O ) .  Colorless crystals, m.p. 


6H),  1.54-1.76 (m,3H), 1.94(m, 3 €I) ,  3.31 ( d , J  = 5.5 H7. 1 H). 3.68 (s, 3 H ) ,  
3.72 (s, 3H) ,  4.26 (d, J = 5.2 Hz, 1 H), 4.61 -4.73 (m, 1 H),  6.78 (brs, I H) ,  
7.11 ( d , J = 9 . 1  H~, IH) ;~~CNMR(CDCI~) :S=18.7 ,19 .0 ,21 .3 ,22 .9 ,25 .0 ,  
29.8, 40.8, 50.0, 52.4, 52.5, 71.2, 157.5, 172.1, 174.3; [XI;' = -110 (c = 0.6, 
CH,CI,); anal. cdcd for C,,H,,N,05.0.5H,0 ( Y O ) :  C 51.52, H 8.65, N 
12.87; found: C 51.37, H 8.31, N 12.68. 


94°C; 'H NMR (CDCI,): 6 = 0.93 (d, .I = 5.8 Hz. 6H) ,  1.01 (d. J = 6.8 HL, 


Methyl L-N-(tert-Butoxycarbony1amino)alaninate (32) : Following the above 
procedure, reaction of methyl 1.-alaninate (121 mg; obtained by Et,O extrac- 
tion of a chilled solution of Ala-OMe, HCI in 1 M K2C0,)  with 4a  (300 mg) 
in CHCI, for 4 h afforded a 70:30 mixture of 32 and i.-N-(beniyli- 
dcne)alanine methyl ester (6(CH=N) = 8.22). Chroinatography (18 g silica 
gel; Et,O/hcxane 10:90)gavc32(171 mg,67%)asanoil. 'HNMR (CDCI,): 
6 =1.28 (d, J = 7 . 1  Hz, l H ) ,  1.41 (s. 9H). 3.68 (m. l H ) ,  3.70 (s, 3H). 4.12 
(brs,IH),6.26(brs,lH);''CNMR(CDCI,):S =15.8,28.1.51.8,58.2,80.3, 
156.3, 174.0; [r]? = - 44.7 (c = 1 ,  CHCI,; ref. [61] +53.4 for the D isoinei-). 


N-(Methoxycarbony1amino)imidazole (33): According to the above proce- 
dure. reaction of imidazole ( 1  36 mg) with 2a  in CH,CI, for 24 h gavc a 
precipitate which was filtered and washed with CH,Cl2 to afford 33 (215 mg. 
76%). Colorless crystals, m.p. 149'C; 'HNMR (CDCI,): S = 3.78 (s, 3H).  
6.95 (m. 2H),  7.44 (s, 1 H), 9.00 (brs, 1H);  "C NMR (CDCI,): 6 = 53.3. 
121.7, 127.6, 136.6, 156.7; anal. calcd for C,H,N,O, (%): C 42.55. H 5.00, 
N 29.77; found: C 42.85, H 5.13, N 29.48. 


General procedure for the amination of aminoacids by N-Moc oxaziridine (2 a): 
A solution containing 2 mniol of benzyltrimetliylammoniui~i hydroxide 
(BnMe,N 'OH -) or tetrabntylammonium hydroxide (Bu,N+OH-) in 
McOH was added to a suspension of amino acid 35 (2 mtnol) i n  McOH 
(1 mL), and the resulting mixture was stirred for 30 min. The solvent was 
evaporated in vacuo and replaced by CHCI, (2 mL). To the resulting solution 
of salt 35a cooled to - 15 -C was slowly added a solution of 2 a  (2.1 mmol) 
in CHCI, (2 mL). After the mixturc had been stirred for 1 h at - 15 -C, it was 
extracted by water (4 x 5 mL). Thc aqueous phase containing salt 36 was 
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:~llowed to percolate through a column of Dowex 50WX2-H+ (10 mcquiv). 
Unless otherwise stated, the resin was cluted with pure water. and the cluate 
was free/e-dried to afford the NB-Moc hydrazino acid 37 in essentially pure 
fonn. When the resin was cluted with a mixture of water and an organic 
,wl\ent. the eluate was evaporated to dryness to givc the desired 37. 


r.-~~'-(1Clethoxycarbonylamino)proline (37 a): Following the ahove procedure, 
[,-proline (230 mg, 2 mmol) wa5 treated with a solution of BnMe,N'OH 
1 2 . 1 5 ~  in MeOH. 0.93 mL), then with 2a. to givc 37a (320 mg, 85%). Color- 
less solid, m.p. 76°C; ' H N M R  (CDCI,): 4 = 1.80 - 1.93 (ni, 2 H ) ,  2.14 2.32 
(m,2H).2.28(q..I=8.7Hz,lH),3.44(ddd,J=9.0,6.3,2.6Hz,lH),3.59 
(dd,J=10.1.4.2Hz,  IH),3.74(s,3H),6.16(brs,1H);'~CNMR(CI~CI,,): 
d = 23. 2. 29 1. 53.1. 56.3, 67.8, 157.8. 174.4: [XI;' = - 61.8 (c = 0.5, 95% 
EtOH); anal. calcd for C,H,,N,O, (%): C 44.68. H 6.43, N 14.89; found: 
C 44.86. H 6 46. N 14.57. 


1.-N-(Methoxycarbonylamino)prolyl-L-leucine (37c): L-Prolyl-L-leucine 
(457 mg. 2mmol) was trcatcd with a solution of BnMc,iN+OH- (2.15~1 in 


MeOH. 0.93 mL), then with 2a as described above. 4fter percolation 
through a Dowex-II resin the aqueous cluate was acidificd to pH 2 by solid 
KHSO,. The precipitatc was filtered and washed with water to afford 37c 
(434 nig, 72%). which was recrystallized from EtOH (361 mg, 60%). Color- 
less solid, 1n.p. 209 C; 'H NMR (CDCI,): 6 = 0.91 (d, J = 5.2 Hz. 3 H), 0.97 
(d. J = 5.2 Hz. 3H).  1.73-1.84 (m- 6 H ) ,  2.26-2.33 (m. 1 H), 2.67-2.79 (m. 
1 H).  3.37 -3.46 (in. 2H) ,  3.68 (s. 3H),  4.42 (m, 1 H), 6.12 (brs,  1 H), 8.48 
(hrs,  1 H); I3C NMR (CD,OII): IS = 21.7. 23.3. 23.4, 26.3, 29.9, 41.2, 52.0, 


anal. calcd for Ci31123N.i05 (S6): C 51.82. H 7.69, N 13.94; found: C 51.75, 
H 7.82. N 13.90. 


52.9. 56.6, 69.4, 159.8. 167.8, 175.5, 176.3; [X]P = - 53 ( C  = 1. 95%' EtOH): 


L-iY-(Methoxycarbonylamino)valine (37d): In  the same way, ~-valiiie (234 mg, 
2 mmol) was trcatcd with a solution of BnMe,N'OH- ( 2 . 1 5 ~  in MeOH 
0.93 mL), then with 2a, to  give 37d (267 mg. 70%).  Colorless solid, m.p. 
89 C;  ' H N M R  (CDCI,): 6 =1.00 (d, J =  5 Hz, 3H),  1.03 (d, J = 5 Hz. 
3H) .  2.09 (m. 1 H), 3.44 (ni, 1 H), 3.72 (s, 3H) ,  7.60 (brs, 1 H): 13C NMli  


95% EtOH); anal. calcd. for C,H,,N,O, (YO):  C 44.20, H 7.42, N 14.73; 
found: C 44.35. H 7.43. N 14.43. 


(CDCI,): i S  =18.4, 18.8, 29.6, 52.8, 69.3, 158.2, 176.4; [a];' = - 36.5 (C = I ,  


iv-(Methoxycarbony1aniino)glycine (37e): By the above procedure, glycine 
( 1 %  mg, 2.1 mmol) was treated with a solution of Bu,N+OH (0.8~ in 
MeOH, 2.6mL), then with 2a to give 37e (246nig. 70"%) as a colorless 
hygroscopic solid. 'HNMR (CDCI,): 6 = 3.68 (s. 2H) ,  3.72 (s. 3H).  6.38 
( h r x  3H)  A solution of'37e (246 mg) i n  EtOH (1  mL) was ircatcd with 
dicyclohcxylainine (DCH, 320 pl, 1.61 mmol) and filtered to afford 430mg 
(80%) of 37e, DCH salt. Colorless solid, decomp. 156 'C: ' H N M R  
(CDCI,): 6 = l . l 9  2.01 (m, 20H), 2.95 (m, 2H). 3.37 (s. 2H) ,  3.68 (s, 3H) ,  
7.15 (brs. 1 H); "C NMR (CDCI,<): 6 = 24.7, 25.0, 29.3, 52.8, 55.8, 157.4, 
175.9: anal. cdcd for CI6H,,N,O;0.25H2O ( 'YO):  C 57.55, H 9.51, N 12.58; 
found: C 57.52, H 9.52, N 12.69. 


u-ili-(Methoxycarbonylamino)phenylglycine (37f): By the above procedure. 
treatment of u-phenylglycine (302 mg, 2 mmol) with a solution of  
Bu,N 'OH (0.8M in MeOH, 2.5 inL) then with Za afforded 37f (381 mg, 
85%) as a colorless hygroscopic solid after clutioii of the resin with watcr,' 
El011 (1 1.3). ' H N M R  (CDCI,): 8 = 3.68 (s, 3H). 4.79 (s, 1 H) ,  7.00 (brs. 
I H) .  7.33 ( ~ n .  5H):  I3C NMR (CDCI,): b =  52.8, 66.9, 128.2. 128.9, 129.0. 
134.3. 157.9. 174.5. A holution of 37f in EtOH ( 1  niL) was trcated by dicyclo- 
hexylamine (340 pL. 1.71 mmol). affording 37f, DCH salt (608 mg, 88%).  
('olorless solid. dccomp. 142 'C; ' H N M R  (CDCI,): (5 = 1.06-1.27 (m, 
IOH). 1.58-1.85 (m, IOH) ,  2.73 (m, 2H),  3.64 (s. 3H) .  4.39 (s. 1 H), 6.56 
(hrs.  1 H ) , ? . l 7  7.39(m, 5 H ) ;  '.iCNMR(CDCI,): 6 = 24.5,24.6,24.8, 28.7, 


( I ,  =I, CHCI,), anal. calcd for C,,H,,N,O, (%): C 65.26, H 8.70, N 10.36: 
found: C 65.01. kI 8.65, N 10.06. 


28.8, 52.0. 52.3, 69.8, 127.2, 127.9, 128.2. 138.9, 157.3, 174.9: [NIP = - 60.8 


uI.-N-(Methoxycarbony1arnino)phenylglycine (37g): Similarly, uL-phenyl- 
glycine (302 mg. 2 mmol) afforded 37g, DCH salt (634 mg, 75%).  Colorlcss 
solid. dccomp. 133 C ;  NMR identical to that of 37f. DCH salt; anal. calcd 
for C,2H,,N,30, ( 'YO):  C 65.16, H 8.70, N 10.36; found: C 65.33, H 8.64. N 
10.38. 


1.-N-(Methoxycarbony1amino)phenylalanine (37 h): By the above proced tire, 
treatment of 1.-phenylalaninc (330 mg. 2 mmol) with a solution of 
BnMc,N+OH- (2.15M in MeOH, 0.93 mL), then with 2a, and clution of the 
resin with watcr,'MeOH (1:4). afforded 37h (372mg. 78%) as a colorless 
solid, which was recrystallized from THF (60%); m.p. 146 C. ' H N M R  
(CDCI,): 6 = 2.87(dd, J =14.1,8 9 Hz, 1 H). 3.18 (dd , J  =14.1.4.3 Hz. 1 H). 
3.63 (s, 3H),  3.85 (dd. J = 8.9, 4.3 Hz, 1 H) ,  6.68 (brs. 1 H). 7.20 (m. 5H) :  
I3C NMR (CD,OD): 6 = 37.7. 52.8, 65.6. 127.7, 129.4, 130.3. 138.3. 159.9, 
175.9; [ a ] F  = - 5.6 (c =1. MeOH): anal. calcd for C,,H,,N20,.0.25H,0 
( I % ) :  C 54.43, H 6.02, N 11.54; found: C 54.54, H 6.00, N 11.56. 


1.-0-Benzyl-N-(methoxycarhnny1arnino)tyrosine (37i): L-0-benzyltyrosine 
(542 in&, 2 mmol) was treated with a solution ofBu,N+OH (0.8~ in MeOH. 
2.5 mL), then with 2a as  de5cribed above. The reaction mixturc was concen- 
tratcd, then diluted with water (100 niL). The aqueous phasc was extracted 
with Et,O (10 mL) and then left to percolate through Dowex-H+ resin with 
EtOH,'CH,CI, (1 :2) as the eluant. After concentration the resulting solid was 
washed with Et,O (2 x 2 mL) to give 37i (462 mg, 67%).  Colorless solld, 


'H  NMR ([DJDMSO): 6 = 2.77 (d, .I = 5.7 Hz, 2H).  3.53 
(s. 3H),  3.63(t, J = 5.7 Hz. I H ) ,  5 . 0 4 ( ~ , 2 H ) ,  6.88 ( d , J =  8.2 HL. 2H) ,  7.14 
(d. J = 8.2 H7, 2H).  7.37 (m, 5H): 13C NMR ([DJDMSO): ci = 35.1, 51.5. 
63.9. 69.1. 114.3. 127.6, 127.7, 128.4. 129.6, 130.3, 137.2, 156.9, 157.4. 173.3: 
[a]:" = + 16.1 (c =1, DMSO); anal. calcd for CI8H,,,N,O5 (%): C 62.78, H 
5.85. N 8.13; found: C 62.84, H 5.82, N 8.11. 


L-N-(Methoxycarbony1amino)serine (37j): As above. L-serine (210 nip. 
2 nitnol) was treated with a solution of Bu,N+OH- (0.8~ in MeOH, 2.5 mL) 
to give 37j (353 mg, 99%) as a colorless hygroscopic solid. 'H NMR (D,O): 
IS = 3.57 (s, 3H).  3.63 (m. 1 H), 3.75 (m, 211); 13C NMIl (L),O): 6 = 52.7, 
59.6. 64.1, 158.9. 173.7. A solution of 37j (353 mg) in EtOH (3 mL)  was 
trcated with dicyclohexylainine (0.4 niL, 2 mmol), to give 37j, DCH salt 
(345 mg, 48'%), as a colorless solid, deconip. 160'C. ' H N M R  (D,O): 
6 =1.17 (m, IOH), 1.51-1.91 (m. 10H). 3.11 (m, 2 H ) ,  3.30 (t. .I= 5.0Hz. 
1 H). 3.56 (s, 3H).  3.60-3.72 (m, 2H); l 3 C  NMR (CDCI,): 6 = 24.6, 25.0. 
29.3. 52.3. 52.8. 61.2, 65.6. 158.1, 175.9; ['x]? = - 21.2 (c = 1. MeOH): anal. 
calcd for C,,H,,N,O, (%I): C 56.80, H 9.25, N 11.69; found: C 56.61. 
H 9.37, N 11.53. 


L-N-(Methoxycarbony1amino)histidine (37 k): Following the above procedure. 
treatment ofi.-histidine (310 mg. 2 mmol) with a solution of RiiMe,N'OH ~ 


( 2 . 1 5 ~  in MeOH, 0.93 mL), then with 2a. afforded 37k (305 mg, 67%) after 
elution of the resin with aqueous NH, (1 M ) ,  freere-drying and washing of the 
yellow solid by a 1.10 mixture of DMSO and acetone; colorless solid, 
decoiiip. 210 'C. ' H N M R  (D,O): 6 = 2.91 (d, J =  5.8 Hz. 2H). 3.51 (t. 
J = 5 . 8 H z , l H ) , 3 . 5 6 ( ~ , 3 H ) , 7 . 2 2 ( s , l H ) , X . 4 3 ( s , l H ) ;  ' 3 C N M R ( D 2 0 ) :  
6 = 24.9, 52.5, 63.9. 116.2, 130.0, 132.5, 159.6, 177.4: [XI? = +7.5 ( c  =1. 
water): HRMS (FAB+). calcd for C,H,,N,O, + H: 229.0936. found: 
229.0920. 


rAV-(Methoxycarbonylarnino)tryptophan (371): As above. L-tryptophan 
(408 ni&, 2 mmol) was treated with a solution of Bu,N'OH (0.8~ in 
MeOH. 2.5 mL), then with 2a. After percolation through a Dowex-H+ resin 
and freeze-drying, the yellow solid was washed twice with CHCI, to give 371 
(305 nig,55%)asacolorlesssolid,m.p. 157 'C  ' H N M R ( D M S 0 ) : J  = 2.97 
( d . J  = 6.3 Hz ,2H) .3 .53 (~ ,  3H). 3 . 7 8 ( t , J =  6.3 Hz, 1 H). 7.01 (in, 2H),7.21 
(d, J = 2.0 HZ. 1 H). 7.32 (d, J =7.7 Hz, 1 H) ,  7.51 (d, J = 7.7 Hz. 1 H) .  8.55 
(brs,  1 H), 10.81 (brs, 1 H); I3C NMR (CD,OD): S = 27.6, 52.7. 64.8. 110.6, 
112.2. 119.3, 119.7, 122.3, 124.6, 128.7, 138.0. 159.7, 176.4: [TI;' = -16.4 
(( = I ,  95% EtOH); anal. calcd for C13HlSN30,  (%):  C 56.31. H 5.45. 
N 15.15; found: C 56.34, H 5.58. N 15.16. 


~~-N-~-Benzyloxycarbonyl-~-a-(methoxycarhonylainino)lys~ne (37m): L-"G 
benzyloxycarbonyl lysine (560 tng, 2 mmol) was treated with a solution of 
Bu,N'OH (0.8M in MeOH, 2.5 m L ) ,  then with 2 a  as described above. The 
reaction mixture was concentrated, then dilutcd with water (60 mL) .  Thc 
aqueous phase was extracted with F.t,O ( 5  mL) and allowed to percolate 
through a Dowex-11' resin with EtOH!water 5 : l  as thc eluant. The eluaie 
was evaporated and thc rcsulting solid was washed with Et,O (2 x 5 inL) to 
give 371x1 (460 mg, 65%).  Colorless solid, m.p. 93 " C ;  'H NMR ([DJDMSO) 
(350K):6=1.35--1.61 (m.6H).3.01 ( m , 2 H ) , 3 . 3 9 ( t , J = 6 . 0 H z , l H ) , 1 . 5 7  
(~,3H).5.02(s,2H),6.81(bl-s,lH),7.31(m.5H).8.15(brs,2H):'~CNMR 
([DJDMSO): J = 22.3, 29.4, 29.9, 40.2, 51.5, 62.3. 65.2, 127.8. 128.4. 


1706 ~ I WILEY-VCII Verlag GmbH, D-69451 Wzmhcmi. 1997 0947-6579 97/0310-1706 $ 17 50f 50 0 C h ~ l  EM J 1997. 3. No 10 







3-Aryloxaziridines 1691-1709 


137.3. 156.1, 157.5, 174.3; [ a l p  = - 5.5 (c =1, MeOH); anal. calcd for 
C,,H,,N,O, ( ( X I ) :  C 54.38. H 6 56. N 11.89; found: C 54.65, H 6.64, N 11.87. 


L-N-(Methoxycarhonylamino)tyrosine (37i'): A suspension of 37i (203 mg, 
0.59 mmol) and 5 %  PdiC (50 nig) in i i  1 :2 mixture of EtOHCH,CI, was 
hydrogenated at atmospheric pressure for 3 h. After filtration (Celite) and 
evaporation in vacuo, 37i' (145 mg, 97%) was obtained as a colorless solid 
which slowly darkcncd in air, m.p. 170 "C. ' H N M R  (CD,OD): 6 = 2.88 (111, 
2H) ,  3.63 (s. 3 H). 3.75 (t, J = 6.8 Hz, 1 H),  6.69 (d, J = 8.5 Hz. 2 H), 7.07 
(d, J = 8.5 Hz, 2H) ;  I3C NMR (CD,OD): 6 = 36.9, 52.7, 65.8, 116.2, 128.8, 
132.3, 157.3, 159.9, 176.0; [ a l p  = - 8.1 (c = 1 ,  MeOH); anal. calcd for 
C,,H,,N,Os('l/o):C51.97,H5.S5,N11.02;found:C52.24,H5.25,N 10.94. 


L-N-(Methoxycarhonylarnino)lysine (37m'): A suspcnsion of 37m (199 mg. 
0.56 mmol) and 5 %  Pd/C (50 mg) in a 1j2 mixture of EtOH/CH,CI, was 
hydrogenated at atmospheric pressure for 3 h. to give 37m' (106 mg, 85%).  
Colorless solid, m.p. 210 C ;  ' H N M R  (D,O): 6 =1.31-1.60 (m, 6H) .  2.88 
(t, J =7.1 Hz, 2H),  3.21 (t. .I = 6.1 Hr ,  1 H),  3.56 (s. 3H);  ',C NMR 
(CD,OD): 6 = 23.5, 28.1, 31.0, 40.3, 52.7, 66.5, 159.8, 180.4; [a]$5 = - 37.5 
(c = I .  MeOH); anal. calcd for C,HI,N,O;0.25H,O (%): C 42.85, H 7.88, 
N 18.78; found: C 42.98, H 7.71, N 18.44. 


General procedure for the amination of aminoacids by N-Boc-3-(4-cyano- 
pheny1)oxaziridine (4a): A suspension of the required amino acid (2 mmol) in 
MeOH (1 mL) was treated with a solution of BnMe,N+OH- or Bu,N+OH- 
in MeOH (2 minol) for 30 min. MeOH was evaporated in vacuo and replaced 
by CHCI, (2mL) .  To the resulting solution, cooled to -3O"C, was slowly 
added oxaairidine 4a  (2.1 mmol) in CHCI, (2 mL). The reaction mixture was 
stirred for 1 h at - 30 "C and was then evaporated in vacuo. Water (8 mL) was 
added, and the precipitate of 4-cyanobenzaldehydc was filtcrcd off. The basic 
aqueous phase was extracted with Et,O (4 mL) and then acidified to pH 3 
with solid KHSO,. The desired N-Boc hydriuino acid 37 was isolated by 
filtration andlor by extraction of the aqueous phase with ethyl acetatc or 
CH,C12 (3 x 5 mL). 


L-N-(trrt-t3utoxycarbonylamino)proline (37 b): As described above, 1.-proline 
(575 mg, 5 mmol) was treated with a solution of BnMe,N+OH- ( 2 . 1 5 ~  in 
McOH, 2.32 mL), then with 4a ,  to give 37b (1.09 g. 95%).  Colorless solid, 
m.p. 128-C (ref. [62] 124-126 ~C) ;  ' H N M R  (CDCI,): 6 =1.41 (s, 9H) ,  
1.84-1.72 (m, 2H) ,  2 .32~2 .03  (m, 2H) ,  2.88-2.75 (m. 1H) .  3.56 (dd, 
J = 4.1, 10.1 HL, 1 H), 6.36 (brs, 1 H); "C NMR (CDCI,): d = 23.3, 28.1, 
29.0. 56.1, 67.9, 81.9, 156.9. 175.1; [a];s = -41.2 ( ( . = I ,  95% EtOH). 


1.-N-(tcrt-Butoxycarbony1amino)phenylalanine (370): Similarly, L-phenylala- 
nine (330 mg, 2 mmol) treated with a solution of BnMe,N+OH- ( 2 . 1 5 ~  in 
MeOH, 0.93 mL), then with 4a, affordcd 370 (200 mg, 36%) after recrystal- 
lization from EtOH. Colorless solid, m.p. 185 'C (ref. [63] 185-186'C); 
' H N M R ( D M S 0 ) :  6 =1.36(s ,9H),2.83 (d, J = 6.1 H7,2H),3,32(m,2H),  
3.67 (t, J =  6.1 Hz, 1 H), 7.23 (m, 5H);  I3C NMR (DMSO): 6 = 28.1. 36.0, 
63.6,78.6, 126.2, 128.0, 129.3, 137.7, 156.9,171.5; [a]$' = + 20(c = I ,  DMF)  
(ref. [63] [a]? = + 21 (c = 1, D M F ) .  


L-N-(fevt-Butoxycarhony1amino)alanine (37 n): L-Alanine (445 mg, 5 mmol) 
was treated with a solution of BnMe,N+OH- ( 2 . 1 5 ~  in MeOH, 2.32niL), 
thcn with 4a .  After evaporation of the solvent and addition of watcr, the 
aqueous phasc was acidified by stirring for 2 h in the prcsence of a weakly 
acidic ion exchangc resin (Duolite C470, 20 mequiv); then it was allowed to 
percolate through a column tilled with the same resin (11 mequiv). After 
clution with water and freeze-drying, pure 3711 (510 nig, 50%) was obtained. 
A further washing of thc resin by  MeOH afforded a 50:50 mixture o f  oxazo- 
lidinonc 3911 and 3711 (227 nig). Compound 37n is a colorless solid, m.p. 


(4. J =  6.7 Hz, l H ) ,  6.86 (brs, I H ) ,  8.0 (brs, 2H): I3C NMR (CDCI,): 
d =15.6, 28.2, 58.3, 81.7, 156.9, 176.8; [a]:,5 = - 20.4ic =1, MeOH); anal. 
calcd for C8H,,N20, ( 'YO) :  C 47.05, H 7.90, N 13.72; found: C 47.19, H 7.80. 
N 13.67. 


105-C, ' H N M R  (CDCI,): 6 = 1.35 (d, J = 7  Ha, 3H), 1.43 (s, 9H),  3.73 


A sample of 3-(tert-Butoxycarhonylamino)-2-(4-cyanophenyl)-4-methyl-1,3- 
oxazolidin-5-one (3911) was obtained by recrystallization of the above 37nj3Y n 
mixture from iPr,O. Colorless solid, decomp. 142' C ;  inixturc of two 
diastereomers. ' H N M R ( D M S 0 ) : d  = 2.29(ni, 12H),3.97(m, 1H),5.96(m, 
1 H) ,  7.76 (d, J =7.9 Hz, 2H),  7.92 (d, J =7.9 Hz, 2 H ) ,  8.71 (brs, 1 H); 13C 


NMR (DMSO): 6 = major diastereomer 14.4, 27.8. 57.4. 79.5. 91.5. 112.7. 
118.4, 129.1, 132.4, 240.1, 154.6, 172.1; minor diastereomer 16.0. 28.1, 57.4. 
78.6, 91.5, 116.2. 117.8, 129.8, 133.1, 138.6, 156.3, 174.5; IR:  2230. 1820, 
1720cm- ' ;  [%]is = - 89.3 (c =I. CH,CI,); anal. calcd for C,,H,,N,O, 
(%): C 60.56, H 6.03, N 13.24; found: C 60.43, H 6.18. N 13 26. 


1.-N-(tcrt-Butoxycarbonylamino)valine (37p): i~-ViiIinc (140 mg. 1.2 ininol) 
was treatcd with a solution of BnMe,Ni OH ~ (2.1 5 M in MeOH, 0.50 mL). 
then with 4 a  as described above. The resulting solution w a s  treated by ii 


sodium i o n  exchangc resin (Dowex 50x2-Na ', 5 mequiv). Altcr filti-ation 
and water washing of the resin, the organic phasc was cxtractcd with water 
( 2  x 3 mL). The combined aqueous phases wci-c iiciciificd t o  p l l  3 with solid 
KHSO, and extracted by AcOEt to afford a mixture of37p  and oxanolidi- 
none 39p (183 mg). Recrystallization from iP r20  yielded pure 37p (54ing. 
21 YO). Colorless solid, m.p. 90.C;  ' H  NMR (CDCI,): (5  = 0.99 (d.  
J=9.1H~,3H),1.03(d,J=9.1Hz,3H).2.09(m.lH).3.42(1ii.lHj,6.49 
(brs,1H),7.01(brs,2H);"~NMR~CDC1,):~~=18.3,19.0.2X3.30.9.69.4, 
81.4, 156.9. 176.3; [a]:' = -12.6 ( c  = 0.7. CkI,CIz); anal. calcd for 
C,,H,,N,O, (Yo):  C 51.71, H 8.68, N 12.06: found: C 51.72. H 8.64. N 1 1 .Xh. 


L-N-Benzyl-N-(tert-hutoxycarhon~lamino)alaninc (37 4): A suspension of I,-N- 
benzylalanine["' (1.43 g, 8 inmol) in MeOH (3 mL) was treated with a solu- 
tion of Et,N'OH in MeOH (8 ~nmol) for 30 min. MeOH was evaporated 
in vacuo and replnccd by CH2CI, (25 mL). Oxa;.iridinc 4a  (8.1 nimol) in 
CH,CI, (8 mL) was slowly added to thc resulting solution cooled to 0 C. The 
reaction mixture was stirred for 18 h at 4 ' C  and was then eviipoixtcd i n  
vacuo. Water (100 mL) was added, and the precipitate of 4-cyanobenzaldc- 
hyde was filtered off. The basic aqueous phase was extractcd with Et,O 
(4 x 8 niL) and then acidified to pH 3 with solid KHSO,. After c x t ~ i c t i ~ n  by 
Et,O (3 x 30 mL). drying over Na,SO, a n d  evaporation. 37q (2.09 F. 88'%,) 
was obtained. Hygroscopic colorless solid, m.p. I17 .C ;  ' H  NMK (CDCI,): 
6 = 1.32 (s, 9H) .  1.3X (d, J = 7  Hz, 3H) ,  3.64 (9. J = 7  HZ. 1 H) .  3.95 (s ,  3H). 
7.24-7.37 (m, SH). 10.21 (brs, 1 H) .  A solution of 379 (0.261 mg) i i i  E t 2 0  
(2 mL) was treated with dicyclohcxylamine (220 pL, 1 .O mrnol), affording 
365 nig (88%) of37q, DCH salt. Colorless solid, decomp. 170 'C ;  'H NMR 
(CDCI,):6 =1.22-1.67(m,24H), 1.79(m,4H),2.02(m,4H),2.93(m.2H), 
3.38 (q, J = 7 H z ,  l H ) ,  4.01 (q, 2H). 7.23-7.39 (m. 5H): [ x ] ~ , ' =  +43.7  
(c =1.3, MeOH); anal. calcd for C,,H,,N,04.0.25H,0 (%j: C 67.54. 
H 9.55, N 8.75; found: C 67.30, H9.52. N 8.67. 


1.-N-Benzyl-N-(tcrt-hutoxycarhonylamino)valine (37 r) : Similarly I.-N-hcn/yl- 
valine (207 mg, 1 mmol) afforded 37r (220 mg. 68%).  Colorless solid, dc- 
conip. 117 c', ' H N M R  (CDCI,): 6 = 0.96 (d. J = 7  Hz, 3fI). 1.08 (d. 
J = 7 H z ,  3H),  1.36 (s, YH), 2.09 (m, 1 H ) .  3.11 (brs. l H ) ,  3.91 (in. 2H).  
7.24 7.37 (in, SH), 10.21 (brs, 1 H); [%IF = + 25.6 (c =I.? .  McOH): anal. 
calcd for C,,H,,N,O, ( (YO):  C 63.33. H 8.13. N X.69; found: C 63.23, H 8.10. 
N 8.70. 


Determination of the enantiomeric excess of u-N-(methoxycarbony1amino)- 
phenylglycine (37f): A solution of crude 37f or 37g (252 mg, 1.12 minol) in  
dry D M F  (2 mL) was treated at 0°C with the salt of N-hydroxysuccinimide 
and (S)-( -)-a-methylbenzylamine (266 mg) and with dicycloliexylcarhodi- 
imide (234 mg). After 1 h at 0 'C  and 18 h at room tcmperaturc. thc whitc 
precipitate was filtered off and washcd i n  ethyl acetate. The liltratc was 
concentrated in vacuo. diluted by ethyl acetate. washcd successively with 
aqueous citric acid and water, dried over MgSO,, and concentrated in vacuo 
to afford 40 (348 mg) as a colorless viscous oil. which w a s  aualyrcd by 
'H NMIi  (CDCI,). (S)-1-phenylethyl-(R)-phenylglycinamide: (5 = 1.46 (d. 
J=6.9Hz.3H),3.70(s,3H).4.26(brs,1H),4.55(s,IH),5.13(in,1H), 
6.34 (brs, 1 H), 7.23-7.34 (m. 11 H) ;  (S)-I-phenylcthyl-(S)-phenylglycin- 
amide: 6=1 .49  (d, J = 6 H z ,  3H). 3.62 (s. 3H) .  4.26 (brs. I H ) ,  4.55 
(s, 1 H), 5.13 (m, 1 H) ,  6.26 (brs. 1 H ) ,  7.23-7.34 (111, I I H) .  


General procedure for the amination of carbanions by N-Boc-3-(4-cyano- 
pheny1)oxaziridine (411): A solution of the carbonyl compound (2 mmol) in  
THI; (3mL)  was added dropwisc at -78 C to a solution o f  LiHMDS 
(2 mmol)inTHF(1.5mL).Thciiiixturewasstirredat -78 'Cfoi-30minnnd 
then treatcd with 4 a  (495 mg, 2 mmol) in T H F  (2 mL) for a further 30 min. 
Lhen quenched by saturated aqueous ammonium sulfate ( 5  mL). The aqueous 
phase was extractcd with Et,O (3 x 5 mL). The Et,O phase was washed with 
brine, dried over Na,SO, , conccntrated and flash-chromntogaphed over sil- 
ica gel to give the amination product (42, 44, 45). 
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teut-Butyl 1-methyl-2-0x0-2-phenylethylcarhamate (42): By the above procc- 
dure. after flash chromatography over silica gel (40 g; Et,O/hcxane 10:90 
then Et,Olhexane S0:50), propiophenone (248 mg, 2 mmol) afforded 42 
11 83 mg. 36%) and 43 as a mixture of diastereomers identical to an authentic 
sample preparedL65' from 4-cyanobenzaldehyde and propiophenone ( 1  32 nig, 
25%). Compound 42 is a colorless solid, m.p. 81 -C. ' H N M R  (CDCI,): 
6 = 1 . 3 8  (d. J = 7 . 0 H z .  3H). 1.44(s,  9H), 5.27 (m, I H ) ,  5.51 (brs,  I H ) ,  
7.43-7.62 (m, 3H). 7.93-7.97 (m. 2H); ',C NMR (CDCI,): B = 19.9, 28.3, 
51.1. 79.7, 128.6, 128.8, 133.7, 134.2, 155.1, 199.4; anal. calcd for 
C,,H,gNO,.0.25HZO(%):C66.25,H7.74,N5.52;found:C66.57,H7.57, 
N 5.68. 


tevt-Butyl N-teut-butoxycarhonylglycinate (45): By the above procedure, f e r f -  
butyl acetate (232 mg, 2 mmol) and LiHMDS (2 mmol) afforded 45 (156 mg, 
35%) after flash chromatography over silica gel (28 g; Et,O/hexane 10:90). 
Cblorless solid, m.p. 48 "C (ref. [66] 64 " C ) ;  ' H  N M R  (CDCI,): 6 = 1.42 
(s. 9H) ,  1.44 (s, 9H),  3.77 (d, , I=  5.2 Hz, 2H),  4.94 (brs, IH); I3C NMR 
(CDCI,): d = 25.0. 28.3, 43.1, 79.7, 81.9, 155.7. 169.7. 


3-(2-tcvt-Butoxycarbonylamino-l-oxo-3-phenylpropyl)-l,3-oxazolidin-2-one 
(44): By the above procedure 3-(l-oxo-3-phenylpropyl)-l ,?-oxazolidin-2-one 
(438 mg. 2 mmol) in T H F  (20 mL) gave 44 (221 mg, 33%) aftcr flash chro- 
matography over silica gel (37 g; Et,O/hexane 30:70). Colorless solid, m.p. 
239°C; ' H N M R  (CDC1,): 6 =1.33 (s. 9H), 2.76 (dd, J=13 .5 ,  5 Hz, 1 H),  
3.1 7 (dd, J = 13.5,4.3 Hz, 1 H), 3.85-4.11 (m. ZH), 4.30-4.45 (m, 2 H), 5.03 
(d, J = 5 Hz, 1 H),  5.67 (ddd, J = 8.7, 5.0, 4.3 Hz, I H) ,  7.17 7.32 (m, 5 H ) ;  
'3CNMR(CDCI,):6 = 28.2,36.5,42.5,53.8,79.9,126.9,128.5,129.4, 135.9, 
152.8, 155.1. 172.7; anal. cdlcd for CiiH,,N,0, .0.25H,0 (%): C 60.25, 
H 6.69, N 8.27; found: C 60.29, H 6.54, N 8.39. 


Reaction o f  triethylamine with 2 a: triethylammoniomethoxycarhonylamidate 
(34): A solution of 2a (941 mg, 5.26 mmol) in CH,CI, (8 mL) under argon 
was trcated at  -78 'C with 0.732 mL (5.26 mmol) of triethylamine. After the 
mixture had been stirrcd at - 78 ' C for 12 h it was conccntrated in vucuo and 
chroma[ographed ovcr silica gel (30g, MeOH/CH,CI, 2:98) to give 34 
(280 mg, 30%) and triethylaminoxyde (identical to an authentic  ample'^'') 
(373 mg, 69%). Compound 34 is an oil; ' H N M R  (CDCI,): 6 =1.16 
(1. J = 7 . 2 H z ,  YH). 3.47 (s, 3H) ,  3.48 (q, J=7.2Hz,  6H); l3C NMR 
(CDCI,): 6 = 8.0,50.85,53.9, 162.3: IR (CCI,): 1634 em- ' ;  HRMS (FAB'), 
calcd for C,HIBN,O, + H: 175.1446, found: 175.1437. 


Reaction of thioanisole with 2 a: S-methyl-N-methoxycarhonyl-S-phenylsulfil- 
imine (49): A solution of 2a  (537 mg. 3 mmol) in acetonitrile (6 mL) under 
argon was treated at  --40"C by thioanisole (0.352 mL, 3 mmol). After the 
mixturc was stirred at -40':C for 1 h it was concenti-ated in vacua and 
chromatographed over silica gel (40 g, MeOH/CH,CI, 2:98) to give 
incthylphenylsulfoxide (109 mg, 26%) and 49 (296 mg. 50%) (oil); ' H N M R  
(CDCI,): ri = 2.79 (s. 3H).  3.65 (s, 3H), 7.49-7.54 (m, 3H).  7.73-7.78 (m, 
2H);L3CNMR(CDCI,):6=36.2,53.0,126.2,129.9,132.3,136.6,165.2;1R 
(CX14):  1644cm-';  MS (70eV, EI):  n?/z (%) = I 9 7  (30), 182 (X) ,  166 (54), 
151 (67), 140 (13), 138 (16), 124 (IOU), 123 (19). 121 (14), 105 (19), 104 (II) ,  
91 (13), 78 (17), 77 (40), 65 (IS), 51 (31), 50 (lo), 45 (11); HRMS, calcd for 
C,H,,NO,S: 197.0511. found: 197.0510. 


Relative amination rate of N-alkyloxycarhonyl-3-aryloxaziridines 7h-h, 
4a-d, 5 and 6 against morpholine: The oxaziridines were carefully washed by 
pentanc o r  a pentane/iPr,O mixture before the experiment. A solution of 2a 
(9.03 mg, 0.0504 inmol) kept a t  constant temperature (20°C) and oxariridinc 
2b-h. 4 a  d, or 6 (0.0504 mmol) in CDCI, (0.25 mL) was stirred while a 
morpholine solution ( 0 . 0 7 4 5 ~  in CDCI,, 0.20 mL. 0.0149 mmol) was added. 
The ratio of the Iwo benraldehydcs produced, 7(X+H)!7(X = H), was mea- 
sured 30 min later by 'H NMR (integration of the CHO groups) 
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The Comparative Solvatochromism of Arylazo and Heteroarylazo Compounds 
Based on N,N-Diethyl-rn-acetylaminoaniline and N,N-Diethyl-rn-toluidine 


Michael G. Hutchings,* Peter Gregory, James S. Campbell, Andrew Strong, 
Jean-Paul Zamy, Anne Lepre and Andrew Mills 


Abstract: Azobenzene dyes derived from 
various anilines and aminothiahetcrocy- 
cles azo-coupled with commercially im- 
portant N,N-dicthyl-m-toluidine (T se- 
ries) and N,N-diethyl-m-acetylaminoani- 
line (A series) are positively solva- 
tochromic. The visible spectra of 16 pairs 
or derivatives have bccn measured in up to  
22 solvents, and the transition energies re- 
lated to Kamlet -Taft solvent polarity 
parameters. In general, A-series dyes are 


Introduction 


more bathochromic than their T-series 
counterparts in nonpolar solvents, consis- 
tent with colour chemistry tradition. 
However, in more dipolar solvents the 


Keywords 
azo compounds * dyes * heterocycles - 
correlation analysis * solvato- 
chromism 


more bathochromic T-series reprcsenta- 
tives unexpectedly becomc more 
bathochromic than their A-series part- 
ners. The relative solvatochromic shifts or 
the A and T scries are related to their rc- 
spective dipole moments. These in turn 
are distinguished by the effect of the 
anilide carbonyl group dipole moment. 
which is antiparallel to, and thus reduces. 
the dipole moment of the chrornogen. 


Much of organic chemistry is underpinned by rules or thumb 
derived over many years of empirical observation. As one of the 
oldest and best-established branches of organic chemistry, 
colour chemistry is particularly rich in such lore. Any new ob- 
scrvation running counter to an accepted "rule" invites further 
scrutiny, not least to  help define the limits of its applicability. 
Just such an obscrvation led to the study reported in this paper. 
The accepted effect on colour of the acetylamino group in aryla- 
zobenzenes and their heteroaryl analogues (1; A series; Fig- 
ure 1)  is to  induce a bathochromic shift (rcd shift; lower transi- 
tion energy) relativc to the corresponding toluidine derivative 
(2; T series).['' In contrast to this generalisation, it was uncx- 
pectedly observed for some azothiophene derivatives in certain 
solvents that the visible absorption maximum in the electronic 
spectra of the anilide derivative is less bathochromic than the 
corresponding toluidinc. The effect is illustratcd by the spectra 
shown in FigLire 2. This anomalous inverse bathochromic effect 
can have consequences of significance in the technical applica- 
tion of these colouring matters, where their visible appearance 
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16 X = C N , Y = H  


17 X = H , Y = C N  


Me CN 
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12 


A 


Ar-N '&PNEt2 Me 


2 (Tseries) 


T 


X 


Y X K N H ,  


6 X =  CO,Me, Y = NO,, Z H 


7 X=Y=NO,, Z = H  11 X=Me,  Y =CO,Et 


8 X=CN. Y=NO,, Z = H  


9 X = Y = C0,Et. Z = Me 


10 X = H, Y = NO, 


13 18 X = Y = C N  


19 X =  CN. Y = Br 


20 X = NO,, Y = Br 


Chemistry Department, University of Wales Swansea, Singleton Park, Swansea 
SA28PP (UK)  


Figure 1 ,  Structures of diazo componenrs (3 ~ 13, 16-20). coupling components 
(A. T) and genernl struclures of the A and T seriea of am dyes 
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Figure 2. Visible spectra of azothiophenes 6A and 6T each recorded in cyclohex- 
ane. diethyl ether, acetone. DMSO (left to right). No attempt was made to allow for 
the high-energy shoulder on the absorption envelope of 6A in cyclohexane (and 
possibly other solvents). 


and other optical properties could be affected by solvent, host 
polymer matrix, textile substrate, and so on. As no immediate 
explanation for this unexpected observation came to mind, and 
since furthermore many azo dyes derivcd from A and T are of 
commercial importance, a more detailed study has been under- 
taken. the results of which comprise this paper. 


Azobenzene dyes derived from three different anilines (3-5) 
were selected for study to define baseline behaviour. Since it 
appeared from the initial observation that a sulfur atom in thc 
heterocyclc, cspccially as a thiophene, might be significant in 
inducing the anomalous behaviour, azo compounds based on 
four 2-aminothiophenes (6-9) were also included. These were 
augmented by derivatives of two 2-aminothiazoles (10, 1 I ) ,  and 
two aminoisothiazoles (12, 13) to give a wider variety of sulfur- 
based heterocycle. The structures of all these aryl and heteroaryl 
diazo precursor residues are shown in Figure 1. In each of these 


Table I .  Visible absorption maxima (nm) and solvent polarity parameters for 22 solvents. 


cases, the pairs of anilide- and toluidine-based azo compounds 
derived from the corresponding anilines A and T (Figure 1) were 
studied in detail. The azo dyes themselves are labelled 3A,  3T, 
etc., depending on the diazo and coupling components used. 
Most data are from compounds available from the ICI/Zeneca 
specimen collection, apart from 3T and 12T which were pre- 
pared specially for this study. 


Since the nature of the solvent is evidently significant in deter- 
mining whether the anomalous inverse bathochromic effect ap- 
plies or not, and since furthermore it is known that many 
azobenzenes exhibit marked positive solvdtochromism,[21 as 
further evidenced by the spectra shown in Figure 2, visible spec- 
tra for all compounds of interest were measured in a range of 
solvents of differing polarity and H-bonding characteristics. 
The goal was then to undertake correlation analyses of the mea- 
sured data to yield quantitative relationships between transition 
energies and measures of solvent polarity. Such models would 
then be used to address two fundamental questions: when and 
why are some toluidine-derived azo dyes more bathochromic 
than their anilide counterparts? 


Results and Discussion 


Absorption maxima of visible spectra of the 22 azo dyes 3 A -  
13A and 3T-13T measured in up to 22 solvents are recorded in 
Table 1. Because of duplicated mcasuremcnts, a total of over 
1500 spectra were recorded in this study. In most cases, the 
visible spectra comprised a single featureless absorption. How- 
ever, in some cases, particularly for the A series, a more or less 
ill-resolved blue-shifted shoulder was apparent. The origin of 
this is not known, but vibrational fine structure of N,N-diethyl- 
aniline derivatives has been noted. 13] A second possibility is the 
presence of two conformers in solution. In support of this, a 
recent NMR has shown that an azobenzene closely 
related to 5 A  adopts two planar conformations in solution as 
well as in thc solid phase. In the first (14) the anilide substituent 


Kamlet GTaft parameters Absorption 
Solvent x* I /j h xZT0 M 3 0 )  S' 3A 3 T  4A 4T 5A 5 T  6A 6 T  7A 7 T  8 A  


DMSO 
D M F  
but yrolactone 
I M U  
~IcL'tuIIc 
IH I- 
EtOAc 
Et,O 


(.-hexime 
p) ridine 
toluene 
CH,C12 
CHCl, 
MeCCI, 
CCI, 


J%,N 


MeOH 
ELOH 
1 -PrOH 
2-PrOH 
HOAc 
CF,CH,OH 


1 


0.87 
0.83 
0.71 
0.58 
0.55 
0.27 
0.14 
0 
0.87 


0 x2 
0.58 
0 49 
0.2X 
0.60 
0.55 
0 53 
0.48 
0.64 
0.73 


0.88 


0.54 


- 


0 0.76 
0 0.69 
0 0.49 
0 0.80 
0.ox 0.43 


0 0.45 
0 0.47 
0 0.71 
0 0  
0 0.64 
0 0.11 
0.13 0.10 


0 0  
0 0.10 
1.09 0.73 
0.88 0.80 
0.79 0.85 
0.68 0.93 
1.12 
1.51 0 


o 0.55 


0.20 0.10 


0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
1 
0.5 
0.5 
0.5 
0.5 
0 
0 
0 
0 
0 
0 


1 45.1 3.00 463.4 438.3 
0.86 43.8 2.78 458.3 429.7 


44.3 2.80 462.5 431.8 
41 .0 458.2 428.2 


0.53 42.2 2.47 453.5 424.8 
37.4 1.69 454.8 422.3 


0.16 34.5 1.21 447.8 416.2 
32.1 0.40 441.3 414.4 


0 30.9 0.15 440.9 414.7 
0.80 40.5 2.16 
0.38 33.9 1.11 453.1 
0.62 40.7 2.08 460.5 426.6 
0.62 39.1 1.74 459.3 423.1 


36.2 451.8 420.1 
32.4 0.87 448.8 417.7 


0.89 55.4 2.87 449.9 421.7 
0.86 51.9 2.80 449.8 420.2 
0.85 50.7 2 68 450 0 419.5 


49.2 2.66 449 3 417.7 
2.39 


59.8 3.55 463 1 464.9 


0.37 38.1 1.80 452 2 420.5 


474.5 456 3 
471.1 443.9 
472.8 445.6 
470.9 440.1 
466.4 441.3 
466.9 436.1 
464.2 433.5 
460.1 425.6 
457.0 424.4 
453.3 422.9 


469.9 430.5 
469.9 434.3 
469.8 432.3 
466.4 431.1 
468.9 425.9 
463.4 431.3 
463.2 429.8 
463.5 429.1 
463.2 427.7 


469.3 471.3 


529.6 520.8 
521.6 513.8 
523.2 515.2 
523.1 512.5 
513.0 501.1 
516.0 498.8 
509.4 490.6 
503.2 476.0 
504.7 468.5 
507.5 465.9 


512.9 487.4 
518.3 506.8 
518.3 504.0 
5127 497.8 
513.2 478.2 
509.3 498.9 
507.8 496.9 
509.6 497.2 
507.1 494.4 


515.2 520.9 


632.3 
621.7 
623.8 
620.9 
606.2 
606.0 
601.1 
590.5 
585.6 
578.9 
620 
599.2 
611.2 
608.9 
600.5 
587.8 
601.7 
601.4 
601.8 
599.5 
598 
616.2 


642.7 
630.2 
632.8 
630.0 
614.3 
604.1 
597.4 
581.6 
569.7 
563.2 
624 
590.0 
615.9 
608.9 
595.2 
573.6 
611.3 
608.1 
605.0 
602.2 
60 1 
635.4 
- 


651 3 686.1 6390 
646.4 676.4 629.4 
646.1 675.3 632.4 
645.4 673.5 629.8 
635.5 656.9 619.1 
634.6 644.4 614.8 
630.0 638.6 610.6 
619.3 619.4 600.2 
616.0 605.5 592 
607.9 597.8 592.8 
647 670 630 
628.1 625.3 609.7 
639.1 657.9 620.4 
637.3 649.5 617.2 
629.8 635.4 610.5 
618.4 609.8 601.8 
632.8 652.7 611.1 
632.1 644.3 610.8 
632.2 645.1 60X.9 
630.7 638.8 608.7 
630 639 60X 
630.4 665.0 619.1 
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H-bonds to the more remote of the two azo nitrogen atoms in 
a six-membered ring, while in the second the anilide group lies 
anti to this arrangement, implying H-bonding, or more proba- 
bly electrostatic attraction, to the nearer of the azo nitrogen 
atoms in a five-membered ring (15). The situation becomes fur- 
ther complicated once it is recognised that some of the unsym- 
metrically substituted diazo components in 6A/T- 13A/T can 
adopt different, but still planar, conformations, again implying 
multiplc absorption bands. Whatever the reason for the more 
complicated spectra observed in some cases, no attempt has 
been made to resolve the absorption envelopc into its compo- 
nent bands, but rather the analysis has concentrated on the 
absorption maximum alone. As will become evident, this ap- 
proach has led to a consistent result. 


Plots of the transition energies corresponding to these wave- 
length maxima against single-parameter descriptions of solvent 
polarity, such as thc well-known ET(30) scale, [51  proved unsatis- 
factory. In particular, H-bond donor (HBD) solvents such as 
alcohols deviated from the trend described by other solvents. 
However, even for these other, non-HBD, solvents, the plot was 
far from linear. Instead we turned to the Kamlct-Taft (K-T) 
multiparameter scale of solvent polarity. [61 This includes three 
main parameters: n*, which quantifies solvent dipolarity/polar- 
isability, and a and p, which quantify solvent HBD (Lewis acid- 
ity) and H-bond acceptor (HBA; Lewis basicity) strengths, 
respectively. Additionally, a correction factor 6, ascribed to po- 
larisability, is sometimes necessary for aromatic and/or chlori- 
nated  solvent^.^'^ Values for all these parametersL8' 91 are includ- 


ed in Table 1. The K-T forinalism describes an observable 
quantitative property in terms of a linear solvation-energy rela- 
tionship (LSER),l6] as in Equation (1). 


E = E, + sn* + aa + b j  + d6 (1) 


In the present case, E corresponds to thc observed transition 
energies ( E  [cn-  '1 = i07//1 [nm]), and the coefficients s ,  (1, h a n d  
d quantify the significanccs of the relevant K - T  solvcnt 
paramcters. E, is a constant term which corresponds to the 
transition energy in a solvenl where n* = a = 0 = 6 = 0 (c.g. 
cyclohexane) . Values for the coefficients and E, may bc deter- 
mined by (multilinear) regression analysis (MLRA) . 


Solvents can be conveniently classified depending on their 
K-T parameter values. In this study, wc distinguish between 
the following. a) Dipolar aprotic solvents (non-HBD; a = 


6 = 0). This class includes both HBA and non-HBA solvents. 
Although acetone is a weak HBD solvent according to the K-T 
formalism (a  = 0.08), it is nevertheless included in this class. 
b) Aromatic solvents, in this case only toluene and pyridine 
(u  = 0, 6 = 1) .  c) Hydroxylic solvents (HBD; x > O )  including 
alcohols and acetic acid, from amongst which we distinguish the 
particularly strong H-bond donor trifluoroethanol (TFE, which 
unlike the other alcohols is classified as a non-HBA solvent, 
p = 0). d) Chlorinated non-HBD solvents (CCI,, MeCCI,) 
(a = 0, 6 = 0.5). e) Chlorinated HBD solvents (CHCl,, 
CH,Cl,) (a>O, 6 = 0.5). 


Solvatochromism in nonhalogenated, nonaromatic, nonhydroxylic 
solvents: In order to simplify an understanding of the solva- 
tochromisin of 3A/T- 13A/T, initial analysis was rcstricted to 
the tcn dipolar aprotic solvents of class a. In principle, for thesc 
the LSER model of Equation (1) should depend only on thc 
K-T n* and j parameters, since a = 6 = 0. However, for all the 
22 dyes studied (3A/T-l3A/T), the h coefficient of was found 
to be essentially equal to zero in all cases, reflecting the fact that 
the solutes contain either no acidic HBD site (T series), or 
acidic/electrophilic sites such as the anilide NH (A series) that 


maxima (nm) 
8T 9A 9T 10A 10T 11A 11T 12A 12T 13A 13T 16A 16T 17A 17T 18A 18T 19A 19T 20A 2UT 


658.6 
650.4 
648.3 
645.0 
627.0 
621.5 
617.6 
600.5 
590.7 
587.2 
644 
607.7 
630.8 
625.0 
616.6 
599.1 
621 .0 
619.0 
617.4 
615.8 
61 6 
637.7 


570.8 569.4 615.0 
566.0 561.1 603.9 
564.4 562.5 605.3 
564.3 561.8 603.0 
555.3 550.3 590.6 
557.4 544.0 585.4 


547.1 525.5 565.1 
544.6 514.9 559.2 
542.7 503.8 555.0 
565 558 603 
555.6 532.6 576.6 
558.9 542.4 594.5 


553.4 532.1 576.9 
548.8 514.0 564.0 
554.8 546.8 588.8 
556.7 544.5 585.8 
556.2 541.8 585.0 
554.8 540.7 583.2 
555 543 587 
560.5 545.8 598.6 


552.3 542.6 581.0 


557.1 534.3 590.2 


612.7 554.2 554.1 563.2 568.5 
602.0 547.5 546.9 556.4 562.1 
605.3 547.9 546.1 556.3 562.7 
604.0 544.3 542.4 557.5 563.3 
590.3 537.6 534.1 547.8 551.0 
585.4 534.6 527.1 547.3 547.1 
574.7 529 9 523.3 543.3 540.4 
561.2 520.4 509.9 537.1 531.7 
549.6 517.5 502.5 535.5 524.1 
541.9 512.9 495.1 533.8 515.7 
602 545 543 556 562 
568.0 531.4 518 543.0 537.0 


591.2 543.1 532.4 549.6 545.1 
576.6 528 519.3 541.7 537.7 
555.3 523.3 507.1 540.0 525.2 


582.5 541.6 540.1 548.2 548.6 
582.1 538.4 538.1 547.6 548.3 
579.0 536.9 534.6 545.9 545.9 
590 546 549 549 548 
613.0 553.3 552.8 554.1 567.3 


596.1 545.4 534.7 547.8 549.0 


584.4 542.9 544.6 549.0 551.0 


502.3 488.5 498 488 500 488 603 614 
500.0 481.8 
497.6 484.3 
500.0 483.7 
492.8 469.9 
493.1 466.3 
492.2 461.5 487 457 487 458 590 591 
489.3 451.4 484 449 484 449 588.5 583 
487.0 444.5 
485.2 439.1 (4x6) 444 414 445 583.5 580 
502 4x2 
494.7 456.3 
496.9 471.9 
494.6 462.6 
490.9 457.5 
48Y 2 444.4 
494.8 475.8 
494.0 469.9 
495.1 468.4 
494.1 466.6 
493 471 
498.5 491.8 


603.5 


586.5 
5x1 


581.5 


580 


554 
543 


528 


569 574 


557 552 
552 531 


541 525 
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evidently lcave the spectral shifts unaffected even if they take 
part in intermolecular interaction with basic/nucleophilic sol- 
vents rather than intramolecular H - b ~ n d i n g . ' ~ '  Thus, LSER in 
the class a solvents can be simplified to Equation (2), as cvi- 
dcnced by generally good linear plots of transition energy E 
against n* values for most solutes. 


E = El, + sn* (2) 


Deviations were few. The solvatochromic behaviour of each 
asobenzenc solute is therefore characterised by two terms: E,, 
which is an intercept energy at  n* = 0 and which thus has a 
value close to the experimental value for cyclohexane, and s. 
which corresponds to the slope of the plot. The larger the mag- 
nitude of s. the more solvatochromic is the solute (bigger shift 
bctween nonpolar cyclohexane, n* = 0, and highly dipolar 
DMSO, n* = 1) .  The E, and .r values for cach azo derivative are 
givcn in Table 2. alongside relevant statistics. The negative sign 
of .c reflects the positive solvatochromism or all these solutes, 
corresponding to a more dipolar excited state and less dipolar 
ground state.l"] From a revicw of the results in Tdbk 2, two 
significant general observations are immediately apparent. 
Firstly, for each A/T pair, the E, value of the A partner is lower 
than that of its T counterpart, that is. azo dye derived from A 
is more bathochromic than that from T in solvents as  nonpolar 
as cyclohexanc. Secondly, the solvatochromism as reflected by 
A is higher for the T member of each pair than for its A countcr- 
part. A conclusion from this is that for all azo compounds 
studied there will be a characteristic value of n* > 0 above which 
the T derivative will become more bathochromic than A. These 


'I;ibIc 2 Results of correlation analysi.; and dcrived E X = ,  dues; ahsorption ener- 
pi.? (cin ' ) recorded in nonaromatic. nonchlorinated, nonhydroxylic solvents only. 


Rrgreuion constants Statistics 
IIyr E,, .\ N 1.2 u (cni-') +, 
3 4  
3 1  
4 2  
II 
54 
5T 
64 
6T 
7 4  
71 
8.4 
8T 
9 2  
91  


JOA 
l(1 I 
I I  4 


12 4 
12 I 
I 3 4  
13T 
16.4 
16T 
I7 4 
171 
18 4 
18T 
19 4 
19T 
20 2 


1 1  r 


20 I 


22713 
25163 
22029 
24 207 
20 106 
21 594 
17311 
17834 
16 430 
16 786 
16998 
17121 
1x497 
19731 
1x122 
1x459 
19561 
20213 
1xx31 
t o  360 
20 634 
12827 


72 724 
21 04x 
_ _  77 684 
17184 
17519 
17121 
1x921 
I8302 
19 137 


21) 920 


- 1108.3 
-2488.8 
~-947.4 
- 2063.3 
-1111.5 
- 2427.7 
- 1432.7 


2258.6 
1 081.1 


-7238.X 
- 1292.6 
- 2814.X 


-896.2 
- 2246.6 
- 1796. I 
-2176.5 
- IX14.X 
-2151.6 


-978.6 
- 179X.X 


693.6 
- 2385.4 


-815.6 
- '048.6 
- 1042.9 
-2014.8 
- 546.2 


- -  1207.2 
-666.5 


- 1668.3 
- 704 9 
I 708.2 


10 
5 


10 
7 
9 


10 
9 


10 
10 
10 
10 
10 


10 
10 
1 0 


10 


i n  


i n  


i n  
i n  


i n  
9 


3 
4 
4 
4 
4 
3 
4 
4 
4 
4 


0 952 
0 92x 
0 981 
0 818 
0 894 
0 987 
0 99 
0 992 
0 99 
0 995 
0 975 
0 969 
0 946 
0 996 
0 995 
0 9x9 
0 969 
0 998 
0 948 
0 987 
n 971 
n 9x5 
0 968 
0 933 
0 5172 
0 931 
0 Y41 
0 984 


0 996 
0 991 
0 976 


0 ti74 


90.3 1.92 
83.8 1.92 
48.5 1.95 
99  1.95 


119 1.13 
101.7 1.13 
56.7 0.63 
75.7 0.63 
40.4 0.31 
59.3 0.31 
75.6 0.24 


117.9 0.24 
77 8 0.91 
75.6 0.9 1 


82 7 0.89 
117 9 0.93 


83 3 0.65 
74.7 0.65 
4s.x 1.3 


106.8 1.3 
77 3 1.46 


2x7.0 1.46 
92.3 1.68 


283.3 1 68 
70.2 0.51 
80.9 0.51 


132.4 1.6 
53.1 1.6 
35.1 0.83 


139.8 0 83 


59.3 0.89 


37 0.93 


values are easily derived and are recorded in Table 2 as nX=T. As 
far its we are aware, no n* value greater than 1.2 has been 
reported for a pure solvent in the literature (e.g. n* =1.2, 1.12 
and 1.0 for 2-cyanopyridine, HCONH, and DMSO respective- 
ly) . [81 Thus, for some of the azo compounds with n:=T apprccia- 
bly above 1, the A derivative in all known solvents will always 
be observed to be more bathochromic than the T derivative, as 
shown graphically in Figure 3 for 13A/T. However, for other 
arylazo solutes, the n:,= values are less than 1.2, reflecting the 
observation that there are more polar solvents where the T 
derivative becomes more bathochromic than A. The most 
extreme case or those under study is 8A/T (Figure 3), where 
n i Z T  = 0.24, corresponding to a crossover which occurs in sol- 
vents of such low dipolarity as Et,O (n* = 0.27).["] 


0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 
71* 


Figure 3. Plots of transition energies versus n* for the 8 A  (0) .  8T (01 and 13A (*). 
13T (a) pairs of azo dyes in some aprotic solvents, demonstrating n;=T = 0.24 for 
the former and nX= I = 1.3 for the latter. 


Inspection of the series of n:=T values suggests a corrcla- 
tion with measures of diazo component electronegativity, and 
this is borne out by acceptably linear plots against other empir- 
ical parameters which reflect the electroncgativity of the diazo 
components, such as A,,, values in cyclohexane or  E, (Fig- 
ure 4). This relationship is significant in that it includes the 


I / I  


A A  * * /  1 
1 A A  


t 1 


benzenoid (35)- 
m heterocyclic (6-13) I 


~ A testset . ~ - ~  (16-20) , 
0 0  


L I 
15 17 19 21 23 25 


11 ~ ~ c r n - '  


Figure 4. Plot of I versus correlation equation intercept. E,. l h e  straight line 
shown was defined by the behaviour of three pairs of henrenoid ( 0 )  and eight pairs 
of heterocyclic (m) azo dyes. The remaining points ( A )  correrpond to a test sct of five 
pairs of henrenoid aro dyes. 


1722 ~ ( WIL6Y-VCH Verlag GmbH D-69451 Weinhem 1997 0947-6539'97/0110-1722S 17 50+ 50'0 Cheni Etr! I 1997 7 No 10 







Azo Compound Solvatochromism 1719 -1927 


bcnzenoid and heterocyclic derivatives on the same line, indicat- 
ing that the heterocyclic sulfur atom is not having a special effect 
on the solvatochromic properties. Nor are specific solvent HBD 
effects responsible, since none of the solvents so far discussed is 
an H-bond donor. 


In order to provide confirmation for the above conclusion, a 
test set comprising further pairs of arylazo compounds based on 
anilines 16-20 (Figure 1) were studied in a restricted number of 
solvents. These dyes include examples of substituent patterns 
where the bathochromicity switch is predicted to  occur in the 
accessible solvent dipolarity range. Measurement of a few criti- 
cal absorption maxima (Table 1) allowed estimation of E, and 
s and thus nX=T values (Table 2). When these data are included 
in the plot defined by the previous series of molecules (Figure 4), 
with one exception they behave as predicted and fall on the 
correlation line. The exception (19 A/T) possibly derives from 
the highly nonlinear E versus z* plot for 19A (r2 = 0.87; cf. 
r2 > 0.93 for most other dyes considered), leading to imprecise 
T C = ,  estimation. Significantly, thc benzenoid species l8A/T and 
20A/T show bathochromicity inversion just as for the compara- 
bly bathochromic heterocyclic derivatives already discussed. 
Clearly there is no need to  invoke special behaviour on the part 
of thiaheterocyclic derivatives. 


Although this relationship answers one of the key questions 
underlying this study and allows prediction of whether and when 
the toluidine-based arylazo derivative will become more 
bathochromic than the corresponding anilide, it does not ex- 
plain why different arylazo derivatives behave in the way they 
do. Since the n;Z=T crossover points of the LSER of the A and 
T series are determined both by the slope of the line s and the 
intercepts E,, we looked for underlying physical properties 
which influenced their values. To aid this, a series of SCF-MO 
CI calculations was undertaken a t  the PPP level using a model 
which allows for the effects of sigma-framework polarisa- 
tion." Further details of the calculation are given in the Exper- 
imental Procedure, and results are given in Table 3. The calcu- 
lated absorption maxima correlate equally well both with 
experiment (cyclohexane and DMSO data) and wavelengths 
corresponding to  E, for azo dyes 3A/T- 13 A/T (Figure 5). 
However, the slope of the correlation is not unity and the inter- 
cept is not zero, so that while the experimental trend is repro- 


h(calc) = 160.7 + 0.75h,(c-Hx) 
N = 2 2  r=0.962 o=13.lnrn 


5 600- 
.- E 
I% 


E 


u) 


400 440 480 520 560 600 640 
Experimental absorption maximum in c-hexane Inm 


Figure 5 Plot of PPP-calculated absorption maxima versus experimental values for 
a ro  dyes 3A/T-l3A/T. 


duced satisfactorily, absolute values are not. But, more impor- 
tantly, because of this good correlation it was concluded that 
other computed parameters were also likely to bc reliable. I n  
particular, further analysis is based on calculated ground- and 
excited-state dipole moments, and their difference (i.e., p o ,  p I ,  
and Apol, respectively, Table 3). 


Table 3 Results of PPP calculation? 


PPP calculation Experimental L,,,,,x (nni) 
Dye I "  P I  1. c,-hexane DMSO 


3A 
3 T  
4 A  
4 T  
5A 
5T 
6A 
6 T  
7A 
7 T  
SA 
8T 
9A 
9 T  


10A 
10T 
11A 
11T 
12A 
12T 
13A 
13T 


2.9 10.9 486.2 
4.6 16.4 474.9 
4.2 12.8 487.0 
6.7 18.4 476.5 


10.1 25.3 527.6 
13.1 30.9 527.8 
11.8 20.7 601.0 
13.8 27.9 604.2 
15.4 22 3 610.3 
17.2 29.4 622.5 
13.2 20.4 605.9 
15.3 27.4 604.4 
4.4 11.3 573.1 
7.1 18.9 560.5 


14.6 21.5 554.1 
16.7 27.8 556.3 
10.4 15.5 527.8 
13.1 22.4 525.6 


5.4 11.3 558.5 
I 3  18.1 548.1 


6.X 2 4 1  5 1 3 0  
3.7 20.4 531.0 


440.9 
414.7 
453.3 
422.9 
507 5 
465.0 
578.9 
563.2 


597.8 
592.8 
587.2 
542.7 
503.x 
555.0 
541.9 
512.9 
495.1 
533.8 
515 7 
4x5 2 
439.1 


607 0 


403.4 
1 3 x 2  
474.5 
456.3 
529.6 


632.3 
642.7 
651.3 
6X6.l 
63Y.0 
65X.6 
570.8 
569.4 
615.0 
612 7 
554.2 
554.1 
563 1 
568.5 
502.3 
488.5 


m . 8  


We have just seen that the trend in E, term of Equation (2) for 
different azo dye structures can be modelled quantum-mcchan- 
ically, and therefore relies on conventional substituent cffccts 
such as electronegativity. Somewhat more surprising is the ob- 
servation, in the case of the relutive behaviour of AiT pairs, that 
the relationship between transition energy and electronegativi- 
ty, o r  overall charge distribution, can be reduced to a simple 
correlation between Ez/E$ and the ground-state dipole moment 
ratio p z / p $ .  Figure 6 a  demonstrates a reasonable. if inexact, 
relationship. 


We turn now to the parameter s, the n* coefficient in Equa- 
tion (2) which quantifies the experimentally observed solva- 
tochromism, again concentrating initially on the relative bc- 
haviour. Significantly, the PPP-calculated ground-state dipole 
moment of the A mcmber of each pair is in every case less than 
that of its T partner (Table 3). Excited-state dipole moments 
follow the same pattern, except that the difference between the 
T and A molecules is even greater: ApTA > Since relative 
stabilisation is dependent on dipole moment, it follows qualita- 
tively that IsT/ > IsAl, as is observed experimentally for all the 
series under study (Table 2 )  


Attempts to derive a more quantitative relationship have re- 
vealed that .sT/sA correlates reasonably with the ground-state 
dipole moment ratio p T / p t  as shown in Figure 6 b. Interestingly. 
both the relationships of Figures 6 a  and 6 b  pass near to the 
points Ei/E$ = pT/p$ = 1 and sT/sA = p i / p $  = 1, respectively. 
This suggests that a hypothetical A/T pair will have identical 
absorbance maxima behaviour if their ground-state dipole mo- 
ments are equal. 
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(a) 


l . O O V  ' 


3.5 t (b) I 
/ *  


'.?!O 1:2 114 1:6 1:8 ' 
POT/PoA 


t i pu re6 .  a )  PlotoTE,' E;:versus/i~~/[;:fi~rdyepiiirs3A T ( o ) , 4 A 1 T ( o ) , 5 A  T(A.  
amthiophcncs 6A:T - 9 A  T(o) ,  azothiazoies 10.4 T, IIA!T [+). 5-azoisathiaroles 
124 T (A). and 4-azoisothiilzolcs 134,T (m) ( N  =1 I .  r = 0.87). b) Plot of'sT,'sA 
\ e n u s  /iE'p;: the symbols reprment the same dye pairs a$ in (a )  ( N  = 11. I' = 0.86). 


I n  fact, a full study of the problem should cntail application 
of the well-cstablished modified Onsager equation [Eq. (3)] .I' 31 


E(so1vent) = E(gas) - p,,.Apolj)(hc,,)(l - Rf') 
(3) 


- (Apo1)2J'r/(2h~o)(1 - Rf') 


This cquation relates transition energy quantitatively both to 
molecular structurc in terms of size, polarisability ( R )  and dipolc 
moments, and to solvent properties: the functions ,f and J' are 
dependent on solvent dielectric constant and refractive index, 
respectively, as well as on solutc dimensions. This formulation 
makes the common assumption that disperse interactions are 
small enough to be ignorcd. 


In a recent application to the case of a donor-acceptor substi- 
tuted bithiophene, allowancc for all other variables in Equa- 
tion (3) has Icd to an estimate of the excited state dipolc moment 
in exccllcnt agreement with a valuc determincd by a totally 
different method.[14' However. in view of the complexity of 
Equation (3) duc to its multiparameter dependence, couplcd 
with the variations in polarisabilities and molccular dimensions 
of3A:T- 14A/T, we havc chosen not to attempt to  derive all the 
terms necessary to  apply it. However, given a scries of crude but 
not unreasonable approximations, it can be shown that Equa- 
tion (3) can be reduced to the empirical relationship of Fig- 
ure 6 b. Thus, if the refractive indices of the solvents under con- 
sideration are roughly equal, the solvatochromism of a general 
dye can be related to the dielcctric constant function, .L alone 
since the right-hand tcrm of Equation (3) dependent on the re- 
fractive index function ,f' cancels, so that we obtain Equa- 
tion (4), where k, is a constant accounting for all the non- 


(4) 


dipole terms in Equation (4). Thus, for an A/T pair based on 
diazo component x, Equation (5) applies, where k ,  = eT/k;A. 
sXT/.sxA z k,p:TAp:T/p:AAp:t (5) 


This applies for a single xA/T pair. If the geometries and polar- 
isabilities of the series of azo dyes based on 3- 14 can be consid- 
ered roughly equal, then k ,  can be considered constant for all x 
( = anilines and aminoheterocycles 3- 14) .[' 51 Furthermore, 
from the data in Table 3, Ap;T/A& z constant z 1.7, and so 
Equation (6) holds, corresponding to the experimentally based 
correlation of Figure 6 b. 


S'js" % kp;/p; (6) 


Given the evident significance of dipole moment in determin- 
ing relative solvatochromic shift as implied both by the relation- 
ships of Figure 6 and the theoretical Onsager equation, we fur- 
ther investigated its connection with molecular structure by 
means of PPP calculations on othcr azo derivatives based on 
azothiophene 7, shown as 21-27 in Figure 7. These were select- 


. .  .. 


ho2 g x  
Me 


NO, )yMe 
X 


s-cis s-trans 


Po Po Ah 
22 x = o  15.4 23 X = O  17.9 2.5 


24 X=NH 15.9 26 X=NH 17.7 1.8 


25 X = CH, 17.5 27 X=CH, 17.8 0.3 


Figure 7. Azo derivatires of thiophene 7 for which PPP calculations were carried 
out, and resultant GS dipole moment values and differences (Debye) for alternative 
conformations of anilide and analogous substituents. 


ed to include variations in the chemical naturc of the substituent 
ortho to azo in the coupling component, as well as conforma- 
tional variations where appropriate. When constrained in the 
s-cis conformation (N -H t r am to C=O; 22) commonly adopt- 
ed by acyclic amides,"'] the calculated dipole moment of thc 
anilide was uniquely less than that of all other dcrivatives (21: 
R = H, Me, OMe, NH,). The dipole moment of the anilide dye 
increased when the carbonyl group was oriented cis with respect 
to  the NH bond (23). When the carbonyl oxygen was substitut- 
ed by successively less-electronegative atoms in amidine 24 and 
enamine 25, the difference between s-cis and s-trans became less 
for the former, and was near zero for the latter (Figure 7) .  This 
behaviour was the same in the excited state. We therefore believe 
that the underlying physical reason for the decreased dipole 
momcnts of the A series of azo derivatives compared with those 
of T, and thus eventually their relative sohatochromic be- 
haviour, is simply the contribution of the highly dipolar car- 
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bony1 group of the anilide pointing essentially antiparallel to the 
dipole moment of the remainder of the chromogen. 


The relationships and the derived conclusion so far discussed 
concern only relutive behaviour of A/T pairs. Attempts to in- 
clude all absolute data from the present study in a single empir- 
ical relationship by correlation analysis have been unsuccessful. 
A common view is that solvatochromic shift tends to increase 
with substitution of electron acceptor groups into the diazo 
component.[2h1 However, for the series of azo compounds in- 
cluded in this study this is far from the truth: there is no corre- 
lation between s, quantifying the solvatochromic shift, and the 
transition energies in either cyclohexane or DMSO, as measures 
of electron acceptor strength in the diazo component. Other 
workers[2f1 have identified a nonlinear relationship between s 
values determined for the solvatochromism of nine azoben- 
zenes, and the PPP-calculated Ap0 parameter, implying in- 
creased solvatochromism for species with higher calculated 
dipole moment differences. However, when these quantities are 
plotted for the current data, no such relationship is observed 
(Y = 0.4), as Equation (3) would in any case predict. At best, the 
A and the T series of data fall into two roughly differentiated 
clusters, of no quantitative predictive value. Rather reluctantly 
we currently accept that in the case of wide-ranging structural 
types, a successful unified model for solvatochromism derived 
from correlation analysis is likely to remain elusive. 


Solvatochromism in all solvents: Inclusion of all solvent data in 
plots such as that shown for dye 12T in Figure 8 reveals how 
other solvents relate to the LSER defined by the class a “ideal” 
dipolar aprotic solvents already discussed. Several more or less 
general observations became apparent which are addressed be- 
fore more detailed analysis of the full LSER. 


First, in almost all dyes studied, the experimental difference 
between transition energies in dichloromethane and chloroform 
was less than implied by their K-T n* values,[’] and further 
preliminary analysis indicated that allowance for specific effects 
via the K-T c(, /j, and 6 parameters gave no satisfactory im- 


19.6, , 


I I .  I 


0.0 0.2 0.4 0.6 0 8 1.0 
It* 


Figure 8. Plot of transition energies of azoisothiazole 1ZT versus n* recorded in 
22 solvents. 


provement. Data measured in these two solvents were omitted 
from lhe detailed LSER, and are considered again below. Sec- 
ondly, it was generally found that glacial acetic acid data fell on 
the E versus n* lines and required no allowance for an HBD 
effect. This is not uncommon for acetic acid, where the strength 
of the acetic acid cyclic dimer H-bonds is sufficiently high to 
prevent H-bonding to weaker acceptor sites in solutes.[i7’ In 
effect, acetic acid is behaving as a non-HBD dipolar solvent. and 
was not included in further LSER analyses. Thirdly. i t  became 
apparent in some cases that particular solvents, frequently tri- 
fluoroethanol, were outliers. In the case of TFE this is possibly 
because, being a much stronger HBD solvent, it can H-bond to 
solute sites where such bonding is not possible by weaker HBD 
alcohols. In any case, such data were omitted from LSER devel- 
opment. 


LSERs based on the full K-T Equation (1) were explored by 
multilinear regression analysis. The most acceptable models 
derived and their corresponding statistics are recorded in 
Table 4. Also included are comments which list particular sol- 


Table 4 LSER derived from full data set 


Regression coefficients Statistics 
Dye E, s n* u a d b  N r z  (i F Comment 


3A 
3 T  
4A 
4 T  
5 A  
ST 
6A 
6 T  
7A 
7 T  
8A 
8T 
9A 
9 T  


10A 
1OT 
11A 
11T 
1ZA 
1ZT 
13A 
13T 


22678 
24758 
22 049 
23958 
20123 
21 550 
17362 
17 877 
16435 
16821 
17 008 
17180 
18487 
19783 
18 141 
18505 
19556 
20198 
18x30 
19410 
20635 
22 929 


- 1077.4 
- 1778.8 
-955.3 
- 1727.5 
-11438 
-2388.6 
-1436.3 
- 231 7.4 
- 1093.6 
-2301.3 
- 1296.7 
- 1970.8 
- 888.9 
- 2320.6 
- 1829.2 
- 2241.7 
- 1426.8 
-2142.5 
-981.8 
- 1868.9 


-708.5 
-2521.8 


166.7 


301.8 
134.8 


- 139.2 


-216.1 


-81.8 
87.5 
26.3 


- 140 


- 224.2 
-296.7 
-478.6 


-223.1 


-408.1 


301 4 


248.3 


261 2 


173.9 


255 


160 8 


185.0 


143.5 


233 3 


17 0.948 73.9 127.9 
14 0.935 83.2 173.6 
15 0.962 55 329.7 
15 0.883 156.5 27.6 
15 0.903 97.4 55.6 
17 0.964 138.5 116.7 
19 0.961 79.2 419.8 
19 0.986 83.8 347.2 
18 0.982 41.2 879.5 
19 0.986 81.6 346.7 
19 0.973 61.1 286.6 
19 0.973 95.9 179.3 
19 0.945 58.8 292.1 
18 0.984 88.8 287.4 
19 0.97 87.4 558.5 
19 0.97 119.3 159.9 
19 0.983 57 9 459.5 
19 0.986 83.3 348.4 
19 0.929 74.5 221.6 
19 0.979 84.1 228.2 
19 0.896 63.9 156.8 
19 0.973 130.3 182.3 


py not measured; TFE bad outlier omitted 
also omitted cHx, Et,N, CCI,, TFE; not good correlation 
all chlorinated omitted, plnb toluene; a may be significant 
also omitted c-Hx, Et,N. CCI,, TFE: not good correlation 
poor correlation: omitted ail ch1orin:ited solvents plus c-Hx 
(1 coefficient of 6 ca. zero 


TFE omitted as outlier 
to1 and py worst deviants 
note +ve I 
tol. py worst: positive n coefficient of Y. 


Tt‘E omitted as bad outlier 
thiazole 
TFE, tol, py deviants 
negative u coefficient of c( (thiazole) 
negative ( I  coefficient of I (thlazole) 
ROH well within s.d. 
d coefficient of 6 hardly statisticnlly significant 
acetone is outlier 
tol. py worst 
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vents that have been omitted from each study. In most cases the 
models fit the cxperimental data wcll, although those for 3T and 
4T in particular arc not good. 


I n  none of the series of azo compounds studied has the solva- 
tochromisni of the thiophene or other heterocyclic derivatives 
shown greater (or less) dependence on H-bonding solvents com- 
pared with the benzcnoid analogues. Thus H-bonding to sulfur 
has no role in influencing solvatochromism. Indeed, a search of 
thc Cambridge Structure Database“ for thiophcnes with po- 
tcntially H-bonding hydrogen atoms near sulfur has revealed no 
definitive example of H-bonding to thiophene in the crystal. We 
therefore conclude that solvent H-bonding to the sulfur atom of 
derivatives in this study is unlikely. Furthermore, the LSER 
dcrived for the full solvent data set indicate that the obscrved 
solcatochromism is dominated by nonspecific dipolar and po- 
larisability effects. Specific effects due to H-bonding, as reflect- 
cd by x, can bc viewed as perturbations of this trait. 


Thc availability of the series of LSER given in Table 4 opens 
the possibility of calculating n* K - T  parameters for solvents 
not included in the model devciopment. Rearrangement of 
Equation (1) leads to Equation (7)  which, after substitution of 
mcasured excitation energies recorded in CHCI, and CH,CI, 
and data from Table 4, can be solved by MLRA. The A and T 
serics were treated separately. i )  In the former, input LSER 
were restricted to the seven data sets in Table 4 for which the a 
coefficient o f %  was found to  be negligible, thus giving a value for 
n* alone. ii)  In the latter series, solution for all 11 data sets gave 
both rc* and I values.[’”‘ 


The results from the two sets of data are consistent: 
x*(CHCI,) = 0.66k0.02 (i) ,  0.63k0.03 ( i i ) ;  n*(CH,CI,) = 


0.71 k0.02 (i), 0.725k0.02 (ii). These estimates of x* differ 
appreciably from older literature values:[’] n*(CHCl,) = 0.58; 
n*(CH,C12) = 0.82. On the other hand, they are close to the 
more rcccnt values:[31 n*(CHCl,) = 0.69; n*(CH,CI,) = 0.73. 


Correlation of solvatochromism data with other solvent polarity 
schemes: Buncel and Rajagopal have introduced alternative n* 
values for solvents based on the solvatochromism of a series 
of diazahcmicyanines, and labelled the new values nt, 
(Table 1).[201 It was clainicd that these were superior to the 
conventional K - - T  n* values in many correlations of solva- 
tochroniism and other data, and we anticipated that in view of 
their derivation from azo-likc molecules they should be more 
appropriate in the current study. However, for the dipolar 
nprotic class a solvents alone, the K - T  n* parameter proved 
superior to n.:Lo in 12 of 22 correlations (ten data points in the 
former case; six in the latter). Wc therefore see no compelling 
reason to favour the newer 


Also recently introduced is Drago’s multiparameter so-callcd 
“Unified Solvalion Model”.[211 We restrict attention to the 
dipolarityipolarisability parameter S’ (Table 1) which comes 
closest to rcflecting the same properties as x*. While correlation 
of solvatochromic shifts for all 22 solutes, again restricted to 
class a solvents, with S’ was satisfactory (nine measurements, 
Table l ) ,  n* (ten measurements) gave superior correlations as 
rcflccted by the correlation coefficient, r ,  in every case. Notwith- 


parameters over n*. 


standing Drago’s critique of the K-T scale,[*’] there appears to 
be no reason to abandon x*, at  least in solvatochromism studies 
of azo derivatives. 


Conclusions 


The mass of data reported in this paper comprise a four-dimen- 
sional solvatochromism matrix-transition energy as a function 
of solvent polarity, diazo component electronegativity and cou- 
pling component substituent. We contend that only by studying 
the problem in this degree of detail has it been possible to derive 
answers to the two questions posed in the Introduction. Corre- 
lation analysis has shown that “anomalous” bathochromicity 
crossover is a function of the relative electronegativity of the 
substituents in the molecule, and it will occur more readily for 
more bathochromic species, whatever their constitution. The 
effect of the conformation of the acetanilide carbonyl group is 
central to the decrease of the overall dipole moment of arylazo 
chromophores compared with the relatively apolar methyl 
group, and results in the differing solvatochromic behaviour of 
the two species. Cross-over behaviour of this type has been 
noted qualitatively in a previous study for the methylsulfon- 
aniide analogue of 5 A, in comparison with the unsubstituted 
and appreciably morc solvatochromic parent azo dye.“] The 
substituent structure and conformational options suggest that 
thc same explanation could apply to  this pair of dyes as to the 
anilide/toluidine serics. It is planned to examine these and other 
substituent combinations, and explore the significance of the 
crossover n* values alongside those discussed here. 


Alternative analyses of the data could reveal other properties 
of interest. For example. diazo component substituent additivi- 
ty can be demonstrated for a subset of the heterocyclic azo 
compounds. [”] The relationship between the derived empirical 
substituent increments and solvent will be the subject of a later 
report. 


Experimental Procedure 


Materials: Solvents, which were the highest-quality, driest ones commercially 
available, were used immediately aftcr opcning. All azo dyes apart from 3T 
and 12T were available from the Zeneca Specialties Fine Chemicals Collec- 
tion. All had been prepared by conventional diazotisation and coupling. 
cither in aqueous acid o r  in concentrated sulfuric acid. The procedures de- 
scribed for dyes 3T and 12T are typical. 


N,N-Diethyl-3-methyl-4-[(phenyl)azo~benzeneamine (3T): To aniline (2.28 g. 
2.45 x 2 0 ~  mol) in water (56 mL) containing 3 equiv of hydrochloric acid 
(7.16 x lo-’ mol) at 0-5(’C was added dropwise a cold aqueous solution 
(13 mL) of sodium nitrite (1.71g, 2.48 x 10-2mol). After 10 tnin, excess ni- 
trite was destroyed by addition of 10% aqueous sulfrimic acid solution, and 
the diazonium salt solution was added to N,N-diethyl-m-toluidine (4g. 
2.45 x 10 mol) in acetone while the the tcmperature was held below 5 (  C. 
Aqueous sodium carbonate solution (20%) was added to bring the pH to 8.3 
and after a further 4 h at  5 ( ‘ C  the temperature was allowed to warm to 
anibient. The suspension was filtered, washed with water and dried to give 
crude product (5 .63 g, 86%) which was crystallised from ethanol; m.p. 
55( C ;  ‘ H N M R  (400 MHz, CDCI,): 6 = 1.21 (6H, t. J =7.1 Hz). 2.70 (3H.  
s). 3.42 (4H,  q. J = 7 . 1 H z ) ,  6 5 3  ( I H ,  d, J = ~ . ~ H L ) .  6.54 ( I H .  dd. 
. I =  8 .7Hr ,  2.9H/), 7.34 ( I H ,  t, J = 7 . 3  Hzj, 7.45 (2H. dd. J = 7 . 3 H z .  
X.4 Hz),  7.75 (1 H, d ,  J =  8.7 Hzj, 7.83 (2H, d,  J = 8.4 Hz);  I3C NMR 
(100 MHL, CDCI,). d =12.77 (CH,), 18.31 (CH,), 44.57 (CH,). 108.57 
(CH), 111.97 (CH), 117.17 (CH), 122.26 (CH), 128.86 (CHj, 128.89 
(CHj, 141.36 (Cq), 141.42 (Cq). 150.08 (Cq),  153.72 (Cq): m : ( E I - )  268 
(70.8”o. A 4 - j .  
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N,N-Diethyl-3-methyl-4-[ (5-carboxyethyl-4-methyl-2-thiaznIyl)azo~-benzene- 
amine (12T): Nitrosylsulfuric acid (2.53 g, 1.99 x mol) in sulfuric acid 
(10.10 g) was poured into 40 mL of a mixture of acetic and propionic acids 
(S0:50, v:v) and cooled to 0-5 " C .  The aminothiazole 12 (3.7g, 
1 .99 x niol) was added and the mixture stirred for 90 min at this temper- 
ature. then added to N,N-diethyl-m-toluidine (3.8 g, 2.33 x mol) in ace- 
tone (25 mL) containing 2 mL of 1 M sulfamic acid. The pH was raised until 
the dye precipitated. This was filtered, washed with water and dried to give 
crude product (3.78 g, 53%) which was chromatographed on silica gel using 
ethyl acetate and dichloromcthane (5:95, v/v) as eluent to give pure product 
asvioletcrysta1s;m.p. 145 " C ;  IR(KBr)(cn- ' ) :  C,,,,,, =1690,1685; ' H N M R  
(400MHz, CDCI,): S=1 .17  (6H,  t, J=7 .2Hz) ,  1.30 (3H,  t, J = 7 . 2 H z ) ,  
2.56(3H, s), 2.70 (3H,  s). 3.40 (4H, q , J  =7.2 Hz), 4 . 2 7 ( 2 H , q , J = 7 . 2  Hr) ,  
6 . 4 4 ( l H , d , / = 2 . 5 H r ) . 6 . 4 9 ( l H , d d , J = 9 . 4 H z , 2 . 5 H z ) , 7 . 8 9 ( l H , d ,  
.I = 9.4 Hx); I3C N M R  (100 MHz, CDC1,): 6 = 12.80 (CH,), 14.36 (CH,), 
17.83 (CH,), 18.32 (CH,), 44.96 (CH,), 61.04 (CH,), 110.50 (CH), 111.85 
(CH), 119.75 (CH), 120.16 (Cq),  141.02 (Cq), 145.05 (Cq), 152.63 (Cqj, 
159.92 (Cq), 162.90 (Cq), 179.70 (Cq); rn/z (EI') 361 (0.1 YO, M + ) .  


Spectroscopy: Spectra were recorded at room temperature in dilute solutions 
under slow scan on Perkin- Elmer Lambda 2 and Lambda 9 spectrophotome- 
ters operating under PECSS control. Absorption maxima recorded in Table 1 
are the average of at  least three scans and are believed to be accurate to within 
k2 nm. In some cases, particularly in the nonpolar solvents cyclohexane and 
triethylamine, spectra clearly deviated from the trend defined by other sol- 
vents, and aggregation was suspected even at  the low dilutions studied. These 
data were therefore omitted from subsequent analyses. A typical treatment of 
other solvents is summarised in Table 4. Any shoulders on the major absorp- 
tion peaks were ignored. However, in the case ofdyes 18A and 19A in the test 
set, twin maxima of roughly equal intensity were clearly observed, and for 
these the higher-energy peaks were taken 


Computations: Correlation analyses were carried out in the Statisticalw pack- 
age,1231 taking advantage of (mu1ti)collinearity diagnostics present in the 
routines for multilinear regression analyses. Statistics recorded are: N ,  the 
number of data points; r z ,  the square of the (mu1ti)linear regression coeffi- 
cient; 0,  the 5tandard deviation ofthcmodel in cm-' ,  and F, Fisher's statistic. 
Ground- and excited-state properties were calculated in the PPP MO pro- 
gram PISYSTEM for Windows'"' with the program's default parameters, 
which are taken from the literature.[241 Input molecular geometries assumed 
the acetylamino group in A-series dyes H-bonds to the more remote of the a ro  
nitrogen atoms, as  represented in 1 and 14. The same assumption was made 
for 21 (R = NH,). 111 contrast, the toluidine methyl group of all T-series dyes 
plus 21 (R  = H, OMe) was oriented anti to the same nitrogen, as in 2 and 21, 
to minimise steric clash. In general, diazo component conformation was such 
that the smaller substituent, usually either a C-H unit or a ring heteroatom, 
was syn to the more remote azo nitrogen, as implied by the conformations 
shown for structures 21-27. In this way, planar conformations appeared to 
be quite realistic for most azo dyes, and geometry minimisation within a 
planar conformation was carried out prior to submission for SCF MO calcu- 
lation. The main questionable case is that of 13A/T, where steric interaction 
of one ester group with azo nitrogen is likely to lead to bond torsion some- 
where in the molecule. However, even here we have assumed planarity, our 
main justification being the good agreement between calculated and experi- 
mental A,,, values (Table 3). Geometry optimisation of input molecular 
sketches was carried out automatically by PISYSTEM with a two-dimension- 
al force field routine, yielding realistic bond lengths and angles. 
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Proof of Inversion of Configuration on Stannylation of 
a Configurationally Stable, Tertiary Benzyllithium Compound 
from a Single-Crystal X-Ray Structure Analysis** 


Friedrich Hammerschmidt," Achim Hanninger and Horst Vollenkle 


Abstract: Configurationally stable, dipole-stabilised benzyllithium compounds (R)-  and 
(S)-1 b, prepared by deprotonation of the corresponding esters with sBuLi in toluene/di- 
ethyl ether ( 5 :  1 j ,  reacted with (-)-menthyldimethyltin bromide to afford the stannanes 
(-)-3 and (+)-4, respectively. A single-crystal X-ray structure analysis of compound 
(-)-3 proved that stannylation occurred with inversion of the configuration at  the 
benzylic centre, assuming retention for the deprotonation step. Lithio-destannylation 
and deuteration with MeOD follow a retentive course. 


Keywords 
benzoic acids - carbanions - lithiation 
* stannylation * stereochemistry 


Introduction 


A variety of carbanions with different metals as counterions 
react with trialkyltin halides to give stannanes (stannylation). 
These stannanes can be transmetallated with alkyl lithium com- 
pounds, preferably nBuLi, to regenerate the starting carbanion 
(lithio-destannylation). This sequence is of preparative value for 
the generation of certain salt-free organolithium compounds.['1 
As long as only racemic carbanions were available, the question 
of stereochemistry of these reactions could not be addressed. 
Still's discovery of configurationally stable a-alkoxy anions['] in 
1980 was the starting point for the chemistry of other configura- 
tionally stable heteroatom-substituted carbanions having an 
oxygen,[31 a 51 or a sulfurc6] substituent. The most 
prominent among these are the enantiomerically enriched x -  
lithiated O-alkylcarbamates[31 and N,N-dialkyl~arbamates[~] 
prepared by enantioselective deprotonation with BuLi/( - )- 
sparteine. This base can deprotonate N-B~c-N-alkyl-[~]  and N- 
Boc-N-( p-inethoxyphenyl j benzylamine[81 so that they can react 
with electrophiles enantioselectively. The latter substrate was 
stannylated with inversion of configuration and transmetallated 
with retention, based on an X-ray structure analysis (anomalous 
dispersion) of the intcrmediate stannane.[91 The stereochemistry 
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(retention or inversion) of reactions of heteroatom-substituted 
carbanions with electrophiles, their configurational stability 
and mechanism of racemisation"'] became focal points. Hoff- 
mann et al. developed a protocol for the investigation of the 
microscopic and macroscopic configurational stability of a chi- 
ral organolithium compound.["' It is classified as microscopi- 
cally configurationally stable if its rate of racemisation is small 
relative to the rate of addition to a n  electrophile. Hoffmann et 
al. introduced N,N-dibenzyl-phenylalaninal as a standard elec- 
trophile. Macroscopic configurational stability implies that a 
c h i d  organonietallic species retains its configuration for min- 
utes. 


Short-lived, chiral, benzyl anions have been generated by in- 
situ deprotonation/reprotonation of phenylalkanes["' and as 
intermediates" 31 in the Haller-Bauer cleavage. Chiral 2-oxy- 
benzyl anions have been inferred in the Brook['41 and the phos- 
phate-phosphonate rearrangement"51 as well as in the reverse 
processes. 


Until recently, it was assumed that stannylation and lithio- 
destannylation occur with retention of configuration. At that 
time Hoppe et al. were studying the tertiary carbamoyloxy-sub- 
stituted organolithium compound I all6] (Scheme I ) .  This com- 
pound is configurationally stable and the stereochemistry of its 
reactions depends on the electrophile used. Inversion of config- 
uration is observed for alkyl 
methyl chloroformate, carbon dioxide, 
carbon disulfide, acetyl nitrile, acyl chlo- 
rides and isopropyl isocyanate, while re- 
tention is observed for methanol and 
acetic acid,["] dimethyl carbonate and 
pyrocarbonate, carboxylic acid esters and 
mixed anhydrides.[161 The configurations 
were determined by chemical correlation. 


1 


Scheme 1. Lithium- 
complexed dipolc- 
stahilised carbanion\. 
l a :  R =iPr,N: I b .  
R = 2,4.6-iPr,K,C6. 


1728 - < WILEY-VCH Verldg GmbH D-69451 Weinhcim 1997 OY47-6579197/0310-1728 $ 17 SO+ 50 0 Cham Eirr J 1997, 3, No 10 







1728- 1732 


The reaction with triproduced a stannane with inversion of con- 
figuration, based on the assumption that deprotonation and 
lithio-destannylation follow a retentive course. The absolute 
configuration of the stannane was assigned by applying Brew- 
ster's rule, but was not rigorously secured (see ref. [22]['""]. 


In Part 1 of this series,[''] we reported the configurational 
stability of the a-methylbenzyllithium 1 b with a 2,4,6-triiso- 
propylbenzoyloxy substituent in toluene/diethyl ether (5 : 1) in 
the absence of TMEDA (N,N,N',N'-tetramethylethylenedi- 
amine), and its reactions with MeOD, AcOD, dimethyl carbon- 
ate and methyl chloroformate, which occur with retention. 
Stannylation with trimethyltin chloride afforded a stannane, 
which, on transmetallation with BuLi and deuteration with 
AcOD, furnished an ester of opposite stereochemistry to the one 
used for the generation of 1 b. Up to now no case of protonation 
(dcuteration) of an alkyllithium compound with inversion of 
configuration has been reported. Therefore, the net retention of 
all known deprotonation/reprotonation and deprotonation/ 
deuteration sequences is commonly accepted as a proof of reten- 
tion of configuration in the deprotonation reaction. Conse- 
quently, either stannylation or lithio-destannylation had to 
cause inversion. To solve this problem, we decided to use a 
hoinochiral trialkyltin halide for stannylation. This would facil- 
itate the determination of the configurational stability of 1 b by 
use of a diasteomeric excess and of the absolute configuration 
by X-ray structure analysis-if at least one of the diastereomers 
is crystalline. The organolithium compounds 1 a and 1 b were 
also silylated with trimethylsilyl chloride, but the stereochemis- 
try of the reaction products is still open. 


Results and Discussion 


Triisopropylbenzoate"71 (R)-( +)-2 ( e r 2  97%) was deprotonat- 
ed with sBuLi in hexane in the presence of TMEDA at - 78 "C 
for 2 min and then reacted with (-)-menthyldimethyltin bro- 
mide['gl (Scheme 2). This reagent can be easily prepared from 
homochiral (-)-menthol. It might also prove useful for the 
preparation of diasteromeric, separable stannanes which give 
chiral, non-racemic organolithium compounds on transmetalla- 
tion. Flash chromatography of the crude product furnished a 
viscous oil, which was homogenous by TLC and was a mixture 
of the two inseparable diastereomers (-)-3 and (+)-4 (structure 
given in Scheme 3) in a ratio of 93 : 7 (de = 86 YO) as indicated by 
'H NMR spectroscopy. The signals of the diastereotopic methyl 
groups bound to the tin centre can be used for an easy determi- 
nation of the two isomers. The 'HNMR spectra (400 MHz) 
show singlets at 6 = ~ 0.04 and -0.01 for stannane (-)-3 and 
at -0.08 and 0.07 for (+)-4. Each of the four signals is flanked 
by 1171119Sn isotope-induced satellite doublets ( 2 J  = 42.8- 
45.3 Hz). If the reaction is carried out in a solvent mixture of 
toluene/diethyl ether ( 5 :  1) in the absence of TMEDA, the yield 
of the viscous oil is 60% with de297% and [a];' = - 60.53 
(c = 7.94 in acetone) (Scheme 2). 


The 'HNMR spectrum shows the signals for the methyl 
groups bound to tin at 6 = - 0.04 and - 0.01. The intermediate 
organolithium compound (R)-1 b is only configurationally 
stable in toluene/diethyI ether ( 5 :  1) at - 78 "C, but not in hex- 
ane/TMEDA.["l Therefore, the diastereomeric excess in hex- 


Ph Ar 


(R)-(+)-2 (297% ee) 


sBuLi, 5:l 
Toluene/Et20, 
-78OC, 10 rnin 1 


97% MeOD (Lit.18) I 
Deutero-(R)-(+)-i! (74% ee) 


(R)-(-)-3 (297% de) 


nBuLifrMEDA, 
Hexane, -78OC, 
30 rnin; MeOD 


0 D 


Deutero-(S)-(-)-2 (82% ee) 


1 P r 


/Pr/ 


Scheme 2. Deprotonation of 2,4,6-triisopropylbenzoatc (R)-( +) -2 ,  stannylation 
with (-)-mcnthyldimethyltin bromide and lithio-destannylation of stannane (-)-3 
followed by treatment with MeOD. 


ane/TMEDA is diminished relative to that in toluene/diethyl 
ether. Stannane (-)-3 could be crystallised from ethanol and its 
specific rotation did not increase on recrystallisation. 


An X-ray structure analysis of a single crystal of (-)-3 re- 
vealed the structure given in Figure 1 .[201 The crystal structure 
data are given in Table 1. 


Figure 1. X-ray structure of stannane (-)-3 
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All substituents on the cyclohexane ring are equatorial, a s  
expected, and the benzylic carbon has a (R)-configuration. Since 
the starting ester also had (R)-configuration, stannylation 
caused inversion of configuration (the descriptor does not 
change on going from the ester to  the stannane ( - ) - 3  because 
thc priorities are reversed). 


Finally, stannane ( - ) - 3  was lithio-destannylated and treated 
with MeOD to give deutero-(S)-( -)-2 (Scheme 2). Transmetal- 
lation was effected with a large excess of nBuLi/TMEDA in 
hexane at -78°C and the reaction ratc was slower than 
with the trimethyltin derivative.[18] Lithio-destannylation with 
sBuLi in toluene/diethyl ether ( 5 :  1) was not successful. The 
reaction was stopped by the addition of MeOD after 30 min 
before lithio-destannylation was complete. Unreacted starting 
material (37 %) was recovered. The enantiomeric cxccss of 
deutero-(S)-( - )-2 was 82 YO, determined by comparison with 
the specific optical rotation of the starting ester ( R ) - ( + ) - 2 .  
This protocol ensured only a small amount of racemisation 
of the intermediate benzyllithium compound. The deuterated 
ester, formed by deprotonation and treatment with MeOD, 
had the same configuration as the starting ester reported in 
Part 1 .  


Similarly, ester (S)-(  --)-2 was transformed into stannane 
( + )-4% a viscous oil, in 68 YO yield with [a]:' = +- 9.0 (i' = 1.1 in 
acetone) and do? 97 %, (Scheme 3). 


O H  
II I 


Ar 


(S)-(-)-2 (297% ee) 


sBuLi, 5:1 
Toluene/Et20, 
-78OC, I 0  rnin 


1 


Me Ph Ar 


(S)-1 b (5)-(+)-4 (297% de) 


85% MeOD (Lit.18) i 
nBuLi/TMEDA, 


34% Hexane, -78% 
30 min; MeOD I 


Ar 0 Ph 


Deutero-(S)-(-)-2 (95% ee) Deutero-(ff)-(+)-2 (73% ee) 


/P r 


Schcmc 3. Dcprotonation of 2,4,h-tri1sopropylhen~oate (Sj-(  ~ j-2, stannylation 
wit11 (~)- inei i thyldimethyl t in  bromide and Iirhio-destannyl:rtion of stannane (+)-4 
rollowed by trcalmcnt with MeOD. 


This stannane was lithio-destannylated and deuterated 
analogously to ( - ) - 3 .  The ester deutero-(R)-( +)-2 was ob- 
tained in 34 'A yield (ee = 73 %) and some stannane (40 %) was 
recovered. Since these deuterations should occur with retention 
of configuration (see above), the Li-Sn exchanges in stannanes 
( --)-3 and ( + )-4 must also proceed with retention of configura- 
tion. 


Conclusions 


Some possible reasons for the inversion of configuration of ben- 
zylic organolithium compounds are given. On the basis of calcu- 
lations for the stabilisation of penta-coordinated carbonium 
ions that might serve as  models for intermediates of the bimolec- 
ular aliphatic-electrophilic substitution (S,2), Schleyer et al. 
found that retention and inversion of configuration are pos- 
sible.[211 The metal ion and steric effects are major factors. Ter- 
tiary a-oxybenzyllithium compounds are configurationally less 
stable than secondary a-oxyalkyllithium compounds reacting 
with retention of configuration. No secondary, configurational- 
ly stable, benzylic carbanions with an r-oxygen are known 
which are macroscopically stable, only examples with r-nitro- 
gen.['. '1 The reduced configurational stability is also supported 
by X-ray structure analyses of benzylic lithium compounds. 
Resonance stabilisation in benzylic carbanions induccs a flat- 
tening of the tetrahedral arrangement a t  the carbanionic centre 
and the activation barrier for an inversion of configuration i s  
minimal.r221 Benzylic carbanions, generated as intermediates of 
the Haller~-Bauer cleavage, are microscopically stable to some 
extent. The differing behaviour of r-oxyalkyl- and r-oxybenzyl 
carbanions as intermediates of the Brook and retro-Brook rear- 
rangement is noteworthy.[23] Retention is observed for the for- 
mer and inversion of configuration for the latter. Dialkylphos- 
phoryloxy-substituted benzyllithium compounds rearrange 
with retention to isomeric phosphonates.[' These examples 
demonstrate that the stereochemistry for the reaction of ben- 
zylic carbanions with electrophiles is sensitively influenced by 
various factors and has to be determined independently for each 
individual case. 


Experimental Section 


General: For thin layer chromatography (TLC), pre-coated plates (0 25 mni, 
silica gel 60, F,,,, Merck) were used. Spots were visualised by UV and or 
spraying with a 2 %  solution of Ce'"SO,.4H2O in IN H2S0, and heating on 
ii hot plate. Flash chromatography was performed on Merck silica gel60 
(0.040 - 0.063 mm) and mixtures ofpetroleum ether (boiling range 60--95 C) 
and diethyl ether as  eluents. infrared spectra were recordcd with a Perkiii- 
Elmer FT1600 IR Spcctrometer. A solution of the sample in Uvasol chloro- 
form was applied to a silicon and the solvent was allowed to evapo- 
rate before the apectrum was recorded. 'H and I3C (J-modulated) NMR 
spectra were measured on a Bruker AC250F or AM400WB spectrometer. 
Chemical shifts (6) are expressed downficld relative to TMS as an internal 
Etandard. Optical rotation was determined with 21 Perkin Elmer polarimeter 
141 (1 dm cell). The mclting point was measured with a Reichert Thermovar 
instrutncnt and was uncorrected. Reactions were carried out in dry solvents 
under an atmosphere ofargon. Hexane was dried over molecular sieves (4 A).  
Diethyl cther was distilled from LiAIH, and toluene from sodium. 


Preparation of stannanes (-)-3 and (+)-4: Organolithium compound (R)-1 b 
was prepared by deprotonation (10 min) of cstcr (R)-( +)-2 (1.058 g, 3 mmol, 
c e 2 9 7 % )  in a mixture of dry tolucnc (15 mL)/dry diethyl ether (3 mL) with 
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sBuLi (12% solution in cyclohcxane/hexane 92:8, 4.5 mL, 6 mtnol) at 
-78 C according to the procedure given in the l i teratur~."~ '  (-)-Men- 
thyldimethyltin bromide (2.58 g. 7 mmol) dissolved in dry diethyl cthcr 
(2 mL) was added dropwise. When the colour had disappeared (15 min),  the 
cooling bath was removed and the mixture allowed to waim to room temper- 
ature. Volatile components were removed on a rotary evaporator. The residue 
was taken up in CH,CI,. The solution was washed with 2~ hydrochloric acid. 
a saturated aqueous solution of NaHCO,, then water, dried (MgSO,) and 
conccntrated in v ~ c u o .  The crude product was purified by flash chromatogra- 
phy (petroleum ether/diethyI ether 20: 1)  to furnish stannane ( - ) - 3  (1.148 g, 
60%)) as >I viscous oil. 
In an analogous fashion, ester (S)-(-)-2 (0.705 g, 2 mmol, ee297'X) was 
transformed into stannanc (+)-4 (0.873 g, 68%). obtained as a viscous oil. 


Stannane ( - ) -3:  R ,  = 0.57 (petroleum ethcrjdicthyl cthcr 20: 1); [a]k = 


- 60.53 ( c  =7.94 i n  acetone); crystallisation (twice) from ethanol gave a 
product with m.p. 74 C ;  [a]:" = - 60.50 (c = 2.82 in acetone), & 2 9 7 %  
( 'HNMR) ;  IR (Si): 3 =1698cm-' (C=O);  ' H N M R  (400MHz, CDCI,): 
15 = - 0.04 (s, 3H,  Sn(CH,),; 2J("7~"'Sn,H) = 43.3 Hz, 45.3 Hz), 
-0.01 (s. 3 H ,  Sn(CH,),; zJ("7!"'Sn,H) = 43.5 Hz, 45.6 Hz), 0.77 (d. 
'J(H,H) = 5.9 HL. 6 H ,  mcnthyl-CH(CH,j,), 0.85 (m, 2H, mcnthyl-H), 0.92 
(d, 'J(H>H) = 6.9 Hz, 3H,  menthyl-CII,), 0.97 (dq, ,J(H,H) = 2.5 Hz, 
12.8 Hz. 1 H, menthyl-H), 2.23 (m, 3H,  menthyl-H), 1.25, 1.28, and 1.33 
(3 xd, 'J(H,H) = 6.9 Hz, 18H, CH(CH,),). 1.64 (m, 4H, menthyl-I<), 1.87 
(m, 1 H,  menthyl-II), 2.00 (s, 3H,  OCCH,; 3J(117i11qSn.H) = 45.8 H r ) ,  2.90 
(sept, 'J(H,H) = 6.9 Hz, 1 H, CH(CH,),), 3.07 (sept, J = 6.9 Hz. 2H,  
CI'I(CH,),). 7.04 (s, 2 H, H 3 and H 5 of ArCO), 7.04 (in, 2 H, Ha, 
2H.  7.29 (m, 1 H, H,,,,,,); "C NMR (100.6 MHz: CDCI,): 
6 = - 8.44 (Sn(CH,),; 'J(117'L1"Sn,C) = 274.2 Hz, 288.4 HI), -7.04 
(Sn(CH,),; 1J(1171"ySn,C) = 265.5 Hz. 279.0 Hz), 15.80 (CH,). 22.04 
(CH,). 22.47 (CH,), 23.93 (CH(CH,),), 23.95 (CH(CH,),), 24.08 ( 2 C ,  
CH(CH,),), 24.68 ( 2 C ,  CH(CH,),), 21.93 (OCCH,; zJ(117"19Sn,C) = 


13.7 Hz), 26.56 (CH,CSn; 2J(117"'9Sn,C) =74.0 Hr), 31.33 ( 2 C ,  M e , ( ' H ) ,  
33.42 (CH; J("""Sn,C) =19.1 Hz). 34.41 (Me,CH-Ar), 35.08 (CHCSn; 
2J(117'119Sn,C) =70.2 Hr). 35.27 (CH,; J(1'7!'19Sn,C) =7.0 Hz), 
37.53 (SnCH: IJ(i17'1''Sn,C) = 422.2 Hz, 444.0 Hz), 40.96 (CH,; 


. / ( I 1 '  "'Sn,C) = 22.9 Hz), 45.85 (CH; J("7'11'Sn,C) =14.5 Hz), 81.88 
(OCMe), 120.99 (2C, HC,,,,,,,. 124.01 ( 2 C ,  HC,,,,,), 125.21 (HCar,,,J. 127.84 
(2C .  HCdro,), 130.14 (C,,,,,), 145.06 ( 2 C ,  C,,,,,). 146.66 (C,,,,,), 150.18 
(Car,,,). 171.98 (C=O; 3J(i'7'""Sn,C) = 16.0 Hz); C,,H,,O,Sii (639.53): 
calcd C 67.70 H 8.83; found C 67.54, H 9.23. The crystal structure data for 
( - ) - 3  arc collcctcd in Table 1.  


Stannane (+)-4: R,  = 0.57 (petroleum cthcrldiethyl cthcr 20: I); 
[a];" = + 9.0 (C = I . ~ o  in acetone), d(>297% ( ' H N M R ) ;  I R  (Si). 
i ~ 1 6 9 8  em- '  (C=O);  ' H N M R  (400 MHz, CDC1,): 6 = -- 0.08 (s, 3H.  


Table 1 .  Crystal sti-ucture data for (-)-3 


formula C, ,H, ,Wn 
.vr 639.53 
T [  Cl 20(2) 
crystal si7e [mm] 
crystal system inonoclinic 
space group p2 I 
0 [Al 13.161 ( 2 )  


0.60 x 0.53 x 0.45 


h [A1 X.874( I )  
L' LA1 15.504(3) 
If I 1 91 44(1) 
v [A3] lSl0.2(5) 
Z 2 
Q ? , ! , ~ ~ ,  [gcm-3] 1.173 


i [A] 0.7106Y 
scan mode m-scan 


reflections collected 3161 
independent reflections 
refinement method 
data, reFtrdintsiparameters 3037;l '355 
R 0.034 
n.R2 0.069 
residual electron density [eA '1 


radiation M o b  


OJ (max) [.'I 24 


3040 [R,,,,, = 0.0146l 
full-matrix least-squares o n  fiz 


0.3551 - 0.289 


Sn(CM,),; ZJ(117r11ySn,H) = 42.8 Hz, 44.8 H7). 0.07 (s. 3H.  Sn(CH,)>: 
2J(117'L'9Sn,H) = 43.8 Hz. 45.8 Hz), 0.67 (d. ".I(H,H) = 6 4 H/. 3H. nien- 
thyl-CfI,), 0.74 (d, 'J(H,H) = 6.9 Hz, 3H.  nienthyl-CII,,). 0.83 (d. 
'J(H,H) = 5.9 Hz. 3H, menthyl-CH,), 0.93 (m. 3 H ,  menthyl-H). 1.16 (in. 


4H,  mcnthyl-H), 1.26, 1.28 and 1.34 (3 x d ,  ,./(H.H) = 6.9 Hz, IXH. 
CH(CH,),), 1.60 (in, 2H,  menthyl-H), 1.71 (m. 1 H. inenthyl-H), 2.01 (s, 3 H. 


( Sn,H) = 43.3 Hz). 2.90 (sept. 'J(H.H) = 6.9 Hz, 1 H. 
CH(CH,),),3.08(sept,J= 6.9Hz,2H,CH(CH3),).7.04(s.2H,H3and H 5  
o f A r C O ) , 7 . 1 2 ( m , 2 H , H ~ , ~ ~ , ) . 7 . 2 0 ( m , 2 H . H ~ , ~ ~ , ) . 7 . 2 9 ( m . l H , H , ~ ~ , ~ ~ ~ ) : ' ~ C  
NMR (100.6 MH7, CDCI,): 6 = - 8.03 (Sn(CH,),: 1 J ( " 7  ""Sn.C) = 


286.8 Hz, 300.6 Hz), -7.45 (Sn(CH,)2; 'J(" '  ""Sn.C) = 261.0 Hz. 
273.1 H/),  15.94 (CH,), 21 3 7  (CH,). 22.60 (CH,3). 23.92 (CH(CH,,),), 23 94 
(CWCH,),), 24.05 (2C, CH(CH,),). 24.69 (2C .  CH(CII,),). 24.97 
(OCCH,; 2J(L17'119Sn.C) =10.7 Hz). 26.69 (C'H,CSn: ' J ( ' "  ""Sn,C) = 


74.0 Hz), 31.38 (2C.  Me,CHAr), 33.06 (CH: J ( ' "  "'Sn.C') = 17.5 k). 
34.40 (Me,CH-Ar), 35 16 (CHCSn, 2J(1i7,1i'Sn.C) =71.7 Hz), 35.32 
(CH,; J(117'11qSn.C) =7.0 H7). 37.17 (SnCH: ' J (""" 'Sn.C) = 405.0 Hz. 
428.0 Hz), 41.11 (CH,; J('"''Sn.C) = 22.1 H7), 45.48 (CtI; 
J("7'"9Sn,C) =15.3 Hz). 81.92 (MeCO). 120.99 (2C,  HC,%,,,,), 123 96 (2C.  
HC,,,,; J('" '"Sn,C) = 14.5 Hz), 125.19 (HCArc,m: J(ll':llySt~,C) = 


9.9 Hz), 127.80 (2C ,  HC,,,,;J(1'7''''Sn.C) =7.6 Hz). 130.12 (C,sct,m). 145.01 
(2C .  C,,,,,). 146.43 (C,,,,,). 150.18 (C,,r ,,," ), 172.04 (C=O: 3J(1"'1"Sn,C') = 


16.8 Hz). 


OCCH,; 3 J  1 1 7 ' 1 1 Y  


Lithio-destannylation of (-)-3 and (+)-4 fnllnwcd hy addition of MeOl): 
A solution of nBuLi in hcxanc ( 1 . 6 ~ .  3.75 mL, 6 niinol) w x  ;rdded dropwisc 
t o  a solution of(-)-3 (0.242 g, 0.38 mmol), arid TMEDA (0.9 inL.  0 mmoi) 
in dry hexane ( 5  mL) at -78 'C under argon. After 30 min MeOD (0.5 m L )  
was added. The reaction mixture was conccntratcd 111 vacuo and CHLC12 and 
2~ HCI were added to the residue. The organic layer w 
aqueous layer was extracted with CH2CI,. The combined organic phascs 
were washed with a saturated solution of NaHCO,. then dricd (MgSO,) and 
concentrated on a rotary evaporator. Flash chromatography of the residue 
(petroleum etherldiethyl ether 20: 1 )  afforded the starting stann;une ( - )-3 
(0.09 g, 37%; R ,  = 0.67) and deutero-(S)-( -)-2 10.14g (26%);  <'c> = X ? % ;  
R ,  = 0.38; b]:" = -15.9 (c =1.72 in acetone)!. 
Similarly. stannane ( + )-4 (0.256 g, 0.40 mmol) wiis mdnsl'oi-mcd t o  dcutcro- 
( R ) - ( + ) - 2  i0.141 g (34%): ce = 7 3 % ;  [a]? = + 14.4 (c = 2.41 in acetone);. 
Some stannane (+)-4 (0.102 g. 40%) was I-ecovei-ed. 
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